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Ansrnlcr

We report here the results of a series of inclusive chemical characterizations, including all
elements except oxygen, for a suite of 54 tourmaline samples. A combination of analytical
techniques was used to atalyze for major and light elements (electron microprobe), Fe3* and
Fe'?* (Mrissbauer spectroscopy), H (U extraction), and B, Li, and F (ion microprobe, or SIMS).
The B content of the tourmalines studied ranges from 2.86 to 3.26 B per formula unit (pfu)
with 3l anions; excess boron is believed to reside in ttre Si site. Li ranges from 0.0 to 1.44
Li pfu and F contents are 0.G-0.91 pfu. H contents range from nearly anhydrous up to 3.76
H pfu and do not correlate simply with Fe3+ content.

M<issbauer results show that tourmaline exlubits the entire range of Fe3*DFe from 0.0-1.0.
Fe2* is represented in the spectra by three doublets, with occupancy in at least three distinct
types of Y sites (with different types of nearest and next nearest neighbors). Fe3* was found
n26 of the 54 samples studied. Although Mcissbauer data do not allow the distinction between
rFe3* and tzrFe3+ site occupancies to be made, XRD data on these samples suggest that the
majority of Fe3* is also in Y. Of the samples studied, t+rps:+ 6qs!-s in nine; five of those were
either olenite or uvite with extensive Na substitution. A mixed valence doublet corresponding
to delocalized electrons shared between adjacent octahedra was observed in 14 of the samples
studied. Projection pursuit regression analysis shows that distribution of Fe among doublets is
a function (albeit a complex one) of bulk composition of the tourmaline and supports the
interpretation of doublets representing different populations of neighbors. Variations in Fe3*/
Fe2* ratio cannot be directly related to variations in charge in any single site of the structure.
Fe3+/Fe2+ ratio is probably controlled by the prevailing oxidation state in the bulk rock assem-
blage, rather than by any particular crystal chemical substitution.

INtnonucrroN

In the years before the introduction of instrumental
methods for analysis of minerals, it was common practice
to analyze minerals by wet chemistry, evaluating all con-
stituents that might be present. However, the ease of access
and simplicity of analyses made possible by the elecfron
microprobe, coupled with the demise of most wet chemical
facilities, has made contemporary mineralogy increasingly
dependent on an analytical tool that generates only partial
chemical compositions for minerals. Although advances in
the detection of light elements through use of synthetic
crystals have made electron microprobes capable of esti-
mating their abundances (McGee and Anovitz 1996), the
analysis of elements lighter than fluorine remains problem-
atic, even for the ion microprobe (Hervig 1996). For min-
erals in which light elements are significant chemical com-
ponents, it is difficult to accurately and comprehensively
evaluate their crystal chemistry. Frcunp 1. View down the c axis of tourmaline, showine the

connecting B atoms to the comers of adjacent octahedra. The Z
sites link to form three-membered rings (not shown).

For no mineral is this task more problematic than for juxtaposition of Y (shaded) and Z (unshaded) octahedra to the B
tourmaline. Previous wet chemical analyses of tourmaline sites. Corners of all octahedra are O atoms (shared); OH posi-
published in, for example, Deer et al. (1986) show con- tions are_indicated by small, filled circles at the appropriate lo-

cations. B sites are shown as open circles. with dashed lines
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DYAR ET AL.: MOSSBAUER OF Fe IN TOURMALINE

TaeLe 1. Previous site assignments
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Quadrupole Splitting

3.0

I!Fe2+
I4F e2"
tzlFe3+
IYtFe3*

Fe, n+

rYrFe2+ O.(OH),
IYrFe2+ O"(OH),
rYrFe2+ O.(OH)F
r!Fe2+ O"(OH),
rYtFe2+ O.(OH)F
tYIFe2+ O,(OH)
rYrFe3+ (OH)4(OH,F,O)"

R 2 + R 2 +

Rr+R3+

R,+(R,+,Fe3+)

R2+Ti4+
pzrlAt,Tia.)
R'+(R'+,R3+,TF+)
'222

1 0 8  2 5 2  a
1 .09  1 .56  a
0.39 0.95 a
0 37 0.64 a
0 7 2  1 3 5  a
1 0 8  2 5 4  b
1 . 0 8  2 3 7  b
1 0 8  2 1 1  b
1 0 8  2 1 1  b
1 .08  1 .68  b
1 .08  1 .68  b
0 35 0.46 b
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Frcunr 2. Comparison of literature values of the hyperline
parameters I.S (isomer shift) and Q.S. (quadrupole splitting) for
Mrissbauer spectra of tourmaline (a) and data from the current
study (b), all expressed in mm/s. Symbols in (b) represent l4or61Fer+,
r6rFe.*, ED, rylFe2+, ly2tFe2+, and lyrlFe2+ from left to right. Lit_
erature data come from Burns (1972), Belov et al. (1972,1973),
Hermon et al (1973), Pollak and Bruyneel (1974), Alverez et
aL. (1975), Dambly et al. (1976), Gorelikova et al (1978), Scor-
zelli et al. (1976), Korovushkin et al. (1979), Saegusa et al.
(1979), Mattson and Rossman (1984), Kraczka et al. (1986),
Ferrow et al.  (1988), Ferrow (1993, 1994), Fuchs et al.  (1995),
Linares et al. (1996), Pieczka and Kraczka (1997) and Pieczka
et al. (1997). All data represent fits to room temperature spectra,
cited with respect to the midpoint of Fe metal It is apparent
from these results that our data, which were collected on the
same type of apparatus and, perhaps more importantly, fit with
the same model, show less scatter than the collected data from
the literature.

siderable variation of all chemical components in its
structure. Despite the existence of these data, recent
workers have consistently reported (or assumed for con-
venience) that B, in particular, is stoichiometric in tour-
maline. The present study was initiated, in part, to test
the validity of this assumption, and more generally, to
evaluate the full extent of variation in tourmaline chem-
istry using the best possible analytical techniques for each
element in its composition. Note that we have not ana-
lyzed these samples for O although the technology for
doing so is certainly available using fast neutron activa-
tion analysis (e.g., Volborth and Banata 1963; McKlveen

1 . 5 0

1 . 2 5

1 .00

o.75

0.50

o.25

0.00

Note: a : Burns (1 972) and Saegusa (1 979) b - Pieczka et al. (1 997).
Parameters are in millimeters per second

1981). However, the interpretation of weight percent O
data is problematic because it depends on assumptions of
constant cation site occupancy in order for results to be
normalized. For further discussion of this problem, see
Dyar et al. (1991).

A second motivation for this study is the recent rec-
ognition of the ubiquitous occurrence of B-bearing min-
erals in a wide variety of igneous, metamorphic, and sed-
imentary parageneses (London et al. 1996; Grew 1996;
Henry and Dutrow 1996). Development of accurate ther-
modynamic models to express phase relations in B-bear-
ing systems requires very detailed understanding of the
chemical relationships in the constituent minerals (Ano-
vitz and Hemingway 1996). This project seeks to evaluate
the predominant controlling substitutions and potential
thermodynamic end-members with which the tourmaline
structure might be modeled. Again, such a task requires
detailed chemical characteization of every element pres-
ent in the structure at abundances greater than trace
amounts.

Finally, we have undertaken this study to evaluate the
effectiveness and appropriateness of various technologies
other than the electron microprobe for mineral analysis.
Accordingly, we utilized the electron microprobe for ma-
jor element analysis; the ion microprobe (secondary ion-
ization mass spectrometer, or SIMS) for B, Li, and F;
Mdssbauer spectroscopy for Fe3*DFe; and uranium ex-
traction for HrO. Although the latter two methods were
employed on bulk samples (powders) for the present pro-
ject, microscale methods for those analytical problems are
currently under development or are already in use. [For
example, microscale Fe 3*/Fe 2* determinations on horn-
blende (Delaney et al. 1996), clinopyroxene, and other
silicate minerals (Dyar et al. 1996; Delaney et al. 1998)
are made using synchrotron micro-XANES. Microscopic
measurements of H are routinely done by PIGE analysis
at the State University of New York accelerator lab in
Albany (Lanford 1992).1In this study, we hope to dem-
onstrate the viability of the inclusive approach, and show
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Taele 2. Sample descriptions

Sample
number Source

Museum
numoer Type Descriotion and references

J

4

5

o

7, HS
8 H S

9, WSU

10. WSU

1 1  C M N
12  CMN

HS

HS

HS
HS

HS

HS

CMN
CMN
CMN
CMN
RK
RK
RK
RK
RK
RK
this study

this study

this study

this study
this study

this study

HS
HS

HS
HS
this study
this study
this study
USNM

USNM

USNM

USNM

USNM

USNM

USNM

USNM

USNM

USNM

1 08796

1 1 2566

981 44
1 08491

86321

44061

98695
112547

Silver Knob

Jack Creek

+YJCO

43293

32008
43873
43230
52210
PresFracFill
McKen lsle
Hrgnway 52l
Sigma-3
Bevcon no 1
Ghost Lake
o-T16-92

Ru-f 17-92

Ru-T18-92

SMFALLS
DLUXl

RT1 2

t J t v c c

LCW2356

LCW1067
126022
Whitecapl
STRGR-2
SEBGR-2
BMT-47

BMT-47

BMT-3

BMT-75

BMT-B

BMT-33

BMT-1 1

BMT-20

BMT-65

BMT-17

Dravite

Schorl

Elbaite
Dravite

Uvite

Schorl

Schorl
Foitite

Dravile

Schorl

Dravite
Buergerite

Dravite
Dravite
Dravite
Uvite
Schorl
Schorl
Schorl
Schorl
Schorl
Schorl
Dravite

Dravite

Dravite

Dravite
Schorl

Schorl

Schorl
Draviate

Schorl
Schorl
Schorl
Schorl
Schorl
Schorl

Elbaite

Schorl

Schorl

Elbaite

Dravite

Elbaite

Elbaite

Schorl

Olenite

8 x 6 x 5 cm abraded black crystal from Madagascar (Frondel et al
1966; Hermon et al. 1973)

black nodule from the Alto Lighona pegmatite field, Zambezia, Mozam-
bioue

black striated "pocket" crystal from a pegmatite, Minas Gerais, Brazil
black radiating cryslals forming a sphere with secondary Cu minerals

from the Lucero mine, Chile
colorless crystals in coarse marble, DeKalb, St Lawrence Co , New

York
"aphrizite" luslrous, black euhedra to 5 mm in granite from the Harz

Mtns,  Germany
Aucohuma, Sorata, Bolivia.
2 cm brown cross fiber vein in quartz trom a wolframite deposit at Cop-

per Mountain, Picuris district, Taos Co , New Mexico
Vanadian, from quartz-graphite schist roof pendant at Silver Knob, Mar-

iposa Co, California (Snetsinger 1966; Foit and Rosenberg 1979).
zoned crystals with dumortierite in metasomatized quartz latite, Jack

Creek, Jefferson Co., Montana (Foit et al 1989; Foit 1989)
York River (Grice and Ercit 1993)
from rhyolite at Mexquitic, San Luis Potosi, Mexico (Mason et al 1964;

Donnay et al. 1966; Barton 1969; Tippe and Hamilton 1971; Hermon
et al 1973; Grice and Ercit 1993).

Tait Farm (Grice and Ercit 1993)
Pierrepont (Grice and Ercit 1993)
Yinnietharra, Australia (Grice and Ercit 1993)
Hall Farm (Grice and Ercit 1993)
Preston Fracture Fill, western Canada (King 1990)
McKenzie lsland, western Canada (King 1990)
Highway 527, western Canada (King 1990).
Sigma-3, western Canada (King 1990)
Bevcon #1 , western Canada (King 1 990)
Ghost Lake, western Canada (King 1990)
from metapelite at lower sillimanite grade, Dead River Fm , west slope

of Bald Mt., Rangeley, Oxford Co, Maine
from melanosome bands in the migmatitic Noisy Brook gneiss, Roxbu-

ry, Oxford Co, Maine.
in metapelite adjacent to contacl with pegmatite at sillimanite grade in

Smal l  Fal ls  Fm, Rumford,  Oxford Co, Maine
Small Falls pegmatite, Rumford, Oxford Co , Maine
from a granitic pegmatite associated with the Sebago Granite North

Windham, Oxford Co. Maine
from fine to medium grained Sebago Granite, North Windham, Oxford

Co.,  Maine
black porphyroblasts in white schist, Newry, Oxford Co , Maine
porphyroblasts in amphibolite contact metamorphosed by granitic peg-

matite, Dunton Mine, Newry, Oxford Co, Maine (Henry and Dutrow
1 990)

in cleavelandite, Dunton Mine, Newry, Oxford Co , Maine.
coexisting with spodumene, Nevel Quarry, Newry, Oxford Co, Maine
Whitecao Mt.. western Maine.
Streaked Mountain, STRGR-2, western Maine
Sebago Granite SEBGR-2, western Maine
black, exocontact, Black Mt Pegmatite, Rumford, Oxford Co., Maine

(Brown and Wise 1991)
green, wall rock, Black Mt Pegmatite, Rumford, Oxford Co, Maine

(Brown and Wise 1991)
wall rock, Black Mt. Pegmatite, Rumford, Oxford Co, Maine (Brown

and Wise 1991).
wall rock, Black Mt Pegmatite, Rumford, Oxford Co, Maine (Brown

and Wise 1991)
green, 1st intermediate zone, Black Mt. Pegmatite, Rumford, Oxford

Co., Maine (Brown and Wise 1991)
black, 1sl intermediate zone, Black Mt. Pegmatite, Rumford, Oxford

Co., Maine (Brown and Wise 1991)
dark blue, clevelandite unit, 1st intermediate zone, Black Mt Pegmatite,

Rumford, Oxford Co., Maine (Brown and Wise 1991).
dark blue, clevelandite unit, 1st intermediate zone, Black Mt. Pegmatite,

Rumford, Oxford Co, Maine (Brown and Wise 1991)
blue-green, 2nd intermediate zone, Black Mt Pegmatite, Rumford, Ox-

ford Co, Maine (Brown and Wise 1991)
pink, lepidolite pod in 2nd intermediate zone, Black Mt Pegmatite,

Rumford, Oxford Co, Maine (Brown and Wise 1991).

1 3
1 A

t 3

t o .

1 7
t d _

1 9 .
20
2 1 .
22
1J

25

26
27

28.

29
30

31
32
33.

35
36

37

38

39

40

44
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Teete 2-Continued

Sample
number Source

Museum
numDef Type Descriotion and references

46

47

48

USNM

USNM

USNM

BMT-19

BMT-A

BMT-49

HP 2-1
HP 5.1
HP 6-1
1 08749
1 8796
12146

Olenite

Olenite

Elbaite

Schorl
Schorl
Schorl
Schorl
Dravite
Dravite

pink, lepidolite pod in 2nd intermediate zone, Black Mt Pegmatite, Rum-
ford,  Oxford Co, Maine (Brown and Wise 1991).
pink, core, Black Mt Pegmatite, Rumford, Oxford Co , Maine (Brown and
Wise 1991)
green, 2nd intermediate zone, Black Mt. Pegmatite, Rumford, Oxford Co.,
Maine (Brown and Wise 1991)
Harney Peak Granite, Custer Co, South Dakota (Rockhold et al 1987)
Harney Peak Granite, Custer Co , South Dakota (Rockhold et al 1 987)
Harney Peak Granite, Custer Co, South Dakota (Rockhold et al 1987)
Raglan Twp., Renfrew Co, Ontario, Canada
associated with corundum from Macon Co., North Carolina
in contact marble with grossular, spinel, xanthophyllite, Davis Gulch, near
Helena, Montana

49 PN
50 PN
51 PN
52 HS
53 HS
54 HS

Note: Samples loaned trom: HS - Harvard Mineralogical Museum; WSU : Washington State University; CMN : Canadian Museum of Nature; RK
= Robert Kerrich; USNM : U.S National Museum, Smithsonian; PN : Peter Nabelek

that application of these techniques (even in bulk sam-
ples) merits further work toward their development into
more widely available tools with microanalytical capa-
bilities for mineralogical studies.

Various aspects of this work are discussed in several
papers. Here, we present information on all the analytical
methods used, and tabulate the complete cation compo-
sitions of all 54 tourmaline samples in the suite. The dis-
cussion focusses on the results of the Mrissbauer spec-
troscopy study of these samples, to examine the site
occupancy and valence state of Fe in tourmaline. The
effects of composition and crystal chemistry on the va-
lence state and site partitioning of Fe in each tourmaline
are studied. A second contribution (Lfiz et al., in prep-
aration) will use statistical analysis of the data to extract
and examine the prevalent substitutions represented in the
entire data set. A third paper (Dyar et al., in preparation)
will focus on the analytical difficulties encountered in the
light element analysis of the samples presented here, dis-
cussing the advantages and disadvantages of the analyti-
cal methods used for light elements. Results of an inter-
laboratory comparison of tourmaline analyses by
different methods are presented. It should also be noted
that single-crystal X-ray diffraction studies of a subset of
the minerals presented here are underway (John Hughes,
personal communication).

BlcrcnouNo

Extensive variation in composition and cell dimensions
occurs in tourmaline group minerals due to the substitu-
tion of cations of varying sizes and electrical charges into
three crystallographic positions. The simplifi ed chemical
formula found in Deer et al. (1986), XY.Z6B3Si.O,,
(OH),(OH,F), where X : Na, Ca, K, and n, Y : Me,
Fe, Mn, Li, Cr3*, V'*, Ti, and Al and Z : Al, Mg, Fe,
V3* and Cr3* will be used here. Clearly, the mineral tour-
maline presents a challenge to chemical analysis due to
the diversity and multiplicity of its elements.

Tourmaline accommodates Fe2* and Fe3* in both the Y
and Z octahedral sites (Fig. 1). These two sites differ
from each other in size and svnrnetrv. The Y octahedron

shares edges with two Y and two Z octahedra and is
relatively larger (polyhedral volume is 10.715 A3; Smyth
and Bish 1988) than the smaller Z octahedron (polyhedral
volume is 1.929 A3; Smyth and Bish 1988), which shares
three edges with two Z and one Y octahedra.

Fe in each valence and site experiences a distinct elec-
tromagnetic distortion that is discernible through Mciss-
bauer spectroscopy. Thus, the Mbssbauer spectrum of a
Fe2*- and Fe3*-bearing tourmaline might be expected to
have a total of four possible doublets corresponding to
rvrFe2*, rztFez+, rvtFe3+, and tzlFe3*, as identified by BUrns
(1972) and Simon (1913) in the first Mdssbauer studies
of tourmaline. Another possibility is talFe3*, presumably
in low Si and Al samples. In addition, some tourmaline
spectra are even more complicated because the edge shar-
ing of the octahedral sites promotes electron sharing. If
the total Fe content of the tourmaline is high enough or
ordered appropriately, Fe atoms in adjacent sites can
share electrons, making possible the presence of electron
charge delocalization doublets (ED) in the Mcissbauer
spectra. These represent the averaged valence states of
the Fe atoms that are sharing electrons, a number some-
where between 2+ and 3+. ED doublets were first re-
ported in tourmaline spectra by Saegusa et al. (1979), and
Ferrow et al. (1988) confirmed that charge interactions
were taking place between Fe in adjacent Y and Z sites.

The hyperfine parameters from previous Mdssbauer
studies on tourmaline are shown in Figure 2a. Site as-
signments of the doublets are typically made in milli-
meters per second relative to Fe metal following the con-
ventions of Burns (1912) and Saegusa et al. (1979) in
Table 1. To date, tetrahedral Fe3* has not been reported
in tourmaline; however, if it is present, it might be ex-
pected to have Mossbauer parameters similar to those of
the tetrahedral Fe3* in such silicates as clintonite (Anner-
sten and Olesch 1978), feniannite (Dyar and Burns
1986), hibonite (Burns and Burns 1984), schorlomtte
(Schwartz et al. 1980), and sillimanite (Rossman et al.
1982), which are all roughly in a range with 6 : 0.20
mm/s and A : 0.50 mm/s.

More recent work (Pieczka and Kraczka 1991 and Pie-
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Tnele 3. Chemical comoosition

9  1 0  1 1  1 2  1 3
sio,
Al,o"
Tio,
FeO
FerO"
Mso
MnO
CaO
Naro
KrO
B,O"
ZnO
Cr,O"
Li,O
V,O"
F
cl
H.O

Total

34 15 33 27 35.74 34.44 37.38 99.47 36.24 35 41 33 95 35 63 g4 21 33.43 36 67
2278 33 29 34 91 2268 30.56 32.08 35 17 95.12 29 55 3577 30 93 91 37 27.59't 52 071 0 50 0.97 0 03 0.48 0.23 0.35 0.39 0.03 1 63 0.57 0.45
6.56 14 48 2.37 1602 o 00 16.05 7.97 1229 O.OO 9.41 12.46 o.OO 3.39
8.56 0.00 4.30 0 00 0.07 1.14 o.O0 o o0 1 g4 1 85 1.20 20.03 4 60
856  0 .20  216  7 .03  13 .92  0 .24  463  129  833  216  263  0 .16  1009
0 0 1  1 1 0  0 1 8  0 0 3  0 o o  0 . 1 6  0 0 1  o . o 9  o . o 0  o . o 1  0 . 0 4  0 1 1  0 0 5
2 .45  0 .15  0 .09  132  2 .99  047  o1o  O .O1  1 .86  001  000  0 .33  1 .75
1.65 2.08 2 86 2.O4 1.21 1 .98 1 .76 1 .00 1 15 0.95 2.85 2.g6 1 77
0.00 0 00 0.00 0.02 o.o3 o.o4 0.02 o 01 0.13 0 02 o.o5 o 06 0 06
9.75 9 95 10.77 I 88 1 1 .04 9.79 10.29 9.87 10.94 I 90 10.51 10.03 .l o 61

0.22 0 04 0 03 o 07 0_00 0_00
0 01 0.00 0 01 0.01 o 01 o 02 0.01 0 01 1 12 0.02 0.01 0.01 0.01
0.00 0.11 0.98 0 00 0 oo o.o4 o.oo 0.01 0 oo 0.oo o.o4 o.o2 o 08

703  000  000  0 .01
045  030  020  0 .11  122  1 .08  015  0 .20  0 .54  0 .08  036  152  067

0 0 0  0 0 0  0 0 1  0 0 0  0 . 0 0  o . o o  o 0 o  o o o  0 0 1  0 0 1
2 59 2 85 2 85 2.66 294 2.21 2.97 2.01 286 3.17 2.75 0.25 2.72

9904 9848 9783 9724 101.40 99.25 9956 97.67 99.18 99.0. t  gg.74 10026 10054
No. of

analyses 15 11 ,12 15 23 23 23

5 961 5.878 6 001
5744 6 639 6.864
0.004 0.063 0.029
0.000 2.356 1 104
0 008 0 150 0.000
3  310  0 .063  1 .143
0 000 0.024 0.001
0.511 0.088 0.018
o 374 0.674 0.565
0 006 0.009 0 004
3.039 2967 2941
0 000 0 000 0.000
0.001 0.003 0.001
0.003 0.025 0 001
0.000 0000 0000
0 613 0 602 0 080
0 000 0.003 0.000
3.127 2.583 3.280

24 12 24 54

5.970 5.854 5 821 6.068
7.063 6.237 6.437 5.381
0 004 0 210 0 075 0 056
1  318  1782  0000  0469
0 233 0 155 2.624 0.573
0.540 0 671 0.042 2.489
0 001 0.006 0.016 0 007
0 002 0 000 0 062 0 310
0 309 0 945 0797 0.568
0.004 0 01 1 0 013 0.01 3
2.864 3.104 3.015 3.03.1
0.000 0.009 0.000 0 000
0 003 0 001 0.001 0 001
0 000 0 029 0 016 0 055
0.000 0.000 0 000 0.001
0.042 0 193 0.836 0.351
0.000 0.000 0.003 0 003
3 543 3 139 0 285 3 002

si  5 961 5776
At 4.686 6.81 1
Ti 0.200 0.093
Fe2* 0957 2102
Fe3* 1124 OOOO
Mg 2227 0052
Mn 0 001 0.162
Ca 0.458 0 028
Na 0 558 0.700
K  0000  0000
B 2.938 2 980
Zn 0.000 0.028
Cr 0.001 O 000
Li 0.001 0 078
v  0000  00oo
F 0246 0 332
ct 0 000 o.ooo
H 3.015 3.300

5 856 6 193
6742 4 806
0.062 0.131
0 325 2.409
0 530 0.000
0 528 1.885
0 025 0 005
0.016 0.254
0 909 0.711
0 000 0 005
3.046 3 065
0 005 0.004
0.001 0.001
0.643 0.001
0 000 0 000
0.913 0 063
0 000 0.000
3 .109  3 .191

20 23

6.122 5.649
7  156  5794
0 046 0 049
1 777 0.000
0.000 0.168
u.ooJ z.uoo

0 013 0 000
0 002 0 332
0 335 0371
0.002 0.028
2946 3 140
0.000 0 000
0 001 0 147
0.009 0.001
0.000 0.938
0 109 0282
0.000 0 000
2314  3  169

czka et al. 1997) suggests that both Fe3r and Fe2* occupy
only the Y site in the structure and argues that previous
assignment of Fe to the Z site just does not make sense
crystallochemically. The multiple doublets previously at-
tributed to Fe2* are attributed to various combinations of
nearest and next nearest neighbors, as follows from pie-
czka et al. (1991) in Table 1.

These authors noted that the gradual decrease in quad-
rupole splitting (which is also accompanied by line broad-
ening) is due to the decreasing contributions of ionic
bonds in the Y octahedra when ions of higher valencies
are present as next nearest neighbors. In this paper, both
the Burns (1972) and the Pieczka et al. (1997) interpre-
tations are considered.

MBrnons

Sample selection and preparation

Samples for this study were selected to include repre-
sentatives from a wide variety of parageneses and com-
positions, including (1) specimens from compositional
extremes already well studied by single-crystal X-ray re-
finements and wet chemistry, (2) samples from suspected
compositional extremes selected from museum collec-

tions and other sources, and (3) tourmaline from the pet-
rologically well-constrained metamorphic, plutonic, and
pegmatitic occturences in western and southern Maine
(Table 2). Whenever possible, we were careful to select
samples for which mineral assemblage data were
available.

For each sample, a total of approximately 700 mg of
tourmaline was prepared for analysis using magnetic sep-
aration and hand picking. A few small grains of each
sample were set aside for X-ray diffraction and micro-
probe studies; the same grain mounts were used for both
electron microprobe analysis (EPMA) and SIMS. In ad-
dition, 200-400 mg of tourmaline were prepared for H
extraction, 100-200 mg for particle-induced gamma-ray
emission (PIGE) for the interlaboratory comparison study
(Dyar et al., in preparation), and approximately 200-500
mg for Mdssbauer spectroscopy. Only pristine tourmaline
grains were used for this study; any grains containing
visible alteration, inclusions, zoning, or impurities were
rejected.

Electron microprobe
Samples were analyzed for Si, Al, Ti, Mg, Mn, Ca, Na,

K, Zn, Cr, Y and Cl by EMPA at several institutions
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1 4  1 5

0 01 0.01
0.00 0.01

sio,
Al203
Tio,
FeO
Fe.O"
Mgo
MnO
CaO
Naro
KrO
B,o"
ZnO
Cr.O.
Li,O
V,O"
F

HrO
Total

Si
AI
Ti
Fe2*
Fe3*
Mg
Mn
Ca
Na
K
B
Zn
Cr
Li

F
c l
H

No. of
analyses

3 6 1 1  3 7 5 2
2641 31 87
0 49 1.O2
4 2 4  0 4 6
3 5 6  0 0 0

1 1  0 8  1 1  2 8
0.01 0 01
274  0  46
125  2 .23
0 04 0.02

10 09 10 75
0 0 0  0 0 0
0 0 1  0 0 1
0 00 0.00
0.00 0 00
1.06 0 24
0 01 0.00
2 62 3.00

99.73 98 88

24 24

6.068 6 089
5.230 6 095
0 062 0 124
0 596 0.062
0.450 0 000
2.776 2729
0 001 0 001
0 493 0 080
o 407 0.702
0.009 0 004
2928 3012
0.000 0 000
0 001 0.001
0.002 0 002
0.000 0 000
0 564 0 123
0 003 0.000
2.937 3 247

37.69 36.37
28.93 31.91

0.61 0.43
0.00 5.45
0 1 0  0 7 5

14.62 7 23
0.01 0.04
3 29 0.30
1 08 233
0 0 3  0 0 1

1  1 .91  10 .38
0.00 0.02
0 02 0.01
0 0 1  0 0 0
0.00
1.23 0.24
0 0 0  0 0 1
2 56 2.39

102 09 97.87

6 1

5 982 6 132
5.412 6.341
0 073 0 055
0 000 0 768
0 012 0.095
3.460 1.817
0 001 0.006
0 559 0 054
0 332 0762
0.006 0 002
3.263 3.021
0 000 0 002
0 003 0 001
0 004 0.002
0 000 0.000
0  618  0  127
0 000 0 003
2710 2 688

36 42 35 53 36.65
31.s5 29.31 32.64

0.51 0 29 0.29
5.58 10.56 6 51
3.34 2.07 1 43
6 80 5.83 6.78
0.01 0 04 0.02
0 .45  084  040
2  0 3  2 1 2  1 . 9 4
0 00 0.00 0 00

10 60 10.35 1 0 78

0 .00  001  001
0 00 0.0014 0 00

0.08 0.03 0 01

2.46 2.94 3 03
99 83 99.91 100 49

5 6 6

6 064 6.025 6.013
6 . 1 9 1  5 8 5 8  6 3 1 1
0 064 0.037 0 036
0776 1 497 0.893
0.418 0.264 0177
1.688 1 474 1.658
0.001 0.006 0 003
0 080 0 153 0 070
0.655 0.697 0 617
0 000 0.000 0 000
3 .046  3028  3051
0.000 0.000 0 000
0 000 0.001 0 001
0.001 0.001 0 001
0.000 0.000 0.000
0 .044  0013  0004
0 000 0 000 0.000
2732 3.326 3 316

36.39 35.58
32.90 34.29
0 3 3  0 4 2
5 74 10.71
2 24 0.69
b . o /  J  r o

0 0 0  0 0 9
0 59 0.22
1 88 1.79
0.00 0.00

10.66 10.87

o 1 7  0 3 3
0.00

3 .11  2 .92
| 00.69 101 .09

6 6

5.956 5.888
6 346 6 687
0 041 0 052
0 786 1.482
0.276 0.086
1.627 0.780
0.000 0 013
0 103 0 039
0.597 0.574
0.000 0.000
3 0 1 1  3 1 0 5
0.000 0.000
0 001 0.001
0.001 0.006
0.000 0 000
0 087 0.171
0 000 0.000
3.395 3223

36.13 36 30
33.59 34 09

u.Jb u.oc
5.94 7.35
176  0 .00
5 54 521
0.04 0 03
0 84 0.15
1 1 7  1 . 7 1
0  05  0 .11

1 0.96 10 59

0.05 0.01
0 00 0.00
0.04 0.10
0 .11  0  20
0 00 0.00
2.80 2.75

99.58 99 25

5 5

5.964 6027
b . J J 3  0 . O /  |

0 070 0.081
0 820 1.020
0.218 0 000
1.363 1 290
0.006 0 004
0 149 0.027
0.374 0.550
0 0 1 1  0 0 2 3
3.122 3.034
0 000 0 000
0 007 0 001
0.003 0 002
0.005 0 013
0 057 0.105
0 000 0.000
3.083 3 046

36.64 36.38 35 04
3284 33.39 33.82
0 93 0 20 0.36
5 14 7 AO 1262
0.30 0.00 0 00
7.32 526 1.70
0 05 0.14 0.20
o 42 0.09 0.13
1 .93  2 .12  1 .76
0.10 0.05 0.07

1 1 3 1  1 1 . 0 7  1 0 . 2 8

0.04 0.00 0.01
0.03 0.03 0 09
0.07 0 05 0.03
0 58 0 53 0.51
0.00 0.00 0 01
2.44 2.94 2 A2

t00 14 100.05 99.46

5 4 2 3

6.003 5.994 5.948
6.340 6 483 6.765
0 1 15 0 025 0.046
0.704 1.075 1 791
0.037 0.000 0.000
1 788 1 292 0.430
0 007 0.020 0.029
0.074 0.016 0.024
0.613 0.677 0.579
0 .021  0 .01  1  0015
3198  3147  3 .012
0 000 0.000 0.000
0.005 0.000 0 001
0 017 0 01 8 0.064
0 009 0.007 0.004
0 300 0 276 0.274
0.000 0.000 0 003
2.666 3 231 3.1 93

participating in a related project on the interlaboratory
reproducibility of tourmaline analyses. Analysts and lab-
oratories included Jeremy Delaney at Rutgers University,
James McGee at the U.S.G.S. in Reston, Anne McGuire
of the Texas Center for Superconductivity at the Univer-
sity of Houston, Virginia Sisson at Rice University, and
Michael Wise at the National Museum of Natural History.
Additional analyses were also taken from the original
published work on samples that had been previously stud-
ied. Analytical instrumentation, experimental conditions,
and standards are described elsewhere (Dyar et al., in
preparation). EMPA scans at the University of Houston
were used to screen for zoning in tourmaline; zoned sam-
ples were eliminated from this study. An average of 22
analyses from four different laboratories was obtained for
each sample, and analytical errors are estimated to be
!05-2Vo for major elements and +10-207o for minor
elements. B was analyzed by PIGE at the University of
Kentucky, by prompt gamma neutron activation analysis
(PGNAA) at the NIST, and by EMPA by all participants
in this study except Michael Wise; howeveq only the
SIMS B results, which are all internally consistent and
which were made at the same scale on the same grains
as the EMPA analyses, are used here. Comparisons be-

tween the electron microprobe B data and other tech-
niques are presented elsewhere (Dyar et al., in
preparation).

H extraction

Samples were analyzed for H contents by Darby Dyar
in the Stable Isotope Laboratory at Southern Methodist
University. H contents were determined using a method
for volumetric measurement of HrO vapor extracted from
silicates (Bigeleisen et al. 1952 and Holdaway et al.
1986). In general, clean mineral separates were degassed
under vacuum for at least 8 h at 50-85 'C to drive off
absorbed atmospheric moisture. Samples were then fused
in an induction furnace to liberate structural HrO. Distil-
lation processes involving transfer of evolved gases
through a series of liquid nitrogen and methanol-dry ice
slush traps were used to separate HrO molecules effec-
tively from other condensable and non-condensable gas-
es. HrO vapor was then passed over a hot (>750 'C)

uranium furnace to liberate free H*. A mercury-piston
Toepler pump was used to collect H vapor in a volumet-
rically calibrated reservoir for yield measurement.



854 DYAR ET AL.: MOSSBAUER OF Fe IN TOURMALINE

Teate 3-Continued

29 30 31

sio,
Al203
Tio,
FeO
Fe"O.
Mgo
MnO

Na.O
K.O
B,O.
ZnO
Cr,O.
Li,O
%o.
F
cl
HrO

Total

34 51
32.45

1 0 3
13.61
0 0 0
1 9 6
021
0.26
'I 98
0 0 5

10.12

35.15 36.53 36.53 36.56 34.71 35.33 35.37 35.08 36.04 35.03 35.27 37 66
32 56 32.27 37 11 36 73 34.03 94.21 33.93 34 53 38 13 g4 87 33 96 40.12

1.00 0 26 0.01 0 02 0j2 0 32 0.66 0.65 0.17 0.08 0 1 1 0.04
9.80 2 27 6 98 8.76 .t1 62 10 56 7 .78 1 1 .36 6 87 12.61 12.38 2.47
o 57 0.31 0.00 0.00 1 .36 o 55 1 18 o 00 o 0o 0.oo 0.oo o o0
4 0 0  1 0 . 4 2  0 0 0  0 6 6  1 5 9  3 1 0  4 8 3  1 4 7  0 5 3  . l  5 4  2 0 4  0 1 1
0 10 0 01 0.29 0 14 0j4 o 11 0.04 0.24 0.23 0.23 0.23 o 36
0 .20  206  009  o .o5  004  019  053  0 .05  012  o .O4  o .O5  038
2 0 5  1 . 4 5  2 . 4 1  2 . 2 3  1 . 7 9  1 8 4  1 8 7  1 9 0  2 3 6  1 6 0  1 7 4  1 . 9 3
0 03 0 0s 0.03 0 03 0.03 0 03 o.o4 0.03 0.03 0.01 0.01 o 01

1 0 3 1  1 0 . 6 9  1 0 8 3  1 0 6 8  9 9 0  1 0 2 7  1 0 1 8  1 0 5 9  1 0 7 7  1 0 3 5  1 0 2 9  1 1 9 191
0.04 0 0 7

0 .01  001  0 .05  0 .00  o .o1  o .o1  001  oo1  002  001  ooo  001  001
0 0 9  0 0 1  0 0 2  1 3 1  1 . O 4  0 0 5  0 0 3  o . o 1  0 . 3 6  - t 4 1  0 . 1 8  0 1 2  2 1 0

0.06
0 56 0.56 0.20 1.37 1.13 0.31 0.20 0.18 071 1.32 0 34 0.53 1.260 u0 0 00 0 00 0 00 0 00 0.00 o.oo o oo o.0o o.oo 0.00
2.77 281 2.75 269 293 313 294 2.go 2]8 268 g,O2 285 2s4

99.60 99.22 99 40 99.65 1oO 97 98 82 99 69 99.50 gg.77 100.71 99.90 99.57 101.38
No. of

anafyses 23 1 21 2g 23 23 23

5 934 5 910 5 893
6.772 6681 6836
0 040 0.083 0.082
1 483 1.087 1.596
0 070 0 148 0 000
0.776 1203 0.368
0 016 0 006 0 034
0 034 0.095 0.009
0 599 0 606 0 619
0.006 0009 0006
2977 2 936 3.071
0.000 0.000 0.000
0 .001  0001  0003
0.019 0 006 0.240
0 000 0 000 0.000
0.1 05 0.093 0.377
0.000 0000 0000
3 . 2 9 4  3 2 3 2  3 1 1 5

Si
AI
Ti
Fe2t
Fe3*
Mg
Mn

Na
K
b

Zn
Cr
Li

F
cl
H

5.906 5.938 5.983
6.s45 6 483 6.225
0133  0 .127  0032
1 948 1 385 0 311
0 000 0.073 0 038
0.500 1 007 2.544
0 030 0 014 0.001
0 048 0.036 0 361
0 657 0.671 0 460
0 .011  0006  0 .010
2.989 3 005 3.021
0 000 0.006 0 000
0.001 0.001 0.006
0 058 0.010 0.014
0.000 0000 0008
0 301 0.299 0 104
0.000 0.000 0.000
3 162 3 166 3.004

39 22

5.963 5 914
7.061 6.833
0.002 0.015
1 .195  1  655
0 000 0 174
0.160 0.404
0 019 0 020
0 009 0 007
0.705 0 591
0.006 0.007
3 007 2910
0 000 0.000
0 001 0 001
0 682 0.035
0 000 0 000
0 583 0 168
0 000 0 000
3.188 3.557

2 3 7

5 859 5 895
7 305 6 915
0.021 0 010
0 934 1,774
0.000 0 000
0.128 0.386
oo32 0 033
0 021 0.007
0.744 0.522
0 006 0.002
3022 3.006
0.005 0.000
0 001 0 000
o 922 0j21
0 000 0 000
0 679 0.181
0 000 0 000
2 906 3 390

5 991
7.173
0.001
0 957
0 000
0.000
0.040
0 .016
0 766
0.006
o uoo

0.000
0.000
0.865
0 000
0.709
0.000
2.943

7

C.YOJ

b  / b v

0 .014
I  t c l

0.000
0 .514
0 033
0.009
0.571
0.002
2 986
0.000
0.001
0 085
0 000
0.283
0.000
3 260

7

5 895
7.401
0 005
0 323
0.000
0.026
0 048
0 064
0 586
0.002
3  2 1 8
0 008
0.001
1.325
0.000
0.624
0 000
3.069

Secondary ion mass spectrometry
Analyses of B and Li were performed by Grant Fowler

and Michael Wiedenbeck at the University of New Mex-
ico/Sandia National Laboratory SIMS facility using a Ca-
meca IMS 4f ion microprobe and the same grain mounts
used for electron microprobe study. A primary O-plasma
accelerated to 12.5 KV was used, and the 2O nA beam
was focused to a diameter of -25 pm. Secondary ions
were accelerated using a nominally 4.5 kV potential to
which a 50V offset energy filter was applied using a 25
V full width energy window. The secondary ion beam
was mass separated using a 90" sector magnet operated
in low mass resolution mode (M/dM : 360). Ions were
detected using an ETP electron multiplier operated in
pulse counting mode; count rates were kept below -20
MHZ in order to minimize the impact of detector dead-
time corrections.

Li and B concentration analyses involved magnet peak-
stepping that included four mass stations: 6.5 background
(2 s), ?Li (2 s), "B (3 s) and ,osi (2 s); all data were
normalized to the observed 3osi intensity. Mineral stan_
dards analyzed by nuclear techniques and wet chemistry
were used (Francis et al. 1994). All samples were ana-

lyzed twice and the results were averaged to obtain the
results given in Table 3. Standard deviations were gen-
erally less than 0.02 wt%o B,O, and Li,O. Additional in-
formation on the method is given in Hervig (1996).

Mtissbauer spectroscopy

Mtissbauer mounts were prepared by mixing sucrose
with sample under acetone. Where sufficient material was
available (approximately half the samples), mounts were
prepared to satisfy the ideal absorber thickness approxi-
mation of Long et al. (1983) based on the tourmaline
compositions. In all other cases, at least 100 mg of sam-
ple (usually enough to yield 2-5 mg Fe/cm, in the holder,
but in cases of extremely low Fe samples, as little as 0.02
mg Fe/cm,) were used. Of course, the low Fe samples
yielded fits with inferior statistics [see columns labeled
Mis (7o) and Un (Vo) in Table 41, but otherwise no sig-
nificant differences were noted between the two popula-
tions of samples.

Room-temperature Mcissbauer studies to determine
Fe2* and Fe3* content were done in the Mineral Spec-
troscopy Laboratory at West Chester University and for-
merly at the University of Oregon. A source of 50-20
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sio,
Alro3
Tio,
FeO
F 6 n

Mgo
MnO
CaO
Naro
KrO
B.o"
ZnO
Cr,O3
Liro
V,o"
F
c l
HrO

Total

36 04
33 84
0 7 7
8 0 1
0 0 0
5 .15
o21
020
1 9 7
0 0 1

10.86

0 0 1
0 0 3

o28

2.80
1 0 0  1 8

No. of
analyses 7

si 5952
Al 6 587
Ti 0 096
Fe2* 1 106
Fe3* 0.000
Mg 1 268
Mn 0 029
Ca 0 035
Na 0 631
K  0002
B  3094
Zn 0 000
Cr  0001
Li 0.020
v  0000
F  0 .146
cr 0.000
H 3.084

36 57 36 34 36 28
36.72 36.94 37.66
0 05 0.03 0.02
6 74 7.71 6 83
0 00 0 00 0.00
0 .01  000  002
0.37 023 0 49
0 10 0 09 0.09
2 5 4  2 0 3  2 1 7
0 0 3  0 0 1  0 0 1

10 82 10.74 10 86
0 7 5
0 .02  001  000
1 . 6 0  1 2 8  1 3 9

1 5 1  1 0 8
0 0 0
2.77 2.68

100 64 99 17

1 1 3

288
99 82

37 77 37 99
43 90 4284
oo2  002
0 0 1  0 0 0
0 0 6  0 0 4
0.01 0 00
0.44 0.41
0.02 0.06
1 5 1  1 5 8
0 0 1  0 0 2

1  1 . 5 4  1 2  1 6
0.27 0 18
0.01 0.01
1 5 4  1 8 6

0 5 7  0 9 5
0 0 0  0 0 0
3.41 3 66

101  09  101  78

23 23

5 837 5 807
7 996 7 717
0 002 0 002
0.002 0 000
0.007 0 005
0 002 0 000
0 058 0 053
0 003 0 010
o 452 0 468
0.002 0.004
3.077 3.207
0.031 0.020
0 001 0 001
0 958 1 145
0 000 0.000
0279 0 459
0.000 0.000
J C t C  S  I Z O

38 36 36.58
4227 38.56

o.o2 0 04
0 00 4.94
0 0 6  0 0 0
0 0 0  0 0 1
o27  0  63
0.36 0 25
1 .59  238
0.02 0.02

1 2 0 9  1 1 . 0 0
0 0 7  0 4 9
0 0 1  0 0 0
235 1 67

1 . 1 1  1  5 4
0 00 0.00
3.71 2 89

1o228 101 00

2 3 7

5.832 5.878
l . c l J  t . o v z

0 002 0.005
0000 0664
0 006 0 000
0 000 0 002
0.035 0.086
0.059 0.043
0 469 0741
0 004 0.004
3 173 3 052
0 008 0 058
0.001 0 000
1.435 1 078
0.000 0 000
0 534 0782
0 000 0 000
3757 3 097

35 46 35 47 35.45
33.71 33 75 33 83
o  12  0  15  0 .31

10  81  1210  10 .96
1 04 0.78 0 57
2 4 9  1 6 1  2 7 1
0 1 1  0 1 2  0 1 3
0  1 3  0 0 9  0 1 2
1 . 7 1  1 6 6  1 . 8 4
0.07 0 03 0.03

1071 10.46 10 47
0 05 0.12 0 68
0 0 1  0 0 0  0 0 1
0 0 1  0 0 2  0 0 1
0 0 1
0.38 0 33 0.26
0 .01  000  000
3 06 3.02 3 03

99 90 99 70 100.42

) r )

5 936 5 981 5.933
b  b 5 u  o  I U t  o , o / J

0  015  0  019  0 .039
1 513 1 706 1 534
0.132 0 099 0072
0621  0405  0676
0.016 0 017 0.01 8
0.023 0 016 0022
0.555 0.543 0 597
0 015 0.006 0.006
3 095 3.044 3 024
0 006 0 015 0 084
0 001 0 000 0.001
0 007 0 011 0.007
0 001 0.000 0 000
0 201 0.176 0 138
0.003 0000 0000
3 417 3 397 3.383

34 11 37 47 35.67
35 96 34 33 36.90
0 39 0 09 0.00
852  246  1  63
0 50 0.96 029
3.50 9.16 9.34
0.03 0.03 0 02
o 5 7  1 1 8  1 6 6
2.25 2 04 2.15
0 19 0 02 0.01

10 .89  11 .42  1188
0.06 0.01 0.01
0 0 3
0 0 4  0 0 0  0 0 0
0.05
0.54 0 00 0.00
0.00 0.00
3 1 3  3 . 2 1  3 1 9

100.75 102 38 102.74

1 1 1

5627 5.923 5.600
6 991 6 395 6.827
0.048 0.01 1 0000
1.176 0.325 0 213
0 . 0 6 2  0 1 1 4  0 0 3 5
0.861 2158 2.186
0 004 0 004 0.003
0 101 0.200 0.279
0.720 0.625 0 654
0.040 0.004 0 002
3 . 1 0 0  3 . 1 1 6  3 2 1 8
0 007 0 001 0 001
0 004 0.000 0.000
0 025 0 002 0.002
0 007 0.000 0 000
0.282 0.000 0 000
0.000 0.000 0 000
3 444 3 384 3.335

1 7 6

5 962 5.999 5.925
7 055 7.187 7 249
0 006 0.004 0 002
0 919 1 064 0 933
0.000 0000 0000
0 002 0 000 0 005
0 051 0 032 0 068
0  017  0 .016  0 .016
0 815 0.650 0.687
0.006 0002 0002
3.045 3.061 3.062
0.090 0000 0000
0 003 0 001 0 000
1 .048  0 .851  0  911
0 000 0.000 0.000
0778 0.564 0 584
0.000 0000 0000
3 0 1 2  2 9 5 1  3 1 3 2

mCi sTCo in Rh was used on an Austin Science Associates
constant acceleration spectrometer. Experiment times for
the individual measurements averaged two to three days
per sample. Results were calibrated against an ct-Fe foil
of 6 pm thickness and997o purity. Spectra were fit using
an unpublished version of the program STONE modified
to run on IBM and compatible personal computers. The
program uses a nonlinear regression procedure with a fa-
cility for constraining any set of parameters or linear
combination of parameters. Lorentzian line shapes were
used for resolving peaks, as there was no statistical jus-
tification for the addition of a Gaussian component to the
peak shapes. Fitting procedures in general followed those
described in Dyar et al. (1989) and McGuire et al. (1989).
Fitting models were used to produce a statistical best fit
for each spectrum using the x' and Misfit parameters
(Dyar 1984), and are discussed in detail by Taylor (1996).
Errors are estimated at +3Vo for doublet areas, and 10.02
mm/s for peak width (f), isomer shift (6), and quadrupole
splitting (A).

Rnsur,rs
Miissbauer data

Seven different Mdssbauer doublets were observed in
various combinations for samples in this suite (Fig. 2b).

Averages for each of these groups are given at the bottom
of Table 4.

Fe'?* doublets. In 39 of the 47 Fe'z*-bearing samples,
the two most prominent doublets correspond to Fe'z* with
D : 1.09 mm/s and A : approximately 2.47 and 2.28
mm/s. In all of these cases, simpler models using either
(1) only one Fe2* doublet with a starting A value of 2.3
mm/s or (2) two doublets with A estimated at 2.4'7 and
1.56 mm/s as found by Burns (1972) were attempted, but
it proved impossible to obtain unconstrained, converged
fits with those models for these spectra. This occurs be-
cause the Fe'* doublets with the larger quadrupole splir
tings are much more intense than the third Fe'?* doublet.
In 7 of those 47 samples, the model with doublets at A
: 2.41 and 1.56 mm,/s was successfully used, and in the
remaining one spectrum only one Fe'?* doublet was found.
This result is consistent with the observation by Pieckza
et al. (1991) that the larger A Fe'z* doublets are those with
the sharpest, most intense peaks.

The two Fe2* doublets with the highest A values both
lie around the average for tYrFez+ assigned by previous
workers (see Figs. 2a and 2b). Thus, we interpret the two
Fe'?* doublets with the highest A values to represent Fe2*
in Y sites with different nearest neishbor coordination
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TeaLe 4. Mossbauer results

Fe3* in Y? or Si Fe3* in octahedra Fe3+Fer+ EDSample
number Area Area Area

1

3
4
5
6

I
I

1 0
l 1
1 2

100
6

100

0 4 0

0.40

0.49

037
0 3 5
0 3 9
0.38

0.45
0 4 5
0.41
0.45
0 4 5

043

0.74 0 40

o77  0  40

54

62

0 1 8
0 4 3

0 . 1 3

046
0 4 8

o47

0.26
025

0.45
0 7 7

1 2 4
0.90
0.78
0 7 8
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0 5 6

0.43

1 1
28
1 2
1 4
1 9

1 3

o.82
o79
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0.69
0 7 8

t c
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43
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1 4
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0 46 077 0.83

1 30 0.54
1.08 0.50
1.38 0 46
1.36 0 45
1 .06  071
1 45 0.55

0 4 7
0.57

1 .48 0.56 16
1 2 2  0 5 3  1 1
1 03 0.51 9
0 90 0.59 10

1 4
o

5
1 4
1 1
I D

0.28

0 . 1 8
0 . 1 5

o20

042

0.51
0 4 0

0 6 3

0.24

0.24
o.42

0 3 7

5

5
l 1

079  1 .28
0.74 1 17

12

o 1 7
0 1 4
0.20

0.40 0 41
0 56 027
0 5 0  0 0 6

o 17 0 51 0.30 ( iv)
0 02 0.08 0 12
0 36 0.4s 0 2s (Y?)
0 .08  003  001

o52  094  067  26
0 43 0.96 0 46 14

0.43 0.82 0 52
0  04  0 .1  1  0 .13

o 77 1 21 0.55
0 06 0 17 0.07

81
100
100

0 8 0
0.74
0 8 1
0 6 0

Average
D U

Note: 6 : lsomer shitt, in mm/s Values given are +O 02 mm/s (Dyar 1 984) A : Quadrupole splitting, in mm/s. Values given are +0 02 mm/s (Dyar
1984) | - Peak width, in mm/s Values given arc !OO2 (Oyar tsti+). Area : Peak area, in percent of total area Valuei given arc tz"/o of the total
area (Dyar 1984)_Mrs (%) : %MlSFtt (Huby 1973) Un (%) - Percent of uncertainty of fit (Ruby 1973) S.D. : standard deviation Mossbauerparameters are referenced to Fe metal loil calibration.

environments that will be arbitrarily designated yl and
Y2. These would correspond with the doublets assigned
to R2+R2+ and R2+R3+ next nearest neighbors by pieczka
et al. (1997). [The phenomenum of multiple Miissbauer
doublets assigned to Fe in a single type of site with dif-

ferent populations of nearest and next nearest neighbors
is also observed in other minerals such as orthopyroxene;
see for example Seifert (1983).1 It is noteworthy that the
Fe'z* Yl sites all have very similar E and A and of 1.09
+ 0.01 mm/s and 2.4'7 -r 0.03 mm/s, respectively. This
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Taete A-Continued

Fe,* in Y1 Fe2* in Y2 Fe,* in Y3

Area
Fe3n

(%)

Mis Un
v4 &)AreaArea
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1 09 2.49
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implies that the geometry of all those sites is extremely
similar from sample to sample. Because the Y site is
dominantly divalent, this situation would be predicted by
the model of Pieczka et al. (1997).

The assignment of the Fe'?* doublet with the lower A
(average of 1.60 mm/s) is more problematic. As noted
earlier, most previous workers assigned this doublet to
rztFe2*. However, in this data set, this doublet is present

mainly in samples with Al > 6 atoms pfu (and Si + B
+ Al > l5); i.e., such an interpretation would imply the
unlikely scenario of Fe'* displacing Al from the Z site.
XRD work in progress (Bloodaxe et al., in preparation)
also suggests that only Al and Mg occupy the Z site, with
all iron in Y. For this reason, the lowest A Fe2* doublet
must be assigned to yet another Y site (again, arbitrarily
designated Y3) with different next nearest neighbors. It
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study found 20Vo of the total Fe in Z and 80% in Y.
Neutron diffraction work by Tippe and Hamilton (.1971)
found 6.4Vo of the atoms in Z to be "M", where M was
95Vo Fe, and magnetic susceptibility measurements of
Tsang et al. (191I) estimated that l07o of the Fe3* in that
sample is in Z and 9OVo in Y. Thus, a Mijssbauer spectrum
with one large doublet corresponding to tYrFes+ and a
small doublet due to rzlFes+ might be expected.

Unfortunately, this is not the case. The Mdssbauer
spectrum of that sample can be fit to two closely over-
lapping doublets with similar 6 of 0.37 and 0.35 mm/s,
and A values of 1.24 and 0.90 mm/s; peak areas are'70Vo
and 30Vo, respectively. If the Burns (1912) assignments
are followed then both of these doublets should unequiv-
ocally be attributed to Fe3* in the Z site. Another possi-
bility is to assign the doublet with the lower A value to
IZrFe3+, which would give site populations somewhat anal-
ogous to the previous work. It must also be noted that
these parameters are similar to those observed by Hermon
et al. (1913), who observed two doublets with 6 : 0.25
and 0.30 mm/s and A : l,l4 and 1.20 mm/s (although

MM/SEC

MM' /SEC MH' /SEC

Frcurn 3. Mijssbauer spectra of tourmaline samples from this study. (a) Buergerite sample no. 12 contains only Fe3* as noted
by Hermon et al. (1973). (b) At the other extreme, schorl sample no. 38 contains only Fe,* (c) In schorl sample no. 29 from the
Newry pegmatrLe,sEa of the total Fe is lalFer*, while Fe'* is distributed among the three different types of Y sites (437o inY7,23Vo
in Y2, and 297o inrhe Y3 site. (d) Schorl no. 19 displays peaks at 0 1 and 1.8 mm/s that represent electron delocalization between
Fe atoms in adjacent octahedra

- 7

represents the summed contributions of the other four
doublets representing tYrFe2+ as assigned by Pieczka et al.
(199'7), which are the sites with Til* next nearest neigh-
bors or F nearest neighbors.

Fe3* doublets. The interpretation of the Fe3* doublets
is also problematic. Burns (1972) interpreted the lower A
(0.45 t 0.03 mm/s in this data set) to represent Y oc-
cupancy, and the higher A (0.82 t 0.11 mm/s) to be Z
occupancy; this assignment has been followed by most
subsequent workers in the field (e.g., Goncharov 1997).
In this data set, the intensities of the Fer* doublets were
generally much smaller than the Fer* doublets, and as a
result their parameters in unconstrained fits were highly
variable. For this reason, it is questionable to make site
assignments for Fe3* based on the Mrissbauer results, al-
though the Fe3* doublet areas are probably robust (see
below).

This problem is well illustrated by the spectrum (Fig.
3a) of the buergerite (sample no. 12). XRD refinements
of this sample by Barton (1969) and Grice and Ercit
(1993) suggest the presence of some Fe3* in Z; the latter
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they assigned them to rYlFe3+ and rztFe"3*, respectively). 
100 25

Clearly the Mijssbauer data do not allow resolution of 100 oo
doublets colresponding to both tYrFe3+ and tzrFe3+

For other samples in this study, the assignment of Fe3* 
es 75

doublets with A - 0.80 mm/s is equally difficult; com- 
ss 50

pare, for example, samples no. 1 and no. 3. Mcissbauer o ss 25
spectra of these two samples are almost identical, with [ ,, oo
prominent Fe3* doublets at A = O.74 and 0.77 mm/s, re- i
spectively, yet in sample no. 1 Si + B + Al << 15 (i.e., # sB 75

requiring Z site Fe3*), and in sample no. 3 Si + B + Al 
* ge 5o

>> 15 (no Z site Fer* needed). Again, Mdssbauer data do s8 25
not allow the distinction between Y and Z site
cies to be made for Fe3*. Note that xRD,"""J:il3,il, sB oo

on a subset of 11 of these samples, do not find any Fe in s7 75_
the Z site; however, amounts less than about 0.20 cations
per 31 O formula unit probably would not show up. 100 2b

859

MM/SEC

Therefore, it is not possible to use XRD refinements to
understand the Fer' occupancies. 100 oo

Fe3* in tetrahedral coordination has the lowest values ee 7E
o f  D a n d A , w i t h D : 0 . 1 7  +  0 . 0 2 m m / s a n d A : 0 . 5 1  +  s e s o
0.08 mm/s. These parameters are especially convincing
because they come from completely unconstrained fits, E es 2s

and in two cases they comprise I00Vo of the spectrum. ! ec oo
Doublets representing delocalized electrons with aver- 2 

"u 
,,

aged valences fall in between those assigned to Fe,* and :
Fe3* sites. For these doublets, average 6 : 0.77 * 0.06
mm./s and L: l.2I + 0.17 mm/s.

Four typical spectra are shown in Figure 3 for com-
parison. The spectrum of buergerite (sample no. 12) con-
tains only Fe3*. Based on the above discussion, all of the
Fe3* in Figure 3a is assigned to tYrFe3+. At the other ex-
treme, sample no. 38 (Fig. 3b) contains only Fe,*, with
occupancy in the Yl, Y2, and Y3 sites. In sample no. 29
(Fig. 3c) from the Newry pegmatite, a small amount of
the total Fe is tarFe3+, while Fe,* is distributed among Yl,
Y2, and Y3. Finally, sample no. 19 (Fig. 3d) displays
peaks at 0.17 and 1.47 mrrils that constitute a doublet
representing electron delocalization between Fe atoms in
adjacent octahedra. Ferrow (1994) assigned the ED dou-
blets in tourmaline to have 6 values of 0.86, 0.84, and
0.71 mm/s for Y-Y, Y-2, andZ-Z shared electrons; there-
fore, we interpret the ED doublet in this sample (with 6
: 0.82 mm/s) to represent delocalization of charge be-
tween adjacent Y and Z sites.

Tourmaline compositions

Complete compositions of all tourmaline samples in the
suite are given in Table 3. Oxide data were recalculated
using 31 anions and result in formulas that are charge bal-
anced. However, in some samples this method results in
stoichiometries in which the sum of cations in the sites
that are known to be full from XRD data (i.e., the Si, B,
Y, ardZ sites) is greater than the stoichiometric 18 cations.
This problem cannot be blamed on "bad analyses" (al-
though problems resulting from matrix corrections for all
the light elements involved cannot be ruled out) because
in many cases, our results are the averages of results from
four or five different laboratories. A srandardized multiple

9 8  s 0

9a 25

9A 00

9 7  7 5

1 0 0  2 5

1 0 0  0 0

9 9  7 5

99 50

s9 25

i  9 9 0 0

98 50

98 25

9 8  0 0

s 7  7 5
- 7

MM,/SEC

Frcunn 4. The Fe3* content of tourmaline may be easily de-
termined from Mcissbauer spectra because it is independent of
the fitting model used. There are 10, 8, and 6-peak fits to a single
spectrum of the Jack Creek tourmaline (sample no. l0) shown
here, and all the fits yield VoFe'* values of 16.5 + 1.5% Note
that site occupancies, however, are very model dependent, and
interpretation of spectra with varied Fe site occupancies is ex-
tremely difficult.

MM/SEC
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Chemical composition

Frcunn 5. Plot of the first canonical variable for site occu-
pancy vs the first canonical variable for chemical comDosition
(r : 0 995). Each canonical variate is a linear combinition of
the data (Si, Al, Ti, Mg, Mn, Ca, Na, K, B, Li, f; H in rhe case
of composition and {aor6lFe3+, r6lFer+, IYrlFe2+, tY2rFe2+, and lyrrFe2+

in the case of site occupancy).

regression of the oxide data against the excess charge in
the Si, B, X and Z sites shows that "nonstoichiometry',
is most affected by a combination of the variables FeO,
FerO,, MgO, and LirO; i.e., no single obvious analytical
variable is causing the problem. Therefore, it must be con-
cluded that the nonstoichiometry is the result of random

analytical errors propogated from the oxide measurements.
The recalculated data (Table 3; and discussed below) are
given with the caveat that they should not be used for
comparisons where site filling is required; for such com-
parisons, a more valid approach is to normalize the oxide
data so that the sum of cations in the Si + B + Z + Y
sites is equal to exactly 18. Both methods are equally valid,
and each has its advantages. In the discussion below, cat-
ions pfu for the 18 cation recalculation method will be
given in parentheses following the 31 O values.

Fe3* contents of tourmaline range from 0 to 1007o of
the total Fe, or 0.0 to 2.62 (2.62) atoms of Fe3* per 3l O
formula unit and 0.0 to 2.41 (2.34)Fe2* per 31 O formula
unit. Other than Fe, we were most surprised to see con-
siderable variation in the Si, B, Li, and H contents of the
tourmaline specimens studied. Si ranges from a low of
5.60 (5.57) atoms pfu to a high of 6.19 (6.05), while B
varies from 2.86 (2.86) to 3.26 (3.23) atoms pfu It is
possible that Si atoms in excess of 3 B pfu must be oc-
cupying the Si site, as suggested earlier by Barton (1969)
and Novozhilov et al. (1969); in fact, high B tourmaline
has been synthesized, and "B MAS NMR confirms that
the excess B is in the T site (Schreyer 1997). However,
the nonstoichiometry of B and Si is small in our samples,
and is certainly within analytical error when the summed
analytical erors are propogated into the formula recal-
culation. Therefore, our data cannot confirm B occupancy
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Frcunr 6. Comparison of observed
site occupancies and the predictions of
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tahedral sitest and (e) Fe3* in tetrahedral
or Y sites.

0 00 01 20 2  0 4  0 6  0 6  1 0

Observed tYllFe2*
0 2  0 4  0 6  0 8  1 0

Observed IY2lFe2*

o
L
E n

c)

. 9 -

c)
(L

o d
IL

c)
o
E A
o o

L

0 5  1 0  1 5  2 0

Observed lodlFe3*
0 2  0 4  0 6  0 8

observed [t"tlFe3*

, l

,,4

'/

2 5 1 0



DYAR ET AL.: MOSSBAUER OF Fe IN TOURMALINE

TaBLE 5A. Projection pursuit regression parameters

861

Matrix of direction vectors (a)

HLiNaMnMgTiAISi
Model
term

q l

d2

q3

04

0 5783 00827 0 0162
-0 4097 -0 1308 -0.1301

0 0320 0 0046 0 0507
0 0413 -0 071 1 -0.9055

-0 2699 0 0303 0 5601
00381  01758  02192
0 0316 -0 0567 0 1677
0 0040 0 2927 0 2366

0 3 6 7 1  0 1 1 5 2  0 0 6 8 9
0.2633 -0 6195 -0.4890
0 1059 0 9663 0 0587

-0 0993 0 1045 0.0365

- 0 . 1 1 1 3  0 1 1 8 9
0  1 1 1 9  - 0 . 1 0 5 1
00627 00374
0 0367 -0 0841

0 3029
-0 0446
- 0  1 0 1 6
-0 0343

of the Si site, although XRD does not rule out B occu-
pancy of the Si site (Bloodaxe et a1., in preparation). In
these single crystal refinements, Si site occupancies of
tourmaline, when released run consistently slightly low,
suggesting B occupancy of that site.

Some of the tourmaline samples collected from the
Black Mountain pegmatite were found to contain large
amounts of Li, up to |.44 (L43) atoms pfu H ranged from
a low of 0.28 (0.28) atoms pfu in the sample Fe3*-rich
buergerite to a high of 3.76 (3.74) atoms pfu, but the
majority of the samples studied were only somewhat H-
deficient (averaging 3.11 or 3.09 H pfu). The wide variety
of compositions represented in this data set makes ex-

TABLE 58. Empirical univariate function for each term

Function 1 Function 2

traction of the prevalent substitution vectors by inspection
extremely difficult. For this reason, the intricacies of cat-
ion exchanges in this tourmaline data set will be treated
separately (Lfiz et al., in preparation), as noted earlier.
However, some of the data involving the effects of crystal
chemistry on Fe site partitioning will be treated below.

DrscussroN
Dependence of VoFe3* on Mtissbauer fitting model

The spectra of tourmaline are difficult to fit because
there can be up to six superimposed doublets represented
with considerable overlap between the 12 peaks (Pieczka
et al. 1991 used even more peaks in their model). For

Function 3 Function 4

d r ' X a / X 0 g X a t X o ,QaQz0,
2  9913
3.0142
3 0982
3  1 1 0 8
3 1233
3 1583
3.1 637
3.1 650
3 1788
3.1 925
3.2293
3 2340
3.2408
3 2581
J - Z t  t o

3.2844
3 2936
J .J  |  +O

3  3315
3 3380
3 3552
3 3605
o Jo+o

J.JOOO

3 3826
3  3910
J  JYCZ

3 4001
3 4035
3 4421
3 4443
3 4475
3 4504
3 4567
3 4828
3 5029
3 5274
3 5398
3 5679
3 5793
3 6640

-1 7065
-1.6421

1.4069
- 1 3829

1 3401
-1.2340
-1 2104

1 2111
-1 0593
- 0 9 1 1 1

0 4467
-0.4770
-0 3902

0 4330
0 4383
0 4310

-o 4082
-0.3006
-0 1 998

0 1536
-0 0331

0 0 1 5 1
0 0397
0 0628
0 1889
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0 9026
0 9481
1 1376
1 2733
1  4161
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-5.2202

5.2164
-5 1 956
- 5.1 203

5.0389
-5.0204

5.0077
4.9891

-4 9764
-4 9696

4.9586
-4.9488

4.9478
-4 9474

4 9433
-4 9423
-4.9394
-4 9338
.+  YJJJ

4 9236
-4 9194
-4 9178
-4 .9149

4 9126
4 9086
4 8906

-4 8462
-4 8754

4 8606
-4 8392
-4 8368

4  8313
-4 8308
-4 8286
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4 7879
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-4 7554
4 6751

-4 4548

0  3165
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0  3145

-0  3180
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-o.3227
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-0 3401
-0 3440
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-0.3382
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-0.3529

u . J c c /
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_ U . J 4 J 3
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-0.2702
o 2440
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o.4837
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0.5096
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0 0440
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0.5956

-0 5879
0 5845
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TABLE 5c. Matrix of term weights (B)

Model
Ierm Ia  o ,6 lFe3+ v2lF e2+

9,
9,
9.
9o
Mean Y

-0 00806
0 00017
0.00308

-0 00301
o.oo777

-0 00189
o 45375
0 06582

-0 01 526
0  14914

o 27656
0 .1  1681

-0.05083
0.07075
0 40777

o 23225
-o 15794

0 1 1 1 6 4
0 1 3642
o 28260

0 14691
0 04184
0 05320

-0 0631 3
0 21 984

this reason, many different models can satisfy the con-
ventional criteria for "good fits" based on 1, and Misfit
(Ruby 1973). Results ofprevious workers did not provide
a clear consensus on the best models to be used for tour-
maline; in fact, lack of agreement on the best model for
tourmaline spectra undoubtedly contributes to the scatter
of data points in Figure 2a. Also, some of the existing
studies (e.g., Fuchs et al. 1995) should be discounted due
to the fact that peak widths (f) are less than the theoret-
ical minimum imposed by the Heisenberg uncertainty
principle, which is approximately 0.1940 mm/s for sTFe
(Stevens 1981). For this study, then, it was desirable that
as many samples as possible be fit with the same set of
constraints independent of the number of peaks involved.
We sought the least constrained, most simple and realistic
fits for each spectrum, which are given in Table 4. It is
worth noting that approximately 2O-3O "converged," sta-
tistically significant fits were obtained for each spectrum

si at Ti Mn FHm Na =Taftmffi{mm& H

C a N a K

Frcunp 7. Linear correlation coefficients for elements with
(a) Fe'* and (b) Fer*. Dashed lines indicate the 0.05 significance
levels for the correlation coeflicient based on the t test.

in this suite before we were able to see a systematic sim-
ple model emerge.

Site distributions of Fe3*

Because the Fe3* peaks are generally small and heavily
overlapped by the lower velocity peaks from the Fe'*
doublets, no spectrum could be fit with three doublets
conesponding to Fe3* in distinct tetrahedral, Y, and, Z
sites. There are, however, several instances where t6rFe3+
and Fe3* in ED doublets are seen together, but the largest
Fe3* doublets are always octahedral. The total determined
percentage of Fe3* in tourmaline is consistently indepen-
dent of the fitting model used (Fie. a).

This report is the first study to observe doublets cor-
responding to tarFe3+ in tourmaline. The observed param-
eters fall very close to those fe1 t+rpe:+ in many other
minerals as discussed above. However, we must note that
it might also be possible (if somewhat unusual) for this
doublet to represent tlrFe3+ in the B site, as was suggested
by Ja (1972) on the basis of EPR studies.

Crystal chemical controls on Fe site distribution

A relationship between chemical composition and the
distribution of Fe among sites is revealed by canonical
correlation analysis of composition (Si, Al, Ti, Mg, Mn,
Ca, Na, K, B, Li, E H) vs. site occupancies (Fe3* in Z or
X F"t* in Y or iv, Fe2* in Yl, Fe'* inY2,Fe2* in Y3).
This technique is used to investigate relationships be-
tween two different sets of variables measured on the
same set of samples (Davis 1986); it finds the linear com-
binations of the sets of variables that give the highest
correlations between the two sets. Note that Fe is not
included in the composition data to reduce the possibility
of forced correlations affecting the results. Samples with
ED are excluded, so that 41 samples are considered in
this and subsequent analyses. The results (Fig. 5) indicate
a highly significant (p < 0.01) correlation (r : 0.996).
However, canonical correlation does not provide a mech-
anism to actually predict site occupancy from composition.

Accordingly, a model of the relationship between com-
position and site occupancy was developed using a non-
parametric multiple regression method-projection pursuit
regression (PPR) (Friedman and Stuetzle 1981) as imple-
mented by the ppreg function in S-PLUS, version 3.3.
PPR approximates the regression surface by a sum of
empirical univariate functions of linear combinations of
the compositions. For N samples, K components, "/ sites,
and M model terms the resression model is
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Y,,:  Y, + 9i^6^(a",0.Xtr) (1)

where X,* is the k'n component of the n,h sample and Y,
is the mean occupancy of the j,n site, and ynj is the pre-
dicted occupancy of the j,h site in the n,h sample. The
parameters of the model are unk, a matrix of direction
vectors that yield linear combinations of the composi-
tions; $-, the m'h univariate empirical function value; and
B,-, the weight for the zr'h model term and the 7ft site.

We obtained model predictions for site occupancy of
Fe such that the ratio of the sum of squared residuals to
the corrected sums of squares is 0.042. A remarkably
good fit for Fe in most sites is evident (Fig. 6). The value
of this PPR model is in its ability to predict Fe site oc-
cupancies and nearest neighbor populations based solely
on chernical analyses. We tested the model for sensitivity
to deviations of analyses from our data set by construct-
ing and analyztng synthetic data that are randomized ver-
sions of our data. Whereas scatter about the 1:1 lines (i.e.,
Fig. 6) increased somewhat, as expected, no breakdown
of the model was observed.

The values of a^0, +^, P-, and I for our model are
presented in Tables 5a-c. Note that values of the empir-
ical functions have to be obtained by interpolation based
on the values in the table. S-PLUS users can obtain the
ppreg output list and a test data set by sending a diskette
to Tim Lutz.

Cation substitutions

Data were studied for correlations between Fe3* sub-
stitution and coupled substitutions on the X, X Z, Si, B,
and OH sites (Fig. 7). In no case is there an obvious
relationship between Fe oxidation state and site charge.
Thus it appears that Fe3"lFe,* ratio is controlled by the
prevailing oxidation state (i.e., the supply of Fe3*) in the
bulk rock assemblage, rather than by any particular crys-
tal chemical substitution. There are too many coupled
substitutions to be able to single out the reactions that
control Fe3*. There is no single obvious crystal chemical
control on Fe3* substitution in any site.
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