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ABSTRACT

The Cow Creek ultramafic complex is composed of
ultramafic rocks (55%), and amphibolites (45%) and includes
minor amounts of mafic meta-sedimentary and volcaniclastic
rocks. The complex is intruded by felsic plutonic bodies,
including diorites and quaftz—diorites. All of the granitic
bodies are younger than the mafic-ultramafic rocks based on
crosscutting relationships. The Precambrian rocks (with the
exception of an unfoliated granite) have undergone at least
one regional metamorphic event to the lower amphibolite
facies énd subsequent retrograde metamorphism to the
greenschist .facies. |

The ultramafic rocks contain between 18 and 28 wt. per
cent MgO, 1low TiO2 (<0.50 wt. per cent), Si02 (<45 wt.per
cent), Na20 and K20 both <0.90 wt. per cent respectively,
and have Ca0/Al1203 ratios of greater than 0.8. These rocks
consistently plot within the pyroxenitic and peridotitic
komatiite fields on chemical variation diagrams described in
the 1literature. Trace metal ratioé, selected quench
textures, and rare earth patterns are all consistent with
this interpretation.

The komatiitic rocks are interbedded with high-Mg
tholeiites (now amphibolites) and minor mafic
meta-sedimentary rocks. An extrusive origin for many of the

komatiitic rocks 1is suggested by pillow-like structures,

polyhedral jointing, relict flow banding, and chilled



margins. The chilled margins exhibit skeletal tremolite
(after clinopyroxene) in a matrix of chlorite. The chlorite
probably represents devitrified glaésy material originally
formed during quenching. Spinifex textureé can not be
confirmed, but are suggested by large (>6cm) radiating
tremolite crystals in some rocks. The remaining ultramafic
units are believed to be hYpabyssal equivalents of the flows
based primarily on whole rock geochemistry and the lack of
extrusive textures,

The ultramafic rocks of Cow Creek are believed to be
the first Proterozoic (1.7-1.8 b.y.) komatiites identified
in the United States and only the second occurrence of such
rocks described 1in North America. Based upon geochemical
relations and geographic proximity, the komatiites appear to
represent part of the basal stratigraphy of an extensive
middle Proterozoic volcano-sedimentary terrane that is

collectively called the Pecos greenstone belt.
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INTRODUCTION

Location

The study area is located approximately 15 miles due
east of Sante Fe, on the south side of Elk Mountain in San
Miguel County, New Mexico (Figure 1). The study area is
composed of two separate field areas referred to as Area 1
(Lower Cow Creek) and Area 2 (Upper Cow Creek). The two
study areas are approximately three miles apart along Cow
Creek. Area 1 is located 8 miles northeast of the town of
Pecos in the east central part of the U.S.G.S. Rosilla Peak
7.5 Minute Quadrangle. The U.S. Forest Service Service Cow
Creek public’campground is in the heart of the area. Area 2
is approximately 3 miles northeast of Area 1 ‘in the north
central part of the U.S.G.sS. Honey Boy Ranch 7.5 Minute
Quadrangle. Area 2 is bisected by Elk Creek and Sheep Creek
which are tributaries to Cow Creek. Both study areas are
reached by taking U.S. Forest Service Road no. 86,

directly from the town of Pecos.
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Statement of the problem and Purpose

There are very few reported occurrences of Precambrian
ultramafic rocks in New Mexico, They are mainly confined to
the Pecos greenstone belt, and Precambrian rocks of the
northern part of the state. Within the Pecos greenstone
belt, (Figure 1) ultramafics are found in two places along
Cow Creek, a tributary to the Pecos River, and in two small
localities near Rociada, northeast of Elk Mountain. These
rocks and associated amphibolites appear to be related
spatially and possibly genetically to volcanic and piutonic
rocks of the Pecos greenstone belt. Careful documentation
of the petrology and chemistry of these rocks should shed
-much light on magma origin and genesis of early-Proteroczoic
rocks on northern New Mexico.

‘Ultramafic and mafic rocks are potential source rocks
for economic concentrations of nickel, copper, chromium and
platinum. Nickel-copper mineralization is found in one
nearby prospect on the western flank of Barillas Peak, 15
miles due east of Pecos and approximately 10 miles southeast
of Cow Creek. This prospect is associated with a large
xenolith of amphibolite in the Embudo Granite. This study
was prompted because of the geographic proximity of the Cow
Creek ultramafics to mineralized prospects in the Pecos
gfeenstone belt and Barillas peak, and because of gross
textural and chemical.similarities between the Cow Creek

ultramafics and other ultramafic rocks found in greenstone

belts worldwide.
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The purpose of this project is to: 1) construct a
detailed geologic map (scale 1:6000) of the two separate
areas of exposed Precambrian ultramafic and mafic rocks in
the Cow Creek drainage, 2) determine, using geochemical and
field methods, whether or not the ultramafic rocks are
intrusive or extrusive and their possible tectonic setting,
3) determine the relationship of the ultramafic rocks to the
associated amphibolites and granites, and to other volcanic
and sub-volcanic rocks of the Pecos greenstone belt, 4)
assess the economic potential of the ultramafic and mafic

rocks in the Cow Creek drainagé.
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Previous work

Until recently the Precambrian terrane of the Pecos
River drainage received 1little detailed attention., Most
older work was confined to speculation about the various
grénite rocks such as the "Embudo" granite (Montgoméry,
1953; Miller and others, 1963; and Fullagar and Shiver,
1973). Peripheral work to the Pecos greenstone terrane has
been done by Budding (1972), and Grambling (1979). Not
until 1976 was detailed work undertaken by R. Moench of the
U.S. Geological Survey and later by J.M. Robertson of the
New Mexico Bureau of Mines (see Robertson and Moench, 1879).
Dave Mathewsbn mapped Precambrian rocks south and southwest
of Elk Mountain as part of his Ph.D thesis at the New Mexico
Institute of Mining and Technology (in progress) and was the
firsf to recognize the ultramafic rocks of.Cow Creek. His
mapping subsequently led to this study. Detailed work near
the Ppecos: Mine was completed by Riesmeyer as part of his
M.S. thesis at the University of New Mexico and later

published by Riesmeyer and Robertson (1979).
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Method of Investigation

Detniled mapping was done at a scale of 1:6000 on
enlargements made from the U.S.G.S. Rosilla Peak and Honey
Boy Ranch 7.5 minute quadrangles,

Eighty~two thin sections were analyzeé to supplement
and support field correlations and define petrographic
characteristics. Rock names are taken mainly from Viljoen
and Viljoen (1969), Irvine and Baragar (1971) and Barker et.
al. (1976). Plagioclase compositions were determiped by
the Michel-Levy method as described in Kerr (1977).

Major element geochemistry (si,Ti,Al,Fe,Mg,Ca,Na,K,Mn)
was determined by conventional X-ray fluorescence methods
(Jenkins, 1976; see APPENDIX A and B for details on sample
preparation and error analysis). Trace metals
" (Ni,Co;Cr,Zn;Cu) and P205 were obtained by atomic absorption
methods at the laboratory at the New Mexico Bureau of Mines
and Mineral Resources (NMBMMR). Loss on ignition was also
done at the NMBMMR lab. Four samples were analyzed for rare
earth elements by neutron activation techniques described by

Gordon et. al. (1968).
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GEOLOGIC SETTING

All recognized Precambrian rocks. in the southwestern
United States are Proterozoic in age. These rocks form
three distinct NE-SW trending belts that range in age from
1.0 to 1.9 b.y. and decrease 1in age from northwest to
southeast. The plutonic récks of northern New Mexico and
southern Colorado have been dated at 1.6-1.8 b.y. (Barker,
et.al., 1974,1976; Fullagar and Shiver, 1973; and Long,
1974) and appear to be part of a 1.69~1.78 b.y. age belt
that extends from central Arizona thru Illinois. These age
provinces are thoroughly described by vVan Schmus and
Bickford (in-press). Extensive exposures of Proterozoic
volcanic and sedimentary rocks in southern Colorado and
northern New Mexico appear to be older than the plutonic
rocks  based on crosscutting relations. These volcanic and
sedimentary rocks are well exposed in the Tusas Mountains,
Picuris Range, and Sangre de Cristo Mountains of northern
New Mexicé where they form ~ extensive quartzite and
greenstone terranes, )

The Pecos greenstone belt of the southern Sangre de
Cristo Mountains, as defined by Robertson and Moench (1979),
is composed of a closely interrelated assemblage of
metamorphosed subaqueous basalts and locally important
felsic metavolcanic rocks, iron-formation, and

metasedimentary rocks, some of volcanic provenance, The

' Pecos greenstone belt is bounded on the west by the
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Pecos-Picuris fault which separates the greenstone terrane
from a voluminous plutonic: terrane composed primarily of
intermediate to granitic rocks, which are collectively
called -the Embudo Granite (Fullagar and Shiver, 1973;
Miller and others, 1963; and Montgomery, 1953). The Embudo
Granite also displays intrusive contacts with many of the
rocks in the southern part of the greenstone belt and thus
forms both the western and southern boundaries. To the
north, the greenstone terrane 1is bounded by an extensive
quartzite terrane which has been described by Grambling
(1979). There 1is still some question however, as to the
relative ages of the guartzite terrane and the greenstone
belt. In the northeast the greenstone terrane becomes mixed
. with arkosic metasandstones (now quartz-~feldspar paragneiss)
interbedded with aluminous quartz-mica schist, quartzite and
thin layers of calc-silicate rock (Robertson and Moench,
1979). This predominantly sedimentary package is
interbedded with amphibolites of the. greenstone belt but
becomes progressively more sedimentary toward the northeast
and may represent a vertical transition between the Pecos
greenstone and a younger quartzite terrane. An alternative
explanation is that the transition represents lateral facies
changes between the greenstone terrane and a coeval
quartzite terrane (Robertson, J.M., personal communication).
Part of the eastefn boundary of the greenstone terrane is
defined by several high—angle reverse faults which have

thrust Precambrian rocks over Paleozoic strata, Baltz (1972,

1978) and Baltz and Bachman (1956).
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Metamorphism in the Pecos greenstone belt is regional
and varies from lower greenschist to amphibolite facies,
Grade appears to increase from south to north.

The entire Precambrian terrane is unconformably

overlain by Paleozoic limestones, sandstones and shales {see

Miller and others, 1963).
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Ultramafic Rocks in general

It is important at this point té briefly review the
various types of ultramafic and associated rdcks and their
tectonic settings. Despite numerous difficulties in
cléssifying the many varieties of ultramafic rocks, Naldrett
and Cabri (1976), have proposed a comprehensive system based
on tectonic environment. This system divides ultramafic
.rocks into two major groups, depending on whether or not the
rocks were emplaced in an active orogenic or non-orogenic
environment. "Orogenic", according to Naldrett and Cabri,
applies to any area actively undergoing or about to become
involved in‘ﬁountain building, and. includes areas under
extension such as marginal~basins and continental rifts as
well as compressional settings such as continental margins
and island-arcs. Nén;ofbgenic refers to stable cratonic

areas. The classification is briefly summarized on the next

page:
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Table 1 (after Naldrett and Cabri (1976))

Classification of ultramafic and related mafic bodies

A. Bodies emplaced in active orogenic areas
1. Bodies contemporaneous with eugeosynclinal
volcanism

(I) Tholeiitic Suite

(a) Picritic subtype.....occur as basal
accunulations to differentiated
sills and flows,

(b) Anorthositic Subtype ....anorthosite,
anorthosite gabkro or
gabbroic anorthosite,

(II) Komatiitic Suite.....occurs as simple flows,
spinifex—-capped flows, differentiated
flows and differentiated sills.
Composition varies from peridotite
to basalt. |

2. Alpine~Type Bodies.....emplaced in solid state
during tectonism.

(I) Large obducted sheets

(I1) Ophiolite complexes.....all younger than
‘about 1.0 billion years.

interpreted as being oceanic

crust and upper mantle.
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(I11) Deformed ophiolite complexes and clastic
blocks in melange terranes.
(IV) Possible diapirs
3. Alaskan~type complexes.....concentrically zoned,
highly calcic clinopyroxene, no
orthopyroxene.
B. Bodies emplaced in non-orogenic areas
4, Large stratiformly layvered complexes.....overall
compositions tend to be mafic
but ultramafic zones are present.
5. Sills and sheets equivalent to flood basalts.
occur near flood basalts
and have high K20 content,
6. Medium and small sized intrusions
7. Alkalic ultramafic rocks in ring complexes and

kimberlite pipes.
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PRECAMBRIAN GEOLOGY OF COW CREEK
Other Ultramafic rocks in New Mexico

Two small ultramafic bodies have beeg reported near
Rociada northeast of Elk Mountain. The writer briefly
examined one of the occurrences with Dale Armstrong of
CONOCO, Inc. and determined that it may be similar to the
ultramafic rocks of Cow Creek based on field relations and
hand sample characteristics. The Rociada ultramafics are
small in aerial extent (200m X 200m). They appear to be
intruded on all sides by gquartz-monzonite and may be large
xenoliths floating in the granitic rock. However, before
any conclusions can be drawn detailed mapping must first be
completed and good geochemistry obtained. Other small
ultramafic occurrences have been reported in the Tusas

Mountains (Kent, 1980) and the Wheeler Peak area near Taos

(Condie, 1979; Robertson, J.M., personal communication).
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Cow Creek

Ultramafic rocks are exposed in Ewo locations along Cow
Creek and 1its tributary, Elk Creek (Plates 1 and 2). The
Precambrian rocks of Area 1 (lower Cow Creek) are primarily
ultramafics, amphibolites, and granites with lesser amoﬁnts
of diorites and other rocks. Exposure is poor (Approx. 10 -
percent), although much better than in Area 2 (upper Cow
Creek) in which outcrop is very poor (Approx. 2 percent).
The Precambrian rocks of Area 2 are predominantly
amphibolites, granites and felsic metavolcanics with less
than 1 pe;peﬁt ultramafics by area. Outcrop in Area 2 is
best along old logging roads and along the c¢reek bottoms.
Because of the lack of good outcrop and extremely limited
amounts of ultramafics in Area 2, the majority of the
following discussions dealing with the petrology and
chemistry of the ultramafics and amphibolites in the Cow

Creek area is based on the rocks of Area 1.
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Cow Creek: Area 1

Ultramafic rocks

Ultramafic rocks make wup about 30 percent of the
Precambrian rocks in the area and about 55 percent of the
Cow Creek mafic-ultramafic complex. They decrease in
relative abundance from south to north giving way to a
series of amphibolites which commonly display conformable
contacts with the ultramafics. The ultramafic rocks are
intruded on the south and east by a well-foliated
tonalite—trondhjemite. The relationship of the ultramafics
to country rocks on the northwest and west is obscured by
Paleozoic rocks which unconformably overlie the Precambrian
rocks in the area, A large fault, hereafter informally
called the Cow Creek fault, cuts .the ultramafic rocks on the
northeast (PLATE 1), obscﬁring the original contacts with a
granitic body in that area.

The best exposures of ultramafic rocks are along the
west side of Cow Creek near the middle of the mapped area.
The rocks have steeply dipping (45 degrees to vertical)
contacts with the amphibolite units. A distinct metamorphic
foliation is common which also dips steeply and typically
strikes in a west to northwest direction. The ultramafics
generally have a micaceous dark green, khaki, khaki green or

brownish red appearance, Well-crystallized chlorite, often

as large (1 x 1 mm) green flakes, and tremolite are
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ubiquitous and give these rocks a distinctive micaceous
appearance. Outcrops are massive and structureless (Figure
2) except on very fresh or recently weathered surfaces.
Some weathered surfaces exhibit elephant hide
("olifantklip", Figure 3) texture. This 1is caused by
selective weathering of less resistant fracture filling,
usually tremolite, from the more resistant ultramafic rock.
Spheroidal weathering (Figure 4) is also seen.

Contacts with other rock units are obscured in most
locations, although contacts with the amphibolite and the
tonalite-trondhjemite are found in some places. Figure 5
shows a tqpaiitentrondhjemite contact with the ultramafic
rocks. The contacts with the amphibolite units all appear
to be sharp. Contact metamorphic effects between the
tonalite-trondhjemite and the mafic and ultramafic rocks are
characterized by sodium and potassium enrichment (see
geochemical.section);

Pillow-like structures (Figure 6) up to 1 meter across
have fine-grained selvages up to 3 cm in thickness. Some of
these pillowflike structures filled in the troughs formed by
the tops of similar underlyiné structures (Figure 7). Due
to metamorphic recrystallization, grain sizes and altered
zZzones have been homogenized, but the contacts are still well
preserved. The internal structure includes polygonal
fracturing and an overall decussate texture. Fine-grained

margins (Figure 8) made up of small lath-like crystals of

tremolite after clinopyroxene, up to 9 mm in 'length, set in
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Figure 2. Typical outcrop of ultramafic rock in lower Cow Creek,
Area 1.

Figure 3. "Olifantklip'" or elephant hide texture within an ultramafic
unit in lower Cow Creek, Area 1.



A

Figure 4. Spheroidal weathering in ultramafic rock from Area 1.

Figure 5. Tonalite-Trondhjemite contact with ultramafic unit in Area 1.



Figure 6. Pillow-like structures within the ultramafic units from Area 1.



NE S

3cm
—_—

Figure 7. Pillow-like structure (A) filling in the trough formed by
the top of a similar underlying structure (B).

Figure 8. Fine-grained chlorite forming the margin of an ultramafic unit.
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a matrix of chlorite (Figure 9) are also found. The
chlorite probably represents devitrified glassy material.
Fine-grained margins exhibit polyhedral Jjointing possibly
formed by rapid cooling. Some also show well developed
amygdules now filled with pale green microcrystalline quartz
and tremolite, In one sample (Figures 10 and 10a) large
radiating aggregates of tremolite up to 6 cm in 1length are
seen. This would be expected if large clinopyroxene or
orthopyroxene crystals were subjected to recrystallization
during metamorphism. Relict cumulus textures are suggested
in a few places by the presénce of progressively finer
layers of chlorite and tremolite from 1 to 4 cm in thickness
(Figure 11).

Figure 12 is a photograph of a breccia made up of
angular xenoliths of amphibolite in an ultramafic matrix.
This suggests Ehat at least some of the wultramafic rocks
postdated (or were contemporaneous with) the deposition of
the amphibolite protoliths.

Mineralogically the ultramafic rocks are chiefly
composed of chlorite, hornblende, and tremolite in varying
amounts, Lesser minerals include clinopyroxene,
interstitial plagioclase, antigorite, magnetite and biotite,
which combined may account for up to 15 per cent of the
rock. Deformed polysynthetic twinning 1is seen in most

plagioclase and in some hornblende. Relict phenocrysts of

Pyroxene are raré, but when seen they have been partially or

totally replaced by hornblende, tremolite or chlorite.
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2 mm

Figure 9. i’hotomicrograph of skeletal tremolite in a matrix of chlorite
from within a fine-grained margin from an ultramafic unit,
10x, crossed-nicols.



Figure 10. Radiating tremolite in a hand specimen of ultramafic rock.
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Figure 10a. Photomicrograph of radiating tremolite in ultramafic rock,
10x, plain light.
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Figure 11. Photomicrograph of possible relict cumulus texture from

within an ultramafic unit from Area 1, 10x, crossed-nicols.



(27)

Figure 12. Breccia made up of amphibolite fragements in a matrix of
ultramafic material from lower Cow Creek, Area 1.
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Biotite is Sseen forming as an alteration product of
hornblende and chlorite (Figure 13). Chlorite mainly forms
as an ~lteration product of hornblende and occurs as both
coarse (>l X 1 mm) and fine (<1 X 1 mm) aggragates forming
the matrix of the wultramafic rocks (Figures 14 and l4a).
Tremolite occurs as either an alteration product of
pyroxenes or as skeletal crystals in a matrix of chlorite
and hornblende (Figure 15). Grain boundaries are generally
embayed and corroded evidencing alteration by hydrothermal
processes. Trace minerals are c¢linozoisite, zoisite,
epidote, carbonate, sphene, garnet and quartz.. (See
APPENDIX C for detailed petrographic descriptions.)

Most of the Cow Creek ultramafic rocks are strongly
" foliated resulting from alignment of chlorite flakes and
tremolite blades. Porphyroclasts of chlorite and
clinopyroxene are found up to 3 mm x 3 mm. Hornblende
occurs as both crystalline and fibrous aggregates parallel

to foliation.



| mm
- !

forming as an alteration product

Figure 13. Photomicrograph of biotite
of hornblende and chlerite in the ultramafic rock,

25x%, plain light.

2 mm

Figure 14. Photoﬁicrograph of coarse chlorite (>1 x 1 mm) forming as
an alteration product of hornblende in ultramafic rock,

10x, plain light.



2 | mm _
Figure l4a. Photomicrograph
rock, 25x, plain light.

of fine chlorite (<1 x 1 mm) in ultramafic

2 mm '

. . -I
Figure 15. Photomicrograph of skeletal tremolite in a matrix of
hornblende and chlorite in the ultramafic rock, 10x, plain

. light.
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Amphibolites

Amphibolite make up about 25 percent of the total area
of Precambrian rocks and 45 percent of the mafic-ultramafic
complex. They increase in relative abundance northward.
Amphibolite occurs as both lensoidal bodies and large
irregular masses (see Plate 1) and is generally found in
sharp contact with the ultramafic rocks. Individual units
of amphibolite range from 10 cm to many meters thick and
generally have steeply dipping contacts. The amphibolites
are black to dark green and either occur as thick (10's of
meters) successions or as minor small (several meters)
éoncordant units within the ultramafic rocks. A variety of
petrographic textures are found including fine-grained
(small but wvisible), aphanitic, ophitic and pegmatitic.
Outcrops are massive and structureless although foliations
are found. Near granitic contacts, amphibolites are
migmatitic (Figure 16). Sodium and potassium enrichment
caused by injection of small granitic stringers is common
(see geochemical section). This is very pervasive in the
northeast 'part of the study area near a foliated
guartz-monzonite plug. Chloritization, epidotization and
silicification are variably developed throughout the area
but typically increase near the Cow Creek fault,

Two important variants of the amphibolite occur in the

metavolcanic succession. The most abundant variant is a

coarse~grained ( >2-3 mm) amphibolite (Figure 17) which is
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Figure 16. Migmétitic amphibolite near a granitic contact in Cow Creek
Area 1.
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sometimes accompanied by a very coarse~grained pegmatitic
phase (Figure 18). The: least abundant is a very
fine-grained (< 1 mm) amphibolite which is interlayered with
the hornblende-quartz-chlorite schists.

The amphibolites contain variable amounts of
hornblende, plagioclase, chlorite and actinolite-tremolite.
Minbr minerals are quartz, orthoclase, sericite,
clinopyroxene, and traces of biotite, =zoisite, epidote,
sphene, garnet and magnetite. (see APPENDIX C for detailed
petrographic descriptions). Plagioclase compositions vary
from oligoclase (Anl2), to andesine/labradorite (An50) .
Locally the amphibolites may contain minor amounts of
chlorite and epidote, especially near intrusive contacts and
. faults,

Although primary textures within the amphibolite appear
to be absent, the fine-grained facies or fraction is
believed to represent meta-basalt. The coarse-grained
amphibolite probably represents a series of gabbroic or
diabasic hypabyssal sills and dikes. Ultramafic xenoliths

up to 30cm across are found within the coarse amphibolite.



Figure 18. "Pegmatitic'" amphibolite from lower Cow Creek Area 1.
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Hornblende~-Quartz-Chlorite Schists

Hornblende-quartz-chlorite schists compose only a few
percent of the total area of Precambrian rocks. They are
commonly dark green te black but some have a mottled green
and white coloring. Color is generally a function of
plagioclase and quartz content: the higher the percentage
of plagioclase and quartz, compared to hornblende and
chlorite, the lighter the color.

Most of the rocks (Figure 19) are composed of
hornblende, chlorite, quartz, plagioclase, magnetite and a
trace of zircon. Foliation is well developed by millimeter

sized plates of hornblende and chlorite which are aligned

parallel +to the regional foliation, Individual layers
consisting of: quartz; plagioclase + hornblende:
hornblende + .chlorite; .. guartsz + plagioclase; and

hornblende + magnetite also give the rock a banded
appearance. Magnetite occurs as both rounded grains and as
an alteration product of hornblende, The individual layers
of hornblende + <chlorite (Figure 20) appear to be
ultramafic} although no chemistry exists on these rocks.
Individual layers vary in thickness froﬁ .5 mm (hornblende +
magnetite) up to 2 cm (quartz, hornblende, plagioclase).
Remaining schists are characterized by their conformity
with the above rocks. Texturally they contain granules and

globules of chlorite,. They are composed of hornblende,

chlorite, quartz, plagioclase and magnetite. Hornblende and



Figure 19. Hornblende-Quartz-Chlorite Schist frow lower Cow Creek
Area 1.

b

Figure 20. Ultramafic hornblende + chlorite lenses in the Hornblende-
Quartz-Chlorite Schist from Area 1.
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chlorite are in elongate lenses up to 1 cm long and 0.1 ocm
thick . (Figure 21). Quartz and plagioclase have been
recrystallized into fine-grained (<0.1 mm) aggragates which
are  now parallel to the develéped foliation. Some
hornblende has altered to magnetite and chlorite.

The hornblende~quartz-chlorite schists appear to
represent mafic and ultramafic sediments, volcaniclaétic
rocks and subaqueous ashes which were all interbedded. They
are intruded by both ultramafic and mafic rocks and possibly

represent a remnant portion of the upper sea floor.



Figure 21. Hornblende + chlorite and quartz + plagioclase lenses in
Hornblende-Quartz-Chlorite Schist from Area 1.
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Granitic Rocks

Granitic rocks have been subdivided into six varieties
based primarily upon mineralogical and textural differences.
Limited chemistry is also available on some of these rocks
(see geochemical section). The rocks vary in composition
from diorites to granites and from unfoliated to strongly
foliated. Most appear to be vyounger than the mafic and
ultramafic rocks as evidenced by =xenoliths of amphibolite
(Figures 22,23) and ultramafic rock in the granites and
crosscutting relationships. The exception to this is the
diorite and quartz-diorite whose exact relation to other
rocks is unknown. Intrusion of the granites has resulted in
local sodium and potassium metasomatism near the contacts
with the mafic and ultramafic units. Granitic rocks make up
about 40 percent of the Precambrian rocks in the mapped area
but are not included in the defined mafic-ultramafic
complex, Granitic rocks are especially abundant in the
south and east and the six varieties are presented in order

of decreasing age in the following discussions.



Figure 22. Xenolith of amphibolite in granitic rock from Area 1.

Figure 23, Xenoliths of amphibolite in granitic rock from Area 1.
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Tonalite-trondhjemite

A tonalite-trondhjemite body is defined on the basis of
mineralogy and one chemical analysis (Robertson, J.M., in
progress). It is intrusive into the ultramafic and
amphibolitic rocks along the south and east part of the
mapped area. Contacts are generally discordant to the
foliation developed 1in the mafic and ultramafic rocks.
Dikes up to 5 meters across can be traced directly from the
tonalite-trondhjemite body into the mafic-ultramafic complex
{see Piate 1). These dikes, unlike the ’ main
tonalite-trondhjemite body are generally concordant to the
foliation in the mafic-ultramafic rocks. The wunit is
" homogeneous, light gray, medium to coarse grained and well
foliated. Flow-like structures are well developed around
the xenoliths of amphibolite,

Mineralogically the tonalite-trondhjemite body  is
composed of quartz, sodic plagioclase, hornblende, biotite
and microcline. Sericite, zoisite and magnetite occur as
trace minerals. Ovoid to subhedral quartz and plagioclase
eyes up to 2mm in diameter are common and elongate parallel
to the developed foliation. Most are recrystallized into
aggregates of smaller grains but are interpreted as
representing grains of the original rock prior to

metamorphic deformation,
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Barker et.al. (1974, 1976) describe mid-Proterozoic
trondhjemites from north-central New Mexico and
south~central Colorado. J.M. Robertson (personal
communication) has identified a number of mid-Proterozoic
tonalite~trondhjemite bodies from the Pecos greenstone belt
including this one from Cow Creek that exhibits

trondhjemitic chemistry (Table 4a).
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Diorite and Quartz-Diorite

Diorite and quartz-diorite together make up only a

small percent of the area. Diorite 1is fine-grained,
well-foliated and consists of plagioclase,
actinolite-tremolite, biotite, quartz, epidote . and
magnetite, No chemical daﬁa exists on these rocks. The

diorite 1is distinguished from the amphibolite in that it
contains small amounts of visible quartz and more
plagioclase. It is usually associated with amphibolite near
or along the contacts with wultramafic units. The exact
relationship between the diorite and the amphibolite is
unclear.

Quartz-diorite is found in only one small outcrop, It
consists of quartz, albite (an 8), K-feldspar, hornblende,
biotite, chlorite and subordinate.magnetite with a trace of
zircon, Sericitization is selectively confined to the
plagioclase and hornblende is altered to chlorite and
biotite. The foliation in this body appears to be
concordant to the regional northwest foliation of the mafic
and ultramafic rocks. 1Its exact relationship to other units
is unknown. It is distinguished from the

tonalite-trondhjemite by less quartz and hornblende.



(44)

Foliated-granite

The foliated~granite is in fault contact with the
tonalite-~trondhjemite in the southern part of the map area.
The contact is about 30 meters wide and contains breccia of
both the foliated~granite and the tonalite-trondhjemite.
The foliated-granite 1is a flesh pink microcline-biotite
granite. It is commonly medium- to coarse-grained and in
most places 1is well-foliated. It 1is a true granite
containing gquartz and microcline in approximately equal
amounts,  plagioclase (albite or oligoclase), biotite,
hornblende, epidote and minor magnetite. Apatite, sphene,
and zircon are accessory minerals. The foliated~-granite is
_petrographically very similar +to the microcline-biotite
granite described by Miller and others (1963) , which is part
of the Embudo granite near the Truchas Peaks northwest of
this mép area, This body contains numerous small

amphibolitic lenses on the east side of Cow Creek fault.
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Foliated Quartz-monionite

This body is a wellwfoliatea pink equagranular
medium~-grained granite. It crosscuts mafic and ultramafic
units in the northern part of the area. Most outcrops are
extensively whethered and those that are found are
unjointed. The body is ‘well-foliated parallel to it's
intrusive contacts with the mafic and ultramafic rocks.
This foliation is formed by alignment of ‘"quartz eyes",
biotite and hornblende.

Mineralogically the rocks consist of 30 percent each of
quartz, plagioclase and microcline, with about 5 percent
each of biotité and hornblende. Minor minerals include
magnetite and garnet. Technically the rock is a
quartz-monzonite. Both microcline and plagioclase have been
sericitized and the rock exhibits both mortar and
cataclastic textures,. Chemical data on the mafic and
ultramafic rocks sﬁow that the body caused potassic and
sodic metésomatism during it's intrusion. Petrographic
evidence for this is large “K-feldépar crystals in the
amphibolite which become more abundant closer to the

intrusion and it's dikes.



(46)

Unfoliated~granite

This body has informally been called the Pecos granite
by Mathewson (in progress) and Condie (1979). - It is
intrusive into the mafic and ultramafic rocks in the
northern part of the mapped area. 1In this area, however, it
is also cut by the Cow Creek fault and therefore outcrops
are extensively sheared and altered. 1In fresh exposure on
the east side of the Cow Creek fault, the body is unfoliated
and is in intrusive contact with the foliated-granite.

This body is primarily a medium- to coarse-grained,
pink to tan, hornblende-biotite granite, It is
non-porphyritic and contains 15-20 percent quartz 30-40
. percent potassic feldspar, 20-30 percent plagioclase with
subordinate hornblende and magnetite. Zircon is also
present., Hornblende 1is in various stages of alteration to
biotite and chlorite, Plagioclase is andesine (An 45) and
is slightly altered to sericite. Most grains show curved,
embayed or scalloped boundaries and the overall texture is
granoblastic, Myrmekitic texture is seen in some

plagioclase,
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Cow Creek: Area 2

Ultramafic rocks of Area 2 are limited to two small
outcrops within an extensive amphibolitic terrane (PLATE 2)
and probably represent less than one percent of the total
area of Precambr ian rock. The ultramafics are
mineralogically similar to the ultramafic rocks of Area 1
but contain more magnetite and less tremolite.

Amphibolites make up about 70 percent of the
Precambrian rocks of the mapped area, decreasing in
abundance to the southwest whe:e they are intruded by a
biotite-granite, Contacts between the amphibolite and
biotite~granite appear both concordant and discordant,.
Mineralogically the amphibolites are similar to those of
Area 1, however, almandine garnet is also found. Most
amphibolites of Area 2 are fine-grained and well-foliated in
a west-northwesterly direction. Foliation dips are nearly
vertical.

Quartz-sericite schists occur as conformable units up
to 15 meters thick of unknown length within the amphibolitic
terrane. They are well-foliated parallel to the regional
foliation, The predominant minerélogy is quartz,
plagioclase, sericite, hornblende, biotite and minor
potassic feldspar. Garnet, magnetite and zircon are also
present in minor amounts. Quartz "eyes" up to 1 x 5 mm are

aligned parallel to foliation. Other metacrysts include
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pPlagioclase, potassium feldspar and garnet, The matrix is
composed of fine-grained- quartz and sericite and is also
well-foliated,

The southwestern part of Area 2 is dominated by a
well-foliated biotite-granite. Foliation 1is caused by
alignment of biotite and hornblende. Mineralogically the
rock consists of quartz, microcline, plagioclase, biotite
and hornblende, Chlorite, sericite, zircon, magnetite and
sphene occur in small amounts. The biotite-granite contains
xenoliths of amphibolite and is believed to represent the
latest  Precambrian intrusive episode in Area 2. It
preceeded regional metamorphism, however, as is demonstrated

by a pervasive west-northwest foliation,
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QUATERNARY DEPOSITS
Alluvium

Present stream terraces and associated deposits are
mapped as Quaternary alluvium. The majority of the alluvial
units are exposed in the bottom of Cow Creek in the
northeastern and southeastern part of mapped Area l; Other
alluvial units are found in Rito Chaparito Creek in the
nofthwestern part of the mapped area.

Quaternary alluvium is generally composed of
Precambrian, and to a minor extent Paleozoic rocks. No
Quaternary alluvium was mapped in Area 2 as the streams are

immature and often run on bedrock.
Landslide Deposits

Three large deposits in the west and central parts of
Area 1 are interpreted as landslide deposits on the basis of
the size of fragments, and lack of any other viable
explanatioh for their origin. The westernmost deposit
consists of large angular blocks of Paleozoic rubble which
have moved downslope along low-angle slide planes,
Precambrian rocks are obscured in the area. The other two
landslide deposits consist primarily of angular to
subangular Precambrian ultramafic blocks up to 1.5 meters in

diameter, No matrix was found as it was probably washed
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away by rains. 1In the central part of Area 1 the two
deposits are each irregular in shape but roughly 200 meters
on a side. They occur on two topographically high benches,
one directly above and to the east of the other, and
therefore the two deposits may be related to the same

landslide,
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GEOCHEMISTRY

Thirty-five ultramafic and mafic rocks from the two
separate Cow Creek field areas were analyzed for whole rock
chemistry. 1In addition 4 samples (2 ultramafics and 2
amphibolites) were analyzed for rare earth elements by
neutron activation methods described by Gordon et.al (1968)
and Condie and Lo (1971). Those samples, for which complete
major element data is available, are presented in Table 2.
Rare earth data are presented in Table 5, and together with
the major element data were used in constructing Figures
24-39, Before plotting however, all analyses were
recalculated to 100 percent after subtracting volatiles (H20
. and C02).

CIPW norms were calculated with the aid of a computer
program and are presented in Table 3. Because Fe+2 and Fe+3
were not distinguished analytically, the amount of FeO was

calculated using the method of Irvine and Baragar (1971).

Alteration

The rocks of Cow Creek could have been altered by any
one or combination of the following processes. 1) Sea floor
alteration (halmyrolisis) during formation of the rocks. 2)
Alteration during devitrification of any glassy material.

that may have existed. 3) Sodium or potassium enrichment by
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Table 4a

Selected Analyses from the Pecos Greenstone Belt Region

1 2 3 4 5 6 7
5109 43.2 59.0 49.8  53.1 76.8 75.8 75.21
Ti0» 0.10 0.44 0.61 1.25 0.11 0.09 0.15
Al,03 9.14 14.0 14.8 13.9 12,9 - 13.1 13.57
Fep03 T 14.2 8.98 10.4 12.9 1.28 . 1.15 1.43
FeO T 12.8 NR 9.4 11.6 NA NA ' NA
MgO 21.9 11.8 8.30 5.03 0.87 0.35 0.36
Ca0 7.77 11.0 12.1 9.8 0.87 0.82 1.03
Nao0 0.72 1.64 2.16 2.89 3.86 3.85 5.83
K0 0.08 0.38 0.33 0.73 3.12 4.99 0.56
MnO 0.17 0.17 0.18 0.19 NA NA 0.01
P,05 NR NR NR NR NA NA 0.03
LOT NR 0.74 1.19 0.92 NA NA 0.52
Total 97.3 99.0 99.88 100.69 99.7 100.1 95.69
Ni (ppm) 724 - 79.1 41 26.3 11.3 25.4 9
Cr 241 914 275 109 NA NA NA
Co 90.4 48.6 48.1 42.6 NA NA 8
Cu 34.8 51.3 67.3 55.5 27.4 21.4 90
Zn 102 66.4 92.7 126 28.7 61.1 12

1 - Average of 3 ultramafic samples from Area 1 collected and analyzed by
Mathewson, in progress

~ H-7-122, from Mathewson, in progress
— Pecos A, from Mathewson, in progress
Pecos B, from Mathewson, in progress
- Embudo Granite, from Mathewson, in progress

- Pecos Granite, from Mathewson, in progress

~N Oy i BN
!

- Pecos Tonalite-Trondhjemite, from Robertson, in progress

NA - Not Analyzed
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contact metamorphic effects of any of the several granitic
plutons in the area. 4) Hydrothermal alteration associated
with the volcanogenic exhalitive sulfide deposits in the
Pecos greenstone belt. and 5) Regional metamorphism.
Alteration in the Cow Creek rocks is evidenced by minerals
such as sericite and chlorite which are present in most
rocks. Several authors, Burwash and Krupicka, (1969), Hart,
(1969), Hart et.al., (1974), Condie, Viljoen and Kable,
(1977), and Smith, (1968), have discussed major and minor
elément mobilization during seafloor alteration and
metamorphism, They have  concluded that metamorphic
alteration during low grade metamorphism effects both the
LIL elements as well as the alkalis but does not appreciably
affect the bulk chemistry in the rest of the rock.
Halmyrolisis tends to enrich potassium and oxidize iron to
.Fe203, but the effect on the other major elements appears to
be small. Sodium and -potassium have been enriched in
several of the Cow Creek samples which were collected near
the contact with the tonalite-trondhjemite unit. This
enrichment is attributed to metasomatism and is restricted
to the immediate vicinity of the contacts with the mafic and
ultramafic rocks, These samples are éasily distinguished
from unaltered samples when plotted on a Na20+K20 vs §i02
diagram such as Figure 38. 1In all of the other chemical
variation diagrams used in this section the Cow Creek rocks

consistently plot in relatively tight groups, therefore it
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is believed by the author that major element alteration has
been minimal in the Cow Creek area. This is also supported

by the normative mineralogy as presented in Table 3.
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Ultramafic Rocks and Amphibolites

Table 4 contains chemical analyses from mafic and
ultramafic rocks from Archean, Proterozoic and Phanerozoic
terranes throughout the world. Table 4a contains analyses
from similar rocks from within the Pecos greenstone belt.
These analyses are presented to give readers a gquick
reference to similar rocks which will aid in following
discussions.

In Figure 24, a plot of weight percent T102 vs. MgO,
from Naldrett and Cabri (1976), the dashed outlined area
represents the komatiitic field as defined by samples from
the Barberton region of South Africa, the Yilgarn and Pilbra
. blocks in Australia and Munro Township in Ontario, Canada.
Samples which plot within or near the field outlined are
generally considered to be komatiitic. It is important to
notice that both Area 1 and Area 2 Cow Creek ultramafic
rocks meet this criteria. There 1is, however, a distinct
separation on the diagram between the rocks of Area 1 and
those of Area 2. 1In addition the amphibolites of Area 2
contain  more than twice the amount of T102 as the
amphibolites of Area 1.

Figure 25 is a plot of weight percent Al203 wvs.
FeO/Fe0+Mg0 also from Naldrett and Cabri (1976). Samples
which plot above the line are defined as komatiitic if they

also meet the criteria of the TiO2 vs. MgO plot in Figure

24. It is again interesting to note the distinct separation
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of the samples in Area 1 from those of Area 2. Also notice
that one Area 2 ultramafic sample does not fit this
criteria.

Figure 26 is a Jensen(1976) cation plot. As with the
plots discussed previously, the ultramafic rocks of Cow
Creek clearly plot within the ultramafic and basaltic
komatiitic fields. This plot has its advantages over the
standard AFM diagram (Figure 37) which may show a tholeiitic
trend to the Cow Creek rocks but lacks the ability to
distinguish between different volcanic trends other than
tholeiitic and calcalkaline.

On the Jensen plot the Cow Creek Area 1 amphibolites
overlap the basaltic komatiite field and the high magnesium
tholeiite field. The chemical gap between the two field
areas 1is again evident and appears to be real., Also notice
that one of the ultramafics from Area 2 plots away from the
other Area 2 rocks. BSelected amphibolite anélyses from the
Pecos greenstone belt .to.the west of Cow Creek (Robertson,
J.M., in progress) are plotted on this diagram for
compérison between the Cow Creek rocks and the rest of the
greenstone belt,

Viljoen and Viljoen (1969a) usedo Ca0/A1203 ratios to
distinguish between various types of ultramafic rocks in
South Africa. Komatiites according to their definition
possess Ca0/A1203 ratios greater than 1.0. Since a
Ca0/A1203 ratio of greater than 1.0 would exclude some oOf

their original samples and would exclude many other rocks
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worldwide with other grossly similar chemical and physical
characteristics, Nisbet et. al. {(1977) and Arndt et. al.
(1977) have amended the ratio to be greated than 0.8.
Figure 27 1is a plot of Ca0 vs. Al203 after the Viljoens
(186%a), and includes a 0.8 1line after Nisbet et. al.
Almost all Cow Creek ultramafic rocks plot well above the
0.8 line. Several of the Cow Creek ultramafic rocks however
do not have CaO/Rl203 ratios of greater than 0.8. One of
two possibilities may account for this: Clinopyroxene
accumulation or lack of accumulation in the magma at the
source, or Ca addition or Al removal during metamorphism,
Neither possibility can be supported nor discounted at this
point.

The Viljoens (196%9a) also used a ternary plot of
Mg0,Ca0,A1203 to distinguish between various types of
meta~tholeiites, ultramafic komatiites, peridotitic
komatiites, peridotites and picrites. Figure 28 has the
various fields which they describe as well as a slightly
modified komatiite-tholeiite trend after Condie (1980, in
press). Nearly all Area 1 and Area 2 ultramafic and mafic
rocks fall within the komatiite-tholeiite trend. It is also
interesting to notice that all amphibolite samples plot
within or near the tholeiitic end of the diagram as
described by Condie or near the meta-tholeiite field

described by the Viljoens.
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Figure 27
1969a)

(Viljoen and Viljoen,
1977
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The Viljoens (196%9a) diagram of MgO vs. Fe0O (Figure
29) also distinguishes the komatiite trend. None of the Cow
Creek samples plot near the Peridotité field however they do
fall within or near the komatiite trend. One ultramafic
sample from Area 2 however, does not follow this.

Muir (1979) used a series of trace and major element
chemical variation diagramé to distinguish between intrusive
and extrusive ultramafic rocks. His. extrusive wultramafic
rocks consisted of peridotitic komatiites from South Africa,
Australia and Canada. 1Intrusive rocks include dunites and
lherzolites. All types and degrees of alteration were
considered. After considering both chemical and physical
characteristics of all types of ultramafic rocks, Muir
established what he considered to be intrusive (I} and
extrusive (k) fields which are indicated on his diagrams
(Figures 30~35). These fields are established with 92-96
percent accuracy. Almost all Cow Creek ultramafic rocks
plot within the extrusive fields on all of Muir's diagrams.

Figurés 36 and 36a are chondrite-normalized REE
diagrams for ultramafic and mafic ‘rocks of Cow Creek.
Plotted along with the 4 analyses done by the author are two
analyses of ultramafic rocks from Cow Creek, one Area 2
amphibolite, and two amphibolite analyses from the middle
and southern part of the Pecos greenstone belt after
Mathewson (in progress). Notice the overall flat patterns,
and the slightly positive Eu anomaly in the ultramafic

rocks, The positive Eu anomaly may or may not be real
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however, as REE analysis by neutron activation methods,
below 10x are often suspect. In the amphibolite analyses
there 1is also a slight depletion of light REE. Notice that
the ultramafic rocks plot near or within the Komatiitic
field as defined by Arth et.al. (1977).

Figure 37, from Irvine and Baragar (1971), 1is a
Stahdard AFM diagram used to distinguish between tholeiitic
and calcalkaline volcanic rocks. Samples from the Pecos
greenstone belt (after Robertson, J.M., in progress) are
ploted along with the rocks from both Area 1 and Area 2.
Almost all samples plot within the tholeiite field.  Those
few samples that do not plot within the tholeiite field
appear to be enriched in the alkali elements as a result of
. close contact with a granitic body.

The Viljoens (1969a) also used a plot of Na20+K20 vs.
S102 to distinguish between the alkalic, tholeiitic and
ultramafic rocks of South Africa. Figure 38 clearly shows
that the Cow Creek amphibolites have tholeiitic affinities.
The 3 samples that plot within the alkali field of Figure 39
are clearly enriched in sodium (Table 2).

Determination of tectonic setting of amphibolites has
been attempted by Pearce et,al,. (1977), using whole rock
geochemistry (Figure 39). It is important to notice here
that the amphibolites of Area 2 (triangles) plot within the
oceanic island field while the amphibeolites of Area 1

(circles) plot within the MORB field. The same samples from

the Pecos greenstone belt (squares, used in figure 31) are
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ploted with the Cow Creek rocks for comparison. It should
be kept 1iIn mind that Pearce et.al. used data from
Phanerozoic volcanics in constructing the diagram and

caution should be used in fitting Precambrian data to it.

Granitic Rocks

Chemical analyses from the Pecos granite along Cow
Creek (Mathewson, in progress), the Cow Creek
tonalite-trondhjemite (Robertson, J.M., in progress) and the
Embudo granite are all included. No interpretation was
attempted as the emphasis of the thesis is confined to the

mafic-ultramafic rocks.
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METAMORPHISM

The Precambrian rocks of Cow Creek appear to have
undergone at least one major period of regional
dynamothermal metamorphism to the lower amphibolite facies
which caused jointing and subsequent retrograde metamorphism
to the greenschist facies. Because retrograde minerals are
superimposed over the original metamorphic assemblages,
identification of stable assemblages is difficult,
Retrograde mineral reactions which have been identified
include chloritization of biotite, chlorite and tremolite

after hornblende and sericitization of feldspars.,
Mafic Rocks

Mafic rocks of Cow Creek appear to have been regionally
metamorphosed to amphibolites of the lower amphibolite
facies. Amphibolite facies mineral assemblages which are
observed include hornblende + oligoclase + epidote + quarfz
and hornblende + andesine + epiaote + ‘gquartz. According to
Miyashiro (1973): Since actinolite (tremolite) occurs in
greenschist facies metabasites and coexists with hornblende
in the transition =zone to an epidote-amphibolite facies
zone, the boundary between the greenschist and
epidote-amphibolite facies lies at the temperature where the

dominant calcic amphibole changes from actinolite

(tremolite) to hornblende. This is at approximately 500
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degrees C at 3 Kbar. Since hornblende and tremolite
alternate as the dominant amphibole in the Cow Creek rocks,
it is believed that at least this degree of metamorphism was
reached, After metamorphism to the epidote-amphibolite
facies, subsequent retrograde metamorphism produced the
assemblage actinolite (tremolite) + <chlorite + epidote +
albite which is characteristic of greenschists, Miyashiro
(1973). Actinolite may be absent and quartz may be present
in certain rocks. Biotite may also be present in amounts up
to 10 percent. Almandine garnet is present in one sample
but does little except to establish a lower 1limit for
temperature and pressure (500 degrees C at 0.5 Kbar,
Miyashiro (1973)). Almandine garnet is thought to require
reducing conditions for formation (Hsu, 1968, referenced in
Miyashiro (1973), p. 260). If true it is not exactly
understood what role this would play in the metamorphism of
the Cow Creek focks.

Plagioclase has compositions ranging from albite, AnS,
to andesine/labradorite, An50. Since mineral assemblages in
the Cow Creek area are indicative of both greenschist and
amphibolite facies, the high anorthite content of some rocks
is not considered unusual. Condie and Budding (1979), have
noticed the same high anorthite contact in Precambrian rocks
in south and central New Mexico. They attribute it to
incomplete recrystallization of mafic rocks formed at

initially high temperatures, and subsequently metamorphosed

to greenschist facies. Winkler (1976) and Miyashiro (1973)
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both state that the anorthite content increases with
metamorphic grade, although they also point out that this is
not always true and other criteria must be used in
conjunction with the anorthite content before an accurate
determination of metamorphic grade can be made.

Because excess silica is a criteria for ploting on  the
ACF diagram, Miyashiro (1973), and because none of the Cow
Creek ultramafic rocks exhibit free quartz, only
amphibolites from the Cow Creek area have been plotted
(Figure 40). The initial oxide compositions (Table 3) are
corrected for accessory minerals (sphene, muscovite,
sericite, biotite and magnetite) as outlined by Winkler
(1976, p.37-40). The mafic rocks plot very near the
anorthite-~hornblende and the epidote~actinolite joins,
indicating that assemblages of both amphibolite and
greenschist facies .could be expected. These predicted
mineralogies agree very well with the observed mineralogies
(APPENDIX C) seen in the Cow Creek rocks, Because the major
rock ty?es involved in metamorphism in Cow Creek
(ultramafics and mafics) are easily ‘altered, only a few
primary textures have been preserved. Most have been
obscured by the development of a pervasive foliation, and

decussate texture. Some small scale folding is found.

Cataclasis, the final stage of dynamothermal
metamorphism, is evident by bent twin lamellae in
plagioclase and hornblende, strain fractures, mortar

texture, exsolution of feldspars into perthite lamellae and

minor sericitization of feldspars.
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Ultramafics Rocks

Metamorphism of ultramafic rocks requires the presence
and access of H20 and/o: CO02. H20, commonly available from
surface percolation and various mineralogical breakdowns,
converts wultramafic rocks to serpentinites consisting of
antigorite (variety of serpentine), tale, quartz, and
magnetite, Winkler (1976). This reaction can take place
within 100 meters of the surface as seen in the Belingwe
greenstone belt, Rhodesia, Nisbet et.al., (1977). Because
ultramafic rocks are so easily weathered, the - above
‘assemblage may be assumed to closely approximate the
preburial lithologic assemblage of the Cow Creek ultramafic
_ rocks.,

To define the maximum metamorphic facies reached in Cow
Creek by using ultramafic mineral assemblages is difficult.
Certain minerals, nonetheless, can be easily eliminated from
consideration as indicators of metamorphic grade. The
presence of Al203 gives rise to high-Mg chlorite in
metamorphosed ultramafic rocks, Winkler (1976). This
high—Mg»chlorite is stable into medium and even high grades
of metamorphism where it often occurs with enstatite,
forsterite and magnetite, Evans and Trommsdorff (1970).
Antigorite which forms at essentially surficial conditions
is also stable to high grades of metamorphism, Evans and

Trommsdorff (1970). Diopside can form at temperatures
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between 370 and 470 degrees C, at pressures between 0.2 and
5 Kb, and together with serpentine and in the absence of CO2
will persist to high temperatures in the presence of other
minerals, Evans and Trommsdorff, (1970). Low CO2 activity
in the Cow Creek ultramafics is indicated by the presence of
serpentine and lack of magnesite; dolomite and quartz,
Winkler (1976). Since high-Mg chlorite, antigorite and
dicpside (clinopyroxene) are stable in a wide variety of
temperatures they are not used in the determination of the
metamorphic facies. As temperature increases diopside

undergoes the following reaction, Winkler (1976):

5 serpentine + 2 diopside = 1 tremolite + 6 forsterite + 9

H20

This tremolite forming reaction requires the activity of H20
to have been high to initially form serpentine. High H20
activity is indicated in the Cow Creek rocks because mineral
assemblages which £fill fractures (tremolite and chlorite)
are the same as those assemblages in the country rock, Evans
and Trommsdorff (1970). The reaction to form tremolite and
forsterite first occurs at amphibolite facies temperatures
and pressures, Evans and Trommsdorff (1970). If the
assumption 1is made that tremolite and forsterite were
stabilized together at a temperature of 500-600 degrees C,

then altered by retrograde reactions the current mineral

assemblages in the Cow Creek rocks would be expected.
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It must be pointed out that because Adetermination of
metamorphic grade in ultramafic rocks is difficult, the
possibility exists that the 600 degree temperature was
reached, exceeded or was not reached at all. The Mg-rich
olivine, forsterite, could be present at a lower temperature
in the rock if it was present as an original constituent.
For normative mineralogy see Table 3. Alteration at
slightly lower temperatures would also be expected to
produce the same mineral assemblages as are now Seen.
Tremolite can be formed by alteration of clinopyroxene and
forsterite as is some high-Mg chlorite according to the
élteration sequence in Table 6,

In conclusion the wultramafic and mafic mineral
_ assemblages probably indicate metamorphic grades of at least
epidote-amphibolite facies, which have been retrograded to
greenschist facies, The temperature range of 450 to 600
degrees C is indicated at pressures from 1 to 4 Kbar,
Winkler (1976), Miyashiro (1973) for the epidote~amphibolite

facies metamorphic event.
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STRUCTURE

The structure of both areas is fairly complex,
reflecting remnant Precambrian foliations and small-scale
folding agssociated with the regional dynamothermal
metamorphism. At least one post-metamorphic felsic
intrusive has caused migmatization and small scale folding
along it's intrusive borders in Area 1. A premmetamorphic
felsic body is intruded into the rocks of Area 2 and now

reflects the regional west to northwest foliation pattern.

Foliation

Foliations are best developed in medium-grained highly
chloritized ultramafic units and some medium-grained
amphibolites. - Throughout both mapped areas foliations
generally strike in a west-north-west to northwest direction
and dip either steeply to the south or nearly vertically.
Exceptions are seen, The cause of this foliation is
believed to be a regional dynamothermal metamorphic event.
A separate, second northeast foliation is seen in the mafic
and ultramafic units of Area 1 within a few hundred feet of
the tonalite-trondhjemite contact, This second foliation
generally strikes approximately parallel to the intrusive

contact and dips from 32 to 85 degrees away from it.
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Intrusion of the tonalite-trondhjemite also created a
prominent internal foliation. This foliatioﬁ is parallel to
subparallel to the intrusive contact and dips rather steeply
beneath the mafic-ultramafic complei in most places (Plate
1). This internal foliation in the tonalite-trondhjemite is
believed to reflect a primary flow structure developed
wiﬁhin the unit dur ing its molten stage, The
foliated-granite also probably recieved it's foliation

during this metamorphic event.
Joints

At least three sets of joints are recognized in the Cow
Creek Area '1 rocks. One generally strikes northerly, one
westerly and the third either northwesterly of north
easterly. Dips vary from 30 degrees to vertical. Because
outcrop in the area was limited to about 10 percent and
because joints only appeared in a few outcrops information
is limited. The joints may have been formed during the
waning stages of the metamorphic event or could also have

been formed by any other event up to Tertiary time.
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Faults

No faults were found in Area 2 (Plate 2) so the
following discussion relates only to Area 1. Faults are
pPresented in their chronological order as interpreted by the
author.

The oldest major fault to occur in the study area
separates the tonalite-trondhjemite from the
foliated-granite. This fault forms a brecciated zone
approximately 30 meters wide composed of fragments of both
rock types. Striations on shear planes striking parallel to
the strike of the fault are seen throughout the zone and
indicate vertical or near vertical movement. Much of the
sheared rock exhibits cataclastic textures, although some
undeformed rock fragments are found.

Possibly contemporaneously with the faulting of the
foliated-granite a second parallel to sub-parallel fault
formed. This second fault is now completely obscured by
alluvium deposited by Cow Creek. Indirect evidence for this
fault is in the form of shear Planes along both sides of Cow
Creek in the central part of the mapped area. These shear
pPlanes exhibit vertical striations which are totally
serpentinized. Further circumstantial evidence is indicated
by comparing the overall character of the rocks on the
southeast side of the creek to that of the rocks on the

northwest. The rocks on the southeast represent the best

exposures of polygonal fractures, fine-grained margins,
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pillow-like structufes and cumulus textures. These features
along ‘with the thin alternating amphibolite/ultramafic/
amphibolite character of the rocks, are in sharp contrast to
the more massive character of the rocks on the northwest
side of the creek.

The most prominent structural feature in the area is
the Cow Creek fault and’is located in the eastern part of
the mapped area. This fault forms a brecciated zone up  to
150 meters wide. It strikes almost due north-south and
appears to dip vertically (Plate 1). The age relationships
of this fault are difficult to determine although it
crosscuts all Precambrian units in the mapped area.
Mathewson (in progréss) mapped the Cow Creek fault as
connecting to another north-south fault that is exposed in
Bear Creek to the north. He further mappea this fault as
crosscutting Paleozoic strata. BRetween this "Bear Creek"
fault and Cow Creek he infers that the Cow Creek fault also
cuts Paleozoic rocks. No evidence to support or discount
this interpretation was found during this study.

Minor faulting is present in the horthwest part of the
area along the northeast side of Rito Chaparito. Thése
faults definitely cut the Paleozoic strata and appear
vertical and down to the north. They may or may not be
related to the Laramide Orogeny which formed the Sangre de

Cristo Mountains.
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Folding

Small scale folding (Figure 41), on a centimeter scale,
is occasionally seen. Larger scale folding however, may be
obscured by the extensive vegitative cover and lack of good

outcrop or may be absent.



Figure 41. Small scale folding in ultramafic rock of Area 1.
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DISCUSSION
Nature of the Ultramafic Rocks:

The identification of any rock type should be carefully
based on both physical and chemical criteria. One must,
however, be careful when working in metamorphic terranes.
Because of the extensive recrystallization and amount of
deformation that occurs, original textural features are
often obscured or obliterated. In the rocks of Cow Creek
this is the case, although some relict textural features
remain, As stated previously it is not believed that any
.alteration has greatly affected the whole rock chemistry
although some local sodium and potassium enrichment has
occurred.

Ultramafic rocks of many types occur in a variety of
tectonic settings, as présented in Table 1 and described by
Naldrett and Cabri, (1976). Determination of tectonic
setting requires a comprehensive look at the regional
geologic picture. 1In New Mexico the regional geology seems
to confine possible Precambrian tectonic settings to
extensional types such as, 1) Paleo-rift, or 2) a
paleo-back-arc basin - Island-arc assemblage, Condie (1980),
Condie and Budding, (1979), Robertson, J.M., personal
communication, Condie, personal communication). If either
of the two postulated settings is correct, the Cow Creek

ultramafic rocks formed in an active orogenic area, at least

according to Naldrett and Cabri's, (1976) definitions.
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The Cow Creek ultramafic rocks do not appear to be
Alaskan type complexes because they lack concentric zoning
and are not surrounded by an extensive gabbroic terrane
(further discussion of Alaskan type bodies ‘is given in
Wyllie (1967). Alpine~type bodies can also be eliminated
from consideration based on the following observations: a)
Cow Creek rocks do not fit the chemical criteria for alpine
type bodies as defined by Irvine and Findlay (1977). b) It
is believed that alpine-type bodies are emplaced as solid
maﬁtle material and they often occur as breccias along
thrust faults., The Cow Creek. rocks do not exhibit any
evidence of having ever been involved in thrusting and
éppear to have been emplaced as a silicate melt. ¢}
Alpine-type bodies are characterized by podiform chromite
deposits which are lacking in the Cow Creek rocks. and d)
Mafic plutonic rocks associated with alpine-type bodies are
Calc-alkaline (Thayer in Wyllie (1967)) and from Figures 26
and 37 it can be seen that the amphibolites of Cow Creek are
clearly tholeiitic.

Ultramafic bodies emplaced in active orogenic areas,
contemporaﬁeous with eugeosynclinal volcanism as seen in
Table 1 are divided into the tholeiitic suite and komatiitic
suite. The tholeiitic suite is subdivided into the picritic
subtype and anorthositic subtype. The latter can be
eliminated simply based on the present mineralogy of the Cow

Creek rocks. The Picritic subtype can also be eliminated
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since the present mineralogy and normative mineralogy (Table
3) suggest that the Cow Creek rocks could have not contained
enough olivine to have been picrites. Further differences
are indicated chemically. The Cow Creek rocks consistently
have less CaO, Al203 and T102 than do picritic rocks, some
analyses are given in Wyllie (1967). If the Cow Creek rocks
do not belong to the fholeiitic suite, they must be
komatiitic.

Komatiites are defined by wusing both chemical and
textural criteria, Chemical criteria have been well defined
by various authors, Brooks and Hart (1974), Nigbet et. al.
(1977), Viljoen and vViljoen (1969a), etc., and the criteria
of Brooks and Hart as modified by Nisbet et. al. are used
in this study. Komatiites are characterized by high MgO
content (>9.0 percent), high Ca0/Al1203 ratios (>0.8, Nisbet
et. - al. (1977}), Ti02 and K20 <0.9 percent, $i02 is less
than 53 percent and A1203 is less than 10 percent. Arndt
et, al. (1977) subdivide this classification on the basis
of MgO. They identify peridotitic komatiites as having >20
percent MgO, pyroxenitic komatiites as having MgO between 12
and 20 percent, and basaltic komatiites as having MgO
between 9 and 12 percent. Many authors, Viljoen and Viljoen
(1969a), Naldrett and Cabri (1977), Jensen (1976), Condie
(1980) , Muir (1979) and others, have used chemical variation
diagrams in successful and unsuccessful attempts to

distinguish komatiites from other types of ultramafic rocks.

Figures 24 to 39 have been presented elsewhere in this
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thesis, It can be seen from these and an examination of
Table 2 that the majority éf the Cow Creek ultramafic rocks
clearly meet all chemical criteria to be classified as
either pyroxenitic or peridotitic komatiites.

Only one textural feature 1is used in defining
komatiites, This texture reflects rapid ctystal growth and
is called "gpinifex texture"., The texture is formed when
large lath-like olivine or clinopyroxene crystals are
created by quenching or rapid cooling <¢f the ultramafic
liguid. Spinifex texture is well-documented by the Viljcens
(1969a and 1969b) and Pyke et. al. (1973). This texture
has not been positively identified in the Cow Creek rocks,
although its presence is suggested in several places in both
hand specimen and thin section, Figure 10 is a photo of a
hand specimen and Figure 10a 1is a photomicrograph of
radiating tremolite, probably after clinopyroxene, In
Figures 42 and 42a Figure 1l0a is compared to amphibole
spinifex (probably after clinopyroxene) from komatiitic
rocks in the Archean Pilbra block of western Australia.
Extensive recrystallization due to metamorphism and
alteration in the Cow Creek rocks may account for the
differences. Other textural features which are suggestive
of komatiites but are not definitive include chilled-margins
and pillow-structures. Cumulus textures have also been
described from the lower parts of flows and in hypabyssal

equivalents of komatiites in both the Munro Township and

western Australia. Fine-grained margins suggestive of
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Figure 42a. Photomicrograph of amphibole spinifex, probably after
clinopyroxene, from western Australia, 10x, plain light.
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chilled-margins (FigureAB), cumulus textures (Figure 11) and
pillow-like structures (Figures 6 and 7) have all been
identified in the Cow Creek rocks. A 3 meter thirk
polyhedrally jointed flow-like ultramafic wunit has been
found in Cow Creek (Figure 43). This unit appears to
closely resemble the majority of flows in the Munro township
of Ontario, Canada, Figure 44, from Arndt et. al. {(1977) .
Cow Creek ultramafic rocks appear to exhibit many of
the textural features (lacking only well documented spinifex

texture) suggestive of komatiites.
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Figure 43 Figure 44

Figure 43. Polyhedral jointing in an ultramafic flow from Cow Creek,
Area 1.

Figure 44, Type '"C" flow from the Munro Township, Ontario, Canada.
(from Arndt et. al., 1977)

A) Chilled flow top with fine polyhedral jointing.

B) Main part of flow, medium to fine peridotite with
coarse polyhedral jointing.
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Relationship of Ultramafic to Mafic Rocks:

The occurrence of ultramafic rocks and mafic rocks
together in the basal sections of Archean greenstone belts
has been well documented (Viljoen and Viljoen, 1969a;
Arndt, Naldrett and Pyke, 1977: Bickle, Martin and Nisbet,
1975; Nesbitt and Sun, 1976; McCall, 1973: and others).
This association often consists of high-Mg tholeiitic
basalts interbedded with basaltic or peridotitic komatiites.
Peridotitic komatiites of Proterozoic or younger age are
uncommon, although a few pyroxenitic and basaltic varieties
have been reported from Newfoundland (Barton, 1975), India,
(Gupta et.al., 1980), and the Cape Smith Fold Belt of
northern Canada, (Francis and Hynes, 1979). Francis and
Hynes used the Jensen Cation Plot (Figure 26) to define a
differentiation +trend from ultramafic komatiites to high-Mg
tholeiites thus suggesting a chemical link between the two
rock types based on cation chemistry. This trend is exactly
the same as that displayed by the Cow Creek Area 1 rocks.

The AFM diagram has also been used by several authors,
Gupta et.ai. (1980) and McCall (1973) in attempts to define
chemical trends and establish genetic links between various
rock types. McCall (1973) attempts to show differentiation
trends from komatiites to tholeiites. He suggests that the
highly magnesian komatiitic rocks of South Africa discussed
by the viljoens (1969%a, and 1969b) might be an extension of

the abyssal tholeiite association. Whether or not he is
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correct is open to Jebate but Figure 37 seems to suggest
that the wultramafic rocks of Cow Creek may be a highly
magnesian extension of the mafic tholéiitic rocks.

Rare earth element patterns of the ultramafic and mafic
rocks of Cow Creek are similar (see Figures 36 and 36a).
The ultramafics have slightly positive Eu anomalies and an
overall flat pattern. Thé amphibolites also have a overall
flat pattern and are slightly depleted in light REE, which
is common in many basaltic komatiites. This evidence seems
to suggest that the ultramafic and mafic rocks, at least at
one time, may have shared a common parent magma.

Naldrett and Cabri (1276) suggest a method whereby both
mafic and ultramafic magmas could arrive in the same place
at essentially the same time and share a common origin.
Figure 45 1is after Naldrett and Cabri (1976) as modified
after Clarke and Ringwood (1964) and Green (1975).

Mantle material at point A will have a teﬁperature
slightly above the solidus and result in 1its being
approximatély 5 percent moltenf Any slight perturbation
might cause a mass of this material, pérhaps several tens of
kilometers in diameter, to move upward as a diapir. Thermal
conductivities of the rocks being intruded are so low that
the rise of the magma is essentially adiabatic, along ABCD.
The tendency to rise would be reinforced by the hot material
expanding as it moves upward into a lower pressure
environment and therefore assumes a lower density than its

surroundings. By the time the diapir reaches point B, 25 to
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30 percent would have been liquid and this liquid of
basaltic composition would.have separated from the unmelted
residuum to rise to the surface along the non-adiabatic
curve Bﬁ. ‘Continued rise of the unmelted residuum of the
diapir from B to C would result in a further melting.
Perhaps as much as an additional 30 percent; {The contours
are no longer directly applicable to this depleted
refractory material). Separation of a second more magnesian
ligquid at C gives rise to intrusion or extrusion of a
high~temperature ultramafic magma at point E. In this
manner both a relatively low temperature basaltic
(high~-Mg-tholeiite) magma and a high temperature
(komatiitic) magma could share a common origin and still
solve the two magma dilemma.

The above lines of evidence, Jensen Cation Plot (Figure
26), AFM diagram (Figure 37), REE plots (Figures 36 and 36a)
and the work of Naldrett and Cabri (1976, Figure 45)
combined with field relations discussed in earlier sections,
suggest that the Cow Creek mafic and ultramafic‘rocks could

have originally shared a common parent rock.
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Significance of Komatiites and Relations to the

rest of the Pecos greenstone belt:

Many rock types can exhibit komatiitic chemistry,
therefore, for a rock to be considered komatiitic it must be
shown that the rock was emplaced as a silicate melt. This
is done by textural evidence such as spinifex texture,
pillow structures, chilled margins etc, Once their
extrusive, volcanic nature is established, as with the Cow
Creek rocks, the question that arises is, how do these rocks
relate to the regional Precambrian geologic picture?

Komatiites have been interpreted as forming in varied
tectonic settings by authors other than Naldrett and Cabri.
A back-arc marginal basin environment is favored by Brooks
and Hart (1974), Bickle et, al. (1975) and Condie and
Harrison (1976), sea - floor, ..Glickson (1971), and Gale
(1973), meteor impact, ‘Green (1972) and primative crust,
Viljoen and Vviljoen (1969b). Since, as pointed out by
Brooks and Hart (1974), it is clear that other rocks of
peridotitic komatiite chemistry occur in diverse tectonic
regimes, (for example, alpine- and high-temperature
peridotites, peridotite-nodules, sea floor peridotites, and
ophiolite complexes) throughout geologic time, the general
chemical character is not helpful in specifying the tectonic

setting.
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In order ' to speculate about the possible tectonic
settin§ of the Pecos ggeenstone belt at the time of
emplacement of the Cow Creek komatiites, field relations
must be heavily relied upon. Quartzites overlie the more
typical greenstone terrane composed of bimodal volcanics,
volcaniclastics and sedimentary rocks. The bimodal
volcanics in the Pecos greenstone belt (described by
Robertson, J.M., in progress) tend to indicate a éxtensional
environment. The greenstone belt lacks andesites and
graywackes, Robertson and Moench (1979), and theretore it is
most llkely that the Pecos greenstone belt represents g
series of bimodal volcanics, volcaniclastics, and subaqueous
sediments which have been deposited in an extensional
"environment, This 1is also sﬁpported by Condie (1980), and
Condie and Budding (1979). It must be emphasized that the
presence of komatiites neither adds nor subtracts evidence
from this interpretation.

The Cow Creek ultramafic and amphibolitic rocks appear
to be chemically related to the mafic rocks of the Pecos
greenstone belt as shown in Figures 26, 36a and 37. Francis
and Hynes (1979), discuss the relationship between
komatiitic rocks and their relationship to the tholeiitic
suite wusing the Jensen Cation Plot. 1In Figure 26 it can be
seen that the same relationship exists for the Cow Creek
rocks and therefore it is suggested that the Pecos
greenstone belt amphibolites are chemically related to the

Cow Creek rocks.
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ECONOMIC POTENTIAL OF THE COW CREEX ROCKS

Most major nickel, nickel-copper, chrome and platinum
deposits are associated with ultramafic or very mafic rocks.
Naldrett (1973) discussed the various types of ultramafic
bodies and their potential for economic sulfide deposits.
He concluded, after examining most nickel and nickel-copper
deéosits worldwide, that alaskan-type and alkalic ultramafic
bodies appear to be poor bets as exploration targets.
Chrome and platinum deposits are usually associated with
large layered mafic-ultramafic intrusions and are therefore
not 1likely in the Cow Creek rocks. Again on the basis of
existing deposits, he also concluded that Archean and
. early-Proterozoic (> 1.7 b.y.) ultramafic bodies are more
likely hosts for massive nickel and nickel-copper sulfides
than younger bodies and that extrusive lens-like ultramafic
bodies occurring in Archean and early Proterozoic greenstone
belts form one of the most important classes of ultramafic
rocks in terms of their potential as hosts for nickel and
nickel-copper ores. In Figure 46, Naldrett and Cabri (1976)
attempted to use Cu/Cu+Ni ratios to characterize ultramafic
komatiites from other ore bearing types of mafic and
ultramafic rocks. The Cow Creek ultramafics clearly plot
within the komatiitic field and therefore fit this criteria,
as being good potential sources of nickel or nickel-copper
sulfides. Sulfide ores in ultramafic komatiites are,

however, generally confined to the olivine bearing variety,
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and also exhibit a c¢lose association to carbonaceous
material. Olivine was probably a minor constituent in the
Cow creek rocks as evidenced by the lack of olivine
alteration products (such as serpentine and talc),
anomalously low values for nickel and chrome when compared
to olivine bearing komatiites (compare Table 2 to Table 4),
normative mineralogy (Table 3) and comparison of MgO
contents. Carbonaceous material is conspicuously absent in

the Cow Creek rocks.

Future Prospects for Cow Creek

Since rock exposure is at best, only 10 percent, there
is a chance that sulfides remain undiscovered in the Cow
Creek Complex, and that sampling of the ultramafic rocks has
been somehow biased. If however, as indicated by trace
metal concentrations, lack o©of alteration products, MgO
contents and normative mineralogy (Table 3), the Cow Creek
komatiites are olivine poor and were not associated with
carbonaceous material, the outlook is only fair at best.

Possible exploration methods fof the future could
include a detailed geochemical study including the method
ocoutlined by Naldrett and Gasparrini {1871). This method
points out that the high sulfur fugacity associated with
sulfur-rich magmatic ores requires a high oxygen fugacity in

the environment of the ores. This high oxygen fugacity zone
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in turn may be recognized by a high Fe 3+ : Fe 2+ ratio in
coexisting chrome spinel. No spinels were secen during this
study. Sulfide~rich country rocks, zones of nickel
depletion in peridotite and peridotite characterized by
chrome spinel with a high Fe 3+ : Fe 2+ ratio  are
apparently good omens in the exploration for nickel sulfide
deposits associated with peridotites. As can be seen from
Figure 47, ultramafic komatiites form gocd exploration
targets for nickel sulfides of economic concentration with
the exceptioné being the Sudbury irruptive and intrusive
equivalents of flood basalts. Since exploration of
disseminated deposits such as found in the Stillwater and
Duluth complexes carfy heavy environmental conseguences,
massive sulfide deposits (such as those associated with
ultramafic komatiites) mineable by underground methods will

be the way of the future.
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GEOLOGICAL HISTORY AND CONCLUSIONS

The geologic history of the Cow Creek rocks include
events ‘from middle Precambrian to early Tertiary time,.
These include at least six intrusive events, two
deformational events, one major progressive metamorphic
event and one retrograde metamorphic event, The major
events in this history are outlined below.

1) The oldest rocks in the area are kelieved to be the
mafic and ultramafic sediments and volcaniclastic rocks.
These rocks are crosscut by both mafic and ultramafic
intrusive rocks which are inturn intruded by granitic rocks.
These rocks were deposited on an unknown surface now totally
. Obliterated by subsequent metamorphic, structural and
intrusive events, The sediments and volcaniclastics may
have been subaqueous as suggested by their thin laminar and
fine grained character,

2) Intrusion and extrusion of the ultramafic and mafic
rocks occurred after or during deposition of the sediments
and volcaniclastics. Contemporaneous with sedimentation was
also some extrusive activity. Evidence of this relationship
includes metabasalts which are interbedded with the
sediments and volcaniclastics, chilled margins, polygonally
fractured flows, pillow-like structures, xenoliths of
amphibolite in ultramafic rock, <cumulus textures and

crosscutting relations.
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3) Following the ultramafic and mafic igneous activity
diorites and quartz diorites were intruded. The genetic
relationship if any to the mafic and: ultramafic rocks is
unknown,

4) The intrusion of the tonalite-trondhjemite formed
crosscutting relations with the mafic-ultramafic complex.
If the tonalite-trondhjemite of Cow Creek represents part of
a subvolcanic intrusive complex and is correlative to the
tonalites in other parts of the Pecos greenstone belt, it is
probably about 1718 million years old.

5) Foliated Quartz-monzonite cuts across the foliation
in the mafic‘ and ultramafic rocks and it's intrusion was
probably the next event to occur. Associated dikes are all
discordant to mafic and ultramafic contacts. Major sodium
and potassium enrichment occurred locally near these dikes.

- 6) Embudo granite emplacement at 1638, Fullagar and
Shiver (1973), to 1400 million years, Long (1974), occurred
in a widespread event throughout the Pecos greenstone belt
region. Tﬁe foliated~granite is believed to be correllati&e
to this intrusive episode.

7) Burial and regional dynamothermal metamorphism 1is
the next recorded event. The major foliation was
established which is now in a northwesterly direction. The
sedimentary, volcaniclastic, ultramafic, mafic, diorite and
quartz diorite rocks all reflect this period of deformation

and metamorphism to the lower amphibolite facies.
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8) FEmplacement of the Pecos Granite (Unfoliated-
Granite) 1is believed to represent the latest Precambrian
activity in the mapped area. The unit 1is unmetamorphosed
and undeformed attesting to its post metamorphic and
deformational emplacement.

9) Uplift and erosion of all of the Precambrian rocks
occurred after emplacement of the Pecos granite. This was
followed by the unconformable deposition of the Paleozoic
and younger rocks.

10) Formation of the Cow Creek fault is post
Pennsylvanian 1f it crosscuts Paleozolic strata to the north
of the mapped area. It cuts the faults of event 9 and

crosscuts the Pecos granite.



(117)

Conclusions

Some rfundamental conclusions that can be drawn from

this study are:

1) The ultramafic rocks of Cow Creek, based on whole
rock gecchemistry, textural evidence and rare earth
patterns, appear to be both extrusive pyroxenitic and
peridotitic komatiites and their intrusive hypabyssal
equivalents. fThey are believed to be among the first of
their kind found in North America. These komatiites are
also among the few of their agé (1.7-1.8 B.Y.) found in the
world

2) The ultramafic rocks of Cow Creek were probably
extruded and intruded into subaqueous sediments which had
been deposited in an extensional environment such as a
continental rift or back-arc bésiﬁ:

3) The Cow Creek ultramafic and mafic rocks appear to
have shared a common origin, however, they could have been
erupted and intruded by separate magma chambers of varying
temperature and composition. This 1is based upon cation
chemistry and rare earth data. The Cow Creek rocks further
appear to be related not only gpatially but genetically to
the mafic rocks of the Pecos greenstone belt. This 1is
apparent in the Jensen Cation Plot (Figure 26), the REE

plots (Figures 36 and 36a), and the AFM diagram (Figure 37).
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4) The Cow Crezk ultramafic rocks may or may not hold
economic concentrations of nickel or nickel-copper sulfides.
Due to the extensive vegetation andi'weatherihg none was
found exposed at the surface, however, modern geochemical
and geophysical methods may be able to discover nickel

sulfides at depth.
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APPENDIX A

Sample Preparation Procedure

Sample preparation was conducted by the writer at

the New Mexico Bureau of Mines and Mineral Resources

Lab in Socorro, New Mexico.

Samples were crushed from hand sized samples to
about 3 cm, in an Allis Chalmers Jaw Crusher. The
crusher was scraped and scrubbed with a wire brush
between each sample. At this stage, contamination was
not much of a problem due to the amount of sample,
After grinding in the jaw crusher each sample was hand
picked to remove any anomalous quartz or weathered
pieces. Only the unaltered unweathered sample went
beyond this point. All residue was labeled as
contaminate and was used to "contaminate" each of the
next grinders and crushers before the actual sample was
crushed.

Crushing from 3cm to lem was done in a DFC No. 1
Jaw Crusher. This crusher was scrubed with a wire
brush and "contaminated" before each sample. Between
the crushing of contaminate and the sample, the crusher
was blown clean with compressed air and scrubbed with a

wire brush,
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To crush from lcm to 3-5mm, a Lemaire Instruments
Model 150 Jaw Crusher was used. This crusher is
constructed of porcelain jaws, thus making cleaning and
crushing easy. The crusher was “contaminated" and
cleaned before each sample and each sample was crushed
four times,

Grinding from 3-5mm to lmm was accomplished in a
disc type pulverizer with porcelain jaws. Like before,
it was "contaminated" and cleaned before each sample.
Each sample was pulverized twice, The contaminate was
disregarded at this point,

To grind from lmm to 400 mesh a Micro Materials
Corp. Microjet 5 Automatic Mortar and Pestal was used.
The mortar and pestal are made of agate. The pestal is
motorized and turns at 3000 rpm. The mortar and pestal
were cleaned with water and acetone before each use.
Each sample was ground for 3-4 minutes which proved
sufficient time for complete grinding and

homogenization.
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Contamination

By contaminating each piece of equipment with
contaminate from the sample to be run, unwanted
contamination was kept to a minimum. The Microjet 5
mortar and pestal did not require contamination with
the sample as the cleaning of agate with water and
acetone is sufficient to eliminate any residue from any

previous sample.
Briquetting:

Briquettes were made using undiluted samples.
This eliminates a correction. Boric acid was used as a
binder. Each sample was compressed to 20 tons of
pressure and left for 3-5 minutes to allow escape of
gases. A minimum of 2 grams of sample was used for
each briquette to insure sufficient thickness for the

x-ray fluoresence whole rock determination.
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APPENDIX B

Error Analysis in X-ray Fluoresence and Neutron

Activation Calculations

The total error in x-ray fluoresence and neutron
activation techniques 1is calculated by taking the
square root of the sum of the squares of all of the

individual errors (equation 1).

Equation 1: BE= ’ Zecz_ N eoz - @; . ‘ekz

S

The individual errors used in the calculations

include: counting error, (¢) equation 2.

Equation . 2: € = ,?5%7;>li

N=counts in net peak
Operator error (e) assumed to be 1%
Instrument or electronic error (&) assumed to be 1

to 5%
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Error due to flux inhomogeneties {Neutron

Activation only) ‘assumed to be < 1%

Errors in Chemistry (Neutron Activation

only) assumed to be < 1%

Sample Geometry error (Neutron Activation

only) assumed to be < 1%

Accuracy of standard is assumed to be from 1-10%

Sample preparation error 1in x-ray fluoresence
calculations (@) was determined by counting 4 replicate
samples and determining the percent associated with
each element. Sample preparation error on neutron-
activation is assumed to be 1%.

Absolute RMS error in x~ray fluoresence 1is an
accurate measurement of the amount of error in the
calibration curve. This vis done by evaluating the
difference between concentrations of standards
calculated from the curve and the concentrations used

to construct it. (Equation 3)

f z
Equation 3: RMS error = J Zi (C;~Ei;l

Ci = calculated concentration of ith element
Mi = measured concentration of ith element
n = number of standards
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Because neutron activation techniques rely on
radioactive decay, certain other corrections must be
taken into account. These include corrections for the
difference between the weight of the sahple and the
weight of the standard, decay corrections and
corrections for dead time. All of these are taken into
account in the computer program (NEUTRON) in the
computer at the WNew Mexico Institute of Mining and

Technology.
Assigning Error

To assign the appropriate error to a calculated
wt¥% oxide the total error (E) should be multiplied by
the oxide wt$: For example, a sample containing 50%
$i02 has - and overall 2.23% error. Therefore, 50%
x.0223= + 1.115% Sio2.

Errors were calculated and averaged from two
analyses made of the standards several days apart. The
results are given in tabular for below along with

appropriate comments on specific problems.
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Qgiég E Largest Contributing Factors

SiO2 2,237 Ultramafic Standards DTS-1, PCC-1, and’
Std. BR (amphibolite)

TiO2 1.43% Operator and Instrument error

AlZOB 1.59% Operator and Instrument error, Std.
DTS-1 which contains only 0.24% A1203

Fe203 1.43% Operator and Insturment error

MgO: ‘ 1.73% Operatqr and Insturment error and Std.
AGV-1 with 1.537% MgO

Cao 1.53% Operator and Instrument error

Nézo. 1.53% Operator and Instrument error

KZO 1.51% Operator and Instrument error

Mno 1.427% Operator and Instrument error
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Lower Limit of Detection: (Jenkins, 1976)

Oxide

810
Ti0
Al203

273
MgO

Ca0

(LD =2/ 7=
R £ ]

m = number of counts per 1 per cent of oxide

)

IBkg

I

TBkg

LLD
.100%
.0036%
.0847%
.070%
.113%
.0222%
.074%
.0066%

.0076%

average number of counts in background

Time counting background

Comments

Undetectable in many ultramafic samples

Undetectable in many uitramafic samples
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APPENDIX D

Sample Location Map

Area’i
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APPENDIX D

Sample Location Map

Area 2

O Ultramafic Rocks

/A Amphibolites
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