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ABSTRACT

Major and trace elements and oxygen-isotope compositions are evaluated to delineate
the sequence of crystallization in the lithologically and chemically zoned Tin Mountain
pegmatite. The pegmatite consists of four stacked tabular zones surrounded by an enclosing
wall zone. Each zone is lithologically, compositionally and texturally distinct, although
intrazone contacts are gradational. Oxygen-isotope geothermometry, rare-earth-element
patterns, low concentrations of Rb, Cs, and Li, and high concentrations of Ba and Sr in
the wall zone indicate that it crystallized first. Cooling trends indicated by two-feldspar-
geothermometry, the presence of positive Eu anomalies in feldspars, and low concentrations
of Rb and Cs in the uppermost inner zone suggest that it crystallized next. The three
remaining lower zones then crystallized simultaneously. It is suggested that an aqueous-
fluid film connected all crystallization fronts in the body. This aqueous fluid vertically
redistributed Si, Al, K, Na, and possibly Rb and Cs in such a manner that the melt retained

a ternary-minimum melt composition throughout crystallization.

INTRODUCTION

A framework in which to examine the internal evolution
of pegmatites was proposed by Jahns and Burnham (1969)
and has been subsequently updated and modified by Ueb-
el (1977), Jahns (1982), and Norton (1983). In studies by
Weis (1953), Staatz et al. (1955), Orville (1960), and Nor-
ton et al. (1962), for example, petrography and compo-
sitional variations of mineral and whole-rock samples were
examined to better understand pegmatite petrogenesis and
crystallization trends. In combination with experimental
results, most of these studies indicate that (1) zoned peg-
matites crystallize from a silicate melt from outer shell to
center and (2) an aqueous fluid is exsolved at some stage
during the crystallization. These conclusions are sup-
ported by the more recent studies employing radiogenic
and stable isotope and trace-element measurements
(Brookins, 1969; Register, 1979; Taylor and Friedrichsen,
1983a, 1983b; Cerny et al., 1984). Few studies, however,
have documented the crystallization paths of zoned peg-
matites, or proposed adequate models to explain the pres-
ence of lithologic zonations. In this study, the crystalli-
zation path of the zoned Tin Mountain pegmatite is
examined using major-element, trace-element, and oxy-
gen-isotope compositions, and a crystallization sequence
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is suggested. Processes consistent with this crystallization
sequence that may have caused the zonation are discussed.

ANALYTICAL PROCEDURES

Mineral separates were obtained by a combination of
magnetic and heavy-liquid separation and hand picking.
Powders were sieved to less than 200 mesh and homog-
enized before dissolution. Two whole-rock samples of wall
zone (9-2 and 10-3) were powdered from 5 kg of rock. A
sample of the wall zone, 43-1, was produced by homog-
enization of approximately 100 kg of rock.

Rare-earth-element (REE) concentrations were deter-
mined by isotope dilution. Powders were prespiked with
a multi-REE spike. The mineral separates intended for
REE separation were dissolved by reaction of approxi-
mately 2 g of sample with a mixture of HF and HNO; in
teflon reaction vessels heated to 205°C for at least 12 h.
Whole-rock samples of about 200 mg were dissolved in
800 mg of LiBO, flux heated to 1050°C. REE separation
procedures are described in Shirey (1984).

Isotope-dilution measurements were made using an au-
tomated 15-cm-radius NBS-designed mass spectrometer
employing a single tantalum filament for ionization of
REE from Ce to Eu. A 30-cm-radius NBS-designed mass
spectrometer was used for measuring REE from Gd to
Yb, which were ionized using triple Re filaments. Analyses
of whole-rock samples and apatite separates generally re-
produce to better than 2% for all REE. Analyses of samples
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with less than 30 ppb Nd, however, varied by as much
as 30%, although pattern shapes varied little. This lower
precision may be attributed to heterogeneity in the sample
due to the possible presence of micro-inclusions of apatite
or monazite and also to the uncertainty in the blank cor-
rection, which made up as much as 10% of some LREE
measurements. The blank for HF dissolutions was 0.2 ng
for Nd. Examples of reproducibility and blank determi-
nations are given in Walker (1984).

Analyses for U, Th, Ta, Cs, and Sr were obtained by
instrumental neutron-activation analysis using the tech-
niques described by Laul (1979). The reproducibility of
these elements is better than 4%. Analyses for Nb, Rb,
and Zr were obtained by energy-dispersive X-ray fluores-
ence with 3% reproducibility of Rb and 5% of Nb and Zr.
The major-element determinations for perthite powders
and whole-rock samples were also obtained using INAA
and XRF. Li analyses were done by atomic absorption
with an approximate analytical uncertainty of 5%.

Oxygen-isotope analyses were made by reacting ap-
proximately 15 mg of sample with CIF; in Ni reaction
vessels heated to 550°C. The liberated oxygen was reacted
with a carbon rod, heated to approximately 750°C, to
produce CO,, which was subsequently analyzed using an
isotope-ratio mass spectrometer. Reproducibility of anal-
yses of all samples is typically within +0.05%c of the mean.

The F content of amblygonite-montebrasite (LiAIPO,F-
LiAIPO,(OH) was determined using the X-ray diffractom-
etry techniques described by Cerna et al. (1972). Major-
element compositions of minerals were obtained using an
automated ARL-EMX-SM electron microprobe. Data were
reduced by the methods of Bence and Albee (1968) using
the correction factors of Albee and Ray (1970).

GEOLOGY AND PETROLOGY

The Tin Mountain pegmatite is located in the Fourmile
quadrangle of the southern Black Hills (Redden, 1963),
cropping out approximately 12 km to the southwest of
the main body of the Harney Peak Granite (Fig. 1). Riley
(1970) reported a Rb-Sr whole-rock isochron age of 1.70
Ga for the granite, and the pegmatite is probably the same
age. The pegmatite intrudes the early Proterozoic quartz-
mica schist of the Mayo Formation and a small tabular

unit of amphibolite. The intrusive contact is generally,

concordant with foliation in the schist. At the time of
emplacement, the area was undergoing metamorphism
near the first sillimanite isograd at an estimated pressure
of 30 to 40 MPa (Redden et al., 1982).

The pegmatite crops out as an L-shaped body with a
“lower leg” trending N7°W, and an ““upper leg” trending
N75°W and plunging approximately 20° in that direction
(Fig. 2). The upper leg is 90 m in length with a maximum
width of 16 m and thickness of 30 m. The “lower leg”
extends at least 100 m and has a maximum width of 25
m and thickness of 30 m.

Staatz et al. (1963) defined six major lithologic-struc-
tural zones in the pegmatite. Additional mapping of the
internal structure of the body was conducted for the pur-
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Fig. 1. Map showing the southern Black Hills, including the

Tin Mountain pegmatite and the main outcrop of Harney Park
Granite. (modified after Redden et al., 1982).

pose of this study during the summer of 1981. Mining,
postdating the 1948 mapping published in Staatz et al.
(1963), provided additional exposures, although the lower
workings described in that study are inaccessible because
of flooding.

Five zones are examined for this study: wall zone, first
intermediate zone, second intermediate zone, third inter-
mediate zone, and core (Fig. 2). The sixth zone defined
by Staatz et al. (1963) is the border zone, a thin shell that
surrounds the wall zone. Because of its volumetric insig-
nificance, it was not examined.

Each zone is characterized by a distinct mineral assem-
blage. Significant modal variations are common within
each zone, and the contacts between zones are generally
gradational. The modal abundances of minerals within
each zone were determined by the examination of drill
cores in the study by Staatz et al. (1963), and are sum-
marized in Table 1. Major-element compositions of each
zone (Table 2) were calculated from the average modal
mineralogy for each zone (normalized to weight percent)
and the average mineral compositions, then normalized
to 100%. From drill-core data and extensive mapping, we
estimate that each of the five zones forms roughly 20% of
the total volume of the pegmatite. The locations from
which all samples were taken are detailed in Walker (1984).

Wall zone

The wall zone forms a concentric shell enclosing all
other zones. It ranges in thickness from tens of centimeters
to several meters. The zone is composed primarily of
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albite, quartz, and muscovite. The rock is equigranular
and medium-grained to very coarse grained with crystals
rarely exceeding 3 cm in maximum dimension.
Although the zone is modally inhomogeneous, the ma-
jor-element compositions of the minerals vary little. Al-
bite ranges from Or, ;Ab,An, ¢ to Or,Aby, sAn, s. How-
ever, FeO in muscovite ranges from trace amounts to 4.2
wt%. Major- and trace-element data, oxygen-isotope data,

Fig. 2. Fence diagram and cross section of the Tin Mountain
pegmatite showing the shape of the body and the relative posi-
tions of the five zones, constructed from updated cross-sectional
diagrams of Staatz et al. (1963). The vertical scale gives feet above
sea level and is reduced by 4 x in the fence diagram. Section A-
A’ is shown with no vertical reduction for comparison. Approx-
imate sampling locations for three wall zone samples are shown.

and cipw normative modes for three whole-rock samples
of the wall zone are given in Table 3. The sampling lo-
cations for the three are shown in Figure 2. Small pro-
portions of the wall zone have been albitized, probably
the result of late-stage fluids. However, the consistency of
albite compositions throughout the zone suggest that the
majority of the zone was not recrystallized by late-stage
fluids.
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Table 1. Modal mineralogy (volume percent) of the five
major zones of the Tin Mountain pegmatite, reported
by Staatz et al. (1963)

Zone W& 18T ZND 3RD Core
Quartz 34 33 7 27 55
Albite 54 10 2 43 6
K-Spar tr 50 89 tr tr
Mica 12 7 1 2 15
Spodumene tr tr 1 26 23
Amblygonite tr tr tr 1 0.5
Beryl tr tr tr 1 0.5

WZ~wall zone, 1ST-first intermediate zone, 2ND-second
intermediate zone, 3RD-third intermediate zone,tr-trace.

First and second intermediate zones

First and second intermediate zones occur as tabular
units found primarily in the upper parts of the pegmatite,
particularly the upper leg. The first intermediate zone typ-
ically overlies and grades into the second intermediate
zone. They reach maximum thicknesses of approximately
6 and 12 m, respectively, and pinch-out downward near
the level of the core.

The first intermediate zone consists mainly of perthite,
quartz, and albite, with minor muscovite. Perthite crystals
are typically subhedral to euhedral with crystals extending
up to 2 m in length. The exsolved, albite lamellae are as
much as 2 mm thick. Quartz, albite, and muscovite occur
in the much finer grained (millimeter- to centimeter-sized)
matrix and are also found as inclusions within the perthite.
These textural relations suggest that perthite and inclu-
sions crystallized first, with interstitial minerals crystal-
lizing subsequently. Bulk perthite crystals range from
Or,,Ab;An, to Or;;Ab,;An,. K-feldspar compositions
range from Or,,Ab; to Or,,Ab, and contain less than 0.1
wt% CaO and FeO. Exsolved albite is greater than Ab,, s,
whereas matrix albite ranges from Or,,Aby,An, to
Or,,Abyy;An, ,.

The second intermediate zone is composed almost
wholly of perthite crystals up to 4 m across. Quartz is a
minor phase, occurring in the medium-grained matrix as
inclusions within the perthite and as meter-sized anhedral
crystals. Albite and muscovite are also found in the ma-
trix.

The composition of the bulk perthite crystals ranges
from Or;;Ab,;An, to Orgs,Ab,An; thus they are more
potassic than perthite of the first intermediate zone. The

Table 2. The calculated chemical composition of each zone
(weight percent) based on the weight-normalized
mineral modes (Table 1) and average mineral
compositions (compositions of zones
normalized to 100%)
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Table 3. Whole-rock compositions, isotopic data, and CIPW
normative mineral modes for wall-zone samples

Sample # 9-2 10-3 43~1
(We. %)

5102 74.40 68.32 70.78
TiO2 0,02 0,02 0.08
A1203 13.54 17.54 15.67
FeO 2,20 1.54 0.51
MnO 0.05 0.26 0.05
MgO 0.02 0.01 0.01
Ca0 U.64 0.93 0.61
Nazo 2,68 9.13 8.01
K,0 2.22 0.39 2.01
P205 0.56 1.12 0.50
Sum 96.33 99.26 98.23
(ppm)

Sr " 23 74 50

sr (c¢) 17) (72) (44)

Ba 71 70 60

Rb 890 253 910

Cs 183 190 183

Li 308 157 422

Ce 4.19 1.25 3.60
Nd 2.15 0.471 1.32
Sm 0.551 0.137 0.530
Eu 0.245 0.0106 0.0581
Gd 0.622 0.171 0.742
Dy 0.629 0.174 1.40
Er 0.248 0.0504 0.334
b 0.172 0.0376 0.282
80 ou 12,1 11.3 11.7
CIPW Norms

Quartz 47,42 12.09 15.22
Orthoclase 13.96 2.25 11.75
Albite 25.60 77.32 70.91
Corundum 8.02 3.30 0.44
Hypersthene 3.74 2.73 0.0
Magnetite 0.0 0.0 0.53
Ilmenite 0.03 0.02 0.11
Apatite 1.25 2.29 1.04

*st( c)=common Sr (total Sr-radiogenic Sr)

Zone Wz IsT 2ND 3RD Core
510y 76.90 75.20 67.80 76,54 82,90
Al,04 15.40 14,70 18.30 16.40 13.00
Na,0 6.30 3.30 2.77 4.89 0.88
K,0 1.40 6.80 11.10 0.29 1.53
Liy0 =i e 0.03 1.89 1.69

composition of exsolved albite is identical to that in perth-
ite of the first intermediate zone. Matrix albite is generally
Or,sAby, ,Ang ;.

Third intermediate zone

The third intermediate zone occurs primarily in the
lowest parts of the pegmatite (Fig. 2). It pinches-out up-
ward at the level of the core and grades into the second
intermediate zone. The zone is a very coarse grained to
pegmatitic equigranular rock composed of albite, quartz,
spodumene, and mica. Subhedral crystals rarely exceed 5
cm. Within this matrix are spodumene laths 0.2 to 1 m
in length. Apatite occurs as a trace phase both as small
inclusions and centimeter-sized anhedral grains in the ma-
trix. Albite is Or, Ab,, 0An,, t0 Ory ,Ab,, s An,. Muscovite
has typically 1 to 3 wt% FeO, which is, on the average,
greater than in muscovite from other zones.

Core

The core is centrally located in the pegmatite, extending
in the direction of the lower leg (Fig. 2). Only a small
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Table 4. Compositional and isotopic data for mineral separates from the Tin Mountain pegmatite
Smpl#  11-3A  11-38  11-3¢  11-4A  11-5A  11-6A  11-7A  13-3A  13-38  13-3¢  13-3t  13-48  13-4C 13-4
Min Qtz Musc Plag Ksp Ksp Ksp Spod Plag Musc Musc Qtz Qtz Lepid Plag
Zone Wz uz Wz 18T 15T 1sT FF 3RD 3RD 3RD 3R0 3RD 3RD 3RD
(Wt 2)

Si0p 45,93 68.65  64.8 65.2 64.3 65.55  68.28  45.65  45.08 —- - 69.27
Alo03 36.11 20,28  20.1 19.6 20.3 27.80  19.16  36.67  36.19 - 19,21
Fel 1.28 0.03 0.04 0.03 0.02 0.03 0.02 1.15 0.39 — —e- --
Hn0 0.03 0.05 0.01 — — -
Mg0 --- - - - —un P e - —— - - - — -
cad 0.01 0.10 0.02 0.50 0.09 0.01 -- - -
Naz0 0.77  11.36 3.50 3.33 3.21 11.75 0.18 0.32 — -— - 11.87
K20 - 10.01 0.06  11.29  11.50  12.35 0.06 10.71  10.42 - 0.21
Crp03 —— £2 e S i s 2 AR s - )
P05 —— ane s T _— —— — — et —a — P —_
Sum 94.14  100.48  99.75 100.16 100.27 99.28  93.41  92.45 100.82
{ppm}

sr 10.0 58.0 370 78.7 223 215 2.89  31.6 96.0 79.4 5.59 - 79. 17.2
Rb 14.0 5870 51.4 4790 4940 6230 87.4 29.4 11600 11800 2.30 --- 12100 428

Cs 1.5 530 6.4 - - - wimes 9,18 mem 1500 2.81 — — —
u 0.12 19 2.0 9% 110 <5.5 2.4 18 <1.0 0.17 - -
Th - 0.065  --- 0.069  --- - — —
Ta 1.5 78 I=5 - -— — = 9.1 - 160 0.68 e . —
No --- 300 - <3.8 6.0 15 3.6 - 20 240 7.0
r - - e i 23 710 .- - 48 .-
{ppb}

Ce --- 302 195 77.4 16.4 289 3.9 414 - 386 - -—- 111 1650
Nd --- 169 98.5 25.5 12,9 212 18.3 72.1 --- 213 - —es 60.1 325
Sm --- 4.38 1.1 6.19 2,99 38.9 3.33 6.35 35.2 9.96 20,0
Eu - 0.868  6.58 6.04 5.17  11.7 0.619  1.72 - 5.49 -e- 2.34 5.53
Gd - 535 12,9 7.83 3.47 317 4.36 5.17 29.0 —- - 12.3 10.8
Dy 7.2 12,4 8.50 231 237 3.92 3.93 16.5 -— -— 9.12 9.16
Er --- 2,24 6.07 2.89 1.3¢ 9.80 2.07 1.97 7.42 - - 4.10 3.23
Yo 2.08 5.30 2.55 0.791  7.89 1.76 1.52 - 5.71 - 3.07 2.73
180guoy 12.4 10.0 11.¢ 13 11.2 11.4 10.2 11.0 - 10.3 12.6 12.7 10.0 1.6
Smpl# 13-4 15-1A 15418 15-1C  15-2 15-3A  15-38  16-2A  16-28  16-2C  16-20  16-3A  16-38  16-3C
Min Musc Qtz Ksp Spod Xsp Qtz Spod Amb Musc Qtz Plag Plag Ksp Qtz
Zone 3RD 33 FF FF 15T FF fF 3RD 3R 3RD 3RD 2MD 2ND 2N
(it %)

Si0z 45.70 64.8 - 65.3 - - - 47.04 --- 68.38  69.79  67.8 ---
Al203 36,71 - 18.9 - 19.46 - - - 28.94 —-- 20.22 19.87 15.4 ==
Fed - = 0.02 =us 0.03 -—- - 3.38 0.02 0.01
Mn0 an = = =iz --- 0.41
Mg0 — — - et - = _— - — — ——— —
ca0 e 0.51 = FEE, 0.11 as. - 0.0 0.78 ==
Nap0 0,22 = 1.66 == 3.51 = R 0.23 = 11.53  11.64 2.8 2
K20 11.04 13.7 11.53 - 10.05 — 0.05 0.09 12.8 -
Cra03 - - o, . aa - pren -= - - — —- ——

Pals an B S = = = -

Sum 93.70 99.59 99.94 90.15 100.24 101,40  99.58

(ppm)

sr 46,5 - 86.8 1.1 62.9 ae- 5.16 118 91.7 43.5 20 100 -
Rb 8140 1.48 8920 5.56 5510 5.338  17.4 11.4 13200 2.2 300 110 10000
Cs 3.32 312 9.06 - 2.59 1.7 7.49 460 7.27  88.8 25 1500
u <41 0.0057 <0.78 0.032 .- <0.006  0.090 <0.5 <2.2 0.032  0.97 7.6 440
Th - e san - e s - - 0.060 = = m——
Ta 0.042  0.45 0.59 0.11 1.2 160 230 0.52 1.9 -
No 240 <2.0 <1.3 2.0 <l.6 120 <1.6 <2 <5 --
r <L.5 --- 1.8 - e 15 2.4 <2
(ppb}

Ce 29.8 - 18.4 114 73.5 === 10.2 10,0 202 _— 88.5 58.8 34.6
Nd 9.88 - 3.4 58,7 27.1 7.83 4,95  62.8 == 273 198 27.3 -
Sm 1.42 — 6.89  13.3 5.13 - 1.77 9.23 8.92 =1 3.45 25,4 5.09
Ey 0,392 ee- 1.75 2.55 5.19 = 0.515  0.150  2.21 0.924  6.42 1.26 -
6d 1.86 o 9.68  15.6 5.30 2.72 0.814  12.0 — 4.48 23,0 5,80 -
Oy 1,35 2= 7.1 20.3 4.83 2.52 0,530 8.17 =5 3.27  15.6 4.11 -
Er 0.028 - 5.12  14.7 1.53 1.99 0,257  5.10 = 2.08 7.63 2.34 o
Yo 0.950 - 3.81 1441 1.01 1.67 0.182  4.08 - 1.65 5.83 1.79 -
318ogyoy 10.2 12.6 1.4 1.8 11.4 12.8 10.4 11.7 9.8 12.9 1.4 10.9 11.4 12.8

portion of the core extends into the upper leg but is the
dominant inner zone down dip in the lower leg.

The core is composed of quartz, spodumene, and mica
with minor albite, beryl, and amblygonite. Quartz occurs
as anhedral masses up to 1 m across. Spodumene forms
euhedral to subhedral laths up to 5 m long. Both mus-
covite and Li-micas are found in the core. Muscovite
occurs as millimeter-sized inclusions within quartz and
spodumene and as platy books several centimeters in
length. Muscovite has also a curvilamellar or “ball-peen”
habit within the core. Li-micas, including lepidolite, occur
as small aggregates sometimes intergrown with quartz,

frequently replacing spodumene. Albite is medium-grained
cleavelandite (tabular habit), with masses rarely exceeding
several centimeters across. Beryl crystals are as much as
1 m across. Amblygonite occurs as subhedral to anhedral
masses with maximum dimensions greater than 1 m. Am-
blygonite also occurs as inclusions in quartz and micas.
A large deposit of pollucite (Cs, .Na,AlSi,O,- xH,0) was
reportedly mined from the upper core or second inter-
mediate zone (W. Roberts, South Dakota School of Mines,
pers. comm.).

Spodumene contains very little Fe and Mn (less than 1
wt% FeO and MnO combined). Albite ranges from
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Table 4— Continued

Smp1# 16-5 16-6 16-7A 16-78 16-8 16-9A 16-98 16-10A  16-10B  16-10C 16-11A 16-118 16-12A 16-128
Min Qtz Spod Musc Qtz Musc Qtz Plag Qtz Plag Musc Qtz Plag Plag Qtz
Zone Core Core Core Care 2ND 3RO 3RD 3RD 3RD 3RD 3RD 3RD Core Care
(Wt %)

Si0z S - - - 48.55 -—- 68.68 — 68.59 aee - 69.36 69.23

Alp03 - ——— -— 34.33 - 20.18 -— 20.05 -— — 19.48 19.61

Fel - - — - 1.33 - 0.01 - 0.01 -~ - 0.01

Mn0 = — 0.15 saz — e aae - - - -
Mgo - — i =i oz 235 Py e a5z i avia - -
Cad — - -— 0.06 0.07 - — - -—- —
Nag0 - 0.05 o 11.79 = 11.90 =E .- 12.03  11.73
K20 - - - === 10.45 - = == 0.02 = ——
Crp03 e — - - — —— — — — - - - - —
P20s5 - - - e - - — - - - e - - -
Sum 94,92 100.73 100,55 100.89  100.56

(ppm)

Sr — -— 36,1 -— 8 e 17.6 — 47.2 112 == 13.6 45 -
Rb —-a -— 6180 -== 11600 - 122 - 99.0 16500 19.7 126 180 —--
Cs ] i S = e 6.12  61.8 33 -
u — -— an - <65 --- - - <6.3 - 0.28 1.0 10 =
Th T = - - —- i e e 0.82 == —
Ta - ana i e ) = - 5 18 30 =3 )
Nb == == 1 we 250 2.9 = 2.7 250 = 4.9 @ .
Ir - e - <1.8 — - <1.3 <2 4.3 _— <2 -
(ppb)

Ce — 41,7 - 26.9 - 178 — s == —- P 239 -
Nd = 33.3 — 19.7 118 -— e - 105 -
Sm 7.46 3,72 19.8 i = 22.3

Eu 1.47 - 0.905 4,68 .- - = 4.76

6d 8.14 —- 4.75 21.0 . . - 22.9

Dy -— 9.01 s 4.04 = 1.4 i e e = e 13.1 .
Er -_— 3.73 - - 2,38 - 4.34 - -— -_— === === 5.25 ]
b - 3.21 - =~ 2.02 - 2,71 - - —- - 2.91 ——
GIEUSMUM 12.6 10.5 10.8 3.z 10,5 12.5 11.5 12.5 iz 9.9 12,6 11.4 11.0 12.6
Smp1# 16-13A  16-138  16-14A 16-14B  17-1A 17-18 17-1C 17-2A 17-28 18-1A 18-1B 18-1C 18-1D 18-2A
Min Qtz Spod Qtz Plag Ksp Amb Qtz Ksp Qtz Musc Qtz Spod Beryl Qtz
Zone Core Core 3RD 3RD 2ND 2ND 2ND 2ND 2ND Care Core Core Core Core
(Wt %)

Si0p e - == 69.29 64.5 - 64.9 46.36 --- 65.67 - ===
Al,03 - — - 19.23 18.7 - —- 19.3 — 33.96 ==y 27.36 e

Fel e e - 0.01 0.03 0.03 0.18 — 0.20 —

Mn0O —- ——— - - . 0.01 0.01 =,

Mg0 e i % == =

Ca0 — - 0.01 0.61 - — 0.33 0.04 - -

Nap0 - - 1l1.78 1.76 --- —- 2.29 ——— 0.62 - 0.01 - -
K0 =34 e S 0.02  13.0 g - 12.3 = 9.92 P e e =
Cra03 — - o - — -l . = - - — —
P205 - “e- = -— - —- - - --- --- wee - -
Sum 100.34 98.6 99.20 91.09

(ppm)

sr S 2 20.0 82.7 577 432 82.7 = 64.2 = 1.46 sigs
Rb - -— = 120 8910 1.90 20.6 10400 6,52 10100 12.8 -— -—
Cs ——- 957 = 5.44 1070 8.94 1920 124 L —
u —_ -— - <6.3 <2.0 - 0.27 _— 0.056 <0.9 <0.01 - -
Th - sy 23 P o e s 0 b e 5
Ta —-- o5 0.28 —-— 8.2 O.38 0,85 OO 0.94 -

Nb -— — -— <1.4 - 20 16 - - —— = —

r —- 1.2 39 o —_— - - - -
(ppb)

Ce 236 -— 648 113 - - 250 74.5 — 96.3 463 —-
Nd 101 - 188 63.9 - 70.8 48.4 - 41.1 133 —
Sm 22.3 - 36.6 13.7 - — 13.9 ——- 10.3 - 8.24 69.5 -
Eu 3.69 - 8.55 4.19 - —_ 3.39 ——— 2.34 e 1.19 13.7

Gd 27.3 -— 40.1 13.4 - 12.4 10.7 - 9.06 170 -
Dy 27.2 - 27.3 7.49 - —- 6.98 - B.25 5,38 531

Er 10.2 -e- 111 2.68 - - 2.66 —-- 4.33 ——— 1.98 288 e
¥b 8.29 e 5.72 1.47 - - 1.43 - 3.38 - 1.71 770 ——
§180gyoy 13.2 10.5 12.5 1.2 11.4 11.5 12.5 1.8 12.7 12.7 10.4 12.7

Or,;Abg, (An, , to Or, (Abg, ,An,. In muscovite, FeO ranges
from 0.2 to 3.0 wt%. Seven amblygonite samples have F
contents ranging from 6.0 to 7.0 wt%; equal to approxi-
mately 50% amblygonite and 50% montebrasite.

Some secondary minerals and replacement textures are
present in the upper part of the core. In many instances
spodumene laths are rimmed with Li-mica, cookeite,
cleavelandite, and lepidolite plus quartz. Green Li-micas
also occur as a replacement of spodumene and quartz.
London and Burt (1982) ascribe such mineral replace-
ments to subsolidus cation exchange with late-stage fluids.

OXYGEN ISOTOPES

The §'*0 values of the whole-rock samples of wall zone
range from 11.3 to 12.1%o (Table 3). The isotopic data for
mineral separates are given in Table 4. With few excep-
tions, the §'*0 values of all the major mineral phases
sampled generally vary by less than 0.6%c: 12.4—12.9%0
for quartz, 11.0-11.6%o for feldspars, and 9.9-10.2%o for
micas (Fig. 3). These 6'*0 values are typical of unaltered
granitoids (e.g., Taylor, 1968). However, the 680 values
of spodumene vary much more widely from 10.2 to 11.8%o.
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Smpl4 18-28 18-20 18-3A 18-3B 18-4p 18-48 19-1A 19-1B 19-1C 20-1A 20-1B 20-1C 20-1D 22-1 22-6 31-1 32-1 33-1 35-1 43-1A
Min Plag Musc Amb Plag Qtz Amb Qtz Musc Plag Qtz Ksp Amb Musc Apt Apt Apt Apt Apt Apt Apt
Zone Core Core Core Core Core Core Core Core Core 2ND 2ND 2ND 2ND 2ND 3rD Core 3RD 3RD FF Wz
(ut %)

Sily 68.40 46.97 - 69,24 = -— -—= 45.00 68,60 67.0 =-- 49.59 Fsg - o S ==s
Al203 20,74 32,58 - 33.67 19.41 - - 35,80 19.43 - 17.8 33.93 30.13 0.l6 0.10 0.13 0.14 0,11 0.08 .01
Fel 0.02 1.51 - 0.04 - - 0.70 0.06 —= - - 0,06 0.43 0.09 0.05 0.47 0.28 0.31 0.16
MnO b= 0.18 . FE = 0.07 === =2k - 0.02 2.35 1.80 3.07 2.48 2.72 3.41 1.93
Mg0 [ . o i - J— . - — =ie an— o —_= FOSR e S
Ca0 0.05 - - 0,05 - = 0.01 0.02 —= 0.33 -—- s B0.65 52.83 51.65 51.70 51.47 50,91 51.59
Nap0 11.64 0.23 0.67  11.82 — - 0.30  11.65 2.01 - 0.18 -— cz =
K20 0.14  10.28 s 0.07 - — s 10.70 0.11 3 12,1 11.02 = S 222 iz
Crp03 pross - . -~ = e nae - e e - — — — Fovs . e S
P20s = o =5 aas - — — - - - - 41,93 42.65 42,57 42.49 42.15 -
Sum 100,99 91.75 100.63 92.58 99.87 99.24 91.00 95.89 96.75 97.55 97.36 97.07 96.96

{ppm)

Sr 2247, 130 44.9 — == 2,27 59.3 29,3 71 - 3i0 131 144 131 2530

Rb 92.1 - 155 - — 3,57 8310 601 7030 T 3.3 13.8 61.9 78.3 61.2

Cs =¥ e —— 123 wee - 17.6 2500 == - 930 — v v =we e - —

U 1.9 0.35 - —- e - - _— 440 - =ee -- =

Th - 0.22 e e & s - — e -
Ta .- 1.4 - = 0.1l 330 e s = s - = =

Nb 2.1 17 p— = 92 1.6 = <5 - = =

r - = - - = < an -— -

(ppb) (ppm)

Ce 119 -~ - 42.0 - = - -— 204 - 3.8 71.1 35.3 349 380 14.5 46.2
Nd 117 —- e - 21.7 - ——— = 109 o 8.18 17.8 9.64 155 151 9.40 16.6
Sm 21.2 3.25 = — - 25,6 - 3.01 7.48 4,14 55.4 5l.1 1.99 8,07
Eu 6.5 0.886 - - - 4,90 - 0,771 1,20 0.538 5.60 5,23 0.499 0.822
Gd 21.0 = = 5.53 - = il 29.1 -— = 3.96 10.0 5,58 62.9 58.5 2,04 1.2
Dy 14.5 s = = s 2.99 = 13.3 = -— 9.31 20.0 10.8 97.3 90,1 1.33  20.4
Er 5.95 - - - 1.78 -— - - 3.61 - - 3.16 5.85 2,09 32.3 32.7 0,599 4,73
b 3.82 - -— — ] 1.01 - - - 1.49 - 5.40 7.87 1.60 27.8 29.0 0.407 3.62
18050y 11.2 4.9 11.6 11.3 124 10.9 125 10.0 11.3 1341 11.3 1.3 10.0 9.3 9.4 9.1 9.5 9.5 8.9 10.5

TRACE ELEMENTS
Alkali and alkaline-earth elements

The trace-element compositions of all separated min-
erals are given in Table 4. The composition of the whole-
rock samples of the wall zone are characterized by mod-
erate Sr (23-74 ppm) and Ba (60-71 ppm), relatively high
Rb (253-910 ppm), and very high Cs (183-190 ppm) and
Li(157-422 ppm) concentrations, compared with average
low-Ca granites (Turekian and Wedepohl, 1961). Com-
mon Sr contents (radiogenic ¥’Sr subtracted, assuming
crystallization approximately 1.70 Ga ago) range from 17—
72 ppm (Table 3).

Rb concentrations in sampled perthite crystals from the
first and second intermediate zones range from 4800 to
6200 ppm and 7030 to 10 000 ppm, respectively (Fig. 4).
Perthite from the second intermediate zone also has highly
variable Cs concentrations, ranging from 300 to 1000 ppm.
The Sr contents of perthite from the first and second in-
termediate zones range from 60 to 220 ppm with two
feldspars from the upper zone having the highest concen-
trations (Fig. 4). Common Sr contents range from 16 to
187 ppm. These results indicate that the Rb content of
perthite generally increases toward the center of the peg-
matite and common Sr content decreases. Shmakin (1979)
and Cerny et al. (1984) have also noted an increase of Rb
and decrease of Sr in perthite toward pegmatite cores.

The Rb and Sr contents of albite from the core and
third intermediate zones are highly variable and overlap
substantially (Fig. 5). Albite from the wall zone (11-3C)
has the highest Sr content of all sampled albite, and one
of the lowest Rb contents. The Cs content of these albites
varies from 9 to 125 ppm and generally correlates with
Rb (Fig. 6).

The compositions of all muscovites from the core and
second and third intermediate zones (no data exist for the
first intermediate zone) overlap (Fig. 7). Muscovite from
the wall zone (11-3B) has the highest common Sr content
and lowest Rb content of all muscovite sampled.

Rare-earth elements

Whole-rock samples of the wall zone have widely vari-
able REE patterns (Fig. 8). The pattern for whole-rock
43-1 mimics the shape of the pattern of apatite separated
from the same rock. Wall zone 10-3 has a REE pattern
similar to that of 43-1A. Whole-rock 9-2 has a positive
Eu anomaly and a moderately LREE-enriched pattern.

Euhedral to anhedral apatites 1 to 4 cm in length were
collected from throughout the pegmatite. All apatites are
fluorapatites except for one hydroxyapatite (35-1), which
was taken from a fracture filling (E. Foord, 1984, pers.
comm.). The apatites have a large range of REE concen-
trations and a variety of patterns on chondrite-normalized
plots. All apatite patterns except for the pattern of the
hydroxyapatite are characterized by depletions in Nd rel-
ative to Ce and Sm, enrichments in Dy relative to Gd and
Er, and by large negative Eu anomalies (Fig. 9). These
REE patterns are unusual because REE’s generally par-
tition into minerals as a coherent group, with smooth
chondrite-normalized patterns resulting (Hanson, 1980).
Although “kinked” patterns such as these are rare, similar
patterns have been noted in an albitized granite plug by
Harris and Marriner (1980), in pegmatitic granites by Goad
and Cerny (1981) in tin granites by Chatterjee and Strong
(1984), in fluorites by Strong et al. (1984), and in sap-
phirine granulites by Windrim et al. (1984). Although it
has been shown that radiogenic Sr from adjoining phases



WALKER ET AL.: TIN MOUNTAIN PEGMATITE

v Spod. ! ' T T
A Quartz
O Alkal.Feldspar
o Mica J |
% Amblygonite 2r10-3 431 %9-2
Wall | ¥ Whole Hock . | i
Zone O I ! 11-3
st |:|ﬁ"8_I4 :
s ]
-6
INT ois-2 |
il
D——Dl_i"—'ﬂ‘ﬁ-a
2nd o16-8 i i
INT | O—r—aiT-2
Dy | 20-1
’ ' 216-5
o— - - 16-7
> O——————a16-12 —
Core [ —— - itng
o—xi8-3 P
o———————— 018
T f
o " at3-3
oo T 813:4
3rd e — Ia(i_%--.---a
o . ; e
INT u—l—!—-ms‘-u
BT “16-14
1
EF h l !5*||5-3
o———-=a15-
o -7 ! I
+9.0 +100 +110 +12.0 30 140
8180 (SMOW)

Fig. 3. Oxygen-isotope data for mineral separates and whole-
rocks from the major zones of the Tin Mountain pegmatite and
fracture fillings (FF).

has been incorporated into the apatites after crystalliza-
tion (Riley, 1970; Walker, 1984), the REE patterns are
probably not the result of alteration. The concentration
of REE in the apatites is 10 to 1000 times greater than in
adjoining phases, so that exchange was unlikely. It is pos-
sible that intergrowths of other phases such as allanite or
monazite could cause the enrichment of Ce relative to Nd;
however, no intergrowths have been detected. Because of
the correlation between the kinking of REE patterns and
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Fig. 4. Plot of Rb vs. Sr (solid symbols) for perthite separates
from the first and second intermediate zones. Calculated common
Sr concentrations (total Sr minus radiogenic Sr, assuming a 1.70
Ga crystallization age) are shown as open symbols.
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Fig. 5. Plot of Rb vs. Sr for albite separates. Plot shows the
compositional overlap between the core, second and third inter-
mediate zones. One sample from the wall zone has a very high
concentration of Sr.

halogen- and fluid-rich systems, it is likely that the cause
of kinking is the formation of REE-specific F, Cl, or P
complexes (Mineyev, 1963) in an aqueous or carbonate
fluid coexisting with the apatite and melt.
Representative REE patterns for a variety of pegmatite
minerals from all zones are presented in Figure 10. The
patterns for alkali feldspars from each of the zones are
presented in Figure 11. Four characteristics are noted: (1)
Only feldspars from the wall zone and first intermediate
zone have positive Eu anomalies on chondrite-normalized
patterns. (2) The Eu anomalies of minerals from the sec-
ond and third intermediate zone and core (Fig. 12), such
as micas and spodumene, mimic the anomalies in coex-
isting feldspars. Minerals from sample 16-2 in the third
intermediate zone have similarly shaped patterns for mus-
covite, albite, and amblygonite with greater than one order
of magnitude differences in concentrations. (3) In some
instances, suites of minerals taken from the same sampling
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Fig. 6. .Plot of Rb vs. Cs for albite separates. The trace alkalis
show a positive correlation.
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station have a large diversity of pattern shapes (Figs. 11,
12, 13). Some suites, such as 16-3 (Fig. 11), have two
distinct alkali feldspar patterns with very different §20
values of 10.9 and 11.4% (Table 4), indicating that the
albite was likely formed as a secondary mineral, perhaps
subsolidus. (4) All of the major phases have very low REE
concentrations. Much higher REE concentrations are found
in the trace phases apatite and to a lesser degree columbite-
tantalite.

U and Th

The U/Th ratios of minerals from throughout the peg-
matite are consistently large (Table 4), ranging from 1.2
to 34, compared with commonly reported granitoid ratios
0f 0.2 t0 0.3 (Coates, 1956; Rogers, 1964; Hildreth, 1977).
These ratios are similar to those of whole-rock samples
of pegmatitic portions of the Harney Peak Granite (Walk-
er, 1984). Large U/Th ratios may suggest that Th-rich
phases crystallized at some stage of fractionation preced-
ing the crystallization of the pegmatite. Also, under oxi-
dizing conditions, U can form complexes that are soluble
in aqueous and carbonate fluids (Rogers and Adams, 1969;
DeVoto, 1978), possibly indicating that some phases crys-
tallized from a U-rich fluid.

DiscussioN

The lithologic, textural, and major-element composi-
tional variations observed in the Tin Mountain pegmatite
are similar to those noted in many other lithium-bearing
zoned pegmatites throughout the world (e.g., Cameron et
al., 1949; Norton et al., 1962; Norton, 1983).

Numerous models have been proposed for the crystal-
lization of layered and zoned granitic pegmatites (Staatz
et al., 1955, Norton et al., 1962; Jahns and Burnham,
1969; Uebel, 1977; Stewart, 1978; Jahns, 1982; Norton,
1983). Most of these models require the initial crystalli-
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1A, also shown, is identical in shape to wall zone sample 43-1
from which it was taken, suggesting that the zone formed as an
accumulation of crystals on the walls of the magma chamber.

zation of a wall zone, which encloses the remaining melt
and provides a nearly closed system in which crystalli-
zation proceeds. Late-stage fracturing may breach the body,
as indicated by fracture fillings that can be traced from
some pegmatites into country rock. The results of previous
studies have generally suggested that zoned pegmatites
intruded as silicate melts, which exsolved aqueous fluids
during some stage of crystallization, and that some late-
stage assemblages result from crystallization solely from
aqueous fluids. Results of a Sm-Nd isotopic study of the
Tin Mountain pegmatite (Walker, 1984) suggest that mix-
ing occurred between the REE of the pegmatite and the
country rocks during crystallization and that the pegmatite
was not a completely closed system at any time during its
crystallization.

In order to determine the processes that resulted in the
crystallization of the texturally and lithologically diverse
Tin Mountain pegmatite, both geothermometry and trace-
element concentrations are utilized to discern the order
in which the different units crystallized.

Both geothermometers and trace-element trends are
prone to subsolidus alteration and metamorphic distur-
bance. Care was taken to avoid sampling metasomatized
portions of the pegmatite. No metamorphic recrystalli-
zation is evident in the Harney Peak Granite or pegma-
tites. However, the postcrystallization mobilization of ra-
diogeneic *’Sr within the Harney Peak Granite and many
of the pegmatites in the Black Hills is indicated by very
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Fig. 9. Chondrite-normalized REE patterns of apatite. The
kinked patterns may reflect REE-specific complexes forming
within the melt or fluid from which they crystallized. Sample
35-1 is discussed in the text.

high concentrations of radiogenic Sr in phases with low
Rb concentrations (Riley, 1970; Walker, 1984). Some of
the anomalous %0 values (e.g., sample 16-3A) may re-
flect either subsolidus recrystallization or metamorphic
re-equilibration.

While some movement of Sr evidently did occur after
crystallization, the data suggest that most of the exchange
of Sr occurred between micas and phosphates. Sr isotopic
data for feldspars from pegmatites, including Tin Moun-
tain (Riley, 1970), suggest that feldspars have retained
most of their radiogenic #’Sr and, consequently, their com-
mon Sr. There is no evidence to suggest that Rb was
mobile after crystallization. Therefore, the trace-element
trends of Rb and Sr as recorded in feldspars are probably
the most useful for discerning the crystallization sequence
of the pegmatite.

Geothermometry

Few currently calibrated geothermometers are viable in
pegmatite systems and, in the case of the Tin Mountain
pegmatite, only oxygen-isotope and two-feldspar geother-
mometers are even potentially applicable. Both are rela-
tively imprecise and may be affected by subsolidus ex-
change.

The two-feldspar geothermometer of Whitney and
Stormer (1977) yields crystallization temperatures of 650
10 600°C for several first-intermediate-zone feldspar pairs
(samples 11-4, 11-5, 11-6, 15-2), and temperatures rang-
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Fig. 10. Representative chondrite-normalized REE patterns
of various pegmatite minerals. Large variations in concentra-
tions, and low overall REE abundances are illustrated.

ing from 600 to 550°C for feldspar pairs from the second
intermediate zone (samples 16-3, 17-1, 17-2, 20-1). These
temperatures are at best relative, not absolute tempera-
tures. The condition of equilibrium crystallization cannot
be tested in these pairs, and Brown and Parsons (1981)
have reported that problems of metastable crystallization
may limit the quantitative use of two-feldspar geother-
mometry.

The application of oxygen-isotope geothermometry to
the Tin Mountain pegmatite requires the retention of iso-
topic equilibrium after crystallization. The oxygen-iso-
tope compositions of other pegmatite mineral assem-
blages have been examined in several studies, including
those of Taylor et al. (1979), Longstaffe et al. (1981) and
Taylor and Friedrichsen (1983b). These studies have shown
that oxygen-isotope equilibrium is sometimes maintained
in pegmatites. Taylor and Friedrichsen (1983a) discussed
the problem of subsolidus exchange of oxygen in peg-
matite systems. They suggested that the retention of iso-
topic zonation and crystal size indicate that accurate oxy-
gen-isotope temperatures may be obtained from some
pegmatite assemblages. The accuracy of temperatures de-
termined by oxygen-isotope geothermometry is limited
by the discrepancies of reported isotopic fractionations
and by the uncertainty in the determination of the frac-
tionations at low temperatures.

Eight temperature determinations using three-phase
quartz-feldspar-muscovite assemblages and fifteen using
two-phase quartz-muscovite and quartz-feldspar assem-
blages were made for the Tin Mountain assemblages based
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on the fractionation factors of Bottinga and Javoy (1975)
(Fig. 14). The total range of isotopic temperatures deter-
mined using both two-phase and three-phase assemblages
is 450 to 610°C. Of the eight three-phase assemblages,
only three sets may be in isotopic equilibrium. In four of
the five assemblages that are not in equilibrium, muscov-
ite has anomalous 60 values, confirming petrographic
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Fig. 12. Three chondrite-normalized REE diagrams showing
similar negative Eu anomalies in feldspars and coexisting min-
erals from the (a) third (b) second and (c) third intermediate zones.

observations that indicate that some muscovite may be
secondary. Potential equilibrium assemblages include
samples of the wall zone, core, and third intermediate
zone. The highest temperature for these is 580°C, in the
wall zone (11-3), while the core and third-intermediate-
zone assemblages (18-2 and 16-2) yield temperatures of
530 and 500°C, respectively.

These temperatures are somewhat lower than those ob-
tained by the two-feldspar method in the first and second
intermediate zones (650~550°C) but are potentially more
accurate because the three-phase assemblages appear to
be in textural equilibrium and are likely in oxygen-isotope
equilibrium. These temperatures are subsolidus for a nor-
mal granitic system, but may be true crystallization tem-
peratures for this system. Experimental phase equilibria
studies of Li- and volatile-rich granitic melts conducted
by Stewart (1960, 1978), Burnham and Jahns (1962),
Burnham (1963, 1967), and Jahns and Burnham (1957,
1969), Glyuk and Trufanova (1978), Pichavant (1981),
and Manning (1981) have demonstrated that Li, and vol-
atiles such as F, Cl, B, and H,O can significantly reduce
liquidus and solidus temperatures of granitic melts and
can alter the composition of the minimum melt in the
Qz-Or-Ab system. Very high concentrations of Rb and
Cs may further reduce solidus temperatures. As with two-
feldspar geothermometry, however, the cooling trends in-
dicated by the temperature determinations are empha-
sized rather than the absolute temperatures.
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Trace-element trends

Some trace elements, particularly alkali and alkaline-
earth elements, are potentially useful in discerning frac-
tionation trends of granitic systems, including the internal
evolution of pegmatites. Owing to the large grain size,
obtaining compositionally representative whole-rock
samples of a bulk pegmatite or even most zones was im-
possible. However, the trace-element composition of sep-
arated minerals may record the trace-element composi-
tion of the melt or fluid from which the minerals
crystallized. This composition can be estimated using
known mineral/melt or mineral/fluid distribution coeffi-
cients. Rb, Cs, Sr, and Ba are predominately concentrated
within feldspars and micas in the Tin Mountain pegma-
tite. The behavior of these elements during a specified
crystallization sequence can be modeled using published
mineral/melt and mineral/fluid partition coefficients and
modal abundances, assuming that they have not been af-
fected by metamorphism.

As has been shown in other studies of granite systems
(e.g., Hudson and Arth, 1983), crystal fractionation in-
volving albite and K-feldspar should generally enrich re-
sidual silicate melt in more incompatible elements such
as Rb and Cs and deplete the melt in compatible elements
such as Sr and Ba. Distribution coefficients (K,) for Rb,
Cs, Sr, and Ba between feldspars and both granitic melt
and aqueous fluids have been characterized by a number
of studies (Arth, 1976; Carron and Lagache, 1980; Vol-
finger and Robert, 1980). The partitioning characteristics
of these elements between muscovite and a granitic melt
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Fig. 14. AB0O quartz-muscovite and A®Q quartz-feldspar plot
for quartz-muscovite-alkali feldspar assemblages from the Tin
Mountain pegmatite. Crystallization temperatures of 580, 530,
and 500°C are obtained for the three assemblages plotting on the
equilibrium curve of Bottinga and Javoy (1975). The five other
assemblages indicate disequilibrium crystallization or secondary
exchange of oxygen isotopes.

are less well constrained, but estimates of their behavior
are made using available biotite mineral-melt partitioning
data, the aqueous fluid/muscovite data of Volfinger and
Robert (1980), and the coexisting biotite-muscovite trace-
element data of Papike et al. (1983). Rhyolitic mineral/
melt distribution coefficients for all subsequent modeling
are taken from the compilation by Arth (1976) (see Table
5), except where noted.

Factors complicating the use of these K values include
both the problem that all K, values reported to date are
for conditions under which feldspars are hypersolvus, un-
like the subsolvus conditions under which Tin Mountain
feldspars crystallized, and the uncertain effect volatiles
have on K, values. Although the absolute distribution
coefficients for this system remain uncertain, it is likely
that the relative differences between K values of the same
element for different phases are similar to those in known
systems.

Results from previous studies suggest that most parts
of zoned pegmatites crystallize from coexisting aqueous
fluid and silicate melt. As long as equilibrium is main-
tained between the two liquid phases and crystallizing
minerals and the relative proportions of each liquid re-
main constant, the fractionation trend recorded by trace
elements in crystalline material should be similar to trends
recorded by crystallization from a single liquid. The be-
havior of these trace elements once all the melt was de-
pleted and only fluid crystallization occurred would prob-
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ably have been similar to their behavior during
crystallization from both melt and coexisting fluid (Carron
and Lagache, 1980; Volfinger and Robert, 1980). There-
fore, we believe that granitic distribution coefficients should
be useful for determining qualitative fractionation trends
within pegmatites.

Other elements, such as REE, Ta, Nb, U, and Th, might
also be incompatible in the crystallizing phases and con-
centrated in residual melt, although trace phases might
control the behavior of these elements instead, as has been
shown for the REE in granites (Miller and Mittlefehldt,
1982; Gromet and Silver, 1983). During crystallization of
the Tin Mountain pegmatite, the concentration of REE
was probably controlled by the crystallization of apatite,
a phase with large mineral-melt K; values. Apatite is un-
usually abundant in the pegmatite, in some parts exceed-
ing 1% of the mineral mode. The trace phases columbite-
tantalite and microlite controlled the behavior of Ta and
Nb during crystallization. Therefore, the behavior of REE,
Ta and Nb is difficult to model, given the poor determi-
nations of the modal abundances of these phases. Except
for apatite, no other U- or Th-rich phases have been found
within the pegmatite, so these elements might have be-
haved more incompatibly throughout the crystallization
sequence. However, no enrichment trends are observed
in the data.

Composition of initial melt

The low Rb, Cs, and Li wall-zone concentrations and
high Sr and Ba concentrations, relative to the rest of the
body suggest that the wall zone was the first material to
crystallize from the pegmatite melt. Wall-zone minerals
albite 11-3C and muscovite 11-3B have the highest Sr
concentrations and among the lowest Rb concentrations
for these minerals within the pegmatite. The positive Eu
anomaly in whole-rock wall-zone sample 9-2 reflects the
REE pattern of feldspar, and the kinked REE patterns of
wall-zone samples 10-3 and 43-1 reflect the patterns of
apatite (Fig. 8). The REE pattern of 9-2 is consistent with
the wall zone crystallizing first, but not from residual
melt or fluid, and may indicate that the wall zone was
isolated from later mineral-melt or mineral-fluid inter-
action. If parts of the wall zone crystallized from residual
melt or fluid, the REE pattern of the rock would acquire
the pattern of that melt or fluid and not have a positive
Eu anomaly. Wall-zone samples 10-3 and 43-1 were col-
lected from the headwall of the pegmatite (Fig. 2), a part
of pegmatites that frequently shows metasomatic altera-
tion, and their REE patterns may reflect either crystal
accumulation or some metasomatic alteration.

If the composition of the wall zone was not modified
by reaction with residual melt or fluids, the trace-element
compositions of the three, whole-rock samples of wall
zone can be used to constrain the composition of the
intruding pegmatite melt. The best-fit, parent-melt com-
positions were determined for each whole-rock sample of
wall zone. The parent-melt composition for each sample
is the composition of melt that would fractionally crys-
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Table 5. Mineral/melt partition coefficients used in
calculations

Mineral Albite Oryg5 Musc

Rb 0.050 0.66 1.5

Cs (0.005) (0.036) 1.5%

St 2.8 3.9 044

Ba 0 .36* 6.1 . 12 A

Li 0.02 0.01 0.5

Ky's taken from Arth £1976) and Carron and Lagache (1980) (),
except where noted by .
* Albite: Li-estimated from Shearer et al. (1984).

K-spar: Li-estimated from average Li K-spar data from Shearer
et al.(1984) assuming crystallization fromalLi
saturated melt (6000 ppm).

Li, Rb, Sr, and Ba estimated from biotite Kd‘s (Arth,

1976), combined with biotite/muscovite K,'s determined
by Papike et al, (1983) of 4, 2, .3, and 0.5
respectively. Cs-assumed similar to Rb.

Spodumene and quartz assumed to be 0.0 based upon the low concen—
trations of these elements within Tin Mountain quartz and
spodumene.

Muse:

tallize to produce a rock with the composition of the whole-
rock samples. The modeling assumes that the wall zone
composes about 20% of the volume of the pegmatite and
that the bulk compositions represented by the CIPW nor-
mative modes of each sample of wall zone (Table 3) frac-
tionally crystallized to produce each rock.

The compositions obtained for the three samples in-
dicate that the parent melt had 3600-7000 ppm Rb, 680-
3000 ppm Cs, 4000-10 000 ppm Li, 18-40 ppm Sr, and
40-84 ppm Ba (Table 6). The large range of compositions
may reflect both different stages in the crystallization of
the wall zone and possibly metasomatic alteration of 10-
3 and 43-1. The concentrations of Rb and Li in minerals
from throughout the pegmatite are more consistent with
the lower estimates for these trace alkalis, and we estimate
that the concentrations of Rb, Cs, Li, Sr, and Ba in the
original melt were approximately 4000, 1000, 4000, 40,
and 60 ppm respectively. While the modeling does not
tightly constrain the concentrations of these elements in
the parent melt, the ranges are useful in determining the
derivation of the melt (Walker, 1984; Walker et al., 1985)
and to use as an initial composition for modeling the
internal evolution of the pegmatite.

Sequence of crystallization

The first intermediate zone crystallized following the
crystallization of the wall zone. Crystallization of the first
intermediate zone before the remaining inner zones is
indicated both by the cooling trend from the first inter-
mediate zone to the second intermediate zone, determined
by two-feldspar geothermometry, and by the abrupt dis-
appearance of positive Eu anomalies in feldspars between
the first intermediate zone and the remaining inner zones
(Fig. 11). The absence of positive Eu anomalies in feld-
spars from the core and from the third and second inter-
mediate zones did not result from crystallization of earlier
feldspar causing a depletion of Eu in the melt. Micas and
spodumene have Eu anomalies similar to those of coex-
isting feldspars (Fig. 12). Eu depletion in the melt would
be evidenced by very large negative Eu anomalies in the
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Fig. 15. Calculated Rb and Sr melt compositions coexisting
with the feldspars, using K, values from Arth (1976) and data in
Table 4 (common Sr for K-feldspar).

micas and spodumene coexisting with the feldspars.
Therefore, the negative anomalies in the feldspars may
reflect the presence of predominately trivalent Eu in the
melt or fluid from which they crystallized. The possible
change of Fu from divalent to trivalent during the crys-
tallization of the pegmatite may be attributed to one of
at least two processes: (1) alteration of the structure of the
melt to favor trivalent Eu, and (2) the increase of f;, in
the melt to a level at which Eu is completely trivalent.

Moller and Muecke (1984) reviewed the effects of melt
structure on the valence state of Eu. Their compilation of
previous work indicates that the aluminum content of a
melt might control the valence state of Eu at constant f,
by forming aluminosilicate complexes that preferentially
stabilize Eu?* relative to Eu?*. Too little is known about
this effect at present to assess whether a change in melt
structure affected the valence of Eu in the Tin Mountain
pegmatite.

Drake and Weill (1975) discussed the effect of f;,, on
the oxidation state of Eu. They found that at temperatures
of 1000 to 1200°C, Eu** predominates near the hematite-
magnetite buffer. If these results can be extrapolated to
much lower temperatures, a predominance of Eu?* in the
pegmatite melt would require that the f;, of the system
reached the magnetite-hematite buffer after the crystalli-
zation of the first intermediate zone. Such high f;, con-
ditions have been determined by the examination of the
oxidation state of Fe in biotites from the Harney Peak
Granite (Shearer et al., 1984). The disappearance of pos-
itive Eu anomalies—whether the result of a change in the
structure of the melt or in f;,,—combined with other trace-
element data indicates that crystallization proceeded from
the first intermediate zone to the remaining inner zones.

The concentrations of Rb and Sr in the melt assumed
to have coexisted simultaneously with feldspars in the core
and in the second and third intermediate zones were cal-
culated using mineral/melt distribution coefficients (Fig.
15). Considerable overlap between the concentrations of
Rb and Sr is noted, suggesting simultaneous growth of
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these zones. The REE patterns of the mineral separates
from these zones are also consistent with the simulta-
neous, inward crystallization of the second and third in-
termediate zones and the core. The two oxygen-isotope
temperatures for the core and third intermediate zone are
lower than the temperature for the wall zone.

REE abundance vary considerably within each zone,
probably resulting from the changing fractions of residual
melt and fluid and from the crystallization of the trace
phases apatite and perhaps tantalite-columbite. The re-
moval of these phases from the melt is noted in many
instances by the inverse kinks of Nd and Dy in later-stage
minerals.

To test whether the trace-element data are consistent
with (Rayleigh) fractional crystallization, the behavior of
Rb and Sr through the sequential crystallization of the
wall zone and first intermediate zone followed by simul-
taneous crystallization of the remaining zones is examined
in Figure 16. The composition of the estimated initial
parent melt (Table 6) is used as the starting composition.
The trend is similar for equilibrium crystallization, al-
though the rate of enrichment of Rb and depletion of Sr
along the crystallization path is less.

The trace-element data are inconsistent with the crys-
tallization model, although the composition of the melt
does show progressive enrichment of Rb and depletion of
Sr. The major discrepancy with the model is that parts of
the third intermediate zone and core apparently crystal-
lized from a more Rb-depleted melt than did the first and
second intermediate zones. The extremely high concen-
trations of Rb within the first and second intermediate
zones, and the crystallization of pollucite near the end of
second-intermediate-zone crystallization, may indicate
that Rb and Cs were transported upward within an exsolved
aqueous-fluid phase, mimicking the vertical zonation of



WALKER ET AL.: TIN MOUNTAIN PEGMATITE

K and Na. A similar enrichment process was suggested
to explain Rb enrichments in the pegmatitic granites ex-
amined by Goad and Cerny (1981). The large discrep-
ancies between the calculated melt compositions and the
model are probably the result of the qualitative nature of
the distribution coefficients.

Origin of zoning

Zonations within the pegmatite were probably not a
result of interactions of the melt and fluid of the pegmatite
with the country rocks. The worldwide similarity of zoned
pegmatites intruding a variety of rock types argues against
such interaction being a dominant process.

Two possible closed-system mechanisms for producing
zonations consistent with the crystallization sequence de-
termined are (1) the minimum melt composition of the
system was abruptly altered, leaving the composition of
the melt offset from the minimum composition of the
system, or (2) a minimum melt composition was retained
throughout crystallization of each zone but was chemically
buffered by the crystallization of corresponding phases in
other zones, facilitated by the rapid mass transport ca-
pabilities of a coexisting fluid phase.

The abrupt addition of halogens to a melt, or removal
of halogens from melt into an exsolving aqueous- or car-
bonate-rich-fluid phase, may change the minimum melt
composition of the system (Kovalenko, 1978; Manning,
1981), requiring that the melt evolve toward its new min-
imum melt composition. For example, the sudden re-
moval of F or Cl from a granite melt may change the
minimum melt composition of the system to a more
quartz- and orthoclase-rich composition (Manning, 1981).
An albite-rich assemblage would then crystallize as the
melt composition evolved to its new minimum melt com-
position. The alteration of the minimum melt composi-
tion may result in the crystallization of some assemblages
observed in zoned pegmatites. Although vertical stratifi-
cation resulting from compositional gradients of halogens
within the melt-fluid system probably could only be main-
tained for a small proportion of the crystallization of a
pegmatite, it is possible that the redistribution of F or Cl
within a pegmatite may start other compositional gradi-
ents that could continue throughout the crystallization
sequence.

Internal buffering of the melt near the minimum com-
position via a fluid phase may explain the vertical zo-
nation. The movement of elements within a fluid and
crystallization of material from a fluid are likely to be
extremely rapid relative to diffusion within the melt, ex-
change with crystals, or crystallization from the melt. As
discussed by Jahns and Burnham (1969), an exsolved fluid
likely rises quickly within a granitic melt and possibly
pools in the upper regions of the crystallizing body because
of the extreme density contrast between the melt and fluid.
Burnham (1967) calculated that aqueous bubbles might
rise through a granitic melt as rapidly as 125 cm/yr, which
is much more rapid than diffusion within a melt (for ex-
ample 1.94 cm/yr for potassium at 700°C; Jambon, 1982).
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Table 6. Calculated trace alkali and alkaline-earth
concentrations in three parent melts for whole-rock
samples of wall zone

Sample #* 9-2 10-3 43-1
Calculated parent
melt (ppm)

Rb 3630 223u 699U
Cs 684 1660 3010
Li 5900 4000 10000
Sr 18 40 23
Ba 41 84 59

*see Table 2 for compositional data.

Thus, the rising fluid might stratify the melt with respect
to elements with melt/fluid partition coefficients of less
than one. Sakugama and Kushiro (1979) experimentally
demonstrated that an aqueous-fluid phase exsolved from
an andesitic melt can stratify a melt with respect to Na
and K by transporting the elements upward as the fluid
rises.

It has also been proposed by Jahns and Burnham (1969)
and Jahns (1982) that fluids might coat the surfaces of
minerals forming on the inner crystallization surfaces of
a pegmatite. If the surficial coatings form an intercon-
nected network in the body, the fluid will provide a mech-
anism for movement of material throughout the crystal-
lizing body.

In early studies, Norton et al. (1962) and Jahns and
Tuttle (1963) speculated that the vertical zonation ob-
served in pegmatites is the result of the upward transport
of K relative to Na by exsolving fluids. The exsolution of
K-rich fluids, however, was found to be inconsistent with
both the experimentally determined partition coefficients
of alkalis between a granitic melt and aqueous fluids, and
the alkali contents of fluid inclusions. The results of Or-
ville (1963), Hemley (1967), and Holland (1972) and a
fluid-inclusion study by Horn and Wickman (1973) have
shown that fluid/mineral and fluid/melt partition coeffi-
cients are larger for Na than K.

Although one-way preferential movement of K relative
to Na is unlikely, several properties of aqueous fluids
suggest that fluids might serve as very efficient two-way
pathways to move and redistribute material within a crys-
tallizing granitic system. The fluid/melt distribution coef-
ficients of K and Na determined by Holland (1972) in-
dicate that significant concentrations of alkalis can partition
into an aqueous fluid if the fluid has relatively high chlo-
rinities. K has a fluid/melt partition coefficient greater
than 1.0 for fluids with greater than 3.0 molal Cl, while
Na fluid/melt partition coefficients are greater than 1.0
for fluids with molalities of only 2.2 and greater. Cl mo-
lalities of 1-4 are likely within a highly differentiated mag-
matic system because Cl partitions almost exclusively into
aqueous fluid relative to a silicate melt (Burnham, 1967,
1979). Luth and Tuttle (1969) suggested that significant
concentrations of SiO, might also be incorporated into an
aqueous fluid. Thus, an exsolving aqueous fluid can re-
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Fig. 17. Schematic diagram showing the amounts of three
main oxides that would have to be transferred from one part of
the pegmatite to another in order to retain a single minimum
melt composition of SiO, = 76.22 wt%, AlL,O; = 15.56 wt%,
Na,O = 3.62 wt%, K,O = 4.18 wt% throughout the pegmatite.
Material transfer occurs via an interconnected fluid phase (see
text for discussion).

move Si, Na, and K from a coexisting silicate melt and
transport the material to another part of the pegmatite,
requiring crystallization of a nonminimum composition
assemblage. These elements might constitute greater than
5-10 wt% of the total fluid.

Similar models of fluid transport have been considered
by Jahns (1956) and others to explain the occurrence of
quartz cores in pegmatites. For a fluid to have redistrib-
uted material within a pegmatite and produced the com-
positional variations noted in the Tin Mountain pegma-
tite, the fluid would have had to transfer Si and Na from
the crystallization fronts of the first two intermediate zones
to the core and third intermediate zones, respectively,
where these constituents would have been incorporated
into crystallizing phases. Similarly, the fluid would have
had to transfer Si to the core and K to the first and second
intermediate zones from the crystallizing front of the third
intermediate zone. The mechanism driving the vertical
transport may have been the rapid growth of K-feldspar
in the upper part of the pegmatite relative to the rate of
growth of albite in the lower part of the pegmatite, re-
sulting in chemical potential gradients in the fluid. Other
possible mechanisms include temperature (as was dis-
cussed by Orville, 1963), pressure, gravity, and halogen
gradients within the body.

If the minimum melt composition of the total pegmatite
system remained constant throughout crystallization, the
amount of material required to be transported by fluids
can be estimated. The amount of each element entering
the fluid phase during crystallization is determined by
subtracting the maximum amount of each element that
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Table 7. Mass (in grams) of four oxides that can be
incorporated into the lithology of each zone and the
mass of excess material that must be removed by
a fluid phase to retain the minimum melt
composition, for each 10 g of melt crystallizing

oxide (g) SiOZ A1203 N320 I(ZO H20

Z0NE

18T Int Rock 4.87 0.95 0.21 0.44 0.00
Excess 1.97 0.45 0.06 0.00 1.00

2ND Int  Rock 2.34 0.64 0.1 0.39 0.00
Excess 4.43 0.79 0.15 0.00 1.00

3RD Int Rock 4.18 0.90 0.27 0.01 0.00
Excess 2.66 0.50 0.00 0.42 1.00

Core Rock 6.80 1.06 0.07 0.12 0.00
Excess 0.00 0.37 0.20 0.27 1.00

can be removed from the melt by crystallization from the
composition of the minimum melt. Mass-balance calcu-
lations for each zone were done using a minimum melt
composition of 76.22 wt% SiO,, 15.56 wt% ALO,, 3.62
wt% Na,O, and 4.18 wt% K,O, which is the estimated
composition of the melt after crystallization of the wall
zone. The model assumes crystallization of rock with the
modal mineralogy of each of the four inner zones (Table
1) and 10 wt% saturation of the melt with water (Table
7). The calculated masses of transported elements are the
maximum because some amount of each element may
have been transported from the other crystallization fronts
of the other zones and because the percentage of fluid
relative to melt will increase as crystallization proceeds.
Figure 17 illustrates the requisite paths for mass transfer
and the grams of each element that had to be removed
from each of the four crystallization fronts and transferred
elsewhere by fluid for each 10 g of melt crystallizing.

The results suggest that most material removed from
the crystallizing melt went into the production of min-
erals, but also that a significant amount of silicate material
would have had to enter the fluid at one crystallizing front
and move through the fluid to another location where it
was deposited. The connecting aqueous fluid had to re-
main undersaturated with respect to silicates along the
crystallization fronts. Because of the rapid transfer ca-
pabilities of a fluid relative to a crystallizing melt, large
volumes of fluid were not necessary, provided excess sil-
icate material was deposited in other zones.

As noted, the second intermediate zone probably crys-
tallized simultaneously with the spodumene-bearing third
intermediate zone and core, so that the melt from which
it crystallized would have been saturated with spodumene.
The absence of spodumene in the second intermediate
zone suggests that Li was removed from the crystallization
front of that zone and was transferred downward. How-
ever, the data for evaluating the behavior of Li in a fluid
are not available.

SUMMARY

(1) The lithologic zones of the Tin Mountain pegmatite
resulted from crystal-melt and crystal-aqueous-fluid frac-
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tionation and fluid-assisted compositional stratification.
(2) The wall zone crystallized first. This is indicated by
its geothermometry and low concentrations of Rb, Cs,
and Li, high concentrations of Sr and Ba, and REE pat-
terns indicating crystal accumulation. (3) The K-rich first
intermediate zone crystallized following the wall zone in
the crystallization sequence. High concentrations of Sr
and positive Eu anomalies in feldspars argue for early
crystallization relative to the three remaining inner zones.
(4) Either the structure of the melt changed or the melt-
fluid system became highly oxidizing after the crystalli-
zation of the first intermediate zone, resulting in the for-
mation of predominately Eu’*, as indicated by the absence
of positive Eu anomalies in the feldspars of the remaining
zones. (5) Geothermometry and Sr data combined with
REE data suggest that the core and the second and third
intermediate zones crystallized simultaneously toward the
central parts of the pegmatite. (6) The melt-fluid system
that crystailized to form the inner zones may have become
vertically segregated with respect to Rb, Cs, and Li be-
cause of fluid transport. Fluid transport also continually
supplied the crystallization fronts of the first and second
intermediate zones with K (and continually removed Na
and Li), and conversely, the core and third intermediate
zone were supplied with Na, Li, and Si. The mechanism
driving the material transport remains elusive, but chem-
ical potential gradients in major elements or halogens,
gravitational gradient, pressure gradient, or temperature
gradient within the body could potentially have driven
the movement.
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