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ABSTRACT

Variations in supercell parameters and chemical compositions for nine samples of antigorite from the Saganoseki area,
eastem Kyushu, Japan, were studied by electron diffraction (SAED), X-ray powder diffraction (XRD), electron microprobe
@PMA) and analytical electron microscopy (AEM). The XRD pattems give various A parameters of the super-cell (A in the
raage42.4-53 .6  A)aswel lasvary ingsubce l ld imens ions(5 .41  <a35.44 ,9 .24<b39.26 .7 .26<c3 '1  .28  A.91 .0<p<
91.3o) .Fur thermore ,SAEDpat temsshowawider rangeofAparameters , f rom32to60A(5 .9<M<l l . l ,M=Ala) .T \e
altigorite from Saganoseki has a high Al/Fe value. The large parnmeters of the supercell in antigorite (M benveen 8.5 and
10.0) are characteristic of serpentinites formed under low-temperature and high-pressure (pumpellyite-actinolite facies)
conditions. The AEM results suggest that the corelations of the Fe contents or the Al contents with M pararneter axe not
always distinct within a specimen, and may depend on other structural and chemical parameters.

Keywords: antigorite, superstructure, supercell. serpenline, crystal chemistry, X-ray diffraction, eleclron diffraction, analytical
electron microscopy.

Sovnaarne

Nous avons 6tudi6 les variations dans la surstructure et la composition chimique de neuf dchantillons d'antigorite provenant
de la r6gion de Saganoseki, dans la partie orientale de Kyushu, au Japon, par diffraction d'6lectrons, diffraction X, microsonde
dlectronique et microscopie 6lectronique analyrique. l,es clichds de diffraction indiquent une variation du paramdtre A de la
surstructure, ente 42.4 et 53.6 A, ainsi que dans les paramdtres de la sous-maille (a entre 5.41 et 5.44 A, b ente 9.24 et
9.26 L, c entre7.26 et7.28 A, p entre 9i.0 et 91.3".^be plus, la diffraction d'dlectrons dans une aire restreinte montre une
grande variabilit6 dans le parambtre A, entre 32 et 60 A (5.9 < M < 11.1, M = A/a. l,es dchantillons d'antigorite de Saganoseki
possddent un rapport Al,/Fe 61ev6. Ceux dont la surstructure est plus grande (8.5 < M < 10.0) seraient typiques d'un milieu de
croissance l faible temp6rature et A pression 6levde (facies pumpellyite-actinote). D'aprbs les r6sultatq d'analyses en micro-
scopie plectronique i transmission, les con6lations possibles enlxe M et la teneur en Fe ou en Al dans un 6chantillon ne sont
pas 6videnles dans tous les cas, et pourraient r6sulter d'autres facteurs structuraux et chimiques.

(Traduit par la R6daction)

Mots-clds: antigorite, surstr,u;tuq surmaille, serpentine, chimie crista{line, diffraction X, diffraction d'6lectrons, microseopie
6lectronique analyrique.

INTRODUCTIoN

Antigorite is characterized by a guperstructure with
large periodicity along the X direction based on an
alternating-wave structure (Kunze 1956, 1958). The
large A parameter was first shown to be 43.5 A 1Aru.ja
1945). Further studies have shown that antigorite does
not have a fixed composition, but forms a series of
variable compositions and structures (Kunze 1961,
Uehara & Shirozu 1985, Spinnler 1985). Kunze
(1961) lrst proposed a series of discrete compositions
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ihat are chemographically colinear with chrysotile and
lizardite, Mg3Si2O5(OH)a, and talc, I{g3SioO,o(oH)r.
The compositional complexity is mostly due to the
occurrence of different periodicities of the superstruc-
ture in antigorite, but the occurrence of such super-
structures in nafure has remained poorly documented.

Mellini et al. (1987) found that increasing tempera-
ture of formation can be correlated with a shorter peri-
odiciry ofthe superceU in the antigorite serpentines of
the Swiss and Italian Alps. Uehara & Shirozu (1985)
investigated the variation of supercell in antigorite
from Nishisonogi and Sasaguri; the Nishisonogi antig-
orite shows a larger supercell than the Sasaguri
antigorite, with identical Fe2* contents. Also, cell
dimensions of antigorite from each locality show a
different relationship to chemical composition.
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The repor[ed values ofA obtained bv electron dif-
fraction'are 33.7-43.1 A (Zussman et al. 1957\"
25.7-51.5 A 1funz. 1961), and 32|7-51.4 A luehara
& Shirozu 1985). A very lorlg superstructure group
with A between 80 and 110 A (Brindley et al. 1958),
and a short superstructure with A in the range 1G19 A
(Chapman & Zussman 1959) also were recorded.

Mellini & Zussrnan (1986) showed the 19 A and 16
A periodicities given by Chapman & Zussman (1959)
for "picrolite" from Taberg do not pertain to antig-
orite, but ralher to the I 8 A d(200) interplanar spacing
of carlosturanite ,SrX and the 15.5 A d(100) of the SrX
polysome, respectively.

In this paper, A is used for the periodicity of the
supercell along the X axis of antigorite, and a is used
for the subcell X axis periodicity, about 5.4 A. Uehara
& Shirozu (1985) have shown that 1) powder pattems
of antigorite with various supercell parameters can be
indexed by using the M parameter (M = Na), and 2)
the supercell parameters are closely related to chemi-
cal composition.

Ultramafic rocks occurring in Saganoseki, eastern
Kyushu, Japan, generally consist of serpentinized
dunite and lherzolite, that have been affected by low-
temperature regional metamorphism. Antigorite with a
supercell parameter of about 53 A were found in the
Saganoseki serpentinites. In this paper, the mineralo-
gical properties of the Saganoseki antigorite are
discussed and compared with those of antigorite from
the Sasaguri and Nishisonogi serpentinites (Fig. 1;
Uehara & Shirozu 1985, Uehara 1987) and those of
other examples of antigorite in the literature.

SeRPENTtNs MnTERAI-s
IN TIIE SAGANOSEKI DISTPJCT

The Sanbagawa metamorphic rocks of  the
Saganoseki Peninsula, eastern Kyushu, mainly consist
of low-grade pelitic, psammilic and siliceous schists
and serpentinites. The area is the western end of the
Sanbagawa belt, which is a typical high-pressure
metam.orphic iemane in, tlre Japanese Islands (e.9.,
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Frc. 1. Distribution of serpentine minerals in the Saganoseki serpentinircs.
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Banno 1986). The pumpellyite-actinolite-facies
metabasites of the Sanbagawa belt are estimated to
have recrystallizeA at250-330oC and pressures of 3 to
S2kbar (Nakajima er al. 1977, Nakajima, 1983).

Geological studies of the Saganoseki metamorphic
rocks were repor0ed by Yamamoto & Teshima (197L),
Yoshikawa et al. (1980), Sonoda (1985) and Ikeda
(1987). The geological structure ofthis area is charac-
terized by the Furumiya Anticline (Yoshikawa el al.
1980), whose axis trends east-northeast. Serpentinites
occur as large massive bodies along the aiis of the
Furumiya Anticline, and also as small sheared bodies
in the northern flank of the Furumiya A4ticline. In the
eastern part of the Saganoseki Peninsula, serpentinite
bodies with metagabbro are distributed along a syn-
cline in the crystalline schist.

In the basic schist and metagabbro, pumpellyite and
actinolite are comm.only formed, and lawsonite +
pumpellyite + quartz + albite + chlorite + calcite and
glaucophane are found to coexist (Ikeda 1987), so that
the metamorphic facies of thi$ region is
pumpellyite-actinolite of relatively high-prqosure
rype.

The serpentinites in this district are generally mas-
sive or schistose, and grern to dark in color. Under the
optical microscope, they are fine-grained, granular or
fibrous, and have a mesh texture or bastite texture
consistent with pseudomorphism after orthopyroxene
or clinopyroxene. A preliminary analysis to investi-
gate the mineral composition of serpentinites was

undertaken by X-ray powder diffraction. Identification
of the serpentine species, antigorite, lizardite and
chrysotile, was mainly done by comparison with the
powder data of Whittaker & Zussman (1956). The
nomenclature of chrysotile polytypes follows the nota-
tion of wicls & whittaker (1975).

The constituent minerals of the Saganoseki serpen-
tinites are identified to be antigorite, lizardite,
chrysotile, chlorite, tremolite, diopside, calcite,
dolomite, magnesite, magnetite and pyrite. Talc and
brucite have not been found h the serpentinites. The
distribution of rock-forming serpentine minerals is
shown in Figure 1. In this figure, the macroscopic
vein-forming serpentines were excluded.

Most bodies of serpentinite consist mainly of anti-
gorite with variable amounts of chrysoti le and
lizardite. Nine samples from Saganoseki that consist
of antigorite - chrysoti le 2M.t - l izardite were
selected for this study, mainly on the basis of variation
of X-ray powder patterns. Two samples (SG6, SGI)
consist of antigorite with a small amcjunt of lizardite
or chrysotile, three samples (SG21B, SG26B, SG48A)
consist mainly of antigorite, and the other four
sarnples (SGl2, SGl6, SG49, SG80) consist of rela-
tively smaller amounts of antigorite than tfie former
five samples (Table 1). The mineralogical properties
of these samples of antigorite were studied by X-ray
powder diffraction (XRD), selected-area electron
diffraction (SAED), electron-probe microanalysis
(EPMA), and analytical electron microscopy (AEM).

TAEITE ].. SAMPLES OF ANTIGORITE ROCKS FROM SAGANOSEKI

Smp]-e CoLor and tqture ( tocaLity) Constituent ml"nerals'

Chl Di Mag Py

+Sc6 Black brecciated mass wLth gres fibrous parts (SekL)

SGL cray1sh green massl_ve wlth bastlte (Seki)

SG21B Dark green masslve wl-th f1ne chr:llsotl].e vein (Shtyuukl)

Sc26B Dark green mass1ve (Shl-!ruukl)

SG48A Dark green masslve w1th bastLte & chrysoti le vel-n (Oguro)

SGL2 BLack nasslve (Karakou)

SG16 Black masslve (Karakou)

sG49 B1ack to d6rk grccn mBssLve (oguro)

SGSO BLack nasslve (Al<jnoe)
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*:reLative mounts were estlmated by XRD.

Atg:antlgorLte. Ctl:chrysotl le, Lz:l izardlte. chl:chLorlte. Dl:diopslde. Mag:magnetlte: py:pyrlte.

r++:large mount. ++:nedj-m. +:sma11.
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ExpeRn4ENTAL Msrrloo

X-ray powder-diffraction patterns were recorded
with a Rigaku RAD-IIA diffractometer using filtered
CuKa radiation and a standard aluminum sample
holder. Silicon powder was used as an internal stan-
dard.

Electron optical observations were made with JEOL
JEM-200B and JEM-2000FX electron microscopes in
the HVEM laboratory of Kyushu University. The pul-
verized materials were disaggregated ultrasonically
and mounted on copper grids. The JEM-2008 micro-
scope, which was mainly used for obtaining selected-
area electron-diffraction patterns, was operated at
200 kV; a selected-area aperture of l0 pm diameter
was used for electron diffraction, which has a pro-
jected diameter on the specimen of about 0.2 pm.

Chemical compositions of antigorite were deter-
mined with a JEOL-JXA 733 electron microprobe
operated at 15 kV accelerating voltage and a diameter
of the electron beam of 1 pm. The following standards
were used: synthetic CaSiO3 (Si,Ca), corundum (Al),
hematile (Fe), periclase (Mg), NiO (Ni), MnO (Mn),
and TiO, (Ti) and natural chromite (Cr). Electron-
microprobe data using wavelength dispersion were
ZAF-corrected, total Fe was considered as FeO, and
H2O was estimated by difference.

Some analyses were performed with a JEOL model
JEM-2000FX analytical electron microscope. The
AEM was used to analyze the particle area corre-
sponding to that used to obtain selected-area electron-
diffraction patterns in order to determine the value of
M. The corrections were made by the ratio method
of Cliff & Lorimer (1975). Sample A1 (Uehara &
Shirozu 1985) was used as the standard material for
experimental measurement of the k factor. The
JEM-2000FX was operated in the TEM mode with a
beam diameter of 0.4 pm at an accelerating voltage of
200 kV. More detailed procedures are given by
Uehara et al.(1991).

RssuI-rs

X-ray powder patterns

An indexing of the powder patterns of antigorite
was frst performed by Whittaker & Zussman (1956)
using a supercell A of eight units of the subcell a.
Uehara & Shirozu (1985) have re-examined the
powder patterns of various samples of antigorite and
re-indexed these using tlre M parameter, which is the
ratio of the supercell A parameter to the subcell a para-
meter (A/a).

The antigorite samples from Saganoseki generally
show broadened reflections attributed to the supercell
l(Mu)lM, k, l; u * 0l compared with the Sasaguri and
Nishisonogi samples (Uehara & Shirozu 1985). This
may be caused by a heterogeneous distribution of dif-

TIFITE 2. CELL PARAMEIERS OF ANTIGORITE FROU SACANOSBKI

a(A)

r tA l

c tA )

s ( ' )

6C6 6Cl SG21B SG26B SG48A

5 . 4 1 0  5 . 4 2 A  5 . 4 0 7  5 . 4 1 8  5 . 4 L 4  5 " 4 3 7

9 . 2 4 4  9 . 2 s 9  9 . 2 4 0  9 . 2 5 1  9 . 2 4 4  9 . 2 5 4

7 . 2 8 0  ' , 1 . 2 7 7  7  . 2 7 ?  7 . 2 6 A  7  . 2 6 7  7 . 2 6 3

9 r . o 7  9 i . . 3 3  9 1 . 0 8  9 1 . 0 3  9 L . L 2  9 1 . 1 0

1 4  9 . 9 0  8 . 8 0  9 . 6 5  9 . 5 6  9 . r 2  7 . 9 0

a(A) sg.so aa.zo sz. tg sr .ao ag.gz az.ar

The 61dbo1s fo! Bo9! dala-tELnts ln FlglrE 5 9xc6€d € lo oltor

bar i; gizet the erlor exlEctgd tn lt ls about t0.5.

ferent parameters of the supercell in a sample or small
size of crystallites. Table 2 shows the cell parameters
of six samples refined by a least-squares method using
the reflections with d greater than 1.53 A. The cell
parameters of the other three samples were not
refined, because of the breadth of the reflections or the
presence of chrysotile and lizardite. The ranges of cell
parameters and M values obtained for the Saganoseki
materials are: 5.407 < a < 5.437 A, 9.240 < b < 9.258
A,l.zas < c <7.277 A, st.oz < B < 91.33", 42.4 < A <
53.6 A, 7.8 < M < 9.9. In general, the a and F p-u-
meters are smaller, and the A and M parameters are
larger, than those of the Sasaguri and Nishisonogi
material (Uehara & Shirozu 1985). The reason for
variations in these parameters will be discussed in the
last section.

El e ct ron- diffTac t ion p aft e ms

The supercell parameters were measured by select-
ed-area electron-diffraction patterns (Fig. 2). The
supercell A parameters corresponding to the intervals
of the clustered spots on the electron-diffraction
pafiems are within a range from about 32 A to 60 A
(5.9 < M < 11.1). Many nonintegral types of super-
structures (M + (2n + 7)12, where n is an integer) were
found in the Saganoseki antigorite. Variations in the
values of M in a single specimen'were examined in all
samples. The results, given in Figure 3, show that the
differences in the M value are mostly'within 11.2, but
rarely as large as +1.5. The differences are the same as
those of  the Sasagur i  and Nishisonogi  samples
(Uehara & Shirozu 1985). Therefore, the broad super-
cell-related reflections in X-ray powder patterns are
probably mainly caused by the small size of the
crystallites.

The large M values (between 9.5 and 1 1.1) obtained
from these samples by SAED have not commonly
been reported elsewhere. Antigorite with large para-
meters of the supercell of more than 5l A (Att = 9.51
had only been found in one sample described by
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Ftc. 2. Electron-diffraction patterns of antigorite from Saganoseki. a) M = 70.2 (SG6), b) M = 9.0 (SG48A), c) M = 8.5 (SGl),
d )M=7.0(sc80) .

9'7

Kunze (1961), the "Yu Yen Stone" sample (Zussman
et al. 1957), and a few crystals in some Nishisonogi
and Sasaguri samples (Uehara & Shirozu 1985) and
D1335 (Mellini et a|.1987.

Chemical composition

Electron-microprobe data were obtained from six
samples for which M values could be measured by

oo0
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S G 2 6 B

5.O 6.O 9.O 10.o 1 1.O 12.O
M

27.6 32.9 38.2 43.5 48.8 54.1 5 9.1 64.6 i
S U P E R C E L L  P A R A M E T E R

FIc. 3. Histogram of M values in the antigorite specimens from Saganoseki, as measured
bv selected-area electron diffraction.

8.O7.O

XRD. The compositions reported in Table 3 are aver-
ages of seven or more readings. The samples of
Saganoseki antigorite examined are chemically more
or less heterogeneous, particularly in Al and Fe con-
tents. The variation is occasionally oyer 2 wtTo in
Al2O3 in sample SG49, and in XFeO (total iron
expressed a$ Fe2+) in sample SGl.

Uehara & Shirozu (1985) showed that the formula
for subcell composition having a variabTe M is
MguSi*,,*,r-O rco+t nn(OH)va u. The cation propor-
tions of the antisorite analvzed. which were calculated
on the basis oi!q*qm)'utoms of oxygen, also are
presented in Table 3. The sum of octahedrally coor-
dinated cations is slightly greater than six. This
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rSI,E 3. RESUI,TS OF ELECTRON-MISROPROBE ANALYSES OF AIfIIGORITE MOM SAGANOSEKI

99

sG6(n .9  ) scl (n-9) sG218( n-9 ) so26B(n-7 ) sc48A(n-9 ) sG49 ( n.7 )

s lo ,  43 .25(0 .31)
A1,o3  1 .20(0 .26)
c !2o3 O.18(0 .08)
Feo '  2 .53(0 .17)
MgO 41.35(1 .20)
N lo  0 .10(0 .10)
uno 0 .08(0 .06)
cao O.O2(O.O2,
T l o  0 . 0 1 ( 0 . 0 2 )

rotal 88.70
B:o"  11 .30(1 .08)

42.16(O.95 ' )
2 . 0 0 (  0 . 7 8  )
0 . 1 6  (  0 . 0 8  )
4 . 9 9 ( 1 . 0 3 )

3 9 . 1 5 ( 1 . 1 1 )
o . L 7  ( O . L 2 )
0 . 0 9  (  0 . 0 7  )
o . 0 2 ( 0 . 0 2  )
0 .  04(  0 .03  )

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

43.73(O.32)
o . 6 2 (  0 . 1 1  )
0 . 2 4 (  0 .  L l  )
2 . 0 1 (  0 . 1 7  )

4 L . 7 9 ( O . 3 2 )
0 . 0 6 ( 0 . 0 7 )
0 . 0 7 ( 0 . 0 4 )
0 . 0 1 ( o . 0 1  )
0 . 0 3 (  0 . 0 3  )

44 .74
LL.26(O.72)

42.36(O.36)
2 . 2 6 ( O . 3 r )
0 . 0 4 (  0 . 0 4  )
4 .64(0 .2L)

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

44 .62
x 1 . 3 8 (  0 . 5 1  )

42 .98(O.71)
1 . 9 1  (  0 . 4 7  )
o .L9(O.24)
3 . 3 0 (  0 . 2 3  )

40 .74(  0 .  59  )
0 . 0 5 (  0 . 0 4  )
0 . 0 9 (  0 . 0 3  )
0 .  0 1 ( 0 . 0 2  )
0 . 0 2 (  0 . 0 3  )

8 9 . 3 0
r 0 . 7 0 (  0 . 4 3  )

4 2 . 0 7  ( O . 8 3 )
3 . 3 0 (  X . 1 6  )
0 . 2 7  ( 0 . 0 6 ' )
5 . 6 7 ( 0 . 1 1 )

37.93  (  0 .40  )
0 . 0 s ( 0 . 0 5 )
0 . r 0 ( 0 . 0 6 )
0 . 0 3 (  0 . 0 2  )
0 . 0 4 ( 0 . 0 4 )

49.46
1 0 . 5 4 ( 0 . 3 0 )

Catlon nuobss f,or etlgorltoB on the ba€La ot (14+4/U) oxygdns..

s l

6U

4 . O 7 4
o . L 2 4

4 . 0 3 9
o . 1 8 8
4 . 2 2 7

4.120
0.069
4 . 1 8 9

4 . O 4 3
0 . 1 6 6
4.209

4.050
0 .  1 6 9
4.2r9

o .234
4.256

4(Lrr/ut)4.2O2 4.22' ,1 4.207 4.209 4.2I9 4 . 2 5 6

AL
Cr
F6
Mg
Ni
M!!

ri
6&

o.o09
0.013

0.007
0 . 0 0 7
0 . 0 0 2
0.000
6.131

0.038
0 . 0 1 2
0.400

0.o13
0.008
0.002
0.003
6.O68

0.000
0 . 0 1 8

5.870
0.005
0.005
0.00r
0 .002
6.064

0.088
0.003
0.371
5.544

0 . 0 0 9
0 . 0 0 1
0.004
6.034

0.043
0 . 0 1 4
0 . 2 6 0
5 . 7 2 3
0.004
0.007
0 . 0 0 1
0 . 0 0 1
6 . 0 5 3

o . 1 3 8
0 . o 2 0
0.453
5 . 4 0 6
0.004
0 . 0 0 8
0.003
0.003

M A 9 . 9 0 8 . 8 0 9 . r 2 7 . A O

rt total Fe as FeO. *t: €stleBt€d by diffe@€. ,*i'cB1@1ated aB athyaLroua.
n: numb€re of €mlysed lDlnt€. Values 1n pddth6se6 de one st@dlddl alevldtlon.

. 1  0

. 0 9

.o8
A l  . o z

S l + A l  . o e a ' r o o

. o

. 1

.o

Fe .o
lllg+Fe

M

Ftc. 4. Values of M versus Fe/(Mg + Fe) and AV(Si + Al)
ratios obtained by analytical electron microscopy.

discrepancy may be caused by systematic enors in the
electron-microprobe analyses, or chrysotile contami-
nation at the points analyzed.

Analytical elect ron mic ros copy

Antigorite specimens commonly are composed of
different polysomes with different parameters of the
supercell (Fig. 3). There is a possibility that the chemi-
cal composition obtained by EPMA represents not a
single phase, but a mixture of polysomes.

The AEM was used for two specimens (SG26B and
SG49) to analyze the particle areas corresponding to
those used to obtain selected-area electron-diffraction
patterns for measurement of the M vaIue. The M
values are plotted against AV(Si+Al) and Fe/(Mg+Fe)
in Figure 4. The correlations between the Fe contents
or the Al contents and the M parameters are not
distinct. This suggests that antigorite of different
superstructure can have similar Fe and Al contents,
and also that antigorite with similar superstructures
can have different Fe and Al contents in a specimen.

D$cussloN AND CoNcLUsIoNs

Supercell parameter and subcell parameters

The number of subcells contained in a wavelength
of alternating-wave structure, which corresponds to
the M value, is perhaps the most important parameter
in a series of antigorite samples with different super-

 / l

 

.  sG20B
 S G 4 9

  
^i i

t  
t r -

. o 3

. o 2

. 0 1



100 TIIE CANADIAN MINERALOGIST

5.48
5.17
5.46

5.45
I s.s

5.43
5.12
5.41

5.40

s 3ll
9 1 . 1

90.9

v Saganoseki
I Nishisonogi
O Sasaguri
A others o Jrla

r ?rl.f^

rr.

I
ab

n.rrl
e.20 |
e.25 

|.s.211
9.23 L

,nl
7.28 

|
7.27 

|
7.24 |
7.25 

|
7.21 L

' l f

fi i l

V I

l r

t r f

v  r r  I

?-i oV
V V

vv

V

v v V

V

a
c

9.0 8.0
M

Fig. 5. Cell dimensions uerszs M values for the samples of antigorite

o ro

A=1 .132+5 .293M

or

M = (A - r.132)/5.293 (3)

Cation substitution

In antigorite, the incorporation of trivalent cations
A13+, Fe3+ and Cf+ for Mg or Si, and of the divalent
cations Fe2+, Ni2+ for Mg, can occur. Substitutions of
Si and Mg by Al3*, Fe3+ and Fe2+ are most common.
Generally, Fe2+ tends to dominate over Fe3* in the
specimens described in previous papers (Faust &
Fahey 1962, Whittaker & Wicks 7970, Uehara &
Shirozu 1985). Figure 6 shows the AlrO3 and IFeO
(total i ron as Fe2+) contents of the Saganoseki
antigorite, together with some data obtained by wet-
chemical methods (Hess er al. 1952, Zussman 1954,

9 1 .

I
I

r 3;h, .

10.0

structures. The antigorite in the Saganoseki meta-
morphic rocks are characterized by the presence of
large parameters of the supercell (9.6 < M < 10).

The cell parameters obtained here by XRD
(Table 2) and those previously reported for antigorite
(Uehara & Shirozu 1985, Table 4) are plotted against
M value in Figure 5. With decreasing M value, the a,
b, and B parameters increase, whereas c decreases.
The relationships are, however, not well defined,
except for the d parameter.

The following linear correlation between M and a
was obtained using,the above twenty-eight sets of cell
paramercrs:

M=303.84-54.41a (1)

Its correlation coefficient is -{.96. Since M is A/a. the A
paraneter is obtained by ax M, and so the relationship
between 4 and M can also be expressed as follows:

(2)
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Faust & Fahey 1962, Shimoda 1967, Brindley &
Santos 1971) and by electron-microprobe analysis
(Dungan 1979,  Wicks & Plant  l979,Uehara &
Shirozu 1985). Almost all of the antigorite samples
contain less than 3 wtTo N2O3, whereas the range of
IFeO contents varies from lVo to lUVo. The ranges of
IFeO contents in antigorite from Sasaguri,
Nishisonogi, and Saganoseki are l-6 wt%o,7-9 wt%o,
arld 24 wt7o, respectively.

The AlrO, and IFeO contents of the Saganoseki
antigorite are within the range of variation ofthe pre-
vious reported samples, but the Saganoseki antigorite
tends to have relatively high AI2O3DFeO values. This
could be a significant chemical factor associated with
the formation of large supercells in the Saganoseki
antigorite. Antigorite samples with a XFeO content in
the range from 3 to 5 wtVo have M in the range 8.8-9.6
in the Saganoseki samples (SGl, SG26B, SG48A),
M = 8.I in the Nishisonogi (N518) and M in the range
6.9-.:7.8 (A59, .{3, .4103) in the Sasaguri samples.
Further, the three Saganoseki samples are richer in Al
content than the others.

F l t

t o  
t

t

s a r
:t

Samples of lizardite-bastite after pyroxene have
distinctly higher Al and Cr contents (Wicks & Plant
1979, Dungan l979,Uehua & Naka 1983). Antigorite
samples with a higher Al content (SG49 from
Saganoseki, N81 and N1A from Nishisonogi) are also
richer in Cr; therefore, these three antigorite samples
may have been formed from relict Al- and Cr-rich
lizardite-bastite.

Formntion of large supercell

Kunze (1961) and Trommsdorff (1983) predicted
that the shortening of the supercell p,rameter A (wave-
length) of antigorite is connected with increasing
metamorphic grade. Recently, Mellini et al. (1987)
studied antigorite occurring in rocks formed under
various metamorphic conditions and demonstrated the
shortening of the supercell periodicities with meta-
morphic grade.

Uehara & Shirozu (1985) stated that samples with
similar Fe2* contents from Sasaguri and Nishisonogi
have different parameters of the supercell and

s
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Frc. 6. Contents of Al2O3 versus LFeO (total iron expressed as Fe2t; in antigorite from Saganoseki and in samples previously
described in the literature. Nishisonogi, Sasaguri: Uehara & Shirozu (1985), Fl, F8, F15: Faust & Fahey (1962), H: Hess ar
al. (1952),2:Zussman (1954), B: Brindley & Santos (1971), S: Shimoda (1967).
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observed that higher pressures and lower temperatures
produced longer superstrucfures in specimens with the
same Fe2* content. When investigating the super-
structure of antigorite, it is necessary to consider
supercell parameters along with their chemical compo-
sitions.

The supercell parameter (M) of Fe-poor antigorite
(IFeO in the range 7-3 wtVo) is about 9.8 in the
Saganoseki samples, 8.6 in samples from Nishisonogi
and 7.8 in the Sasaguri antigorites. The metamorphic
grade of the above three regions corresponds to the
pumpellyite-actinolite facies, the glaucophane schist
facies, and the epidote-amphibolite facies, respec-
tively. The temperature of formation of the antigorite
at Saganoseki is lower than that of two other localities.
The condition of low temperature is probably also an
important factor associated with the large super-
structure, together with the AI2O3DFeO ratio.

Antigorite serpentinites occur widely across the
low-grade to high-grade metamorphic regions. A
phase diagram for serpentine reactions, taking account
of field relations and available experimental results,
has been constructed by Evans et  a l .  (1976).
Furthermore, an important reaction involving the
calcium-bearing phases tremolite and diopside has
been documented by Trommsdorff & Evans (1972),
Oterdoom (1978) and Trommsdorff (1983). A lower
temperature of formation of antigorite, by the reaction
is tremolite + chrysotile -+ diopside + antigorite, has
been found in Ca-bearing serpentinite, such as serpen-
tinized lherzolite. Oterdoom (1978) estimated that the
reaction takes place aI 2 kbar and, 192'C. The exis-
tence of tremolite in serpentinite at Saganoseki would
reduce the temperature of formation of antigorite and
increase the M value.

The samples SGI and SG48A contain bastite and
have large supercell parameters, but bastite-free sam-
ples SG6, SG21B and SG26B also have large super-
cell parameters. Recently, Chernosky et al. (1988)
have shown by thermodynamic calculations that the
reaction temperature of chrysotile -+ antigorite +
brucite is displaced downward by about 50oC relative
to the position calculated by Evans et al. (1976).The
reaction takes place at 2 kbar and 250'C. The above
two reactions probably are relevant to the formation of
antigorite at Saganoseki.

The mineral assemblage of the Saganoseki serpen-
tinites is mainly divided into two types, lizardite -
chrysotile - antigorite with a small supercell parame-
ter, and antigorite with a large supercell parameter.
This could indicate that the reaction of large-supercell
antigorite -> small-supercell antigorite + chrysotile is
coupled with the above two reactions.

The supercell parameters of the antigorite vary not
only between different samples collected from a
region in which the antigorite grains were formed at
the same grade of metamorphism, but also within indi-
vidual samples. The regional variation in M, mainly

associated with variations in the content of Fe or Al
(or both) in antigorite, is within +l within a region, but
the M values of Fe-poor antigorite vary extensively
from 9.0 to 7.0 according to metamorphic grade.
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