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PRECAMBRIAN PETROCHEMISTRY OF THE
NORTHERN PARK RANGE, COLORADO, AND ITS
IMPLICATIONS FOR STUDIES OF CRUSTAL DERIVATION

By GEORGE L. SNYDER, ELAINE L. BRANDT, and VERTIE C. SMITH

ABSTRACT

This report summarizes the geology, concentrating on the Proterozoic
rocks, of a 1,280-square-mile (3,300-square-kilometer) area comprising
the northern Park Range of northernmost Colorado. Techniques are
developed that are applicable to crystalline rocks of many kinds in other
areas. The summary is supported by study of more than 2,300 thin
sections collected during some 20 man-seasons of field work between
1965 and 1976, by 66 new rock and 10 new mineral chemical analyses,
and by 36 other published analyses of Park Range rocks.

The Precambrian rocks are about half sillimanite-grade, 1.8-billion-
year (by.) -old metavolcanic and metasedimentary layered rocks, and
half former magmatic rocks that intruded the layered rocks between
1.8 and 1.4 by. ago. The old layered rocks consist of 44 percent am-
phibolites, 37 percent felsic gneisses (both considered to be either
volcanic rocks or sediments derived from a nearby volcanic source),
13 percent sediments (mainly metashales) from a chemical or distant
clastic source, and 6 percent other or uncertain. In the last category
are siliceous pod rocks containing 2-25 percent quartz-sillimanite-
muscovite pods set in a matrix of quartz, oligoclase, microcline, biotite,
and muscovite. Some of the pods are late metamorphic differentiates
but others may be recrystallized relict primary structures of various
types.

Metamorphism of the old layered rocks proceeded in three stages:
1. Progressive regional dynamothermal metamorphism (1.8-1.7 by.);
2. Static, purely thermal regional metamorphism (1.7-1.4(?) by.), dur-

ing which many mineral species formed poikiloblastic crystals
of great fragility;
3. Geographically localized dynamic metamorphism (1.4(?)-1.2 by.).

Thermal peak (550° -700°C, 1.7 by.) metamorphic mineral assem-
blages in metashales that have excess alumina are regionally arranged
in increasing grade from one small area of a sillimanite-staurolite-
muscovite assemblage, through successive broad areas of sillimanite-
muscovite and sillimanite-muscovite-potassium feldspar assemblages,
to three small maxima of a sillimanite-potassium feldspar assemblage.
One tiny portion of the lowest grade area contains all three aluminum
silicate polymorphs in equilibrium with staurolite and muscovite. Two
areas of chloritoid schists outside of the lowest grade staurolite-
containing zone are believed to be compositionally controlled. Wherever
aluminous metashales of sillimanite grade occur, clinopyroxene, garnet,
and scapolite are found in intercalated mafic or calc-silicate rocks. Rocks
of a rare third composition (high Mg, low Ca) contain anthophyllite
and gedrite. Cordierite occurs in some representatives of both
aluminous metashales and anthophyllite-gedrite rocks, giving the area

some aspects of both Barrovian- and Abukuma-type facies series {(but

no exact match for either). The regional pattern of isograds bears no

simple relation to the areas or contacts of preorogenic or synorogenic
gabbroic, quartz monzonitic, and quartz dioritic intrusive bodies.

Tables summarize 190 theoretically possible contact relations be-
tween each of 20 recognized types of Precambrian intrusives. Most
of these separate intrusive types are grouped in three main rock series:
1. 1.8-by. gabbro of Elkhorn Mountain in the northwest part of the

area, originally intruded in separate but contiguous inhomogene-
ous batches and now consisting of:
a. Peridotite rafts(?) in olivine gabbro containing coronas around
olivine (6 percent);
b. Gabbros (60 percent; normatively containing olivine but modal-
ly free of olivine) to diorite (33 percent);
¢. Late, volumetrically minor basalt dikes.

2. 1.7-by. quartz monzonite of Seven Lakes in the northern half of the
area; 1.7-by. quartz monzonite of Buffalo Pass in the southern
half of the area (these first two occurring in about equal propor-
tions); and undated, volumetrically minor quartz diorite of Gilpin
Lake, locally gradational with quartz monzonite of Seven Lakes
but possessing chemical affinities (possibly due to assimilation)
with gabbro of Elkhorn Mountain. (Details of plagioclase distribu-
tion in different quartz diorite bodies suggest some unique se-
quential intrusive history.)

3. 1.4-by. quartz monzonite porphyry of Rocky Peak, quartz monzonite
of Roxy Ann Lake, and other phases of the Mount Ethel pluton
in the middle of the northern Park Range.

All the intrusive rocks except this last series, which is believed to
be younger than the thermal-peak assemblage described above, show
visible mineral modification due to metamorphism.

Volumetrically minor pegmatites, miscellaneous mafic intrusives,
and small, isolated peridotite bodies resist organization in the above
categories, but metamorphic remobilization and recrystallization have
affected many of these rocks too.

Corona minerals, developed by reaction between olivine and plagio-
clase in olivine gabbro and peridotite, generally occur in parallel layers
or shells in the following order:

. Olivine

. Comb orthopyroxene (perpendicular to olivine contact)

. Clinopyroxene

. Light-colored clinoamphibole

. Clinoamphibole-spinel symplectite (symplectite bodies perpen-

dicular to plagioclase contact)

6. Plagioclase

OU b QO DN =
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For example, electron-probe analysis of one small websterite body
‘showed the following succession:
. Hyalosiderite
Bronzite
. Fassaite
. Pargasite
. Pargasite-pleonaste symplectite
. Bytownite
A detailed survey of 1:48,000 Park Range maps and of unmapped
traverse observations and the assignment of relevant rock analyses
to four major times of crustal increment have greatly improved our
understanding of the changes in weighted Park Range chemistry in
the 1.8- to 1.4-by. time period. The average composition of Park Range
rocks has never strayed far from a low-silica granodiorite (60-64 per-
cent Si0,; normative plagioclase An,, .}, despite some inputs much
different from this. When Park Range analyses are applied to a detailed
statewide survey of exposed rocks of similar age (excepting the Un-
compahgre Formation), a similar result is obtained. Average Colorado
rocks have been slightly more silicic and slightly less mafic than
average Park Range rocks at comparable times in their history, and
alumina and alkali contents of these two rock types have been roughly
comparable. Like the Park Range analyses, the statewide values cluster
near a composition of low silica granodiorite (SiO, 62-66 percent; nor-
mative plagioclase An,; ,.). If the Precambrian crust of either the
Park Range or Colorado as a whole were melted completely, and stirred
thoroughly, it would supply a rhyodacitic or quartz latitic magma.

Average Park Range Precambrian and average Colorado Precambrian
compositions are compared with worldwide averages for Precambrian
shield, continental crust, and lithosphere compiled from the literature.
As might be expected, both the Park Range and Colorado averages
are most comparable with the shield average. Similarly, the average
composition of Park Range peridotite (46 percent SiO,, 26 percent
MgO) is close to the average of 11 separate estimates of upper mantle
composition (45 percent Si0,, 38 percent MgO) compiled from the
literature. From the above data, seven chemical models are constructed
to test the chemical constraints necessitated by derivation of various
average crusts of known thickness from various average mantles. It
is shown that, given the K,O values of the respective models and after
correction for the Earth’s sphericity, the minimum thicknesses of the
model mantles required to derive the specified thicknesses of the model
crusts after an average partial melt of about 3 percent range from 376
to 1,580 kilometers. These estimates assume that the mantle could
be completely purged of K,O in the crust-forming process. Similar
limiting conditions are imposed successively by N2,0, Al O,, and
other compounds (assuming that earlier limiting conditions have been
met in some way), and calculations are made and a graph is provided
to facilitate similar calculations with any model. For all the models
chosen, unrealistic mineralogy limits partial melts to 2 maximum near
25 percent, and the course of differentiation of the progressively
depleted mantle residuum is toward normative olivine and away from
normative plagioclase and pyroxene (especially away from normative
orthopyroxene). Similar results would be expected for any other reason-
able crust-mantle chemical models, thus casting doubt on models that
require an increase in orthopyroxene in depleted mantle residua.

[ IO O

INTRODUCTION

This report, based on field studies completed between
1965 and 1976, examines the implications of petro-
graphic and chemical descriptions of Park Range
Precambrian rocks not dealt with in several previous

reports by the senior author. It builds on these preceding
reports and should be used in conjunction with them
to fully understand the petrochemical nature and prob-
lems of the area. Detailed geologic maps and cross sec-
tions of the area have been published (Snyder, 1980a,
1980b, 1980c). Adjoining areas of Precambrian rocks
have been mapped by Steven (1954), Houston and others
(1968), and Karlstrom (1977) to the northeast, and by
Divis (1976), Houston and Ebbett (1977), Houston,
Karlstrom, and Graff (1979), and Graff (1978) to the
north. The Colorado geologic setting is shown on the
summary maps of Ogden Tweto (1976a and b, 1978,
1979). The intrusive rocks in the central third of the area
of this report, particularly the 1.4-by. Mount Ethel
pluton, are discussed in detail in Snyder (1978) and are
therefore touched only briefly in the present report. The
general and economic geology of the northern two-thirds
of the area is discussed in Snyder and others (in press).
Northern Park Range radiometric geochronology by
Carl E. Hedge and Charles W. Naeser is described in
Segerstrom and Young (1972) and in Snyder (1978;
1980a, b, and c¢). Additional geochronology in nearby
areas is summarized by Bickford and others (1982),
Bowring and Condie (1982), Condie (1982), Divis, (1976,
1977), Edwards (1981), Hills and Armstrong (1974), Hills
and others (1968), Hills and Houston (1979), Peterman
and Hildreth (1978), and Premo and Van Schmus (1982).

Geographic localities of rock samples mentioned in the
text are shown on figure 1. The geology and the distribu-
tion of key metamorphic minerals are summarized on
plate 1. A final appendix of this report describes both
petrochemical procedures and nomenclature, and also
lists, in seventeen appendix tables, petrographic and
chemical analyses of rocks and minerals from the Park
Range and some pertinent comparative analyses from
the literature. Spectrographic data are summarized in
table 4 of Snyder and others (in press). Mount Zirkel,
possibly the best known topographic feature in the area,
from which the Mount Zirkel Wilderness is named, is
shown in figure 2. (See also Snyder and others, in press,
figs. 2, 13, and 16.) Typical, almost “signature” poikilitic
textures in metamorphic rocks are shown on plate 2.
Classification and nomenclature of typical mafic and
ultramafic rocks are shown in figure 3, and of quartzo-
feldspathic rocks in figure 27. (Although more nomen-
clatural discussion is presented in the appendix, the
reader should note here that the Streckeisen (1973, 1976)
phaneritic classification is used throughout, except for
the undifferentiated plagioclase-rich half of the granite
field, for which the traditional U.S. term “quartz mon-
zonite” is preferred. This term is synonymous with
“adamellite,” which is used in other English-speaking
countries and the U.S.S.R.)
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The senior author’s petrographic studies of Precam-
brian rocks of the Park Range have involved the repeated
examination of some 2,000 thin sections of samples col-
lected over a period of more than a decade. Paul Graff
kindly made available the thin sections he had used in
his thesis study of the West Fork Lake 7 1/2-minute
quadrangle (Graff, 1973) and also provided his petro-
graphic observations. Also available were 149 thin sec-
tions of specimens collected by John Hill in the Big
Agnes Mountain area (Hill, 1969) and 195 thin sections
of specimens collected by Kenneth Segerstrom and Ed-
ward J. Young in the Hahns Peak and Farwell Moun-
tain 7 1/2-minute quadrangles (Segerstrom and Young,
1972; Young and Segerstrom, 1973). The textural obser-
vations and mineral identifications for all these thin
sections (plate 1B, for example) are by Snyder. Peter A.
Drobeck performed point counts for some of the petro-
graphic analyses, as credited in tables B2, B6, B8, B10
and B12. The late Louise S. Hedricks provided the
photomicrographic illustrations in this report.

Co-authors Brandt and Smith are responsible for the
high quality rock (and some mineral) analyses listed in
tables B1-B12. Snyder probed the mineral compositions
for one peridotite (table B17) and is also responsible for
all mathematical calculations involving these and other
analyses, as well as for the conclusions based on these
calculations.

GEOLOGY AND PETROCHEMISTRY

The oldest Precambrian rocks of the Park Range
originally consisted of water-deposited and massive
(subaerial?) volcanic rocks and water-deposited sedimen-
tary rocks of conventional composition, and these were
intensely metamorphosed and intruded by other rocks
during a long, complex subsequent history. Because the
metamorphism involved recrystallization at a high
grade, most primary features have been masked or
obliterated. However, both the mineralogy and chem-
istry of these layered metamorphic rocks give clues to
their origins, and enough primary features have been
recognized in these high-grade rocks to be sure of at least
some progenitors. Previously recognized primary
features include intrusive igneous textures (figs. 15, 18,
19, 29, and 31; and Snyder 1978, figs. 6 and 7) and con-
tacts (figs. 21 and 25; Snyder, 1978, figs. 5, 6, 8, 10, and
11; and Snyder and others, in press, figs. 6, 7, 10, and
11); pillows (in an area of many mines south of Pearl
(William Gunter, American Selco, Inc., oral commun.,
Feb. 28, 1980) and along the Whiskey Park-Hog Park
road); conglomerate (Segerstrom and Young, 1972, p. 9,
12) and agglomerate structures on Farwell Mountain;

crossbedding in the quartzite of Willow Creek (fig. 5; and
Segerstrom and Young, 1972, p. 14); compositional layer-
ing some of which probably reflects original sedimentary
layers (figs. 5 and 8; and Snyder and others, in press, fig.
5); and some highly enigmatic pod or pisolite rocks,
which may owe their origin to concretionary processes
of mixed sedimentary and metamorphic origin (figs. 5
through 12; and Snyder and others, in press, fig. 6). The
mineral symbols used in all the photomicrographs that
follow are defined in table 1.

METAVOLCANIC AND METASEDIMENTARY ROCKS

The oldest rocks in the northern Park Range are part
of a sequence of metavolcanic and metasedimentary
rocks that were accreted onto the southern margin of
an ancestral Archean North American continent 1.8 by.
ago (Condie, 1982, fig. 1, p. 38). These Proterozoic layered
metamorphic rocks, almost exactly half of the Precam-
brian rocks exposed, consist of mainly metabasaltic am-
phibolites to metadacitic hornblende gneisses, and
subordinate aluminous, calcareous, and siliceous meta-
sedimentary rocks (originally shales, limestones, and
quartzites respectively) (figs. 4, 5, and 6). Intercalated
felsic gneisses, locally prominent, are compositionally
similar to either arkoses or rhyolitic tuffs, but so far no
diagnostic primary features have been discovered. The
antecedents of rare high-magnesium, low-calcium rocks

TABLE 1.— Mineral symbols used on all photomicrographs in this

report

Sym= Mineral name Sym= Mineral name
bol bol
Al Allanite. OA  Orthoamphibole.
An  Anorthite. 01 Olivine.
AnCA Anorthite—clinoamphibole opP Orthopyroxene.

symplectite. Pa Pargasite,
Ap  Apatite. Pi  Pinite (sericite
B Biotite or any dark mica. after sillimanite).
Ca  Carbonate. P1  Plagioclase.
CA Clinoamphibole. Q Quartz.
Ch Chlorite. Se Sericite (after
ChCA Chlorite-clinoamphibole plagioclase).

intergrowth. Serp Serpentine (after
Chr Chromite. olivine).
CcP Clinopyroxene. Si Sillimanite.
D Diopside. Sph  Sphene.
E Epidote. Spi Spinel.
FH Ferrohastingsite. Sy Symplectite of
Fr Fluorite. pargasite and spinel,
G Garnet. v Vesuvianite.
He Hematite (after sulfide). W Wollastonite(?).
Hole Hole in thin section. WCA Wollastonite(?)-
K Potassium feldspar. clinoamphibole
La  Labradorite. intergrowth.
MI  Magnetite-ilmenite. Z Zircon.

Mu Muscovite.
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sericite pseudomorphs. Numerous plagioclase-quartz-
biotite-muscovite schists, plagioclase-quartz-microcline-
biotite schists, and plagioclase-quartz-microcline-
muscovite schists occur in all metamorphic zones, but
their compositions are not appropriate to produce the
critical mineral assemblages. A few sillimanite schists
contain neither muscovite nor potassium feldspar and
are thus nondiagnostic.

(2) Only minerals that grew during progressive
regional metamorphism are pertinent. Such minerals are
as coarse or coarser than the other minerals of the rock
and intergrown with them in textures indicative of
simultaneous growth. Care must be taken to distinguish
primary muscovite from aggregates of fine-grained
retrogressive muscovite, sericite, or pinite that are pres-
ent in many rocks as pseudomorphs after sillimanite.
Potassium feldspar produced during retrogressive
metamorphism occurs as tiny lenses or pods dilating
biotite cleavages, accompanied by prehnite in a similar
habit. This type of potassium feldspar is believed to be
produced when nearby biotite alters to chlorite during
retrogressive metamorphism. Fortunately the texture is
distinctive and there is little danger of mistaking it for
primary potassium feldspar.

(3) The areas on figure 3 shown as containing pri-
mary potassium feldspar are minimal. Future work will
probably indicate that primary potassium feldspar
occurs over somewhat larger areas. During the sericitiza-
tion of sillimanite, potassium feldspar is consumed.
Large quantities of primary potassium feldspar are thus
preserved only in rocks that have minimal retrogressive
effects.

(4) Isogradal boundaries in the Park Range are more
gradational than in some other areas that have rocks
of similar grade. In Connecticut, Snyder (1961, 1964)
has shown that staurolite has commonly disappeared
before sillimanite is stable. Not only are staurolite and
sillimanite stable with each other in the Park Range
(plates 1B and 2B), but they locally occur together with
both kyanite and andalusite (plate 2B). This pattern is
consistent with experimental results that show
staurolite breakdown reactions on either side of the
aluminum silicate triple point (Grew and Day, 1972, fig.
3, p. D155), indicating that fortuitous compositions and
metamorphic conditions could permit the local stable
existence of all four minerals. In many other areas there
is a sharp transition from sillimanite muscovite rocks
to sillimanite potassium feldspar rocks. In the Park
Range there is apparently a wide zone between
sillimanite-muscovite schist and sillimanite-potassium
feldspar schists in which both muscovite and potassium
feldspar are stable with sillimanite. This circumstance
may be explained by one or more of the following
factors:

a. Isogradal surfaces may be near horizontal rather
than near vertical where transitions are rapid.
However, isogradal surfaces do not correspond
closely with topography in the Park Range.

b. Pressure, temperature, time, or other conditions of
metamorphism may vary from area to area, caus-
ing a variation in the peak mineral suite or suites
preserved.

c. Rock compositions vary through a wide spectrum,
and the compositional controls here may differ
from those elsewhere.

This latter explanation is preferred.

METAMORPHIC MINERALS

Besides the major minerals reported in plate 1B and
many ubiquitous but volumetrically minor accessory
minerals, these rocks contain a host of other minerals
related to metamorphism. Many of these, as well as
those from figure 3B, are discussed briefly in the
alphabetical list below, and some specific localities are
mentioned there or shown on figure 1 and plate 1C, D,
and E.

Amphiboles.—Many varieties of this complex group
of chain silicates exist in the northern Park Range. Com-
mon hornblende is the most abundant amphibole,
especially in amphibolites. These rocks grade from pure
hornblendite to felsic hornblende gneiss, but most con-
tain nearly equal proportions of hornblende and
plagioclase. Hornblende grades continuously into many
other forms of clinoamphibole, including actinolite and
(or) tremolite, ferrohastingsite (see fig. 6G for a photo-
micrograph, table B5 for a chemical analysis of one, and
the next paragraph for some optical data on it), fluotara-
mite, edenite, tschermakite (see discussion in appendix
A), and pargasite (see table B17 for analyses). Tiny
amounts of tremolite and (or) cummingtonite are found
locally in sharp contact with hornblende grains in am-
phibolites, but in coaxial position on the tips of these
grains. Pargasite is most common in mafic and
ultramafic rocks and is discussed in more detail in the
sections on those rock types; some pargasite may be
an igneous minerall, but much is certainly metamor-
phic. The orthoamphiboles—anthophyllite and its more
aluminous solid-solution partner, gedrite—occur sparse-
ly, but are more common in the northern half of the area
(Snyder, 1980b; this report, plate 1E). Anthophyllite
and gedrites range in color from green to a distinctive
clove brown or gray, and they generally form distinc-
tive splayed aggregates resembling turkey tracks in
outcrop. In some schists and the rarer metamarbles

18ome pargasites may be stable under upper-mantle conditions (Semet and Ernst, 1981,
p. 74).
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they are generally the only amphibole species (see the
typical analyzed rock sample 975 in table B6 and
fig. 6C) but in some altered peridotites they coexist with
another clinoamphibole, usually tremolite (see ana-
lyzed sample 1112 in table B4). Anthophyllite-gedrite
schist and common-hornblende amphibolite are in-
terlayered along the dirt road above the mouth of Mad
Creek; in this area the former rock is punky and
nonresistant to weathering, and the latter is a resistant
ledge maker.

Ferrohastingsite was separated from samples 112 and
1297, which were both from the same locality south of
the South Fork of the Elk River. The ferrohastingsite
from sample 1297 was analyzed (table B5; fig. 6G),
and optical data were determined for ferrohastingsite
from sample 112. With help from R. E. Wilcox and G. A.
Izett, three different ferrohastingsite crystals were
separated from sample 112 and mounted on a spindle
stage, and indices of refraction were determined at 25°C,
as follows:

XAa=10°-125 n,=1.709-1.710, light brown

YAc=0°-18¢ n,=1.730-1.731, deep green to blue
green

Z\|1b, n,=1.730-1.732, deep olive green

Dispersion p<<», very strong

-2V)=5°-10° (estimated on one nearly uniaxial
grain); 15° (estimated, maximum opening Y4 of micro-
scope field on second grain); 29° (direct measurement
on third grain).

Note that n, (or p) is nearly to exactly parallel to ¢
(not n, (or y) as in normal hornblende).

Andalusite—This aluminum silicate is rare, being
positively identified from only a half dozen localities
(plate 1C); it is everywhere associated with muscovite,
generally with sillimanite, and once with potassium
feldspar. It also occurs in an equilibrium assemblage
with sillimanite, kyanite, and staurolite (plate 2B). A
typical schist containing andalusite (sample 639 from
the west wall of Red Canyon) consists of (in order of
decreasing abundance) quartz, brown biotite, garnet
(much altered to green biotite), muscovite, plagioclase,
cordierite(?) (all altered to sericite and a colorless iso-
tropic mineral), sillimanite, andalusite (faint pleochroism
from pink to colorless), zircon, and monazite(?). An-
dalusite occurs with potassium feldspar in a schist in-
clusion in quartz monzonite south of Walton Peak and
2 miles (3.2 km) southeast of the nearby 10,296-foot
(3,138.2-m) peak (sample 2133); the schist consists of
plagioclase, quartz, biotite, sillimanite, muscovite, or-
thoclase, andalusite, and magnetite and contains rare,
completely altered cordierite(?) and accessory zircon.

Biotite—Biotite is common in nearly all schists; there
are many iron-rich varieties that range in pleochroic col-
ors from brown to greenish brown (red titanium-rich
varieties are very rare). These grade into lighter colored,
more magnesium-rich phlogopites, especially in marbles
and some ultramafic rocks.

Chlorite—Most common as a product of retrogressive
alteration, especially of biotite, garnet, olivine, or cor-
dierite. It is not common as a primary progressive
mineral, but primary chlorite occurs in some pelitic
schists east and northeast of Strawberry Park, a few
quartzite lenses north of Buffalo Pass, some am-
phibolites northeast of Pearl Lake (shown as “Lester
Creek Reservoir” on some maps), some orthoamphibole
rocks, and some metamorphosed peridotites (plate 2E).
Nowhere is this primary chlorite an indication of
greenschist facies. It is stable locally at sillimanite grade
generally because of an unusually high magnesium rock
composition.

Chloritoid.—This iron-aluminum silicate was observed
in only two exposures, a ridge in the extreme northwest-
ern part of the Farwell Mountain massif, and eastern
Independence Mountain (plate 1C). Chloritoid is general-
ly considered to be an indicator of low metamorphic
grade. If so, the lowest isograd of plate 1B should
perhaps be redrawn to include these exposures. The
isograds have not been modified because sillimanite was
observed near each chloritoid occurrence, suggesting
that some subtle compositional variation controls the
chloritoid. The assemblage near Farwell Mountain is
quartz-muscovite-chloritoid-biotite-chlorite schist with-
out feldspar (samples 1493 to 1495); that at Inde-
pendence Mountain is plagioclase-quartz-muscovite-
chloritoid-chlorite schist without biotite (sample 694).

Cordierite—This magnesium-aluminum silicate occurs
in two types of Park Range rocks, aluminous metapelites
and magnesian anthophyllite-gedrite rocks, from
medium to highest grade (plate 1C and E). It was
previously recognized near Pearl (Read, 1903, p. 495,
496), but in the present study it was recognized in the
field in only a single outcrop, where it had the diagnostic
blue-violet (“grape juice”) color. In thin section it
displays polysynthetic twinning and has indices of
refraction and birefringence similar to plagioclase, but
can be distinguished from plagioclase in three ways: (1)
It shows a greater tendency to alter retrogressively than
plagioclase, and the alteration is of a distinctive type.
Plagioclase generally becomes sericitized from the in-
side out, whereas cordierite preferentially alters from the
margins inward to a mixture of sericite and either
chlorite or an unknown nonmicaceous, isotropic mineral.
{2) Yellow pleochroic halos form around tiny radioactive
inclusions in some cordierite samples. These halos are
unlike any others (and therefore diagnostic) where they
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occur, but they are rare or nonexistent in the cordierite
in some rocks. (3) Polysynthetic twin lamellae in cor-
dierite commonly are highly lenticular, and some sets
of polysynthetic twins can abut at 30° angles.

Three typical pelitic assemblages are plagioclase-
quartz-microcline-biotite-garnet-cordierite-sillimanite
schist (sample 179 from west of Rocky Peak); quartz-
biotite-cordierite-microcline-sillimanite-chlorite-
muscovite schist with accessory magnetite, zircon, and
monazite (samples 660 and 661 southeast of Clark);
and quartz-cordierite-oligoclase-biotite-sillimanite
(unusually coarse)-garnet-magnetite-clinozoisite-
muscovite schist (sample 2017, 2 miles (3 km) southwest
of Mount Werner). Anthophyllite-gedrite assemblages
that contain cordierite are known from two places.
Quartz-albite-anthophyllite-gedrite-staurolite-chlorite-
biotite-garnet-magnetite granofels containing accessory
zircon and apatite was collected from the 11,060-foot
(3,371-m) elevation 2 miles (3 km) south of Seven Lakes;
this rock contains more than 50 percent poikilitic
twinned cordierite with pleochroic halos (sample 885).
Cordierite also occurs in garnet-anthophyllite-gedrite-
plagioclase-quartz-biotite-cordierite-magnetite schist
(sample 1156) along the horse trail on the pass south
of Gilpin Lake. This rock contains accessory rutile and
apatite and rare spinel, which occurs as inclusions in
garnet. The rock also contains late dilational potassium
feldspar veins.

Epidote.—This common calcium-iron-aluminum
silicate is widespread in most prograde or retrograde
mineral assemblages in the northern Park Range.
Clinozoisite or colorless aluminous epidote is most com-
mon in impure marble, whereas yellow-green ferriferous
epidote (pistacite or piemontite) is found most common-
ly as an accessory in amphibolites and some quartz mon-
zonites. There is no indication that epidote series
minerals are indicators of metamorphic grade in these
rocks.

Garnet.—This common pink to red to orange isotropic
mineral is found in all but the most mafic rocks. It
ranges from sharply euhedral to totally anhedral and
poikiloblastic. Commonly it is helicitic. Aluminous rocks
contain aluminous garnets, chiefly pyralspite (Winchell
and Winchell, 1959, p. 486), and calc-silicate rocks con-
tain the calcium garnets or ugrandite (Winchell and Win-
chell, 1959, p. 489), which commonly tends toward the
orange end of the color spectrum. One analyzed garnet
from siliceous pod rock 988 (table B11) calculates out
as dominantly almandine containing small amounts of
pyrope and spessartite and traces of andradite and
grossularite. One coarse diopside marble (sample 2077,
1% miles (2 km) northwest of Walton Peak) contains
small quantities of an unusual yellow-green garnet,
possibly uvarovite.

Kyanite—Despite an assiduous search, this aluminum
silicate polymorph was found only in one small area of
the canyon of Willow Creek. There it is associated with
quartz, plagioclase, biotite, sillimanite, staurolite, musco-
vite, andalusite, allanite, and zircon (all shown in plate
2B) and with garnet, an unknown isotropic mineral, tour-
maline, a sulfide mineral, aluminous epidote, sphene,
magnetite, and dilational veins of potassium feldspar
or a zeolite (not shown). The unknown isotropic mineral
is clear to slightly yellow in thin section, is poikilitic,
and is estimated from comparison with nearby thin-
section minerals to have an index of refraction between
1.60 and 1.65; so far this description fits the sodium-
calcium-zirconium silicate mesodialite, an intermediate
species in the mineral series eudialite-eucolite, but more
work is needed before this tentative identification is ac-
cepted. In addition, pyrophyllite has been reported in
this vicinity (Segerstrom and Young, 1972, p. 13).

Muscovite.—This common potassium-aluminum
silicate is present in many schists and pod rocks and
in the more siliceous metamorphosed intrusive rocks.
It occurs either interleaved with biotite or cutting across
biotite books (for example, sample 2143 on the north
side of Thorpe Mountain; also see plate 24). It is ap-
parently stable in all but the highest grade areas of plate
1B.

Plagioclase.—All members of the solid solution series
from albite (part of the anthophyllite-gedrite assemblage
in sample 885; see “Cordierite” section, above) to anor-
thite (Figs. 20G and H) are found. Plagioclase composi-
tion is controlled by rock composition and is apparently
not related to grade of metamorphism. Much of the
plagioclase in the metamorphic rocks is zoned; plagio-
clase zoning is clearly not a criterion for distinguishing
metamorphic from igneous rocks.

Potassium feldspar—Potassium feldspar is generally
microcline but is locally orthoclase. It is anhedral or
subhedral, commonly poikiloblastic, locally helicitic.
Exsolution perthites are as common as uniform grains.

Pyrophyllite.—See comment under “Kyanite,” above.

Pyroxene.—Several varieties of these chain silicates
occur. The commonest is diopside, which is a key to
sillimanite grade in mafic and calc-silicate rocks (plate
1D). In hand specimen, diopside rocks appear lighter
green than hornblende rocks; in thin section, diopside
ranges from clear and colorless to bright green,
presumably according to its iron content. Clinopyrox-
ene is also a rare constituent of corona shells in altered
peridotites (figs. 194, B, and C; analyses in table B17).
The pure calcium clinopyroxene, wollastonite, occurs in
equant grains associated with diopside and other calc
silicate minerals in rare marbles northwest of Seedhouse
Campground (Segerstrom and Young, 1972, p. 16) and
on the west side of Red Elephant Mountain (sample 86,
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plate 1D); confirmed by X-ray analysis). Wollastonite(?)
also occurs in curious clinoamphibole symplectites in
altered gabbros between the South Fork of Hog Park
Creek and Whiskey Park (figs. 20C through F, and plate
1D). Nonpleochroic orthopyroxene is common in corona
reaction zones between olivine and plagioclase of olivine
gabbros and peridotites (figs. 18 and 19; table B17). An
analysis of an igneous enstatite and its metamorphic
alteration products (plate 2E; table B4) is given in table
B3, column 11.

Scapolite—Scapolite is a key metamorphic mineral in
sillimamnite grade mafic and calc silicate rocks (plate 1D);
scapolite in the Park Range is undoubtedly near meionite
in composition because it always occurs associated with
other cale-silicate minerals and calcite. Scapolite resem-
bles white plagioclase and is seldom recognizable in hand
specimen except in small veins in amphibolite where the
scapolite crystals grow parallel to the vein contacts.

Sillimanite—This most critical of metamorphic alu-
minum silicates is present either as sheaf-like bundles of
fibers (fibrolite) or as coarse single prisms that have a
single cross cleavage. It is commonly pseudomorphically
altered to a white mica, here referred to either as sericite
or pinite. Swarms of sillimanite needles or prisms may
occur in quartz, feldspar, muscovite, garnet, biotite, or
other minerals, apparently in equilibrium. Sillimanite is
most common in aluminous rocks, here called metapelites
or metashales, that range from highly micaceous rocks
to mica-poor granular schists and granofelses. It is also
very abundant locally in the siliceous pod rocks, as on
Independence Mountain, south of Pearl, near Big Agnes
Mountain, and between Willow Creek canyon and Pearl
Lake (Snyder, 1980Db). In these rocks, sillimanite, quartz,
and muscovite form discrete pods of various shapes as
much as 6 inches (16 c¢m) in diameter scattered random-
ly through a matrix of quartz, plagioclase, microcline and
biotite; locally (as in sample 1157 from the ridge south-
east of Gilpin Lake), microcline is concentrated in pods
and sillimanite and muscovite are concentrated in the
matrix. In either case, sillimanmte and microcline are in
contact near the margins of the pods, demonstrating
equilibrium,

Spinel —Two types of the spinel mineral series occur
in rocks of the Park Range. Deep-green hercynite,
pleonaste, or spinel (the mineral) occurs preferentially in
symplectite intergrown with pargasite or clinopyroxene
in corona shells in mafic and ultramafic rocks that lack
quartz (figs. 18 and 19; see table B17 for a chemical
analysis of pleonaste); it also occurs in quartz-rich schists
in protective microenvironments (such as sample 1156,
described under “Cordierite;” above). The apple-green zinc
aluminate spinel, gahnite, is rare (plate 1C) but always
occurs with quartz, apparently in equilibrium with it and
other associated metamorphic minerals. Only euhedral

green octahedrons are conclusively identifiable in hand
specimen; in thin section, gahnite grains commonly
resemble anhedral garnet in shape, shagreen surface tex-
ture, and general refringence, but differ in color. Gahnite
occurs in felsic gneisses and schists (three observations
in the matrix of siliceous pod rocks) mainly along a linear
zone east and south of Pearl (plate 1C), where it has been
known for 80 years (Read, 1903). Gahnite has recently
been found near the Greenville Mine (Johnson, 1979).
Gabhnite separated from garnet amphibole rock at the up-
per Greenville Mine averages 4.8 percent Fe, 15.4 percent
Zn, 0.6 percent Mn, and 6.6 percent Mg, according to the
average of 24 electron-probe observations by G. A.
Desborough (D. M. Sheridan, written commun., 1980).
Four rocks rich in gahnite or zincian? spinel from various
localities on Independence Mountain contain from 1 to
7 percent Zn according to semiquantitative spec-
trographic analyses by L. A. Bradley (D. M. Sheridan,
written commun., 1980). A new association of gahnite
with andalusite, sillimanite, muscovite, and garnet is
known from sample 2002 in Fish Creek (plate 1C).
Sheridan and Raymond (1977) have recommended
gahnite as a guide to zinc sulfide ores in Colorado. If their
theory holds true in the northern Park Range, the ore
must have been emplaced prior to or during the thermal
peak of metamorphism, since gahnite is a metamorphic
mineral. This timetable is consistent with the 1.7-by.
“best-fit” lead isotope age on the Greenville ore (Ant-
weiler and others, 1972, p. 310).

Staurolite—This yellow-pleochroic iron-alumimum
silicate is found in only two mineral assemblages in the
northern Park Range. The first, aluminous schist, is pres-
ent only in a linear zone from the canyon of Willow Creek
to west of Hinman Park. In this zone, staurolite is stable
with sillimanite and muscovite, and locally with kyanite
and andalusite as well (plate 2B). It also occurs with cor-
dierite and anthophyllite in an unusually high-
magnesium, low-calcium rock (as represented by sample
885 from south of Seven Lakes, described under “Cor-
dierite,” above). Apparently there are at least two rock
compositions that permit the retention of staurolite in-
to the lowest sillimanite zone.

Talc.—This hydrous magnesium silicate is sparsely
distributed in the northern Park Range, mainly in a few
altered peridotites. (For example, see sample 1112 in table
B4)

Vesuvianite—This unique calcium-aluminum silicate is
known from only one marble in the northern Park Range,
where it is associated with wollastonite and other calc-
silicate minerals (tables B9 and B10, fig. 6B, and plate
1D).

2For this usage of “zincian” see Palache and others (1946, p. 691, 692) and Raymond and
others (1980, p. 13).
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TABLE 3.—Comparison of rock chemistry reconstituted from mineral analyses of sample 1927 with average wet-chemical rock analyses of
samples 1927 and 1052 from the northern Park Range, Colorado
[All data expressed as percent of whole rock. Leaders indicate constituent not known to be present]

Known mineral composition x mineral content determined in sample 1927

Average Plagio- Recan-~ Actual
Constituent Azerzii clino- Oizio; Spinel Olivine clase Pyrite Calcite stigz;?d a;:iksisz

Pargasile pyroxeme PYIOXCNE  12.79%7 x3.31%7  (Ang,)  x0.25%  x0.17% v

x33.14% x15.29% 82

x32.19% x2.867%
3102---- 15.14 17.06 8.42 71 1.35 1.36 —— — 44,04 45.04
A1203—~-— 4.49 1.08 .35 7.68 — .96 —-— - 14.56 12.26
Fe203———— +63 41 .23 .76 .05 — —— — 2.08 2.90
FeQ-———— 1.89 1.05 1.87 1.96 .70 —_— 0.12 — 7.59 6.38
Mg O—————m 4,98 4.63 4.31 1.69 1.19 —_— —— —— 16.70 18.67
CaQ——m——— 4,29 7.74 .05 .04 —— 47 - 0.10 12.69 12.70
NaZO——--- «56 .03 -— —— - .06 —— — «65 «59
Ky O———-—- .15 .08 -— -— -— — -—- -— .23 .10
Hy0t - .83 - - - - — -—- — 3 .83 3 .83
Tioz—---— <15 .05 .02 .02 .01 — — —-—— «25 24
MnO—————- .03 .05 .04 .02 .01 — —_— - .15 .16
Sm—m——- — - —— — —— — —— .13 —_— .13 (“)
C02—---—- —— —_— —— — — —_— —— 07 .07 .13
Total 599,97 6 100.00

1 Totals of columns at left,

2 Average of two analyses.,

3 H20+ adjusted to come out the same.
L_r: Rocks not analyzed for S.
6

Mineral contribution of 0.02 percent biotite-phlogopite (unanalyzed) not added to reconstituted rock.
Original rock analyses included 0.04 percent Py05.

can be made to match by adjusting the Fe,03 to 0.66
percent and FeO to 20.21 percent (making Fe,O 3 per-
cent of FeO rather than the 26 percent assumed in table
B17). This recalculation results in a pleonaste composi-
tion (44.24 percent MgAl,0,, 48.66 percent FeAl,Oy,
0.93 percent Fe*2Fe13,0,, and 0.45 percent Fe,TiO,)
including minor impurities of quartz and anorthite
composition.

RELATIONS BETWEEN GABBROS AND ULTRAMAFIC ROCKS

The groups of analyzed gabbros and analyzed olivine
gabbros are clearly distinct from one another in com-
position (fig. 3B), but the observed presence or absence
of olivine was apparently fortuitous. The norms indicate
that olivine should be stable in all of these rocks except
sample 1781 (table B1). The olivine gabbros may have
formed by gravity separation of olivine from melts
similar in composition to the gabbros, but it is not possi-
ble to tell on the basis of either the chemistry or
petrography whether the original magma was composi-
tionally like (1) the average mapped gabbro, (2) the
average mapped gabbro plus a certain unspecified

increment of olivine, or (3) the matrix of the average
mapped olivine gabbro. The compositional similarity
suggests that, if differentiation took place, it was close
to the present crustal position, but the asymmetry of
geographic location of the olivine gabbro suggests that
such differentiation was at a lower crustal position than
the present one.

Sample 1413 is from a dike of gabbro cutting olivine
gabbro. It is compositionally similar to the other
mapped gabbros (tables B1 and B2). The occurrence of
this gabbro as a dike shows that some gabbros were li-
quid when the mapped olivine gabbros were solid at this
level of the crust.

The separation between the compositional fields of the
gabbros and ultramafic or near-ultramafic rocks (fig. 3B)
has a bearing on the origin of some of the latter rocks.
Pods of near-ultramafic rocks (samples 1412 and 1428)
within the mapped olivine gabbros in the gabbro of
Elkhorn Mountain are compositionally distinct from the
surrounding mafic rocks, but no gradational intermedi-
ate phases have been observed. This circumstance
strongly suggests that the pods were not formed by

gravity differentiation of any phase of the gabbro in
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place. The favored interpretation is that the near-
ultramafic pods are giant, raftlike inclusions carried by
the gabbroic magma from some lower depth; alternative-
ly, it is possible but less likely that they are dikes in-
truding the olivine gabbros, in which case they also
would have been derived at a lower depth before
intrusion.

Some small isolated bodies of ultramafic and near-
ultramafic rock are clearly intrusive (fig. 21). Most of
the ultramafic rocks (including all of those described in
tables B3 and B4) are compositionally distinctive and
very different from their wall rocks. They lack flow struc-
tures and must have been emplaced as liquids which
then crystallized in place in an amphibolite-grade en-
vironment to produce the common corona structures
and the profusion of complex, giant poikilitic or poikilo-
blastic crystals (plate 2). Samples from the same body
are generally more similar to each other than to random
samples from another ultramafic body (fig. 34), sug-
gesting either (1) a laterally inhomogeneous or layered
mantle or some other lower source that could have been
tapped in many different places to provide the different
isolated bodies, or (2) different degrees of partial melting
from a homogeneous mantle or lower crustal source. The
similarity of 1.8-by. Rocky Mountain neodymium iso-
tope ratios apparently militates against suggestion 1
above, suggesting instead a magma source “homogene-
ous over distances of several hundred kilometers”
(DePaolo, 1981, p. 194).

The geographic distribution of rock types and selected
minerals within the gabbro of Elkhorn Mountain gives
clues to its nature and origin. Contacts between different
lithologies are generally gradational but locally are
sharp. It seems likely that most gradational contacts
occur between lithologies that crystallized in place and
have not had significant subsequent movement. Most
sharp contacts are between lithologies that were em-
placed as separate entities before crystallization. Later
pervasive but incomplete amphibolization has partial-
ly masked all the above relations. The general distribu-
tion of most mappable lithologies is shown in fig. 234
and by Snyder (1980b).

Peridotite occurs in small masses within the north-
eastern part of the gabbro of Elkhorn Mountain and in
separate small plutons in the country rocks. All perido-
tite contacts are believed to be sharp, but very few of
them are exposed well enough to be located with cer-
tainty within 10 ft (3 m). Those bodies within the gab-
bro are apparently always in sharp contact with gabbro
or olivine gabbro and generally are partly serpentin-
ized. No internal sedimentary structures suggestive of
olivine crystal settling are known, and so the bodies
may all be solid rafts or inclusions of a more ultramafic
substrate transported from an unknown depth. All

peridotite bodies within the gabbro are believed to be at
least as old or older than the rest of the gabbro, and they
may be the only directly available traces of the mantle
from which the rest of the gabbro was partially melted.
Some peridotite bodies outside the gabbro of Elkhorn
Mountain crosscut wall-rock structures (fig. 21); thus
they must have been intruded at a later time than the
gabbro of Elkhorn Mountain and in an at least partially
liquid condition. Because they are compositionally sim-
ilar to the inclusion-like bodies within the gabbro, they
may represent complete or nearly complete melts of the
deeper mantle from which they were drawn. Some of the
small bodies outside the main gabbro mass are younger
than felsic intrusives (fig. 21), and therefore the exter-
nal bodies may have been emplaced over a much longer
period of time than the internal bodies, all of which are
believed to be older than the felsic quartz monzonite.

Olivine gabbros are also concentrated in the north-
eastern part of the Elkhorn Mountain pluton, but there
are also some in the central part of the pluton and in
the southwestern part of the Farwell Mountain pluton
(fig. 23A). Olivine gabbros grade into normal gabbro over
distances of tens of feet. It seems likely that the olivine
gabbros originated from the rest of the gabbro mass
probably by slow crystallization of an originally inhomo-
geneous magma body, perhaps modified by some jos-
tling and mild disruption.

Gabbros or diorites compose most of the Elkhorn
Mountain and Farwell Mountain plutons. The distribu-
tion of these two predominant rock types (fig. 23B)
seems to indicate a partially zoned magma body. In the
Elkhorn Mountain pluton, diorites occur along the
northern and southern margins peripheral to gabbros
and norites. Elkhorn Mountain itself sits astride one
gabbro-diorite contact. Diorite makes up the bulk of the
Farwell Mountain pluton, but gabbro occurs in the
center. Contacts between gabbros and diorites are
generally gradational, and there is no discontinuity in
the distribution of plagioclase compositions (figs. 16E
and 23B)—convincing evidence that crystallization oc-
curred in place. Hypersthene is present locally in
amounts as large as 15 percent, and biotite reaches 7
percent. Generally, high hypersthene correlates with
high-anorthite plagioclase and low biotite, but southeast
of lat 41° N,, long 107° W.,, a somewhat anomalous area
is lower in anorthite content of plagioclase and low in
biotite even though it possesses major amounts of or-
thopyroxene, demonstrating again that the generally
parallel regional composition pattern may be locally
superimposed on an initially inhomogeneous magma.

Some internal contacts between various phases of gab-
bro and diorite are present within the Elkhorn Moun-
tain pluton. These may be most common in the more
silicic rocks (fig. 17). These contacts generally are
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data might show that some of them merge into one
another. And there are some similarities involving the
gabbros, ultramafics, and quartz diorites. Taken in order
of their presentation on figure 33, the following Peacock
indices and descriptive terms seem appropriate:

Rock body Peacock Character
index
Mount Ethel pluton --- 56  Near boundary between alkali-
calcic and calc-alkalic.
Porphyry dikes ------- 56 Do.
Buffalo Pass pluton --- 45  Alkalic (projected).
Seven Lakes plutons ---  49.5 Do.
Gilpin Lake plutons ---  58.5 Calc-alkalic.
Gabbro of Elkhorn 59 Do.
Mountain.
Ultramafic rocks —-—---—- =~ 33.5 Alkalic.

The porphyry dikes listed above are considered part
of the suite from the Mount Ethel plutons, so the iden-
tical index is not surprising. Values for the Buffalo Pass
pluton and the Seven Lakes plutons both represent long
projections from the last data points near 64. The in-
dex for the Gilpin Lake plutons is based on only four
points, but it is quite distinct from the trend for the
Seven Lakes plutons, with which this unit intergrades
locally. The Elkhorn Mountain index is also a projection,
but this is the most calcic of all suites, and there seems
no way it could be anything other than calc-alkalic. The
Elkhorn Mountain and Gilpin trends come closer to in-
tersecting in the same point than any others, and they
are broadly continuous with one another, perhaps
because some Elkhorn Mountain material was assimi-
lated in an initial Seven Lakes magma—an interpreta-
tion consistent with the observation of mafic and
ultramafic inclusions in the Gilpin Lake plutons.

Most ultramafic rock samples fall on a narrow alkali
trend (horizontal at about 0.5 percent alkali) and a broad
lime trend that intersect near 33.5 (anomalous samples
are 1112, the phlogopitic soapstone, and 1194, the poiki-
litic enstatite). These trends lie at angles of 160° and 120¢,
respectively, to the comparable trends of the Elkhorn
Mountain pluton, supporting the view that these two
mafic, partly geographically contiguous suites probably
have different origins. (The CaO values of the ultramafic
pods (samples 1412 and 1428) within the mapped olivine
gabbro of the Elkhorn Mountain pluton fit the regional
ultramafic trend, not the regional Elkhorn trend.)

The following history is consistent with the field rela-
tions and petrochemical character of the intrusive rocks
of the northern Park Range:

(1) Partial mantle melting prior to 1.8 by. ago supplied
granitoid intrusives (here unstudied) on Wyoming con-
tinent to north.

(2) Clastic, chemical, and volcanic sediments and some
massive volcanics accreted on flanks of the old continent
about 1.8 by. ago. Isotope data “require that the Colorado
crust be derived from the mantle in toto 1,800 Myr ago
with the crust formation process involving no reconstitu-
tion of older crust” (DePaolo, 1981, p. 195).

(3) Gabbros and diorites of Elkhorn Mountain in-
truded the sedimentary and volcanic rocks 1.8 by. ago
after stabilization of new crust but prior to climax of
regional dynamothermal metamorphism and tectonism.
The gabbros and diorites originated in a deep mantle
source possibly tapped by vertical shearing (Warner,
1978) controlled by the old continental margin. Gabbro-
diorite magma was emplaced accompanied by solid rafts
of ultramafic mantle, some of which is also intruded in
separate small bodies. The last stage of intrusive activ-
ity in the vicinity of the present Elkhorn Mountain
batholith was the emplacement of basalt dikes, derived
from some lower level of the still-liquid batholith and in-
jected into its near-solid roof. Some small bodies of mafic
gabbro compositionally and temporally similar to these
basalts may have been intruded far away from the
Elkhorn Mountain batholith at this time.

(4) Buffalo Pass and Seven Lakes plutons intruded
during peak of regional dynamothermal metamorphism
and tectonism after being formed as new partial melts
of mantle or conceivably as remelted subducted crust
(Hills and Houston, 1979; Condie, 1982). Some interme-
diate rocks formed at the contact between the Elkhorn
Mountain and Seven Lakes bodies by partial assimila-
tion; possibly some or all of the Gilpin Lake plutons formed
in this manner. The details of the Gilpin Lake plagioclase
distributions suggest an unusual intrusive history. The
main part of the Buffalo Pass batholith, to the south,
brought along solid rafts of more mafic phases including
many ultramafic pods. A few small mafic and ultramafic
intrusives were emplaced late in this intrusive sequence.

(5) Area stabilized and cooled over a span of 0.3-
0.4 by.

(6) Melting of lower continental crust was renewed
1.4 by. ago, and quartz monzonite (Mount Ethel) magma
intruded in six separate phases by block caving and
cauldron subsidence. Wall rocks were warm but not as
hot as previously. Porphyry dikes overlap the middle
phase of the phaneritic batholith in age (Snyder, 1978).

(7) Major left-lateral northeast-trending transcurrent
faulting 1.2 by.(?) ago, partly along old Wyoming con-
tinental margin, possibly along traces of previous faults.
All previous Precambrian rocks selectively mylonitized
along these cool shear zones.

(8) Extremely minor intrusions of quartz trachyte
dikes south of the area about 1 by. ago {(in Gore Canyon,
southwest of Kremmling; C. S. V. Barclay, oral cominuns.
prior to 1976).
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ESTIMATES OF PRECAMBRIAN
CRUSTAL COMPOSITION

Although it is now nearly universally agreed that the
Earth’s crust must have been differentiated or derived
from the deeper zones of the Earth (for example,
Ringwood, 1975; Kerr, 1979), strict mathematical con-
straints are seldom placed on the chemistry of this
derivation, partly because volume-weighted crustal
chemistry is rarely available. The following sections will
attempt to fill this lack of volume-weighted crustal

chemistry, in as rigorous a way as possible for the Park
Range and as an approximation for Colorado as a whole.

PARK RANGE

All available chemical analyses of rocks from the
northern Park Range in the area of plate 1 have been
used in arriving at a quantitative estimate of the chem-
ical composition of the crust at four separate times in
the Precambrian (table B13; figs. 34 and 35). The
analyses used are as follows:

SAMPLE DESCRIPTIONS AND LOCALITIES FOR FIGURE 30

[Samples in order from lower left up each succeeding column to upper right. Table references given for samples listed in tables. For others, minerals are listed in order of decreasing abundance]

1014 composite: Combined (mainly matrix) data from seven thin sec-
tions from I-cubic-foot (0.03-m3) sample of analyzed metavolcanic(?)
siliceous pod rock from Independence Mountain (tables B11C and
B12).

1014F 14, 1014A, and 1014F10: Data from three of the thin sections
that contributed to the 1014 composite. Sections chosen to illustrate
maximum spread of data.

1006: Data from analyzed metavolcanic(?) siliceous pod rock from In-
dependence Mountain (tables B9 and B10).

715: Data from analyzed metavolcanic(?) siliceous pod rock from In-
dependence Mountain (tables B11B and B12).

Composite analyzed quartz monzonite of Seven Lakes: Combined data
from all 10 analyzed intrusive rocks in tables B7 and B8, data distrib-
uted as follows (number in parentheses is number of plagioclase
crystals determined): 986 (2), 1066 (7), 984 (5), 1162 (3), 1068 (2), 1827
(18), 991 (2), 1525 (4), 1067 (4), and 1676 (27).

988: Data from analyzed metavolcanic(?) siliceous pod rock from In-
dependence Mountain (tables B11A and B12).

1854 and 12-1-20-5 composite: Combined data from two analyzed
pisolite rocks on Farwell Mountain (tables B10 and B11).

1290: Data from analyzed intrusive quartz diorite of Gilpin Lake, Hole-
in-Wall Canyon body (tables B5 and B6).

1283: Data from another sample of intrusive quartz diorite of Gilpin
Lake 0.85 mile (1.37 km) N. 30° E. of sample 1290 and near rim of
Hole-in-Wall Canyon. Plagioclase-quartz-hornblende-microcline-
biotite granodiorite containing minor epidote, apatite, magnetite-
ilmenite, allanite, and sphene.

1843 composite: Combined data from three thin sections of intrusive
quartz diorite of Gilpin Lake from an 8-acre (3%-hectare) roche
moutonnée outcrop on the northwest shore of Gilpin Lake. The three
samples were independently collected from the same general area
by three different geologists at intervals of 2 years between each
visit, and the individual sample data are shown in the next three
histograms. Poikilitic plagioclase-quartz-biotite-hornblende quartz
diorite containing minor epidote, apatite, zircon, prehnite? (pods
dilating biotite), and allanite.

1843 GS: Type quartz diorite of Gilpin Lake collected by George Snyder,
July 1973.

1843 PG: Type quartz diorite of Gilpin Lake collected by Paul Graff,
August 1971.

1843 AF: Type quartz diorite of Gilpin Lake collected by Arthur
French, August 1975.

1107: Type quartz diorite of Gilpin Lake located at 9,700 feet eleva-
tion between analyzed sample 1102 (tables B5 and B6) and sample

1843 (above). Plagioclase-quartz-biotite-hornblende quartz diorite
containing minor epidote, apatite, magnetite-ilmenite, and zircon and
rare potassium feldspar and pyrite.

975 composite: Combined data from six thin sections of analyzed
“turkey-track-gedrite” metavolcanic(?) rock in Line Creek road cut
(tables B5 and B6).

1735 and 2033 composite: Combined data from two samples of a small
mafic intrusive containing angular inclusions of quartz monzonite,
exposed in road cuts near runaway-truck ramp 0.7 mile (1.1 km)
northwest of Ferndale Picnic Area on west side of Rabbit Ears Pass.
Poikilitic hornblende (poikilitic with randomly oriented biotites)-
poikilitic plagioclase-quartz-biotite diorite containing minor
prehnite(?) (pods dilating biotite), apatite, magnetite or ilmenite,
and sphene, and rare chlorite.

2036 and 2040 composite: Combined data from two samples of a small
gabbro intrusive body cut by dikes of quartz monzonite of Buffalo
Pass'% and % miles (% and 1 km) north-northeast of the summit
of Mount Werner. Tabular plagioclase-poikilitic hornblende-
biotite gabbro containing minor chlorite rosettes, carbonate,
magnetite-ilmenite, and quartz, and a symplectite of intergrown am-
phibole and anorthite near some hornblende-labradorite contacts
(figs. 20G and H). Possibly this pluton is an equivalent to the larger
Elkhorn Mountain and Farwell Mountain plutons, which it
resembles.

987 composite: Combined data from three thin sections of analyzed
sample 987, layered amphibolite metavolcanic rock (tables B5
and B6). Except for the faint layering, this is a uniform rock,
and there is no chance whatsoever that the actual rock plagi-
oclase represented by this histogram could have an anorthite con-
tent as high as Ang, as predicted by the norm (table B5). The
necessary theoretical anorthite constituents missing from the ac-
tual rock plagioclase must be present in other rock minerals (main-
ly hornblende).

2045: Data from inclusion of mafic quartz diorite in quartz monzonite
of Buffalo Pass batholith at 9,500 feet (2,896 m) elevation north
of Green Creek and 3.28 miles (5.28 km) S. 54° W. of the summit
of Walton Peak. Hornblende-plagioclase-quartz-biotite mafic quartz
diorite containing minor magnetite-ilmenite and apatite.

76: Data from diabasic plagioclase-hornblende-orthopyroxene-
clinopyroxene-biotite norite containing minor magnetite-ilmenite
and apatite, located just southwest of 10,227-foot (3,117.2-m) sum-
mit on ridge top 1 1/2 miles (2.4 km) S. 78° E. from the junction
of the tributary issuing from Bear Canyon and the South Fork of
the Elk River (Snyder, 1978, p. 16).
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how he arrived at this estimate. The bimodal character
of the initial 1.8-by-old crust has been maintained by
subsequent intrusive events. Most intrusive rocks have
been gabbros or quartz monzonites. One intermediate
rock, the quartz diorite of Gilpin Lake, is only 1.64
volume percent of the rocks lumped as 1.7-by-old quartz
monzonites, and intermediate rocks form less than 0.1
percent of the Mount Ethel batholith. Nevertheless, the
average composition is that of a granodiorite or rhyo-
dacite (fig. 35 and table B13). If this part of the crust
were melted completely and stirred thoroughly it would
supply an intermediate magma.

COLORADO

The Precambrian rocks of the northern Park Range
are only 7 percent of the exposed Precambrian in Colo-
rado. They are slightly atypical of the Precambrian of
the entire State in several respects: clastic metasedi-
ments make up a smaller proportion of the country
rocks; mafic and ultramafic intrusives are more abun-
dant; and 1.4-by. intrusive rocks are less abundant here
than in many other State areas. How important are
these differences, and what effect do they have on the
volume-weighted average chemical compositions? Tb
answer these questions, a systematic rectilinear point
count was run of all the Precambrian rocks shown on
the 1:500,000-scale preliminary geologic map of Colorado
(Tweto, 1976a; now superseded by Tweto, 1979) using the
system described above for the Park Range volumetric
survey. A total of 44,324 points were thus counted, to
provide the basis for the following estimate of relative
volumes.

Precambrian rocks are exposed in 12.4 percent of Col-
orado, and most of these are concentrated in less than
one quarter of the State, namely the Laramide moun-
tain block between 38° and 41° N. lat and 105° and 107°
W. long. The Precambrian rocks have the relative
volumes shown below (¥ unit considered chemically
equivalent to similar unit in the northern Park Range):

Map Volume
unit Description percent
Yp 1.0-by. Pikes Peak batholith —————————————- 8.46
Yu 0.95- to 1.4-by. Uinta Mountain Group ----- 2.69
*Yam Mafic dikes 22
*Yg 1.4-by. granitic rocks 18.87
*YXu 1.4- to 1.7-by. Uncompahgre Formation ~--- 61
*Xg 1.7-by. granitic rocks 25.72
*Xm 1.7-by. mafic rocks 1.29
*Xq L.7- to 1.8-by. quartzite and conglomerate -~ .14
*Xb 1.7- to 1.8-by. other metasediments ————-———- 21.48
*Xfh 1.7- to 1.8-by. metavolcanics ----——=~==m-—— 20.52
Wr >2.5-by. Red Creek Quartzite ~--————————— <.04

TABLE 6.—Comparison of relative percentages of equivalent geologic units in
Colorado and in the Park Range

Geologic unit Colorado  Park

Range

1.4-b.y. felsic intrusive rock-—--- 21.62 13.22

1.7-b.y. felsic intrusive rock—-——- 29.16 29.95
1.8=b.y. mafic to ultramafic

intrusive rock: 1.46 6.51

1.8-b.y. quartzite and conglomerate .16 .13

1.8-b.y. other metasediments~——-—-—— 24.35 6.58

1.8-b.y. metavolcanicsg=—=w———=-=mm— 23,25 43,61

Tweto’s unit YXg, 1.4- and 1.7-by. granitic rocks undi-
vided, which represents only 1 percent of the Precam-
brian rocks, has here been apportioned between Yg
and Xg in proportion to the areas shown as Yg and Xg
(Tweto, 1976a). Unit Yam, which occurs in about the
same ratio to unit Yg in Colorado as the porphyry
dikes do to other Mount Ethel rocks in the northern
Park Range, is lumped with the 1.4-by. felsic intrusive
rocks.

With the percentages recalculated and with some
regrouping of northern Park Range country rocks, the
time-equivalent Colorado and northern Park Range
Precambrian units occur in the percentages shown in
table 6. These figures provide a basis for an estimate
of the average composition of Precambrian rocks in Col-
orado 1.8 to 1.4 by. ago. In making these calculations
the estimated average compositions of the rocks of the
northern Park Range are used as follows:

(1) For 1.4-by. felsic intrusive rock, the average
analysis in table B13, column 6 is used. Different 1.4-by.
plutons have different proportions of phaneritic in-
trusive rocks (Snyder, 1978, p. 36-38), but the average
would surely be somewhere in the quartz monzonite (or
adamellite) range, probably close to the suggested
average.

(2) For 1.7-by. felsic intrusive rock the average
analysis in table B13, column 4 is used; this could also
differ from the average for the State, but it is probably
very close.

(3) For 1.8-by. mafic to ultramafic intrusive rock, the
average analysis in appendix table 13, column 2 is used;
this is doubtless close to the Colorado average and, in
any case, the effect of a mismatch is minimal because
of the small volume.

(4) For 1.8-by. layered metasedimentary and metavol-
canic rocks, the proportions of the three mapped units
on the state map (table 6) are used as follows:

a. For 1.8-by. quartzite and conglomerate, the quartzite
(1643) and pisolite rock (1854 and 12-1-20-5)
analyses were combined in the northern Park
Range proportions (table B13).
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TABLE 7.—Comparison of Colorado and Park Range weighted chemistry at four different Precambrian times

Col. Plagio-
tggié Age S10, Al,04 of?gzzl iizzz Ratio? zi;ZE_ IUGS name Rittman (1952) name
B13 sition
1 1.8 b.y., before
intrusion:
Colorado—————————mum 62.1 15.4  1l4.4 5.1 31/21/48 An,; Granodiorite-—- Labradorite rhyodacite.
Park Range-———————— 60.7 15.2 16.6 5.2 21/20/59 Angg —---- do——m——m— Dark rhyodacite or dark
labradorite rhyodacite.
3 1.8 b.y., after mafic to
ultramafic intrusion:
Colorado———=—=m——=—- 61.7 15.4 14.9 5.0 30/21/49 An48 ————— do———m—mmm Labradorite rhyodacite.
Park Range—————————— 59.5 15.3 18.0 5.0 20/18/62 <Ang, Quartz Dark labradorite
monzodiorite. rhyodacite.
5 1.7 b.y., after felsic
intrusion:
Colorado—————m—m——-— 64.5 15.3  11.7 6.2 28/25/47 Angq Granodiorite--— Quartz latite.
Park Range-————————— 62.8 15.3  14.0 6.1 22/23/55 An,3 —---- do=—mmmmm Rhyodacite.
7 l.4 b.y., after felsic
intrusion:
Colorado®-—=——=——uv 65.9 15.1 10.2 6.7 29/26/45 Anys Granite Quartz latite.
(adamellite).
Park Range————————— 63.9 15.2 12.8 6.4 23/24/53 An,; Granodiorite-—- Dark quartz latite.

E Fe,04 + FeO + Mgo + Cao0.
2 Na,0 + Ky0.

3 Normative quartz:potassium feldspar:plagioclase ratio.

% No allowance made for the relatively small chemical input of

b. For 1.8-by. metavolcanic rocks, the pegmatite average,
the layered amphibolite average, the felsic gneiss
average, and the pod-rock average were combined
in the northern Park Range proportions (table B13);
this assumption is the most critical one in the en-
tire calculation because the volume of these rocks
is greatest and the proportions of the various rock
types outside the northern Park Range are not
quantitatively known.

c. For 1.8-by. “other metasediments,” all the other Park
Range layered-rock compositions are combined in
the Park Range proportions.

Table 7 summarizes the estimated average composi-
tions of Precambrian rocks of the State at four different
times in the interval between 1.8 and 1.4 by. ago and
compares them to average Park Range rocks.

The different relative volumes of Precambrian rocks
in the State as a whole (table 6) do not lead to chemical
compositions that are significantly different from those
of equivalent rocks in the northern Park Range (table
7). Average Colorado rocks are slightly more silicic and
slightly less mafic than average Park Range rocks at
comparable times; alumina and alkalies are roughly com-
parable. The four Colorado averages cluster around a
normative quartz:potassium feldspar:plagioclase ratio
of 30:24:46 (within the granodiorite field, as are three
of the four temporal averages) and the four Park Range
averages cluster around a similar ratio of 21:21:58 (also
within the granodiorite field, as are three of the four

the Uncompahgre Formation.

temporal averages). All average normative plagioclases
are within the andesine range. All volcanic rocks would
be appropriately classified as some type of rhyodacite
or quartz latite. It is safe to conclude that, if the upper
few miles of Precambrian crust in Colorado were melted
entirely and stirred thoroughly, it would supply an in-
termediate magma, just as would the crust in the Park
Range.

The trend of the alkali ratio for both the Park Range
and Colorado is consistent with the prediction of Engel
and others (1974, fig. 7, p. 849) for the Precambrian as
a whole. K,0/Na,O for 1.8-by. average layered rock is
0.9 for the Park Range and 1.2 for Colorado. By 1.4-by.,
this K,O/NayO ratio had risen to 1.1 for the Park Range
and 1.3 for Colorado.

CRUST-MANTLE CHEMICAL
COMPARISONS AND CONSTRAINTS

It is useful to compare the volume weighted composi-
tional estimates of average Park Range Precambrian
rocks (table B186, col. 2A or 2B) and of average Colorado
Precambrian rocks (table B186, col. 6A or 6B) with other
estimates of average crustal composition (tables B15 and
B186, cols. 2C, 6C, and 10C). The estimated average com-
position of Colorado Precambrian rocks (table B16) is
a very close match for the average Precambrian shield

(table B15) except for a slightly higher K,0/NayO ratio



CRUST-MANTLE CHEMICAL COMPARISONS AND CONSTRAINTS 67

in the former. Average Precambrian composition in the
Park Range differs from average shield in being slight-
ly lower in SiO, and slightly higher in FeO, MgO, and
CaQ, all doubtless resulting from a slightly higher pro-
portion of mafic rocks in the Park Range than in the
average crystalline shield.

Ultramafic rocks of the Park Range (table B16, cols.
1A and 1B) are higher in Al,Oj,, total iron, CaO, Na,O,
and P,O; and appreciably lower in MgO than average
mantle (table B16, col. 1C). As a result, norms of the Park
Range ultramafic rocks are higher in plagioclase, mag-
netite, and apatite, and lower in olivine than average
mantle. The average analyzed Park Range ultramafic
rock contains significantly more normative pyroxene
than average mantle, but the average of the four
peridotites most like average mantle is more comparable
in content of normative pyroxene. The Park Range
averages in table B16 have already been adjusted for the
most obvious effects of near-surface serpentinization
and oxidation (higher HyO+, higher Fe,04/FeOQ ratio).
The remaining differences probably reflect primary man-
tle inhomogeneities, though smaller inputs may come
from metamorphic alteration (such as amphibolization
(Winchell and Winchell, 1959, p. 502)) or igneous con-
tamination. A comparably inhomogeneous mantle may
have persisted under Colorado through the Paleozoic
Era. (Compare fig. 3C with fig. 11 of McCallum and
Mabarak, 1976, but also see DePaolo, 1981, p. 194.)

Whatever the origin of the Park Range ultramafic
rocks, it is appropriate to proceed on the assumption
that some rock of approximately this composition was
the source from which Precambrian rocks in the Park
Range and the remainder of Colorado were originally
fractionated. These Colorado fractionation models are
compared below with other Earth models, and chemical
and mineralogical constraints are noted.

Numerous workers over the past half century or more
have presented evidence that the Earth’s crust has been
segregated from the mantle (for example, Ringwood,
1975). The deepest samples are thought to be from
depths of about 200-300 km (125-185 mi) (Bell, 1979,
p. 788; Ringwood and Lovering, 1970; but see Sobolev,
1977, p. 246), and most samples are from less than half
this depth. Thus the evidence of the evolution of the
crust and mantle is largely indirect, and there is consid-
erable uncertainty about the details of the process. It
is generally agreed that the mantle approaches perido-
tite or pyrolite in composition (table B14; see also Ander-
son and others, 1972, p. 41). Engel and Engel (1965) sug-
gested an upper mantle comparable to oceanic tholeiite
or basaltic achondrite, but Engel and others (1965) sug-
gest a tholeiite-peridotite or tholeiite-dunite mixture,
perhaps similar to that in table B14, column 1. The con-
sensus average mantle (table B14, col. 12; table B186, col.

1C) has an Fe/Mg ratio of 0.303, whereas Press’ (1971,
fig. 31, p. 237) successful density models for possible
mantles suggest an Fe/Mg ratio nearer to 0.111.

Did most of the crust-mantle-core differentiation take
place very early in geologic time (Poldervaart, 1955,
p- 119; Gast, 1972, p. 30; Engel, 1966, p. 176; Ringwood,
1969, p. 14; Tozer, 1965, in Jacobs, 1971, p. 88), or has it
been a constant process throughout geologic time (Ring-
wood, 1975, p. 315)? Is crust mantle differentiation irre-
versible (Gast, 1968, p. 1077; Dickinson and Luth, 1971),
or has a significant amount of crust been returned to
the mantle by subduction? Sedimentation rates indicate
that 90 percent of originally exposed Precambrian rock
has been removed (Garrels and others, 1972, p. 120). Has
the present mantle always been chemically homogen-
eous (Ringwood, 1975, p. 312), or has it been in the past
and is it now laterally and vertically inhomogeneous
(Gorshkov, 1967, p. 51; Ringwood, 1969, p. 11; Jacobs,
1971, p. 68, 75, 79, 86; Kerr, 1979, p. 530-532; Bailey
and others, 1980; P. Jon Patchett, Olayi Kouvo, Carl
Hedge, and Mitsunobu Tatsumoto, written commun.,
Dec. 1981)? If the latter, what is the scale of the inho-
mogeneities? How deep do circulating motions extend
within the mantle? Brown and others (1978) emphasize
that the recognition of large-scale plate movements on
the Earth’s surface must require large-scale counterflow
of mantle material at depths of at least 700 km (435 mi),
and possibly over the full depth of the mantle. However,
kimberlite chemistry (Basu and Tatsumoto, 1979, p. 400)
indicates a uniform mantle more than 200 km (125 mi)
beneath continents. Does the crust consist of silicic rock
riding on an equal or near-equal amount of intermediate
or basic rock (Taylor, 1964; Pakiser and Robinson, 1966;
Ronov and Yaroshevsky, 1969, p. 38), or is it gradational
in composition from the top to the base of the crust?4
Many questions have unsatisfying or incomplete answers.

Gast (1968, 1972), Dickinson and Luth (1971), and
many others have claimed that the crust gives valuable
insights into mantle composition. Taylor (1965) noted
that “the strong concentration of many elements in the
crust gives it a geochemical importance out of propor-
tion to its small bulk and its composition places severe

“Note that the assumptions incorporated in table B16 accommodate either of these
possibilities. The average thickness of Colorado crust is taken as 45 km (Cordell, 1978, figs.
2 and 5; data after L. C. Pakiser, W. H. Jackson, and others; see also Prodehl, 1979, p. 2);
of Precambrian shield or continental crust, as 35 km (see discussions in Poldervaart, 1955;
Parker, 1967; Ronov and Yaroshevsky, 1969; Jacobs, 1971; and Press, 1971); of lithosphere,
as 17 km. {See discussions in Mason, 1958; Ronov and Yaroshevsky, 1969; and R. A. W. Had-
don and K. E. Bullen, 1969, in Jacobs, 1971, p. 76). Taking half of these thicknesses as the
amount of crustal composition that must be fractionated from the mantle satisfies either
of the following two assumptions: that the crust (1) consists of equal sial over sima or (2)
is gradational in composition from the surface to the mantle. Other models will be simple
multiples of the data supplied on the basis of these dual assumptions. For example, a crust
10 percent richer in K,0 than this model or a mantle only 90 percent depleted would re-
quire 10 percent more source mantle to supply the same thickness of crust (428+43=471
km or 266+27=293 mi for the example cited). Some minor-element parameters indicate that
the upper mantle may be as much as 90 percent depleted (DePaola, 1980).
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limitations on that of the upper mantle.” This observa-

tion is especially true for various incompatible minor

elements. (See- Ringwood, 1975, p. 316; DePaolo, 1980.)

But few authors (for an exception see Ronov and

Yaroshevsky, 1969, table 10, p. 53) have calculated what

the limitations are that are imposed by the major ele-

ments. This last consideration will be addressed below.
The estimated average chemical compositions of

Precambrian rocks in the northern Park Range and in

Colorado provide a basis for calculations that place con-

straints on the process of crust-mantle differentiation.

In the derivation of crust or lithosphere from mantle,

K,0 is the first limiting major constituent. Hundreds

or even thousands of kilometers of mantle, depending

upon the model, are required to provide enough crustal

K0. For example, the average K,0 content in Colorado

Precambrian crustal rock is 3.8 percent; if the 0.2 per-

cent K,0 in the average Park Range ultramafic rock

truly reflects the content of the mantle, it would take

a minimum of 19 units of mantle to make one unit of

Colorado crust—a partial melt of >5.26 percent. One unit

of this crust (table B16, col. 6A; >5.26 percent) sub-

tracted from 19 units of this mantle (table B16, col. 1A)
would leave a residuum of depleted peridotite of the com-
position shown in column 7A (table B16) (after recalcula-
tion to 100 percent). To form half of the thickness of

Colorado crust (22.5 km or 14 mi; see table B16) would

require 19 times this much mantle, or approximately

428 km (266 mi). Of course, this estimate assumes that

all K50 in 428 km (266 mi) of mantle could be concen-

trated in the crust. In other words, given crustal and
mantle compositions and the dictum to derive one from
the other, the thickness of crust determines a minimum
thickness of required mantle based on the major element
that must be most highly partitioned into the crust.
Similar K,O constraints exist for several reasonable
crust-mantle models that can be suggested. Seven such
models are considered in table B16 and are listed below,

and the average partial melt is slightly greater than 3

percent for the K,0O-limited condition of these seven

models:

1. Park Range weighted average Precambrian from Park
Range average ultramafic.

2. Park Range weighted average Precambrian from the
average of the four Park Range peridotites (samples
1428, 1412, 1017, and 1078) nearest to average man-
tle in composition.

3. Colorado weighted average Precambrian from Park
Range average ultramafic.

4. Colorado weighted average Precambrian from the

same four-peridotite average used in model 2.

. Average Precambrian shield from average mantle.

. Average continental crust from average mantle.

. Average lithosphere from average mantle.

10 "

Note that different crustal thicknesses are accepted for
different models, conditioned by a consensus of expert
opinion as to what thicknesses would be most ap-
propriate. (See table B16 and footnote 4, already given.)
Note also that K,0 provides an impossible-to-satisfy
constraint for some other models. For example, the
Kilbourne Hole, N. Mex. undepleted upper mantle con-
tains 0.003 weight percent K,O (Carter, 1970). It would
require 1,266.67 parts of this to form 1 part of
3.8-percent-K,0 crust; hence the creation of 22.5 km
(14 mi) of crust would require 28,500 km (17,700 mi) of
mantle—4.5 times the radius of the Earth!

If the K,0 limitation ‘could be overcome in some
fashion®, then Na,O would be the next limiting con-
stituent. (In some models, though, P,O5 is about as
limiting as Nay0.) The Na,O limitation would decrease
the amount of mantle required for all constituents ex-
cept K50, but would increase the degree of partial
melting (averaging nearly 15 percent for the models con-
sidered). Calculations based on this contingency are
presented in table B16 for all seven crust-mantle models.
Similarly, if the Nay,O limitation could be overcome,
then Al,O4 would be the next major limiting constitu-
ent. (TiO, is about as limiting as Al,O5 in some models.)
The Al,O4 limitation would decrease the amount of
mantle required for all constituents except K,0, Na,0,
and, for some models, P,O5, but would increase the
degree of partial melting to an average of 41.5 percent
for Park Range or Colorado models and to 24 percent
for world models. Calculations of approprate residue for
NayO- and Al,Og4limiting conditions of all seven crust-
mantle models are also listed in table B16.

Normative minerals calculated for each of the com-
positions pertinent to the seven crust-mantle models are
also listed in table B16. The fractionation trend of the
residuum indicated by these models as crust is removed
from mantle is as follows:

1. The following parameters increase:

a. FeO, MgO, Cry03, NiO, MnO, and the FeO/Fe,O4

ratio.

b. Olivine.

c. The An content of plagioclase.

d. Generally, the Mg/Fe ratios of pyroxenes and

olivine.
2. The following parameters decrease:

a. K20, Na20, P205, A1203, 'I‘i02, Si02, and CaO.

b. Total pyroxene.

c. Amount of plagioclase.

d. The orthopyroxene/clinopyroxene ratio.

The decrease in orthopyroxene or the orthopyroxene/

5For example, if K,0 had been in the past or were continually supplied to the upper man-
tle by aqueous solution, convective circulation, or zone melting (see Tarling, 1978, p. 11), the
volume of the upper mantle required for crustal growth by the K,0 stricture might be much
less, although the involved volume of the total mantle would not be affected.
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clinopyroxene ratio during fractionation holds true for
all seven models, although it appears to conflict with
the work of others. O’Hara (1968, p. 69, 126), Malpas
(1977, p. 13), Duncan and Green (1980, p. 23, 25), and
Roden and others (1982) indicate that mantle residuum
can be high in orthopyroxene, that is, harzburgite or
orthopyroxenite.

At 20 to 25 percent partial melt, calcium orthosilicate
(shannonite) is needed to satisfy the silica requirements
for these undersaturated residuum rocks. Most models
assume 30 percent or less partial melt (for example, Dun-
can and Green, 1980, p. 22; Jacobsen and Wasserburg,
1979, p. 450; Miesch and Reed, 1979, p. H1). At higher

Olivine gabbronorite

Olivine melagabbro and olivine melanorite

proportions of melting the residuum would be too
depleted in SiO, for even calcium orthosilicate, and a
balanced assemblage of common solicates would not be
possible. In terms of IUGS names, all three mantle can-
didates considered are olivine melanorites near lherzolite
which, upon crustal fractionation, trend more and more
toward dunite, wehrlite or melatroctolite (fig. 36), and
finally to unnamed mixtures of mafic oxides.
Actually, the chemical constraints on reasonable
Earth models are even greater than those indicated. For
example, the derivation of the average Colorado Precam-
brian rock from average Park Range ultramafic rock
would take 19 units of mantle to make 1 unit of this

NORTHERN PARK RANGE
4-PERIDOTITE AVERAGE

NORTHERN—
PARK RANGE

AVERAGE
ULTRAMAFIC

AVERAGE MANTLE

Plagioclase-bearing ultramafic rocks

*

PYROXENE
OLIVINE
*

NORTHERN PARK
RANGE AVERAGE
ULTRAMAFIC

Lherzolite

OLIVINE

EXPLANATION

® POSSIBLE ORIGINAL MANTLE COMPO-
SITION—Based on rock types iden-
tified on figure
ULTRAMAFIC RESIDUUM AFTER
REMOVAL OF CRUST:

e K,O-LIMITED COMPOSITION —Residua
left by removal of various types of
crust are too similar to plot separately

(O Na,0-LIMITED COMPOSITION —Letters
identify type of crust removed:

P, Average northern Park Range
Precambrian

C, Average Colorado Precambrian

C?, Fractionation trend leads to

unrealistic mineralogy

S, Average Precambrian shield

CC, Average continental crust

L, Average lithosphere

& ALOS-LIMITED COMPOSITION —After
removal of average lithosphere

< + COMPOSITION REQUIRES

Olivine Websterite

(Shannonite, 2Ca0, SiO,)

\ CALCIUM ORTHOSILICATE

FIGURE 36.—Partial triangular diagram plots showing fractionation trends and required normative compositions of mantle residua after
various types of crust have been generated from several possible mantle sources.
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TABLE 8.—Tubular- and spherical-model mantle thicknesses needed to derive various types of crust, based on K,0O limitation

[All thicknesses in kilometers; 1 km=0.62 mi. Avg. = average|

Crust Tabular— Spherical- Spherical-
half- model model Increase model
Type of crust R Type of mantle . thickness, in thickness
thick- thickness .
trial and percent (y), by
ness (%)
error formula
Park Range avg. Precambrian 22.5 Park Range avg. ultramafic 378 405 7 404
Park Range four-peridotite 1,080 1,351 25 1,350
avg.
Colorado avg. Precambrian-- 22,5 Park Range avg. ultramafic 428 462 8 462
Park Range four-peridotite 1,221 1,591 30 1,580
avg.
Avg., Precambrian shield-—--- 17.5 Avg, mantle———————m—m————— 992 1,210 22 1,214
Avg. continental crust----- 17.5 do 700 798 14 801
Avg. lithosphere--—————e—e- 8.5 do 354 376 6 376

L prom table Bi6.
Volume equal to that of tabular model.
X

3
Based h =
ased on the formula y 1-50857-0.000193% °

FI1GURE 37.—Key to spherical shell labels used in calculations for
Barth models; ¢ = thickness of crust, b = thickness of mantle from
which c is derived, and a = remaining radius of the Earth.

crust. To calculate the required mantle thickness,
spherical volumes must be considered. Although such
calculations are routine, they are involved and tedious
because they require many trial-and-error computations,

as was learned in calculating accurate mantle thick-
nesses based on spherical shells of appropriate volume
for the K,O-limited conditions of the seven models con-
sidered in tables 8 and B16.

With reference to the Earth cross section in figure 37,
c=the thickness of crust, b=the thickness of mantle
from which c is derived, and a=the remaining radius of
the Earth; then the volume of the crust, V,=4/3=(a+b
+c)3-4/3 wla+b)3. But a+b+c=6,371.2 km (3,958.9 mi;
the average radius of the Earth), so for any assigned ¢,
a+b is known and V, is easily calculable. V, has been
calculated for the three c¢’s used in table B16. The K,0-
limited condition can be described by a pair of
equivalent ratios, V,/V,=K,0,/K,0,, or V;=V _(K,0,/
K,0,), but V, is also equal to 4/3(b3+3a2b+3ab?), so
for any c, a single real a and a single real b can be chosen
by trial and error to exactly satisfy the equation
4/37(63+3a2b+3ab2)=V (K,0/K40,). Values for a and
b have been calculated to the nearest integer for the
seven models considered. (For b, the thickness of each
mantle in each spherical model, see table 8.)

It is intuitively obvious that the greater the needed
mantle thickness indicated in the tabular model, the
greater the increase in mantle thickness necessitated by
the spherical model. It turns out that, for the smallest
tabular model mantle thickness considered, the
spherical model mantle thickness is 6 percent greater,
while the largest tabular thickness considered requires
a 30 percent spherical thickness increase. Plotted
against each other, as in figure 38, these equivalent
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FIGURE 38.—Graph for converting mantle tabular thickness to thickness of mantle spherical shell.
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model thickness values fall along a smooth, nonlinear
curve. The approximate equation of the curve is

_ x
1.00857-0.000193x

thickness predicted from x, the tabular model thickness
(A. T. Miesch, oral commun., 1979). Solved for y using
the tabular-model thicknesses given in table 8, this equa-
tion gives an average y within 3 km (1.9 mi) of the ac-
tual value (within 1 km (0.6 mi) below 1,350 km (840 mi)).
The curve or the formula can be used to generate ac-
ceptable Na,O- or Al,Og-limited spherical thicknesses
from the data presented in table B16. Other curve for-
mulae were also considered. For example,
¥=0.4259x1-1541 gives an average spherical thickness
within 11.3 km (7.0 mi) of the correct value for all seven
models. Several additional formulae considered were
poorer than this.

Nay;0 and K,0 would be even more limiting if the
amount of either removed from the system (that is,
dissolved by water and transported to the ocean) were
added back in to the average crust. However, it is be-
lieved that this sort of recalculation would have a very
slight effect. For example, soda in modern ocean water
in an area the size of Colorado is less than one
thousandth of a percent of that in a 22.5-km (14-mi)
Colorado crust, and the effect for potash would be at
least an order of magnitude smaller.

Thus major-element amounts in mantle and crust,
particularly K,O, provide constraints on the minimum
thicknesses of mantle and the expected mineralogy of
residuum. Deriving any reasonable crystalline shield
from any reasonable peridotitic mantle would require
400 to 1,200 km (250 to 750 mi) of mantle even if the
mantle could be completely purged of K,0. Such a
derivation could be accomplished by a 2- to 6-percent
partial melt and would result in a residuum theoretically
enriched in olivine and, more importantly, depleted in
orthopyroxene, compared to the starting material.
Deriving the entire lithosphere from average mantle
would be less constrictive because of the smaller
average thickness required and the higher proportion
of oceanic tholeiite in the average chemistry. Still, the
K,0 limitation requires more than 370 km (230 mi) of
mantle, a partial melt of 2.4 percent, and a residuum
whose mineral content would be as stated (table B16).
If the K50 limitation could be overcome (and a convinc-
ing mechanism for accomplishing this is not readily ap-
parent), the required amount of mantle could be reduced
an order of magnitude before unrealistic mineralogy
would result near a maximum partial melt of some 25
percent.

y , Where y is the spherical model
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ESTIMATES OF RELATIVE VOLUME

Counts of regularly spaced or random points on plane
surfaces are used to estimate volumes throughout this
report. The plane surfaces range in size from the sur-
face of a single microscopic crystal, through thin sec-
tions and rock slabs of various sizes, to 1:24,000 and
1:48,000 maps of the northern Park Range and a
1:500,000 map of Colorado. The volumes of interest
range from microscopic to thousands of cubic kilo-
meters. More than 430,000 points were counted along
equally spaced parallel traverse lines, rectilinear
traverse lines, or random-walk traverse lines, whichever
was most appropriate for a particular situation.

Numerous studies have been made of the minimum
number of points it is necessary to count in an average
thin section to be reasonably sure that the results are
indicative of the actual relative volumes, and many of
these studies recommend 500 to 1,000 points, depending
on the grain size of the rock. One check of this was
performed for this report. A uniformly spaced se-
quential count of minerals in a thin section of gabbro
(sample 1685) was run for 2,000 points, and the mineral-
count statistics were compiled after each 200 points.
When all these percentages were plotted on graphs,
it was found that the percentages of all evenly dis-
tributed minerals had leveled off at or before 1,200
points. Most thin-section point counts in this report ex-
ceed this number; where there were special problems or
unusual interest, several times as many points were
counted.

Judgnient is required to assess the need for a volu-
metric count on a volume of rock larger than just one
thin section. In some cases several thin sections will do.
In obviously inhomogeneous rocks there is danger that
thin sections will be purposely or inadvertently chosen
from the inhomogeneities, leading to concomitant inac-
curacies in estimated relative volumes. In these cases,
thin sections chosen to show particular rock inhomo-
geneities exaggerate the abundances of these in-
homogeneities. In the worst case, a rock (sample 988
GARN) that had a slab count of 0.27 percent garnet,
the thin section chosen to show garnet gave a count of
28.13 percent, a 10,419-percent error on the too-
generous side.

PLAGIOCLASE COMPOSITION

One of the most critical petrographic parameters for
monitoring changes in rock composition is the anorthite
content of plagioclase. More than 2,500 individual
plagioclase compositions were determined, and many
of these data are summarized in histograms in this
report. Most plagioclase compositions were estimated
from extinction angles of grains cut parallel to
crystallographic direction 100 (Troger, 1956, p. 111),
such “MP” grains being easily recognized by their orien-
tation perpendicular both to the albite- or Carlsbad-twin
composition planes and to the chevron-patterned basal
cleavages in these twins. This method loses some utili-
ty near An,, (where the separate twins become in-
distinguishable at zero extinction angle), but, because
most rocks seem to have a natural variation of at least
several percent anorthite, this limitation is seldom a
serious problem. Some anorthite determinations were
made using index oil techniques, direct chemistry, or
comparison with normative chemistry, and these were
usually found to check within 5 percent An of the aver-
age from the MP-section extinction-angle technique.

In rocks of the Park Range, plagioclases range from
pure albite through pure anorthite but have different
frequency distributions for different populations within
this range. Anorthite content in plagioclase in most
rocks correlates positively with color index or total
mafic mineral content, but this rule is unreliable in
detail. The variation in plagioclase composition in a
given group of rocks is dependent on the size of the
geographic area sampled, on the homogeneity of the
geologic unit represented, and, to a small extent, on
various sampling artifacts. (See C below.) At various
scales of comparison the range in plagioclase composi-
tions is as follows:

A. Between different thin sections from the same hand
specimen, vanishingly small. (See fig. 30, sample
975 composite and sample 987 composite.)

B. Between sections from larger (‘“‘bread-basket-size’’)
samples, remarkably small in some (see fig. 30,
sample 1014 histograms) but greater in others
(fig. 30, sample 988 histograms).

C. Within some large outcrops, quite small (fig. 30,
sample 1843 and sample 1735-2033 composite
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histograms). Sample 1843 is a special study of
sampling reproducibility utilizing anorthite deter-
minations. Three samples of type quartz diorite
of Gilpin Lake were collected by three different
geologists at 2-year intervals from the same 8-acre
(3 1/4-hectare) bare rock exposure. Thin sections
of each sample contained many suitably oriented
plagioclases that had a range of compositions, but
the average plagioclase in each sample was within
2 percent An of that in any other sample.

D. Within the same geologic body, possibly small (fig.
30, compare sample 1290 with sample 1283
histogram, and sample 1843 with sample 1107
histogram) but can be large (compare sample 1102
plagioclase in table B6 with sample 1107
histogram in fig. 30; also sample 2036-2040 com-
posite histogram, same figure; also the spread
within a small ultramafic body, samples
1052-1927, fig. 22), especially within a very large
body, such as the Mount Ethel pluton (Snyder,
1978, table 5) or the Elkhorn Mountain pluton
(compare individual gabbros and basalts of Elk-
horn Mountain with each other, fig. 17; see dis-
tribution within gabbro, fig. 23B).

E. Between adjacent, related geological bodies, unpre-
dictably small (fig. 24F, F, and G) or large (fig.
24D, and E).

F. Between unrelated geological bodies or formations,
small or large, by chance. Where the variation is
small between possibly or demonstrably different
geological units (such as pod rocks and intrusive
quartz monzonites, fig. 30, or olivine gabbros and
their ultramafic inclusions, fig. 16D), one does well
to look for and rely on other criteria for recogni-
tion or differentiation.

COMPARISON OF MODAL AND
NORMATIVE MINERALOGY

Experience indicates that the present modes and
norms (tables B1-B12) are in generally good agreement
(compare modal and normative plots on triangular
diagram figures 3 and 27) but, because of the impossibil-
ity of isolating all the operative variables, few exact com-
parisons are possible. However, comparisons of actual
and theoretical plagioclase composition, amount of
quartz or olivine, and a few other parameters give useful
data.

Of 44 rocks for which both modal and normative anor-
thite contents of plagioclase were determined, most are
within 3 percent An of a match, and all but one have
their modal anorthite within 9 percent An of their

normative anorthite. There may be a slight bias favor-
ing a higher An in normative than in modal plagioclase,
perhaps because most rocks contain some amphibole,
which is not reflected in the normative analysis, and the
amphibole may contain some of the anorthite molecule
missing from the plagioclase. (For example, tscher-
makite, which has a composition of 2CaO-3MgO-
2A1,04-68i0,-H,0, can be described as compositional-
ly equivalent to two anorthites, one olivine, one hyper-
sthene, and one water.) This must be the explanation of
the mismatch (modal An=38.5, normative An=56) in
sample 987 (layered amphibolite metasedimentary rock).
As this sample has such a narrow modal plagioclase fre-
quency distribution (fig. 30), simple mineralogy (table
B6; fig. 6A), and the second highest hornblende amount
of any analyzed rock, anorthite in the hornblende is the
only tenable explanation of the lower-than-expected
anorthite in the actual plagioclase. One rock that has
a late-alteration zone of anorthite and clinoamphibole
after hornblende (figs. 20G and H) may have frozen an
anorthite-containing hornblende in the act of surrender-
ing its anorthite.

Modal and normative quartz match within 4 percent
in most of the 39 rocks for which comparable data are
available, and only two are mismatched by more than
10 percent quartz. The latter two may reflect sampling
problems with heterogeneous rocks (samples 1065 and
715 pod). The occurrence of such problems is surpris-
ing, though, as nine thin sections were studied and near-
ly 16,000 points were counted for these rocks.

There appears to be a definite bias against olivine
(only one rock has more modal than normative olivine),
perhaps because this mineral has consistently reacted
with plagioclase (see previous comments on coronas) in
its metamorphic environment subsequent to its mag-
matic crystallization. Modal olivine averages 10 percent
less than normative olivine in Park Range rocks.
Samples 1052 and 1927 (figure 19), averaging 33 percent
less modal olivine than predicted, have a particularly
well-disguised olivine component.

Most analyzed micaceous felsic rocks contain nor-
mative corundum (occurs in analyses that have more
than enough Al,Oj to satisfy alkalies and CaO for feld-
spars). All felsic rocks that have more than 5 percent
biotite or 2 percent muscovite, except one, contain
significant normative corundum.

On the assumption that most CO, is in calcite, the
marbles 989 and 1065 have good modal and normative
matches. The 12-percent mismatch for sample 1064 may
be partly due to a sampling problem (even though more
than 5,000 points were counted in three thin sections)
or may be partly due to the presence of carbonates other
than calcite.
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NOMENCLATURE

Several sets of igneous rock nomenclature are used in
this report:

(1) Names for phaneritic rocks are derived from either
modal (actual) or normative (ideal) minerals (often both)
and are based on the recommendations of the IUGS
Subcommission on the Systematics of Igneous Rocks
(Streckeisen, 1973, 1976) or on changes in this nomen-
clature recommended by Lyons (1976). Mineral names
are listed in order of decreasing abundance.

(2) Volcanic names are derived from chemical analyses
(Rittmann, 1952). Chemical volcanic names that approx-
imate current usage are useful in at least three ways:
(a) for identifying glassy or recrystallized rocks that were
originally volcanic; (b) for comparing any analyzed rocks
with a standard extrusive suite; and (c) for seeing what
kind of a lava an analyzed rock would make if it were
completely melted.

(3) Common names, those most familiar to local geolo-
gists or those used in previous publications, are favored
when these differ from the above. Thus “quartz mon-
zonite,” the term common in Colorado, is substituted for
the plagioclase-rich part of the ITUGS granite field (or
for the Lyons’ (1976) “adamellites”).

It is useful to use nomenclatures based on both modal
and normative analyses for the following reasons:

(1) Arrived at by totally different routes, each is a
check on the sampling and analytical accuracy of the
other. Bad mismatches require explanation and (or) fur-
ther work. Those contrasted in this report are believed
to be in reasonably good agreement (to the extent that
they are comparable), but the matches are seldom
perfect.

{2) Rocks located near classification boundary lines
may be on one side modally and the other side nor-
matively, which gives one a better feel for the natural
variability of a rock suite. Important classificatory
boundaries occur at plagioclase compositions An; and
Anyg, at the presence or absence of quartz or subsilicic
minerals (such as olivine), at 90 percent total mafic
minerals, and at various other arbitrary mineral mix-
tures as shown on figures 3 and 27.

(3) Working with both whenever possible provides a
basis for later inferences about the chemical averages
of samples that can only be analyzed normatively. For
example, figs. 35 and 36, based on the normative min-
erals of some volume-weighted or theoretical analyzed
families of rocks, may have more utility in conjunction
with earlier figures that showed both modes and norms,
than if only the modes had been used earlier.

The Ang nomenclatural boundary is one that could
stand some improvement. As things are now in felsic

rocks the main nomenclatural breakdowns come by con-
trasting most plagioclases with potassium feldspar, but
if the plagioclase is Any or less, it is lumped with
potassium feldspar and the rock called an alkali-feldspar
syenite or granite. It would make better nomenclatural
sense to use the “alkali-feldspar” modifier with any root
name (if it fits). For example, sample 1013 is a normative
granodiorite (Ang) and a modal quartz diorite (Lyons)
(An;;), whereas sample 1011 is a normative alkali-
feldspar granite (Ans) and a modal quartz diorite
(Lyons) (Any;), compositionally near to sample 1013.
(See figs. 29B and C.) Should such different sounding
normative names hang on such a thin distinction be-
tween similar rocks? Similarly, sample 1676 is a modal
adamellite (Lyons) (Ang) and a normative alkali-feldspar
granite (Ang), and sample 1028 is modally and nor-
matively an alkali-feldspar granite (An; ,) that, if
plagioclase is plotted as plagioclase, rests in Lyons’
adamellite field. It seems more descriptive to refer to
alkali-feldspar adamellites (or quartz monzonites) or to
alkali-feldspar granodiorites, for instance, rather than
restricting this modifier to the syenites and granites.
This change would maintain an appreciation of the
plagioclase-potassium feldspar ratio while accurately
reflecting the alkali-rich nature of the rock.

REPLICATE CHEMISTRY OF VARIABLE ROCKS

Most of the 104 Park Range chemical analyses util-
ized in this report (many reported in tables B1, B3, B5,
B7, B9, and B11 for the first time) are from uniform
medium- to coarse-grained rocks. Others are less
uniform, and several duplicate chemical analyses have
been run on these to check the uniformity of the rock.
These variable Precambrian rocks can be compared with
the most uniform Park Range rocks, the fine-grained Ter-
tiary intrusive rocks. Duplicate analyses of hand
specimens of three fine-grained Tertiary intrusive rocks
(Snyder, 1978, table 5, analyses of samples 19, 22 and
226) show that all major-oxide analyses were duplicated
within an average of 0.3 weight percent or 1.5 percent
of the value given, whichever is smaller. The greatest
discrepancies are in the volatiles H,O0*, H,0-, and CO,,
and in P,O;. How does the variation of these duplicate
analyses of uniform fine-grained Tertiary rock compare
with the variation of duplicate analyses of some coarse
Precambrian rocks analyzed from the same hand speci-
men or small outcrop? Three groups of visually variable
rocks have been analyzed for comparative purposes:
Ultramafics having irregularly grouped corona struc-
tures, anisotropic pod and pisolite rocks, and marbles
that may have extreme sedimentary variability.



82 PRECAMBRIAN PETROCHEMISTRY, NORTHERN PARK RANGE, COLORADO

Chemical variability in these rocks averages at least
twice that in the cited Tertiary rocks, as detailed below.

Ultramafics are represented by the Wapiti Ranch lher-
zolite or dunite and by the Damfino Creek websterite.
Wapiti Ranch is represented by sample 1116 (table B3;
fig. 19) and by two analyses of sample 116 (Snyder, 1978,
table 5), and Damfino Creek is represented by samples
1052 and 1927 (table B3; fig. 19). Representative samples
of these two bodies were collected from the same ex-
posures within a few feet of each other. Analyses of all
constituents in these two rocks are duplicated within
an average of 0.6 weight percent or 3.1 percent of the
value given, whichever is smaller. In other words, these
ultramafics appear to be about twice as variable as the
“control” Tertiary intrusives. The greatest ultramafic
variability occurs in Al,Oj, alkalies, H,O-, P,O;, and
CO,.

Pisolite rocks are represented by samples 1854 and
12-1-20-5 (table B9; figs. 6D, E, and F) samples col-
lected from nearby, visually similar outcrops near the
summit of Farwell Mountain. Here all analyzed constitu-
ents were duplicated within an average of 0.1 weight per-
cent or 3.7 percent of the value given (but the most
relatively variable constituent, CO,, differed by 800 per-
cent: 0.01 weight percent versus 0.09 weight percent),
again roughly twice as variable as the Tertiary
intrusives.

Pod-rock matrix variability should be considered
separately from pod variability. Duplicate matrix
analyses are available from samples 988 and 1014 (table
B11; figs. 9, 11, and 12) from Independence Mountain.
Here all constituents were duplicated within an average
of 0.8 weight percent or 2.4 percent of the value given,
with greatest variability showing for Fe,03, CaO, K,0,
and H,0. Again, this is about twice (or perhaps not

quite twice) as variable as the Tertiary intrusives.
However, the 988 and 1014 pod samples are much more
variable than their matrices, having some percentage
misduplications of 100 percent or greater. It is not clear
whether this great variability is a function of different
initial pod composition (if, indeed, there ever was an in-
itial pod, such as a cobblestone) or whether it is due to
some form of metamorphic segregation. The duplicate
analyses of the sample 715 pod samples (from near the
sample 988 locality), by contrast, match within an
average of 0.04 weight percent or 2.7 percent of the
values given, whichever is smaller, a variability more
comparable with other Precambrian results. The worst
pod replication appears to occur with H,0, Fe,O3, PoOs,
and CO,, and the uniformly best replication is for SiO,.

The vesuviamte marbles from Red Elephant Moun-
tain (samples 1064 and 1065, table B9; fig 6B) were the
most unpredictably variable of all the analyzed rocks,
perhaps because most mineral constituents were col-
orless or in shades of off-white, so the inhomogeneities
were not very visible. These samples have wide percent-
age differences in all chemical constituents except
(ironically) MgO, CaO, H,0-, and P,O5. Values deter-
mined for K,O were 3.32 and 0.20 weight percent—a
misduplication of 1,560 percent—and those for CO,,
were 12.08 and 1.26 weight percent—a misduplication
of 859 percent!

It is possible that small samples of the gedrite rock
(represented by sample 975 in table B5) would also show
large chemical variability owing to the visible garnet in-
homogeneities (0-20 percent) in this rock. But the large
single sample analyzed for this report was chosen as an
average representative. It is believed that replicate
analyses from samples of this size would show no more
than normal variability.



APPENDIX B—TABULAR CHEMICAL AND
PETROGRAPHIC DATA

[All chemical analyses in tables B1 through B17 are reported in weight percent; petrographic analyses
are in volume percent, based on a systematic count of points covering each thin section]
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TABLE B11.—Chemistry of overall average and selected individual mechanically disaggregated and mathematically reconstituted siliceous-
pod rocks, northernmost Park Range, Colorado
[Individual samples of A, B, and C were prepared mechanically by sawing 1-cubic-foot samples into parallel slabs ¥ to 1 inch thick (1% to 2% cm). After mapping each slab on lucite
sheets and determining relative proportions of pods and matrix on each sheet, some slabs were broken up with a hammer and chisel, and selected portions of individual pods and
pod-free matrix were analyzed chemically]

A.—Chemistry, analyzed by Vertie C. Smith, June 18, 1974, of disaggregated portions of garnet (0.27 percent of rock), siliceous pods (3.20 percent of rock), and matrix (96.53 percent
of rock) {percentages determined by 31,268 slab point counts) of sample 988 from placer ditch cut on Independence Mountain at lat 40°56'21.19” N. and long 106°29'50.26” W. Column
4A, average 988 siliceous pod, is the mean of columns 2A and 3A recalculated to 100 percent minus H,0". Column 7A, average 988 matrix, is the mean of columns 5A and 6A recalculated
to 100 percent minus H20'. Column 8A, reconstituted whole rock 988, consists of 0.27 percent column 1A (recalculated to 100 p t minus H,0), plus 8.20 percent column 4A, plus
96.53 percent column 7A.

Column No. 1A 2A 3A 4A 5A 6A 7A 8A
Lithology and Garnet Siliceous pods Average 988 Matrix Average 988 Reconstituted
field No. 988GARN 988CC’ 988B siliceous pod 988M/B 988M1,2 matrix whole rock 988
Laboratory No. D103298 D103297 D103296 D103299 D103300
Si0, -------- 37.37 69.59 73.49 71.95 73.61 75.00 74.75 74.55
AlLO, ——--——- 21.39 17.22 14.66 16.03 13.23 12.42 12.90 13.02
FeO, ~——-—— 1.33 .16 .09 .13 .33 .43 .38 .38
FeO --—--——- 27.06 .34 .19 .27 2.13 2.15 2.15 2.16
MgO0 - 3.36 .30 .16 .23 1.57 1.58 1.58 1.54
CaQ -—--——-- 1.49 1.19 71 .96 1.78 1.88 1.84 1.81
Na, 0 -----—- .03 2.98 2.13 2.57 2.78 2.76 2.79 2.78
KO -—-——-- .16 7.00 7.78 7.43 3.14 2.35 2.76 2.90
HOt -—--—-- .32 .48 .21 .35 .57 .60 .59 .58
3 0 S— .03 .08 .06 .14 .20
TiO, --——--——- .01 .03 .02 .03 .18 17 .18 .18
P,0, ———————- .01 .01 02 .02 02 .02 .02 .02
MnO ---—-- 7.28 .02 .01 .02 .05 .05 .05 .07
CO, ~———————- ® .02 .01 .01 .01 .01 .01
Total -- 99.84 99.40 99.55 100.00 99.54 99.62 100.00 100.00

B.—Overall pod-rock chemical averages, and individual chemistry, analyzed by Elaine L. Brandt, August 8, 1971, of disaggregated portions of siliceous-pods (23.72 percent) and matrix
(76.28 percent) (percentages determined by 5,717 slab point counts) of sample 715 from placer ditch cut on Independence Mountain (less than 100 yards, 91 m, from sample 988) at lat
40°56°23.76" N. and long 106°29'49.73” W. Column 1B, average pod rock, is the chemical means of columns 8A, 8B, and 8C in this table, as well as analyzed pod-rock samples 1006
and 1657 from table B9. Column 2B, average pod-pisolite rock, is the chemical mean of all the analyzed pod rocks of 1B plus analyzed pisolite-rock samples 1854 and 12-1-20-5 from
table B9. Column 6B, average 715 siliceous pod, is the mean of columns 3B, 4B, and 5B recalculated to 100 percent minus H20'. Column 8B, reconstituted whole rock 715, consists
of 23.72 percent column 6B plus 76.28 percent column 7B.

Column No. 1B 2B 3B 4B 5B 6B 7B 8B
Lithology and Average Average pod- Siliceous pods Average 715 Matrix Reconstituted
field No. pod rock pisolite rock 715B T15A 715C siliceous pod 715MA whole rock 715
Laboratory No. D102925 D102924 D102926 D102923
Si0, ---—-—-- 76.30 72.59 75.82 76.08 76.57 76.48 75.94 76.38
AlLQ, ---—---- 12.98 14.31 15.75 15.51 15.25 15.57 12.55 13.32
Fe,0, -----—- .60 .70 45 46 45 46 14 .68
FeO ----oem- 1.57 2.57 .23 22 19 21 1.37 1.10
MgO --—m-- 1.40 1.52 .59 57 .54 .57 1.81 1.52
Ca0 ------m- .58 .85 .00 .00 .00 .00 .89 .68
Na,0 ------- 2.10 2.49 17 A7 A7 17 2.44 1.91
KO -—-oem- 3.24 3.38 4.59 4.62 4.53 4.60 2.40 2.93
HO' -——-—- 94 1.13 1.85 1.87 1.82 1.86 1.11 1.29
HO - 12 .09 .10 17
TiO, -~-----—- .18 .31 .05 .05 .04 .05 .15 13
PO, -—=-—-- .03 .06 .00 .00 .00 .00 .00 .00
MnO -----—-- .06 .06 .01 .02 .01 .01 .05 .04
CO, ————————- .02 .03 .02 .01 .02 .02 .02 .02
Total -- 100.00 100.00 99.65 99.67 99.69 100.00 99.64 100.00

Unsufficient sample for analysis.
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TABLE B11.—Chemistry of overall average and selected individual mechanically diseggregated and mathematically reconstituted siliceous-
pod rocks, northernmost Park Range, Colorado—Continued

C—Chemistry, analyzed by Vertie C. Smith, June 18, 1974, of disaggregated portions of siliceous pods (2.88 percent of rock) and matrix (97.12 percent of rock) (percentages determined
by 21,076 slab point counts) of sample 1014 from slumped crop on top of Independence Mountain at lat 40°58'37.55" N. and long 106°28'52.31" W. Column 4C, average 1014 siliceous
pod, is the mean of columns 1C, 2C, and 3C recalculated to 100 percent minus H,0". Column 7C, average 1014 matrix, is the mean of columns 5C and 6C recalculated to 100 percent
minus H,0". Column 8C, reconstituted whole rock 1014, consists of 2.88 percent column 4C plus 97.12 percent column 7C.

Column No. 1C 2C 3c 4C 5C 6C 7C 8C

Lithology and Siliceous pods Average 1014 Matrix Average 1014 Reconstituted
field No. 10141J 1014A 1014E siliceous pod 1014M89 1014M1516 matrix whole rock 1014

Laboratory No. D103304 D103302 D103303 D103306 D103305

Si0, -——---——- 79.19 80.07 81.78 80.78 78.36 78.86 79.02 79.07

ALO, -----—- 14.54 14.35 13.94 14.36 11.89 11.62 11.81 11.88

Fe,0, ——-—-—- 54 48 40 A7 21 .19 20 21

FeO -——-——-- .19 .18 .18 .18 .45 48 47 .46

MgO -———— .29 .28 .21 .26 .32 31 .32 .32

CaQ -———-—-—- .00 .00 .00 .00 .18 .16 A7 A7

Na, 0 ---——-- .40 .39 .28 .36 3.88 3.83 3.87 3.77

KO --—-——-—- 3.11 2.64 1.90 2.56 3.97 3.70 3.85 3.81

HOY —————- 1.16 .93 .68 93 .18 12 .15 A7

HO -~ .10 .09 .07 .06 .05

Ti0, ------—-- .07 .07 .05 .06 .09 .09 .09 .09

2o J——— .01 .02 .01 .01 .02 .02 .02 .02

MnQO -————- .02 .02 .02 .02 .02 .02 .02 .02

CO, ———--——- .01 .00 .01 .01 .01 .01 .01 .01

Total -- 99.63 99.52 99.53 100.00 99.64 99.46 100.00 100.00
NORMS
[For method of calculation, see Johannsen, 1950]

Field No. and Avg. 988 Average Whole rock | Avg. 715 715 Whole rock | Avg. 1014 Average Whole rock | Average Avg. pod-
equivalent column siliceous 988 matrix 988 siliceous matrix 715 siliceous 1014 1014 pod rock pisolite
No. above pod 4A TA 8A pod 6B 7B 8B pod 4C matrix 7C 8C 1B rock 2B

Rittmann (1952) name | Rhyolite |Quartz latite | Quartz latite | Quartz latite | Rhyodacite |Quartz latite | Quartz latite | Soda-rhyolite{ Rhyolite |Quartz latite | Quartz latite

Q 26.08 | 40.20 | 39.63 | 57.04 | 47.712 | 49.78 | 6850 | 40.78 | 41.57 | 4754 | 39.63

) S 4391 | 1631 | 1714 | 2716 | 1425 | 17.831 | 1514 | 2276 | 2254 | 19.14 | 19.98

ab ———————— - 21.76 23.59 23.49 1.47 20.40 16.15 3.04 32.72 31.88 17.72 21.08

an —-———-———-———-| 4.56 8.93 8.79 4.32 3.28 .64 .61 2.56 3.64

100 an/ab+an --| 17 27 27 0 17 17 0 2 2 13 15

C -] 2.08 2.05 2.10 10.31 4,46 5.80 11.00 1.05 1.44 5.09 5.22

h Mg -————-—- 57 3.93 3.83 1.42 4.53 3.79 .64 .79 .79 3.47 3.77
y {F‘e ———————— .38 3.43 3.50 1.75 1.33 .58 .67 2.19 3.73

mt —-———————— .19 .56 .53 .60 1.09 97 .49 .30 .30 .88 1.02

he -———————— .03 .13

il .06 .33 .33 .09 .29 .24 11 17 17 .35 .59

Y| JE—————— .05 .05 .05 .02 2.01 .05 .05 .07 14

L .02 .02 .02 2 .02 .05 .04 2.0 .02 02 .04 .06

H20Jr --------- .35 .69 .58 1.86 1.12 1.29 .93 15 A7 94 1.13

Total ----| 100.01 99.99 99.99 100.00 99.98 99.98 100.00 100.01 100.01 99.99 99.99

*Uncompensated CO, or P,0, (no CaO for these).
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TABLE B13.—Volume-weighted average Precambrian crustal chemistry at successive times between 1.8 and 1.4 b.y., northern Park Range,
Colorado
[Relative volumes of crustal units estimated from a regular rectilinear point count of 1:48,000 maps for mapped units, and a separate count of outcrops along traverses for unmapped
units (totaling 35,299 points or equivalent observations): 1.8-by. country rocks (1), 50.35 percent; 1.8-by. mafic-ultramafic intrusives (2), 6.50 percent; 1.7-by. felsic intrusives (4),
29.94 percent; 1.4-by. felsic intrusives (6), 13.21 percent. Details of volume-weighted analytical input to each of these units given in footnotes]

Column number ----- 1 2 3 4 5 6 7
Geologic unit ------- 1.8-by. average 1.8-by. average Average composition | 1.7-by. average Average composition | 1.4-by. average Average composition
metavolcanic and mafic to ultramafic | after (2) (88.56 pct. | felsic intrusive after (4) (65.49 pct. | felsic intrusive after (6) (86.79 pct.
metasedimentary intrusive rock (1) plus 11.44 pet. rock (3) plus 34.51 pct. rock (5) plus 13.21 pct.
country rock ) 4) (6)
1973 IUGS name Granodiorite Olivine norite Quartz monzodiorite | Granite Granodiorite Granite Granodiorite
using normative near quartz {adamellite) (adamellite)
minerals (Lyons’ monzogabbro
{1976) recommended
changes in
parentheses)
Si0, —-————-——-- 60.72 50.40 59.53 69.05 62.82 71.30 63.94
AlLO, ————————- 15.22 16.00 15.31 15.16 15.26 14.44 15.15
Fe,0, ~———————- 1.83 2.04 1.85 1.13 1.60 1.13 1.54
FeO ——~—oe- 5.61 8.81 5.98 1.98 4.60 1.40 4.18
MgO ——-———e— 3.55 8.23 4.09 .96 3.01 .59 2.69
Ca0 -————————- 5.69 9.51 6.04 2.40 4.78 1.68 4.37
Na, O -——-——~-- 2.713 2.66 2,72 3.58 3.02 3.43 3.07
KO - 2,51 .59 2.29 4.59 3.08 4.98 3.33
H,0t ———-eme- .95 43 .89 .49 .75 .43 71
TiO, —-~---—=--- .75 .88 7 .36 .63 37 .60
0 S —— .16 18 .16 11 14 .10 .14
MnO -——————- 14 .18 .15 .06 12 .05 11
CO, ——~—————- .24 .09 22 .10 .18 .02 .16
Cl —————mo— .00 .00 .01 .00 .01 .00
F - .01 .01 .04 .02 13 .03
Subtotal ------ 100.01 100.01 100.02 100.01 100.06 100.02
Less O -—————- .01 .01 .02 .01 .06 .02
Total --—- 100.00 100.00 100.00 100.00 100.00 100.00 100.00
NORMS

[For method of calculation, see Johannsen (1950, p. 89-90). Before calculation all analyses recalculated to 100 percent minus HZO']

Rittmann (1952) Dark rhyodacite Pigeonite basait Dark labradorite Rhyolite or quartz | Rhyodacite Rhyolite Dark quartz latite
name -—----————--— or dark labradorite rhyodacite latite
rhyodacite
Q ———————— 16.28 14.28 23.98 17.44 28.50 18.74
OF ——— e 14.86 3.45 13.52 21.10 18.20 29.44 19.70
ab ————mme 23.07 22.54 23.02 30.09 25.53 28.94 25.95
P R — 21.86 29.95 22.81 10.07 19.00 5.70 17.72
100 an/ab+an - 49 57 50 25 43 16 41
[ — 64 1.34
Ca ~————— 1.36 6.46 1.96 .95 74
di{ Mg -—————- .70 3.73 1.05 .50 -39
| —— .62 2.43 .84 .42 -33
hy {Mg ------- 8.12 12.40 9.12 2.40 7.00 1.48 6.30
Fe ——————— 7.16 8.09 7.33 2.22 5.88 1.09 5.30
Mg --—————- 3.07
SR C — 2.20
mt ————mm e 2.66 2.94 2.69 1.62 2.32 1.64 2.22
1 [ — 1.43 1.93 1.46 .68 1.20 .70 1.14
Y — .39 43 .39 .26 .34 .25 .34
fr —mmmmmmmmem .13 .03 .51 07
1Y [ — .02 .01
R —— .54 .20 .50 .24 41 .05 .36
HO* ———-—mm .95 .43 .89 .49 .75 .43 !
Total ---- 100.00 100.25 99.86 99.94 99.97 100.08 100.01
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TABLE B13.—Volume-weighted average Precambrian crustal chemistry—Continued
ANALYTICAL INPUT
[All analyses recalculated to 100 percent minus H,0"]

(1) 1.8-by. average metavolcanic and metasedimentary country rock (42 different rock analyses used, as indicated below):

43.68 percent unmapped layered amphibolite in country rock; average of three analyses: field no. 987, table B5, this report; nos. 52 and 124,
Segerstrom and Young (1972, table 1, p. 10);

37.38 percent unmapped felsic gneiss in country rock; average of eight analyses: field nos. 1013, 1297, and 1028, table B5, this report;
nos. 227, 21, 129, 3, and 78, Segerstrom and Young (1972, table 1, p. 10);

11.59 percent mapped pelitic schist layers in country rocks; average of five analyses: field nos. 1080, 1019, and 1077, table B9, this report;
nos. 110 and 1, Segerstrom and Young (1972, table 1, p. 10);

3.24 percent unmapped pegmatites in country rock; average of two analyses, field nos. 985 and 1011, table B5, this report;

2.36 percent mapped siliceous pod-rocks in country rock; average of five whole-rock analyses as given in table B11, column 1B, this report;

0.52 percent mapped normal marble and calc-silicate rock; one analysis, field no. 987, table B5, this report;

0.38 percent unmapped pelitic schist layers in country rock; same five-analysis average as used for mapped pelitic schist layers above;

0.32 percent unmapped calc-silicate pods in country rock; one analysis, field no. 987, table B5;

0.21 percent unmapped hornblendite pods in country rock; fifteen-analysis peridotite average as given in table B3, column 12, this report;

0.21 percent mapped conglomerate, agglomerate, and pisolite-rocks; average of two pisolite-rock analyses, field nos. 1854, 12-1-20-5, table
B9, this report;

0.05 percent mapped orthoamphibole rock, field no. 975, table B5, this report;

0.05 percent mapped quartzite, field no. 1643, table B9, this report;

0.01 percent vesuvianite marble, average of field nos. 1064 and 1065, table B9, this report.

(2) 1.8-by. average mafic to ultramafic intrusive rock (24 different rock analyses used, as indicated below):
60.23 percent mapped gabbro; average of four analyses: field nos. 1501-A, 1685, 1413, and 1765, table B1, this report;
32.84 percent mapped diorite; average of two analyses: field nos. 1765, and 1781, table B1, this report;
Note 1—analysis 1765 included in both the gabbro and diorite averages above because this rock is almost exactly on the boundary between
gabbro and diorite, both petrographically and geographically;
Note 2—3.15 percent of the rocks mapped as gabbro or diorite are miscellaneous small mafic intrusives outside of the Elkhorn Mountain
and Farwell Mountain plutons;
4.27 percent mapped olivine gabbro; average of three analyses: field nos. 1606, 1410, and 1411, table B1, this report;
2.13 percent mapped peridotite and related rocks; average of fifteen analyses as given in column 12, table B3, this report;
0.53 percent mapped basalt dikes, field no. 1985, table B1, this report.

(4) 1.7-by. average felsic intrusive rock (27 different rock analyses used, as indicated below):

54.01 percent mapped coarse-grained massive gneisses of the Buffalo Pass pluton; average of three analyses: field nos. 544, 555 and 554,
Snyder, 1978, table 5;

38.06 percent mapped quartz monzonite of Seven Lakes; average of 11 analyses: all those in table B7, this report, and Segerstrom and
Young, (1972, no. 95, table 1, p. 10);

4.09 percent mapped sillimanite-pelite inclusion-rich phase of the Buffalo Pass pluton; not analyzed directly; average of five siliceous-pod
rock analyses substituted here, as given in column 1B, table B11, this report;

1.64 percent mapped quartz diorite of Gilpin Lake; average of four analyses: field nos. 1290 and 1102, table B5, this report, and nos. 96
and 228, Segerstrom and Young (1972, table 1, p. 10); .

1.45 percent mapped pegmatites distant from Mount Ethel pluton; average of field nos. 985 and 1011, table B5, this report;

0.75 percent mapped fine-grained rocks of the Buffalo Pass pluton; average of nos. 550 and 553, Snyder, 1978, table 5.

(6) 1.4-by. average felsic intrusive rock (21 different rock analyses used, as indicated below):

74.25 percent mapped quartz monzonite of Roxy Ann Lake in Mount Ethel pluton; average of five analyses: field no. 1023, table B5, this
report, and nos. 527, 523, 526, and 347, Snyder, 1978, table 5;

19.67 percent mapped quartz monzonite porphyry of Rocky Peak in Mount Ethel pluton; average of four analyses: nos. 437, 157, 525,
and 520, Snyder, 1978, table 5;

3.80 percent mapped granite of the Mount Ethel pluton; average of nos. 521 and 522, Snyder, 1978, table 5;

0.66 percent mapped porphyry dikes in vicinity of Mount Ethel pluton; average of three analyses: nos. 549, 524, and 545, Snyder, 1978,
table 5;

0.57 percent mapped porphyry dikes north of 40°45' N. Lat. (north of Mount Ethel pluton); average of three analyses, field no. 1097, table
BS5, this report, and nos. 13B and 132, Segerstrom and Young (1972, table 5, p. 10). Note that the latter two analyses are from rocks that
were mapped by Segerstrom and Young as Tertiary dikes but which are considered by Snyder to be Precambrian;

0.52 percent mapped leucogranite dikes of the Mount Ethel pluton, no. 528, Snyder, 1978, table 5;

0.44 percent mapped pegmatites close to the Mount Ethel pluton; average of field nos. 985 and 1011, table B5, this report;

0.09 percent mapped granodiorite inclusions in Mount Ethel pluton, no. 551, Snyder, 1978, table 5.
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TABLE Bl4.—Recent estimates of the composition of the Earth’s mantle
[All compositions recalculated to 100 percent on a volatile-free basis. Fe203/FeO of columns 5, 6, and 9 adjusted to equal average FezoalFeO of other columns]

Column No. ------- 1 2 3 4 5 6 7 8 9 10 11 12
Si0, —------—- 42.2 4289 445 44.6 4461 447 45.1 45.2 45.9 46.2 47.3 44.8
ALO, —-—————- 4.1 7.00 2.4 2.7 2.46 3.7 46 4.1 2.2 4.6 3.2 3.7
Cr,0, ——---—-——- 18 4 3 42 5 3 3 4 1 18 28
Fe,0, —~-—-——- 1.9 .36 1.4 1.4 1.38 1.35 3 2.0 115 1.0 4.9 16
70 S 10.9 8.98 7.0 6.6 6.77 6.65 7.6 7.9 5.65 9.1 5.2 7.5
MgO ---—--—- 36.2 3510  41.2 41.4 40.90  39.5 38.1 36.6 419 32.9 33.9 38.0
(7o JRE——— 3.0 4.37 2.4 2.2 2.42 2.7 3.1 2.3 1.7 5.3 4.5 3.1
Na,0 -~-—--—- 8 45 18 23 29 23 4 6 2 3 32 36
KO ——--—=mv 14 .003 .03 .03 .09 .06 .02 .02 .16 .07 .04 .06
TiO, --=——=—=- 5 .33 .06 1 .16 2 2 5 3 3 .20 26
P,0, -—~—-———- .06 .06 .04 .02 1 .02 .01 .03
MnO ---—---- 2 .14 12 .14 18 1 1 2 1 2 13 15
NiQ -———————- .20 3 3 26 3 2 2 3 .10 20
Total -———| 100.0  100.00 100.0  100.0  100.00 100.0 1000  100.0  100.0  100.0  100.0 | 100.0

COLUMN DESCRIPTIONS:
1. Limiting composition of upper mantle based on 20-percent oceanic tholeiite (Engel and others, 1965, p. 721, table 2) and 80-percent
average dunite (Nockolds, 1954, p. 1023). The other limiting composition suggested would be oceanic tholeiite (Engel and others,
1965) with 49.9 percent SiO, and 7.7 percent MgO.
2. Average undepleted upper mantle composition under Kilbourne Hole, N. Mex., based on an ultramafic nodule model (Carter, 1970,
p. 2021, 2032).
. Mean of 92 spinel-peridotite nodules in alkali basalts (as summarized in Ringwood, 1975, p. 108).
. Average undepleted upper mantle from selected ultrabasic rocks and nodules (as summarized in Harris, 1967, p. 307, table 1).
. Primitive mantle based on model using mainly 384 analyzed spinel lherzolites (Maalbe and Aoki, 1977, p. 165, table 2, no. 6).
. Average of three high-temperature intrusive peridotites from Cornwall, England; Venezuela; and St. Paul’s Rocks (Atlantic Ocean)
(as summarized in Ringwood, 1975, p. 87).
. Average mantle pyrolite (average of various models) (Ringwood, 1975, p. 188, table 5-2, no. 8).
8. Undepleted oceanic mantle based on model with 22.3-percent adjusted oceanic basalt and 77.7-percent adjusted deep-sea serpen-
tinite (Nicholls, 1967, p. 303, table 9, column 1).
9. Average of fifteen garnet-peridotite xenoliths from South African diamond pipes (as summarized in Ringwood, 1975, p. 103).
10. Peridotitic komatiites from South Africa and Australia (as summarized in Ringwood, 1975, p. 187).
11. South African primitive mantle, average of peridotitic komatiite (Viljoen and Viljoen, 1969, p. 92, table 1, no. 9), and average bulk
composition of layered ultramafic bodies (Viljoen and Viljoen, 1970, p. 676, 677, 683).
12. Average mantle, average of columns 1 through 11. Note that Sun (1982, p. 180) derives a mantle TiO, value of 0.16-0.21 by taking
the MgO content of the mantle to be 38% on a plot of spinifex-textured peridotitic komatiites and high-magnesian basalts.
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TABLE B15.—Selected estimates of the composition of the Earth’s crust
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Precambrian shield

Continental crust

Entire lithosphere

Column No. -—--——-—- 1 2 3 4 5 6 7 8 9 10 11 12
Si0, -——————-—- 66.4 66.7 69.0 67.4 57.9 59.4 61.9 59.7 55.2 59.3 60.3 58.3
ALO, - ————-———- 15.5 15.0 14.5 15.0 15.2 15.5 15.6 15.4 15.3 15.9 15.5 15.6
Fe,O, --——-——- 1.8 1.4 1.4 1.5 2.3 2.3 2.6 2.4 2.8 2.5 3.2 2.8
FeO -———————- 2.8 2.8 2.9 2.8 5.5 5.0 3.9 4.8 5.8 4.5 3.8 4.7
MgO ————————- 2.0 2.3 1.7 2.0 5.3 4.2 3.1 4.2 5.2 4.0 3.5 4.2
Ca0 ————————- 3.8 4.2 3.1 3.7 7.1 6.6 5.7 6.5 8.8 7.2 5.2 7.1
Na,0 -————--——- 3.5 3.6 3.2 3.4 3.0 3.1 3.1 3.1 2.9 3.0 3.8 3.2
KO -———————— 3.3 3.2 3.6 3.4 2.1 2.3 2.9 2.4 1.9 2.4 3.2 2.5
TiO, --------—- .6 .5 .6 .6 1.2 1.2 .8 1.1 1.6 9 1.1 1.2
X0 N — 2 2 2 2 3 2 3 3 3 2 3 3
MnO -————————- 1 1 1 .2 .1 1 1 .2 1 1 .1
Total ----| 100.0 100.0 100.2 100.1 100.1 99.9 100.0 100.0 100.0 100.0 100.0 100.0

COLUMN DESCRIPTIONS:

© 00 N0 Tk oo

10.

12.

. Continental shield crystalline surface rocks (Poldervaart, 1955, p. 127).
. Canadian Precambrian shield (Shaw and others, 1967, p. 848).

. Fennoscandian shield, average of Finnish Precambrian shield (Sederholm, 1925) and Norwegian Precambrian (Barth, 1961).

. Average Precambrian shield (average of columns 1, 2, and 3).

U.S. Continental crust, based on geophysical thicknesses and Nockolds’ average igneous rocks (Pakiser and Robinson, 1966, p. 624).
. Continental crust, equal to 30 percent young fold belts plus 70 percent continental shield (Poldervaart, 1955, p. 134, table 20).

. Continental crust (Ronov and Yaroshevsky, 1969, p. 48 and 53).
. Average continental crust (mean of columns 5, 6, anf 7).
. Lithosphere (Poldervaart, 1955, p. 133, table 20).

Entire lithosphere (Ronov and Yaroshevsky, 1969, p. 53).

. Lithosphere (Clarke, and Washington, 1924, p. 32; Parker, 1967, p. D3).

Average lithosphere (mean of columns 9, 10, and 11).
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116 PRECAMBRIAN PETROCHEMISTRY, NORTHERN PARK RANGE, COLORADO

TABLE Bl7.—Electron-probe analyses of mafic mineral separates from peridotite sample 1927

[Italicized numbers are not direct ts but are calculated values that are used in the totals. Numbers in parentheses show total number of observations averaged for each con-
stituent. LFeQ, total iron expressed as FeO. Analytical measurements February 1978 by George L. Snyder, supervised by Glen A. Izett and George A. Desborough. Details explained
in numbered footnotes]

Pargasite Clinopyroxene Spinel Ortho-

Major In large In In large In in pyroxene Olivine

oxides grains symplectitel grains symplectitel symplectite1
Si0, ——---—-- 44.74 (39) 44.78 (12) 53.52 (19) 54.63 (14) 5.80 (33) 53.62 (32) 38.64 (24)
AlLO, ~——-—-- 13.01 (39) 14.25 (12) 3.91 (19) 2.90 (14) 62.94 (33) 2.26 (32) .08 (24)
Fe,0, -———-- 21.83 21.96 81.31 81.30 46.26 5147 6149
FeQ ---—-— %551 25.89 33.54 3333 416.04 511.89 620.14
LFeQ --———- 7.16 (39) 7.65 (12) 4.52 (19) 4.50 (14) 21.68 (33) 13.21 (32) 21.48 (24)
MgO -——--- 15.08 (24) 13.30 {4) 14.98 (10) 14.37 (6) 13.04 (26) 27.48 (24) 34.16 (14)
CaQ -—--——-- 12.67 (15) 12.78 (8) 25.04 (9) 24.03 (8) 31 (7 .32 (8) .09 (10)
Na, 0 --———- 1.64 (15) 1.71 (8) .08 (9) 12 (8) .01 (7) .01 (8) .02 (10)
KO -———-—— .46 (39) .40 (12) .24 (19) 24 (14) .01 (33) .01 (32) .01 (24)
"H,0t ————- 245 2.45
TiO, ——---—-- .49 (15) .24 (8) 17 (9) .14 (8) .16 (7) .10 (8) .16 (10)
MnO --—--—-- .10 (24) .04 (4) .16 (10) .13 (6) .19 (26) .25 (24) .26 (14)

Total ---- 97.98 97.80 102.75 101.19 104.76 97.41 95.05
Above analyses recalculated to 100 percent
Pargasite Clinopyroxene Spinel Ortho-

Major In large In In large In in pyroxene Olivine

oxides grains symplect.itae1 Avg?® grains symplect.itel Avg? symplectite!” 10
Si0, -—--——- 45.67 45.78 45.68 52.08 53.98 53.01 5.54 55.04 40.66
ALO, --——-- 13.28 14.57 13.54 3.81 2.87 3.34 60.07 2.32 .08
Fe, O, -———-- 1.87 2.00 1.90 1.27 1.28 1.28 5.98 1.51 1.57
FeO ---———- 5.62 6.02 5.70 3.25 3.29 3.27 15.31 12.21 21.19
MgO0 ————-- 15.39 13.60 15.03 14.58 14.20 14.39 12.45 28.21 35.94
CaQ -—————- 12.93 13.07 12.96 24.37 23.75 24.06 .30 .33 .09
Na, 0 -———-- 1.67 1.756 1.69 .08 12 .10 .01 .01 .02
KO --———- 47 41 .46 .23 .24 .24 .01 .01 .01
TH,0* -——-- 2.50 2.50 2.50
TiO, ---—--—- .50 .25 .45 17 .14 .16 .15 .10 17
MnO -----—- .10 .04 .09 .16 .13 .15 .18 .26 .27

Total ---- 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

1Symplect.xt,es consist of spinel with either pargasite or clinopyroxene.
Pa.rgamte Fe,0, taken as 23 percent of ZFeO (the average shown by analyzed ultramafic pargasites 5 and 6 of Deer and others, 1963, p. 286-287). Fe,0, and FeO used in totals.
Clmopyroxene Fe O, taken as 26 percent of LFeO (the average shown by analyzed mafic and ultramafic augites 3, 6, and 7 of Deer and others, 1963, p 114 -115). Fe,0, and FeO
used in totals.
Spmel Fe 0 taken as 26 percent of LFeO (the average shown by analyzed spinels from low-silica rocks 4, 5, and 6 of Deer and others, 1962b, p. 64). Fe 0 and FeO used in totals;
EFe 0,=24. 1()
Orthopymxene Fe 0 taken as 10 percent of LFeO (the average shown by analyzed mafic and ultramafic bronzites 6, 7, and 9 of Deer and others, 1963, p. 17). Fe, 0 and FeO used in totals.
60livine Fe, 204 t.aken as 3 percent of LFeO (the average shown by analyzed mafic olivines 11 and 12 of Deer and others, 1962a, p. 12, which have about t.he same total iron content
as our samples) Fe, 0 and FeO used in totals.
79.50 percent H, 0 1s the amount, of water expected in the pargasite if the average 0.83 percent H 0 in the analyzed rock is all contained in the average 33.14 percent pargasite.
Note that 2.45 percent H 0 is added in to the upper totals in order that H, 0+ in the recalculated lower totals will approximate 2.50 percent
Average pargasite is welghted with four parts of large-grain pargasite to one part pargasite in symplectite with spinel. The two areinr
M§0 and TiO,.
Average clmopyroxene is one part large-grain clinopyroxene to one part clinopyroxene in symplectite with spinel. The two are in reasonably good agreement except for SiO, and AL,0,.
10rppe presence of excess SxO in spinel is an unsolved problem; the low alkalies attest that it is not due to beam scatter.
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