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Abstract

The structure of an alkali cation-deficient, vanadium tourmaline has been refined (R =
0.041 for 2727 intensity data) in order to evaluate the effects of tourmaline composition on
structural distortion. V-tourmaline, (Na,4,Cao3sMgo15Ko02) (M1 57V 56CrifisFedhs) (Als se

058 T15/06)(Sis.63A10.37)(B2 98 1 02)027(01.100H; 55Fo 1), is rhombohedral with a = 15.967(2)
and ¢ = 7.191(1)A; space group R3m. Despite compositional differences the structure is very
similar to those of other members of the tourmaline group, most notably a recently refined
aluminous dravite. Analysis of tourmaline-group structural data reveals (1) a negative corre-
lation between tetrahedral bond angle variance and mean “‘alkali”’(3a)-oxygen bond length;
(2) negative correlations between both 9b and 18¢ octahedral angle variances and mean 9b-O
bond length; (3) a negative correlation between ditrigonality and 9b octahedral angle vari-
ance; (4) a positive correlation between weighted mean octahedral bond length and cell vol-
ume; and (5) a positive correlation between Na occupancy in the 3a site and mean 3a-O bond
length. These observations demonstrate a systematic flexibility of the structure in response to
diverse cation substitution.

The lack of a distinct coupling between the sizes of the 9b and 18¢ octahedra in refined
tourmaline structures and the extensive and possibly complete substitution of AP* in the 9b
site in tourmalines suggest that the presence of cations that can vary in size (e.g., Fe****) in
order to create a compatible edge may not be a prerequisite for dravite-elbaite solid solution.
In view of the structural flexibility of tourmaline and the ease of proton exchange to maintain
charge balance, the apparent immiscibility of dravite and elbaite is thought to reflect extreme
fractionation of Mg and Li during petrogenesis and by the tourmaline structure, due to the
large difference in the field strengths of these cations. Other major features of tourmaline sub-
stitutional chemistry are also rationalized on the basis of cation field strength.

Introduction

The crystal chemistry of the tourmaline group is
exceedingly complex. In addition to solid-solution se-
ries extending from schorl to dravite and from schorl
to elbaite, Foit and Rosenberg (1974, 1975, 1977) re-
ported the existence of two additional substitutions
(DR*+R*=R* +[Jand (2) H*+ R* =R>* in
natural tourmalines of the schorl-dravite series,
which together result in solid solution toward an al-
kali cation-deficient series, R ,R3*R2*(BO,);Sis0,4
0,_,(OH),,..

The extent of substitution in any structure is deter-
mined not only by the coordination and dimensions
of the sites available for substitution and the toler-
ance of the structure to distortion, but also by the
characteristics of the ions themselves (e.g., field
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strength). While a large amount of structural data on
members of the tourmaline group (dravite, Buerger
et al., 1962; buergerite, Barton, 1969; elbaite, Donnay
and Barton, 1972; schorl, Fortier and Donnay, 1975;
uvite and an aluminous dravite, Schmetzer, 1978)
has accumulated over the past 15 years, systematic
structural changes produced by these substitutions
have not been deciphered. The structure of a signifi-
cantly alkali cation-deficient, vanadium-rich tourma-
line has been examined and analyzed in conjunction
with all available tourmaline structural data in an at-
tempt to evaluate the structural significance of cation
substitution. It was anticipated that this study would
lead to a better understanding of the role of struc-
tural distortion and cation field strength (Weyl and
Marboe, 1962) in limiting tourmaline composition.
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Vanadium-bearing tourmaline

Specimen description and chemistry

Snetsinger (1966) reported the occurrence of an
unusually vanadium-rich tourmaline coexisting with
quartz, graphite, barium-vanadium muscovite, and
biotite in a quartz graphite schist at Silver Knob,
Mariposa County, California. The crystals were
found to be compositionally zoned with cores appre-
ciably deficient in alkali (alkaline earth) cations.

A large number of tourmaline fragments were sep-
arated, using heavy liquids, from a ground hand
specimen of schist from this locality. Although crys-
tals suitable for X-ray analysis were difficult to iso-
late due to the abundance and fine dispersal of
graphite throughout the rock, an equant (~0.3 mm in
diameter), optically uniform fragment of the core
zone was finally extracted from the tourmaline frac-
tion.

An electron microprobe analysis of this crystal is
given in Table 1. Analyses made at many points on
the crystal showed it to be essentially homogeneous.
Only one element, V, showed a statistically signifi-
cant variation, and this corresponded to a decrease of
less than 0.25 weight percent at one edge of the crys-
tal. Vanadium and the small amount of iron present
were initially assumed to be in the 3+ and 2+ va-
lence states, respectively. Water was obtained by dif-
ference. Since increasing the valence states of iron
and/or vanadium reduces the apparent amount of
water, the amount indicated in Table 1 represents a
maximum value for this crystal. A comparison of cal-
culated and ideal anionic valence sums for the van-
adium tourmaline structure (see Discussion) suggests
that the actual proton content may be slightly lower.

Despite the deficiency of alkali cations, the alkali
site (3a) appears to be fully occupied. An excess of
cations (Mg**, Fe**, Cr**, V**, Ti**) normally found
in octahedral coordination which is equal to the al-
kali cation deficiency strongly suggests that Mg** (or,
less likely, Fe**) partially occupies the alkali site
(Table 1).

Unit cell and intensity data collection

X-ray photographs displayed diffraction symmetry
and lattice extinctions compatible with space group
R3m. All reflections were sharp; no weak or diffuse
“extra” reflections were observed on long-exposure
photographs. The unit-cell parameters, a = 15.967
(2) and ¢ = 7.191(1)A, were obtained by least-squares
refinement of 12 high-angle reflections collected us-
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Table 1. Vanadium tourmaline. Microprobe analysis

* :
Wt. percent Numbers of ions

33.61 5.63
10.3 2.98
30.03 5.93
1.48 0.19

V,03 8.52 1.14

Mgo §.23 2.05
TiO, 0.45 0.06
FeO 1.25 0.18
MnO 0.00 0.00
Na,0 1.34 0.44
Ca0 2.02 0.36
K,0 0.11 0.02
97.94
Less 0 = F -0.25

€>calc = 3.165
97.69

Hy0 2.31
100.00
Formula on the basis of 31(0,0H,F); (N30.4A0a0_36Mg0 18%0 02)(Mg1 87

YRR VR ST )
V37650 1970, 187 A5 5670 38 10, 06) 51563870, 37782, 9850, 0202701, 10

(0Hy 5gFp, 32)

* An average of analyses at 5 different locations on the crystal.

ing a computer controlled Picker 4-circle diffrac-
tometer and MoKa radiation.

A total of 2727 reflection intensities was collected
using a 0.05° step scan size, a 2-second step count,
and a 20-second background count. While 1645 re-
flections were collected in the 60° af a¥ c* wedge over
a range 260 = 5-90°, only 1082 were collected in the
—a*a¥c* wedge, due to a diffractometer arrange-
ment limiting the accessible 28 region to 5-75°.
Three standard reflections representing a wide range
of intensity were measured after every 50 reflections
in order to monitor long-term diffractometer per-
formance. The data were corrected for Lorentz and
polarization effects, but absorption effects were ne-
glected because of the approximate spherical shape
of the crystal and its low linear absorption coefficient
(» = 16.8 cm™"). Subsequent refinement was carried
out using the 2602 structure factors for which F,, >
30(Fbs)- :

Refinement

Least-squares refinement was undertaken using a
modified versions of ORFLS written by Busing et al.
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Table 3.
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Vanadium tourmaline. Atom positional and thermal parameters (standard deviations in parentheses)

Atom

Position

X

*

B

Feie

8

y L2 811 ) 33 12 13 23

Na,Ca,Mg 3a 0 0 0.21764(21) 1.50(3) 196(3) Bll 670(20) 611/2 0 0
Mg,V,Cr,Fe 9b 0.12353(3) x/2 0.63364(8) 0.446(9) 58(2) 42(1)  306(6) 611/2 -47(3) 813/2
Al,V,Ti 18¢ 0.29782(3) 0.26152(3) 0.61011(8) 0.353(7) 44(1) 51(1) 181(5) 22(1) 1(2) 11(2)
B 9b 0.10976(7) 2x 0.45178(30) 0.40(3) 46(5) 41(7) 277(26) 622/2 823/2 -2(2)
Si,Al 18¢c 0.19173(2) 0.18990(3) 0 0.333(6) 39(1) 39(1) 192(5) 18(1) -2(2) -9(2)
o(1) 3a 0 0 0.77026(39) 0.72(4) 113(6) 811 341(38) 811/2 0 0
0(2) 9b 0.06085(5) 2x 0.48140(24)  0.79(3) 99(4) 48(5)  541(24) 622/2 623/2 22(9)
0(3) 9b 0.26387(13) x/2 0.50919(23) 0.78(2) 187(7) 104(4) 242(19) 811/2 11(10) 613/2
0(4) 9b 0.09306(6) 2x 0.07162(23) 0.76(3) 75(4)  157(7)  398(22) 822/2 623/2 -28(10)
0(5) 9b 0.18444(13) x/2 0.09256(22) 0.78(3) 180(7) 71(3) 420(22) 811/2 4(10) 813/2
0(6) 18¢ 0,19548(7) 0.18576(7) 0.77616(15) 0.54(2) 87(4) 82(4) 218(12) 44(3) -8(6) -21(6)
0(7) 18c 0.28559(7) 0.28536(7) 0.07803(15) 0.61(2) 73(4) 63(3) 294(14) 14(3) -30(6) -15(6)
0(8) 18¢ 0.20903(7) 0.26984(7) 0.43879(17) 0.60(2) 36(3) 80(4) 484 (15) 27(3) 19(6) 40(6)
1o (3)] 9b  0.2615(27) x/2 0.3901(57)  -0.17(57)

* Isotropic temperature factors are from the last cycle of refinement before changing to anisotropic temperature factors.

*k x 10°

(1962). Initial position parameters were those of
buergerite (Barton, 1969). The form factor tables
were formulated from the data of Cromer and Waber
(1965) for neutral atoms and the anomalous dis-
persion coefficients given in International Tables Sfor
X-ray Crystallography. The observed structure fac-
tors (F,) were weighted on the basis of 1/¢2, where o,
is the standard deviation of F, based on counting sta-
tistics.

The weighted residual (R,) converged to a value of
0.060 after several cycles of refinement during which
the scale factor, atom coordinates, and isotropic tem-
perature factors were varied. Comparison of ratio
F,(511)/F(511) to that observed for buergerite, from
which the absolute orientation of the structure had
been determined (Barton, 1969), indicated that the
indexing of the vanadium tourmaline data set needed
to be transformed (hk! — khl) to be compatible with
the conventional orientation. Subsequent refinement
using the transformed data set reduced R, to 0.042
and resulted in reasonable isotropic temperature fac-
tors for all atoms.

The cation occupancy of the 18c and 9b octahedral
sites was determined by monitoring the residual and
temperature factors as the relative proportions of
“light” (L = 0.60Al + 0.40Mg) and “heavy” (Hv =

0.69V + 0.16Cr + 0.13Fe + 0.02Ti) atoms were var-
ied. Minima in the residuals (R = 0.041 and R, =
0.047) and isotropic temperature factors of 0.35 and
0.45 for the 18c and 9b “atoms,” respectively (Table
3), were achieved with distributions corresponding to
18¢c = Lyy,Hv, s and 9b = L, ;Hv, 5.

Several cycles of least squares, during which posi-
tion and anisotropic thermal parameters and scale
factor were varied, further reduced the residuals R
and R, to 0.029 and 0.035, respectively. Refinement
of the proton positions was then undertaken, using
the positional parameters determined from neutron
diffraction studies of buergerite (Tippe and Hamil-
ton, 1971). However, only the positional and iso-
tropic thermal parameters of the hydrogen atom
bonded to O(3) could be varied successfully. This is
due, no doubt, to its higher multiplicity compared to
the hydrogen atom presumed to be bonded to the
O(1) oxygen atom. The refinement was completed by
simultaneously varying all positional and anisotropic
thermal parameters (except for hydrogen, which was
varied isotropically). The final residuals are R =
0.028, R, = 0.034 for the 2602 data used in the re-
finement and R = 0.033, R, = 0.041 for the 2727 data
collected (Table 2'). The positional and thermal pa-
rameters are listed in Table 3. The dimensions and
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orientations of the thermal ellipsoids (Table 4') and
the interatomic distances and angles (Table 5, uncor-
rected for thermal motion) were calculated using the
Fortran function and error program ORFFE (Busing
et al., 1964).

Discussion

Vanadium tourmaline structure and its relationship to
other refined tourmaline structures

The structure of vanadium tourmaline is very simi-
lar to those of other refined tourmaline structures
(dravite, Buerger et al, 1962; buergerite, Barton,
1969; elbaite, Donnay and Barton, 1972; schorl, For-
tier and Donnay, 1975; uvite and aluminous dravite,
Schmetzer, 1978), most notably aluminous dravite.
For this reason, only the details of the structure and
structural comparisons will be given. The reader is
referred to two excellent diagrams (Buerger et al.,
1962; Barton, 1969) which portray the general config-
uration of the structure.

Tetrahedral ring. The mean T-O bond length
(1.625A) in vanadium tourmaline is the largest yet
observed for a tourmaline structure. This is to be ex-
pected, since AI’*-for-Si** substitution (SiseAl ;) is
greater in vanadium tourmaline than in any other
natural tourmaline structure refined to date. The
only other tourmaline with a significant amount of
AP*-for-Si** substitution, dravite (Buerger et al.,
1962), has the second largest mean T-O bond length
(1.621A).

Variances in the O-T-O angles 07,..,,, which have
been used as a measure of distortion (Robinson et al.,
1971), are apparently related to the mean ‘““alkali cat-
ion” (3a-site cation)-oxygen bond length; they grad-
ually decrease with increasing mean “alkali”-oxygen
bond length (Fig. 1). This is consistent with the fact
that each 3a coordination polyhedron shares the six
contiguous interior basal edges of the ring. Thus, any
variation in the size of the cation in the 3a site should
affect the configuration of the ring and/or its individ-
ual tetrahedra. A similar coupling of tetrahedral dis-
tortion to effective {X} cation size (Ca®>*, Mg**, Fe**,
Mn**) was observed in the garnets (Robinson et al.,
1971). While use of angular variance for dravite
might be questioned on the grounds that dravite may
have been refined in the wrong absolute orientation

! To obtain a copy of Tables 2 and 4, order Document AM-79-
106 from the Business Office, Mineralogical Society of America,
2000 Florida Ave.,, NW, Washington, DC 20009. Please remit
$1.00 in advance for the microfiche.

Table 5. Vanadium tourmaline. Interatomic distances and angles
(standard deviations in parentheses)

Atoms Distance (;) Atoms Distance (;) Angles (°)
81-0(4) 1.630(1)  0(4) - 0(5) 2.567(2) 103.19(7)
5170(5) 1.646(1)  0(4) - 0(7) 2.663(1) 110.31(7)
$i°0(6) 1.613(1)  0(5) - 0(7) 2.674(1) 110.45(6)
$1-0(7) 1.612(1)  0(6) - 0(&)Y 2.683(2) 111.64(7)
0(6) - 0(5) 2.679(2) 110.56(7)
Mean 1.625 0(6) - 0(7) 2.650(1) 110.49(5)
Mean 2.653
B-0(2) 1.369(1) o8- 0(2) 2x  2.385(L) 120.7(1)
B-0(8)! 2z 1.376(1) 0(8) - o)1 2.367(3) 118.6(1)
Mean 1.374 Mean 2.379
Mg-0(1) 1.971(2)  0(1) - 0(2)2  2x  2.673(3) 84.15(6)
Mg-0(2)2 2x  2.018(1)  0(1) - 0(6)3  2x  3.047(1) 100.10(6)
Mg-0(3) 2.137(2)  0(2)_- 0(2)2 2.915(1) 92.45(6)
Mg-0(6)3 2.004(1) 0(2)7- 0(6)3 2x 2.822(2) 89.09(5)
0(3) - 0(2)2  2x  3.169(2) 99.37(6)
Mean 2.026 0(3) - 0(6)3  2x  2.560(2) 76.31(4)
0¢6) - 0(6)3 2.811(3) 89.07(8)
Mean 2.856
A1-0(3) 1.995(1)  0(3) - 0(6) 2.560(2) 82.33(6)
AL-0(6) 1.893(1)  0(3) - 0(7)3 2.888(2) 95.67(6)
AL-0(7)% 1.955(1)  0(3) - 0(8) 2.793(2) 90.64(6)
A1-0(7)3 1.900(1)  0(3) - 0(8)> 2.891(2) 95.80(7)
AL-0(8) 1.932(1)  0(6) - 0(8) 2.729(2) 91.,00(5)
A1-0(8)3 1.500¢1)  0(6) - 0(8)° 2.793(2) 94.86(6)
0(7)4- 0(6) ¢ 2.784(2) 92.69(6)
Mean 1.929 0(7)4- 0(7) 2.738(1) 90.50(2)
0(7)4- 0(8) 2.898(2) 77.64(6)
0(7)5- 0(8) 2.417(1) 96.41(6)
0(7)5- 0(8)3 2.825(2) 78.20(5)
0(7)4- 0(8)3 2.417(1) 96.08(5)
Mean 2.728
Na-0(2)2° 3x  2.536(2) 0(2)2—60(2)2566 3 2.9149(3) 70.17(6)
Na-0(4),%¢ 3x  2.780(1)  0(2),°/-0(4)5°¢ 3x  3.0784(23) 70.61(4)
Na-0(5)"'" 3x  2.704(2)  0(2)5°°-0(5)">° 6x  3.5865(23) 86.32(4)
0(4)2-60(4)2266 3x 4.4576(6) 106.61(5)
Mean 2.673 0(4)“7°-0(5)"°° 6x  2.5665(9) 55.79(4)
Mean 3.251
H-0(3) 0.86(4) 0(3) - 0(5) 3.191(2) 154.(2)
B-0(5) 2.39(4)
1= y=X,y,2; 2 = y=-X,~X,2; 3 = X,X-y,z; & = y-x+1/3,-x+2/3,2+2/3;

5 = —y+2/3,x-y+1/3,2+1/3; 6 = -y,x-y,z transformations relating

coordinates to those of Table 4.

% = positioned in an adjacent unit cell.

(Barton, 1969), refinement of vanadium tourmaline
in both orientations yielded variances and mean
bond lengths which differed by insignificant
amounts.

Ditrigonality, 8, defined by Barton (1969) as a
measure of the distortion of the T;O,; ring from hex-
agonal symmetry, is 0.009 for vanadium tourmaline.
This is closer to the values for elbaite (0.009) and
schorl (0.005) than to aluminous dravite (0.019), uv-
ite (0.029), dravite (0.032), and buergerite (0.038).
The only structural parameter which appears to be
correlated to ditrigonality is 9b octahedral angle vari-
ance (Fig. 2). This apparent negative correlation is
not unexpected, because of vertex sharing between
the 9b octahedra and the Si tetrahedra of the ring.
The reason for the gross deviation of buergerite from
the general trend remains obscure.
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Octahedral portion. In vanadium tourmaline there
is a significantly greater scattering power associated
with the larger more distorted 9b site (L,sHves,)
than with the smaller less distorted 18¢ site
(Los:HvV,0s). This is in keeping with the results of
other transition-metal tourmaline refinements (buer-
gerite, Barton, 1969; schorl, Fortier and Donnay,
1975). A comparison of the mean 18c-O bond length
and site occupancy (1.926A, L,.,Hv,) of vanadium
tourmaline to those of elbaite (1.905A, Al,,) and
schorl (1.922A, Aly,;Fe%y;) is in accord with very
little substitution of cations other than Al in this
site. Thus, the formula (Na; . Cao Mg, 1:Ko02)
(Mg|_s7HV|.s7HV1_13)(Als.ss HV0_44)(Si5.63Alo.37)B29s
0,,0,.6(OH, 5:F,5,), which is very similar to the one
proposed on the basis of the analytical data (Table
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1), adequately describes the site chemistry of van-
adium tourmaline.

While very little substitution of cations other than
Al has been observed in the smaller 18c¢ site (Tsang et
al., 1971), the larger more distorted 9b site with
which it shares an edge tolerates extensive as well as
diverse substitutions, producing a substantial varia-
tion in mean bond length. The angular variance (dis-
tortion) of both the 9b and 18¢ octahedra in tourma-
line appears to be negatively correlated to mean 9b-
O bond length, smaller size producing greater dis-
tortion (Figs. 3, 4). However, no distinct correlation
between the size of the 18c site and its angular vari-
ance was observed. The predominant influence of the
mean 9b-0 bond length over the 18¢-O bond length
in controlling 18c octahedral distortion is thought to
reflect the significantly greater variability in the size
of the 9b site. The larger angular variance in schorl
(Fig. 3) than might be expected on the basis of 9b site
size may be due, in part, to the Jahn-Teller effect
(Walsh ez al., 1974).

The volume of the unit cell varies non-linearly
with the dimensions of the 9b and 18c octahedra
(Fig. 5); the greater the mean 9b-O and 18¢c—O bond
lengths, the greater the cell volume. This accounts for
the success of the often-used Epprecht (1953)-type
diagram, by which cell parameters have been shown
to vary as a function of substitution between schorl-
dravite and schorl-¢lbaite. The relationships between
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tourmaline cell volume and mean octahedral bond
lengths and between mean 9b-O bond length and
18¢ octahedral distortion is not surprising, in view of
the fact that edge-sharing between the 9b and 18c oc-
tahedra results in a quasi-rigid three-dimensional oc-
tahedral framework.

Alkali cation site. The 3a site appears to be con-
strained by the octahedral (9b) and tetrahedral por-
tions of the structure, and therefore is only capable of
adjusting its size within restricted limits to variations
in cation occupancy. A plot of Na (largest abundant
alkali cation in tourmaline) content vs. mean alkali—
oxygen bond length (Fig. 6) reveals a positive corre-
lation between sodium content and the size of the 3a
coordination polyhedron. However, if mean 3a site—
oxygen interatomic distance is plotted against either
the effective radius of the cations occupying that site
or cell volume (Fig. 5), no correlation can be ob-
served, indicating that the octahedral and tetrahedral
portions of the structure tend to hold the site open
when cations smaller than Na occupy the site. This
conclusion is in accord with the absence of a correla-
tion between cell volume and 3a site occupancy ob-
served in a study of tourmalines synthesized in the
system MgO-Al,0,-Si0,-B,0,-H,0 (Rosenberg and
Foit, 1977), and demonstrates the relative in-
significance of alkali-site occupancy as compared to
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octahedral-site occupancy in determining cell param-
eters.

Protons. The principal hydrogen bonds involve
two non-equivalent oxygen atoms, O(1) with the
bond direction paralleling the 3-fold axis and O(3)
with the bond lying in the mirror plane. While it was
possible to refine the positional parameters of one of
the protons successfully, revealing a hydrogen bond
geometry, H-O(3) = 0.86(4)A, H-O(5) = 2.39(HA
and O(3)-H --- O(5) = 154(2)°, comparable to that
reported for buergerite (Tippe and Hamilton, 1971),
no information regarding the partial occupancy of ei-
ther the O(1) or the O(3) proton site could be ob-
tained from the X-ray results. An indirect estimation
of proton occupancy was obtained, using the method
of Donnay and Allmann (1970) (Table 6). Although
the discrepancy value Arms = 0.054, a measure of the
agreement between calculated and ideal valence
sum. is comparable to those reported for other
tourmalines (Fortier and Donnay, 1975), the charge
imbalance for O(1) and O(3) is unusually large. This
suggests that vanadium tourmaline has a slightly
lower proton content than indicated by the analytical
data, and that some of the V and/or Fe is in a higher
valence state. The oxidation state and site distribu-
tion of vanadium in tourmaline from this locality is
currently being studied using optical absorption tech-
niques by G. Rossman (personal communication).

&0 F B
[ )
57 |
54 |
, o F
Osus0)
(Deg?) .V
48 k .E
A
[ )
45 |
D
U e
® S
[ ]
42 Lk
39 L i A ' : A A
2000 2010 2020 2030 2040 2050 2.060

MEAN 9b-O INTERATOMIC DISTANCE (&)

Fig. 4. Variation of 18c octahedral angle variance, o3 sc), With
mean 9b-O interatomic distance.



794 FOIT AND ROSENBERG: VANADIUM-BEARING TOURMALINE

1.970 b « 2690

1.965 |-

IX)

7 2685

1.960 | 1 2680

1.955 4 2675

'

1.950 | 2.670

1.945 |* " 2665

MF AN 3a-0O INTERATOMIC DISTANCE

1.940 1 2660

WEIGHTED MEAN OCTAHEDRAL INTERATOMIC DISTANCE (@)

1.935 i o
1540.0 1560.0 1580.0

2655
1600.0

VOLUME (A%

Fig. 5. Variation of cell volume with weighted mean octahe-
dral, [95-O + 2(18¢-0)}/3, and with mean 3a-O interatomic dis-
tance. The mean 3a-O distance in uvite is 2.646A and lies below
the abscissa.

Solid solution relationships: structural considerations

As observed in previous investigations (Buerger et
al., 1962; Barton, 1969; Donnay and Barton, 1972;
Fortier and Donnay, 1975) the tourmaline structure

seems to be remarkably tolerant of diverse sub-
stitutions. Despite extensive dehydroxylation relative
to schorl, elbaite, and dravite according to the sub-
stitution H* + RY%;) = R}, as well as substitution of
Mg** into the 9-coordinated 3a-“alkali” site (Foit
and Rosenberg, 1977; Rosenberg and Foit, 1977), the
structural configuration of vanadium tourmaline ap-
pears to be intermediate between these end-members
(Figs. 1-5).

Studies of both natural aluminous dravites (Table
7, Foit and Rosenberg, 1977) and synthetic tourma-
lines in the system MgO-Al,0,;-Si0,-B,0,-H,O
(Rosenberg and Foit, 1975, 1977) suggest substantial
Al**-for-Mg** substitution in the 9b octahedral site
(Fig. 7), charge balance being maintained by dehy-
droxylation, creation of alkali site defects, and/or
AP*-for-Si** substitution. Similar extensive sub-
stitutional relationships involving AI’* and Li* in the
9b sites occur in natural elbaites (Table 7, Fig. 7).
Synthesis of tourmaline in the system Na,0-AlQ,-
Si0,-B,0,-H,0 (Ekambaram, personal communica-
tion) demonstrates that the octahedral sites may con-
tain only Al. Thus, extensive and possibly complete
substitution of cations (Al’* for Mg?* and Li*), which
represent greatly different sizes (Y'Li = 0.76, V'"Mg =
0.72, Y* Al = 0.54A; Shannon, 1976) and distortions
(Figs. 2-4), takes place in the dravites and elbaites.
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Table 6. Vanadium tourmaline. Bond valences (number of bonds received by anion in parentheses)

X Y Z Anion
Anion Multi 3a 9b 18¢c B Si ch occupancy |Av|
o . ) 2= g- = .
(€9 3 0(13;:)33 1.299 00.41F0.32(0H)0.27 0.111
0(2) 9 0,233 0.402 1.000 2.037 02" 0.037
1) (2) (¢Y)]
= 2-
0(3) 9 0.329 0.404 1.137 (OH) 50 0.093
0.77%.23
(¢9) (2)
0 (%) 9 0.131 0.980 2,091 0" 0.091
) 2)
0(5) 9 0.159 0.949 2.057 0% 0.057
(1) (2)
0(6) 18 0.411 0.559 1.014 1.984 0% 0.016
1) 1) 1)
0(7) 18 0.464 1.016 2.027 0% 0.027
(€Y (€3]
0.547
(e8]
0(8) 18 0.547 0.989 2.034 02" 0.034
1) (L
0,498
(1) av = 0.054
Tms J
L(Mean) 2.673 2.026 1.929 1.374 1.625
1.(Max) . 3.127 2.670 2.268 1.857 2.138
p (Exp) 5.888 3.145 5.690 2.845 3.168
V(1) 1.54/9  2.38/6  3.01/6  2.98/3  3.96/4

Structural configurations required by the nature and
extent of coupled substitutions in natural as well as
synthetic tourmalines appear to be easily attained,
and are not markedly different from those previously
reported.

The foregoing data have interesting implications
relative to the apparent lack of extensive substitution
between dravite and elbaite. The tourmaline struc-
ture contains two groups of crystallographically-dis-
tinct octahedra; the edge-sharing 18c octahedra
which spiral up the 3, screw axis and the edge-shar-
ing 9b octahedra which cluster around the 3-fold
axis. These octahedra in turn share a common edge
0(3)-0(6), forming a three-dimensional octahedral
framework. Donnay and Barton (1972) have sug-
gested that, due to the absence of variable valence—
variable size cations (i.e., Fe****) along the dravite—
elbaite join, the 9b and 18c octahedra cannot achieve
configurations permitting a mutual sharing of edges,
thereby making the formation of the tourmaline
structure impossible. However, no distinct coupling
between the sizes of the 9b and 18c octahedra (Fig. 8)
is observed in refined tourmaline structures. Further-

more, schorl and elbaite reflect a greater range of 9b-
O bond length and 18c octahedral angle variance
than do dravite and elbaite (Fig. 4). Yet natural Li-
rich tourmalines containing appreciable amounts of
Fe** have been reported, whereas those containing
an appreciable amount of Mg”>* are unknown, even
though these tourmalines may contain multiple-va-
lent cations. If the availability of variable valence
cations were an overriding factor limiting the forma-
tion of the tourmaline structure, despite possible ex-
tensive disordering of cations between the 9b and 18¢c
sites, then natural and synthetic aluminous dravites
and natural aluminous elbaites would not form.
Thus, there appears to be no obvious structural rea-
son why dravite—elbaite solid solution should not be
more extensive than has been observed in natural
samples.

Solid solution relationships: field strength consid-
erations

Because of the flexibility of the tourmaline struc-
ture and its tolerance of substitutions in several sites,
as well as the ease with which protons can be gained



796 FOIT AND ROSENBERG:

Na-Al TOURMALINE

AlyAlg
iy
/
7\
/7 \
/ \
/ \
/ o
/
(4
ig oV
3
® P
2q] \
5
.\
\
\
(9L, —v—wewe e —— - =
DRAVITE (schori) ELBAITE
Mg Alg (Liy 5Aly ) Alg

Fig. 7. Extent (solid line) of octahedral substitution between
dravite, elbaite and Na-Al tourmaline in natural samples. Num-
bers refer to samples listed in Table 7. Mg, Li, Al plus minor Fe
were considered in plotting tourmaline compositions. Minor
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or lost to maintain charge balance, the 9b octahedral
site will preferentially be occupied by cations with
the highest field strength (Z/a? where a = cation—an-
ion interatomic distance; Weyl and Marboe, 1962).
The apparent absence of intermediates between el-
baite and dravite in nature (Foit and Rosenberg,
1977) may be due to the extreme fractionation of Mg

VANADIUM-BEARING TOURMALINE

and Li, both during petrogenesis and by the tourma-
line structure as a result of the large difference in the
field strength of these cations. Less extreme fraction-
ation between Fe** and Li* due to the somewhat
smaller difference in field strengths would account
for the greater abundance of elbaite-schorl solid so-
lutions than elbaite-dravite solid solutions in nature
(Foit and Rosenberg, 1977).

In the Brown Derby pegmatites, Gunnison
County, Colorado, which are believed to have crys-
tallized as a closed system from the walls inward, the
atomic proportions of Mg?*, Fe**, and Mn** (Staatz
et al., 1955) peak and diminish in turn during the
crystallization sequence, the first tourmalines being
relatively Mg**- and Fe?*-rich and the last being Li*-
rich (Fig. 9). These data suggest that the highest field
strength cations available were preferentially incor-
porated in the tourmaline structure. The crystalliza-
tion of tourmaline (and perhaps other minerals) re-
sulted in the depletion of high field strength cations,
allowing Li* to enter the structure in progressively
greater proportions during the later stages of crystal-
lization. If cation field strength typically controls the
composition of tourmaline to the same extent as in
the Brown Derby pegmatites, then solid solutions be-
tween dravite and elbaite would be expected to be
very rare in nature.

Field strength can also be used to rationalize the

Table 7. Natural tourmalines for which there appears to be significant AI**-for-Mg?* and -Li* substitution in the 9b octahedral site
(calculations based on 31 anions)

1. Na Ca K M F Ti Al i Al B i

M. 97%%0.09%0. 02> M85, 7870, 12700, 05* 0. 034 0. 01%0. 01721622, 99 ST, 96210, 042%27%0.. 64 O3 31F0. 05
2. N ' i

Wy 57 Bo.3110.1180. 01 ™82, 088 10.5750. 03 0. 02721682 . 82516, 04227%. 26 3. 74F0. 03
3. (O, . .Na ) (Mg, . AL, . Fest o2t )AL,B 0,0 ., (OH, ,.)

0.677%0.29%%0. 040 @81 66211,1670.08F%0.07 To. 03781682, 655%6.25027% 64 ©OH3 46
4, (Mg Na ) (Al Mg Ti Fe3+ JAL B (oH )
0.47720.41%0,07 Po. 057 A1 5581 3570, 11720, 0272 6B3. 1356, 30°27%3. 84 OB . 16

5. Na c K 1 ] 3+

(g, 71 P0.21%%0.07%.01> A11,61%1 .27 Do, 050, 0370, 030,012 L6P3. 06 15, 65810, 357026, 98 O3 557047
6. N i

M2y 56 To.35%%0,08%0.01) 1174511, 08 Bo. 077, 06721633, 04 G5 95410, 057027%. 25 O3 20F0. 55)

. 26 pod a
5 N
d M35 69 To.14%80,12%.05” @11, 93110, 8480, 12 To, 06725 0370, 01 10, 0172 L6B2. 84 S15. 82810, 18702700, 35 (O3 65
. 2+

8, Na Ca K Al L F M M; Al B Al 0 0 OH F

M8 04%%0.10%. 107 @11, 95%40. 59 Do, 227%0. 180, 0480, 02721682 06 15 .86 0.147%27°1. 02 2. 0370 . 05°
1. Swanson et al, (1964) 5 El-Hinnawi et al, (1966)
2. Simpson (1931) 6. El-Hinnawi et al. (1966)
3. Takeshi (1953) 7. Chaudhry and Howie (1976)
4, Chebotarev et al, (1971) 8. Sjogren (1916)
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following observations regarding the extent of solid
solution in natural tourmalines between the end-
members: schorl-dravite, Na(Fe,Mg),Al;(BO,),
Sis0.s(OH),; elbaite, Na(Li,Al);Al4(BO;),Si05
(OH),; and R*R}*R}*(BO,),8i0,;0,(OH), where
R* and R** are principally Na* and AI**, respectively
(see Fig. 9 in Foit and Rosenberg, 1977).

(1) While a few samples approximating end-
member schorl/dravite have been observed, el-
baites closely approaching end-member composi-
tion have not been reported; all are appreciably Li-
deficient and Al-rich. Although liddicoatite, the
Ca-analog of elbaite (Dunn et al., 1977) has a Li/
Al ratio higher than that of elbaite, it is also Li-
deficient with respect to its idealized end-member
composition.

(2) Most tourmalines which approach to
within 90 mole percent of end-member schorl/dra-
vite are Mg-rich.

(3) Substitution of R** for Mg**, Fe** or Li* in
the 9b site is extremely common and generally
more extensive in the elbaites than in the schorls
and dravites.
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(4) Li substitution in schorls and dravites is
far more limited than Fe and Mg substitution in el-
baites.

The preferential incorporation of higher field
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Fig. 9. Variations in the Mg—, Fe?*—, Mn?*—, and Li-content of tourmalines from the Brown Derby pegmatites; calculated from the
data of Staatz et al. (1955). Squares, Mg/(Li + Mg + Fe + Mn); circles, Fe>*/(Li + Mg + Fe + Mn); triangles, Mn?*/(Li + Mg + Fe +
Mn). Open symbols, Brown Derby No. 2 pegmatite, filled symobols, Brown Derby No. 3 pegmatite. Arrows show direction of change
during crystallization from the walls inward toward the core. (*), Mg value used is a minimum.
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strength cations (AI’*, Fe’*) implied by these rela-
tionships is facilitated by the apparent ease of proton
exchange which serves to maintain charge balance.

Although diverse substitutions in the tourmaline
structure do result in significant systematic changes
in polyhedral distortion (Figs. 1-4), distortion itself
does not appear to play a major role in limiting sub-
stitution. The nature and extent of cation substitution
in tourmaline appears to be more closely governed
by fractionation resulting from differences in cation
field strength. Substitution of high field strength cat-
ions generally results in improved local charge bal-
ance (Foit and Rosenberg, 1977) which undoubtedly
facilitates these substitutions.
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