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Abstract—Tobermorite from Heguri, Chiba Prefecture, occurs as veinlets cutting a
basic tuff of Mineoka Group of Eocene age, suffering the metamorphism of zeolite
facies. One of the most barium-rich analyses yields the empirical formula (Ca, ,,
Bay 0s(Naw)y.05(K2).04)5s.50(S15.36Al0 66) £6.00014.52:(0H);5 55 - 3.20H,O  on  the basis of
Si+Al=6, specifying the material to be a barium-bearing aluminian tobermorite.

The sharp X-ray powder diffraction pattern is explained by a C-centered ortho-
rhombic cell with a 11.255, b 7.375, ¢ 22.760 A, Z=4, though nearly all the diffracrions
can be indexed by a subcell with a’=3a, b’=3b, and ¢'=c.

The compositional variation of natural tobermorites is found to be approximately
covered within the range from Ca;Al, ;Si; ;0,5 ;(OH), ;-4H,O to Ca,AlSi;O,5(OH);"
4H,0, demonstrating a linear reciprocal relation between the total number of non-
tetrahedral cations and aluminum.

Introduction

Tobermorite is a stable member in the system CaO-SiO,-H,O under lower tem-
perature and pressure condition, and natural and synthetic materials are known to
contain such minor to subordinate components as Na, K, Mg, Fe**, Al, Fe** and
Ti, to which Ba has been added by the present material.

The X-ray powder diffraction pattern of the present material is very sharp and
the indices have no violation to the extinction rule for the space group C222,, which is
assigned to tobermorite. Most of indices are occupied by those with # and k=2n,
suggesting the presence of a subcell, which corresponds to the body-centered subcell
of HAaMID (1981), and the diffractions characteristic to the true cell are indicated.

The material is also characterized by higher Al,O; content, presenting a clue to
discuss the compositional variation. After the reference to the crystal structure in-
volving cationic vacant sites reflected by the variable Ca/Si ratio from 4/6 to 5/6 in
natural materials (HamiD, 1981), a quantitative reciprocal relation is found between non-
tetrahedral cations and aluminum substituting silicon, starting from an approximate
formula Ca;Al, ;Si; ;0,5 5(OH), ;-4H,0 to Ca,AlSi;O,;(OH);-4H.,0.
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Location and Description of the Studied Material

Mineoka Group forms the basement of Tertiary and Quaternary deposits covering
Boso Peninsula, and consists dominantly of mudstone and intercalating basic pyro-
clastic rocks, basic lava flows, and minor arenaceous and siliceous rocks and limestone,
in which the latest Eocene fossils are found (Suzuxi et al., 1984). Also, there are
many small ultrabasic and basic rock bodies involved within the formation. The
distribution of this group forms a narrow zone elongated along E-W direction in the
southern part of the peninsula, and at the west end is the tobermorite locality (Fig.
1), where some basic pyroclastic roecks and mudstone are associated with serpentinite
and gabbro pegmatites. The studied material was from one of the exposures of basic
tuff. It is a light grey green hard rock with a homogeneous feature owing to the fine
grain size of components. It is intersected by white veinlets reaching 20 millimeters
in maximum width, which consists of porcelain-like compact aggregate of tobermorite
with a small amount of thomsonite prisms of millimeter order. The veinlets are
rather stiff and pulverized with difficulty unless soaked by such an organic medium as
acetone or ethyl alcohol. Under the tinocular, tobermorite aggregate is of high
purity allowing the preparation of material for wet chemical analysis after a simple
hand-picking. The hardness of aggregate is about 5 in Mohs’ scale and the density
measured by Berman microbalance is 2.42(1) g/cm?®, which is close to the calculated

TOKYO

Fig. 1. Index map of the tobermorite locality. Black: ultrabasic and basic rocks. Striated:
sedimentary and pyroclastic rocks of the Mineoka Group.
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value, 2.52 g/cm?®, using the most barium-rich analysis given in Table 1.

In thin section, tobermorite veinlet consists of aggregate of very fine granular to
somewhat elongated grains locally forming parallel aggregate and comprises thom-
sonite prisms and fragments of wallrock. The wallrock is composed of rather angular
to subround grains of prehnite, a birefringent chlorite, tobermorite, analcime, pectolite
and minor sphene cemented by a less birefringent chlorite. In wallrock fragments
trapped within the veinlet pectolite is more abundant. Tobermorite is colourless and
the extinction is parallel with positive and negative elongation. Refractive index is
1.546(2) with very low birefringence. Besides the hard basic tuff, wallrock of the
veinlet, there is another basic tuff in nearby exposure. It is also grey in colour and
inclusive of visible dark grey green clots of chlorite and of minute fractures developed
parallel to the bedding plane. This is the host rock of veinlets including xonotlite
described by KaTto and MATSUBARA (1975) accompanied by barium-free tobermorite
as later stated.

Near the exposure is an abandoned quarry where mudstone, basic pyroclastic
and volcanic rocks, serpentinite and gabbro pegmatite are found, and the veinlets of
the following minerals are developed in them besides tobermorite. They are prehnite,
pectolite, xonotlite, thomsonite, natrolite, analcime, hydrogrossular, apophyllite, gy-
rolite, calcite, aragonite and serpentine minerals. Among them, analcime is also found
in the mudstone veined by gyrolite as the essential constituents, suggesting the meta-
morphic origin. If so, it is very probable that tobermorite in the basic pyroclastic
rock is also a metamorphic mineral.

Chemical Composition

The chemical composition of a piece of tobermorite veinlet was surveyed by energy
dispersive X-ray spectrochemical analysis using the instrument of Link Co. Ltd. A

Table 1. Chemical analysis of the most barium-rich tobermorite Heguri,
Chiba Prefecture, Japan.

wt. % recast to 1009, C?tsl?ix":ngf g

SiO, 43.87 43.50 5.34
AlLO, 4.58 4.54 0.66
CaO 33.88 33:59 4.42
BaO 1.70 1.70 0.08
Na,O 0.45 0.45 0.11
K.O 0.52 0.52 0.08
H,O0* 12.17 12.07 9.89
H.O~ 3.68 3.68 3.65
Total 100.85 100.00

Empirical formula (basis: Si+Al=6):
(Cay.4oBag.0s(Nas)o.05(Ko)o.04)34.50(Si5.55A10. 66)556.00014.52:(OH); 45 - 3.20H, O
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Table 2. Cation contents of barium-bearing tobermorite in a single
veinlet including the described material.

No. Ca Ba Na K Si Al
1 4.45 0.05 0.00 0.08 5.38 0.62
2% 4.42 0.08 0.11 0.08 5.34 0.66
3 4.37 0.07 0.04 0.05 5.28 0.72
4 4.36 0.07 0.07 0.07 5::25 0.75
5 4.33 0.07 0.08 0.07 531 0.69
6 4.50 0.06 0.04 0.04 5.38 0.62
i/ 4.53 0.06 0.05 0.06 5:33 0.67
8 4.46 0.07 0.04 0.04 5.34 0.66

* This corresponds to the complete analysis in Table 1.
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Fig. 2. Ca/(Ca+Ba+Na,+K,)-Ba/(Ca+Ba+Na,+K,) diagram of tobermorite from Heguri.
Closed circles are for the above values and open ones for the values Ca/(Ca--Ba-+Na-+
K)-Ba/(Ca+-Ba+Na+K). Note the near linear alignment of closed circles.

separate wet chemical analysis for H,O(<4-) was combined with the most barium-rich
one as given in Table 1. Besides this analysis, seven points were analysed to know
the compositional variation within a single veinlet as in Table 2, in which the cationic
contents are calculated on the same basis as above one, Si+Al=6. Among the ana-
lysed components, barium is evidently in reciprocal relation to calcium to indicate
a vicarious substitution. In Fig. 2, the plots using two parameters, Ca/(Ca--Ba-
Na,+K,) and Ba/(Ca+Ba-+Na,+K,), are demonstrated to manifest the more con-
vergent distribution of points than the usage of calculation basis for alkalis as Na-+-K
instead of Na,+K,.

The X-ray spectrochemical survey using the same machine was also made on the
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Table 3. X-ray powder diffraction pattern of synthetic and the present tobermorites.
1. 2.
I d(A) hkl I dops. deare. hkl
80 11.3 002 90 11.38 11.38 002
4 5.67 200 5 5.683 5.689 004
5.625 200
25 5.48 201 25 5.460 5.464 201
6 3.78 006 8 3.795 3.793 006
8 3.64 021 5 3.645 3.639 021
20 3.53 205 30 3.539 3.538 205
18 3.31 023 15 3.316 3.311 023
100 3.08 220 100 3.078 3.083 220
65 2.98 222 75 2.976 2.976 222
40 2.82 400 8 2.846 2.846 008
207 60 2.812 2.815 207
2.814 400
10 2.738 402 3 2.731 2.732 402
3 2.710 2.711 224
12 2.526 404 10b 2.522 2.522 404
2 2.505 2.509 316
10 2.434 027 14 2.439 2.438 027
8 2.297 209 10 2.308 2.307 209
17 2.276 2.276 0.0.10
14 2.264 406
16 2.146 423 2.144 2.144 423
2.135 2.135 1.1.10
10 2.080 228 12 2.087 2.091 228
029 2.086 029
20 2.001 425 18b 2.005 2.007 425
408 2.001 408
40 1.840 427 35b 1.843 1.843 427
040 1.844 040
6 1.822 603
=2 1.795 0.2.11
4 1.738 605 1 1.734 1.734 605
20 1.673 429 18 1.672 1.672 2.0.13
1.672 620
2 1.571 4.0.12
0.2.13
8 1.541 440 8 1.543 1.542 440
1.542 247
2 1.524 1.523 2.2.13
2 L.510 609
1 1.462 1.461 445
6 1.440 628 4 1.438 1.438 2.2:14
249
4 1.412 800 3 1.406 1.407 800
3 1.403 1.404 801
4 1.399 802 3 1.396 1.396 802
3 1.392 1.393 447
4 1.375 4.2.13 3 1.379 1.379 4.2.13
3 1.377 1,377 0.4.11
2 1.286 807 2 1.290 1.291 807
6.0.13
2 1.263 645 2 1,255 1.256 4.2.15
a=11.27 a=11.255
b= 17.35 b= 17.375
c=22.74 A €=22.760 A

1. Synthetic tobermorite.

2. Tobermorite.

JCPDS CARD No. 19-1364.
Heguri, Chiba Prefecture, Japan. Cu/Ni radiation.

Diffractometer method.
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associated thomsonite and on the tobermorite found in the nearby exposure accom-
panied by xonotlite to know the distribution of barium. As the result, barium con-
tent was under the detection limit in both of them, or lower than 0.1 9, BaO if present.

X-Ray Powder Study

The present tobermorite has a good crystallinity, giving a very sharp diffraction
peaks in the powder diffractometer diagram. They were indexed in terms of C-
centered orthorhombic cell with a=11.255, b=7.375, ¢=22.760 A after the reference to
the data for synthetic material appeared in JCPDS Card No. 19-1364 (Table 3). No
violation of the extinction rule for the space froup €222, was found. The obtained
cell is comparable with a- and b-halved body-centered orthorhombic cell of Hamip
(1981), and the presence of this subcell is suggested by the full occupation of even num-
bers for /1 and k in the determined (hkl), except for (1.1.10) and (316). The former is
closely accompanied by (423), forming a broad peak near 2.14 A. This broadening
may serve to the indication of the non-halved @ and b unless their havings take place
separately. The latter is so-called shoulder type peak near (404), which has a stronger
intensity than (316) near 2.52 A. Owing to the less outstanding situation, this peak was
not picked up as the characteristics of non-halved cell edges.

The X-ray powder diffraction pattern of the barium-free material from nearby
exposure is essentially identicall with that of barium-bearing one in all aspects including
the non-halved nature of two cell edges. The unit cell parameters, a 11.248, b 7.372,
¢ 22.740 A are very slightly smaller than those of barium-bearing one.

Compositional Variation in Tobermorites

There are two significant compositional variations in tobermorites. One is the
variable Ca/Si ratio from 4/6 to 5/6 in natural materials and to 6/6 if synthetic ones are
taken into consideration (HaMID, 1981). According to his structural study on natural
tobermorite, it involves vacant cationic sites capable of accounting for the ratio vari-
ation. The other is the variable aluminum content substituting silicon from 2.402
wt. % AlO; in the material from Pier, Tobermory, Scotland (HEDDLE, 1880) to 6.35
wt. % in the material from Pra da la Stua, Italy (GOTTARDI and PASSAGLIA, 1966). In
both of them the charge balance coming from the substitution needs consideration. As
to the former, HAmID (1981) indicates a sympathetic increase of OH substituting non-
bridgeing O atom in the Si;O, chain by designating the ideal formulae Ca,Si,O,,(OH),-
2H.0O and Ca,Si;O,5-2H,0 but he did not mention the role of aluminum to the charge
balance and the lower content of H.O.

Six chemical analyses of natural tobermorites including the present one are sub-
jected to the examination to know the quantitative relation of components. As the
result, a clear reciprocal relation is found between the contents of non-tetrahedal
cations and aluminum (Fig. 3). In Table 4 all the referred analyses are shown together
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Fig. 3. Total non-tetrahedral cations-Al content diagram in the empirical formulae of analysed
tobermorites and the synthetic analogues with the basis Si+Al=6. The same symbols as
Fig. 2 are used. Abbreviations S1: Synthetic. JCPDS Card No. 19-1364. S2: Synthetic.
Mitsupa (1970). PI: Pier, Tobermory. HEepDLE (1880). B: Bloody Bay, Tobermory.
HepbLe (1880). L: Loch Eynort. CrArRINGBULL and Hey (1952). H: Heguri (D-®) (2
corresponds to the chemical analysis in Table 1 and the others to Table 2). M: Monte
Biaena, Trento, Italy. GoTTARDI and PassaGLia (1967). PR: Pra da la Stua, Trento, Italy.
GOTTARDI and PAsSAGLIA (1966).

with their empirical formulae calculated on the same basis as here employed, Si+Al=
6. The range of natural materials is approximately from Ca;Al, ;Si; ;0.5 5(OH), ;-
4H,O(Pier) to Ca,AlSi;O,;(OH);-4H,O (Pra da la Stua), where Ca includes minor Na,
K, Mg, Fe**, Fe** and Ti. In Fig. 3, the plots for the chemical analyses of the present
tobermorite appeared in Table 2 are made to indicate the extension of compositional
variation in a single specimen.



138 Akira KATO et al.

Table 4. Chemical analyses of natural and synthetic tobermorites.

1; 2. 3. 4. 5. 6. 7. 8.
SiO, 46.508 46.62 46.17 43.87 45.45 45.39 45.68 41.21
Al O, 2.402 3.895 4.27 4.58 5.63 6.35 2.00 6.82
Fe,O, 1.139 0.664 0.55 0.13 0.11 0.86
TiO, 0.10
FeO 1.853 1.080 0.15
MgO 0.474 0.50 4.38 0:53
CaO 33.404 33.978 35.15 33.88 33.30 24.53 36.24 35.88
BaO 1.70
Na,O 0.356 0.891 0.56 0.45 0.22 1.25 0.92
K.O0 1.445 0.572 0.25 0.52 0.27 0:71 1.55
H.O 12.606 12.109 13.47 15.85Y 14.50%» 17.94» 15.22 12.729

Total  100.187  99.809  100.02 100.85  100.42  100.78  99.78  99.96

Empirical formulae: (basis: Si+Al=6)
1. (Ca4.3sFe%f19Feg:FloMgmg(Kz)o.11(N3«2)0.04)24.asSis.66Alu.34015.5~3(0H)2.43'3-88H20
. (Cay o Fej'11(Nay),, IO(K?.)O.04F68T—06)Z4.585i5.46A]U.54014.63(0H)3.32 -3.07H.O0
. (Ca4.41Fe%.+01(N3-2)o.oe(K2)n.02)24.5USi5.41A10.59014.41(OH)3.59'3~46H:0
- (Cay 12Bag 05(Nay)g.o5(Ks)o.04) 3456815, 55A15. 660 14.5:(OH); s - 3.20H,0(excluding H,0~)
. (Ca4.11Mg().OQFCSTOE(NaE)O.OQ(K‘Z)O.OZ)ELQQSL’:.24AIO476013A87(OH)4.13’2'81H‘.’O(exc]u<jing H,07)
. (Ca‘z.DBMgO.N(NaZ)O.14(K'2)0.05Feg.4—01Ti0.0'2)z3.94Si3.ISA]().SE:OM.OB(OH)-LQ'Z'3-93HDO
(excluding H,O™)
T (Caé.B\’)MgO.10Feg?—01)24.QBSiS,’ZlA]O.ZBOlS.64(OH)2.36'S'IGH:ZO
8. (Ca44es(K2)o.12(Nae)o.11Feéﬁao3)24.995i4.02A10.saols.us(OH)z.gz'3-71H20
Localities:
1. Pier, Tobermory, Soctland. HEDDLE (1880).
Bloody Bay, Tobermory, Scotland. HEDDLE (1880).
Loch Eynort, Scotland. CLARINGBULL and HEy (1952).
Heguri, Chiba Prefecture, Japan. The present study.  includes H,O~ 3.68%.
Monte Biaena, Trento, Italy. GOTTARDI and PAsSAGLIA (1967). 2 includes H,O~ 1.81%.
Pra da la Stua, Trento, Italy. GOTTARDI and PASSAGLIA (1966). * includes H,O~ 1.06 .
Synthetic material. JCPDS Card No. 19-1364.
Synthetic material. MITsuDA (1970). * ignition loss.
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It is worthy of note that the chemical composition of an artificial tobermorite pre-
pared from clinoptilolite by MITSUDA (1970) is obviously out of the trend demonstrat-
ed in Fig. 3, suggesting the possible presence of another variation trend in tobermorite.
In relation to this evidence, it is also of note that a high aluminian synthetic tobermorite
appeared in JCPDS Card No. 19-52 is not orthorhombic but monoclinic in symmetry,
coming from a distortion of unit cell in the different manner from the monoclinic cell
for an ordered tobermorite (Hamip, 1981). The ideal formula of high aluminian
material is indicated as Ca;AlSi;O,;(OH)-5H,0 in the card, which is out of balance and
may be read Ca;AlSi;O,;,(OH),-4H.O0, since this is very close to the empirical formula
of artificial material of Mitsupa (1970). If this material is not orthorhombic but
monoclinic in symmetry, it is very natural that the variation trend of a crystallogra-
phically different material from the natural ones is distinct from them.
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The limit of substitution of aluminum for silicon in synthetic tobermorites is 109,
in Al: (Al4-Si) ratio (KALOUSEK, 1957) or 159 in the same ratio (DIAMOND et al.,
1966), the latter being close to 14.19% of the material from Pra da la Stua (GOTTARDI
and PASSAGLIA, 1966) and to 16.79%, of the ideal formula Ca,AlSi;O,;(OH);-4H,O.
The Al: Si ratio in this formula can be crystallochemically connected with the unit
form of chain structure, Si;(O, OH),, for, an Al-substituted unit has the form AlSi,(O,
OH),, therein and the ratio 1: 5 is very smoothly acceptable to the form. That is, the
limit of substitution of Al for Si in Si,(O, OH),s is 1 Al per 2 Si,(O, OH),. Beyond
this point, aluminum plays a role to cut off the chain, forming an isolated tetrahedron
of SiO, to constitute hydrogarnet (MEYER and JAUNARAIS, 1961). However, it is neces-
sary to note that the formula Ca,AlSi;O,;,(OH);-4H.O requires the presence of extra
(OH) substituting oxygen atom in the Si,(O, OH), chain as compared with the maxi-
mum value, 4, designated by HamID (1981), though the expectation of extra (OH) is
not unreasonable.

As just mentioned, the trend of compositional variation of tobermorite seems to
be different between natural and some synthetic materials. DIAMOND et al. (1966)
demonstrated the increase of c-spacing due to the increase of aluminum content sub-
stituting silicon along with synthetic tobermorites. However, the X-ray powder dif-
fraction pattern of the material from Pra da la Stua (GOTTARDI and PASSAGLIA, 1966)
cannot be explained by longer c-spacing but by a shorter unit cell edges due to the
smaller d-values of corresponding diffractions with the present ones. If the crystal
structure of HAMID (1981) is referred to, the trend of elongation of chain is parallel to
b-axis and the substitution of aluminum for silicon in the chain is indirectly responsible
for the increase of c-spacing. But, if the number of vacant sites of cations increases,
the effect is considered to give rise directly to the shortening of it, since the cationic
sites are arranged on a plane perpendicular to c-axis and that one of them is exclusively
responsible for the vacant sites. Therefore, the diagram of DIAMOND et al. (1966)
dealing with the relation between Al: (Al+Si) and c-spacing needs the reference to the
variable content of the non-tetrahedral cations.

The present discussion is based on the structure model of Hamip (1981) and the
informations on the existence of double chain tobermorite (WIEKER, 1968 ; WINKLER et
al., 1979) are not referred to, according to the good coincidence of the crystallographic
data of HAMID (1981) with the present one.

Amendments to the Previous Work

The description on xonotlite from the same locality (KATO and MATSUBARA, 1975)
referred briefly to the occurrence of a strontium-bearing tobermorite in association
with it. However, the restudy of tobermorite accompanied by xonotlite informed
that the mineral is free from this element and the material from which the referred
analysis was derived is actually the same material as here examined, and that the stron-
tium appeared in the chemical analysis was actually barium after the X-ray spec-
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