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ABSTRACT

The Mcses Rock dike is a well-exposed, four-mile long, kimberlite-
bearing breccia intrusion in the east central Colorado Plateau, ome of
eight known kimberlite-bearing diatremes in the province. The dike
occurs in gently dipping beds of the Permian Cutler Formation, 2 miles
west of the Comb Ridge monocline in eastern Monument Valley, Utah.
Contacts are little altered and the wall rocks generally undeformed.
The present erosion surface is probably about 5,000 feet below the sur-
face at the time of emplacement. By volume, the breccia in the dike
consists of Cutler formation blocks, 72%; limestone fragments from un-
derlying Paleozoic formations, 13%; crystalline rock fragments, 3%;
and kimberlite, 12%. Essentially undiluted kimberlite occurs only
locally, and occupies only about 1% of the exposed parts of the dike.
Mineral constituents of kimberlite are generally dispersed through the
unconsolidated breccias.

The breccias, including kimberlite, were probably emplaced as a
fluidized solid-volatile system. This conclusion is based on the fol-
lowing observations: (1) No silicate melt was intruded at the level
present erosion surface, (2) the breccias are particulate on all
scales, (3) the particle size frequency distributions of the breccias
are like those produced in comminution processes, (4) different types
of breccias are intricately mixed, and (5) the mineral constituents of
the kimberlite are commonly highly diluted with rock debris. Relation-
ships of the breccia units suggests that flow of the fluidized éystem
was concentrated in channels, now occupied by breccias that contain the
largest upward displaced fragments and the largest crystalline rock

fragments. Apparently the dike was emplaced along a fissure on which
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channels soon developed. A local joint system parallel to the contact,
which cross-cuts regional joints, apparently played a key role in the
dike formation and brecciation process.

Crystalline rock and mineral fragments found in the dike range
from acid to ultramafic types and are believed to represent rocks de-
rived from the vent walls during the eruption. On thelbasis of the
relative size and abundance of the xenoliths, it is inferred that
metabasalt, granite and granite gneiss are abundant in the upper part
of the crust, along the dikewalls; diorite, gabbro, mafic amphibolite
constitute intermediate crystal layers; and mafic granulite and possi-
bly hydrated ultramafic rocks constitute the lower crust. The suite of
presumed crustal rocks is predominantly metavolcanic or metaplutonic,
not metasedimentary.

Dense and ultramafic fragments possibly derived from the mantle
include antigorite-tremolite schist, jadeite-rich clinopyroxenite,
eclogite, spinel-websterite, and spinel-lherzolite. The presence of
garnet-periodotite at depth is inferred from the suite of mineral inclu-
sions observed within pyropic garnets.

Kimberlite of the Moses Rock dike is believed to be derived mechani-
cally from physically disaggregated spinel and garnet peridotite in the
mantle. All other rocks are believed to be accidental inclusions from
the vent walls. Tentative P-T assignments to kimberlite clinopyroxenes
based on their compositions suggests they are derived from various depths
ranging from 50 to about 150 kilometers where the indicated temferatures
are modest, about 9000C.

Titanoclinohumite observed in kimberlite and as inclusions in pyropes
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may contain most of the water in the upper mantle.

The Mohorovicic discontinuity apparently occurs in a petrologi-
cally complex region and may coincide with phase and compositional
transitions, including hydration. A compositional transition between
spinel and garnet periodotite with increasing depth in the mantle is
consistent with the observations. The variety of ultramafic types and
the complexity of the textures in the xenoliths suggest the mantle may
be as complicated as the crust in composition and history.

Numerical hydrodynamic models of eruption show that flow velocities
are probably controlled by viscous losses and expansion of a volatile
phase near the surface. Field observations of the largest blocks trans-
ported upward in the dike suggest flow velocities of 10 to 50 m/sec at
the level of the present surface. Upward extrapolation by use of theo-
retical models suggests velocities of about 400 m/sec for the erupting
fluidized system as it reached the earth's surface.

The Moses Rock dike probably formed by eruption of kimberlite from
a large reservoir in the mantle. The eruption was driven by volatiles,
apparently mostly Hy0. The kimberlite comnsists of physically disrupted

rock from the reservoir environment.
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PART I INTRODUCTION

The Moses Rock dike is one of a cluster of kimberlite-bearing
dikes and diatremes located on the Colorado Plateau. Of all the known
occurrences of kimberlite in the world, none are better exposed than
these.

Kimberlite pipes and dikes are of interest to geologists because
they are the primary source of diamonds. The scientific significance
of kimberlite pipes, however, is as great as their economic importance
and to the student of the earth's interior, the wealth of information
to be obtained about the deep subsurface from the study of kimberlites
has a glitter almost as eye-catching as the diamonds themselves. Per-
haps the first student of the kimberlites to grasp their significance
was P. A, Wagner (1914, 1928) who recognized that the variety of exotic
fragments contained as xenoliths in kimberlite must represent samples
from the vent walls over long, perhaps vast, vertical distances over
which the kimberlite traveled on its way to the surface. Some of these
fragments may have been derived from depths within the earth far beyond
man's reach by ordinary means of direct sampling.

Among the scientific problems that can be investigated by study of
the kimberlite pipes are questions regarding the nature and composition
of the earth's upper mantle, the composition of the earth's crust as
indicated by the abundant and varied xenoliths, the nature of ;he pro-
cesses by which the kimberlite is transported from an apparently deeply
buried reservoir to the surface, and how these processes are related to

the geologic history and tectonics of the region in which the kimberlite
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intrusions are found. The extent of current research bears witness to
the consensus that the kimberlite pipes are, figuratively, telescopes
directed downward into the earth's interior through which a surprisingly
clear view of the earth to a rather great depth is emerging.

The most famous and well- studied kimberlite pipes and dikes are
located in Africa (Wagner, 1914, 1928; Yolmes, 1936; Williams, 1932;
Dawson, 1962; Edwards and Howkins, 1966). Others are known, however,
in Siberia (Krutojarky, 1958; Smirnos, 1959; Davidson, 1962),
Czechoslovakia (Davidson, 1962) and placer diamond deposits in Australia
and South America suggest their presence on those continents as well.
In North America, diamond-bearing kimberlites are known in Arkansas
(Miser, 1922, 1923; Miser and Ross, 1925) and dikes aﬁd pipes contain-
ing kimberlite or material closely related to kimberlite occur in the
eastern United States (Brock and Heyl, 1961) as well as on the
Colorado Plateau.

Kimberlite-bearing dikes and diatremes occur at 8 known localities
scattered about the east-central Colorado Plateau (Figure 1). A cluster
of vents occur in the east part of the Monument Qalley along the Comb
Ridge monocline which forms the easternm margin of the Monument uplift,
two important structural elements of this part of southeast Utah and
northeast Arizona. The Mule Ear diatreme, the northern-most of the
known Colorado Plateau kimberlite vents, is an elliptical pipe‘which
occurs near the axis of the monocline jhst south of the San Juan River.
Five miles southwest lies the Moses Rock dike. Two miles northwest of
the Moses Rock dike is a roughly semi-circular collapse structure, the

Cane Valley diatreme. Approximately six miles southeast of the Moses
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Rock dike, on the east side of the Comb Ridge monocline and just south
of the Utah-Arizona border are two roughly elliptical diatremes at
Garnet Ridge. At Red Mesa, Arizona,.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 flank of the Defiance uplift, along the Defiance
monocline near the Arizona-New Mexico border northwest of Gallup, New
Mexico. The largest is a circular kimberlite diatreme at Buell Park
near Fort Defiance, Arizona. Two smaller kimberlite plugs occur at
Green Knobs, approximately 5 miles northeast of Buell Park. Sketch
maps of the Colorado Plateau kimberlite diatremes are shown in Figure 2.

The Moses Rock dike, near Mexican Hat, Utah, was‘chosen for study
because of its unusual dike form, relatively large size and generally
excellent exposure. The internal structure of the dike varies along
its length and the processes by which it has been formed appear to
have been arrested at various stages. An assemblage of crystalline
rock fragments which is apparently typical of the Colorado Plateau

kimberlite-bearing diatremes is found within the dike.
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Previous Work

Sterrett (1909) is the first geologist known to have visited 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. 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 dia-
tremes as volcanic features (Gregory, 1915). Williams (1936) briefly
described the abundant and varied crystalline rock fragments contained
in the kimberlite diatremes in his reconnaissance study of the volcanic
rocks of the Navajo and Hopi Reservations. He recognized the
material in the kimberlite-bearing diatremes as kimberlite-like but
suggested that it was probably weathered minette.

The first geologist to identify the green tuff-like serpentine-
microbreccia as "kimberlite" was Balk (1954), after detailed petro-
graphic and chemical analysis of materiai from Buell Park., A geologic
map of the Buell Park diatreme was completed by Balk, Malde (1954)
and Malde and Thaden (1963) mapped the geology 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.
Shoemaker and Moore (unpublished map) mapped the geology of the Mule
Ear diatreme during 1955 to 1957 and found blocks displaced approxi-

mately 5000' downward from their original stratigraphic position, a
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concentric pattern of the distribution of blocks in the diatreme and
tuff-like kimberlite intrusive units. Blocks displaced downward are
fouﬁd generally around the oﬁtside of the vent, 1In the center are pipe-
like bodies of material which has come up, including crystalline rock
fragments, Shoemaker (1956, 1962) and Shoemaker, Roach and Byers (1962)
have described the structure of kimberlite and alkali basalt diatremes
of the central Navajo Reservation and monchiquite diatremes of the Hopi
Reservation, and discussed the mechanics of their emplacement by a gas-
boring and gas-transport process,

More detailed petrologic studies of the Colorado Plateau kimber-
lites have been undertaken recently. Watson (1960) described eclogites
collected at Garnet Ridge. O'Hara and Mercy (1966) collected and des-
cribed peridotite, eclogite and garnets at Garnet Ridge. Among the
garnets collected were chromium-rich pyropic-garnets characteristic of
South African kimberlites. No diamonds have been observed as yet in

any of the Colorado Plateau kimberlites.

Scope of this Report and Methods of Investigation

This report focuses on two topics, the mode of emplacement of the

Moses Rock dike and the petrology of the crust and upper mantle under-
lying the dike. A hydrodynamic theory for the mode of emplacement is
based on detailed analysis of the dike and the rocks filling the dike,
with emphasis on crystalline rocks derived from great depth. Inferrences
about the crust and upper mantle are based on petrcgraphic and microprobe
investigations of minerals in kimberlite and in crystalline rock frag-
nents. |

The problems are treated in terms of 1) the sequence of events
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accompanying the“emplacement of the dike, 2) the location of and con-
ditions in the reservoir from which the kimberlite erupted, 3) the
nature of the crustal-upper ﬁantle column traversed by the erupting
kimberlite, 4) the properties of the erupting medium, and 5) the
mechanics of the éruption, itself,

The methods of investigation included geologic mapping, petro-
graphic, chemical and microprobe analyses of rocks and minerals, and
a theoretical analysis of the hydrodynamics of the eruption. The field
investigation included mapping of about 30 square miles surrounding
the Moses Rock dike at a scale of approximately 1:32,000, detailed
geologic mapping of the Moses Rock dike at a scale of 1:2400, measure-
ment of detailed stratigraphic sections near the dike, bulk sampling
of material within the dike at 6 localities, and detailed collection
of crystaliine rock fragments at 28 localities, including collection
of data on the size frequency distribution of the crystallinme rock
fragments.

The author's first visit to the Moses Rock dike was made in
March, 1964; field work began in June, 1964, and was completeted in
May, 1966. Two long field seasons (1964, 1965) were consumed in
detailed mapping and sample collection.

The detailed mapping of the Moses Rock dike at 1:2400 was greatly
facilitated by low altitu&e-high resolution, stereoscopic, vertical
aerial photographs taken under a contract for the U. S. Geological
Survey for this project. Much more detailed knowledge of the geology
of the Moses Rock dike is available than will be presented in map form

in this report. The entire dike is mapped at 1:2400 scale.
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Reconnaissance petrographic study of a representative sample of
crystalline rock fragments permitted selection of characteristic and
interesting rock types for more detailed study including whole rock
chemical analysis and microprobe work. Mineral separates from the
kimberlite and polished thin sections of some of the dense xenolithic
inclusions were analysed to establish details of mineral and rock
composition.

The mode of emplacement is examined in light of the constraints
imposed by the observations of the geological structure of the dike
and the nature of the rocks filling the dike. A simple hydrodynamic
theory is constructed to explain the observations from which the fluid

properties of the erupting medium are inferred.

Qutline of this Report

This report consists of three parts: 1) geology 2) petrology,
and 3) mode of emplacement of the Moses Rock dike. The first part,
the geology of the dike, is presented with emphasis on the structural
relationships at the contact and between the breccia units which fill
the dike. These observations form the baéis for reconstruction of
the sequence of events responsible for'the emplacement of the dike.

In the second part, the petrology of the crystalline rock
fragments and kimberlite are reviewed. Three problems are discussed:
1) the structure and composition of the crust as suggested by the
relative size, relative abundance and petrographic character of the
crystalline rock fragments, 2) the origin of the dense and ultramafic
fragments which might be mantle rocks, and 3) the genesis of the

kimberlite. The crux of this section involves interpretations of
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microprobe analysis of minerals from the kimberlite and dense rock
fragments in terms of pressure and temperatures of formation and the
reconstruction of the verticél stratigraphy of the crust and upper
mantle.

The third part considers the mechanism of diatreme formation and
treats the hydrodynamics of the flow of the kimberlite from its
reservoir to the surface. First the geology is reviewed and the
sequence of events established. A qualitative model for the emplace-
ment mechanics is presented. Assuming initial P-T conditions in the
reservoir inferred from the petrology, the fiuid parameters velocity
and dike width are calculated for simple flow models. In the calcula-
tions, kimberlite is inferred to be a physical mixture of volatile
(Hy0) and solid phases, initially at about 1000° C and iOO kilometers,
At high pressure; H20 is nearly incompressible even at elevated
temperatures, but as pressure decreases the water phase expands.
During the eruption, at depth the kimberlite can be treated as an
incompressible fluid but nearer the surface approximately as a poly-
tropic gas., Approximations of the P-V-T relations of water-solid
mixtures are inferred for various initial temperatures and water/solid
ratios which permit evaluation of surface velocities, Corrections
for viscous losses yield velocities in close agreement with independent

estimates.
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PART II

GEOLOGY

Regional Setting

The Moses Rock dike lies in the eastern part of Monument Valley,
in southeast Utéh, about S5 miles southeast of Mexican Hat, Utah, near
the center of the Colorado Plateau province (Figure3 ). Climate is
arid, vegetation sparse and exposures generally excellent. This area
lies just within the southern limit of the Canyonlands section of the
Colorado Plateau, an area of high plateaus, mesa and buttes which has
been deeply incised by the Colorado Riber and its tributaries (Fenneman,
1931). The San Juan River, a major tributary of the Colorado, occupies
a 2500' deep canyon about 4 miles north of the main part of the Moses
Rock dike. Elevation of this part of the region averages between 4500

and 5500 feet above sea level.

Sedimentary Rocks

Paleozoic and Mesozoic sedimentary rocks are exposed on this part
of the Colorado Plateau. The Permian Cutler Formation is exposed over
much of the Monument Valley area. Quaternary deposits occur locally.

Precambrian metamorphic and igneous rocks are exposed in the
Grand Canyon, in the central part of the Zuni uplift, in valleys in the
Uncompahgre Plateau and in the Black Canyon of the Gunnison. Crystal-
line basement rocks have been encountered in numerous drill cores
throughout the region overlain by Cambrian sedimentary rocks at the
base of the Paleozoic section. The crystalline rocks upon which these

Cambrian sediments lie, thus, are Precambrian in age.
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The Paleozoic section in the region contains rocks of Cambrian,
Devonian, Mississippian, Pennsylvanian and Permian age, and averages
about 5000 feet in thickness. The Cambrian rocks are quartzite;
Devonian through Pennsylvanian rocks are mostly limestone, dolomite
and minor evaporite; the Permian rocks are arkosic sandstone and shale
(R. O, Bass, 1963).

The Mesozoic sedimentary rocks of Triassic, Jurassic and Cretaceous
age exposed in the region range from sandstone, siltstone, and shale,
to limestone (Weeks and Garrels, 1959). The Mesozoic section is at
least 6500 feet thick.,

In the region, tertiary sedimentary rocks occur only in the major
basins or locally, as in the Chuska Mountains, as an unconformable

capping on folded older rocks. (Weeks and Garrels, 1959).

Igneous Rocks

Intrusive rocks, younger than the crystalline Precambrian basement,
include stocks and laccoliths of the La Sal, Abajo and Henry Mountains
in Utah, the Ute Mountains in Colorado, and the Carrizo Mountains in
Arizona, which are mostly diorite porphyry and range from diorite to
syenite (Hunt and others, 1953; Weeks and Garrels, 1959). Volcanic
dikes and diatfemes are common in the region (Shoemaker and others, 1962).
In the Monument Valley area, most of the diatremes are filled with

minette (phlogopite-sanidine-diopside basalt); a few contain kimberlite.

Structure
The Colorado Plateau province can be subdivided into structural

units which include major basins with structural relief reaching
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Figure 4. Tectonic map of a portion of the central
Colorado Plateau
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14,000 feet, major uplifts with structural relief up to 5000 feet,
and areas occupied by benches, platforms, gently dipping slopes,
saddles, arches and sags (Kelley, 1955; Shoemaker, 1954). Each basin
and uplift is an assymetrical fold bounded on one side by a major mono-
cline (Shoemaker, 1954).

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, assymetrical anticline
approximately 50 miles wide by 100 miles long, upon which are developed
a few minor folds (Baker, 1936; Shoemaker, 1954; Kelley, 1955). The
eastern margin of the Monument uplift is defined by the Comb Ridge
monocline. Eastward of the monocline strata dip very gently across the

Four Corners Platform.

Geology of the Area Near the Moses Rock Dike

Rocks exposed near the Moses Rock dike are mostly red and reddish
browﬁ, siltstone, sandstone, shale, and evaporite of the Permian Cutler
Formation, which here is approximately 2100 feet thick. The present
surface of erosion ranges between approximately 4500 and 5000 feet above
sea level and between 3800 and 5500 feet above the crystalline basément,
Landforms in the vicinity are questas and hogbacks developed on dipping
Permian beds, Total relief near the dike is about 300 feet.

The dominant local topographic and structural feature is Cpmb
Ridge, a west facing scarp 600 feet high which extends nearly 50 miles
north and south (Plate 1). The dike lies about two miles west of this

hogback (Figurée S).
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Rocks in the foreground are beds of the Organ Rock
Tongue of the Permian Cutler Formation. Beds seen
on the left include Cedar Mesa Sandstone and Hale-
gaito Tongue Members of the Cutler Formation and
Rico Formation. Beds to the right include deChelley
Sandstone Member, and the Triassic Formations:
Moenkopi, Chinle, Wingate, Kayenta, and Navajo.
This view is between the two-fold axes of the Comb
Ridge monocline. The spire seen in the background
is Mule Ear, an erosional remnant of Wingate Sand-
stone, Just to the left and below this spire is
the Mule Ear diatreme, a kimberlite-bearing pipe.

Plate 1, A northward view along Comb Ridge about 2 miles east of
the Moses Rock dike.
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Figure 5. Geologic map of area near Moses Rock dike,
San Juan County, Utah

(Oversize, in pocket)
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Sedimentary Rocks

Pennsylvanian through Jurassic and Jurassic (?) strata are exposed
nearby. The Pennsylvanian formations occur in stream valleys in the
northern part of the area mapped. Permian rocks are exposed over most
of the area near the Moses Rock dike. Triassic and Jurassic rocks
occur in Comb Ridge in the eastern part of the area (Figure 5).

Sedimentary rocks of Cambrian, Devonian, Mississippian and Penn-
sylvanian age, mostly limestone, dolomite and minor evaporite are known
from exposure in the nearby San Juan River canyon or from drilling. A
few miles east of the Moses Rock dike younger sedimentary rocks are
exposed including lower Triassic Moenkopi Formation, reddish-brown
siltstone and shale; the Triassic Chinle Formation, conglomeraté and
varigated mudstone; Jurassic Glen Canyon Group, red and white sandstone;
Jurassic, San Rafael Group, sandstone, siltstone; and, Jurassic Morrison
Formation, shale and sandstone. Quarternary deposits include terrace
gravels, dune sand and aluvium. (A generalized stratigraphic column
for southeast Utah is shown in Figure 6.)

The Cutler Formation is of particular interest because these are
the present wall rocks of the Moses Rock dike and blocks derived from
the Cutler are abundant within the dike. The Cutler Formation in
Monument Valley was subdivided into five members which in ascending order
are, the Halgaito Tongue, Cedar Mesa Sandstone, Organ Rock Tongue,
DeCheliey Sandstoné and Hoskinnini Tongue (Baker and Reeside, 1929;
Baker, 1936; Gregory, 1938; O'Sullivan, 1965). Stewart (195%) assigned
the Hoskinnini Tongue to the overlying Moenkopi Formation and that usage

is adopted here.
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l GENEPALWED  EMATIGRMHC
CEoSSECTIoN 0F
RO 1N SOKTHEAT, WD J

i

Sonrmn of Dite

" DX/J (G

b N.i -mmx

L R lt-J muauun
nan ,
iﬁn
u‘ﬂ
kq&hnm ;
Som- PR
e A.k mz» idﬂ:
e 3 u..%«J “‘w’ﬂ'
Hwmprs
v Gk (BT
& ‘ ORE2
1::3:«4 r n«) %ﬁ-‘j&
l_r‘ 24 Com J EM
7.’:5.-’-“..' \'\
-4,
'M' 1 B SAATIGRAMC CROSSECTION oF
- i (Moo bt bontaaicnd Rocks  RATDED
: , ) | A DHE Hetes Hook BATEME
: { Mowws  LOCATION of SFEUTC
- 13,000 i MAGVER HORIZONS USED N TRTAKED
- MAPPWG  AD TRRUCTURE CROSSECTIONE
. e
: i Ferd St Sect alove
: | 1 v‘\%‘& oot
~izom0 = C'f%‘“"" De Cnctly Sandslon
M P Mem‘k%: of e
. Oflee joo0 .
N - Qv ficn
: = | (224
: Mincos ) | e
: Shate ]
: 350d) = |
-10000 — = p— %o —
: @w L.:ﬂ.TJ |
- %M
= e P v
N o L 3’ Culier
T 0 I Behon 0
IS
: (nfaons Gl ! 1
Buro | | L
i |
£ [
S
3% S
“g ’ Teem
! -
1
i
- ; o
~ 1
|
Ceds Mesa Sendsiome

heme F——

2 h: L

P
(el S 7

L

{Hentdda

Dite

B ST
PR . Y3
Dia

Mealer o the C\'ﬂer
Brmdtiod {4
{139y . 85
] E 12
‘ o= ‘}— Amo
i 6%~
l o0 191% o
f- — 160
i Feert s
_#--—— 4e0 - 1431 3600
T ?:m_
o T |3
% &'Htr 24—
Braston g - oL 3000
409"
| oo - 1 500
PR ’f" [N RTINS HSY S
’&y%ﬁb\
4 (0
i * % W E &suir%n we
d 2 * al
| Jebedy 3"\;" alume
|




-21-

The Halgaito Tongue consists of 409 feet of dark red calcareous
shaley siltstone and fine-grained silty-sandstone. Calcareous well-
cemented beds that crop out as ledges alternate with softer beds which
form slopes. The Cedar Mesa Sandstone, in the vicinity of the Moses
Rock dike, consists of 729 feet of orangish-brown, very fine-grained
sandstone and siltstone, commonly crossbedded, and interbedded gypsum.
The Organ Rock Tongue consists of 690 feet of dark brownish-red silt-
stone, shale, shaley~siltstone and sandstone with minor conglomerate.,
The de Chelly sandstone is composed entirely of cross-bedded light-tan
to yellowishébrown, weakly-cemented, well-sorted sandstone, about 224
feet thick.

Quarternary deposits are developed on the breccias, particularly
at the south end of the Moses Rock dike. These consist of lag concen-
trates of crystalline basement rock and limestone fragments which cover
the ground surface in and just outside of the dike., Locally these
fragments are desert varnished. There are local remnants of a well-
developed Pleistocene soil at several localities near the south end of
the dike,

Detailed stratigraphic sections of thé Cutler Formation were
measured to permit precise stratigraphié identification of breccia
blocks within the Moses Rock dike (Figure 7, in pocket). Distinctive
beds within the Cutler Formation were given index numbers and are used
to identify the stratigraphic positions of breccia blocks within the
dike (Figure 6).

Stratigraphic units in the Grand Canyon, Arizona, equivalent to

the Cutler Formation, in ascending order, are: 1) Supai Formation,
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Figure 7. Composite and generalized stratigraphic

crossection of sedimentary rocks exposed

locally near the Moses Rock dike, San Juan
County, Utah

(Oversize, in pocket)
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2) Hermit Shale, 3) Coconino Sandstone, 4) Toroweap Formation, and
5) Kaibab Limestone,

Blocks derived from the Pennsylvanian strata which underlie the
Cutler Formation are also abundant in the Moses Rock dike. In descend-
ing order these rocks are Rico Formation and the Hermosa Group consist-
ing of the Honaker Trail and Paradox Formations, all of which are well
exposed in the canyon of the San Juan River just north of the Moses
Rock dike, or at the Honaker Trail near the Goosenecks of the San Juan
River, an entrenched meander northwest of Mexican Hat (see Wengerd,
1963).

The Rico Formation consists of about 100 feet of red siltstone
interbedded with minor crossbedded white sandstone; fossiliferous grey
and greenish’grey limestone and minor purple shale. The boundary be-
tween the Rico Formation and the overlying Halgaito Tongue of the Cutler
Formation is occupied by a six-foot thick, nearly massive greenish-grey
limestone bed with minor nodules, called the Rico limestone (Wengerd,
1963).

The upper 300 feet of the Honaker Trail Formation consists of
interbedded dark red limey siltstones and subordinate fossiliferous grey
sandy-limestone. The lower 450 feet consists of grey limestone commonly
with chert, fossils, and oolites, interbedded with subordinate silty
limestone beds, The top of the Honaker Trail Formation is occupied by
a 15-foot thick greenish-grey fossiliferous unit called the Shafer
limestone (Wengerd, 1963).

The Paradox Formation consists of about 800 feet of grey limestone

and dolomite containing abundant fossils (Fusulina sp.), chert, oolites,
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nadules, and minor black shale, free §u1fur and coal.

The cherts are a distinctive and useful feature in differentiating
the strata in the Hermosa Grbup. Near the top of the Group in the upper
part of the Honaker Trail Formation, chert nodules and chert replace-
ments of fossils:(braehiopods mostly) are dark red in color. In the
lower half of the Honaker Trail Formation chert is grey. In the Paradox

Formation chert is black.

Structure

The area mapped lies on the eastern flank of the Monument uplift
where beds dip southeastward toward the Comb Ridge monocline. Struc-
tures include several folds, joints, three large kimberlite-bearing
diatremes including the Moses Rock dike, two smaller kimberlite-bearing
dikes, two minette dikes and one fault (Figure 5).

The dominant local structural feature is the north-trending Comb
Ridge monocline, along which eastward dips reach 60° within the area
mapped. Structural relief across the monocline is approximately 3500
feet.

Another important structure within the area mapped is the Raplee
anticline, an assymetrical north-south trending, southward plunging
open fold about 4 miles wide. On its east flank beds dip gently 4° to’
12° toward the Comb Ridge monocline. Dips are steeper on its west
flank, reaching 30° or more. This fold dies ocut toward the south in
the area mapped (Figure 5).

Beds on the west flank of the Raplee anticline dip westward into

another north- trending open fold, the Mexican Hat syncline. Structural
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relief on this fold diminishes toward the south and vanishes within the
area mapped (Figure 5).

A system of through-going, nearly vertical joints trending east-
west to N 60° W, averaging about N, 80° W, is well developed throughout
the area, This joint system appears to be orthogonal to the axes of the
Comb Ridge monocline. A second set 0f nearly vertical cross joints is
oriented nearly normal to the first set, is not as well developed, and

generally does not cut through the first set.

Kimberlite Intrusions

Intrusive features in the area mapped include the Moses Rock, Mule
Ear and Cane Valley kimberlite~bearing diatremes (Figure 5). The largest
and most complex in terms of internal structure is the Moses Rock dike.
The Mule Ear diatreme, though less complex structurally, contains the
largest crystalline rock fragments and has sedimentary rock fragments
derived from the greatest stratigraphic range observed in any of the
kimberlite diatremes, including those at Garnet Ridge, just outside the
area mapped. The Cane Valley diatreme has a very simple structure, con-
tains only rare and very small crystalline rock fragments, and contains
sedimentary rock fragments and blocks transported only short distances
from their original positions.

The Mule Ear diatreme is located just south of the San Juan River
on the Comb Ridge monocline. It has an elliptical shape, approximately
.5 by .2 miles in plan and has been mapped at a scale of 1:2400 by
Shoemaker‘and Moore (1957) and D. Stewart-Alexander (work in progress)
and was described by Shoemaker (1962). The material in the Mule Ear

vent has a concentric distribution in which blocks are displaced
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downward around the outside margin of the vent and material which has
come up is concentrated in the center. Crystalline rock fragments and
kimberlite are concentrated in the center. The largest crystalline
pock fragment observed was fine-grained biotite granite gneiss about
25 feet in diameter. Fragments of lower Cretaceous Mancos shale are
reported juxtaposed against Halgzito Member in the vent walls implying
downward displacement of the Mancos shale blocks of approximately
5000 feet., This is also a minimum figure for the amount of overburden
at the time of emplacement of the Mule Ear diatreme. A yellowish to
buff colored tuff-like intrusive material composed of cemented sand-
'stone grains with some crystalline rock fragments énd rare pyroxene
and garnet grains that was observed at Mule Ear is not present at the
Moses Rock dike. Green serpentine-rich microbreccia (kimberlite) is
observed at Mule Ear which appears to be identical with materigl exposed
locally within the Moses Rock dike.

The Cane Valley diatreme occurs about 2 miles southwest of the
Moses Rock dike (Figure 5). The outline of the structure was mapped
by O'Sullivan (1965) who named it. A small elliptical satellite dia-
treme occurs about 600 feet to the northwest.

The Cane Valley diatreme is a kidney-shaped, trapdoor-like,
structural depression apparently hinged along its southern edge,,contain-
ing minor kimberlite-bearing dikes and a small off-center brecciated
core (Figure 8). It is exposed within gently dipping rocks of the
Organ Rock Tongue. The boundary of the diatreme is defined by an
abrupt downfolding'of beds at the contact. Wall rocks are undeformed

and unmetamorphosed except for local bleaching on fractures well
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developed in the wall rock which parallel the contact of the diatreme.

The diatremz is filled with rocks derived almost entirely from
Organ Rock Tongue strata expoSed in the walls. Aside from a small
brecciated core, bedding is not disrupted and the rocks are undeformed
except for local bleaching along fractures. Small kimberlite-bearing
dikes were observed in the south-central part of the diatreme. Crystal-
line rock fragments are present in alluvium, apparently derived from
kimberlite but they are very rare and small. Downward structural dis-
placement of the downfolded beds is approximately 170 feet in the north
central part of the diatreme where the structural relief is greatest.

An irregularly shaped, off-center brecciated core approximately
1000 by 500 feet is located on the northwest side within the diatreme.
Here beds of.Organ Rock Tongue are broken into large blocks which have
been rotated with respect to each other, but which are not displaced
significantly from their original stratigraphic position, outside the
brecciated core. Stratigraphic horizons can be traced through the
brecciated core without difficulty. The matrix material between the
breccia blocks appears to be almost entirely fine-grained fragments,
mostly sand- and silt-sized, derived from the Cutler Formation.

About 600 feet northwest of the Cane Valley diatreme is a small
elliptical vent about 800 by 500 feet in plan. It cuts gently dipping
rocks of the Organ Rock Tongue just above the contact with the Cedar
Mesa Sandstone., The diatreme is filled almost entirely with blécks
derived from the overlying stratigraphic units: Organ Rock Tongue,
de Chelly Sandstone Members of the Cutler Formation, and the Moenkopi,

Chinle and Wingate Formations. Rare blocks derived from the underlying
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Cedar Mesa sandstone member are observed. The largest blocks are
approximately 60 by 30 feet. Their orientation appears to be random.,
The matrix material between the blocks contains very little or no
kimberlite and appears to be comminuted clastic material probably
derived mostly from the Cutler Formation, possibly from the subjacent,
highly friable Cedar Mesa Sandstone Member, No crystalline rock frag-
ments were observed within this structure. A fracture system parallel-
ing the contact is well developed around the periphery of the structure
in the rocks of the vent walls., The density of these fractures (number
of fractures per unit distance measured normal to the contact) decreases
as an inverse power function of the distance from the contact.

Two kimberlite-bearing dikes were observed outside the main dia-
tremes. One occurs in Cane Wash, four miles west of the Moses Rock
dike, where it cuts Cedar Mesa Sandstone Member at a low angle through‘
an exposed distance of almost a mile and a half (Figure 5). Near the
south end of this dike, another smaller and subparallel dike is developed
and appéars to coalesce into a small and poorly exposed diatreme. The
kimberlite components of the breccia filling these dikes is highly
diluted with clastic debris, although crystalline rock fragments up to
several inches in diameter occur locally.

Approximately one mile east of the Moses Rock dike, a steeply
dipping kimber;ite-bearing dike cuts Cedar Mesa Sandstone, Organ Rock
Tongue and de Chelly Sandstone Members (Figure 5; Plate 2 A,B,C). This
dike is approximately a half mile long, is several feet wide, and is
filled with kimberlite, clastic sedimentary fragments and locally con-

tains crystalline rock fragments several inches in diameter, Flat plates
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A, A view looking southeast:;
dike is in-center of photo
behind and to the right of
rock hammer,

- B, View of dike, here approxi-

g mately two feet wide. Note
lack of metamorphism or ale-
teration at the contact,
Outer margin of the dike is
lined with a plate of fiber-
ous calcite with fibers nor-
mal to contact,

Close-up of dike shows
angular to well-rounded
fragments of crystalline
rock and limestone in
matrix of comminuted
sandstone mixed with kime-
berlite., Tabular chips of
calcite show clearly at
dike margins. Scale is
given by hammer head which
shows in upper right-hand
corner,

Plate 2, Kimberlite-bearing dike in west flank of Comb Ridge a mile
east of Moses Rock dike which intrudes beds of Organ Rock
Member of Cutler Formation,
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of fiberous calcite line the outer margins of the dike in which the
calcite fibers are oriented nearly normal to the contact, (Microprobe
analyses of chips of these plates showed it to be nearly pure calcium
carbonate containing very little magnesium,)

Two dikes of minette occur in the vicinity, one, two and a half
miles west of the Moses Rock dike, the other approximately a mile
southwest of the Mule Ear diatreme (Figure 5). Both strike slightly
east of north and dip steeply westward, and both are approximately
a mile long. Fractures occur in the wall rocks parallel to the dike
contacts; bleaching of wall rocks along these fractures is common near
the dikes. The density of fractures parallel to the contact decreases
as an inverse power function of the distance away from the dikel No
crosscutting relationships exist between kimberlite and minette in the
vicinity,

The largest fault observed in the vicinity is a westward dipping
reverse fault west of the Mule Ear diatreme (Figure 5). It can be
traced for about three and a half miles along or near the contact of the
Halgaito Tongue and Cedar Mesa Sandstone Members., There is approximate-
ly 700 feet of reverse displacement on the fault near the Mule Ear
diatreme, where, locally, kimberlite-bearing breccia is injected along
the fault,

Minor normal displacement of a few feet is observed along the
narrow westward dipping dike which forms the northern end of the Moses’

Rock dike (Plate 13).
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The Moses Rock Dike

The Moses Rock dike has a complex geometric shape formed by the
connection of two parallel north-trending, steeply westward-dipping,
en echelon dikes. The dike is well exposed for more than 4 miles but
its true length is unknown because the southern end is buried under
recent sand dunes; it is probably not longer than 5 miles. Maximum
width is about 1000 feet.

The form of the Moses Rock dike in map view 1s slightly suggestive
of an insect and can be subdivided into sections which are called,
allegorically, the '"north feeler", "south feeler", 'head", "body'", and
"tail" (Figure 9). Tﬁis is useful in describing the structure of the
dike because it is large and its internal structure, contact relations,
topographic expression, and exposure vary considerably from place to
place [Plate 3}.

In the following pages the reader will be conducted on a section
by section tour of the Moses Rock dike in which topographic expression,
exposure, contact relations, internal structure and composition are
described. However, before beginning this geological dissection of the
dike it is necessary to do some detailed examination of the material
which fills the interior of the dike. Having done this we can then in-
quire as to the manner in which this material is integrated to form the
structure and hopefully to extract some useful clues about the history

of the dike.

Rocks Filling the Dike

All material within the dike is breccia. Fragments range in size

from silt-sized particles to blocks measuring 750 by 250 feet.
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The fragments in the breccia are derived from widely different
sources. A rough cstimate of the composition of this material was
made from the detailed map by estimating the area coverage of each
map unit and estimating the composition of this material from field
notes and from 500-pound bulk samples obtained from just below the
surface at 6 localities. These map units will be described in the
following section,

Approximately 72% of the fragments arc red sandstone and shale
derived mostly from the Cutler Formation. The components of
Kimberlite comprise about 12% of the fragmental material and most
of these components are finely dispersed and mixed with rock debris,
Only locally is kimberlite found as a distinct mappable rock unit.
Limestone fragments transported upward from the Palecozoic section
make up about 13% of the breccia. Crystalline rock fragments
constitute about 3%.

Approximately 53% of all fragmental material in the dike is
coapser than 1 foot, about 30% coarser than 10 feet, and 12% coarser
than 100 feet. Most of the large blocks are sedimentary rocks from
the Cutler Formation displaced downward with respect to their

original stratigraphic position.

Breccia Units Mapped Within The Dike

The breccias are gradational but are uscfully subdivided for
mapping purposcs into distinct units called kimberlite, diluted
kimberlite, Cutler rubble and complex breccia.

Kimberlite as a mappable entity occupies about 1% of the sur-

~ace area of the Moses Rock dike and occurs at about a dozen scattercd

1
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A,

B.

Plate 3,

B B

Southwest view across Moses Rock dike; shows negative topo-
graphic relief of body section of dike in foreground and
positive relief of dike along tail section in background.
Blocks in foreground are mostly Cutler Formation, Bedded
rocks at contact are Cedar Mesa Sandstone Member which

dip gently southeast. Prominent cliff in left-background
is Comb Ridge, formed along the Comb Monocline where
Triassic rocks are exposed. '

Northward view along ridge in the southern or tail section of
Moses Rock dike. This ridge stands about 40 feet above sur-
rounding terrane. Blocks are Cutler Formation, Cedar Mesa
Member; contact showing in foreground is nearly vertical; wall
rocks are Cutler Formation, Cedar Mesa Member, Flat top of
ridge is covered by lag concentrate deposit of crystalline
rock fragments commonly with desert varnish. Ridge in back-
ground is top of Raplee ridge (and Raplee anticline) where
beds of Halgaito Member and Rico Formation are exposed.

gqial setﬁing and topographic expression of the Moses Rock
ike.
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Location of original surface
- /only approximately known

. . . 42,000
Composition of the Material Filling

the Moses Rock Dike 11,000
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Table 1. Estimate of sizc and composition of all
material filling the Moses Rock dike
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localities [Plate 4]. It is a dark green to greenish~black microbreccia
that consists mostly of serpentine fragments, minor olivine, pyroxene,
garnet, and mica clasts, with subordinate angular rock fragments,
mostly limestone and red shale and sandstone. The average grain size
is about 1 mm. Bulk samples of the kimberlite show that 5% of the
material is fragmental rock debris (Figure 10A, 10C Sample 133,
Diagrams A, B). The largest rock fragments observed in the kimberlite
are limestone fragments approximately 10 cm across the crystalline
rock fragments about 1 cm across.

Kimberlite commonly grades into the second mappable unit, diluted
kimberlite. The composition of the diluted kimberlite is widely variable
but typically it consists of roughly equal parts kimberlite and com-
minuted sedimentary rock debris, Most of this debris is probably
derived from the friable Cedar Mesa’Sandstone Member of the Cutler
Formation. Diluted kimberlite is light green in color and occupies
about 2% of the area within the main dike. No bulk sample was taken.

About 35 to 40% of the area within the Moses Rock dike is occupied
by a breccia unit composed of a rubble of sedimentary rocks mostly
derived from the Cutler Formation, mixed with only minor amounts of
kimberlite components and crystalline rock fragments. This unit is

called Cutler rubble [Plate 5]. The breccia consists of large blocks

set in a finer grained matrix the bulk of which is sand sized. Blocks
are typically very large, up to several hundred feet, and are displaced
only short distances downward from their original stratigraphic position.
They are commonly rotated, but generally less thah 60°, The components

of kimberlite are found dispersed in the matrix of the breccia which
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Stereoscopic view looking northwestward. Kimberlite
occurs as 4 foot thick dike (or possibly sill) in
large block of Cedar Mesa Sandstone Member of the
Cutler Formation within the main Moses Rock dike.
This block is displaced about 100 feet downward
from its original position in the vent wall. This
is the only location where blackish-green kimber-
lite was found. It occupied the center of the dike
in an irregular seam several inches thick. (All the
accessible black material was sampled, about 200
pounds,) Note man in photograph gives scale. (Pre-
cise location of this occurrence is in head section
of the dike: Figure 13, northwest of coordinates
N'7o) : 5

Plate 4, Kimberlite at type locality in the Moses Rock

dike (MR-1416A},
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A. Road cut showing intrusive breccia composed of
sedimentary blocks, in a matrix of comminuted
sedimentary rock debris with minor amounts of
kimberlite, and small basement and limestone
inclusions., This is one example of an intru-
sive unit called Cutler rubble. Location of
this photo on Figure 13 is northeast of coor-
dinates C-3. Scale shown in photo is 6" long.

B. Close-up of same outcrop.

Plate 5. Intrusive material in the Moses Rock dikeg Cutler rubble.
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consists of sande-sized particles probably derived largely by communi-
tion of the large blocks, and only very minor amounts of small crystal-
line rock fragments. The matrix material is light lime-green in color
and the kimberlite components are roughly estimated to constitute about
1 part in 10 of the matrix. Fragments are too coarse to effectively
bulk sample this breccia.

Most of the Moses Rock dike, about 60% in area, is occupied by
intricately mixed complex breccia composed of rock fragments derived
from the Cutler Formation ranging from comminuted fine-grained aebris
to large blocks, mixed with fragments of limestone and crystalline rocks.
The components of kimberlite are dispersed in the breccia. This unit

is called complex breccia [Plate 6, 7, 8]. Most crystalline rock frag-

ments in the breccia are generally well rounded and show no preferred
orientation or foliation. The crystalline rock and limestone fragments
derived from the complex breccia commonly form a lag gravel that'ob—
scures the underlying breccia. For purposes of mapping, the complex
breccia has been subdivided according to the size of the crystalline
fragments contained in it, into very coarse, coarse and medium complex
breccia. (The matrix material in the Cutler rubble could be called
fine complex breccia and would fit a continuumof brecciea types.)

Very coarse complex breccia contains crystalline rock fragments

exceeding 12 ‘inches in diameter; coarse complex breccia, exceeding

6 inches in diameter; medium complex breccia, less than 6 inches in

diameter., (Fine complex breccia, the matrix between the breccia

blocks in the Cutler rubble has only very small crystalline rock frag-

ments, less than 1".) Of the 60% of the dike occupied by complex
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Southwest view into stream-
cut bank; intrusive mater-
ial is coarse complex brec-
cia, Basement xenoliths are
large; breccia blocks visi-
ble are Halgaito (ellipsoi=-
dal, reddish-brown block
just above hammer), Rico
and Hermosa group limestone
fragments, rounded basement
inclusions, in a matrix of
kimberlite and comminuted
clastic sedimentary debris.

Close-up of same locality,
showing chaotic nature of
breccia; sphercidal green
clots are crystalline rock
fragments, light-colored
ellipsoidal clots are lime-
stone fragments.

Close-up of surface of the
ground at same locality.
This shows concentration of
basement inclusions in sur-
face deposit, which is gen=-
erally rich in caliche and

2 to 6" thick. Basement
inclusions may be concentra-
ted by as much as a factor
of 4, although this concen-
tration is not observed uni-
versally.

Plate 6. Intrusive material in Moses Rock dike: coarse complex breccia,
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This locality is in the head section of the
Moses Rock dike (Figure 13, approximately
N-7, looking southeast). Scale is indicated
by greasewood bushes on slope which are 12
to 18 inches high. Large rock fragments are
derived from the Cutler Formation (mostly
Halgaito Tongue), Rico Formation and Her-
mosa Group.

Plate 7. Characteristic appearance of well-exposed coarse
and very coarse complex breccia.
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Surface deposit in medium complex breccia
in which largest crystalline rock fragments
do not exceed 6" but which do exceed 1%,
Ruler is 6" long.

Surface deposit developed over coarse complex
breccia. Note desert varnish on many crystal-
line rock fragments, Light grey fragments are
Paleozoic limestone. Pen is 5' long. Such a
surface deposit covers much of the south (tail)

.section of the Moses Rock dike, and occurs lo-
cally elsewhere.,

Surface deposits consisting of lag concentrations of crystal-
line rock fragments. Characteristically, these form a thin

layer over complex breccias in the Moses Rock dike.
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breccia, about 20% is very coarsc and coarse; 40%, medium complex
breccia.

Bulk samples were obtained of very coarse, coarse and medium
complex breccia (Figure 10; MR 151, 109, 114, 139, 119). The compo-
sition of these breccias is highly variable from place to place. lHowever
there is a systematic variation in the composition of the breccia
samples which suggests that the content of kimberlite-components de-
creases as the basement fragment size increases (Figure 10A). The very
coarse and coarse complex breccia consists of 1 part kimberlite com-
ponents to between 1 and 2.5 parts fragmental debris. It appears that
within the complex bréccias, as the crystalline basement fragments be-
come larger the kimberlite components are more diluted with all types
fragmental debris.

The size frequency distributions of various constituents 1in the
complex breccias were determined‘(Figure 10: 151, 1098, 114, 139, 118;
Diagrams C and D). Of particular interest are the cumulative size
frequency distributions (diagram D). The subject of size reduction
by mechanical means is a topic of some importance in many industrial
processes as well as in scientific problems. Thus comminution has been
the subject of a considerable amount of research by mechanical engineers.
Grinding processes very commonly generate size frequency distributions
which have characteristic shapes when weighed fractions of material
in log size intervals are plotted against the log of the cuulative
weight percent finer than the given size fraction. Meloy (1963) found
an algebraic expression which generates typical comminution curves

(Figure 11). In almost any comminution process, size frequency
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distributions evolve through a family of curves which are quite charac-
teristic of grinding processes. Initially, on the cumulative percent
finer diagrams (Figure 11A) grinding curves are concave upward as only
a few fine particles are generated. As comminution proceeds the size
frequency curve becomes linear., Eventually it assumes an almost steady-
state shape consisting of a convex upward region from the largest parti-
cle to the median size, and a linear region in the finer fractions
(Figure 11A). The cumulative size frequency curves of the components of
the complex breccia (Figure 10: 151, 109, 114, 139, 119; diagram D)
can be compared to these curves. Inspection of these curves suggests
that the sandstone and shale fragments have curves quite characteristic
of a mature state of comminution, limestone fragments of an intermediate
stage and crystalline rock fragments of the least mature stage. These
relationships are best developed in the very coarse and coarse complex
breccia (151, 109, 114). These curves suggest that the debris has been
subjected to a grinding process and the differences between the curves
probably reflects differences in strength of the rocks. That is, dif-.
ferences in their histories in the breccia,

To sum up, the Moses Rock dike is filled with distinct but complete-
ly gradational breccias. Fox purpoées of mapping, these breccias can
be usefully subdivided into units which will have structural signifi-
cance. In an approximate way, the compositions of the breccias can be
represented schematically as a continyum (Figure 12).

The breccia filling the dike is quite different from section to
section. The southern, or tail section, is filled mostly with coarse

complex breccia with lesser amounts of very coarse and medium complex
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breccia. Some Cutler rubble and kimberlite also occurs in the tail
section but in subordinate amounts. The body section consists of
Cutler rubble with minor amounts of medium complex breccia, kimberlite,
and diluted kimberlite. The head section is mostly very coarse and
coarsc complex breccia. The feelers are mostly medium or fine complex
breccia. The pod or vent developed along the north feeler is filled
with Cutler rubble around the edges and very coarse and coarse complex
breccia in the center. The relationships between these mapped units are

significant and will be examined section by section.

Structure 9£ the Dike

Having dissected the material in the dike and subdivided it into
mappable units, we may inquire into the way these structural elements
fit together with the rocks in the walls to constitute the structure
of the dike.

So, let us begin at the south end of the Moses Rock dike, the tail
section, and proceed northward through its body, head and feelers,
examining as we go its topographic expression, exposure, contact rela-
tions, structures in the wall rocks, and internal constitution and
structure.

A generalized geologic map of the entire dike>is shown in Figure 13
and will be used to fit the parts together. A coordinate system is
superimposed on this map which will permit specific localities of
interest to be located from references in the text.

Geological cross sections (Figure 15) will be referred to in the
text by number. Location of these cross sections can be found in Figure

14, Cross sections are presented at a scale of 1:2400 and are based on
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Explanation

Shown are four representative detalled structural cross~
sections of the Moses Rocl: dike chosen from Appendix F, As will
be discussed later in the text, these four cross sections probably
represent the major stages of development in the dike: early
stages of dike propagation (C-41); intermediate stages which inciude
brecciation, kimberlite dike and sill emplacement in the wall rocks
and initial stages of channelling (C-25, 34); late stages including
stong chanrelling and transport of large blociks upward in the
charnels, stong dilution of the kimberlite with rock f£ragments and

presence of large crystalline rock fragments in the breccia.

Figure 15 Selected detailed geological cross sections of
the Moses Rock dike (1:2400 scale)
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detailed mapping. Topographic control was a topographic base map of
10 foot contour interval (with supplementary 5 foot contours locally)
prepared by the U.S.G.S. photogrammetrically from the same photos used
in the detailed mapping. Thus the topdgraphic relations shown in the
cross sections are quite good. Subdivisions of Cutler Formation strata
shown on the cross sections are based on detailed descriptions of
stratigraphic columns measured in beds in the dike walls or near the
dike (Figure 7). Identification of the original stratigraphic position
of blocks shown,at the surface in the cross sections is done with confi-

dence.

Saithern Section: The Tail

The tip of the tail is not exposed. Recent sand dunes cover the
south end of the Moses Rock dike but crystalline rock fragments found
in the sand at the surface suggest its presence at least 1/3 mile
southwest of the limit of present exposures.

For most of its 8000 feet of exposed length, the tail section forms
a long, undulating, broadly rounded ridge trending about N 10° W (Figure
13, A4 to I2). It stands up to 100 feet above the surrounding Cutler
beds, which dip gently southeastward 6° to 15° and are eroded to gentle
questas of 3 to 15 feet relief, From a distance the ridge appears
green in color and stands out predominantly from the surrounding red,
orange and buff colored Cutler rocks (Plate 3A).

In the tail section, the dike varies in width between approximately
300 and 600 feet.

Exposure of the internal structure of the dike in this section

is poor because the ground surface is covered with an unconsolidated
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lag deposit several inches thick consisting mostly of crystalline rock
fragments which commonly are coated with desert varnish.

The rocks exposed at the contact range from lower Cedar Mesa
Sandstone Member at the north end of the tail section to the upper part
of the Organ Rock Tongue Member at the south end.

The contact dips steeply westward, about 80° on the average.

As elsewhere in the dike, contacts are generally undeformed,
however in this section of the dike only, local folding and faulting
are observed. Satellite dikes parallel to the contact are common in the
vent walls on the west side; sills and low angle dikes on the east side.
A well developed set of joints parallel to the contact exists everywhere
in the vent wall rocks.

Folding is better déveloped on the east side of the dike than on
the west., A broad synclinal fold tilts beds of Organ Rock Tongue upward
in the walls at the contact along a 1500 foot section (Figure 13-E3 to
C4 and Figure 15, Cross sections 6, 7, 8, 9). Structural relief is
about 40 feet and deformation dies out about 300 feet east of the dike.

Folding of the same type occurs on the west side of the dike but
generally dies out less than 100 feet from the contact.

Many small kimberlite-bearing dikes are developed along the vent
walls on the west side of the dike which dip steeply westward but which
commonly strike 10 to 15 west of the trend of the main dike. Several
can be traced for nearly a mile along the west side of the main dike.

In several instances these dikes join the main body of the dike
(Figure 13-C3, D3).

A small anticline several hundred feet long occurs in the east
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wall of the dike near the top of the Cedar Mesa Sandstone beds. Struc-
tural relief is about 15 feet and deformation dies out about 60 feet

from the contact. The axis of the fold parallels the dike coﬁtact
(Figure 13-E3 and Cross section 10)-

Two sills of kimberlite-bearing breccia are emplaced in Cedar Mesa
Sandstone beds along the east contact (Figure 13-3F, 4C and Cross section
11). One sill (at 4F) is well exposed in the questas and is about 6 feet
thick for a distance of about 240 feet from the contact, where it
abruptly changes thickness and nearly pinches out. It is clear that
the enclosingastrata have.been forced apart along bedding planes to make
room for the sill.

Faults with displacements of several feet at most are common
parallel to the dike contact on both sides of the dike. Regardless
of which side of the dike the fault occurs on, the block nearest the
dike is down relative to the other (Figure 13-C4).

A well developed joint system parallel to the contact of the dike
is observed everywhere in the vent.walls near the contact, This is
true throughout the dike regardless of the strike of the contact. The
spacing of the joints decreases as an inverse power function of the
distance from the contact (Figure 16). At the contact spacing of 1 inch
or less is commonly observed, however wide variations exist from place
to place. This set of joints generally vanishes 200 to 300 feet
away from the contact.

Wall rocks are commonly bleached along joints near the contact.
Bleaching is generally festricted to a narrow zone near the contact and

bleached rock is generally 1 to 2 millimeters in width next to the

joint,



A,

-

Stereo view, nearly vertical contact of breccia at
left with essentially undeformed and unaltered Cedar
Mesa Sandstone at right. Blocks are mostly Cedar
Mesa Sandstone. Northward view along east contact
of southern section of the Moses Rock dike (near

- coordinates F-3 in Figure 13).

B,

Plate 9.

Stereo view, looking south of nearly vertical contact

of intrusive breccia on right, with Cedar Mesa Sand-
stone on left; note lack of deformation and alteration
at the contact. Foreground is within dike. The contact
runs out of photo to left foreground. Ground surface in
foreground is covered with typical thin surface deposit
of concentrated crystalline rock fragments (map unit
Qxr). Location of this photo is approximately G-2,
Figure 13.

Characteristic contact relations of dike with wall rocks.
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An important relationship exists between the joints and folded
beds near the dike contact on the east side of the tail section (near
D3,5, Figure 13). East of the dike, the undisturbed Organ Rock
Tongue strata has an attitude N 60° E 12° SE; at the contact N 30° E
20°-25° SE. The joints, however, are parallel to the nearby contact
regardless of the attitude of the beds in which they occur. This
implies that the folding preceeded the formation of the joint set.

The dikes, the faults, and local joints all approximately parallel
the dike contact.

All the breccia units are present in the tail section of the dike
and the structural relationship between them is well exposed at several
locations. Kimberlite occurs as pods within the dike (Figure 13-C3, B4),
as slabs plastered against the outside wall of the dike (Figure 13-G2,
12 and Cross section 13). Kimberlite occurs in dikes outside the main
dike in the vent walls (Figure 13-4C, 3D). Parts of the tail section
are occupied from wall to wall by coarse and very coarse breccia
(Figure 13 - C4 to B4; F3 to I2), and shorter sections by medium complex
breccia (Figure 13, D3 to E3).

Dikes of coarse and very coarse complex breccia which propagate in-
to the wall rocks apparently truncate  kimberlite bodies locally
(Figure 13 B3,5). Kimberlite is juxtaposed against Cutler rubble
(Figure 13, B3) and Cutler rubble which locally fills the dike from
wall to wall (Figure 13, E3). Quarternary surface lag deposits consist-
ing of crystalline rock and limestone fragments cover the ground surface
over areas of the dike filled with complex breccia (Figure 13-B4 to B3;

D3 to H2). Elsewhere diluted kimberlite occurs as a transition unit
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between kimberlite and other breccias (Figure 13-G2). Some rather
large limestone blocks and fragments from the Hermosa Group are
scattered around the surface along the tail section.
Geological cross sections numbering from 1 to 16 are constructed
across the tail section (Figure 15). Because the complex breccias are
poorly exposed due to the surface rubble, the internal structure 'is not

known in as great detail as elsewhere in the dike.

Middle-Section--The Body

About 8000 feet from the exposed south end, the Moses Rock dike
changes trend rather abruptly from N 10° W to about N 15° E. This
marks the junction of the tail and body sections. For 4000 feet the
body section trends N 15° E, then changes to about N 7p° E and continues
on eastward for 3000 feet where it meets the head and feeler sections
at the east end of the dike. Thus, the body section is a cross link
between two north-trending dikes (Figure 13-I1 to N6).

This section is about 7000 feet long and varies in width from
about 200 to 1000 feet.

Accompanying the abrupt change in trend from the tail section is
an equally abrupt change in the chHaracter of the dike.

Whereas the topographic expression of the dike in the tail section
was a ridge, in the body section, tﬁe Moses Rock dike is a shallow topo-
graphic trench, generally bounded on the south side by the steep face
of a questa. On the north side, beds generally dip into the dike with
almost no relief across the contact.

Local relief within the dike is locally up to 50 feet but generally

is less and consists of a rough knobby or hummocky surface formed by
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scattered randomly oriented blocks of sedimentary rocks protruding from
below the surface.

Exposures are generally very good. The surface lag deposit which
covered the tail section is present only locally in the body section.

Strata exposed at the contacts range from the uppermost surface of
the Halgaito Tongue, exposed for nearly 5000 feet along the north side
of the section, to beds of Cedar Mesa Sandstone Member about 180 feet
above the Halgaito contact. The strike of the beds in the walls changes
slightly along the length of the body section from about N 60° E to |
N 70° E; dips range from 8° to about 11° southeast.

The contact dips steeply northwest or north, about 80°.

The structure of the contact of the body is quite different than
in the tail section., No folds were observed in the wall rocks; very
few dikes; occasional sills; and no faults, The ubiquitous joint set
parallel to the contact is present and well developed.

There are two interesting contact relations in this section.
First, at several different places along the contact large blocks of the
wall rock are partially separated from the wall by fractures filled with
kimberlite-bearing breccia (Figure 13-J2, K3). Some blocks appear to
be '"hanging by a thread" to the wall. By searching along the contacts
throughout the entire dike it is possible to find blocks in all stages
of separation from the wall, Some of the best examples occur in this
section (for example, Cross sections 21, 22, 29, 32).

The other interesting contact relationship is the presence of

small sills of kimberlite in the south wall (Figure 13-K3, L3).
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The interior of this section of the dike is occupied by Cutler
rubble with subordinate amounts of kimberlite, diluted kimberlite and
medium complex breccia.

This is the area of the typical Cutler rubble, The dike is
occupied from wall to wall by large blocks of Cutler Formation commonly
exceeding 100 feet and displaced only short distances downward, generally
a few tens of feet, and set in a light-lime-green, fine complex breccia
matrix,

Kimberlite occurs as slabs plastered against vent walls (Figure 13-
2-G; 2-H. N-4, I2) within large blocks in the dike; as sills emplaced
in the walls at the contact (Figure 13-K3); and, as large pods bounded
by diluted kimberlite (Figure 13-L3).

Irregular pod-like bodies of medium complex breccia are enclosed
in Cutler rubble (Figure 13-L3, M3, N4, N5). These bodies appear to be
irregular vent-like intrusions of medium breccia into the surrounding
Cutler rubble,

Since exposures are generally excellent, geological cross sections.
of the section contain much detail (Cross sections 18-34). Some of
the more important features are shown in these cross sections. Huge
blocks of wall rock detached along joints hang from the contact. As
separation of blocks from walls occurs, joints are filled with breccia.
Blocks are displaced and rotated in varying amounts, but always only
short distances, at most a few tens of feet, and rotations generally
are less than 60° (Cross sections 18, 21, 22, 23, 25, 29, 32). Kimber-
lite sills intrude the vent walls (Cross section 25) and medium complex

breccia intrudes into Cutler rubble in small irregular blob-shaped
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vents (Cross sections 22, 25, 27).

Northeast Section: The Head

At the northeast end of the eastward trending body section, the
dike widens out into a roughly triangular shaped area about 3000 by
1500 feet with an abrupt eastern boundary which trends almost northward.
This is called the head section (Figure 13-06 to N6 to P7). The feelers
sections are two parts of what appear to be the same long dike which
projects about a mile southward and 3 miles northward from the east
side of the head sectioh. Thus, the head section occupies the inter-
section of two structural units: the east trending body section and
the north trending feelers. Its internal structure is quite different
than that observed in the other parts of the Moses Rock dike.

| The topographic expression of this section is generally a trench .
but with many knobby mounds protruding from the dike (Plate 10). Wall
rocks stand higher than the dike by a few feet around most of the con-
tact. However, along the east side the dike consists of two roundéd
knobs which stand with about 120 feet of relief above the local.terrame
These are prominent topographic features and are stréwn with large lime=-
stone blocks giving them a distinctive knobby appearaﬁce (Plate 11).
Within the dike, there is local relief of 50 feet commonly consisting
of large sedimentary rock blocks and small stream valleys cut between
them.

Exposures are good to excellent generally, although surface lag
concentrations'of limestone and crystalline rock fragments obscure the
underlying deposits locally. Surface deposits are not as extensive as

in the tail section, and desert varnish is not as well developed on

¢
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A, Stereo view of north end showing negative topographic exposition
of dike; rocks at the contact are uppermost Halgaito member,
Cutler Formation and lowermost Cedar Mesa Member. Location is
approximately 0-7, Figure 13, looking west-southwest.

B. Stereo view showing nearly vertical contact of intrusive breccia
(right) with lowermost Cedar Mesa Member and uppermost Halgaito
Member of the Cutler Formation, which dip gently to the south
(left), Large block in near foreground is Cedar Mesa Member
dipping northward (right). Prominent light-colored block in
mid-foreground just across gully is Rico Formation block stra-
tigraphically up approximately 500 feet. Contact can be traced
in photo from left foreground to center background. Location
is approximately N-7, Figure 13, looking westward.

Plate 10. Topographic expression of dike, head section.
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A. Northward view along east
contact, Shows large brec-
cia blocks of Hermosa Group
limestone displaced upward
at least 700 feet, Talus
deposit, is composed of
limestone fragments and
blocks, mixed with a few
large crystalline inclu-
sions which cover the slope
to the west (left). The jeep
is parked on the top of the
Halgaito Member, The pink

unit stratigraphically above is lowermost Cedar Mesa Member. The cons.

tact with the dike is essentially undeformed and unaltered. Its
attitude is about N 05° W-70°W. A fracture system in the wall rocks

is well exposed here and dips westward into the dike. The intrusive

material is very coarse complex breccia, bearing large crystalline

rock fragments and large limestone blocks in a matrix of comminuted

sedimentary debris and rather highly diluted kimberlite.

B, Southward view on opposite
side of knob shown above.

C. Close-up of talus slope on
west (left) side of Plate
11-A, Blocks and fragments
are limestone and occasione
ally ecrystalline rock; bush
in foreground is about 2°*
in diameter.

Plate 11. Photos of knob at northeast end of Moses Rock dike littered
with large Paleozoic limestone fragments.
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crystalline rock fragments. Rubble deposits consisting of limestone
fragments cover much of the ground surface on the topographic knobs
described above (Plate 11).

Rocks exposed in the vent walls range fhrough a vertical distance
of only about 110 feét straddling the contact between the llalgaito
Tongue and Cedar Mesa Sandstone Members. In the vent walls on the
northwest leg of the triangle forming this section, Halgaito beds are
exposed, locally as much as 40 feet below the contact with the Cedar
Mesa Member. Along the east contact rocks in the vent walls are both
Halgaito and Cedar Mesa strata. Commonly the weak mudstones of the
lower-most Cedar Mesa are stripped off, leaving an erosion surface con-
sisting of the resistant dark red calcareous siltstones and sandstones
at the top of the Halgaito Member. Cedar Mesa beds 70 feet above the
Halgaito contact are preserved locally on the east contact (Cross section
36; Plate 10). Along the southern contact wall rocks are Cedar Mesa
Sandstone, zero to 50 feet above the Halgaito contact.

The contact is well exposed almost everywhere.,

Along the northwest edge of the section the contact dips north-
westward 60° to 80° westward; and along the southern edgé, 70° northward
to vertical.

Structures in the wall rocks are not well developed. No faults,
folds or sills and only a few minor dikes were observed., The joint set
in the walls parallel to the contact is well developed here as it is
everywhere else. The few dikes observed were parallel to the contacts
Iocally and generally were projections of the contact into the wall

rock where the contact jogged locally (Figure 13-07).
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There is an interesting structural relationship involving the two
prominent topographic knobs along the east edge of the section. These
knobs appear to be local openings or vents along the dike which makes
up the two feeler sections (Figure 13-07, P7). The connection between
these closely juxtapdsed and large vents, both several hundred feet in
diameter, however consists of three very thin and insignificant looking
dikes. In fact, because of a local surface deposit of limestone rubble,
it is not possible to demonstrate that these small dikes actually con-
tact the two vents at all (Figure 13-07-5). |

The internal structure of the head section is very well exposed
and is as complicated as any in the dike and probably is the most inter-
esting. Most of the area is filled with very coarse and coarse complex
brecciq. Sedimentary rock fragments are commonly very large and are
displaced both upward and downward with respect to their original posi;l
tion in the vent walls. A giant block of Cedar Mesa Séndstone Member
measuring abéut 750 x 200 feet is detached from the north wall and has -
settled a few feet downward into the vent (Figure 13-07).

Kimberlite occurs as a dike in a Cedar Mesa sandstone block (Figure
13-N7; Plate 4 and Cross section 36). This occurrence is the type
locality for kimberlite in the Moses Rock dike and is the only locality
where dense blackish-green specimens were obtained,

Large areas of very coarse complex breccia occur in this section.
The outlines of these areas are véry irregular and they appear to be
vents of very coarse complex breccia implaced through areas occupied by
medium breccia or Cutler rubble. The kimberlite dike in the Cedar Mesa

block previously described appears to be cut off by the vent of very
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coarse complex breccia nearby (Cross section 36).

Fragments of de Chelly Sandstone Member occur displaced downward
between 1450 and 1600 from their original stratigraphic location
(Figure 13-07).

Limestone fragments of Rico Formation and Hermosa Group nearly
100 feet in size are common (Plate 11; Cross sections 36, 37). A block
of Rico Formation measuring 210 x 100 feet, and at least 20 feet thick
is displaced about 500 feet upward from its original position (Plate 12;
Figure 13-N7).’

Geological cross sections through the head section are detailed
because exposures at the surface are good (Cross sections 35, 36, 37).
Generally they show mammoth blocks of Cedar Mesa Sandstone Member de-
tached at the north and south vent walls and displaced downward. Kim-
berlite dikes or sills are preserved rarely in these blocks and medium
complex breccia occupies the jgints separating these huge blocks from
the wall rocks., The center and east edge of the head section appear
to be vents of very coarse complex breccia in which large sedimentary
rock fragments are found transported significant distances both upward

and downward from their original position in the walls.

East Dike Section: North and South Feelexrs

So far we've traced the Moses Rock dike from the southern tail
section through its body to its head along a course which curves east-
ward but which very abruptly terminates at a long north-trending dike.
This dike dips steeply westward and can be traced both north and south
from the head section. These extensions from the head are called the

north and south "feelers'".
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(Location is approximately coordinates M-7, Figure 13.)
White block in foreground is sandstone from Rico Forma=-
tion., Just across gully in middle ground is a cluster
of very large fragments of Rico Pormation, displaced
upward about 500 feet from below., In the center of the
gully in the left background, the green material is a
kimberlite dike in a large block of Cedar Mesa Sand-
stone Member, at the type locality for kimberlite at
Moses Rock. A close up of this locality is shown in
Plate 4.

Plate 12, Northwestward view across head section of the Moses
Rock dike. '
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The south feecler extends about one mile from the head section, as
a narrow dike a few feet wide which has little topographic expression
(Figure 13-M8). It cuts beds of the lower 2/3 of the Cedar Mesa Sand-
stone Member where they dip southeastward about 5° and form shallow
questas which are incised by streams forming gullies 5 to 15 feet deep.
Here the Cedar Mesa Sandstone Member commonly contains gypsum beds |
which form a puffed-up, cauliflower-like surface layer with a light-
orangish-buff and grey color. Over the dike is a surface deposit which
is light lime-green in color, and since the dike has no marked topo-
graphic.expression, its presence is most apparent from a color chaﬁge
in the soil, No deformation was observed along the south feeler; no
folds, faults, dikes or sills. Joints parallel to the dike contact
are present, however.

The north feeler is much more interesting than the south. This
dike extends about 3 miles north of the head section across the large
questas formed in strata of the Halgaito Tongue, all the way to the
Canyon of the San Juan River where it pinches out in the Pennsylvanian
beds exposed in the Canyon walls (Figure 13-Q7; Plate 13). Relief across
the questas in the Halgaito Tonguewcommonly exceed 100 feet, The dike
is very well exposed for much of its length and its topographic
expression is generally negative in the resistant calcareous siltstones
of the Halgaito Tongue.

Along the north feeler, the dike trends about N 08° W and dips
westward 75° to 80° westward.

Displacement of wall rocks is observed across the dike in which

the westside is down about 8 to 10 feet locally with respect to the
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Northward stereo view from location near P-7, Figure 13,
Dike dips steeply westward in rocks of Halgaito Member,
In the distance, displacement on the dike is apparent
with the west side down (normal). The intrusive material
filling the local widening (small diatreme about 1/4 mile
away) is breccia composed of blocks from the Halgaito Mem-
ber -and some large blocks from the limestone units below.
Note the cluster of limestone blocks in the right near
corner of the body. These are Rico Formation fragments.
Crystalline inclusions reach 5-6 feet in diameter within
this body (biotite-granite-gneiss).

Plate 13, Northward view of east dike (feeler) section showing

dike and widening along dike north of main part of
the Moses Rock dike.
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eastside, Thus, the sense of the displacement is 'normal’ (Plate 13).
Note that this is opposite to the sense of displacement on the low
angle, westward dipping, thrust fault west of the Mule Ear diatreme
along which the westside is up relative to the east.

No folds were observed.

Joints are present in the wall rocks which parallel the contact
of the dike.

About 2000 feet north of the head section along the north feeler,
the dike widens to about 300 feet for a distance of about lOOO'feet
along the dike (Figure 13-R7). The internal structure of this area is
quite similar to the head section. The topographic expression of this
§ent is negative with respect to the wall rocks. Its surface is hum-
mocky and is incised with several small streams producing local relief
of about 50 feet (Plate 13).

The thin dike composing the south feeler and the north'fee}er
(except the vent developed about 2000 feet northward from the head
section) is filled with fine and medium complex breccia,

The dike is generally thin, 3 to 5 feet wide along much of its
length. Fractures in wall rocks are common and pervasive near the
contact, parallel to the dike contact.

The dike widens into a small vent along the north feeler (Figure 13-
R7). Very anrse and coarse complex breccia occurs in two irregularly
shaped blobs in the core of the vent. Limestone fragments are common;
crystalline rock fragments up to 6 feet in diameter are present
(biotite-granite gneiss). In the rest of the vent the areas around the

margins are filled with Cutler rubble and fine complex breccia. Along
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the walls at the north and south end of the vent are large blocks of
wall rock bounded by faults or pervasive fractures which are in an

ineipient stage of separation from the dike wall,

Joints

Two well developed systems of joints are present in the walls of
the Moses Rock dike; a regional set striking about N 80° W near the
dike and nearly vertical which apparently is oriented normal to the
major folds in the area, and the system of joints in the walllrocks of
the dike.

The spacing of both sets decreases as an inverse power function
of the distance measured normal to the dike contact (Figure 16). At
the contact joints they are commonly observed with one inch spacing.
Joint frequency is not uniform from place to place along the contact
but data are not sufficient to state how it varies with lithology of
the rocks in the diké wall, width of the dike, intrusive material or
other factoxs.

Both sets are present in blocks within the dike.

A second set of subordinate joints are present locally parallel to
the dike contact but with dip inclined to it.

Bleaching of wall rocks along joints is pronounced on the set
parallel to the dike contact but occurs locally on the regional set in
subordinate amounts., It is restricted to zones several millimeters
wide on both sides of the joints, and consists of a color change in
red sandstone, siltstone, and shale to yellow or very light grey-green.
Bleaching is generally restricted to joints within about 10 feet from

the contact but rarely is observed as much as 100 feet from the contact.



Figure 16.

-81-

Fracture density in wall rocks at
Moses Rock diatreme and at nearby
minette dikes

Location of profiles at contacts of the
Moses Rock dike are shown in Fig. 14.
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Bleaching is also present along bedding planes in strata of the

dike wall which extends locally 100 feet or more away from the contact.

The Relationship Between Block Size and Displacement

Detailed mapping within the dike has shown that most of the large
blocks are derived from the Cutler Formation and have not been displaced
greatly from their original stratigraphic position. Most are displaced
downward, a few tens of feet and slightly rotated. Block displacement,
however, varies greatly from place to place and is correlated with the
nature of the breccia.

In the Cutler rubble unit which occupies most of the body section
of the dike, large blocks are displaced only slightly, everwhere down-
ward. The largest block observed within the dike, about 750 by 200
feet in plan, is a Cedar Mesa Sandstone fragment displaced downward a
few feet along the north contact near the junction of the body and
head sections of the dike.

Large blocks within the medium complex breccia are also all derived
from the Cutler Formation and all displaced downward.

In the coarse and very coarse complex breccia large blocks are dis-
placed both upward and downward. The largest block displaced upward in
the entire dike is a fragment of Rico Formation 210 x 100 feet in plan
by at least 20 feet thick; it is displaced upward about 500 feet. Many
large fragments of Rico Formation and Hermosa Group measuring 50 feet
on a side are common within the very coarse complex breccia unit, par-
ticularly in the head section, |

The largest crystalline rock fragment is a very well-rounded

ellipsoidal block of fine-grained biotite-gneiss 6 feet in diameter
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found in the vent along the north feeler, in very coarse complex
breccia. Similar blocks of the same lithology nearly as large are
common in the head section.

Several blocks of de Chelley Sandstone Member were observed
displaced downward 1400 to 1650 feet, in the head section in very
coarse complex breccia. This is si;nificant because it places a
lower limit on the amount of erosion which has occurred since the
emplacement of the dike, and also a limit on the depth of the present
erosion surface below the ground surface at the time.of eruptiom.

At the Mule Ear diatreme, Mancos shale fragments are observed dis-
placed 5000' downward, a minimum figure for the amount of erosion
since the time of emplacement and suggests the overburden was at
least a mile at that time.

A significant ¥e1ationship exists in the population of blocks
which have been transported upward from their original stratigraphic
position. Nearly all such blocks occur in the very coarse complek
breccia unit. Within the population of upward displaced blocks there
is an inverse relationship betwéen the largest block observed from a
given horizon and the depth to that horizon (Figure 17). TFor example,
in the head section where the very coarse complex breccia is best
exposed, the largest Rico Formation block‘is 210 feet across; the
largest Hermosa Group block, 60 feet; the largest Paradox Formation
block, 25 feet; the largest crystalline rock fragment, about 6 feet,
Thus, in a general way, for blocks whose original stratigraphy is
known, the farther down the vent the material originated (or the

greater the distance transported), the smaller are the observed
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fragments (Figure 17). This is an important result because if a
similar inverse size-depth relationship holds for the crystalline
rock fragments, then the relative size of these fragments may be a

clue to the relative depth from which they originated in the vent

walls.
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Fragment Displacements at Other Kimberlite-bearing Diatremes Compared

With Moses Rock and the Maturity of Eruption at Various Vents

There is an interesting sfstematic relationship between rocks in
the various kimberlite-bearing diatremes which may reflect the maturity
of the eruption at each vent. The distance which sedimentary rock
blocks are displaced downward in various vents differs. At Mule Ear
blocks are down 5000 feet; at Garnet Ridge, about 1200 feet; at Moses
Rock, 1450 to 1600 feet; at the Cane Valley diatreme, about 80 feet.
Also, the size of the largest crystalline rock fragment in each dia-
treme varies. At Mule Ear fragments of granite gneiss 25 to 30 feet
in diameter are presént, at Garnet Ridge, crystalliﬁe fragments about
7 feet in diameter were observed, at Moses Rock 6 to 7 feet, at Cane
Valley about an inch, and at Red Mesa, 2 to 3 feet. When these data
are plotted a good correlation results (Figure 18). There exists a
limit to the distance of downward displaced blocks, that is, the total
thickness of overburden.

It is suggested that both these factors reflect the maturity of
development at a given vent. Apparently, the eruption at the Mule Ear
diatreme reached a greater stage of maturity than at the other diatremes.
The Moses Rock dike and the Garnet Ridge vents were arrested at about
the same stage of development which was somewhat less developed than
at Mule Ear. ... The Cane Valley diatreme was arrested early in its

development.



-88-

— 1 I — 10000
B Moses 7 Mﬁul.qr 7?
oc.}, Nla)(lmum aownwara
- - —l1000 strati Srep’hfc
// quéet | d.s}ﬂacemen% of
- //" 3 T 5\ ‘{}a3men+s observed
- // 12 e dialreme
i (feet
eel)
ET// —100
. Cane \/a??zs |
- l 1 ; ] It 10
1 2 sy > 40  * % 100

Size of Leraes?: Cr3s4'37?.n¢ Rock 'Fraamen@
Observed n Dintreme '

(Seel)

Figure 18. Plot of size of largest crystalline rock
fragment and maximum downward stratigraphic
displacement of fragments observed in Moses
Rock, Mule Ear, Garnmet Ridge, and Cane Valley
diatremes,



-89~

Age of the Moses Rock Dike

The age of the Moses Rock dike is not precisely known. It is
well known that mineral dates from kimberlites are commonly at vari-
ance with their geological ages."

A rough lower bound can be established using the estimated erosion
rate, The Mule Ear and Moses Rockodiatremes are probably contemporan-
eous. The Mule Ear diatreme contains blocks of Mancos shale displaced
about 5000 feet downward from their stratigraphic position in the un-
disturbed beds of the vent wall. Hunt (1956, p. 71) cites an estimate
of the present average erosion rate over the entire Colorado Plateau of
1 foot per 2150 years based on the rate of silt accumulation in Lake
Mead., At this rate of erosion it would take about 11 million years to
erode 5000 feet of strata.

Radioactive agé dates have been obtained on minette from near
Mexican Hat of 29 million years. These were K-Ar ages on biotite
(J. Zioney, private communication). This age, however, must be
regarded with suspicion because the minettes are potassium rich and
may have contained significant‘amounts of excess radiogenic argon.
Thus, one might anticipate that age dates on the minettes would tend to
error on the high (old) side. Furthermore, the age relationship between
the kimberlite and minette in the vicinity of the Moses Rock dike can
only be inferred. It is believed that the minettes and kimberlites are
pene-contemporaneous but no field relationships prove this.

Preliminary results of lead isotopic analyses of lead from zircons
separated from rhyolite and granite rock fragments in the Moses Rock

dike show that these fragments are .Precambrian, about 1460 million
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years old, and the systems probably were disturbed in the Tertiary,
very approximately 30 to 40 million years ago. The data at hand are
insufficient to bracket this disturbance more precisely, furthermore
one is not justified in assuming that the disturbance was a result of
the eruption itself,

The dike is certainly older than the youngest fragments of sedi-
mentary rocks contained in it, The youngest fragments in the Moses
Rock dike are Permian de Chelley Sandstone Member., The Mule Ear dia-
treme contains Cretaceous Mancos Shale fragments. Thus, a maximum age
for the kimberlite diatremes is Cretaceous.

In the vicinity of Buell Park, the Eocene Chuska Sandstone uncon-
formably overlies the folded Paleozoic and Mesozoic rocks in the De-
fiance monocline. The kimberlite diatremes cut the Chuska and the
minettes cut the kimberlite (Allen and Balk, 1954), However, there is
no sound basis for saying that the vents near Buell Park are contem-
poraneous with the cluster along Comb Ridge, so no inference regarding
ages is justified.

The Moses Rock dike is almost certainly Tertiary in age. It seems
most plausible that the cluster of kimberlite dikes and pipes along the
Comb Ridge are contemporaneous. Lacking evidence to the contrary, it
is believed that the minettes are roughly the same age, perhaps slightly
younger., Thus, an age of 10 to 40 million years is probably most con-

sistent with the data at hand.
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Summary of the Geology

The Moses Rock diatreme is a north-striking, hook-shaped composite
dike about 4 miles long, cutting gently dipping strata of the Cutler
Formation two miles west of the axis of Comb Ridge monocline. Contacts
of the dike are vertical to steeply westward dipping. Structure at the
contact is relatively simple. Rocks in the vent walls are generally
undeformed and unaltered except for jointing parallel to the contact,
and local bleaching and local minor folding. Most commonly beds are
simply abruptly truncated at the contact. Dikes and sills of kimber-
lite or kimberlite-bearing breccia are observed in the vent walls but
they are not pervasive, Jointing appears to play a key role in the
incorporation of large blocks into the dike, as all stages between
simple jointing and separation of blocks from the vent wall, rotation
and comminution are observed,

The dike is filled with breccia composed of kimberlite (green
serpentine-rich microbreccia), kimberlite diluted with comminuted
clastic sedimentary debris--probably mostly from the Cutler Formation,
rubble composed of large to small blocks of Cutler Formation and com-
plex breccia composed of kimberlite components highly diluted with com-
minuted clastic debris intricately mixed with blocks of Cutler Forma-
tion, rock fragments from the limestone units below and well-rounded
fragments from the crystalline basement. Of all the material in the
dike, approximately 72% is derivednfrom the Cutler Formation, and only
12% is kimberlite, most of it finely dispersed through the various
breccias. Only about 1% of the exposed area of the dike is occupied

by kimberlite as a discrete mappable unit, About 12% of the breccia
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% crystalline basement fragments.

is composed of limestone fragments)
In terms of fragment size, about 12% are larger than 100 feet long,

18% between 10 and 100 feet, 23% between 1 and 10 feet, and 47% less
than 1 foot across,

The size frequency distributions of the fragments collected in the
bulk samples are similar to distributions produced in- comminution
processes, such as mechanical grinding in a ball mill, The Cutler
fragments exhibit the most mature curves, limestones intermediate, and
crystalline basement rocks, least mature curves, which probably simply
reflects the relative resistance of these rock types to fragmentation.
Smaller limestone fraéments and most crystalline basement fragments
are very well rounded, many approaching spheres in shape.

Kimberlite occurs as small dikes within large breccia blocks
with the main dike, as small sills emplaced in the vent walls, as‘small
dikes outside the main dike, as émall bodies plastered against the
outside wall rocks at the contact, and as pods within the dike, Diluted
kimberlite occurs as pods or layers separating kimberlite from other
breccia blocks, Cutler rubble generally occupies large areas within
the dike extending from wall to wall. Medium complex breccia commonly
occurs in irregular pod-like bodies within Cutler rubble. Coarse and
very coarse complex breccia occupies large irregularly shaped vents as
in the head section or fills sections of the dike from wall to wall.

The occurrence of the various breccia units within the dike
suggests that kimberlite and kimberlite-rich dikes were emplaced early
in the sequence. Rubble composed of large blocks of Cutler was next,

and finally the complex breccias carrying progressifely larger fragments
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of crystalline basement rocks. Those with large sedimentary blocks
displaced upward and large crystalline rock fragments were emplaced
last, through the rubble units.

Dilution of the kimberlite components by rock debris is very
slight in the rare type kimberlite dikes, the order of 1 part in 20,
In the rubble, however, kimberlite components are found only inter-
stitially between very large blocks and where they are highly diluted
with debris probably derived largely from the comminuted surface of the
blocks themselves (mostly Cedar Mesa Sandstone Member). In the complex‘
breccias containing abundant basement fragments, dilution of the kim-
berlite components varies with the size of the basement fragments.
Kimberlite components are characteristically diluted by factors of 1
part kimberlite to between 1 and 3 parts rock fragments in those com-
plex breccia units where basement inclusions are relatively small,
less than 6" maximum. In the complex breccias where crystalline
fragments are very large, greater than 12", dilution of the kimberlite
reaches 2 to 7 parts debris to 1 part kimberlite components.

The largest block observed in the dike is Cedar Mesa Sandstone
Member measuring 750 by 200 feet. It is displaced downward a few tens
of feet. The largest block displaced upward is a fragment of Rico
Formation measuring 210 x 100 feet which'is‘at least 20 feet thick,
displaced about 500 feet from its original stratigraphic position. A
fragment of de Chelley Sandstone Member is observed displaced downward
about 1400 feet. |

At the northeast end of the Moses Rock dike, in the head section

where mixing of blocks from the widest stratigraphic range occurs, one
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observes an inverse relationship between maximum size of blocks from
any specific horizon and depth to that horizon. Thus, for blocks which
have risen in the vent, the greater the distance of rise, the smaller
are the observed blocks.

The Cane Valley diatreme and the associated small elliptical
diatreme exhibits many of the same features described at the Moses Rock
dike, except that they are not nearly as well developed. Probably, the
Cane Valley diatreme fepresents an early immature stage in development
of the kimberlite-bearing diatremes, when compared with the more
developed structures at Garnet Ridge and Moses Rock. The Mule Ear
diatreme probably reached the most‘mature state of development of those

in the cluster along Comb Ridge.

Principal Inferrences of Significance to the Mode of Emplacement

The field observations of importance when considering the mode
of emplacement of the Moses Rock dike include structural setting of the
dike, contact ¥e1ations of the dike with the surrounding wall rock,
internal structure, nature of the breccias, size and displacement of
fragments in the dike. Important eonclusions drawn from those obser-
vations.are listed below,

1. If the Comb monocline passes downward into a fault, this fault
could have been the avenue along which the erupting kimberlite found
easy access to the surface. The cluster of kimberlite-bearing diatremes
near the Moses Rock dike occur along the Comb Ridge monocline. The
Moses Rock dike itself approximately parallels the axes of this fold.

Elsewhere on the Colorado Plateau, basement rocks exposed along
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monoclines are faulted (Kelley, 1955; Shoemaker, 1954),

2. The Moses Rock dike parallels the minette dikes exposed locally,
suggesting the stress field was similar at the time of emplacement of
both features. No crosscutting relationships exist between the kim-
berlite and minettes in this vicinity, so nothing can be said-regarding
their relative ages. . (At Buell Park, minette cuts kimberlite., Allen
and Balk, 1954).

3. Minettes and the Moses Rock dike cut the well-developed east-
west vertical regional joint set nearly at right angles. Blocks of wall
rock contained within the Moses Rock dike contain these joints suggest-
ing that the joints preceeded the dike.

4, Observations of the contact relations suggest that initially
the stress normal to the dike walls was high (the maximum principal
stress), sufficient to produce sills but subsequently this stress
dropped sufficiently to permit tensile failure parallel to the wall.
Sills and folds are developed only locally in the east wall of the dike
along the south or tail section. Dikes are well developed in the west
wall of the south section. A well developed set of through-going joints
parallel to the contact is present everywhere in the wall rocks. The
few faults observed in the wall rocks have downward displacements on the
side nearest the dike. The sills and folds suggest that at some time
during the eruption the fluid exerted sufficient stress normal to the
vent walls to cause compressive deformation and sill formation. The
joints parallel to the contact and normal faulting suggest that general-
ly the normal stress across the vent walls was the minimum principal

stress and tensile fracturing, and normal faulting occurred. Jointing
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in folded beds at the contact is parallel to the contact locally sug-
gesting that folding preceeded jointing.

5. Rocks forming the dike walls are generally undeformed and are
only slightly or unaltered. Most generally wall rocks at the contact
are simply abruptly truncated and show no alteration or contact
effects except the jointing and minor bleaching along joints near the
contact.

The frequency of the joints, that is, the closene;s of their
spacing, varies from place to place, but everywhere joint frequency
decreases asnin inverse power function of the distance away from the
contact.

6. The internal structure of the dike suggests:

(a) Blocks are introduced into the dike by separation from
the walls along joints paralleling the dike contact.

(b) Once introduced into the dike these blocks of wall
rock are rotated, displaced upward or downward and
eventually comminuted to smaller fragments. The bulk
of the material in the dike was formed this way.

Perhaps the most important general observation of the internal
structure of the dike concerns the blocks derived from the vent walls.
Many stages of separation of blocks from the walls are observed. The
joints which exist everywhere in the dike walls parallel to the con-
tact play an important role in the separation of the blocks from the
walls,

Locally small displacements are observed on joints, always with

the down-side nearest the dike. Large blocks of wall rocks are
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observed with separations of a few inches along these joints, which
are filled with kimberlite-bearing breccia, Elsewhere large blocks
are separated from the dike wall by a few feet and have small rota-
tions, and slight downward displacements relative to their original
position in the walls., Progressively larger rotations, separations
and displacements are observed. Large blocks are observed broken into
several smaller blocks and blocks of all sizes appear to have contribu-
ted fine debris to the complex breccias in which they are enclosed.
This fine material appears to have been derived by the larger blocks
by abrasion or erosion of material from their surfaces during the
eruption,

7. The character of the breccias suggest that the eruption which
produced the dike was violent in nature (at the level now exposed) and
that the intruding material could accurately be described as a '"fluid-
ized" system. Three observations support this view:

(a) The intrusive material is particulate on all scales. Even
the kimberlite at the type locality (MR-1416A) is serpentine-
rich microbreccia in which the fragments, even in thin sec-
tions down to 10u size, are discrete particles.

(b) Constituents of the breccias are intricately mixed. In the
complex breccias and in the Cutler rubble, constituents of
kimberlite (particulate fragments of serpentine, olivine and
pyroxene predominantly) are finely dispersed throughout the
fragmental rock debris derived from sedimentary and crystalline

Tocks.
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(¢) The size frequency distributions of fragments derived from
the sedimentary strata in the vent walls are like comminution
curves produced by mechanical grinding processes., In this
case the comminution is probably due to multiple impacts.,
Also, the crystalline rock fragments are characteristically
well rounded. This probably implies abrasion during transport
perhaps deeper in the vent rather than fragmentation.

8, Relationships between the various breccia units filling the
Moses Rock dike suggest that the sequence of intrusion of the breccia
units was first kimberlite, then Cutler rubble with diluted kimberlite,
and finally in progression, medium, coarse and very coarse complex
breccia.

Kimberlite as a mappable unit and diluted kimberlite commonly occur
as small dikes in very large fragments of wall rock now contained within
the dike, which are now surrounded by complex breccia. Elsewhére, blob-
shaped kimberlite bodies are cut off by coarse complex breccia. Kimber-
lite bodies also are observed locally as sills in the vent walls or as
slabs plastered against the wall rocks. No kimberlite apophyses were
observed intruding into any other breccia units; rather the kimberlite
appears to be chance remnants of material emplaced early in the
sequence of events, The occurrence of medium complex breccia in the
body section of the dike as blob-shaped patches within Cutler rubble
suggests that these are irregularly-shaped vents cutting through the
Cutler rubble. In a similar way in the head section, very coarse and
coarse complex breccia apparently cuts medium breccia and Cutler rubble

in what appears té be very irregularly-shaped vents,
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9. The distribution of the breccia units just described suggests
that *'channelling'" developed and that the flow became concentrated
along a few preferred paths during the eruption which produced the dike.

10. Large blocks displaced upward in the diatremes provide uSeful}
information about the carrying capacity of the erupting medium., In the
Moses Rock dike the largest upward displaced block is a tabular fragment
of Rico Formation measuring 210 x 100 feet in plan and‘probably 20 feet
thick, displaced about 460 feet upward from its original stratigraphic
position. So whatever the fluid properties were, the medium was capable
of carrying such a block.

11, Blocks displaced downward indicate the minimum thickness of
overburden at éhe time of emplacement., This provides a means of esti-
mating a very rough lower limit on the age of the diatreme by the amount
of erosion which has taken place, by comparison with estimates of the
present erosion rates in the Colorado Plateau. In the Moses Rock dike
several blocks of de Chelley Sandstone Member are displaced downward
within the vent and are now juxtaposed against beds at the top of the
Halgaito Tongue Member about 1450 to 1600 feet below, At the Mule Ear
diatreme, Shoemaker and Moore (1957) report Mancos Shale juxtaposed
against Halgaito Member about 5000 feet stratigraphically downward, It
is very likely that the two neighboring bodies are contemporaneous so
it is likely that the overburden above the present surface at the
Moses Rock dike at the time of eruption was also, at least, 5000 feet.
This is a minimﬁm but perhaps also a reasonably close estimate of the

actual overburden.
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PART III

PETROLOGY

Introduction

Petrography and petrology of the crystalline rock fragments and
kimberlite permit several important problems to be discussed. Among
these are 1) the structure and composition of the crust under the
Moses Rock dike, 2) the nature of the upper mantle, 3) the Mohorovicic
discontinuity, 4) the source rock and genesis of the kimberlite, and
5) the conditions and site of kimberlite genesis.

The general character of the population of crystalline rock
fragments is discussed first. Included in this discussion are obser-
vations of their relative size, relative abundance and petrographic
character.

Because the dense crystalline rock fragments may be derived from
the upper mantle a suite of these fragments is described in detail.
Microprobe and whole~rock analysis provide detailed compositional
data which allow some constraints to be placed on the conditions of
formation of certain of these rocks and minerals.

Next the kimberlite is described. Modal analyses of thin sections
of kimberlite and microprobe analysis of mineral grains leads to the
conclusion that the source rocks for the kimberlite are spinel and
garnet=-lherzolite; rocks consisting of the assemblages: 1) spinel,
aluminum=-rich pyroxenes, olivine and 2) garnet, aluminum~-poor pyroxenes
and olivine plus accessory titanoclinohumite, mica and volatiles.

Some mixing of mineral phases from other sources has occurred even in
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the most uncontaminated kimberlite samples but this is probably not
important quantitatively,

The conditions in the reservoir from which the kimberlites
erupted are inferred from the compositions of minerals found in the
kimberlite. The phase relationships in synthetic and natural minerals
in the systems diopside~enstatite and pyrope~diopside have been inves-
tigated recently by workers of the Geophysical Laboratory of the
Carnegie Institution. Coexisting natural mineral pairs in both these
systems were discovered in the kimberlite from the Moses Rock dike.
Microprobe analyses of these phases permit pressure and temperature
information to be extracted using experimentally determined phase
diagrams. It is inferred that the minerals in the kimberlite were
derived over a depth range in the mantle extending to about 50 kilobars
(150 km) and 950° C.

Other petrologic questions of interest include the absence of
diamond in the Colorado Plateau kimberlite, the transition between spinel
and garnet-bearing peridotite assemblages in .the upper mantle, and the

presence of volatiles, particularly H, O, in the upper mantle.

2

Crystalline Rock Fraguments

The rocks within the Moses Rock dike which have been transported
upward from below the Paleozoic section include the kimberlite and a
diverse suite of crystalline rocks which occur as discrete, nearly
spherical, unaltered fragments within the unconsolidated breccias.

Since the reservoir from which part or all of the kimberlite originated
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apparently was located at great depth, apparently within the upper
mantle, these clasts represent samples, badly scrambled, from a very
long vertical section through the crust, and possibly, through part
of the upper mantle,

Crystalline basement rock fragments constitute about 3% by volume
of the intrusive material filling the Moses Rock dike. They range in
size from silt-sized particles to very well-rounded blocks up to 6 feet
in diameter. Generally, these fragments are very well rounded and show
little or no evideqce of zonal metamorphism when the edge of broken
fragments is compared with the center.

Approximately 75% of the crystalline fragments are unfoliated
rocks with igneous or altered igneous textures. The most common types
are meta=-basalt, gabbro and diorite; present but less abundant are
rhyolite and granite types. Approximately 25% of the fragments are
foliated metamorphic rocks of greenschist, amphibolite and granulite
grade. The most abundant metamorphic type is basic granulite, (retro-
graded-plagioclase-pyroxene and garnet-plagioclase-pyroxene rocks).
Acid granulite, amphibolite and greenschist grade rocks are present
but not as abundant. Dense fragment types (P> 3.2 gm/cc) include in
decreasing relative abundance, 1) jadeite-pyroxenite, 2) eclogite,

-3) spinei-bearing websterite, and 4) spinel-bearing lherzollte, which
together form less than 1% of the total assemblage of crystalline
fragments. Antigorite~tremolite schist is properly included in the
ultramafic suite and is the most abundant type.

The basic crystalline rocks (basalt and gabbro) commonly show

greenschist grade alteration. Diorite, granite and rhyolite types
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are relatively unaltered. The granulite grade rocks are retrograded
usually and their original character is inferred in part from well
preserved textures, since feldspars are largely altered to epidote,
sericite and clay minerals and pyroxene to amphibole.

Among the metamorphic types, carbonate or carbonate-derivative
rocks are absent as are ordinary pelitic types. Aluminous schists are
common but they contain little free quartz. Quartzite was not observed
(aside from fragments of Ignacio (?) Formation). Quartzo-feldspathic
and basic types are the most abundant compositions, with the basic
types -predominating.

The suite appears to be metavolcanic or metaplutonic rather than
metasedimentary in origin, with basic types predominating.

Petrographic descriptions of a representative suite of the
crystalline fragments is contained in the appendices, with chemical
and modal analyses, and measured densities on selected specimens.
Specimen numbers used in the text hereafter (for example, X-50B)

refer to samples described in the appendices.

Petrographic Summary of Crystalline Fragment Types

Igneous rocks of acid, intermediate and basic composition are
present. Metabasalt (X-13, X~19, X-~153) and gabbro (X-100, X-190) are
the most abundant types. Included in the group called metabasalt are
unfoliated, fine-grained rocks which have experienced greenschist
grade metamorphism with no obvious deformation fabric (X-13, X-19).
White '"phenocrysts'" of altered plagioclase, in some cases 20% by
volume, occur in forms ranging from irregular shaped blobs to euhedral

psuedomorphs after plagioclase. Gabbroic rocks commonly show greenschist
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grade alteration but no evidence of deformation. Diorite (X-95) is
undeformed and generally unaltered. Rhyolite (X-6, X-7, X-60),
unfoliated, unaltered and undeformed, has a microcrystalline groundmass
and quartz and alkali-feldspar phenocrysts. Medium and coarse-grained
granites are present (X-103, X-105). Medium-grained foliated biotite
granite (X-66) is the most abundant type of acid rock but a porphyritic
sphene~biotite leucogranite (X-260) is common.

Metamorphic rocks of low, intermediate and high rank are present
and they vary in composition. The most abundant metamorphic rocks
are retrograded pyroxene~plagioclase (X-48) and pyroxene-garnet-plagio-
clase (X-148) rocks commonly having a granular but coarsely layered
structure., The pyroxene in these rocks generally is altered to horn=
blende and the plagioclase to epidote, zoisite, sericite and clay
minerals. Garnetiferous felsic granulites (X-37, X-25), some with
blue quartz are observed commonly, generally with perthitic feldspars
and no hydrous phases present,

Basic amphibolites (X-220) are common and highly aluminous
schists of amphibolite grade (X-6l, X-4) also are fairly common.
The aluminous rocks generally have less than 10% free quartz which
is significantly lower than common pelitic rocks believed to be derived
from shales., Calcareous and magnesian assemblages of amphibolite grade
were not observed,.

Greenschist grade rocks are observed; most abundant are basic
compositions. Calcite was observed in a few low~-grade schists (X-128)
but generally is subordinate in abundance., These rocks are basic

rather than calcareous in bulk composition.
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Four types of dense basement rock fragments observed were eclogite
(X-1, X-50B) in which garnet abundance ranged from 1 to 407 by volume;
jadeite-rich pyroxenite with trace rutile and pyrite (X-44); spinel-
bearing websterite (X-1307, X-39, X-57), a granular-textured ortho-
pyroxene, clinopyroxene, spinel rock; and a spinel-lherzolite (X-2),
consisting of olivine, orthopyroxene, clinopyroxene and spinel with a

coarse granular texture. These rocks are described in detail later,

Relative Abundance of Crystalline Rock Fragments

The relative abundance of specific types of crystalline rock types
now observed at Moses Rock reflects the influence of many factors inclu=~
ding the relative area exposed in the vent walls, the physical character
of the rocks themselves, the nature of the transporting medium, time
changes in introduction rate, and many othexrs. It is of interest, then,
to evaluate the relative abundance of fragment types since, among other
things, it is related to the character and structure of the column
traversed by the erupting medium.

Sampling aimed at providing information about relative abundance
of fragment types was carried out in different ways; 1) visual
qualitative estimates were taken at about 28 localities within the dike,
2) quantitative collectionsof basement fragments were made at 5
localities at which approximately 500 lbs. of material was sampled
from just below the surface, screened in the field, bagged and shipped,
and classified in the lab, 3) quantitative collectionsof basement
fragments from the ground surface at the same 5 localities were made
by use of a 200 point rectangular grid, in which the grid intersection

points were separated by 12 inches.
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The visual estimates of the relative abundance of the major rock
types at 20 localities were made by noting those categories which were
most abundant, common, rare or unobserved. A compilation of these
field estimates was made by ranking the types at each locality, and
summing over the twenty localities. For example, meta-basalt was the
most abundant type at 10 of 20 localities, and the second most abundant
type at 4 others, the third most abundant at 2 others.

The results of this tabulation (Table 2) suggest that meta=~basalt
is the most abundant type, gabbroic ignecus and basic granulite-grade
metamorphic rocks are next, followed by a variety of metamorphic and
igneous types in decreasing order. The least abundant rocks are the

high density pyroxene and garnet=-pyroxene types, and peridotite.

Table 2. Estimates of Relative Abundance of Crystalline Basement
Rock Fragment Types Based on Qualitative Obsexvations at
20 Localities in the Moses Rock Dike

Relative
Iype Abundance Examples

1. Meta-basalt Very abundant X-10,19,153
2. Gabbro } Abundant X-100,190

3. Granulite X-148

4, Granite gneiss 1 Common X-66

5. Coarse granite X-105,260,103
6. Low-grade schists X-128

7. Diorite ?  Common X-95

8. Rhyolite X-6,7,8,60,111
9. Basalt . X-26
10. Amphibolite X=220
11. Serpentine schists ) X-51,47

12. Jadeite-pyroxenite } Rare X=b4
13. Eclogite X-1,3,508

14, Websterite X~39,57,1308
15, Lherzolite (Peridotite) Very rare X=-2
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At 5 localities, 500 pound bulk samples were obtained from just
below the surface from a 6 x 6 foot area. The location of these
samples is shown on the index map of the dike (Figure 14). This
material was sieved in the field and the crystalline rock fragments
from the coarse fractions were saved, Splits were taken of the material
finer than 1/2". These collections were transported to the laboratory
where the samples were subdivided by rock type and weighed. The size
frequency distribution of the crystalline rocks shows that the bulk of
the mass is included in the largest fragments. TFor this reason, only
the largest 10 to 15 fragments generally represent 90% or more of
the mass of coarse material from each collection. TFragments from these
coarse fractions were weighed and included in this tabulation.

The weight percent of each major rock type at each of these
localities is shown in Table 3. The average of the five localities is
shown and the types ranked according to this average. Again meta-basalt
is the most abundant type. The serpentine-rich schist perhaps is not
as abundant as suggested because of the biasing effect of one very
large fragment at sample locality #109. Granites occur as large blocks
and are not uniformly distributed, so indicated abundance is perhaps

less than true abundance.
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Table 3. Weight Percent of Crystalline Rock Fragment Types Collected
in Bulk Samples from Five Localities

Average of
Type 2 Samples Sample Locality

151 109 114 139 119

1. Meta~basalt 30 wt.% 56 21 21 54
2. Antigorite-
schist 18 * 68% 1 8 12
3. Gabbro 15 14 5 34 24
4. Basalt 10 2 10 41
5. Diorite 9 1 13 22 10
6. Granulite rocks 8 18 10 10
7. Rhyolite 3 1 16
8. Low~grade schists 2+ 4 7
9. Amphibolite 2= 8
10, Granite gneiss 1 6
11. Eclogite 1 2
12, Granite -
13. Jadeite-
pyroxenite -
14, Websterite -
15. Lherzolite -
99

* Strongly influenced by one large block in one sample;
probable wvalue ~257%.

At the same 5 localities where the bulk samples were collected,
samples of the crystalline basement rock fragments were taken using
a preset rectangular grid. The grid was constructed by measuring
points along the edge of a 10 by 20 foot rectangle, at one-foo;
spacing. Rock fragments lying at the intersection of strings were
collected.

These samples were subdivided according to crystalline rock types
and weighed. The results, shown in Table 4, show the weight percent

for each of the five localities and the average of the five. Rock
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types are shown listed in decreasing order of abundance according to
the average of the 5 localities.

The results are similar to the bulk samples; meta-basalt is the
most abundant rock type, gabbro and granulite grade metamorphic rocks
(mostly garmet-plagioclase-pyroxene, and plagioclase-pyroxene rocks)
are abundant. Basalt and diorite are common; less common are rocks
of lower metamorphic grade and granite. Least abundant are the

eclogite and pyroxenite types.

Table 4. Relative Abundance of Crystalline Rock Fragment Types
in Weight Percent as Observed in Samples Collected
Using a Rectangular Grid at Five Localities

Average gi

Type 5 Localities Sample Localities
151 109 14 1o 133
1, Meta-basalt 30 wt.% 4 72 75
2. Granulite 20 6 72 - - 22
3. Gabbro 19 77 © 15
4. Basalt 10 2 24 23
5. Diorite 10 - 24 26
6. Amphibolite 3 , 16
7. Low~grade
schists 2 4 11
8. Antigorite
schist 2 10
9. Granite 1 1 4
10, Eclogite 1 - 2
11, Rhyolite <1

12, Granite gneiss <1
13, Jadeite-
pyroxenite <<l
14, Websterite <<1
15. Lherzolite <<l

If the three éampling techniques are weighted equally and

averaged, the sequence of relative abundance of basement rock types
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is shown in Table 5. The resulting estimate of the approximate
weight percent of each type is shown. The sequence generally agrees
with the writer's qualitative impressions obtained during the course
of collection and mapping. Some bias probably is included in the
sampling. For example, granite and rhyolite types are concentrated
somewhat locally and the granite clasts, especially, are typically
large. Also the‘granitic types weather more readily than many other
crystalline rock types (Plate 14), The sampling methods may contain
some bias against these types, but probably by no more than a factor
of 2 or 3. The granite types may be more abundant than amphibolite
grade rocks or schists but are certainly less abundant than the
diorite=-basalt types.

Thus, Table 4 (Column 1) represents the present best estimate

of the relative abundance of various crystalline rock fragment types.

Relative Size of Crystalline Rock Fragments

The detailed mapping of the Moses Rock dike established that for
populations of blocks of sedimentary rocks within the dike whose
original stratigraphic position is known, there is an inverse rela-
tionship between maximum observed block size and distance of transport
up the vent from the original position in the undisturbed stratigraphic
sequence, For the stratified rocks, at least, the deeper the origin,
the smaller the size of fragments, If a similar relationship were
true for the basement fragments, then fragment size would be a
potential means of establishing the relative depth of origin of the
various crystalline basement rock fragment types. The smaller the

maximum observed block size for the rock type, the deeper its origin.
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Table 5. Preferred Estimate of Relative Abundance of Crystalline
Rock Fragment Types

Relative Abundance in Estimated

Decreasing Order wt. % %
1 2 3
1. Meta=~basalt 34 26 85
2. Gabbro 19 21 55
3. Granulite 17 26 50
4. Diorite 11 26 52
5. Basalt 10 9 55
6. Low~-grade schist 2-3 17 55
7. Serpentine~-schists 2-3 17 55
8. Amphibolite 2 21 27
9. Granite gneiss 1 4 73
10. Granite 1 16 75
11. Rhyolite 1 11 28
12, Eclogite <1 11 25
13, Jadeite-pyroxenite <1 4 35
14, Websterite <«<1 2 4

* estimated probable error 25 to 50% of value shown
1 Best estimate of relative abundance of fragments

2 Number of collection localities where type was
observed out of a total of 26

3 Mean size index (defined in following pages)
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Plate 14,

Weathered debris of granite boulder. Debris
forms white patch in center of photograph.
Slide rule is approximately 6 inches long.
This demonstrates the relative instability
of granitic boulders to weathering and might
account for their unexpectedly low relative
abundance in the crystalline rock fragment
populations, Matrix is coarse complex
breccia.



~113 -

With this in mind, observations were made of basement fragment
populations at 28 localities within the Moses Rock dike, or in nearby
dikes and sills. Since the variety of rocks is so great, size data
were gathered only on a suite of representative rocks (described in
the appendix). At each sample site an arbitrary radius was drawn, not
constant from site to site, and the fragment population examined.

The largest specimen of each member of the representative suite was
located and measured. 1In addition, previously unrecognized specimen
types were collected. The size (maximum dimension) of the largest
fragment of a given type was the most easily obtained statistic of
the population and probably is the most important one. Most fragments
are highly spherical. Estimated sphericities of 0.8 are common,

These data permit one to compare the relative size of the
crystalline rock fragments at a single locality. It would be desirable
to compare results from many localities and to statistically combine
the results. For this purpose, the size (maximum dimension) of the

largest crystalline fragment of any type at each locality was set

equal to 100 and size of other fragment types at that locality expressed
proportional to 100, This number is called the size index. Averaged
overall 28 sample localities, the mean size index, N, is a measure
of the relative size of the various selected representative crystalline
basement rock fragment types.

Mean size index was computed for 23 selected basement fragment
types, using data from all 28 localities. These data are plotted in
Figure 19, and arfanged into petrographically similar groups. The

axis is mean size index, N, ranging from O to 100. The bar indicated
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is the standard deviation of the mean size index.

In the insert are shown data including limestone fragments
(whose size index generally exceeds 100 because limestone fragments
generally exceed the largest basement rock in size). The data in the
inserts show that on the average limestone fragments are larger than
granitic fragments; granite larger than basic granulites, and basic
granulites larger than eclogite fragments.

Mean size indices for the various fragment types fall roughly
into three groups. A group with mean size index greater than about
65 includes granite types and meta-basalt. An intermediate group
between about 35 and 65 contains some igneous and/or unfoliated
metamorphic equivalent types (diorite, gabbro granite gneiss, basalt-
andesite) and most of the foliated metamorphic types (greenschist,
amphibolite and granulite-grade rocks). A third group with size
index less than 35 contains rhyolite, aluminous schist and the dense
fragments (eclogite, jadeite-pyroxenite, websterite and lherzolite).

In an attempt to enhance the statistics, the data from the
localities where largest fragments exceeded 20 cm in diameter were
treated, It was felt that these sites offered the best data because
recognition of fragments is easier, and generally a wider range in
size was observed since parﬁicles smaller than approximately 1 ecm
became difficult to recognize and identify. Twelve localities were
included in this tabulation.

Mean size indices with standard deviations are shown in Figure 20.
They yield essentially the same results as are obtained from all 28

localities. No attempt was made to treat the data from the 14
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localities not included here to contrast "coarse'" and "fine'" sites,

The mean size index plotted against measured density, (Figure 21)
suggests a rough inverse correlation between size and density.

To sum up, the fragment types fall roughly into three major
groups according to relative size: a group of large fragments, prin-
cipally granite types and meta-basalts, an intermediate group of
intermediate and basic igneous types and metamorphic types, and a
group of small fragments which includes the dense rocks and rhyolite.

Not all the representative rock types were observed at all the
sample localities. This could simply reflect abundance or it could
reflect real differences in the persistence of specific fragment
types within the dike. TIf one compares the order of relative abundance
of specific types (Table 53) with the number of sample localities
where that type was observed, a general correlation between relative
abundance and the number of localities is observed (Figure 22a).

It is no surprise that the most abundant types at a single locality
tend to be observed most frequently. Granite gneiss (9) and basalt
(5) are missing from many sample sites. Possibly failure to make
distinction in the field between the very abundant meta-basalt and
basalt may account for the apparent absence of basalt from localities.
Granite gneiss (9) commonly occurs as large fragments. This type
weathers very easily by granular disintegration (Plate 14). 1Its
absence from many sample sites could reflect both of these effects.
Presence and absence at specific sample sites apparently reflects
relative abundance.

Both fragment size and relative abundance are important factors
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to be considered in attempting to evaluate the structure and compo-
sition of the crustal section. Later we will turn to this problem and
attempt to use these data along with the seismological and other
petrological information, drawn from the dense fragment types and
kimberlite, to reconstruct the crust and upper mantle from the various
fragment types.

Comparison of mean size index with order of relative abundance
(from Table 16) shows that there is a very rough positive correlation
between them (Figure 22a). However, gabbro (2), granulite (3),
perhaps diorite (4) and amphibolites (8) may have smaller size indices
than their relative abundance would suggest (if size were a function
of abundance alone). Also, granite gneiss (9) and coarse-grained
granite (10) fragments are significantly larger than their relative
abundance would suggest. It was noted in the field that granite~-type
fragments are typically large. (The largest crystalline rock fragment
observed in the entire Moses Rock dike is a biotite granite gneiss,

a nearly spherical fragment of about 7 feet in diameter,)

Persistence of specific types throughout the dike, as indicated
by their presence and absence at sample sites, and fragment size, as
suggested by the size index, apparently are correlated with relative

abundance but certainly are not functions of it alone,

Dense Inclusions

In the discussion of the kimberlite which follows, it is concluded
that the most probable site of the minerals in the kimberlite originated

over depths ranging to 100 kilometers or more, well within the upper
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mantle. Thus, the dense rock fragments in the Moses Rock dike are
particularly interesting since, on one hand, they may be samples of
the mantle derived from within the reservoir, from the walls of the
vent within the mantle or lower crust, or, on the other hand, they
could be related to the kimberlite by some magmatic process such as
partial melting residues or crystal accumulates, The dense and ultra-

mafic rock typés observed are listed in the table below.

Table 6. Dense and Ultramafic Crystalline Rock Fragments
Observed in the Moses Rock Dike

Observed as Discrete Rock Fragments Specimens
l. Antigorite~tremolite schist X-51

2, Jadeite-rich clinopyroxenite X=bl

3. Eclogite X-1,-50B
4, Spinel-bearing websterite X-1307
5. Spinel-lherzolite X-2

Inferred from Inclusions in Pyropes

6. Garnet=-lherzolite

The most abundant dense inclusion types at Moses Rock are
pyroxene and garnet=-pyroxene rocks. Eclogite (X-1, X-50B) and
jadeite~rich clinopyroxenite (X-44) are the most abundant dense
types. Present but rare is spinel-websterite (X-39, =57, -1307), a
clinopyroxene~orthopyroxene rock. Still more rare is the only true

peridotite observed, spinel-lherzolite (X-2). It seems odd that the
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dense inclusions are predominantly pyroxenites when the kimberlite
is olivine~rich. Another rock, far more abundant than any of these
types, which is properly included in a discussion of dense and
ultramafic (possible mantle) rocks is the serpentine-rich schist (X-51).

Whole-rock chemical analyses were obtained on specimens of all
these rocks, except the spinel-lherzolite. (It was discovered too
late to include in the analysed suite.) Microprobe analyses of
minerals in polished thin sections of these analysed specimens were
obtained on all except the antigorite schist (X-~51). Thus, abundant

compositional data are available to discuss the genesis of these

rocks and their possible relationship to the kimberlite.

Spinel-Websterite

Websterite inclusions are coarse-grained granoblastic intergrowths
of medium~green clinopyroxene and drab olive-green orthopyroxene, with
minor interstitial spinel. Large irregular green pyroxene megacrysts
are observed in a granular groundmass in some specimens. Very rare
small interstitial grains of brown spinel were observed in two thin
sections.

Three different specimens were studied in detail (MRX-39, MRX~-57,
MRX-1307). Compositional data are available on minerals from two.
They are believed to be similar compositionally. A significant tex-
tural relationship is best developed in specimen X-1307A, so the
discussion will focus on this specimen.

The textures observed in thin section are remarkable and
beautiful because of the high contrast in birefringence and setting

of the pyroxenes, A granoblastic coarse-grained groundmass of



-123~

orthopyroxene and clinopyroxene contains large megacrystic pyroxene
domains (Plate 15,16). The groundmass appears to be a classic
granoblastic intergrowth (Plate 16B). The boundaries of the megacrysts
have been made ragged by recrystallization (Plate 16C, D). Lamellae
are well developed within the pyroxene megacrysts composed of exsolved
orthopyroxene and clinopyroxene parallel to (100). These lamellae
are commonly deformed and fractured (Plates 16). Clusters of granular
crystals similar to those in the groundmass are observed locally
along lamellae (Plate 16E). Such granular recrystallization may be
recognized within the groundmass as linear arrangements of granular
pyroxene grains. In one specimen (MRX-57) some recrystallization
and alteration to phlogopitic material was observed parallel to
fractures.

The ratio of the pyroxenes in the lamellae within the megacrysts
is approximately CPXg5 + 5° OPX5g + 5 whereas the groundmass is
(on specimen MRX-1307A). Modal

approximately cpx : opx

35+ 5 45 + 5
analysis of a uniform granoblastic textured specimen (MRX-39) revealed
the pyroxene composition: cpx, 60: opx, 40.

The textural relationships suggest a sequence of events responsible
for their formation, which can be inferred from the textures alone.
First, the very coarse-grained pyroxene megacrysts were developed
consisting of crystals of a single pyroxene solid solution, up to one
inch in length as suggested by the optical continuity of the large
grains in the right side of Plate 16A, These single crystals exsolved

to two pyroxenes forming lamellae of clinopyroxene and orthopyroxene

parallel to (100). Subsequently, the large crystals were structurally



~124~
deformed, apparently prior to the formation of the granular groundmass
because the deformational fabric or fractures are not observed in
the groundmass. Recrystallization occurring at the boundaries of
the large exsolved crystals resulted in the growth of a coarse-grained
granular groundmass. Recrystallization along lamellae occurred
simultaneously within the large crystals. Locally relics of the
lamellae structure were retained in the arrangement of granular grains
in the groundmass. Finally, some phlogopitic alteration occurred
along subparallel fractures within the large grains and in the
groundmass (MRX-57) under (stress and chemical) conditions quite
different from those preceeding.

Whole rock chemical analysis of MRX~1307 revealed a very high
R203 content for a pyroxenite (Alzo3 + CR203 = 8.65%, Appendix D=3,
Analysis 5). The sodium content of the rock is 0.54 wt. %, thus the
solid solution of NaRSijOg type pyroxenes is not great and the high
R203 content must be the result of solid solution of Tschermak molecule
in the pyroxenes. Mineral compositions obtained on pyroxenes from
specimens MRX~1307A and MRX-57 (Table 6) confirm this. There is some
jadeite component in the clinopyroxenes, about 6% by weight, but there
is roughly 7% by weight solid solution of A1203 in the pyroxenes in
excess of that present as NaRZSiO6 molecules,

Cr203 in the whole rock analysis is expressed as part of the
Aly05 value. Chromium was not determined in the microprobe investiga-
tion of the minerals. The difference between A1203 content for the
whole rock (8.65%) which is actually A1,0_ + Cr.0_, and the Al.O

2°3 273 2°3

content of the rock determined by the microprobe analyses of the two
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Diameter field is 25 mm. Minerals are clinopyroxene
and orthopyroxene. Crossed nicols. Note large
megacrysts with deformed, exsolved pyroxene lamellae
and ragged edges. The granular textured groundmass
consists of orthopyroxene and clinopyroxene of very
similar composition to those forming the lamellae in
the megacrysts. The pyroxene are notably aluminous.

Plate 15. Photomicrograph of spinel-bearing websterite
(MRX~1307A)



A.

B.

Plate 16,

Contact of megacryst with groundmass showing
deformation of lamellae, ragged contact, and
insipient growth of granular textured grains

within megacrysts. Diameter of field is about
10 mm. :

Photomicrographs of spinel-bearing websterite
(MRX-1307A)



C. Megacrysts partially recrystallized to granoblastic
groundmass., Lamellae in the megacrysts are deformed
and the grain is fractured. Along the fractures
(which run from 2 to 8 o'clock in this photograph)

is a light micaeous mineral, perhaps phologopite,
sercite or talec,

T
R

(s i

D. Linear orientation of granular groundmass grains,
apparently a residual texture produced by
recrystallization of the pyroxene lamellae in

the megacrysts. Diameter of the field, about
10 mm,

Plate 16. (Cont.) Photomicrographs of spinel=-bearing
websterite (MRX=-1307A)
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pyroxenes (Table 7) (about 7.2%), probably implies a pyroxene chrome
content of the order of 1%. (The spinel represents something less
than 1% of the volume of these rocks).

Compared to other websterites described in the literature, the
most distinctive feature of the Moses Rock specimens and their
pyroxenes is a high alumina content. Compared to analysed pyroxenes
from metamorphic rocks and from Bushveld websterite, these are notably
aluminous (Mercy and O'Hara, 1965, Table 1). Previously published
analyses of websterite pyroxenes (Table 8) have A1203 contents ranging
from about 1 to 4 wt. % AL_O_, compared to 6 to 8 wt., % for the Moses

2°3

Rock examples., White (1966, Table 8C, p. 285) reports A1203 contents

of websterite nodules in Hawaiian basalts as 3.7, 4.1, 4.2 and 7.1
wt. % for orthopyroxene and 6.6, 6.3, 6.4, and 8.6 for respective
coexisting clinopyroxene. Hence, the Moses Rock websterite pyroxenes
are at the upper extreme of the range of AL O, content in websterite

273

nodules in Hawaiian basalts,



~129~

Table 7. Partial Chemical Analyses by Electron Microprobe of
Groundmass Pyroxene Grains from Two Websterites

MRX- 1307A MRX - 57
Mineral Cpx Opx Cpx Opx
Grain # 30 31 : 7 6
Si0 50.5 52.3 49.8 52.4
AL,B, 7.63 6.84 8.03 7.24
MgO0 13.7 30.2 14,8 30.5
Fel 2.56 8.05 2,86 7.94
Ca0 22.3 0.38 21.48 0.37
NaZO 1,00 .03 1.04 .06
97.7 97.8 98.0 98.5

Molecules (wt. %)

Jd 6.0 0.2 6.1 .3
Ca-T 13.0 1.5 13.6 1.4
Mg~T - 12.7 - 13.6
Wo 39.0 - 37.9 --

Fs 4.7 14.7 5.3 16.7
En 34.4 66.2 37.2 66.4
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Clinopyroxenes Orthopyroxenes
e A Rl o - Bl
Specimen N.23* N.23*

No. 664* S G.8 10270 7666 WEB. 644*§ G8 10270 7666 4

Si0, 52-67 5247 5369 5407 54:38 5351 53-05 55°63% 5594 5576
TiO, 0-17 019 . 016 0-21 0-04 0-04 0-19 0-11 0-11 u.

ALO, 383 3-58 2:43 2-08 129 2:99 2:63 160 1:61 1-66
Cr.O, 0-50 0-03 0-20 0-98 0-28 0-26 n.d. 0028 045 0-33

Fe, O 1-61 2:39 086 0-56 219 2:66 2:84 181% 097 |, 1:34
FeO 2:46 5:35 2:83 2:53 0-94 987 1709 9-44%  7-15 717
MnO 0-10 011 6-062  0-09 009 0-23 019 0-19 0-19 021,
NiQ 0:046 n.d. 0-058 004 0-00 0085 n.d. 0-082 007 n.d.

MzO 15-06 . 13-44 1632 17°39  16:96 2963 2376 31-21 32-12  32:42
CaO 22419 20-66 2237 22:12 2371 0-82 0-49 053 1:48 0-74

Na.Q 1-23 1-79 1:05 0-41 014  0-07 0-08 n.d. 000 -03
K0 002 001 <0-01 0-00 0-03 0:03 . 004 n.d. 0-00 0-04
PO, 0:004 003 0:004 n.d. 0-10 0:002 n.d. 0003 n.d. 0-10
H,O-- n.d. Q-21 n.d. Q-04 Qg-14 n.d. n.d. n.d. G609 (43
H,O— —_ 0-03 e 006 0-08 — . nd. —_ 0-00 G-08

Total 9969 10029 10003 100-58 100-42 10020 100-36 100:631 100-i8 100:31

Analysis on sample dried at 110° C for 2 hours. 1 Also contains 0-0051 per ceat CoO.
Values not published previously. : :

Structural interpretation of the analyses of the pyroxeucs from the Glenelg websterite, 664,
on basis of 6 oxygen atoms.

et A

1 O T 3 - ot . 3+ . —
Clinopyroxene:  [Cag,465N2g.068Mg0-8105€0.676M10.065MN10.00: F€5.044Cru 01480 007) [Sinnsa3Tho.005
AIO-OG&] OG'

v oo 2+ Ii 3+ Ty
Orthopyroxene: [Cay.gNag.00Mgi. 56575 56aM1 0. 007N 0,008,511 Cro.007AL0.020) [Shis06 Tion0a
Alg.osn) Os.
n.d. = not determined.

N

Key
Ga4 == Pyroxcics from pyroxcnite specimen, Gleaclg.
G.8 = Pyroxcues from gamct-hornblende-pyroxenc rock, Glenclg. (O'Hara 1960.)

N.23 = Pyroxcnes from garnct-websterite, Kalskaret, Tafjord, Norway, (O’Hara and Mercy
1963.)

7666 == Pyroxcues from bronzitite, Malips Drift Camp, Bushvcld Complex.  (Hess 1949, 1952.)

WED, 4= Pyroxcnes from wcbsterite, Webster, North Carolina,  (Hess 1949; Hess and
Phillips 1940.)

Table 8. Compilation of analyses of pyroxenes from
websterites from various sources. Table
reproduced from Mercy and O'Hara, 1965
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Spinel observed in the websterite (MRX-1307) is brown and
isotropic. Only qualitative data are available on its composition.
Microprobe wave=-length scan revealed the presenée of Al, Cr, Mg, Fe
with trace Mn, Ni, Co.

The compositions shown in Table 9 are considered to be approxi-
mate average composition for groundmass and lamellae pyroxenes. These
data were accumulated by averaging partial analyses of about iO

points for each pyroxene in each textural site.

Table 9. Partial Microprobe Chemical Analyses of Pyroxene Grains
of Granoblastic Groundmass and Exsolution Lamellae in
Pyroxene Megacrysts from Websterite (MRX-1307A)

Granoblastic Exsolution
Groundmass Lamellae

Cpx Opx Cpx Opx

Wt. % Cal 21.5 0.4 20.4 0,2
Fel 2.5 8.0 2.3 7.8
Mg0 13.5 29.3 12.9 27.4

Mole % Wo 50,5 0.8 51.1 0.5
Summed Fs 5.0 13.0 4.5 13.6
to 100 En 44 .5 86,2 44 4 85.9

Traverses across grains revealed no major compositional zoning
and no significant compositional differences (in excess of 5%)
between pyroxenes in the groundmass and lamellae within the mega=
crysts, Thus, the groundmass and exsolved pyroxenes appear to be
similar in composition,

These compositional data and textural relationships are interest-

ing in the context of recent experimental work on synthetic pyroxene
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systems. The phase relationships in coexisting clinopyroxene and
orthopyroxenes on or close to the compositional join diopside=
enstatite have been studied at one atmosphere by Boyd and Shairer
(1964) and at 30 kilobars by Davis and Boyd (1966). Experimental
results revealed that a sensitive geothermometer exists in the system,
The amount of solid solution of orthopyroxene in clinopyroxene is
quite sensitive to temperature and rather insensitive to pressure,
The important feature is the shape of the solvus boundary for diopside
solid solution which crosses the temperature composition field at an
oblique angle to the compositional coordinate. The composition of
clinopyroxene solid solution in equilibrium with orthopyroxene solid
solution provides a very sensitive thermometer in a geologically
interesting range. TFor comparison, the diopside solvus at 1 atmosphere
and 30 kilobars (shown in Figure 23) is nearly independent of pressure.

Using this diagram it is possible to make a tentative statement
about the formation temperatures of the pyroxenes in the websterite.
Partial chemicalianalyses of coexisting pyroxenes in websterite
shows that virtually no orthopyroxene exists in solid solution in the
clinopyroxene, either in the groundmass or the exsolution lamellae of
the megacrysts. The diopside-enstatite phase diagram shows that
above 900° C, some orthopyroxene exists in solid solution in clino-
pyroxene. For this reason it is believed that the groundmass and

lamellae pyroxenes, exsolved at temperatures less than 900° ¢C.

Pyroxenes in the websterites contain significant amounts of

A1203 and Fe0. The effect of A1203 on the diopside~enstatite solwvus,

according to O'Hara (1964), is to expand the miscibility gap. Temper=-
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atures inferred from this phase diagram would tend to be too low.

A genetic explanation for the observed textural relationships
does not follow from the compositional data and phase relations in
~ any simple way. Plotted on the diopside-enstatite phase diagram at
30 kilobars (Figure 24) are the approximate compositions of the
megacrysts, the granoblastic groundmass and the bulk composition of
the rock (for specimen MRX~1307A). These data suggest that the
large pyroxene megacrysts may have been a simple phase, diopside
solid solution, at a temperature above 1300° C, which exsolved later
to two pyroxenes. No orthopyroxene-rich megacrysts have been observed
in thin section.

The groundmass appears to have grown at the expense of the large
exsolved pyroxenes by recrystallization along the edges and by
growth of granoblastic grains along the lamellae., It is quite clear
that the megacrysts predate the recrystallization of the granoblastic
groundmass. It is tentatively concluded that the recrystallization
of the groundmass and exsolution of the megacrysts took place at less
than 900° ¢C.

The observations of significance to the history of this rock are:
1) spinel is present, 2) the pyroxenes are aluminous, 3) there is
very little mutual solid solution between the pyroxenes, 4) spinel
and pyroxenes coexist in the groundmass, a granoblastic (equilibrium?)
texture, This may imply recrystallization in the high temperature
portion of the (sub-liquidus) spinel=~peridotite field as defined by
O'Hara (1967, p. 396) between about 12 and 20 kilobars and somewhere

near or above 1000° C.
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composition for spinel-websterite (MRX-1307A)
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If the megacrysts formed at 1300° C at that depth, this implies
a severe deviation from normal steady-state geotherms or mass motion
within the mantle across isotherms. Certainly, the thermal event
responsible for the megacrysts was not directly responsible for the
kimberlite emplacement because of the abundant textural evidence for
a slow recrystallization (well-developed lamellae and granular ground-
mass composed of moderate temperature pyroxene)., A significant time
had to elapse between the formation of megacrysts of diopside solid
solution and the incorporatcion of the websterite in the kimberlite

and subsequent transport to the surface.

Jadeite-Clinopyroxenite

This rock is a nearly monomineralic clinopyroxenite with
accessory rutile and pyrite which occurs in abundance roughly equal
to eclogite. It is the most abundant dense crystalline fragment
type. (Antigorite schist, an altered ultramafic rock, is more
abundant than either). Its distinctive features are: 1) the pyroxene
contains approximately 657 jadeite molecule,and 2) the texture of the
pyroxenes, which occur as large subhedral-zoned prismatic grains in
a moderately well-foliated fine-grained groundmass (Plate 18).
Measured specific gravity is 3.34. The unaltered nature and densely
intergrown texture of the pyroxenes result in a rock of unusual
strength. A photomicrograph is shown in Plate 17.

Pyroxene grains vary in size and shape for 1 cm long subhedrons
to .1 mm anhedral groundmass crystals,

Whole rock chemical analysis revealed the rock to be highly

aluminous and sodic (Appendix D3, Analysis 3). Ferric iron is also
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Rock is 95% clinopyroxene (jadeite-rich), about
2% interstitial rutile, 1% pyrite, and rare
garnet. Note the foliation running approximately
from 10 to 4 o'clock. The pyroxene occurs as
subhedra which are zoned and which occur in

bands juxtaposed with bands of fine-grained
pyroxenes. Diameter of field is 25 mm; crossed
nicols.

Plate 17. Photomicrograph of jadeite~rich pyroxenite
(MRX=~44)
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high, suggesting the presence of acmite (NaFe+BSi?O6) and probably

ureyite (NaCr+3Si

206), as well as jadeite molecule. The norm contains
abundant normative albite.

The large pyroxene subhedra are generally optically zoned
(Plate 18; Figure 25). Microprobe traverse of such grains showed
the cores to be jadeite-poor relative to the edges. Analysis of the
core of a typical large subhedral crystal indicated a pyroxene compo-
sition (by weight) jd64ac12dil4fs7 others3 (Tabie 10). Traverse of
this grain revealed the core to be enriched in diopside molecule and
depleted in jadeite molecule relative to the edge. The textures
suggest a recrystallization of an anhedral core but it is impossible
to establish from the textures whether this is igneous or metamorphic
in origin.

The opaque mineral appears bright yellowish~gold in reflected
light and was tentatively identified optically as pyrite. Wave-length
scan revealed Fe, S, Ni; microprobe analysis showed the phase to be
stoichiometric, FeSZ. X-ray diffraction patterns revealed all the
principal and secondary pyrite lines and a strong line at the
location of the principal pyrrhotite peak but none of the secondary
peaks, The data confirm the presence of pyrite but are not conclu=-

sive on the presence or absence of pyrrhotite.
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A. Diameter of field is about 5 mm. Note the
large grain in the upper left of the field.
It is pyroxene in a typical subhedral habit.
The fine-grained prismatic crystals are also
pyroxene., The opaque mineral is pyrite.
Rutile is also present. Closeups of the
large subhedron are shown in Plates 18B and
18¢C.

Plate 18. Photomicrograph of jadeite-rich clinopyroxenite
(MRX=~44)



B. Clinopyroxene subhedra shown in ordinary light.
Diameter of field is about 2 mm.

C. The same grain as above in plane-polarized light
(crossed nicols) showing irregular, optically
continuous domains = suggestive of zoning or
disequilibrium,

Plate 18. (Cont.) Photomicrographs of jadeite=-rich
clinopyroxenite (MRX-44)
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1. Anhedral clinopyroxene core, more
jadeite~rich than edges

2,3,4. Optically continuous domains of
jadeite-clinopyroxene (ru = rutile
grains)

Figure 25, Sketch of large-zoned pyroxene subhedron
in jadeite-rich clinopyroxenite (MRX-44)
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Table 10. Partial Chemical Analysis by Microprobe of the Core of
Large Clinopyroxene Subhedron in a Jadeite-rich
Clinopyroxenite (MRX-44)

Molecules
wt % mole %

5109 57.6 ac 12 12
Aly03 18.1 jd 64 68
FeO 5,51 di 14 14
Ca0 4.02 fs 7 6
Mg0 2.62 wo 1 1
Na,0 12.5

100.3

O'Hara and Mercy collected a very similar but garnet-bearing
specimen at Green Knobs (GK~6, O'Hara and Mercy, 1966, p. 341), which
is not as aluminous (A1203

as the clinopyroxene analyzed from the Moses Rock specimen. Thus,

= 13.74) and not as sodic (NaZO = 9.01)

the jadeite content of pyroxene in the Green Knobs specimen (GK-6) is
not as high as observed in MRX-44, The garnet in GK-6 is very iron-
rich (Fe0 = 24,00, FeZO3 = 1,07) relative to magnesium (Mgd = 9.52).
None of the garnet<bearing jadeite-pyroxenites from Moses Rock
were examined in detail although specimens similar to those described
by O'Hara and Mercy (1966) were observed and collected at Moses Rock.
If one compares the composition of the pyroxenes from MRX-44
and GK~6 (0'Hara and Mercy, 1966) with analysed pyroxenes from
eclogites as defined by Coleman and others (1965), they are found to

occupy a gap in the field of previously analysed pyroxenes. (The

apparent gap in this figure has been filled by later work).
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The garnet in GK-6 is iron-rich and contains approximately 36%
pyrope molecule. Such garnets are typically associated with pyroxenes
with high jadeite content and are characteristic of type C eclogites
of Coleman (1965). In particular this garnet, (GK-6), is an interest-
ing one because it is transitional between garnets from group C and
group B eclogite and appears to be more typical of garnets from
charnockites and granulites rather than glaucophane schists (Figure
27).

The origin of this rock is intriguing because of its texture
and the jadeite-rich nature of its pyroxenes. However, the pyroxenes
are not pure jadeite and they contain significant amounts of diopside
and acmite molecules. Therefore, both the jadeite-diopside or
jadeite~acmite phase diagrams are of interest. The wide range in
grain size, the swirly bands of fine-grained crystals and foliation,
the subhedral zoned reaction or overgrowth relationship in the large
crystals suggest disequilibrium, either during crystallization from
a melt without complete reaction or during subsolidus (metamorphic?)
reactions,

If the textural relationships in the jadeite-rich clinopyroxene
rocks are accepted as arguments that the pyroxenes crystallized from
a melt, then it follows from jadeite phase diagrams (Figure 28) that
they formed at pressures exceeding 23 kilobars and 1200° ¢. However,
probably the strongest statement which can be made is that the tex=-
tures imply disequilibrium, since the zoning and foliation could
have been produced in the solid state.

Analysis of the detailed composition of the sulfide phase further
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Figure 28. Summary diagram showing stability fields
for jadeite and pyrite-pyrrhotite systems
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constrains the possible conditions. Kullerud (1964) has reported
the phase relationship between pyrite and pyrrhotite + liquid and
his equilibrium curve is shown to 5 kilobars pressure (Figure 28).
Electron microprobe analysis revealed this phase to be stoichiometric
FeS2 and x-ray diffraction patterns contained the principal and
secondary peaks of pyrite. If pyrite formed in equilibrium with the
pyroxene, then extrapolation of the pyrite stability curve to higher
pressures suggests formation temperatures below the liquidus.

It is interesting to consider the textures in the context of
the sub-solidus relationships in the 30 kilobar, diopside~jadeite
diagram. The pyroxenes and whole-rock analyses for MRX-44 can be
expressed as jadeite (albite + nepheline) and diopside components which
sum to approximately 86 mole percent. The system jd-di was investi-
gated by Bell and Davis (1965) at 30 kilobars and the approximate
location of the whole-rock analysis and microprobe analyses (recast
so that jd + di molecule = 100%) are shown on this phase diagram
(Figure 29). The whole rock analysis is jdggdijp, core of subhedral
crystal jdgsdigy and edge of subhedral crystal jd90dilO' If the
textures are interpreted as recrystallization in the solid state, it
is significant that only jadeite-rich pyroxenes were observed.
No diopside-rich pyroxenes were observed, In the compositional range
where minerals from this rock lie (di8jd92 to diZOdeO, roughly), on

the 30 kilobar diagram there is a broad two-pyroxene field below

about 1340° C. So if recrystallization occurred below this temperature
in a system with a bulk composition of jd88di12, diopside~rich and

jadeite-rich clinopyroxenes would coexist, There is, however, on
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the 30 kilobar diagram, a small region where two jadeite~rich pyroxene
phases coexist between about 1330° and 1370° C. The topology and
details of the diagram are not known at lower pressures although it
is clear (from Figure 28) that albite and nepheline will appear at
higher temperatures in the sub-solidus region. The presence of
pyrite precludes such high temperatures, however.

It is possible that this rock formed within the lower part of
the crust, at low temperatures, below 600° C, but pressures above
13 kilobars (Figure 28). It is also possible that it formed at
higher pressures, perhaps 20 to 30 kilobars, and relatively modest
temperatures below 1000 to 1200° ¢,

No definitive statement can be made regarding the petrogenesis
of this rock. If it did, indeed, crystallize from a melt, then it
unambiguously formed at pressures in excess of 25 kilobars, This
interpretation, however, is precluded by the presence of pyrite.
A metamorphic origin of the textures is possible at conditions ranging
from a crustal to deeper mantle cénditions. This assemblage would
have been stable in the conditions inferred for the kimberlite reser-

voir.

Eclogite

Eclogite specimens form about 1/2 % of the crystalline rock
fragments found in the Moses Rock dike and are approximately as
abundant as the jadeite-rich clinopyroxenite., Two eclogite specimens
were studied in detail (MRX-1; MRX-50B); both afe true eclogites
consisting of omphacitic clinopyroxene and almandine-pyrope-grossular-

ite garnet. Observed garnet concentrations in eclogitic rocks varies
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from 40% to 2% by volume. The jadeite-pyroxenite (MRX-44) may
represent the zero-garnet end member of a spectrum in garnet-pyroxene
ratio in the eclogite assemblage. Rutile and an opaque mineral are
common accessories. No plagioclase or kyanite-bearing specimens were
observed.

Many eclogite specimens were collected, 18 examined in thin
section and two studied in detail. One of these two (MRX-50B)
consists of 55% green clinopyroxene, 15% alteration aggregates
(possibly anthophyllite-zoisite after aluminous enstatite or cordieritd,
30% garnet, minor rutile and trace magnetite surrounded by hematite
rims. Grain boundaries are ragged, garnets embayed and poikilitic
with inclusions concentrated near the center. (Plate 19). Rock is
slightly foliated.

The other specimen studied in detail (MRX~-1l) is free of alteration,
and consists of 677 pyroxene, nearly colorless anhedral grains, some
very slightly zoned; 30% garnet, nearly colorless, free of inclusions,
rarely euhedral, generally sub- and anhedral; 2-3% magnetite with
hematite rims and about 1% rutile. Grain boundaries are not ragged
as in MRX-50B (Plate 20).

The two specimens MRX~-50B and MRX-1 represent two contrasting
textural types observed in the suite of eclogites, The first group
is foliated, slightly altered, with ragged grain boundaries and
embayed poikilitic garnets (a texture similar to MRX-50B)., The
second group is less foliated, unaltered, has subhedral grains with
clean boundaries, ﬁnembayed and non-poikilitic garnets (as in MRX-1).

Compositions of coexisting garnet and pyroxenes from specimens
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Crossed nicols, Diameter of field is 25 mm,
Highly birefringent grains are omphacitic
clinopyroxene; extinguished grains are garnet.
Rock contains minor rutile and opaque. The
rock contains fibrous alteration aggregates
containing zoisite, inferred to be altered
calcic=plagioclase,

Plate 19. Photomicrograph of eclogite (MRX~-50B)



A, Ordinaxry light

B. Crossed nicols

Diameter of field is about 10 mm. Pyroxene 70%
(unextinguished in Plate B). Rock contains
opaques and rutile (high-relief, very small
grains) in Plate A, and is granular texture.

Plate 20. Photomicrographs of eclogite (MRX=-1)
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Rock is 70% omphacitic clinopyroxene (unextinguished
in Plate B), 30% garnet (extinguished in Plate B),
minor rutile and magnetite. Garnets are subhedral

generally; pyroxenes anhedral very faintly optically
zoned,

Plate 20. (Cont,) Photomicrograph of eclogite (MRX-1)
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MRX~1 and MRX-~50B were determined with the microprobe (Table 10),
Pyroxenes contain significant amounts of jadeite molecule in solid
solution and garnets arve chiefly almandine molecule with pyrope and
grossularite.

The alteration product in specimen MRX~-50B (partial analysis
shown in Table 11) is of interest. O'Hara and Mercy (1966) described
a similar alteration mineral in their specimen GR-1, 1In thin section
the grains occur in matted aggregates of small prismatic crystals,
The microprobe data indicate that the white alteration aggregates
consist of a highly aluminous, magnesium silicate with only minor
calcium, thus is compositionally similar to a severely altered
cordierite (A13MgZSi5A1018) or possibly an altered aluminous ortho-
pyroxene, X-ray diffraction patterns on separates of this mineral
however revealed the primcipal peaks of zoisite (Ca2A13813012°0H).
The principal peaks occurred at 2,88, 2,655 X and the secondary
peaks at 4,05, 5.1, 5.04, and 2,79 X. This composition would suggest
that the alteration product was probably derived from calcic plagio=-

clase,

Watson (1960) has reported lawsonite (CaAlz(OH)ZSiZO7'H20) from
eclogites at Garnet Ridge in a similar petrographic setting. No
lawsonite has been observed to date in the Moses Rock eclogites,

The garnet-pyroxene rocks described by O'Hara and Mercy (1966)
and collected at Garnet Ridge can be matched by specimens found at
Moses Rock. For example, O'Hara and Mercy's (1966) specimen GK-6, is

texturally and compositionally similar to the jadeite~rich pyroxenite

(MRX~-44) previously described, GK-6 contains about 2% garnet;
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similar rocks are observed at Moses Rock. The garnet and pyroxene
compositions in GK-6 and MRX~l are quite similar although GK-6

contains about 2% garnet, while MRX~1l, about 30%.

Table 1l. Partial Chemical Analysis by Microprobe of Coexisting
Pyroxene and Garnet in Eclogite (MRX-1; MRX~50B)

Eclogite Eclogite
MRX-1 MRX~50B Fine-grained
Aggregate
Clinopx Garnet Clinopx Garnet (Zoesite?)
28 9 32 12
510, 54.40 38.28 55.27 38.11 36+2
Tioz n.d. n.d. n.d. n.d. n.d.
A1203 9.72 23.58 11.49 22,27 31+2
Cry03 n.d. n.d. n.d. n.d. n.d.
Fel 3.7 25.96 6.53 27.58 ~ 7
Ca0 . 13,66 3.90 10.67 4.46 ~ 3
Mg0 9.35 9.65 7.38 4,86 ~ 2142
K,0 n.d. n.d. n.d, n.d. n.d.
Na,0 6.77 .04 8.25 .07 ~ .1
HZ% n.d, n,d. n.d. n.d.
Total 97.67 101.41 99.59 97.33
Molecules
We. %

Jd=34,20 Gr= 10 Jd=40.43 Gr= 12

Ac= 5,74  Alm=58 -Ac=10,43 Alm=64

Di=50.49 Py= 31 Di=39.85 Py= 16

Wo= 1,18 Wo= 0.71

Fs= 3.59 Fs= 6.02

CaTl= 0 CaT= O

MgT= 0 MgI= 0

95.20 101 96.77 92
No excess No excess

A1203 A1203
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Eclogites at Moses Rock are a particularly interesting part of
the crystalline fragment suite. Diamond~bearing eclogites in the
South African kimberlite pipes demonstrate that at least some
eclogites are mantle rocks (Williams, 1932). The significance of
eclogites to broad petrolegic problems, especially to the composition
of the mantle, the nature of the Mohorovicic discontinuity and the
origin of basaltic magmas, is now well established in the literature.

Coleman (1965) summarized the eclogite literature and concluded
that eclogites fall generally into three groups: Group A, inclusions
in kimberlite, basalts or layers in ultramafic rocks; Group B, bands
or lenses in high-rank gneissic terrains; and Group C, bands or lenses
in alpine~type (glaucophane schist) metamorphic terranes. Each
group has compositional characteristics but the most striking are:

1) the jadeite content of the clinopyroxene decreases from Group A
to B, and 2) the pyrope content of the garnmet is distinctive as
follows: Group A, greater than 55% pyrope, Group B, 30-55% pyrope;
Group C, less than 30% pyrope.

The compositions of coexisting garnets and pyroxenes in the
Moses Rock eclogites subdivide themselves into the natural groupings
just described when plotted on A-F-C diagrams. Eclogites from Moses
Rock (Table 9) and from Garnet Ridge and Green Knobs diatremes (0'Hara
and Mercy, 1966) are similar and show affinities to eclogites of
Group B (see Figure 30), eclogites in high rank metamorphic terrains.
On A-F-C diagrams the eclogites from the Colorado Plateau diatremes
fall into two groups. TFurthermore they contrast sharply with eclogites

from South African pipes. Garnet-pyroxene joins of the two Colorado
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Plateau groups cross. Also, the Colorado Plateau garnets and pyrox-
enes are iron-rich, relative to the South African specimens. These
generalizations apply also to the two specimens from Moses Rock.

No definitive statement can be made now regarding the origin
of the Moses Rock eclogites. 1t is apparent that the Colorado
Plateau eclogites so far examined are not closely similar to eclogites
in the South African pipes. The Colorado Plateau specimens most
probably originated in a high rank metamorphic terrain within the
lower crust, although they could be derived from the upper mantle,
but at a somewhat shallower depth than the diamond-bearing eclogites
of South Africa.

Yoder (1962) and O'Hara(1963) have stated that eclogites of
different bulk compositions which crystallize at similar P-T conditions
will be composed of garmet-pyroxene pairs whose compositions will plot
as non-intersecting lines in A-F-C diagrams. There is an interesting
scatter in the analyses of minerals from eclogites from the Colorado
Plateau (Figure 30). The pyroxene-garnet joins taken together form a
fanning array rather than a parallel or even sub=-parallel array of
tie-lines. This suggests that the eclogites observed in the Colorado
Plateau diatremes may have formed at various and different P-T con-
ditions. Furthe:more, the differences can be observed at a single
diatreme (MRX-l and MRX-50B) which show almost the entire range
observed. Perhaps the differences are not lateral or geographic,
but réther represent vertical differences.

A thorough investigation of the suite of eclogites, including

comparison of bulk composition and composition of individual mineral
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phases, would establish whether the apparent series of garnet contents
ranging from perhaps 0% to 407 observed in eclogites from the Moses
Rock dike represents only change in bulk composition or implies
differences in conditions of formation.

To sum up, the eclogites from the Moses Rock dike (and Colorado
Plateau diatremes generally) contain minerals like group B eclogites
as defined by Coleman (1965), those from high rank granulite gneissic
terranes. There appear to be differences in texture as well as
mineral compositions which are believed to imply different conditions

of crystallization, probably differences in depth.

Spinel-Lherzolite

A single specimen of spinel-lherzolite (MRX~-2) was collected
about 1.5 inches in diameter, with a medium~grained granular texture.
In thin section, the rock has a granoblastic texture with grain size
averaging about 1 mm. Olivine rarely exhibits poorly developed
twinning and is commonly imcipiently serpentinized. Orthopyroxene
occurs in large anhedral fragments, clinopyroxene in small anhedral,
equant grains. Spinel, dark brownish-green in ordinary light, occurs
interstitially to the olivine and pyroxene. More rarely it is observed
altered to an opéque in a field of serpentine. Modal analysis of this
rock (Table 12) showed that it is approximately 18% altered to serpen-
tine, but before alteration was approximateiy olivine 54%, orthopyrox-

ene 37%, clinopyroxene 7% and spinel 2%.
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Table 12, Modal Analysis (1000 pts) of Thin Section of
Spinel-bearing Lherzolite (MRX-2)

Spinel-lherzolite MRX~2
Mineral Volume %
Olivine 40 54

Serpentinized olivine 14
Orthopyroxene 33 3y
Serpentinized opx 4
Cpx 6 7
Cpx intergrowth 1
Spinel 0.5 2
Altered spinel 1.5

100

Partial chemical analyses of the constituent mineral phases were
obtained with the microprobe (Table 13), but the specimen was not
discovered in time to include in the suite of rocks sent for whole-rock
analysis. The rock composition (Table 12-13) was calculated on the

basis of the modal analysis and the composition of the phases.
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Table 13. Partial Chemical Analyses of Minerals from
Spinel-bearing Lherzolite (MRX=~2)

MRX-2 Lherzolite

Olivine

1 2
SiO2 39.24 39,84
A1203 - -
CI‘203 o08 -
MgO 49,57 49,65
FeO 9.53 9.44
Ca0 - -
NazO .04 .03
MnO .15 .15
Total 98.56 99,12
Fe as FeQ
Structure Formulae
Si «978 .985
Ti .000 .000
Al - -
Cr - -
Mg 1.841 1.830
Fe : 0199 0195
Ca - -
Na - -
Mn .003 .003
Total 3.023 3.015
0 4,000 4,000
Mg/Mg+Fe .903 .894

Ca/Ca+Mg

Ortho-
Clinopyroxene Pyroxene
3 4 5
51.17 50.64 54,27
.11 .10 .03
5.61 4,68 4,70
.86 .78 .50
17,77 18.33 34,28
1.82 1.81 6.24
22,06 22,08 .31
1.23 1.12 .03
.09 .07 .15
100,72 99,61 100,51
1.846 1.868
.003 .001
.283 .191
.025 .014
956 1,759
.055 .180
853 .012
.086 .002
- . 004
4.062 4.030
6.000 6.000
. 945 .908
471 478

Spinel
6
.04
.01

54,64
12.66

17.50
15.24
.01
.02

.15

100.27

. 000
.000
1,711
.266
693
«338

003

3.011

4,000
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Table 14. Calculated Rock Composition of Spinel-bearing
Lherzolite Based on Mode and Mineral Analyses

(L (2)
510, 44,6 45,85
Ti0, 0.02 0.41
Al,0, 3.33 2.05
Cr203 0.57 0.48
MgO 41,0 41.63
FeO 7.90 7.14
Ca0 1.78 1.76
Na,0 0.13 0.15
MnO 0.15 0.15
K0 - 0.08
NiO - 0.26
P,05 - 0.03

99.48 99.99

(1) Spinel-lherzolite, (MRX-2)

(2) Garnet-lherzolite nodule in kimberlite
KA 64-16, Dutoitspan Mine, South Africa,
recalculated with Fe as FeO. Rock used by
Ito and Kennedy (1967) in experimental

determination of melting and phase rela=~
tionships.

The calculated chemical composition of spinel-lherzolite (MRX-2)
is similar to the garnet=-lherzolite used by Ito and Kennedy (1967)
in their high pressure experiments on melting and phase relationships
(Table 14). They believe that this material has the approximate
average composition of garnet-lherzolite from kimberlite pipes.

If the spinel-lherzolite (MRX-2) were converted to a garnmet-
bearing assemblage by the reaction:

spinel + 3.2 enstatite + 0.4 diopside =

(pyrope + grossularite) + forsterite
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the resulting assemblage on a volume basis would be approximately

olivine 56
orthopyroxene 32
clinopyroxene 6
garnet 6

O0'Hara and Mercy (1966) observed neither garnet nor spinel in
lherzolites from Green Knobs and Buell Park,

The conditions of formation of the mineral assemblages in
lherzolites can be inferred from the composition of the coexisting
phases, in particular the calcium-rich pyroxenes. The coexisting
orthopyroxene and clinopyroxene in the specimen described by O'Hara
and Mercy (1966, pp. 339-340) contain 4.00 and 4.86 wt % A1203
respectively, somewhat less than the Moses Rock spinel-bearing
specimen (MRX~-2). The amount of mutual solid solution of ortho-
pyroxene and clinopyroxene in the two specimens is similar, In the
spinel-bearing lherzolite from Moses Rock (MRX~2) the atom ratios
Ca/Cat#Mg for the clinopyroxenes were .471 and .478 suggesting tem-
peratures near 950 to 1000° C. Using Mercy's (1967, p. 396) inter-
pretive diagram and his treatment of pyroxene compositional data, the
Moses Rock lherzolite assemblage was in equilibrium at roughly 16
kilobars and 1200° C; the specimen from Buell Park, about 27 kilobars
and 1150° C. The details of the arguments leading to these conclusions
will be discussed later,

Conclusions are tenuous because the composition of natural
minerals deviate from the simple compositional systems used in
experimental determination of the phase diagrams. The natural spinel
had 15% FeO, 13% Cr,04, and the pyroxenes 4 to 6% A120 and some iron.

3

In lieu of experimental data on systems more closely approximating
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these natural minerals, it is concluded that the spinel-lherzolite
(MRX-2) crystallized in the mantle at about 48 kilometers depth and

1200° ¢.

Serpentine-Schist

Although this rock is not dense (MRX-51l; SG = 2.53 + .01),
chemical analysis has shown that it is, indeed, an ultramafic rock
(Appendix D-3, Analysis 11), It is far more abundant than any of the
dense crystalline fragments, and it is the most abundant ultramafic
inclusion type in the Moses Rock dike, The CIPW norm consists
predominantly of pyroxene, olivine and plagioclase, It differs
chemically from the analysed Moses Rock kimberlite in its higher
silica, alumina, lime and alkali content (Table 18),

Hand specimens are commonly found as ellipsoidal or flat
disc-shaped fragments, always well rounded or as broken pieces of
well-rounded fragments. The rocks are light lime=-green in color and
consist of an aggregate of sheet structure minerals, generally coarse
grained, which are quite weak and easily broken apart. In thin section
- the rocks are a matted intergrowth of serpentine and chlorite group
minerals, in a fiberous habit.

The x-ray powder diffraction patterns of whole rock samples
revealed the principal lines of antigorite (Mg6814010 (OH)8) and
tremolite (CazMgSSiSO22 (OH)Z)' The intensity ratios of the principal
lines indicates that the antigorite is much more abundant than the
tremolite. This is consistent with the chemical analysis. In some
thin sections small remnant pyroxene grains were observed within the

matted groundmass but compositional data are not available on these
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minerals,

The serpentine-rich schists apparently originated by hydration
of a pre-existing ultramafic rock, The phase relationships in
hydrous magnesium-silicate systems are known to 30 kilobars (Kitahara,
Takenouchi and Kennedy, 1966). For a normal shield or continental
geotherm, near the shield geotherm calculated by Clark and Ringwood
(1964), an orthopyroxene=-olivine rock in the presence of water would
begin to hydrate above approximately 21 kilobars (63 kilometers) by
conversion of orthopyroxene to forsterite + talc. Above about 15
kilobars (45 kilometers) serpentine is stable and given sufficient
water, the rock could consist entirely of hydrous phases.

This serpentine-rich schist could originate in the upper mantle,
in the crust or at the surface by hydration of a pre-existing ultra-
mafic rock. Since concentric hydration of the schist fragments from
the outside inward is not generally observed, it is believed that
these fragments were not altered while at the surface, rather existed

at depth as antigorite-rich schists.

Summarz

Five dense or ultramafic crystalline rock fragment types have
been observed and investigated. The compositional data accumulated
on the wineral phases in these rocks are summarized at the end of this
section.

The antigorite~-tremolite schist is the most abundant ultramafic
fragment type. It is believed that these rocks originated by hydration
(at depth) of pre-existing ultramafic rocks. Since serpentine is not

stable above about 600° C, this rock must have formed at relatively
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shallow depth, probably less than 15 kilobars (45 kilometers).

The jadeite=-rich clinopyroxenite has a texture which suggests
disequilibrium. Minerals are zoned and quite unequal in size and
shape. It is not certain whether this is an igneous or partial
recrystallization texture. The presence of pyrite and jadeitic
pyroxene is consistent with either am origin in the lower crust or
mantle.

The two eclogite specimens examined had roughly equal garnet to
pyroxene ratios but the minerals had quite different compositions and
textures. One contained an aggregate of white alteration minerals,
mostly zoisite and possibly another unidentified phase, believed to
be altered calcic plagioclase, The range of variations observed in
eclogites from all the Colorado Plateau diatremes has been observed
in the two specimens from the Moses Rock dike. It is believed that
the eclogites represent a range in conditions of formation, probably
depth.

The spinel~bearing websterite fragments contain highly aluminous
pyroxenes in a spectacular and informative textural relationship.
Megacrysts, now exsolved into lamellae of two pyroxenes, are believed
to have crystallized as diopside solid solution at high temperature.
Granoblastic groundmass pyroxenes have encroached upon the megacrysts.
Pyroxenes in the lamellae and groundmass are nearly identical in
composition; very little mutual solid solution of calcium-rich and
calcium~poor pyroxenes exists, implying that the recrystallization
has occurred at temperatures below 1000° C. It is apparent that the

websterites have experienced a complex crystallization and recrystal-
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lization history which must span a long period of time, prior to the
inclusion of these rock fragments in the erupting kimberlite. This
rock could have originated in the lower crust or mantle,

The spinel-lherzolite is believed to be a fragment of mantle.
The clinopyroxenes indicate crystallization at about 16 kilobars and
1200° ¢. Olivines and orthopyroxene are partially serpentinized.

No garnet-lherzolite fragments were observed in the Moses Rock
dike, but its presence as a rock type at depth is inferred from
inclusions in pyrope garnets and minerals in the kimberlite. This
will be discussed in the next section.

The table on the following page summarizes the compositional data

on mineral phases in these rocks.
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Table 15. Summary of Dense and Ultramafic Crystalline Rock
Fragment Types Observed in the Moses Rock Dike

1, Antigorite-Tremolite Schist (x-51)
Mg /Mg+Fe= _899

whole 510, (dry)= 50.9
rock A120 (dry)= 3.9
3
2. Clinopyroxenite (x-44)
9;4 Cll?opyroxene d1143d68ac12fs6wo1
Rutile
1 Pyrite
DECRFASING 3, Eclogite
ORDER 67% Cpx disyjdjsacgfsothersg
OF (x-1) 30 Garnet Mg:Fe:Ca=31:58:10
RELATIVE 1 Rutile
ABUNDANCE 2 Opaque

: 55% Cpx di40jd4oaclofs6others4
(x-50B) 30 Garnet Mg:Fe:Ca= 18:69:13

tr Rutile

15 Alteration aggregate (zoesite?)

4, Spinel-Websterite (x-1307)
39% Orthopyroxene Mg /Mg+Fe=.871; Al,04=6.8
60 Clinopyroxene Ca/Ca-+Mg=.537; Al,03=7.6;
Na,0=1,0; Fed=2,6;
Mg /FeiMg=.906

1 Spinel Mg, Fe, Al, Cr
5. Spinel-Lherzolite (x-2)
54% Olivine Mg /Fe-RMg=90
37 Orthopyroxene Mg/Fe+Mg=91; A1203=4.7;
Cr,0,=0.5
7 Clinopyroxene Ca/Catig=.47; A1203=5.6;
Cr203=0.9; Na20= 172; Fe0=1.8;
Mg /Fe-Mg=. 945
2 Spinel Mg /Fe+Mg=60-70; Al/Al4+Cr=60-80
6. Garnet-Lherzolite
Olivine Mg /Fe+Mg=94
(INFERRED Garnet Mg:Fe:Ca=69:19:12
FROM Clinopyroxene Ca/Ca+Mg=48 to 50; A1,0,=2 to 3;
INCLUSIONS Cry0 =1 to 2; Na20=1 to 2;
IN PYROPIC Fe0="1.3 to 2.6
GARNETS) Orthopyroxene Mg /Mg+Fe=94; Al _0,=0.5 to 1%
. . - 2°3
Clinohumite Ti0p= 4 to 6
Rutile Cr, Fe in solid solutiom

Ilmenite-Geikielite  Ti09=56; Fe0=30; Mg=13
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Kimberlite

Introduction

The occurrence and petrographic character of the kimberlite
and microprobe analyses of mineral grains separated from it permit
some important inferences to be drawn regarding the genesis of the
kimberlite and the composition and physical state of the mantle,

At the type locality in the Moses Rock dike, kimberlite is a
-micaceous, heavily hydrated, ultramafic microbreccia composed of
angular fragments, most of which are partially serpentinized olivine,
with orthopyroxene, clinopyroxene, garnet, spinel, mica, and rare rock
fragments set in a particulate, fine-grained groundmass of serpentine=~
type minerals. Petrographically this rock is similar to kimberlite
at the Kimberley Mine in South Africa as described by Williams (1932),
except that no diamonds were observed despite a diligent search. Its
most important characteristic is its brecciated texture. It is com-
posed of discrete angular mineral fragments, in no way displaying
textural features of a melt.

Understanding the genesis of the serpentine is critical in
establishing the genesis of the kimberlite. '"Serpentine,” is used
rather loosely here to refer to magnesian sheet structure minerals,
which occur in very distinct textural modes., The first mode is as
fine-grained groundmass, and a second, as an alteration product of
larger olivine. Alteration of orthopyroxene fragments is less
pervasive than olivine. Reconnaissance compositional data were

obtained in the context of the textures and will be discussed. Did
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the serpentine form at depth, during transport to the surface, or

after emplacement?

Occurrence and Description of Kimberlite

The mineral constituents of kimberlite make up about 127 of the
breccia filling the Moses Rock dike, however, over 90% of these
minerals are intricately mixed on a fine scale and dispersed throughout
the various breccia units. Only at several scattered localities within
the dike is kimberlite observed as a discrete mappable unit.

Kimberlite at the type locality occurs as a thin dike within a
large breccia block of Cedar Mesa sandstone member near the northeast
end of the dike (Plate 4), Here it is a dark greenish~black micro-
breccia containing olivine, serpentine, rare phlogopite, garnet,
pyroxene and small lithic fragments. The greenish-black rock from
the center of the dike was sampled in hand specimens and in bulk
(MR~1416A). The descriptions and chemical and mineral analyses of
kimberlite are from this occurrence. There is a thin contact zone
about 1-2 cm thick between the kimberlite and overlying pale orangish-
red sandstone. The contact zone is a light lime-green powder which
x-ray powder diffraction revealed to be antigorite, with minor talc,
no quartz, and no other mineral in significant abundance. The red
sandstone at the contact showed only minor bleaching. The lower con=-
tact is against a similar light lime-green unit, consisting of kimber-
lite minerals apparently diluted with silﬁ-and‘sand-sized sedimentary
rock debris. The lower contact is not well exposed,

In thin section, kimberlite is composed of millimeter sized,

angular fragments, mostly olivine, which exhibit varying degrees of



~171-

alteration to serpentine. These fragments are set in a fine-grained
groundmass, apparently also serpentine, but of a clearly different
texture than the alteration product of the angular fragments of
olivine (Plate 21)., Remnant patches of olivine are optically contin-
uous, Other common mineral phases include yellowish orthopyroxene,
red to wine-colored garnet, green clinopyroxene, and large grains of
mica. Amphibole and calcite are much less common. Relatively rare
are clinohumite, 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 orthopyroxene is relatively slight. Lithic fragments, generally
limestone 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 fibrous carbonate
are observed within the groundmass. Small chips of platy-fibrous
carbonate are commonly observed in the breccias or on the surface of
the ground within the dike, (One mile east of the Moses Rock dike at
the base of Comb Ridge in the Organ Rock Member, a nearly continuous
plate of this material separates the wall rock from the kimberlite-
bearing breccia (Plate 2B, C)). Microprobe analysis of plates sampled
from the satellite dike and from carbonate veins in kimberlite from
Moses Rock dike revealed that this material is nearly pure CaCOq with
less than 1% MgCO4 present. Optical determinations showed that it is
calcite, not aragonite,

Modal analysis of kimberlite (MR-1416A) showed that the rock is

approximately 85 to 907 serpentine; about 507 serpentine groundmass.
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Unaltered olivine is only 5 to 10% by volume. Approximately 45% of
the rock is olivine or altered olivine. Large sheet structure
minerals (mica and chlorite) form about 1% by volume; orthopyroxene

and altered orthopyroxene, about 2% (Table 16).

Table 16. Modal Analyses of Kimberlite (MR-1416A) Based on 1000 Points

Kimberlite

MR 1416A Thin section Thin section

Minerals 1 2
Groundmass serpentine 46 50
Olivine 10 } 46 6 43
Serpentinized olivine 36 37
Opx 1 } 1.6 1.0 2
Serpentinized opx 0.6 1.0
Clinopyroxene 0.0 1.8
Lithic fragments 4.3 0.0
Garnet 0.0 0.4
Mica 0.4 1.6
Carbonate 1.6
Opaques 0.6 1.6
Miscellaneous 0.9

100 100

X~-ray diffraction analysis of the pulverized rock revealed
serpentine, subordinate talc and possibly chlorite group peaks.

The general petrographic character of kimberlite at the type
locality is quite similar to kimberlite from South Africa as described
by Williams (1932) and subsequent workers. (In particular, compare
Plate 214, B, C with Williams, 1932, Plates 57 through 70). The major
difference is that no diamonds have been observed or reported in any
of the Colorado Plateau kimberlites. As in South Africa, the kimber-

lite is breccia. It is a rock composed of angular mineral fragments,
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mostly olivine, mixed with a few rock fragments, set in a fine-grained
groundmass of serpentine which itself, appears to be composed of
small particles., The rock generally is unfoliated, and shows no
deformational fabric.

Heavy mineral concentrates were obtained from a large sample of
kimberlite (MR 1416A) and the approximate relative proportions of
olivine, pyroxene, garnet, spinel and opaques determined. The con-
centration technique used involved mechanical crushing, a Wilfley
vibrating table, heavy liquids and magnetic separations. Dense phases
of spherical geometry are preferentially concentrated, particularly on
the vibrating table. Minerals of specific gravity greater than 2.95
were retained in the heavy liquid processing. Principally, serpentine,
calcite, quartz and feldspar are removed by these procedures. A
total of 29 fractions were weighed and the relative abundance of
minerals visually estimated by couniing techniques used in petrography
of unconsolidated coarse~-grained sediments. Many fractions were
homogeneous, so that no counting was required.

The results (Table 17) should reflect the present approximate

relative abundance of unserpentinized mineral grains in the kimberlite,

As in the modal analyses, the unaltered olivine to orthopyroxene ratio
is about 10 to 1 and the clinopyroxene is less abundant than the
orthopyroxene., Garnet is more abundant in the concentrate than in

the modal analyses which reflects preferential concentration of the
garnet relative to pyroxene and olivine because of its higher specific

gravity, equant habit and lack of cleavage.
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Table 17. Approximate Weight Percent of Heavy Minerals Concentrated
from Kimberlite (Sample MR 1416A)

Olivine 7
Orthopyroxene

Clinopyroxene

Garnet

Opaques + spinel

Misc,

=N o

100%

Chemical Composition of Moses Rock Kimberlite

Chemical analyses of two specimens of kimberlite from Moses Rock
were obtained (Table 18, Analyses 7 and 8). Both specimens analysed
are from the type locality, however MR~1416B (Analysis 8) is lighter
in color and appears to be more altered than MR-1416A (Analysis 7).
Compared to kimberlites from South Africa the Moses Rock kimberlite
is relatively rich i; Mg0O and poor in A1203, Ca0 and the alkalis,
Relative to the kimberlites at Buell Park, Arizona, the Moses Rock
kimberlite is depleted in silica, lime and alkalis and enriched in
MgO.

In its bulk chemistry, the kimberlite at Moses Rock is similar
to kimberlite elsewhere., That is, it is a hydrated, magnesian-rich
ultramafic rock.,

The kimberlite analyses recalculated on a volatile-free basis
(1 and 10) is very similar to the calculated spinel=-lherzolite compo-
sition (11)., The analysed antigorite-tremolite schist fragment is en=-
riched in Si0, and Na,C, and depleted in MgO. It possibly was derived

from a pyroxene-rich rock, rather than an olivine-rich assemblage.
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e 18. Chemical Analyses of Kimberlite from Moses Rock,
Buell Park, Arizona and Africa

Buell Pk, S.Af. Basutoland Peridot
1) (2) (3) 4) (5) (6)
47.50 43.27 36.58 30.72 30.13 40,81
3 1.38 3.49 7.15 4004 4.72 .10
3 4,34 5.78 6.69 6.65 8.15 .00
2.37 2.94 4,99 4.57 6.68 9.46
31.26 23.47 22,55 32.40 25.87 49.12
.65 7.71 6.05 6.30 7.05 .07
.11 1.08 .28 .17 .45 .01
37 2.57 <47 1.00 .96 .00
10.88 4.45 8.51 8.90 6.96 .11
1,15 1,50 3.31 57 1.55
.00 1.10 - 2,01 5.32
.08 1,70 2,67 1,81 3.60 .035
.02 .10 38 .77 34
0.12 .14 34 .16 012 .15

Kimberlite Tuff; Buell Park, Balk (1954) New Mexico Mine and
Min. Res., N. M. Inst, of Tech. Bull. 36.

Ave. of 8 kimberlites, So. Africa: quoted by Balk, ibid.

J. W. Dawson (1962) Basutoland kimberlites, G.S.A. Bull., 72,

, p- 545-5600

Ibid.

Ibid.

Olivine in Dunite, Peridote, Arizona. Ross, Foster, Myers,
po 707, Am- Min., V. 39, p. 693“737.
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Table 18. (Cont.)

Moses Rock
7 (8) (9)

SiO2 39.16 40,07 45.63
A1203 1.58 2.73 1.84
FeZO3 3.34 3.18 } 7.76
FeO 3.65 3.33
MgO 36.97 34,05 43,07
Cao 1.14 2.10 1,33
Na, 0 .05 .08 .06
K, .06 .08 .07
H,0* 11.20 11.50 -
}XZO- .85 . 1002 -
o, 1.20 1,27 -
Ti02 .09 .11 .10
P205 .03 .04 .03
MnO .09 .10 10

99.47 99.70 99,99

(10)

46.84
3.19

7.23

.13

100,00

7. Moses Rock kimberlite: Blackish-green dense

kimberlite: MR-1416A .,

8. Moses Rock kimberlite: Light lime-

green kimberlite: MR-14163B,

(11) (12)
44,60 50.93
3.90 3.85
7.90 3.71
2,82
41.00 34.76
1.78 3.00
0.13 .66
- .13
.02 .04
- .03
.15 .07
99.48 100.00

9. Analysis 7 recalculated water and carbon dioxide free,

10. Analysis 8 recalculated water and carbon dioxide free,

11, Calculated composition for spinel-lherzolite (MRX-2) based on
modal analysis and microprobe analysis of minerals (Anhydrous).

12, Antigorite-tremolite schist (MRX-51, Recalculated anhydrous).
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The whole rock chemical analyses permit further limits to be
placed on the abundance of certain minerals. The Ca0 content bounds

the possible clinopyroxene abundance; TiO,, the titanoclinohumite

22
abundance; K,0, the phlogopite content, and A1203, the pyrope abundance,

The Ca0 content of the kimberlite is 1.3%; the observed Ca0 range
. in kimberlite clinopyroxenes is 16 to 23%. Neglecting the Ca0 contri=
buted from dolomite chips known to be present, we find a maximum
clinopyroxene content is 5.3%. No other major Ca-bearing phases are
known, Thus, in view of the dolomite fragments, the 3% concentration
of clinopyroxene assumed in the calculations is reasonable.

If we assume all 'I.‘iO2 in the kimberlite analyses is contributed
by titanoclinohumite, we can place an upper bound on the abundance
of this phase, Kimberlite analyses (recalculated, volatile free) had
.10 and .13 TiOZ; the TiO2 content of the titanoclinohumite ranged
between 4 and 6%. Taking an average TiO, content of 5%, results in a
maximum clinohumite abundance of 2 and 2.6%. Other titanium=-rich
phases, particularly the opaque minerals, are known to exist in the
kimberlite, therefore these must be over estimates. The volatile
content of clinohumite is approximately 2% by weight H,0. 1f no other
hydrous phases are present, the assemblage would be .047% by weight.
Local concentration of 1% by weight, water would require complete
dehydration of a volume 25 times, The volume occupied by the reservoir
rocks, a concentration of 10% water by weight would have required a
volume of 250 times larger than the reservoir.

The kimberlite analyses yield .097% weight KZO' Phlogopites,

generally contain about 9% K,0, so a maximum abundance of 1% phlogopite
E)
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is implied.
The A1203 content of the kimberlite, 1.8%, is somewhat biased
by included shale and siltstone fragments, however it can be used to
place upper bounds on the aluminous phases in the kimberlite. Pyropic
garnets contain, on the average, 23% A1203, therefore a maximum 7-8%
pyrope is possible. Pyroxenes and serpentine, however, are known

to be aluminous. The estimated garnet modal abundance of 3% is con-

sistent with the chemistry of the kimberlite.

Diamond, Coesite Unobserved

The most distinctive feature of kimberlite is the presence of
diamond as a characteristic member of the heavy mineral suite. The
presence of diamond is significant from an economic point of view, of
course, but petrologically their significance is that diamonds virtually
assure that the rock containing them originated in the mantle, if the
diamond crystallized is within its stability field.

A search was made for the high-pressure polymorphs, diamond and
coesite, in the heavy mineral concentrate from a 200-pound sample of
Moses Rock kimberlite (MR-1416A) sampled at the type locality (shown
in Plate 10). ©None were found. The dense, non-magnetic fraction
contained a suite of heterogeneous zircons, subordinate barite and
and isotropic, transparent yellow mineral with very high relief and
an apparent octohedral crystal form. X-ray diffraction (Photograph
by W. B. Kamb) and electron microprobe analysis revealed this mineral
to be a nearly iron-free sphalerite, not diamond. ©No coesite was
observed,

Even in the Kimberley Mines, the concentration of diamond is in
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the part-per-million to part-per-billion range (Williams, 1932).
Thus, it is quite possible that a small samplé would not encounter
diamond, particularly large coarse-grained ones. It seems unlikely
that large diamonds would have gone unnoticed on the Navajo Reservation
because the Navajos are remarkably astute observers of their natural
surroundings. Garnets are abundant and well known locally. Diamond
was not observed during detailed mapping.

Several explanations are possible., First, the Moses Rock kimber-
lite formed outside the pressure-temperature stability field of
diamond; a conclusion at odds with data presented later in this report;
second, diamond is present but unobserved (believed to be unlikely);
third, kimberlite formed within the pressure-temperature stability
field of diamond but the other local conditions were not consistent
with its formation; for example, low carbon concentration or high

oxXygen pressure,

Serpentine

About 80 to 90% of the kimberlite by volume is serpentine or
similar hydrated ferromagnesian sheet structure minerals. Serpentine,
talc and possibly chlorite were identified by x-ray diffraction of a
whole rock sample. The fine-grained groundmass comprises about 50%
of the rock. The rest is psuedomorphic alteration products of
olivine and orthopyroxene.’

There are some crucial questionsregarding the origin of these
occurrences of serpentine which bear heavily‘on the problem of the

genesis of the kimberlite. Either, 1) serpentine was present in the
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reservoir prior to eruption, 2) serpentinization of the material
occurred during the eruption, 3) serpentinization occurred after it
was emplaced at its present site, or 4) part or all of the serpentin-
ized material was derived from the vent walls and mixed with unserpen-
tinized fragments. It is clear that the serpentine which is psuedo-
morphic after olivine and orthopyroxene was derived by hydration of
those minerals (Plate 21C). The question is, where and at what stage
of emplacement? TFirst, was the olivine present in the reservoir?
If so, was serpentine present as a stable phase in the reservoir
also and were these fragments transported to the surface with little
change? Or were the olivine grains transported from depth emplaced
and altered in their present site? Or did they originate as unaltered

olivine, to be altered (or partially altered) during transport, with

little subsequent alteration.

Probably even more important is the origin of the groundmass
serpentine. The same questions apply as above, but, in addition,
could this fine-grained groundmass-serpentine be completely derived
from the vent walls?

A reconnaissance microprobe investigation of the composition of
the serpentine in each textural mode produced puzzling results. 1In
a polished thin section of kimberlite, partial éhemical analyses
were obtained from an olivine grain, psuedomorphic serpentine
derived from this grain, a nearby orthopyroxene grain, psuedomorphic
serpentine after this pyroxene and several points in nearby fine-
grained groundmass serpentine (Table 19). Several differences between

the orthopyroxene and olivine are useful in considering the serpentine
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compositions., First, the orthopyroxene contains more silica but
also has a significant A1203 content, about 4,4 wt %. If serpentini-
zation had occurred without significant chemical exchange then there
should be a significant difference in the composition of the serpen=-
tine produced from olivine as opposed to that formed from the
orthopyroxene,

The analyses, however, indicate that the serpentine produced from
the same olivine grain is by no means homogeneous, rather varies
widely in its alumina and silica content, It appears that silica
and alumina were highly mobile in the system because the serpentines
differ so drastically from the parent minerals from which they were
produced (in A1203 content and Mg/Fe ratio, for example, Figure 40).
Because the serpentine compositions are so variable there is no
suggestion of equilibrium. The groundmass composition is consistent
with serpentine produced from a rock with pyroxene-olivine ratio,
ranging from 3:1 to about 5:1.

The kimberlite whole-rock chemical analyses and the serpentine=
rich schist also are intermediate between olivine and orthopyroxene

in bulk composition.



Table 19.

SiO2
Al O3
Ca0
FeO

Mg
Na 20

Si02
Al 03
Cal
FeO
MgO
NaZO
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Partial Chemical Analyses of Minerals from Polished Thin
Section of Moses Rock Kimberlite (MR-1416A),Including
Analyses of Psuedomorphic Serpentine and Unserpentinized
Parent Minerals and Groundmass Serpentine
Psuedomorphic Serp Groundmass
Olivine Olivine Serpentine Opx After Serpentine
from Olivine Opx
4 3 17 18 21 21 19 20
41.6 42.4 38.4 41.0 55.8 44,3 39.2 41.2
0.00 0.00 0.01 1.67 4,37 1,71 .56 .76
0.00 0.00 .05 0.03 0.69 0.03 .08 .02
7.65 . . 7.54 8.17 4,62 6.27 5.27 6.44 6.49
49,9 49.8 35.9 38.0 32.7 36,8 36.8 36.4
0.00 0.00 0.02 0.02 0.13 .01 .02 .03 .
99.1 99,7 82.5 85.4 99.9 88.1 83.1 84.9
Analyses of Serpentine
Recalculated to 100%
on Anhydrous Basis
46,6 48,1 50.3  47.2 48.5
.01 1,96 1.04 67 .50
.06 .04 .03 .10 .02
9.90 5.41 5.97  7.75 7,55
43,5 44.5 41.7 44,3 43,0
.02 .02 .01 .02 .04



4.0

1.0 —

-184-

-~ T TP OPX~Spinel—lherzolite
N

/ \
\ AOPX N\
\

\ \
\ \  Approximate range ot
Serpentine schist +—orthopyroxenes from
(MRX-51) 1 Moses Rock kimberlite
\

\
\
\
. \
Kimberlite 0©p
MRX-1416B

Kimberlite o A
MRX-1416A A

X Groundmass
3 serpentine
Olivine-spinef-

Range of olivine from Moses
herzohte _(

_....___/ _ Rock kimberlite

7
@_-

.80

] | J i I 1
.84 .82 .83 84 .85 .86 87 .38 .89 90

[MgO/MgO+ FeOl wt %




~185-

To sum up the observations: 1) serpentine in the kimberlite
occurs in two distinct textural modes, a) groundmass, b) pseudomorphs
after olivine and orthopyroxene, 2) aglteration of olivine grains is
pervasive; alteration of orthopyroxene is slight, 3) alteration pro-
ducts of both olivine and pyroxene approach nearly stoichiometric
serpentine, which means 8i0, and MgO were mobile (as was A1203), 4)
no severe volumne changes orxr dilational effects are observed; optical
continuity is preserved, 5) in crushing it was noted that serpentine
grains with olivine commonly survived intact, suggesting that the
grains may not be mechanically delicate, which suggests that partially
altered olivine might survive tramsport, 6) very little alteration
occurred at wall-rock contacts, so apparently no gross chemical
mobility occurred across the contacts, at the level now exposed, 7)
’the groundmass serpentine appears to be intermediate in composition
between kimberlite olivine and orthopyroxene, and is quite unlike the
serpentine~schist (MRX-51), especially in terms of its aluminum
content.

What, then, can be said about the origin of the various serpen=-
tines in the kimberlite? The groundmass serpentine is probably not
comminuted serpentine-schist derived from the vent walls, The most
likely source for the groundmass serpentine appears to be the
kimberlite olivine and orthopyroxene, in a ratio of 3:1 to 5:1.

The inferred conditions of formation for the kimberlite clino-
pyroxenes preclude the existence of serpentine as a stable phase in
the reservoir,

Either the serpentinization occurred during the eruption or
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after the kimberlite was emplaced, either immediately after or long
after, perhaps by groundwater action.

The apparent lack of deformation or local volume increase suggests
that the serpentinization was either iso~-volumetric if it took place
at the present site, or it took place before emplacement at the
surface. The lack of alteration of the contact rocks precludes gross
mobility of constituents across the dike contact at the present site.
This does not rule out local movement of these materials within
small volumes,

If water as a phase was present in the system at the time
immediately after the kimberlite was emplaced, interstitially between
unserpentinized mineral fragments, then serpentinization could occur
without significant bulk expansion. 1If water was introduced into the
system from outside, then a significant expansion would be required,
approximately equal to the specific volume of the water introduced
(Hess, 1954). This latter possibility appears to be precluded by
the lack of strain exhibited in the texture.

It does not seem to be possible to decide between the remaining
alternatives. It seems equally likely that 1) some alteration of
olivine and orthopyroxene took place during transport and prior to
emplacement at the present site, or 2) that serpentine was produced
in situ but from water which was introduced simultaneously with the
particulate fragments which were altered to serpentine shortly after
their emplacement.

It is suggested that the groundmass serpentine in the kimberlite

is produced in part by reaction of comminuted olivine and orthopyroxene
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from the reservoir with water, which was also present in the reservoir,
probably during transport toward the surface as the medium expanded
and cooled and immediately after emplacement at its present site.

Subsequent alteration has undoubtedly occurred,

Microprobe Investigations of Kimberlite Minerals

Introduction

Chemical énalysescﬁ mineral grains in kimberlite and other rocks
permit some discussion of their origin and relationship to each other.
About 400 analyses for 9 major elements were obtained for olivine,
orthopyroxene, clinopyroxene, garnet, spinel, clinohumite and some
other mineral phases. Of particular interest are comparisons between
minerals in kimberlite when compared to minerals in the dense rock
fragments and to inclusions in pyropic garnets.

These investigations show that the minerals in kimberlite
appear to be closely related to minerals in two distinct, but possibly
overlapping, assemblages; spinel-lherzolite and garnet~lherzolite,

A single fragment of spinel-lherzolite (MRX-2) was observed in the
Moses Rock dike; the garnet-lherzolite assemblage has been reconstruct-
ed on the basis of mineral inclusions observed within chrome-rich
pyropic garnets.

Of particular interest are the calcium-rich pyroxenes because
their composition is sensitive to the conditions of their formation.
Applying experimentally determined phase relations to the natural
minerals from the Moses Rock dike provides a means of estimating the

conditions of formation of these phases. Estimates of the conditions
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of crystallization of the Moses Rock minerals range from just below
the base of the crust to about 150 kilometers. Temperatures indicated
are near 900° C, below the liquidous temperatures in ultramafic
systems with very low KZO contents.

The occurrence of titanoclinohumite in the garnet~peridotite
assemblage is possibly of great importance as a plausible site for
water at high pressure and modest temperature in the lower parts of
the upper mantle.

More data were gathered than can be reasonably presented here,
so summaries of some of the interesting compositional relations will
be made.

In the following pages the mineral investigations will be reviewed.
First, garnets observed in the kimberlite will be described. Although
garnets similar to those in crystalline rock fragments are observed
in the kimberlite, a deep wine-colored, gem-quality, chrome-rich
pyrope is the most abundant type. These pyropes were not observed
in any fragment.v An investigation of these pyropic garnets revealed
that mineral grains were inciuded within them. Before proceeding on
to describe the compositions of the other minerals in kimberlite,
the results of the microprobe investigation of these inclusions will
be presented. The population of inclusions suggests that a garnet-
lherzolite assemblage existed somewhere, even though no fragments
were observed.

Following the discussion of the garnets and inclusions in the
garnets, the observations of each mineral group will be reviewed. The

compositions of these minerals can be compared with minerals from the
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dense fragments and the mineral inclusions in pyrope. It will be
seen that the kimberlite minerals generally fall either into two
distinct groups, one similar to spinel-lherzolite minerals, the other
like inclusions in pyrope (garnet-lherzolite?), or their compositions

form a continuum between these two extremes.

Garnet

The garnet population in the kimberlite is heterogeneocus. Refrac=-
" tive index data (Figure 32) extends previously published data on
garnets from Garnet Ridge and Green Knobs to the Moses Rock dike.
O'Hara and Mercy (1966) found a heterogeneous suite of garnets in
ant hills, including gem=-quality pyrope-rich specimens, which varied
in color from pink to orange to deep purplish~burgundy wine-colored.
They report chemical analyses of these garnets to be Cry0g-rich,
typical of kimberlite garnets elsewhere in the world.

Partial chemical analyses of thirty~five hand-picked garnets from
heavy mineral concentrates from Moses Rock kimberlite (MR~1416A),
confirms the conclusions drawn from optical data. The garnet popula=-
tion in the kimberlite is heterogeneous. Some garnets show clear
affinity to the garnets from the eclogite; others to the garnets
from the various metamorphic rocks. Yet another group of pyrope=-rich
grains is similar to the large, gem-quality, wine-colored specimens
collected from the ant hill. This latter group is the most abundant.

A summary of the composition of the garnet population from
kimberlite (Figure 33), when compared to garnets from crystalline
rock fragments in the Moses Rock dike shows that many specimens were

apparently derived from metamorphic rocks or eclogite. The chrome~rich
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pyropic-garnet, however, appear to be unique to the kimberlite.

Inclusions in Pyrope

Perhaps the most interesting specimens collected at the Moses
Rock dike were large pyrope garnets from ant hills, where they are
highly concentrated at the surface in the apron of coarse mineral
grains ejected from below by the ants. In a thin section of omne
large garnet specimen, a small grain of orthopyroxene was observed
which lead to a search for more inclusions in a large population of
pyropes. The result was the discovery of inclusions of olivine,
pyroxene, clinohumite, rutile, geikielite and an unidentified sheet
structure believed to be mica or chlorite.

Photomicrographs on the following‘page of a representative suite
of inclusions shows the typical form and setting of these inclusions.
The grains generally have ellipsoidal shapes, and commonly are
surrounded by a radiating curved array of fractures or a birefringent
halo. Both effects apparently result from stresses produced by differ-
ential volume change of inclusion and host in response to transport
to near-surface pressure and temperature conditions from a different
set of conditions aﬁ depth in which they were in mechanical equili=-
brium. 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).

The garnets are commonly quite homogeneous and the inclusioms,

while not always homogeneous, are not severely unzoned (Figure 34).
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The compositions of the host garnets and the inclusions are
rather uniform from grain to grain. Compositional data are summarized
on the following page. The garnets are typically near the composi=
tion Mg:Fe:0a=69:19:12 and have Cr203 contents between 1 and 37%.
Olivine, orthopyroxene, clinopyroxene and clinohumite have Mg/Mg+Fe
ratios near 94, The alumina content of the orthopyroxene is low,
between C.,5 and 1.1; in the clinopyroxenes, the alumina (or combined
R203) in excess of jadeite-type (NaRSiZO6) molecules is modest., The
clinopyroxenes are chrome diopsides, Cr,04 between 1.5 and 2% with
some jadeite and R203 (Tschermak) solid solution. The iron content
of the clinopyroxenes is modest. Rutile is a common inclusion but
it does not occur as the abundant needle-like exsolution rods so
well developed in more iron-rich garnets and in the eclogite garnets.
Also, analyses of the rutile commonly contain several percent Cr, Fe
and Mg. An opaque phase, Ti-rich ilmenite (geikielite) is present
which contains a considerable amount of Mg. Finally, titanoclino=-
humite is present within pyropes, a textural setting which virtually
precludes its origin as a near surface alteration mineral.

Inclusions of clinopyroxene were observed in two orange garnets
(0G-11, 0G-16). These garnets are more iron~-rich and contained very
little 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.

The suite of inclusions described above constitutes the mineral
assemblage of a garnet-lherzolite., Thus, although not represented at

the surface as a discrete wock, it suggests the possibility that
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Table 20, Summary of Compositional Data ou Inclusions Observed
in Pyropic Garnets from the Moses Rock Dike

Host Garnet Inclusions

Mg:Fe:Ca §£2g3

olivine Mg/Mgt+Fe=94
PG-2 70:18:12 1.7 clinohumite Mg/Mg+tFe=93; Ti0,=6.8
ilmenite
mica or chlorite fnot exposed at surface)
PG-24  68:19:13 1.5 olivine Mg/Mgt+Fe=93
PG1B67 68:18:13 2.0 orthopyroxene Mg/MgtFe=94; A1203=1.1;
Cr20 =O .3
3
orthopyroxene Mg/MgtFe=94; Al,05=0.5;
Cr203=0 .1
PG-23 69:19:12 2.3 ilmenite(geikielite) Ti09=56; Fe0=27; Mg0=15;
Lrutile T10,=95.0; Cry0 =2.7;
FeO=1.5; MgO=0.3
PG~6 65:24:11 1.4 ilmenite Ti0,=57; Fe0=33; Mg0=12;
Cr203=l
PG-3 69:19:12 3.0 rutile T105=93.3; Cr,04=5.3;
FeO=1.1

Ca-Rich Pyxoxene Inclusions

Ca/CatMg Alj05 Cry03 Nay0 Fel Fe/FetMg

PG-4 68:18:14 2.4 .498 2.3 1.3 1.2 1.3 .959
PG-5 68:20:12 1.6 .495 3.0 1.2 2.4 2.6 917
PG-9 69:19:12 2.7 481 2.6 1.7 2.3 1.8 941
0G~11  46:32:22 .04 .507 1.7 0.1 1.5 2.7 916

.505 1.7 0.1 1.7 2.6 917
0G-16 56:35:09 35 .484 6.7 0.5 4.7 3.2 .883
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garnet peridotites exist at depth.

Olivine

Partial chemical analyses of 40 olivine grains in kimberlite
were obtained., The (Mg/FeiMg) atom ratios range from 89 to 95, with
modal values being about 92 (Figure 35). Traverses of grains revealed
Ca, Mg, Fe variations of about 2 relative % across millimeter=-sized
grains, so the olivine is essentially unzoned.

Olivine grains in the Moses Rock kimberlite range from f°89
to fogs. Olivine in the spinel-lherzolite is foy,; olivine inclusions

in the pyrope-rich garmets is fo The olivine population in

93-94"
kimberlite spans the compositional range between the olivines observed
to coexist with spinel and garnet,

Olivines from South African kimberlites have similar compositions
to those in the Moses Rock kimberlite. Dawson {1962) reports f089-92
from Basutoland pipes; Nixon, von Knorring and Rooke (1963) report
kimberlite olivines of composition f090 or more, in the ultrabasic

inclusions in the South African pipes, but olivines of higher Fe/Mg

ratio are commonly found in the kimberlite.

Orthopyroxene

Partial chemical analyses of 39 orthopyroxene grains separated
from kimberlite (MR-1416A) show that the range of (Mg/Mg+Fe) atom
ratios is 90 to 93 (Figure 36). The Alp03 content ranges up to about
5% by weight. There appears to be no apparent correlation between
(Mg /FetMg) ratio and Al,04 content (Figure 37).

Crthopyroxenes similar in composition to those in spinel~lherzolite
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(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-
lherzolite, high alumina contents and low Mg/Mg+Fe ratios. This
suggests that if a garnet peridotite does exist at depth, that it
may be depleted in orthopyroxene.

Minerals analysed were selected from 4 different separations to
cover the spread of high and low density and magnetic susceptibility,
so it is believed that no masking of certain compositions was intro=-
duced artificially. 1In order to confirm this, 10 additional grains
were picked from the most magnesian fraction (which in this case was
the most magnetic because of the compensating effect of chromium).

No low-aluminum specimens were observed. Furthermore, exsolved
calcium~rich pyroxene lamellae of the order of 10 microns wide were
observed in several grains. Their compositions were similar to the
spinel-lherzolite type clinopyroxenes, and virtually no zoning was
observed in traverses, taking 3 micron steps. More iron~-rich grains

were observed, however, extending the (Mg/FeiMg) range to .87.

Clinopyroxene

Partial chemical analyses of 37 calcium=-rich pyroxenes from
kimberlite (MR~1416A) were obtained., 1If the data are plotted on a
diagram with A1203 against Ca/Ca+Mg ratio, it is immediately apparent
that these minerals fall into two groups (see Figure 37). One group,
characterized by high alumina contents and Ca/Ca#Mg ratios commonly
greater than .50, is similar in composition to clinopyroxenes in the

spinel-lherzolite fragment (MRX-2), and also to a clinopyroxene grain
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observed intergrown with a spinel. The other group, with low alumina
contents and Ca/Ca®Mg ratios below .50, is similar to those clino-
pyroxene inclusions in pyropic garnmets. The ratio of clinopyroxenes
similar to those associated with spinel relative to those with garmet
is about 2 to 1.

Compared to clinopyroxenes in the websterite, eclogite and
clinopyroxenite, those in the kimberlite have much lower solid solution
of jadeite molecule.

Compared to the South African kimberlite clinopyroxenes, those
from the Moses Rock kimberlite are not as iron-rich (Figure 38),
although the comparison is complicated by the uncertainty in Fe_*"3/]5‘e+2
ratio. Some of the Moses Rock kimberlite clinopyroxenes are much
more aluminous than the South African ones (Figure 39).

There is a rough inverse correlation between chromium and aluminum
(Figure 40). Alumina content is apparently independent of NaZO, how-
ever there may be some correlation between Nazo and chrome content.

The chromium~-soda correlation seems best developed in the group
clinopyroxenes with low alumina content, and is apparently uncorrelated
in the group with high alumina content.

The (Ca/Ca-Mg) ratio of the kimberlite clinopyroxenes is of
particular interest because of the sensitive thermometer in the ensta-
tite-diopside system, provided by the diopside solvus (Boyd and Davis,
1964 ; Davis and Boyd, 1966). 1In order to use these diagrams, it is
necessary to assume that clinopyroxene coexisted in equilibrium with

orthopyroxene, Boyd has noted that in the South African occurrences

of ultrabasic fragments in kimberlite, that orthopyroxene is commonly
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found without clinopyroxene, but clinopyroxene is essentially always
accompanied by orthopyroxene. In the suite of heavy minerals from the
kimberlite at Moses Rock,orthopyroxene is more abundant than the
clinopyroxene by about a factor of 5.

A comparison of Ca/Ca+Mg ratios of the South African and Moses
Rock clinopyroxenes (Figure 41) suggests that most of the Moses Rock
kimberlite clinopyroxenes formed at somewhat lower temperatures than
most of those from South Africa. The maximum formation temperature
suggested for the Moées Rock pyroxene is approximately 950° C.
However, since their alumina content is fairly high, this temperature
estimate may be too low because O'Haraihas éhown that A1203 extends
the miscibility gap in the enstatite-diopside system (Boyd, 1966).
Thus, the crystallization of these clinopyroxenes perhaps occurred
over a range of temperatures, with a maximum at perhaps 1000° ¢.

The conditions of crystallization of these clinopyroxenes can
be inferred by applying the diopside~enstatite thermometer just
described and the solid solution relations in the system diopside-
enstatite (0'Hara and Yoder, 1967). These results will be developed
later.

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

ite fragments.
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Spinel
Brown spinel is present in accessory abundance in the kimberlite,
and in one instance was observed coexisting with a clinopyroxene

fragment., Microprobe analyses of 6 grains showed compositions ranging

1
1.17%.9) A1, 07 ) Og and (g  Fe, O (AL

The variation in composition is systematic (Figure 42),

between (Mg ) O_.

Cr
3.5 0.5 8
and fall
along a line connecting these compositions. The Al and Mg rich

specimens are similar to those in the spinel-lherzolite fragment
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Titanoclinohumite

Clinohumite has been observed in polished sections as discrete
grains and in grains coexisting with olivine in kimberlite and also
as an inclusion in pyropic garnet (PG-2). It has a bright yellow
color in ordinary light which permits easy distinction from olivine.
Its textural relationships with olivine in the kimberlite and as
an inclusion within the pyrope virtually precludes its origin as a
near~-surface alteration product, therefore it must have been an
integral part of an olivine-pyrope bearing assemblage at depth,
perhaps garnet-peridotite,

Analyses of four grains from the mineral separates are available
at this writing, on which nine major elements were determined with
the microprobe. Grains from these same separates were powdered
and positively identified as clinohumite by x=-ray diffraction.

Ti0, contents are 4.7, 5.0, 5.0, and 5.63; Mg/Mg+Fe ratios .93, .92,
.90 and .89. All grains contained trace amounts of Cr and Mn.

Preliminary reduction of more data on coexisting olivine and
clinohumite indicate that Mg/Fe ratio of coexisting phases are vir-
tually equal. A preliminary experiment on a concentrate of clino=-
humite grains suggests that their O~activity may be rather high,
perhaps in the range of tens of ppm uranium equivalents.

Density of the clinohumite grains in approximately 3.25 gm/cc.

Humite group minerals are not commonly reported members of
kimberlite assemblages, although Balk has reported clinohumite
at Buell Park (Allen and Balk, 1954).

Clinohumite is not quantitatively important in the kimberlite



-209-
at Moses Rock (about 1%) but the possible significance of this phase
is great. Structurally the humite group is believed to consist of
inter~layered olivine and brucite; clinohumite has 3 olivine to 1
brucite and presumably the TiO, is accepted in the brucite layer.
It is a dense hydrous phase in the system MgO-SiOz-HZO, and could be
one site where water could reside in the lower parts of the upper
mantle. Kitahara, Takemouchi and Kennedy (1966) studied the system
MgO-SiOz-HZO to 30 kilobars and observed no humite group minerals,
The high pressure stability field of clinohumite, particularly in
Ti-rich systems is not known. The presence of a hydrous, titanium~-rich,
possibly radioactive phase in the upper mantle may be important from
the point of view of petrogenesis of kimberlite and basaltic melt,
as well, because dehydraﬁion of this mineral could release water,
titanium and possibly the large radii, radioactive elements as well,

The stability relatioms of titanoclinohumite at mantle conditions

would be of interest to investigate.

Other Coexisting Minerals

In polished thin sections of kimberlite, more than one mineral
was occasionally observed to coexist within a single grain or fragment.
These assemblages are summarized in the table on the following page.

Of particular interest are the spinel-clinopyroxene, orthopyroxene-
clinopyroxene, orthopyroxene-olivine pairs. All three mineral pairs
are similar in composition to minerals in the spinel-lherzolite,

Four examples of bastite (pseudomorphs after orthopyroxene)
clinopyrcxene intergrowths were observed. There appears to be little

correlation in the compositions of the coexisting mineral pairs



=210~
suggesting that the alteration of the orthopyroxene has disrupted
any systematic relationships which might have existed prior to the
hydration of the orthopyroxene.
Microprobe analyses on all the assemblages listed has been

obtained but is not completely reduced at this writing.

Table 21, Summary of Minerals (bserved to Coexist in Single
Fragments in Kimberlite (Other than Inclusions in Pyropes)

K-1-5 Orthopyroxene Mg /Mg+7e=.912; Al04=2.8; 3.7
Olivine Mg /Mg+Fe=.915
1416A Spinel Feg 6Al3'4CrO 50 (brown)

Mg
14-1B Clinopyroxene Ca}Cé+Mg 51235 Aly03=5.2; Cry0,=1.1;
Na,0=1.6; Fe0=2.1; Mg/Mg+Fe=.9%9

1416A Orthopyroxene Mg /Mg+Fe=.910; Al»03=4.0; Cr203=0.6
16-3 Clinopyroxene Mg/Mg+Fe=.936; Ca?Ca+Mg=.502;
A1203=5.5; Cr203=l.2; Nay0=1.8; FeO=1.9
Many Olivine MR 1416A Clinohumite
Clinohumite 16 Serpentine
Opaque
Many Olivine LChlorite or Mica
Clinohumite
Serpentine MR 1l416A Serpentine
14 Carbonate Mg/Mg+Ca O
Chlorite or Mica
Bastite
Clinopyroxene 63=5-2 63-5-1 63-4=4 63-3-5
Bastite Mg /Mg+Fe  .948 .905 .959 .870
Aly04 12.9 0.7 2.6 0.9
Ca-px Ca%Ca+Mg .501 .495 .492 .504
Aly04 .3 2,7 1.8 3.8
Cr,04 .75 2.7 1.4 1.5
Na,0 .95 2,7 1.5 2.0
FeO 2.1 1.6 1.4 2.0
Mg/Mg+Fe .936 . 947 .956 .933
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Opaques
No systematic investigation of the opaque mineral phases has
been attempted, although geikielite (titanium-rich ilmenite) is
reported as inclusions in the pyropic garnets. Two additional opaque
grains were analysed in the polished sections and these contained
Ti0,, 13.7, 21.2 and FeQ, 80.0 and 73.1 respectively. Titanium=-rich

opaque phases appear to be typical.

Other Minerals: Carbonate, Mica (?)

Carbonate and micaeous minerals are also present in the kimberlite
assemblage. The carbonate phases observed in polished thin sections
and in grains are nearly free of Mg.

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 CaCOB, almost free of Mg, Analysis of a 1/2" 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 limey siltstone (Cutler or Rico Formation) in the kimberlite
contained carbonate with appreciable Mg. It appears that this
magnesium-free carbonate is typical of the kimberlite at the Moses
Rock dike,

A diverse suite of sheet structure minerals, apparently including
micas (phlogopite, biotite), serpentine and chlorite is observed.
Brown, black and light-purplish mica are common constituents of the
kimberlite at Moses Rock, and form approximately 1% of the rock. A

systematic selection of these micas has been made and analysed with
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the microprobe but results are not available at this time. A mica
(?) from kimberlite was analysed during reconnaissance investigations
and a mica from a nearby minette dike was examined for comparison.
The kimberlite mica is quite iron-rich,(FeO 147%; MgO 14%), (properly
called biotitd and is highly zoned. The minette phlogopite is Mg~-rich
(FeO 5%; MgO 22%) and unzoned. Mica in the kimberlite locally was
observed juxtaposed against calcite. No dolomite or orthoclase was
observed. Reaction involving these phases has been studied at
moderate pressure by Bailey (1964). He found that phlogopite and
calcite in the presence of CO2 and HZO break down to orthoclase and
dolomite at low temperatures. The thermal boundary of the stability
field of phlogopite and calcite is determined in part by the HZO/CO2
ratio. This suggests a minimum temperature of emplacement of 300° c,

if the fluid phase was HZO’ with no CO Since the kimberlite mica

2.
is Fe~-rich, it is not clear that the phase diagram applies.

Wones and Eugster (1965) have shown that the stability relation-
ships of biotite-bearing assemblages are a function of many variables

which include the composition of the biotite, HZO’ 0., H, temperature,

92
From the data of Wones and Eugster it appears that temperatures

for the formation of phlogopite could not have exceeded about 1000° ¢
under any pressure conditions, and if it coexisted with olivine
(f090)’ not more than 800° C. The general effect of total pressure
on this diagram is to shift the biotite stability to higher tempera-
tures while PHZO and PH have little effect on the relationship shown
(Wones and Eugster, 1965, p. 1263). Bailey's diagram suggests that

the biotite had to form at temperatures exceeding 300° C, provided
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the present textural juxtaposition of calcite and mica implies
equilibrium,

It is of considerable interest to know whether or not the mica
was present in the reservoir or grew on the way to the surface.

If it was present at depth, and indeed did coexist with magnesian-
olivine, then this places a temperature limit which appears to be
something above 800° C, depending on how much the Wones=-Eugster
diagram is shifted by pressures of 20-50 kilobars.

In the kimberlite the mica (?) occurs as large discrete grains
but was observed intergrown with carbonate and serpentine in single
grains in thin section. This textural setting supports existence at
depth, rather than growth during or after transport. Davidson (1964)
pointed out that dated micas commonly yield ages significantly older
than the maximum geological age of kimberlite intrusions, suggesting
that they were not formed at the time of the event, but were
transported from below. This suggests that mica in kimberlite may
have been part of a mineral assemblage in the reservoir. However,
another plausible explanation is that the mica could have grown
during transport in an environmment rich in radiogenic argon. This
is consistent with the K-rich nature of kimberlite relative to
other ultramafic rocks,

Questions related to the micas must await reduction of the probe

data,
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Summary of Investigations of Kimberlite Mineral Compositions

Garnets in kimberlite are compositionally heterogeneous, Some
were derived from garnet-bearing crystalline fragments. However,
chrome-rich pyropes are the most abundant garnet in kimberlite and this
type was observed only in kimberlite, not in the rock fragments.

Inclusions in pyropic garnets are consistent with a garnmet~lherzo-
lite assemblage bearing Al-poor pyroxenes with accessory rutile,
ilmenite (geikielite) and titanoclinohumite.

Olivines from kimberlite range from f089 to fo95 and form a
continuum of compositions betweeen olivines in the spinel-lherzolite
(f°9o) and olivine inclusions in pyropes (f094).

Orthopyroxenes in kimberlite have Fe/Mg ratios similar to those
in spinel-lherzolite and are more iron=-rich than the inclusions in

pyrope. Furthermore, nearly all are aluminous (Al O0_> 2%), unlike

2°3
the aluminum-poor pyroxenes associated with garnet.

Clinopyroxenes fall neatly into two compositional groups, one
similar to inclusions in pyropes, the other like the pyroxenes in
spinel-lherzolite., All have Cr203 contents between 1 and 2.5%;
those in the garnet-like group have higher Cr contents. The kimberlite
clinopyroxenes have markedly lower A1203 contents than the calcium=-rich
pyroxenes in eclogite (X-1, X-50B), jadeite-rich clinopyroxenite (X~44)
and websterite fragment,

Spinels are Mg-and Al-rich, similar to those in the spinel-lherzo-
lite but contain significant amounts of Fe and Cr.

Opaque minerals are typically TiOZ—rich.

Carbonates'observed are Mg-free and mineralogically calcite.
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Clasts of Paleozoic limestones from below are typically dolomitic.

A diverse suite of sheet structure minerals exists which appears
to include phlogopite, serpentine, possibly chlorite. This group
of minerals is under investigation at present and results are not
yet available,

Several suites of minerals observed to coexist within single
fragments in polished sections of kimberlite include pyroxenes with
olivine, spinel with pyroxene, two pyroxene pairs and carbonate with
micaceous and serpentine~like minerals. The olivine-pyroxene, two-
pyroxene pairs, and spinel-pyroxene intergrowths are similar to
spinel-lherzolite minerals. The other assemblages are still under
investigation.

Finally, titanoclinohumite was observed in kimberlite polished
sections as discrete grains and intergrown with olivine and also
as inclusions within pyropic garnets. The textural relations pre~
clude its origin as an alteration mineral. It appears that clino-
humite existed at depth within a peridotite assemblage. This obser-
vation may be important because it suggests a possible site for
water in the upper mantle in a dense, hydrous olivine-like mineral

phase,



-216-

Inferences Drawn from Petrologic Investigations

Introduction

From the observations already presented it is possible to draw
some inferences about the nature of the earth's interior under the
Moses Rock dike and perhaps the processes which lead to the eruption,
In this section several problems are discussed and some conclusions
are reached.

1) The relationship between the dense crystalline rock fragments

and the kimberlite is examined and it is concluded that all except

the spinel-lherzolite fragment are virtually unrelated to the minerals
in kimberlite but are merely accidental inclusions of material sampled
from the vent wall during the eruption.

2) The location of the reservoir from which the kimberlite was

erupted is inferred from compositional relations in kimberlite
pyroxenes and pyroxene inclusions in pyrope. The composition of
calcium-rich pyroxene is a sensitive indicator of the P-T conditions
of formation because of solid solution relationships with other
minerals. By applying results of laboratory investigations on
natural and synthetic mineral systems to the observed compositions,
it is concluded that the clinopyroxenes in the Moses Rock dike were
derived from over a range of depths extending from the base of the
crust to about 150 kilometers. Indicated temperatures are modest,
generally below 1000° C.

3) The source rocks from which the kimberlite was derived are

inferred from the compositions of the minerals in kimberlite. Com-
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parison of these minerals with those in spinel-~lherzolite fragments
and inclusions in pyrope suggests that the kimberlite consists of
minerals derived rather directly from spinel-lherzolite and garnet-
lherzolite assemblages. Since the conditions suggested by the
pyroxene data are well below normal liquidus temperatures in low-
KZO ultramafic systems, it is suggested that the kimberlite may have
been emplaced from the upper mantle as a volatile-solid particle
system., The relatively great abundance of hydrous minerals in
kimberlite suggests that the volatile phase was mostly water, super-

critical at depth but gaseous near the surface.

4) The reconstruction of a column through the crust and upper

mantle is attacked using data gathered on the diverse and abundant
suite of crystalline rock fragments in the Moses Rock dike. This
suite of rocks suggests that a long vertical column of rocks has

been sampled, perhaps spanning the entire crust and part of the upper
mantle. Field observations of size and relative abundance of crystal-
line rock fragments combined with lab studies of their petrography
resulted in the construction of such a crustal-upper mantle model,
which has the following characteristics. The upper crust consists

of granitic and meta-basalt in rocks in the upper portions, mafic
amphibolite and granulite gneiss at depth, and possibly hydrated
ultramafic rocks similar to the antigorite schist fragments. In

this model, the upper mantle consists of eclogite, partially hydrated
ultramafic rock, predominantly spinel-lherzolite, and abundant
pyroxenite. At greater depth the mantle consists of garnmet-lherzolite,

The thermal and physical properties of this model are investigated.
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5) The nature of the Mohorovicic discontinuity is discussed.

The Moho occurs at 42 kilometers locally and is defined by transition
between regions with p-wave velocities of 6.8 and 7.8 km/sec. The
observations suggest that the Moho may occur in a petrologically
complex region and that the transition between crust and mantle may
involQé a) hydration~-dehydration, b) basalt (mafic granulite gneiss)-
eclogite, and c¢) mafic-ultramafic transitions. Hydration, phase and

compositional changes are probably involved in the seismic discon-

tinuity.

Relationship of Kimberlite and Dense Inclusions

The abundant partial chemical analyses of mineral grains from
kimberlite and of minerals from the various inclusions permit some
comparisons to be made and conclusions to be drawn about the genesis
of these rocks.

There are striking chemical differences between minerals observed
in the crystalline rock fragments compared to the kimberlite. The
A1203 content of clinopyroxene in eclogite, websterite and jadeite-~
clinopyroxenite is out of the range of the kimberlite clinopyroxenes.
The kimberlite clinopyroxenes form two distinct compositional groups;
one like the spinel-lherzolite clinopyroxenes, the other like
clinopyroxene inclusions in pyrope. The websterite orthopyroxenes
are much more aluminous than kimberlite ones; the spinel-lherzolite
orthopyroxenes are within the kimberlite range. Spinel-lherzolite
is the only olivine-bearing inclusion collected and the composition

of its olivine is just within the kimberlite raage, on the iron-rich

end, Garnets, like those from eclogite and metamorphic rock fragments
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are observed in the kimberlite garnet suite, but the abundant chrome-
rich pyrope garnets in the kimberlite were not observed in any crystal-
line fragment type.

The minerals in websterite, jadeite-clinopyroxenite and eclogite
(clinopyroxenes) are chemically distinct from the kimberlite minerals,
so we conclude that kimberlite was not formed from physical disaggre-
gation and/or alteration of these rocks in any significant degree
volumetrically. The spinel-lherzolite, however, could represent a
direct parent for some, but not all, of the kimberlite phases.

The bulk rock chemical composition of the serxpentine=-rich

schist differs from the kimberlite (in A120 Ca0 and alkali content),

3°
and thus is not believed to be a direct source of a significant
amount of material in the kimberlite.

The textures of some dense fragments contain important clues
to their origin. The spinel-lherzolite and websterite have granoblas-
tic (recrystallized) textures which preclude their origin as simple
crystal-accumulates or partial melting residuesrelated to a magma.
The jadeite-clinopyroxenite, however, has a disequilibrium foliated
texture (zoned subhedral crystals of unequal size), thus possibly
could be related to a magmatic process. The presence of pyrite in
this rock, however, precludes liquidis temperatures. Thus the
jadeite-pyroxenite could have formed under a wide variety of conditionms,
but it is definitely not a source of mineral fragments in the kimber-
lite.

It appears most likely that websterite, jadeite-clinopyroxenite-

eclogite, and serpentine-rich schist were not present in abundance
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in the kimberlite reservoir but rather represent "accidental" inclu-
sions of material derived from the vent walls as the kimberlite
erupted. It is felt that they may be mantle rocks, sampled from
below the crust and somewhere above 150 kilometers., The spinel-lher-
zolite could be derived from depths just below the crust or it could
have been present at greater depth if it coexisted metastably with
garnet-lherzolite.

The websterite, jadeite-clinopyroxenite, and eclogite are all
highly aluminous rocks which may be important in regards to their
genesis. The melting experiments on garnet~lherzolite by Ito and
Kennedy (1967), and Yoder and Tilley (1962) suggest that these
rocks could have originated by a process of partial melting of garnet-
peridotite, then crystallized and later recrystallized all within the
mantle, According to Ito and Kennedy (1967), first melting of
garnet-lherzolites is reported to occur on the garnet-clinopyroxene
grain boundaries producing aluminous liquids.

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" xenolithic fragments, unrelated to the kimberlite in

any direct way.

Location of the Reservoir Inferred from Clinopyroxene Compositions

Minerals in natural four-phase peridotites (rocks containing
plagioclase, spinel or garnet in addition to oliivine and two pyroxenes)
consist of complex solid solutions whose compositions are variable

depending on the conditions of their genesis. The mineral whose
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composition is most sensitive to conditions is calcium=-rich pyroxene,
because of solid solution relationships with both garnet or spinel
and with calcium-poor pyroxene, Experiments have shown that in the

system Mg0-Ca0~Al_O -SiOZ, at a given temperature and pressure, the

23
composition of a clinopyroxene coexisting with orthopyroxene, olivine
and spinel or garnet is uniquely determined.

Specific P~T assignments can be made to individual clinopyroxenes
in four-phase peridotite assemblages on the basis of their Ca/Calig
ratio and A1203 content (in excess of jadeitic (NaRSi2

The Ca/CadMg ratio is a measure of the amount of enstatite solid

06) component) .

solution in the clinopyroxene; the alumina content (or rather
R203 = Alzo3 + CrZO3 + Fe203) is a measure of the garnet solid solution.
Both solid solution relations are P-T dependent each with different
functional relations to P and T. As a result, the composition of
clinopyroxenes within the stability field of a given four-phase peri-
dotite assemblage is unique, at least in theory.

Experimentally determined phase diagrams are the basis of these
interpretations. O'Hara (1967) has recently summarized the experimen-
tal and observational work of many authors on mineral relationships

in the system CaOJMgO—A1203-SiO and natural systems which approach

2
this compositional tetrahedron.
An excellent review of experiment and observation on ultramafic
systems and rocks can be found in Wyllie (1967), so no attempt is
made to sqmmarize previous investigations here., It is important to

point out that the effects of additional components on the behavior

of these systems has not been fully evaluated. The most important
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substitutions quantitatively are Cr and Fet3 for AL, Fe+2

for Mg
and the addition of Tioz, NaZO and KZO. Trace amounts of other
constituents such as MnO, NiQ are probably unimportant.

Figure 43 is O'Hara's provisional grid of compositional parameters
for clinopyroxenes projected into P-T space. The compositional
parameter alpha (&) is based on the diopside enstatite solid solution

relation; beta (B) on the solid solution of garnet molecule (R203)

in clinopyroxene, where:

wo x 100  and B = 2 x 100
="wo + en (al + wo + en)
and:
wo = CaSiO5 wt 7%
en = MgSiO3 wt %
al = A1203 wt %

The conversion of natural pyroxenes into this sytem was accom-
plished by the convention used by O'Hara as follows: wo = weight

CaSiO3 equivalent to Ca0 in the analysis; en = weight MgSiO3 equiva-

lent to Mg0O, FeO, MnO and NiO present; al = weight A1203 equivalent
to all A1203, CrZO3 and Fe203, less and amount equivalent to any
Nazo and KZO present as NaRSiZO6 or KRSiZO6 molecule,

O'Hara's tabulation of observed natural pyroxenes is shown in
Figure 44, Especially noteworthy are the results for nodules in
kimberlites and the single lherzolite nodule from the Navajo (Green
Knobs) diatreme. The nodules in South African kimberlites range
from 30 to 45 kilobars and from 1000 to 1200° C, quite near the

calculated steady-state Precambrian shield geotherm of Clark and
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Figure 43. Precvisional P-T projection of compositional
parameters for clinopyroxenes in four-phase
peridotite assemblages (after O'Hara, 1967)
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Ringwood (1964). The Navajo (Green Knobs) peridotite (lherzolite
with neither spinel or garnet observed) originated at about 27
kilobars and 1200° C.
Before P-T 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/]5‘e+2

ratio because the microprobe
does not distinguish between oxidation states. This was done by
assuming ratio ferric iron to total iron has a linear relationship
with soda similar to that in chemically analysed clinopyroxenes in
peridotites (Ross, Foster and Myers, 1954). (A suite of clinopyroxenes

+3/Fe+2 analyses). The curve used is shown

is in preparation for Fe
in Figure 45.

After calculating the ferric-ferrous ratio, the compositional
parameters ¢ and 3 were determined from the clinopyroxene analyses,
and plotted on O'Hara's provisional diagram P-T as functions of «
and B (Figure 46).

Results for clinopyroxene grains from Moses Rock kimberlite,
dense rock fragments and inclusions in pyropic garnets suggest:

1) if the clinopyroxenes from the Moses Rock kimberlite were in
equilibrium with a four-phase peridotite assemblage, that they formed
over a range of depths extending from the base of the crust to

about 150 kilometers, 2) that temperatures indicated are modest,
probably below liquidous temperatures in ultramafic systems of low
KZO content, 3) pyroxenes in the lherzolite fragment (MRX-2) appear

to have originated at about 18 kilobars (55 kilometers) and 1200° c,

4) pyroxene inclusions in garnet, and several kimberlite clinopyroxenes,
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plot along a calculated geotherm for specific crustal-upper mantle
model (CP-1), developed from the crystalline rock fragments in the
Moses Rock dike (model discussed in the next section), 5) a cluster
of points falls near 40 kilobars and 500° C, unlikely conditions at
such depths. Included in this group of points is a pyroxene inclusion
in an almandine-rich garnet (0G-11), which may be part of an eclogite
rather than a peridotite assemblage. That pyroxene may not be eligible
for this treatment and interpretation.

Uncertainty introduced by analytical errors are believed to be
small. Random analytic errors are of the order of 1% of the value or
less, except for quantities present in amounts below a few weight
percent. The errors in P-T determinations due to analytical error
therefore are small, although the sensitivity to error is not constant
throughout P-T space. Tor example, it is clear from the spacing
of the isopleths in Figure 43 that the effect is much greater at
low temperatures and pressure (such as at 500° C and 20 kilobars)
than at high temperatures and pressure (1200° C and 40 kilobars).

However, a great deal of uncertainty still exists in assignment
of specific P~T conditions of formation for the minerals, primarily
because of the presence of components other than Si02—A1203-MgO-CaO.
Plotted in Figure 47 are envelopes of possible P~T conditioms,
which although extreme, would still be consistent with
the analytical data on clinopyroxenes from pyropic garnets and from
the spinel-lherzolite fragment. Since the 1?‘e-'-3/}:"e+2 ratio is unknown,
possible extremes in the B value are 1) a maximum if all iron is

+3

+2
Fe'”, and 2) a minimum if all iron is Fe . Similar extremes in &
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can be obtained 1) if one assumed that all R203 solid solution
occurred as lime-Tschermak's molecule (CaRZSiO6) which would reduce
the calcium in enstatite~diopside system to produce a minimum O
value. A maximum & value is obtained by ignoring Fe, Mn, Ni and using
only the Ca/CatMg ratio to calculate &. These limiting values for
@ and B define limiting envelopes within which the clinopyroxenes
must lie. The envelopes are probably extreme; furthermore shifts
due to these effects would be systematic in the sense that all
points would be displaced along nearly similar paths, both in
direction and length.

Other problems exist in interpretation of observed analyses
in terms of P-T conditions of their formations. Aside from the
analytical and interpretive uncertainties, are the necessary
assumptions that the mineral phases coexisted in equilibrium. This
cannot be demonstrated for individual clinopyroxene grains, separated
from kimberlite. Individual grains are generally unzomned. For
inclusions in the pyropic garnets, orthopyroxene and olivine inclusions
are observed in compositionally identical pyropes so all may have
existed in a related four-phase assemblage. TFor the spinel-lherzolite
fragment, no such assumptions are required, since spinel, olivine and
two pyroxenes are observed to coexist in a granoblastic texture of
essentially unzoned minerals.

It has been demonstrated experimentally that the solid solution
relations between two minerals observed in binary systems do not
behave identically in four-phase assemblages. An important example

is the contraction of diopside-enstatite solvus region in four-phase
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assemblages (0'Hara and Yoder, 1967). An erroneously high temperature
would be estimated by using the two-component diagram.
With all the uncertainties in mind, it appears that kimberlite
clinopyroxenes originated from a range of depths extending from the
base of the crust to about 150 kilometers. Indicated temperatures

are somewhat less than 1000° .

Source Rocks and Genesis of the Moses Rock Kimberlite

The observations of the occurrence of kimberlite in the Moses
Rock dike suggest that kimberlite was not a silicate melt when
emplaced but :ather was a fluidized system consisting of gas (or
very low demnsity fluid phase, mainly water) and particulate solids.

The possibility that the kimberlite was emplaced at the present
level of erosion as a magma, that is, as a true silicate melt, is
dismissed for the following reasons. The kimberlite is composed of

discrete angular particles in a fine-grained matrix itself composed

of small particles., A silicate melt in this ultramafic system,
regardless of its water content, implies temperatures greater than
1000° C and probably more. The KZO content of the kimberlite is less
than 1%, so the presence of a low-temperature silicate melt at the
present surface is precluded. The thermal effects on limestone chips
and small red-bed fragments in undiluted kimberlite are trivial and
restricted to minor bleaching. Thermal effects on contact rocks is
restricted to minor bleaching of red-beds. There is no suggestion
of flow structure in the kimberlite. 1In fact, its petrography

implies the rock is a physical agglomeration of fundamentally angular

particulate chunks of minerals and rocks. The rock fragments in
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kimberlite have size frequency distributions like material ground
in mechanical comminution processes, such as ball-mills, In the
complex breccias mapped, the dilution of kimberlite with fragmental
debris commonly reached 10 to 1, or more in the rubble unit. The
kimberlite was intricately mixed with this debris on a fine scale
such that the rock was nothing more than a friable conglomeration
of homogenized particles from divergent sources.

It is concluded that the kimberlite was not a magma at this
level but rather consisted of particulate and fluid phases. No trace

,0 and CO, in some

of the fluid phase is left; presumably it was HZ 5

proportion.

The intricately mixed nature of the breccia suggests that the
intruding material at the level of the present surface was highly
fluid and probably highly gaseous. The lack of thermal effects on
inclusions and contacts suggests the system was relatively cool.

There is nothing in the texture of the kimberlite or its field
occurrence which suggests that it was even partly silicate melt at the
level now exposed, This does not preclude the possibility that the
kimberlite or some part of it, was a true silicate melt at depth

or within the reservoir.

The experimental results of Kitahara, Takenouchi and Kennedy (1966)
suggest that no melt exists in the system MgO-SiOz-HZO at 30 kb near
900° C. The addition of K,0 to this system does not produce a K-rich,
Mg-poor silicate melt coexisting with fluid and solid phases, but the
KZO content of the Moses Rock kimberlite is low. The amount of melt

which might be produced because of the presence of KZO would be very
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small,
The preponderance in abundance of hydrous minerals over carbonate

phases suggests that H,0 was the dominant fluid phase, rather than

2
GOy .

The genesis of kimberlite and kindred rocks has been the subject
of much interest and controversy. It appears that a continuum may
exist between carbonatites and kimberlites, perhaps depending on

the ratio of C02 to H,O0.

2

If the kimberlite was not produced from a silicate magma, then
the mineral fragments must have been derived from preexisting rocks
in the vicinity of the reservoir.

If one assumed that 1) only two assemblages were present, garnet-
peridotite and spinel-lherzolite, 2) the kimberlite was derived from
these rocks and 3) the observed modes of the kimberlite and spinel-
lherzolite were representative of large volumes of material, then the
relative proportions of mineral phases in these rocks places a limit
on the modal composition and relative abundance of garnet-lherzolites.

The following table shows the range of garnet-lherzolite modes
which are consistent with a hypothesis that the kimberlite formed
as a simple mixture of spinel-lherzolite (MRX-2) and garnet-lherzolite,
assuming the kimberlite and spinel-lherzolite modes shown. The garnet-
lherzolite mode is controlled by the relative volume fractions of
spinel-lherzolite (XS) and garnet-lherzolite (Xg)’ because Xg + X =
1,00, For an assumed Xg’ there is only one modal composition for the
garnet-lherzolite which is consistent with the kimberlite and spinel-

lherzolite modes assumed.
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Table 22. Range of Possible Garnet-Peridotite Modes Consistent
with the Origin of Kimberlite as a Simple Mixture of
Spinel and Garnet-Peridotites

Kimberlite Spinel-
Mode Lherzolite
Mode Fraction of Garnet-Lherzolite in Mixture
(MR-1416A) (MRX-2)
‘ .676 o7 .75 .8 9 .95
oL 80 54 92.5 9l.1 88.7 86.5 82.9 8l.4
0PX 12 37 - .8 3.7 5.8 9.2 10.7
CPX 3 7 1.1 1.3 1.7 2.0 2.6 2.8
Garnet 3 - 4.4 4.3 4.0 3.7 3.3 3.2
Spinel 1 2 - - - - - -
Other 1 - 2.0 2.5 1.9 2.0 2.0 1.9

The estimated relative abundance of mineral phases in spinel-

lherzolite (MRX-2) and kimberlite (MR-1416A) determined by several

methods, is shown below.

(1) (2) (3) (4)
Olivine 54 55 79 85
Opx 37 31 8 12
Cpx 7 - 2 1
Garnet - 4.5 6 L
Others 2 1.5 5 1

100 100 100 100

(Others = Spinel,

Mica -+ Opaques)

(1) Mode of spinel-lherzolite (MRX-2)

(2) CIPW norm of kimberlite (MR~1416A) converted to garnet-
bearing assemblage with reactions
-a) corundum + enstatite — pyrope
b) magnetite as Fe0Q and FeO + hypersthene - olivine

(3) Minerals in heavy mineral concentrates {rom kimberlite
(MR-1416A)

(4) Recalculated mode of kimberlite (MR-1416A), assuming
groundmass serpentine represents ol:opx = 4:1
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It is possible to make some estimates of the relative proportions
of garnet-peridotite (Xg) by using the relative abundance of various
mineral phases in the spinel-lherzolite and kimberlite, and the
cbserved affinities of minerals in kimberlite to either spinel or
garnet assemblages., First, X cannot be less than .676 to avoid
negative orthopyroxene abundances in the garnet-lherzolite,

Next, kimberlite clinopyroxenes with affinities to spinel
assemblages outnumbered those like clinopyroxenes in garnet by about
2 to 1, thus we may write:

X_ CPX
& g

~

1
X, CPX 2
where Xg’ XS are the volume fractions of garnet and spinel-lherzolite
and CPXg, CPXS are the abundance of clinopyroxene in each rock. From
the modal analysis of the spinel-lherzolite CPXs is .07. Taking
Xg =1- Xg’ we find that the ratio above is about 0.5, when the volume
fraction of garnet-peridotite (Xg) is about 0.72,

Another estimate of the volume fraction of garnmet-peridotite

can be made from the observed very low abundance of kimberlite
orthopyroxenes similar to those in the garnets. Only one in forty
was similar to the garnet orthopyroxene in A1203 content, although
even this specimen had a markedly lower Mg/Mg+Fe ratio. Hence, the
ratio of spinel to garnet-lherzolite orthopyroxenes is high. Suppose
we take the ratio to be only 20:1. The abundance of orthopyroxene in

spinel-lherzolite is known from the mode (.37) and again taking

X, =1~ Xg, we find only a value of Xg = ,68 to .70 would produce
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such a low ratio of orthopyroxenes in kimberlite.

Finally, two orthopyroxene inclusions were observed in pyropic
garnets; five clinopyroxene inclusions were observed, although only
3 of these were in chrome-rich pyropes in the typical narrow composi-
tional range. The two pyroxenes may be present in roughly equal
abundance in the garnet-bearing assemblage. 1In order to satisfy
this condition, the garnet-peridotite volume fraction must be very
near .70.

Referring to the table of possible garnet-peridotite modes, it
is seen that at a garnet-peridotite Qolume fraction of .70 (spinel-
lherzolite .30) that the required mode is olivine 91, orthopyroxene 1,
clinopyroxene 1, garnet 4, others 3. This rock is a garnet-lherzolite
approaching a garnet-dunite in composition.

This petrographic model is based on modal analyses of only two
rocks, spinel-lherzolite (MRX-2) and kimberlite (MR-1416A) and has
obvious limitations.

The observations at the Moses Rock dike are comsistent with the
hypothesis that the kimberlite was emplaced from the mantle, at
depths extending to 150 kilometers, from a reservoir of unknown
extent and geometry which contained HZO as a free phase, and that
the erupting kimberlite consists of this volatile phase plus the
products of physical disaggregation of spinel-lherzolite and gérnet—
lherzolite assemblages, with high-aluminum and low aluminum pyroxenes
respectively. Volume proportions of spinel and garnet-lherzolite, of
30 to 70, respectively, are consistent with observed mineral composi-

tions and abundances. Temperatures indicated by clinopyroxenes are
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below liquidus temperatures for silicate magmas in the compositional
system represented by kimberlite. The generally unzoned character
of inclusions in pyropes and the observable strain effects in the
garnet surrounding these inclusions argues that these fragments
existed as discrete crystalline entities before their incorporation
in the erupting kimberlite and transport to the surface and that
they were mechanical equilibrium in a P-T environment radically
displaced from the surface.

It is believed that spinel and garnet-lherzolite are the rocks
which formed the reservoir from which the eruption occurred, and
that most, if not all, of the crystalline phases in the kimberlite
(olivine, pyroxene, garnet, spinel, clinohumite, ilmenite, mica)
were derived from disaggregation of rocks at depth.

The table on the following page summarizes the inferred relative
abundances, modal and mineralogical compositions of the two assemblages
from which the Moses Rock kimberlite was derived.

It was concluded in an earlier discussion that the serpentine-
type minerals in kimberlite were formed by hydration of preexisting
olivine and orthopyroxene, most of which occurred either during
transport or immediately after emplacement by water derived from

the volatile phase,
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Table 23. Inferred Assemblages from which the Moses Rock
Kimberlite was Derived

Spinel-~Lherzolite
54 0livine Mg/Mgt+Fe=90
37 Orthopyroxene Mg/Mgt+Fe=91; A1203=2.5 to 5%
7 Clinopyroxene Ca/CatMg=48 to 52; Aly04=4 to 6.5%;
Cr,03=.8; Mg/Mg+Fe=94; Na,0=1.2; Fe0=1.8
2 Spinel Mg/Mg+Fe=6C to 70; AL/Al+Cr=60 to 80
Serpentine

Garnet-Lherzolite

691 Olivine Mg/Mg+Fe=94
1 Orthopyroxene Mg/Mg+Fe=94; Al,05=0.5 to 1%
1 Clinopyroxene Ca/CatMg=48 to 50; Al,0,=1.5 to 3.0;

Cr,04=1.5; Mg/Mg+Fe=92 Lo 96;
Naj0=1.2 to 2.5; FeO=1.3 to 2.5

4 Garaet Mg:Fe:Ca=69:19:12; Cr203=1.4 to 2.5
rIlmenite (Geikielite) Ti02=58; Te0=33; Mg0=12
) Rutile Some Cr, Fe, Mg in solid solution
’ Clinohumite Mg/Fe+Mg=88 to 93; Ti0,=4 to 6%
LMica or Chlorite

7 Part Garnet-Lherzolite
Kimberlite + Volatiles
3 Part Spinel-Lherzolite
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Reconstruction of a Column Through the Crust and Upper Mantle

By combining the field and petrologic results with the relatively
abundant geophysical data available locally and regionally, some
interesting conjectures on the vertical structure of the crust and
upper mantle can be developed.

Since it has been shown that some minerals in the kimberlite
were probably in equilibrium at pressures equivalent to a depth of
150 kilometers, then the crystalline fragments represent the
equivalent of badly scrambled cuttings of a 150 kilometer long drill
hole.

Field studies of the block size distribution of the sedimentary
rock fragments in the Moses Rock dike have shown that an inverse
size-depth relationship exists, If a similar law holds for the
crystalline fragments, then their relative depths of origin can be
inferred from their relative size, subject to possible differences
in grinding coefficients, initial size and other factors.

A great deal is known about the local subsurface structure,

A reversed seismic refraction profile was recorded between Hanksville,
Utah, and Chinle, Arizona, which passes through Monument Valley, very
near the Moses Rock dike. The variation of P-wave velocity with

depth in the vicinity of the dike was interpreted by Roller (1965)

to be:
Depth P-wave Velocity
Surface~3 km 3 km/sec
3-28 km 6.2 km/sec
28-43 km 6.8 km/sec

Below 43 km 7.8 km/sec
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The upper mantle in the western United States is characterized
by a low P-wave velocity and low density (Pakiser and Zietz, 1965).
Upper mantle P-wave velocities of 7.8 km/sec are typical in the
west; 8.0 km/sec or greater in the east.

Heat flow data are sparse. Roy (1963) has measured two relatively
high values in Utah, both in mining districts which probably are
not typical of the region. More recent data suggest a regional
heat flow slightly above normal, in the range 1.2 to 1.5 (Roy,
personal communication).

Regional northeast-southwest trends have been reported in
aeromagnetic and gravity surveys which are believed to be regional
trends in the buried crystalline rocks (Case and Joesting, 1961).

Crystalline basement rocks do not crop out in the vicinity
of the Moses Rock dike. Such rocks are exposed in the region,
however, in the San Juan Mountains and on the Uncompaghre Uplift
in southwest Colorado, on the Defiance Uplift in New Mexico, and
in the inner gorge of the Grand Canyon, Arizona. Foliated rocks
generally trend north-eastward, parallel to the regional gravity
trends. Rocks from drill holes in south-western Colorado, about 60
miles east of Moses Rock, have been described by Edwards (1966) as
orthogneiss, granitized paragneiss, granitic igneous rocks and cal-
careous and quartzo-feldspathic, pelitic and basic paragneiss, with
northeast trending foliation where exposed. Drill holes near Bluff,
Utali, about 20 miles east of Moses Rock, produced granite and
quartzite (Fitzsimmons, 1963, p. 14). He reports that chlorite schist

or phyllite, consisting of chlorite and quartz was encountered at
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Bluff. Thus, the literature suggests the exposed basement consists
of granitic rocks mixed with basic meta-volcanics and meta-sediments (2)
of amphibolite and greenschist metamorphic grade.

The crystalline rock fragments in the Moses Rock dike represent
a wider range of types, undoubtedly reflecting variation through a
wide vertical span.

The detailed mapping of blocks within the dike revealed that a
general inverse block size-depth relationship exists among the
sedimentary rock blocks transported upward. This relationship
provides an empirical rationale for recomstruction of the original
vertical sequence of crystalline rocks. This implies to first order,
that the smaller the blocks of a given type, the greater the distance
up the vent they had travelled, the deeper their original location.
Such a relationship could result from either (or both) fluid mechanical
sorting of fragments by differential settling of blocks according
to density, size and shape in the moving fluid medium, or comminution
during transport. Large basement fragments nearly always have very
well-rounded shapes implying abrasion and polishing. Repeated
impacts would probably produce angular debris. The size-frequency
disfribution for basement inclusions in not. as simple. The
observations may suggest that during the eruption, the system is
only "fluidized" near the surface, at depth the material would be
ground and abraded rather than comminuted by repeated violent impacts.
In either case, the size of a given fragment should be reduced with
increasing distance transported up the vent, whether by violent

comminution due to impact or by abrasicn.
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Many factors make a simple block size depth correlation uncertain,
including the effects of differences in relative abundance in the
vent walls, rate of introduction, size of blocks initially introduced,
volume of material introduced, grinding coefficieants, strength,
jointing, susceptibility to weathering and survival at the surface.

If it is assumed that the relative size of the basement fragments
is a simple inverse function of their depth of origin, then the
mean size index (as defined in the text and displayed in Figure 19 and 20
is a measure of the depth of origin of a given rock type; the relative
magnitude of size indices of two types is a measure of the relative
depths to their original positions. The mean size indices would
indicate that granite (75) and granite gneiss (73) originated higher
in the sequence than basic granulite gneiss (50), which in turn
originated higher in the section than eclogite (25) or websterite (&4).

We can further assume that the relative abundance of rock types
observed at the surface is proportional to their relative abundance
in the column. If this assumption is correct, then the table on the
accompanying page, which lists the crystalline rock fragment types
observed in the Moses Rock dike in order of decreasing mean size
index and showing their relative abundances, is an approximate

reconstructed crustal column, reading from the top down.
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Table 24, Suumary of Field Data on Crystalline Rock Fragments
Observed in the Moses Rock Dike Listed in Order of
Decreasing Mean Size Index

Estimated
Crystalline Mean Relative
Fragment Sample Size Abundance
Type ' Number, Index in Wt.%
Meta-basalt MRX-13 85 34
Granite MRX-105,260 75 1
Granite gneiss MRX-66 73 1
Gabbro MRX-100 55 19
Basalt MRX-27,97 55 10
Chlorite schists MRX-128 55 2-3
Serpentine schist MERX-51 55 2-3
Diorite MRX-95 52 11
Granulite gneiss MRX-148 50 17
Jadeite~Clinopyroxenite  MRX-35 35 < 1
Rhyolite MRX-6,60 28 1
Amphibolite MRX-220 27 2
Eclogite o MRX-1,50B 25 < 1
Websterite MRX-1307A 4 << 1
Spinel-lherzolite 2 MRX -2 <«<<1

1. Whole rock chemical analysis, petrographic description
and measured density available on most specimens listed
(Appendix C)

2. Microprobe data available on mineral phases
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Minor rearrangements are possible,but generally granites and
meta-basalt occupy the top of the column, Granites were observed
at the top of the basement in drill holes at Bluff, Utah. Rhyolite,
although it has a small size index, could not have originated deep
in the column since it is unfoliated and not seriously metamorphosed.
Rhyolites are commonly jointed on a fine scale. Thus it is concluded
that the rhyolites were from high in the column but were easily
comminuted. Basic granulites and gabbro occupy the bulk of the
lower crustal section.

The petrographic character of the rock types is also a clue.
Unfoliated rocks must be younger or shallower (or both) relative to
foliated rocks. Low-grade rocks probably are shallower in origin
than high-grade rocks.

The principal observations relevant to all attempts to reconstruct
the column are: (1) Meta-basalts and granite are the largest fragment
types observed in the dike, therefore are inferred to be abundant in
the upper crust., (2) Gabbro and diorite fragments are moderately
large and generally have not suffered a retrograde metamorphism.

They are either young or shallow or both. The size data suggest they
are shallow, therefore they may be both shallow and young (relative
to the metamorphic rocks). (3) Rhyolite fragments are relatively
small in size which would suggest that they are deep in origin,

but they are unaltered. Also, they would reasonably constitute a
member of a relatively younger or shallower terrain. (Preliminary
lead-isotopic dates suggest these rocks are Precambrian, about

1670 m.y.). It is felt that the rhyolites are shallow in origin and
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their anomalously small size is due to a pervasively fractured habit,
thus their small size could be accounted for by differential
comminution during transport. (&) Metamorphic rocks of amphibolite
and granulite grade probably constitute the lower parts of the
crust. Basic types are more abundant than acid types although
charnockites and aluminous schists are observed. Sillimanite was
observed commonly but not kyanite or andalusite. The metamorphic
rocks show the effects of a retrograde metamorphism. (5) Pyroxene
granulite rocks may give way with depth (or may coexist with)
plagioclase-bearing eclogites, in the lower crust. (6) Serpentine
schist may constitute a part of the lower crust but these rocks
are fundamentally hydrated ultramafics. (7) The upper mantle is
believed to consist of spinel-lherzolite and garnet-lherzolite,
perhaps in the relative abundance of about 30:70. However, the
dense fragment types (eclogite, websterite, jadeite-clinopyroxenite,
and antigorite schist), apparently introduced as accidental inclusions
from the vent walls may be abundant in the uppermost mantle.
Especially noteworthy are the antigorite schists, which may indicate
that the upper mantle is heavily hydrated.

An inferred crustal~upper mantle model, hereafter called CP-1,
is presented in Figure 50, with measured or estimated KZO contents
of rocks believed to be representative of each element of volume
in the diagram. This model is based fundamentally on the size and
relative abundance of the crystalline fragments as observed but has been
modified to be comnsistent with petrographic observations as well as

plausible (and hopefully reasonable) petrologic inference.
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The distribution of crustal rocks, in model CP-1, suggests that
the upper part of the crust is granite, gneissic granite, meta-basalt,
diorite and gabbro. These rocks are either unaltered or have been
subjected to greenschist-grade metamorphism. In this model, the
lower crust consists of amphibolite and granulite grade metamorphic
rocks, mostly high-rank mafic gneisses, all of which bear the imprint
of retrograde metamorphism to amphibolite grade. A minor amount
of eclogite and possibly some pyroxenite may occur in this high
rank terrain in the lower crust.

It is inferred that the Mohorovicic occurs in a petrographically
complex region near 43 kilometers depth and represents a composition
transition between basic granulites and gabbroic to partially
hydrated spinel-lherzolite, with some layers of pervasively-altered
peridotite, now serpentinized-schist. Eclogite lenses and pods
of jadeite-clinopyroxene are fairly common; present but more rare
are domains of websterite. At greater depth garnmet-lherzolite
replaces spinel-lherzolite as the dominant rock type.

It is possible that some of the eclogite, wébsterite and jadeite-~
clinopyroxenite originated as partial melting products of the garnet-
peridotite mantle which crystallized before reaching the crust.

The diorite and gabbroic bodies of the crust are chemically quite
similar to eclogite (MRX-50B). Therefore, they could be similar
material which crystallized at sufficiently low pressure to stabilize
plagioclase. Granite diorite and gabbroic plutons may extend from
the amphibolite and granulite terrain.

The geophysical properties of crustal-upper mantle model CP-1
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are worth exploring. The properties of each layer can be calculated
by the appropriate type of averaging of the known (or assumed) rock
properties. The results of these calculations for model CP-1 are
discussed in the following pages and shown in Figure 51.

The density of a mixture of the fragment types shown in CP-1 is
proportional to their relative volumes. Neglecting compressibility
and thermal expansion, the resulting density profile for the upper
100 kilometers varies between 2.80 gm/cc near the surface to 2.9
‘just above the Moho; increases to 3.24 just below the Moho and
reaches 3.4 at 80 kilometers.

No seismic wave propagation velocities or elastic properties
have been measured on the specimens, however estimates of P-wave
velocities for the rocks in CP-1 were made by selecting similar (?)
rocks from Press' tabulation (in Clark, 1966). Since little detailed
petrographic data are included in the tabulations, these estimates
are tenuous. A very rough temperature correction was applied
graphically, which amounted to about .1 km/sec at 1000° C (near kb).
The wave propagation velocites of heterogeneous mixtures depends on
the geometry of the mixture. A simple harmonic average was applied,
where:

!
v =1/ £ ).
P i pl

where x = volume fraction and v = velocity of each component rock,
The result for model CP-1 can be compared with the seismic velocity
with depth inferred by Roller (1965) from a 400 mile long reserved

refraction profile from Hanksville, Utah to Chinle, Arizona which
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passed quite near the Moses Rock dike. The coincidence of the
location of the seismic discontinuities is insignificant because the
seismic data were used in establishing the boundaries of the
petrologic model, CP-1, It is of interest to compare the velocities.
The upper crustal velocities suggested by CP-1 are higher than those
observed by Roller by about 0.3 to 0.4 km/sec; the lower crustal
velocities by about 0.3, suggesting that the abundance of low density,
therefore generally acid rocks, may be underestimated. The mantle
velocities are in reasonably good agreement near the Moho.

The bulk of radioactive heat generation in rocks is due to
the nuclides Kéo, U235, U238 and Th232. Whole rock chemical analyses
are available on most of the rocks in model CP-1, so the K20 content
is known for most of the rocks in the model. Analyses are not
available on the spinel peridotite (MRX-2) and no specimen of garmet
peridotite was found, inferred to be abundant in the mantle. TPotassium
contents of the mineral grains separated from the kimberlite were
not determined. However, analyses of two kimberlite samples (MR-1416A,
MR-1416B) are available and the observed K20 content of these rocks
can be used as an upper bound on the KZO content of the mantle.
Using these kimberlite values as typical of the upper mantle, the
K20 content with depth was determined.

Since U and Th concentrations were not determined in any
specimens, some estimate of their abundance is required in order to
calculate the total heat production rate. Wasserburg, MacDonald,

Hoyle and Fowler (1964) concluded that the best estimates of the

ratios of potassium, uranium and thorium for the outer portioms of
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the earth are: K/U = 104 and Th/U = 3.7. sing these ratios and
the energies given by Wetherill (in Clark, 1966), for the decay of
K, U, Th, the total radioactive heat production rates of rocks in
CP-1 were estimated. The resulting heat production rate with depth
is similar to, but somewhat 'hotter" than that assumed by Clark and
Ringwood (1964) for continental areas, and considerably hotter than
their shield model,

Temperature estimates are of particular interest because of the
inferred P-T conditions from clinopyroxenes in the kimberlite. Calcu-
lations of the steady-state temperature within the earth are common
in the literature. Perhaps the most well known recent treatment
of the problem is that of Clark and Ringwood (1964). Solutions
to the heat flow equation for simple geometries are well known
(Carslaw and Jaeger, 1959). The one-dimensional, steady-state
solution for temperature asa function of position requires knowledge
only of the surface flux, the conductivity and heat production as
functions of position. Surface heat flow measurements in the region
are not abundant but it is believed that the surface flux in the
Colorado Plateau Province is near normal, about 1.2 to 1.4 cal/cm2
(Roy, 1967, oral communication). The estimated radioactive heat
production rate for model CP-1 has already been estimated. In
general, the thermal conductivities of silicate rocks are not pre-
cisely known, especially at elevated temperatures. No determinations
of thermal conductivity have been made on the specimens from CP-1.
Clark and Ringwood (1964) attempted to estimate the change in conduc-

tivity with temperature for typical silicate rocks, taking into
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account radiative transfer at high temperature. (They note that
hydrous phases greatly reduce the infra-red transparency of silicates
due to the presence of O-H bonds. Since serpentines are inferred to
be abundant rocks in the lower crust and, possibly, upper mantle,
the thermal conductivity there might be anomolously low). Using
Clark and Ringwood's (1964) estimate of thermal conductivity and the
radioactive heat production rates developed above, steady-state
geotherms for assumed surface flux of 1.2, and 1.4 cal/cm2 sec
were numerically calculated for CP-1. The results (Figure 51 ) show:
1) more curvature than Clark and Ringwood's (1964) results, which
is due to the relatively higher radioactivity of model CP-1; 2)
a surface flux in the range 1.2 to 1.4 cal/cm2 sec which is consistent
with the conditions of crystallization of the kimberlite clinopyroxenes,
although there are examples which deviate from this steady-state
curve (see Figure 46); 3) the possible effect of hydrous phases
in the lower crust and upper mantle could alter the results somewhat,
The dotted line in Figure 51E shows the deviation of the geotherm
calculated for 1.2 surface flux for an assumed upper mantle conducti-
vity of .006 cgs. The geotherm is deflected to higher temperatures.,
The effect of abundant serpentine‘near the Moho, however, probably
would not displace the geotherm at greater depth by more than about
100° c.

This calculated geotherm can be compared with the experimentally
determined boundaries of stability fields for mineral assemblages of
interest. The geotherms for CP-1 (between 1.2 and 1.4 assumed

surface flux) cross from the garnet-peridotite field into the
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spinel-peridotite field between about 14 and 16 kilobars (about
42 to 48 kilometers), using the experimental results of Boyd and
MacGregor (1964). The recent results of Ito and Kennedy (1967)
suggest that spinel-peridotite might not be stable along this envelope
of geotherms at all.

The stability field of serpentine is intersected between 12 to
15 kilobars using the experimental results of Takenouchi, Kitahara
and Kennedy (1966). This suggests that if water was present in an
olivine-rich mantle at depths less than 45 kilometers, serpentine
would be present.

Assuming equilibrium assemblages in the mantle, spinel-peridotite
would be stable above about 50 kilometers and garnet-peridotite
below. Both could be mixed with eclogite and pyroxenite., The
peridotites, however, may be partially hydrated above 50 kilometers.
Such a structure and composition is consistent with the observed
anomolously low upper mantle P-wave velocity (7.8 km/sec) characteris-
tic of the western United States. The observed P-wave velocity in
the depth range 30 to 43 kilometers observed in the vicinity is 7.2
km/sec., If the mantle is anhydrous, crustal rocks must reach depths
of 43 kilometers. However, if the mantle is wet, then serpentine
may be stable above 50 kilometers which would suggest that the layer
between 30 and 42 kilometers might be serpentinized or partially
.serpentinized peridotites. The abundance of antigorite-tremolite
schist fragments (MRX-51) is consistent with this view. Also, the
spinel-lherzolite specimen (MRX-2) collected was partially serpen-

tinized. Modal analysis of this rock indicated that it was 18%
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serpentine, Christensen (1966) studied seismic velocities of partially
serpentinized peridotites., Using Christensen's results, the P-wave
velocity of the spinel-lherzolite, approximately (olaopx4oserp20),
would be about 7.5 km/sec, uncorrected for temperature. Thus, a
Slightly more sepentinized spinel~lherzolite (serpentine content
30%) would have a P-wave velocity (7.2 km/sec) quite like that of
the 30 to 43 km layer under the Moses Rock dike.

Maxwell (Hess, 1955) originally suggested that the uplift of the
Plateau could be due to serpentinization, 30% hydration of a 13
kilometer thick layer would account for about 1 kilometer of tectomic
uplift. About 5 kilometers of Tertiary uplift is observed in the
region, Thus, this layer is not sufficiently thick to account for
the Tertiary uplift of the province. Hess pointed out that the
volume increase due to serpentinization of olivine is approximately
equal to the specific volume of water introduced. A similar volume
increase would result if water were added to olivine and they
coexisted as separate phases with no reaction. Thus one could
speculate that the other 4 kilometers of uplift might be due to
introduction of water oxr volatiles in the mantle at a level deeper
than the level of the serpentine isotherm which, therefore, existed

in equilibrium as free H_O or fluid phase. So, for example, if a

2
100 km thick layer of upper mantle contained 1.2% by weight water
(as a free phase), the mantle above 100 km would occupy 4% more
volume than prior to the introduction of the water. This could

account for the additional 4 kilometers uplift, although one is then

left with the problem of accounting for the socurce of water.
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The dehydration of titanoclinohumite to olivine and water
would result in about 3% volume increase, assuming densities of
3.25, 3.3 and 1.0 respectively, and 2% HZO content for clinohumite.
If the deep upper mantle were entirely clinohumite, a 130 kilometer
thick column must be dehydrated to account for 4 kilometers of uplift
by this dehydration process. The TiO2 content of the kimberlite is
so low, however, that an upper limit on the clinohumite content
in the reservoir is 2%. Unless low titanium humite group minerals
exist in the mantle in abundance, this appears to be an insufficient
source of vast amounts of water. Dehydration of other hydrous
mineral phases, such as phologopite and amphibole (Oxburgh, 1963)
might account for some water but neither seem as potentially
attractive as the humite group.

Finally, it is clear that the history of these crystalline
rock fragments is complex and involves plutonism, volcanism, a
granulite-grade metamorphism, retrograde metamorphism, all prior to
inclusion and transport to the surface in the erupting kimberlite.
The episodes recorded in the textures of these fragments carry the
imprint of the processes which were active deep in the crust and
‘which ultimately were responsible for shaping the surface of the
Colorado Plateau. The historical, tectonic, and geophysical signi-
ficance of the data which might be extracted from these rocks is

great, indeed.
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The location and petrographic and seismic definition of the
Mohorovicic discontinuity in the western United States is somewhat
ambiguous. Seismic P-wave velocities of 7.8 km/sec are reached at
42 kilometers in the vicinity of the Moses Rock dike, a value
characteristic of the west. 7.8 km/sec is anomalously low for
"mantle'" rocks and the cause of the anomaly is not understood. This
study suggests that the chemical transition from '"crustal' rocks
(rocks of mafic chemical composition, either gabbro or mafic, high-rank
metamorphic gneisses) to true ultrabasic rocks (serpentine-schist,
perhaps, pyroxenites, or altered spinel=-lherzolite) could occur
almost anywhere in the range 30 to 42 kiiometers. Conceivably, the
transition between basic to ultrabasic rocks could occur at any
location between 30 and 43 because hydration is observed to be
pervasive in the crystalline fragments and is apparently mnot a
weathering feature imposed at the surface. If the degree of serpen-
tinization was fortuitously that which would produce rocks of nearly
equal seismic velocity across the interface, an. important chemical
change with depth need not be profound seismically. Hydrated ultramafic
rocks are important members of the suite of demse or ultramafic
rocks and the significance of the serpentine cannot be ignored.

The Mohorovicic discontinuity under the Moses Rock dike may occur
in a petrologically complex region and possibly involved, not one,
but three types of tramsitions: 1) phase transition involving mafic
gneisses and eclogites, 2) possibly hydration of ultramafic rocks, and

3) chemical transition with depth from mafic crustal to true ultramafic
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rocks, peridotites and pyroxenites.
The upper mantle may be petrographically as complex as the

crust.

Summary of Principal Conclusions of Petrologic Investigations

The microprobe investigations of mineral grains in kimberlite
have shown that kimberlite minerals are compositionally unlike those
in associated xenoliths, except for some overlap with a sﬁinel-
lherzolite fragment and with small mineral inclusions in pyropic
garnets. The dense and ultramafic xenolithic fragments (except fox
the spinel-lherzolite) are apparently un;elated to the kimberlite
and are considered to be accidental inclusions derived from the vent
walls during the eruption.

Tentative P-T assignments to kimberlite clinopyroxene grains
suggest their derivation over a significant depth range in the upper
mantle extending to about 150 kilometers.

A plausible source for the kimberlite is physical disaggregation
of both Al-poor and Al-rich assemblages in the mantle, believed to
be spinel-lherzolite and garnet-lherzolite, plausibly in the ratio
30 to 70,

Titanoclinchumite may be an important member of the kimberlite
assemblage and should be considered as an important site for water
in the upper mantle.

The kimberlite was emplaced in a fluidized state apparently from
a very large reservoir in the mantle as a volatile-solid system in

- which the volatile phase was mostly HZO’ supercritical at depth, and
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the solid phase, physically disaggregated mantle, primarily the
rocks in the reservoir, spinel-lherzolite and garnet-lherzolite. No
significant amount of silicate melt was present at the present level
of exposure. No severe themal perturbation at depth is implied by
the pyroxene data.

A model for the crust and upper mantle traversed during the
eruption was constructed based on observations of the crystalline
rock fragments and kimberlite. Apparently, there are systematics
in the size-depth relationships of the crystalline rock fragments,
similar to that in the sedimentary rock fragments derived from strata
near the surface. The largest and most abundant crystalline fragments
are meta-basalt, granite and granite gneiss. These rocks are believed
to be abundant in the upper parts of the crust. Basic unfoliated
meta~volcanics, retrograded basic pyroxene granulite, unfoliated and
unaltered diorite and gabbro, and amphibolite grade rocks of basic
to aluminous compositons are also abundant and probably form the
middle and lower parts of the crust. The assemblage of crustal
rocks is apparently meta-volcanic in origin rather than meta-sedimentary.
The geophysical properties of this model have been explored and calcu-
lated geotherms are consistent with P-T inferences based on investiga-
tions of the clinopyroxenes.

The dense or ultfamafic rock fragments which may be of mantle
origin are serpentine schist, eclogite, jadeite-rich clinopyroxenite,
spinel websterite and spinel-lherzolite. Although no garmet peridotite
was observed as discrete rock fragments, its presence and importance

are inferred from the composition of mineral grains in kimberlite and
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from the suite of mineral inclusions in pyropic garnets. All fragments
except the spinel and garnet-lherzolite are believed to be accidental
inclusions, not related directly to the kimberlite.

The Mohorovicic discontinuity under the Moses Rock dike apparently
occurs in a petrographically complex region and may involve downward
transitions between 1) basic pyroxene granulite to eclogite, 2)
severely hydrated ultramafic rocks (serpentine schist) to slightly
hydrated ultramafic rocks (spinel-lherzolite), and 3) predominantly
basic rocks to predominantly ultrabasic rocks. The rock fragments
observed in the dike suggests that all three petrologic transitioms
may be present suggesting that the Mohorovicic discontinuity may
involve phase, hydration, and compositional changes. The variety
of dense and ultramafic fragment types and the complex histories
evident in their textures suggests that the mantle may be as complicated
as the crust in terms of its composition and history.

The transition between spinel to garnet-lherzolite with increas-
ing depth in the mantle as suggested by Boyd, Ringwood, and others,
and recently by Ito and Kennedy (1967) appears to be consistent with
the observations here.

The abundant serpentine schist fragments and abundant serpentine,
titanoclinohumite, and possibly HZO phase in kimberlite suggests that
Maxwell (Hess, 1954) may have been correct in his speculation that the
Colorado Plateau Qas uplifted, at least in part, by serpentinization
of the upper mantle. This mechanism is insufficient to explain the
entire uplift but perhaps the presence of supercritical water phase

itself, deeper than the hydration isotherm accounts for the rest of
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the uplift. This underscores the possible great significance of the
role of water to tectonics. It is in this context that the titano-
clinchumite is interesting, because it is a possible site for water
in the lower parts of the upper mantle. Virtually nothing is known
about the high pressure stability relations in this system. Local
concentration of volatiles apparently was important (and possibly
was responsible) for the kimberlite eruption. It is probably also

.important in the genesis of the alkali basalts observed locally.
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PART 1V

MODE OF EMPLACEMENT

Introduction

The emplacement mechanism of volcanic necks, pipes and dikes,
the origin of diatremes and kimberlite pipes and dikes are topics
of long-standing interest (Daubree, 1891; Einarsson, 1950; Cloos, 1941;
Geike, 1902, 1920; Williams, 1932; Goguel, 1953, 1956; Shoemaker, 1962;
McBirney, 1959, 1963; Dawson, 1962; and many others).

Several mechanisms have been proposed to explain diatreme
structure: 1) violent gas release, called explosive boring or gas
coring, 2) churning caused by successive surges or pulses of magma,
and 3) large-scale convection of magma in the vent.

The observations and conclusions of the previous two parts of
this report permit some inferences to be drawn about the mechanism
by which the Moses Rock dike was emplaced. It has been concluded
that certain minerals in the kimberlite in the Moses Rock dike
originated in the mantle. Here it will be suggested that the dike
was emplaced as a violent fissure eruption of a fluidized particulate
medium which, near the surface, was highly gaseous. Field relations
suggest that the flow in the dike with time became channeled into a
few vents, which probably formed maar-type volcanoes at the surface
at the time of eruption. The mechanism of the eruption is believed
to be a complex process involving gas-coring like that described
by Shoemaker and others (196Z) for the emplacement of the diatremes

in the Hopi Buttes but different in some details.
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The hypothesis for the mode of emplacement of the dike is
developed in three stages. TFirst the geological observations and
inferences are reviewed. Next, calculations of fluid velocities for
idealized hydrodynamic models of kimberlite eruptions are made which
predict velocity and dike cross-sectional area with depth as functions
of volatile content and initial dike width for steady eruptions.
Finally, the sequence of events which produced the dike are recon=
structed from the observations and theory.

The idealized hydrodynamic models of the eruption are calculated
from hydrodynamic theory for flow and expansion in a vertical dike
shaped duct where viscous effects are considered. These models are
developed by constructing the P-V-T relationships of an idealized
"kimberlite" which is assumed to be mixtures of water and solids
initially at 1000° C, this permits the pressure~density behavior of
such a mixture to be predicted as it erupts from depth to the surface.
These estimates of velocity are then compared with fluid velocities
required to transport the largest upward displaced rock fragment in
the dike.

Finally, a step-by-step description of the inferred mode of
emplacement of the Moses Rock dike is presented in which the events
responsible for the observed structure are traced in some detail.

So, we will begin the discussion of the mode of emplacement by

reviewing the important conclusions drawn from the geology.
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Constraints on the Mode of

Emplacement Based on Geological Field Observations

Much can be inferred directly from field observations about the
emplacement of the Moses Rock dike.

The dike was propagated to the surface along a plane which
approximately parallels the fold axes of the Comb Ridge monocline.
It may have been a fault at depth, or alternatively, the dike could
have propagated its own crack in a direction normal to the least
principal compressive stress at the time. The dike cut across
preexisting regioual joints rather than being controlled by them.
The relationships of the minor structures (folds, fractures, dikes
and sills) in the dike wall rocks suggest that early in the sequence
of events the fluid pressure exerted on the walls was sufficient to
locally deform the rocks in the vent walls in a compressive sense
and to forcefully intrude sills and dikes along planes of weakness;
Subsequently, the fluid pressure exerted normal to the walls decreased
and tensile fractures developed. Eventually the walls failed by
spalling and slumping of large blocks into the dike. This process of
failure of the dike walls was the fundamental process by which the
dike widened. These large blocks from the dike walls, once included
within the dike, became fragmented into smaller particles and this
rock debris forms the bulk of the breccia in the dike. It was mixed
with lesser amounts of minerals from kimberlite and rock debris
from below. The systematic changes in the composition of the breccias
suggest that the erupting material changed with time. The rock

fragments from beiow, both crystalline and sedimentary types
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increased in size, and the amount of fragmental debris from the
walls locally increased so that the kimberlite and crystalline
fragments became more and more diluted. The particulate and mixed
nature of the breccias indicates that they were emplaced in a fluid-
ized state. As the eruption progressed the flow became restricted
to progressively fewer and fewer channels along the dike and eventually
flow was concentrated to several very well developed ones. It is
believed that craters of the maar type developed at the surface,
surrounded by an ejecta apron of kimberlite=-bearing tuff.

This description of the sequence of events based on the
geological field observations forms the observational constraints
within which the hydrodynamic problem must be formulated. Turning
now to that problem the kimberlite will be treated as a two=-phase
"fluid" consisting of solids and volatiles. Some numerical results
will be obtained for fluid properties using the semi-empirical
(engineering) equations for viscous flow in pipes for idealized

models of kimberlite eruptions.

Hydrodynamics

The hydrodynamics of the movement of the kimberlite from the
mantle to the surface through a duct, probably a dike, can be treated
as a somewhat complicated case of fluid flow in a long narrow duct.
From the point of view of the hydrodynamics problem, the important
inferences drawn from the geology and petrology are 1) the kimberlite
was emplaced from the mantle at or about 100 km and 1000° G, 2) the

erupting material was a system consisting of particulate solid
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fragments_of small size (averaging about | mm) and a fluid (volatile)
phase, probably water, and very little or no silicate melt. It is
implied that although the kimberlite was not a silicate melt, it

moved to the surface as a fluid.

A Comment on the Nature of Fluidized Beds

It is important to review some of the well known characteristics
of "fluidized" systems. As a fluid is passed upward through a bed of
solids the fluid tends to buoy up the solids. When the fluid
velocity is increased a sequence of much studied changes occurs in
the system. As the particles become buoyed, they separate from
adjacent grains, become agitated, eventually move relative to each
other and finally are carried in suspension in the fluid. The whole
assemblage takes on properties of a fluid. These effects are dis-
cussed in detail in the monographs on fluidization by Leva (1959),
Zabrodsky (1963), Zenz and Othmer (1958), and the discussion by
Reynolds (1954).

As upward fluid velocities become significant with respect to
the free-fall velocity of particles in such a fluid and progressively
increase , the system can be described as a "quiescent fluidized bed",

"turbulent fluidized bed", and "dispersed suspension'. The following

>

descriptions are from Murphy (1949). A quiescent fluidized bed is a

dense fluidized bed which exhibits little or no mixing of the solid

particles. 1In a turbulent fluidized bed mixing of masses of solids

takes place. The degree of mixing increases from the lower limit
of quiescent-bed conditions to violent mixing depending on the

dynamics of the systems. Such a bed can operate at a gas velocity
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below the free-fall velocity of the bulk of the particles, and it can
also be maintained at a Yplocity materially above the free-fall velo-
city if a continuous feed of solids is supplied to the system. The
upper boundary of such systems is generally diffuse. A dispersed
suspension is a mass of solid particles or aggregates suspended in
a current of liquid or gas rising past the particles which differs
from a fluidized bed in that an upper surface is not formed. Parti=~
culate material is entrained in the gas.

In beds fluidized by a gas, rather than a liquid, channelling
commonly develops in which a disproportionate quantity of the flow
is carried along in a small number of preferred paths. Such paths,
once developed, are self-sustaining.

It appears that the material in the Moses Rock dike attained
a state described as a turbulent fluidized bed, and probably also as
dispersed suspension. It also seems apparent that channelling was

well developed.

Statement of the Hydrodynamic Problem Considered

In this section numerical solutions for flow models are obtained
for viscous, compressible fluid flow using a constructed equation
of state for the erupting kimberlite which takes into account expansion
of the fluid phase as the pressure decreases as the erupting medium
moves upward toward the surface. The calculations use the engineering
equations for pressure drop in ducts to calculate fluid velocity and
duct dimensions required for steady flow as a function of position

(depth) for assumed initial volatile content and duct dimensions at

depth. The volatile phase is assumed to be water; the solids,
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crystals of density 3.3 gm/cc. The results of the calculations for
velocity are compared with velocity estimates made from field obser-
vations of large rock fragments transported upward in the dike.

In order to approach the hydrodynamic problem quantitatively, the
following simplifying assumptions were made: 1) the flow is steady,

2) the mass ratio of solids and volatiles is constant, hence effect

of fragments from the walls is ignored, 3) the eruption originates at
100 km and 1000° C, 4) no slip occurs between solids and volatiles,

5) heat transfer to and from the walls is ignored, 6) the fluid
pressure (the pressure exerted on the dike walls normal to the
direction of flow) is equal to the local load or lithostatic pressure,
7) the volatile phase is water, supercritical at depth.

This idealized model at best is a poor approximation because of
the obvious complex nature of the eruption apparent from the field
observations. While it is clear that the calculations are approxi-
mations, they are of some interest because they place plausible
theoretical bounds on conditions during the eruption and permit
some comparisons to be made with estimates of velocity based on field
observations such as velocities required to transport large blocks
upward in the dike, or with direct observations of erupting volcanoes.

Some of the apparent weaknesses in the calculated model are the
following., 1t treats steady flow of a two-phase medium consisting
of solids and water through a clean and stable duct or channel from
100 km to the surface. It is known that the composition of the
breccia changed with time, the walls failed and debris was introduced

to an extent that the intruding material became progressively more
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and more diluted with fragmental debris from the walls as the eruption
continued. These observations imply that the instability of the
walls grew progressively worse. The mineral constituents of kimber-
lite itself, apparently were derived from over a wide range in the
upper mantle., The nature of the material as it leit its original
site in the mantle probably was different from place to place. The
fluid pressure exerted on the dike walls probably differed from the
assumed exact balance with the lithostatic load although probably
by amounts not exceeding the tensile strength of the rocks. Time
dependent fluctuations in pressure, especially short term ones, might

have contributed to the instability of the walls as well.

Basic Equations of Hydrodynamics

In the mathematical description of a moving medium in three
dimensions, the conservation of mass, momentum and energy, along with
the equation of state of the medium, lead to six fundamental equations
of hydrodynamics; three equations of motion from the conservation of
momentum, and one each from the conservation of mass, energy and the
equation of state. These six equations determine the six unknown
quantities which characterize the motion, the three components of
velocity, the density, pressure, and temperature or entropy
(Stanyakovich, 1960).

In the Eulerian viewpoint (a coordinate system fixed in space),
variables are expressed as functions of position and time. If a
flow is aséumed to be one-dimensional, then the fluid properties
vary only with one coordinate parallel with the flow, and are

assumed to be uniform across the flow. This does not imply that
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cross-sectional areas are uniform., A solution requires knowledge
of the fluid properties as functions of position and time, which for

one dimension can be written:

p = p(Z,t) P = pressure
p =p(Z,t) p = density
u = u(Z,t) u = velocity
where

T =T(@,t) T = temperature

or S = entropy
S = 5(Z,t) Z = vertical distance

t = time

.

According to Stanyakovich (1960), the one-dimensional conservation

of momentum in a gravity field is:
RY/ ' (L

the continuity equation (conservation of mass):

d0 O au__

St tudz O (3

the equation of state:

S=S(P’p>°rp=P(p:S) (4)

For steady isentropic flow the combined momentum and energy

equations yield Bernoulli's equation which for incompressible flow is:

2 +-% u2 + gZ = constant

(5)
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and for compressible flow:

J%ﬁ +.% u2 + gZ = constant (6)

For fluid flow through long narrow ducts the effect of shear
stresses are not negligible. Analysis of flow with friction requires
solutions of the Navier-Stokes equations. Such solutions exist for
only certain very simple cases. In engineering practice semi-empirical
correction factors are applied to Bernoulli's equation to express
the correction for viscous effects. This correction factor, known as
the Fanning friction factor, Cg, appears in Bernoulli's equation
(for incompressible flow) as follows:

p 1.2 Lo Lyg?e
0 + 5 U + gZ4—2 Cf D Um constant 1%

where L is the length of the duct, D is its diameter, Um is the mean
velocity, and Z the vertical distance above the reservoir.
By making use of the simplifying assumption that the fluid

pressure exerted on the walls normal to the direction of flow
always equals the local lithostatic load we may write:

p=op.8d
where T is the rock density, d the depth and g gravity. Let H
be the depth of the reservoir from which the eruption originated.
If the reservoir is large then the fluid velocity in the reservoir
is negligibly small and if we set U~U_, then we write Bernoulli's
equation as:

or | 1 2

—é—f g (H-Z) + < u (L+C

z Lo
2 p ) 82 =5 eH

f (8)
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which upon rearrangement yields the velocity as a function of the

distance, Z, above the reservoir:

1
Pr =
z(ﬁ-l)gz 2
u (z) = - )
1+ (C. =

£fD

The Effect of Friction

From the previous expression it is seen that for incompressible
frictionless flow (Cf =0), the fluid velocity increases with duct
length due to the iucrease in hydrostatic head. However, for flow
in long ducts of real (viscous) fluids where C;>0, then the quantity
Ce % >>1, and the flow velocity becomes essentially independent of
the length of the duct, as viscous losses just balance gain in
hydrostatic head.

The friction factor, Cf, is a number which is correlated to the
characteristics of the flow by the dimersionless Reynolds number,

Re, where:

and y 1s viscosity. In general, C; is a function of the Reynolds
number. Moody (1942) studied the flow of fluids in rough pipes and
found that in the regime of fully developed turbulent flow (high
Reynolds numbers) that the friction factor is nearly independent of

the Reynolds number and rather depends on the roughness of the pipe.
Pipe roughness is conventionally expressed as relative roughness,

€/D, where ¢ is the magnitude of irregularities and D, the characteris-

tic dimension of the duct, the diameter for a pipe of circular
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crossection. Figure 52 shows the friction factor as a function of
Reynolds numbér and reliative roughness. 1In the completely turbulent
regime the friction factor, indeed is nearly independent of the
Reynolds number over a wide range of conditions and depends only on
relative roughness of the duct. In Figure 52, the Fanning friction
factor, Cf, is plotted against relative roughness, €/D, for fully
developed turbulent flow., The friction factor changes by about a
factor of 2 for an order of magnitude change in relative roughness.
Thus, an error in the estimate of relative roughness produces a
relatively small error in the friction factor. Moody's experiments
were performed on pipes of circular crossection. Most kimberlite
pipes become dike~-form at depth. Thus it is relevant to inquire
about the effect of roughness on flow in a dike compared to flow in a
circular pipe of equivalent characteristic dimensions. The character-
istic dimensiqn of a dike would be its width, W. One might speculate
that for fully developed turbulent flow that the effect of small
roughness at the boundary is to create a layer of low velocity, thus

the effect is proportional to the relative proportion of cross-secticmal

area occupied by the irregularities at the surface.
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If so, it follows from geometry that:

£ ~ 2

dike circular pipe

olm

where W = D and €<<W or D. Thus, the frictional effect of a
characteristic roughness would be twice as great on a circular pipe
as on a dike of the same characteristic dimension.

One can only speculate on the precise three dimensional geometry
and relative roughness of any volcanic vent, especially at depth.
€ /D might range from 1/20 to 1/2, and perhaps 1/10 to 1/5 is a
plausible estimate. Let us assume that ¢/D~0.l to 0.2 and that a
Fanning friction factor of about 0.1 is reasonable for fully turbulent

flow in a typical volcanic dike or pipe.

Effect of Expansion of Volatile Phase (Equation of State):

The above expressions were developed for incompressible flow

and the expansion of volatile-rich fluids near the surface cannot
be ignored. If the equation of state of a fluid has a simple form,
such as a perfect gas, then Bernoulli's equation can be integrated
directly. 1If the equation of state is more complicated then the
integration can be done numerically.

Relative to systems involving silicate melts and associated
vapor phases, the erupting kimberlite may be significantly simpler,
in that kimberlite apparently consists largely of a fluid phase and
solid particles even at depth. 1In this case, no exsolution occurs
and the pressure-density relation of the medium is relatively simple.
The specific volume (1/p ) of such a fluid-solid mixture is, simply:

Vm = vaf+ xsvS
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where:
Xp = mass fraction of fluid
Ve © specific volume of fluid ( = 1/ )
Xs = mass fraction of solid ( = l—xf)
v, = specific volume of solid ( = 1/ ps)
p = density

If the fluid phase is H.Q or COZ’ a real gas, not a perfect gas,

2
the P-V-T relations of such a two-phase medium still can be inferred
using experimental data. The results have some relatively simple
qualitative features. Let us assume the volatile phase is HZO'

At low pressures and moderate or high temperatures HZO and €0y (or
mixtures of the two) exhibit near perfect gas behavior (Kennedy and
Holser, 1966; Greenwood and Barnes, 1966). (Figure 54). The presence
of CO2 has the effect of decreasing the specific volume of a water-rich
fluid phase. At high pressures, between 10 and 100 kilometers, the
specific volume of H,0 varies only slightly and is near unity.

The P-V-T relationships of HQO (Figure 54) suggest that the
hydrodynamics problem can be subdivided into several overlapping
domains: at depth, a domain of incompressible, possibly essentially
isothermal flow; at intermediate depths, a region of slightly com-
pressible, but nearly isothermal flow; and near the surface a region
of compressible adiabatic flow (Figure 55). At depth, the medium will
be essentially incompressible, because water is essentially incom-
pressible above 10 kilobars. As it flows from the reservoir some

heat may be exchanged with the walls of the duct as it moves upward

to regions of lower temperature, and some heat may be generated by
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internal friction or friction on the walls of the duct. The fluid
phase, however, will have essentially a constant specific volume
through a significant pressure range.

As the medium moves upward and the pressure decreases below
10 kilobars, the fluid phase will expand. Initially heat transfer
between‘solids and the fluid phase is efficient since the volume
occupied by the fluid is relatively small and the surface area of
the solids is relatively large. Some cooling of the medium will
occur because of the expansion of the gas, but this probably will be
very minor because the mass fraction of the sclid is large and the
volume of the fluid still small.

As the medium rises toward the surface, the fluid pressure
continues to decrease and expansion continues. The specific volume
of the fluid phase increases until it equals and eventually greatly
exceeds the volume occupied by the solid phase. The efficiency of
heat transport between fluid and solid phase decreases until at some
volume ratio, the fluid expands essentially adiabatically. Further
expansion would proceed as if the fluid (gas) were expanding adiaba-
tically, with no solids in the system. Flow in this regime is quite
similar to the much-studied problem of two-phase flow in rocket
engines where the gas-to=-solid ratio is high (Rannie, 1962;
Summerfield, 1959).

It is possible to graphically construct the P-V-T relations
of mixtures of water and solids using the experimental results on
P-V-T relations in water (Kennedy and Holser, 1966) and the equation

v = XKV + XV . In Figure 56, P-V-T curves are shown for mixtures
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of water (at 1000° C) of various mass fractioms (x 01, .04,

fluid

.10, .25 and .50), mixed with a solid of demsity 3.3 gnm/cc.

s
The transiﬁion between isothermal to adiabatic expansion depends

on the rate of gas expansion compared with the rate of heat transfer

from solid particles to gas neglecting heat transfer to the dike walls

as well as fragments derived from the walls. For the sake of

illustration, if it is arbitrarily assumed that this transition occurs

when the medium reaches 10 times its initial volume a second family

of curves is generated which approximate the adiabatic expansion

near the surface.

In the numerical calculations which follow, the pressure density
curve used will be from Figure 56, Hence, it is (artificially)
assumed that the fluid phase was water at 1000° C initially and that
expansion was isothermal until the volume was 10 R after which
expansion was adiabatic. Probably the fluid phase was cooler due to
heat transfer to the duct walls and included fragments during
eruption. The crossover from isothermal to adiabatic expansion would
occur when heat transfer between the condensed and fluid (vapor)
phases became relatively inefficient. Relative to other uncertainties,
errors from this source are prebably minorx, since if one calculated
models for both complete isothermal or complete adiabatic expansion
the results would differ by more than a few percent only very near the

surface.
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Numerical Solution for Fluid Velocity from the Hydrodynamic Models

of Kimberlite Eruptions

The numerical solutions for the fluid velocity were obtained
by subdividing the dike vertically into many small units, each of
which could be treated as a short incompressible fluid flow problem.
The approximate rock density is known as a function of depth. The
fluid density used in the calculations ig that described in the
previous section (Figure 56). Flow velocity is calculated for each
section of the duct using the modified Bernoulli equation (equation 9),
and an assumed two-dimensional geometry (a dike). Equation 9 can be
rewritten to express the velocity at one site along the dike, a
short vertical distance, AZ , above another location in the dike where

the velocity, u,, is kaown.

/ -
o (2) 9
2(-——-——{31‘ D 1 gAZ+uO
(10)

ol

- 0 |

In this equation the subscripts O and 1 refer to properties at the
bottom and top of the short section of dike, and where AZ is the
incremental distance measured vertically up the dike, 5f (z) is the
mean value of the fluid density in the depth range represented by

AZ , W the dike width, and C_ the Fanning friction factor.

£

The conservation of mass requires:

'f CR
W. =W —_— (11)
L © (Qf)1 u,

L L
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where W is dike width, P _ is fluid density, and u is fluid velocity.

£
The above relations are written for a two-dimensional geometry

"~ (that is an infinitely long dike). TFor other geometries, such as a
pipe of circular cross-~section, the conservation of mass could be
written in terms of cross~sectional area, A, and the Fanning friction

factor, C adjusted for that geometry.

£
The computations for velocity and dike width were made by
solving equations (10) and (11) numerically in a step-wise fashion
between 100 kilometers and the surface with a computer. The length
of the segments near the surface were short commensurate with the
relatively rapid change in fluid density.
Water content and dike width were varied as parameters. The
cases considered included water contents (mass fraction water) of
4, 10, 25, 50% and dike widths at 100 kilometers depth of 3, 10, 30,
100, 300 meters. Numerical solutions were obtained for all the combi-~
nations of these parameters (see table below) and are included in
Appendix E.

Initial Assumed Dike Width
Between 90 and 100 Kilometers

Mass Fraction

Water Dy, meters
3 10 30 100 300 3000
4% A B C D E -
10 C) G H 1 -
25 4 L D) N 0
50 P Q R S @©
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Results of Numerical Calculations

Let us examine the vesults of the calculations for two contrast-
ing models; cases F and T (cases F, M and T are shown in Table 25).
Case F treats flow for a modest water content (xw = 10%) in a thin
dike (DO = 3 meters); case T, treats flow for a water-rich kimberlite
(xw = 50%) and a wide dike (D0 = 300 meters).

In case F, the dike remains approximately 3 meters wide through
most of the distance to the surface. The velocity is nearly constant
through 90 kilometers varying between 10 and 15 m/sec. Near the
surface the dike widens to 8 meters and the flow accelerates from 58
to 220 meters/sec between 1 kilometer and 50 meters depth. In this
case, the kimberlite erupts at something over 200 meters per second;
the velocity was nearly constant between 100 and 10 kilometers depth.

Taking the other extreme, a wide dike with a high water content
(case T), the results are qualitatively similar but the larger initial
width of the dike reduced the effects of frictional drag on the
walls. The greater water content and lower fluid density greatly
increased the acceleration near the surface. The flow velocity at
depth is nearly 250 meters/second through most of the vertical dis=-
tance and the dike width is nearly constant at 300 meters. Near the
surface the velocity increases to 1500 meters/second and the dike
flares to the enormous width of 7.7 kilometers.

The qualitative features shared by all the calculated models are:
1) fluid velocity and dike width are almost constant between 100
kilometers and 10 kilometers depth because gain in hydrostatic head

is just offset by frictional losses on the dike walls, and 2) between
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Case T Cése M Case T
Xo 10% 25%, 50%
W, 3 meters 30 meters 300 meters

Velocity Width | Velocity Width| Velocity Width

Depth m/sec m m/sec m m/sec m
50 m 222 8.7 750 232 1506 7750
100 174 7.8 672 185 1429 4600
200 122 5.8 573 126 1325 3050
400 91 4.8 464 91 1190 1920
1 km 59 4.0 318 63 1005 1137
2 39 3.6 227 53 795 881
6 22 2.9 121 36 498 440
10 16 3.0 76 33 392 377
20 10 3.9 65 35 288 332
40 10 3.6 54 33 236 297
60 12 2.9 58 30 247 275
90 11 3.0 57 30 226 300

= mass fraction Hy0
W_ = dike width at 100 kilometers
Table 25. Results of numerical calculations for velocity and dike

width for three eruption models
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2 kilometers and the surface the dike width increases greatly and the
velocity increases between a factor of 2 and 10 depending on the
water content and geometry.

Since most of the acceleration takes place in the upper part
of the duct, the surface velocity for anm eruption originating at 10
kilometers will be quite similar to one which originates at 100
kilometers for equivalent water content and temperature. The reason
is that most of the potential emergy (hydrostatic head) is dissipated
in viscous losses and not converted to kinetic energy. Most of the
kinetic energy comes from expansion near the surface.

1f changes in water content and dike geometry occur relatively
slowly (ignoring the instability apparent from the field observationms),
then a sequence of steady-flow models would represent the evolution
of the dike with time. There is no direct way of knowing how the
volatile content would change during the course of an eruption, but
one might speculate that early in the eruption the kimberlite was
water~rich. It is plausible that as the eruption progressed the dike
widened and as the resexrvoir was expended the water content of the
erupting kimberlite decreased, hence the evolution of the eruption
might be toward decreasing water content as well as increasing dike
width with time. Such an evolution expressed in terms of a series
of steady-flow models through a sequence might be consecutively
cases P?L—H—~>D—E, or alternatively cases KP®L2>M—I—E, Call
these, respectively, sequence I and sequence II. 1In sequence I, the
water content decreases rapidly with respect to the rate of widening

of the dike; in sequence 11, the water content stays constant while
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the dike widens, then decreases late in the sequence. The velocity
and dike width through these two sequences is shown in Figure 57,

In sequence I, the surface velocity decreases while the dike
widens, reflecting the assumed progressive decrease in water content.
Near surface velocities are of the order of 600 meters/second and
decrease to about 400 late in the sequence. Meanwhile, the dike
widens from about 8 meters to nearly a kilometer and a half. Deeper
in the dike the velocity remains nearly constant while the dike widens
through time,

The results for sequence IT are rather different. For this
sequence the water content is assumed to remain nearly constant
while the dike widens initially. While the dike width at 100 kilo-
meters increases from 3 to 30 meters, the near surface width increases
from 16 to 280‘meters and the surface velocity from 415 to 750
meters/second. Subsequently as the dike widens the water content is
assumed to decrease from 25 to 4% and as a result the velocity de-
creases from 750 to 400 meters/second and surface width increases
to over a kilometer.

The calculated geometry of these models can be compared to the
observed geometric configurations of diatremes and kimberlite pipes.
Maar type volcanoes as exposed in the Hopi Buttes commonly flare
widely as they apbroach the surfa;e. The kimberlite~bearing pipe at
Buell Park apparently has a funnel shape. The pipes and dikes in
the Monument Valley area are now exposed at about a mile below the
surface at the time of their emplacement, thus their near surface

geometric shape must be inferred., The diamond-bearing kimberlite
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pipes of South Africa, however, have been mined to depths of about
a kilometer and their shapes are well known. Williams (1932) shows
sketches of the Kimberley Mine as well as maps of the pipe areas
at various depths which show that the pipes commonly become dikes at
depth, and their alignment suggests that they may join along a common
fissure at depth. The geometry of the Kimberley mine has an upward-
flaring shape, very similar to the calculated dike geometries. Also,
the projections of wall rocks into the Kimberley pipe are about 20%
of the pipe diameter. This would suggest a relative roughness, /D,
of approximately .2, indicating that the Fanning frictionm factor of
about 0.1 used in the calculations is reasonable.

One might inquire about which calculated model for flow velocity
and water content is consistent with the geometry of the Kimberley
Mine. The observed present surface diameter is 200 to 300 meters and
at 1 kilometer depth, approximately 60 meters. The elevation of the
original surface with respect to the present erosion surface is
unknown, but the widely flaring shape suggests that it was not a
great distance above the present surface. Assume the present surface
to be the original surface. Of the models computed, the agreement in
geometry is best for case M. The geometry of the Kimberley Mine and

the calculated results for case M are shown on the next page.
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Kimberley Case M
Mine H,0 = 25% (mass)
Dy = 30 meters
Approximate
Diameter Dike Width Flow Velocity
(Meters) (Meters) (Meters/Second)
Near surface ~ 250 282 750
400 meters ~ 100 91 464
1000 meters ~ 60 62 318

Within the limitations of all the assumptions required to make
computations, this result would suggest that the kimberlite erupted
through the pipe at the Kimberley Mine at several hundred meters/second
and reached the surface at velécities approaching a kilometer/second,
and that the medium was very water-rich, closer to 25% than 10%.

A similar comparison will be made for the Moses Rock dike after

the field evidence is reviewed.

Velocity Estimates Based on the Upward Transport of Large Blocks

The fluid velocity calculated from hydrodynamic theory can be
compared with estimates based on field observations of large rock
fragments in the Moses Rock dike derived from the vent walls and
displaced upward from their original stratigraphic posigion. Whatever
the physical properties of the medium were at the level now exposed
at the dike, the erupting medium was capable of carrying a tabular
block of Rico formation measuring 210 x 100 feet and at least 20 feet

thick, 460 feet upward from its original stratigraphic position in

the undisturbed dike walls. The fluid had to be moving upward at a
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greater velocity than the settling velocity of that block in the fluid.
Thus the settling velocity of this block and other large blocks is a
lower limit on the velocity of the medium. This block has the same
surface to volume ratio of a sphere about 10 meters in diameter. The
largest highly spherical blocks displaced upward are about 10 meters
in diameter. It appears that the erupting medium at the Moses Rock
dike was capable of transporting upward, spherical blocks 1O meters
in diameter of density 2.4 to 2.7 gm/cc.

The settling velocity of a spherical object of known density in
a fluid medium of known density is well known. It is generally
expressed as a function of the drag coefficient, CD, where drag
coefficient is a function of the Reynolds number, (Re=VD/T).

3 P

Cp £/

(Ray, 1963, p. 247)
where:
V = settling velocity of a particle
D_= particle diameter
Cp= drag coefficient
g = gravity
p = density of the particle

p = fluid density

For relatively high settling velocity in a medium of low visco-
sity, the drag coefficient for spherically shaped particles approaches
a constant value of approximately 0.4 (Schlichting, 1961, p. 9.9). In

this flow regime (Newtonian) the settling velocity of particles of
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various size can be easily calculated if the densities of the parti-
cles and fluid are known.

The drag coefficient for non-spherical particles for high
Reynolds numbers is greater than for spherical particles. Tek (in
Streeter, 1961, p. 17-31) shows experimentally determined drag
coefficients for different sphericities, ¥ , defined as the ratio

between the surface area of a sphere having the same volume as the

particle and the actual surface area of the particle. These data
show that for a high Reynolds number, a highly non-spherical particle
could have a drag coefficient much greater than a spherical particle,
hence non-spherical particles settle more slowly.

If the density of the erﬁpting fluid were known one could
estimate its velocity from Figure 58. Let us assume that the vola-
tile phase in the erupting medium was water, its temperature was
400 to 500° C, the fluid pressure at the present level was equal to
the lithostatic load, or about .25 to .40 kb, and the mass fraction
of water was between 3 and 10%. Tor these assumptions the fluid
density ranges from .7 to 1.9 gm/cc. The range of settling velocities
corresponding to these densities are about 35 to 9 km/sec, respectively.

Another, perhaps less direct method of estimating the fluid
density follows from the inferrence that the breccia in the dike was
emplaced as a fluidized system. No satisfactory theory exists to
explain the relationship between fluid parameters in fluidized systems.
Published relations are empirical and are not valid outside the exper-
imental range (Leva, 1961; Zabrodsky, 1963). Obviously, no experiments

exist on the scale of the diatremes. Leva (1961) has observed that
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the minimum voidage necessary for the omset of fluidization is .4,
where voidage is that part of the total volume occupied by voids
filled with gas or fluid. So perhaps plausible values for the
volume occupied by fluid phase might range from 20 to 50%. If the
fluid medium was mostly water at about 400° C and .25 to ,40 kb, its
specifié volume was betveen 2 and 6 cc/gm (Figure 59). The specific

volume of such a mixture is:

+ (l-¢)v

. =€ . .
lexture vflu1d solid

where:

specific volume, 1/p

<
L]

[2)
i

voidage

Taking veqo:g S 6 cc/gm and Voolid = & cc/gm, we find that for

€= .5, Voix 3.1 ce/gmor ¢ . = .32 gm/cc and for € = .2

’
ix mix

v . = 1.5 cc/gm or p i .67 gm/cc.

These values of the fluid density are less than those of the
previous estimates and suggest minimum fluid velocities of about
25 to 55 meters/sec (Figure 58).

Hence, minimum estimates of the upward velocity of the erupting
medium at the Moses Rock dike, based on the upward displacement of
blocks, range from about 10 to 60 meters/second. These velocity
determinations are based on rather tenuous estimates of the density
of the erupting material and the field observation that spherical
blocks of about 10 meters in diameter were transported upward,

relativ2 to their stratigraphic position in the undisturbed walls,
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Comparison of the Models with the Moses Rock Dike

It is of interest to inquire which of the calculated hydrody-
namic models is most consistent with both the configuration of the
Moses Rock dike and the velocity estimates based on field observations,
Taking a fluid velocity of about 50 meters per second, depth of about
2 kilometers and dike width of about 100 meters, several calculated
models are fit reasonably well, especially cases D, I, and N
(Appendix E). Case D is the best‘fit and its near surface properties
are reproduced below:

Model D

Water Content, 4%
D.= 100 meters

0
width velocity
depth meters m/sec
50 meters 389 337
400 meters 140 214
1 km 98 153
2 km 88 106

The hydrodynamic model (Case D) would suggest that the craters
over the channels in the Moses Rock dike were of the order of
several hundred meters, perhaps half a kilometer in diameter, that
the surface velocity may have been of the order of 300 to 400
meters/second, and that the water content was of the order of a few
percent by weight (Figure 60).

Estimated near-surface conditions for the Moses Rock dike and
Kimberley Mine are shown in Figure 60, based on the hydrodynamic

model which seems most consistent with observation at each diatreme.
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A Comment on the Reynolds Number

In all the calculations, a Reynolds number in the fully turbulent
regime has been assumed. Both drag coefficient and friction factor
are functions of the Reynolds number, hence it is important to
. confirm that the approximate value of the Reynolds number assumed
is consistent.

The Reynolds number, Re, is:

Re ~ vd
v = velocity
Ll
d = characteristic diameter
TN = viscosity of the fluid

The results just discussed suggest that:
V ~ 30 x 102 cm/sec
2
d ~ 10 x 10”7 cm
Kjelland~Fosterud (1959) and Bruges, Latto and Ray (1966) have
investigated the viscosity of water at moderate temperatures and high
pressures. The viscosity of steam at .3 kb and 400° C is
approximately:
-3 )
1 x 10 ~ poises.
The viscosity of a mixture or slurry will be higher, perhaps 10 or

-3
107", Taking N~ 1 x 10 ~, we find Re ~ 10°; or if M~ 1, Re ~ 10°.

For Re ~ lO6 to 109 the flow is well within the turbulent regime.

Since the drag coefficient enters the settling velocity equation
as a square root, the calculations could be in error by a factor of
2, in the extreme. This is probably unlikely. Errors in the friction

factors are probably smaller, and due primarily to ignorance of the
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actual relative roughness.

Temperature of the Kimberlite Near the Surface

Boyd (1961) has shown that for a small ratio of gas to condensed
phases and a reversible adiabatic process where thermal equilibrium
exists between the phases, that the relationship between temperature

and pressure is:

c

ar _ /&R, dp
T )"E
where Xw is the fraction water, R is the gas constant, C the heat
capacity. If P = 0 gx, then we may write:
dT XWR dx
T T\ C X
Assuming Xw’ R and C are ccnstant, this becomes:

-3

where:

and where X is the depth at which adiabatic expansion begins, and
Ty is the temperature at that depth. This then is an expression for
the temperature as a function of position. We can inquire what the

temperature of the erupting kimberlite might have been at the present

erosion surface (x = 2 km). The depth where the expansion starts

(xo) depends on the volatile content and temperature.
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Taking values of Xq shown below for various water contents R~ 2

cal/’C mole and C ~ 8 cal/°C mole, and assuming T, = 1000° ¢ (1273° K),

0

the resulting temperatures at the present erosion surface, I,, are:

o]
X, xq (km) a T/T, T,(°C)
.50 30 .125 .71 631
.25 20 .063 .865 828
.10 8 .025 .966 957
A 5 .010 .996 995

The approximation used is valid only for small amounts of gas
but the results indicate that only a minor amount of cooling from
the initial temperature could have occurred due to expansion. The
lack of metamorphic alteration of included rock fragments and dike
contacts precludes high temperatures. Hence, if initial temperatures
at depth were as high as 1000° C, cooling must have occurred by
other means, such as heat transfer to the duct walls at depth, or

heat exchange with comminuted fragmental debris.

Results and Conclusions of the Hydrodynamic Models

The hydrodynamic models of kimberlite eruptions considered are
highly idealized. The geological observations establish beyond
doubt the complexity of the process by which the Moses Rock dike
formed, hence the models treated must be limited cases, not
necessarily similar in detail te any real event. However, the calcu-
lations suggest the following conclusions:

1} The flow velocity of kimberlite erupting from the mantle is
probably controlled by a) viscous dissipation of potential energy by

drag on the dike walls, and b) expansion of the volatile phase near
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the surface. It is suggested that the flow can be subdivided into
two or possibly three overlapping domaines. At depth, flow is
nearly incompressible; near the surface it is nearly adiabatic and
compressible, quite like a perfect gas. Numerical results for
fluid velocity in the models show approximately constant flow rate
between 100 and 10 kilometers; at 10 kilometers velocity begins to
increase, and abqve 2 kilometers depth the flow velocity increased
greatly due to the expansion of the volatile phase.

2) The stable channel shape for idealized steady flow has an
upward divergent form, widely flaring near the surface.

3) Field observations of the largest blocks transpdrted upward
at the Moses Rock dike lead to estimates of the minimum upward flow
velocity between 10 and 50 meters per second at the present erosion
surface which is about one mile below the surface at the time of the
eruption. The calculated eruption model most consistent with the
field observations at the Moses Rock dike is Model D, assuming for
Moses Rock that the present surface is 2 km below the original
surface, channel width is 100 m and a fluid velocity of 55 m/sec.
Model D has a water content of 4%, predicts a crater about 400 meters
wide near the surface and a near-surface velocity of about 350 m/sec.

4) The calculated size and geometry of several models agrees
well with the observed size and geometry of the pipe at the fabled
Kimberley Mine, South Africa. The best fit was a model with 25%
water by weight and suggests a fluid velocity of 318 m/sec at a depth
of 1000 meters, 464 m/sec at 400 meters, and 750 m/sec near the

surface.
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Emplacement of the Moses Rock Dike

The hydrodynamic calculations have suggested some quantitative
results for fluid velocity and dike shape for some very simplified
models of the eruption of kimberlite, The geological field relation=
ships provide much detailed information about the actual event. Let
us attempt to integrate these ideas and observations and to recon=-
struct the specific event which produced the Moses Rock dike.

Petrologic obserxrvations indicate that mineral grains in the
kimberlite at Moses Rock were derived from the upper mantle over a
range extending to more than 100 kilometers, It is inferred that
the kimberlite was emplaced from the upper mantle. In the upper
mantle volatiles, H,0 and CO2 primarily, coexisted with the solid
mineral grains of garnet-lherzolite and spinel-lherzolite. Phases
also present in the assemblage include at least one mica, titanium-rich
clinohumite and possibly carbonate. The source of the volatiles is
unknown but they are presumably derived from the earth's interior,
perhaps from dehydration of deep seated hydrous phases such as
clinohumite or amphibole. The geometry and size of the volume in the
mantle from which the kimberlite was derived, that is, the "reservoir',
are unknown but a plausible model is a large dendritic volume in
which volatiles were accumulated in the intergranular intersticies
of the rocks of the upper mantle to an extent that they occupied a
significant fraction of the volume. The volatiles are believed to
have existed as a free fluid phase, inferred to be HZO and €Oy, with
at most only a very minox amoﬁnt of silicate melt.

The eruption is believed to have occurred as follows. The
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fundamental instability respomnsible for the eruption is the demsity
contrast between the rocks outside the reservoir compared to the
bulk density of the material within it. As the volatile phase
accumulates in the reservoir, stresses develop at its boundary due to
the formation of a hydrostatic head whose magnitude is A§ gh, where
Aé is the density contrast and h the vertical extent of the reservoir.
When this stress exceeds the tensile strength of the surrounding
rocks a fracture is propagated into them, in a way similar to
hydraulic fracturing of reservoir rocks in oil production practice.
The direction of propagation of the fracture depends on the state of
stress in fhe rocks, and generally parallels the least compressive
stress., Unless the maximum principal compressive stress is oriented
vertically, the fracture would propagate up the lithostatic gradient
toward the surfaée and fluid flow would set up in the crack.

Initially the fluid flowing behind the tip of the propagating
crack exerts pressure on the walls in excess of the local load, the
dike dilates and apophyses are injected along planes of weakness in
the surrounding rocks. 1In the early stages, the fluid probably con-
sists mostly of volatiles with minor amounts of entrained particulate
solids from the mantle.

As the erupting fluid approaches the surface it expands greatly
and flow velocities increase in response to this expansion. When the
surface is breached the fissure probably carries mostly gas, with some
entrained fragmental debris derived from the walls. The mechanics of
the process to this point are probably very similar to the blow-out

of gas wells, well known to petroleum and drilling engineers. In
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those serious gas well blow-outs in which the flow becomes concentra-
ted outside the well casing, the entire string can be extruded and
the crater produced by the ensuing flow is similar in form to volcanic
craters of the maar type.

At depth within thie dike dﬁring its early stages of formation
the flow velocity will adjust itself to a wvalue such that the decrease
in pressure on the fluid will roughly be balanced by frictional losses
induced by shear on the vent walls and within the moving fluid. Flow
is probably quite unsteady and the conditions unstable. The duct
walls are subjected to abrasion by the fluid, highly charged with
solid debris, and to fluctuating fluid pressure., The strength of
the duct walls certainly varies from place to place and the relatively
weak portions probably fail most readily. The means of failure of
the walls is probably complicated and involves several processes,
including abrasion, plucking, slumping or spalling, and injection of
fluid into cracks or planes of weakness. The fluid pressure exerted
on the walls never greatly exceeds the local load plus the effective
tensile strength of the rocks because such pressure excess results in
forced injection of fluid into the vent walls,

As the dike widens viscous drag on the walls decreases because
the ratio of wetted to cross-sectional area is decreasing. The result
is an increase in the fluid velocity, and consequently a decrease in
the fluid pressure exerted on the duct walls by the fluid normal to
the direction of flow due to the Venturi effect. Also, a pressure
decrease may be propagated downward, as a wave, from the surface

when the surface is breached by the eruption. When the pressure
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decrease becomes severe, tensile fractures form in the walls parallel
to the contact and blocks begin to slump and spall into the flow.
At depth slope failure may be violent as in rock bursting in deep
mines. The medium flowing from the reservoir now becomes progressively
more charged with solids and erosional capacity of the medium increases.

With time the instability of the walls becomes progressively
more severe, As walls fail throughout the length of the dike the
rock fragments introduced into the flow are comminuted by abrasion
and impact and transported in the flow according to their size, shape
and density. The fragmentary rock debris are thoroughly mixed with
the mineral fragments from the mantle. With time these mineral
fragments become preogressively more and more diluted with rock
debris from the walls.

Near the surface as the eruption progresses, larger fragments
from deeply buried formations appear. The erupting material is now
largely fragmental rock debris from many sources, mixed with minor
amounts of mineral grains from the mantle, all carried upward in gas.
The flow becomes coiicentrated into well defined channels along the
dike, over which craters form, surrounded by ejecta of blocks,
fragments and some kimberlite~tuff.

Eventually the volatiles in the reservoir are expended and flow
in the dike ceases. The solid particles collapse into the vent, the
cloud of debris in the air settles out, and locally the vent walls
collapse by slope failure near the surface.

Post eruption alteration of the crater includes further slumping.

Probably loose material would be washed down the slopes and into the
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bottom of the crater. Eventually erosion removed the blanket of
ejecta thrown out ol the crater, and after a long time erosion revealed
the Moses Rock dike at its present level, about a mile below the

surface at the time of eruption.

Sequence of Events Shown on Schematic Diagram of the Eruption

The inferred sequence of events during the emplacement of the
dike, summarized schematically in time=-depth coordinates in Figure
illustrates some major points discuséed above.

The reservoir can be visualized as a vessel which is maintained
at a constant pressure, the local lithostatic load pressure, by a
piston at <:> . This is equivalent to saying that the mantle rocks
have very little strength near the reservoir and could not support a
void.

The duct leading from the top of this reservoir is closed by
another piston<::> which in the simplest model has a force applied
to it which equals the local load plus the effective strength of the
rock, This piston represents the tip of a fracture. Its location

is meta-stable since for a small upward displacement AZ, an unbalanced

>
hydrostatic head equal to the amount, AP gAZ will be exerted on the
piston from below and it will be accelerated upward. As the fracture
propagates, the movement of the fracture toward the surface traces a
line in time-distance space<::>. Velocity in this diagram is the
inverse of the slopes of lines. A vertical line would mean an
infinite velocity; a horizontal line, zero velocity.

In the mantle below 10 kilobars, the medium is essentially incom-

pressible and the crack will propagate at nearly constant velocity
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depending on the duct geometry. Fluid flowing through the duct behind
the moving fracture traces lines in time-distance space as represented
by the dotted lines <:>. As the fracture approaches the surface the
fluid begins expanding and accelerating, breaking through at high
velocity <:>. As material flows from the reservoir the volume of the
reservoir decreases <:>.

Fluid particle velocity increases as the duct is forced open and
viscous drag decreases. Fluid pressure on the vent walls decrease
eventually just equalling the local lithostatic load <:>. As veloci~
ties continue increasing the walls begin to fail and particulate
debris is introduced into the flow <:>.

A fragment of mantle rock introduced into the flow at <:>Wﬂill be
carried upward or will sink depending on its size. Vexry fine debris
will be carried along essentially at the fluid velocity. A moderate=-
sized fragment would be carried upward but would travel at some velo-
city less than the fluid particles since it is sinking relative to
the fluid. It may undergo abrasion and comminution on the way to the
surface. A huge block of the same material might sink. Large
blocks could be smashed to fragments by impact with other particles
and the fragmental debris would be carried along according to
its size, density and shape.

Fragments introduced into the flow, higher in the vent as at <::>,
for example, would rise or sink in the flow as determined by the local
fluid properties and their size, shape and density. The path lines
followed by fragments of various size are shown. We will return to

discuss this point after describing the termination of the eruption.
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When the fluid in the reservoir is expanded (::), an expansion
wave propagates upward through the medium in the duct, which causes
the flow to cease. 1In the lower part of the duct in the incompressible
regime, the acoustic velocity of the medium is high and the "shut-off"
wave propagates upward very rapidly <::>, perhaps at several kilometers
per second. In the expanded region necar the surface where the velocity
is greater and the pressure and density lower, (and the acoustic
velocity perhaps somewhat lower) the shut-off wave may propagate
slightly more slowly but still at a large velocity (:). A particle
traced through this shut-off would follcw a path as shown by (13).
Having left the reservoir it had propagated toward the surface but
was decelerated and stopped by the passage of the expansion wave
which produced the shut-off, Through future time, then, this particle
will reside at (:) unless displaced.

An observer at some time after the eruption who investigates
the crystalline rock fragments near the surface will collect debris
which was transported from below, It has been inferred from the
geological observations at Moses Rock that various stages of the
eruption are preserved at different localities., Thus, at localities
inferred to represent relatively early stages in the eruption
(Cross Section 41, for example) one would see material represented by
point <§9. Therefore, only small fragments of crystalline rock
mixed with kimberlite are observed. At localities where the eruption
became slightly more mature <:> and early channelling developed
(Cross Section 25, for example), moderate-sized fragments of crystalline

rock are observed, Where the eruption was most mature (as in the
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well-developed channel shown in Cross Section 37), the observer can
sample fragments representative of point . At this locality he
observes large blocks of crystalline rock fragments derived from
(::), and moderate-sized mantle fragments derived from <:>. The
detailed history of fragments from various sources is undoubtedly
complicated. The collection of fragments obseryed at one place
represents an array derived from many localities introduced at
different times. This accounts for the apparent observed inverse

size-depth relations in the rock fragments in the Moses Rock dike.
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PART V: SUMMARY

The Moses Rock dike is a superbly exposed, four mile long, kim-
berlite-bearing, breccia filled intrusion in the east central Colorado
Plateau, one of eight known kimberlite-bearing diatremes in the pro=-
vince. Kimberlite pipes and dikes are of great interest because
kimberlite and certain crystalline rock fragments contained in the
breccias filling these structures are believed to originate in the
mantle, therefore provide geologists with deep seated rocks at the
surface.

Included in this report-are descriptions and discussions of
1) field geology, 2) petrology of the kimberlite and crystalline rock
fragments, and 3) hydrodynamics of the emplacement of the kimberlite,
Field studies included detailed mapping of the dike at 1:2400 scale
and exténsive sample collection of the breccias and crystalline rock
fragments, Mapping was concentrated on the interior structure of the
dike and its contact with the wall rocks. Petrologic investigations
included reconnaissance petrography, whole-rock chemical and trace
element analysis of 15 representative specimens, and extensive micro=
probe analysis of minerals from the kimberlite and ultramafic or
dense fragments., Of special interest are microprobe investigations
of mineral inclusions in pyropic garnets. Theoretical analysis of
the hydrodynamics of the eruption includes computer solutions for
20 idealized steady-state, two-phase kimberlite eruptions which
yield fluid velocity and stable dike geometry as functions of depth.

Field investigaticn revealed much about the structure of the
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dike and has provided information about its mode of emplacement. The
dike parallels the Comb Ridge monocline, an important regional
structure, It has steeply dipping contacts with undeformed and
unmetamorphosed Permian red beds which form the dike walls. A system
of joints parallels the contact everywhere, The dike is filled with
breccia; 12% consists of mineral grains derived from kimberlite,
mostly dispersed throughout mixed debris in the various breccia units.
Kimberlite as a discrete rock occupies only about 17 of the area
within the dike. 72% of the fragments are derived from the Cutler
Formation, the strata now at the walls; 12% are limestone fragments
from the underlying Paleozoic strata; and 3% are crystalline rocks
from farther below, About 1% of the crystalline fragments are dense
or ultramafic rocks, Relationship of the breccia units suggests
that channels developed through which flow was concentrated, In
these channels upward displaced blocks are large, the degree of
dilution of kimberlite with debris is great and the crystalline rock
fragments are large., Craters probably developed at the surface over
the channels. The surface was at least 1500 (and probably about
5000 feet) above the present erosion surface because blocks are
observed displaced downward this distance. The age of the intrusion
is not precisely known, but is probably older than 10 but younger
than 60 million years old, No silicate melt was present at the level
now exposed, Kimberlite and other intrusive breccias were probably
emplaced in a fluidized state consisting of volatiles and solids,
The breccias are particulate on all scales, have size frequency dis-

tributions like comminution curves, are intricately mixed, and the
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mineral components of kimberlite are commonly highly diluted in the
breccias. Apparently the dike was emplaced as a fissure eruption
along which channels developed as the eruption progressed. The
largest spherical fragments displaced upward are limestone blocks
about 10 meters in diameter,

A reconstruction of the column of crustal and upper mantle
rocks was made on the basis of size and abundance of crystalline
rock fragments. There is an observed inverse relationship between
the size of fragments derived from the underlying Paleozoic strata
and now observed at the present surface in the dike and the distance
these blocks have been displaced upward from their original strati=-
graphic position in the undisturbed vent walls, If a similar rela=-
tionship exists within the crystalline rock fragment population, then
it provides an empirical rationale for reconstruction of the vertical
stratigraphy of the long column of crystalline rocks between the
reservoir and the surface, Using statistics gathered in the field
on size and relative abundance of the crystalline rock fragments,
a crustal-upper mantle model has been constructed, 1In this model,
called CP~1, meta-basalt, granite and granite gneiss are abundant
near the surface, diorite, gabbro and mafic amphibolite constitute
intermediate zones in the crust and retrograded mafic pyroxene granu=
lite (plagioclase-pyroxenetgarnet gneiss) is abundant at depth in
the crust, The population of crystalline fragments of apparent
crustal origin is predominantly metavolcanic or metaplutonic, rather
than metasedimentary in origin,

Dense and ultramafic fragments of possible mantle origin were
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studied in more detail, 1Included in the suite of possible mantle
rocks, in decreasing order of relative abundance are: zatigorite=-
tremolite schist, jadeite=-rich clinopyroxenite, eclogite, spincl-
websterite, and spinel-lherzolite. Pyroxenites are more abundant
than peridotices. Although no garnet peridotite was observed as dis=-
crete rock fragments its presence is inferred from the suite of
mineral inclusions observed within pyropic garnets.

It was concluded from the microprobe investigations of mineral
grains in kimberlite, that the kimberlite minerals are compositionaily
unlike those in the associated xenoliths except for the spinel-lherzo-
lite fragment and the mineral inclusions in the pyropes., ALl but the
spinel and garnet peridotite are believed to be accidental inclusions
derived from the vent walls during the eruption and are apparently
unrelated to the kimberlite in any direct way. A plausible source
for the kimberiite is physical disaggregation of mantle assemblages
with Al-rich and Al-poor pyroxenes believed to be-spinei-lherzolite
and garnet~lherzolite approximately in the ratio 30:70.

Tentative P~T assignments to kimberlite clinopyroxenes suggest
their derivation over a significant depth range in the upper mantle
extending to about 150 kilometers, Indicated temperatures at 150
kilometers are modest, about 900° C.

Titanoclinohymite is present in kimberlite and as ar inclusion
in a pyropic garnet., Minerals of this demse hydrous group should be
considered as a possible important site for water in the upper mantle,

The observed rocks and microprobe data suggest that the Mohorovis

cic discontinuity under the Moses Rock dike wmay occur in a petrologi-
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cally complex region and may involve three types of downward transi-
tions: 1) mafic pyroxene granulite gnéisses to eclogite; 2) serpentine
schist to slightly hydrated spinel-lherzolite, and 3) predominantly
basic to predominantly ultrabasic rocks, The data are consistent
with a lower crust composed of hydrated ultramafic rock (serpentine)
and mafic garnet and plagioclase-bearing gneiss and an upper mantle
of partially hydrated ultramafic rock, mixed with eclogite and pyrox-
enite., A downward transition from spinel-bearing to garnet=bearing
peridotite assemblages in the upper mantle suggested by experimental
phase petrology is consistent with the observations at the Moses Rock
dike and suppofts the view that the minerals and rocks in the dike
were derived over a great vertical distance, The variety of types
and the complex textures observed in the ultramafic rocks suggests
that the upper mantle may be as complicated as the crust in terms
of its history and composition,

The numerical hydrodynamic models for the eruption of kimberlite
show that the flow is controlled by viscous drag on the dike walls
and the expansion of the volatile phase near the surface., In the
models, velocity and dike width are nearly constant at depth but the
dike flares near the surface into the shape of an upward-divergent
nozzle and the computed fluid velocities increase greatly near the
surface, Field observations of large blocks displaced upward in the
dike suggest flow velocities of 10 to 50 m/sec at the present surface
(for assumed fluid densities believed to be plausible), Using the
theoretical models to extrapolate this upward suggests a near-surface

velocity of about 350 m/sec and a dike width of 400 meters for the
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Moses Rock dike over the channels,
Tinally, geological and petrological observations and the hydro-
dynamic models of the eruption are consistent with the following
view of the origin and emplacement of the Moses Rock dike, The
eruption originated from a large reservoir in the mantle, driven by

ol

0, supercritical at depth. The mineral

a volatile phase, mostly HZ
constituents of kimberlite consists of physically disaggregated man-
tle, primarily the rocks in the reservoir, spinel-lherzolite and
garnet-lherzolite, Since no large thermal perturbation is implied
by the pyroxene data, it is believed that the eruption was caused by
a localization of volatiles in the mantle, perhaps derived from the
dehydration of dense hydrous phases in the lower parts of the upper
mantle, The erupting kimberlite could have propagated its own frac-
ture or it could have flowed along a preexisting zone of weakness
toward the surface, The kimberlite and other breccias filling the
Moses Rock dike were emplaced in a fluidized state, consisting of
volatiles and solids. Apparently the dike walls were highly unstable
during the eruption and probably failed in a progressively more severe
way as the eruption progressed, producing breccias composed of more
and more debris from the walls. The hydrodynamic models suggest that
the flow velocities were modest at depth due to viscous losses but
that expansion of the volatile phase near the surface resulted in

large flow velocities at the surface, The inferred surface expression

of the dike is a chain of several well developed maar type craters.



~318=~
APPENDIX A

Analytical Techniques

Whole Rock Chemical Analyses:

The Analytical Branch, U, S. Geological Survey, Denver, Colorado,
provided the major and trace element analyses by gravimetric and spec-
trographic 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 petrography. Rocks
were selected to represent the range of chemical and petrographic types
on the basis of reconnaissance and some detailed petrography. Selected

specimens were carefully powdered to -200 mesh with a diatomite mortar

and pestle,

Measured Densities

Whole-rock densities were measured on small 3 to 5 gram chips using
a Jolly balance, distilled water, and Archimedes principle. Measure-
ments were repeated 5 times on each sample, and the stated error is the

standard deviation of those measurements,

Electron Microprobe

Partial chemical analyses were made on an Allied Research Labora-
tory three-channel electron microprobe (EMX) equipped with pulse height
analysers on each channel. Data print out was on an I.B.M. typewriter.
All channels had sealed proportional gas-counter detectors. Analyses

were made at an operating voltage of 15 KV and a sample current of

0.05 yamps;rarely asample current of 0.10 y amp was used. The size of
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the spot produced by the electron beam ranged from 2 to about 10
microns, Volatization of specimens was not an experimental problem.
Sample current readings were made on brass mounts or currents measured
on specimen surfaces were calibrated to brass. No correction was
necessary for dead time because counting rates in excess of 10,000
counts per second were not encountered. Background counts were taken
routinely on all analyses, both standard and unknown minerals. Counts
on unknowns generally ranged between 104 and 10S counts obtained in
10 second runs on each spot.

Analyses of unknowns were obtained in two ways from counts: 1) by
reference to standard curves (courtesy of Mr, D. Smith) which were con-
structed from counts made on previously analysed, homogeneous minerals
in the reference collection of the microprobe laboratory, Division of
Geological Sciences, California Institute of Technology, and 2) direct
reduction of counts to oxide weight percent using the technique of Bence
and Albee (1967) and a CITRAN computer program constructed by Drs. A,
Bence and R, Naylor., The analyses quoted in this report were obtained
by the second method. Discrepancies between the two methods were usually

negligible or attributable to doubtful results of wet chemical analyses

of the standards.

Sample Preparation for Electron Microprobe Analysis

Two types of samples were prepared for electron microprobe analysis:
1) polished thinsections of rocks, and 2) grains mounted in apoxy.
Polished thin sections were prepared by Mr. Rudulf von Huene, California

Institute of Technology. Individual grains were separated from the

kimberlite.
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Grains were obtained from kimberlite in the following way., Large
samples of kimberlite were pulverised, and the dense minerals concen-
trated using a Wilfely table, heavy liquids (and STBE), split into
+100, 100-200, and -200 mesh fractions and separated by magnetic sus-

ceptibility with a Franz-electromagnetic separator. From the result-
ing fractions, grains were hand picked with a binocular microscope.
These grains were mounted in apoxy and polished to exposure by A. A,
Chodos.

Polished thin sections and grain mounts were coated using a graphite
arc in an evacuated glass bell jar in order to make the specimen surface
electrically conducting.

When working with polished thin sections, the grains to be analysed
were circled with india ink on top of the carbon coating. A sketch map
of the thin section was then made showing the location of the circles.
This permitted easy location of the desired grains when the section
was mounted in the probe. Generally polaroid photomicrographs of grains
were taken prior to actual probe runs so identification and reproduction
of spots was relatively simple.

During analysis of grains in the grain mounts, maps showing the dis-
tribution and outline of each individual grain were constructed which
permitted spots to be reproduced. This was necessary, of course, be-
cause only three elements at a time could be analysed. It is felt that
no serious problem of reproducibility of location was encountered. Also,
a characteristic feature of mineral grains separated from the kimberlite

is their lack of zoning, so errors in spot location would introduce only

minor errors in analyses,
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APPENDIX B

Electron Microprobe Partial Chemical Analyses of Olivine
Orthopyroxene, Clinopyroxene and Garnet Grains Separated

from Moses Rock Kimberlite (MR 1416A)

Approximately 150 partial chemical analyses are presented in the
following tables. Electron microprobe analyses were obtained on indi-
vidual mineral grains separated from a kimberlite sample (MR 1416A) from
the type locality in the Moses Rock dike.

Microprobe data, in counts per second, corrected for background,
were reduced to.oxide weight percent using the empirical correction
factors of Bence and Albee (1967). Actual reduction of these data and
computation of structure formulae were performed using CITRAN computer
programs written by Drs. A, Bence and R, Naylor.

In the chemical analyses Fe is expressed as FeO. It is possible
that iron exists in significant amounts in the ferric oxidation state
in both garnet and clinopyroxene,

Mineral structure formulae were calculated to an appropriate numberxr
of oxygen atoms assuming Fe was present as FeQ and Al as Al,03.

Results are shown to hundreds of 1 oxide weight percent, although

probably only three figures are significant.



Olivine

Mount 62-2
Grain 6
SiOZ 41.05
TiO2 -
Cr203 .02
MgO 52.05
FeO 7.85
Ca0 -
MnQ .13
Na20 .02

101.12

Structure Formulae

Si | .987
Ti -
Al . -
Cr .001
Mg 1.865
Fe .158
Ca -
Mn .003
Na 001
3.013
0 4,000

Mg/Mg+Fe : 922
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62-2
7 8 9
40,32  40.44 40,34
.00 .00 -
.01 .02 .02
50.70 49.92 50.75
9.57 9.86 9.08
- .01 -
.15 .17 .16
.02 .01 .01
100.77 100.44 100.36
.981 .988 .983
.000 .000 -
.000 .000 .000
1.839 1.818 1.844
.195 .201 . 185
- .000 -
.003 .004 .003
,001 ,001 L,001
3.019 3.012  3.017
4,000 4,000 4.000
.904 .900 .909



Mount

Grain

510,
Ti0,
A1203
Cr203
MgO
FeO
Ca0O
MnoO

Na20
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Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Mn
Na

Mg/Fet+Mg

Olivine
62-4
3 4 5 6 7 9
40,16 40,04 40,17 40,25 40,35 40,27
.01 .00 .00 - - -
.01 .01 .01 .01 0L .01
50.65 50.84 49.90 50.77 50.97 49,86
8.75 7.92 10.31 8.14 7.80 8.26
.15 . L4 .15 . L4 .14 .15
L0l .02 .02 .02 .02 .02
99.74 98.97 100,58 99,33 99.30 98.58
984 .985 .982 .987 ,988 995
.000 . 000 .000 - - -
.000 .000 .000 .000 .000 .000
1.849 1.864 1.819 1.856 1.860 1,836
.179 .163 .211 . 167 . 160 171
.003 .003 .003 .003 .003 .003
L001 L0011 .001 .00L .001 L0011
3.016 3.015 3.018 3.013 3.012 3.005
4,000 4,000 4,000 4,000 4,000 4.000
912 .920 .896 L.917 921 .915
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Olivine
Mount 62-4 62-6
Grain 10 11 12 3 4 5
5102 40.81 41.10 40,59 40,74 41,30 41,13
Ti02 .00 - .01 .00 .00 .00
Cr203 .02 .01 .02 .01 .01 .00
MgO 49,08 50.33 48,16 50.47 50.61 49,51
FeO 10.11 7.70 8.33 7.64 7.57 8.30
Cao - - - - - -
MnO .00 .00 .00 .00 .00 .00
NazO .02 .02 L,01 LOL ,01 .00

100.20 99.30 97.25 99.00 99.63 99.1l1

Structure Formulae

Si .996 1.000 1.011 .999 1.000 1.004
Ti .000 .000 .000 . 000 .000 .000
Al - - - - - -
Cr .000 .000 .000 .000 .000 .000
Mg 1.797. 1.839 1.800 1.843 1.842 1.816
Fe . 207 .158 o174 .156 . 154 171
Ca - - - - - -
Mn .003 .003 .003 . 003 .003 .003
Na 001 ,001 _.000 . 001 ,001 . 000
3.004 3.000 2.989 3.001 3.000 2.995
0 4,000 4,000 4,000 4,000 4,000 4,000

Mg/Fe+Mg .897  .921  .912  .922  .923  .914
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Olivine

Mount 62-5 62-6 63-9 62-2
Grain 2 1 1 4 5 10
8102 40,08 40.31 40,47 40.35 40,30 40,31
TiO2 .00 .01 - .01 .00 .00
A1203 - - - - - -
Cr203 .02 .00 .01 .01 .01 .01
MgO 49,14 49,43 49,30 50.80 50.59 50.72
FeO 8.45 7.21 7.50 8.64 9.41 10.28
Ca0 - - - - - -
MnO .17 .13 ) .14 15 14
Nazo L0l 01 ,O1 .01 .01 01

97.89 97.12 97.44 99.95 100.48 101.47
Structure Formulae
Si .998 1.005 1.006 .985 .983 977
Ti .000 .000 - .000 .000 .000
Al - - .000 - - -
Cr .000 .000 .000 .000 .000 . 000
Mg 1.823 1.836 1.827 1.849 1.839 1.833
Fe .176 . 150 . 156 177 .192 .208
Ca - - ~ - - -
n .004 .003 .003 .003 .003 .003
Na ,001 L,00L .001 001 001 ,001

3.002 2.995 2,993 3.014 3.017 3.023
0 4,000 4,000 4.000 4,000 4,000 4,000
Mg/FetMg .912 924 921 912 .905 .898
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Grain

8102
TiO2
A1203
Cr203
MgO
FeO
Ca0
MnO

Na 0

2
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Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Mn

Olivine
62-6 62~ 62-2 62-4 62-5
2 1 2 3 9 1
40.49  40.26  40.45 40.92  40.28  40.10
- .01 - .01 .00 .00
.01 .01 .0l .01 .01 .07
50.32 50.65 52,31 51.80 50.29  48.05
6.64 9.57 6.81 7.97 9.05 7.56
.12 .15 .11 .13 .15 .15
.01 - L01 L02 ,01 .01
97.74 100.67 99.72 100.86 99.80 95.97
1.000 .981 .982 .987 .987
- .000 - .000 .000
.000 .001 .000 .000 .000
1.858 1.839 1.894 1.862 1,836
.137 .195 .138 .161 .186
.002 .003 .002 .003 .003
.001 L001 ,001 ,001 .000
3,000 3.019 3.018 3,013 3,013
4,000 4,000 4,000 4,000 4,000
.931 904 .932 .920 .908
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Mount 52-5

Genin 6 7 8 9 10 11
510, LL.OG  41.42 41,30 40,86  41.20  40.79
550, .00 .00 .00 .01 .01 .01
1,0, - . - - - -

¢ 0y .00 .01 .00 .02 01 .02
MgU L9.54 50,65  51.83  50.00  51.18  49.84
oo 7.28  6.75  6.09  7.66  6.30  7.47
Cao - - - ~ - -
e .00 .00 .00 . GO .00 .00
Na ,0 01 ,07 .01 01 .02 .01

98.33

Srructure Formulae

@]

~r A
v (v/u S M or
Vil U e

99.34

98.60

98.27

1,006 1.004 .997 L.000 1,000 L.G02
.0GO . 000 .000 000 000 . 000
. 0G0 . 000 . 000 000 . G0U . 0G0

1.834 1.851 1.880 1.838 1.868 1.838
<150 . 138 124 . 158 0129 . 154
003 L0035 . 0G2 . 003 . 002 . 005
L 000 L0071 L 000 L 000 L 007 L0

2.994 2.997 3.003 3.000 2,996

924

4,000

931



Mount
Grain

SiO2
TiO2
A1203
Cr203
MgO
FeO
Ca0
MnO
Na ,0

Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Mn
Na

Mg/Fet+Mg

Olivine

62-6
12

41,41
.00

.00
50.95
5.53

.00

202

98.03

1.009
.000
.000

1.866
.113
.002
.001

2.992

4,000

943
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63-~9 62=-2
2 1 2
41.08 40,68  40.70
.00 - .00
.00 .01 .0l
50.69 51.52  5L.70
7.93 7.93 7.30
.00 .13 .13
.01 - 202
99.86 100.29 99.85
995 .987 .988
.000 - .000
.000 .000 .000
1.844 1.862 1.871
.162 161 . 148
.003 .003 .003
.001 .001 001
3,005 3.013 3.012
4,000 4,000 4,000
919 .920 .927
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Titanoclinohumite

Mount 61l-4 61-6 6l-4 61-6
Grain 7 4 8 1l
Sioz 35.79 35.44 36.28 36.50
's?iO2 4,81 5.11 5.77 5.30
‘%1203 - - - -
Cr203 .13 .07 .01 .05
MgO 49.95 47,01 48,73 45,56
FeQ 7.07 9,07 7.29 10.13
Cal - - - -
mMnG .13 .17 .00 .00
hazO .01 .0l .00 .01
67.89 §6.87 98.27 97.75
Structure Formulae
Si L6898 .503 924
Ti DU L . 109 . 101
Al - - -
Cr .003 .001 001
Mg 1.667 1.&19 1.728
e . 148 . 152 .215
Ca - - -
Mn . 003 .003 Q04
Na L001 .000 .001
3.010 2.988 2.974
O 4,000 4,000 4,000
Ng/lligrre .927 .923 . 889
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Clinopyroxene

Mount 63~1

Grain 2-1 3-1 4-1 5-2 6-1 7-1
510, 54,56 54.07 52.60 52.46 52.35 54,01
Ti0, .14 .12 .05 .26 .13 .13
A1203 2,32 2,08 4,43 5.83 5.45 2.28
Cr,04 2,29 1.68 1.04 91 1,42 1.89
MgO 15.83 16.42 15.96 14.79 15.22 15.31
FeO 1.83 1.44 2.00 1.91 2,02 1.77
Ca0 21.01 21.85 22,43 21,48 21.41 20,62
Na 0 2,11 1.61 94 _1,68 1,35 2,05

100.09 99,27 99.46 99,32 99.35 98.08

Structure Formulae

Si 1.974 1.971 1.916 1.908 1.905 1.989
Ti . 004 .003 .001 .007 .004 .004
Al .099 .089 . 190 +250 «234 . 099
Cr .066 .049 .030 .026 041 .055
Mg .854 .892 .866 .802 .826 .841
Fe .055 .044 .061 .058 .061 .055
Ca 814 .853 .875 .837 .835 .814
Na 148 114 . 067 .118 . 096 150

4.014 4,014 4,006 4,006 4,001 4,003
0 6.000 6,000 6,000 6.000 6,000 6.000

Mg/FesMg .4882  .4890  .5026  .5108  .5028  .4919
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Clinopyroxene

Mount 63-1 63-2

Grain 10 11 12 1-1 2-1 3-1
5i0, 52,00 52,44 52.23 52.71 52.08 54,67
Ti0, .07 .05 .19 .06 24 .04
A1203 5.58 5.57 5.27 4,86 6.39 1.54
Cr,04 1.24 1.20 1.36 1.15 1.01 l.44
Mg0 15.54 15.29 15.36 15.74 14,51 16.77
FeO 2,04 2.01 2.28 1.98 1.97 1.45
Ca0 22.54 22,14 21.96 22.99 21.39 22.46
Na,0 1,06 1,21 1.23 1.04 1,92 1,36

100.08 99.92 99.88 100.53 99.53 99.74

Structure Formulae

Si 1.885 1.900 1.897 1.903 1.893 1.983
Ti .002 .001 .005 .002 .007 .001
Al .239 .238 .226 . 206 .786 . 066
Cr .036 .034 .039 .033 .029 041
Mg .840 825 .831 847 274 .906
Fe .061 061 .069 .060 .060 044
Ca .875 .860 .854 .889 .833 .873
Na 075 . 085 , 087 ,073 2136 . 096

4.013 4.005 4.009 4,012 4,017 4.010
0 6,000 6.000 6,000 6.000 6.000 6.000

Mg/Fe+Mg .5105  .5101 .5123  .5145  .4906



fount

Grain

5102
TiO2
A1203
Cr203
MgO
FeO
Ca0

NaZO

Clinopyroxene
63-2
4-1 5-1
54,45 52.00
.22 - 14
2.47 5.47
1.44 1.29
15.94 15.07
2,23 1.79
20,84 22.43
2,09 _1,30
99.69 99.50

Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Na

1.976 1.895
.006 . 004

.106 +235

.006 .037

.862 .818

.068 .054

.810 .876

o147 092
4,017 4.012
6.000 6.000
.5169

Mg/Fe+Mg 4845
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63-6  63-4 63-1
12 6 8 1-1
52.87 53.03  52.21  52.09
.03 .08 .22 .15
5.79 4.84  6.16  5.37
.86 94 99 1.37
264.37 15.66  14.85 15.21
4,16  1.97  1.93  1.85
12.16  22.55 21.93  21.77
,03 1,08 _1,65 _1.23
100.25 100.14 99.95 99.03
1.867 1.916 1.891  1.903
.00  .002  .006  .00&
241 .206  .263  .231
.024  .027  .028  .039
1.283  .843  .802  .828
.123  .059  .058  .056
.460  .873  .851  .852
,002 _,075 _.116 _,087
4,000 4.003 4,015 4.002
6,000 6.000 6.000 6.000
.2640  .5086  .5150  .5071



Mount
Grain

SiO2
TiO2
A1203
Cr203
Mg0
FeO
Ca0l
NaZO

Clinopyroxene
63-3
2-1 3-1
51.99 53.71
.13 .34
4,80 4,40
.88 1.37
16.19 14,81
2,08 1.97
21,95 20,58
1,01 _2,36
99.03 99.54

Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Na

o

1.901
.003
.207
.026
.882
.064
.860
2072

4,015

6.000

Ca/CatMg .4937

1.949
.039
.188
.039
.801
.060
.800

—~ 106

4.012

6.000

.4998

-333~

4-1 6 8

54,78  54.67  52.19
.09 .16 .09
2.02 1.93 5.72
2.30 .36 1.20
14.93 16,50 14,58
2.20 1.95 2.02
19.85 21.75 20.81
2.48 1.26 1,38
98.65 98.59 97.99
2,007 1.998 1.921
.003 .004 .003
.087 .083 . 249
.067 .010 .035
.815 .899 . 799
.067 .060 .062
779 .852 .818
2 176 . 089 2,098
4,001 3,995 3.984
6.000 6.000 6.000
.4887 4865  ,5059

52.53
.21
5.74

14.03
2.01
20.29

1,83

97.53

1.937
«377
.250
.026
o772
.062
.802
2131

3.984

6.000

.5096



Mount
Grain

SiO2
TiO2
A1203
Cr203
MgO
FeO
Ca0
NaZO

-334~

Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Na

0

Clinopyroxene
63-3
10 11 12 13 14 15

54.35 53.56  53.42 53,78  53.25  54.50
.21 .16 .31 .27 14 .05
2.59  2.34¢  4.41 4,00  5.32  1.99
2.20 2.16 1.41 1.50 .99 2.41
14.56 15.56 15.38 15.74 15.12  15.82
1.89 1.80 1.88 1.99 1.93 1.93
19.52 21.246 20.46 20.88 21.95 20.76
2,31 2,17 2,14 _2,14 1,44 _2.10
97.63 99.00 99.41 100.29 100.16 99.57
2.004 1.964 1.939 1,940 1.920 1.982
.006 . 004 .008 .007 . 004 .001
112 .101 .189 .170 .226 .085
064 .063 . 040 . 043 ,028 069
.801 .851 .832 .846 .813 .858
.058 .055 .057 . 060 .058 .058
772 .834 .796 .807 .848 .809
. 166 154 . 150 . 150 101 , 148
3,983  4.027 4.012  4.021 3,999 4.013
6.000 6.000 6.000 6.000 6.000 6.000
4952 4890  .4881  .5107  .4854

Mg/Fe+Mg .4907



Ciinopyroxene
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Mount 63-4
Grain 1-1 2-1 3-1 5-1
510, 53.17 54.71 . 52.24 52.37
Ti0, .06 14 .17 .24
A1203 5.16 2.31 4,46 3.72
Cr,04 1.02 1.82 .93 1.18
MgO 15.73 16.40 17.14 17.77
FeO 1.74 1.73 1.87 1.61
Ca0 22.82 21.09 22.44 22.88
Na ,0 .49 1,90 1,20 _1,22
100.19 100.11 100.44 101.00
Structure Formulae
Si 1.915 1.975 1.888 1.886
Ti .002 .004 .005 .006
Al .219 .098 .190 .158
Cr .029 .052 .027 .034
Mg 844 .882 .923 .954
Fe .052 .052 .056 .049
Ca .881 .816 .869 .883
Na .035 _,133 ,084 ,085
3.977 4,013 4,041 4,055
0 6.000 6,000 6.000 6.000
Mg/Fe+Mg L4804 .4850 .4807



Mount

Grain

Si.O2
TiO2
A1203
Cr203
MgO
FeO
Ca0

Na20

~336-

Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Na

Mg/FetMg

prthopyroxene
63-6 63-7
10 11 13 14 2-1 3-3
55.43  56.21  55.61  54.57 56.69  55.47
.04 .02 .03 .16 .03 .03
4,11 2.93  4.08 4,31 .70 4,35
A 45 .57 .51 .28 .50
32.47 35.10 34,39 34,08 35,51  34.36
4,81 5.91  6.44 5.70 6.67  6.20
1.73 -~ .12 1.09 .22 .11 5.46
,03 L02 ;05 .32 .02 .02
99,11 100.76 102.27 99.88 100.02 101.48
1.921 1.919 1.884 1.885 1.959 1.888
.001 .001 .001 . 004 .001 .001
.167 .118 .163 .176 .029 175
.013 .012 .015 .0l4 .008 .013
1.681 1.791 1.740 1,756 1.829  1.743
. 140 .169 .183 .165 .193 177
.065 . 004 . 040 .008 . 004 .020
002 _,001 _,003 ,021 _.001 _,001
3.989 4.016 4,028 4,027 4,023 4,017
6.000 6.000 6,000 6,000 6.000 6.000
.923 914 .905 914 .905 .908
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Orthopyroxene

Mount 63=7

Grain 4-1 5-1 6-1 7 8-1 9
510, 56,25 55.05 55.19  55.85 56.58  55.04
Ti0, .01 .03 .03 .02 .02 .04
A1,04 2.54 4,38 3.56 3.05  2.45  4.78
Cr,04 .62 .62 .43 .61 .54 45
MgO 35.67 34.26 34.46  35.09 35.71 33,87
FeO 5.30 5.84  6.04 5.10 5.99  6.65
Ca0 .26 .81 .50 .51 .35 .52
Na »0 ,02 ,05 ,02 .02 01 .03

100.68 101,05 100.23 100.25 101.65 101.37

Structure Formulae

Si 1.922 1.882 1.901 1.915 1.921 1.879
Ti .000 .00l .00l .00l  .000  .00L
al .102 177 A .123  .098  .192
Cr .017 .017 .012 .016 .0l4  .012
Mg 1.816 1.746 1.769 1.793 1.806 1.723
Fe .151  .167 174 . 146 .170  .190
Ca .009 .030  .018 .019 .013  .019
Na ,002 003 ,001 _,001 _,001 _,002

4,019 4.022 4,021  4.015 4,023  4.019
0 6.000 6.000 6.000 6,000 6,000 6.000

Mg/FetMg .923 913 911 925 914 901
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Orthopyroxene

Mount 63-8

Grain 1-1 2 3 4 5 6
510, 56.31 55.20 54.83 55.43 55.91 55.56
Ti0, .01 .14 .05 .03 .02 .05
A1203 3.59 3.78 4.71 1.97 3.32 3.08
Cr203 77 .61 .54 .58 72 .63
MgO 35.55 34.26 33.90 34.88 34,76 34.83
Fe0 5.29 6.10 6.33 6.14 5.01 5.86
Ca0 .36 .58 .67 .16 .70 .56
Na20 .02 .07 .07 203 ,03 .02

101.91 100.74 10l.11 99.24 100.47 100.60

Structure Formulae

Si 1.901 1.894 1.877 1.929 1.913 1,907
Ti .000 .004 .001 .001 .000 .001
Al .143 .153 .190 .081 134 124
Cr .020 .016 .015 .016 .019 .017
Mg 1.789 1.752 1.729 1.809 1.773 1.782
Fe .150 .175 .181 .179 .143 .168
Ca .013 .021 .025 .006 .026 .021
Na 2001 2005 2005 .002 .002 ,002

4,017 4,020 4,022 4,023 4,011 4,022
0 6,000 6,000 6.000 6,000 6.000 6.000

Mg/FetMg .923 .909 .905 .910 .925 914
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_Orthopyroxene
Mount 63-8 63-9
Grain 7 8-1 9-1 10-1 11-1 4
510, 54,80 56.19 56 .04 57.35 54,69 54.55
Ti0, .06 .03 .04 .05 .03 .08
A1203 4,27 2,02 3.33 3.84 4,92 1.67
Cr203 .62 .32 .54 .52 «55 .50
MgO 33.66 35.85 35.06 34,54 33,77 33.81
FeO 5.51 5.29 5.93 6.09 6.22 5.96
Ca0 1.00 .31 .19 .28 .36 .65
NaZO p) .03 402 .07 .02 .13
99,98 100.26 101.16 102.74 100.58 97.53
Structure Formulae
Si 1.891 1,928 1.909 1.921 1.878
Ti .001 .001 .001 .001 .001
Al 174 .081 134 .152 .200
Cr 017 014 015 014 .015
Mg 1.731 1.834 1.780 1.724 1,728
Fe .159 151 .169 171 .179
Ca .037 .012 .007 .010 .013
Na 004 2002 ,001 . 005 ,002
4.014 4,024 4,016 3.997 4,015
0 6.000 6.000 6,000 6.000 6,000
Mg/FetMg .916 .924 .913 .910 .906



Orthopyroxene

Mount 63-9

~340~

Grain 3 4 5 6 7 8
510, 54.42 55.78 56,82 55.78 56.42 55.38
Ti0, .05 .03 .02 .07 .03 .03
A1203 1.49 4,63 2,47 3.84 2,68 4,17
Cr203 47 .61 .60 .55 42 .71
Mg0 33.24 34,85 35.96 34.92 35.12 32,05
Fe0 6.15 5.46 5.29 6.44 5.14 5.18
Ca0 .71 .38 .69 .52 .13 3.09
Na20 .10 05 .03 .09 .02 11
96.80 101.79 101.87 102.20 99.95 100,72
Structure Formulae
Si 1.884 1.919 1.888 1.933 1.903
Ti .001 .000 .002 .001 .001
Al .184 .098 .153 .108 .169
Cr 016 .016 .015 .012 .019
g 1.760 1.816 1.766 1.800 1.645
Fe .155 .150 .182 .148 . 149
Ca .0l4 .025 .019 .005 114
Na . 004 , 002 . 006 ,001 ,007
, 4,017 4,025 4,030 4,007 4.006
0 6.000 6.000 6.000 6.000 6,000
Mg/Fe+Mg .919 .923 .907 924 917
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- Orthopyroxene
Mount 63-9 63-3 62-5 63-6 63-7
Grain 5 7 3 1-1 1-3 1-1
S10, 54.39 54.98 46,52 57.44 54,73 54,02
Ti0, .05 .03 .11 .02 .02 .21
A1203 1.45 3.87 «2 .95 4,34 2.87
Cry04 .53 <58 .06 .30 02 48
Mg0 33.79 32.72 5.04 36,57 33.94 34,30
FeO 6.42 6.13 46,26 5.07 6.29 6.57
Ca0 51 W72 . 56 .84 .95 .15
Na,0 2 04 204 01 .03 .04 202

97.34 99,07 99.58 101.22 100.93 98.63

Structure Formulae

Si 1.915 1.973 1.951 1.878 1.898
Ti .001 .003 .001 .000 .005
Al .159 .026 .038 .176 .119
Cr 016 .002 .008 017 .013
Mg 1.699 .318 1.851 1.736 1.796
Fe .179  1.642 L 146 .181 .193
Ca ' .027 .025 .030 .035 .006
Na ,003 ,001 ,003 ,003 001

3.998 4,010 4,026 4.026  4.031
0 6,000 6,000 6.000 6,000 6.000

Mg/F e+Mg .905  .162  .928  .906  .903
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Garnet

Mount 61-1 61-2 61-1

Grain 3 10 1 4 5 6

510, 37.51 36.62 39.94 38.67 37.48 36,51
Ti0, .10 .04 .01 .04 .03 .10
A1203 20.54 19.49 18.19 21.75 21.22 20,48
Cr203 .03 .01 6.95 .00 .01 .05
MgO 5.56 1.06 16.09 10.90 7.00 5.56
FeO 29.23 30.49 11.25 25.69 28.78 29.83
Cal 6.57 9.40 7.83 1.07 1.21 6.81
MnO 1.10 3.28 .76 2.76 5.53 .79
NaZO L01 ,02 .03 .02 .02 .05

100.67 100,43 101,05 100.90 101.30 100.20

Structure Formulae

Si 2,956 2,974 2,945 2.954 2,938  2.907
Ti .006 -+002 .001 .002 .002 .006
Al 1.909 1.866 1.580 1.959 1.962 1.922
Cr .002 .001 405 .000 .001 .003
Mg .653 .129 1.768 1.241 .818 .660
Fe 1.927 2,072 694 1.641 1.888  1.987
Ca «555 .819 .618 .087 .101 .581
Mn .073 .226 .047 .179 .367 .053
Na ,003 ,003 2004 .003 .003 008

8§.084 8.091 8.063 8.066 8.080 8.128
0 12.000 12,000 12.000 12.000 12.000 12.000
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Garnet
Mount 61-1 61-2 61-3
Grain 9 2 1 2 3 4
SiO2 38.12 41.09 40.66 37.52 40.95 37.80
T:’LO2 .14 .0l .08 .28 .08 .17
A1203 20.67 21.57 20.97 20.84 21.45 21.09
Cr203 .02 3.50 3.46 .01 2.99 .00
MgO 5.57 21.98 19.17 6.63 20.46 7.00
FeO 33.23 8.32 9.52 26.44 8.36 25.82
Cal 1.83 3.64 4,85 7.01 5.22 6.35
MnO .61 40 .67 .70 A1 .79
NaZO .03 .03 203 .03 .02 .03

100,23 100.55 99.43 99.47 99,97 99.06

Structure Formulae

Si 3.016  2.926 2.958  2.953  2.943  2.970
Ti .008 .001 .004 .016 ,004  ,010
Al 657 1.812 1,798 1.934 1.818  1.954
Cr L001L  .198  .199 .001  .170  .000
Mg .657 2.333  2.078  .778 2.192  .820
Fe 2.200  .496 .580  1.741  .503  1.697
Ca .155  .,278  .378  .592  .402  .535
Mn .041  ,024  ,041  .046  .025  .053
Na ,005 _,004 _,007 _.004 _.,003 L005

8.012 8.071 8,043 8.065 8.061 8.044
0 12,000 12.000 12.000 12,000 12.000 12.000



Mount

Grain

SiO2
TiO2
A1203
Cr203
MgO
FeO
Ca0
MnO
NaZO

34l

Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Mn
Na

Garnet
61-1 61-2 61-1
14 15 3 4 1 2
37.35 38.05 38.69 39.36 38.06 37.91
.03 .12 .08 .04 .05 .14
20,52 20.56 21.75 21.93 21.11 20.58
.01 .01 .04 .06 .04 .01
2.63 4,71 9.55 11.32 8.80 7.01
34,37 31.44 28.17 25.76 28.94 25.86
4,91 6.69 1.59 1.68 2.24 7.28
2.58 1.21 1.36 .62 .07 .77
.03 203 .01 .03 .03 .03
102.43 102.82 101.26 100.78 99.99 99.61
2.96&1 2,961 2,963 2.982 (3.000) 2.973
.002 .007 .005 .002 .002 . 009
1.920 1.886 1,965 1.959 1.962 1.903
.001 .001 .002 .003 .003 .001
o311 . 546 1.091 1.278 1.033 .820
2,282 2.047 1.805 1.633 1.908 1.696
L4l7 .558 . 130 . 136 .190 612
174 .080 .088 . 040 . 048 .051
,004 . 004 002 004 _,004 , 006
8.076 8,091 8.050 8.037 8.152 8.070
12,000 12,000 12.000 12.000 12,000 12.000



Mount
Grain

SiO2
TiOz
A1203
Cr203
Mg0
FeO
CaO
MnO
NaZO

~345=

Structure Formulae

Si
Ti
Al
Cr
Mg
Fe
Ca
Mn
Na

Garnet
61-2 61-6
5 6 7 8 2 5
37.6 41.0 41.05 40,79 40.82 37.98
.03 .03 .03 .03 .07 .12
20.9 21.8 20.93 20.00 20,73 20.88
.00 2.71 4,15 5.36 4,40 .03
5.49 18.9 19.36 18,26 18.86 6.25
32.5 10.9 9.33 9.71 9.00 25.65
1.49 4.95 5.34 6.31 5.47 6.58
.03 .0l .01 .01 .0l 1.45
.02 .03 .03 .04 .04 .02
101.06 101.06 100.83 101.09 99.91 98.98
2.975 2.948 2.951 2,951 2.960 2.995
.002 .002 .001 .001 .004 . 008
1.950 1.839 1.769 1.701 1.767 1.941
.002 154 .236 .307 0253 .002
646 2.021 2.074 1.967 2.037 735
2.147 .655 .561 .588 . 546 1.692
.126 .382 41l 489 425 557
.199 051 .037 .037 .032 . 097
, 003 , 005 . 004 . 005 .005 ,003
8,049 8.056 8.047 8.047 8.029 8.028
12.000 12.000 12,000 12.000 12,000 12,000
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Garnet

Mount 61-6

Grain 6 7 8 9 10 12

510, 41.46 38.79 38.66 38.78 38.59 41.85
Tio0, .20 .05 .04 .15 .13 .16
A1203 22.30 21.45 21.43 20,37 20.25 22,00
Cr,04 1.64 .03 .08 .03 .02 1.90
Mg0 19.36 9.63 9.64 5.95 4,37 19.19
FeO 9.52 26.24 26,06 26.77 28.55 9.38
Ca0 4,77 2.21 2.16 6.63 6.70 5.26
MnO an 1.01 1.01 1.00 1.35 47
Na,0 .05 .03 202 L,02 ,02 4,05

2 7
99,74 99.44 99,09 99,70 99.98 100.26

Structure Formulae

Si 2,980 2.999 2,999 3.040  3.047 2.996
Ti 011 .003 .002 .009 .008 .009
Al 1.890 1.956 1,960 1.883 1.885 1.857
Cr .094 .002 .004 .002 .002 . 107

Mg 2.074 1.110 1.114  .695  .515  2.047
Fe .572  1.697 1.691 1.755 1.886 .562
Ca .367 .183  .179  .557  .567  .403
Mn .027 .066  .066 .066  .090  .028
Na _,007 _,005 _,003 _,003 _,004 _,008

8.021 8.021 8,019 8.010 8,003 8.017
0 12.000 12.000 12,000 12.000 12.000 12,000
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Garnet

Mount 61-6 61~1

Grain 13 14 15 11 12 13
$10, 41.61 42,34 42,10 37.80 38.38 38.38
Ti0, 04,02 .18 .07 .13 A
Alzo3 22.00 21.99 22.13 20.74 20.96 21.09
Cr,04 2.13 2.51 1.68 .00 .02 .03
MgO 18.63 20.43 18.86 4,82 7.04 6.90
FeO 9.51 7.62 9.31 30.31 27.85 27.79
Ca0 5.35 5.00 4,78 5.73 6.70 6.93
MnO .54 .39 46 2.69 2.26 .61
Na,0 .03 .03 .06 .02 .02 .02

99.84 100.12 99.57 102.19 103.34 101.91

Structure Formulae

Si 2.996 3.007 3.023 2.958  2.935 2.956
Ti .002 .001 .010 .004 .007 .008
Al 1.868 1.842 1.874 1.912 1.890 1.914
Cr 121 141 .095 .000 .001 .002
Mg 1.999 2.163 2.019 . 562 .802 .792
Fe .573 bl . 560 1.984 1,781 1.790
Ca 413 . ,380 .368 .481 «549 572
Mn .033 .233 .028 .178 . 146 .040
Na . 004 .003 . 008 ,003 . 003 . 004

8.009 8.001L 7.986 8.083 8.ll14 8.079
0 12.000 12.000 12.000 12,000 12,000 12.000
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Garnet
Mount 61-4 61-6
Grain 11 1
8102 41,38 40.19
Ti0, .17 .04
AL,0,  22.61 19.06
Cr203 1.23 11.25
MgOo 20.61 18.63
Fel 9,32 7.66
Ca0 4.24 6.50
MnO .43 .51
Na,0 .05 .04

100.03 103.87

Structure Formulae

Si 1.905 2.852
Ti .009 .002
Al 1.905 1.594
Cr .069 632
Mg 2.195 1.971
Fe « 557 454
Ca .325 494
Mn .026 .030
Na .008 ,005

8.050 8.035
0 12.000 12.000



Petrographic Descriptions of a Representative
Suite of Crystalline Rock Fragments from the

This appendix contains brief{ petrographic descriptions
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APPENDIX C

Moses Rock Dike

of a

selected suite of crystalline rock fracments from the Moses Rock dike,

From this suite 15 samples were sclected from whole-rock chemical

analysis (see Appendix D).

appendix are used in the text.

The sample numbers referenced in this

This suite is representative but does

not include all the observed crystalline rock types in the Moses Rock

dike.

Igneous

~letamorphic

Plutonic

Volcanic

High Rank

Acid

HRX-66
MRX-103
MRX-105,260

JRX=6
MRX-60
MRX=7 3 MRX-8

MRX-137
MRX~37

Intermediate MRX-43

Rank

Low Rank

Intermediate

MRX-95
MRX-11

MRX-153
MRX-97
MRX-26
MRX-19

MRX=20 (R)
MRX~25 (R)

The diagram below summarizes the rocks described,

Basic

MRX-190

MRX-13
MRX-10,19,
12,17

MRX-148b,
148

MRX-220
MRX~-134

MRX-128

Ultrabasic
or Dense

MRX~-1
MRX-50B (1)

MRX-44 (2)

MRX-39

MRX-57 (3)
MRX-1307
MRX-2 (4)

MRX-51 (5)

1)
(2)

(3)
4)

(5)

cclogite
jadeitic-
clinopyrox-
ene
websterite
spinel-lher-
zolite
serpentine
schist
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Acid Plutonic Rocks

MRX-103: Gneissic pornhvritic biotite-leuco~granite: Foliated porphy-

tic rock, with poorly defined crystal outlines (xenomorphic) and
various sized crystals (scricite); banded fabric is defined by
parallelism of biotite (5% .5 mm average size), prismatic feldspar
(microcline 20%, microperthite 20% subhedra, up to 5 mm, with
interstitial albite), quartz (30% elongate subhedfa up to 1.5 mm).

MRX-260: Sphene-biotite~granite: Phaneritic igneous rock, 10% quartz,

75% light, subhedral, alkali-feldspar, .5 to 1.5 mm (microcline
and microperthite, with minor albite, slightly altered); 15%
irregularly shaped clusters of biotite and sphene, 1 to 5 mm
across. (Minor remnant px-acgerine-augite? with amphibole). 2%

magnetite with feldspar and accessory apatite,

MRX~105: Medium-grained, porphyritic biotite-microcline~lcucogranite:

40% slightly pink feldspar euhedra, 3 to 10 mm (microcline-
perthite intergrowths and poikilitic microcline); remainder of
rock is fairly fine grained; quartz (30% 1-2 mm), feldspar (20%;
1 mm, microcline and perthite subhedral partly altered), biotite
(5%, irregular unoriented clusters 2-4 mm) and opaque (1% gener-
ally associated with biotite).

MRX~66: Medium-grained gneissic, biotite~granite:
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Acid Volcanic Rocks

MRX=6: Rhyolite porphyry: Groundmass, 40% dull-purplish-pink apha-

nitic; porphyry, with K-spar, 20% euhedra, 2 mm average (up to

6 mm) quartz (20%, sub or euhedra, 1 to 2 mm) and 10% dark domains,
1-4 mm across. In thin section are composed of opaque core, sur-
rounded by dark green microcrystalline minerals. Common ubiqui-
tous rock. (Rhyolite C).

MRX=7: Rhvolite pornhyry: About 50% light grey-aphanitic groundmass

of microcrystalline, quartz, feldspar light and dark mica; con-
taining 15% alkali feldspar euhedra 3 to 7 mm; 20% quartz subhedra,
1.5 to 6 mm, and dark lathlike clusters, 1 to 3 mm in length of
very small biotite grains, (Rhyolite B)

MRX~8: Rhyolite porphyry: About 50% light olive-green aphanetic

ground mass composed of microcrystalline quartz, feldspar and
minor sencite; phenocrysts are: quartz, 10%, subhedral, average

1 mm; alkali-feldspar, 15% euhedra, .5 to 5 mm; plagioclase, 30%,
subhedral, .5 to 1 mm, with minor opaques, surrounded by 1 mm rim
of green glass. 0Otz weathers to read jasper colored clusters.
Groundmass weathersto light tan. (Rhyolite A)

MRX=60: ‘iicroporphyritic brick-red rhyolite: Fine-grained, brick red

rhyolite (80% groundmass or microcrystalline quartz and feldspar)
containing small phenocrysts of quartz (5-10%, ewhedral, .5 to 1 mm),
albite (about 5%,.1 to 15 mm, sub-euhedral), K-feldspar (about 7%,

.5 mm, euhedral) and opaques (.3 mm including dispersed hematite

rim),
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Intermediate and Basic Plutonic Rocks

MRX-11: Altered (secricitized) gneissic, biotite-bearing andesine-

quartz-diorite: Green rock with distinctive nodular weathered

surface composed of green feldspar and quartz nodules which
stand out from weathered dark biotite layers. Rock weakly fo-

liated bands 5-8 mm wide, quite irregular. Contains sericite,

opaque and accessory zircon, apatite.

MRX-95: Hornblende-biotite-andesine diorite: Glomeroporpheritic

irregularly-shaped hornblende-biotite-magnetite cluster up to
8 mm across, composing 40% of rock, are interstitial to mosaic
interlocking matrix of plagioclase (andesine, AN 40) sub-to
anhedral,averape size 1.5 mm; Accessory magnetite and zircon,

MRX-190: Slightly-altered, sub-ophitic labradorite gabbro: Medium-

crained, dark-colored rock with diabasic texture., Plagioclase,
laths about 3 mm long about 30%; px-hornblende as poorly formed
dark black prisms, up to 3-4 mm, and dark green matrix is calcic-
plagioclase. In thin section the px is pigeonite, altered to
hornblende and.chlorite; microcrystalline biotite clots occur

with opaques, DPlagioclase zoned.

Intermediate and Basic Volcanic and Meta-velcanic Rocks

MRX~-10: Altered porphyritic basalt (or andesite): Rock is 60% greenish

black aphanitic (microcrystalline and glassy) groundmass containing,
feldspar (pscudomorphs 10-15% irregular shaped white to very pale
green, 1 to 6 mm across, sericitized and epidotized (?), altered

plagioclase (about 5%, average 3 mm, anhedral, with irregular
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resorbed (7) borders) and altered px (not visible in hand speci-
men or groundmass), similar to MRX-13, Weathers to very irrecular
vescicular appearing surface,

MRX-19:  Altered pyroxene-andesite porphyry with larse irregular feld-

spar pseudomorphic phenocrysts: About 50% dark-bluish-grey

(58 4/1) groundmass (microcrystalline stilpnomelene (?) and magne-
tite with glass); 50% feldspar pseudomorphs (large 1 to 7 mm, ir-
regularly shaped, light bluish-grey on fresh, greenish-tan when
weathered; completely altered to sericite, clay minerals and epi-
dite?) and pyroxene (1% average 1 mm, pigeonite, altered to chlor-
ite),

MRX~13: Very slightly altered andesite porphyry with large white

angular phenocrysts: 50% dark, greyish-green to white angular

subhedral plagioclase partly altered. 3-4 mm average; 10% subhedral
hornblende, .1 to .5 mm, appears spherical blobs; groundmass com-
posed of plagioclase and hornblende? microlites, .l mm average.

MRX-12: Altered pyroxenc-andesite (?) porphvry: About 30% erecnish-

black aphanitic g¢roundmass (light-green glass with small micro-
lites .01 mm), containing dark and light phenocrysts. bDark pheno-
crysts, subhedral prismatic hornblende (with px cores .1 to 3 mm),
about 30%; light phenocrysts (moderatcly to severcly altered, 12
to 3 mm, sub and anhedral, 25%; Irregularly-shaped domains or dark
green glass (up to 1 cm but 1 mm averace). Minor opaques.

MRX-17: Altcred fine-grained porphyritic basalt or andesite: Uense,

micro-crystalline, dark greenish-black, speckled rock; groundmass,

25% dark greenish-black, irregular interstitial to dark
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phenocrysts (30%, .2 to .5 mm, irrcgularly-shaped domains of glass
or microcrystalline alteration products), plagioclase (25%, severe-
ly altered, subhedral, .2 mm average), liornblende (5%, altered
.5 mn average size)., Rock has a dark ycllowish-green appearance
on weathered surfaces; with light and dark, 1-2 mm flecks giving
speckled appearance to hand specimens,

MRX-97: Altered feldspar pyroxenc basalt (?) porphyry: In hand

specimen, dark-green groundmass about 50-60%, contains feldspar
nseudomorphs, about 25%, ei-, sub-, andanhedral, .5 to f mm, pink-
flesh color on weathered or white on fresh surfaces; dark pheno-
crysts, 1%, 1-2 mm black px-amphibole and a few irregular light-
green patches up to 2 or 3 cm across. In thin section, rock 1is
highly altered.

MRX~-26: Finec-grained hornblende-sodic plagioclase andesite (?): An

cven, fine-grained aphanitic, greenish-black, rock containing
minor small (1 mm average) black phenocrysts of anhedral horn-
blende (uralized px- undetermined), and minor plagioclase e:zhedra
about .2 mm. Groundmass is microcrystalline, composcd of small
plagioclase laths in hornblende and glass matrix, with minor

hematite. FEssentially black, aphanitic, low density rock.

Metamorphic Rocks

MRX-220: Plagioclase rich-hornblende amphibolite: Fine (.5 mm), even
grained, slightly lineated. 55% hornblende, .4 mm average, 45%
plagioclase (andesine) is whitish-grey, about .1 mm average size,
cquant grains, gives rock even black-white flecked appearance;

trace opaques, pyrite probably. Minerals unaltered in thin
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section (Amphibolite facies),

MRX-4: Orthoclase (OR7UAbAn30)-plagioclasc (Anso)-sillimanite-bio-
tite-garnet gneiss: Strongly foliated, dense, medium-grained
grains 1 mm averape, bands 1-2 mm), rock; fine foliated bands

of biotite 1-2 mm; light minerals with sillimanite, 1-2 mm

wide, and garnets red-orange average 1.0 mm, spotted throuchout.

(Almandine-amphibolite or granulite facies),

MRX-128: Tine-grained, low-grade quartz-carbonate-talc (?)-antigorite

(?) schist: Greyish-green (5G 5/2), rather dense, finely foliated
(0.1 mm) calc-silicate rock, specimens cormonly intruded by car-
bonate lenses crosscutting foliation. Composed of microcrystalline

antigorite (?) (clear green) and talc (?) about 70%; anhedral

43

equant small (.0lmm) quartz, 15%; small opaques (.005 mm), 15%.

MRX-43: ‘edium-erained (1 mm) biotite-microcline-quartz gneiss: Well-

foliated, lcuco-granite gneiss; bands up to § mm wide, grain-size
averages 1 mm; biotite, about 4%, in individual and clusters of
plates parallels foliation; quartz and microcline, sugary texturc,
(Amphi-

elongate crystals, parallel foliation. Accessory opaques.,

bolite racies).

MRX~134: Plagioclasc-hornblende, well-foliated, medium-grained gnciss:

(Amphibolite gneiss) Foliated-gneissic bands (about 1 mm) composed
of irvegular splotchy bands of slightly altered plagioclase which
widen into augen-like lenses, in dark greenish-black hornblende,
Plagioclase hornblende. un weathered surfaces jasper-colored

In thin section,

irregular patches produced from weathered opaques.

quartz, epidote (7), sphene, present,
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MRX-20: Lincated, slightly-altered andesine-garnct-hornblende gneiss:

Garnet and hornblende occur together generally, as rod-like cy-
linders of very irregular, wavy curved, not angular, outline in
a mass of light-colored material which is moderately altered
plagioclase (An47). Approximately plagioclase 50%, hornblende
30%, G 20%, trace opaque. Rock has spotted, streaked appearance;
G-hornblende wavy inclusions in plagioclase.

MRX-25: Epidote-chlorite bearing, blue quartz-garnet, coarse-grained

nlagioclase rock: Chiefly coarse-grained light-colored, slightly

altered plarioclase 70%, containing garnet averaging 1-2 mm in
diameter in clusters up to 1 mm across, slightly altered to green
chlorite; individual quartz grains 1-2 mm with bluish tinge; epi-
dotc in thin section., Distinctive white plagioclase-spotted garnet-

quartz rock.

MRX-137: Quartz-albite garnet gneiss (charnockite): Garnets (v 10%,

1-2 mm) reddish-orange; quartz (60%, 1 mm averare) equant grains,
feldspar (25%, .5 mm average) is pervasively scricitized and epi-
dotized (?). Distinctive appearing light-yellow-green rousgh-sur-
faced, medium-grained rock with carnets spotting surface. (Granu-
lite facies).

MRX-148: lHyperthene-plagioclase-garnet gneiss: Slightly-altered,

medium-grained (1-2 mm) Garnet (1-2 mm) commonly enclosed in dark
grecn px which composes about 50% of rock; plagioclase is inter-

stitial in worm-like bands, commonly 2 mm thick. (Granulate facics).
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Hltrabasic Rocks

(See text for descriptions)

JRX-51: Scrpentine-tremolite schist
ARX-1 Eclorite

MRX-50B: Tclogite

MRX-44: Jadeite-clinopyroxene

MRX-2:  Spinel-lherzolite
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APPENDIX D, Petrographic Data and Petrographic Summary
of a Representative Suite of Crystalline Rock
Fragments from the Moses Rock Dike

Table p}, Whole Rock Chemical Analyses for Major

10.
1l.
12.
13.
14,
15.

Elements (Analyses, U.S. Geological Survey,
Branch of Analytical Laboratories, Denver,
Colorado, William W. Niles)

Blackish=~green kimberlite, ~
Moses Rock dike Sampled from small

Green kimberlite, Moses Rock dike shown in Plate 10A

dike

Jadeite-rich clinopyroxenite
Eclogite

Spinel-bearing websterite

Garnet-sillimanite-bearing
schist

Rhyolite
ot el i
Meta-basalt porphyory
Andesine-hornblende dunite
Serpentine~-rich schist

Dense aphanetic meta~andesite
Sub-ophitic gabbro
Hornblende-plagioclase amphibolite )

Minette from dike 2 miles
northeast of Moses Rock dike
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Table p2, Estimated Modes of Other Important Rocks
Not Included in Analysed Suite

a) Basic Granulites:

g b) plag 60
MRX~148b < hb (px) 25 MRX=24 < hb (px) 40
plag 70 op tr

b) Acid Granulites

q 40 le 20

MRX~137 g 10 MRX=37 < alk=felds 30
plag 50 hb 30

opaque tr g 10

biot+chl 5

plag 5]

op 1

-

¢) Porphyritic Leuco~-granites
r

microcline 40 (microcline
MRX-103 < microperth 20 MRX=-260< perthite 90
qtz 30 (-105) qtz 5-10
plag 5 biot 5
biot 3 plag 1
ot 1 opaques 1
sphene 4
ap+zirc tr
d) Fine-grained Gneissic e) Spinel-bearing
Biotite Granite Lherzolite
jperthite 35 jol 40}54
MRX=66 < microcline 25 MRX-2 <serp ol 14
qtz 25 opx 33}37
biot 10 serp opx 4
inusc 5 cpx 7
op tr \Fpinel 2

N
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Petro-chemical Data and Petrographic Summary
of a Representative Suite of Crystalline
Basement Rock Fragments from the Moses Rock
Dike

Table D3. Whole Rock Chemical Analyses for Major
Elements (Analyses, U.S. Geological Survey,
Branch of Analytical Laboratories, Denver,
Colorado, William W, Niles)

celg (D@ G W () ()
Number MR-1416A MR-1416B MRX-44 MRX-50B MR-1307 MRX-4

510, 39,16  40.07 55.68  48.35 50.97  56.15
A1,0, 1.58%  2.73% 17.94 14,26  8.65% 21.49%%
Fe,0, 3.34 3.18  4.56 3.77 .60 6.0l
FeO 3.65  3.33 1.17 7.97  4.50  4.90
MgO 36.97  34.05  3.16 7.51  21.33  3.55
Cao 1.14 2.10  3.66 10.21 12.58 1.33
Na 0 .05 .08  11.45  4.76 .54 1.28
K,0 .06 .08 .29 oA 0L 2.6l
Hzo* 11.20  11.50 .27 .82 .18 .60
H,0 .85 1.02 .11 .18 .05 .12
TiO, .09 11 .93 1.61 .12 1.16
P,0, .03 .04 .00 .02 .00 .30
MnO .09 .10 .08 .20 .13 .20
co, 1.20 1.27 .03 .05 .03 .00
cl .05 .02 .00 .00 .03 .01
F .01 L02 .00 .00 .00 .12
Subtotal 99.47 99.70 99,31 99.75 99.72 99,83
Less O .01 .01 ,00 .00 L0l 05

Total 99.46 99.69 99,31 99.75 99.71 99.78

**Contained considerable amount of a refractory wmineral,
presumably zircon. Both zircon and zirconium are reported

as aluminum,
*Includes Cr203.
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Petro-chemical Data and Petrographic Summary
of a Representative Suite of Crystalline
Basement Rock Fragments from the Moses Rock
Dike

Table 3, Whole Rock Chemical Analyses for Major
Elements (Analyses, U.,S. Geological Survey,
Branch of Analytical Laboratories, Denver,
Colorado, William W. Niles)

Field (7) (8) (9) (10) (1)  (12)
Number MRK-6 MRXK-7 MRX-13 MRX-95 MRX-51 MRX-153

510, 72.84  72.66 50,76  50.63 45,54  65.89
AL,04 13.53  13.78 17.41 16.59 3.46% 13,22
Fe,0, .64 .49 1.10  4.74  3.32 2.49
Fe0 .59 1.67 5.65  6.34 2.52 5.45
Mg0 .78 .50 8.00 4.39 31,09 1.84
Ca0 .91 1.25 8. 44 7.09 2.68 3,10
Na ,0 4,05 3.81 4,30 4.19 .59 5.68
K0 4,41 4,09 .46 1.23 .12 .52
H,0" .60 .51 2.32 1.54  8.83 .68
Hzo‘ .18 .08 .07 .26 1.08 .03
TiO, .13 .19 .29 1.71 .04 .55
P04 .25 .14 .15 .75 .03 .25
Mno .03 .05 14 .22 .06 .10
co, .62 .34 .66 .02 .31 .02
cl .01 .01 .01 .03 .01 .02
F . 17 .05 ,03 ,09 .01 L 04
Subtotal 99.74 99.62 99.79 99.82 99.67 99.88
Less O .07 202 .01 .05 .00 .02

Total 99.67 99.60 99.78 99.77 99.67 99.86

*Includes Cr203.
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Petro-chemical Data and Petrographic Summary
of a Representative Suite of Crystalline
pasement Rock Fragments from the Moses Rock
Dike

Table D3, Whole Rock Chemical Analyses for Major
Elements (Analyses, U.S. Geological Survey,
Branch of Analytical Laboratories, Denver,
Colorado, William W. Niles)

Field (13) (14) (15)
Number MRX-190 MRX~220 MEM-~-1

510, 49,70  48.53 48,95
A1203 19,00 18.13 9.47
Fe,0g4 L.46 2.43 4.25
Fe0 6.55 8.37 3.53
Mg0 5.77 6.12 9.41
CaoQ 10.96 12.11 9.95
NazO 2.27 1.81 1.66
KZO 1.29 Ny 4,98
H,0" 1.98  1.19 1.43
HZO- .16 .07 1.55
Ti0, .29 .54 2.57
P203 .13 .11 .83
MnO .14 .20 .10
CO2 .07 .01 .84
Cl .02 .02 .0l
F .04 ,03 18
Subtotal 99,83 100,14 99,69
Less O 02 .01 L08

Total 99,81 100.15 99.61
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Table p&4, C.1.P.W. Norms-Molecular Mineral Norms

(L (2) (3) (&) (3) (6)
Rock  MR-1416A MR-1416B MRX=-44 MRX=50B MR-1307 MRX-4

G - - - - - 30.686
C 1.513  1.827 - - - 15.150
Or 0.356 0.479 1,726  0.237 .059 15,449
Ab 0.054 0.536 50.198 28.707 4.360 10.775
An - 2.033 - 17.469 21.326  3.962
Wo - - 7.554 13.721 17.148 -
En 34.717 40.558 6.529 8.620 36.884  8.856
Fs 1.507 1,670 - 4,256  5.423 2,493
Fo 39.984 31.751 0,978  7.099 11.484 -
Fa 1.912  1.441 - 3.863 1.861 -
Mt 4.868  4.669 1,346  5.480 .872  8.729
Hm - - 1.807 - - -
Il 0.172 ,212 1,779 3.065 .229 2,207
Ap .071 .096 - .047 - 712
Fr ,015 .034 - - - .192
Ce 1.955 2.925 .069 114 .068 -
Mg 664 - - - - -
Lc - - - - - -
Ne - - 22,262 6.323 - -
H1 - - - - ,050 ,017

87.871 88.263 99.618 99.001L 99.764 99.228
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Table p4.C.I.P.W. Norms=Molecular Mineral Norms

Rock

Or
Ab
An
Wo
En
Fs
Fo
Fa
Mt
Hm
I1
AQ
Fr
Cc
Mg
Lc
Ne
H1

(7) (8) (9)
MRX-6  MRX-7 MRX~-13
31.654 31.925 -

2.114  2.058 -
26,128 24,261 2,724
34.285 32.288 36.388

- 2.874 26,940
- - 4,064

1,181  1.250  5.596

.397  2.450  2.597

- - 10,070
- - 5.151

.930 .713  1.598

. 248 .362 .552

.594 .333 .356

.304 077 034

649 776 1.504

644 - -

,017 017 __,017
99.144 99,385 97.592

(10)
MRX~95

1.314
7.282
35.296
22.986
2.942
10.953
5.321

6.885
3,254
1.780
. 048
.046

(11) (12)
MRX~51 MRX-153
- 20,070
.711  3.077
4.935 47.972
6.444 9,129
1.954 1.827
47,083  4.588
1.174  7.237

21.446 -

.589 -
4,830 3.615
.076 1.046
071 .593
.015 .036
.7107 . 046
,017 ,033
90.051 99.269
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Table 3, C.I.P.W. Norms-Molecular Mineral Norms

(13) (14) (15)
Rock MRX-190 MRX-220 MEM~l

Q - - -
C - - -

Or 7.636 2.773 29,520
Ab 19.093 15.147 14,016
An 37.987 39.979 3.732
Wo 6.253 7.969 14,296
En 11.443 15.045 14,400
Fs 8.443 12.677 -

Fo 2.069 .123 6.383
Fa 1.682 114 -

Mt 2.120 3.518 4,268
Hm - - 1.299
11 552 1.024 4,896
Ap .308 .260 1,972
Fr .058 041 .218
Cc .159 .023 1.916
Mg - - -

Lc - - -

Ne - - -

Hl 033 __,033 017

97.837 98.727 96.934
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Table D5. Estimated Modes
(1) (2) (3) (4)

MRX-1416A DMRX-1416B MRX-44 MRX=50B
gmass serp 46 cpx 97 g 30

ol 10 i} 45 rut 2 cpx 67
serp ol 35 py 1 ru 3

opx 1 i}l+

serp opx 0.¢

lithic fro~ 4t

garnet )

cpx

mica F 1

opaques

other _J

(6) (7) (8) (9)

MRX =4 MRX =6 MRX =7 MRX=-13

g 8 gmass 40  gmass 60  gmass 50
sill 15 kspar 20 qtz 20 plag 40
biot 15 qtz 20 felds 15 (altered)
Q 15 mafic 20 biot 5 Hb 10
kspar 23 (alt)
plag 20

mt 4

(5)
MRX=1307

cpx
opx
spinel 1

(10)
MRX=-95

plag 60
(An40)
hb 30
bio* 7

hm
3

mt
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(11)
MRX-51

serp
L 3
Chl(?)

100
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Estimated Modes

(12)
MRX=-153

gmass 100

(13)
MRX-190

plag 68
px 30
(hb+chl)

biot 2
opaq

(14)

MRK=220

hb 55
plag 45
opaq-tr

(15)
MEM-1

omass
biot

PX

50
20
30
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Table 17, Measured Whole Rock Specific Gravities

(1) (2) (3)
MR¥=1416A MRX-1416B MRX=44
2.61%.01 3.34%.01

(6) (7) (8)
MRX =4 MRX~6 MRX=-7

(4) (5)
MRX-50B  MRX-1307

3.46.02  3.26%.02

(9) (10)
MRX-13 MRX=95

2.99%. 01  2.59%.01 2.64%.01 (2.88-2.94) 2.89%.01

2.53%.01  (2.9%.01) (2.9%f.01)

(11) (12) (13)

(14) (15)

2.99%.02 2.83%.01

Note: Important rock types not in the analysed suite
include the following: (sample numbers in parentheses)

a)
b)

c)

d)

e)

Garnet-pyroxene-plagioclase
granulite (MRX~148B
Pyroxene-plagioclase
granulite (MRX-24)
Porphyritic granite

(X-103, -105, -260)
Fine-grained gneissic
biotite granite

(MRX~66)

Spinel-bearing lherzolite
(MRX-2)

Acid granulite (X-137, =37)

Measured
Specific Gravity

(G = 2.90 - 3.08)
(G ~ 2,96)

(G

il

2.63, 2.65%.01)

(G~ 2.65)

(G > 3.,0)
(¢ = 2.82%.01)
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Table D7.

Lawple
number

MRL-56-TRh=64

MIH=120-TR =64
K =125-TRM=064
MR{~120-TRI=-064

MR{=137~TRi=64
MR =146 =-TRM =064

MRK{~163-TRM~64
MRK=209-TRM-04

MRX=220-TRM=-64
MRX=324-TRM=65

Eclogites

MR-1-TRI-04
MRA=3-TRI=54
MR =50~-TR=64
MRA =578 -TRI-64
LLR.” -UO"L&&L"64
mMRX "‘?45 -TR A"64
MR- 247"‘1. 2;'64
MR{=258-TR{-64
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Formation and
Lithology

liusc~G-=Qtz-peletic

schist
Hg~nusc=plag=-
schist

Peletic (musc=G=biot-chl)

schist

diorite paragneiss
(biot-qtz-plag gneiss)
Plag=-Qtz=-carnet granulite
Peletic (G-sill-2 feldspar)

schist

lib granulite (Plag-garnet-

hb) gneiss

Hb 0ranullte (Hb~-diopside-

plag=G)

Andesine-Hb amphibollte
Diorite or Gabbro gneiss
(Plag=garnet=hb)

Dense Rocks

Pyroxenites-Websterite (2 px)

MR{=39=-Ti-54
MR{=57-TR=-64

Pyroxenite (Jadeite-rich pyroxene + sulfide)

MRX=Lb=TRM=64
MRX=271-TRVI=64

Kimberlite
MR~-1416A
Minette

MEM~1

Greenish=black kimberlite

Fresh dike rock, minette

rMeasured
Density

3.11%,02
3.04%.02
2,941, 01
2.74% .01
2.82%.01

2. 94 .02
3.03%.01

3.09%.02

2. 99 .02
2.90%.01

3. 44 O
3.39%

3 33 02
3 27~ 02
3. 34 .02
3. 34- 02
3.22— 02
3.43%.02

3.26%.02
3. 26 .02

3. 34 .01
3.34%,01

2.61%.01

2.83%.01



sample
Number

Garnets

Orange Almandine
Pyropes (&)

-372~-
Formation and Measured
Lithology Density

Orange, fractured garnets 3.83}.04
Deep purplish red, pyropes 3.72-.04



Table p&,

=373~
Spectrographic Analyses (U.S. Geological

Survey, Branch of Analytical Laboratories,
Denver, Colorado)

(1)

MR=-1416A MR-1416B MRX-44 MRK-50B
D101565 D101566 D101567 D101568

B .01
Ba 01
Be 0

Co .007
Cr .1

Cu .0003
Ga 0

La 0

Mo 0

Nb 0

Ni .15
Pb 0

Sc .0005
Sr .0015
v .002
Y 0

Yb 0

Zr 0

(2) (3)

.003 0

.02 .007
0 0
.007 .03
.15 .05
.002 .005
0 .003
0 0

0 .0007
0 0

.15 .007
0 0
.0005 .002
.007 .01
.003 .03

0 0

0 <.0002
0 .01

(4) (5)

0 0
.01 .0015
0 0

.01 .01
.02 1.

.01 .007
.002 .0005
0 0
(.0005 ©

0 0

.01 .07

0 0
.007 .007
.015 .003
.07 .02
.005 0
.0007 <.0002
.007 0

Looked for only when La or Cr found:

Nd 0

0 0

0 0

(6)

MR=-1307 MRX-4
D101569 D101570

0

.03

0

.01
015
.0001
.003
.003

<.0005

0
.007
0
.003
.015
015
.003
.0005
.03

0

The following were looked for but not found in any

of the samples:

Ag Cd
As Ce
Au Ge
Bi HE

Hg Pd
in Pt
Li Re

Sb Te
Sn Th
Ta Tl

9]
W
Zn

The following were looked for only when La or Ce found,
but not found in any of the samples:

Pr Sm

Eu
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Table pg. Spectrographic Analyses (U.S. Geological
Survey, Branch of Analytical Laboratories,

Denver, Colorado)

(7) (8) (9) (100 (11) (12)

MRK =6 MRX~7 MRX-13 MRX-95 MRX~-51 MRX-153
D101571 D101572 D101573 D101574 D10O1575 DL10O1576

B .005 0 0 0 0 0

Ba .07 .1 .03 .05 .002 .02
Be .0002 .00015 O 0 o 0

Co .005 .015 .007 .005 .007 .02
Cr .003 . 007 .01 .007 .2 .01
Cu .0002 .0002 .01 .003 .003 .0003
Ga .003 .002 .001 .002 0 0015
La .003 .005 0 .003 0 .003
Mo 0 0 0 .0005 0 .0007
Nb .002 .001 0 0 0 0

Ni .0015 .001 .003 .003 .1 .0015
Pb .001 .0015 0 0 0 0

Sc .0005  .0005 .005 .003 .0015 ,002
Sr .01 015 .02 .05 .005 .02

v .001 .001 .02 .02 . 007 .005
Y .0015 .005 0 .005 0 .005
Yb .0002 ,0005 <.0002 0005 O .0005
Zr .0l .015 0 .003 0 .01
Looked for only when La or Ce found:

Nd 0] 0 0 .007 0 0

The following were looked for but not found in any
of the samples:

Ag Cd Hg rd Sb Te U
As Ce In Pt Sn Th Y
Au Ge Li Re Ta Tl Zn
Bi HEf

The following were looked for only when La or Ce found,
but not found in any of the samples:

Pr Sm Eu
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Spectrographic Analyses (U.S. Geological

Table pg,
Survey, Branch of Analytical Laboratories,

Denver, Colorado)
(122 (14) (15)
MRX~190 MRX~-220 MIM-1
D101577 D101578 D101579
B 0 0 0
Ba .03 .01 o2
Be 0o 0 .0002
Ce 0 0 .03
Co .01 .005 .005
Cr .005 .005 .05
Cu .015 .01 . 007
Ga .0015 .0015 .002
La 0 0 .02
Mo 0 0 0
Nb 0 0 .003
Ni .003 .0015 .03
Pb 0 0 .003
Sc .005 .005 .0015
St .02 .02 .2
v .02 .02 .02
Y .0015 .0015 .002
Yb .0002 . 0002 .0002
Zxr .002 .0015 .02
Looked for only when La or Cr found:
Nd 0 0 .02

ihe following were looked for but not found in any
of the samples:

Ag Cd Hg Pd Sb Te U
As Ge In Pt Sn Th W
Au HE Li Re Ta Tl Zn
Bi

The following were looked for only when La or Ce found,
but not found in any of the samples:

Pr Sm Eu
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APPENDIX E
This appendix contains a partial tabulation of the solutions to
equations (10)(11) for velocity and dike width as functions of posi-
tion for mass fraction water and assumed dike width at 100 km varied
as paramcters. The table below summarizes the cases computed., The
solution for each case may be found in this appendix ;n alphabetical

order.

Assumed Dike Width at 100 km in Meters
k (meters)

Assumed Mass

Fraction Water 3 10 30 100 300 50 3000
Xw,%
4 A B C D E - -
10 F G H I -
25 N L M N 0 - -
50 p ] R S T - -

The notation used in the print-out is:
2{(N) depth in kilometers below the surface
uN) fluid velocity in cm/sec
D{N) dike width in cm
Q) the product, p+U*D at Z(N)

The constants assumed were:

Z(0) 100 kilometers
g 980 cm/sec?

Other notation used in the program

R(N}, rock density Z(N) > 40 R(N) = 3.3
40 > Z(N) > 25 R(N) = 3.0
25 > Z(N) > 3 R(N) = 2.7
3> 2(N) R(N) = 2.4

F(N), fluid density (Values taken from Figurc 67).
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CITRAN program used in calculation of velocity U(N)

and dike width, D(N).

TLT Ty = Ny /T ) -1
1,78 0 () =

L2 00 = o )/?f -7

1.0 0000 = (f( 1)+"( )
P DGR Ssore (22 000))
TL0 Oy = pw () xT (1)

.0 Ty =0l )/(‘( YxE (L))
1.7 0y = FOEUCDY D0

1 -
2.2 Jde o varit 1 odvor o= 1(1)25

3.1 type 1, 705y, wny, oy,

e

(FV

)

X(f))/(3+3.

in

‘]

£

O
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H20= 4%

Case A Case B Case C Case D Case E
Depth m/sec m m/sec m m/sec m m/sec m mfsec m

50 m 126 6 193 22 262 85 337 389 397 1582
100 97 5 158 17 229 60 307 263 369 1042
200 71 ° 4 122 13 186 44 264 183 330 699
600 41 3 73 10 118 31 185 116 252 408

1 km 32 3 57 9 94 27 153 98 219 330
2 20 3 36 9 61 26 106 38 161 276
4 15 2 26 8 45 24 77 83 116 261
6 11 3 21 9 35 26 59 91 91 281

10 3 3 17 9 9) (89) 47 100 63 361

20 (2) (13) 4 41 (7) (107) 17 267 35 607

30 6 4 11 12 17 41 25 163 37 525

50 7 3 13 10 23 29 41 96 70 272

90 7 3 13 10 23 30 40 100 63 300

Q 656996 398447 20501918 120735470 577087170
H20— 10%
Case F Case G Case H Case 1
Depth m/sec m m/sec m m/sec m mw/sec m
50 m 221 9 324 36 426 141 535 661

100 174 8 273 30 378 112 493 506

200 122 6 207 21 308 72 429 304

600 75 4 133 15 212 49 325 187

1 km 59 4 105 13 173 42 279 152
2 39 4 71 12 120 36 203 127
4 28 3 50 10 85 30 147 101
6 22 3 40 10 68 29 119 97
10 16 3 29 10 50 30 90 99
20 10 4 19 13 33 38 61 122
30 13 3 23 10 39 30 70 99
50 12 3 23 10 39 28 70 93
90 11 3 21 10 36 30 63 100

Q 924521 5606926 28850197 169898360



Case K
m/sec m

415 16
327
243
154
110
75
51
39
29
21
20
18
18

—
N

LWWLWLLWLEEPAPUON O

1153081

Case P
m/sec m

606 22
488 15
373 12
228 8
179
118
79
59
b4
30
28
26
26

LCWWEEPo N~

1196312
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H20= 25%

Case L
m/sec m

H20=

585 70
499 48
310 27
264 24
195 20
136 17
92 13
71 12
54 11
36 12
36 10
33 10
33 10
6993066
Case Q
m/sec m
846 95
733 62
600 47
391 30
316 25
211 23
144 16
108 14
80 13
55 12
51 11
48 10
47 10
7255247

Case M
m/sec m

750 282
672 185
573 126
402 81
318 63
227 53
156 40
121 36
92 34
65 35
61 31
58 30
57 30
35982520
50%
Case R

m/sec m

1073 386
971 240
841 171
603 100
506 80
348 72
242 48
184 42
137 38

96 35
88 31
82 30
80 30
37331566

Case N
m/sec m

920 1355
853 857
762 556
588 327
500 235
376 188
265 138
211 121
164 113
117 113
110 102
104 97
101 100
211900490
Case S

m/sec m

1312, 1862
1225 1122
1108 763
874 406
765 312
564 260
407 169
321 143
244 127
172 116
157 104
147 97
142 100
219844990

Case 0
m/sec m
1060 5620
1001 3488
920 2201
761 1210
676 832
537 629
400 437
332 368
265 333
196 323
181 294
175 275
161 300
Case T
m/sec m
1506 7753
1429 4596
1325 3049
1111 1525
1004 1137
671 559
604 544
498 440
392 377
288 332
250 299
249 276
226 300
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H20= 10%

Case U Case J
Depth m/sec m m/sec m

50 m 473 271 780 -

100 427 212 751 -
200 359 132 705 -
600 257 85 625 8370
1 km 215 72 583 6279

2 151 62 499 4441

4 108 50 419 3036

6 87 48 375 2653
10 65 50 326 2360
20 43 63 289 2202
30 50 50 228 2073
50 50 47 296 1903

90 46 50 181 3000
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APPENDIX F

Detailed Geological Cross Sections

of the Moses Rock Dike

On the following pages the geological cross sections based on
detailed mapping at 1:2400 scale are presented in numefical sequence,
The location of tnese cross sections is shown in Figure 14, The
detailed photogeologic map upon which these cross sections are based
is not included in this report.

Symbols used are the same as those shown on the generalized
geologic map, (Figure 13). Numbered stratigraphic horizons refer to
numbered marker horizons within the Cutler Formation shown in Figure 7
(oxr in Figure 6).

Control for topography is based on contour maps prepared by the
U. S. Geological Survey at 1:2400 scale with a 10-foot contour interval
and supplementary 5-foot contours where useful. The topographic map

was prepared using the same high resolution stereo photographs used in

the geologic mapping.
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