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ABSTRACT

The fluid transport of relatively incompatible elements (Li, Rb, Cs) out of the rare-
element pegmatite system and the subsequent interaction between that fluid and amphib-
olite result in the stabilization of holmquistite-bearing assemblages. In the amphibolite
adjacent to the Edison pegmatite, Black Hills, South Dakota, three amphibolite assem-
blages resulting from fluid—country rock interaction can be distinguished: (1) biotite alter-
ation assemblage, (2) hornblende-holmquistite alteration assemblage, and (3) hornblende-
plagioclase assemblage.

Holmquistite occurs only in assemblages 1 and 2 in which it coexists with and partially
replaces hornblende. In coexisting holmquistite-hornblende pairs, the (Al + Fe** + 2Ti*)
value is greater, and the (Fe** + Mn)/(Fe** + Mn + Mg) ratio is less in holmquistite than
in coexisting hornblende. By analogy to calcic and Fe-Mg amphiboles, a wide composi-
tional gap exists between calcic and Li-rich amphiboles at temperatures of alteration-zone
formation.

The alteration of the amphibolite appears to be the result of (1) Li and K metasomatic
alteration by alkali-rich, pegmatite-derived aqueous fluids and (2) retrograde metamor-
phism by the aqueous fluids resulting in the instability of plagioclase and ilmenite and the
formation of epidote and sphene. The fluid has low B and F concentrations relative to
fluids derived from lepidolite-bearing pegmatites in the same region. The conditions at
which the alteration occurred were between 510 and 350 °C at 3—4 kbar. Field and textural
evidence cannot discriminate between a single fluid-amphibolite interaction model and a
multiple fluid-amphibolite interaction model.

INTRODUCTION

Because of the enrichment of pegmatitic magma and
coexisting aqueous fluid in relatively incompatible ele-
ments such as Li, Rb, Cs, B, Ta, and Nb, fluid transport
of these constituents out of the rare-element pegmatite
system and subsequent interaction between that fluid and
country rock result in the modification of the composi-
tion of the primary minerals or stabilization of exotic
mineral assemblages. The composition of the fluid phase
1s a function of magma composition, and therefore the
diagnostic elements of the alteration aureoles are related
to pegmatite type (Beus, 1960) and provide a valuable
exploration tool (Beus, 1960; Truman and Cerny, 1982;
Norton, 1984; London, 1986). In addition to utilization
for pegmatite exploration, the chemical and mineralogi-
cal characteristics of exomorphic aureoles surrounding
rare-element pegmatites also provide (1) valuable infor-
mation concerning pegmatite fluid composition (Shearer
et al., 1985, 1986; Walker, 1984), (2) a natural analogue
for the processes of elemental migration over geologic
time scales and in natural geologic environments, and (3)
a natural laboratory for the study of crystal-chemical be-
havior and phase equilibria through the natural addition
of high concentrations of incompatible elements (Li, Rb,
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Cs, B, F) to primary metamorphic assemblages (Shearer
et al., 1986).

Mineral assemblages and element partitioning between
coexisting minerals in altered micaeous schist surround-
ing rare-element pegmatites have been studied in a num-
ber of pegmatite ficlds. The alteration assemblages are
most commonly a series of tourmaline-rich assemblages
resulting from the transport of B into the schist country
rock (Page et al., 1953; Shearer et al., 1984, 1986) and/
or a series of retrograde metamorphic assemblages re-
sulting from low-temperature re-equilibration of primary
metamorphic assemblages with pegmatite-derived
aqueous solutions (Shearer et al., 1986). Sheet silicates in
these alteration assemblages are commonly enriched in
alkali elements. The partitioning of alkali elements be-
tween coexisting sheet silicates in these alteration zones
appears to be well defined and can be rationalized in terms
of crystal-chemical behavior (Papike et al., 1984; Shearer
et al., 1986).

Although less common, holmquistite-bearing assem-
blages resulting from the interaction of pegmatite-derived
fluids and amphibolite have been described by several
researchers and summarized by Heinrich (1965) and
London (1986). These summary papers (Heinrich, 1965;
London, 1986) cited the following characteristics of
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holmquistite-bearing assemblages: (1) holmquistite as-
semblages reflect greenschist facies metamorphic condi-
tions; (2) holmquistite is found only in amphibolite wall-
rock usually replacing hornblende, pyroxene, or biotite,
and its formation is a function of the activity of Li species
introduced into the amphibole wall zone; (3) holmquistite
is formed around Li rich pegmatites in which spodumene,
lepidolite-lithian muscovite, or petalite are stable lithium
aluminosilicates; and (4) the formation of holmquistite
assemblages in the amphibolite country rock is not re-
stricted to early episodes of pegmatite fluid—amphibolite
interaction but may form at any time from pegmatite
injection to final consolidation.

Mineral assemblages in these amphibolite alteration
zones have been described (London, 1986; Nickel et al.,
1960; Wright, 1963; Karpof, 1960; Heinrich, 1965; Osann,
1913; Sundius, 1947); however, with the exception of
studies by von Knorring and Hornung (1961) and Wilkins
etal. (1970), the variation in mineral chemistries, mineral
assemblages, and chemographic relations has not been
documented. In addition, the fluid-amphibolite interac-
tions have not been considered in previous studies. This
study emphasizes the use of the amphibolite alteration
zone adjacent to the Edison pegmatite, Black Hills, South
Dakota, to assess the effect of pegmatite fluid-amphibolite
interaction on mineral assemblage, mineral chemistry, and
phase relations.

GEOLOGY OF THE EDISON PEGMATITE AND
ADJACENT COUNTRY ROCK

The Edison pegmatite is located approximately 1.2 km
southeast of Keystone, South Dakota (Fig. 1A). The peg-
matite is spatially and presumably genetically related to
the surrounding Harney Peak Granite [approximately 1.7
Ga (Riley, 1970; Z. Peterman, pers. comm., 1986)]. The
pegmatite field has been classified as a rare-element type
with mineralogical characteristics ranging from barren to
Li-, Rb-, Cs-, Be-, Ta-, and Nb-enriched types (Cerny,
1982). The Edison pegmatite is a complex, irregular-
shaped body consisting of two mineralogically and tex-
turally distinct zones. The wall zone of the pegmatite con-
sists of albite-quartz assemblages with variable amounts
of muscovite, beryl, microcline, lithiophilite-triphylite,
columbite-tantalite, apatite, and tourmaline. Quartz-
spodumene-albite mineral assemblages, which occur as
four separate bodies within the pegmatite, represent the
second zone. The spodumene-bearing bodies are separat-
ed by the wall-zone assemblage. The quartz-spodumene-
albite assemblage grades inward to a quartz-spodumene
assemblage (Page et al., 1953).

The Edison pegmatite intrudes amphibolite, iron for-
mation (grunerite schist and quartzite) and mica-garnet
schist country rock (Fig. 1B). Foliation is poorly devel-
oped in the amphibolite, and the pegmatite follows frac-
tures across the amphibolite. However, in other litholo-
gies, the pegmatite follows bedding or foliation planes
within the schist or the contacts between lithologic units.
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TaBLE 1. Typical mode (in wt%) of mineral assemblages
ED1 ED3 ED5

Quartz 20.0 16.9 7.0
Plagioclase 0.0 4.2 23.2
Hornblende 6.0 47.3 67.3
Biotite 20.0 04 0.1
Holmquistite 35.8 18.6 0.0
Epidote 9.1 6.5 0.0
Chlorite 4.4 4.4 0.0
limenite 0.0 0.5 24
Pyrite 1.5 1.1 0.0
Sphene 3.2 0.0 0.0
Total 100.0 100.0 100.0

Diamond-drill data has been interpreted to indicate that
the pegmatite is located on the limb of a large isoclinal
fold. Minor folds control the shape of the eastern peg-
matite contact (Page et al., 1953). The geology of the
Edison pegmatite has been discussed in detail by Page et
al. (1953).

ANALYTICAL TECHNIQUES

Thin sections of the amphibolite were studied with a Zeiss
photomicroscope equipped with both transmitted- and reflected-
light optics. Modal data were collected with a Swift automated
point counter set for a grid spacing of 150 um. Minerals in the
amphibolite were analyzed for nine major and minor elements
by microprobe techniques using the fully automated Materials
Analysis Company electron microprobe at the South Dakota
School of Mines and Technology. A wavelength-dispersive sys-
tem with TAP, PET, and LIF crystals was utilized for quanti-
tative determination of Si, Ti, Al, Fe, Mg, Mn, Ca, Na, and K.
All analyses were conducted at an accelerating voltage of 15 kV,
a beam current of approximately 0.0150 A, and a counting time
of 20000 counts or 20 s. Corrections were made with the Bence-
Albee empirical correction technique (Bence and Albee, 1968).

Clean mineral separates (hornblende, holmquistite, biotite)
were prepared using a combination of hand-picking, magnetic
separation, and heavy-liquid separation techniques. Fe>* deter-
minations were conducted using a potassium permanganate ti-
tration technique (Goldich, 1984). Fe** was calculated as the
difference between microprobe (total Fe) and wet-chemical (Fe?*)
results. Li was determined by atomic absorption spectrometry
using a Perkin-Elmer 5500 aa—icp. F was determined by stan-
dard electrode technique, and H,O was calculated by subtracting
F from total loss on ignition. In addition to optical identification,
holmquistite was also identified using powder X-ray diffraction
techniques. Cell refinement of the holmquistite (sample ED1A)
was determined using the OCELRF program written by C. T.
Prewitt. Fifteen diffraction peaks from an indexed powder pat-
tern were used in calculating cell parameters.

Amphibole structural formulae were calculated from com-
bined microprobe and wet-chemical analyses using cation-site
assignment criteria suggested by Robinson et al. (1982). Am-
phibole structural formulae were calculated on the basis of 46
negative charges. Biotite structural formulae were calculated on
the basis of 44 negative charges.

Major and trace elements in the amphibolite were analyzed
by energy-dispersive XrF (Battelle) and 1cp and aa (South Da-
kota School of Mines and Technology). SiO,, TiO,, Al,O,, FeO,
MnO, Ca0, K,0, Ga, Cu, Nb, U, and Y were analyzed by XRF.
Remaining elements in Table 2 were analyzed by 1cp and AA.
Rock powders used in the major- and trace-element analyses
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Fig. 1. (A) Location of the Edison pegmatite within the southern portion of the Precambrian core of the Black Hills uplift, to

the northeast of the Harney Peak Granite. (B) Bedrock geologic map of the area surrounding the Edison pegmatite (modified from

Norton, 1976).

were also used to determine quantitative modes by the reference
intensity method (rRim). This multicomponent X-ray diffraction
analysis can be performed with acceptable accuracy, providing
that preferred orientation and absorption errors can be mini-
mized. This is accomplished in the rim procedure by reducing
the particle size of the sample material to values in the 5- to 13-
um-diameter range and by suspending the sample as an aerosol
in an aspirator jar and collecting the aerosol particles on an
amorphous fiber filter substrate. Summary of the rRiM procedure

is given by Davis (1978, 1980). riM-XRD modes for samples
EDI, ED3, and EDS are given in Table 1.

AMPHIBOLITE ALTERATION MINERAL ASSEMBLAGES

The metasomatic alteration zone in the amphibolite
adjacent to the Edison pegmatite can be divided into three
mineral assemblages: (1) biotite alteration assemblage; (2)
hornblende-holmquistite alteration assemblage; and (3)
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Fig. 2. Photomicrographs of amphibolite within the alteration zone adjacent to the Edison pegmatite. (A) Biotite alteration
zone. (B) Hornblende-holmquistite alteration zone. Illustrates holmquistite cutting across hornblende. (C) hornblende-holmquistite
alteration zone. Illustrates holmquistite parallel to hornblende elongation. (D) Homblende-plagioclase assemblage. Ho = holmquist-
ite, H = hornblende, P = plagioclase, I = ilmenite, Q = quartz, B = biotite, E = epidote, and C = calcite. Scale on 2A.

hornblende-plagioclase assemblage. The typical modal
mineralogy of each assemblage is presented in Table 1.
The amphibolite, which is primarily exposed along the
footwall of the pegmatite, shows varying degrees of alter-
ation. The biotite alteration assemblage is always spa-
tially situated between the wall zone of the pegmatite and
the hornblende-holmquistite alteration zone.

The biotite alteration assemblage consists of biotite +
holmgquistite + quartz + hornblende (<3%) + epidote +
sphene (< 1%), + pyrite (<1%) + calcite (< 1%). The rocks
of this assemblage are fine grained (average 100 um) and
consist of minor amounts of medium-grained, partially
replaced hornblende (485 wum) interspersed in a fine-
grained matrix consisting predominantly of biotite, epi-
dote, quartz, and holmquistite (Fig. 2A). The hornblende
is intergrown with fibrous holmquistite and biotite and
replaced by holmquistite along its rim. In addition to its
textural relationship with hornblende, holmquistite also
occurs as (1) fine-grained individual crystals, (2) sprays
of fine-grained crystals, and (3) coarse-grained individual
crystals. In the amphibolite surrounding the Harding peg-
matite, London (1986) observed textural evidence sug-
gesting two episodes of holmquistite formation with one

episode postdating the biotite alteration. At the Edison
pegmatite site, the only textural evidence suggesting
holmquistite formation postdating biotite formation is
the occurrence of biotite grains being crosscut by coarse-
grained holmquistite (Fig. 2A). The biotite alteration zone
extends to approximately 1 m from the pegmatite con-
tact. The textural and mineralogical characteristics of this
alteration assemblage are similar to other alteration zones
described by Heinrich (1965) and London (1986).

The holmquistite-hornblende alteration assemblage
consists of hornblende + holmquistite + biotite (<4%) +
plagioclase + quartz + ilmenite (<1%) (Figs. 2B, 2C). In
assemblages with low modal abundances of holmquistite,
the holmquistite occurs as small grains oriented parallel
to the elongation of hornblende. In samples with high
modal abundances of holmquistite, large holmquistite
grains (to 0.6 cm) cut across the hornblende. In addition,
holmquistite replaces hornblende along the (110) cleav-
age (Fig. 2B). Unlike in the biotite alteration assemblage,
plagioclase is present in the mode. However, textural evi-
dence and modal abundance suggest that the plagioclase
may not be a stable phase within this assemblage. The
hornblende-holmquistite alteration assemblage extends
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TaBLE 2. Typical chemical analyses of amphibolite adjacent to Edison pegmatite

Biotite alteration

Hornblende-holmquistite alteration

Hornblende-plagioclase

ED1 ED2 ED3 ED4 ED5S ED6

Sio, 57.0 (57.3) 56.7 56.4 (56.3) 56.2 53.6 (52.9) 53.0
TiO, 14 (1.4) 14 1.4 (0.6) 1.4 1.4 (1.6) 14
AlLO, 131 (12.4) 12.0 12.0 (12.2) 12.2 12.0 (12.5) 12.3
Fe,0, = (3.4) == = (1.6) = = (1.0) =
FeO 13.7% (8.6) 15.4F 16.0t (12.6) 15.9% 15.4% (12.5) 12.6t
MnO 0.1 (0.1) 0.2 0.2 (0.1) 0.2 0.2 0.2) 0.2
MgO 4.2 6.3) 3.8 4.6 (5.6) 4.1 4.9 6.1) 5.8
Ca0 5.0 (3.7) 7.0 7.0 6.7) 7.0 95 (9.3) 10.4
Na,0 0.1 (0.0) 13 0.9 (0.9) 1.30 25 (2.2) 27
K,O 24 (2.0) 0.4 0.5 (0.3) 0.6 0.2 (0.3) 0.8
Li,O 1.0 (1.1) 0.8 0.4 (0.3) 0.8 0.1 (0.0) 0.2
F 0.3 0.3 0.1 0.2 0.2) 0.2 0.04 (0.1) 0.04
H,0* 2.0 (2.6) 1.6 1.2 (2.0) 1.1 1.0 (1.3) 0.9
S (0.8) (0.6) (0.0

Total 100.3 (100.0) 100.7 100.8 (100.0) 101.00 100.84 (100.0) 100.34
As 580 50 45 55 24 180
B 224 269 270 256 233 158
Ba 250 46 85 50 95 130
Cs 600 44 30 50 <6 56
Cu 17 54 35 58 20 9
Ga 18.4 20.7 20.2 21.6 20.0 21.4
Nb 12.6 1.9 12.0 12.0 12.4 5.0
Ni 64 125 50 28 45 79
Pb 25 14 13 21 14 20
Rb 600 47 119 53 16 66
Sr 125 260 200 210 192 180
u <10 <7 <10 <10 <5 <5
Y 40 36 30 30 32 17
Zn 164 164 151 149 115 82
Zr 166 169 170 140 143 78

Note: Whole-rock chemistries calculated from xRD-RIM modes and mineral chemistries are presented in parentheses.

* Loss on ignition minus F content,
1 Total Fe as FeO.

to approximately 5 m from the pegmatite contact. How-
ever, this distance may be deceiving because of the irreg-
ular shape of the Edison pegmatite and associated peg-
matite dikes that extend beyond the wall zone of the main
pegmatite body.

The hornblende-plagioclase assemblage is essentially
unaltered amphibolite and consists of hornblende + pla-
gioclase + quartz (<2%) + biotite (<2%) + ilmenite
(<2%). The preferred orientation of the hornblende de-
fines the schistosity and lineation observed in the am-
phibolite (Fig. 2D).

Carbonate-sulfide-arsenide veins cut across the am-
phibolite alteration assemblages. Amphibolite that sur-
rounds these veins is altered to chlorite-bearing, biotite-
bearing, or (carbonate + quartz)-bearing assemblages.

Typical whole-rock compositions and calculated ma-
Jjor-element whole-rock compositions for each mineral
assemblage are presented in Table 2. If normalized to
relatively immobile elements such as TiO, or ALO,, the
biotite alteration assemblage is enriched (> 10%) in K, O,
Si0,, F, As, Pb, Ba, Cs, Li, and Rb and depleted in CaO,
Na,O, and Sr relative to the hornblende-plagioclase as-
semblage. The major- and trace-element enrichments in
this assemblage reflect the stability of biotite in the as-
semblage due to the metasomatic alkali-element altera-
tion of the amphibolite and the effectiveness of biotite as
a crystal-chemical trap for trace alkali elements. The

whole-rock chemistry of the hornblende-holmquistite as-
semblage (normalized to TiO,) appears to differ (> 10%)
from the unaltered hornblende-plagioclase assemblage
only in Li, Cu, and Zn. The hornblende-plagioclase as-
semblage exhibits enrichment in alkali elements unchar-
acteristic of amphibolites outside the vicinity of the Har-
ney Peak Granite and associated pegmatites. A cumulative
metasomatic halo may be associated with the entire gran-
ite-pegmatite system.

MINERAL CHEMISTRY
Plagioclase

Plagioclase occurs in the hornblende-plagioclase and
hornblende-holmquistite assemblages and is absent in the
biotite alteration assemblage. Plagioclase composition in
the hornblende-plagioclase amphibolite assemblage ranges
from An,,;Aby, ,Ory¢ to An,,,Abg, ,Ory. In the horn-
blende-holmquistite alteration assemblage, the plagio-
clase composition ranges from An,, ,Abs, sOry; to
An,, sAb;,,0r,,. Zoning in the plagioclase in both min-
eral assemblages is obscure.

Epidote
Epidote occurs only in the biotite alteration assem-

blage. Textural relations and chemographic interpreta-
tion indicate the epidote is a product of alteration of pla-
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Fig. 3. ™Al plotted against A-site occupancy for hornblende

from the hornblende-plagioclase assemblage (HP), the horn-
blende-holmaquistite alteration assemblage (HH), and the biotite
alteration assemblage (B).

gioclase feldspar. The molecular percentage of
Ca,Fe3*Si,0,,(OH) in the epidote ranges from 11% to
13%. The Mn component is less than 0.015 cations per
formula unit.

Biotite

Biotite is an abundant mineral phase in the biotite al-
teration assemblage and only an accessory phase in the
hornblende-holmquistite alteration assemblage and the
hornblende-plagioclase assemblage. Microprobe analyses
of the biotite are given in Table 3. The Fe2*/(Fe?* + Mg)
ratio in the biotites ranges from 0.45 to 0.48 in the hom-
blende-plagioclase assemblage and the hornblende-
holmquistite alteration assemblage. The ratio decreases
to 0.41 to 0.42 in the biotite alteration assemblage. In
addition to the decrease in the Fe*/(Fe>* + Mpg) ratio,
the biotite also exhibits a decrease in Ti and an increase
in Mn, Li, and Y'Al from the amphibolite assemblage to
the alteration assemblages. The biotite in the biotite al-
teration assemblage has Li,O contents of up to 0.6 wt%
and Fe**/(Fe** + Fe**) ratios of 0.12 to 0.16.

Amphiboles

The standard formula for amphiboles, A, B,"'Cs-
VTO(OH,F,Cl), (Leake, 1978), translated into site
terminology reads A, ,V-V™(M4),"'(MI,M2,M3),VT,O,,-
(OH,F,Cl),.

Leake (1978), Hawthorne (1981, 1983), and Robinson
et al. (1982) have summarized characteristics of the am-
phibole sites, the procedures for standard formula-unit
calculation from an analysis, site assignments, and limits
beyond which an analysis should be rejected.

Analyses and cation formulae for the amphiboles are
given in Table 3. On the basis of the nomenclature of
Leake (1978), the calcic amphiboles in the amphibolite
adjacent to the Edison pegmatite may be classified as
magnesio- and ferro-hornblende. Calcic amphiboles co-
existing with holmgquistite from southern Rhodesia (von
Knorring and Hornung, 1961), southeastern Manitoba
(Wright, 1963); and western Australia (Wilkins et al.,
1970) are magnesio-hornblende.

The deviation of these calcic amphiboles from the
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Fig. 4. Compositional characteristics of hornblende from the
same assemblages as in Fig. 3.

tremolite-actinolite series (Ca,(MgFe**),Si,0,,(OH),) re-
sults from the substitution of Al*+ for Si** in the tetra-
hedral sites that is charge balanced by the substitution of
trivalent (Al and Fe**) cations for divalent cations in the
octahedral sites (M1, M2, and M3) and/or by the substi-
tution of Na* and K+ into the A site. The deviation of
the hornblende from actinolite may be partially repre-
sented in a plot of VAl against A-site occupancy (Fig. 3).
The hornblende from the hornblende-holmquistite alter-
ation assemblage deviates from actinolite more so than
hornblende from either the hornblende-plagioclase or
biotite assemblage. Hornblendes analyzed by von Knor-
ring and Hornung (1961) and Wilkins et al. (1970) are
further removed from the actinolite end member than
those observed at the Edison pegmatite site.

The compositional variation in the hornblende from
the amphibolite and alteration zones, further illustrated
in Figure 4, appears to be dependent upon associated
mineral assemblages. The hornblende in the hornblende-
plagioclase assemblages is typically lower in WAl, VAl
(V'Al + Fe3* + 2Ti), and Li than the hornblende from
the alteration zones. The hornblende in the hornblende-
holmquistite alteration zones is typically higher in VAl
(V'Al + Fe** + 2Ti), and the ratio (Fe** + Mn)/(Fe** +
Mn + Mg). Many of the compositional characteristics of
the hornblende from the biotite alteration zone are inter-
mediate or overlap with the two previously discussed as-
semblages with the exception of Li. The Li content of the
hornblende increases in the order hornblende-plagioclase
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TaBLE 3A. Typical analyses of holmquistite and hornblende from amphibolite adjacent to Edison pegmatite

Holmaquistite Hornblende
ED1A ED2 ED3 ED1A ED2 ED3 ED5
Sio, 59.98 59.95 59.95 45.21 44.59 44.73 47.18
TiO, 0.07 0.07 0.03 0.75 0.75 0.62 0.64
ALO, 12.41 124 12.38 10.86 12.33 12.66 9.34
Fe,0O, 4.64 4.43 4.38 1.28 0.60 0.71 1.29
FeO 8.96 9.77 10.09 16.10 18.04 19.22 16.72
MnO 0.20 0.18 0.12 0.34 0.34 0.29 0.27
MgOo 7.99 7.57 7.35 9.07 8.00 7.65 9.08
Ca0 0.02 0.06 0.05 11.26 11.06 10.57 10.99
Na,O 0.08 0.21 0.22 0.90 1.04 1.31 0.92
KO 0.00 0.00 0.00 0.49 0.50 0.38 0.37
Li,O 2.92 2.87 2.95 0.06 0.04 0.04 0.01
Total 97.27 97.51 97.52 96.32 97.29 98.18 96.81
Tetrahedral site
Si 7.984 7.988 7.997 6.801 6.690 6.670 7.047
Al 0.026 0.012 0.003 1.199 1.310 1.330 0.953
T total 8.000 8.000 8.000 8.000 8.000 8.000 8.000
M2 site
Al 1.921 1.937 1.942 0.729 0.872 0.898 0.693
Ti 0.008 0.008 0.004 0.086 0.086 0.072 0.072
Fe** 0.071 0.055 0.054 0.145 0.066 0.078 0.144
Mg 0.000 0.000 0.000 1.040 0.976 0.952 1.091
M2 Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000
M1, M2, and M3 sites
Fe** 0.393 0.388 0.384 — — — —
Mg 1.584 1.506 1.459 0.993 0.809 0.750 0.929
Fe 1.000 1.089 1.122 2.007 2.191 2.250 2.071
Mn 0.023 0.017 0.016 0.000 0.000 0.000 0.000
Ca 0.000 0.000 0.008 0.000 0.000 0.000 0.000
M1-M3 total 3.000 3.000 2.989 3.000 3.000 3.000 3.000
M4 site
Fe 0.000 0.000 0.000 0.026 0.072 0.151 0.021
Mn 0.001 0.007 0.000 0.045 0.045 0.036 0.036
Ca 0.000 0.008 0.000 1.817 1.776 1.685 1.760
Li 1.568 1.538 1.587 0.036 0.018 0.018 0.000
Na 0.016 0.048 0.048 0.076 0.089 0.011 0.183
M4 total 1.585 1.601 1.635 2.000 2.000 2.000 2.000
A site
Na 0.000 0.000 0.000 0.195 0.218 0.266 0.086
K 0.000 0.000 0.000 0.090 0.090 0.072 0.072
A total 0.000 0.000 0.000 0.285 0.308 0.338 0.158

assemblage, hornblende-holmquistite alteration assem-
blage, biotite-alteration assemblage.

Holmgquistite is a Li-rich, Fe-Mg-Mn amphibole (Haw-
thorne, 1981, 1983) with an ideal formula of
Li,Al,(Mg,Fe?*),Si;0,,(OH). It is isostructural with the
anthophyllite-gedrite series and chemical differences be-
tween the two amphiboles are primarily a function of the
exchange component

Mg(M4), + Mg(M2), = Li(M4), + Al(M2),.

Refinement of the orthorhombic holmquistite structure
(Whittaker, 1969; Litvin et al., 1973; Finger and Ohashi
1974a, 1974b; Law, 1973; Irusteta and Whittaker, 1975)
and infrared absorption data (Wilkins et al., 1970) has
confirmed a Pnma space group and has constrained site
occupancy models. Rationale behind site assignments in
Table 3 is based on these models. Ginsburg (1965) has
also identified monoclinic holmquistite.

The holmquistite in the amphibolite adjacent to the
Edison pegmatite occurs only in the alteration assem-

blages associated with the pegmatite fluid-amphibolite
interaction. The holmquistite in these alteration zones
has the tetrahedral sites essentially filled with Si (= 8.000),
Li in M4 ranges from 1.538 to 1.587, Al** in M2 ranges
from 1.921 to 1.942 and (Al** + Fe3* + 2Ti) ranges from
2.363 to 2.408 cations per formula unit. The analyses also
indicate that the M4 site of the holmquistite from this
location is only partially filled by Li. Low Li concentra-
tions in holmquistite resulting in low M4-site occupancy
have been previously reported (e.g., Karpoff, 1960). This
low M4-site occupancy may be the result of Li loss during
weathering of holmgquistite. In addition, weathering or
alteration of spodumene can result in Li loss and low M2-
site (in spodumene) occupancy (Roberts and Rapp, 1965).
The ratio Fe>*/(Fe** + Mg) in the holmquistite decreases
from the hornblende-holmquistite alteration zone (0.43)
to the biotite alteration zone (0.38). Holmquistite from
the biotite alteration zone (sample ED1A) has the follow-
ing unit-cell parameters: a = 18.254 + 0.005, b =
17.621 + 0.009, and ¢ = 5.295 + 0.003.
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TaBLE 3B. Typical analyses of biotite from amphibolite adjacent
to Edison pegmatite
ED1A" ED2 ED5
SiQ, 37.06 36.36 36.60
TiO, 0.94 1.02 2.86
AlLC, 17.06 18.46 16.32
Fe,O, 4.80 4.45 4.86
FeO 13.50 14.50 15.00
MnO 0.12 0.26 0.11
MgO 10.83 9.78 9.41
Cal 0.13 0.09 0.02
Na,O 0.01 0.00 0.08
K0 10.11 10.20 10.32
Li,O 0.60 nd. nd.
Total 95.16 95.12 95.58
Tetrahedral site
Si 5.568 5.496 5.500
Al 2.432 2.504 2.500
T Total 8.000 8.000 8.000
Octahedral site
Al 0.608 0.784 0.414
Ti 0.108 0.118 0.328
Fes+ 0.542 0.508 0.552
Mg 2.426 2.206 2122
Fe?* 1.696 1.834 1.904
Mn 0.018 0.036 0.018
Li 0.360 — —
Oct. total 5.758 5.486 5.338
Interlayer site
Ca 0.018 0.018 0.000
Na 0.000 0.000 0.018
K 1.932 1.962 2.002
Total 1.944 1.980 2.020

* F = 0.60%, H,0 = 3.85%, X,, = 0.421, X,,,, = 0.295, X,,, = 0.106, log
Xef Xow = 1.13, IV(F)yo = 1.92.

DiscussioN
Hornblende-holmquistite relations

The crystal-chemical relationships between actinolite-
hornblende series clinoamphiboles and anthophyllite-
gedrite series orthoamphiboles have been documented in
numerous studies (summarized by Robinson et al., 1982).
Ross et al. (1968, 1969), Papike et al. (1969), and Rob-
inson et al. (1982) emphasized the importance of the M4-
site occupancy on the structural type and phase relations
of the calcic and Fe-Mg amphiboles. The discontinuity
in size between cations in the M4 site is the major crystal-
chemical control on the calcic amphibole and Fe-Mg am-
phibole miscibility gap. Insight into the crystal-chemical
behavior and phase relationships between coexisting
holmquistite—calcic amphibole pairs may be gained by
analogy to the better understood calcic amphibole-FeMg
amphibole pairs. Such an analogy appears to be appro-
priate as holmquistite is isostructural with anthophyllite-
gedrite series orthoamphiboles and the M4-site cations
are similar in size with Li* (0.68 A) being intermediate
in size between Mg+ (0.66 A) and Fe?* (0.74 A) (Ahrens,
1952). If analogous to the relationship between calcic and
Mg-Fe amphiboles, the difference in M4-site cation size
and charge between Ca and Li in coexisting hornblende-
holmquistite may result in a large miscibility gap. Unlike
the phase and structural relationships in the calcic and
Mg-Fe amphiboles, a monoclinic Li amphibole (clino-

holmquistite) analogous to cummingtonite-grunerite has
been observed in only a few locations and appears to be
far subordinate to orthorhombic holmquistite in Li-Ca
amphibole assemblages. This difference between calcic
and Mg-Fe amphiboles and Li-Ca amphiboles may be
due to the limited temperature range of Li metasomatism
adjacent to pegmatites (London, 1986), bulk-rock com-
positions resulting from the metasomatic extraction of Ca
from the metasomatized amphibolite, and complications
in analogous phase relationships resulting from the oc-
currence of Al in the M2 site in holmquistite and Mg-Fe
in the M2 site in Mg-Fe amphibole anthophyllite.

The compositional variability between coexisting
holmquistite and hornblende from the amphibolite ad-
jacent to the Edison pegmatite is shown in Figure 5. The
miscibility gap is extremely wide, with the holmquistite
having Ca/(Ca + Na -+ Li) less than 0.01 and the Ca/
(Ca + Li) ratio of the hornblende greater than 0.99. This
wide gap appears to be typical, but exceptions have been
documented (Heinrich, 1965). The high R3* (octahedral
Al + Fe** + 2Ti*") value for the holmquistite relative to
the coexisting hornblende contrasts with coexisting calcic
amphibole-orthorhombic amphibole pairs in which the
calcic amphibole contains a higher proportion of R3* sub-
stitution (Robinson et al., 1982). In addition, there is a
marked preference for Fe’* in holmquistite relative to
hornblende.

As shown in Figure 5B, the ratio of (Fe2* + Mn)/(Fe?* +
Mn + Mpg) for the coexisting Li-rich and calcic amphi-
boles is slightly greater in the hornblende relative to the
holmquistite. In most of calcic and Mg-Fe orthoamphi-
bole pairs, the calcic amphibole shows a slight depletion
of Fe?* relative to the coexisting amphibole (Robinson et
al., 1982).

Alteration of the amphibolite

The alteration of the amphibolite adjacent to the Edi-
son pegmatite appears to be the result of (1) Li and K
metasomatic alteration by alkali-rich, pegmatite-derived
aqueous fluids and (2) retrograde metamorphism of the
amphibolite by the aqueous fluids resulting in the insta-
bility of plagioclase and ilmenite and the formation of
epidote and sphene.

Differences in modal and chemical compositions be-
tween the unaltered amphibolite and the two alteration
zones may be helpful in illustrating the nature of the
metasomatic chemical reactions and the behavior of mo-
bile species within the alteration zone (Shearer et al.,
1984). Sample EDS5 from the unaltered amphibolite as-
semblage is compared to both sample ED3, from the
hornblende-holmquistite alteration assemblage, and
sample EDI, from the biotite alteration assemblage, to
compare the chemical and modal differences between the
assemblages and to approximate reactions occurring
within the alteration zones. Bulk compositions from both
the RiM-XRD modal data and the microprobe data have
been used for mass-balance calculations to evaluate sam-
ple homogeneity, to estimate unanalyzed components
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TaBLE 4. Mass balance between altered and unaltered amphibolite assemblages

Mineral balance*

Qtz Pl Hbl Bt Hotm Ep Chl m Py Spn
ED5 7.0 23.2 67.3 0.1 0.0 0.0 0.0 2.4 0.0 0.0
ED1 20.0 0.0 6.0 20.0 35.8 9.1 4.4 0.0 1.5 3.2
Net +13.0 —-23.2 -61.3 +19.9 +35.8 +9.1 +4.4 -24 +1.5 +3.2
M +0.216 —0.096 —0.068 +0.022 +0.048 +0.020 +0.004 -0.016 +0.013 +0.016
1% +4.9 -8.7 -18.9 +6.6 +11.5 +2.7 +1.5 -05 +0.3 +0.9
ED5 7.0 23.2 67.3 0.1 0.0 0.0 0.0 2.4 0.0 0.0
ED3 16.9 4.2 47.3 0.4 18.6 6.5 4.4 0.5 1.1 0.0
Net +9.9 -19.0 —20.0 +0.3 +18.6 +6.5 +4.4 -1.9 +1.1 0.0
M +0.165 -0.071 —0.022 0.000 +0.025 +0.014 +0.004 -0.013 +0.009 0.000
1% +3.7 -71 -6.2 +0.1 +6.0 +1.9 +1.5 -0.4 +0.2 0.0

Chemical baiance

SiO, TiO, Al,O, Fe,0, FeO MnO MgO CaO Na,0 K0
ED5 52.9 1.6 12.5 1.0 125 0.2 6.1 9.3 2.2 0.3
ED1 57.3 1.4 12.4 3.4 8.6 0.1 6.3 3.7 0.0 2.0
Net +4.4 -0.2 -0.1 +2.4 -39 -01 +0.2 —5.6 -2.2 +1.7
M +0.073 —0.003 0.000 +0.015 —0.054 0.001 0.005 —0.099 —-0.036 +0.018
ED5 52.9 1.6 125 1.0 12.5 0.2 6.1 9.3 2.2 0.3
ED3 56.3 0.6 12.2 1.6 12,6 0.1 5.6 6.7 0.9 0.3
Net +3.4 -1.0 -0.3 +1.6 +0.1 -0.1 -0.5 -2.6 -1.3 0.0
M +0.057 -0.013 —-0.003 +0.010 —0.001 -0.001 -0.012 —0.046 -0.021 0.000

Note: Modes or oxides normalized to 100 g. Net = weight difference (in grams) between samples. M = Net divided by formula weight. V = Net divided
* Abbreviations: Qtz = quartz, Pl = plagioclase, Hbl = hornblende, Bt = biotite, Holm = holmquistite, Ep = epidote, Chl = chlorite, llm = ilmenite,

(H,0), and to establish closure between the modal and
chemical data sets. The weight percent H,O was calcu-
lated on the basis of mineral stoichiometry (hornblende,
holmquistite, biotite) and loss on ignition.

Ca/(Ca+Na+Li) in M4
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Using the calculated chemical analyses standardized to
100% for the unaltered amphibolite and the two altera-
tion assemblages, mass-balance calculations for mineral

and chemical exchange and volume loss are presented in

« hornblende-plagioclase assemblage
o hornblende-holmquistite assemblage
o biotite alteration assemblage

hornblende

holmquistite

hornblende

holmquistite
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Fig. 5. Comparison of coexisting calcic amphiboles and Li-rich amphiboles in the amphibolite adjacent to the Edison pegmatite.
(A) Plot of Ca/(Ca + Na + Li) in M4 vs. R3* (octahedral Al + Fe** + 2Ti*). (B) Plot of Ca/(Ca + Na + Li) in M4 vs. (Fe>* +
Mn)/(Fe** + Mn + Mg).
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TABLE 4— Continued

Mineral balance*

Aggiigs
-0.3
Chemical balance
Li,O F H,O S
0.0 0.1 1.3 0.0
1.1 0.3 2.6 0.8
+1.1 +0.2 +1.3 +0.8
+0.037 +0.011 +0.072 +0.025
0.0 0.1 1.3 0.0
0.6 0.2 2.0 0.6
+0.6 +0.1 +0.7 +0.6
+0.020 0.005 +0.039 +0.019
by p.

Py = pyrite, Spn = sphene.

Table 4. Mineral exchange between assemblages (Table
4) indicates substantial decrease in plagioclase, horn-
blende, and ilmenite with alteration and replacement by
holmgquistite, quartz, biotite (ED1), and epidote. Assem-
blage volume calculations and limited variability of non-
mobile elements (Al, Ti, Nb) indicate volume was con-
served during alteration.

Differences between ED5 and ED3 indicate the mineral
differences may be a result of the addition of Li,O (0.6
2/100 g), SiO, (3.4 g/100 g), and S (0.6 g/100 g) and the
removal of Na* (1.3 g/100 g) and Ca®* (2.6 g/100 g) from
the amphibolite. The biotite assemblage, however, shows
a much more striking contrast in chemistry compared to
the unaltered amphibolite. Li,O (1.1 g/100 g), SiO, (4.4
g/100 g), S (0.8 g/100 g), K,O (1.7 g/100 g), F (0.2 g/100
g), and H,O (1.3 g/100 g) are apparently added to the
system, whereas Ca* (5.6 g/100 g) and Na* (2.2 g/100 g)
are removed. Losses and gains of Fe,0, and FeO appear
to offset one another in a comparison of ED5 and ED1,
suggesting oxidation of the biotite assemblage.

The calculations identify mobile components added to
the system (Li+*, K+, Si**, H,0), those removed from the
system (Ca**, Na*), and possible reactions involving the
consumption of feldspar, hornblende, and ilmenite and
the production of biotite, holmquistite, and epidote. The
mobile components and possible reactions indicated by
these exchange calculations contrast markedly with the
metasomatic alteration of schist adjacent to many Black
Hills pegmatites (Shearer et al., 1984). In the schist ad-
jacent to the Tip Top pegmatite, B>, Na*, Fe, and Li
were preferentially added to the system by pegmatite-
derived fluids, whereas K, Mg, and Si were removed from
the schist. This resulted in the stability of tourmaline at
the expense of biotite. Differences in alteration-mineral
assemblages obviously reflect original country-rock char-
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acteristics but also reflect differences in pegmatite-fluid
composition (Shearer et al., 1986).

Numerous chemographic representations have been
used to illustrate phase relations and reactions in amphi-
bole-bearing assemblages and metasomatically altered
amphibolites (e.g., Robinson et al., 1982; London, 1986).
The metasomatic alteration of amphibolite adjacent to
the Edison pegmatite may be approximately represented
graphically in a A-C-Li,O-K,O tetrahedron where C =
(CaO + FeO + MnO + MgO — TiO,) and A = (AL,O, +
Fe,O; + TiO, — Na,O) (Fig. 6). The original amphibolite
bulk composition (BC1) plots on the hornblende-plagio-
clase-biotite plane near the hornblende-plagioclase tie line.
With the addition of substantial amounts of Li, the bulk
composition (BC2) moves into the hornblende-holm-
quistite-plagioclase-biotite volume. The reaction resulting
in the appearance of holmquistite in these amphibolites
suggested by the mass balance in Table 4 and the chem-
ography may be represented by Reaction 1 in Table 5.
Na* and Ca?" are either transported out of the system
(calcite-sulfide-arsenide veins) or are involved in forma-
tion of additional epidote (Ca), sphene (Ca), and retro-
grade exchange reactions NaSiCa_,Al_, in plagioclase. The
principal exchange reactions occurring between the horn-
blende and holmquistite are

Cayi Mgl mam = LiYARS vz
and
Cal, A3+ = Liy,Sijt.

The formation of the biotite alteration zone (BC3) re-
quires the addition of K+ and perhaps additional Li to
BC2 (Fig. 6). Based on textural evidence, biotite is not
formed at the expense of holmquistite but rather through
the breakdown of hornblende. A reaction calculated from
Table 4 and using the chemography may be represented
by Reaction 2 in Table 5. Kj,; and S, are derived from
the pegmatite fluid. The epidote and sphene accessory
minerals of the biotite alteration zone are typical of min-
eral assemblages associated with greenschist-facies con-
ditions. Retrograde-type reactions involved in the break-
down of plagioclase and the stabilization of epidote and
sphene in mafic igneous rocks have been discussed in
great detail (e.g., Robinson et al., 1982).

The spatial relations of the metasomatic mineral assem-
blages indicate that the K*/Li+ ratio in the pegmatite-de-
rived fluid was highest during the initial fluid-amphibo-
lite interaction at the pegmatite contact (biotite alteration
zone; K*/Li* = 0.45) and subsequently decreased with
distance from the pegmatite contact (hornblende-
holmquistite alteration zone; K+/Li < 0.1). Several sce-
narios of fluid-amphibolite interaction are suggested: (1)
a single episode of fluid-amphibolite interaction. The high
“relative reactivity” of K+ and higher “relative mobility”
of Li* (Shearer et al., 1986; cf. Kharaka and Berry, 1973)
resulted in depletion of K+ in the fluid relative to Li*.
This depletion is manifested in the biotite alteration zone
occurring at the pegmatite contact; and (2) two episodes
of fluid-amphibolite interaction with either individual K+-
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Fig. 6. Amphibolite and alteration assemblages adjacent to the Edison pegmatite depicted in an A-C-LiO,-K,0O tetrahedron
where C = (CaO + FeO + MnO + MgO — TiO,) and A = (ALO; + Fe,0; + TiO, — Na,0). Biotite compositions are projected
from A apex onto the C-Li,0-K,O plane. With the retrograde alteration of plagioclase, tie lines will extend to epidote rather than

plagioclase.

rich fluid and Li*-rich fluid or a continuous interaction
of evolving pegmatite fluids (k*-rich to Li*-rich). Al-
though not definitive, textural evidence suggests that the
K metasomatic episode preceded the Li metasomatic ep-
isode. Biotite only replaces hornblende, whereas
holmquistite replaces hornblende and cuts across biotite
grains. Discrimination between the single fluid-amphibo-
lite interaction model and the multiple fluid-amphibolite
interaction model is inconclusive at the Edison pegma-
tite. A separate late-stage Li-metasomatism episode has
been documented at other pegmatites (London, 1986).

Assuming a single episode of fluid—country rock inter-
action, alkali-element concentrations in the pegmatite-
derived fluid phase have been estimated by Shearer et al.
(1986) and Walker (1984) using the relationship, defined
by Nabelek (1987),

Ct = CiD — e¥?(CiD — CY),

where CT is the final concentration of the trace element
in the enriched rock, Cr is the initial concentration of the
trace element in the fluid, D is the rock/fluid bulk distri-
bution coeflicient calculated from the mineral/fluid dis-
tribution coeflicients (Walker, 1984; Volfinger and Rob-
ert, 1980) for similar amphibolite assemblages (e.g.,
Walker, 1984), N is an equivalent mass of fluid relative
to the rock, and C! is the initial concentration of a trace
element in the rock prior to fluid enrichment.

Assuming an unaltered rock composition of Li = 70
ppm and Rb = 10 ppm (Walker, 1984) and a series of
hypothetical initial fluid compositions (Cy), rock-enrich-
ment curves may be constructed from the trace-clement
equation. On the basis of the fluid-composition construc-
tion (Fig. 7), the Rb/Li ratio in the pegmatite-derived
fluid decreased from the amphibolite immediately adja-
cent to the pegmatite (biotite alteration assemblage) to
the amphibolite farther away from the pegmatite contact
(hornblende-holmquistite alteration assemblage and
hornblende-plagioclase assemblage). This is in agreement
with the high K content of the fluid implied by the biotite
alteration assemblage. The results in Figure 7 are non-
unique; however, minimum alkali concentrations may be
calculated. By making N very large, Equation 1 is reduced
to

Ci=CWD,

where C; is equal to the minimum alkali-element con-
centration in the fluid (Walker, 1984). By this method the
approximate minimum concentration of the alkali ele-
ments in the initial fluid phase (biotite alteration assem-
blage) at the Edison pegmatite was calculated as Rb =
2730 and Li = 1600. The much lower fluid/rock ratios
implied by other pegmatite studies (Walker, 1984; Lon-
don, 1986; Shearer et al., 1986) and metamorphic-fluid
studies (Ferry, 1978) suggest that the Rb and Li concen-
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Fig. 7. Modeling of fluid-rock interaction in amphibolite with Li- and Rb-bearing fluids with series of hypothetical fluid com-
positions. Curves indicate the compositional paths of the amphibolite equilibrating with infiltrating fluids of different compositions.
The Xs represent various values of &, the ratio of mass of fluid to rock.

trations of the fluids are much higher than these mini-
mum estimates.

Calculation of log( fi,o/fur) for the aqueous solutions
may be made using the experimental calibration of F-OH
exchange between biotite and fluid made by Munoz and
Ludington (1974) and Munoz (1984). It has been docu-
mented, however, that substantial Li substitution into
biotite may have a strong effect on the partitioning of F
into biotite (Munoz, 1984). The calculated F intercept
values for Li-enriched biotite are likely to be depressed
(Munoz, 1984), but still may be compared to biotites of

similar Li content to determine relative log( fiy,o/fiur) of
pegmatite-derived aqueous solutions. The calculated log
(fi,o/fur) for the fluid interacting with amphibolite ad-
jacent to the Edison pegmatite is 4.60 at 530 °C and 3.35
at 365 °C (Table 3). Compared to biotites with similar Li
content, the log( fis,o/fur) value for the fluid at the Edison
pegmatite is similar to calculated log( fi1,o//ur) values from
other spodumene-bearing pegmatites in the Black Hills
and higher than lepidolite-bearing pegmatites in the Black
Hills (Shearer et al., 1986). The relationship between the
fugacity of HF and lithium aluminosilicate stability has

TABLE 5. Possible reactions that approximate observed chemical and mineral variations in amphibolite

Reaction 1
1Pl + 0.31Hbl + 0.18lim + 0.25S8 + 0.56Li* + 1.25Si + 0.16F + 1.01H,0 = 2.32Qtz + 0.35Hoim + 0.20Ep + 0.06Chl + 0.13Py + 0.69Na* +

0.94Ca*

Reaction 2
1.0PI + 0.79HbI + 0.191lm + 0.44K* + 0.97Li* + 0.30S + 0.13F + 1.36Si + 0.34Fe** + 0.84H,0 = 2.51Qtz + 0.26Bt + 0.56Holm + 0.23Ep +

0.05Chl + 0.15Py + 0.19Spn + 1.14Ca?* + 0.80Na* + 0.42Fe?*

Note: Derived from mass-balance data in Table 4. Abbreviations of minerals listed in Table 4.
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been discussed by London (1982), Cerny and Burt (1984)
and Shearer et al. (1986).

The P and T conditions under which the holmquistite-
bearing assemblage adjacent to the Edison pegmatite
formed can at best be only approximated. The country
rock in the immediate vicinity of the Edison pegmatite
was metamorphosed to staurolite grade. Peak metamor-
phic conditions of T = 565 °C (Willibey, 1975) and P =
3—4 kbar (Redden et al., 1982) set an upper limit to con-
ditions of holmquistite assemblage formation. Retro-
grade mineral assemblages, particularly in the biotite al-
teration zone, suggest that alteration zone formation may
have occurred at temperatures well below 565 °C. Retro-
grade metamorphic temperatures of 510 °C (garnet core)
to 365 °C (garnet rim) have been estimated for metaso-
matic alteration zones in schist adjacent to other Black
Hills pegmatites (unpub. data of authors). These temper-
atures are based upon the Mg-Fe exchange between co-
existing garnet and biotite. The temperature calculated
from garnet rim-biotite pairs are probably the most rea-
sonable temperatures for the formation of holmquistite
assemblages. Conditions at which holmquistite assem-
blages are stable have been discussed by London (1986).
He concluded that holmquistite assemblages adjacent to
pegmatites represent greenschist-facies conditions and that
holmquistite may be stable down to 350 °C.

CONCLUSIONS

Several conclusions can be reached concerning the in-
teraction between Edison pegmatite—derived fluids and
adjacent amphibolites. Obviously, the fluids derived from
the Edison pegmatite were enriched in K* and Li*. The
absence of tourmaline in the altered country rock suggests
that B was in low concentration in the fluid or was co-
ordinated in the fluid in a manner to decrease its reactiv-
ity with the country rock. This appears to be typical of
many of the highly evolved pegmatites in the Black Hills.
These fluids interacted with amphibolite resulting in the
formation of three distinct mineral assemblages: (1) bio-
tite alteration assemblage (biotite + holmquistite =+
hornblende + plagioclase + quartz + sphene + epidote);
(2) hornblende-holmquistite alteration assemblage (horn-
blende + holmquistite + plagioclase + quartz + ilmen-
ite + biotite); and (3) hornblende-plagioclase assemblage
(hornblende + plagioclase = quartz + biotite). These as-
semblages are primarily the result of (1) reactions be-
tween hornblende and aqueous fluids enriched in K+ and
Li* and (2) retrograde re-equilibration of plagioclase, il-
menite, and biotite with the aqueous fluid. The condi-
tions at which the alteration occurred were below 565 °C
and 3-4 kbar and probably closer to 365 °C and 3-4 kbar.
Field and textural evidence cannot discriminate between
a single fluid-amphibolite interaction model and a mul-
tiple fluid-amphibolite interaction model. If a multiple-
fluid or evolving interaction model is correct, the K-
enriched fluids interacted with the amphibolite prior to
the Li-enriched fluids.
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