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Chemistry and physical properties of axinites

Gnncony R. Luuprrn AND PAUL H. Rrssn

Department of Geological Sciences, Virginia Polytechnic Institute and State Uniuersity
B lacksburg, Virginia 2 406 I

Abstract

Electron microprobe analyses of 37 axinites from 3l localities substantiate the conclusions
of Kurshakova (1968, 1976) and Sanero and Gottardi (1968) as to the substitutional solid
solution among octahedrally-coordinated divalent cations Ca, Mn, Fe, Mg, and Zn. All
compositions plot near either of two lines on a triangular diagram with vertices 3Ca-3Mn-
3(Fe+Mg+Zn):2Ca. l (Fe+Mg) *  2Ca. lMn or  2Ca. lMn *  lCa.2Mn, wi th some Zn
substituting for Mn in the latter. The substitution Al8+ * 02- e trI2* + OH- was observed by
Cassedanneet al.(1977), and our analyses also suggest possible substitutions ofFes+ for Al in
the AlOo(OH) octahedra and of Al for Si in the BrSieOs. groups. The chemistry of the axinite
grouo is best described by a new structural formula:

[(Mn,Fd*,Mg,Zn,Al,)(Car-,Mn,)(Alr-rFe!+)]rvt(OHr_.,O.)[(Brsis_.At,)IvOso]

where w ( l, x ( l, y 11 l, z 11 l, and VI and IV represent coordination of the cations.
Octahedral and tetrahedral layering approximately parallel to (lll), bands of elongate

B2SisOso groups parallel to [0Tl ], and four types of octahedral chains influence the orientation
of, the biaxial indicatrix, the crystal morphology, and the ( 100) cleavage whose trace is parallel
to [0ll], requiring the breaking of no bonds within the tetrahedral groups and only (Ca,Al)-
(OH,O) and (Fe,Mn,Mg)-O bonds in the octahedral layer. Due to their proximity to octahe-
dral chains, the b and c cell edges have high correlations with the mean radii of octahedral
cations. Density and mean refractive index (R.I.) are highly correlated with the transition-
metal content in all axinites, and 2Va is highly correlated with Mg content for the non-zincian
2Ca-axinites. Reasonable estimates of composition can be obtained for the non-zincian 2Ca-
axinites by using the following equations for the mole fraction of Mg, Fe, and Mn:

Mg: -14.333(R.L)+ 0.012(2Va)+23.487 (R'z:  0.997)
Fe = 7l .937(R.I.) - I I .810(p"b") - 8l .890 (R' : 0.894)

Mn = -42.903(R.I.) + 12.523(p.; + 31.473 (R' : 0.910)

Introduction

The axinite group of borosilicates, [(Mn,Fez+,
Mg,Zn)(Ca,Mn)r(Al,Fd+ )rlr(OH)rIB2Si8Oso], occurs
in numerous localities including skarns, pegmatites,
other types of ore deposits, and low-grade regional
metamorphic rocks. Although much information
dealing with the chemical composition, density, and
optical properties is available in the literature, many
chemical analyses are of questionable accuracy, and
no serious attempt has been made to relate the chem-
ical and physical properties for the group as a whole.
Few determinations of lattice parameters have been
reported, and their variation with composition has
not been examined.

With the aid of multiple linear regression analysis,
this study examines the relationships between chem-
ical composition and (l) lattice parameters, (2) den-
sity, (3) refractive indices, and (4) 2V, for the range of
naturally occurring axinites, as represented by 37
specimens from 3l localities (Table l).

Previous studies

Chemist ry and nomenclature

Schaller (19ll) examined the available analytical
data and recognized the substitutional relationship of
Mn and Fe2+, and proposed the end-members fer-
roaxinite, AlzBHCazFeSilOlo, and manganoaxinite,
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Table l. Localities and sources of axinites used in this study

Number Locallty

Independently, Kurshakova (1968) plotted 78 and
Sanero and Gottardi (1968) plotted l7 chemical anal-
yses of axinite on triangular diagrams with vertices
Ca-Mn-(Fe+Mg) [Kurshakova (1976) added 26
more analyses]. All compositions plot near one of
two l ines, ei ther 2Ca.l(Fe+Mg) * 2Ca.lMn or
2 C a . l M n  *  l C a . 2 M n .

The following nomenclature proposed by Sanero
and Gottardi appears adequate to describe the ax-
inites:

(l) axinite as the group name.
(2) ferroaxinite for Ca ) 1.5, Fe ) Mn.
(3) manganaxinite for Ca ) 1.5, Mn ) Fe.

(called seueringite by Kurshakova, 1968)
(4) tinzenite for Ca < 1.5, Mn ) Fe.

(called manganseueringite by Kurshakova,
le68)

Whether Mn is orclered or disordered in the Ca srtes
of tinzenite was open to question, so Sanero and
Gottardi proposed the general formula H(Ca,Fe,
Mn,Mg)rAl2BSi{Or6 for the axinite group.

Another end-member called magnesioaxinite was
described by Jobbins et al. (1975). This specimen has
a composition approaching HCa2MgAlrBSi.Or., with
no Fe and only 0.4 weight percent MnO. Kurshakova
(1976) uses this term for 2Ca-axinites with Mgl(Mg+
Fe) ) 0.5, apparently regardless of the Mn content
(see her Fig.9, III). Cassedanneet al.(1977) analyzed
an iron-rich 2Ca-axinite from Santa Rosa. Bahia,
Brazil and found an excess of aluminum ()0.5 atoms
per formula unit), which they assigned to the equally
under-occupied W+ site. This axinite was deficient in
OH, suggesting the charge-balanced substitution
Al3+ + 02- e tr12+ + OH-.

In a study of axinites from Devonshire, England,
Chaudry and Howie (1969) found a "reciprocal rela-
tionship" between Mg and Mn (but not Fe2+ and
Mn). In some of their chemical analyses they noted a
deficiency of Si with an excess of Al * Ti * Fe8+, and
they suggested that Al may substitute for Si in tet-
rahedral coordination. Astakhov et al. (1976) exam-
ined the uTFe Mdssbauer spectra of an axinite, and
found two doublets corresponding to the two oxida-
tion states of iron. They calculated that 5 percent of
the iron was Fe8+, and they assumed that it sub-
stituted for Al3+ in the AIO'OH octahedra.

Physical properties

Schaller (1911) noted an increase in density of ax-
inite with increasing Mn content, whereas Kursha-
kova (1968), plotting 3Mn/2(Ca+Mn*Fe*Mg), ob-
tained irregular results. Chaudry and Howie (1969)

Source

1

2
3

4

5
6
7

8

9
10
11
I 2

13
I4

1 5

1 6
L 7

18
19
20

2L

22
2 a
24
2 5

2 7
28

Val dtErr,  near Tinzens, Graubunden,
Switzer laDd

Oblra Mine, OIta-Ken, Kyushu, Japan
Roscomon C1lf f ,  St.  Just,  Cornwal l ,

England
L e  V e r n i s ,  B o u r g  d r O l s a n s ,  I s e r e ,

France
Cassagna l t ine, Cenova, I taly
Near Luning, Mlneral  County, Nevada
Obira Mine, oi ta-Ken, Kyushi,  Japan

McKinney Mine, Mitchel l  County,
North Carol ina

Dauphine, Isere, France
BonsaII ,  Sao Diego County, Cal i fornia
Frankl in,  New Jelsey
Rosebery Dlstr ict ,  Tasmtr ia,

Aus tral la
Knappenwand, Tyrol ,  Au6tr ia
Mt, Scopi,  Mit telrheintal ,

Switzer land

Awoodale, Delaware County,
Penosylvaoia

Kongsberg, Noruay
Pf€rdekopf ,  I , loroke, Harz Mountains,

@many
CorDoS, ?ennsylvania
Luck Quarly,  Shadwel l ,  Virginia
ThoMstoo Dah, IhoMston,

CoDnect icut
Feather Rlver,  PluMs County,

Cal i fornia

Toroku l l lne, Miyazakl,  Japan
Uineral County, Nevada
Saxony, Ger@ny
Cayl loM, Arequipa, Peru
Dannemora, Sveden
Trercre, Bodmin, Cornwa11, England
Canpbel l 's Hump, Northanpton County,

Pennsylvania
29 Tremola, l ta ly
3 0  K i b b l e h o u s e Q u a r r y , P e r k i o n e n v i l l e ,

Pennsylvania

31 f ' rankl in,  New Jersey
32 I ' rankl in,  New Jersey
33 Huachuca Mountains, Ar lzona
3 4  M t .  S c o p i ,  M i t t e l r h e i n t a l ,

Switzer land
35 Woodlake, Cal i fornla
35 I ' rank1io, New Jersey
37 Berg Sroyi ,  St.  l ' Iar ia,  Luknanler,

Switzer land

manul 95431
NMNH 15210

NMNH C6011

J.B. l t iggins

J , B .  H i g g i n s
J . A .  S p e e r
Altsp2 3118
ANSP 20356
ANSP 2395L
ANSP 2OLO4

RL7 I2I
L 2 7 7 7 4
94407-4
Rl2503

L20244
Rl4 648
93648
c6233- I

816838
RI7I36

ao224

87232
RL7LL2

BI7110

Lumpkln

Francls

9282
352L

222r0

R3847
c3145
ro2a22

Bt7125
9620
94946

RL1L27

NMNH
NMNH
N},,INH
NMNll

NMNH
NMNH
NMNH
NMNH

NMNH
NMNH

NMNH

NMNH
NMNH

NMNI1
J . A .
G . R .

c . A ,

ANSP
ANSP

ANSP

NIINH
NUNH
NMNH

N}TNH
'IM 3

NMNII

NMNII

r Speeimens desigrcted NMIIH Dere dorcted bg John S. hhite of
the NatiorcL ltUsem of llatwo.L Historg,

2 Specimens desigmted ANSP uere dowted bg Robe"t c.
Middleton of the AcadenA of NatwL Seiences of
Phi.Ladelphia.

3 Speeinen TM 9620 Ms dnruted bg J,J, FinneA of the
CoT.omda School of Mines ,

AlrBHCarMnSioOre. Schaller presumed that the Ca
content of axinite was constant.

Now known to be a member of the axinite group,
tinzenite was originally described as a distinct species
by Jakob (1923), who failed to analyze for BrOr. The
crystallographic and optical similarities of tinzenite
and axinite were noted by Parker (1948) and Wald-
mann (1948), and their isomorphism was finally es-
tablished by Milton et al. (1953), using bulk chemical
analyses and X-ray diffraction data. Variability in Ca
content of Mn-rich axinites was also noted bv Milton
et al.
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could make no correlation between density and com-
position over the very limited range of their study,
but did show a moderate correlation between refrac-
tive indices and (Fes+ * Fe2+ f Mn + Ti). G[deke
(1938) found a linear variation of mean refractive
index with composition for five axinites ranging in
composition from 0.33 percent to 12.86 percent
MnO; however, Milton et al. (1953) noted that tin-
zenite did not fall on Gddeke's curve, possibly due to
low CaO content. Barbour et al. (1957) suggest that
there is no correlation between 2V and the composi-
tion of axinite, a conclusion Kurshakova (1968,1976)
appears to support. Kurshakova also notes a linear
increase of all three refractive indices with 3Mn/
2(Ca*Mn*Fe*Mg), but no change in birefringence.

Crystal slruclure

Peacock (1937) determined the reduced triclinic PT
cell for axinite, and his paper contains an excellent
review of earlier crystallographic studies. He deter-
mined lattice parameters by rotation and Weissen-
berg X-ray techniques and compared them to mor-
ph ological determinations.

Ito and Tak6uchi (1952) first studied the structure
of axinite, describing separate SinO, rings and BO,
groups; however, infrared spectra (Plyusina, 196l;
Moenke, 1962) and optical absorption spectra (Ere-
menko, l97l) indicated that boron was in tetrahedral
coordination, and Plyusina (1961) suggested that dis-
crete Si.O12 rings did not exist in the structure. Rein-
vestigation of the structure by Ito et al. (1969) and
Tak6uchi et al. (1974) showed the existence of unique
B2SisOso groups, in which two boron tetrahedra share
three corners each, linking together four SirO,
groups. A nearly rectangular six-membered ring con-
sisting of four silicon- and two boron-containing tet-
rahedra  l ies  approx imate ly  para l le l  to  (T2 l  )
(Tak6uchi et al., 1974) and forms the center of each
B2SiEOso group (Fig. 1a). These B2SiEOso groups are
nearly planar and are arranged in distinct tetrahedral
layers, alternating with sheets of edge-sharing octa-
hedra. The octahedral layers are composed of finite
chains of six octahedra of the type Fe-Al-Al-Al-Al-
Fe, cross-linked by distorted CaOe and CaOu(OH)
polyhedra (Fig. lb).

Experimental procedures

Electron microprobe analysis

Hand-picked grains of axinite were mounted in
epoxy, polished, and carbon-coated for analysis using
a nine-spectrometer Anl-Snuq microprobe operated

RIBBE: AXINITES

at l5 kV, 100 nA. Elements analyzed for included Ti,
Na, and K (these were not detected at the 0.05 weight
percent level), Zn (found only in specimens from
Franklin, New Jersey), and the major elements Ca,
Fe, Mg, Mn, Al, B, and Si. A chemically-analyzed
axinite (Bourg d'Oisans, France, 6. l2 weight percent
BzOs) was used as a boron standard, but count rates
were extremely low (6-7 cps above background). For
that reason boron was ultimately assumed to be
stoichiometric, as was OH. Data reduction was ac-
complished using the program Meclc IV by John
Colby, adapted for the Anr.-Snuq by William Hamil-
ton.

Density

Specimens weighing between 15 and 25 mg were
hand-picked under a microscope for density measure-
ments, using a Berman balance with toluene as the
buoyant medium. Each density reported is the mean
of five determinations, each corrected for temper-
ature.

Lattice parameters

Lattice parameters of l0 axinites were determined
from X-ray powder patterns with BaFz as an internal
standard. The BaFz [a : 6.198(2),{] was annealed
five tiines for two hours each at 800oC (J. A. Speer,
personal communication). The powder patterns were
run on a Picker diffractometer with monochromatized
CuKa radiation, I inch/min chart speed,0.5'20/min
scan rate, and a I o receiving slit. Ambiguity in index-
ing was overcome by reference to calculated powder
patterns for each of the four axinite end-members
based on the structure refinement of Tak6uchi el a/.
(1974). The least-squares program of Appleman and
Evans (1973) was used to refine the lattice param-
eters with starting parameters taken from Tak6uchi
et al. (1974).

Optical properties

Refractive indices and the optic axial angle 2V
were determined by the spindle stage technique of
Bloss (in press). Using the computer program of
Bloss and Riess (1973), we calculated optic axial
angle and spindle stage coordinates for the measure-
ment of refractive indices from extinction data taken
in sodium light. For each principal vibration direc-
tion the wavelength of match was recorded in at least
five refractive index oils. The index of match was then
corrected for temperature, and the data were fitted to
a linearized Sellmeier equation from which the refrac-
tive indices were calculated for sodium light. The

637
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Fig. l . Projections down the a axis of the axinite structure. (a) Tetrahedral layer: the Brsisoso group with { I 00} cleavage traces shown
as dashed lines. (b) The octahedral layer: large dots are OH ions in the upper anion layer, smaller dots are OH ions in the lower layer. OH
ions lie on the {100} cleavage traces. The (100) plane is inclined -l4o to the plane ofthe drawing. Figures modified from Tak6uchi el a/.
(r974\.

maximum estimated error for refractive indices is
+0.001. The orientation of the biaxial indicatrix rela-
tive to the crystallographic directions (Fig. 5) was
obtained for a manganaxinite from Franklin, New
Jersey (sample no. I I ) by alignment of the crystal on
an X-ray precession camera subsequent to its charac-
terization on the spindle stage.

Chemical analyses, lattice parameters, densities,
refractive indices, and 2V are compiled in Tables 2
and 3.

Discussion of results

Chemistry

The range in composition of axinites is represented
by substitutional solid solution among the divalent,
octahedrally-coordinated cations Ca, Mn, Fe, Mg,
and Zn, which can best be seen on two triangular
diagrams. Figure 2 has vertices 3Ca-3Mn-3(Fe*
Mg+Zn).It includes all known axinite compositions
(see Tables 2 and 3), and substantiates the con-
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Table 2. Microprobe analyses, refractive indices,2Va, density, and lattice parameters for 14 axinites

639

Spec imen I 1 12 t7 ( l )3 3 (3s)

cao (wt Z)

MnO

Fe0

Mgo

Zno

o12o3

( B ^ o ^ ) *

s i 0 2

(H20) "

Sun

fr**

B

Y

2 v a  ( " )

2 0 . 7 5  1 9 , 0 0

3 . 3 5  5 . 8 3

4 . 3 2  6 - 4 4

3 . 0 3  0 , 7 6

n .  (

1 8 . 5 2  1 8 . 6 3

( 6 . 2 6 )  ( 6 . 1 4 )

4 2 . 1 2  4 1 , 0 9

( r . 6 r )  ( 1 . 5 7 )

9 9 . 9 6  9 9 . 4 6

1 9 , 1 8  1 9 . 2 7

2 , 6 1  9 . 5 5

1 0 . 4 1  3  4 1

0 . 6 6  0 . 2 1

n , d .  n . d ,

1 7  . 2 t 1  1 7  , 8 0

( 6 . 1 4 )  ( 6 . 1 2 )

4 t . 9 7  4 2 . 5 9

( 1 . 5 7 )  ( 1 . s 9 )

9 9 . 1  8  1 0 0 , 5 4

1 2 . 0 1  1 3 . 1 7

2 0 , 7 4  1 8 . 5 7

2 . 4 8  0 . 5 5

0 . 2 0  0 .  1 7

n . d .  n . d ,

1 5 . 4 1  1 1  . 9 5

( 6 . 0 0 )  (  6 . 0 4 )

4 r . 2 2  4 t . 4 1

( 1 .  s 3 )  ( 1 . 5 6 )

9 9 , 5 9  1 0 0 . 0 2

1 9 . 7 7  l 8 .  5 9

9 . 4 8  1 2 . 3 6

2  A 5  1 . 8 8

0 . 4 0  0 . 1 3

n . d .  |  4 3

r 7  . 2 7  1 6 . 6 1

( 6 . 1 1 )  ( 6  1 0 )

4 1 . 5 5  4 t , 4 4

( 1 .  s 6 )  ( r . 5 6 )

9 8 . 9 3  1 0 0 . 1 0

0 . 4 5 6

1 ,  6 8 5

r,  692

1 . 6 9 5

6 4 . 5 ( 6 )  7 5 . 7 ( 2 )

2 0 . 1 2  7 9 . 7 r

1 , 2 3  3  2 3

7  , 9 4  7  . 8 3

2 . 2 0  |  2 0

n . d .  n . d .

1 8 ,  2 1  1 7  . 9 6

( 6 . 2 1 )  ( 6 . 1 5 )

4 2 , A O  4 2 . 5 5

( 1 . 6 1 )  ( r . s 9 )

1 0 0 . 3 2  r 0 0 . 2 3

\ a . 7 5  1 9  5 9  2 1 . 7  2 4 . 1

1 2 . 3 9  5 , 5 9  A . 4  3 . 3

1 . 1 0  5 . 2 I  n  d .  6 ' 1

o  5 3  0 . 6 2  6 . 9  1 . 6

n . d .  n . d .  0 - 0 6  n  d .

r 1  . 4 5  1 7  . 8 3  1 7  I  1 7  5

( 6 . L 2 )  ( 6 . 1 3 )

4 1 . 8 0  4 r . 8 6  4 4 . A  4 2 . 2

( 1 . 5 7 )  ( 1 . s 7 )

9 9  . 7 2  9 9 . 4 0

0 . 6 5 5  0 . 5 7 8  0 . 2 4 9  0 . 3 8 3

\ . 6 9 4  7 . 6 9 L  r . 6 6 9  1 . 6 8 3

1 . 7 0 0  7 . 6 9 7  r . 6 7 5  1 , 6 9 1

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

8 7 . 8 ( 2 )  7 7 . r ( 3 )  8 0 . 4 ( 1 )  6 9 . 6 ( 3 )

0 . 3 9 6  0 . 4 0 0  0 .  2 9 1

1  6 8 2  1 . 5 8 2  1 . 6 7 4

1 . 5 9 0  1 . 6 8 9  r , 6 8 2

1 . 6 9 3  r , 6 9 2  1 . 6 8 5

6 7  . 1  ( 2 '  6 0 . 7  ( 4 )  7 3 . 2 ( 4 )

0 . 3 4 6  0 . t 4 t 2

r .671 r . .683

1 . 6 8 4  1 . 6 8 9

1.687 r .693

6 7 .  8  ( 3 )  1 7  . 4 ( 3 )

0 . 4 2 1

1 , 6 5 6  1 . 6 7 2

1  , 6 6 0  1 . 6 7 9

1 - 6 6 8  1 . 6 8 2

clusions of Sanero and Gottardi (1968) that the ma-
jor substitutions fall on either of two lines:
2 C a . l ( F e + M g )  e  2 C a . l M n  o r  2 C a . l M n  e
l C a . 2 M n .

The substitution of Mn for Ca in the distorted Cal
and Caz sites (Fig. lb) is represented by the num-
bered specimens in Figure 2' .  l ,  5,  I1,25, 31, 32, 33,
and 36 (those in italics contain zinc). The remainder
of the analyses, shown as unnumbered points, plot

near the line where Ca * 2.00 atoms per formula
unit, and they can best be described separately on a
triangular diagram with vertices Mn-Fe-Mg (Fig' 3).
This diagram illustrates substitutional relationships
in the Fe site (Fig. lb) and also shows the variation of
2Va with composition for the 2Ca-axinites.

Silicon was found to be stoichiometric (4.00 atoms
per formula unit) within * I percent of the amount
present for 36 of 37 analyses. The exception is speci-

Table 2. (continued)

(3 )t 9r5l 2 L7L ISpec inen

p o b s  ( g / c c )

p c a l c  ( g / c c )

a ( l )

r  t8 l

. (A)

a  ( " )

B  ( ' )

r  ( " )

vot (&3)

3 . 3 9 3 ( 1 0 )  3 . 4 0 3 ( 1 0 )

3 , 4 2 6  3 . 3 8 7

0 . 7  6 4  0 .  7 5 9

7 . 1 5 8 ( 6 )  7 . 1 5 3 ( s )

9 . 1 8 4 ( 1 r )  9 . 1 6 9 ( 8 )

8 . 9 5 8 ( s )  8 - 9 4 5 ( 7 )

9 1 . 9 7 ( 1 0 )  9 1 . 8 6 ( 6 )

9 8 . 3 1 ( 1 2 )  9 8 . 4 0 ( 6 )

7 7 . 2 9 ( 8 )  7 7 . 1 6 ( 7 )

5 6 8 . 5 ( 7 )  s 6 5  8 ( 5 )

3 . 2 4 9 ( 6 )  3  3 1 4 ( 7 )

3 , 2 5 5  3 . 3 0 8

0 . 7  6 8  0 . 7 7  1

7 . 1 5 6 ( 2 )  7 . 1 5 5 ( 2 )

9 . 1 9 3 ( 3 )  9 . 2 0 3 ( 2 )

8 . 9 5 5 ( 4 )  8 . 9 6 0 ( 2 )

9 1 . 8 5 ( 3 )  9 r . 8 3 ( 3 )

9 8 . 0 8 ( 3 )  9 8 . 0 8 ( 2 )

7 7 , 3 5 ( 3 )  7 7 . 2 9 ( 2 )

s 6 9 . 1 ( 3 )  s 7 0 . 0 ( 2 )

3 . 3 0 0 ( 6 )  3 . 3 2 8 ( 1 0 )

3 . 3 1 3  3 . 3 5 7

0 . 7 7 a  o . 7 7 7

7 . 1 6 2 ( 4 )  7  . 1 6 r ( 4 )

9 . 2 0 8 ( 6 )  9 . 2 1 3 ( 6 )

8 . 9 7 2 ( 6 )  8 . 9 7 4 ( 6 )

9 1 . 8 7 ( 4 )  9 r . 8 0 ( 5 )

9 8 . 0 9 ( 7 )  9 8 . 1 1 ( s )

7 1 . 2 9 ( 6 \  7 7 . 2 4 ( 5 )

5 7 r . 4 ( 4 )  5 7 1 . 7 ( 4 )

3 . 2 8 1 ( 1 )  3 . 3 1 8 ( 3 )

3 . 3 2 5  3 . 3 r 2

0 , 7 7 7  0 . 7 7 5

7 . r 5 7  ( \ )  1  . 1 6 0 ( 2 )

9 . 2 0 7 ( 2 )  9 . 2 O 9 ( 3 ' )

8 . 9 6 2 ( 2 )  8 . 9 6 5 ( 3 )

9 1 . 8 5 ( 2 )  9 1 . 8 s ( 3 )

9 8 . 1 s ( 2 )  9 8 . 0 7 ( 3 )

7 1 . 3 r ( t )  7 7 . 3 0 ( 2 )

s 6 9 . 9 ( 2 )  5 7 r . 0 ( 2 )

3 . 2 5 3 ( 6 \  3 . 2 7  5 ( 4 )

3 , 2 7 8  3 . 3 0 0

0 . 7 6 7  0 . 7 1 0

7 . 1 5 3 ( 1 )  7 . r 5 9 ( 2 )

9 . 1 9 1 ( 2 )  9 . 1 9 s ( 4 )

8 . 9 5 7 ( 2 )  8 . 9 5 8 ( 3 )

9 1 . 8 3 ( 2 )  9 1 . 8 3 ( 3 )

9 8 . 1 2 ( 2 )  9 8 . 0 9 ( 3 )

7 7 . 3 3 ( 2 )  1 1 . 2 9 < 3 )

5 6 8 . 8 ( 1 )  5 6 9 . 5 ( 3 )

r . 2 9 0 ( 5 )

3 . 3 0 9

3 . 1 7 8

3 .202

7  - 1 s 7  ( 2 )  8 . 9 3 3  8 . 9 5 3

9 . 2 0 0 ( 2 )  9 1 5 5  9 1 9 7

8 . 9 s 9 ( 2 )  7 . 1 2 1  ? . 1 4 8

9 1  8 ( 8 )  1 0 2 . 5 9  1 4 2 . 6 3

9 8 . 1 4 ( 2 )  9 8 . 2 8  9 8  1 A

7 7 . 3 0 ( 2 )  8 8 . 0 9  E 8 . 2 1

5 6 9  8 ( 2 )  5 6 2 . 4  5 6 8 . 2

n.d .  =  noE derec lea t .  (35)  La t t l ce  parane lers  f ron  Takeuch l  e t  a1 .  (1974) .  ( l )  ana ( ; )  a re  f rm Jobb lns  e t  41 .  (1975)

*8201 conten ts  were  ln te lpo la ted  f rom curves  preparea l  fo r  pure  end-nmbers ,  H2o was ca lcu la te i l  us ing  the  conPuter  p logran  SUPER ruc [  o f

J :  d .  Ruck l ldee (persona l  comunica t ion) .

u t .  U  ( M n O + F e O + Z n O )
* * r m = @

*** <r> = nean radius of octahedral  cat ions
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Table 3. Microprobe analyses, 2Va, and density for 25 axinites

Sp ec imen I 61 3LO 23

Cao ( wt.Z)

Mn0

Fe0

Mco

Z\O

A 1 " O "

( 8 2 0 3 )  *

s i o 2

( H z o ) '

Sun

TM* *

2 v "  ( ' )

o o o "  ( B / c c )

1 9 . 6 5  1 9 . 4 9

5 , 6 6  3 . 4 2

4 . 9 3  9 . 3 2

1 . 4 9  0 . 6 3

n .  d .  n .  d .

t l . 9 l  7 7 . t 4

( 6 . 1 8 )  ( 6 . 1 , 2 )

4 2 . 2 2  4 t . 5 9

( 1 . 5 9 )  ( 1 . s 6 )

9 9 . 6 3  9 9 . 2 1

o , J 3 4  0 . 3 8 8

7 4 . 2 ( 7 )  6 8 . 7 ( 3 )

3 . 2 9 s ( 7 )  3 . 3 r 5 ( 8 )

1 9 . 7 6  1 9 . 7 0

2 . O 5  3 . 3 s

8 . 5 2  6 . 3 6

I . 4 9  1 . 8 9

D . d .  n . d .

7 7 . 8 4  1 8 . 3 5

( 6 . 1 6 )  ( 6 . 2 0 )

4 1 . 8 8  4 2 . 5 4

( 1 . 5 8 )  ( 1 . 6 0 )

9 9 . 2 4  9 9 . 9 9

0 . 3 3 2  0 . 3 1 0

7 2 . 0 ( 3 )  7 3 . 1 ( 1 )

3 . 2 9 2 ( 9 )  3 . 2 6 9 ( s )

1 9 . 6 4  1 9 . 9 4

1 . 5 6  2 . a 2

8 . 5 2  7 . 6 1

1 .  8 5  1 .  4 4

u . d .  n . d .

1 8 . 3 4  r 7 . 9 4

( 6 . 1 9 )  ( 6 . 1 7 )

4 2 . 4 2  4 2 , 0 3

( 1 .  6 0 )  ( 1 . 5 e )

1 0 0 . 1 2  9 9 . 6 0

0 . 3 1 9  0 . 3 2 9

7 3 . r ( 2 )  7 r . 4 ( 3 )

3 . 2 1 6 ( 6 )  3 . z e s ( 7 )

2 0 . 0 L  2 0 . 0 1

r , 3 2  0 . 9 8

8 . 0 3  7  . s 3

n . d .  n . d .

1 8  .  2 3  1 8 .  2 3

( 6 . 2 r )  ( 6 . 2 2 )

4 2 . 5 2  4 2 . 1 4

( 1 .  6 0 )  ( 1 . 6 1 )

99.99  99 .87

0 . 2 9 7  0 , 2 7 4

7 4 . 0 ( 1 )

3 . 2 7 3 ( 6 )  3 . 2 3 a ( 8 )

1 9 . 7 0  1 9 . 8 7

2 . s 2  4 . 8 7

9 .  5 8  6 . 0 3

o , 7 3  1 . 3 1

n .  d .  n .  d .

I 7 . 5 6  7 7 . 6 9

( 6 . 1 3 )  ( 6 . 1 7 )

41.83  42 . t2

( 1 . 5 7 )  ( 1 . 5 8 )

99.62  99 .54

o . 3 7 2  0 . 3 4 0

6 7 . 8 ( 2 )  7 0 . 5 ( 4 )

3 .298<9)  3 ,218(6)

1 9 . 8 8  1 9 . 8 8  1 9 . 6 2

2 . 7 7  3 . 9 8  4 . 8 4

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

r . 4 3  L . 3 4  0 . 7 9

n . d .  n . d .  n . d .

1 8 . 0 8  1 8 . 0 1  l 7  . 9 r

( 6 , r 7 )  ( 6 . 1 7 )  ( 6 . 1 4 )

4 2 . 4 s  4 2 . 6 1  4 2 . 2 s

( r .  6 0 )  ( 1 .  6 0 )  ( 1 . 5 8 )

1 0 0 . 1 8  r 0 0 . 2 9  9 9 . 7 0

0 . 3 3 2  0 . 3 3 5  0 . 3 5 9

7 0 .  s  (  s )  7  2 . 7  ( 4 )  6 7 .  8  ( 3 )

3 . 2 8 7 ( s )  3 . 2 7 4 ( 5 )  3 . 2 9 0 ( s )

n . d .  =  n o t  d e t e c L e d i  * * *  s e e  f o o t n o t e s  i n  T a b l e  2 .

men 7 from Obira, Japan, in which a deficiency of
0,089 atoms per formula unit is almost exactly bal-
anced by an excess of 0.090 Al atoms, suggesting a
substitution of Al for Si in tetrahedral coordination
[y' Chaudry and Howie (1969), who suggest a similar
substitution in axinites from Devonshire, England].

Except for specimen 7 with 4.5 percent excess
aluminum, presumably in tetrahedral coordination,
aluminum was found to be stoichiometric (2.00
atoms per formula unit) within t2 percent of the
amount present for 30 of the37 analyses. Specimen I

from Tinzens, Switzerland, contains the least alumi-
num (1.78 atoms per formula unit) but shows an
excess 1.22 (Mn*Fe*Mg) normally assigned to the
single Fe site. It is presumed that all of the iron (0.20
atoms) in this specimen is Fe3+ and that it substitutes
for Al3+ in the All and Al2 octahedral sites (see Fig.
lb). Specimen I I from Franklin, New Jersey contains
1.88 Al and l  l9 (Mn*Fe*Mg)-a sl ight excess of
total cations for the three octahedral sites, but suf-
ficient iron as Fe3+ to compensate for "missing" Al in
the All and Al2 sites. Similar assumptions can be

Table 3. (continued)

Spe cimen
3 7323 1292 7

C a O  1 9 . 8 0

ltno 3, 83

F e O  7 . 9 5

MCO 0.69

Z \ O  n . d .

A12O3 18,01

{ o r o r )  
*  ( 6 . 1 4 )

s i o 2  4 2 . 4 4

( H 2 o ) *  ( 1 . 5 9 )

Sum 100.45

pobs (g /cc)

2 v o  ( " )  6 7 . 3 ( 1 )

T M  0 . 3 6 5

19 .05  \ 9 . r 2

1 2 . 3 3  9 . 2 3

r . 2 L  3 . 0 6

0 , 2 1  0 . 4 9

n . d .  n . d .

r 7  . 4 7  1 8 . 1 1

( 6 . 1 2 )  ( 6 . 1 3 )

4 2 . 0 6  4 r , 8 0

( 1 . s 8 )  ( 1 . s 8 )

1 0 0 . 0 3  9 9 . 5 2

7  2 . 5  ( 1 )

0 . 4 1 3  0 .  3 8 5

19.94  19 .77

3  .  9 8  6 . 2 0

8 . 4 1  3 , 6 8

0 . 3 0  r . 6 9

n .  d .  n .  d ,

I 7  . 5 6  1 8 . 2 3

( 6 . ] ^ 2 )  ( 6 . 1 9 )

4 1 .  9 8  4 2  , L 7

( 1 .  s 8 )  ( 1 .  s 9 )

9 9  . 8 7  9 9 . 5 2

18.00  79 .25

L2.74  t I .79

0 . 9 9  0 , 7 3

o . L 4  0 . 1 4

2 . 2 3  1 . 8 0

1 7 . 3 0  1 7  . 6 7

( 6 . 1 1 )  ( 6 . 1 2 )

4 1 . 6 0  4 2 . 0 6

( 1 .  s 8 )  ( 1 . 5 7 )

1 0 0 . 6 8  1 0 1 . 1 2

7  4 . L ( 4 )

0 . 4 6 8  0 . 4 2 5

1 9 . 8 1  1 8 . 3 0  t 9 . 7 6

1 . 0 9  r r . 7 9  2 . 2 8

8 . 7 6  1 , 1 8  8 . 3 3

1 . 8 7  0 . 1 3  1 . 5 3

n . d .  2 . 2 O  n . d .

1 7 . 8 9  1 7 . 3 8  L 7 . 7 8

( 6 . 1 8 )  ( 6 . 1 0 )  ( 6 . 1 7 )

4 2 , 1 2  4 L , 5 5  4 2 . 0 9

( 1 . s 9 )  ( 1 . 5 7 )  ( 1 . 5 8 )

9 9 . 3 1  1 0 0 . 2 0  9 9 . 5 2

7  4 .  s ( 4 )

0 ,  315

1 9 .  7 8

2 . 4 0

7  . 5 0

L . 7  3

n ,  d .

18 .  02

( 6 . 1 7 )

4 I .  a 2

( 1 .  5 8 )

9 9 .  0 0

3  . 2 7  2 ( 3 )

0 . 3 1 5

1 9 .  3 8

5 . 6 7

s  . 9 9

0 . 9 8

n . d .

L 7 . 9 6

( 6 .  r s )

4 r . 84

(1 .  s8 )

99 .  55

3 .29o (3)

7  r . 6 ( 4 )

0 .362

7  4 . 6 ( 4 )

0 . 4 5 10 , 3 8 0 o,3L2 0 ,333
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Fig. 2. Triangular diagram similar to that devised by Sanero
and Gottardi (1968) (cl Kurshakova, 1968) to display the
compositional range of the axinites. The unnumbered specimens
are also plotted in Fig. 3 on an Mn-Fe-Mg diagram. The
numbered specimens contain less than 2 Ca atoms. The data for
the point labeled JTY is taken from Jobbins et al. (1915).

made concerning specimens 3, 8, 12 and 36, which
contain between 1.93 and 1.95 Al atoms and suf-
ficient excess (Mn*Fe*Mg) to allow for a partition-
ing of Fe3+ into the Al sites.

Specimens ll, 31, 32 and 36 from the Fe-Mn-Zn
deposits of Franklin, New Jersey are the only axinites
containing significant amounts of zinc (1.43-2.23
weight percent). They occur in hydrothermal veins
and as products of hydrothermal alteration of calc-
silicates (Frondel and Baum, 1974).

Structural formula
Based on the structure refinement of Tak6uchi et

al. (1974) and this and previous chemical investiga-
tions, a new structural formula is proposed for ax-
inite:

[(Mn,Fe2+,M E,Zn,Al.)(Ca2-,Mn,)(Alr-rFe]+ )l[I

(oHr_.o,) [(Brsis_"A1" )Ivo3o]

where w I l, x 1 l, y 11. l, z ( l, and VI and IV
represent the coordination numbers of the cations.

Density

Multiple linear regression analysis of densities con-
sidered together with a number of compositional
variables (such as mole fraction transition metals and
mole and weight fraction of individual elements) led
to the selection, on the basis of highest F ratios and

-E 
.zdt bC-- o27

Mn Fe

Fig. 3. Triangular diagram showing the Mn-Fe-Mg contents

[normalized to (Mn*Fe*Mg) : 1.00] of 2Ca-axinites. The
magnesioaxinite of Jobbins et al. (1975) is included on the plot,
and its 2Va value, calculated from refractive indices, is shown.
This diagram has been partially contoured for 2Va using data from
Tables 2 and 3.

ltl tests, of the ratio TM (for ?ransition Metalsl =
weight percent (MnO*FeO )-ZnO)/weight percent
(MnO*FeO*ZnO*CaO+MgO) as the variable
most highly correlated to the observed density. Data

TM .  2 .396pob! -7 .53o

Ra =  0 .916

29,6*l<.z1o

. l
Pcotc - 

1pobr _- a

Morimum o3l imofcd errot  in po5,  = lO.OlO f

^3
I

I

a
a

CD

q-

L
tn
z
lrJ
o

3.480

3.320

oo o.20 o 4 0 o60 0.80
wt.%( MnO + FeO + ZnO )rM.m

Fig. 4. Plot of density us. TM for 27 axinites. Calculated
densities for those specimens whose lattice parameters were known
(Table 2) are indicated by the end of the vertical line extending
from the po6 data points. JTY refers to the density reported by
Jobbins et al. (1975) for magnesioaxinite. Specimens with less than
2 Ca atoms per formula unit are circled and numbered.

3.r60

Mg
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t.660

ooo

T M '

some combinat ion of the forms {010}.  {0l l } ,  {Tl l } ,
{T2l}, {Tl0}, and {T20}.

The {100} cleavage in axinite results from a distinct
banding of the B2SisOso groups parallel to [0Tl] in the
tetrahedral layer. The dashed lines in Figure la show
the trace of the {100} cleavage parallel to the elon-
gated BrSirOso group. The cleavage plane is inclined
at *l4o to the plane of the figure. The trace of {100}
in the octahedral layer is seen in Figure lb. Notice
that it runs through the hydroxyl groups bonded to
Ca2 and both All and Al2. Thus, by cleaving on
{100}, the integrity of the tetrahedral bands are
preserved and only weak (Ca,Al)-(OH,O) and
(Fe,Mn,Mg)-O bonds need be broken in the octahe-
dral layer.

Optical properties

The variation of mean refractive index was also
shown by multiple linear regression analysis to be
best described in terms of the variable TM. and the
following equation relating composition to mean re-
fractive index (R.I.) was determined for the data
plotted in Figure 6:

TM : 15.475(R.I.) - 25.700 (R' : 0.965)

A dashed vertical line at TM : 0.40 again serves as a
boundary between the 2Ca-axinites and axinites with
less than two Ca atoms per formula unit. Since all
data points fall within two standard deviations of the
line defined by this equation, a second-order curve
was not fitted to the data; however, it may be possible
to describe the variation in mean refractive index

Fig. 5. Stereographic projection showing the orientation of the
biaxial indicatrix (triangles labelled X, Y, Z) relative to the
crystallographic directions (a,b,c) for specimen I I . Also plotted are
poles of the major structural features in axinite, notably the
octahedral chains labeled with the sequence of sites encountered
along them. The octahedral layer (heavy dashed line), which
includes all four octahedral chains, is very nearly parallel to (Il l ).

are shown in Figure 4, and the equation is

TM :2.396po6" -  7.530

The correlation coefficient R2 = 0.916. The 2Ca-
axinites plot with TM values of less than 0.40,
whereas axinites with TM values greater than 0.40
have less than 2 Ca atoms per formula unit.

Forms and cleauage

Figure 5 is a stereographic projection in which the
vectors joining the ends of the All-Al2-Al2-All,
All-Ca2-Fe-Cal, Al2-Cal-Fe-Ca2, and Cal-All-
Ca2-Al2 octahedral chains are plotted. They all lie
on a great circle approximately parallel to the (Tll)
plane in axinite, and it is presumed that the orienta-
tion of the octahedral layer is well defined by these
chains. The tetrahedral ring, near (T2l) (Tak6uchi el
al., 1974), is nearly parallel to the octahedral layer.
The structural influence of this pronounced layering
on e;ternal morphology is indicated by a clustering
of @kl) and (hk}) face poles near the face pole of th-
octahedral layer (cf. Fig. I in Peacock, 1937). The
planes represented by these face poles generally lie at
an angle of 30" or less to the plane of the octahedral
layer. Axinite crystals are frequently flattened by

I

t .

rl
{1",
it

x
tl,o
z
u,

tr
C)

E
l!
lr,
G
z
UJ
-

o.20 0.40 0.60 0.80
rl.06( MnO + FeO + ZnO)

rf.%(MnO + FoO + ZnO +CoO + MgO)

Fig. 6. Plot of mean refractive index us. TM. The regression
equation refers to the solid line for all data points. The filled circles
and dashed line are for axinites with less than 2.0 Ca atoms and the
open circles and dotted line are for 2Ca-axinites (refer to text for
regression equations).

A l l - C o 2 - F . - C o I
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with composition by two line segments, one for the
2Ca-axinites defined by the equation:

TM : 13.323(R.I.) - 22.093 (R' : 0.97s)

and one for axinites with less than 2 Ca atoms per
formula unit defined by the equation:

TM :21.443(R.I .)  -  35.784 (R' :  0.999)

As mentioned earlier, Figure 3 was partially con-
toured to show the variation of the optic axial angle
with composition for the zinc-free 2Ca-axinites. It
indicates an increase in2Va with increasing Mg con-
tent. This is probably the result of Mg entering the Fe
sites which are located on the ends of the All-Al2-
Al2-All octahedral chains (Fig. lb) and oriented
nearly parallel to Y, the principal vibration direction
for the B refractive index (Fig. 5). As Mg substitution
increases, B decreases at a faster rate than a and 7,
causing an increase in2Va and eventually a change in
optic sign from negative to positive, as shown by the
magnesioaxinite of Jobbins et al. (1975). The 2Va
value calculated from refractive indices for this nearly
pure magnesian end-member is 109o.

The orientation of the biaxial indicatrix in relation
to the crystallographic directions and structural fea-
tures of axinite is presented in Figure 5 for specimen
11. The Z principal vibration direction is oriented
nearly parallel to [011], which is the direction of
elongation of the BzSiEOso groups (cf. Fig. la), and
plots among the poles representing the directions of
the three Ca-containing octahedral chains. As men-
tioned earlier, I is oriented near the All-Al2-Al2-
All octahedral chains which are terminated at each
end with Fe-octahedra (cf. Fig. lb), and X is at an
angle of -79" to the octahedral layer and -80o to the
(l2l) plane of the tetrahedral B2Si.Ou ring. This in-
dicatrix orientation is similar to that found in the
optically-negative micas, wherc Z and I/ lie parallel
or nearly parallel to the plane of the tetrahedral and
octahedral layers and X is normal or nearly normal to
the plane of layering.

Lattice parameters

The lattice parameters of each of l0 axinites were
determined from 30 to 40 powder diffraction peaks in
the range 9-70'2fl; they are recorded in Table 2.The
cell edges a, b, and c are plotted in Figure 7 as a
function of (r), the mean radius of cations occupying
the Cal, Ca2,Fe, All and Al2 octahedral sites. Their
variation can best be discussed with reference to the
stereonet in Figure 5. Unfortunately the reduced tri-
clinic cell of axinite leaves none of the axial zones

o "  O.44O(r  >  +  6 .819,  Rt .  O.69

I 940

7 160

7 1 4 0

d(D
!t
o

o
o
o

o
<D

!,
o

o
a
o

o
$ eeeo
o

6
o
o

9 200

9 t80

o77 078

( ') ,  A
Fig. 7. Lattice parameters a, b, and c of the axinites listed in

Table 2, plotted .u. (r), the mean radius of cations occupying the
Cal, Ca2, Fe, All and Al2 octahedral sites. Error bars are shown
fior each datum, and the cell edges ofTak6uchi et al. (1974),which
were not used in the regression, are included for comparison (open

circles). The lattice parameters determined by Jobbins el al' (1975)

and listed in Table 2 fall significantly below these curves; they were
not plotted because the authors gave no indication of the use of an
internal standard.

oriented along major structural features. The zone

[0Tl] comes closest to the octahedral chains All-
Ca2-Fe-Ca l, Al2-Ca I -F e-Ca2, and Ca I -Al | -C a2-
Al2, among which the primary cation substitutions
occur. Thus it is not surprising that the linear regres-
sion equations for b (inclined at 32" to chain All--
and at 36o to chain Al2--), for c (inclined at 50 and
58o to All--- and Al2--- and at26" to chain Cal---),
and for a (inclined at high angles to all these octahe-
dral chains) have slopes in the ratio 5: 3: I and coeffi-
cients of correlation R2 = 0.94, 0.90, and 0.69. As
anticipated, the unit-cell volume is most highly corre-
lated with (r)8 (see Fig. E).

Re = o.94b . 2 . 1 8 9 ( r > . 7 . 5 1 1 ,
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Vo lume  =  160  7 ( r  f .  496 .2 .  R2  =  O  95

o 4 4  0 4 5  0 4 6  0 4 7

(r)t ,  A'

Fig. 8. Plot ofthe unit-cell volume ofaxinite us. the cube ofthe
mean radius of cations occupying the Cal, Ca2,Fe, Al l  and Al2
sites. The datum of Tak6uchi et al. (1974) is plotted as an open
circle for purposes of comparison.

Composition of 2Ca-axinites from opticsl properties
and density

Mean refractive index, 2Va, and density for 7 non-
zincian 2Ca-axinites were used to determine multiple
linear regression equations for the individual calcu-
lations of the mole fractions of Mg, Fe, and Mn by
the Biomedical Computer Program Brr,rno3n (Dixon,
1973). The results are tabulated below; standard er-
rors of regression coefficients are listed in parentheses
below the coefficient.

Mg :  -14.333(R.I .)  + 0.012(2Va) + 23.48j
(3.268) (0.002)

Fe :  71.937(R.I .)  -  l l .8 l0(p"b")
(r4.s47) (3.042)

(R, : 0.997)

-  81 .890

(R, : 0.894)

Mn : -42.903(R.I.) + 12.523(p"b) + 31.473
fi2.44s) (2.602)

(R, :  0.910)

The pair of variables in each equation is the combina-
tion having the greatest statistical significance. In-
clusion of pou" in the equation for Mg resulted in a
decrease in the F-ratio from 577 to 3ll and a ltl
value for po6" of 0.197, which may be rejected at the
20 percent confidence level. Inclusion of 2Va in the
equations for Fe and Mn results in decreased F-ratios
and I t I values of 0.960 and 0.380 respectively, which
can be rejected as being significant at the 60 percent

o.5

o.o

.Mq
oFe
+Mn

o.o 0.5 t.o
Mole f roct ion,  observed

Fig. 9. Combined plot of the observed mole fractions of Mg, Fe,
and Mn for seven axinites us the values calculated from the
multiple regression equations given in the text. Both observed and
calculated values were normalized to (Mg*Fe*Mn) : 1.00 before
plotting, because totals ranged between 0.95 and 1.05. The line has
a s lope of  45o.

and 30 percent confidence levels, respectively. A plot
of calculated us. observed Mg, Fe, and Mn mole
fractions (Fig. 9) suggests that the above equations
provide a reasonable estimate of composition for the
non-zincian 2Ca-axinites. However, better correla-
tions based on identical variables should result for
the three equations upon acquisition of additional
data for multiple regression analysis.

The 2Va values for the numbered specimens in
Figure 2 do not fit the pattern of the non-zincian2Ca-
axinites (unnumbered in Fig. 2) plotted in Figure 3.
The zinc-bearing Franklin, New Jersey specimens
( I  l ,  3 l ,  36) have 2V v alues of 7 5.7 ",  7 4.1o, and 7 4.6",
respectively. Specimens 25 and 33 with nearly the
same composition (Tables 2 and 3) have 2Vo = 72.5"
and77.4", and specimen 5 with l.42Ca and specimen
I with 1.26 Ca have 2V values of 77.1o and 87.8o,
respectively. Clearly additional study is required to
complete the optical characterization of the axinites,
especially those with less than two Ca atoms per
formula unit.
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