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Ansrucr

Tourmaline occurs as an accessory mineral in five of six zones in the Li-, B-, Be-, Nb-,
Ta-, and Sn-enriched, internally zoned Bob Ingersoll No. I pegrnatite located in the Pre-
cambrian core of the southern Black Hills near Keystone, South Dakota. The purpose of
this investigation is (l) to examine the usefulness of tourmaline as a petrogenetic indicator
in this selting and (2) to apply this indicator to interpret the internal evolution of the
pegmatite. Tourmaline occurs in ten distinct types based on texture or habit and coexisting
mineral assemblage. Chemical analyses of the tourmaline show compositional diferences
between types that may be useful in determining the crystallization sequence and differ-
entiation mechanisms. Trends of major-element variations in tourmaline from the country
rock to the core include the following: (l) Mg and Ti decrease abruptly from the country
rock through the border zone to the wall zone; (2) Fe decreases and (Li + Al) increase
from the wall zone to the core; and the minor elements Mn, Zn, and Ca generally increase
toward the core. Tourmaline compositional trends in this pegmatite, coupled with textural
features and mineral associations, provide evidence of an inward, generally sequential
crystallization of the border zone, wall zone, intermediate zones, and finally the core, but
with overlap between the inner wall zone and intermediate zones. The pegmatite melt was
probably saturated at the onset of crystallization; however, fluid exsolution may have
temporarily stopped during the initial crystallization of the third intermediate zone and a
period of tourmaline instability, but then resumed, along with tourmaline crystallization,
during the formation of the pegmatite core.

INrnonucrroN

Tourmaline is a common accessory mineral in peg-
matites that surround the Harney Peak Granite at the core
of the Precambrian terrane of the southern Black Hills.
This area is a classic example of a pegmatite field sur-
rounding a granitic intrusion that may belong to the same
magmatic system (Redden et al., 1982). The pegmatites
consist predominantly of small, layered, and weakly zoned
dikes, but include a number of large, internally zoned,
rare-element pegmatite bodies. Pegmatitic rocks in gen-
eral have been the subject of a tremendous quantity of
research and geologic literature (e.g., Jahns, 1955), and
the Black Hills pegmatites have also been extensively
studied (Page and others, 1953; Sheridan et al., 1957;
Norton etal.,19621' Redden, 1963). A detailed model of
the crystallization of pegmatite was presented by Jahns
and Burnham (1969) and was recenfly summarized by
Jahns (1982). Although great progress has been made in
pegmatite research, many questions remain regarding the
internal evolution of zoned pegmatite bodies (e.g., eern!,
197 5, 1982; Jahns, 1982).

The study of zoned pegmatites by classical petrologic
methods such as whole-rock chemical analysis is ham-
pered by the coarse grain size of minerals, by the heter-
ogeneity of large sections of the pegmatite, and by poor
exposure in three dimensions. In addition, much of the
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volume of well-exposed zoned pegmatites has been mined
or eroded; therefore, bulk compositions may only be es-
timated. One approach that may overcome such difficul-
ties is the use of minerals with variable compositions as
recorders of petrogenetic information (e.g., Foord, 1976;
Shearer et al., 1985).

Tourmaline occurs in many of the pegmatites surround-
ing the Harney Peak Granite, in the granite itself, and in
the country rock ofcontact zones surrounding both granite
and pegmatite. The crystal structure of tourmaline is such
that it allows substitution of a variety of ions with respect
to both size and charge. Additionally, tourmaline is the
dominant boron-bearing mineral and is the dominant maf-
ic silicate in many of the zoned pegmatites of the Black
Hills. These properties make tourmaline potentially well
suited for the detailed study of chemical variation within
a pegmatite during its internal evolution. The purpose of
this study is to characterize the compositional and textural
variations of tourmaline in a large, internally zoned peg-
matite and to evaluate the use of tourmaline in this setting
as a recorder of crystallization history. Compositional and
textural trends of tourmaline are then applied toward in-
terpretation ofthe internal evolution ofthe Bob Ingersoll
pegmatite.

The idea of using the chemical variability of tourmaline
to decipher petrogenetic details is not unique to this study.
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Fig. l. I-ocation of the Bob Ingersoll pegmatite in the Precambrian core of the Black Hills. Harney Peak Granite shown by
random V pattern.
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It has long been known that the color and other optical
properties of tourmaline are roughly indicative of its
chemistry (Jenks, 1935; Carobbi and Pieruccini, 1947;
Bradley and Bradley, 1953; El-Hinnawi and Hofmann,
I 966; Leckebusch, I 978; Rose et al., I 98 I ) and that these
properties may be used to indicate the fractionation trends
and relative degree ofevolution ofthe rocks that host the
tourmaline. Staatz et al. (1955) established systematic
compositional variation trends in tourmaline, from the
wall inward, of the bizonal Brown Derby pegmatite dikes
of the Quartz Creek district of Gunnison County, Colo-
rado. They found the major variation from the outer wall
zone to the core to be an increase of Li concomitant with

a decrease of Fe. Foord (1976, 1977) characterized the
compositional variation of tourmaline in layered, mia-
rolitic pegmatite dikes and host rocks of the Himalaya
pegmatite-aplite dike system in San Diego County, Cal-
ifornia. These and other studies (Power, 1968; Neiva,
1974; Manning, 19821' Henry and Guidotti, 1985) have
shown tourmaline to exhibit systematic compositional
variations and to be an effective recorder ofpetrogenetic
information.

The pegmatite selected for study is the Bob Ingersoll
No. I dike, located 2mi(3.2 km) northwest of Keystone,
in Pennington County, South Dakota, near the northern
border of NWI/4 Sec. 6, T2S, R6E (Fig. l). The Bob
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Ingersoll No. I dike is a large, zoned B-, Be-, Nb-, Ta-,
Sn-, and Li-enriched pegmatite that contains tourmaline
as an accessory mineral in five of the six zones. This
pegmatite was selected because ofthe abundance and vari-
ability of the tourmaline, the good surface and under-
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Fig. 2. Horizontal geologic sections of Bob Ingersoll No. I dike showing distribution of pegmatite zones. Geology based on
mapping as part of this work and mapping by Hanley (1953) in areas now mined out, backfilled, or flooded.

ground exposures, and because it was mapped and de-
scribed during an earlier stage ofits mining history (Hanley,
1953; in Page and others). As part ofthe present work,
the pegmatite was remapped to include new exposures
and to establish precise locations of samples. Tourmalines
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from 45 sample locations have been analyzed using mi-
croprobe, neutron activation, and atomic absorption tech-
niques.

Tourmaline occurs in ten distinct associations at the
Bob Ingersoll No. I dike. Descriptions of the textural types
and an overview ofthe geology ofthe pegmatite dike are
given in the next section.

Several of the important questions addressed by this
study are as follows: (1) Does tourmaline show consistent,
systematic compositional variations related to spatial dis-
tribution in the pegmatite, e.9., vertical position or zonal
location? (2) Do textural variations of tourmaline corre-
spond to compositional variations? (3) Do the composi-
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Fig.3. CrosssectionA-A'ofBoblngersoltNo. ldike.Geologybelow5040-ft(1536-m)levelbasedonHanley(1953).Distribution
of zones in area of above-surface projection based upon exposures north and south of section line.

tional variations indicate the sequence of crystallization
of the pegmatite zones? Is the sequence consistent with
mineral assemblages and textures? (4) Do compositional
and textural variations of tourmaline reflect changes in
the crystallization process and the nature of the crystal-
lizing medium?

Gnor-ocv oF BoB INcnnsor,r, No. 1 nrrn

The No. I dike was mined extensively b etureen 1922 arl.d 1945 ,
principally for lepidolite, beryl, and amblygonite. Since the time
ofprevious mapping, several subsurface levels have been flooded,
and additional mining has exposed new surfaces. As part ofthis
study, the No. I dike was remapped by plane-table surveying of
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successive levels of the pegmatite. The structure of the dike is
shown as a series of horizontal sections in Figure 2.

The No. I dike is an inclined and flattened funnel-shaped
pegmatite, approximately 25 x 30 m in plan near the top, and
is at least 75 m deep (Fig. 3). The long axis ofthe dike trends
north-northwest, and the deep root of the dike plunges to the
southeast.

The pegmatite of the No. I dike conformably intrudes meta-
morphic rocks consisting predominantly of biotite-garnet-stau-
rolite schist and minor quartzite. The pegmatite-country rock
contact is sharp and easily recognized, but locally irregular in
shape. The contact is generally paralleled by schistosity in the
country rock. The conformable nature of the schistosity around
the dike in general, and where the contact bulges or rolls, suggests
a relatively ductile country-rock response as it was shouldered
aside by the intruding pegmatite.

The dike is shown in vertical cross section in Figure 3. Much
ofthe upper portion ofthe dike has been rnined; however, the
structure of the central portion as it existed prior to mining can
be broadly inferred from exposures within and around the pe-
rimeter of the glory hole.

Tnnes

There are six pegmatite zones in the No. I dike, distinguishable
by their texture or mineralogy. These include a border zone, wall
zone, three intermediate zones, and the core. Approximate av-
erage modes for each of the zones are given in Figure 4. Modes
are based on visual estimates and grid counts (10-cm spacing) of
present exposures with consideration given to abundances ex-
pressed by Hanley (1953).

Fig. 4. Approximate average modal composition of pegmatite zones. Symbols: Q, quartz; C, cleavelandite; M, muscovite; P,
perthite; A, amblygonite-montebrasite; L, lepidolite. Abbreviations: Cassit, cassiterite; Amblyg, amblygonite-montebrasite; Col-Tan,
columbite-tantalite; Triph, triphylite-lithiophilite.

M o  j o r

M o d o  I

Minero logy

The border zone is generally very fine grained (see grain size
scheme, Table l) and consists of varying proportions of quartz,
albite (or cleavelandite), and muscovite. Microcline, present in
small quantities, is surrounded by reaction rims of muscovite.
Several accessory minerals are present, including tourmaline,
apatite, and amblygonite. Tourmaline is commonly the coarsest
mineral in the border zone, attaining lengths up to 2.5 cm. Tour-
maline occurs as slender, tapered crystals that are oriented sub-
perpendicular to the contact with country rock, with the tapered
end nearest to the contact. Some of the crystals are inclined or
nearly parallel to the contact, a feature that may represent flow
alignment or may indicate the presence of inclined gradients
caused by the flowage of melt interior to the border zone as it
crystallized. The border zone is nearly continuous around the
pegmatite and ranges in thickness from I to l0 cm. The transition
from border to wall zone is sharp, commonly occurring over a
distance on the order of centimeters, and is marked by an abrupt
rncrease rn glarn slze.

The wall zone characteristically contains the assemblage
cleavelandite-quartz-muscovite. Cleavelandite is generally most
abundant and is typically intergrown with quartz or in virtually
monomineralic aggregates as much as I x I m in cross section.
Muscovite is generally medium to coarse grained and occurs as
isolated books as rnuch as 30 cm in long dimension. Slender
prismatic tourmaline is intergrown with the coarse muscovite,
and very coarse tounnaline occurs with the large cleavelandite
aggregates. Fine- to medium-grained rocks also occur in the wall
zone, but are more common in the footwall exposures. A notable
trend in the major modal mineralogy ofthe wall zone is a decrease
in the abundance ofcleavelandite and an increase in the abun-
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dance of quartz from the outer part of the wall zone toward the
interior. The wall zone, which forms a continuous unit around
the pegmatite, ranges in thickness from I to 3 m. It is commonly
thickest on the footwall portion of the zone. Depending upon
position in the dike, the wall zone contacts each of the inter-
mediate zones, which are discontinuous (Figs. 2, 3). These con-
tacts, which are gradational, were mapped close to the appearance
ofthe mineral that characterizes the zone (e.9., potassium feld-
spar, first intermediate; amblygonite-montebrasite, second in-
termediate, etc.).

The first intermediate zone is distinguished by the presence of
coarse-grained to very coarse gtained potassium feldspar crystals
that are set in a matrix consisting largely of massive quartz and
smaller amounts of cleavelandite. Muscovite is present in small
quantity particularly where this zone contacts the wall zone. The
abundance ofpotassium feldspar and its grain size decrease to-
ward contacts with other zones. In the pinnacle ofthe glory hole,
now mined out, which was spatially close to the middle of the
zone, perthite was reported to compose 900/o of the rock (Hanley,
1953). Single feldspar crystals currently exposed in the mrne are
as much as 3 m across in the maximum exposed dimension.

The second intermediate zone is distinguished by the abun-
dance of amblygonite-montebrasite (Ambr5Mbsrr). This zone is
discontinuous and occurs in what are inferred to be irregular
lens-shaped units between the first intermediate zone and the
core, third intermediate zone, or wall zone. Amblygonite-mon-
tebrasite forms as circular masses as much as 2 m in diameter.
This zone appears to be confined to the upper 25 to 30 m ofthe
dike, although arnblygonite-montebrasite occurs in trace quan-
tities in other zones lower in the dike.

The third intermediate zone is composed predominantly of
medium-grained to very coarse gtained quartz intergrown with
cleavelandite that forms as discrete grains as well as in a veinlike
mosaic pattern between quartz grains. The general texture ofthis
zone is similar to the texture of the quartz and cleavelandite
matrix of the first and second intermediate zones. This zone is
more continuous than the first or second intermediate zones and
almost entirely surrounds the core. It is discontinuous along the
footwall in lower parts of the dike where the core abuts the wall
zone. In the central and lower parts ofthe dike, where the first
and second intermediate zones are absent. the third intermediate
zone directly contacts the wall zone. An accessory mineral as-
semblage of tourmaline, beryl, apatite, and cassiterite typically
occurs at contacts between the third intermediate zone and the
core.

The core of the pegmatite contains principally quartz, cleave-
landite, and lepidolite (3.5 to 6.0 wto/o Li,O in lepidolite). Quartz
and cleavelandite are fine to medium grained, but cleavelandite
also occurs in large pod-shaped aggregates. I-epidolite is very fine
grained, and in several exposures large aggregates are composed
almost entirely of lepidolite. The lepidolite content appears to
increase from outer contacts ofthe core inward.

Tourmaline occurrences and textures

The various occurences of tourmaline at the Bob Ingersoll No.
I dike can be grouped according to their texture or habit, color,
and mineral association. (Groups are hereafter referred to as
types.) Each type tends to occur characteristically in a given zone.
Ten types have been identified (includingtourmaline in the coun-
try rock); their distinguishing characteristics and zonal distri-
bution in the pegmatite are summarized in Table l.

Country rock adjacent to contacts with pegmatite is extensively
tourmalinized (Tuzinski, 1983; Shearer et al., 1986). In samples
of country rock from outside the pegmatite, dark-brown tour-

Table l. Tourmaline distribution at the Bob Ingersoll No.
dike

0ccu r  rence C o l o r * Textu re si ze** Type

Country fock &
country fock
i n c l u s i o n

Pegnatite Zones

Border zone

I a l l  z o n e  ( I )

(  3 )

( 4 )

F i r s t  i n t e r -
med ia te  zone

Th i  rd  in te f -
medi ate zone

c o r e  ( 1 )

P o i k i l o b l a s t i c ,  v f - f
s u b -  t o  e u h e d r a l  ,
s h o r t  p r i s n a t i c

T a p e r e d ,  s l e n d e r  v f - f
pr i  snat i  c

E u h e d r a l , t a p e r e d '  m - v c
p r i s m a t i c  t o  n a s s l v e
s p l a y s

S u b h e d r a l ,  i n  f - n
al  I  ot  r i  onorphi c-
g f a n u l a r  m a t r i x

E u h e d r a l ,  i n t e r g r o w n  f - n
w i t h  c o a r s e  n u s c o v i t e

A n h e d r a l ,  c o n p r i s e s  I
s m a l  l  v e i n l e t s

S u b h e d r a l , i n t e r g r o r n  f - m
w i t h  q u a r t z ,  c , l e a v e -
I  a n d i t e

A n h e d r a l  t o  e u h e d r a l ,  m
s h o r t  p r i s n a t i c ,  i n t e r -
g r o w n  w i t h  q u a r t z -
c l  e a v e  l  a n d i  t e - b e r y  l  -

a p a t  i  t e

A n h e d r a l  t o  s u b h e d r a l ,  f - n
i n t e r g r o w n  w i t h  f i n e -
g r a i  n e d  q u a r t z - c l e a v e -
I  a n d i  t e - l  e p i  d o l  i  t e

S u b -  t o  e u h e d r a l ,  f - m
comonly splayed, and
i n t e r g r o w n  w i t h  q u a r t z

Dark brown
t o  b l  a c k

Dark green

B l  a c k  t o
d a r k  b l  u e

l l e d i u m  B l u e

B l  u e - g r e e n

Green

D a f k  b l u e
to green

Green to
l i g h t  g r e e n

L i g h t  b l u e
to grey

P i  n k  t o
red

1a
Ib

( 2 )

( 2 )

Notes :
*  Macroscop ic  co lo r
* *  Gra in  s ize  schene:

v f  -  very  f ine  -  <6  m
f  - f i n e  - 6 m t o 2 . 5 c m
m -  med iun  -  2 .5  cn  to  10  cm
c - coarse - 10 cm to 30 cn

-  verv coarse - >30

maline (type la) partially replaces biotite, whereas ferromagre-
sian components of country-rock inclusions within the pegmatite

are completely tourmalinized (type 1b). Fine-grained, dark-green
tourmaline (type 2) occurs in the border zone as euhedral, slender,
tapered prisms. These crystals are commonly fractured perpen-
dicular to the c axis, and the fractures are filled by the fine-grained
matrix characteristic of the zone.

Black tourmaline occurs in the wall zone near the border zone
contact. This tourmaline (type 3) is generally coarse to very coarse
grained rangrng up to 1.5 m in length, but may also be fine or
medium grained, and may occur within inches ofthe border zone.
Away from the border zone, toward the inner contact of the wall
zone, the color ofthe tourmaline is dark blue. The very coarse
tourmaline is oriented with the c axis perpendicular to, and ta-
pered toward, the outer contact ofthe pegmatite. Small branches
of tourmaline splay from the main body of individual crystals,
clearly indicating the direction of growth (Fig. 5a). These crystals
are generally euhedral and are not embayed by other minerals,
although they can contain fracture fillings.

Fine-grained, medium-blue, subhedral tourmaline forms a sec-
ond texturally distinct type in the wall zone (type 4). Such crystals
occur in interior parts ofthe wall zone as intergrowths with fine-
grained aggregates of cleavelandite, qluartz, and muscovite.

A very distinctive bimineralic assemblage of tourmaline epi-
taxially intergrown with coarse muscovite also occurs in the wall
zone (type 5). The tourmaline is generally euhedral, forming fine-
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Fig. 5. (A) Type 3 tourmaline from the wall zone. White mineral encasing tourmaline is cleavelandite (sample B7). (B) Type 8
tourmaline from third intermediate zone adjacent to contact with core. Note pen for scale (sample Bll). (C) Photomicrograph of
texture resembling exsolution. Dark bands are Fe-rich; light bands are Fe-depleted. Width of photo is 4 mm (reflected light, crossed
polars). (D) Elongate fluid inclusions parallel to c axis, which impart chatoyancy to the light bands shown in C. Length ofcentered
inclusion is approximately 50 pm.

to medium-grained, slender prisms. Some of these are finely col-
or-zoned, with dark-blue cores, light-blue and green intermediate
zones, and colorless rims.

Green tourmaline occurs as thin (<l cm) fracture fiIlings in
the wall zone (type 6). This type has been found only in cross-
cutting relationships with very coarse, type 3 tourmaline. Such
tourmaline veins extend no more than several centimeters into
the surrounding rock from the tourmaline that they transect.

Tourmaline is not an abundant accessory mineral in the first
intermediate zone. Its occurrence is limited to bluish-green, sub-
hedral to anhedral crystals that are fine grained or form fine- to
medium-grained aggregates (type 7). Tourmaline aggregates are
intergrown with the quartz-cleavelandite matrix of this zone.

In the third intermediate zone, tourmaline is characteristically
medium to light green (type 8). The typical habit is one of me-
dium-grained, stubby prismatic crystals (Fig. 5b). In several cases,
euhedral tourmaline forms skeletal crystals, cores of which con-
sist of the assemblage quartz, apatite, and beryl. This texture
probably formed by early nucleation and growth of euhedral
tourmaline, followed by cocrystallization with quartz, beryl, and
apatite, which commonly filled in the open end of the tapered
tourmaline crystals (Norton et al., 1962). Green tourmaline of

this zone is also found as anhedral grains around the rims of
coarse, pillow-shaped aggregates of radially grown cleavelandite
laths.

Tourmaline in the pegmatite core consists of two texturally
distinct varieties. Very light blue, fine-grained, poikilitic subhe-
dral tourmaline is intergrown with fine-grained aggregates of
quartz, cleavelandite, and lepidolite. Pink, euhedral tourmaline
(elbaite) also occurs in the core, but appears to be associated with
small quartz segregations, although it also occurs in quartz-
cleavelandite-lepidolite aggregates.

ANl,l,vrrcl.r, PRocEDURES

Tourmaline was collected from 45 sample locations, chosen
to represent the entire range oftextural types present at the peg-
matite (see Table 2). For those types showing a broad range of
compositions after initial analyses, additional samples were taken
to characterize the full compositional range (types 2, 3, and 5).
Sampling is biased toward the wall zone owing to the abundance
of tourmaline in the wall zone versus interior zones and to the
volume of the zones currently available for sampling. Most of
the volume of zones containing types 7, 8, 9, and l0 tourmaline
has been mined from the pegmatite.
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Tourmaline grains were analyzed for ten major and minor
elements by microprobe techniques using the fully automated
vec electron microprobe at the South Dakota School of Mines
and Technology. The wavelength-dispersive system with TAP,
PET, and LIF crystals, was utilized for quantitative determina-
tions of Si, Ti, Al, Fe, Mg, Mn, Zn, Ca, Na, and K. All analyses
were conducted at an accelerating voltage of 15 kV, a beam
curent of approximately 0.0150 pA, and a counting time of
20 000 counts or 20 s. Corrections were made with the empirical
correction technique of Bence and Albee (1968). A minimum of
five analyses were taken per grain; however, as many as 20 anal-
yses were taken to characteiue zoned grains.

Tourmaline separates were prepared for 27 samples, using a
combination ofhand picking, magnetic separation, and heavy-
liquid separation. Ferrous iron determinations were conducted
using standard KMnOn titration, following HF-H,SO. dissolution
in pressurized Teflon-lined Paar bombs. The separates were also
used for lithium and trace-element determinations by atomic
absorption spectrometry. Fluorine contents were determined by
ion selective electrode (Bodkin, 1977). Data for l5 major, minor,
and trace elements were obtained by INee using a high efrciency
130-cm3 Ge(Li) detector (2590 rwHlr 108 keVT of 50Co), a 4096
channel arralyzet and coincidence-noncoincidence Ge(Li)-NaI(Il)
counting systems at the Battelle Pacific Northwest Laboratories.
The details of the INAA procedure and the systematics of coin-
cidence-noncoincidence counting are described by Laul (1979).

Thirteen samples that span the range of compositions were
analyzed by X-ray powder diffraction to determine unit-cell pa-
rameters. The study was conducted with a Norelco difractometer
mounted on a Philips constant potential generator, equipped with
a graphite crystal monochromator, d-compensator, and sample
spinner. Experimental conditions included CuKo radiation, 40
kV, 20 mA, Yzo per minute scan speed, and an Alr0, internal
standard.

Rnsur,rs
Results of chemical analyses of the suite of 27 samples

are presented in Table 3. Cations per formula unit were
calculated based on normalization to six silicons (see also
Fortier and Donnay, 1975; Sahama et al., 1979; Walenta
and Dunn, 1979). The reason for this normalization is
that Si is consistently determined to be slightly in excess
of six atoms per formula unit when normalized against
oxygen for charge-balance. Such excesses, although usu-
ally small (less than 0.05 atoms per formula unit), are
difficult to reconcile in terms of the structure of tourmaline
(next section).

The danger of conducting analyses on powders taken
from whole or multiple crystals that are compositionally
heterogeneous or zoned is well known (e.g., Donnay, 1968;
Foord, I 976). The values presented in Table 3 are average
analyses; however, several of the samples are composi-
tionally zoned and are therefore difficult to characterize
in terms of Li content, which must be determined from
chemical analyses of powders. Li contents determined for
nonzoned tourmaline, however, correlate well (inversely)
with Fe contents (correlation coefficient = -0.95). The Fe
contents determined by microprobe anlysis were used to
approximate the Li contents of zoned samples.

Total Fe determined by microprobe analysis is reported
as FeO. Many ferrous iron determinations indicate that

Table 2. Tourmaline sample population

T o u r m a l  i  n e  s a m p l e
t y p e  l o c a t i o n s

G r a i n s  a n a l y z e d  l , l i c r o p r o b e
b y  m i c r o p r o b e  a n a l y s e s

1 a
lb
2
3

5
6
7
I
9

1 0

a high percentage ofthe total Fe is ferrous; however, due
to variable oxidation during dissolution, the results are
not reproducible. The good correlation ofFe and Li values
also indicates that a high percentage of the total Fe is
ferrous. The green color of some of the tourmaline (types
2,5,6,7, 8) may indicate the presence of Fe3*, in com-
bination $/ith Fe2*, as a chromophore (Taylor and Terrell,
1967; Wilkins et al., 1969; Moore, 1982). Green color
may, however, also result from Fe2*-Ti4* charge-transfer
processes (Faye et al.,1974).

Results of the unit-cell determinations are listed in Ta-
ble 4 and values of c and c are plotted in Figure 6. The
cell parameters correspond closely with the compositions
listed in Table 3. All samples plot close to the schorl-
elbaite reference line (Donnay and Barton ,1972). Samples
with detectable MgO are displaced slightly toward higher
values of c.

Compositions of zoned crystals

Tourmaline crystals of types 1,2,3, and 5 are typically
zoned (Figs. 7, 8). Crystals of tourmaline in the country
rock (types la and b) contain cores with low values of Fe/
(Fe + Mg) (e.g., 0.54 to 0.67) relative to rims (0.68 to
0.80). Type la tourmaline, near the pegmatite contact,
replaces biotite that has Fe/(Fe + Mg) values of approx-
imately 0.73. Farther out from the pegrnatite (20 m), the
Fe/(Fe + Mg) value of biotite decreases to 0.61 . The Fe/
(Fe + Mg) values of tourmaline in the country rock ap-
proach, but do not overlap appreciably, the Fe/(Fe + Mg)
values of tourmaline in the border zone (Fig. 9).

Individual crystals of the border zone (type 2) contain
high Mg and Fe in their cores relative to their rims (Fig.
7a), and Fe(Fe + Mg) values lower in the cores than in
the rims. Crystals with two repetitions of this type of
zoning also occur (Fig. 8). Zn,Mn, and Ca are in general
inversely correlative with Ti, Mg, and Fe. In the wall zone,
type 3 tourmaline is zoned with high Fe at the tapered
end, nearest the outer contact of the wall zone, and low
Fe on the growth surfaces toward the interior of the zone
(Figs. 7b, 7c). Crystals oftourmaline intergrown with mus-
covite in the wall zone (type 5) are strongly zoned con-
centrically about the c axis, but not as much along their
length. This zonal arrangement and the shape of the crys-
tals reflect the favorability of growth in the c direction.

5
6

7
1 2

4
5

2

2
3
3
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Fig' 6. Unit-cell dimensions of tourmaline samples representative of the ten textural types discussed in text. The size of each
bar indicates + ld error in the refined unit-cell dimensions. Dashed reference lines from Donnay and Barton (1972), modified from
Epprecht (1953).
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Tounvr,clrNE cRysrAL cHEMrsrRy AND STRUCTURE
Previous work on the tourmaline group of minerals is

extensive. The structures of various tourmaline species
have been solved and refined over the past three decades
(Ito and Sadanaga, l95l; Buerger et al., 1962; Barton,
1969; Donnay and Barton, 19721' Fortier and Donnay,

Table 4. Unit-cell dimensions of selected tourmaline samples
from the Bob Ingersoll No. l. dike

1975; Foit and Rosenberg, 1979; Nuber and Schmetzer,
1979; Schmetzer etal., 1979; Nuber and Schmetzer, 198 l;
Schmetzer and Bank, 1984). Tourmaline compositions,
although quite variable, may be represented by the general
formula XY3Z6(BO3)3Si6O,8(OH,F).. The tourmaline
structure, illustrating site arrangement and coordination,
is shown in Figure 10.

One of the main compositional variables of tourmaline
is the occupancy ofthe Y-site octahedra. In dravite, the
Y-site cation is predominantly Mg; in schorl, Fe2*; and in
elbaite, Al and Li. The Y site may also contain substantial
Fe3* as in buergerite (Donnay et al., 1966), Mn (Schmetzer
and Bank, 1984), V (Snetsinger, 1966; Foit and Rosen-
berg, 1979; Schmetzer et aI., 1979), and Cr in chromian
dravite (Dunn, 1977; Nuber and Schmetzer, 1979). The
Z-site octahedra primarily contain Al but may cntain Fe3+
(Buerger et al., 1962; Frondel et al., 1966; Hermon et al.,
1972; Walenta and Dunn, 1979), Cr'* (Nubor and
Schmetzer, 1979; Rumantseva, 1983), V3* (Foit and Ro-
senberg, 1979), or Mg (Dunn, 1977; Schmetzer et al.,
1979). In most varieties oftourmaline, Na is the dominant
cation in the X site; however, appreciable Ca may be
present as in uvite and liddicoatite (Dunn el al., 1977a,

c ( A )a(  A)
S a m p l  e

Iype nunber C o l o r
Nunber of

v (  A3)  peaks  used

Brownish-b lack  15 .924(4)
B r o w n i s h - b l a c k  1 5 . 9 3 2 ( 3 )
Brownish-green 15 .884(2)
E l u i s h - b l a c k  1 5 . 9 4 8 ( 2 )
B l  u e  1 5 . 9 2 8 (  3  )
B l u e  1 5 . 8 9 6 ( 3 )

B l u e  1 5 . 8 7 5 ( 3 )
B l u e  1 5 . 8 i 8 ( 3 )
Green 15 .876(  3 )
B l u e  1 5 . 8 8 7 ( 3 )
G r e e n  1 5 . 8 7 7 ( 3 )
B l u i s h - g r a y  1 5 . 8 4 6 ( 3 )
P i n k  1 5 . 8 2 6 ( 3 )

7 . 1 3 5 ( 3 )  r 5 6 6 . 1 ( 8 )
7 . 1 3 5 ( 2 )  r s 6 8 . 4 ( 6 )
7 . 1 1 4 ( 2 )  r 5 5 4 . 6 ( 4 )
7 . 1 3 9 ( r )  1 s 7 2 . 6 ( 3 )
7 . r 2 9 ( 2 )  1 5 6 6 . 6 ( 5 )
7 . 1 1 4 ( 2 )  1 s 5 6 . 7 ( 6 )

7 . 1 r 2 ( 2 )  1 5 s 2 . 1 ( s )
7 . 1 1 2 ( 2 )  i s 5 2 . 8 ( s )
7 . 1 1 1 ( 2 )  1 5 5 2 . 1 ( 6 )
7 . 1 r 1 ( 2 )  1 5 5 4 . 4 ( 6 )
7 , 1 1 4 ( 2 )  1 5 5 3 . 1 ( s )
7 . 1 0 3 ( 2 )  r 5 4 4 . 5 ( 5 )
7 . 0 e 3 ( 2 )  1 5 3 8 . 5 ( s )
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Fig. 7. Examples of compositionally zoned tourmaline crystals. Numerical values are Fe atoms per formula unit. Contours shown

in B and C are schematic to illustrate inferred gowth of crystals. Lines in D are boundaries between color-zones. (A) Tourmaline

crystal of border zone (type 2) with high-Fe, high-Mg core. Longitudinal section shows variation of core composition along length
(sample B2). (B) Longitudinal section of type 3 tourmaline crystal, showing spatial relation to pegmatite<ountry rock contact and
gowth direction toward interior of pegmatite (sample B7). (C) Type 3 tourmaline from exposure near top of dike (sample Gl l).
(D) Type 5 tourmaline, with Fe-rich core and concentric zonation around the c axis. No variation occurs along the length of crystal
shown in (2). Kl) Sample E2; (2) sample B16.l

( t )

1977b). Also, K and Mg may occur in minor amounts in
the X site, or it may be partially vacant (Rosenberg and
Foit, 1979; Werding and Schreyer, 1984). Tourmaline end-
member compositions pertinent to this study appear in
Table 5. B is generally assumed to fill the triangular-co-
ordinated sites (e.g., Fortier and Donnay, 1975; Ekam-
baram et al., I 98 I ; Schmetzer and Bank, I 984). Excess B
may possibly substitute for Si (Barton, 1969); however,
appreciable substitution of B for Si has not been docu-
mented.

Complete solid solution occurs between dravite and
schorl, and nearly complete solid solution exists between

- 2 mm-l

Inferrod composi t ionol  contours
o f  O .25  Fe  i nh r vo lg

1o.93 -  c  o x i !

schorl and elbaite (Foit and Rosenberg, 1977; Donnay
and Barton, 1972). Compositions intermediate to the
dravite and elbaite end members are not common al-
though limited substitution does occur wherein Mg, Li,
Al, and Fe occur together (Deer et al., 1962; El-Hinnawi
and Hofmann, 19661' Chaudhry and Howie, 1976). There
may be a miscibility gap between dravite and elbaite, or
as suggested by Foit and Rosenberg (1979), the absence
of intermediate compositions may be due to the fraction-
ation of Li and Mg in natural geologic processes and frac-
tionation by the tourmaline structure itself due to the
sequence ofcation field strengths.

-  c  o x l S  -

I cm ---J
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Fig. 8. Detailed compositional variation ofzoned tourmaline
crystal in border zone (type 2). Pleochroism as shown. Each point
represents an average oftwo to four microprobe analyses in each
zone.
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Fig. 9. Histograms showing range of Fe/(Fe + Mg) values for
the different types of tourmaline.

DrscussroN

Tourmaline as a recorder

The first objective of this project was to determine
whether the compositional variations of tourmaline at the
Bob Ingersoll No. I pegmatite are systematic and are cor-
relative with textures and mineral associations. As indi-
cated by the values in Table 3, the compositional char-
acteristics (major and minor element) ofeach textural type
of tourmaline are different. Microprobe analyses of ad-
ditional samples show similar compositional character for
textural types represented by only one or two samples in
Table 3 (see Figs. 15, 16). Smooth compositional varia-
tions within single tapered crystals, whose orientations
indicate the direction of growth, clearly demonstrate the
systematic nature of tourmaline compositional variation
as the pegmatite-melt system crystallized (analogous to
that ofFoord,1976). In addition, there is a general vari-
ation from the border zone to the core of the pegmatite
involving Fe depletion and Li enrichment. Such variation
is in accordance with the general fractionation behavior
of these elements in magmatic systems and is in good
agreement with previous studies of tourmaline in peg-
matitic systems (Staatz et al., 1955; Foord, 1976).

The trace-element characteristics of the tourmaline are
neither as consistent nor as systematic in variation as the
major- and minor-element characteristics, with the ex-
ceptions of Sn, Co, and Sc. The Co and Sc vary similarly
to Mg, whereas Sn generally increases with Li. There are
several reasons for the nonsystematic concentrations of

.70

WALL ZONE,  F IRST INTERMEDIATE
( T Y P E S  3 , 4 , 5 , 6 , 7 , 9 ,  t O )
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Table 5. Selected tourmaline end-member composition
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the other trace elements. First, several of the elements are
essential constituents ofaccessory minerals that occur in
the pegmatite, such as Nb, Ta, and U in Nb-Ta oxides,
including microlite. Others are strongly partitioned into
mica and feldspar (Rb, Cs) and apatite (REE). For these
trace elements, the abundance and distribution ofthe min-
eral in which they concentrate may complicate their dis-
tribution in tourmaline. The second problem results from
the commonly poikilitic nature of the tourmaline. Even
the purest crystals commonly contain microscopic solid
inclusions, fracture fillings, and unidentified solids in
abundant fluid inclusions (cf., Slivko, 1965).

The analysis of trace elements using bulk powders also
precludes the determination of variations that probably
occur in finely zoned crystals, based on the variations in
major and minor elements. From the results shown in
Table 3, it is apparent that compositional variations among
the major and minor elements are the most useful for
establishing trends. Certain trace elements may also be
useful, but each element must be evaluated within the
context of the mineralogy of the deposit.

Compositional variation trends

As a first approximation of compositional trends, tour-
maline samples may be listed in the following order: coun-
try rock-border zone-wall zone-first intermediate zone-
third intermediate zone<ore. The general trends of vari-
ation of the Y-site cations are shown in Figure ll. The
major variation is a decrease in Fe2* and an increase in
Li + Al(Y), reflecting the dominant substitution 2Fe2* +
Li + Al in the Y site. Mg and Ti decrease sharply from
the country rock to the border zone and then decrease to
very low levels within the inner zones of the pegmatite.
Zn and Mn show a general increase toward the core of
the pegmatite, but with intermediate maxima and mini-
ma. Ca (X site) shows an increase toward the core, which
is especially evident at low Fe concentrations (Fig. l7).
The compositional trends of Y-site cations are shown in
terms of major end-member compositions on a temary
dravite-schorl-elbaite composition diagram (Fig. 12).

The general compositional trends are related to the po-
sition of the tourmaline inward from the country-rock
contact, as illustrated in Figure 13, which shows the same
general trends as Figure I l, but also shows the trends of
Mq Zn, and Sn. Mn and Sn increase toward the core,
while Zn initially increases toward the core but reaches a
maximum in the inner wall zone near the core, then de-
creases. An increase in Sn concentration has been inter-
preted as an indicator of increasing fractionation of the
melt (Power, 1968). The trends shown in Figure l3 clearly
reflect an inward fractionation trend, and although the
intermediate zones are not represented in this traverse
(Fig. 13), the fractionation trends that may be expected
from the wall to the core are here established. Further-
more, tourmaline samples from the border and wall zones
from widely separated locations in the pegmatite are com-
positionally similar, which may suggest that initial differ-

Genera l  fo rmula  x  Y3 (B0g )a  s i 60 l s  ( 0H ,F )a

D r a v i  t e

S c h o  r l

E l  b a i t e

T s i  l a i s i t e *

L  i  d d i  c o a t  i  t e

U v i t e

B u e r g e r i  t e

Na M93 A l  O (B0S)r

Na r " | t  A l  o  (Bos)  r

N a  ( L i , A l  ) s  A l 6  ( B o r ) t

N a  ( M n , A l  ) :  A l o  ( B 0 s ) a

c a  ( L i , A l  ) s  A ' l o  ( 8 0 3 ) 3

Ca M93 Al 5llg (803 ) 3

Na r "3*  A16 (Bog)a

S i 6 0 1 s  ( 0 H , F ) 4

S i 6 0 1 s  ( 0 H , F ) a

S i 6 0 1 s  ( 0 , 0 H , F ) q

S i  6 0 1 s  (  0 , 0 H , F  ) 4

S i 6 0 1 g  ( 0 , 0 H , F ) 4

s i 6 0 t 8  ( 0 H , r ) 4

S i 6 0 1 8  ( 0 H ) 3 F

Notes :
*Hypothetical end renber

entiation of the pegmatite was caused by crystallization
at the walls. Tourmaline samples from the intermediate
zones, however, have compositional differences that may
reflect vertical differentiation of the pegmatite.

The general compositional trends are in good agreement
with the results of previous studies (e.g., Staatz et al., I 9 5 5 ;
Foord, 1976; Manning, 1982). In accordance with these
results, the major trend ofdecreasing schorl and dravite
components, and of corresponding increase of elbaite
component, appears to be a useful indicator ofthe relative
degree of fractionation and the paragenetic sequence of
the tourmaline and associated primary minerals.

A close inspection of Figure I I reveals considerable
overlap in values from the border zone, wall zone, and
intermediate zones. The data points are averages of mul-
tiple microprobe analyses, and Li values are obtained from
bulk crystal powders. These trends may be studied in more
detail by considering individual microprobe analyses. Al-
though Li cannot be determined by microprobe analyses,
the good inverse correlation of Li and Fe [or (Fe + Mg)]
provides a basis for the use of (Fe + Mg) as an index of
relative evolution or paragenesis. Each individual micro-
probe analysis can be plotted against this index to show
the covariation of the cations and thus demonstrate any
systematic variations with progressive evolution of the
tourmaline. Also, by using (Fe + Mg) rather than Li, the
compositional variations in fine-grained, zoned crystals
may be compared with trends among tourmalines of the
different types. In summary, the ideal evolutionary trend
would be reflected by values of (Fe + Mg) or [Li + Al(Y)]
normalized to 2[Fe,Mg,Li,Al(Y)]; however, because Li
cannot be determined directly, the value of (Fe + Mg)
may be used as the best approximation.

The (Fe * Mg) range of each of the types of tourmaline
may be used to illustrate their paragenetic sequence (Fig.
l4). Although this diagram indicates extensive overlap of
the various tourmaline types and broad ranges of (Fe +
Mg) content, there are systematic compositional zonation
trends that account for much of the apparent range or
scatter of the data. For example, in the wall zone, high-
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Fig. 10. Portion of the structure of tourmaline projected onto (0001), looking up the c axis. Drawn from atomic coordinates of
the refined de Kalb tourmaline, given by Buerger et al. (1962); a: 15.95 A, c : 7.24 A. Symmetry-related anion positions shown
as O,-Or. Additional BO, groups shown for clarity.

"jf i , ., , ., , ., , , ,l
o5r  |  ,  r  

- '1

- l  '  I  I  i  I  i  t  r  i  r  l u n + z n

Fig. I 1. General compositional variations of the Y-site cat-
ions in tourmaline of the Bob Ingersoll No. I dike. Data points
represent averages of multiple microprobe analyses.

Fe tourmaline occurs toward the outer portions of the
zone grading to low-Fe tourmaline toward the interior
portions (Fig. l6a). In addition, many individual crystals
are strongly zoned, as noted previously, contributing to
the range ofcompositions observed for each textural type.

Z,oning of individual crystals

The compositional variations in individual zoned crys-
tals are of particular interest as they mirror variation trends
within suites of texturally similar tourmalines. One com-
mon cause of compositional zoning is rapid crystal growth
(Z,oltai and Stout, 1984) during which the diftrsion rates
of select components do not keep pace with the rate of
crystallization. This may have been the case for the border
zone crystals (e.g., Fig. 8). The compositional zoning is
not simply a smooth variation, but involves a repetitious
sequence that may result from one or several changes in
the rate of crystallization. The initial Mg-, \ and Ti-
depleted core of the crystal shown in Figure 8 mly have
resulted from an initial abrupt increase in the liquidus
temperature of the pegmatite melt. If sufficiently abrupt,
a substantial difference between the liquidus and melt
temperatures might cause the crystallization of an unsta-
ble tourmaline solid solution at a composition interme-
diate to the stable coexisting liquid and solid composi-
tions, as suggested by Dowty (1980) and Lofgen (1980).
Following the nucleation of the unstable composition, ad-
ditional crystallizing layers obtain the equilibrium com-
position. This zoning phenomenon may be repeated if
another temperature change occurs, such as from the rapid
loss of volatiles from the melt (Lofgren, 1980). The rapid
or sporadic loss ofvolatiles, such as by a pulse ofexsolving
fluid from an HrO-saturated melt of the border zone would
also provide an efrcient removal of latent heat of crys-
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F F
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Fig. 12. End-member compositions of the Bob Ingersoll tour-
maline plotted in terms of schorl (Fe + Mn + Zn), dravite (Mg +
Ti), and elbaite (Li + Al).

tallization and possibly a local pressure drop, causing rap-
id disequilibrium crystallization.

Alternatively, border-zone crystallization may have be-
gun when the pegmatite melt reached a pressure-temper-
ature regime favorable for aqueous-fluid exsolution. With
the first pulse offluid, the liquidus would have been raised,
initiating border-zone crystallization. Compositional
variations in the border-zone tourmaline may reflect dif-
ferent element partitioning in a mineral-melt system ver-
sus a mineral-melt-fluid system; therefore, if fluid exso-
lution during border-zone crystallization occurred in
pulses, then the tourmaline would contain repetitious zon-
rng.

Another common cause of zoning is the change of in-
tensive variables-pressure, temperature, or composition
of the crystallizing medium-during the normal course of
crystallization (i.e., not necessarily as a result of rapid
crystallization). Changes in lithostatic pressure were prob-
ably not important because the pegmatite was emplaced
at 3 kbar or greater (Redden et al., 1982); however, vari-
ations in P"ro may have been an important factor. The
smooth compositional variation within single crystals of
type 3 tourmaline in the wall zone (Figs. 7, l6a) reflect
either changes in the composition of the closed melt-fluid
system with progressive crystallization or a slowly de-
creasing temperature, or both. The zoning observed in
type 5 crystals appears to have resulted from the depletion
of Fe in particular, as progressively more evolved fluids
permeated the wall zone.

The changing composition of the pegmatite melt-fluid
system with progressive crystallization is closely related
to (and in part caused by) the stability of a given tour-
maline composition at a particular set of pressure-tem-
perature conditions. For example, at hrgh temperatures,
Fe-rich compositions are more stable than Li-rich com-
positions; thus, early tourmaline crystallization contrib-
utes to the Fe-depletion of the melt. Although tourmaline
solid solution is complex, tourmaline may be expected to
behave similarly to other minerals with octahedral sites.

Dislonce (fi) from psgmolite-counlry rock contocl

Fig. 13. Compositional variation with respect to distance from
country-rock contact. Representative samples from west-central
part of Bob Ingersoll No. I dike as follows: type lb, country-rock
inclusion, Gl l(a); type 2, border zone, Gl I (b); type 3, wall zone,
coarse, Ela2;type 5, wall zone, intergown with muscovite, Elal;
type 4, wall zone, fine, Elb; type 9, core, D'1. (First and second
intermediate zones absent in this area; third intermediate zone
is thin and contains no tourmaline.)

Of the major Y-site cations, Mg should be preferred at
higher temperatures, Fe at intermediate, and Li at lower
temperatures based on ionic size and charge (Tauson,
1965). It is therefore important to consider (and to iden-
ti&) the different efects of simple depletion or enrichment
of elements in the melt-fluid versus crystal-chemical sta-
bility under varying conditions.

Crystal-chemical confol of tourmaline composition

The initial purpose of Figures 15 through 17 was to
illustrate how Mg and the four transition metals Ti, Fe,
Mn, and Zn covary as the pegmatite crystallized, under
the premise that decreasing (Fe + Mg) is a good index of
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Fig. 14. Tourmatne paragenesis based on (Fe + Mg) values (atoms per formula unit), shown along abscissa; n: the number
of analyses for each group.
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progressive crystallization. Owing to the similarity oftheir
properties, these cations should generally behave as fer-
romagnesian elements, and thus each should in turn de-
crease as Li increases. The sequence in which these five
elements should first peak, then diminish as temperature
falls during crystallization can be predicted, as suggested
by Foit and Rosenberg (1979). Under ideal melt condi-
tions (no efects from cocrystallizing phases, no other frac-
tionation processes), the cation with the highest field
strength should be favored at high temperature and the
cation with the lowest field strength, at low temperature.
Thus in an ideal crystallization sequence, the elements
might covary as shown schematically in Figure 18. Cat-
ions with successively lower field strengths should ideally
be at their peak concentration in tourmaline at succes-

sively lower temperatures, if their concentrations in the
melt are of a similar order of magnitude (Tauson, 19651,
Foit and Rosenberg, 1979).

The cation field strength may be approximated by Z/r2
in which Z: charge and r: cation radius for octahedral
coordination. Using Zhdanov's (1965) values forthe ionic
radii in octahedral coordination (in Bloss, l97l), the ap-
proximate field strengths are Ti, 9.8; Mg, 3.7;Fe,3.l;7-n,
2.9; and Mn, 2.4.Figure l8 is drawn such that the quantity
ofeach element is similar to the quantity actually observed
in tourmaline from the pegmatite, that is, Fe and [Li +
Al(Y)l are the principal substituents, and Mg, Ti,Zn, and
Mn are subordinate. The (Li * Al) couple may be ex-
plained by the same reasoning if the field strength of Li
(-2.1) is the governing factor. Al has a high field strength

Fe + M9 (per formulo uni i )
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Fe +Mg (otoms p€r formulo unil )

Fe + Mg ( otoms per formulo unit )

Fig. 17. Variation in concentration of Ca in Bob Ingersoll tourmaline in terms of Ca atoms per formula unit vs. (Fe + Mg).
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and thus readily fits the Y-site octahedra, its concentration
apparently limited only by charge-balance requirements.

Figure 19 is similar to Figure 18, but is constructed
from compositional data in Table 3. The similarity of
trends shown in Figures 18 and 19 indicates the impor-
tance of crystal-chemical control of composition as an
influencing factor on the overall compositional trends of
the tourmaline. Recogrrition of this factor allows further
interpretations regarding additional factors, such as dif-
ferentiation due to the coexistence of melt and aqueous
fluid, or the fractionation effects of other crystallizing min-
erals.

Processes of crystallization

One of the foremost goals of this research is to deter-
mine whether aspects of tourmaline composition and tex-
ture or habit reflect the nature of the media from which
the tourmaline crystallized. Three possibilities are sug-
gested by three distinct trends of Fe and Mg variation, as
follows: boron metasomatism, crystallization from sili-
cate melt, and crystallization from a melt-aqueous fluid
system.

The first trend of Fe-Mg variation is that of tourmaline
in the country rock and in inclusions ofcountry rock in
the pegmatite. Such tourmalines exhibit a range of Fel
(Fe + Mg) from 0.544 to 0.799 (Fig. 9), with the lowest
values generally corresponding to the highest (Fe + Mg)
values. The lowest Fe/(Fe + Mg) values obtained for tour-
maline appear to result from early replacement of biotite,
prior to extensive re-equilibration with pegmatite fluids
enriched in Fe relative to Mg. As the biotite re-equili-
brated, its Fe/(Fe + Mg) value increased, as did that of
tourmaline replacing biotite. Thus the zoned tourmaline
in the country rock formed with low Fel(Fe * Mg) cores
that were mantled and thus protected from later re-equil-
ibration by rims of successively higher Fe/(Fe + Mg). The
biotite re-equilibrated completely, whereas the history of
the re-equilibration was retained in the zoned tourmaline.

The second trend is characteristic of tourmaline from
the pegmatite border zone. The Fel(Fe + Mg) values range
from 0.718 to 0.938, but there is actually very little over-
lap between these values and values for country-rock tour-
maline (Fig. 9). Border-zone tourmaline crystals are zoned,
with high-Fe, high-Mg cores, and the Fe/(Fe + Mg) ratio
increases as (Fe + Mg) decreases (e.g., Fig. 7a). One in-
ference is that this Fel(Fe + Mg) ratio is governed by the
Fe and Mg content of the pegmatite melt. Alternatively,
the border-zone tourmaline may have been uniformly
contaminated by Mg of the country rock, and the value
of Fel(Fe + Mg) a function of the equilibrium at the
prevailing pressure, temperature, and composition. In any
case, the Fe/(Fe + Mg) ratios reflect different processes
of formation: country-rock tourmaline formed by boron
metasomatism of Fe-Mg minerals in the country rock,
andborder-zone tourmaline by crystallization from a melt
or fluid-melt system.

The third trend oftourmaline compositions on the basis
of Fe and Mg values is that of samples of tourmaline
interior to the border zone (with the exception ofthe third
intermediate zone, discussed separately). All such tour-
malines consistently contain Mg in quantities below 0.10

Fig. 18. Schematic illustration of ideal covariation of Y-site
cations of tourmaline in response to decreasing temperature and
increasing fractionation of melt.
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wto/o MgO (and most below 0.01). To further emphasize
this, crystals that contain less than 0.10 wto/o MgO occur
in the wall zone within inches of the border zone (Table
3). Values of FeO in these same tourmaline samples, how-
ever, are greater than FeO values of border-zone tour-
maline. It is proposed that the differentiation of Fe and
Mg is due to the presence of an exsolving aqueous fluid.
This is supported by the very coarse grain size of tour-
maline immediately interior to the border zone (outer wall
zone). The coarse grain size may be attributable to en-
hanced diftrsion and crystal growth in an aqueous me-
dium (Jahns, 1953, 1982).

Other compositional aspects of tourmaline in the third
trend (Mg depleted) provide evidence of crystallization
from a fluid-melt system that was differentiated relative
to the border zone. Aside from Mg depletion, Zn and Mn
become enriched as Fe decreases with inward crystalli-
zation of the wall zone (Fig. l6a). Additionally, Fe, Mn,
and Zn concentrations constitute well-defined trends as
Fe decreases, implying that these elements were efficiently
differentiated and approached the ideal crystal-chemical
concentration in tourmaline at the given pressure, tem-
perature, and composition of the crystallizing medium.
These trends and the habit of tourmaline in the outer wall
zone may indicate the presence of an aqueous-fluid in-
terface between melt and crystallizing tourmaline. Alter-
natively, exsolved fluid rising through the melt may have
caused differentiation by depleting lower portions of melt
of the elements that favor the fluid, thus enriching melt
in upper parts of the pegmatite in these same elements.
Evidence supporting this process is the occurrence oftype
3 tourmaline predominantly on the hanging wall of the
pegmatite.

The differentiation ofan aqueous fluid exsolving from

the silicate melt should have several effects on tourmaline
compositions. Certain elements such as Zn and Mn should
favorably partition into the aqueous fluid from the silicate
melt and thus be enriched in the tourmaline. Holland
(1972) found Zn and Mn to be enriched in the aqueous
fluid (Zn > Mn) in the presence of Cl. Fe is also favorably
partitioned into aqueous fluid coexisting with silicate melt
(Burnham, 1979), but Mg is strongly retained in the melt
(Holland, 1972). Another effect on composition of crys-
tallizing tourmaline results from the increased diffirsivity
of elements in an aqueous phase, the viscosity of which
may be seven orders of magnitude less than the silicate
melt (Jahns, 1982). With increased diff.rsivity, diffusing
ions should respond more efficiently to chemical potential
gradients, and therefore the composition may approach
the ideal crystal-chemical-controlled (equilibrium) con-
centrations of each of the elements involved in tourmaline
substitution.

The halogens F and Cl should also show characteristic
partitioning behavior in the presence ofaqueous fluid and
silicate melt. Cl concentrates in the fluid, and F prefer-
entially remains in the melt (Hards, 1976; Fuge, 1977;
Burnham, 1979; Manning, l98l). The ratio of these ele-
ments in tourmaline should therefore provide insight as
to the presence of aqueous fluids; however, Cl has not
been determined in this study. F contents (Table 3), which
are lowest in tourmaline of the outer wall zone, indicate
that the crystallization of this tourmaline (type 3) may
have occurred in the presence ofan aqueous-fluid interface
between the growing tourmaline and silicate melt, or that
the crystallizing medium was diluted with respect to F by
an abundance ofaqueous fluid.

On the basis of the F content of all the tourmaline of
the Bob Ingersoll No. I dike, the pegmatite is F-rich (cf.,
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Nemec, 1969). Amblygonite-montebrasite in the Bob In-
gersoll No. l. dike contains -3 wto/o F (&*o = 0.25), and
lepidolites contain as much as 7 wto/o F (F/OH . 0.8).
From the preponderance offluorapatite over chlorapatite
in Black Hills pegmatites in general (Roberts and Rapp,
1965; Papike et al., 1984), the pegmatite was probably
not enriched in CI (e.g., F = 3-4 wt0/0, Cl < 0.01 wto/o in
apatite, Jensen, 1984; cf., Roegge et al., 1974).It follows
that although elements such as Zn and Mn were enriched
in the aqueous fluid, the enrichment was only by a small
factor and they were not completely extracted from the
melt.

There is also textural evidence from the coarse tour-
maline of the outer wall zone (type 3) for the presence of
an aqueous fluid during crystal growth. External, heter-
ogeneous nucleation of these crystals, with the inward-
crystallizing wall of the magma chamber as the substrate,
is indicated by both the paucity and irregular distribution
of crystals, and also by their orientation relative to the
wall (Lofgren, 1980). Such nucleation characteristics com-
bined with the very coarse grain size suggests crystalli-
zation in the presence of a medium of reduced viscosity,
e.g., melt and exsolving aqueous fluid. Additionally, the
orientation of type 3 tourmaline crystals is analogous to
an extremely coarse grained variant of comb layering, the
origin of which has been similarly interpreted (Moore and
Lockwood, 1973).

The trend of MnandZn enrichment in tourmaline con-
comitantly with progressive crystallization of the wall zone
(Fe depletion), holds well for coarse-grained (type 3) and
fine-grained (type 4) tourmaline ofthe wall zone. Although
texturally different, the similarity of trends indicates a
similar crystallization mechanism for both. The fine-
grained tourmalines simply grew at a stage when much of
the surrounding portion ofthe wall zone had previously
crystallized, consistent with their occurrence in the inte-
rior parts of the wall zone and their subhedral texture.
The location of the fine-grained crystals and the orien-
tation of coarse-grained crystals perpendicular to the bor-
der zone-wall zone contact are evidence of an orderly
inward crystallization of the wall zone. However, tour-
maline that occurs with coarse-grained segregations of
muscovite in the wall zone (type 5) deviates somewhat
from the trend (Fig. 16b). Some ofthese crystals are strongly
zoned (Fig. 7d), commonly with rims very low in Fe. At
high Fe values, Zn and Mn fall on the main wall-zone
trend (see Fig. l6b), whereas at values between 1.0 and
0.7 Fe atoms per formula vr;lit, Zn and Mn are generally
low relative to other wall-zone tourmaline. This may be
due in part to the phengitic nature of the coexisting mus-
covite (Table 6). Although muscovite may incorporate
substantial amounts of the Y-site cations of tourmaline,
the amounts are quite variable. Cation exchange with
muscovite as the tourmaline crystallized may have buff-
ered the Mn and Zn concentrations, as fluids became pro-
gressively more Fe depleted. It is evident from the range
of Fe contents of different samples of type 5 tourmaline
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and muscovite
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sampl  e
number  *Fe0

Tr*  M** r

Hn0

T i l

ZnO Zone

T N

foumal  i  ne

T M

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

G 1
8 b b
G l t
c 7 b
E l a l
8 l b
F 5
c 1
E l b
G4c
Bt2
0 ' 1

4 . 6 7  0 . 9 7
6 . 7 9  < 0 . 0 1
6 . O 2  0 . 7 2
s . 9 6  0 . 2 4
5 , 8 8  0 . 9 1
5 . 1 0  0 . 9 5
2 . 9 5  0 . 1 4
5 . 6 2  0 . 8 0
4 . 8 4  0 . 6 4
8 . 2 5  0 . 6 3
3 . 5 0  0 . 1 3
0 . 9 2  0 . 0 7

0 . 4 8  0 . 3 3
0 . 0 1  < 0 . 0 1

< 0 . 0 1  < 0 . 0 1
< 0 . 0 1  < 0 . 0 1
0 . 0 2  0 . 0 2

< 0 . 0 1  0 . 0 5
0 . 0 1  0 . 0 1

< 0 . 0 1  < 0 . 0 1
0 . 0 1  0 . 0 1
0 . 0 6  0 . 0 3
0 . 4 7  < 0 , 0 1

< 0 . 0 1  < 0 . 0 1

0 . 4 3  0 . 1 7  B o r d e r
1 , 2 7  O . 4 2  U a 1 1
1 . 3 7  0 . 2 6  l a l l
0 . 7 8  0 . 0 5  H a l l
0 . 9 4  0 . 0 6  | ' l a l l
0 . 3 9  0 . 0 5  i l a l l
0 . 3 7  0 . 1 4  i l a l l
1 . 2 2  0 . l l  i l a l l
1 . 5 7  0 . 0 9  { a l l
1 . 0 8  0 . 0 6  l s t  l n t .
0 . 1 3  0 . 0 3  3 r d  I n t .
1.09 0.06 Corei t* i

N o t e s :
r  V a l u e s  a a e  i n  t r . g
* r  T  -  t o u r [ a ] i n e
*** 14 -  muscovite
* * a *  0 r 1  m i c a  i s  l e p i d o l i t e :  L i 2 0  =  4  w t . % ,  F  :  5  w t . X

that the crystallization of this assemblage occurred
throughout the crystallization of the wall zone (Fig. la).

Tourmaline of the flrst intermediate zone (type 7) is
compositionally similar to type 5 tourmaline (Fig. 16d).
The range of Fe concentrations suggests an overlapping
paragenesis with wall-zone tourmaline; however, the com-
positional trends of tourmaline from this zone may be
incomplete owing to sampling restrictions imposed by
previous mining of the interior parts of the zone. Tour-
maline was not an early-forming mineral in this zone,
based on its occurrence as an anhedral constituent of the
matrix between feldspar megacrysts. This suggests crys-
tallization from the interstitial, residual melt following
early K-feldspar crystallization. The residual nature of the
liquid is supported by a slight Mg content, and by elevated
Sc and Co concentrations of one of the samples (G4c,
Table 3).

Tourmaline from the third intermediate zone (type 8)
is compositionally similar to border-zone tourmaline (Fig.
l5) and almost identical to the outer rim of the crystal in
Figure 8 except that Mn and Zn ate depleted relative to
the border-zone tourmaline. Type 8 tourmaline is en-
riched in Mg, Co, Sc, and F and depleted in Fe, Mn, and
Zn relative to type 3 tourmaline. On the basis of the
fractionation of these elements between coexisting silicate
melt and aqueous fluid, as discussed earlier, it appears
that this composition reflects crystallization from a resid-
ual magma that had previously undergone aqueous-fluid
separation. Additionally, the distribution of the tourma-
line crystals is regular, and they have no preferred ori-
entation (Fig. 5b), both of which support homogeneous
nucleation and growth directly from the melt (Lofgren,
1980). This raises the question of how exsolution of
aqueous fluid can cease once it has begun in a saturated
melt.

A saturated granitic melt should contain at least -10

wto/o HrO at 3 kbar (Tuttle and Bowen, 1958); therefore
once saturated, the crystallization of any minerals, all of
which contain less than l0 wt0/0 HrO, should cause the
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remaining melt to be continuously oversaturated. How-
ever, from recent work by London (1986), the solubility
of HrO in a silicate melt may be increased significantly
by the buildup of an alkali borate (specifically LirBoO,)
component in the melt. This may have been the case in
the third intermediate zone in which tourmaline occurs
only at the inner contact with the core. Otherwise, the
third intermediate zone consists of a barren assemblage
of quartz and Na-feldspar. The reason for tourmaline in-
stability throughout most of the zone is unclear, although
the coordination state of 83* in the melt may be a factor
(Chorlton and Martin, 1978; Pichavant, l98l; London,
1986). The implication is that in the absence oftourmaline
crystallization, the activities of Li, F, and B in the melt
increase and thus allow increased solubility of water. This
results in melt depolymerization (Burnham, 1979) and
thus an increase in the availability of structural sites in
the melt for network-modifying cations. When tourmaline
becomes stable and crystallizes, the LirBoO, component
is removed from the melt, water exsolves, and a diverse
mineral assemblage results from the loss of structural sites
in the melt (London, 1986). The presence ofthe accessory-
mineral assemblage of tourmaline, beryl, apatite, and cas-
siterite at the contact of the third intermediate zone and
the core supports this model.

The Mg content of type 8 tourmaline poses a problem
relating to the enrichment of Mg during the crystallization
of the pegrnatite. The normal compositional variation with
progressive crystallization in a magmatic system should
include Mg depletion. If the Mg content of the melt is
progressively depleted following border-zone crystalliza-
tion, how then does type 8 tourmaline form with the same
Fel(Fe + Mg) as border-zone tourmaline? This may result
from an increase in Mg concentration in residual melt
during the hiatus in tourmaline crystallization at the time
of formation of the third intermediate zone and from the
preferential loss of components other than Mg to previ-
ously exsolved aqueous fluid.

The similarity of Fe/(Fe + Mg) values between types 2
and 8 tourmaline raises another question: is Fe/(Fe + Mg)
in tourmaline temperature dependent in a given system,
e.g., melt-crystals? If so, the temperature of crystallization
of the border zone may have been nearly the same as that
of the third intermediate zone. This may be possible if
the border zone formed by a rise in the solidus temper-
atures on the order of 25 to 50'C. The crystallization of
the pegmatite through the third intermediate zone may
well have taken place over a narrow temperature interval.
The solidus may have been less than 600t owing ro the
high B content (Pichavant, I 98 l) and perhaps even lower
because of the combined effects of HrO, B, F, and Li
(Manning et al., 1984). Once the pegmatite began to crys-
tallize and volatiles were gradually removed from the sys-
tem, crystallization may have proceeded under the influ-
ence of only a slight temperature gradient.

Tourmaline of the pegmatite core (types 9 and l0) is
Mg depleted and ranges in Fe content from 0.5 atoms per

formula unit to below the detection limit of the micro-
probe (Fig. l6e). The two distinct varieties of tourmaline
of the core may reflect both crystallization from the re-
sidual melt and the presence ofthe last portion ofexsolved
aqueous fluid. The light-bluish-gay tourmaline (type 9),
which occurs in a fine-grained intergrowth of quartz,
cleavelandite, and lepidolite, may result from crystalli-
zation ofthe last portion of residual melt. This tourmaline
is embayed and crosscut by the other minerals; therefore,
it formed early in the crystallization of the core. The lack
of a continuum in Mg and Fe contents from third-inter-
mediate-zone tourmaline to core tourmaline may result
from a sampling gap, or it may reflect a dilution of these
elements due to their uptake by lepidolite as well as by
tourmaline (Table 6).

Pink elbaite (type l0) is the most highly evolved tour-
maline in the pegmatite in terms of Li enrichment and Fe
depletion. The commonly euhedral form and splayed hab-
it, and the apparent preferential occlurence ofthis tour-
maline with small quartz segregations (Norton, 1983), may
reflect crystallization in the presence ofthe latest-exsolved
aqueous fluid. F depletion in type l0 relative to type 9
tourmaline may also indicate crystallization of type l0 in
the presence ofan aqueous fluid; however, dilution ofF
by incorporation in lepidolite is also possible. The distri-
butions of the minor elements (Mn, Zn, Ti, Ca) between
types 9 and l0 tourmaline are not easily interpreted in
terms of differentiation between the aqueous and mag-
matic phases. Manganese is most concentrated in type l0
tourmaline, and the Zn concentration decreases relative
to type 9 tourmaline. This may result from the crystal-
chemical preference of the tourmaline structure. If, how-
ever, Mn andZn are depleted in the residual melt because
of preferential partitioning into the coexisting aqueous
phase, why are they not depleted in tourmaline that is
inferred to have crystallized from the residual melt (type
9)? The partition coefficients based on a simple Cl-rich
system may be an order of magnitude too high for an
F-rich system, owing to the complexing effect of F (Man-
ning, l98l). Although Mn and Zncan be effectively frac-
tionated between the aqueous phase and silicate melt by
Cl complexing, they may not be completelyremoved from
the melt (in an F-rich system), as might occur in a Cl-rich
system. It may therefore be possible for Mn and Zn to
persist in the residual melt. The reason that the two dis-
tinct tourmaline types (9 and l0) follow the same trends
(Fe and Zn depletion; Li, Mn, and Ca enrichment) may
be that Cl was depleted and F dominant during core for-
mation, and therefore the crystal-chemical behavior (site
preference) of tourmaline was not overprinted by a strong
fractionation of elements between the melt and aqueous
fluid.

The reason for the increase in Ca concentration oftour-
maline throughout the pegmatite, for samples with rela-
tively low total (Fe + Mg), is not certain; however, this
trend was also noted by Staatz et al. (1955) and Foord
(197 6). Staatz et al. suggested that this might be a crystal-
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estimated bulk compositional variations of pegmatite zones.

chemical response, driven by charge-balance require-
ments ofthe tourmaline. The occurrence of the Ca buildup
in high-Li tourmaline regardless of zonal location or tex-
tural type supports this suggestion. Another possible cause
is the continuous subsolidus release of Ca from early-
formed plagioclase as it equilibrates with progressively
more-evolved, lower-temperature fluids (Jahns, I 982). The
observed increase in Ca content of apatite from the wall
zone to the core at the Bob Ingersoll No. I dike (Papike
et al., 1984) and the occurrence of microlite, a Ca-Na
tantalum oxide, in the pegmatite core support this pos-
sibility. Additionally, Iondon and Burt (1982a) have not-
ed postmagmatic Ca-for-Li and Ca-for-Mn exchange in
primary phosphates. An actual increase in the activity of
Ca is favored over the charge-balance argument as the
cause of increasing Ca in late tourmaline because the most
Ca-enriched tourmaline contains Al(Y) in excess of Li, a
condition that does not appear to require excess positive
charge for balance.

Sequence of crystallization of pegmatite zones and
internal evolution

Textures observed at the Bob Ingersoll No. I dike cou-
pled with compositional data on tourmaline provide in-
sight to the sequence of crystallization of the pegmatite

zones and possibly to mechanisms that were in part re-
sponsible for the compositional differentiation of the peg-
matite. One possible model into which the data can be
integrated with current thinking (esp. Jahns, 1982) re-
garding pegmatite internal evolution is described below.

The early stages ofcrystallization during orimmediately
following emplacement of the pegmatite consisted of an
initial B metasomatism of the country rock and the for-
mation ofthe border zone. The initial solidus temperature
may have been depressed to well below 600'C on the basis
of the HrO, Li, B, and F enrichment of the pegmatite
(Chorlton and Martin, 1978; Stewart, 1978; Manning,
l98l;Pichavant, l98l;Manning et al., 1984). The fine-
grained border zone may represent a "quench" due to
volatile loss (causing an abrupt increase in the solidus).
The border zone is silica rich (Fig. 20) relative to the
haplogranite minimum and is also peraluminous. The
peraluminous nature may only be apparent, resulting from
a loss of alkalis, especially K, to the country rock (Norton,
1983). Alkali loss has been documented for many Black
Hills pegmatites (e.9., Sheridan et al., I 9 5 7; Redden, I 963 ;
Shearer et al., I 986) and specifically for the Bob Ingersoll
pegmatite (Tuzinski, 1983). Zoned tourmaline crystals in
the border zone may reflect enrichments and depletions
caused by initial pulses ofexsolving aqueous fluids. The
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Mg content of the border-zone tourmaline probably re-
sults from trace Mg in the melt and from contamination
by country rock.

In the wall zone, the presence of large tourmaline crys-
tals that are perpendicular to and tapered toward the bor-
der zone indicates unobstructed crystallization from the
border inward. The coarse grain size provides evidence
for the presence of exsolved aqueous fluid (Jahns and
Burnham, 1969). The aqueous fluid may have existed
initially along growing-crystal boundaries or as fine, dis-
persed droplets in the melt (Jahns, 1982). The composi-
tion of tourmaline in the outer wall zone reflects the pres-
ence ofthe aqueous fluid in terms of the efficient, systematic
differentiation of Fe, Mg, Mn, Zn, and,F.

Tourmaline paragenesis, based upon the extent of the
substitution of (Li + Al) for (Fe + Mg), suggests overlap
in the timing of crystallization of the interior part of the
wall zone, the first intermediate zone, and the third in-
termediate zone. The crystallization of these three zones
may be complementary. The first intermediate zone is
greatly enriched in K, based on the modal abundance of
K-feldspar, whereas the third intermediate zone and much
of the interior of the wall zone are depleted of K. Whether
the reason for this differentiation lies with the response
to a temperature gradient or with melt-site preference for
Na relative to K, the first intermediate zone, which formed
a broad thick hood in the upper portion of the pegmatite,
was greatly enriched in K, a typical feature in Black Hills
pegmatites (Norton and others, 1964). Transport in a fluid
phase that rises through the melt because of its lower
density is an appealing mechanism to achieve such dil:
ferentiation. Although K rnay also have been depleted
from the top of the pegmatite by the exsolving aqueous
fluid that moved upward into the country rock, it was
replenished from lower zones. The K-feldspar-bearing zone
therefore crystallized with a bulk composition far re-
moved from the quartz-K-feldspar-albite minimum to-
ward the K-feldspar-quartz sideline (Fig. 20) or toward
the K-feldspar apex. The effect of wholesale removal of
K from lower parts of the pegmatite is to displace the
composition of the rest magma from the ternary mini-
mum toward the quartz-albite join, or locally even into
the quartz or albite single-phase fields, but not far from
the minimum, on the basis of the presence of minor
amounts of muscovite or K-feldspar in the inner wall zone
and third intermediate zone. Additionally, the displace-
ment from the minimum composition should result in
forced crystallization of quartz and albite (Jahns, 1982).

As the composition of the residual melt moved away
from the minimum composition, its ability to retain water
in solution, in terms ofweight percent, may have increased
(Fig.27, Tuttle and Bowen, 1958). Alternatively, the lack
of tourmaline crystallization in outer parts of the third
intermediate zone allowed the component LirBoO, (or oth-
er alkali borate) to concentrate in the residual melt, caus-
ing increased H,O-silicate liquid miscibility as shown by
London (1986). The significance of these compositional

shifts is that the magma forming the third intermediate
zone was forced to at least partially crystallize and that
there may have been a hiatus in the aqueous-fluid exso-
lution. Tourmaline of this zone does not show the com-
positional or textural characteristics that are inferred to
result from coexistence with an aqueous-fluid component
with the melt. Tourmaline eventually became stable and
resumed crystallization. Removal of LirBoO, from the melt
caused HrO exsolution to resume, which in turn caused
increased melt polymerization and deposition of beryl,
apatile, and cassiterite. Another important compositional
aspect ofthe third intermediate zone is the abundance of
quartz (relative to cleavelandite), which appears to in-
crease gradually, beginning in cleavelandite-rich portions
of the wall zone. The increase in modal quartz is also
consistent with the possibility that the third intermediate
zone is a product of a residual magma. As such, it should
be enriched in F, and this is indeed indicated by the high
F content of third-intermediate-zone tourmaline. An in-
crease in F concentration in the silicate melt has the effect
of shifting the quartz-albite join away from the quartz
apex (Manning, l98l), thus causing an increasing pro-
portion of quartz crystallization.

As a consequence of pegmatite crystallization, the ac-
tivity of Li in the residual silicate melt increases (Stewart,
1978). Eventually, with the continued crystallization of
quartz and alkali feldspars, the composition ofthe residual
silicate melt reaches a minimum in the quartz-alkali feld-
spar<ucryptite (LiAlSiO4) ternary system (Fig. 2l), and
one of the lithium aluminosilicates begins to crystallize.
At the Bob Ingersoll No. I dike, the primary Li mineral
that formed is lepidolite, probably owing to the abundance
ofF (London and Burt, 1982b; eern! and Burt, 1984).
This zone (quartz-cleavelandite-lepidolite) forms the
structural center of the dike and is inferred to be the core
in the sense that it was last to crystallize, on the basis of
the occurrence of highly evolved, primary tourmaline.

CoNcr,usroNs

Tourmaline from the internally zoned Bob Ingersoll No.
I pegmatite dike occurs as a number of texturally and
compositionally distinct types that are confined to partic-
ular zones. The tourmaline compositions are mostly along
the schorl-elbaite join, ranging from slightly over 500/o of
the schorl end member to nearly end-member elbaite.
Several of the groups contain appreciable Mg; Zn, Mn,
Ti, and Ca are minor constituents. Tourmaline exhibits
systematic compositional variations that indicate B meta-
somatism of the country rock, followed by the progressive
crystallization of the pegmatite in the sequence border
zone to wall zone to intermediate zones to core. The major
substitution corresponding to proglessive evolution of the
pegmatite is (Li + Al) replacing (Fe2* * Mg) in the Y site.
This is generally consistent with the findings ofother stud-
ies. However, variations in minor-element concentrations
suggest that a complex crystallization relationship exists
among the intermediate zones of the pegmatite.
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Stewart, 1978). Minimum of the system Ab-Qz-eucryptite-HrO at Pr,o:2 kbar and approximate 6eld boundaries for Li minerals

in general (Stewart, 1978) shown for reference.

Feldspor
A b + O r

Interpretations regarding the nature of crystallization
relationships of the zones and the nature of crystallization
medium depend upon the recognition ofthree factors that
afect the compositional variation of tourmaline: (l) bulk
compositional evolution of the pegmatite melt-fluid sys-
tem during progressive crystallization; (2) the crystalli-
zation process, particularly the nature of the crystallizing
medium; and (3) crystal-chemical preferences of the tour-
maline structure in response to changing physical condi-
tions. Regarding the second factor, three processes iue of
concern: metasomatism, crystallization from a silicate
melt, and crystallization from a silicate melt in the pres-
ence of an exsolving aqueous fluid. Of particular impor-
tance is the differentiation capability of the separate
aqueous fluid, whether in a "static" sense or in the sense
of a mobile fluid that differentially sqlvenges elements
from one portion of the melt and enriches the melt else-
where. By distinguishing the effects of these factors, com-
positional variations of the tourmaline may be useful in
the interpretation of crystallization processes that affected
the differentiation of a given pegmatite.

Textures and crystal-zoning trends support the com-
positional trends and are consistent with the following
model for the Bob Ingersoll No. I pegmatite. The border

zone crystallized as a quenched margin owing to volatile
loss during an initial pulse of exsolving fluid synchro-
nously with B metasomatism and formation oftourmaline
in the country rock. The pegmatite initially crystallized
from the walls inward and exsolved aqueous fluid
throughout wall-zone crystallization. The aqueous fluid
provided an effective medium for differentiating the peg-

matite melt with respect to several constituents, including
the Y-site cations of tourmaline and the alkalis Na and
K. As the aqueous fluid concentrated in upper parts of
the pegmatite, K became enriched and formed the K-feld-
spar-rich first intermediate zone. The depletion of K re-
sulted in the increasingly sodic nature of the inner wall
zone and the adjacent third intermediate (quartz-cleave-
landite) zone in lower parts of the dike. The suppression
of tourmaline crystallization coupled with the depletion
of K in the third intermediate zone changed the bulk
composition of the rest magma, and crystallization of the
quartz-cleavelandite zone occurred without concomitant
exsolution of aqueous fluid. When conditions again be-
came favorable, tourmaline crystallization resumed, de-
pleted the melt in Li and B fluxing components, and con-
tributed toward renewed exsolution of aqueous fluid. The
rest magma achieved Li saturation and crystallized a min-

Minimum in th€ 3yltcm
Ab-Qz-Eu- Hlo or Pli i 2 kb
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imum-melt assemblage of quartz-cleavelandite-lepidolite
at the core of the pegmatite, which also contains the most-
evolved tourmaline, Fe-free elbaite.

Many of the interpretations presented in this study are
speculative. Research in several specific areas may pro-
vide additional insights. These include the stability of
tourmaline and its equilibrium composition, in terms of
major end members, under diverse conditions. Data per-
taining to the partitioning behavior of elements in the
system melt-fluid-crystals, with different combined con-
centrations of the elements F, Cl, and B, are also critical
to improved understanding of chemical differentiation
during the internal evolution of zoned pegmatites.
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