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Crystal chemistry of titanian chondrodite and titanian clinohumite of high-pressure origint
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Abstract

The crysta l  s t ructures of  t i tan ian chondrodi te IMgs.r rFeo.o7Mno.orNio.o,Tio. . ,
(SiO{) ,OH1.bOo.e;a= 4.7271(7) ,0 = 10.318( l ) ,c :7.9053(9)4,o = 109.333(8) ' ,  P2 ' /b,Z =

2] and titanian clinohumite [MgT.anFel.oeMno.orNio.orTio.as(Sio.).OHr.r tOo.eai d : 4.745(l), b =

10.283(2), c : 13.699(3)4, o : 101.00(2)", P2'/b, Z : 2l from the Buell Park (Arizona)
kimberlite have been refined by full-matrix least-squares methods to R = 0.035 and 0.026,
respectively. The results have established that Ti in the both structures is exclusively concen-
trated in the M(3) site located in Mg(OH)O layers. This situation explains the fact that
attainable substitution of Ti for Mg in chondrodite is higher than that in clinohumite.

The final difference Fourier synthesis of titanian clinohumite has brought out hydrogen
positions, H and H', which are related to each other by inversion, the separation between H
and H'being 0.874, and O-H : 1.02A. This feature implies that if the positions were fully
occupied by hydrogen atoms as in the OH end-member, there would arise a strong hydrogen-
hydrogen repulsion. The substitution, Mg + 2(OH) - Ti + 2(O), that reduces the number of
OH groups in the structure, would therefore play a rolein reducing the effect ofrepulsion to
stabilize the structure, thus explaining the non-occurrence in nature of OH end-members of
the humite-group minerals; the substitution of F for OH would then play the same role.

Introduction

The minerals of the.humite group are known so far
to occur typically in metamorphosed and metasoma-
tised limestones and dolomites and in skarns associ-
ated with ore deposits at contacts with acid plutonic
rocks. Recently, McGetchin et al. (1970) pointed out
that titanian clinohumite in the Moses Rock kimber-
lite had possibly equilibrated in the upper mantle at
depths ranging from about 50 to 150 km at modest
temperatures, generally less than 1000"C.

In experimental investigations under high pressure
of the system MgO-SiOr-HzO, Yamamoto and Aki-
moto (1974, 1977) synthesized crystals of hydroxyl-
clinohumite and -chondrodite at pressures between

I According to the suggestion made by Dr. A. Kato, chairman,
Commission on New Minerals and Mineral Names, National Sci-
ence Museum, Tokyo, Japan and Dr. C. A. Francis, Department
of Geological Sciences, Virginia Polytechnic Institute and State
University, we use in this paper the terminology titanian chondro-
dite and titanian clinohumite instead of titanochondrodite and
titanoclinohumite to express Ti-bearing chondrodite and clinohu-
mite respectively.

2 Present address: Department of Earth Sciences, Ehime Univer-
sity, Bunkyo-cho, Matsuyama 790, Japan.

m/O3 -OM){ /'1 8 / 0506-05 35 $02.00

29 and 77 kbar and temperatures between 700 and
1200"C. This suggested that clinohumite and
chondrodite might be stable between 70 and 120 km
depth in the upper mantle, and in fact Aoki et al.
(1976) discovered titanian chondrodite and clinohu-
mite in the Buell Park (Arizona) kimberlite, and gave
a detailed account of the petrological significance of
these minerals.

The present paper is a crystallographic counterpart
of the investigation of these high-Ti minerals. Robin-
son et al. (1973) suggested a random distribution of
Ti among octahedral positions, whereas Kocman and
Rucklidge (1973) found Ti exclusively concentrated
in the "Mg(OH,F)O layers", the notation of which
was initiated by Ribbe et al. (1968) to substitute for
"Mg(OH,F), layers" in the humite group minerals.
Our materials are suited to resolve this conflict be-
cause of their high Ti contents.

Material

Crystals of titanian chondrodite and clinohumite
(abbreviated Ti-Ch and Ti-Cl, respectively) used in
our study were collected from the heavy-mineral con-
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Fig. l. Microprobe traverse across the boundary of the
epitaxial intergrowth of titanian chondrodite and clinohumite in a
single grain.

centrates placed at our disposal by Professor Aoki.
Since refractive indices of Ti-Ch and Ti-Cl are d :
1 .714,  1 .686,0  :  1 .717,  1 .695 and ?  :  ca .  1 .750,
1.720, respectively (Aoki et al., 1976), it is difficult to
distinguish one from the other by the optical proper-
ties only.

Chemical compositions of a number of chondro-
dite and clinohumite crystals of the Aoki specimens
are summarized in Table I of Aoki et al. (1976).
Microprobe analyses of Ti-Ch and Ti-Cl crystals
used for our structure analyses are listed in Table I of
this paper. As will be observed in these tables, the
specimens may be classified into two groups on the
basis of their TiO, content: those in the first group
range from 7.3 to 10.2 weight percent TiO, and those
in the second 3.6 to 5.1 weight percent. X-ray pre-
cession photographs have shown that the specimens
of the first group are exclusively chondrodites and
those of the second clinohumites. Our chondrodite
thus contains significantly more Ti than clinohumite,
and this is in contrast to the report of Jones et al.

(1969) that the amount of Ti substitution for Mg
appears to increase from norbergite to clinohumite.
Our result, however, confirms the validity of the gen-
eral form ula, nM zSiO r. Mr -,Ti,(OH, F), - r,O r* where
M  :  M e *  F e  *  M n  *  C a  i  2 n . . .  a n d  x  1  l ,
which was given to the humite-group minerals based
on the proposed substitution scheme, M + 2(OH,F)
e Ti * 2(O) (Jones et al., 1969).

Neither the Ti-Ch nor the Ti-Cl specimens showed
detectable fluorine content in electron microprobe
analyses.

Several specimens contained both chondrodite and
clinohumite in a single grain. They showed epitaxial
intergrowths of both minerals with their a and b axes
in common. If l00x la - a'l /i@ t a') and l00x l6 -

b'l/Xb * b') are defined as measures of misfit across
( 100), where a, b and a' , b' are the lattice parameters
of clinohumite and chondrodite, respectively, we
found that these values were very small; e.g. for one
specimen they were 0.4 percent and 0.3 percent re-
spectively. A microprobe traverse between the two
minerals (Fig. l) showed that the Ti content was
discontinuous at the boundary, whereas other con-
tents had approximately the same values across the
boundary. It should be noted that no trace of humite,
which is the intermediate member in composition
between chondrodite and clinohumite in the humite-
group minerals, was observed at the boundary. A

Table l. Chemical compositions and unit-cell parameters of
titanian chondrodite and clinohumite used for structure analyses

Microprobe Ti-Ch Ti-Cl t nit
ma lyses  (wt .%)  (wt .? ' )  ce l l s

Ti-ch Ti-c1

60
A

si02 32.s4

T i02  9 .36

A 1 2 0 3  o . 0 l

C"ZO3 0 ,04

FeO L1.27

tho  0 .22

MgO 44.47

Nio  o .20

C a o  n . d .

H 2 o ( c a l c . ) *  2 . 7 6

Total 100- 86

3s.06 a ( i )

s.o7 ut i )
o. os " 

(i)
0 . 0 6  a ( ' )

r l .  s6 v ( i3)
O.24 Space

44.3s 
grouP

o . 2 o  z

0 . 0 1

1  , 4 8

98.  08

4 .727  |  ( 7 )

10 .  318  ( r  )
7.  e0s3 (9)

r09.  333 (8)

363.  82 (8)

P2t lb

2

4  . 7  4s  ( r )

r0.283(2)

r  3.  699 (3)

10 r . 00 (2 )

6s6 .04 (23 )

P2r/b

2

Chemical fomula used in refinenent

Ti-Chondrodite

MBs.  gggFuo.  s67ho.  o t  rN io .  o roT io .  ez+ 
(s io+)  

zNr  .  rsz0o.  gne

Ti-Cl inohmite

MEz.  
as7F" r  .  osaho.  oz  sNio .  o rSc to .  oosT io .  +zg  

(s ioa)  
cOHr  .  t+200.  asg

*Calculated fron thcoreticaL fomla of Jnes et aL.(7969).
n.d. = rct detemLned.
lhe enon i.n the fiml figipe ie indimted in ywentheses'



FUJINO AND TAKEUCHI: TITANIAN CHONDRODITE AND TITANIAN CLINOHUMITE

Table 2. Unit-cell parameters of selected chondrodites and clinohumites
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TiOrwt.% a (Al b (A) c (A) a  ( ' ) v tist

Ch(present
t ,  (  ! l

C f (  r l

r  (  r l

work)
)
)
)

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

4 . 7 3
4 . 7 2
4 . 7 4
4 . 7 4

1 0 . 3 4
1 0 . 3 0
1 0 .  2 8
I0 .26

7  . 9 L
7  . 8 9

1 3 . 6 9
1 3 .  6 8

1 0 9 .  5
1 0 9 . 5
1 0 1 . 0
1 0 1  . 0

3 6 5 . 0
362.7
654.2
652.4

Ch(Jones et
C l (  i l

r t (  r l

ar .  ,  1969)
)
)

o . 4 7
0 . 2 2
5 . 5 9

4 . 7 3 3 2
4 .7  44r  (2 )
4 . 7 4 s 1 ( 8 )

r0.2552
10 .2s01  ( s )
ro.288(2)

/ . 6 / O 5

1 3 . 6 6 3 s  ( 3 )
1 3 .  6 9 1  ( r )

1 0 9 . 1 2 8  3 6 1 . 2 2
IOO.786(2) 652.68
1 o o . 6 s 7 ( 8 )  6 s 6 . 8 3

Ch(Yamamoto et  a1. ,  1974)
Cl(Yamanoto et  aL. ,  1977)

0 . 0 0
0.  00

4 . 7 s 2 ( r )
4  . 7  474  (2 )

r 0 . 3 s 0 ( 2 )
Lo.284 (L)

7 . s r4 (2 )
13 .6ss  (1 )

1 0 8 . 7 1 ( s )
1 0 0 . 6 4  ( r )

368.  7  ( r  )
6 s 7 .  r  ( 1 )

Ch = ehond.todite, CL = clinohunri.te.
Tle erroz, in the firnL fiqu"e ie lndicated in potentheses.

salient feature of the chemical analyses of both
phases in such a paired specimen is that the TilSi
ratio in the chondrodite phase is exactly twice as
great as that in the other phase, clinohumite (refer to
Table 2 in Aoki et al., 1976). This fact strongly sug-
gests the preferential distribution of Ti ions into the
regions of the Mg(OH)O layers in the crystal struc-
tures of chondrodite and clinohumite. This is. in fact.
confirmed by the crystal-structure analyses, as will be
discussed later.

Unit cell

The cell dimensions of Ti-Ch and Ti-Cl used for
our structure analyses, obtained by single-crystal dif-
fractometry, are listed in Table I with their chemical
compositions. Cell parameters of the specimens with
maximum and minimum TiO, contents were deter-
mined with the precession method, and they are listed
in Table 2, together with those of the other investiga-
tors. Our values in the table are slightly different from
corresponding ones previously reported (Aoki et al.,
1976), because we have now introduced a new cgrrec-
tion factor for film shrinkage based on cell dimen-
sions obtained from single-crystal diffractometry; the
present values are more reliable than previous ones.
The space group P2'/b (unique axis a) is adopted
because it permits direct comparison with the olivines
and other humite-group minerals (Jones, 1969).

In Table 2 there seems to be a slight increase in cell
parameters, especially b axis, with increase in Ti con-
tent of natural Ti-Ch and Ti-Cl. This is rather an
unexpected result when we compare the ionic radii of
Mg2+ and Tia+ (Mgz+ : 0.720A, Ti4+ : 0.6054;
Shannon and Prewitt, 1969). It may partly be due to
the incorporation of Fe into the structure (Jones e/
al., 1969, Fig. l),

Other characteristics observed in the X-ray pre-
cession photographs are the frequent occurrence of
(100) twins in chondrodite. In thin sections under the
microscope most of these twins were ascertained to
be polysynthetic. Moreover, the frequency of the
twins appears to depend on the Ti content of the
crystals. Chondrodite specimens having TiO, con-
tents higher than about 9.5 weight percent showed
(100) twins without exception. Such a close relation
between the twin occurrence and Ti contents of the
crystals will be reported elsewhere, together with a
suggested mechanism for twinning.

Refinement of the structures

Intensity data collection

Twin-free single crystals of Ti-Ch and Ti-Cl were
used for structure analyses. Intensity data were col-
lected in the range 20 < 80" (MoKo) for Ti-Ch and
U < 65o for Ti-Cl on an automated four-circle dif-
fractometer Svlrrnx P2r. Only reflections with in-
tensities greater than 3o(16) were used for structure
refinements (1329 for Ti-Ch; 1746 for Ti-Cl). After
correcting for Lorentz and polarization the sets ot'
intensities were reduced to structure amplitudes. An
absorption correction was made for Ti-Cl (p : 24.2
cm-l), but not for Ti-Ch. Information about id-
tensity data collection is summarized in Table 3 with
the refined extinction parameters and R-values.

Refinement procedure

Full-matrix least-squares refinements were carried
out using the program Lnus (Coppens and Hamil-
ton, 1970). The positional parameters of chondrodite
(Gibbs et al., 1970) and those of clinohumite (Robin-
son, e, al., 1973) were used as initial parameters
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Crystal size (m)

Linear absorptim,
coefficient (cn-')

nil.
No. of indep. reflections

treasured

No. of indep. reflections
used for refinenent
w i th  Io  >  3o( Io )

Extinction coefficient g

R-value

Weighted R-value

0 . 0 9 x 0 . 1 0 x 0 .  1 4

2 5 .  8

8 0 .  o '

t623

L329

3 . 8  ( 2 )  x I 0 3

0 . 0 3 5

0.  041

Table 3. Information about intensity data collection with refined
extinction parameter and R-value

Ti-Chondrodite Ti-Clinohuite

tion with the peak height greater than 0.2 e/A8 was
observed within a sphere of radius l.2A with its cen-
ter at the O(9) site in the three-dimensional maps. A
sjmilar peak appeared in the same position in Ti-Ch,
but could not be clearly distinguished from other
ambiguous peaks.

Final atomic parameters are listed in Table 4. In-
teratomic distances, angles, and estimated standard
errors were calculated using the Onrrn program of
Busing et al. (1964). The results are given in Table 5.
The observed and calculated structure factors are
given in Table 6s.

Discussion

The crystal structures of the humite-group miner-
als were recently refined by Gibbs and Ribbe (1969),
Gibbs et al. (1970), Ribbe and Gibbs (1971), and
Robinson et al. (1973). The structures of this series
were originally described as consisting of alternating
layers of olivine structure (MgrSiOa) and of the
Mg(OH,F), composition. Ribbe et al. (1968), how-
ever, pointed out that such a description is mis-
leading, and showed that the compositions of alter-
nate layers should respectively be Mg2SiOr(OH,F)
and Mg(OH,F)O rather than the above composi-
tions. Noting that Mg involved in the substitution
scheme, Mg * 2(OH) e Ti * 2(O), is at M(3), we
have come to a view that the layers which contain OH
should be so chosen that they concurrently contain
M(3). From such a viewpoint, we have found that the
structures of the humite group can be looked upon as
being composed of alternate layers whose composi-
tions may well be expressed by Mgrr-rSioOan_2 &nd
2Mg(OH,F)O; putting fl : l, 2, 3, and 4, we obtain
compositions of norbergite, chondrodite, humite,
and clinohumite respectively.

Mg, Fe, and Ti distributions

The distribution of Tia+ may be considered as one
of the major problems in the crystal chemistry of the
humite mineral group. There are three distinct oc-
tahedral sites, M( I ), M(2), and M(3), in chondrodite
and five sites, M(l)", M(l)", M(2)* M(2)u,and M(3),
in clinohumite. Among these, the sites other than
M(3) in both structures belong to the layers of the
olivine-type structure, the M(3) site being in the
Mg(OH)O layers. Our refinements indicate that Ti is
almost completely concentrated in the M(3) site

8 To obtain a copy of this table, order Document AM-78-066
from the Business Office, Mineralogical Society of America, 1909
K Street, NW, Washington, DC 20006. Please remit $1.00 in
advance for the microfiche.

0=0 .16
24 .2

os .  oo

2322

t746

4 .2  ( 1 ) x I03

0.026

0 ,030

respectively for Ti-Ch and Ti-Cl. Full-ionized scat-
tering factors were taken from Vol. III and IV of the
International Tables for X-ray Crystallography for
Mg2+, Sia+, Fe2+ and Ti{+ ions and from Tokonami
(1965) for 02- ions. The dispersion factors were also
taken from the International Tables. After the con-
vergence of isotropic refinements (R : 0.052 and
0.043 for chondrodite and clinohumite, respectively)
with assumed random cation distributions in the oc-
tahedral sites, the site occupancy refinements were
carried out as follows. Here we explain the procedure
by taking Ti-Ch as example.

Initially, Mg, Fe'(: Fe * Mn * Ni * Cr), and Ti
were allotted to each ofthe three octahedral sites, and
the occupancy factors of Mg and Fe' in M(l) and
M(2), which were chosen as the independent vari-
ables, were varied with the positional parameters,
anisotropic thermal parameters, isotropic extinction
parameter, and scale factor, with the octahedral site
chemistries being constrained to agree with the chem-
ical analyses. Then the site occupancy of Ti in M(l)
converged to a slightly negative value, assumed
henceforth to be zero. Therefore, at the next stage, Ti
was allotted only to M(2) and M(3) sites and the site
occupancy factors of Mg in M(l) and Mg and Fe, in
M(2) were chosen as indepen{ent variables and re-
fined together with the other parameters as described
above. The same processes were repeated until all the
variable site occupancies, independent or dependent,
converged to non-negative value. The same method
was used with Ti-Cl. The final weighted (unit weight)
and unweighted values of R are 0.041 and 0.035 for
Ti-Ch and 0.030 and 0.026 for Ti-Cl.

A difference Fourier map after refinement of Ti-Cl
showed the hydrogen position approximately 1.02A
from the O(9) site for OH. The peak height of the
hydrogen atom is 0.5 e/As, and no other peak posi-
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Table 4. Atomic parameters of titanian chondrodite and clinohumite
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A-23R't3R- t2
J J

A-22- l lBeq.Site occupmcy

M(l )  o .s r ( r )Ms
0 .09  (  I )  Fe r

u(2) 0.87(s)Ms
0. 12 (6)  Fe'
0.0r  (8)  Ti

M(3) 0.66(s)Ms
0.  l3  (6 )  Fe l
0 . 2 1  ( 8 ) T i

si
0 ( r )
0(2)
0(5)
o(4)

. (ofr,0)

0 . 5

0 .01s58  (  r 9 )

0.4952s (r6)

0.07499 (r6)
o.77728(4r)
0.7246r(4s)
o.22s78(4r)
0.  266 19 (59)
0.2s6s8(4s)

0 . 0

0 .  r7316(8)

0 .89343 (7 )

0 .  14380(7)
0 .0007r  (18)
0 . 2 4 2 7 1  ( 1 8 )
0 .  r6998 ( r  8 )
0 .8s62S ( r9 )
0 .  oss34 (20)

Ti-Chondrodite

o .s  0 .4s(2)  462(42)

0 .30648( r0)  0 .52(4)  623(7E)

0 .07466(9)  0 .74(4)  600(62)

0 . 7 0 4 3 r ( r 0 )  0 . 3 9 ( r )  3 s r ( 2 3 )
0 . 2 9 s s 4 ( 2 s )  0 . 4 7 ( 3 )  4 9 3 ( s 8 )
o.12284(25) 0.s6(4) 567(62)
0 . s 3 r s 2 ( 2 4 )  0 . 4 9 ( 4 )  s 0 4 ( 6 1 )
0 .29s60(26)  0 .48(3)  339(59)
0 .09607(27)  0 .8s(4)  99r (80)
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-3t(24)
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Ti -Cl inohuite

r , l ( l )^  0.68(e)Me-  0 .  10 (10 )  Fe '
0.02 (  13)r i

M ( l ) .  0 . 87 (s )Mg
"  0 '  1 1  ( 6 )  F e r

0.02 (6)r i
M (2 )<  0 .87 ( r )Mg

-  0 .  l 3 ( l ) F e '
M ( 2 ) A  0 . 8 7 ( I ) M g

-  0 .  r 3 ( I ) F e l
M(3)  0 .67(10)Ms

0,  I5  (  12)  Fe l
0 .  r 8 ( 1 6 ) T i

s i  ( 1 )
s i  (2 )
o ( r ,  l )
o ( r , 2 )
o ( r , 3 )
o (  1  , 4 )
o (  2 ,  l )
o (2 ,2 )
o (2 ,3 )
o (2 ,4 )
o(9)  =(oH,o)
H

0.94603(7)  O.27464(s)

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

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

0 .88435(6)  0 .04094(s)

0 .06676(6)  0 .38979(s)
0 .17647(6)  0 .83S15(s)
0 . 0 6 4 s 4 ( 1 7 )  0 . 3 8 8 1 7 ( 1 3 )
0 .4206r (16)  0 .38784(13)
0 . 1 r 2 8 2 ( 1 7 )  0 . 2 9 4 2 0 ( 1 3 )
0 . l s 8 s 0 ( 1 7 )  0 . 4 8 6 4 0 ( 1 3 )
o ,32327(17)  0 .16313(13)
0 .96806(16)  0 . t6339( r3)
0 . 2 7 8 9 r ( r 7 )  0 . 2 6 1 3 9 ( 1 4 )
o .22876( r7)  0 .06896(13)
0 .04469(18)  0 .0s3s6(14)
0 .022 0 .027

0.47(6) 42E(r19) 144(26)

o.s0(4) s00(72) r40(16)

0 . s2 (2 )  621  (3 r )  l l 9 (6 )

0 .48 (2 )  618 (31 )  98 (6 )

0.7s(3)  63r(62) 249(14)

0.39(r)  316(26) 106(s)
0.40( l )  390(26) r07(s)
0.s0(4) 42r(72) 148(14)
0 .46 (3 )  s70 (68 )  l r 2 ( r 3 )
0.s2(4) s24(7r)  r30(r3)
0.s2(3) 482(67) r4s(14)
0.48(4) 489(72) 137(14)
0.47(3) s37(69) 98(13)
0 . s4 (4 )  s99 (73 )  149 ( r4 )
0.s9(4) 720(72) r38(14)
0 .87 (4 )  l l 23 (831  222 ( rS )

6 4  ( l s )  -  l r  ( 1 6 )

6 l  (e )  l3 ( r0 )

7 0 ( 4 )  - 6 ( 1 r )

67  (4 )  -13(10)

77 (8 )  109(10)

64 (3 )  -11  (e )
ss(3)  e (e)
69(8) I3(2s)
6E(8) s(24)
7e(8) -7 (2s)
66 (8 )  1s (2s )
64(8) 8(2s)
73(8) 3e(24)
69(8) 4 (2s)
70(8) -21 (2s)
87 (9 )  14 (28 )

-8(r2)  24(6)

2s (71  0 (4 )

-3 (8 )  l e (3 )

- r 8 (8 )  s (3 )

-4 r  ( 7 )  - 23 (5 )

- s (7 )  l s (3 )
s (7 )  r 4 (3 )

24 (1e) l6(e)
16(19) 22(8 ' , )

-10(re)  32 (8)
- l  ( r e )  - r r  ( 8 )
2 ( r9 )  22 (8 )

15 (19 )  l 3 (8 )
-32( le)  55(8)
s l  (20) -2 (8)

rt6(22\ l (9)

0 . 5

0 .4966s (  l8 )

0 . 0 r s r 0  (  l  7 )

0.s rosr (18)

0.49488 (  ls)

0.07266 (  14)
o.07ss6 (  r4)
o.7327s(4r)
0. 28065 (39)
0.22r40(40)
o .22022 (39)
0 .2352 r  ( 4 r )
o.77724 (39)
o.72257 (4r)
0 .72ss4 (4 r )
o.2s7r7 (4s)
0 . 0 6 * r

0 . 50 . 0

. Equh)alent i,eotrcpic terperate f@tor, elelated. fm ni,eotropi.c we(H@i|ta, 7959).
.. Detemined fw the three-direnei.Ml di,ffererce Fwier rq., 

Z
Anisotrcpie tenpemture frctora(Xl|o) e of the fon: ery{ -l I h;h;B;; }.

i - 1  i = l  
- ! ' !

Fe | =Fe+lh+Ni+Cr
fie ewn in tle firuL fi.gwe is i'ndi.ated i'n peqtlleeee.

(Table 4), and clearly explain the fact that the TilSi
ratio in Ti-Ch is always just twice as great as that in
Ti-cl.

As to Mg-Fe distributions, FelMg ratio is higher
in the M(3) site than in the other sites in both miner-
als. This conforms with the result of Robinson et a/.
(1973) that M(3) in Ti-Cl is relatively enriched in Fe,
in contrast to Ti-free clinohumite and humite. where
Fe is enriched in the other sites. This trend is consis-
tent with the observation that the total FelMg ratio
increases in the order of olivine, Ti-Cl, and Ti-Ch,
i.e., in increasing order of Mg(OH)O layers in the
crystals, when these minerals coexist (McGetchin el
al., 1970; Aoki e/ al., 1976).

Hydrogen position and structure stability

Bond-length variations in the cation octahedra
agree with the above-mentioned Ti occupancy. Fig-

ure 2 shows variations of mean octahedral M-O
bond lengths and shared and unshared (OH,O)-
(OH,O) distances with O11 content [Orr is the oxygen
content which substitutes for OH in the following
scheme, Mg + 2(OH) c Ti * 2(O)1. In Figure 2,
mean M(l)-O and mean M(2)-O remains nearly con-
stant with O.11 cont€nt, whereas mean M(3)-O clearly
decreases with Orr content corresponding to Ti con-
centration in M(3) sites.

The occurrence of the substitution scheme, Mg *
2(OH) a Ti + 2(O), in the Mg(OH)O layers is closely
related to the hydrogen locations of the OH groups'
The locations of hydrogen atoms of Ti-Cl are de-
picted in Figure 3, which shows a portion of the final
difference Fourier section, x : 0.06, passing through
the hydrogen position, H, together with octahedra
formed by neighboring oxygen atoms. This figure
also shows the corresponding atomic configuration as
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Table 5. Interatomic bond distances, angles, and estimated standard errors for titanian chondrodite and clinohumite

Ti -Chondrodite

S i  te t reheCron.  S io .--
si  -0 (4)

-0 (2 )
-0 (3 )
-0 ( l )

rEan

0 (  1 )  - 0 (3 )
o ( r )  - o (2 )
o (2 )  - o (3 )
0 ( l )  - o (4 )
o (2 )  - o (4 )
0 (3 )  - o (4 '

mean

M(2)  oc tahedron,  MoS(0H,0)

M ( 2 )  - o ( 3 )  2 . o 4 3 ( 2 ) " A1 . 6 1 3 ( 2 ) i
r . 637  (2 )
1 .637  (2 )
r . 647  (2 )

-o ( l  )
- o (4 )
-0 (3)  '
- 0 (2 )

mean

0 (2 )  - o (3 )  '
0 (2 )  - o (4 )
0 ( 5 ) ' - o ( 4 )
0 ( l )  - o ( s )
0 (3 )  - o (3 )  '
o (3 )  - 0 (4 )
0 ( r )  - o (2 )
0 ( l ) - 0 ( 3 )  '
(oH,o) -0(r)
(oH,0) -0(4)
(0H,o) -0(2)
(0H,0) -0(3)

nean

M ( l ) . - o ( l , l )
" - o ( l , 2 )

Angle
at si

t o z . o '
r02.3
103 .  9
1 1 5 . 1
l l s . 6
1 1 5  . 5

109 .  2

2 .083 (2 )
2.  r79 (2)
2 .  r 8 0 ( 2 )
2  . 28 r  ( 2 )
2 . 0 s 1  ( 2 )

2 .136
Angle
a t M

2 . s 7 s ( 3 )  t  z o . q "
2 .824  (3 )  o  78 .5
2 .828 (3 )o  E0 .7
2 .971 (3 )  92 . t
3 . 0 r 8 ( 2 )  9 0 . 9
5 .090 (3 )  94 .0
3 .228 (3 )  95 .3
s . 2 2 5 ( 3 )  9 8 .  r
2 . 9 2 0 ( 3 )  8 9 .  9
2 .  e83  (3 )  89 .6
3 .136 (3 )  92 .6
3 . 2 s 2 ( 3 )  l 0 S  . 2

3 .004 8 9 .  8

Angl e
a t M

2 .5s9 (2 ) t  74 .7 "
2 . 8 5 0 ( 3 ) o  8 6 . 1
2 .857  ( s )o  E4 .9
3 . 0 s 1 ( 3 )  9 3 . 9
3 . t 25 (2 )  95 .  I
3 . 3 5 2 ( 5 )  1 0 5 . 3

9 0 .  0

2 .106 (2 )
2 .088  (2 )
2 . r32 (2'l
2.o98(2)
2.068(2')

Angle
a t M

2 . 5 6 5 ( 3 ) r  7 4 . 8
2 . 5 s 3 ( 2 ) t  7 4 . 5
2 . 8 3 4 ( 3 ) o  8 4 r O
2 . E 5 0 ( 3 ) o  8 5 . 6
2 . 8 s 1  ( 3 ) a  E 6 . 3
2 . E S E ( 3 ) o  t 4 . s

M(3) octahedron,  M0. (oH,o).

M(3 ) -o (2 )  2 .01o (2 )A
-0 (4 ) 2  . 1 9 4  ( 2 )

2. r70  (2 )
2 . r8s (2)

-  (0H,0)
r . 987  (2 )

2 .087

nem 2 .109

o ( r ) - 0 (3 )  [ 2 ]  2 . s62 (3 ) t
o (3 ) -o (4 )  [ 2 ]  2 . 828 (s )o
o ( r ) - o (4 )  [ 2 ]  2 . 83e (s )o
0 ( l ) - 0 (4 )  '  [ 2 ]  5 . 0E4 (3 )
o (3 ) -o (4 )  '  [ 2 ]  3 . 162 (3 )
0 ( r ) - 0 ( 3 ) ' [ 2 ]  5 . 3 4 e ( 3 )

2 . s62 (3 )  t
2 . s s 6 ( 3 ) t
2 .578 (3 )  t
2 .  7s0 (3)
2 .750 (3 )
2 .74E(3 )

2 . 6 5 8

Angle
a t M

7 4 . 8
8 3 . 6
8 5 . 3
9 4 . 7
96.4

1 0 5  . 2

9 0 .  0

l  .630 (2)

Angle
at Si

2 .742 (3 )  1 t4 .2 "
2 . 7 4 3 ( 3 )  l r s . 2
2 .7s6 (3 )  1 I6 .4
2 .SSs (2 ) t  101 .9
2 . ssg (2 ) t  102 .  s
2 .  s8s (3)  t  1o4 .7

2 . 6 5 6 r09.2

r . 636  (2 )
r . 6 4 r  ( 2 )

neil

o (1 )  - 0 (2 )  '
0 (2 )  '  - o (4 )
o ( l )  - o (4 )
(oH,o) '  -  (oH,o)
(oH ,o )  ' - 0 (2 )
(0H,0) -0(4)
( o H , o ) ' - o ( 1 )
(oH,o) -0(2)
, (0r{ ,o)  -o( l )
(0H,o) '  -o(2)  '
o (2 )  - 0 (4 )
o (2 )  '  - o (2 )

nem

Angle
a t M

2 . s s s ( 3 )  t  7 2 . 0 "
2 . 8 2 4 ( 3 ) o  E 0 . 6
2 . 8 3 9 ( 3 ) o  E 0 . 8
2 . 7 8 6 ( 4 ) o  8 9 . 3
2 . 8 9 9  ( 3 )  9 3 . 0
2 . 9 7 6 ( 3 )  9 0 . 9
2 . 9 6 0  ( 3 )  9 0 . 2
2 . 9 8 9 ( 3 )  9 7 . 2
3 . O 7 4  ( 3 )  9 5 .  l
3 .722(s )  97 .2
3 .  r 2 3  ( 3 )  9 s  .  8
3 . 0 9 4  ( 3 )  9 s . 4

2 .937 8 9 . 8

M(1) octahedron.tlo---
M ( 1 ) - o ( r )  [ 2 ]  2 . o 8 s ( 2 )

-0 (3 )  [ 2 ]  2 . , 34 (2 )
-o (4 )  [ 2 ]  2 .  r 0e (2 )

1 . 6 s 2 ( 2 )

Si ( l )  te t rahedron,  S iO.

s i ( r ) - o ( t , l )  r . o i s t z l i

Ti-C I inohunite

M( 1) ̂  octahedron, l..to.

M ( l ) ^ - o ( 1 , 1 )  [ 2 ]  2 . 0 e 6 ( 2 ) i- - o ( r , 2 )  
[ 2 ]  2 . 0 7 9 ( 2 )

- o ( r , 4 )  [ 2 ]  2 . 1 3 8 ( 2 )

o(2 ,3)  -0 ( l  ,  r )
o ( r ,  r )  - o ( 2 , 2 )
0(2 ,  r )  -o ( t  ,2 )
o ( r , 3 )  - o ( 2 ,  l  )
o  (2 ,3 )  -0  ( r  ,  2 )
o (  r  ,3 )  -0  (2 ,2 )
rean

M(2) .  oc tahedron,  ! tO--
M ( 2 ) ( - O (  l  , 2 )- _ o  ( 2  , 3 )

- o ( r , 3 )
- o ( r , 4 )

nean

0 ( l , l ) - 0 ( r , 2 )
o ( l  ,  l )  - o ( 1 , 3 )
o ( r ,  l )  - o ( 1 , 4 )
0 (  1 , 2 )  - o (  r , 3 )
o ( r , 2 )  - 0 ( 1 , 4 )
o ( l  , 3 )  - o (1 ,4 )

nean

nean

o ( r , 2 ) - 0 ( 1 , 4 )
o ( r , l ) - o ( 1 , 2 )
o ( r , 4 ) - o ( r , r )
o ( 1 , 2 ) - o ( r , l )
0 ( l , l ) - o ( r , 4 )
o ( 1 , 2 ) - 0 ( r , 4 )

2.062(2)
2 .07 r (2 )
2 . r 84 (2 )

5 . 1 2 1  ( 2 ) i
3 . 0s7  (3 )
3 .0s7  (3 )
3 . r 77  (2 )
3.342(3)
3 .37  |  ( 2 )

2 .970

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

1 0 4 . 0
1 0 6 .  8

9 0 .  0

nean 2 .966

M(l ) octahedron. l, lo-

-o ( l  ,4 )  2 .oss  (2 )
- o ( 1 , 4 ) '  2 . 2 s 9 ( 2 ' )

man

0(  r  ,3 )  -o ( r  ,4 )  '
o ( r , 3 )  - o ( r ,  l )
o ( r , 1 ) - o ( r , 4 ) '
0 ( 1 ,  r )  - o ( 1 , 4 )
o ( r , 4  )  - o ( 2 , 3 )
o ( 2 , 3 ) - o ( l , r )
o ( r , 4 )  '  - o ( l , 2 )
o ( l , 2 )  - 0 ( 1 , 3 )
o ( r , 4 )  ' - o ( r , 4 )
o ( r , 4 ) - o ( r , 2 )
o ( r , 2 )  - o ( 2 , 3 )
o(2 ,3)  -O( l  ,3 )
rean

2  .  SEs  (3 )  r  70 .9
2 .E34 (3 )o  80 .6
2  .Es7  ( s )o  80 .  0
3 . 0 3 3 ( 2 )  9 r . 3
3 .  392  (3 )  I  10 .6
3 . 0 s 6 ( 2 )  9 1 . 8
s.249(2) 97.4
3 . r 9 3 ( 2 )  9 7 . 0
3 .007 (2 )  E8 .2
2 .9 r8  ( 3 )  90 .3
2.92s(3) 90.  r
3 .  0 r  r  ( 3 )  89 .6

2 .138
Si (2)  te t rahedron,  S iO.

l  . 6 r s  ( 2 )
-o(2,2)
-o(2,3)
-0  ( 2 ,4 )

nean

o ( 2 , r )  - o ( 2 , 2 )
o (2 ,1 ) -o (2 ,3 )
o (2  , ! )  - o (2 ,4 )
o (2  , 2 )  - o (2 ,3 )
o (2 ,2 )  - o (2 ,4 )
o(2 ,3)  -O(2 ,4)
nean

Angl e
a t M

2  . 7s t  ( 3 )
2 .7s7  (3 )
2  . 7  46  (3 )
2 .s6s (2) t
2 .ss2 (2) t
2 .588 (2 ) t

2 .660

- o ( 2 ,  r  )
-o(2 ,2)
-o  ( 2 ,  3 )

nean

o (2  , 2 )  -O (2 ,3 )
0 ( r , 2 ) - o ( r , 3 )
o ( r ,  l )  - 0 ( r , 3 )
o ( 1 , 2 )  - O ( 1 ,  l )
o (2  , 2 )  -O (2  , r )
o ( 2 , r ) - o ( 2 , 3 )

Angle
at Si

1 1 5 . 0
1 1 6 . 0
1 r 5 .  0
1 0 2 .  E
l 0 r  . 9
I 0 4 .  5

1O9.2

t = edge aha?ed beAieen tet"ahedrn otd octahedton.
o = edge oln"ed betueen tr'b octahedra.
Sqepec?ipt prire distingaishel tuo eifriln anione in the eme polyhedtw.
l2l indicatea mtltiplteity factor fon bnde in centrcBynretrte 

-utaneaton,

The enror in the final figwe ie indieated in parentheeea.
Eltircted atodand erz'or of all anglee ie 0.1o.

3 .00s 8 9 .  8



FUJINO AND TAKEUCHI: TITANIAN CHONDRODITE AND TITANIAN CLINOHUMITE

Table 5. (continued)

541

M(2) ! octahedron, l i lo. (OH,O)

Ti -Cl inohuni te

o (2 ,2 ) -O (1 ,3 )  2 . s7sG)^
0 ( r , 3 ) - o ( 2 , 3 )  3 . 0 0 2 ( 3 )
(0H ,o ) -o (2 ,2 )  2 .e r9 (3 )
(0H ,0 ) -o (2 , r )  2 . 971 (3 )
(0H ,o ) -0 (1 ,3 )  3 .24 r (3 )
(oH ,o )  - 0 (2  , 4 )  3 .  r 36  (3 )

nean 3 . 0 0 1

M(3)  oc tahedron,  M0,  (oH,o) .

M(3 )  -O (2 ,4 )  '
- o (2 ,4 )
-o (2 ,2 )
-o (2 ,  r )
-  (oH,o) '
-  (oH,o)

M ( 2 ) q - O ( 1 , 3 )-  -o(2,2\
-o(2,3)
-o(2,4)

2 . 0 5 0 ( 2 ) l
2.OE3(2)
2 . 2 0 6 ( 2 )
2 .26r (2')
2 . r 7 4 ( 2 )
2.Oss(2)

o ( 2  , 4 )  - o ( 2 , 2 )
o ( 2 , 4 ) - O ( 2 , r )
o (2 ,L )  -O (2  , 2 )
(oH ,o ) ' - ( oH ,o )
(oH ,o )  '  - 0 (2 ,2 )
(oH ,o )  ' - o (2 ,4 )
(0H ,o )  '  - o (2 ,4 )  '
( oH ,o ) -0 (2 ,4 ) '
( oH ,o )  - 0 (2 ,2 )
(oH ,o ) -0 (2 ,1 )
o ( 2 , 4 ) ' - o ( 2 , r )
o (2 ,4 )  '  - o (2  , 4 )

ne an

Angl e
a t M

2 . s s z ( ] . ) ^ t  7 L  . 7 "
2 . 8 2 s ( 3 ) o  8 0 . 8
2 . 8 s r  ( 3 ) ,  8 r  . 2
2 . 7 9 2 ( 4 ) o  8 9 . 5
2 . 9 5 4  ( 3 )  8 9 . 8
3 .124(s ' )  9?  .4
2 . 9 0 r ( 3 )  9 3 . 0
2  . 9 8 8  ( 3 )  9 7 . 0
3 . 0 7 0 ( 3 )  9 4 . 7
2 . 9 s 7  ( 2 )  s 0 . 3
s . r 2 2  ( 3 )  9 6 . 0
3 . 1 1 s ( 3 )  9 6 . 3

2 . 9 3 8  8 9 . 8

92.6
9 0 . 2
8 9 .  8
8 9 .  3

1 0 5 . 1
9 3 .  l

8 9 .  8

nean

o  (2 ,3 )  - o  (  2  , 4 )
o ( 2 , 4 ) - O ( 2 , 1 )
o ( 2 , 5 )  - 0 ( 2 ,  1 )
o ( 1 , 3 )  - o ( 2 ,  l )
o (2 ,4 )  - o (2  , 2 )
o (2  , 2 )  - o (2 ,3 )

2 .o rL (2 )
2.r6E(2)
2.  rg l  (2)
2 . 1 8 8  ( 2 )
r  .988 (2 )
L  . e7  I  ( 2 )

2.O87

Angle
a t M

2 .ss } (2 ) t  70 .8 '
2.825(s)o 79.  r
2 . 8 5 E ( 3 ) o  6 1 . 5
3 .06s (2 )  93 .6
3.200(2') 94 . 8
3 . 2 s 3 ( 2 )  9 7 . 6

viewed along an axis perpendicular to the plane de-
fined by [00] and an axis passing through O(9) and
O(9)'. Since the occupancy factor of hydrogen in the
present case is 0.57, when one of the centrosymmetric
pair of hydrogen positions, H and H', is occupied by
a hydrogen atom, the other position should be almost
vacant. If, however, the numbers of OH per cell were
increased to give an extreme case such as that, for
example, in the OH end-member of clinohumite, the
paired positions, H and H', would be fully occupied
by hydrogen atoms, giving rise to a strong repulsion
between them. Such a structure would be less stable.
This situation may be rephrased in a reverse way:
suppose that the degree of substitution, Mg * 2(OH)
- Ti + 2(O), is increased in the OH end-member,
and reaches the state that half of the OH groups
involved in the substitution scheme are replaced by
oxygen atoms (as is nearly the case in this study),
then the hydrogen-hydrogen repulsion in the struc-
ture will vanish and the structure will become more
stable.

An inspection of interatomic distances appears to
support this view. Among twelve distances between
OH and its twelve anion neighbors, the unshared
(OH,O)-(OH,O) distance in Ti-Ch is shorter by
0.17A compared to that in the end-member OH-
chondrodite (Fig. 2), while the other eleven (OH,O)-
(OH,O) or -O distances are nearly constant or only
decrease by at most 0.12A. The observed instability
at atmospheric pressure of OH end-members of the
humite-group minerals may thus be explained in
terms of the hydrogen-hydrogen repulsion.

Regarding hydrogen positions, Yamamoto (1917)
reported, based on X-ray analysis, a set of three
possible orientations for the OH dipole in the OH
end-member of chondrodite synthesized under high
pressure, the dipole being statistically oriented

among the three directions. One of those orientations
is similar to our result. To confirm other orientations,
further study would probably be required.

So far as our specimens are concerned, the maxi-
mum content of TiO, in chondrodite is 10.19 weight
percent and in clinohumite 5.7 weight percent. The
two values correspond to about a quarter ofTi occu-
pancy in the M(3) sites of Mg(OH)O layers in respec-
tive structures. Noting that these minerals coexisted
with ilmenite, we may assume that further sub-
stitution of Ti for Mg would not take place, and the
above-mentioned TiOz contents are nearly maximum
values for naturally occurring chondrodite and cli-
nohumite respectively. Since the substitution of Ti for
Mg is linked with that of O for OH, M(3) is the most
favorable site to accommodate Ti from the viewpoint
of the Pauling's electrostatic valence rule. Never-
theless, the substitution by itself still gives rise to a
local disturbance ofthe valence rule and, when the Ti
content exceeds the observed maximum value, the
structure would become significantly unstable. The
above-mentioned limited Ti substitution may be ex-
plained along this l ine.

Summary and conclusions

Almost complete Ti ordering in Mg(OH)O layers
of the structures of chondrodite and clinohumite was
ascertained in the present work. This explains why
chondrodite accommodates more Ti than clinohu-
mite, contrary to suggestions in previous reports.

The hydrogen locations are such that they give rise
to a strong H-H repulsion in Mg(OH)O layers. It
follows that the replacement, to a certain extent, of
OH by O, as in the scheme Mg + 2(OH) - Ti +2(O),
or replacement of OH by F would stabilize the struc-
ture; the two substitution schemes, Mg * 2(OH) - Ti
+ 2(O) and OH - F, appear to play a similar role in
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stabilizing the structure. Thus under a fluorine-free
condition, hydroxyl-chondrodite and -clinohumite
appear to be stabilized through incorporation of Ti in
place of Mg.

The present study, as well as experiments under
high pressure and temperature, shows that only two
monoclinic phases, among four known members of
the humite group, are stable under high-pressure con-
ditions.

-Cfbndrodite

3OBf  (Yamamoto , ls77)

302

304

3.00

z9s

3.00

298

\ unshared (OH,O)-(OH,O)

2.96

290 290

298

292

2.r 0

208

210

200

2p6

0.0 0.1 0.2 0.3 0.4 0.5 0.6 01 o.E

ori/rcH.ori)
Fig. 2. Variations of mean octahedrcl M-O, shared and

unshared (OH,O)-(OH,O) distances with O11 content [Mg *
2(OH) = Ti + 2(Or,)1. For clinohumite, mean M(l)"-O and
M(l)"-O, fikewise mean M(2),-O and M(2)"-O, are ploued
separatefy. Mean M-O distances are corrected for Fe content
present in each site by a reduction of 0.05A multiplied by the
occupancy factor of Fe in each site [0.05A : rp.2+ - iuc"* =0.7 j -
0.724, where rr"2+ ate ionic radii of Fe2+ and Mgr+(Shannon and
Prewitt, 1969)1.

Fig. 3. Lower figure: portion of the difference Fourier section, x
= 0.06, of titanian clinohumite, passing through the hydrogen
position, H; neighboring octahedra formed by oxygen atoms are
indicated. Contours are drawn at an interval of 0.1 e/As, zero
contours being omitted, and negative contours broken. Numbers
give fractional atomic coordinates along 4.
Upper figure: corresponding atomic configuration viewed along an
axis perpendicular to the plane as defined by [100] and an axis
passing through O(9) and O(9)'. Inversion center is indicated by *.
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The occurences of the fluorine-free Ti-Ch and Ti-
Cl reported so far are limited to kimberlite, while
those of Ti-free fluor-humite group minerals are al-
most all in metamorphosed and metasomatised lime-
stones and dolomites adjacent to acid plutonic rocks.
Comparing these facts with the high-pressure experi-
ments by Yamamoto and Akimoto (1974, 1977), it
appears that the partial substitution of TiO, for
Mg(OH), does not significantly affect the stability
field of chondrodite and clinohumite, although there
remains a possibility that the lower pressure limit of
the stability field may be lowered by the stabilization
of the structures with the above-mentioned sub-
stitution. Further experimental studies to confirm
this point would probably be worthwhile as a contri-
bution to mantle mineralogy.
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