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ABSTRACT

A composite epizonal stock of biotite granite has intruded a diverse
assemblage of metamorphic rocks in the Serpentine Hot Springs area of
north-central Seward Peninsula, Alaska. The metamorphic rocks include
amphibolite-facies orthogneiss and paragneiss, greenschist-facies
fine-grained siliceous and graphitic metasediments, and a variety of
carbonate rocks. Lithologic units within the metamorphic terrane
trend generally north-northeast and dip moderately toward the southeast.
Thrust faults locally juxtapose lithologic units in the metamorphic
assemblage, and normal faults displace both the metamorphic rocks and
some parts of the granite stock. The gneisses and graphitic metasediments
are believed to be late Precambrian in age, but the carbonate rocks
are in part Paleozoic. Dating by the potassium-argon method indicates
that the granite stock is Late Cretaceous.

The stock has sharp discordant contacts, beyond which is a well-
developed thermal aureole with rocks of hornblende hornfels facies.

The average mode of the granite is 29 percent plagioclase, 31 percent
quartz, 36 percent K-feldspar, and 4 percent biotite. Accessory minerals
include apatite, magnetite, sphene, allanite, and zircon. Late-stage

or deuteric minerals include muscovite, fluorite, tourmaline, quartz,
and albite.

The stock is a zoned complex containing rocks with several textural
facies that are present in four partly concentric zones. Zone 1 is a

discontinuous border unit, containing fine- to coarse-grained biotite

xi



granite, that grades inward into zone 2. Zone 2 consists of porphyritic
biotite granite with oriented phenocrysts of pinkish-gray microcline in
a coarse-grained equigranular groundmass of plagioclase, quartz, and
biotite. It is in sharp, concordant to discordant contact with rocks of
zone 3. Zone 3 consists of seriate-textured biotite granite that has
been intruded by bodies of porphyritic biotite granite containing
phenocrysts of plagioclase, K-feldspar, quartz, and biotite in an aplitic
groundmass. Flow structures, pegmatite and aplite segregations, and
miarolitic cavities are common in the seriate-textured granite. Zone 4,
which forms the central part of the complex, consists of fine- to
medium-grained biotite granite and locally developed leucogranite.

Small miarolitic cavities are common within it.

Eight textural facies have been defined within the complex, and
mineralogic, petrographic, modal, and chemical variations are broadly
systematic within the facies sequence. Study of these variations shows
that the gradational facies of zones 1 and 2 systematically shift toward
more mafic compositions inward within the complex. Seriate-textured
rocks of zone 3 are similar in composition to those of zone 2, but
porphyritic rocks of zone 3 and rocks of zone 4 mark shifts to more
felsic compositions. These late-crystallizing felsic rocks are products
of an interior residual magma system. This system was enriched in water
and certain trace elements including tin, lithium, niobium, lead, and
zinc. The complex as a whole has higher concentrations of these elements
than many other granites. The nature of this geochemical specialization
is particularly well demonstrated by the trace-element composition of

biotite.
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The crystallization history of the pluton was complex. The
available data suggest that this history could have included: (1) chilling
and metasomatic alteration adjacent to the contact, (2) in-situ
crystallization in several marginal facies accompanied by some transfer
of residual constituents toward interior parts of the pluton, (3) slight
upward displacement of magma that was subjacent to the crystallized
walls, accompanied by disequilibrium crystallization and local vapor
saturation, (4) upward displacement of part of the residual water-rich
interior magma, accompanied by rapid loss of a separated vapor phase,
and (5) displacement of the margins of the pluton by normal faults,
accompanied by Toss of an exsolved vapor phase from the residual core
of the pluton.

The vapor phase that escaped along crosscutting faults during the
end stages of crystallization produced tin-mineralized zones in country
rocks adjacent to the granite complex. The general geologic environment
of the area is similar to that of other tin-mineralized areas, and the
results of the study are applicable to an understanding of tin-deposit

genesis as well as to problems of granite origin and crystallization.
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CHAPTER I
INTRODUCTION

The purpose of this study was to map and describe the geology of
the Serpentine Hot Springs area of the Seward Peninsula, Alaska, to
outline the crystallization history of the granite complex within it, and
to discuss possible relationships between magmatic processes and the
origin of tin mineralization in the area. Mapped lithologic and struc-
tural relations and the results of extensive laboratory investigations
have been integrated in the study. The findings and conclusions
probably are applicable to several areas of similar geology on the
Seward Peninsula, and also to other areas characterized by the associa-

tion of tin mineralization with biotite granite.

Location

The Serpentine Hot Springs area, in the north-central part of the
Seward Peninsula, Alaska (fig. 1), is a 70 sq mi area in the Bendeleben
D-6 and D-5 quadrangles and lies 120 mi north-northeast of Nome, the
largest community on the peninsula. A maintained gravel road extends
from Nome to points about 40 mi south of Serpentine Hot Springs, and
from this road the area can be reached by track vehicle or light
aircraft. The Arctic Circle is 45 mi to the north and Bering Strait,

separating North America from Siberia, is 98 mi to the west (fig. 1).
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Methods of Study

Much of the field work was done from a base camp established in
a large wood frame cabin at Serpentine Hot Springs. A track vehicle
served as a mobile camp for work in outlying parts of the area. The
geology was mapped by foot traverse on topographic maps at a scale of
1:63,360 and larger, and representative samples of rocks were collected
throughout the area. Many outcrop relationships were documented by
photographs. The field investigations were made during the periods
June 25 to July 22, 1968, June 16 to August 23, 1969, and August 10
to August 27, 1970. The 1968 work was part of a regional mapping project
with principal emphases upon studies and sampling of mineralized areas
(Sainsbury and others, 1970), but during this time the margin of the
granite complex was also outlined. The major lithologic units were
defined, mapped, and sampled in 1969, when systematic sampling of the
granite complex, on a 3/8-mi spacing, also was completed. In 1970,
important structural features within the complex were studied, and
a transparent plastic overlay with grid points spaced 1 1/4 in. apart
was used to determine modal phenocryst populations in several of the
rock types. The transparent grid was taped to flat outcrop surfaces
for the counting of more than 1000 points at each of 23 localities.

Thin sections and hand specimens were systematically examined and
described in the laboratory. Detailed examination of granite specimens
was facilitated by the staining of K-feldspar on sawed slabs (Norman,
1974). The stained surfaces were point counted with transparent plastic
grid overlays; maximum spacing of points was 2.5 mm, and 800 to more

than 1000 points were counted on each slab. Plagioclase compositions



were determined optically by the a-normal method with reference to curves
published by Deer, Howie, and Zussman (1966, p. 333). Some mineral
identifications were made by means of X-ray diffraction powder patterns,
and compositions and structural states were determined for a few
K-feldspars according to the method of Wright (1968). Mineral separates
were made through use of magnetic separators, heavy liquids, and polished
metal vibrating tables.

Chemical data were obtained from the Branch of Analytical Labora-
tories, U. S. Geological Survey. The major oxide compositions of whole-
rock samples were determined by procedures described by Shapiro and
Brannock (1962), and semiquantitative trace element analyses of whole-
rock samples and mica separates were made chiefly by procedures des-
cribed by Meyers and others (1961). Normative mineral compositions
were calculated by computer according to the C.I.P.W. method. Potassium-
argon dating of two biotite separates was done by techniques described

in Dalrymple and Lanphere (1969).

Physical Setting

The Serpentine Hot Springs area is located near the head of the
Serpentine River, a stream with a tightly meandering, serpent-1ike
channel. This part of the Seward Peninsula is in the Intermontane
Plateau of Alaska (Wahrhaftig, 1965) and is characterized by a land-
scape with elongate, rounded ridges and hills that are in large part
mantled by tundra (fig. 2). Where surface materials are exposed,
they are dominantly frostriven rubble. Bedrock outcrops are scarce.

The study area straddies a north-trending ridge that reaches an

elevation of 2592 ft within the area and a maximum of 2720 ft at
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localized along these fractures, they have not been mineralized and are

mapped as fault zones on plate 1.

Deuteric Features

Products of deuteric crystallization are present in minor amounts
in all the textural facies of the complex. They include materials
related to the alteration of biotite and feldspar and to precipitation
in interstitial voids. The character of the deuteric crystallization
changes through the facies sequence.

In the facies of zone 1, the principal deuteric product is muscovite.
It forms interstitial grains, scattered and relatively abundant inclu-
sions in.plagioc1ase, and small grains that are adjacent to or inter-
leaved with biotite. The biotite is commonly preferentially replaced
along the cleavages by a pale green chlorite with gray interference
colors. Deuteric crystallization may merge with hydrothermal alteration
in facies 1A where sericite is common in plagioclase, K-feldspar
is very clouded by minute inclusions that are probably clay minerals,
fluorite is associated with late-forming muscovite, and schorl is present
in many cavities.

In zone 2, deuteric crystallization is characterized by the develop-
ment of grass-green chlorite (with blue-gray interference colors) that
replaces biotite along cleavages and in patches. Some of the biotite
is a bright red brown near chloritized areas, but other late-stage
products are restricted to scattered muscovite crystals in parts of some
plagioclase grains.

In zone 3, the seriate-textured rocks (facies 3A) characteristically

contain much deuteric muscovite that forms interstitial grains, as well
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as patchy crystals in altered plagioclase, particularly in the interiors
of zoned crystals. It is generally accompanied by small, anhedral,
disseminated and interstitial grains of fluorite. Grass-green chlorite
with blue-gray interference colors patchily replaces some biotite
that is in part similar to altered biotite in zone 2. In composite-
textured rocks (facies 3B), the groundmass crystals are characteristically
more altered than the phenocrysts. Small shreddy grains of biotite
are partially to completely replaced by pale to deep-green chlorite,
and muscovite is relatively common as intergranular to interstitial
grains and as crystals attached to the margins of larger biotite grains.
Interstitial and anhedral fluorite is relatively common, and feldspars
are variously clouded by minute inclusions.

In zone 4, the effects of deuteric crystallization merge with
those of hydrothermal alteration. In facies 4A, equigranular rocks
with biotite, the biotite is partially oxidized, is bright red brown,
and is interleaved with muscovite. Muscovite also occurs intergranularly
and as replacements in plagioclase. Interstitial fluorite is common
and some interstitial tourmaline is present. Chlorite is lacking.
In facies 4B, equigranular and leucocratic rocks, muscovite occurs as
somewhat shreddy intergranular grains and interstitial fluorite is
common. The shreddy muscovite has thin inclusions of opaques and sphene
oriented along the cleavages, as well as discontinuous shreds that are
pleochroic in shades of brown, thus indicating that it largely represents
replaced biotite crystals. The altered nature of the feldspars in
facies 4B varies considerably. In some specimens both plagioclase and
K-feldspar are extensively clouded by minute inclusions, and in others

plagioclase has been preferentially replaced. Yet there are facies 4B
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specimens in which neither feldspar shows signs of late-stage altera-
tion. Probably there is complete transition from rocks of facies 4B
that contain unaltered feldspars, quartz veining, bleached quartz, and
muscovite after biotite to the extensively argillized and silicified
rocks present in the hydrothermally altered fault zones that cut Zone 4.
In summary, muscovite, chlorite, and clay minerals are the dominant
late-stage products of deuteric crystallization. These minerals are
accompanied by interstitial anhedral fluorite and locally by schorl.
Both facies 1A and facies 4B rocks show evidence of extensive late-
stage changes that appear to merge with those of hydrothermal alteration.
These changes involve locally extensive replacements of feldspars by
sericite-muscovite and clay minerals and muscovite replacements of
biotite. In the facies 1B-1C-2 transition, the principal deuteric
product is chlorite. The chiorite replaces biotite and becomes darker
green and more anomalous in interference colors inward through this part
of the facies sequence. Chlorite similar to that in facies 2 is present
in facies 3A but the latter contains more muscovite and fluorite than
facies 2. The groundmass of facies 3B contains very few nonchloritized
biotite grains, and muscovite, fluorite, and clay(?) minerals are all
relatively abundant. Deuteric crystallization in zone 4 is locally
complex but overall it is characterized by the presence of muscovite

and the absence of chlorite.

Plagioclase Composition

Plagioclase composition varies through the facies sequence, sugges-
ting that there are several different plagioclase populations within

the complex.
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Composition of the plagioclase was determined optically using the
a-normal method, and the results are shown diagrammatically in figure 27.
Only one composition was measured for any particular grain, even though
zoning commonly was present. This is because compositions within
individual crystals commonly bracket An21, the composition about which
extinction angles vary only slightly from 0%, and because, even in
crystals with conspicuous zoning features, the compositional variation
commonly is slight. The compositional variation within zoned crystals
is comparable to the overall variation of plagioclase composition
in facies 1B, 1C, 2, and 3A, but in facies 1A and 3B, the overall
variation within the facies is greater than that observed in any single
zoned crystal. Compositions determined on subsolidus albite crystals
are shown in figure 27 for facies 3A rocks only. Similar subsolidus
albite is present in the other facies. The data for facies 4A and 4B
are not significantly different and have been plotted together in
figure 27.

As shown in figure 27, plagioclase composition in facies 1A varies
over a wide range. It is relatively uniform within facies 1B, 1C,
and 2, and the anorthite content increases slightly inward through
these facies. The range in composition is greatest in facies 3A, and
the determinations fall into a group at about An25_27 and a group between
An]z and A"ZO' The composition is somewhat evenly distributed about
average values in facies 3B and Zone 4, and shows a slight shift toward
albite in the last crystallizing facies. The general trend in the
variation of plagioclase composition is one in which the average
anorthite content increases from facies 1A through facies 2 (An17 to

An25), goes through some intermediate value in facies 3A, then drops
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toward albitic compositions (<An]]) in facies 3B through 4B. The
details of the compositional variations, combined with petrographic
variations, are important and are discussed more completely below.

The compositional data suggest that there are several different
plagioclase populations within the complex: (1) heterogeneous crystals
of facies 1A, (2) a transitional population that includes crystals of
facies 1B, 1C, 2, and the calcic oligoclase of facies 3A, (3) albitic
oligoclase in facies 3A, (4) the facies 3B crystals, and (5) the Zone 4
crystals. The facies 3B plagioclase compositional data apply to both
phenocrysts and groundmass crystals and, although there is no distinct
break in composition between them, the sharp break in grain size clearly
defines two populations in this facies. The plagioclase compositional
and petrographic data actually earmark several composite crystal popula-
tions in the complex. These crystal populations are identified and

discussed more completely in a later section.

Modal Composition.

Modal determinations were made on selected mineral populations
in facies 3B, 4A, and 4B rocks. Modes on these facies were restricted
to the finer grained mineral populations that surround a well-developed
phenocryst population in the case of facies 3B rocks and a few
scattered metacrysts in the case of facies 4A and 4B rocks. The modal
composition of the groundmass in facies 3B rocks was determined by
point counting thin sections stained for K-feldspar. The modal composi-
tions of all other specimens were determined by point counting stained
rock slabs.

Modal compositions were obtained for samples collected from all

parts of the complex, and all the modal P1:Q:0r ratios are plotted
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together in figure 8. The ratios are evenly scattered and do not define
any obvious variation trends. Because of the overall granite com-
position of the complex, the modal variations are necessarily small,

but significant differences in modal composition do exist among the
principal textural facies. Only the essential minerals and biotite
were included in the modal determinations; accessory minerals are

present in amounts less than 1 percent.

Variation of Modal Averages

The modal averages for each facies are plotted in figure 28.
A11 involve whole-rock modes except that for facies 3B, which is the
average mode of the aplitic groundmass. The plotted averages define
several important variations: (1) biotite varies independently of the
other essential minerals and shows a gradual increase to a maximum of
6 percent in facies 2, then decreases in more interior facies until it
is only a minor constituent of the leucocratic facies 4B rocks, (2) the
plagioclase and K-feldspar proportions diverge significantly from their
more systematic trends in 1B, 1C, and 2, (3) the systematic variations
among facies 1B, 1C, and 2 are defined by an increase in plagioclase,
a slightly increasing or approximately constant K-feldspar percentage,
and a corresponding depletion in quartz, (4) the groundmass of facies 3B
is sharp]y depleted in plagioclase and correspondingly contains increased
quartz and K-feldspar percentages, (5) facies 4A continues the plagio-
clase enrichment trend and is depleted in K-feldspar, and (6) facies 4B
contains more plagioclase than any other facies, an increased K-feldspar
content over that of facies 4A, and a low percentage of quartz. Quartz

is believed to be the dependent modal variable in the fluctuations of
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the framework silicate percentages in all the facies except 4B. Many
of these variations are important to an understanding of the nature
of the separate crystal populations in the complex that are identified

and discussed farther on.

Chemical Composition

The major- and trace-e]emeﬁt composition of 16 whole-rock samples
and the trace-element composition of 18 mica separates from the complex
have been determined by personnel of the Branch of Analytical Laboratories
of the U. S. Geological Survey, and individual analysts are credited
in thé'tab1es. The samples were collected from points throughout the
complex and are typical of the facies they represent. The results for
major oxides are Tisted in table 2, for'who1e-rock trace elements in
tables 3 and 6, and for biotite trace elements in tables 4 and 5.

The purpose of this section is to clarify the overall composition of

the complex by comparison of its average whole-rock major- and trace-
element and biotite trace-element compositions with some average granite
and biotite compositions and to determine the nature of the principal
chemical variations. Much of the major- and trace-element variation

is systematic through the facies sequence and helps to clarify important

aspects of the crystallization history.

Variation of Major Oxides

Most of the major-oxide compositions listed in table 2 are shown
diagrammatically in figure 29. The variation diagrams of figure 29
bring out several important relationships: (1) there is a marked
Tinear dependence of Tioz, Ca0, MgO, Fe203, and A1203 values with
5102 content, (2) KZO values decrease slightly with increasing 5102,
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sketched by eye to illustrate general trends.
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but Na20 values generally are higher in samples high in 5102, and
(3) there is a break in $i0, content between 74 and 75 percent, and
this corresponds to shifts in the K20 and Na,0 values. The regular
and marked decrease of mafic oxides with increasing S1’02 content suggests
that the crystallization history of the complex is essentially one of
magmatic differentiation. As the relative age relations ofvthe different
facies are known, the variation of major-oxide values with the facies
sequence helps to clarify the nature of this differentiation.

The major-oxide values are plotted against the facies sequence
in figure 30. Comparison of the variation in figure 29 with that in
figure 30 quickly reveals major differences and shows that the facies
sequence does not represent a simple trend toward more salic compositions.
The variation within the facies sequence is of three types: (1) a
decreasing SiO2 trend that shifts to higher values in facies 3B and 4B,
(2) increasing trends for TiOZ, Ca0, Mg0, FeO, Fe203, and A1203 with
shifts to lower values in facies 3B and 4B, and (3) less regular trends
for Na20 and K20 in which it appears that the Na20/K20 ratio does not
change significantly through facies 1B, 2, and 3A, but that it is
distinctly high in facies 1A, 3B, and 4B.

The trends in figure 30 indicate that crystallization resulted
sequentially in: (1) initial solidification of salic melts in the
finer grained border facies, (2) an intermediate crystallization of
relatively femic compositions in facies 1C through 3A, and (3) final
crystallization of salic melts in facies 3B and 4B. Although they
are not represented in the analyses, it is believed that samples of
facies 4A would closely follow the trends in figure 30 and plot with

samples from facies 3B and 4B. ‘The negative slope of the 51'02 variation
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indicates that the residual melt experienced enrichment in 5102;
conversely, the positive slopes for T102, Ca0, Mg0, FeO, Fe203, and
A1203 indicate that the residual melt was depleted in these components
by facies 1C through 3A crystallization. The marked shift in the
direction and continuity of the trends upon crystallization of rocks
of facies 3B and zone 4 indicate that these facies can represent resi-
dual melts that were developed by crystallization and separation from
the melt-crystal system of facies 1C, 2, and 3A. The field data indicating
that facies 3B and zone 4 were the parts of the complex to crystallize
last, the cogenetic character of all the facies that is evidenced by
the trends in figure 29, and the whole-rock and biotite trace-element
data discussed below confirm this relationship.

The gap in Si02 values evident in figure 29 can be seen in figure
30 to be essentially a break between the values for the initial and
final facies (1A, 3B, and 4B) and the values for the facies that
crystallized at an intermediate stage (1C, 2, and 3A). The final facies
clearly represent residual melts; the initial facies are composed of
relatively rapidly crystallized rocks adjacent to or near the contact
with the hornfels country rocks. Both the major- and trace-element
irregularity are more pronounced in facies 1A rocks than in any other
facies of the complex. This irregularity probably is the result of
the complex interaction of several processes as discussed in the section

dealing with the crystallization model for the pluton.

Variation of Trace Elements
The variations of some of the whole-rock trace-element abundances

1isted in table 3 through the facies sequence are shown diagrammatically
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in figure 31. The concentrations in facies 1A are more irregular than
in the other facies. In general, the concentrations increase from
facies 1B to 3A and shift to divergent values in facies 3B and 48B.
The trends are of two principal types: (1) markedly increasing values
with maxima in rocks of facies 2 and shifts to low concentrations in
facies 3B and 4B (Ba and Sr), and (2) gently increasing or nearly
constant values with marked shifts to higher concentrations in facies
3B and 4B (Nb, Pb, and Be). Tin is an apparent exception to the general
trends and is discussed separately below.

The trends of the first type, those for barium and strontium,
are explained by preferential substitution of barium for potassium in
K-feldspar and of strontium for calcium in plagioclase. The modal
percentage of K-feldspar decreases then increases slightly from facies
1B through facies 2, then becomes slightly less in rocks of facies 3A.
This modal trend closely follows the whole-rock barium trend through
these facies. The modal facies trend for biotite is similar to that
for K-feldspar, but the barium content of biotite is too low (table 4)
to explain the observed whole-rock barium contents and variations.
Strontium clearly follows calcium through the facies sequence, and as
plagioclase is the only calcium-rich mineral of appreciable abundance,
the distribution of strontium is mostly a function of the nature and
distribution of this mineral. Both the modal-facies trend and composi-
tion of plagioclase correlate well with the observed strontium variation
from facies 1B to facies 3A. The shift to low values for barium and
strontium in facies 3B and 4C is in keeping with the more felsic nature
of these later facies, but in addition it probably indicates that the

barium and strontium concentrations that were present in the initial
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Figure 31.
the facies sequence.
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magma were essentially used up by incorporation in the K-feldspar
and plagioclase of the more mafic intermediate facies. An interesting
aspect of the barium and strontium distribution is that their higher
concentrations in the intermediate facies probably were also enhanced
by the slow crystallization rates that existed during crystallization
of these facies.

The second type of trend, for niobium, lead, and beryllium,
is explained by the inability of these elements to readily substitute
for any of the major elements. These elements would be expected to
concentrate throughout crystallization in the residual melt. Their
concentration in facies 3B and 4B is commonly at least twice their
concentration in earlier formed facies. The sharp shift to these higher
concentrations in the last crystallized facies supports the conclusion
that these facies represent mostly solidified residual melt.

The trend for tin through the facies sequence could be expectéﬁ
to be similar to that for the other trace elements that do not substitute
readily for any of the major elements. There is some indication in
the whole-rock trace-element data that tin follows the other fugitive
elements in that the highest observed tin concentration is in one of
the samples of facies 3B rocks, but the drop-off to lower values in
facies 4B rocks must be explained. Rocks of facies 4B, unlike all
other rocks in the complex, essentially lack biotite. They charac-
teristically have many small miarolitic cavities, interstitial fluorite,
and muscovite that in part has clearly replaced biotite. If high tin
concentrations were present in these rocks when they first crystallized,
it must have been removed by subsequent reactions. In the process,

muscovite replaced pre-existing biotite.
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Variation of Trace Elements in Biotite

Seventeen biotite separates from unaltered whole-rock samples and
one muscovite separate from a muscovite-albite replacement selvage
along the walls of a large pocket have been spectrographically analyzed
for selected trace elements. These data are in two parts: (1) results
of semiquantitative analyses for a large number of trace elements
(table 4), and (2) results of quantitative analyses for the selected
elements B, Be, Cu, Pb, Sn, and Zn (table 5). The semiquantitative
data provide a scan of the trace-element composition and indicate the
general abundance of those trace elements present in appreciable amounts
in the micas. The quantitative data were obtained to more closely
study the variation in trace-element abundance through the facies
sequence. The elements determined quantitatively were chosen in part
because Sainsbury and Hamilton (1968, p. F11) reported them to be
present in readily detectable quantities in biotite from some other
tin-granites of the Seward Peninsula. In addition, biotite is the
preferred mineral host for most of these elements (Nb, Sn, Zn, and Li).
The data in table 4 show that many elements are present in low but
detectable amounts, and that barium, niobium, tin, zinc, and lithium
are present in appreciable quantities. The semiquantitative data reveal
that some of these elements, such as niobium and tin, show significant
variation through the facies sequence, but for many, such as barium and
zinc, the nature of the variation, if any, is not clear.

Most of the quantitative data in table 5 are shown diagrammatically
in figure 32. The variation in copper content of the biotite through
the facies sequence is irregular, and systematic differences from one

facies to the next are not present. On the other hand, the variation
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for Be, Li, Nb, Sb, and Zn through the facies sequence is systematic,
and the data for all these elements clearly show a slightly decreasing
trend or almost constant value from facies 1A or 1B through facies 3A
and then a shift to higher concentrations in facies 3B and 4A. In
general, the highest values for these elements are in biotite from
facies 4A. The highest observed Tithium value is in facies 3B rocks.

The elements that show nearly constant or slightly decreasing con-
centrations through the intermediate facies and higher values in the
final facies are those that substitute in Timited amounts for major
elements in the biotite structure. These variation trends indicate
that, throughout intermediate-facies crystallization, these elements
were being selectively partitioned to the residual melt.

The variation of tin concentration in the biotite provides some
explanation of the observed whole-rock variation of this element.
The nearly constant tin concentration in biotite through the inter-
mediate facies indicates that the whole-rock variations through these
facies shown in figure 31 must be due to variations in the amount of
biotite present or the contributions of other minerals. Both factors
probably contribute to the slight whole-rock tin increase; modal biotite
increases to a maximum in facies 2 (fig. 28) and sphene, a likely con-
centrator of tin, is present in minor but above-average amounts in this
facies. The whole-rock tin content apparently cannot be completely
explained by the distribution and composition of biotite alone, in that
the whole-rock tin concentration is commonly about twice the amount
that could be contributed by biotite. Either the whole-rock concen-
tration of tin reported in table 3 is too high, or significant amounts

of tin are present in minerals other than biotite.
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Some recent data suggest that the semiquantitative whole-rock
determinations for tin listed in table 3 are too high. Five additional
whole-rock samples, two from facies 2 and one each from facies 1A,
3A, and 4B, were analyzed in 1975 for the entire trace-element suite
by semiquantitative techniques. The procedures used in 1975 are revised
from earlier ones and are considered to be more accurate (R. E. Mays,
1975, pers. commun.). The 1975 results are listed in table 6 and show
tin contents that are less than or equal to 10 ppm. The conclusion
is that the whole-rock tin concentrations in table 3 are too high,
and that the tin content and distribution of biotite readily explains
the whole-rock tin variation shown in figure 31. The newer data in
table 3 have not been used to study the trace element variation between
facies because data from all the facies are not available. The newer
data do not reveal any differences in the general trends exhibited by
the older data in table 3, and, as the older data were obtained under
the same laboratory and analytical conditions, they are entirely
satisfactory for studying the trace element variation through the facies
sequence. The new data differ from the old only in that: (1) nickel
and zinc are present in detectable amounts, (2) values for chromium
are consistently higher, but those for tin, and probably niobium, are
consistently lower, and (3) the values for lithium are more consistently
within detectable limits.

The mica trace-element data provide one more important link to
the whole-rock data. The lack of whole-rock analyses for facies 4A
is a serious gap in the analytical data, more so for the trace elements
than for the major oxides. The mica data partly fill the trace element

void for this facies, and show that tin was concentrated to high values



118

in the residual facies of the complex. As discussed more completely
later, facies 4B rocks are leached facies 4A rocks and the tin they
once contained has been removed, resulting in the low whole-rock values

as illustrated in figure 31.

Trace-Elements in Pocket Muscovite

Muscovite was separated from the replacement selvage (fig. 25)
that is present along the walls of a large pocket in facies 3A rocks.
The semiquantitative and quantitative trace-element data for this
mineral are included in tables 4 and 5 along with those for the other
micas from the complex. The muscovite has high concentrations of
beryllium, lithium, and tin, but Tow concentrations of copper, niobium,
and zinc. The high boron content shown in table 5 for this sample is
probably due to contamination by small grains of schorl, which is a
minor but important constituent of the selvage material.

The selvage material probably represents the products of reaction
between a separated and trapped aqueous phase and the enclosing seriate-
textured rocks of facies 3A. The most obvious chemical change has
been the addition of Na20, and the selvage is essentially albitized
granite. Water, boron, and fluorine also have been added. As the
muscovite is part of the reaction products, its trace-element composition
should reflect, at least in part, the trace-element composition of the
coexisting aqueous phase. The high concentrations of beryllium, 1ithium,
and tin in the muscovite support the conclusion that the coexisting
aqueous phase was enriched in these elements. As muscovite forms abqut
50 percent of the selvage material, the whole-rock tin concentration

for this material is about 300 ppm. This is 30 times the average tin
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concentration of the granite samples and clearly shows not only that
tin was concentrated toward the residual melt throughout magmatic
fractionation, but also that once a separate vapor phase was evolved,
the tin was strongly partitioned to it. This relationship is also
supported for beryllium and lithium. The muscovite trace-element data
do not reveal what has happened to the other elements that were concen-
trated through magmatic fractionation, but it seems likely that they
were also partitioned to the evolved vapor phase. Once in this'phase,
their distribution apparently became governed by the complex relations
of a high-temperature hydrothermal system (only part of which is exposed
in the pocket), and they were effectively not available for direct
precipitation or substitution in the muscovite structure under the

conditions that must have prevailed in the pocket environment.

Comparison with Average Compositions of Granite and Biotite

The overall chemistry of the complex is defined by comparisons
with compiled major-oxide, whole-rock trace-element, and biotite trace-
element averages. For the major oxides, the average and calculated
bulk compositions of the complex are shown in table 7 along with the
average for most of the analyzed tin-granites of the world (S temprok
and Skvor, 1974), some biotite granites (Nockolds, 1954), and general
calc-alkalic granites (Nockolds, 1954). The calculated bulk composition
of the complex is slightly more mafic than the arithmetic average.
Comparison of the bulk composition with the other granite averages
shows that the complex is similar to the average for tin-granites

but that there is one significant difference with respect to the other
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granite averages. The Serpentine Hot Springs complex and evidently
other tin-granites have a distinctly lower K20/Na20 ratio.

The average values for selected trace elements in the complex are
shown in table 8 along with the average for trace elements in low-
calcium granites as compiled by Turekian and Wedepohl (1961). The
complex contains distinctly less Mn, Cr, Cu, and V and distinctly more
Be, La, Nb, Pb, Sn, and Li than the compiled low-calcium granite average.
0f those elements that are more abundant in the complex, the values
for Be, Nb, Pb, and Sn are two times or more above the average values
for low-calcium granites.

Biotite is the preferred mineral host in the complex for many of
the elements listed in table 8, and its trace-element composition more
clearly indicates the nature of the overall trace-element composition
of the complex. The average trace-element composition of biotite in
the compliex (table 9) has been calculated from the results of 16 of
the analyses listed in table 4. Data for sample 69AH434 were not
included in the calculation because its composition is somewhat anomalous.
Also shown in table 9 is the average trace-element composition of 28
biotites from 7 different intrusive bodies in the western United States.
The average for the western United States biotites was calculated from
data reported by Lovering (1972).

Compared to the data reported by Lovering (1972), the biotites
from the granite complex in the Serpentine Hot Springs area have a
distinct trace-element composition that is characterized by two different
element suites. The first suite includes those elements with high
concentrations (Be, Nb, Pb, Sn, Zn, and Li) and the second includes

those with low concentrations (Ba, Co, Cr, Ni, Sc, V, and Y). Zirconium
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Table 8.--Average trace element composition of the granite

complex and of low Ca granites(l) in ppm.

Average Low Ca granite
Element (from table 3) average
Mn 297 390
B 13 10
Ba 486 840
Be 7 3
Co 2 1.0
Cr 2 4.1
Cu 4 10
La 28 55
Nb 44 21
Pb 66 19
Sc 4 7
Sn 8* 3
Sr 173 100
v 10 44
Y 60 40
Zr 148 175
Ce 131 92
Ga 21 17
Li 380%* 40
Yb 6 4
Nd 63 37

(1) Turekian and Wedepohl, 1961

*from table 6
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appears to be part of the depleted suite, but since zircon inclusions
play a major role in the distribution of this element the data in
table 9 are inconclusive without additional petrographic information.
The copper averages are about the same for the two different biotite
groups, but the range of values for the biotites from the Serpentine
Hot Springs area is narrower. The degree of enrichment for some of
the elements is spectacular; the lowest values for tin, zinc, and
lithium in biotites from the Serpentine Hot Springs area are equal
to, or greater than, the highest values for these elements in biotites
studied by Lovering.

Much work has been done to clarify the trace-element geochemistry
of tin-granites and their constituent minerals, and the data in table 9
confirm many general relationships identified by others (for example,
Bradshaw, 1967; Odikadze, 1967; Sainsbury and others, 1968; §temprok,
1971; Groves, 1972). But because the calculated averages in table 9
characterize the trace-element composition of the granite complex as
a whole and the data are for a relatively large suite of elements,
they also provide the basis for making some interpretations concerning
the origin of the tin-granite magma, as discussed later.

The comparison of averages has shown that the complex is similar
in major-oxide composition to other tin-granites and that it has a
distinctly lower K20/Na20 ratio than average biotite granite as compiled
by Nockolds (1954). The whole-rock trace-element composition is also
similar to that in other tin-granites (Stemprok, 1970, p. 116; Sains-
bury and Hamilton, 1968), but it differs significantly from the averages
compiled for low-calcium granites by Turekian and Wedepohl (1961).

Compared to the averages in low-calcium granites, the granite complex
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is more fractionated and contains enriched concentrations of seve#gl
fugitive elements including tin. The trace-element composition of biotite
clearly identifies the overall fractionated nature of the complex;
the biotites are exceptionally enriched in the fugitive elements.

The important differences all point to the fact that the complex, as

a whole, is more fractionated than average granites.

Crystal Populations

The textural, petrographic, and compositional data together help
to identify and characterize eight major crystal populations within
the complex. As referred to here a crystal population includes those
crystals, regardless of mineralogy, that grew together and were simul-
taneously affected by any later changes in the crystallizing environ-
ment. The different crystal populations include: (1) equigranular
crystals of facies 1A, (2) the texturally and compositionally transi-
tional crystals of facies 1B, 1C, and 2, (3) the larger well-formed
crystals of facies 3A, (4) the finer grained poorly formed crystals of
facies 3A, (5) the phenocrysts of facies 3B, (6) the fine-grained
crystals in the aplitic groundmass in facies 3B, (7) the crystals of
facies 4A, and (8) the crystals of facies 4B. These crystal populations
are discussed separately below. Their characteristics together define
the framework within which a complete crystallization model for the
complex can be set up.

The equigranular crystals of facies 1A form a population that has
many anomalous textural and compositional characteristics. This
population has high Si0,, Na,0, Sn, Pb, Be, and Nb values and low K,0,

Ca0, Mg0, MnO, FeO, Y, Ba, and Sr values. The variation diagrams of
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figure 30 show that the values for all the major oxides except Na20

and K,0 are not markedly divergent from the variation trends in the

facies transitional inward from facies 1A; the Na,0 values are enriched
and the K,0 values are depleted in this facies. Also anomalous are the
highly variable compositions of the dominantly unzoned plagioclase

(fig. 27), the shift in modal population of feldspars (fig. 28), the
clouded nature of the feldspars, and the local but extensive replace-
ments by muscovite. Together, these data suggest that processes affecting
the alkali content of these rocks are in large part responsible for

their anomalous nature.

The texturally and compositionally transitional plagioclase,
K-feldspar, and biotite crystals of facies 1B, 1C, and 2 constitute
another distinct crystal population within the complex. Nowhere
in the facies 1B to 2 transition does quartz display any evidence
of having coexisted as a liquidus phase with plagioclase, K-feldspar,
and biotite. It invariably forms anhedral grains or aggregates of
grains that are interstitial to the other essential minerals, and it
is therefore not considered to be part of the facies 1B, 1C, and 2
crystal population. The transitional compositions between facies 1B
and 2 are evident in the chemical data (figs. 30, 31, 32), in the
modal data (fig. 28), and in the inward increase in anorthite content
of the plagioclase (fig. 27). The inward change in biotite color and
in the perthitic nature of K-feldspar suggests that these minerals
also gradually shift in composition inward.

The nature of the transitions with the facies 1B, 1C, and 2
crystal populations is especially well illustrated by megascopic

textural shifts inward, such as the increasing aggregation, size,



127

and morphological development of K-feldspar, and also by the pro-
gressive changes in plagioclase zoning relations. In general, the
zoning divides the individual plagioclase crystals into three parts:

(1) homogeneous calcic cores that commonly show even extinction, but

can have patchy extinction, twinning discontinuities, and selective
development of secondary minerals, (2) normal-zoned marginal bands that
surround the cores and have thin and somewhat faint oscillations, and
(3) sodic rims that lack oscillations and have even or normal-zqned
extinction. The compositional variation within the zoned crystals

is commonly not great, but it is consistently normal in that the cores
are calcic oligoclase (An22_27), the marginal bands are normal-zoned
toward sodic oligoclase, and the rims are sodic oligoclase (A"10-18)'
The progressive changes in the zoning relations from facies 1B to

facies 2 include changes in the composition and physical characteristics
of cores, the degree of oscillation development within the marginal
bands, the sharpness of normal zoning within the rims, and distinct
changes in the relative proportions of marginal bands and rims. Through
this part of the facies sequence, the cores change inward from being

the dominant part to being one-third of individual crystals, and from
being poorly defined and having even extinction to being sharply defined
by twinning discontinuities and inclusions. The marginal bands gradually
change from being thin, poorly defined, and containing only a few faint
oscillations in facies 1B to having many faint oscillations and being
half or more of individual crystals in facies 2. The rims are well
developed in facies 1B, where they are one-fourth to one-third of
individual crystals and are moderately normal zoned, but they become

narrower and commonly inconspicuous to absent in rocks of facies 2.
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The larger, morphologically well-developed calcic oligoclase,
perthitic K-feldspar, quartz, and biotite crystals of facies 3A consti-
tute a separate crystal population. This is the first facies interior
from the facies 1A rocks in which quartz appears to have coexisted
as a stable liquidus phase with the other essential minerals. Some
aspects of the feldspars in this crystal population are similar to those
in facies 2. The larger plagioclase crystals in facies 3A correspond
to the inward pattern of change in that their well-defined cores are
slightly higher in anorthite content than facies 2 plagioclase. The
principal difference between the larger plagioclase crystals in facies 3A
and the plagioclase of facies 1B through 2 is that the marginal band
is condensed and the rim better developed in the former.

The large K-feldspar crystals are similar to the perthite pheno-
crysts in facies 2 except that they are not pinkish and are slightly
larger. The finer grained crystals of facies 3A are distinctly different
in several respects from the larger crystals of this facies and together
constitute another crystal population. This population contains
dominantly unzoned albitic oligoclase, nonperthitic Or-rich K-feldspar,
quartz, and probably some biotite that for the most part form subhedral
or anhedral intergranular grains. The most important aspect of this
population is the clearly different composition of the feldspars from
that of the coarser crystal population. The difference between the
two crystal populations in facies 3A explains why facies 3A is very
similar to facies 2 in composition (figs. 30, 31, 32) but modally
contains less K-feldspar (fig. 28). This diminished modal K-feldspar

percentage is in keeping with the less albitic nature of the second-



129

generation K-feldspar, which is more abundant than the earlier formed
large perthite crystals of the first population.

Facies 3B is another facies that contains two different crystal
populations, in this case clearly identified by the grain size contrast
between phenocrysts and groundmass. The phenocrysts include albitic
oligoclase, perthitic K-feldspar, quartz, and biotite. The plagioclase
has albite overgrowths, and the coarse perthite has overgrowths of
nonperthitic K-feldspar. Another important characteristic of this
population is the nature of the plagioclase zoning and composition.

The plagtoclase phenocrysts display some gross zoning relations that
are similar to the larger plagioclase crystals in facies 3A, but they
are different in two important ways. First, the overall compositional
variation is within the sodic oligoclase range, about An]8 to An]O,

and second, many phenocrysts have features suggestive of well-developed
primary zoning and corresponding compositional heterogeneity but they
are actually fairly homogeneous in composition. The allotriomorphic
mosaic of crystals in the aplitic groundmass is the second and clearly
later crystal population in faciés 3B. It includes unzoned albite-
oligoclase, nonperthitic K-feldspar, quartz, and biotite. The feldspars
are commonly clouded and the modal data (fig. 28) show that the mosaic
has a low percentage of plagioclase.

Each of the two facies in zone 4 represents a crystal population.
The equigranular hypidiomorphic crystals of facies 4A include albite-
oligoclase, slightly perthitic K-feldspar, relatively dark-colored
quartz, and biotite. This population is clearly more felsic than
those that formed earlier (escepting facies 1A), if only on the basis

of the petrographic (fig. 27) and modal data (fig. 28). The biotite
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trace-element data (fig. 32) show that some of the highest abundances
‘of the fugitive elements are present in micas from the facies 4A

crystal population. Muscovite replacement of biotite, light-colored
quartz, and a decreased modal percentage of quartz distinguish the last
crystal population, that of facies 4B. The feldspars tend to be clouded
in this facies and plagioclase superficially resembles that of facies
4A, but the latter contains some crystals that are zoned, whereas
plagioclase in facies 4B is characteristically unzoned and has even
extinction. The trace-element data (fig. 31) show that tin is very

low in this crystal population.

Geometry of the Complex

Some exposed spatial relationships provide a basis for modeling
the size and shape of the complex. The spatial relationships permit
estimation of the overall pluton volume and of the volume relationships
of the internal zones. The volume relationships provide the data needed
to determine bulk composition of the pluton and to estimate the degree
of crystallization that accompanied formation of the successive internal

zones.

External Form

The general external form of the complex appears to be that of an
elongate tadpole or cylinder-shaped body that plunges shallowly to the
southeast. This form and attitude is suggested by the present exposed
outline and facies distribution as well as certain contact zone relations.
The exposed surface approximates a horizontal section through the body.
The most conspicuous feature shown by this section is the oval outline

of the external contact and the concentric zoning parallel to it in the
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central and western parts of the pluton. This outline is distorted
along the northeast contact by an eastward projecting bulge. The
mapped facies distribution clearly shows that this bulge was formed

by intrusion of facies 3A and 3B rocks. At the present level of exposure
the concentric and oval form of the body apparently existed intact
throughout crystallization of the marginal zones, but the northeast
contact was a zone of structural weakness that localized upward dis-
placements of magma during the later stages of crystallization. The
exposed outline and facies distribution thus emphasize the initial oval
nature of the pluton, and these relationships are believed to dominate
the overall horizontal shape of the body at depth.

The general attitude of the pluton can be inferred from several
relationships in the contact zone. The most important of these are
observed dips of the pluton-country rock contact, variations in the
width of the thermal aureole, and the spatial relationship of mineralized
areas to the exposed pluton. The pluton-country rock contact has a
shallow dip, locally only about 10°, at several places along the south-
east margin. The thermal aureole is widest along this part of the
contact and, together with the restriction of mineralization to country
rock areas southeast of the exposed granite, this further suggests
that the upper surface of the pluton dips shallowly to the southeast.
The attitude of the contact along other parts of the pluton margin
is not clearly shown by any of the mapped field relations. The only
indication that the northern contact may dip in the same direction
as the southeastern contact is the distribution of sample localities
from which rocks of facies 1A were collected. Rocks of this facies are

present only along or near the pluton-country rock contact, and are
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found over a wider area long the northern contact than along any other
part of the margin. The wider band of facies 1A rocks here is on a
southeast-facing slope. This may indicate that the northern contact
dips semi-parallel to the ground surface, thereby increasing the exposed
width of facies 1A rocks. This can only be a tentative conclusion,
however, because the samples were all collected from surface rubble

and downslope movement may have helped increase the width over which
facies 1A rocks are present.

Because of the relationships noted above, the modeling of the
internal geometry of the complex that follows below assumes that the
initially emplaced pluton was distinctly elongate, oval in cross section,
and had a shallow plunge to the southeast.

In outlining the inferred crystallization history for the complex,
a series of diagrams is useful for realistically depicting the internal
geometry of the pluton as it evolved during cooling and consolidation.
The diagrams are based on a model that can be used to calculate the
relative volume relationships within the complex. The model is a
concentrically zoned cylindrical mass that is oval in cross section.
The radius relationships of the concentric cylindrical shells were
estimated from the distance between outer zone margins as exposed along
a line trending N. 20° W. through the center of zone 4, and the lengths
of the shells were estimated from the projections shown in the cross
section of plate 1. These dimensions, together with the calculated
volumes and their relative proportions, are listed in table 10.

As considerable variation in composition exists among the facies

of zone 1 and zone 3, the relative proportions of these different
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facies have been estimated in order to calculate a bulk composition for
the pluton. The estimated facies proportions also are listed in table 10.
The calculated volume relationships were used to determine the bulk

major oxide composition that is shown in table 7. In addition, the
volume relationships show that the major proportion of the pluton crystal-
lized to form the various facies of zones 1 and 2. The internal
displacements that were followed or accompanied by crystallization

of the facies of zone 3 and 4 affected relatively small volumes of
internal parts of the pluton, and they took place only after the

entire complex was more than three-quarters crystallized.

Crystallization of the Granite Complex

The field relationships, the petrographic, textural, and modal
variations, and the major-element and trace-element chemistry of the
granitic rocks provide a framework within which a crystallization model
for the complex can be defined. This model, as here proposed, integrates
all the available data toward a conceptual understanding of the magmatic
processes that were operative. The following discussion is based upon
two principal assumptions: (1) following initial emplacement of magma,
most of the crystallization occurred in an essentially closed system
without further addition of magma from below, and (2) the initial magma
was compogitiona11y homogeneous.

The most important single aspect of the granite complex is the wide
spectrum of textural variations among rocks that everywhere are of
granite composition. Study of the complex has been aided tremendously
by the recognition and mapping of the texturally contrasting facies.

Discontinuities between such facies provide the primary basis for
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subdividing the crystallization history of the complex into five different
stages, as follows:

1. Crystallization of fine-grained equigranular rocks (facies 1A)
at and near the margin of the pluton,

2. Crystallization of the outermost parts of the pluton to yield
the completely transitional textures and compositional trends observed
among rocks of facies 1B, 1C, and 2,

3. Emplacement and crystallization of seriate rocks of facies 3A,

4. Emplacement and crystallization of a crystal-rich system to
form composite-textured rocks of facies 3B,

5. Final crystallization of facies 4A rocks under vapor-saturated
residual-melt conditions, and localized formation of rocks of facies 4B.
These crystallization stages are discussed separately below, and the
principal magmatic processes that were important during the successive
stages are identified. The discussions utilize a series of diagrams
that depict the evolution of the granite complex. Though necessarily

schematic, they have been prepared approximately to scale.

Stage 1--Crystallization of Facies 1A

Stage 1 crystallization developed the fine- to medium-grained
equigranular rocks of facies 1A. The granite magma was emplaced into
relatively cool country rocks, and at and near the contact the heat loss
to surrounding rocks quickly lowered the magma temperature below its
solidus. Relatively rapid and complete solidification produced the
fine- and even-grained texture. The presence of miarolitic cavities
in facies 1A rocks shows that solidification was accompanied by vapor

saturation. At this time the relations in the pluton were probably
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as shown in figure 33. The facies 1A rocks, composed of crystals and
coexisting vapor, graded inward into higher temperature domains where
crystals + melt + vapor existed. Farther inward, however, only crystals
+ melt existed.

The relatively rapid drop of temperature to subsolidus levels at
and near the contact, accompanied by rapid crystallization, might be
expected to yield rocks with quenchlike characteristics. But there are
complexities, most obvious in the chemistry of these rocks, which suggest
that they are not totally the result of simple quenchlike crystallization
of the initially emplaced magma. The most apparent problem is that the
facies 1A rocks do not have a bulk major-element or trace-element
composition that is intermediate between the compositions of the most
felsic and most mafic rocks of the complex. Indeed, these rocks are
similar in many aspects of their chemistry to the most felsic parts of
the pluton except that their Na20/K20 ratio is anomalously high. As
discussed in the section dealing with crystal populations, the generally
anomalous nature of facies 1A rocks is probably due to processes that
in part have significantly affected.their alkali content. The petro-
graphic, textural, and compositional relationships all suggest that the
facies 1A rocks, and especially their feldspar populations, have been
altered by hydrothermal processes. These processes must have affected
the rocks immediately following their complete solidification in the
presence of a coexisting vapor phase and at subsolidus but elevated
temperatures. What is the nature of the hydrothermal processes that
should be expected in the contact-zone environment? Some experimental

data are directly pertinent to this question.
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Tuttle and Bowen (1958, p. 89-91), Orville (1963), and Martin and
Jahns (1976, pers. commun.) have demonstrated experimentally that, for
vapor-saturated rock systems in the presence of a temperature gradient,
significant and differential transfer of major rock constituents is
to be expected. In general, felsic constituents, and especially K20,
migrate through aqueous vapor and precipitate at regions of lower tem-
perature without mass transfer of vapor jtself. That a sharp temperature
gradient existed in the vicinity of the facies 1A rocks during and after
their crystallization is indicated by the transitional increase of grain
size inward from the contact and by the presence of hornfels in adjacent
country rocks. The compositional relationships in facies 1A rocks
therefore can be explained in terms of simultaneous (1) down-temperature
migration of K0 from facies 1A rocks into country rocks, and (2) possible
down-temperature migration of Na,0 from adjacent inner parts of the
pluton (areas where crystals + melt + vapor existed, fig. 33) into
facies 1A rocks.

Analytical data on the country rocks needed to test this hypothesis
are not available, but local replacement by muscovite, combined with
the distinctly altered nature of K-feldspar in many facies 1A rocks,
support the conclusion that potash metasomatism was active in the contact
zone and that the K20 involved was derived by interaction of a coexisting
vapor phase with initially crystallized K-feldspar crystals. The addition
of Nay0 into facies 1A rocks seems to be required because their total
alkali content is not as drastically different from that in other parts
of the pluton, as would be expected if selective Kzo leaching had occurred.

The effect of Na,0 addition has been to incompletely albitize existing
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plagioclase crystals, as is evidenced by the wide range in plagioclase
composition from An8 to An27.

In summary, stage 1 crystallization was not a simple process.
It included rapid crystallization of the initially emplaced granite magma
and subsequent subsolidus reactions that resulted in significant alkali
transfer, both into and out of facies 1A rocks. The alkali transfer
took place via a coexisting vapor phase in response to a sharp temperature
gradient that existed from points within to points just outside the
pluton. The resulting rocks, facies 1A rocks, therefore have complex
characteristics developed by two very different processes. Thus they
are highly irregular in details of petrography and composition, and

they represent a distinct subsystem of the granite complex.

Stage 2--Crystallization of Facies 1B, 1C, and 2

Stage 2 crystallization formed the rocks of facies 1B, 1C, and 2,
which are transitional inward from the contact-zone rocks of facies 1A.
During this stage about 75 percent of the complex was crystallized to
yield rocks that are characterized by completely transitional relation-
ships in virtually every aspect of their petrology and chemistry. The
conditions inferred to have existed within the complex near the end of
this stage are shown in figure 34. The materials of facies 1B, 1C,
and 2 had been added to the walls of the pluton, and the remaining
melt-rich zone in the interior contained scattered suspended crystals.
There is no evidence that anything but crystal-melt equilibria were
involved in stage 2 crystallization, except perhaps locally in its

terminal parts.
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The continuity of the inward textural gradation indicates that the
facies 1B-2 transition was formed by one process. Because of the
compositional variations developed within this transition and the large
part of the complex it represents, the crystallization process that
formed facies 1B, 1C, and 2 is critical to understanding the crystalli-
zation of the complex as a whole. The nature of every systematically
varying parameter between facies 1B and 2 directly reflects the proximity
of the immediate crystallizing environment to the external contact of
the pluton. As temperature is the only physical parameter of the
crystallizing environment that can be expected to have changed systemati-
cally inward from the contact, the present petrologic and chemical
relationships could well reflect the influence of a temperature gradient
inward from the contact. This gradient would have been positive inward,
as schematically illustrated in figure 34. It must have had two major
influences on the crystallizing environment: (1) it led to significantly
different crystallization rates inward, and (2) it determined the liquidus
phases and their compositions.

That the succeséive]y higher temperature regimes inward from facies
1A rocks crystallized more slowly is evidenced directly by the major
textural variations through the facies 1B to 2 sequence: (1) increasing
grain size, (2) increasing aggregation of anhedral quartz, and (3)

(3) increasing aggregation and morphological development of K-feldspar.
An interesting aspect of the textural transition is that it may preserve
a record of the textural adjustments that occurred within facies 2.
Because this part of the pluton presumably was able to crystallize more

slowly, in-situ textural evolution was not stopped at intermediate stages
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(facies 1B and 1C) but progressed to the very homogeneous porphyritic
texture of facies 2.

Throughout stage 2 crystallization the principal minerals that
can be readily assumed to have been liquidus phases are relatively
anorthite-rich plagioclase, sodic K-feldspar, and biotite. There is
no clear indication that quartz was a liquidus phase. Among the liquidus
phases, it has been shown that the anorthite content of plagioclase
increases inward within the complex, and it is probable that the albite
content of K-feldspar does also. The systematic shifts in biotite color
may mean that it also changes composition inward. A1l of these shifts
in mineral composition could reflect an inward increase of temperature
within the pluton.

The relations discussed above imply that rocks of facies 1B, 1C,
and 2 crystallized essentially in place. If the initial magma was
compositionally homogeneous, then some important changes in bulk composi-
tion through the facies 1B to 2 sequence remain to be explained. All
the important compositional parameters show that this sequence represents
a continuous systematic shift toward more mafic compositions. Such a
shift requires that salic constituents of the magma be removed from
facies 1C and 2 rocks. A mechanism for producing the selective removal
of salic components during <n-situ crystallization has been proposed
by Vance (1961). He suggests that a migrating front of vapor saturation
accompanies an inwardly advancing zone of total solidification. This
vapor contains residual alkali and silica components and could redissolve
in the interior melt-rich parts of the pluton adjacent to the totally
solidified zone. The end result, if the process operates effectively,

is a salic, water-rich magma in the central parts of the crystallizing
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complex. This mechanism is consistent with the available data for the
Serpentine Hot Springs granite complex, and it could very well explain
the development of the relatively mafic rocks in facies 1C and 2 as
well as the more water-rich and more felsic facies in interior parts of
the pluton.

In summary, the facies 1B-1C-2 transition probably formed as the
result of relatively slow and essentially Zmn-situ crystallization.
Oligoclase, sodic K-feldspar, and biotite probably nucleated simultaneously
throughout the marginal facies, but these minerals grew a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>