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ABSTRACT

Part I presents the results of a petrologic investigation of the
Trinity peridotite, an enormous ultramafic ‘massif in northern Califormnia.
The Trinity is an easterly dipping sheet several km thick and composed of
a diverse assemblage of ultramafic rocks including dunite, harzburgite,
lherzolite, plagioclase lherzolite and clinopyroxene-rich dikes. Because
of this diversity and the limited serpentinization, it is an excellent
natural laboratory for studying the petrogenesis of ultramafic rocks.

The structural history of the peridotite was outlined by detailed field
mapping at scales of 1:31,250 and 1:240 at the northeast margin of the
massif in the vicinity of Mount Eddy and China Mountain during the summers
of 1977-1978. A combined petrographic and eleetron microprobe investi-
gation was made on selected samples to determine their petrology, mineral
chemistry and major element whole rock compositions,

The Trinity peridotite is inferred to have originated in the upper
mantle at a depth of not less than ~30 km and perhaps as deep as 100 km
based on textural evidence for a transition from the spinel lherzolite
(>10 kb) stability field to the plagioclase lherzolite (<10 kb) stability
field, and on high equilibration temperatures (>1150° C.) preserved in
cores of large pyroxene grains. During ascent through the mantle, the
rocks deformed plastically, partially melted and reacted with transient
melts derived from greater depth., Plastic deformation produced two gener-
ations of folds and a penetrative foliation. Pervasive partial melting
of the plagioclase lherzolite produced feldspathic segregations, plagio-
clase-rich veins and resorption textures in pyroxenes and spinel; the com-
position of the veins suggests that this melt was essentially basaltiec.

Another melt, not in equilibrium with the peridotite, but also of basaltic
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affinity, passed through the peridotite, reacted with the ultramafic
wall rocks to produce large tabular dunite bodies surrounded by zones of
harzburgite and lherzolite, and crystallized clinopyroxene-rich dikes.
The end of the ascent of the Trinity through the mantle is marked by intru-
sion of gabbro, hornblende diorite, diabase and albite granite, and the
onset of brittle deformation circa 450-480 m.y. based on zircon ages of
the granites (Mattinson and Hopson, 1972)., The Trinity was subsequently
thrust into the crust at about 380 m.y. based on Rb-Sr dates on rocks of
the underlying Central Metamorphic Belt. It is suggested that the passage
of the Trinity through the mantle may have oecurred beneath an actively
spreading back-arc basin,

Part II of this thesis is a petrologic investigation of Lunar Rock
12013, one of the most significant lunar samples because of its extreme
enrichments in incompatible elements (K, REE, U, etc.) and abundant "gran-
itic" material,

Rock 12013 is best interpreted as a complex mixture of two polymict,
impact generated breccias—-—one black, the other gray. The black breccia
is a fragment-laden melt-rock formed by mixing cold, impact=—derived mineral
and lithic clasts with superheated impact melt of basalted composition.

The melt is now erystallized to an aphanite of minute grain size. The gray
breccia was also formed as a mixture of melt and impact-derived clasts,

but the melt was granitic and crystallized to a fine grained felsite. The
clasts in the breeccias were derived from lithologies common in Highlands
breccias, with the gray breeccia dominated by feldspathic gabbro and basalt
clasts and the black breccia dominated by quartzofeldspathic and norite
clasts., A combined neutron activation, petrographie and electron microprobe

analysis demonstrates that the incompatible elements in 12013 are concen-
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trated in the melt-derived lithologies. The origin and relationships of
the melts is problematic. Textural relations suggest that the two melts
coexisted but did not mix, and some aspects of their major element abun-
dances are compatible with a genetic relationship involving silicate liquid
immiscibility (SLI). However, details of their trace element abundances are
incompatible with SLI.

It is suggested that 12013 is exotie to the Apollo 12 site and was
formed by an impact(s) into a terrane of norite and quartofeldspathic
plutonic rocks, gabbro and basalt hypabyssal or extrusive rocks, and a
thin regolith cover. The two breccia were derived from different parts of
this terrane and mixed violently in the ejecta cloud. Most of the radio-
metric clocks were reset by this event, and Rb-Sr, U-Th-Pb and 40pAr-39ar
yield ages of ~4.,0 AE. Rb-Sr data, however, may be interpreted to suggest
an age for the felsite protolith of ~4.5 AE. An alternative explanation,
consistent with the petrography of the rock, is that the Rb-Sr data reflect
mixing and partial equilibration at 4.0 AE of materials no older than

4.2 AE.
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This thesis presents the results of a detailed field, petrogra-
phic and electron microprobe study of a large ultramafic body situated
in northern California — the Trinity peridétite. Evidence that is
presented suggests that the Trinity peridotite originated in the
upper mantle, and that many of its structures, and petrographic and
chemical characteristics are records of processes that occurred while
the peridotite was still resident there. The description and inter-
pretation of these features constitute the focus of this report.

The nature of mantle processes is of fundamental importance to
petrology and tectonics. The origins of the most voluminous extrusive
rock in the earth's crust, basalt, are ultimately traced to partial
melting of a peridotite mantle (Bowen, 1928; O'Hara, 1965; Ringwood,
1975, Yoder, 1976), and the great tectonic features of the world —--
orogenic belts, midocean ridges, transform faults and subduction
zones —— are generally regarded to be the crustal expression of events
that are deeply rooted in the mantle. It is, therefore, natural
that much attention has been devoted to understanding mantle proces-
ses and the literature is replete with references to and conjectures
on their nature. Models such as partial melting (equilibrium and
disequilibrium), zone refining, metasomatism, plastic deformation,
convection and diapirism are frequently invoked. These concepts
have been based on studies of peridotite xenoliths in basalts and
kimberlites, on geochemical investigations of basalts, on geophysical
investigations, and on field studies of fragments of mantle that
have been emplaced in the crust. The advantage of the field inves-
tigations is that they provide geometric constraints at scales that

are not resolvable by the other approaches.
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Ultramafic rocks in orogenic belts have been termed alpine type

ultramafic rocks (Benson, 1926; Hess, 1938), and appear to be natural
field laboratories for mantle studies. These bodies of peridotite
or serpentinized peridotite are commonly deformed and metamorpho-
sed, range in size from square centimeters to massifs of many thousand
square kilometers, and are found in mountain belts throughout the
world. The origin of these rocks has been a subject of debate from
the 1920's to the 1970's. Crystallization from an ultramafic magma
was championed by Hess (1938, 1955). Other investigators supported
an igneous origin but preferred to form the peridotites as cumulates
from basaltic magmas (Thayer, 1960, Challis, 1965; McTaggart, 1971).
Recent theories hold that these rocks are fragments derived directly
from the mantle although geologists differ on the mechanism by which
they are emplaced into the c¢rust. Emplacement has been postulated
to be by diapirism (Loomis, 1972, 1975; Green 1964; Avé Lallemant, 1976)
thrust emplacement of oceanic¢ crust and underlying mantle onto the
margins of continents (Coleman, 1971; Dewey and Bird, 1971) or by
intracontinental thrusfing that taps the mantle (Boudier, 1978).
The significant point is that there has been an increasing consensus
of opinion within the last 20 years that many ultramafic rocks in
orogenic belts are fragments of the mantle. This hypothesis appears
to be on solid ground in light of: (1) similarities in texture and
mineralogy between these rocks and xenoliths of known mantle origin
(Mercier and Nicolas, 1975); (2) density and seismic velocity constraints
for the upper mantle (e.g. Woollard, 1970; Wang, 1970); and (3) the simi-
larity between ophiolites and the seismic¢ models for the oceanic¢ ¢rust

and upper mantle (Christensen and Salisbury, 1975). Therefore,
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these ultramafic rocks may contain important keys to the understanding
of the processes that occur in the mantle.

Most ultramafic bodies are highly serpentinized and contain only
harzburgite and/or dunite, and, therefore, display an extremely lim-
ited primary mineralogy consisting of olivine + orthopyroxene + spinel.
Investigations of mantle-derived xenoliths in basalts and kimberlites
(e.gs Mercier and Nicolas, 1975; White, 1966; Boyd and Nixon, 1975)
indicate that more mineralogically-diverse lithologies are present
in the mantle. Furthermore, dunite and harzburgite are too strongly
depleted in many elements (e.g. Al, Na, K, Ti, Ca and incompatible
trace elements such as REE) to be appropriate source regions for mid-
ocean ridge basalts (Ringwood, 1975). The enormous volume of these
basalts indicates, therefore, that much of the mantle must be composed
of other lithologies, and harzburgite and dunite are interpreted by
many investigators (Dick, 1977; Coleman, 1977) to be the refractory
residue left over after extensive removal of basaltic melt from a more
"fertile" peridotite such as plagioclase, spinel or garnet lherzolite
(Al-phase + opx + cpx % ol). Much of the evidence of the processes
involved have, presumably, left the rocks with the basaltic component.
It follows that the optimum place to study the physical relationships
and processes that occur in the mantle is a peridotite body with a
diverse assemblage of rocks that includes "fertile" peridotite as
well as dunite and harzburgite.

The Trinity peridotite is an excellent natural laboratory for
studying the conditions and processes that occur in the mantle.
Located in the eastern Klamath Mountains of northern California, it

is the largest outcrop of ultramafic rocks in North America. This mas-
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sif is made up of a diverse assemblage of ultramafic rocks including
dunite, harzburgite, plagioclase lherzolite, and clinopyroxene-rich
lithologies. Although much of the peridotite is highly serpentinized,
its structural history and the relationships between these lithologies
are well displayed in large glaciated outcrops of relatively unserpen-
tinized peridotite. Both petrographic and mineral composition data
support a high pressure and high temperature origin for the Trinity
peridotite (Quick and Albee, 1979a). The rocks at the northeastern
margin of the massif preserve a record of metamorphic and deformational
events that occurred during the ascent of the peridotite through the
upper mantle from an initial depth of at least 30 km (Quick and Albee,
1979a,1979b; Quick et al., 1980), and the rocks at the southwestern
margin preserve a record of the crustal emplacement of the peridotite
and subsequent metamorphism and deformation during intrusion of Meso-
zoic granitic plutons (Lipman, 1964). This thesis reports on the
mantle history of the Trinity peridotite as it is inferred from field
mapping at the northeast margin of the massif and detailed petrographic

and electron microprobe investigations of selected samples.
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The Trinity peridotite underlies an extensive area in northern
California between the latitudes of 40°50' and 41°30' north and the
longitudes of 123° to 122°15' west. The peridotite truly constitutes
a massif in every sense of the term. Contiguous outcrops of ultra-
mafic rocks occur over an area that is about 50 km wide and 75 km
long, covering an area of about 2100 km2, and rising topographic-
ally up to 1000 m above the surrounding volcanic and sedimentary rocks
to form the crest of the eastern Klamath Mountains. This massif is
situated in the eastern Klamath Mountains, and is centered about 40
km west of Mount Shasta and about 60 km south of the Oregon-Calif-
ornia border,

Figure 1 is a map of northern California depicting the location
of the Trinity peridotite relative to the larger gabbro and granitic
bodies and the other occurrences of ultramafic rocks, The Trinity
peridotite is located within the eastern part of the Klamath Mountains
province and is overlain by the younger Cenozoic rocks of the Cas-—
cade province to the northeast. The Klamath province is underlain
mostly by Paleozoic aﬁd Mesozoic metasedimentary and metavolcanic rocks,
but also contains significant amounts of peridotite and gabbroic and
granitic rocks., Regional mapping (Irwin 1960, 1966, 1972, 1977a;
Davis et al., 1965; Ando et al., 1977) demonstrated that these rocks
are divisible into separate terranes that differ significantly in
age, and/or structural and metamorphic history, and which are, in
fact, easterly dipping, thrust-bounded sheets that are allocthonous
and stacked upon one another. The rocks within each of these terranes
constitute coherent stratigraphic sequences of rocks with similar

age and/or similar metamorphic and structural histories. For the



Figure 1: Distribution of ultramafic, gabbroic and granitic rocks
in northern California. Clear plastic overlay shows the
boundaries of the subprovinces of the Klamath Mountains

province.
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most part, these terranes are currently interpreted as fragments of
ophiolites and/or island arc complexes (Davis et. al., 1978; Hamilton,
1969,1978; Snoke et al., 1977; Ando et al., 1977).

Irwin (1960, 1966, 1972) divided the Klamath Mountains into four
subprovinces based on the recognition of these thrust faults and inter-
vening terranes. From east to west these are the Eastern Klamath
subprovince, the Central Metamorphic Belt, the Western Paleozoic and
Triassic subprovince, and the Western Jurassic subprovince. A general
tendency for these rocks to young to the west is reflected in the ages
of both the metasedimentary and plutonic rocks. The Eastern Klamath
subprovince and the Central Metamorphic Belt consist of Ordovician
to Jurassic rocks. The Western Paleozoic and Triassic subprovince
consists of mostly Late Paleozoic and Triassic metasedimentary and
metavolcanic rocks, although some Jurassic age rocks are now identified
(Irwin, l977a).> The Western Jurassic subprovince consists of rocks
that are Jurassic in age.

The regional metamorphic grade of the rocks in the Klamath Moun-
tains is low. In most places, low to middle greenschist facies is
the highest grade of metamorphism (Irwin, 1966; Davis, 1966). The
Central Metamorphic Belt, however, contains rocks that attain epidote
and almandine amphibolite facies (Irwin, 1966; Davis, 1966) and
further north blue schist facies metamorphism affected the rocks west
of Yreka (Hotz, 1973a, 1973b) and in the vicinity of Condry Mountain
(Donato and Coleman, 1979), and granulite facies assemblages are
developed in the vicinity of Seiad Mountain (Medaris, 1975).

The relationships between the Trinity peridotite and the

surrounding rocks are displayed in the generalized geologic map in
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Figure 2. Regional mapping (Irwin, 1966; Irwin and Lipman, 1962;
Lipman, 1964) suggests that the peridotite forms an easterly dipping
sheet that is sandwiched between the overlying Eastern Klamath Sub-
province and the underlying Central Metamorphic Belt. This hypothesis
is supported by gravity and magnetic modeling by Griscom (1977) who
also concluded that the Trinity peridotite extends to the northeast
under the cover of Cenozoic volcanic rocks of the Cascade Province.

The Trinity peridotite is important within the context of the
regional geology of the Klamath Mountains for several reasons. First,
isotopic age determinations of up to 480 m.y. on gabbroic plutons
that intrude the peridotite (Lanphere et al.,1968; Mattinson and
Hopson, 1972) are the oldest dates determined in the Klamath Mountains
and provide a minimum age for the Trinity peridotite. This indicates
that any discussion of the evolution and regional geology of the
Klamath Mountains must begin with the Trinity peridotite. Second,
the fact that the Trinity peridotite overlies the Central Metamorphic
Belt suggests that the Trinity peridotite may be in some way related
to the higher grade megamorphism of those rocks. Third, the Trinity
peridotite may be in some way genetically related to the overlying
rocks of the Eastern Klamath Belt. Lindsley-Griffin (1977) suggested
that, in fact, the Trinity peridotite is the basal ultramafic section
of a lower Paleozoic ophiolite and that the mafic portion of that
ophiolite comprises the base of the Eastern Klamath Belt to the north

of the Trinity massif.
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Figure 2: Generalized geologic map of the Trinity peridotite. The

area mapped for this thesis is indicated by the polygon.
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PREVIOUS INVESTIGATIONS
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Only two detailed studies (Lipman, 1964; Goullaud, 1977) have
been made on portions of the Trinity peridotite despite its large
size and regional significance. Most of the geologic investigations
that were conducted in the vicinity of the peridotite were physically
and/or topically peripheral to it. These include: (1) regional map-
ping in the vicinity of the Trinity peridotite (Hinds, 1935; Irwin
and Lipman, 1962; Ando et al., 1977); (2) exploration for mineral
resources within the peridotite (Southern Pacific Co.); (3) structural
and stratigraphic studies of subjacent and superjacent rocks (Lindsley-
Griffin, 1977; Rohr and Bucot, 1971; Rohr and Potter, 1973; Davis et
al., 1965) (4) investigations of younger granitic intrusive rocks
(Lipman, 1963; Vennum, 1980); (5) isotopic age determinations on younger
intrusive and metamorphic rocks (Lanphere et al., 1968; Mattinson and
Hopson, 1972); and (6) regional geophysical studies (Irwin and Bath,
1962; LaFehr, 1966; Griscom, 1977). As a result, some constraints
may be placed on the gross structure of the Trinity peridotite, and
on the sequence and, in some cases, the actual ages of events that have
affected it. However,'neither a good picture of the internal structure
of the entire body, nor a complete synthesis of the petrogenetic and
structural events and conditions attending those events exists. 1In
view of the immense size of the Trinity massif and its old age, these
data are clearly critical to tectonic reconstructions of the eastern
Klamath Mountains,

The early studies that considered the Trinity peridotite were
regional in scope. Hinds (1935) first recognized the body as a large
outcrop of ultramafic rocks during mapping of the Weaverville 30

minute quadrangle at the southern margin of the peridotite and named
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it the Trinity Alps Batholith. Much of what is known about the internal
distribution of gabbroic and granitic rocks within the peridotite was
determined by unpublished reconnaisance mapping by the Southern Pacific
Company during a regional survey for economic deposits. Irwin and
Lipman (1962) determined on the basis of regional mapping that the
Trinity and other peridotite bodies, although not connected at the
surface, tend to be located at the boundary between the Cental Metamor-—
phic Belt and the Eastern Klamath subprovince. From this relationship,
they concluded that the Trinity peridotite is the largest exposed
fragment of an easterly dipping sheet of ultramafic rocks that was
once a regionally extensive sheet.

Subsequent detailed studies of the ultramafic rocks were limited
to small areas (<75 km2) in the vicinities of Gibson and Granite
Peaks (Lipman, 1964), Coffee Creek (Goullaud, 1977) and Boulder Peak
(Goullaud, 1977). Lipman (1964) performed detailed mapping at the
southwestern margin of the Trinity peridotite, and produced signifi-
cant information on the emplacement history of the peridotite. Lip-
man (1964) concluded tﬁat the peridotite was emplaced as a hot slab
of completely or nearly completely crystalline material. Lipman
(1963) also published a detailed description of the petrology, chemistry
and emplacement history of a granitic pluton that intruded the Trinity
peridotite. Goullaud (1977) performed detailed studies of the gabbro-
peridotite contacts and concluded that the gabbros are intrusive
into the Trinity peridotite rather than deposited upon it as might be
inferred from current models for ophiolites. In addition, Goullaud
(1977) worked out the detailed structural evolution of the Trinity

peridotite in the vicinities of Coffee Creek and Boulder Peak.
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The remaining field studies have not been directly concerned with
the Trinity peridotite. The stratigraphy, structure and metamorphic
history of the Central Metamorphic Belt immediately adjacent to the
western margin of the Trinity peridotite were treated in Ph.D. theses by
Davis (1961), Holdaway (1962), Romey (1962) and Lipman (1962). This
work is summarized in a single publication by Davis et al. (1965).

The most important contribution of this paper, insofar as the Trinity
peridotite is concerned, is the recognition that structural complexity
and metamorphic grade increase upward toward the overlying Trinity
peridotite. More recently, Lindsley-Griffin (1977) studied the

lower Paleozoic rocks that intrude and overlie the Trinity peridotite
in the vicinity of Kangaroo Lake and China Mountain. Based on field
mapping, Lindsley-Griffin (1977) concluded that the peridotite was
intruded and overlain by a complex of mafic rocks that includes
gabbro, diabase and pillow basalt, and that all of these rocks taken
together have the necessary requisites to identify them as components
of an ophiolite. Stratigraphic studies by Rohr and Potter (1973) in
the Callahan-Gazelle area identified diabase and diorite cobbles in
late Ordovician conglomerates. Based on this discovery, Rohr and
Potter (1973) concluded that the mafic complex was exposed in late
Ordovician time.

Regional geophysical studies provide some additional constraints
on the thickness and buried extent of the Trinity peridotite. LaFehr
(1966) identified a large gravity high that extends northward from
the vicinity of Mount Eddy as far as Yreka. LaFehr (1966) interpreted
this feature to indicate that relatively unserpentinized ultramafic

rocks were present at depth below the peridotite, and the lower Paleo-
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zoic and Cenozoic cover to the north. LaFehr (1966) estimated a
thickness of about 2 km and a near horizontal dip for the peridotite
sheet in the vicintiy of China Mountain based on the gravity data
and assumed and measured densities. Irwin and Bath (1962) published
aeromagnetic traverses across the Trinity peridotite. Griscom (1977)
interpreted available gravity and magnetic data and corroborated
the conclusions of LaFehr (1966) and the hypothesis (Irwin and Lipman,
1962) that the Trinity peridotite is an easterly dipping sheet.

There are no published isotopic data on the peridotite, but
isotopic age measurements that were determined on other rocks in
the area are significant to the history of the Trinity peridotite,
Lanphere et al. (1968) determined K-Ar ages of 439 * 18 and 418 * 18
m.y. on hornblende from a gabbro body that intrudes the Trinity
peridotite to the east of Scott Mountain. More recent age determina-
tions (oral communication, M. L. Lanphere, 1979) yielded ages over
450 m.y.. Mattinson and Hopson (1972) determined zircon ages of 430
and 480 m.y. on plagiogranite dikes that cut gabbros that intrude
the Trinity peridotite; Lanphere et al. (1968) also obtained a
Rb-Sr age of about 380 m.y. on muscovite separates and whole rocks
from the metamorphic rocks of the Central Metamorphic Belt in the

vicinity of Coffee Creek.
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INVESTIGATION METHODS
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FIELD WORK

Field investigations were conducted on the Trinity peridotite at a
range of scales during the summers of 1976 through 1979. A preliminary
regional study of the peridotite was made during six weeks in the sum-—
mer of 1976 to locate the optimum area for detailed mapping. As a
result of this work, an area of approximately 190 km2 was mapped at
a scale of 1:31,250 (Figure 2) during the summers of 1977 and 1978
in the vicinity of Mount Eddy and China Mountain near the northeast
margin of the peridotite. The topographic base map was made up of
enlarged portions of the Weed and China Mountain 15 minute quadrangles.
The compiled geologic map is presented in Plate 1. Figure 50 shows
the approximate boundaries of the study area on the 15 minute quadrangles;
place names used in the text may be located with reference to this map.
Additional mapping was performed during two weeks of the summer of 1979
on two selected outcrops—-Vicki Bluff (Plate 2) and Lou Ann Bluff
(Plate 3)--in High Camp Creek Basin. These maps were made at a
scale of 1:240 and were designed to delineate features that are too
small to map at a scale of 1:31,250. Mapping was performed with a
telescopic alidade equipped with a Beaman arc and Sebinger drum and
a plane table using the techniques described by Lahee (1961).

Representative samples were taken during all four field seasons

for petrographic and electron microprobe investigations.

LABORATORY METHODS

Petrographic examinations were made on approximately 150 thin
sections to characterize the petrography of the Trinity peridotite

and associated intrusive rocks in the study area, and to select samples
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for detailed electron microprobe analysis. The subsequent electron
microprobe investigation was limited to those samples that showed the
least evidence of alteration (i.e., serpentine, brucite, epidote, etc.)

Quantitative electron microprobe analyses were performed on
representative minerals in the selected samples using an automated
MAC-5-SA3 electron microprobe equipped with three crystal spectrometers
and an ORTEC Si(Li) solid state detector interfaced with a NS 880
multichannel analyzer. Quantitative analyses of primary minerals were
performed for 9 to 15 elements for each phase using the crystal spec—
trometers. Operating conditions were 15 kV accelerating voltage and
0.05 pA sample current (on brass). A PDP-8/L computer was programmed
for spectrometer control and on-line data processing using the methods
described by Chodos et al. (1973).

Determination of small compositional variations in minerals was
one of the goals of this study. Champion et al. (1975) found that
the reproducibility of the above system on two samples of known compo-
sition over a 13 month period was 1.5 percent (for elements with
abundances >1 percent).to 3 percent for elements with abundances of
0.1-1.0 percent). However, much smaller variations were found when
considering only the analyses produced by any single user during
this time. Analyses on a forsterite standard of known composition
(Boyd forsterite) were performed in this study to further assess the
reproducibility of our system. Figure 3 illustrates that the Fo-content
of this standard was reproducible within +0.5 mole percent over a 12
month period. Furthermore, replicate analyses performed during the
same microprobe run were reproducible with less than + 0.1 mole percent

Fo-content.
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Quantitative analyses of hydrous alteration products, such as
serpentine and brucite, were performed utilizing the solid state
detector; operating conditions were 15 kV accelerating voltage and
0.005 pA sample current (on brass). Energy dispersive analysis
was employed for the specific purpose of reducing beam damage of
these hydrous phases. The analytical precision of energy dispersive
analysis has been demonstrated by our laboratory to be approximately
a factor of two less than obtained by analysis using the crystal spec-—
trometers (Albee et al., in press).

Twenty-five samples were selected for automated electron microprobe
point counting to determine the accurate modal mineralogy and the
average composition of each phase in each thin section. From this
informétion, it is also possible to infer the prealteration modal
mineralogy and to calculate the bulk composition of the thin sections.
This analytical technique is described by Chodos et al. (1977) and
Albee et al. (in press), and the underlying philosophy is as follows.
The composition of any mineral may be represented by either the abun-
dance of each oxide or'by the abundance of theoretical end-member
compositions. The former may be thought of as representing the compo-
sition in oxide abundance space, and the latter as representing it
in phase space. These equivalent representations are related by
simple linear transformations. In practice, it is fastest and most
convenient in the point count to substitute K-values (background
subtracted counts in unknown/ backgroung subtracted counts in standard),
which approximate oxide weight percent abundances. This may be
thought of as representing the composition of the mineral in K-value

space. Basically, a computer is programmed to examine the energy
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spectrum that is produced by excitation by the electron beam at a
single discrete point. Background subtracted K-values are calculated
and the identity of the phase is determined by simple matrix transfor-
mation from K-value space to phase space. The stage is moved so that
a polished thin section is sampled by the beam during five second
counts at discrete grid points. These data are stored sequentially
along with the location of the grid point. Approximately 2500 grid
points spaced at distances equal to the average grain size were found
to be statistically adequate for characterizing most thin sections
(Albee et al., 1977).

An underlying assumption of the automated point count technique
is that the phases in the sample are all in chemical equilibrium.
This is equivalent to stating that there are no compositional degen-
eracies among the phases. This is necessary because the matrix
transformation requires an inversion of a composition matrix for a
series of reference minerals, and compositional degeneracies among
the reference minerals prohibits this inversion calculation. Further-
more, considering the broblem independently of this inversion calculation,
if the compositions of the three phases, A, B, and C are related by:

A+ B = C,

then simple inspection of the X-ray energy spectrum cannot distinguish
between excitation of phase C and excitation of the grain boundary
between phases A and B.

This problem is a major hurdle that must be crossed in order to
perform an automated point count on samples of the Trinity peridotite.
If the rocks had pristine primary assemblages, they would be composed

of only olivine + spinel + orthopyroxene + clinopyroxene + plagioclase
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+ amphibole, and there would be no compositional degeneracies. Unfor-
tunately, all the samples are slightly to highly altered to hydrous
assemblages that contain serpentine + magnetite + brucite + talc +
chlorite + clinozoisite + secondary amphibole + pyrope(?). Hy0 and
Na0 are not detected by the energy dispersive detector in the
point count mode, and, therefore, the energy spectra produced by
certain combinations of these minerals are indistinguishable from
those produced by combinations of the primary phases. Therefore, in
the absence of additional data, there is no unique interpretation of
many energy spectra encountered while point counting these rocks.

Fortunately, petrographic relationships make the automated point
count tractable for the Trinity peridotite. Two simple, but signifi-
cant observations were employed in this study. First, the complexity
of the alteration assemblages increases drastically with increasing
degree of alteration, and, therefore, the task of the automated
point count is greatly simplified by selecting samples with minimal
alteration of primary minerals for study. Furthermore, in samples
that show only minor alteration (<10 percent), essentially all serpen-
tine, brucite and magnetite are replacment products of olivine, and
all clinozoisite is replacing plagioclase. The other primary minerals
are essentially pristine, and, therefore, reconstruction of the
primary modal mineralogy is easier and based on fewer assumptions.
Second, veins of serpentine, magnetite and brucite occur along almost
all grain boundaries, and therefore, beam excitatation of an olivine-
orthopyroxene grain boundary is extremely unlikely. It follows that
points that appear to be mixtures of olivine and pyroxene are, in

fact, mostly serpentine. This allows serpentine grains to be identi-
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fied early in the point count process by a simple compositional filter.

Determination of the range and distribution of mineral compositions
in a given rock is one of the most important conclusions from the
automated point count process. Some difficulty was encountered in
determining these parameters for samples of the Trinity peridotite
because of the compositional spread introduced at each individual point
by the poor counting statistics inherent in a five second counting time,
For example, during a five second count at a grid point on an olivine
grain, approximately 100 counts would be expected to accumulate under
the Fe peak. The first standard deviation based on the counting sta-
tistics would be +10 counts or +10 percent of the total counts. This
would translate to a first standard deviation in the Fo-content of the
olivine grain of 10 mole percent, and would swamp the very small var-
iations (about 1-3 mole percent) that are actually present in the
olivine of the Trinity peridotite. This problem was circumvented by
averaging the analyses of each phase ten at a time before plotting any
of the point count data. The result is to reduce the total apparent
number of data points in each diagram for each point count by a factor
of 10 and to increase the effective counting time for each of the
plotted data points to 50 seconds. This greatly reduced the spread
in data, bringing it into line with the results of the quantitative
analyses. This calculation has the drawback of obscuring ranges in
mineral composition such as fractionation trends. However, extensive
and detailed quantitative analysis of minerals in the Trinity peridotite
demonstrated that the ranges in mineral composition for the pyroxenes
and olivines are extremely restricted and much smaller than the spread

produced by statistical variations during the point counts.
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ROCK TYPES OF THE STUDY AREA
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INTRODUCTION

This section describes the field appearances of the rock types
that were identified in the field and presents field observations
that are significant to the structural and petrologic evolution of
the Trinity massif. Although this study focuses on the peridotite,
field descriptions of the other lithologies are included for complete-
ness and because they have bearing on the petrogenesis of the ultramafic
rocks.

Most of the 70 square miles that were mapped in the vicinity of
Mount Eddy and China Mountain are underlain by the Trinity peridotite.
However, other lithologic units crop out over significant portions of
the map area (Map 1). The peridotite is intruded by younger stocks and
plugs of gabbro and hornblende diorite, and dikes of microgabbro, pegma-
titic gabbro, hornblende diorite, diabase and albite granite. At the
eastern margin of the study area, sedimentary and volcanic rocks are
faulted against the Trinity peridotite. Glacial and stream deposits

cover most of the valley floors throughout the study area.
PERIDOTITE

INTRODUCTION

Peridotite is used in this study to include all rocks that are
composed of olivine and pyroxene with only minor (<10 percent) amounts
of other minerals. Phases that are larger than about 1 mm in diameter
are readily identifiable in the field if the rocks are less than
about 50 percent serpentinized. This is the upper limit to serpentin-

ization throughout most of the study area, so that field identification



31

of lithologies was practical.

The lithologies that were identified in the field were named,
with one significant exception, according to the recommendations of
the IUGS Subcommission on the Systematics of Igneous Rocks (1973).
This terminology is represented graphically in Figure 4. With refer-
ence to this figure, the types of peridotite that were identified in
the field were plagioclase lherzolite and harzburgite, lherzolite,
harzburgite, dunite, websterite and olivine websterite, wehrlite,
olivine clinopyroxenite, and clinopyroxenite. In the IUGS classifi-
cation, the distinctions between plagioclase lherzolite and plagioclase
harzburgite and between lherzolite and harzburgite are based solely
on clinopyroxene abundance; plagioclase lherzolite and lherzolite con-
tain more than 5 modal percent clinopyroxene and plagioclase harzburgite
and harzburgite contain less than 5 modal percent clinopyroxene. Exam-
ination of the sample modes presented in Table 2 reveals that both
harzburgitic and lherzolitic rocks are present in the Trinity massif.
However, this distinction is extremely difficult to utilize in the
field because the clinépyroxene abundances of these rocks tend to fall
very close to the arbitrary dividing line of 5 percent. Therefore,
a more practical set of definitions was employed in the field and
will be used throughout the remainder of this paper. The rocks were
termed lherzolite or plagioclase lherzolite, as appropriate, if visible
clinopyroxene was present in handspecimen, but were termed plagioclase
harzburgite or harzburgite if there was no clinopyroxene visible in
handspecimen. Using this terminology, plagioclase lherzolite is by
far the most abundant feldspathic ultramafic lithology and plagioclase

harzburgite is extremely rare.
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Figure 4: Classification of peridotite according to recommendations
by the IUGS Subcommission on the Systematic of Igneous Rocks
(1973). 1In this study, the distinction between harzburgite
and lherzolite is based on whether or not clinopyroxene por-—
phyroblasts are visible in outcrop; the boundary between

harzburgite and lherzolite is dashed to emphasize this.
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Plagioclase lherzolite and harzburgite, lherzolite, harzburgite and

dunite comprise the main mass of the Trinity peridotite into which
the websterite, olivine websterite, wehrlite, olivine clinopyroxenite
and clinopyroxenite were emplaced as dikes or as cumulates at the
base of intrusive gabbroic bodies. The cumulate peridotite will be
described in a separate section dealing with the gabbroic rocks.
The following discussion is intended to emphasize macroscopic differ-
ences between the remaining types of peridotite in terms of mineralogy
and outcrop appearance, and the relationships between these rock types
will be treated in another section.

There are several progressive changes in these macroscopic
characteristics in the series plagioclase lherzolite, lherzolite,
harzburgite and dunite., The mineralogy becomes less diverse, there
is decreased resistance to weathering, outcrop surfaces tend to be
smoother, and weathering colors tend to be lighter shades. These
characteristics are mentioned now to alert readers before they are

lost in the following detailed discussion.

PLAGIOCLASE LHERZOLITE

Plagioclase lherzolite forms blocky, yellow-brown to red-brown
weathering outcrops with extremely rough weathering surfaces (Figure 5),
and somewhat variable mineralogy. These rocks are composed of about
70-80 percent yellow-brown weathering olivine, 15-20 percent green to
brown orthopyroxene, 2-10 percent emerald-green clinopyroxene, 1-2
percent black spinel, 2-10 percent plagioclase, and minor amounts of
black amphibole. Olivine forms the groundmass thoughout which the

other minerals are dispersed; it is highly fractured, so that grain
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Appearance of plagioclase lherzolite, lherzolite, harzburgite

and dunite in outcrop.

(4)

(B)

(©)

(D)

Contact between lherzolite (upper left) and plagioclase
lherzolite (lower right) north of Toad Lake. Note folia-
tion in the plagioclase lherzolite defined by resistant
feldspathic lenses and the smoother appearance of the
lherzolite.

Contact between harzburgite (left) and dunite (right) at
Vicki Bluff (Plate 2). Note nubby surface of the harz-
burgite produced by resistant orthopyroxene grains and
the smooth surface of the dunite.

Banding in harzburgite defined by variations in orthopy-
roxene abundance (Granite Creek, Trinity Alps). Resis-
tant bands are more orthopyroxene-rich.

Banding in plagioclase lherzolite on the ridge south of
Bull Creek. Resistant bands are more plagioclase-

and pyroxene-rich and are referred to as ariegite.
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size is difficult to determine in outcrop. Orthopyroxene forms
equant to slightly flattened grains that range in size from <0.3 to
0.7 cm across. élinopyroxene forms small, equant grains up to 0.3
cm in diameter. Spinel grains, in general are 0.1-0.3 cm in size
but grains occur locally up to 0.6 cm across. Plagioclase grains
are generally <0.2 cm across, and are, in most places, pseudomorphed
by chalky-white clinozoisite; where plagioclase is preserved, the
grains are clear and glassy.

The rough appearance of the outcrops is due to a penetrative
foliation (Figure 5) that is best defined by flattened orthopyroxene
grains and flattened lenses of mostly plagioclase, pyroxene and
spinel, The lenses range in size from 1-5 cm long and 0.3-0.6 cm
wide., These lenses are resistant to weathering and stand out as
tiny ridges above the less resistant, intervening olivine matrix.
Locally, the feldspathic lenses are shaped like flattened pencils,
the long axis of which defines a lineation within the plane of the
foliation.

Banding is develoﬁed locally in the plagioclase peridotite
(Figure 5). It is defined by sharp variations in the modal mineralogy;
resistant bands of plagioclase-rich (about 10 percent) and pyroxene-
rich (about 30-40 percent) rock alternate with layers of plagioclase-
poor (<5 percent) and pyroxene-poor (<5 percent) rock. The character-
istics of the pyroxene- and plagioclase-rich bands are discussed in
the section on clinopyroxene-rich rocks. These bands range in thick-
ness from 0.25 to 15 cm and are continuous in some outcrops for dis-
tances up to 20 m, although discontinuous bands occur that terminate

abruptly and and bluntly. In most of its occurrences, this banding
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is cut by the foliation at relatively high (>20 degrees) angles, but
in some outcrops, banding is essentially parallel to the folitation.

Plagioclase lherzolite constitutes about 15 percent of the
peridotite within the study. As can be seen from Plate 1, it is most
abundant in large, tabular zones that are up to about 150 m thick and
as long as 3000 m, and occur on the south and southeast flanks of
Mount Eddy and in the western part of the study area south of China
Mountain. It also occurs as isolated blocks contained within other
peridotite lithologies (e.g. Plate 2); these occurrences will be detailed
in a separate section on peridotite relationships.

Other occurrences of plagioclase lherzolite in the Trinity
peridotite have been described by other investigators. Goullaud (1977)
noted the presence of this lithology in the Boulder Peak vicinity
to the south and Lindsley-Griffin (1977) described it as underlying
Corey Peak to the west. In addition, I have located large areas of

plagioclase lherzolite on and near Scott Mountain to the west.

LHERZOLITE

Lherzolite is quite distinct from the plagioclase lherzolite in
outcrop; it has a smoother outcrop surface without an obvious folia-
tion (Figure 5) and is devoid of plagioclase. Like the plagioclase
lherzolite, it has blocky, yellow-brown to red-brown weathering sur-
faces.

An estimated typical composition in outcrop is 70-80 percent
yellow-brown olivine, 15-20 percent olive-green to brown orthopyroxene,
5-10 percent emerald green clinopyrene, and 1-2 percent black spinel.
The pyroxenes and spinel occur as evenly disseminated grains thoughout

a matrix of olivine; these minerals weather out with positive relief,
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giving the rock a nubby appearance. The outcrop surface is neverthe-
less much smoother than that of the plagioclase lherzolite due to
the absence of the high-relief plagioclase-rich segregations. As a
result, macroscopic measurement of the foliation in this rock is dif-
ficult,

Banding that is similar to that in the plagioclase lherzolite in
terms of thickness and continuity is also present in the lherzolite.
It is defined by abundance of pyroxene; pyroxene-rich (40-70 percent)
layers alternate with pyroxene-poor (<20 percent) layers. As in the

plagioclase lherzolite, the layers range in thickness from .2 to 25 cm.

HARZBURGITE

Harzburgite forms orange to yellow-brown, blocky outcrops with
nubby surfaces (Figure 5). The typical mineralogy as seen in outcrop
is approximately 75-85 percent yellow-brown olivine, about 5 percent
olivine-brown orthopyroxene and 1-2 percent black spinel. By defini-
tion, clinopyroxene is not visible in handspecimen. The grain sizes
of these minerals are essentially identical to the respective minerals
in the plagioclase lherzolite and lherzolite., Like the lherzolite,
the rock is relatively smooth in appearance, due to the absence of
feldspathic segregations.

The harzburgite is generally cut by an obscure foliation, which
may be determined only by close inspection of elongated single spinel
grains and spinel trails.

Banding is developed locally in the harzburgite and is defined
by the abundance of orthopyroxene relative to olivine. These bands

are illustrated in Figure 5. Resistant bands from .25 to 25 cm thick
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of pyroxene-rich peridotite alternate with bands of less resistant,
pyroxene—-poor peridotite. The pyroxene-rich bands contain up to about
40-50 percent orthopyroxene while the pyroxene-poor bands may be almost
devoid of orthopyroxene. The contacts between these bands are gen-
erally gradational over several centimeters. The bands are similar
in thickness to those in the lherzolite and plagioclase lherzolite.
OQutcrops to the north of Mount Eddy and to the south of China Mountain
contain banding in harzburgite that is continuous for up to 50-60 m.
Further south, in the Trinity Alps, spectacular banding in harzburg-
ite that is continuous for up to 125 m has been described by Lipman
(1964).

Harzburgite is the most abundant lithology in the study area,
comprising approximately 60-70 percent of the peridotite by volume.
My reconnaisance suggests that harzburgite is the most abundant
lithology throughout the entire Trinity complex. Within the study
area, it tends to be somewhat more abundant north of the high ridge
joining Mount Eddy and China Mountain and less abundant relative to

plagioclase lherzolite to the south.

DUNITE

Dunite forms outcrops that are much lighter shades of yellow-brown
to orange than the harzburgite, and forms extremely-smooth weathering
surfaces that contrast sharply with the other peridotite lithologies
(Figure 5). The mineralogy, as estimated in outcrop, is extremely
uniform, consisting of about 95-99 percent yellow-brown weathering
olivine, 1-2 percent black spinel and 0-2 percent pyroxene. The oli-
vine grains are highly fractured so that grain sizes are difficult

to measure. However, single crystals up to 5 cm across have been
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identified in outcrop by their uniformly reflecting surfaces. Spinel
grains are generally <0.2 cm and are equant to flattened in shape.
In some rocks, large concentrations of spinel form chromitite pods
up to 1 m across. Spinel may comprise nearly 100 percent of these
pods or may be less abundant and fill interstices between equant
olivine grains. Where present, orthopyroxene generally occurs as
local concentrations that are essentially small patches of harzburgite.
Locally, however, there are disseminations of equant orthopyroxene
grains, 0.1-0.2 cm across, that comprise less than 10 percent of the
rock, so that it is actually an othopyroxene-bearing dunite. Clino-
pyroxene occurs locally as isolated poikilitic grains that range in
size from 1 to 30 cm, and as large poikilitic pods up to 1 m across
(Figure 6).

Banding is extremely rare in the dunite bodies in the study area.
Locally, however, banding is defined by the relative abundances of
spinel and olivine. Spinel-rich (>10 percent) bands alternate with
spinel-poor (1-2 percent) bands. Bands up to 2-3 cm thick are devel-
oped, but nowhere arelthey as continuous as the banding in the harz-
burgite, lherzolite and plagioclase lherzolite, and rarely do they
exceed a few meters in length.

Most of the dunite bodies are cut by a penetrative foliation
that is defined by the shapes and arrangements of spinel grains.
Flattened spinel grains and spinel trails define a penetrative planar
fabric. 1In some places, close inspection of the spinel orientations
reveals the presence of nearly isoclinal mesoscopic folds with the
limbs defined by slightly convergent spinel trails and the hinges

defined by flattened spinel grains that are bent., Thus, it would
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Appearance of clinopyroxene pods and grains, and wehrlite

layers in dunite, and hand specimen appearance of ariegite.

(A) Poikilitic clinopyroxene grains in a small dunite body
within harzburgite (Bluff Lake Basin).

(B) Large, poikilitic clinopyroxene grain within a large
dunite body (Bluff Lake Basin).

(C) Wehrlite interlayered with dunite above Dobkins lake.
Note backpack at base of outcrop for scale.

(D) Hand specimen of an ariegite dike. Spinel grains (black)
are about 1 cm long and are rimmed by white plagioclase.
Large gray minerals are clinopyroxene grains; groundmass is
clinopyroxene, orthopyroxene, olivine and plagioclase.

Sample location: Bull Creek,
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appear that the spinel trails that define the foliation in the dunite
are actually limbs of tightly folded but discontinuous spinel bands.
These structures are probably present in the harzburgite, lherzolite
and plagioclase lherzolite but camouflaged by the abundant pyroxene
grains,

The large poikilitic clinopyroxene grains, where present, are
commonly smeared out with length to width ratios of up to 6:1. These
grains also define a foliation that is always consistent with the
foliation defined by the spinel grains and trails.

Dunite has several modes of occurence in the study area, forming
small bodies centimeters to meters in size within the harzburgite
(Plate 2) as well as large bodies up to 100 m thick and 3-4 km long
(Plate 1), The large, tabular bodies are developed thoughout the
study area (Plate 1) and trend east-west in the vicinity of Mount
Eddy and east of north near China Mountain. Collectively, these
dunite bodies are estimated to comprise 15-20 percent of the perido-
tite in the study area. Similar occurrences of dunite were found

throughout the Trinity peridotite during my reconnaisance work,

CLINOPYROXENE-RICH ROCKS

Clinopyroxene-rich rocks comprise no more than 1 percent of the
Trinity peridotite by volume. Three fundamental types of clinopyrox-
ene-rich rocks are recognized: (1) dikes and bands with spinel as the
primary aluminous phase; and (2) dikes with plagioclase as the primary
aluminous phase; and (3) concordant clinopyroxene-rich layers in
large dunite bodies. The first type will be referred to as ariegite,

the second type as websterite , and the third as wehrlite to emphasize
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the mineralogical differences.,

The term, ariegite, refers to aluminous peridotite in which spinel
is the aluminous phase., The ariegite in the Trinity peridotite is com-
posed of approximately 10-20 percent olivine, 5-10 percent orthopyrox-
ene, 60-70 percent clinopyroxene, 5-10 percent pargasitic hornblende,
2-5 percent spinel, and 5-10 percent plagioclase (Figure 6). Olivine
weathers yellow-brown, orthopyroxene olive-brown, clinopyroxene emer-—
ald green, spinel and amphibole black, and plagioclase white. Pyroxene
grains range in size from 0.1 to 0.3 cm and form clusters up to 0.5
m across. Spinel forms large ragged and flattened grains that range
in size from 0.l to 1 cm., Olivine, plagioclase and amphibole are
interstitial to the pyroxenes, and range from <0.l to 0.2 cm in size.
Plagioclase forms prominent white envelopes around spinel grains and
appear to have formed as a secondary aluminous phase that partially
replaced spinel (Figure 6). Therefore, the term ariegite was selected
to identify this lithology to emphasize its apparent primary mineralogy.

Ariegite forms swarms of parallel, tabular bodies that are
referred to as bands, and isolated, more randomly oriented tabular
bodies that are referred to as dikes. Both occurrences are restricted
to lherzolite and plagioclase lherzolite hosts. The geometry of the
ariegite bands is discussed in the section of plagioclase lherzolite;
the dikes are about 10-20 cm thick and continuous across exposures up
30 m wide. Both the dikes and bands are most common in the southwest-
ern part of the study area, between Mount Eddy and Bull Creek.

There is considerable field evidence of deformation in the arie-
gite., The plagioclase envelopes and the enclosed spinel grains tend

to be smeared out and to define a prominent penetrative foliation
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(Figure 6). Some isoclinal folds have been identified in the ariegite
bands on the ridge south of Bull Creek. The axes of these fold are
parallel to the penetrative foliation.

Websterite dikes have an extremely variable mineralogy. Most
commonly they are composed of 50-70 percent emerald green clinopyroxene,
10-30 percent olivine, 10-20 percent orthopyroxene, and minor amounts of
plagioclase and amphibole. Locally, olivine comprises up to 50 percent
of the dikes. . Clinopyroxene is typically equant and ranges from 0.5
to 2 cm in diameter. Olivine and plagioclase, if present, fill inter-
stices between the larger clinopyroxene grains. Observed thickness
range from about 0.2 cm to 0.5 m, and with increasing thickness, the
dikes tend to be more clinopyroxene-rich. Some of the thicker dikes
are essentially clinopyroxenites composed of greater than 90 percent
clinopyroxene. These dikes contain up to 10-20 percent black amphibole
as rims on clinopyroxene and minor amounts of sphene,

Unlike the ariegite bands and dikes, most of the websterite dikes
are devoid of internal foliation. No isoclinal folds were observed
in these dikes, although small, open mesoscopic folds are common.
However, some of the dikes do tend have a perferred orientation of
clinopyroxene crystals, which are elongate normal to the dike wall
and protrude inward into the dike. The cores of these dikes tend to
be more plagioclase-rich than the rims.

The distribution and morphology of these dikes are also in contrast
to the ariegite bands and dikes. Websterite dikes are found throughout
the study area, and are not restricted to the plagioclase lherzolite
in occurrence. Instead, they intrude plagioclase lherzolite, lherzolite,

harzburgite and dunite, although they are most common in the first two
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lithologic units. The websterite dikes range in thickness from about 0.5
to 1 m. Unlike the ariegite bands and dikes, they branch and, locally,
are discontinuous along strike. No attempt was made to determine their
orientation throughout the study area. However, to the south of China
Mountain, they occur in swarms of steeply dipping dikes with a consis-
tent southwesterly orientation.

Black-weathering wehrlite layers that are 1-3 m wide and inter-
layered with dunite are contained within a large dunite body above
Dobkins lake on the north side of Mount Eddy (Figure 6). Thin layers
tend to be discontinuous and appear boudined, while thick layers (2-3 m)
are continuous across outcrops about 100 m long. In hand specimen,
the rock appears to be composed of about 98 percent black pyroxene
and about 2 percent red-weathering olivine. The pyroxene imparts a
distinctive black color to the rock on both fresh and weathered
surfaces, making it readily distiguishable from the other types of
peridotite. These pyroxenes form distinct, highly fractured grains
that range in size from about 0.1 to 1.0 cm in size. These grains
are elongate, with length to width ratios of up to 3:1, and have a
weak preferred orientation that defines a foliation. This foliation is
concordant with the layers and discordant with the regional foliation.
Olivine is completely interstitial to the pyroxene. These layers are
distinct from the other clinopyroxene-rich rocks by virtue of their
color and finer grain size. They are significant because they appear
to parallel the trend of the host dunite body, rather than crosscut
it., This and the interlayering with dunite suggest that they may

be genetically related in some way to the large dunite bodies.
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ASSOCIATIONS AND SPATIAL RELATIONSHIPS

The distribution of the principal ultramafic lithologies and the
spatial relationships that exist between them are important keys to
their petrogenesis. These relationships are as follows: (1) plagio-
clase lherzolite and lherzolite are always contained within a harzburgite
host; (2) at least three types of dunite may be discriminated on the
basis of field relationships; (3) a distinctive lithologic sequence
always occurs between plagioclase lherzolite and dunite; (4) many web-
sterite dikes that cut plagioclase lherzolite are bounded by zones
of plagioclase-free peridotite, or "depleted zones"; and (5) these
websterite dikes and associated depleted zones appear to be small
scale analogues of the large dunite bodies. These observations are
presented in detail below.

Harzburgite is the dominant rock type in the Trinity peridotite
and may be thought of as the matrix in which irregular to tabular
bodies of lherzolite and plagioclase lherzolite occur. Plagioclase
lherzolite and lherzolite tend to occur as isolated, irregular shaped
bodies within harzburgite (Plate 2). These bodies range in size from
a few centimenters across to hundreds of meters across and are irreg-
ular in shape. In some places, such as the south of Mount Eddy and
China Mountain (Plate 1), the plagioclase lherzolite bodies increase
in size and abundance until they are the dominant lithology. Where
plagioclase lherzolite bodies are in close proximity but isolated,
such as at Vicki Bluff (Plate 2), the banding and foliation are paral-
lel from one body to another. Furthermore, the foliations in these
bodies are parallel to the foliation in the host harzburgite and/or

dunite, and banding can be traced in some outcrops from the plagioclase
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lherzolite, through the adjacent lherzolite and into the host harzburg-
ite, However, the banding is typically truncated by the dunite bodies.

There are multiple modes of dunite occurence in the Trinity
complex. Dunite forms: (1) large tabular bodies with thicknesses up to
100 m and continuous for distances of up to several kilometers (Plate
1); (2) smaller, irregular-shaped patches of dunite that are contained
within a harzburgite host (Plate 2); and (3) small tabular bodies or
"dikes" that flank or appear to replace some websterite dikes (Figure 7).
The first two types of dunite are by far the most abundant, and all
three are in most places discordant with the foliation.

The larger dunite bodies were mapped as separate units on the
small scale map of the study area (Plate 1). This map illustrates
that these bodies have an outcrop pattern that suggests they are
roughly tabular in three dimensions, and that they are generally
discordant to the foliation. Although the boundaries of the dunite
bodies appear to be sharp and regular at a scale of 1:31,250, they
are, in detail, ragged and extremely complex. Irregular patches of
dunite that are contained in the harzburgite become more abundant
toward the large tabular dunite bodies until dunite is the dominant
lithology. Harzburgite persists as irregular blocks contained within
the dunite and ranging in size from centimeters to tens of meters.
In general, the size of these blocks decreases with distance into the
large dunite bodies., "Arms"” or projections of dunite extend into
the harzburgite from the large dunite bodies. These observations sug-
gest that the large dunite bodies and the smaller patches are closely
related.

Contacts between the plagioclase lherzolite and lherzolite,



Figure 7:

50

Schematic diagram illustrating relationships between the
websterite dikes (cpx-rich dikes in diagram) and the
plagioclase lherzolite, lherzolite, harzburgite, and
dunite. Dikes range in thickness from 0.2 cm to 0.5 m;
depleted zones range from about 1 cm to 0.5 m wide.

Foliation is shown schematically by dashed lines.
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lherzolite and harzburgite, and harzburgite and dunite tend to be
ragged and deeply embayed where they are at high angles to the folia-
tion, but are much sharper and straighter where they are nearly paral-
lel to the foliation (Plate 2). The trends of the embayments are
parallel to the strike of the foliation; this can be observed in the
map of Vicki Bluff (Plate 2), and is represented by equal area projec-
tions in Figure 14, These observations are discussed in the chapter
on the structural history of the peridotite. The preferred interpre-
tation is that the lithologic contacts formed prior to the foliation
and that the embayments are, at least partly, the result of folding
during the formation of the foliation,

An extremely significant systematic relationship links the perid-
otite lithologies ;hroughout the study area —- plagioclase lherzolite
is never in contact with dunite except where juxtaposed by faults,
Instead, at every scale, there is always a transition sequence between
plagioclase lherzolite and dunite: (1) plagioclase lherzolite grades
into lherzolite with the disappearance of plagioclase; (2) this lher-
zolite grades into harzburgite with both decreasing overall pyroxene
abundance and clinopyroxene abundance; (3) this harzburgite grades
into dunite with the abrupt disappearance of pyroxene. This gradation
from plagioclase lherzolite to dunite occurs over distances ranging
from about 15 c¢m to tens of meters. The plagioclase—out and pyroxene-—
out transitions are typically very sharp and occur over a few milli-
meters, whereas the transition from lherzolite to harzburgite is grad-
ational and is marked by the gradual reduction in the abundance of
clinopyroxene porphyroclasts that are visible in the outcrop.

The above relationships are interpreted as evidence that much,
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if not all of the dunite, harzburgite and lherzolite were produced
from a plagioclase lherzolite protolith by subtraction of plagioclase,
clinopyroxene and orthopyroxene. Furthermore, this appears to have
happened before plastic deformation of the rocks, as recorded by the
foliation, ceased.

The detailed relationships between some of the websterite dikes
and the peridotite wall rocks into which they are emplaced are also
significant. - Many of the websterite dikes that cut the plagioclase
lherzolite are bordered by tabular zones of plagioclase-free perido-
tite (Figures 7 and 8). These borders will be referred to as depleted
zones throughout the remainder of the paper to emphasize that they
have been depleted in plagioclase and pyroxene relative to the plagio-
clase lherzolite. These depleted zones display characteristic litho-
logic zonations that are summarized in Figure 7. In the most extreme
cases, the websterite is surrounded by dunite, which is surrounded
in turn by harzburgite, lherzolite and, finally, the plagioclase
lherzolite host. An excellent example of this relationship is exposed
near the center of Vicki Bluff (Plate 2, Figure 8). More commonly,
however, no zone of dunite is present and the websterite is immediately
bordered by zones of harzburgite and/or lherzolite. Examples of this
relationship are abundant at Lou Ann Bluff (Plate 3, Figure 8), but
are found wherever there are exposures of plagioclase lherzolite.

Some websterite dikes that have depleted zones can be traced from the
plagioclase lherzolite through lherzolite and harzburgite, and into
large dunite bodies. Examples are found at both Vicki and Lou Ann
bluffs. The dikes clearly crosscut the dunite bodies but become

discontinuous and disappear with increasing distance into the dunite.
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Figure 8: Websterite dikes cutting plagioclase lherzolite.

(4)

Websterite dike bordered by dunite (smooth surface),

. harzburgite and dunite (nubby surface), and the host

(B)

plagioclase lherzolite (foliated surface). The pencil
is oriented parallel to the foliation in the plagio-
clase lherzolite and along the axial plane of a small
open fold in the dike. (Vicki Bluff, Plate 2)
Undeformed websterite bordered by a plagioclase-free
zone of lherzolite (nubby surface) and by the host
plagioclase lherzolite (foliated). The pencil is ori-
ented parallel to the foliation. (Ridge south of Bluff

Lake.)
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The significant point that must be made about the depleted

zones is that the sequence of lithologies in them is identical to the
sequence that is developed between the large dunite bodies and the
plagioclase lherzolite (Figure 7). This suggests that the depleted
zones may have formed in a manner analogous to the formation of the
larger dunite bodies. If this is the case, then the wehrlite layers
and clumps of poikilitic clinopyroxene that occur within the large
dunite bodies may be analogs of the websterite dikes. This hypothesis
and its implications are treated in detail in the discussion section

of this thesis,

SERPENTINIZATION

All of the peridotite within the study area has been altered, at
least incipiently, to serpentine and associated minerals such as
magnetite, brucite, talc and clinozoisite. Although the details of
the alteration products are not generally discernible in outcrop,
the degree of serpentinization may be estimated on the basis of cer-
tain megascopic characteristics that change with increasing serpentin-
ization. Peridotite that is less than 10 percent serpentinized tends
to be yellow-green and glassy on freshly broken surfaces and weathers
to form a thin (<0.5 cm thick) yellow-brown crust. Plagioclase, if
present, is vitreous even on weathered surfaces, and clinopyroxene
is a bright emerald green that contrasts sharply with the olive
green of orthopyroxene. The outcrop tends to be blocky with joint
blocks maintaining sharp edges. With increasing serpentinization,
in outcrops that are more than 10 percent serpentinized: (1) the fresh
surfaces become an increasingly darker green and have a sugary tex-

ture; (2) weathered surfaces take on an increasingly reddish hue and
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have thicker alteration crusts; (3) plagioclase loses its vitreous
luster, having completely altered to clinozoisite in rocks that are
more than 10 percent serpentinized; and (4) clinopyroxene loses its
distinctive emerald green color and appears more olive green and
increasingly difficult to distinguish from orthopyroxene after serpen-—
tinization exceeds about 50 percent. In outcrops that are essentially
100 percent serpentinized, the rocks weather white rather than reddish-
brown, and are noticeably less dense than essentially unserpentinized
peridotite. Meeker and Albee (1979) demonstrated that the alteration
crusts are produced by an advancing front along which magnetite from
an earlier pervasive serpentinization is oxidized; the process does not
involve alteration of the silicate minerals. Therefore, increased
amounts of serpentinization will enhance the formation of thicker crusts.
Detectible crusts were observed to form within one year on surfaces that
were broken during sampling in the previous year.

The outcrop form of the peridotite also reflects the degree of
serpentinization. With progressive serpentinization, the outcrops
have a more subdued tobographic expression: corners of blocks become
more rounded and outcrops less prominant. Saddles in ridges tend to
correspond to zones of intense serpentiniation.

Most of the peridotite in the study area is about 20-50 percent
serpentinized. Zones of most intense serpentinization tend to fall
into one of two categories: (1) fault zones, and (2) contacts with
intrusive bodies. Fault zones, which were identified by truncations
of peridotite structures and/or gabbro and diorite bodies, typically
are flanked by zones of intensely serpentinized peridotite that range

in width from about 1 to 25 m. These serpentinized zones generally
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have a foliation that is subparallel to the attitude of the fault.
Locally, however, they consist of tectonic breccias composed of
angular serpentine blocks with a seriate size distribution up to 0.5 m
across. Where the faults are intruded by dikes of diabase or hornblende
diorite such as along south face of Mount Eddy, the serpentinization
zones are up to 50 m. Serpentinization aureoles up to 50 m wide are
developed around the large hornblende diorite intrusions that are
west of Mount Eddy. Tremolite occurs locally within about 10 m of
some of these contacts. Serpentinization also increases with proximity
to the gabbro peridotite contacts. To some extent, this serpentiniza-
tion may be related to faulting, which is common along these contacts.
However, a serpentinization zone, approximately 10 m thick is developed
along the western contact of the gabbro body south of Mount Eddy, and
appears unrelated to faulting.

Peridotite that is less than 10 percent serpentinized occurs in
two somewhat discontinuous, narrow belts. One belt trends approxi-
mately north-south and is located about 2 km west of the Trinity Rivers.
This belt extends from.south of Bull Creek, to north of Bluff lake
and is up to ~0.3 km wide. The second belt trends northwesterly
and extends from Crater Lake to Parks Creek about 3.5 km south of
Stewart Springs. These belts are not continuous because serpentiniz-
ation may be locally very great near faults and/or intrusive bodies.
Although other pockets of relatively unserpentinized peridotite were
located, these belts are distinctive because of their linear extent
and low degree of serpentinization. Samples of dunite, harzburgite,
lherzolite, plagioclase lherzolite, and clinopyroxene-rick dikes that

are less than 5 percent ;;}pentinized have been collected from these
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Figure 9: Plagioclase-rich veins.

(A) Vein of predominantly plagioclase (type C) with minor
amphibole (white) cutting a large websterite dike
north of Mount Eddy.

(B) Vein of plagioclase and black amphibole (parallel to
pencil) cutting a websterite dike on the ridge south

of Toad Lake.
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belts,

PLAGIOCLASE-RICH VEINS

Rare plagioclase-rich veins (Figure 9) are scattered throughout
the study area and have no particular spatial association with larger
intrusive bodies. These features are referred to as veins rather than
dikes because they are typically narrow and discontinuous. They are
distinct from the clinopyroxene-rich dikes, layers and bands in that
plagioclase constitutes >50 percent of the modal mineralogy. Three
types have been recognized: (A) plagioclase ( ~50 percent) and clino-
pyroxene ( ~50 percent) veins; (B) plagioclase (about 50 percent) and
amphibole (about 50 percent) veins; and (C) veins of predominantly
plagioclase ( >90 percent) and minor pyroxene and amphibole (<10 per-
cent)., Types (A) and (B) tend to be thin (less than 0.3 cm wide)
branching veinlets that are not traceable in outcrop for more than a
few meters. Furthermore, they appear to be restricted to the plagio-
clase lherzolite. Clinopyroxene and amphibole both weather black
and form anhedral graiﬁs that are essentially the width of the vein;
white weathering plagioclase fills the gaps between these grains.

Type (C) forms thicker (<4 cm) branching and anastamosing veins

that are traceable over outcrops for 10-20 m. In these veins, black
weathering pyroxene is concentrated in narrow zones of uniform thickness
along the vein walls and white weathering plagioclase fills the inter-
ior of the veins. As can be seen in Figure 8, types (B) and (C)
crosscut the websterite dikes and are, therefore younger.

Local derivation of these veins is suggested by: (1) their thin-

ness and discontinuity; (2) the lack of obvious association with larger
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intrusive bodies; and (3) the apparent restriction of types (A) and
(B) to plagioclase lherzolite hosts. If vein types (A) and (B) had formed
by injection of foreign melts into the peridotite, then one would expect
them to also intrude dunite and harzburgite. Therefore vein types (A)
and (B) may have been internally derived from the host plagioclase lher-

zolite by partial melting and concentration of the melt (see discussion),

GABBRO AND RELATED ACCUMULATE ROCKS

INTRODUCTION

The Trinity peridotite is intruded by sequences of coarse-grained
gabbro and related ultramafic cumulate rocks. The two major occurrences
of this rock association are exposed on China Mountain and on the
peaks to the west and southwest of Toad Lake. These will be referred
to as the China Mountain and Toad Lake bodies, respectively. These
gabbro bodies are composed of basal sections of clinopyroxene rich
cumulates that grade upward into a massive gabbro. The most com-
plete lithologic sequence is exposed in the Toad Lake body near Bear
Creek where the section from bottom to top is: (1) interlayered wehrlite
and clinopyroxene-bearing dunite; (2) interlayered olivine pyroxenite
and foliated pyroxenite; (3) feldspathic pyroxenite; and (4) massive
clinopyroxene, hornblende gabbro. This section is described in
detail below.

The China Mountain body is similar to the Toad Lake body except
that the layered sequence is not well exposed. On the north side of
China Mountain, massive clinopyroxenite rests directly on harzburgite
and dunite and grade upward into gabbro. On the east and south sides

of China Mountain and South China Mountain, the contacts are faulted
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and only minor amounts of layered clinopyroxene-rich cumulates are

preserved in fault slices.

INTERLAYERED WEHRLITE AND DUNITE

The interlayered wehrlite and clinopyroxene-bearing dunite are
composed of layers of wehrlite and clinopyroxenite that range in thickness
from 0.3 to 5 ¢m and are mainly defined by variations in the relative
abundance of olivine and clinopyroxene. Figure 10 illustrates the
typical appearance of this unit 0.5 km north of Bear Creek.

The dunite, in most places contains less than 10 percent green
clinopyroxene in a matrix of olivine and trace amounts of spinel,
Locally, however, pyroxene reaches about 20 percent in abundance.

The pyroxene weathers gray and ranges from 0.05 cm to 10 cm in size;
the larger grains are commonly poikilitic and form elongate clumps
and stringers up to about 2 cm thick and 10-15 cm long that tend

to parallel the layering (Figure 10). The smaller grains tend to be
equant and evenly disseminated,

Most of the boundaries between the dunite and wehrlite are marked
by a sharp change in modal mineralogy and pyroxene grain size. In
contrast to the dunite, the wehrlite layers are typically composed
of about 0-30 percent olivine and 70-100 percent clinopyroxene, and
have pyroxene grains 0.1-0.5 cm in size. Some of the contacts, how-
ever, are gradational and are marked by a gradual change in pyroxene
abundance and grain size.

There are several structures in these rocks in addition to the
layering. In some places, bedding is graded with respect to both
grain sized and pyroxene abundance (Figure 10). Near the base of the

layered sequence, drape folds are developed in layers that overlie



Figure 10:
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Structures and textures in the lower cumulate ultramafic
rocks of the Toad Lake Gabbro. All photographs are from
Beér Creek.

(A) Interlayered dunite and wehrlite (resistant).

(B) Drapefolds in interlayered dunite and wehrlite.

(C) Poikilitic clinopyroxene grain in cumulate dunite.

(D) Size-graded bedding in interlayered wehrlite and dunite.

Resistant grains that define grading are clinopyroxene.
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1-2 m sized dunite "blocks™ (Figure 10). Isoclinal folds in the lay-
ering are developed locally, and only involve small packages of layers
no more than about a meter thick. Layering above and below these folds
is essentially undisturbed so that the appearance of these structures
is reminiscent of soft-sediment folds in sedimentary rocks. The
layering is cut by wehrlite dikes that range in thickness from about
1 to 3 m and are composed of 80-100 percent coarse-grained (2-20 cm),
green clinopyroxene and 0-20 percent interstitial, red-weathering
olivine, These dikes are distinct from websterite dikes that cut the
country rock peridotite by virtue of their greater thickness, coarser
grain size, and mineralogy.

The base of the layered sequence is exposed in an outcrop about
0.5 km north of Bear Creek beside a major logging haul road. Here,
the layered dunite and wehrlite rest on a basement of dunite and
harzburgite. The transition from the basement rocks to the cumulates
occurs over a distance of about 100 m and the contact between the cumu-
late and older peridotite is difficult to locate. As the cumulate
rocks are approached f?om the basement rocks, dunite becomes more
abundant relative to harzburgite until, at the base of the well defined
layers, dunite is the principal lithology. Within the dunite, poiki-
litic pyroxene becomes more abundant as the layering is approached.
This relationship is similar to the peridotite to cumulate transitions
described in Cyprus (George, 1978) and in Oman (Hopson et al., 1979).
The gradational nature of this contact is in contrast to the clear

intrusive nature of the contacts at the top of the gabbro.
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INTERLAYERED PYROXENITE AND OLIVINE-PYROXENITE
The layered dunite-wehrlite rocks grade upward into olivine

pyroxenite and pyroxenite with increasing pyroxene abundance relative
to olivine. The rocks are composed of 80-100 percent euhedral green
pyroxene and 0-20 percent olivine (Figure 11). Pyroxene grains range
in size from 0.25 to 2 cm and tend to be slightly elongated with the
long axis oriented in a plane. This preferred orientation defines a
planar fabric that is parallel to the layering in the rocks and is,

therefore, interpreted to be a primary magmatic feature,

FELDSPATHIC CLINOPYROXENITE

The pyroxenite and olivine-pyroxenite rocks grade upward into
pyroxenites that contain minor amounts of plagioclase (Figure 11).
The feldspathic pyroxenites have highly variable modes. In most
places, they are composed of 70-80 percent euhedral, green clinopyrox-
ene and 10-20 percent interstitial, white plagioclase, and 10-20
percent olivine. These rocks are essentially massive; although near
the base of this unit, pyroxene euhedra define a weak foliation that

is approximately parallel to the layering in the underlying rocks.

GABBRO

The feldspathic pyroxenite grades upward into gabbro over a dis-
tance of about 10-30 m with an increase in the abundance of plagio-
clase., The gabbro is extremely variable in modal mineralogy and
grain size. In most places, it is a coarse grained intergrowth of
40-50 percent green clinopyroxene and 50-60 percent white plagioclase,
The clinopyroxene forms equant to slightly elongate, euhedral crystals

that range in size from about 0.25 to 2.5 cm and weathers red-brown
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Figure 11: Outcrop appearance of gabbroic rocks and diabase dike.

(A) Texture of pyroxenite exposed south of Bear Creek.

(B) Texture of feldspathic pyroxenite exposed south of
Bear Creek. Plagioclase (white) fills interstices
between ortho- and clinopyroxene.

(C) Coarse grained facies of the Toad Lake Gabbro exposed
south of Bear Creek.

(D) Diabase dike cutting hornblende diorite in creek below
Dobkins lake. Darker color of the interior of the dike

is due to coarser grain size.
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The plagioclase is interstitial to the clinopyroxene and forms chalky,
white weathering, anhedral to tabular grains from 0.1 to 0.5 cm in
size, Toward the upper portions of the gabbro, black amphibole forms
rims around the pyroxene and forms as much as 10 percent of the rocks,
Locally, clinopyroxene segregations that are >90 percent clinopyroxene
and <10 percent plagioclase form bodies that range in size from 2m
to tens of meters across. These bodies tend to be very coarse grained
and have euhedral pyroxene crystals up to 1 m long (Figure 11).

Both the gabbro and clinopyroxene segregations are massive and
essentially without structures., Layering, defined by variations in
the modal abundance of pyroxene, was observed in some float blocks in
the glacial till, but these are not abundant and the layering has

not been observed in place.

ACCUMULATE ORIGIN

The accumulate origin of the basal layered sequence and the pyrox-
enites is suggested by: (1) the poikilitic texture of many of the
pyroxene grains in the dunite; (2) the well developed layering; (3)
rare size-graded bedding; (4) possible "soft-sediment” folds in the
layering; (5) drape folds of thinly layered dunite and wehrlite over
large dunite blocks; (6) the preferred orientation of the pyroxene
grains in the pyroxenites; and (7) the gross texture of the wehrlites
and clinopyroxenites, which is consistent with intercumulus growth of

olivine and/or plagioclase between euhedral cumulate clinopyroxene grains.

PEGMATITIC GABBRO DIKES
Pegmatitic gabbro dikes occur in swarms within the peridotite

near the China Mountain and Toad Lake gabbro bodies. These dikes
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have extremely variable modal mineralogy, and are composed of about
30-40 percent green clinopyroxene, 60-70 white plagioclase, and 0-40
percent black amphibole. The dikes tend to be intruded into conjugate
joints and shear planes. At Vicki Bluff (Plate 2), offsets in the
contacts between the peridotite lithologies are common across these
dikes. The dikes contrast to the microgabbro dikes in that they are
coarser grained, contain only one pyroxene, sometimes have abundant
amphibole, and show no evidence of folding or foliation.

These dikes range in thickness from 0.5 cm to 2 me With increasing
thickness, the grain size of the pyroxene and/or amphibole increase
from about 0.5 cm across up to about 0.5 m, and the modal abundance

of amphibole increases at the expense of pyroxene.

MICROGABBRO DIKES

Microgabbro dikes intrude the Trinity peridotite on the west-
facing cirque wall above Dead Fall Lakes, on the crest of the north-
south trending ridge south of the Toad Lake gabbro body, and on the
ridge crest northwest of Bull Lake. These swarms of dikes and veins
range from 0.5 cm to 1 m in width and are oriented along two sets of
conjugate planes. A photograph and map of one of these dikes are
shown in Figure 12. The foliation in the host peridotite is highly
deformed in the vicinity of these dikes and locally is folded into
tight folds. Figure 12 suggests that the dominant set of dikes is
also folded and that the lesser conjugate set was injected into the
peridotite from the crests of these folds.

There is considerable variation in modal mineralogy; the small
dikes tend to be close to 100 percent plagioclase while the thicker

dikes have plagioclase and two pyroxenes. Typically, the rock consists



Figure 12:
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Microgabbro dikes cutting plagioclase lherzolite in upper

Dead Fall Lakes Basin.

Top: Photograph of outcrop surface.

Bottom: Map of above outcrop showing distribution of the
dikes (solid black) and the orientation of the folia-

tion (dashed lines) in the peridotite.
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of a fine-grained (0.05-0.1 cm) intergrowth of about 35 percent white
plagioclase, about 35 percent olive-green pyroxene, and about 30 per-
cent black pyroxene. The larger dikes have a gneissic texture defined
by lighter-colored, plagioclase-rich zones about 0.1-0.3 cm wide and
3-6 cm long. This banding tends to parallel the walls of the dikes,

suggesting that it is flow banding produced during emplacement.

ALTERATION

All of thé gabbroic and associated accumulative ultramafic rocks
are pervasively altered. Plagioclase is almost completely saussuritized
and relict grains are extremely rare. Clinopyroxene is replaced by
amphibole and orthopyroxene by talc. O0livine is altered to serpentine

and magnetite,

NATURE OF THE GABBRO-PERIDOTITE CONTACT

Goullaud (1977) studied in detail the nature of the contacts
between gabbroic bodies and the Trinity peridotite in the vicinity
of Coffee Creek and in the vicinity of Boulder Peak. His results
indicate that these contacts are more complex than the classic gabbro-
peridotite relationship in ophiolites as described by Coleman (1977).
My investigation of the gabbro-peridotite contacts of the Toad Lake
and China Mountain bodies appears to corroborate those of Goullaud
(1977).

The base of the gabbro bodies appears to be resting on a perido-
tite platform. As discussed above, an example of this contact is vis-
ible near Bear Creek. Mapping in this vicinity and to the north of
China Mountain (Plate 1) demonstrates that the floor of the gabbro on

the north sides of both the Toad Lake and China Mountain bodies dips



75

about 25-45 degrees to the south. Although the contacts are not well
exposed, attitudes on the north side of China Mountain indicate that
the base of the gabbro truncates the foliation in the peridotite at
a high angle.

However, these gabbro bodies are not simply deposited on a
peridotite basement. The upper gabbro of the Toad Lake body
intrudes the overlying peridotite country rock to the southwest of
Toad Lake. The intrusive nature of this contact is indicated by:
(1) truncation of the foliation in the peridotite by the contact;
(2) increased serpentinization of the peridotite with proximity to
the gabbro; (3) inclusions of peridotite within fine grained gabbro
near this contact; (4) chilling of the gabbro to a fine grained
border facies within about 30-50 m of the contact; and (5) the
presence of pegmatitic gabbroic dikes that cut the peridotite near
the larger gabbro body. This contact of the Toad Lake body dips to
the east, away from the gabbro body, and therefore, appears to be near
the roof of the gabbro body. This suggests that the gabbro bodies
may be emplaced into tﬁe peridotite as isolated intrusions that approach
laccoliths in shape rather than deposited as a gabbro sheet of enormous

lateral extent on top of a peridotite basement.

ALBITE GRANITE

Albite granite dikes intrude the peridotite near the summit of
Mount Eddy and at the southeast corner of the study area. The dikes
are up to 6 m in thickness and have serpentinized aureoles about 30 m
wide. Typically they consist of a 0.1-0.5 cm intergrowth of about 10-

20 percent quartz and 60-70 percent gray plagioclase with 10-20
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percent green to black amphibole and/or epidote(?). The plagioclase
forms discrete tabular crystals; the interstices are filled by finer
grained anhedral quartz, plagioclase and amphibole. The overall tex-
ture is granular with a seriate grain size, and appears strongly cata-
clastic. Angular xenoliths of white weathering serpentinized peridotite
up to 2 m across are included in the dike. There is no field evidence
for a genetic relationship linking the albite granite to any other

lithology in the study area.

HORNBLENDE DIORITE

Hornblende diorite occurs as stocks, plugs and some dikes that
are intruded into the peridotite along faults. These bodies are most
abundant to the immediate north and west of Mount Eddy (Plate 1). 1In
hand specimen, the rock is seen to consist of about 20-30 percent
black amphibole phenocrysts, and 0-30 percent equant, euhedral to
rounded, white plagioclase phenocrysts., These minerals are set in a
fine-grained, white to.-gray groundmass of feldspar and amphibole.

The amphibole phenocrysts are elongate to acicular and range in
length and width from about 0.25 and 0.1 ¢m to about 0.25 and 0.02
cm., Plagioclase phenocrysts, where present, reach 0.2-0.5 cm in
size, In the finer grained rocks, acicular amphibole is common and
plagioclase phenocrysts are rare; in the coarser grained rocks, plag-
ioclase phenocrysts are abundant.

The hornblende diorite clearly intrudes the peridotite. Evidence
for this relationship is: (1) the diorite contacts crosscut the
foliation in the peridotite; (2) the presence of peridotite inclusions

in the diorite; (3) local metamorphism of the peridotite within 50 m
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of the contact to serpentine and tremolite bearing assemblages; and
(4) intrusion of the diorite along fault zones that offset the units
of the peridotite. Furthermore, the hornblende diorite contains
inclusions of the layered wehrlite and dunite from the gabbro sequence
and truncates layering of the Toad Lake body to the north of Bear
Creek, This indicates that the hornblende diorite was intruded after

the gabbro and related rocks,

DIABASE

Diabase dikes intrude the peridotite along fault zones that
displace the other units in the peridotite, and also directly intrude
both the hornblende diorite north of Dobkins Lake (Figure 11) and
the Toad Lake gabbro body. The dikes are generally 1-5 m wide and
crop out sporadically along some fault zones for distances of 4-5
km, In hand specimen, the diabase is a dark gray to black, dense aphan-
itic rock. These dikes are surrounded by wide zones of serpentinized
peridotite where they intrude the ultramafic rocks, and may be parti-
ally to completely rodingitized. These dikes are readily distinguished
from the fine grained hornblende diorite dikes by their darker color,
higher density and absence of acicular hornblende, and from the micro-'

gabbro dikes by the presence of a wide aureole of serpentinization.

PALEOQZOIC(?) SEDIMENTARY AND VOLCANIC ROCKS

The Trinity peridotite is faulted against sedimentary and volcanic
rocks near the eastern margin of the study area. Within the study

area, these rocks are about 20-30 percent black, well-laminated shale
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and about 70-80 percent volcanic¢ rocks. The volcanic rocks consist
mostly of red-weathering, gray-green plagioclase porphyry. Phenocrysts
of plagioclase are blocky, are about 0.1-0.5 ¢m in size, and show
discontinuous zoning in hand specimen with white rims surrounding gray
cores, The volcanic rocks also include some agglomerate that is
composed of angular, purple, aphanitic ¢lasts up to 30 c¢m across set
in an aphanitic gray matrix.

These rocks were not studied in detail and no attempt was made
to subdivide them into separate mappable units. Previous mapping by
the Regional Geologic Mapping Program of the Southern Pacific¢ Company
Land Department is published in the California State geologic map of
the Weed Sheet (Strand, 1964). This map identifies these units as
Devonian(?) or older metavolcanic rocks and Mississippian marine rocks.
Parts of the Kennett and Bragdon formations described by Kinkel et
al, (1956), Albers and Robertson (1961) and Albers (1964) are similar
to the shales and volcanic¢ rocks that are exposed on the east flank
of Mount Eddy. The shale is similar to rocks cropping out approximately
15 km to the south on the Castella road near Boulder Peak; these
rocks are also faulted over the Trinity peridotite (personal communi-

cation, Lee Goullaud, 1977).

QUATERNARY DEPOSITS

A significant amount of the study area is covered by Quaternary
deposits (Plate 1). For the most part, these deposits are coﬁcentrated
on the floors of the wide glaciated valleys. However, some deposits
are also perched on the valley walls.,

Two ages of glacial till as well as more recent stream deposits,
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colluvium and tallus are identified. The younger glacial till is com-
posed of unconsolidated and unsorted sediments ranging in grain size
from boulders to silt. This till fills the valley floor, and along with
stream deposits, colluvium and tallus is lumped on the maps as deposits
of Quaternary age. These sediments are all locally derived and
sample only the parts of the basin immediately upstream. The source
areas of samples that were collected from the glacial till in the lower
valleys have been located in the cirque walls of the upstream valleys.
The older glacial deposits are mapped as older deposits of Quaternary
age. They crop out as well-indurated, unsorted conglomerate perched
high on valley walls. No detailed study of any of these rocks was
attempted. Sharp (1960) described glacial deposits of Wisconsin age
and an older deposite of possible pre-Wisconsin age in the Trinity

Alps to the southeast.
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STRUCTURAL HISTORY
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INTRODUCTION

This chapter reports the sequence of events in the structural
history of the Trinity peridotite. Although these observations will
be used to place constraints on the petrogenesis of the peridotite,
this chapter will minimize petrogenetic interpretations,

The structural history of the Trinity peridotite as discussed in
this work is based primarily on field observations. Goullaud (1977) has
presented somelﬁetrofabric data on samples from the vicinities of Cof-
fee Creek and Boulder Peak. This study showed that, although the min-
erals in the peridotite displayed only a weak shape fabric, olivine
and orthopyroxene have strong preferred orientations that are asymmetric
to the principal foliation and each other. Goullaud (1977) inferred
that these features were produced during high temperature flow of
the peridotite involving plastic deformation and recrystallization.

The peridotite preserves a complex structural record of multiple
deformation and petrogenetic events. The following events, in order
of their occurrence, are recognized: (1) formation of banding in the
peridotite; (2) isoclinal folding of this banding; (3) intrusion of
ariegite dikes; (4) formation of large bodies of dunite and harzburgite;
(5) formation of a pervasive foliation with attendant minor folding;

(6) formation of websterite dikes and wehrlite layers; (7) local,
open folding of the websterite dikes; (8) faulting followed by intru-
sion of gabbro; (9) intrusion of hornblende diorite and albite granite

followed by additional faulting; and (10) intrusion of diabase dikes.
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THE VICINITY OF MOUNT EDDY AND CHINA MOUNTAIN

RELATIVE AGES OF EVENTS
The oldest mesoscopic structure in the Trinity peridotite is the

banding that is defined by variations in modal mineralogy (Figure 5).
This banding is well developed on the ridge south of Bull Creek, at
Vicki Bluff, and in the basin north of Mount Eddy. Locally, these
bands are continuous ac¢ross lithologic boundaries from plagioclase
lherzolite through lherzolite and into harzburgite. Thicknesses
remain essentially unchanged from one lithology to another, but the
minerals that define the layering change; plagioclase is not involved
in the lherzolite and c¢linopyroxene is not involved in the harzburgite.

Some northeast-trending, easterly-dipping, open to iso¢linal
mesoscopic folds were identified in the banding (Figure 13). These
folds are taken as evidence that the peridotite experienced folding
early in its history although such folds have not been widely recog-
nized in the study area. The axial planes of these folds are not
related to the observea penetrative foliation in the peridotite.
The best displayed and most accessible example is at Vicki Bluff (Plate
2) and is shown in Figure 13. The isoclinal shape of these folds is
probably the reason that they were not identified throughout the study
area; in the absence of a well exposed fold hinge they are undetectable,

The emplacement of the ariegite dikes is postulated to postdate
the isoclinal folding event although there are actually insufficient
data to make a definitive statement on the relative ages of these events.,
Most of the ariegite dikes are relatively undeformed. Some of the

dikes are tightly folded, but the axial planes of the folds are paral-



Figure 13:
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Structures in the Trinity peridotite.

(A) Small mesoscopic fold in the banding of the peridotite
(east flank of Mount Eddy).

(B) Large, isoclinal fold in banding at Vicki Bluff. Hammer
is on and parallel to fold axis. Note that fold axis
is also folded.

(C) Large, tabular dunite body cutting banding at Vicki
Bluff. Dunite is the smooth rock at the top of the
photograph.

(D) Dunite body cutting ariegite dike at Vicki Bluff.
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lel to the foliation in host peridotite and the dike., Therefore, the
folding of these dikes appears to coincide with the formation of the
foliation rather than with the earlier isoc¢linal folding event.,

Crosscutting relationships suggest that the formation of large
dunite and harzburgite bodies postdated the emplacement of the arie-
gite dikes and the isoclinal folding event. Large dunite bodies
truncate the aforementioned layering and ariegite dikes, and at Vicki
Bluff (Figure 13), crosscut the axis of a large isoclinal fold. The
consistently repeated lithologic zoning from plagioclase lherzolite to
lherzolite to harzburgite to dunite suggests that the dunite, lherzo-
lite and harzburgite formed as in situ replacements of a preexisting
plagioclase lherzolite. This interpretation is consistent with: (1)
the occurrence of irregular shaped blocks of plagioclase lherzolite
in harzburgite; (2) the occurrence of irregular shaped blocks of
harzburgite in dunite; (3) the parallel attitudes of layering and
iso¢linal folds in these isolated blocks; and (4) the observation that
layering is locally traceable across lithologic contacts,

The next event apﬁears to have been the formation of a penetra-
tive foliation. Parallel foliations are present in plagioclase lher-
zolite, lherzolite, harzburgite, dunite, and ariegite., This observa-
tion is illustrated by the maps of Vicki Bluff and of Lou Ann Bluff
and in the equal area projections of foliation attitudes in Figure
14. The coincidence between the foliation planes in plagioclase lher-
zolite, harzburgite and dunite in Figure 14 suggests that these lith-
ologies are cut by the same foliation. Of course, it is possible
that the foliation predated the petrogenetic event that formed the

dunite, harzburgite and lherzolite, and that the parallelism of this
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Lower hemisphere, equal area projections and rose diagrams

showing orientations of structures in Vicki Bluff (A-C)

and Lou Ann Bluff (D).

(A)

(B)

(©)

(D)

Poles to foliation in dunite (24 points). Foliation
defined by flattened spinel grains and trails of

spinel grains. Envelope (solid) drawn to enclose all
points and reproduced in Figures 14B and 14C for refer-
ence.

Poles to foliation in harzburgite, lherzolite, and plag-
ioclase lherzolite (15 points). Foliation defined by
flattened spinel grains and trails of spinel grains

in harzburgite and lherzolite; foliation in plagioclase
lherzolite defined by plagioclase lenses. Envelope
(dashed) drawn to enclose all points and reproduced

in Figure 14C for reference.

Poles to axial planes of embayments in harzburgite-
dunite contacts (11 points) and rose diagram showing
trend sf embayments in harzburgite-dunite contacts

(32 measurements; marked as "E") and trend of axial
planes to folds in websterite dikes (12 measurements;
marked as "F"). Dashed and solid enveloped from (A)
and (B).

Poles (solid) to foliation and orientation of lineation
(open) in plagioclase lherzolite. Solid great circle

is approximate average foliation.
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structure throughout these lithologies is due to its preservation
through the petrogenetic event. The contacts between these litholo-
gies, however, appear to predate the formation of the foliation.
These contacts are carefully depicted in the map of Vicki Bluff (Plate
2), and are highly crenulated and embayed. The map indicates that
these structures are parallel to the local foliation. This observa-
tion is reenforced by Figure 14C, which shows a rose diagram of trends
of contact crenulations and embayments, poles to the axes of
some of these structures, and the locus of poles to the foliation.
The poles to the foliation coincide with the poles on the crenulations
and embayments and fall in the plane that is normal to the rose dia-
gram plot for the crenulations and embayments. These observations
are consistent with formation of the embayments and crenulations as
folds for which the foliation is an axial plane foliation. Therefore,
the formation of the foliation appears to postdate or, at least, con-
tinued to form after the formation of the dunite, harzburgite and
lherzolite at Vicki Bluff. Similar observations thoughout the study
area suggest that this is the order of events almost everywhere.

Some dunite bodies, however, do not appear to be affected by the
foliation event. Local occurences of poikilitic clinopyroxene and
undeformed spinel pods (Figure 6) do not display preferred orienta-
tions related to the regional folitation. The dunite above Dobkins
Lake is interlayered with wehrlite that has a foliation discordant to
to the regional foliation. These features, therefore, are interpreted
to have formed subsequent to the cessation of foliation formation,
and may suggest a later, post-foliation episode of dunite and, by

analogy, formation of harzburgite and lherzolite.
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Most of the websterite dikes appear to ¢rosscut all of the above
structures, and none is foliated. However, there is c¢learly more
than one generation of websterite dike emplacement. This is indicated
by crosscutting relationships at Vicki Bluff (Plate 2) and elsewhere.
In general, there is a tendency for thicker dikes to cut thinner ones
and for the feldspathic dikes to cut the nonfeldspathic dikes., Fur-
thermore, there is a suggestion that some of the websterite dikes may
have formed just prior to the cessation of foliation formation. These
dikes are folded into open folds with their fold axes parallel to the
foliation. This is illustrated in Figure 8, which is a folded web-
sterite dike at Vicki Bluff, and in Figure 14C, which is a rose
diagram of fold axis trends combined with a stereographic projection
of poles to measurements on the foliation at Vicki Bluff. Figure
14C demonstrates that the poles to the foliation lie in a plane that
is normal to the trend of fold axes, which is consistent with the
fold axes and foliation being coaxial and cogenetic.

Depleted zones of dunite and harzburgite are developed on some
websterite dikes that crosscut plagioclase lherzolite. At Lou Ann
Bluff and Vicki Bluff, some of these dikes can be traced into and
across large dunite bodies (Plates 2 and 3). This relationship sug-
gests that the formation of these depleted zones represents another
episode of dunite formation that is independent of the formation
of the large dunite bodies.

Locally, for example at Lou Ann Bluff, the websterite dikes occur
in swarms (Plate 3). This suggests that their emplacement may have
been, to some extent, controlled by preexisting joints or faults.

However, conjugate sets of websterite dikes have not been recognized
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in the field, as would be expected of joint-controlled emplacement,
nor have offsets of peridotite lithologies across these dikes been
observed, as would be expected of fault-controlled emplacement. Fur-—
thermore, many of the dikes are curved and branching or anastamosing,
which is somewhat inconsistent with emplacement along faults or jointse.

Faulting, followed by the intrusion of pegmatitic gabbro dikes
and large gabbro bodies, are the next events that affected the Trinity
peridotite. Gabbro dikes and the gabbro plutons are not crosscut by
the penetrative foliation that cuts the peridotite, and gabbro dikes
are straight and unfolded. Gabbro dikes that crosscut the websterite
dikes at Lou Ann and Vicki Bluffs (Plates 2 and 3) and the websterite
dikes in the vicinity of Toad Lake are affected by the intense serpen-
tinization that is developed in the peridotite wall rocks near the
Toad Lake gabbro. The occurrence of pre—gabbro faulting is well
documented at Lou Ann and Vicki Bluffs (Plates 2 and 3) where gabbro
dikes are emplaced along faults that offset the contacts between the
different peridotite lithologies. This observation is consistent
with mapping by Lindsléy-Griffin to the immediate west of the study
area. Lindsley=Griffin (1977) describes faults that cut the perido-
tite with major offsets to the west of China Mountain that are in
turn crosscut by the China Mountain gabbro.

Hornblende diorite stocks, plugs and dikes were intruded into the
peridotite after the emplacement of the gabbro. All of these diorite
intrusions are surrounded by aureoles of serpentinized peridotite
and locally, west of Dead Fall Lake, tremolite bearing assemblages
are developed in the peridotite near the diorite contact. These

diorite bodies also clearly crosscut the foliation that pervades the
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peridotite. The absence of internal structures in the diorite bodies
suggests that they postdate all significant penetrative deformation
events. The hornblende diorite stocks and plugs clearly post-date
the gabbro intrusions because the diorite body that is south of Dead
Fall Lake both cuts the layering in the lower cumulate sequence of
the Toad Lake gabbro and contains xenoliths that are derived from
that sequence of rocks.

Hornblende diorite dikes are clearly intruded along fault zones
that cut the peridotite and some of the gabbro intrusion. Examples
are exposed on the ridge east of Dead Fall lLake basin where, a diorite
dike intrudes a fault that crosscuts the peridotite, and along the
east flank of China Mountain where diabase dikes intrude a fault that
juxtaposes the China Mountain gabbro and the Trinity peridotite. How-
ever faulting continued after the emplacement of the hornblende dior-
ite; a fault that offsets the diorite is exposed on the northern wall
of Dead Fall Lakes basin.

The intrusion of the diabase dikes postdates the emplacement
of the hornblende diorite. Diabase dikes are intruded into faults
that crosscut the peridotite, and north of Dobkins Lake a diabase
dike with chilled margins crosscuts a hornblende diorite stock (Figure
11).

The intrusion of the albite granite dikes is not well constrained
in the context of the above sequence of events by field relationshipse.
These dikes intrude the peridotite near the top of Mount Eddy, but
all occurrences of plagiogranite are isolated from other intrusive
lithologies. The plagiogranite dikes on Mount Eddy are crosscut by

a fault that also cuts the hornblende diorite. These dikes are
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straight, occur in a parallel set, and do not pinch and swell. These
features are consistent with but do not require intrusion of the
dikes along joint sets.

The timing of the emplacement of the microgabbro dikes is also
uncertain., These dikes are isolated from other intrusive lithologies
so that cross—cutting relationships cannot be determined. Their mode
of occurence as conjugate sets (Figure 12) suggests that they were
emplaced after the peridotite was capable of brittle fracture, but
the folding of the foliation in the peridotite suggests that the
peridotite was still capable of plastic flow.

The different environments of serpentinization suggests that
several episodes of serpentinization may have occurred. The earliest
episode is serpentinization associated with the emplacement of the
gabbroic bodies, followed by serpentinization during the emplacement
of hornblende diorite intrusions, and then by serpentinization during
the emplacement of diabase dikes. Serpentinization is also associated

with faults that post-date the gabbro intrusions,

ABSOLUTE AGES OF EVENTS

Some constraints can be placed on the absolute ages of events
based on isotopic and stratigraphic investigations that were conducted,
for the most part, outside the limits of the study area. The available
data are: (1) K-Ar age dates on amphibole from the China Mountain and
Scott Mountain Gabbro bodies (Lanphere et al., 1968): (2) zircon age
dates for plagiogranites that cut gabbro bodies to the immediate west
of China Mountain (Mattinson and Hopson, 1972); and (3) mapping of

faults that cut Cenozoic rocks to the south of and to the east of



93
the Trinity peridotite.

The isotopic data yield a range of ages for the gabbroic rocks
which, in turn, suggests a lower limit for the age of the Trinity
peridotite. Lanphere et al. (1968) obtained ages of 400 to 450 m.y.
for the Scott Mountain and China Mountain gabbros, respectively.
Recently, K-Ar ages of more than 450 m.y. were obtained on samples
from the same gabbro bodies (Marvin Lanphere, oral communication,
1980) . These should be interpreted as minimum ages for these rocks
because the range in age may reflect Ar-loss more than an actual
difference of 50 m.y.. This interpretation is supported by a K-Ar
age determination of another gabbro body that is located in the
Coffee Creek drainage (Lanphere et al., 1968). This gabbro body is
in close proximity to several Mesozoic intrusions. The K-Ar age of
this body is only 330 m.y., which is c¢onsistent with Ar-loss during
emplacement of the Mesozoi¢ intrusions. The zircon data of Mattinson
and Hopson (1972) yield ages of 450 and 480 m.y., which are consistent
with the K-Ar age dates if argon loss is assumed. From the above
data, the Toad Lake anﬁ China Mountain gabbro bodies and the gabbro
dikes are inferred to have been intruded into the Trinity peridotite
at about 450-480, and the Trinity peridotite is inferred to be older
than this age.

The major faults that cut the Trinity peridotite appear to be
either northeasterly trending or westerly to northwesterly trending.
Faults with northeasterly orientations offset Cenozoic¢ rocks near the
southern margin of the Trinity peridotite (Irwin, 1963), and the north-
erly trending faults in the vicinity of Stephans Pass are active and

have been the loci of earthquakes as recently as 1977 (Bennett et al,,
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1978). The relationships between these fault systems is difficult
to determine in the field. The westerly trending system appears to
be truncating faults of the northerly trending system near the head-
waters of the Trinity River, but the exposures are insufficient to
document this properly. The westerly trending faults have a much
more pronounced topographic expression suggesting that they may, indeed,
be younger. Therefore, it appears that the Trinity peridotite may have
been affected by faulting since or prior to the intrusion of the gab-

bro at 450-480 m.y. until the late Cenozoic.

SUMMARY

The structural history of the northeastern portion of the Trinity
peridotite is summarized in Table 1. It is possible to divide this
history into two major periods based on the previous discussion. The
earliest period involved formation of banding, isoc¢linal folding,
emplacement of ariegite and websterite dikes, multiple episodes of
dunite, harzburgite and lherzolite petrogenesis, and formation of
penetrative foliation.l The significant features of this period are
that the peridotite deformed by plastic flow as evidenced by the iso-
clinal folds and penetrative foliation, and that there is no evidence
of brittle deformation. The second period includes emplacement of
the gabbro plutons and dikes, emplacement of the hornblende diorite
intrusions, and emplacement of the diabase dikes. This period is
characterized by brittle deformation of the peridotite as evidenced
by extensive faulting and jointing, and does not include evidence
for continued plastic deformation., The albite granite dikes are assigned
to the second period on the inference that they may have been emplaced

along joints in the peridotite, and that albite granite intrudes the
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Table 1: Structural History of the Trinity Peridotite
in the Vicinity of China Mountain and Mount Eddy

Structure or Rock Type

Significant Relationships

Banding

Isoclinal Folds

Ariegite Dikes

Large Dunite Bodies,
Harzburgite and
Lherzolite

Foliation

Websterite Dikes
and Associated
Depleted Zones

Faulting

Gabbro

Faulting and
Hb Diorite Intrusion

Albite Granite

Faulting, Diabase
Intrusion and
Serpentinization

Isoclinally folded

Axial planes are folded into open folds;
cut by foliation; cut by websterite dikes.

No apparent isoclinal folds; primary Al-phase
is spinel, which is partially replaced by
plagioclase; cut by foliation; cut by
websterite dikes.

Contacts between these units crosscut band-
ing, isoclinal folds and ariegite dikes;
these contacts are folded with axial planes
parallel to foliation; foliation penetrative
in most of these rocks.

Cuts all of the above features except the
interiors of the some of large dunite.

Crosscut most of above features; depleted
zones are cut by regional foliation but most
are not; some dikes have open folds with
axes parallel to foliation; dikes occur in
swarms, branch and anastamose; plagioclase
is primary Al-phase in dikes.

Offset all of the above features.

Pegmatitic gabbro intrudes faults and joints;
gabbro plutons crosscut all of above features,
serpentinize peridotite, and contain perido-
tite xenoliths.

Faults crosscut gabbro but are intruded by
Hb diorite; Hb diorite crosscuts structures
in peridotite and gabbro, and contains xeno-
liths of gabbro.

Intruded along joints.
Diabase intrudes faults that cut all of the

above features. Serpentinization associated
with all faults and diabase.
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gabbroic rocks to the west of the study area (Lindsley-Griffin, 1977).
The microgabbro dikes appear to represent an event that bridges the
two periods. The apparent intrusion of these dikes and veins along
conjugate planes suggests that the peridotite was capable of brittle
deformation, but the deformation of the foliation in the vicinity of
these intrusions demonstrates that the peridotite was still capable
of plastic flow.

The transition between the two periods is dated by the emplacement
of gabbro intrusions into the peridotite circa 450-480 m.y.. Brittle
deformation appears to have affected the peridotite from that time

to present.

TRINITY ALPS

There is evidence for an additional, intense deformation event
in the vicinity of the Trinity Alps to the southwest of the study area.
Lipman (1964) studied the peridotite and underlying rocks of the
Central Metamorphic Belt in the the Trinity Alps and made the following
observations. First, the rocks of the Central Metamorphic Belt in-
crease in metamorphic grade and intensity of deformation as the Trin-
ity peridotite is approached. Within a few hundred meters of the
contact, the sequence of subjacent rocks with increasing proximity to
the peridotite is: (1) the Stuart Fork formation (greenschist) (2)
the Salmon hornblende schist (epidote amphibolite); and (3), closest
to the peridotite, the Grouse Ridge formation (epidote to almandine
amphibolite). Second, the primary mineralogy of the peridotite is

replaced by intergrowths of antigorite, chrysotile, talc, magnetite,
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tremolite, and chlorite. Third, this alteration of the ultramafic
rocks increases dramatically near the base of the peridotite. Fourth,
the peridotite is cut by a foliation defined by smears of serpentine,
chlorite and magnetite. Fifth, this foliation parallels the base of
the peridotite. Lipman (1964) interpreted these observations to indi-
cate that this foliation, the hydrous assemblage in the peridotite,
and the deformation and metamorphism of the underlying rocks of the
Central Metamorphic Belt were produced during the emplacement of
the peridotite as an "essentially crystalline mass”™ over the Central
Metamorphic Belt.

The deformation and recrystallization in the Trinity Alps des-
cribed by Lipman (1964) appears to postdate the plastic deformation
events that affected the rocks in the Mount Eddy-China Mountain area.
Rotated boudins of peridotite (Figure 15) are exposed below Summit
Lake, about 300-500 m above the base of the ultramafic rocks. These
boudins contain a foliation defined by flattened pyroxene grains that
is similar to the pervasive foliation in the vicinity of Mount Eddy
and China Mountain. Sﬁrrounding these boudins is recrystallized and
hydrated peridotite with a foliation defined by clots of serpentine
and chlorite and magnetite. As can be seen from Figure 15, the two
foliations are discordant, with the foliation defined by serpentine,
chlorite and magnetite cutting the foliation defined by pyroxene.
Furthermore, tabular dunite bodies or "dikes" that are essentially
undeformed in the vicinity of Mount Eddy and China Mountain are
strongly deformed in the Trinity Alps (Figure 15). Some of these "dikes"
appear to postdate the foliation in the Mount Eddy-China Mountain area,

suggesting that a younger plastic deformation event has occurred in the
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Figure 15: Deformation effects in the Trinity Alps.
(A) Rotated peridotite boudin. See text for description.

(B) Stretched dunite "dike". See text for description.
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Trinity Alps. Therefore, it appears that the structures, textures
and mineralogy that are preserved in the peridotite in the Mount
Eddy-China Mountain area were obscured by a second event of plastic
deformation in the Trinity Alps.

Significantly, these two areas correspond to the top and the
base of the ultramafic sheet that is the Trinity peridotite. The
structures, textures and hydrous mineral assemblages described by
Lipman (1964) in the Trinity Alps may have been produced in a zone of
intense plastic deformation at the base of this sheet of ultramafic
rocks when it was thrust over the underlying Central Metamorphic Belt.
The older structures, textures and mineral assemblages may be preserved
in the Mount Eddy-China Mountain area because these rocks were well
removed from the zone of intense deformation at the base of the thrust
sheet.

An estimate may be made for the age of this later deformation event.
Lanphere et al. (1968) measured an Rb/Sr whole rock and muscovite sep-
arate isochron age of 380 m.y. on samples of amphibolite from the Cen-
tral Metamorphic Belt from the vicinity of Coffee Creek. This age
may date the emplacement of the peridotite if the metamorphism of the

the amphibolite did coincide with thrusting.

SYNTHESIS

A brief summary and some speculations are offered at this point
to tie together the structural history of the Trinity peridotite and
to provide a framework for the following chapters.

In the Mount Eddy-China Mountain area, the Trinity peridotite

was affected by an episode of plastic deformation followed by an epi-



101
sode of brittle deformation., The transition between these two episodes
is marked by the intrusion of gabbro dikes and plutons at about 450-480
m.y.. 1t is inferred that the plastic deformation occurred while the
peridotite was resident in the upper mantle. The following features
formed during this period: banding, ariegite dikes, websterite dikes,
large dunite bodies, isoc¢linal folds, penetrative foliation and a second
set of folds. The subsequent brittle deformation may have oc¢gurred
when the the peridotite was at or very near the base of the ¢rust to
be consistent with the emplacement of gabbro, hornblende diorite,
albite granite and diabase, which are rocks of c¢lear c¢rustal affinity.
A younger deformation is recorded in the Trinity Alps area, or,
equivalently, at the base of the Trinity peridotite. This deforma-
tion may have postdated the others by as much as 100 m.y. and may

record the emplacement on the Trinity peridotite into the c¢rust.
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INTRODUCTION

This section focusses on the petrography of the primary mineral-
ogy of the peridotite. The primary mineralogy is defined as those
minerals that predate the serpentinization or contact metamorphism of
the rocks. Minerals and textures that were produced during serpentin-
ization will be referred to as alteration products and will be discussed
only briefly. |

A summary of the petrography of the ultramafic lithologies is
presented in Tables 2 and 3, and photomicrographs illustrating textural
relationships are presented in Figures 16-22. Modal mineralogies
determined by both automated point counts and petrographic point counts
are listed in Table 4. The mineral chemistry for each peridotite 1lith-
ology will be detailed in a separate section. The petrography of
the alteration products is discussed collectively for all peridotite
lithologies. The petrography of the other map units of the study
area will not be detailed in this section, but brief summaries of
the gabbro, microgabbro, hornblende diorite, diabase, and albite gran-
ite are presented in Tables 5 and 6 for comparison.

The peridotite displays several systematic mineralogic and text-
ural variations in the series, plagioclase lherzolite, lherzolite,
harzburgite and dunite. First, the decreasing mineralogic diversity
along this series that is apparent in outcrop is confirmed by thin
section examination of these rocks. The modal abundance of all min-
erals other than olivine and spinel decreases. Iherzolite is distinct
from plagioclase lherzolite by a complete absence of plagioclase, and
dunite from the other lithologies by a virtual absence of all other

phases other than olivine and spinel. However, orthopyroxene and
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clinopyroxene do persist in both harzburgite and dunite as rare inter-
stitial phases that are not detectable macroscopically. Second, spinels
become less ragged and more equant and euhedral. Third, spinels become
less translucent, changing from transluscent red-brown in the felds-
pathic lherzolite and lherzolite to opaque in the dunite.

The petrography of the peridotite is des¢ribed with these progres-
sive changes in mind. The plagioclase lherzolite, which is mineralog-
ically and texturally the most complex, is described first. The other

lithologies are des¢ribed in order of deg¢reasing complexity.

PRIMARY MINERALOGY AND TEXTURES

Plagioclase Lherzolite

Table 4 demonstrates that the modal mineralogy of the plag-
ioclase lherzolite is variable. Typically, it is composed of 70-80
percent olivine, 15-20 percent orthopyroxene, 2-6 percent c¢linopyrox-
ene, <1 percent spinel) 3-8 percent plagioclase, and <1 percent amphi-
bole. Locally, the abundance of c¢linopyroxene is sufficiently low
(<5 percent) that the rocks are technically plagioclase harzburgite
rather than plagioclase lherzolite.

There is a range in textures present in the plagioclase lherzolite.,
The most c¢ommon texture contains evidence of extreme deformation. These
rocks contain large grains of olivine and pyroxene, which are termed
porphyroclasts, set in a distinctly finer-grained, mosaic¢c-textured
matrix of olivine, pyroxene, spinel, plagioclase, and amphibole (Fig-
ure 16). Both the porphyroclasts and matrix grains show some degree

of flattening and a preferred orientation that defines the penetrative
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Figure 16: Representative textures of peridotite.

(A) Equigranular texture in sample 9W20: a relatively
equigranular intergrowth of large grains of olivine,
orthopyroxene, and clinopyroxene and smaller inter-—
stitial grains of pyroxene, spinel and plagioclase.
Crossed nicols. Horizontal field about 18 mm.

(B) Porphyroclastic texture in sample CM 2: large, flat-
tened pyroxene and olivine grains are set in a matrix
of finer—-grained, more equant olivive, pyroxene, spinel
and plagioclase. Crossed nicols. Horizontal field
about 18 mm.

(C) Equigranular texture in dunite sample 7W228: a mosaic
of polygonal olivine grains. Crossed nicols. Hori-

zontal field about 18 mm.
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foliation of the rocks. This texture has been termed porphyroclastic
by Mercier and Nicolas (1975) who recognized it in ultramafic¢ xenoliths
and in alpine-type ultramafic massifs., Some rocks are more equigranular
(Figure 16). Olivine tends to form larger grains than the pyroxene,
and grain boundaries tend to be more interlocking to cuspate, and less
mosaic-textured. Most importantly, the grains do not define a prominent
foliation. This texture was also described in ultramafic¢ xenoliths
and alpine-type ultramafic massifs by Mercier and Nicolas (1977) who
termed it equigranular, Within the plagioc¢lase lherzolite of the Trinity
massif, there is a complete gradation between these two textural end
members. The transition between the two may be very abrupt, and
both may be represented in different parts of the same thin section.
The porphyroclastic texture is described first,

In the porphyroclastic¢ rocks, large porphyroclasts of orthopy-
roxene (1-3 mm) and c¢linopyroxene (0.4-1 mm) and olivine (1-8 mm)
are set in a finer grained (<1 mm) matrix of predominately olivine
and lesser amounts of orthopyroxene, c¢linopyroxene, spinel, and plag-
ioclase (Figure 16). 'Locally, plagioclase and spinel form discrete
flattened segregations up to 0.6 mm long and 0.l mm wide. Pyroxene
porphyroclasts tend to form mosai¢ textured clusters about 2 mm
across,

The orthopyroxene porphyroclasts in all samples of plagioc¢lase
lherzolite display evidence of reg¢rystallization and replacement by
other phases. The interiors of these grains contain abundant lamellae
of high-Ca pyroxene that are oriented parallel to (100) and range in
width from <1 to 2 microns (Figure 17). In some grains, these lamellae

widen into elliptical grains up to 0.02 mm across. Few of the exsolution
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Textures of pyroxene porphyroclasts in the Trinity peridotite.

(A)

(B)

{©)

(D)

(E)

(F)

Clinopyroxene porphyroclast in in 9W20. Partially ¢rossed
nicols. Horizontal scale about 2.4 mm.

Map of figure 17A detailing textural relations. Grid,
¢linopyroxene; dashed lines, orthopyroxene; dotted, plagio-
c¢lase; open, olivine., Note embayments on c¢linopyroxene
porphyroclast filled by olivine and plagioclase,
Orthopyroxene porphyroclast with slight to moderate
development of embayments in sample 8W67C. Orthopyrox-
ene porphyroclast is the illuminated grain in the c¢enter
of the field. Surrounding matrix is finer grained olivine,
pyroxene, plagioclase and spinel. Partially crossed nicols.
Horizontal field about 3 mm.

Orthopyroxene porphyroclast with deep, olivine-filled
embayments in sample 9W20B. Orthopyroxene porphyroclast

is the illuminated grain in the center of the field.
Surrounding matrix is mostly olivine. Note cuspate,
concavé shape of embayments. Partially ¢rossed nicols.
Horizontal field about 3 mm.

Deeply corroded orthopyroxene porphyroclast in 9W20A.

The two illuminated, elongate grains that trend from lower
left to upper right are in optical continuity and presum-
ably are relicts of a larger, preexisting porphyroclast.
Partially crossed nicols. Horizontal field about 3 mm.
Orthopyroxene porphyroclast (extinct) in 8W67B showing
moderate embayments and exsolution lamellae (illuminated).

Crossed nigols. Horizontal field about 3 mm.,
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lamellae extend to the edges of the porphyroclasts and the outer 0.05 mm
of these grains are generally free of exsolution lamellae. The rims
of the porphyroclasts are pockmarked with deep cuspate embayments that
are filled with fine grained (0.05-0.1 mm ) olivine (Figure 17). Many
of these olivine grains are in optical continuity although isolated
from one another. There is a textural progression (Figure 17) from
large embayed porphyroclasts to extremely ragged and embayed porphyro-
clasts, to ragged and embayed relicts of porphyroclasts that are in
optical continuity but physically separated. The embayed rims and
this textural progression suggest replacement of orthopyroxene by
olivine. Dick (1977) described similar textures in the Josephine
Peridotite and suggested that the embayments were produced by pressure
dissolution of the orthopyroxene during anatexise.

The clinopyroxene porphyroclasts (Figure 17) are similar in appear-
ance to the orthopyroxene porphyroclasts except that they are green
in transmitted light and tend to be smaller and devoid of exsolution
lamellae. Deep, cuspate embayments in the rims are abundant and similar
to the embayments in tﬁe orthopyroxene porphyroclasts in that they are
filled by fine grained olivine.

Olivine forms the largest porphyroclasts, ranging in size from 1-
8 mm in thin section. The larger grains are deeply embayed and have
length to width ratios of 2:1 to 3:1, whereas the smaller grains
tend to be equant and devoid of embayments. The porphyroclasts show
only minor evidence of intracrystalline deformation (Figure 18).
Some grains have kink bands, or are fractured, or have undulatory
extinction. Evidence of extreme deformation, such as bent exsolution

lamellae and extreme aspect ratios are generally absent. These fea-
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Deformation features in olivine and orthopyroxene in the
Trinity peridotite.
(A) Kink bands in olivine. Crossed nicols. Horizontal scale
about 3mm.
(B) Kink band in deformed orthopyroxene porphyroclast.
Note discontinuity in exsolution lamellae. Partially

crossed nicols. Horizontal field about 3 mm.
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tures are developed in other parts of the Trinity peridotite such as in
the vicinity of Scott Mountain to the west., Pyroxene porphyroclasts from
from this area are commonly smeared out with length to width ratios
of 4:1 to 5:1 and display S—-shaped bending of exsolution lamellae.

Olivine is the dominant phase in the matrix. It forms a mosaic
of equant to irregular shaped grains that come together with abun-
dant triple-grain boundaries 120 degrees apart (Figures 19, 20 and 21).
The olivine grains display undulatory extinction but are, otherwise,
optically uniform.

Orthpyroxene and clinopyroxene also og¢cur in the matrix as small
anhedral grains about 0.05-0.1 mm in size (Figures 19 and 20). These
pyroxene grains are generally interstitial to olivine and are partic-—
ularly common at junctions between olivine grains, and extend along
olivine-olivine grain boundaries from these triple junctions as
narrow septa about 0,01-0.05 mm wide. Isolated matrix pyroxene grains
in close proximity are commonly in optical continuity suggesting that
they are continuous out of the plane of the thin section,.

Red-brown spinel forms both small (0.05-0.5 mm) equant grains
(Figure 19) that are interstitial to or included in olivine and larger
ragged, "holly-leaf” shaped grains that occur along grain boundaries
of the silicate minerals (Figure 21). Some of the larger grains have
deep embayments filled by plagioclase or its alteration product ¢lino-
zoicite (Figure 21).

Anhedral plagioclase occ¢urs as isolated grains, as ¢lusters of grains
that are interstitial to olivine and pyroxene and as collections of grains
that mantle spinel. These og¢curences are illustrated in Figures 20 and

21. Typical grain sizes range from about 0.l to 0.6 mm. Isoclated
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Textures of interstitial clinopyroxene in the Trinity

peridotite.

(A)

(B)

(€)

(D)

Interstitial clinopyroxene in sample 9W20A. Partially
crossed nicols. Horizontal field 1.2 mm.

Map of grains in Figure 19A. Grid, clinopyroxene; black,
spinel; dashed lines, orthopyroxene; dotted, plagioclase;
open, olivine. Note "arms” of clinopyroxene extending
along grain boundaries between olivine and association
of clinopyroxene, orthopyroxene and plagioclase.
Interstitial clinopyroxene grain in sample 9W20B.
Partially crossed nicols. Horizontal field 1.2 mm.

Map of grains in Figure 19C. Same symbols as in 19B

with addition of amphibole (crosses).
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Textures of interstitial plagioclase and orthopyroxene in

in the Trinity peridotite.

(4)

(B)

(C)

(D)

(E)

LF)

Plagiog¢lase in sample 9W20A. Partially crossed

nicols. Horizontal field about 3 mm.

Map of grains in Figure 20A. Dotted, plagioclase;
dashed lines, orthopyroxene; open, olivine. Note
interstitial occurrence of plagioc¢lase and isolation

of many these grains from pyroxene and spinel.
Interstitial orthopyroxene in sample 9W20A. Partially
crossed nicols., Horizontal field about 2.4 mm.

Map of grains in Figure 20C. Dashed lines, orthopyrox-
ene; grid, clinopyroxene; black, spinel; open, olivine.,
Orthopyroxene grains with parallel dashed lines are in
opticgl continuity.,

Interstitial orthopyroxene in sample 9W20A. Partially
¢rossed nicols. Horizontal fiels about 2.4 mm.

Map of grains in Figure 20C. Dashed lines, orthopyroxene;
open, olivine. Note distribution of orthopyroxene along

grain boundaries of larger olivine grains.
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plagioclase grains and c¢lusters are similar in morphology to the
groundmass pyroxenes., They tend to be concentrated at triple grain
junctions, have curved contac¢ts with olivine that are convex toward
the plagioclase grains, and extend as narrow septa along
olivine-olivine grain boundaries.

The deep embayments on the spinel grains suggest replacement of
spinel by plagiog¢lase, Similar textures involving spinel and plag-
ioclase were poted by Green (1964) in the Lizard peridotite where
embayed red-brown spinel was mantled by plagioclase. Locally, the
cores of the spinel grains were high-Al, green spinel. Green (1964)
interpreted these textures as evidence of plagioclase replacing spinel

according to the reaction:

(MgA1204 + FeCr204) + CaMgSi206 + 2 MgSiO3 >
Spinel Diopside Enstatite
CaAlySig0Og + 2 MgpSiO4 + FeCrpO4

Anorthite Forsterite Chromite

Amphibole also tends to oc¢cur as small (0.1 to 0.3 mm) isolated
grains that are intersititial to olivine and pyroxene. In some rocks,
it forms thin mantles on rounded c¢linopyroxene grains. In most
samples, it is colorless, but in some a pink pleochroism is present.

The equigranular texture (Figure 16) differs from the porphyro-
clastic texture in that the minerals are more equigranular, larger,
and show effects of annealing. Kink bands in olivine and pyroxene are
set farther apart and are sharper, suggesting annealing. The range
in grain sizes between the two textures overlap, but there are more

grains larger than 1 mm in the protogranular rocks. Fine grained



Figure 21:
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Plagioclase-Spinel relationships in the Trinity peridotite.

(4)

(B)

(€)

(D)

(E)

(F)

Plagioclase surrounding a ragged spinel grain in sample
8W67B. Spinel is typical of the "hollyleaf-textured”
spinel grains in the plagiocalse lherzolite. Unpolarized
light. Horizontal field about 2.4 mm.

Map of grains in Figure 21A. Dotted, plagioclase; solid,
spinel; grid, clinopyroxene; dashed lines, orthopyroxene;
open, olivine.

Associated plagioclase and spinel in sample 9W20B. Un-
polarized light. Horizontal field about 2.4 mm.

Map of grains in Figure 21C. Dotted, plagioclase; solid,
spinel; open, olivine. Note absence of pyroxene.

Equant, subhedral spinel grains in dunite. Compare

to morphology of spinel in Figures 21A and C. Unpolar-
ized light. Horizontal field about 3 mm.

Spinel rimmed by plagioclase in ariegite sample 8W500.
Plagioclase now altered to clinozoicite. Matrix of

rock is made up of olivine, clino- and orthopyroxene,
plagioclase amphibole and spinel. Partially crossed

nicols. Horizontal field about 18 mm.
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(<0.5 mm) plagioclase, orthopyroxene, clinopyroxene, olivine and
spinel do fill interstices between the larger grains of olivine and
pyroxene, but the size distribution is less bimodal, and large grains
are not floating in a groundmass of small grains. The recrystalliza-
tion textures that were described in the porphyroclastic rocks are
also present in the protogranular rocks. Elongate plagioclase-rich

segregations define a weak foliation.

Lherzolite

Lherzolite is mineralogically and texturally similar to plagio-
clase lherzolite except that plagioclase is totally absent; no equi-
granular textured rocks were found. These rocks are composed of
about 80-85 percent olivine, 10-15 percent orthopyroxene, 2-6 per-
cent clinopyroxene, 0.5-1 percent spinel and trace amounts of primary
amphibole. The texture of these rocks is dominantly porphyroclastic
and the details of the textural relationships are identical to those

in the plagioclase lherzolite except for the absence of plagioclase.

Harzburgite
Harzburgite is mineralogically distinct from lherzolite and
and plagioclase lherzolite in that plagioclase and primary amphibole
are totally absent and clinopyroxene porphyroclasts are extremely rare.
The typical range in modal mineralogy is 75-85 percent olivine, 15-25
percent orthopyroxene, 0.5-1 percent spinel, and <2 percent clinopyroxene.
The dominant texture is a porphyroclastic intergrowth with large
orthopyroxene (1-6 mm) and olivine (1-9 mm) porphyroclasts set in a

mosaic textured matrix of mostly olivine and minor amounts of ortho-
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pyroxene and spinel. Clinopyroxene occurs in some rocks as small
(<0.3 mm), anhedral grains that are interstitial to orthopyroxene
and olivine, and as extremely rare, larger (1-1.5 mm) grains that
are pock marked with deep, olivine-filled, cuspate embayments.
Orthopyroxene porphyroc¢lasts may be somewhat more deeply embayed
than in the plagioclase lherzolite or lherzolite, but this observa-
tion is difficult to quantify. Spinel forms grains that are more
equant and euhedral, and are generally less translucent than in the

plagioclase lherzolite or lherzolite,

Dunite

Typically, the dunite is seen in thin section to ¢onsist of an
essentially bimineralic intergrowth of about 98-100 percent olivine
and 0-2 percent spinel., However, large patches of poikilitic¢ ¢lino-
pyroxene + plagioclase and patches of spinel occur locally.

Olivine forms a mosai¢ of equant to amoeboid and irregular grains
that range in size from 0.15 to 8 mm; the irregular grains come together
in complex interlocking grain boundaries illustrated in Figure 16C.

As in the other peridotite lithologies, triple grain junctions of
120 degrees are common, and extreme aspect ratios are rare. Spinel
occurs as small subhedral to euhedral grains that tend to be concen-
trated near olivine grain boundaries. Rare orthopyroxene and ¢lino-
pyroxene o¢cur as interstitial grains with curved contacts that are
convex toward the pyroxene grains. As in the other lithologies,
these interétitial pyroxenes tend to occur at triple grain junctions
and as septa extending between olivine grains from these junctions.

The shapes of these grains are compatible with their formation as
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Table 4: Modal Abundances of Primary Minerals in the Trinity Peridotite

Rock Type and 01l Opx Cpx Plag Amph Sp
Sample
Plagioclase Lherzolite
8W40D 76.1 14 .3 4.0 4.6 0.2 0.8
8W67 71 .7 16 .7 6.4 4,1 0.2 0.9
8W82A 71.8 18 .7 2.9 542 0.4 1.0
9wW2 76 .0 18 .8 1.0 3.:3 0.3 0.5
9W20 70 .6 19.0 2.2 747 0.2 0.3
TW10% 82 .5 10.1 1.9 3.6 1.2 0.6
Lherzolite
8W40F 80.4 14,2 4.7 0.04 0.6
8W40H 83.1 10 .4 6.0 0.5
8W82B 81.8 14 .9 2.4 0.04 0.1 0.7
8W82C 719 .2 16 .7 2.9 0.3 0.9
9W3 83.1 13 .4 I 0.04 1.1
Harzburgite
9W4 74.1 23 .8 1.7 0.03 0.4
TW41* 78 .9 18 .4 1.7 1.0
TW8* 84 .0 14 .3 1.3 0.5
Dunite
9W5 98 .9 0.1 0.2 0.8
9W6 98 .8 0.4 0.8
TW11* 99 .5 0.2 0.3
TW43% . 98.9 0.7 0.5
Wehrlite Dikes
8W82D 13.6 19.3 63 .0 3.1 0.5 0.5
8W401 32.8 14 .5 52,2 0.5
8W4014 23.4 13.3 62 .9 0.4
Ariegite Band
8W69 14 .0 21.0 48 .6 11.1 4.5 0.8
Plag-Pyx Vein
9W21 3.5 26 .9 23.1 46 .4 0.1

*Optical point count; all others are automated electron micro-
probe point counts.



126
relicts of porphyroclasts that have been largely replaced by olivine,
Alternatively, the local occurrence of large poikilitic ¢linopyroxene
grains suggests that some of these interstitial pyroxenes may actually
have nucleated at sites centered at triple junc¢tions between olivine

grains,

Clinopyroxene-rich Dikes

A typical ariegite dike was investigated using the automated point
count technique. The primary modal (Table 4) mineralogy is about 49
percent clinopyroxene, 14 percent olivine, 21 percent orthopyroxene,
5 percent amphibole, 1 percent spinel, and 11 percent plagioclase.

The ariegite dikes are texturally complex. Equant c¢linopyroxene
and orthopyroxene form large (0.3-1.5 mm) grains that come together
to form a xenomorphic¢ granular intergrowth. Contacts are irregular
and locally interlocking. The cores of the ¢linopyroxene grains
contain low—-Ca pyroxene, but these lamellae do not extend to within
0.1 mm of the rims. Orthopyroxene is devoid of exsolution features.,
Olivine, orthopyroxene'and ¢linopyroxene form an equigranular mosaic
of 0,1-0.3 mm sized grains that are interstitial to the diopside
porphyroclasts. Spinel, amphibole and plagioclase form irregular
shaped intergrowths that tend to be concentrated at triple grain
junctions between olivine and/or pyroxene. Spinel tends to occur as
rounded to irregular shaped and embayed inclusions within the plagio-
¢lase and amphibole grains (Figures 6D and 21F). The interstitial
silicate-silicate contacts tend to be smoothly curved and cuspate,
with these grains coming together to form abundant triple grain junc-

tions with 120 degree angles.,
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The overall texture suggests that the rock formed initially as
an accumulate with intercumulous olivine, spinel and pyroxene deposited
between larger clinopyroxene phenocrysts. Subsequent recrystallization
produced the distinctive foliation, the deep embayments in the ¢lino-
pyroxene porphyroblasts, the cuspate contacts between grains, and the
plagioclase and amphibole mantles on the spinel grainms.

Three samples from websterite dikes were studied using the auto-
mated point count technique (Table 4). The ranges in modal mineralogy
were 13-33 percent olivine, 50-63 percent c¢linopyroxene, 13-20 percent
orthopyroxene, about 0.5 percent amphibole, 0-0.5 percent spinel and
0-3 percent plagioclase. The variations in modal mineralogy that are
visible in oute¢rop, however, are much greater than these, and extend
from essentially clinopyroxenite to websterite to olivine websterite.

The websterite dikes, like the ariegite dikes, are texturally
complex. However, they do not appear to have been as extensively
recrystallized. The overall texture is dominated by a xenomorphic
to hypidiomorphic¢ granular intergrowth of large (0.5-4 mm) c¢linopyrox-—
ene grains (Figure 22). The contacts between these grains are irreg-
ular and interfingering, with extensions of adjacent grains extending
up to 1 mm into one another. Locally these intergrowths are texturally
similar to myrmekitic¢ or graphi¢ intergrowths of quartz and feldspar
(Figure 22). These grains contain ubiquitous exsolution lamellae of
low-Ca pyroxene that extend to the rims of the grains. Small anhedral
grains (<0.5 mm) of c¢linopyroxene, orthopyroxene, olivine, plagioclase,
amphibole, and spinel are interstitial to the large clinopyroxene
grains; locally these interstitial grains form mosaic-textured clusters,

Olivine also occurs as inclusions in large c¢linopyroxene grains.
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Figure 22: Textures of clinopyroxene-rich rocks in the Trinity peridotite,

(A) Texture of wehrlite layers in dunite. Sample 7W89.
Sample is an intergrowth of mostly c¢linopyroxene, subor-
dinate olivine and minor orthopyroxene. Crossed nigols.
Horizontal field about 18 mm., Compare to 22B.

(B) Texture of websterite dike. Sample 8W40I4. Sample is
an intergrowth of mostly clinopyroxene with subordinate
amounts of olivine and orthopyroxene, and trace amounts
of plagioclase., Note interlocking pyroxene contagts,
Partially crossed nicols. Horizontal field about 18 mm.

(C) Texture of websterite dike in Figure 8W40I4. Intersti-
ces between large clinopyroxene grains are filled with
¢lino- and orthopyroxene, olivine and trace amounts of
plagioclase., Partially crossed nicols., Horizontal
field about 3 mm,

(D) Contagt between interlocking ¢linopyroxene grains in
websterite dike 8W82D. Note how contacts locally paral-
lel exsolution lamellae., Partially crossed nicols,
Horizontal field about 3 mm,.

(E) Three intergrown clinopyroxene grains in websterite dike
8W82D. Two smaller grains (extinct and illuminated)
are intergrown and contained within a third of different
optical orientation. Partially crossed nicols., Hori-

zontal field about 3 mm.
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The textures of these dikes are interpreted to result from
crystallization from a melt followed by, at most, only minor amounts
of recrystallization to form the mosaic textures of the interstitial
grains and the exsolution lamellae in clinopyroxene. The crystalliza-
tion sequence is difficult to determine but appears to be: olivine,
olivine + clinopyroxene, olivine + clinopyroxene + orthopyroxene +
plagioclase.

One thin section of a black wehrlite layer from above Dobkins
Lake was analyzed with the automated microprobe technique (Table 3).
This sample was composed of about 93 percent clinopyroxene, 6 percent
orthopyroxene, about 1 percent olivine, and trace amounts of amphibole
and spinel. The overall texture of the rock is hypidiomorphic to
xenomorphic granular, with clinopyroxene forming an intergrowth of
1-8 mm sized anhedral to subhedral grains (Figure 22). These grains
exhibit length to width ratios of up to 4:1 and have a strong prefer-
red orientation that defines a planar fabric. Smaller (0.1-0.6 mm)
grains of clinopyroxene, orthopyroxene, olivine, amphibole and spinel
occur interstitially tb the large clinopyroxenegrains. Low-Ca exso-
lution lamellae are ubiquitous throughout the clinopyroxene grains.
Spinel forms equant euhedral grains that are scattered throughout
the interstices and as inclusions in the rims of the large clinopyrox-
ene grains; these disseminations are responsible for the characteristic
black color of the rock. All phases are free of strain features.

The texture of the rock also appears to be essentially igneous
in origin, with the orthopyroxene, olivine, amphibole, and spinel
forming as intercumulous phases between cumulate clinopyroxene grains.

The planar fabric is inferred to have formed by cumulate processes
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because of the absence of evidence for strain and the overall texture

of the rocke.

ALTERATION

All of the samples of the Trinity peridotite were at least incip-
iently altered to hydrous assemblages of serpentine, magnetite, brucite,
talc, chlorite, clinozoisite, tremolite, hydrogarnet(?), clacite and
Fe-Ni sulfide. The serpentine polymorphs form cross fiber veins or
mesh texture (Maltman, 1978), and were identified tentatively on the
basis of their morphology as chrysotile and lizardite, respectively.
The bladed mat texture that is characteristic of antigorite (Maltman,
1978) was not observed in samples from the study area, although it is
present in the metamorphosed peridotite in the Trinity Alps. All of
the other alteration products, except hydrogarnet, were identified
optically and on the basis of their composition as determined by the
electron microprobe. Hydrogarnet was inferred to be present on the
basis of the composition of some discrete grid points in some highly
serpentinized samples that were point counted with the electron micro-
probe. This identification has not been substantiated optically.

The alteration assemblages are functions of the bulk compositions
of the rocks, and only serpentine and magnetite are ubiquitous. Clino-
zoisite is only developed in plagioclase peridotite. Brucite is most
common in altered dunites where talc is absent. In pyroxene bearing
rocks, talc is present rather than brucite. Tremolite is an important
mineral in highly altered clinopyroxene-rich dikes and in the clino-

pyroxene-rich cumulate rocks.
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The alteration assemblages are also functions of the intensity of
alteration., In extremely "fresh” samples, alteration is limited to
the development of serpentine veins along grain boundaries and in c¢racks
in olivine grains. These veins are generally less than 20 microns wide
and are filled with fibrous serpentine oriented normal to the vein and
disseminated 1-2 micron-sized magnetite grains. Pyroxenes, amphibole,
and plagioc¢lase are essentially unaltered. With increasing alteration
(20-30 percent), plagioclase alters completely to an extemely fine-
grained, dark intergrowth of clinozoisite, serpentine and c¢hlorite.
Serpentine generally forms complete rims around these intergrowths.
Locally, radiating bundles of tabular c¢linozoisite c¢rystals (up to 25
by 300 microns) are developed. Orthopyroxene undergoes minor alteration
to talc, and spinels are mantled by discontinuous rims of magnetite.,
In rocks that are 50 percent or more altered, orthopyroxene is more
completely replaced by talc, and hydrogarnet(?) is associated with the

intergrowths of c¢linozoisite, chlorite and serpentine,

CONCLUSIONS

The primary mineralogy of the Trinity peridotite has three signifi-
cant features. First, and most important, the Trinity peridotite is
unique among North American peridotite massifs in that it contains
plagioclase lherzolite. The occurence of plagioclase in peridotite mas-—
sifs is extremely rare and, thus far, reports of such occurrences in the
literature have been limited to a few peridotite massifs in Europe, north
Africa and South America (Green , 1963, 1964; Kornprobst, 1969; Boudier,
1978; Dickey, 1970; Menzies and Allen, 1974). Second, the mineralogical

diversity of the Trinity peridotite is remarkable, with a wide spectrum
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of rock types present and encompassing dunite, harzburgite, lherzolite,
plagioclase lherzolite, wehrlite and websterite. Therefore, it is
possible to study the field relationships between many different
peridotite lithologies to place constraints on their petrogenesis,
For example, it has be¢ome widely theorized that harzburgite and dunite
are the highly depleted residues left by partial melting and extraction
of a basaltic component from a less refractory protolith (Dick, 1977).
This hypothosis is untestable in most peridotite bodies because only
harzburgite and/or dunite are present. Therefore, the mineralogy of
the Trinity peridotite presents an unusual opportunity to test theory.
Third, because of this diversity, the rocks record some evidence of
reactions involving replacement of spinel by plagioclase and of ortho-
pyroxene and ¢linopyroxene by olivine,

The relatively low degree to which the primary minerals are altered
is also significant. In most peridotite massifs, the rocks are typic-
ally 60-70 percent altered to greenschist facies, hydrous assemblages
of serpentine, magnetite, brucite, talc¢, c¢linozoisite, and chlorite
(Evans, 1979). Indeed, throughout much of the Trinity peridotite
alteration has consumed more than 60-70 percent of the primary min-
erals, However, the Mount Eddy-China Mountain area has been only
slightly affected by this alteration, and, in many places, the rocks
show less than 10 percent alteration. As a result, these rocks are
excellent samples for studying the primary mineral chemistry of a

peridotite massif.
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MINERAL CHEMISTRY




137

INTRODUCTION

This section reports on range in composition of the primary min-
erals in the peridotite and establishes a data set that may be used
to place additional constraints on the petrogenesis and P-T history
of the Trinity peridotite., The term, "primary mineral”, is used as
in the petrography section to refer to phases in the peridotite that
predate the serpentinization of the rocks.

Quantitative analyses of olivine, orthopyroxene, clinopyroxene,
spinel, plagioclase, and amphibole were performed as described in
the section on analytical techniques., The nature and extent of chem-
ical zoning within individual grains was determined as well as elemental
partitioning between coexisting minerals since these data are useful
for constraining the P-T history of the Trinity peridotite. An effort
was also made to detect progressive c¢hanges in mineral chemistry asso-
ciated with progressive changes in mineral abundance from one lithology
to another., This was approached by quantitative analysis of mineral
compositions in samples that were collected across transition zones
from plagioclase lherzolite to dunite and across depleted zones
around c¢linopyroxene-rich dikes that cut plagioclase lherzolite,

These data were augmented with results of automated mi¢roprobe point
counts performed on the very same samples.

The data are organized as follows. Representative analyses of
olivine are presented in Table 7, orthopyroxene in Table 8, c¢lino-
pyroxene in Table 9, spinel in Table 10, plagioclase in Table 11,
and amphibole in Table 12. Presentations of the data on these minerals
are made graphically in Figures 23 through 41.

The following discussion will deal first with the ranges in
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mineral compositions for each phase that are measurable within single
thin sections and will then present progressive changes that ocgcur

over the scale of an outcrop.

OLIVINE

All the Fo-contents in olivine that were determined from samples
of the Trinity peridotite are presented in Figure 23. The olivines
are all Mg-rich, ranging from Fogg to Fog3. The analyses are subdi-
vided in in Figure 23 in terms of lithology. From this diagram it
is c¢lear that the Fo-contents of olivines from plagioclase lherzolite,
lherzolite, harzburgite and dunite all show considerable overlap and
that these lithologies cannot be distinguished solely on the basis
of Fo-¢ontent alone.

The olivine grains were essentially unzoned throughout all samples
with one major exception. Olivine analyses performed near (<100 um)
spinel grains were found to be significantly more Mg-rich than analyses
performed on olivine grains that were farther than 100 um from spinel
grains. Figure 24 illustrates the range in Fo-content of olivine as
a function of distance from a spinel grain in lherzolite sample 8W40H.
The Fo-content decreases sharply from Fogp 3 within 5 microns of the
the spinel to Fogp,k5 at distances farther than about 75 microns from
the spinel. This distribution in Fo-content is suggestive of local
reequilibration between olivine and spinel on a scale of approximately
75 microns., No analogous variations in olivine composition were found
near any other phases; olivine is homogeneous within the detection
limits of the microprobe regardless of proximity to orthopyroxene,

¢linopyroxene, plagioclase or amphibole grains,
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Figure 23: Forsterite content of olivine in samples of the Trinity
peridotite and cumulate ultramafic rocks. Fo-content is
defined as 100 x Mg/Mg+Fett where Mg and Fe™™ are catatom

percents and all Fe is assumed to be Fett.
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Figure 24: Forsterite of olivine in sample 8W40 as a function of
distance from a large spinel grain. Reproducibility is
estimated to be + 0.1 mole percent Fo-content based on
replicate analyses of an olivine standard of known com-

position.



142

FO-CONTENT OF OLIVINE

O
N

o

O
o

T

_ _ _ | _

25

_ |
50 75 100 125 150 175 200
DISTANCE FROM SPINEL (MICRONS)




143

Figure 25: CaO and NiO concentrations in olivines from the different
rock types of the Trinity peridotite and the cumulate
ultramafic rocks. Approximate error bars (+ 1 o ) calculated

from counting statistics are illustrated in each figure.
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Figure 25 illustrates the range in Ca0 and NiO concentrations
in the olivines from the different rock types of the Trinity peridotite.
Taking all the analyses together, Ca0 concentrations range from <0.01
to about 0.13 weight percent and NiO concentrations range from about
0.2 to about 0.5 weight percent. Neither CaO-content nor NiO- content
show enough variation to discriminate between the plagioclase lherzolite,
lherzolite and harzburgite. However, olivine in dunite samples from the
margins of the large tabular dunite bodies tends to be more Ca-rich
(> 0.08 wt. %) than the other rock types (mostly £ 0.06 wt. %). Olivine
compositions were also determined in the interior of large dunite bodies
and near ¢linopyroxene-rich pods and wehrlite layers. The Ca0 contents
of these olivines were generally less than 0.08 weight percent, and
more similar to the olivine from the plagioclase lherzolite, lherzolite
and harzburgite than to the "high-Ca" olivine from the margins of the large
dunite bodies. Olivines in the ariegite bands and websterite dikes are
also indistinguishable from the plagioclase lherzolite, lherzolite and
harzburgite in terms of Ca0 and NiO. The olivines in the wehrlite bands,
however, are low in Ni0 (< 0.15 wt. %) and low in Ca0 (< 0.03 wt, Z);
these concentrations are more similar to those in the olivines in the
cumulate ultramafi¢ rocks than to those of the other rock types of the
Trinity peridotite.

The ranges in Fo-content, and NiO and CaO concentrations in the
Trinity peridotite are similar to those reported for alpine-type peri-
dotites (Dick, 1977; Green, 1964 Himmelburg and Coleman, 1968; Loney
et al., 1971), for ultramafic sections of ophiolites (Coleman, 1977;
Coleman et al., in press), and for high-temperature peridotites (Green,

1964; Boudier, 1978). These olivine analyses are distinguished from
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Figure 26: Compositions of pyroxenes in the Trinity peridotite and
gabbroic and related cumulate ultramafic rocks. All points
represent a quantitative analysis for 9 elements. Also shown
in Figures C and F are the ranges of composition of Skaer-
gaard pyroxenes (heavy solid lines; Wag<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>