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ABSTRACT

Fluid exsolution during the crystallization of a volatile-rich pegmatitic melt can result
in the formation of extensive dispersion halos around the pegmatite through fluid transport
of relatively incompatible elements out of the pegmatite system. The consequence of in-
teraction between pegmatite-derived fluid and quartz-mica schist surrounding selected
Black Hills pegmatites (Etta, Bob Ingersoll No. l, and Peerless pegmatites) is alteration of
primary metamorphic mineral assemblages to secondary mineral assemblages and modi-
fication of the original compositions of primary metamorphic minerals.

The alteration assemblages are in immediate contact with the pegmatite and consist of
either B-rich assemblages (quartz + biotite + muscovite * tourmaline and quartz + mus-
covite+tourmaline)oraluminous,B-poorassemblages(muscovite+plagioclase+quartz).
Both assemblages result from the instability of biotite with increasing BrO, and/or [Al/
(Na + K)1.

The modification ofmineral compositions through mineral-fluid exchange reactions (e.g.,
biotite Rb/K, F/OH) results in the formation of extensive exomorphic halos around the
pegmatites. The compositional characteristics of the dispersion halos are related to peg-
matite mineralogy. The dispersion halo associated with the Etta pegmatite (spodumene-
bearing) is enriched in alkali elements (Li, Rb, Cs), As, and IJ, whereas the dispersion
halos associated with the Bob Ingersoll No. I and Peerless pegmatites (lepidolite- or lithia
mica-bearing, spodumene-absent) are enriched in alkali elements (Li, Rb, Cs), As, U, B,
and F. The dispersion halos extend 2l to 90 m from the pegmatite contact along sampling
traverses. The relative mobilities suggested from the enrichment of the quartz-mica schist
and its mineral components are As: U < B: F < Rb < Cs < Li.

The extent of fluid infiltration into the country rock surrounding the pegmatites and
fluid composition can be approximated through trace-element modeling. At the pegmatite
contact, less than one equivalent mass of fluid equilibrated with the schist. The pegmatite-
derived fluids have relatively high solute concentrations (> 1000 ppm) and exhibit com-
positional differences between pegmatites. The most noticeable differences in fluid com-
position are the hlgh B content and low ratiofrro/frrratio offluids derived from the Bob
Ingersoll No. I and Peerless pegmatites compared to the Etta pegmatite. The low frro/f*
ratio of the fluid phase may be responsible for the stability of lepidolite and lithia mica
relative to spodumene in the Bob Ingersoll No. I and Peerless pegmatites.

INrnooucrroN tween pegmatite and quartz-mica schist. In that study,
Migration of pegmatite-derived fluids out of pegmatite migration was interpreted as being retarded in the am-

bodies and into the surrounding country rock can form phibolite compared to the quartz-mica schist.
extensive alteration aureoles. Alteration surrounding peg- Because of the enrichment of the pegmatite magma and
matites has been attributed to fluids derived by exsolution coexisting aqueous fluids in relatively incompatible ele-
from the crystallizing volatile-rich granitic magma (Jahns, ments such as Li, Rb, Cs, B, Ta, and Nb, fluid transport
1982). The extent of dispersion-aureole development and of these constituents out of the pegmatite system and
its characteristics are partially dependent upon the struc- subsequent interaction between the fluid and country rock
tural and compositional properties of the wallrock. Laul does result in the modification of the original composi-
et al. (1984) demonstrated the comparative extent of fluid tions of the primary mineral phases (e.g., biotite: Mg,/Fe,
migration between pegmatite and amphibolite and be- K/Rb) or conversion of the primary mineral assemblage
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to a secondary assemblage. Extensive modification of pri-
mary mineral-phase compositions results in the formation
ofexomorphic aureoles in the surrounding country rock.
The composition of the fluids is a function of magma
composition, and therefore the diagnostic elements of the
alteration aureoles are related to pegmatite type (Beus,
1960). Alkali halos surrounding granitic pegmatites in
Canada(Goad and eern!, l98l;Kretz, 1965), the Soviet
Union (Beus and Sitnin, 1968; Ovchinnikov, 1976) and
the Black Hills, South Dakota (Gilani, 1979; Papike et
al., 1983; Tuzinski, 1983; Shearer et al., 1984; Laul et al.,
1984) have been described. The results ofSoviet and Ca-
nadian studies have been reviewed by Trueman and eern!
( l  e82).

Alteration mineral assemblages around pegmatites are
most commonly (l) a series of tourmaline-rich assem-
blages resulting from the transportation ofB into the coun-
try rock (Page et al., 1953; Shearer et al., 1984) and (2) a
series of retrograde metamorphic assemblages resulting
from low-temperature re-equilibration of primary meta-
morphic assemblages with pegmatite aqueous solutions.
Although not as common, the development of holmquist-
ite assemblages in amphibolite wallrock has been de-
scribed by several researchers (Heinrich, 1965; London,
I 984).

Development ofdispersion halos around pegmatites may
also provide a valuable analogue to the behavior of nu-
clear waste in a geologic environment. One of the major
concerns in storing nuclear waste in a geologic repository
is the possibility of migration of radionuclides under spe-
cific physical and chemical conditions in the geologic en-
vironment over time scales of 103-107 yr. The questions
regarding the fate of nuclear wastes in geologic confine-
ment over a geologic time frame can be addressed from
studies of the behavior of various trace elements, which
are natural analogues of the longJived fission products,
activation products, and transuranic elements in nuclear
waste. In most cases, the analogue for a radionuclide is
its respective stable isotope.

As part of a comprehensive study of thermally induced
chemical migration around pegmatites, we have selected
a number of different pegmatites intruded into various
metamorphic and igneous rocks. This study reports on
the interaction between pegmatites and quartz-mica schist
country rock. Of particular interest are the following ques-
tions: (l) What are the extent and type of compositional
gradients surrounding pegmatites? (2) What are the min-
eralogical alterations associated with pegmatite-schist in-
teraction? (3) What are the compositions of the fluids
causing the alteration? (4) What are the relative mobilities
of elements? (5) What is the degree of fluid-rock inter-
action?

Geor,ocv oF THE PEGMATTTES

Three zoned pegmatites were selected for detailed study ofthe
characteristics and development of dispersion halos in quartz-
mica schist: Etta pegmatite, Peerless pegmatite, and Bob Ingersoll
No. I pegmatite. The pegmatites are located in southwestern

South Dakota, within the southern portion of the Precambrian

dome of the Black Hills (Fig. 1). These pegmatites are members

of a well-known pegmatite field distributed in the country rock

surrounding the Harney Peak Granite (Norton, 1975). Approx-

imately 20 000 pegmatites are spatially and probably genetically

associated with the Harney Peak Granite. fuley (1970) reported

a Sr-isochron age of 1703 m.y. for a suite of Harney Peak Granite

samples. Unzoned pegmatites constitute the majority of the peg-

matites and are mineralogically and geochemically similar to the

Harney Peak Granite (Redden et al., 1982). Zoned pegmatites

make up approximately l0lo of the total pegmatite population.

The pegmatite field has been classified as a rare-element type

with mineralogical characteristics ranging from barren to Li-,

Rb-, Cs-, Be-, Ta-, and M-enriched types (Cernf, 1982). The
pegmatites of the field exhibit a regional mineralogical and geo-

chemical zonal distribution with barren pegmatites near the Har-

ney Peak Granite and Li-enriched pegmatites on the periphery

ofthe field (Norton, 1975). This zonation has been observed in

many other pegmatite districts (eern! et al., l98l; Goad and

eern9, 1981) and has been attributed to the ability of highly

fractionated (Li-rich) volatile-enriched granitic melt to migrate

farther from the "parent intrusion." This zonal distribution sug-
gests a genetic link between the pegmatites and the central granite

body. The geology of the southern Black Hills and the Harney

Peak Granite and associated pegmatites has been discussed in

detail by Page et al. (1953), Norton (1975), Norton etal. (1962)'

Redden ( 1 963, I 968), Kleinkopf and Redden ( I 97 5), Cernf ( 1 982),

and Redden et al. (1982).
The Etta, Peerless, and Bob Ingersoll No. I pegmatites are

large, zoned pegmatites located north and northeast ofthe Harney

Peak Granite near Keystone, South Dakota. The schist into which

the pegmatites were intruded has been regionally metamorphosed

to staurolite grade.
The Erta pegmatite is shaped like an inverted teardrop with a

rnaximum diameter of 76 m, extending to a depth of approxi-

mately 69 m. The pegmatite consists of six zones: (l) microcline-

biotite; (2) quartz-muscowite-albite; (3) perthite-quartz-spodu-

mene; (4) quartz-cleavelandite-spodumene; (5) quartz-spodu-

mene; and (6) a monomineralic core consisting of quartz. The
geology of the Etta pegmatite has been discussed by Schwartz
(1925) and Norton et al. (1964).

The Bob Ingersoll No. I is shaped like an inverted teardrop
with a maximum diameter of 30 m, extending to a depth of
approximately 80 m. There are six zones present in the pegmatite:
( I ) quartz-cleavelandite-muscovite (border zone); (2) cleaveland-
ite-quartz-muscovite (wall zone); (3) perthite (first intermediate
zone); (4) quartz-cleavelandite-amblygonite (second intermediate
zone); (5) quartz-cleavelandite (third intermediate zone); and (6)
quartz-cleavelanditeJepidolite zone (core). The geology of the
pegmatite has been summarized by Page et al. (1953) and Jolliff
et al.  (1986).

The Peerless pegmatite, a large complex pegmatite, has an
anticlinal shape in cross section and is partly discordant with the
quartz-mica schist country rock. The pegmatite consists of seven
coherent zones, two replacement units, and two types offracture-
filling units: (l) quartz-muscovite-plagioclase zone (border zone);
(2) albite-quartz-muscovite zone (wall zone); (3) cleavelandite-
quartz-muscovite zone (frrst intermediate zone; (4) perthite-

cleavelandite-q\artz zone (second intermediate zone); (5)

cleavelandite-qvarlz zone (third intermediate zone); (6) quartz-

microcline zone and q\artz zone (fourth intermediate zone); (7)

lithia mica<leavelandite zone (core); (8) lithia mica<leaveland-
ite-quartz replacement unit; (9) muscovite-cleavelandite replace-
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Fig. L Generalized geology of the southern Black Hills, South Dakota. Metamorphic isograds and Harney Peak Granite are
shown (after Norton, 1975). Three pegmatite sites for the halo study are shown.

ment unit; (10) quartz fracture-filling unit; and (l l) tourmaline-
quartz fracture-filling unit (Sheridan et al., 1957).

The relatively exotic mineral assemblages associated with the
pegrnatites and the low K,/Rb ratios ofpotassium feldspar (Shear-
er et al., 1983, 1985) indicate that these pegmatites are strongly
fractionated. Table I compares the characteristics of the three
pegmatites.

AN,ql,YTrcAl, METHoDS

Samples ofschist were collected along traverses extending out-
ward from the pegmatite contacts. At the Etta pegmatite and the

Bob Ingersoll No. I pegmatite sites, samples were collectedwithin
the main adits that extend outward from the pegmatites (Figs.
2A arid 28, respectively). At the Peerless pegmatite (Fig. 2C),
two sampling traverses were selected. Traverse one is a vertical
traverse that yielded samples collected above the pegmatite and
parallel to foliation in the schist, and traverse two is a horizontal
traverse perpendicular to foliation in the schist. Modal data were
collected by optical point count u.ith a gdd spacing of 50 pm.

Major-element mineral chemistry was determined with the
ARL-sEMe electron microprobe at the U.S. Geological Survey,
Denver, and the rrr.e.c electron microprobe at the South Dakota

SOUTH
OAKOTA
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Table l. Characteristics of the Etta, Bob Ingersoll No. l, and Peerless pegmatites
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Pegnal I fe

Etia

Bob lng6rsol | |

P€er I ess

Pegnailte typs

Ll (spodunene)-, Nb--
Ta- ,  Sn-b6r  lng ,
zoned pegmatlfe

L l (  l e p l d o l  l i e ) - ,  B € -
Nb- - ,  Ta- ,  Sn-bear lng
zoned pegmafite

B€-bsr Ing zoned
p o g n a t l t e ,  L l t h l a  n l c a

Tourma | | ne
occurr9nco
and F content

Minor accessory
l n  w a l l  z o n e

fJa | | zone to core
F  r t . f  =  g . g - 1 . 5

f fa l l  zone,  pockets
F  r t . t  =  0 . 6 - 1 . 7

Country r@k

Quariz-mlca-p I ag l@ | aso
sch I st

Quartz-m lca-p I ag I oc I aso
sch I  s t

Quartz-m lctsp lag loc lase
sch I  s f

Approx lmate  range ln
Shape K- fe ldspar  chmls t ry

Inverted teardrop

Inverted teardrop K/Rb = 40 -
C s = 4 0 0 -

L e n t i c u l a r

K / R b = 5 O - 2 0
Cs = 600 - 900 ppm

l0
600 ppm

40
500 ppr

K/Rb = 80
Cs =  150

School of Mines and Technology (SDSM&T) using an acceler-
ating voltage of l5 kV and a sample current of 10 nA. Mineral
and oxide standards were used. Data were reduced using the
MAGIC lv program (at the USGS) and the Bence-Albee method
(1968) at SDSM&T.

Biotite and muscovite were separated for trace-element anal-
ysis using a rnnNz isodynamic magnetic separator. Separates were
then further purified through hand-picking. Separates were point
counted to estimate purity. In all cases, mineral-separate purity
was > 980/0. Interlayered biotite and muscovite and apatite-zircon
inclusions were the main source of contamination.

Whole-rock powders and mineral separates were analyzed by
neutron activation analysis, X-ray fluorescence, AA-ICP, and wet
chemistry to ensure reproducibility, to utilize the best technique
available for each element, and to evaluate analytical error. A
total of 20 major, minor, and trace elements were analyzed at
Battelle, Pacifrc Northwest Laboratories, by sequential instru-
mental neutron activation analysis (rNu') using a high-efrciency
130-cm3 Ge(Li) detector (250lo FWHM 1.8 keV for 1332 keV of
6oCo), a 4096 channel analyzet, and coincidence-noncoincidence
Ge(Li) : NAI (Tl) counting systems (Iaul et al., 1984; Laul, 1979).
Energy-dispersive X-ray fluorescence (Battelle, Pacific North-
west) using pressed disks ofrock or mineral powder was used to
determine 29 major, minor, and trace elements. AA-ICP
(SDSM&T) sample solutions for Na, Mg, Rb, Cs, Si, and Al were
prepared using a modified lithium metaborate dissolution tech-
nique (Medlin et al., 1969). Lithium metaborate fusion solutions
were analyzed for F by standard electrode. AA-ICP sample so-
lutions for Li and B were prepared using an acid dissolution
technique. Ferrous iron was determined (SDSM&T) using a HF
dissolution and potassium dichromate titration technique (Gol-
dich, I 984). In all whole-rock and mineral-separate analyses, USGS
standards BCR-1, AGV-1, G2, and GSP-l were used to monitor
accuracy and precision.

Crr.c.RAcrnnlsrlcs oF THE couNTRy RocK

Structural relationship between pegmatites and
country rock

In the three pegmatites studied, the pegmatite-country

rock contacts are easily discernible. The contacts, how-

ever, are irregular in shape due to bulges, tongues, and
"screens" of schist that extend into the pegmatite. The

schist is predominantly massive with locally well-devel-

oped schistosity. The conformable nature of the schistos-
ity around the pegmatite and within the "screens" suggests
ductile behavior ofthe schist during the intrusion ofthe
granitic magma (Page et al., 1953).

At the Etta pegmatite, schistosity and bedding generally

strike between north and northeast and dip steeply to the
east (60'-85'). Adjacent to the pegmatite, the schistosity
is commonly parallel to the pegmatite contact. The sam-
pling traverse ofthe schist at the Etta pegmatite cuts across
both bedding and schistosity.

Bedding in the schist surrounding the Bob Ingersoll No.
I pegmatite generally strikes east to northeast and dips
moderately to the south (50"-70). Adjacent to the peg-
matite, schistosity is generally parallel to the pegmatite
contact. The sampling traverse is approximately perpen-
dicular to schistosity.

The average strike of bedding and schistosity of the
country rock surrounding the Peerless pegmatite is gen-
erally east. Bedding dips steeply to the south (70'-85).
The dip of the schistosity is commonly at a lower angle
than bedding. Near the flank of the pegmatite, the attitude
of the schistosity becomes parallel or nearly parallel to
the contact. The schistosity is commonly perpendicular
to the contact at the roof of the pegmatite. Sampling tra-
verses ofthe schist at this site are parallel (traverse l) and
perpendicular (traverse 2) to schistosity.

Mineral assemblages in country rock

The metamorphic rocks adjacent to the pegmatites con-
sist of either a prograde metamorphic assemblage, a retro-
grade metamorphic assemblage, or an alteration assem-
blage. The prograde mineral assemblages are a direct
response to the regional metamorphism that reached stau-
rolite grade in the immediate vicinity of the pegmatites.
Estimates of the temperature of peak metamorphism in
the staurolite zone in areas west of the Harney Peak Gran-
ite range from 515 to 565"C (Willibey, 1975). The retro-
grade assemblages and textures do not appear to be related
to the intrusion of individual pegmatites, although changes
in mineral chemistries may have resulted through contin-
uous retrograde reactions during postmetamorphic re-
equilibration with pegmatite-derived aqueous fluids. Al-
teration assemblages are directly related to p€gmatite in-
trusion. Modal data for the country rock sulrounding the
Etta, Bob Ingersoll No. l, and Peerless pegmatites are
shown in Tables 2,3, and 4, respectively. Modes for the
country rock traverses are plotted against distance in Fig-
ure 3.
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Fig. 2. Outlines of the Etta (A), Bob Ingersoll No. I (B), and
(Sheridan et al., 1957).

The dominant prograde metamorphic assemblage in the
country rock surrounding the Etta pegmatite consists of
quartz + plagioclase + muscovite + biotite. Biotite-rich
assemblages (e.g., Table 2, E3.5) occur as layers that are
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Peerless (C) pegmatites are shown illustrating sample traverses

oriented nearly perpendicular to the sampling traverse.
Preferred orientation of the biotite gives these layers a
strong schistosity. Poikilitic tourmaline is a common ac-
cessory mineral and is fairly abundant in the biotite-rich
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Table 2. Modal data of the schist along Etta pegmatite traverse. Sample El is from the border zone of the pegrnatite

S a n p l e  t l o .  E l  E Z  E 2 . 5  E j  E  . ,  E 4  E ,  E 6  e 1  E 8  E 9  E l o  E l  I  E l z  E l 5  E l 4  E l 6  E l 6 A
Dfs tancer  -0 .9  0  1 .5  5 .0  4 .5  6 .0  9 .1  12 .2  15 .2  19 .A 21 .2  26 .5  29 .9  55 .5  56 .9  19 .0  91 .4  95 .0

Quartz 52.1
P l a g l @ l a s e  5 9 . 6
Muscov l te  6 .7
B lo t  I  t€  Tr

Tourmal  lne  1 . ,
Ch lo r l fe  0 .0
Acc .  Ml  n . . *  0 . f
Total 100.0

45.6  57 .1
1 2 . 1  9 . 5

,0 .9  20 .  I
6 . 8  t l  . 2
T r  1 . 5
0 . 0  0 . 0
4 . 6  0 . 8

t00.o r00.0

29.O 50.2
26.2  15 .6

, .5  21 .2
14.3 26.1

4 . 5  5 . 8
0 . 0  0 . 5
0 . 7  0 . 6

t00.0 t(rc.0

51.6 5r.7
6 . 5  2 2 . 0

5O.7  t0 .7
21.4  I  r  .0

5 . 8  0 . 0
4 . 0  0 . 0
T r  0 . 6

r00 .0  r@.0

52.1  55 .8
5 r . 9  9 . 0
T r  2 2 . 2
15.5 27.2

0 . 4  5 .  I
0 . 0  0 . 0

0 . t  0 . 7
100.0  100.o

50.4 44.2
I  7 .  |  1 4 . 8

1 7 . 7  |  5 .  I
32.1 25.4

0 . 8  1 . 2
0 . 0  0 . 2
1 . 1  t . l

t00.0 t00.0

5 6 . 6  2 7 . 2
28.t 24.5

f . 0  1 4 . 4
12. ,  21 .O

0 . 9  0 . 5
0 . 0  0 . 6

0 . 7  2 . 0
too .0  t@.o

59.1  59 .8
1 0 . 4  t 3 . l
1 1 . 5  |  4 . 5
1 2 . 6  |  1 . 2

0 . 2  0 . 5
0 . 0  0 . 0

0 . 2  0 . 9
100.0 t00.0

62.1 'O.2 52.8
17.6  12 .6  14 .9
t 0 . 0  2 0 . 0  l 4 . l
9 . 0  t 6 . 7  |  7 . 8

0 . 9  0 . 5  0 .  I
0 . 0  0 . 0  0 . 0

o . 2  0 . 2  0 . 3
t00.o l(x).0 t0o.0

*l. l€i€rs frm pegmailto contact
* *Accessory  Mlnera ls :  hmat l lg ,  anatase,  z l rcon ,  su l f ldes ,  epat l fe

layers. The distribution of tourmaline in the schist sur-
rounding the Etta pegmatite is not systematic and appears
not to be directly related to pegmatite-derived fluids.

The country rock surrounding the Bob Ingersoll No. I
pegmatite consists of the following prograde metamorphic
assemblages: quartz + biotite * muscovite, quartz + bio-
tite + garnet, quartz + biotite * muscovite + staurolite,
and quartz + biotite + muscovite + garnet * staurolite.
Plagioclase, tourmaline, and chlorite are accessory min-
erals. Chlorite generally occurs as rims on garnet or as
xenoblastic porphyroblasts. This is suggestive ofa retro-
grade origin for the chlorite that occurs in these textural
relations.

The dominant prograde mineral assemblage in the schist
surrounding the Peerless pegmatite is quartz + biotite +
muscovite. Other less common assemblages include
quartz + biotite + muscovite + garnet, quartz * bio-
tite * muscovite + staurolite, and quartz + biotite +
muscovite * staurolite * garnet. Staurolite is partially or
totally pseudomorphed by intergrowths of biotite and
muscovite. Chlorite is closely associated with the stau-
rolite pseudomorphs, occurs as rims around garnet, and
may form xenoblastic porphyroblasts.

Alteration assemblages in the schist surrounding the
Peerless pegmatite occur primarily in schist "screens" and
at country rock-pegmatite contacts. The alteration assem-
blages are better developed in the schist along the flanks
of the pegmatite (i.e., horizontal traverse) rather than the
top of the pegmatite (i.e., vertical traverse). With increas-
ing alteration (increasing B), the sequence of alteration
assemblages is quartz + biotite * muscovite + tourma-
line to quartz + muscovite * tourmaline. The alteration
assemblage at the contact of the Bob Ingersoll No. I peg-
matite is predominantly quartz + biotite * tourmaline +
muscovite (Table 3, BII). Tuzinski (1983) and Jolliffet
al. (1986) noted that this alteration assemblage occurred
along the flanks and top of the pegmatite. Tuzinski (1983)
also noted that the biotite in this alteration zone was
"bleached." The country rock in immediate contact with
the Etta pegmatite is altered to a muscovite + plagio-
clase * quartz assemblage with a granular texture. Tour-

maline occurs as an accessory mineral in this type of al-
teration assemblage. The most extensive alteration is along
the southern border of the pegmatite where a thickness
of 3 m is common (Norton et al., 1964).

Geochemishy of the schist surrounding the pegmatites

The major-, minor-, and trace-element analyses of the
schist collected along sampling traverses are present in
Tables 5,6,7 (Etta),8, 9 (Bob Ingersoll No. l), 10, and
I I (Peerless). The schists at all sites have a variable major-
element character (e.g., SiO, between 58 and 82o/o, Al'Ot
between 8 and 180/o). These sharp contrasts in major-
element chemistry are reflected by modal variations in
biotite and quartz between layers. The schist at the peg-
matite contacts appears to be more oxidized than the
schist further from the contact. Shearer et al. (l 984) noted
similar oxidation of the minerals in the schist adjacent to
the Tip Top pegmatite. The oxidation at the sites of this
study may be recent.

To evaluate trace-element background concentration in
the schist, several samples were collected at distances
(-60-100 m) from the pegmatites that should be beyond
the dispersion halos. These samples are El6, El6A, and
BIl0. The whole-rock concentrations of alkali elements
of these background samples are similar to the schist back-
ground levels obtained by Tuzinski (1983).

The elements As, U, Li, Rb, and Cs form dispersion
halos in the schist adjacent to the Etta pegmatite (Table

Table 3. Modal mineralogy of country rock along Bob
Ingersoll No. I traverse

S a m o l e  N o .  8 I 1  B l 2  B I 3  B l 4  B l 5  8 1 6  B l 7  8 1 8  B l 9  B I l 0

Q u a r t z  3 1 . 4  4 2 . r  5 4 . 8  3 7 . 9  3 5 . 2  6 0 . 8  3 8 . 0  3 4 , 0  2 7 , 5  3 0 . 5
P l a g i o c l a s e  0 . 5  0 . 0  0 . 0  T r  0 . 0  0 . 0  0 . 0  1 . 1  0 . 0  0 . 0
P o t a s s i u m  F e l d s p a .  T r  0 . 0  0 . 0  T r  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0
Huscovite 12.4 23.7 1.4 0.0 10.5 0.0 23.0 18.7 38.5 45.2
B i o t i t e
C h l o r i t e
Tourmal  i  ne
S t d u r o l  i t e
Garnet

26.4 22.5 2t. t  30.4 45.4 34.4 21.4 33.4 17.4 16.6
0 . 0  6 . 0  3 . 4  0 . 1  2 . 4  1 . 0  1 . 8  0 . 3  7 . 7  1 . 4

2 6 . 9  1 . 5  0 . 2  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0
0 . 0  0 . 0  0 . 0  0 . 0  0 . 8  0 . 0  t . 0  1 , 5  5 . 1  t . l
1 . 4  1 . 9  1 0 . 3  2 4 . 4  1 . 3  0 . 4  5 , 7  7 . 3  2 . 1  0 . 0

A c c e s s o r y  [ i n e r a l s * *  1 . 0  2 . 3  2 . 8  1 . 2  4 . 4  3 . 4  3 . 1  3 . 3  7 . 1  4 . 6
T0TAL 100.0 100.0 100.0 100.0 100,0 100.0 100,0 100.0 100.0 100,0

{e te .s  f ron  pegnat i te  contac t
* , Z i r c o n ,  i l m e n i t e ,  s u l f i d e s ,  a n a t a s e ,  a p a t i t e
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Fig. 3. Modal mineralogy of the schist along the Etta pegmatite traverse (A), Bob Ingersoll No. 1 traverse (B), and the horizontal
and vertical Peerless pegmatite traverses (C). In (B) and (C), feldspar and quartz are combined because ofthe low modal abundance
of feldspar in those traverses.
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Table 4. Modal mineralogy of schist from horizontal (H) and vertical (V) traverses at the Peerless pegmatite

sampls Ne. 2H lH 4H 5H 6H 7H 8H 9H Screen 4V 5V 6V 7V 8V 9V

D f s t a n c € r  0 . 6  1 . 8  5 . 0  4 . ,  7 . 6  1 2 . 2  l 8 . l  2 7 . 4  - -  6 . 6  5 . 0  1 . 2  2 . 0  0 . 5  0 . 0

Quar tz  34 .5  56 .0  25 .o  45 .0  5o .5

P l a g l o c l a s e  T r  T r  1 . 0  1 . 0  1 . 5

Potass lun  fe ldspar  Tr  0 .0  0 .0  0 .0  0 .0

M u s c o v l t e  2 8 . 0  f 4 . 0  3 1 . 5  t t . ,  l l . 5

B f o t l t e  1 6 . 0  8 . 0  1 6 . 5  l ' 1 . ,  t 2 . 5

C h l o r l t €  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0

T o u r m a l  I n e  2 l . O  l l . 0  Z l . 0  1 . 0  4 . 0

Garn€t  0 .0  0 .0  0 .0  0 .0  0 .0

Acc€ssory  ml  nera l  s * *  0 .5  9 .0  1 .0  Tr  Tr

TOTAL t00.0 100.0 100.0 100.0 t00.0

6? .0  49 .0
t r  t r
0 . 0  0 . 0

22 .O  6 .0
15 .0  51 . ,
0 .0  0 .0
5 . 0  |  1 . 5
0 . 0  0 . 0
Tr Tr

t00.0 tq) .o

48.0 51.5
Tr Tr

0 . 0  0 . 0
4 |  .0 42.5

A  5  T r

0 .0  0 .0
f . 0  25 .0
0 . 0  0 . 0
0 . 5  1 . 0

lqt.o t00.0

59.r  49.1
|  1 .9  0 .0
0 .0  0 .0

12.8 2l . t
12.2 20.4
1 . 5  5 . 7
o . 2  1 . 6
0 .  I  0 . 0
0 . 4  1 . 7

t00.0 lq) .o

5 1 . 0  4 0 . 9
t  . 9  1 . 7
T r  0 .0

2 t . t  t 2 . 5
21.2 20.5
2 . 8  0 . 0
t . 4  l . t
0 . 0  0 .0
0 . 6  5 .  I

t00.0 100.0

,2.1 45.4
2 .6  0 .4
o .?  0 .4

20.8 26.1
22 .3  24 .5
0 .0  0 .0
0 .0  0 .2
0 . 0  2 . 7
2 . 0  2 . t

t00.0 t00.0

rltbters frm pegmatlts contact
* I Z l r c o n ,  h m a t l t e ,  s u l f l d € s .  I n  s a n p l e  J H  a c c s s s o r y  m l n e r a l s  I n c l u d e  a l t s r a f l o n  p r o d u c f s  o f  b l o t l t e

6, Fig. 4). Uranium appears to exhibit only a slight en-
richment in the country rock immediately adjacent to the
pegmatite, while As enrichment extends out to approxi-
mately 12 m along the traverse. This is similar to the As
enrichment observed in the amphibolite surrounding the
Tin Mountain pegmatite (Laul et al., I 984; Walker, I 9 84).
The whole-rock concentrations of Li, Rb, and Cs at the
Etta site are hrgh compared to schist background levels,
and the enrichments of these elements extend out to great-
er than 7 m. However, the alkali-element whole-rock con-
centration appears to be strongly dependent upon mineral
abundances, and thus the determination and interpreta-
tion of the alkali dispersion halo is complex. Li, Rb, and
Cs are highly correlated to the modal abundance of sheet
silicates (biotite + muscovite), indicating that sheet sili-
cates effectively concentrate these elements (Fig. a). Anal-
ysis of the sheet silicates would, therefore, better define
the extent of the dispersion halo around the Etta peg-
matite.

Although several biotite-rich layers in the schist are
enriched in B and anomalously high F is noted in a single
sample along the traverse, there is no systematic relation-
ship between the B and F content ofthe schist and distance
from the pegmatite contact. In addition, there is no cor-
relation between high B and high F in the schist surround-
ing the Etta, and the anomalous enrichments are much
lower than observed in the schist surrounding the other
pegmatites of these studies.

Rare-earth-element abundances for the schist surround-
ing the Etta pegmatite are given in Table 7, and the chon-
drite-normalized REE patterns are illustrated in Figure 5.
All samples are similarto the North American Shale Com-
posite (Haskin and Paster, 1979) with only slight negative
Eu anomalies and LalYb ratios ranging from 14 to 17.
As illustrated in Figure 5, the chondrite-normalized REE
patterns and the absolute abundances are extremely sim-
ilar in all the schist samples and show no systematic vari-
ation with distance from the pegmatite indicative of mi-
gration of these elements.

Muscovi le

B i o l i l e

f5 f8 2t 24 27 30 33 36 39

Melers  f rom Pegmot i le  contoc l

Fig. 4. Trace-element variations (As, B, Cs, F, Li, Rb, and
tI) and modal abundance of biotite and muscovite in quartz-

mica schist with distance from the Etta pegmatite-schist contact.
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Fig. 5. Rare-earth-element concentrations in the schist along the Etta pegmatite traverse. REEs are normalized to chondrite

abundances.

L uY bT bS mN dL o

The dispersion of trace elements around the Bob In-
gersoll No. 1 pegmatite (Fig. 6) exhibits both similarities
to and differences from the trace-element dispersion halo
developed around the Etta pegmatite. Similar enrich-
ments of the schist surrounding the Bob Ingersoll No. I
and Etta pegmatites are observed for U, As, Li, Cs, and
Rb. The country rock immediately adjacent to the peg-
matite is enriched in U and As. The dispersion of alkali
elements is better defined in the schist around the Bob
Ingersoll No. I pegmatite than around the Etta because
of the more constant biotite + muscovite modal propor-
tions in the schist along the traverse. The country rock is

Table 7. REE abundances ofquartz-mica schist along Etta
pegmatrte traverse

l e  N o .  E

enriched in Li to distances greater than 2l m from the
contact. Rb and Cs enrichment ofthe country rock extends
out to at least 9 m from the contact (Fig. 6). Enrichment
ofthe country rock in F and B clearly occurs at the Bob
Ingersoll No. I site. The F and B halos extend along the
traverse to a distance of between I and 3 m from the
pegmatite contact (Fig. 6). This is in contrast to the Etta

Table 8. Major-element analyses of quartz-mica schist from
the Bob Ingersoll No. I traverse

S a m p l e  N o .  B I I  B I 2  B l 3  B I 4  B l 5  8 1 6  . q I Z  - q l g  8 1 9  8 t l 0

o i s t a r e *  o  r . s  g . o  + . s  0 . 0  e . t  t z . z  t 6 . g  Z r . g  o z ' s

E 5

Ce
Nd
Sm
Eu
Tb
Yb
Lu

45.50  55 .00  46 .50  63 .00  39 .50  30 .00
90,00  105.00  90 .00  120.00  75 .00  62 .00
40.00  42 .00  38 .00  50 .00  30 .00  25 ,00
8 . 0 0  9 . 3 0  7 . 1 0  1 0 . 8 0  5 . 3 0  4 . 7 0
1 , 3 0  r . 2 0  1 . 3 0  1 . 4 0  0 . 8 6  0 . 8 5
0 , 7 8  0 . 8 7  0 , 8 0  1 . 0 0  0 . 5 7  0 . 5 1
2 . 8 0  3 . 1 0  3 . 2 0  3 . 7 0  2 , 2 0  2 . 1 0
0 . 4 0  0 . 4 4  0 . 4 8  0 . 5 5  0 , 3 2  0 , 3 1

5 4 . 5 0  4 7 . 0 0
r00.00  98 .00
45.00  41 .00
9 , 2 0  8 . 0 0
1 . 3 0  1 , 2 0
0 . 9 0  0 , 8 0
3 . 3 0  2 . 6 0
0 . 5 1  0 . 3 9

Si02  58 .30
T i o Z  0 . 7 7
Al  203 16 .20
Fe203 2 .52
FeO 5 .92
MnO 0 .  13
Mso 1 .37
CaO 0 .42
Na20 L66
KZO 2 .41
P20S 0 .1 t

TOTAL 89.87

7 1 . 7 0  7 1 . 3 0
0 , 5 6  0 . 6 0

10.30  9 .70
3 . 4 5  5 , 4 6
8 , 4 1  6 , 1 8
0 . 1 7  0 , 1 8
1 . 2 4  I . 0 2
0 . 4 1  0 . 4 3
0 . t  5  0 . 1 2
2 , 4 0  2 . 2 0
0 , 0 9  0 . 1 2

98.88  97 .91

61.40  63 .40
0 , 7 1  0 . 7 9

14.80  17 .00
4.84  2 .06

1 0 . 6 7  7 . 9 5
0 . 2 1  0 . 0 7
1 . 6 3  1 . 0 5
0 . 6 3  0 , 5 0
0 . 2 5  0 . 7 2
3 . 3 1  4 . 0 0
0 . 1 4  0 . 1 0

98.59  97 .64

7 5 . 7 0  7 0 .  l 0
0 . 6 2  0 . 6 7
9.20  13 .50
1 . 8 3  1 . 6 3
6 . 7 2  6 . 9 0
0 . 0 1  0 . 0 2
1 . 0 5  0 . 9 2
0 . 5 9  0 .  I  5
0 . 2 0  0 . 2 6
2.60  3 .80
0 . 1 2  0 . 0 4

98.64  97 .99

6 4 . 4 0  6 5 . 8 0  6 7 . 5 0
0 . 7 9  0 . 8 1  0 . 6 1

1 6 . 0 0  1 7 . 6 0  1 8 . 8 0
0 . 9 7  2 . 1 6  1 . 4 4
9 . 0 2  4 . 7 t  2 . 2 r
0 . 0 8  0 . 0 6  0 . 0 3
1 . 1 1  0 . 8 5  0 , 4 9
1 . 0 0  0 . 2 0  1 . 1 0
I . 5 0  0 . 4 7  1 . 2 5
3 . 7 3  4 . 3 5  3 . 6 0
0 . 1 6  0 . 0 9  0 . 1 1

9 8 . 7 6  9 7 . 1 0  9 7 . 1 4

c
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too

Mete rs  f  r om pegmot i l e  con loc t
Fig. 6. Trace-element variations (As, B, Cs, F, Li, Rb, and

LI) in quartz-mica schist with distance from the Bob Ingersoll
No. I pegmatite-schist contact.

traverse, which does not display systematic distributions
ofF and B.

The concentrations of Rb, Cs, Li, F, U, and As in the
country rock collected along the vertical and horizontal

Table 9. Trace-element analyses of quartz-mica schist from
the Bob Ingenoll No. I traverse (all values in parts per

million except for F)

0 6 5
2t 23

600 470
< 1 4  l l 0
25 <23
1 l  5

2 0,082 0.058
24 t9
95 20
1 1  l l
40 24
t l  25

1 3 5  1 3 0
51 106
< 5 8

120 70
l 7  1 8

160 40
140 240

Table 10. Major- and trace-element analyses of the schist
along vertical traverse at the Peerless pegmatite

Sanp le  No.  9V 8V 7V 6V 5V 4V
D i s t a n c e  0  0 . 5  2 . 0  1 3 . 5  5 . 0  6 , 6

S i02  15 .60  70 .80
T i 0 2  0 . 4 0  0 . 4 5
Al  203 15 .00  16 .00
F e Z 0 3  1 . 2 8  1 . 7 3
F e o  1 , 1 0  3 . 3 9
t {no  0 .03  0 .05
l , l sO 0 .50  1 .64
C a O  0 . 5 0  0 . 8 1
Na20 0 .22  1 .50
KzO 3 .84  4 .03

Totr' l  9A.47 100,40

180 270
l l00  45
470 404
70 100
36 120
19 t2
0 . 2 2  0 . 2 3

1 7 . 8  1 7 . 1
173 344
< 2  3 . 3
2 2 , 1  r 2 , 3
21 44
r2 .4  2 t .1

180 270
85 140
< 2 3
23. t  23 ,8
88 135

190 200

B
Ba

C u
F (wt .%)
Ga
L i
l.lo
Nb
Ni
Pb
Rb
S f

U
Y
Zn
Z r

63.00  69 .00
0 . 5 2  0 . 6 4

17.40  15 .00
2 . 8 1  r . 7 4
5,57  3 .20
0.08  0 .06
2 . 3 9  1 . 3 1
0 . 6 2  0 . 5 7
1 . 0 6  0 , 9 8
5 . 7 0  4 . 3 9

99.  t5  96 .89

210 270
350 330
670 470
130 90
1 3  1 1 0

<10 27
0 . 2 6  0 . 1 9

2 4 . 8  1 3 . 3
391 191

5 . 2  4 . 1
16.7 12,7
50 35
1 0 . 4  1 9 . 6

270 210
80 80
5 4

2r .8  21 .3
r20 78
150 190

69.52  75 .50
0 . 6 5  0 . 6 0

15.43  12 .90
0 . 4 3  r . 2 1
3 . 9 3  3 . 6 1
0.05  0 .04
1 . 2 0  1 . 2 8
0 . 3 6  0 . 9 5
0.64  2 .00
3 . 9 5  2 . 8 5

96.  16  101.00

260 18s
460 100
450 300
81 70
81 82
23 31
0 . 2 1  0 . 1 6

1 2 . 5  1 0 , 5
301 275

4 . 0  4 . 0
1 3 . 0  8 . 7
37 35
19.1  26 .0
88 185
85 140
4 4

2r ,o  21 ,3
85 4 l

180 205

8 1 3

*l ' leters fron the pegnat i te contact

traverses at the Peerless pegmatite are illustrated in Figure
7. Along the vertical traverse, individual samples show
little to no enrichment above background levels. There is
also no systematic variation with distance from the peg-
matite contact. The schist samples exhibiting the least
enrichment of alkali elements are closer to the contact. In
contrast, the schist along the horizontal traverse (perpen-
dicular to schistosity) exhibits systematic enrichment of
B, F, Rb, Cs, and Li near the pegmatite contact. Rb, Cs,
and Li enrichments extend out along the traverse to great-
er distances than B and F enrichments (Fig. 7). This is
similar to the pattern exhibited by country rock surround-
ing the Bob Ingersoll No. I pegmatite. Although modal
variation ofsheet silicates in the schist along this traverse
does affect the interpretation ofthe extent ofenrichment,
the alkali-element enrichment along the traverse extends
to at least 13 m whereas F and B enrichment extends to
approximately 8 m.

To summarize the trace-element whole-rock data: (l)
the dispersion halo surrounding the Etta pegmatite is en-
riched in alkali elements (Li, Rb, Cs) As and possibly U.
(2) The dispersion halos surrounding the Bob Ingersoll
No. I and Peerless pegmatites are enriched in Li, Rb, Cs,
As, B, F, and possibly U. (3) Elements such as REE, Ba,
Sr, and Th do not appear to form dispersion halos.

Mineral chemistry

The major- and trace-element chemistry of the mineral
components of the schist may better define the extent of
country-rock alteration. It has been demonstrated that in

As 280 l8 9.4 <Z 5.1 <2 24 8
B 8318 465 75 31 29 36 2t 32
8a 270 200 270 340 150 200 415 460
cr 60 <30 <30 <40 44 <30 <30 <30
Cs 160 140 120 A7 62 35 49 50
Cu 30 24 4a 11 7 130 28 l8
F  ( r t . t )  0 . 5 2  0 . 5 i  0 . 1 3  0 . 1 6  0 . 1 5  0 . 1 4  0 . 1 5  0 , 1
Gn 29 72 72 t6 1g 10 14 t8
Li 590 440 410 425 390 280 305 190
f l b  3 0  8 . 1  1 , 6  1 0  n  1 . 2  1 2  l l
Ni  43 22 30 40 43 35 40 44
P b 4 1 8 5 t 3 2 4 1 8 t 3 3 4
Rb 490 290 zt j  t90 190 145 180 164
5. 80 17 10 45 14 94 ZA 150
u  3 1  l 0  < 8  < 8  7 . 8  < 6  7 . 1  9 . 5
v 120 60 <40 <50 80 <40 100 I00
\ 2 2 2 7 2 1 2 0 2 2 1 a 1 2 2 2
Zn 150 50 50 64 67 48 41 46
Zr 140 190 190 140 140 Zt l  t40 130
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Table I l. Major- and trace-element analyses of schist from horizontal traverse at the Peerless pegmatite ("screen" is a schist

screen extending into Pegmatite)

529

S i 0 2
T i 0 2
Al 203
F e Z 0 3
Fe0
Mn0
I'lS0
C a 0
N a 2 0
Kzo

TOTAL

62.68  64 .43
0 . 6 8  0 . 8 8

1 9 . 3 1  1 5 . 0 7
1 , 6 1  3 . 8 9
2 . 9 5  4 . 5 6
0 . 1 1  0 . 1 6
1 , 3 0  2 . r 1
0 . 0 5  0 . 1 1
0 . 3 3  0 , 7 0
6 . 6 8  5 , 5 3

9 5 . 7 0  9 7 . 5 0

B 657? 6336
Cs 149 188
F (wt ,X)  1 .05  0 .57
Li 1229 535
Rb 392 2r9

64.79  62 .16
0 . 7 3  0 . 9 7

15.07  14 .97
5 . 9 3  3 , 5 0
4 . 4 7  5 . 5 7
0 . 1 9  0 . 1 7
2 . 4 9  2 . r 3
0 , 2 5  0 , 9 0
0 . 5 1  0 . 5 5
3 . 0 7  7 . 0 3

9 7 . 5 0  9 7 . 9 5

1820 5410
132 241

0 . 3 4  1 . 0 3
949 1067
149 356

63.81  69 .21
0.85  0 .89

1 3 . 2 0  1 2 . 0 1
2 , 5 r  2 . 1 0
7 . 0 5  5 . 0 5
0 . 1 3  0 . 1 3
2 . 1 3  1 . 5 8
0 , 5 5  1 . 0 1
3 . 0 8  1 . 4 0
4 . 5 9  5 . 1 5

9 7 . 9 0  9 8 . 5 3

840 855
297 279

0 . 6 7  0 . 4 1
178 501
288 277

7 2 . 7 5  7 0 . 5 1
0 . 5 1  0 . 7 6

r ,3 .85  14 ,57
1 . 3 1  1 . 4 8
3 . 2 5  5 . 0 6
0 . 1 0  0 . 1 2
1 . 3 8  1 . 4 8
0 . 2 1  0 . 0 9
1 . 8 3  0 . 4 4
2 . 8 1  4 . 2 4

98.00  98 ,19

408 ?950
r42 126

0 . 1 4  0 , 3 6
2a6 414
t23 128

7 0 . 5 8  6 9 . 9 6
0 . 5 8  0 . 5  I

1 4 . 9 3  8 . 0 2
1 . 1 1  5 . 9 7 * *
4 . 0 7
0 , 1 0  0 . 0 4
1 , 3 8  1 . 5 3
0 . 6 2  0 , 1 6
0 . 3 4  0 . 3 4
4 . 3 7  5 . 4 7

98.08  92 .00

84 9220
1 0  1 7 1
0 . 2 9  0 . 7 2

318 2589
Izt 1.100

* l . teters from pegmati te contact
+rTotal  Fe as Fe203

quartz-mica schist assemblages, Li, Rb, and Cs are pref-
erentially incorporated into the sheet-silicate structures
(Papike et al., 1984). The sheet-silicate chemistry, there-
fore, provides information concerning the extent of halo
development without bias from the modal mineralogy. In
addition, the migration of aqueous solutions away from
the pegmatites and into the surrounding country rock may
result in the initiation of continuous retrograde meta-
morphic reactions. Fe-Mg exchange reactions have been
noted in biotite and tourmaline surrounding the Tip Top
pegmatite (Shearer et al., 1984). Determination of the
extent of Fe-Mg exchange reactions may contribute to
understanding halo development.

Table 12. Microprobe analyses of biotite from the Etta
pegmatite traverse (cation formulae are calculated on

the basis of I I oxygens)

sanol e No. E2 E3 E4 E6 E7

Major-element chemical compositions and cation for-

mulae of the biotites and muscovites from the schist sur-

rounding the pegmatites are presented in Tables 12, 13
(Etta), 14 (Bob Ingersoll No. l), and 15 (Peerless). The

mica analyses show a divergence from trioctahedral (bio-

tite) and dioctahedral (muscovite) ideality. Biotites ex-

hibit a greater divergence from ideality than the coexisting
muscovites. The deviation from trioctahedral and di-

octahedral mica ideality in the biotite and muscovite,

respectively, and the extent ofceladonite substitution in

muscovite are not related to distance from the pegmatite-

country-rock contact.
The Fe/(Fe + Mg) ratios of biotite from the schist of

the Etta and Peerless pegmatite traverses show only minor

Table 13. Microprobe analyses of muscovite along the Etta
pegmatite traverse (cation formulae are calculated on

the basis of I I oxYgens)

sehnl e Nn^ F1 E2 E3 E4 E7 E8

E l 4

Si02  36 .49  36 .30
I i 0 2  1 . 7 6  1 , 6 7
A l u o r  1 9 . 9 5  1 9 . 1 7
Feb*- 19.99 20.44
t fno  O.2o 0 .19
t l90  8 .11  8 .37
Na20 0 .02  0 .06
KZO 9 .07  9 .09

Total 95.59 95.29

s i  2 ,152 2 ,160
A1 (  rV)  r .248 r .240

x  Tet .  4 .000 4 .000

A 1  ( V r )  0 . 5 3 1  0 , 4 7 8
T i  0 .100 0 .096
Fe r .263 1 ,303
Mn 0 ,014 0 .014
M 9  0 . 9 1 4  0 . 9 5 1

[ oct. 2.822 2.442

Na 0 .003 0 .009
K 0 .873 0 .877

t  A  s i te  0 .875 0 .885

Fe/ (Fe+ l ' tg )  0 .58  0 ,58

3 6 . 1 9  3 6 . 8 9  3 6 . 1 0
r ,47  ] '  68  1 .59

18.86  18 .96  t9 .24
2r .43  21 .38  21 .43
0 . 2 1  0 . 2 1  0 . 2 0
8 . 0 0  7 . 6 7  7 . 1 3
0 . 0 6  0 . 0 6  0 . 0 6
9 . 1 7  9 . 0 7  9 . 1 0

95.39  95 .92  95 .45

2.768 2 ,796 2 .151
r .232 1 .204 1 .243
4.000 4.000 4.000

0.468 0 .490 0 .488
0.085 0 .096 0 .092
1 . 3 6 9  1 . 3 5 7  1 . 3 6 7
0 . 0 1 4  0 . 0 1 4  0 . 0 1 4
0 . 9 1 0  0 . 8 6 5  0 . 8 8 1
2.846 2.A22 2.442

0.009 0 .009 0 .009
0.891 0 .874 0 .881
0.900 0.883 0.890

0 . 6 0  0 . 6 1  0 . 6 1

36.?3  35 .87
1 . 5 1  1 . 7 0

1 9 . 0 0  1 9 . 4 5
21,23  2r ,48
0 , 2 4  0 , 2 3
8 . 1 3  8 . 7 6
0 . 0 6  0 , 0 7
9 . 3 8  8 . 7 9

95.78  96 .35

2.759 2 .713
t ,24r  r .287
4.000 4.000

0.464 0 .446
0,085 0 .095
1 . 3 5 4  1 . 3 5 9
0 . 0 1 4  0 . 0 1 4
0.924 0 .986
2.84 I  2 .900

0.009 0 .009
0 . 9 1 s  0 . 8 4 5
0.924 0 ,854

0 . 6 0  0 , 5 8

A r  ( v r )  1 . 8 3 1  1 . 8 4 1
T i  0 .030 0 .030
Fe 0 .084 0 .075
Hn 0 .003 0 .001
t " !g  0 .068 0 .110

t oct. 2.016 2,057

Na 0 .064 0 .079
K 0 ,902 0 .843

t  A  s i te  0 .955 0 .922

S i 0 2  4 6 . 8 4  4 6 . 7 1  4 6 . 9 8
T i 0 2  0 . 5 8  0 . 5 9  0 . 6 1
A 1 2 0 3  3 4 . 7 5  3 5 . 9 2  3 4 . 7 1
F e 0 *  1 . 5 1  1 . 3 3  l ' 0 2
Mno 0 .05  0 .02  0 .01
Mso 0 .68  1 '14  L23
Na20 0 .47  0 .59  0 .63
( 2 0  1 0 . 6 5  1 0 . 0 9  1 0 . 3 5

Tota l  95 .53  96 .39  95 .54

47.54  46 .91
0 . 5 8  0 , 3 9

34.1  7  34 .84
1 . r 1  1 , 1 0
o . o 2  0 . 0 0
1 . 0 6  0 . 7 6
0.54  0 .84

1 0 . 0 1  1 0 . 5 2
95.03  95 .36

46.82  45 .08
0 . 3 8  0 . 6 3

35.00  36 .53
1 . 3 1  1 . 1 0
0 . 0 0  0 . 0 2
0.85  0 .88
0 . 5 6  0 , 5 6

1 0 . 4 1  9 , 6 7
95.43  95 .57

s i  3 . 1 1 0  3 . 0 6 4  3 . 1 1 0  3 . 1 5 2  3 . I 1 5  3 . 1 0 5  3 . 0 3 9
At  {  l v )  0 .890 0 .936 0 ,890 0 .848 0 .885 0 .895 0 .961

t Tet. 4.000 4.000 4.000 4.000 4.000 4.000 4.000

1 . 8 2 0
0.030
0.056
0.000
0 . 1 2 3
2.029

0.080
0,875
0.955

1 . 8 2 5  1 . 8 4 2
0.030 0 ,020
0.064 0 .060
0.001 0 .000
0 . 1 0 4  0 . 0 7 6
2.024 1.994

0 . 0 7 2  0 . 1 1 2
0.845 0 .894
0.917 1 .006

1.842 1 .886
0.020 0 .030
0.075 0 .059
0.000 0 .00 I
0 ,084 0 .087
2,022 2.063

0.088 0 .071
0.885 0 .816
0.9 i3  0 .887

* T o t a l  i r o n  a s  F e o
* T o t a l  i r o n  a s  F e o
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Fig. 7. Trace-element variation (As, B, Cs, F, Li, Rb, and U)

in quartz-mica schist along the vertical (V) and horizontal (H)
traverses at the Peerless pegmatite site.

variability and no relationship with distance from the
pegmatite contact (Tables 12 and l5). In contrast, the Fel
(Fe + Mg) ratios of the biotite from the schist at the Bob
Ingersoll No. I site decrease from the pegmatite-schist
contact [(Fel(Fe + Mg): 0.74] to relatively unalrered
schist [Fe/(Fe + Mg):0.57]. The decrease in this ratio
is greatest within I .5 m of the pegmatite contact, but the
ratio continues to decrease to a distance ofgreater than
2l m (Fig. 8). Mnr+ decreases from 0.31 cations/formula
unit to 0.00 cations/formula unit as the Fe/(Fe + Mg)
ratio decreases. Both tourmaline and chlorite (Table 16)
exhibit a similar decrease in Fel(Fe + Mg) and Mn with

DISTANCE FROM PEGMATITE CONTACT (m )

Fig. 8. Variation in the Fel(Fe + Mg) ratio in biotite, chlorite,
and tourmaline along the Bob Ingersoll No. 1 traverse.

distance from the pegmatite contact (Fig. 8). In compar-
ison, the Fe/(Fe + Mg) ratios for the country-rock tour-
maline at the Etta pegmatite exhibit little variation (0.40
to 0.45).

Trace-element analyses of biotite and muscovite sep-
arates from the Etta traverse are presented in Tables 17
and 18, respectively. The alkali-element content of the
biotite and the muscovite is strongly enriched near the
pegmatite contact (Fig. 9). The sheet silicates do not show
any F enrichment. Li, Rb, and Cs are partitioned into the
biotite structure rather than the muscovite structure. In
both biotite and muscovite, Li content > Rb content >
Cs content.

The abundances of alkali elements and F in biotite from
the schist adjacent to the Bob Ingersoll No. I pegmatite
and in biotite and muscovite from the schist adjacent to
the Peerless pegmatite are shown in Tables 14 and 15.
The biotites and muscovites near the pegmatite contacts
are enriched in Li, Rb, Cs, and F (Figs. l0 and I l). In the
biotite of the Bob Ingersoll No. I traverse and the biotite
and muscovite ofthe horizontal Peerless traverse, Li con-
tent > Rb content > Cs content.

Drscussrou
Relationship between pegmatite mineralogy and
dispersion-halo characteristics

The relationship between pegmatite mineralogy and halo
compositional characteristics has been summarized by
Beus and Sitnin (1968) and Trueman and eernf (1982).
As observed by Beus and Sitnin (l 968), B dispersion halos
are associated with aplites and barren pegmatites; B, Li,
Sn, and B dispersion halos are associated with beryl-col-
umbite pegmatites; and B, Li, Sn, Cs, Be, and Rb disper-
sion halos are associated with Ta-bearing pegrnatites. These
halos are in efect related to the degree offractionation of
the pegmatite (Trueman and eern!', 1982), but are also
related to the activities ofother components and to postin-
trusion fluid evolution. The mineralogies of the pegma-
tites indicate that the bulk composition of the Peerless
and Bob Ingersoll No. I pegmatites was enriched in B and
F compared to the Etta pegmatite bulk composition.

o
=
+
o
L

o
L

o.8

o.7
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Table 14. Analyses of biotite and muscovite along the Bob Ingersoll No. I traverse (cation formulae are calculated on the basis
of I I oxygens)

B I o t l f E Muscov It€

S m o l e  l l o -  B l l  B l 2  B t 5  8 1 6  B t 7  B l 8  B l 9  B l l 0  B l 2 B t 9B t 7

s t02
Tt02
At2O1
F€0
Mn0
M9o
Na20
Kzo

Tot! |

s l
A l

X Tct.

A I
T I
Fe
Un
t g

E Oct.

Na

X
E A  s l f e

1 . 5 1  l . 5 l
| 8.70 20.'t2
24.09 21.63
0.04 0.00
6 .69  7 .2O
0 .  I  I  o . l 2
9 .59  9 . t 2

9r.76 96.91

2.69-1 2.527
t . 105  1 .47 t
/f .0q) tl.00o

0.595 0.521
0.088 0.0E4
f .551 1 .451
0.000 0.000
0.769 0.790
2.805 2.U6

15.26 55.01
1 .65  1 .62

21.21 19.76
21.t8 ??.84
0 .00  0 .01
6.16 7.86
0 .07  0 .?2
9 . l l  9 . 79

9r.22 97.11

2.696 2.164
t . 504  1 .456
4.000 4.0q)

0.607 0.515
0.094 0.090
1 .169  1 . t 99
0.000 0.000
o .726  0 .858
2.796 2.A8t

56.07 45.  l8
r . 66  0 .11

20. f0 t r .1t
20,26 0.95
0 .0 t  0 .00
8 .41  0 .44
0 .06  1 .04
9 .8 t  t 0 . 69

96.'10 91.56

2.704 t .Uz
1 .2% 0 .958
4.000 r.000

0.49t  t .879
0 .095  0 .016
1.27O 0.051
0.000 0.000
0.9 ' t1 0.049
2.85' 1.997

44.?4 44.61
0 .5 t  0 .22

51.r9 t6.2,
l .  t 7  0 . 9 6
0.00 0.06
0.40 0.44
1 . 4 6  1 . 5 5
9 .66  |  0 .  t 4

9a.$ 94.09

2.95'  5.Ot2
t . 045  0 .988
4.qx) t1.000

l . 9 t l  1 . 8 9 4
0 . 0 1 6  0 . 0 1 2
0.064 0.051
0.000 0.0ot
0.048 0.046
2.0,t1 2.009

N . A .  N . A .

N . A .  N . A .

N . A .  N . A .

N . A .  N . A .

,6.51 55.46 55.6'
t . 5 l  t . 5 4  t . 4 9

2O.t4 19.72 2O.t9
22.86 2t .19 21.9t
0 .51  0 .06  0 .05
4 .51  6 .76  6 .35
0 .  16  0 .  r 0  0 .  r 0
9 .14  9 . t 7  9 .21

9r.20 96.00 95.t'

2.79' t  2,114
t . ?o t  r . 286
'l.o(xl 4.q)0

2.7t6
1 . 2 &
rt.q)0

0.645 0.491 0.580
0.076 0.090 0.085
1 .472  1 .485  t . 406
0 .019  0 .005  0 .000
0 .5 t8  0 .775  0 .7? t
2.750 2.U7 2.7v

0 .028  0 .0 t8  0 .0 t8
0.916 0.891 0.904
0.944 0.9t I O.y22

0 .019  0 .0 t8  0 .009
0 .944  0 .E71  0 .9 t0
0.96t  0.891 0.919

0 .009  0 .  |  58  0 .  l 91  0 .178
0.957 0.922 0.826 0.875
0.946 1.050 t .019 1.055

0 .055
0 .9 r  6
0.951

Fel (Fe +  f lg )  0 .74  0 .66  0 .66  0 .67  0 .65

988 545 125 9' t60
1 .59  0 .65  0 .28  0 .52  0 .53

2270 l4l2 1025 974 1050
t890 l0t0 t95 545 410

0 .65  0 .62  0 . r 7

t t o  r 22  r00  l t o
o .29  O .42  0 .55  0 .22

8t0 770 440 200
t60 t17 580 t62

Cs
F  (u t . l )
L I
Rb

Tourmaline is a common accessory-mineral phase in the
wall zone of the Peerless pegmatite and occurs in every
zone but one of the Bob Ingersoll No. I pegmatite. Tour-
maline in both pegmatites is enriched in F (Jolliff et al.,
1986). Amblygonite-montebrasite series minerals
[LiA(F,OH)PO.] also occur in both the Peerless and Bob
Ingersoll No. I pegmatites.

The contrast in F content, as suggested by the dispersion
halos, is also indicated by the occurrence of spodumene
in the Etta pegmatite in contrast to lepidolite or lithia
muscovite in the Bob Ingersoll No. I and Peerless peg-
matites, respectively. London (1982a) has shown that high
activity of F and H stabilizes lepidolite assemblages rel-
ative to spodumene assemblages. The relationship be-
tween activity of F and Li-mineral stability in pegmatites
has been described by eern! and Burt (1984) in their
comparison of the Kings Mountain pegmatite, North Car-
olina (low activity of F, spodumene is the stable Li phase),
and the Brown Derby pegmatite swarm, Colorado (high
activity of F, lepidolite is the stable Li phase).

The activities of both B and F remained high during
the entire crystallization of the Bob Ingersoll No. I peg-
matite. This is indicated by the continuous crvstallization

of F-rich tourmaline and the crystallization of a lepidolite
core (Jolliffet al., 1986). However, this is not the case for
the Peerless pegmatite. Here the termination of tourma-
line stability following wall-zone crystallization suggests
a decrease in the activity ofB. The high activity ofP in
the Peerless pegmatite resulted in the crystallization of
amblygonite-montebrasite, thus decreasing the activity of
F in the melt. A low F activity continued following phos-

Table 15. Selected major- and trace-element abundances of
biotite and muscovite from the horizontal Peerless

uaverse

B l n i i t c

. t
f l n o  ( w t . % )  0 . 1 6  0 . 1 1  0 . 1 7  0 . 1 1  0 . 1 4  0 . 1 4  0 . 1 4
F  ( w t . t )  1 . 8 9  1 . 1 4  1 . 6 4  L 0 4  1 . 0 4  0 . 5 8  0 . 8 4
t i  (ppm) 1857 1280 1542 1471 1469 1338 1373
Rb (ppn) 3733 1942 2962 1763 1709 1482 7062
Cs (ppm) 1250 887 r l41 570 995 840 559

l{uscovi te

0 , 3 7  0 . 6 6  2 . 5 6
15 251 970

4 5 0  1 1 5 7  2 2 4 2
134 Zr2 409

F  ( w t . % )  0 . 9 7  0 . 3 2
Li (ppm) s27 108
Rb (ppm) 1369 462
Cs (ppn) 231 r48
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Table 16. Representative tourmaline and chlorite analyses from the Etta and Bob Ingersoll No. I traverses (tourmaline
structural formula based on 29 oxygens and 3 borons per unit formula; chlorite based on 14 oxygens per unit formula)

Tourma | | n€ C h l o r l t €
Samp le  lb . EZ B t 9B r 5Bl2s t 2B | lB r lEl / rE'

s t 0 2
TlO2
4 t205
Fe0
Mn0
lrgo
Ca0
Na20
Kzo

Tot! |

s f  5.7- t8 , .726 5.8t8
A r  0 .222  0 .274  0 .  r 82

E Tef. 6.069 6.000 6..,o0

B 1.000 1.000 t .000
Al (Z s l fe)  6.000 6.000 6.000

Ar  0 . t 54  0 .046  0 .317
F€  . | . 156  1 . . | 89  1 .044
li{n 0.0t0 0.000 0.000
MS 1.642 1.662 1.562
Tt 0.097 0.  t29 0.094

f, Y slte 5.0t9 ,.026 5.057

5.746 5.897 5.e12 ' .759
0 .214  0 .  r  05  0 .  t 88  0 .261
6.000 6.000 6.000 6.000

24.07 23.69 ?1,82
0 .05  0 .05  0 .08

23.46 21.91 ?4.1t
52.14 50.91 t0.45
0.04 0.04 0.04
9 .17  l 0 . l  |  10 .85
0.00 0.00 0.Q0
0.00 0.00 0.00
0.00 0.00 0.00

E9.t t  88.75 E9.t5

2.582 2.5t8 2.526
1 .418  1 .462  1 .414

E Tet. 4.0(xl 4.000 /t.000

2.85t
0.000
1.496
I .548
0.005

I oct. t.9to

55.11 55.61
0 .79  1 .06

55.54 51.5'
8 .57  8 .85
0 . t 0  0 .05
6 .52  6 .95
0 .4 t  0 .4 ,
2 . 1 9  2 . l O
0.02 0.04

87.95 E8.a'l

t5.80 54.06
o .77  0 .69

t5.74 52.54
7 .64  |  t . 45
0 .01  0 .  |  7
6 .4 '  1 . 89
o. tz 0.04
2 . l l  2 . 4 4
0 .04  0 .00

06.88 E .0E

55.29 3r .16
0 . 5 9  t . 1 5

52.41 12.04
9 .5 t  10 .60
0 .05  0 .09
5 .21  5 .10
0 .  t 8  0 . 0 9
2 . 1 8  2 . 2 7
0.00 0.00

6r.21 06.90

54.79

0.88

5t.t4

8 . 9 4

0 . 0 7

5 . 6 1

0 . 8 9

t . 8 4

0 . 0 0

86. t r

5.000 5.000
6.000 6.000

0 .058  0 .221
f . 470  1 .229
0 . 0 1 0  0 . 0 t 0
t . 5o2  r . t 88
0 .  t 69  0 .  I  09
5.009 2.9rf

1.000 1.000
6.000 6.000

0.262 0.280
1 .622  r . 505
0.020 0.000
0.990 1.29'
0.087 0.o75
2.98t 2.915

s l
A I

Fe

Mn

Mg

A I
T I

2 .771  2 .1O1
0.000 0.000
t . 6 t 5  1 . 7 1 5
. | . 558  1 .541
0.00t  0.006
t.949 t.961

Ca 0.068 0.077 0.066 0.010 0.010 0.020 0.159
Na 0.680 0.657 0.659 0.796 0.703 0.7t5 0.595
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000

I X slts 0.74E 0.7f4 0.72, 0.006 0.7tt O.frt 0.711

phate crystallization and is recorded by the F-poor lithia
muscovites in the Peerless core and replacement units
(Sheridan et al., 1957; unpub. data ofthe aurhors). It is
therefore indicated that pegmatite-derived fluids were dis-
persed into the country rock surrounding the Peerless peg-

matite prior to phosphate stability and tourmaline insta-
bility.

On the basis of these three pegmatites, the relationships
between pegmatite mineralogy and dispersion-halo chem-
ical cha,racteristics are (l) Cs-, Rb-, and Li-enriched coun-

Table 17. Trace-element analyses ofbiotite from the quartz-mica schist along the Etta traverse

Sanol€ i lo.  Ez E t 3F t oF 7 E I 6  E I 5 A

80
1200

t2
t 8 0
190
40
0..14

50
5 1 0
<2
40

120
20

40
I 000

r 5 0
20

0. f0

t 0  1 4  , 2
850 910 890

3 7  N . A .  N . A .
255 t49 260

90 20 22
t 5 . 5  0 . 4  4

o . 4 t  N . A .  o . t t

2 7  t 2  5 5
611 150 59E

4 6 8
51 50 55

t J o  1 2 0  1 5 0
l 8  1 7  t 9

20 50  tJo  70  r00
r 050 900 | 000 | 550 950

51 29  48  t4  29
220 178 274 542 205
550 30 t7 340 f00

1 6  0 . 1  6 0  1 1 3  7 . t
0 . 4 r  0 , 4  |  0 . 3 5  0 . 7 9  0 .  J 4

26 t2 40 55 2'l
N .A.  1260 N.A.  126 l  to l l
l < 5 1 0 1 0 < 4

44 51 52 56 50
t40  140 t io  120 t l5
t 7  i l  2 l  , t 5  t l

670

1 9 0

l l
550
t 7 0

t 0
450
1 4 0

690

50

240

t 3

1 9 0

<t
880

2 1 2
2 @

28
912

44
1 0 5
1 2

1t0

l 4

230

790

4 5

5 1 0

I J
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try rock surrounds large, zoned, chemically evolved peg-
matites; (2) B and F enrichments of the country rock
commonly occur together; (3) F dispersion halos are as-
sociated with lepidolite- or lithia mica-bearing pegma-
tites; and (4) F dispersion halos are apparently not asso-
ciated with spodumene-bearing pegmatites.

Reaction assemblages

Replacement of original metamorphic assemblages with
a variety of alteration assemblages is a common feature
ofcountry rock adjacent to pegmatites. The character of
the alteration assemblages is dependent upon bulk coun-
try-rock composition and the composition of the peg-
matite-derived fluid. Prograde metamorphic assemblages
in mica schist are commonly replaced by tourmaline-en-
riched assemblages. For example, at the Tip Top peg-
matite, a series of tourmaline-rich assemblages is docu-
mented (Shearer et al., 1984). With increasing alteration
(increasing BrOr), there is a succession of four mineral
assemblages: (l) original metamorphic assemblage
(qtartz + biotite + potassium feldspar) plus anomalously
high amounts of tourmaline; (2) quartz + biotite + tour-
maline; (3) tourmaline + quartz + muscovite; and (4)
tourmaline * quartz (Shearer et al. 1984).

At the Peerless and Bob Ingersoll No. I pegmatites, the
alteration assemblages at the pegmatite-schist contact and
within schist "screens" extending into the pegmatites es-
sentially consist of quartz * muscovite + tourmaline. This
assemblage appears to be the result of biotite instability
with increasiag pszotand decreasing p*. The increase in
the AVK ratio results in a more aluminous bulk rock
composition, increasing the abundance of muscovite. Ex-
omorphic muscovites are commonly developed around
rare-element pegmatites (e.g. Neiva, 1980; eernf et al.,
l98l). London (1984) proposed a vector system to rep-
resent reaction assemblages around pegmatites. In this
system, biotite instability results from decreasing the
chemical potential of the exchange operator IrxN"_, ord
increasing the chemical potential of the exchange oper-

DTSTANCE 
11o.T.:ior^rrE 

coNrAcr

Fig. 9. Alkali-element and F content of biotite and muscovite
separates from the schist along the Etta pegmatite traverse.

ator por"."z+, vector. Shearer et al. (l 984) proposed that the

breakdown of biotite may be approximated by the reac-
tion 2 annite + SiO, + sAlrsios + 2NaCl + 6H,BO, :

2 tourmaline + 2KCl + 7H2O, where NaCl and HrBO,
are components added to the schist by pegmatite-derived
fluids and AlrSiOs results from feldspar breakdown re-
actions. Of course, other biotite breakdown reactions are
possible.

The reaction assemblage at the contact of the Etta peg-
matite (E2) appears to be a function of a relatively low
p*. The increase in the Al/K ratio of the country rock may
result in the stability of exomorphic muscovite at the
expense of primary metamorphic biotite. The low lrn2o, of
the pegmatite-derived fluid results in the minor amounts
of tourmaline in the reaction assemblage.

Table 18. Trace-element analyses of muscovite from the
quartz-mica schist along the Etta traverse
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Fig. 10. Alkali-element and F content of biotite separates
from the schist along the Bob Ingersoll No. I pegmatite traverse.

Extent of element migration

The extent of trace-element enrichment and therefore
the relative mobility of trace elements can generally be
determined from trace-element enrichment of the schist
and refined from the trace-element enrichment of the min-
eral-phase components of the schist. The individual sam-
pling traverses of this study cannot adequately describe
the complete three-dimensional nature of the halos sur-
rounding these pegmatites. This thereby limits the deter-
mination ofthe absolute migration distances of individual
elements along all horizontal traverses; however, relative
mobilities of trace elements may be determined.

Although all the horizontal traverses show trace-ele-
ment enrichment in the country rock, the Bob Ingersoll
No. I traverse is the least complex. The whole-rock and
biotite data from the Bob Ingersoll No. I (Figs. 6, 9)
indicate that along the traverse As and U enrichment
occurs less than 1.5 m, F and B enrichment extends to
between 1.5 and 3 m, Rb enrichment extends to between
3 and 4.5 m, Cs enrichment extends to between 6 and 9
m. and Li enrichment extends farther than 21 m from the

o  3  6  9  12  15  18  21  24  27

DISTANGE FROM PEGMATITE CONTACT (m )

Fig. 11. Alkali-element and F content of biotite and mus-
covite separates from the schist along the horizontal Peerless
pegmatite traverse.

pegmatite contact. As indicated by the extent of F en-
richment, the frro/f* ratio of the pegmatite-derived
aqueous solution is modified after penetrating the schist
by approximately 3 m.

The horizontal traverses at the Etta and Peerless peg-
matites indicate variability in the enrichment distances
of Rb and Cs. In a comparison of these sites to the Bob
Ingersoll No. l, (l) As enrichment extends to greater dis-
tances at the Etta pegmatite; (2) at the Peerless pegmatite,
F and B enrichment extends out to greater distances; and
(3) although the background levels and noise appear to
be higher at the Peerless and Etta pegmatites, the relative
extent of alkali-element enrichment is Li > Cs > Rb.

In a study of the alkali-element dispersion halos around
the Bob Ingersoll claim, Tuzinski (1983) concluded that
the relative extent of alkali-element enrichment was Li >
Rb > Cs. These results agree with the relative mobilities
of alkali elements through compact clay and shale mem-
branes experimentally determined by Kharaka and Berry
(1973). Our observations at the Etta pegmatite, Peerless
pegmatite, and Bob Ingersoll No. I pegmatite (this study),
and studies at the Tin Mountain pegmatite (Walker, 1984;

6 9 t 2 1 5 t 8 2 1 2 4 2 7

METERS FROM PEGMATITE CONTACT
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Fig. 12. Comparison of Rb, Li, Cs, and F concentrations in
coexisting biotite and muscovite from the Etta (.), Bob Ingersoll
No. I (+), and Peerless (o) traverses. The biotite/muscovite par-
tition coefficients (Ko) are as follows: Rb, 2.5; Li, 2.0; Cs, 6.0; F,
2.0.

Laul et al., 1984) indicate that the relative mobilities of
Rb and Cs are variable (e.g., Cs > Rb). This behavior
may be expected on the basis of (l) similar ionic radii
(Rb: 1.48 A; Cs: 1.67 A) and hydrated radii (Rb:
Cs : 2.28 A), (Z) the varied alkali-element concentration
in the pegmatite fluids, and (3) the varied mineralogical
and geochemical characteristics ofthe country rock.

Partitioning of alkali elements and F between
biotite and rnuscovite

Li, Rb, Cs, and F in the pegmatite-derived fluid phase
are systematically distributed between coexisting biotite
and muscovite in the country rock. All four elements pref-
erentially enter the biotite structure. This partitioning of
the alkali elements and F into biotite over muscovite has
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Fig. 13. Modeling of fluid-rock interactions in schist with Li-
and Rb-bearing (A) and Cs- and Rb-bearing (B) fluids with a
series of hypothetical fluid compositions: (A) Rb : 5000 ppm,
Li : 5000 ppm; Rb : 2000 ppm, Li : 2000 ppm; and Rb : 500
ppm, Li : 500 ppm. (B) Rb:2000 ppm, Cs : 3000 ppm; Rb :

2000 ppm, Cs: 2000 ppm. Curves indicate the compositional
paths ofthe schist equilibratingwith infiltrating fluids ofditrerent
compositions. Tic marks represent N, the ratio of mass of fluid
to rock.

been documented by studies of natural materials as well
as by experimental studies (de Albuquerque, 1975; Mul-
ler, 1966; Munoz and Ludington, 1977; Volfinger, 1976;
Volfinger and Robert, 1980). These elements (Fig. 12) are
concentrated into biotite compared to muscovite by the
followingaverage ratios (biotite/muscovite): Cs : 6, Rb :

2.5, Li: 2, and F : 2. These ratios are similar to those
determined in other studies, and this distribution can be
rationalized in terms of the crystal chemistry of biotite
and muscovite (Papike et al., 1984).

The interlayer site in trioctahedral biotite would be ex-
pected to be held open by the completely filled octahedral
layer, which is occupied by the relatively large Fe2* and
Mg2+ cations. In contrast, the interlayer site in dioctahe-
dral muscovite is smaller (more collapsed) because of the
tetrahedral rotation necessary to accommodate t/t vacan-
cies and the relatively small Al cation in its octahedral
layer. As a result, the large Cs (r : 1.67 A) and Rb (r :

1.48 A) cations tend to be excluded from the muscovite
structure relative to the biotite structure. Aspects of ar-
ticulation between tetrahedral and octahedral sites in mi-
cas have been discussed by Hewitt and Wones (1972),
Robert (1976),Radoslovich and Norrish (1962), and Bai-
ley (1984). The experimental determination of the relative
distribution of Cs and Rb between biotite and muscovite
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tends to agree with our analytical data. Volfinger (1976)
determined the distribution of Cs and Rb between phlog-
opite and muscovite to be 7-10 and2.4-3.2,respectively.
The comparison ofbiotite and muscovite data from gran-
itic rocks suggests that Rb concentrates in biotite by a
factor of approximately 2 (de Albuquerque, 1975).

Li substitutes into the octahedral sites of the micas, and
a number of coupled substitutions have been suggested
(e.g., Foster, 1960; BurtandBurton, 1984). Theexchange
operators resulting in Li substitution into muscovite all
involve octahedral-tetrahedral exchanges, whereas Li can
be substituted into biotite through octahedral-octahedral
site exchange operators. Fluid-crystal exchange may prefer
substitutions involving only octahedral sites. Based on
coexisting biotite-muscovite pairs from granitic rocks, de
Albuquerque ( I 9 7 5) calculated a (biotite/muscovite)r, ra-
tio of approximately 5. A (biotite/muscovite)., ratio of 5.2
can be calculated from biotite/fluid and muscovite/fluid
distribution coefficients determined by Volfinger and
Robert (1980).

The preferential substitution of F into biotite compared
to muscovite has been reported in a number of other
petrologic studies. Nemec (1980) reported that in am-
phibolite-grade orthogneiss, the biotite concentrates F
compared to the coexisting phengitic muscovite by a ratio
ofgreater than 2. In high-grade pelitic schists, Evans (1969)
found the biotite/muscovite F ratio to be approximately
4.8. The preferential distribution of F in biotite compared
to muscovite has been discussed bv Munoz and Ludineton
(re77).

Fluid composition and fluid-rock interaction

Many of the mineralogical and textural characteristics
of pegmatites (coarse-grained textures, zonation, miner-
alization, and dispersion halos) have been attributed to
the exsolution of a water-rich fluid phase from a water-
saturated silicate melt (Beus, 1960; Jahns and Burnham,
1969; Chakoumakos, 1978; Jahns, 1982). Although the
fluid phase is an important component in the pegmatite,
the compositional evolution of the fluid and fluid com-
positional differences between pegmatite types have been
addressed in relatively few studies (Kozlowski and Kar-
wowski, 1973;Bazarov,1975; London, 1986). All these
studies have been based on fluid inclusions within peg-
matite minerals. An alternative method for constraining
pegmatite-fluid compositions is to evaluate dispersion
halos using geochemical modeling.

Alkali-element concentrations in the fluid phase may
be constrained by using the relationship defined by Na-
belek (1983):

Cr": C;D - e-N/D (C;D - Ci"), (l)

where Q is the final concentration of the trace element in
the enriched rock, C; is the initial concentration of the
trace element in the fluid, D is the rock/fluid bulk distri-
bution coefficient calculated from mineral/fluid distri-
bution coefficients (Volfinger and Robert, 1980; Carron
and Lagache, I 980), N is an equivalent mass of fluid rel-

ative to the rock, and Ci is the initial concentration ofa
trace element in the rock prior to fluid enrichment. This
equation is analogous to Taylor's (1977) equation for cal-
culating water/rock ratios in an open system for stable-
isotope data. This relationship has been used by Walker
(198a) to estimate fluid composition and fluid-rock ratios
necessary to form the dispersion halo around the Tin
Mountain pegmatite, Black Hills, South Dakota. Walker
(1984) also emphasized several important problems in-
herent in trace-element modeling of rock/fluid interaction.
However, problems resulting from country-rock hetero-
geneity (e.g., calculation of D) were not considered by
Walker (1984). As has been demonstrated, the trace-ele-
ment enrichment of the country rock adjacent to the peg-
matites is strongly dependent upon modal mineralogy;
therefore, a single "average" modal composition intro-
duces some error into the calculations.

Assuming an unaltered rock composition of Li: 70,
Rb : I 90, and Cs : 20 ppm (Tuzinski, I 983) and a series
of hypothetical initial fluid compositions (Ci), rock-en-
richment curves may be constructed from Equation 1 (Fig.
l3). The curves in Figure 13 illustrate paths of alkali-
element whole-rock enrichment with increasing fluid-rock
interaction. The alkali-element enrichments observed in
the schist at the pegmatite contacts indicate that the fluid
was highly enriched in alkali elements.

The results in Figure 13 are nonunique; however, min-
imum alkali concentrations may be calculated. By making
Nvery large, Equation I is reduced to

c:: cFD, (2)

where Cp is equal to the minimum fluid alkali-element
concentration (Walker, 1984). By this method the ap-
proximate minimum concentrations of alkali elements in
the fluid phase were as follows: at the Etta pegmatite, Cs :
3800 ppm, Rb : 800 ppm, and Li : 700 ppm;at the Bob
Ingersoll No. I pegmatite, Cs: 1600 ppm, Rb: 800
ppm, and Li : 650 ppm; and at the Peerless pegmatite,
Cs: 1500 ppm, Rb: 650 ppm, and Li : 1300 ppm.

The alkali-element modeling presented in Figure 13
indicates less than one equivalent mass of water equili-
brated with the schist samples from near and within the
pegmatite contact. This implies that even less rock-fluid
interaction occurred at distances of 30 m. Similar fluid/
rock ratios were determined by Walker (1984) at the Tin
Mountain pegmatite. In addition, studies by Ferry (1978)
of fluid interaction between granite and sedimentary rocks
during metamorphism indicate fluid/rock ratios of less
than unity.

The relative B content of the initial fluid phase may be
indicated by the concentration of B or the modal abun-
dance of tourmaline in the altered rock. The high con-
centration ofB in the schist surrounding the Bob Ingersoll
No. I and Peerless pegmatites indicates that their fluids
were higher in B than the fluids derived from the Etta
pegmatite. The BrO, content of the Bob Ingersoll No. I
and Peerless fluids may approach the fluid-saturation val-
ues experimentally determined by Pichavant (1981).
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Re-equilibration of the sheet silicates in the country
rock with pegmatite-derived aqueous solutions has re-
sulted in F-(OH) exchange. The extent of the F-(OH) ex-
change is dependent upon (l) the activity ofthe F ion; (2)
cation characteristics ofthe octahedral sheet; and (3) tem-
perature of the exchange (Munoz, 1984). The relation be-
tween F intercept value [IV(F) :1.42X*"+ 0.42X^. +
0.20xsid - log(Xr/XoJl, temperature, and the f'ro/fro
ratio of the fluid has been calibrated by Munoz and Lu-
dington (1974). Examples of the calculation of frro/f',
ratios based on the F content of micas are numerous (e.g.,
Munoz, 1984; Zaw and Clark, 1978; Valley et al., 1982).

Calculation of logf',o/f', for the initial fluids indicates
low frro/f* contents ofthe fluids derived from the Peerless
and Bob Ingersoll No. I pegmatites (f'ro/fr, = 3.80 at
530"C) and a relatively highf^,o/f'. for the fluid derived
from the Etta pegmatite (fr,o/f.. x 4.4 at 530"C). In ad-
dition, the frro/f* ratios in the fluids from the Bob In-
gersoll No. 1 and Peerless pegmatites increase consider-
ably with distance from the pegmatite. This considerable
increase in frro/f., indicates that F is efficiently incor-
porated into the sheet silicates and that the dilution of
pegmatite fluid with the surrounding country-rock waters
occurred quite close to the pegmatite contact.

The high alkali-element and B concentrations of the
pegmatite-derived fluids suggested by these exercises con-
trast with the relatively low solubilities suggested from
geothermal systems (e.g., Ellis, 1979). The high solubility
of many elements may be a result of the strong complexing
ability of B and F. As an example, the solubility of SiOt
in aqueous fluids has been shown to strongly increase with
the addition of BrO, in the system SiO2-BrO3-HrO (Pi-
chavant, l98l) and with the increase of F in aqueous
systems (Wyllie and Tuttle, 1961). The high BrO3 content
andlow frro/f.. values in fluids associated with the Bob
Ingersoll No. I and Peerless pegmatites may imply rela-
tively high SiO, and AlrO, solubilities.

The alkali-element concentrations calculated for these
pegmatite fluids, however, do not have the high solute
concentrations indicated by fluid inclusions from the Tan-
co pegmatite (London, 1982b, 1986). Either the concen-
trations of alkali elements never reached the solute con-
centrations recorded at the Tanco pegmatite, or the
solutions that reached the country rock were not yet as
evolved. As was previously mentioned, the period of fluid
migration into the country rock surrounding the Peerless
pegmatite was restricted-a conclusion based on the high
F content of the fluids, the melt saturation of P in the
intermediate zones (amblygonite-montebrasite-bearing
zones), and the low F content of zones preceding phos-
phate crystallization (particularly the core). It may be sug-
gested, therefore, that the fluids at the Peerless pegmatite
did not evolve to the extent of those in the Tanco peg-
matite.

SurvrtlrlnY

The results of this study indicate the following: (1) Dis-
persion halos are well developed around Black Hills peg-

matites. The compositional characteristics of the halos

are related to the mineralogy of the associated pegmatite

and pegmatite-fluid composition. (2) The relative mobil-

ities for the components that define the dispersion halos

are As: U < B : F < Rb < Cs < Li. The extent of the

dispersion halos is strongly dependent upon the mecha-

nism of migration and the relative rock reactivity to the

solutions. (3) Cs, Rb, Li, and F in solution preferentially

enter biotite over coexisting muscovite. (4) Trace-element

modeling suggests that less than one equivalent mass of

water equilibrated with the schist samples from near the

pegnatite contact. (5) Pegmatite-derived fluids are com-

plex with high solute concentrations. Compositional dif-

ferences are observed among fluids from different peg-

matites.
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