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Inferred limitations to the oxidation of Fe in chlorite: A high-temperature
single-crystal X-ray study
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Ansrnc.cr

The crystal structure of a triclinic (CT) Mg- and Cr-rich clinochlore-I/b-4 from the Day
Book Body, North Carolina, was determined by refinement of single-crystal X-ray dala at
550 "C to R : 0.083 and R* : 0.084. Cell parameters were refined aI 25, 100,200, 300,
425,500, and 550'C. The crystal was mounted using a new technique that requires no
high-temperature cement. Expansion of metric cell dimensions was linear and generally
isotropic [mean thermal expansion coefficients (MTEC) of a : 0.787,, : 0.806, and c :

0.729 x 10-t/"], in contrast to other phyllosilicates, where c expands more than a and b.
Comparison with cell parameter data of other Mg- and Fe-rich chlorites shows that ex-
pansivity in the [001]* direction may depend on Fe content.

Interlayer separation shows minimal expansion (MTEC : 0.678), indicating that H
bonding and electrostatic attractions between the layers are stronger than previously as-
sumed. The M4 site exhibits large expansion (volumetric MTEC > 16) but contains small
trivalent cations (Al3*, C1:*). Because M4 contains trivalent cations, it is the likely site
for the oxidation of Fe, but the effect is minimized by site expansion. Ordering trivalent
cations into M3 is destabilizing because of M3-M3 and M3-M4 repulsions and other
electrostatic repulsions that would lead to the disruption of H bonding, tetrahedral rota-
tion, and lateral expansion of the 2:l layer. Thus, structure constraints prevent oxidation
of Fe from occurring in M3, which has implications in understanding chlorite thermody-
namics. Recommendations are made for reporting H positions in phyllosilicates deter-
mined with X-ray diffraction.

INrnooucrroN

Because chlorite is an important phase in many differ-
ent environments, such as greenschist facies and subduc-
tion zones, structural and thermodynamic data are im-
portant to an understanding of the nature of reactions
involving this phase. However, little reliable thermody-
namic (Walshe, 1986; Saccocia and Seyfried, 1993) and
virtually no structural data are available for chlorite at
high temperatures and pressures. These data, however,
could involve the development of chlorite as a reliable
geothermometer, thereby allowing the assessment of the
evolution of geothermal systems and the formation and
economic viability of hydrothermal ore deposits (Walshe,
1986). Also, using chlorite to monitor /o, is a possibility,
although recent Mdssbauer studies (Dyar et al, 1992;
Rancourt, personal communication) have srggested that
the oxidation of Fe in chlorite is limited and independent
of temperature.

This study characterizes the high-temperature structure
of chlorite and provides a crystal chemical model for the
structural constraints limiting the oxidation of Fe in chlo-
rite. Although an Fe-poor sample was used, it is struc-
turally analogous to 800/o of the commonly occurring

chlorites, which includes Fe2+. Furthermore, the presence
of Cr3+ in this chlorite allows comparison with Fe3+-
bearing chlorite. There are no previous high-temperature
structure refinements of chlorite and very few (Takeda
and Morosin, 1975; Guggenheim et al., 1987) of other
hydrous phyllosilicates. This is due primarily to the dif-
ficulties of high-temperature single-crystal work, such as
dehydroxylation, oxidation, and demanding single-crys-
tal mounting techniques. Because current high-tempera-
ture single-crystal mounting techniques are hindered by
the problem of cement failure at high temperature, a new
technique requiring no cement was developed.

Symmes (1986) studied the effect of increasing tem-
perature on the cell parameters of two chlorite powders
to the dehydroxylation temperature of approximately 400-
450 'C. He found that the c-axis dimension of the Fe-
rich chlorite increased linearly more rapidly than those
of the other two axes, but, for the Mg-rich chlorite, the c
axis increased linearly at a lesser rate than the lateral axes.
The behavior of the Mg-rich sample was considered
anomalous because it had not been observed previously.
Previous workers (Takeda and Morosin, 197 5; Guggen-
heim et al., 1987) found that the c axis expanded more
rapidly than a or b in fluorphlogopite- I M and muscovite-
2Mr, respectively.
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Fig. 1. A schematic longitudinal cross section of the high-
temperature crystal mount. The thick solid lines represent nested
capillary tubes. The stippled rectangle is the chlorite crystal, with
c* parallel to the page. The stippled ovals indicate where the
quartz-glass tubes have been fused together with an acetylene
torch. Although the figure is horizontal, assembly was performed
in a vertical orientation. (a) Small cylinders have been fused
inside the tip of the main sleeve (0.5 mm in diameter), forming
a rim on which the crystal will sit. (b) The plunger is inserted
(from the right), leaving space in the tip for manipulation of the
crystal. (c) The crystal is inserted through the tip (i.e., from the
left, through the hollow center ofthe small cylinders that form
the rim) and teased into position on the rim using a glass fiber.
(d) The plunger is pushed into frnal position (as indicated by the
arrows) and fused into place. Thus, the crystal is held in place
between the plunger and the rim. (e) The entire assembly is in-
serted into the encasing tube of 0.7 mm diameter, which is then
evacuated and sealed. Sealing is done with an acetylene torch
and provides the final weld (at right), which fuses together the
three nested tubes.

ExpnnrlmNrar-

Single-crystal data

A single crystal of chromian clinochlore-I/b-4 from the
Day Book Body, North Carolina, was used for the high-
temperature study; see Phillips et al. (1980) for a room-
temperature refinement. The sample has a low Fe con-
tent, sharp reflections, and minimal streaking of k + 3n
reflections. The crystal was approximately 0.38 x 0.42
x 0.005 mm in size, with a structural formula of
(Mg, nrAlo o jXSi, o2Alo ,8)Or0(OH), .(Mg, nrAlo 

"nCro.rr-Fefrd.Fefr.d"NioorXOH)u. The absence of h + k + 2n re-
flections in precession photographs confirmed a C-cefi-
tered unit cell, and space group Cl was assumed based
on the refinement of Phillips et al. (1980).

Mounting technique. The crystal for study was mount-
ed in an evacuated quartz-glass capillary tube, using a
technique for platy crystals that does not require high-
temperature cement. This eliminates possible crystal
movement due to cement failure and diffraction and ab-
sorption effects from the cement.

By using melted Crystal Bond glue, silica glass capillary
tubes of various diameters were fixed to thin-section slides.
A low-speed petrographic saw with a thin diamond blade
was used to cut cylinders of varying lengths and diame-
ters with squared-ofl butted ends. The Crystal Bond was
removed from the resultant silica glass cylinders using
acetone. To build the crystal mount (Fig. l), two of the
miniature cylinders were nested, one inside the other, and
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inserted into the tip of a silica glass capillary tube with
an inside diameter of 0.5 mm (the main sleeve). These
were fused into place with an acetylene torch. This pro-
duces a rim, which acts as a platform, around the inside
of the tip of the capillary tube; the plane of the rim or
platform is perpendicular to the axis ofthe encasing cap-
illary tube. Next, a long (2 cm) silica glass cylinder with
an outside diameter of 0.5 mm, prepared as described
above, was inserted (as a plunger) into the main sleeve
from the opposite end. It was positioned approximately
I mm from the rim, leaving space for manipulation of
the crystal. Then, the crystal was loaded into the main
sleeve through the hollow center of the small cylinders
that form the platform. By leaving an opening at the plat-
form end of the capillary tube, the crystal could be readily
teased into position using a glass fiber. The crystal was
positioned so that only the corners rested on the plat-
form, much in the same way a playing card can be posi-
tioned on top of a glass tumbler with only the corners
intersecting the rim. A small dot of the liquid fraction of
Zircoa Bond 6 was used to fix the crystal temporarily in
position. With the crystal in position, the plunger was
pushed fully into the main sleeve. Thus, the crystal is held
in place by the corners only, between the opposing rims
of the two capillary tubes that constitute the platform and
the plunger. Very slight pressure was put on the plunger,
and it was then temporarily fixed in place by using a small
dot of quick-drying cement at the far end of the encasing
tube. The plunger was permanently fused into place using
an acetylene torch. The completed assembly was inserted
into an encasing tube of 0.7-mm diameter, simultaneous-
ly evacuated and heated at 100 'C for I h (to remove
gases and organics), and then sealed with an acetylene
torch. To ensure the integrity of the seal, the evacuated
capsule was checked by immersion in liquid. This assem-
bly holds the crystal in the same orientation, as if it were
cemented to the tip of a fiber with c* parallel to the axis
of the fiber. Further data (Guggenheim, unpublished data)
show that absorption corrections are improved by fixing
the crystal with c* perpendicular to the mount axis. This
orientation can be achieved by a slight modification of
the mount described here.

The portions of the platform and plunger rims that are
in physical contact with the crystal constitute 6 and 3o/o
(respectively) ofthe areas ofthe two basal cleavage planes
assuming complete contact. In fact, because the glass was
cut with a saw and is rough, the contact area is smaller.
Because there is so little glass in contact with the crystal,
it is able to expand as necessary with increasing temper-
ature.

Data measurement. An automated Picker four-circle,
single-crystal X-ray diffractometer, with Krisel Control
software and equipped with a single-crystal furnace
(Brown et al., 1973), was used with graphite monochro-
matized MoKa radiation for data measurement. Using
least-squares refinement of 160 medium-angle reflections
(20 reflections in eight octants), cell parameters were de-
termined at 25, 100, 200, 300, 350,425,500, and 550
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TABLE 1. Unit-cell parameters to 550.C

I  199

r("c) a (A) b (A) c (A) r f )pc )a (") v (A")

25
100
200
300
J3U

425
CUU

550

5.3219(7)
s.3244(5)
s.3286(8)
5.3322(8)
5 3339(9)
5.338(1)
5 .341(1)
5.3437(6)

9.217121
9.222(1)
9.228(1)
s.238(2)
s.241(2)
9.248(2)
9.251(2)
9.2s6(21

14.367(5)
14.372(6)
14.379(8)
1 4.391(5)
1 4 395(6)
1 4 403(6)
14 41 1(6)
14.422(7)

90.23(2)
90.26(2)
90.28(2)
90.23(2)
90.23\2)
90.24(3)
e0.24(3)
90.2s(2)

97.2s(2',)
97.23(21
97.22(21
97.27(2)
97.29(2)
97.28(21
97.27(21
97.28(21

89.99(1 )
89.98(1 )
89.95(1 )
90.01(1)
90.01(2)
90.04(2)
e0.02(2)
89.s9(2)

6ss.1(3)
700.1(3)
7O1.4(4)
703.2(3)
703.8(4)
705.3(4)
706.3(4)
7O7.614)

"C (see Table l). A complete structure refinement was
performed at 550 'C, with final unit-cell parameters of a
:  5.3437(6) ,  b:9.256(2) ,  c :  14.422(1)  A,  a:90.25(2) ,
P : 97.28(2)', r : 89.99(l)", and Y : 707 .6(4) A.. The
furnace was calibrated with the method used by Guggen-
heim et al. (1987), after the method of Brown et al. (1973),
using the melting points of phenoltholein (261 "C), NaNO.
(307 "C), Ba(NO,), (592 "C), and KCI (790 "C). Temper-
ature was controlled and monitored with a Tempstar III
temperature controller, with an approximate temperature
error of +3o/o. Each temperature setting was allowed to
equilibrate for 24 h before data measurement was initi-
ated. The intensities of basal spacings, which are very
sensitive to interlayer dehydroxylation (Brindley and Ali,
1950), were monitored to ensure that dehydroxylation
did not occur.

Four octants of the limiting sphere were sampled in the
range h from -7 to 7, k from 0 to 12, and I from -20

to 20, with a scan rate of 1.0'/min, scan window of 2',
and background time of l0 s. The 20:0 scan mode was
used with three standard reflections monitored every 200
min (approximately every 65 reflections) for electronic
stability. Reflections were considered observed If I > 6o,
where o(1) : ICT + 0.25(t,/t)2(Bt + Bz) + pl)21'h, and
C?" is the total integrated count in time t", B, and B, are
the background counts in time /0, and p (the estimate of
the standard error) : 0.03. Lorentz-polarization correc-
tions were made, and absorption effects were corrected
using a complete r/ scan (0-360o at l0o intervals in d) of
the 004 reflection. Of 1954 total reflections measured,
700 reflections with 20 > 40'and x < 30" or 1 >150"
were deleted because of interference by the furnace as-
sembly. The remaining 1254 reflections result in 823
unique nonzero reflections after symmetry averaging. (R""-
for the 200 symmetry-redundant reflections was 0.05.)
Furthermore, 45 additional reflections were removed ac-
cording to the equation abs(.F. - 4) > 2lo(F" - F")r/(M
- N)1", where M : number of reflections and N: num-
ber of parameters; thus, 778 unique nonzero intensities
were used in the anisotropic refinement. Atomic posi-
tions were not changed by removing the 45 reflections,
but the standard deviations were much improved. Thus,
the resultant displacement factors are considered unreli-
able. Accordingly, corrections for the effect of displace-
ment factors on calculated bond lengths, such as those
suggested by Downs et al. (1992) and Winter et al. (1977),
were not made.

Refinement. The room-temperature atomic parameters
reporred by Phillips et al. (1980) for the Day Book Body
chromian clinochlore were used as initial values in the
refinement with data from 550 'C. The site occupancies
determined by Phillips et al. (1980) were also used, name-
ly, disorder over the tetrahedral sites, (MgonnAloo,) in the
Ml, M2, and M3 sites and Al and remaining Fe ordered
in M4. Scattering factor curves were calculated using the
method of Sales (1987) and the tables of Cromer and
Mann (1968), assuming half-ionization of atoms. The
least-squares refinement program SHELXTL PLUS (Sie-
mens, 1990) was used, and reflections were assigned unit
weights and a single scale factor. In the initial cycles, the
scale factor and atomic positions were varied in space
group CI. Isotropic displacement factors were varied next,
followed by anisotropic displacement factors. Site occu-
pancy factors were allowed to vary as a check ofscattering
factor calculations but were fixed in the final cycles. Final
non-H atomic positions were confirmed with a differ-
ence-Fourier electron-density (DED) map. Refinement
results for the Day Book Body chromian clinochlore
structure at 550 "C prior to the determination of H po-
sitions are R : 8.50/o and R*: 8.7o/o, with 130 variable
parameters, where R*: p"(l.F"| - l4l) '/>"lF.fl1.

As the final step in the refinement, a Fourier DED map
was used to locate H positions. The standard deviation
of the peak, d, was equal to 0. I 3 euA, @y the equation of
Ladd and Palmer, 1977 , p. 292). Only the ranges of unit-
cell space where H atoms should reasonably occur w€re
searched, using resolutions of 0.01, 0.02, and 0.03 A along
the a, b, and c axes, respectively. There were 23 peaks
above background (3o), ranging in height from 0.39 to
0.80 e/A,, l2 of which were close to nearby O atoms and
could be attributed to poorly described displacement fac-
tors of those atoms. Of the remaining 1l peaks, only three
resulted in reasonable O-H bond lengths. These represent
the H2, H3, and H4 positions, with peak heights 0.47,
0.50, and 0.53 e/A3, respectively. In order to obtain a
reasonable O-H bond length for the Hl atom, it was nec-
essary to select a peak (0.22 elA') wittr a height <3o.
These four peak heights correspond in position with those
reported by Phillips et al. (1980), which were 0.24,0.41,
0.37, and 0.51 e/A' in height for Hl, H2, H3, and H4,
respectively. The unrefined coordinates for H are as fol-
lows: H l, 0.232, 0.848, 0.1 42; H2, 0.167, 0.97 7, 0.360;
H3,  0.115,  0.305,  0.367;  and H4,  0.616,  0.149,  0.365.
Attempts to refine the coordinates were not successful,
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Trale 2. Atomic coordinates and displacement factors at 550'C

U."U.tUs

M 1
M2
M3
M4

0.0
0.0007(6)

-0.0008(6)
0.0
0.2316(6)
0.7315(6)
0.691 s(1 3)
0 147s(16)
0.1 405(1 6)
0.6403(1 s)
0.1 949(1 3)
0.6938(1 4)
o.2212(16)
0.5079(1 5)
0.01 02(1 5)

0.0
0.3337(4)
0.1 670(4)
0.5
0.1 678(3)
0.001 1(4)
0.3332(8)

-0.0007(9)
0.3346(e)
0.1 630(9)
0.1671(8)
0.0004(8)
0.3325(9)
0.0948(1 0)
0.0731(9)

0.0 0.013(2)
0.0000(2) 0.012(2)
0.5000(3) 0.013(1)
0 5 0.036(2)
0.1914(2) 0.012(1)
0.1914(2) 0.014(1)
o0727(5\ 0.016(2)
0.42e6(6) 0.026(3)
0.4295(5) 0.025(3)
0.4300(6) 0.024(3)
0.0772(5) 0.013(2)
0.0766(s) 0.015(3)
0.232s(6) 0.029(3)
0.2323(6) 0.029(3)
0.2330(6) 0.027(3)

0.003(2) 0.005(2)
0.004(1) 0.004(2)
0.004(1) 0.003(2)
0.005(2) 0.002(2)
0.003(1) 0.003(1)
0.004(1) 0.006(2)
0.004(3) 0.004(4)
0.001(4) - 0.001(4)
0.000(3) 0.002(4)
0.006(3) 0.010(4)
0.002(3) 0.004(3)
0.006(3) 0.006(3)
0.008(4) 0.002(4)
0.005(3) 0.013(4)
0.005(3) -0.006(4)

0.005(3) 0.006(3) 0.028(3) -0.001(2)
0.005(2) 0.004(2) 0.029(2) 0.000(1)
0.00s(2) 0.007(2) 0.028(21 0.000(1)
0.027(3) 0.035(3) 0.047(3) 0.000(2)
0.004(2) 0.007(2) 0.024(2) -0.001(1)
0.006(2) 0.010(2) 0.028(2) 0.000(1)
0.004(4) 0.012(5) 0.032(4) 0.000(3)
0.024(5) 0.021(5) 0.032(5) 0.000(4)
0.030(5) 0.021(5) 0.022(4) -0.002(3)
0.019(5) 0.020(5) 0.033(4) -0.001(4)

0.003(4) 0.009(4) 0.027(4) 0.001(3)
0.006(4) 0.009(4) 0.030(4) 0.001(3)
0.028(6) 0.019(5) 0.041(5) 0.001(4)
0.012(5) 0.032(6) 0.043(s) 0.001(4)
0.023(5) 0.026(6) 0.032(5) 0.000(4)

T1
T2
oH1
oH2
oH3
oH4
o1
02
o3
o4
o5

-  tJ* :  ( /a l )  )  u, ,a;a, .a, .a, .
t l

.' u,: 
"*n(-2", 2 2 u,,",-","n,n)

since reasonable bond lengths could not be obtained. Note
that the agreement with the coordinates of Phillips et al.
(1980) is good. Where these H were included (but not
varied) in the structure refinement, the reliability (R) fac-
tor decreased from 8.5 to 8.30/o (R* from 8.7 to 8.40lo).
The exact location ofH bonds does not affect the conclu-
sions reached below.

Determining H locations from X-ray data is problem-
atic. Although apparently reasonable in terms of O-H
bond length, H positions determined in this manner may
not be reliable. A peak height should be >3o above back-
ground, yet many studies, including this one, attribute H
positions to peak heights <3o. Thus, in this study, the
Hl peak height is statistically insignificant. Also, the H2,
H3, and H4 peak heights are only 0.08-0.14 e/A3 above
background. Because systematic error results in poorly
described displacement factors, it is difficult at this scale
to discern DED peaks that have physical meaning from
those that are artifacts of systematic error. Accordingly,
it is prudent to assume that peaks that occur in possible
H positions do not necessarily represent H atoms. Final-
ly, whether accurate or not, H positions added to a re-
finement reduce the R factor because of the increased
number of parameters. Reduction of the R factor in this
case does not indicate a more precise structure. Thus, to
prevent misleading interpretations of H positions deter-
mined using X-ray data, we suggest that the following
data should always be reported: (l) the standard devia-
tion (o) of DED map peak heights, (2) the total number
ofpeaks above background (3o), and (3) the total number
of peaks that, based on bond lengths, represent reason-
able H positions. Recognizing that systematic errors are
common in absorption corrections for phyllosilicates, the
reader can use these parameters to judge whether report-
ed H positions meet the criteria for reliability.

Final atomic and displacement factors are listed in Ta-
bLe 2, and Table 3 compares bond lengths and angles in

the structure at 550 "C with those of the room-tempera-
ture structure. Structure factor values @ and {) are list-
ed in Table 4.r

Powder data

Symmes (1986) used powder data to study thermal ex-
pansion of the unit-cell parameters of a Mg-rich chlorite
sample from Quebec and an Fe-rich chlorite sample from
Ishpeming, Michigan. To relate data for these chlorite
samples to the results of this study, the distributions of
elements of high atomic number (in this case, Fe) in the
samples used by Symmes were determined. The relative
amounts (i.e., degree of asymmetry) of Fe content in the
octahedral sheet ofthe 2:l layer and interlayer ofchlorite
can be determined without the necessity of a full structure
refinement by comparing the relative intensities of odd-
order basal reflections of powders. Bailey (1972) and
Brindley and Brown (1984) determined that the method
of Petruk (1964) gives the best results, although with an
approximate possible error up to 20o/o. Brindley and
Brown (1984) redetermined the curve of Petruk using up-
dated scattering factor and dispersion data.

The samples used by Symmes were powdered and
sieved to a particle size <45 pm and mounted (as acetone
smears) on zero-background quartz plates. The X-ray data
were acquired with a Siemens D5000 automated powder
diffractometer in 0:0 configuration, using graphite mono-
chromatized CuKa radiation and incident- and diffracted-
beam slit sizes of 1.0o. Measurements were made from
20 to 40 20, wrth a 0.02 step and 1.0-s count time. Peak
positions and integrated intensities were determined with
the Siemens DIFFRAC 5000 Specplot-second-derivative

I A copy of Table 4 may be ordered as Document AM-93-542
from the Business Ofrce, Mineralogical Society of America, 1 130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.



NELSON AND GUGGENHEIM: OXIDATION OF FC IN CHLORITE

TABLE 3. Bond lengths and angles at 550'C and room temperature

Bond lengths (A)

t20r

Bond angles (")

550 rc 25rc 550 rc 25"C 550 qc 25 eC

o1
o3
o4
o5
Mean

o3
o4
o5
Mean

1.634(8)
1.637(9)
1.664(8)
1.648(8)
1.646

1.642(8)
1.675(9)
1.644(8)
1 672(8)
1.658

2.100(7)
2.088(7)
2.067(71
2.085

1 639(4)
1 661(4)
1.657(4)
1.660(4)
1.654

1 .641(4)
1.6s5(4)
1.663(4)
1.652(4)
1.653

2082(41
2.08s(4)
2.057(4)
2.O75

O l x 2
0 2 x 2
O H 1 x 2
Mean

O H 2 x 2
O H 3 x 2
O H 4 x 2
Mean

o1
02
oH1
0 1 '
02'
oH1',
Mean

oH2
oH3
oH4
oH2',
oH3',
oH4',
Mean

01-o3
o4
o5

03-04
o5

04-o5
mean

o2-o3
o4
o5

o3-o4
o5

o4-o5
mean

O'l-O2 x 2
O H l x 2

O2-OH1 x 2
mean (unshared)
O1-O2 x 2

O H l x 2
O2-OH1 x 2
mean (shared)

OH2-OH3 x 2
O H 4 t 2

OH3-OH4 x 2
mean (unshared)
OH2-OH3 x 2

O H 4 x 2
OH3-OH4 x 2
mean (shared)

01-o2
oH1

o2-oH1
o1',-o2',

oHl ' ,
02'-oH1',
mean (unshared)
01-o1 '

oH1',
o2-o1',

02'
oH1-O2',

oH1',
mean (shared)

oH2-OH3
oH4

oH2',-OH3',
oH4',

oH3-OH4
oH3',-OH4',
mean (unshared)
oH2-OH2',

oH3'
oH3-OH3',

o4'
oH4-OH2',

oH4',
mean (shared)

Tetrahedron T1
2.696(1 1) 2.716(61
2.705(11) 2.713(51
2.7't3(111 2.712(5)
2.682(121 2 684(6)
2.654(121 2-693(6)
2.692(10) 2.686(5)
2.690 2.701

Tetrahedron T2
2.727(11) 2.716(5)
2.710(11) 2.719(6)
2.724(11\ 2.707(5)
2.682(12\ 2.684(6)
2.711(11) 2.678(5)
2.670(10) 2.685(5)
2.704 2.698

Octahedron Ml
3.083(9) 3.072(5)
3.091(10) 3.077(5)
3.085(9) 3.074(5)
3.086 3.074
2.82s(10) 2.814(5)
2.79s(10) 2.773(51
2.784(10) 2.771(s)
2.801 2.786

Octahedron M4
3.111(11) 2.935(5)
3.107(11) 2.934(5)
3.040(12) 2.940(6)
3.086 2.936
2.677(121 2.610(5)
2.662(121 2.601(5)
2.671(11) 2.603(5)
2.670 2.605

Octahedron M2'
3.085(10) 3.080(5)
3.077(9) 3.078(5)
3.095(9) 3.083(5)
3.091(9) 3.075(5)
3 093(9) 3.074(s)
3.081(10) 3.071(5)
3.087 3.077
2.833(10) 2.821(7)
2.795(10) 2.773(51
2.825(10) 2.814(s)
2.831(10) 2.819(7)
2.784(10) 2.771(5)
2.732(10\ 2724(8)
2.800 2.787

Octahedron M3-
3.04s(11) 3.145(6)
3.039(11) 3.1s0(5)
3.104(12) 3.1s2(5)
3.113(12) 3.147(s)
3.112(11) 3.146(s)
3 108(11) 3.14s(5)
3.087 3.148
2.725(12) 2.771(8)
2.677(12) 2.610(5)
2.717(11) 2.769(8)
2.671(111 2.603(5)
2.662(121 2.76q81
2.724(12) 2.601(5)
2.696 2.686

01-o3
o4
o5

o3-o4
o5

o4-o5
mean

o2-o3
o4
o5

o3-o4
o5

o4-o5
mean

O1-O2 x 2
O H 1 x 2

O2-OH1 x 2
mean (unshared)
O1-O2 x 2

O H 1 x 2
O2-OH1 x 2
mean (shared)

OH2-OH3 x 2
O H 4 x 2

OH3-OH4 x 2
mean (unshared)
OH2-OH3 x 2

O H 4 x 2
OH3-OH4 x 2
mean (shared)

01-o2
oH1

o2-oH1
01'-o2'

oH1' ,
o2'-oH1',
mean (unshared)
01 -o1 '

oH1' ,
o2-o1'

02'
oHl-O2',

oHl ' ,
mean (shared)

oH2-OH3
oH4

oH2',-OH3',
oH4',

oH3-OH4
oH3',-OH4',
mean (unshared)
oH2-OH2',

oH3',
oH3-OH3',

oH4'
oH4-OH2',

oH4',
mean (shared)

111 .1 (4 )  110 .9 (2 )
110.2(4)  110.8(2)
111.5(4)  110.6(2)
108.q4) 108.0(2)
107.8(4) 1 08.4(2)
107 s(4) 108.2(2)
109.4 109.5

110 .6 (4 )  111 .0 (2 )
111 .1 (4 )  110 .q2 )
1 10.6(4)  1 10.q2)
1 07.8(4) 108.0(2)
108.2(4) 108.2(2)
108.s(4) 108.2(2)
109.5 109.5

95.2(3) 95.0(1)
e5.8(3) es.e(1)
e5.s(3) s5.e(1)
95 6 95.6
84 8(3) 85.0(2)
84.2(3) 84.1(1)
84.1(21 84 1(1)
84.4 84.4

97.4(3) 96.7(2)
s7.6(3) 96.9(2)
s7.4(3) 97.0(2)
97.5 96.9
82.6(3) 83.3(2)
82.4(3) 83.1(2)
82.6(2) 83.0(2)
82.5 83.1

94.8(3) 95.2(21
9s.8(3) ss.7(2)
96.2(3) e6.0(2)
s5.1(3) es.3(2)
e5 8(3) e6.1(2)
e5.7(3) 95.7(2)
95.6 95.7
85.1(3) 8s.3(2)
84.3(3) 84.0(2)
85.2(3) 8s.2(21
85.2(3) 85.1(2)
84.0(3) 83.8(2)
82.8(3) 82.7(21
84.4 84.4

98.1(4) 98.8(2)
98.4(4) es.2(2)
97.8(4) 99.1(2)
e8.0(4) ee.2(2)
98.0(4) 99.2(2',,
e8.5(4) 98.9(2)
98.1 99.1
82.8(4) 84.0(2)
80.s(3) 78.0(2)
82.6(3) 83.s(2)
81.0(3) 78.1(21
80.8(3) 84.0(2)
83.0(3) 78.0(2)
81 .8  81 .0

2.024(8)
2 030(8)
2.016(8)
2.023

2.'t02(81
2.089(8)
2.067(7)
2.085(7)
2.094(8)
2 063(8)
2,083

2.057(9)
2.061(8)
2.056(9)
2.064(s)
2 054(9)
2 052(8)
2 057

1 .961(4)
1.967(4)
1 960(4)
1 963

2.088(4)
2.083(4)
2.06s(4)
2.076(4)
2.085(4)
2.057(41
2.O76

2.072(41
2.06e(4)
2.064(4)
2.068(4)
2.075(4)
2.065(4)
2.069

/Vofe; room-temperature data are from Phillips et al. (1980).
. Primed atoms are related to their counterparts by a center of symmetry.
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Fig.2. (A-D) Thermal expansion of unit-cell axes and volume to 550'C; I esd is shown.

search routine, and Fe distributions were calculated by
calculating 1(003)/1(005) integrated intensity ratios.
Structure formulas were derived from the resultant cation
distribution based on Brindley and Brown (1984), using
the compositions reported for these chlorite samples by
Kittrick (1982) and assuming trivalent cations are or-
dered into M4 and divalent cations into M3 in accord
with the results of Phillips et al. (1980). Octahedral va-
cancies in the Quebec sample were assumed to be equally
distributed between the 2:l layer Ml site and interlayer
M4 site. For the Quebec sample, with reported compo-
sition of (Si, nnAl, o,) (Al, ,rFelj,FeSlrMg, ,r)O,o(OH), and
Fe distribution of 0.36 (2:l layer) and0.42 (interlayer),
(Mg, ,.Alo,rFefijutro ,u) (Sir eeAlr o,)O,'(OH)r.(Mg, ,nAlo uo-
Fefrj, Feflj, tro, r )(OH)uis the derived structure formula.
For the Michigan sample, with reported composition of
(Si, o,Alr ,r)(Al, uoFe.2jnMg, or)O,o(OH)rand Fe distribution
of 1.78 (2:l layer) and l.5l (interlayer), the derived for-
mula is (Mgo,uAlo uoFeljr)(Si, o,Al, 53)O,0(OH)r.(Mgo or-
Al, ooFelj,)(OH)u

DrscussroN

Unit-cell parameters

Figure 2 shows the effect of temperature on axial lengths
and unit-cell volume. The interaxial angles (Table l) did
not change significantly with temperature, and values are
not illustrated, and the doo, distance varies with temper-
ature similarly to the c axis, as expected for a nonchang-
ing B angle. There are no significant changes in the slopes
ofthese lines, indicating expansion is constant to 550'C.
These data are in general agreement with those of Symmes
(l e86).

The relative magnitudes (Table 5) of the mean thermal
expansion coemcients (MTEC), however, contrast efeatly
with those of Symmes (1986). The a, b, and c axial lengths
of the Day Book Body clinochlore expand nearly equally,
whereas the c axis of the Fe-rich Michigan chlorite ex-
pands significantly more than the a and b axes, and the
c axis of the Mg-rich Quebec chlorite expands signifi-
cantly less than the a and b axes. Expansion within the
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TABLE 5. Mean thermal expansion coefiicients- of compared Tlele 6. Crystal chemical factors vs. c-axis expansion of com-
chlorite samples pared chlorite samples

Cell
parameter

Day Book
Body, NC

das,sso

. Values are multiplied by 10 5 per degree.
*. Values are calculated from a, ,: (1/X,)t(X, X^y(T - R)1, where

XF and Xr are tfle values of the parameter at room temperature and higher
temperature, respectively.

t Recalculated from Symmes (1986). Values for a and "/ were not avail-
able, and it is assumed that the unit cell was constrained to be monoclinic.

Day Book Quebec lshpeming,
Parameter Body, NC (21-C). Ml (21-D).

c-axis MTEC (x 10 5/')
16lFe2+, 16lFe3+, I6lCf,  16lNi

t6lMgo,

t6lAlror

2:1 layer t61Fe'?+

Inter layer t6lFe2+, t6lFe3+, I6lCr,  l6tNj

2:1 layer mean cation charge -
21 layer mean cation radius (A)"
M3 mean cation charge -
M3 mean cation radius (A)-.
M4 mean cation charge
M4 mean cation radius (A)"

' MTEC calculated using data from Symmes (1986). Structural formulas
were derived from chemical formulas taken from Kittrick (1982).

'- lonic radii were taken from Shannon (1976).

lshpeming, Ml
Quebec (21-C)f (21-D)t

Qgs-oso** 4"u aoo**

b

a

13
^l

0.787
0.806
o.729
0.o42
0.059
0.000
2.316
o.722

1 .130
1 .018
o.741

0.025

2.93s
0.723

0.661
0.645
1.385

0.056

Z  T  T C

1.398

0.729
0.33
4.95
0.72
0.00
0.33
2.O1
0.718
2.04
0.718
2.96
0.569

0.741 1 385
0.78 3.29
3.s2 1.05
1.39 1.60
0.36 1.78
o.42 1.51
2.14  2 .16
0.682 0.704
2 00 2.00
0.726 0 765
3.00 3.00
0.558 0.535

basal plane of the Quebec chlorite is 1.5 times greater
than that of the other two samples, although this is prob-
ably due to octahedral vacancies in the Quebec sample.
An important result is that volumetric expansion in chlo-
rite is variable and not directly related to expansion along
the c axis, suggesting that current thermodyramic calcu-
lations involving volume changes in chlorite may require
adjustment.

In previously studied layer silicates (Guggenheim et al.,
1987; Takeda and Morosin, 197 5), c-axis thermal expan-
sion is greater than expansion of the lateral dimensions;
thus, Symmes suggested that the Mg-rich Quebec chlorite
is anomalous. On the contrary, the similarity in c-axis
expansivity of the two Mg-rich chlorite samples suggests
that the results of Symmes are not anomalous, but rather,
thermal expansion is more complex in chlorite than in
other phyllosilicates. This is illustrated in Table 6, which
compares rates of th€rmal expansion along the c axis with
crystal chemical factors. Although the available data are
scant, there are possible correlations. Note that c-axis ex-
pansion increases with increasing Fe and Al content, and
with decreasing Mg content. Note also that the c axis
expands in accordance with M3 cation radius, but not
wilh M4 or 2:l layer cation radii. These effects indicate
that thermal expansion along c* may be directly related
to Fe content and is possibly dependent on occupancy of
the M3 site.

Structure parameters

Important structure features of both the room-temper-
ature and high-temperature structures are compared in
Table 7, and mean thermal expansion coefrcients for the
various polyhedra and layers are reported in Table 8.
Octahedral distortions were calculated using the methods
of Dollase (1969) and Robinson et al. (1971).

Tetrahedral rotation, a, which is a measure of the mis-
fit between the tetrahedral and octahedral sheets of the
2:l layer, decreases from 7.2 to 4.6 (Table 7). Since a
does not approach zero, the basal O ring remains ditri-

gonal at higher temperatures, indicating that tetrahedral
rotation is not a limiting factor in lateral expansion to
550 .C. Tetrahedral sites undergo little change, with T2
increasing slightly in size and T1 decreasing slightly. Con-
traction of tetrahedral sites at higher temperatures is
common where corrections for thermal motion are not
made (Downs et al., 1992). All other 2:l layer structure
features (Table 6) remain essentially invariant, except for
slight increases in the sizes of Ml and M2, implying that
thermal expansion in the 2:l layer is nearly isotropic. The
most notable effects of thermal expansion (Tables 7 and
8) are the substantial increase in mean cation-to-anion
distances in the interlayer M4 octahedral site (MTEC :

5.887 x 10-'/") and the lack of significant increase in
interlayer separation (MTEC : 0.678 x l0 s/"). The 2:l
octahedral sheet thickens only sliglrtly, and the tetrahe-
dral sheet not at all, whereas the interlayer octahedral
sheet thickness increases from I .976 to 2.01 I A (MTEC
-- 3.374 x l0-'/'). Only the M4 site, which enlarges at a
rate five to six times that of all other sites (Table 8),
undergoes signiflcant thermal expansion. Thus, expan-
sion of the structure may be attributed to the interlayer
octahedral sheet and specifically to the M4 site. Surpris-
ingly, the interlayer space, which contains the H bonds
between the 2'.1 and interlayers, does not expand. Pre-
viously, c-axis expansion oflayer silicates has been gen-
erally attributed to weak H (or other) bonds, or fewer
numbers of bonds between the layers.

At room-temperature, the M4 octahedron is consider-
ably smaller than the M3 octahedron. This is due to the
strong attraction by the trivalent cations in M4 to the OH
groups that surround it. Because these OH groups are part
of a shared edge between the M4 and M3 octahedra, the
result in the M3 octahedron is a shortening of the diag-
onal (shared) edges and a lengthening of the (unshared)
edges that make up the upper and lower basal triads.
Therefore, the larger M3 octahedron is severely distorted
(Phillips et al., 1980), having {/ : 6l.5 and (o,)2 : 93.8
(Table 7), whereas the M4 octahedron is more regular in
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TABLE 7. Compared structural features
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Parameter 550.C
Room temoerature

(Phillips et al , 1980)

Tetrahedral rotation* rarc (.)
Tetrahedral angb*r I4h C)

Octahedral flatteningl rorp 1"1

Octahedral distortion*

Polyhedral site volumes (43)

Polyhedral site quadratic etongationg (I)

T1 :
T2:
M l :
M2:
M3:
M4:

T1 :
r2:
M 1 :
M2:
M3:
M4:

M 1 :
M2:
M3:
M4:
T i .

T2:
M 1 :
M2:
M3:
M4:
T1 :
r2:
M 1 :
M2:
M3:
M4:

4.6
1 t 0 . 9
1  10 .8
58.8
58.8
60.7
60.2

rms (')
5.0
R I

7.3
6.6
2.28
2.34

1 1 . 9 0
1 1 . 8 7't1.22
10.74
1.001
1.000
1 . 0 1 0
1 . 0 1 0
1.023
1 .018

2 247
2.1 60
2.011
2.820
0.009

97.10

(o")"

34.3
34.6
72.8
60.4

M 1 :
M2:
M3:
M4:
T 1 :
T2:
M 1 :
M2:
M3:
M4:
T1 :
T2:
M l :
M2:
M3:
M4:

7.2
1  10 .7
1  10 .8
58.8
58.8
6 1 . 5
59.8

rms (')
5.0
5.1
8.5
6.1
2.32
2.31

11.71
1 1  7 2
11.28
9.83
1.000
1.000
1 .010
1 .010
1.029
1 .015

2.247
2.147
1.976
2.810
0.005

97.11

(o,)"

34.4
JC.J

93.8
51 .4

Sheet thickness (A)
Tetrahedral
2:1 octahedral
lnterlayer

Interlayer separation (A)
Az"" basal O (A)
B,o""ll f)

Note: all room-temperature values are from Phillips et al. (1980) except octahedral distortions, which were incorrect as reported and have been
corected, and polyhedral site volumes, which were calculated from the data of Phillips et al. (1980).* The rard : kn2e - (mean Ob-OrOb angle)|.*' The tarz : O"-T-Ob angle. The ideal value is 109.4f.

t The tutr,, : cos 1[oct. thickness/2(mean M-O,OH angle)]. The ideal value is 54.73..

+ The abbreviation rms : 
l) 

P, - 0,)"f , where 0, is the observed O-M-O angle and 0, is the ideat O-M-O angte. This is the rms deviation from ideal

vaf ues of the 15 octahedral angles, as defined by Dollase (1969). And, lo)" : 5 (d, - 90F/1 1, where d/ is the observed o-M-o angte, as defined by

Robinson et al. (1971).

$ The symbof x:2\Utt")tnl, where ,. is the M-O or T-O distance of a regular polyhedron of the same votume; / is the M-O or T-O distance, and

n is the coordination number, as defined by Robinson et al. (1971). A regular polyhedron has a tr value of 1.0.
ll The symbol 0'*' : 18f - cos 1(a/3c).

shape. However, at high temperature, these OH groups
move away from M4, and thus, closer to M3. Both the
shared and unshared edges ofthe M4 octahedron expand,
whereas in the M3 octahedron the shared edges expand,
but the unshared edges contract slightly. As a result, the
M3 octahedron becomes less distorted, although still ir-
regular in shape, and flattened l(o)' : 72.8 and {/ : 60.7",
respectivelyl, and slightly smaller (volumetric MTEC :
- 1.018 x l0-5/"). In the M4 octahedron, flattening and
distortion increase slightly ['y' from 59.8 to 60.2" and (o),
from 51.4 to 60.4, respectivelyl, and volume expands
greatly (MTEC : 16.139 x l0 5/.). Neither the increased
distortion of M4 octahedra nor the decreased size of M3
octahedra are unusual; note (Table 7) that the relative
sizes and distortions of M3 and M4 octahedra approach
each other. However, the volumetric change in the M4
octahedron is notable. The M4-OH mean bond length

(Table 3) changes considerably [from 1.963(4) to 2.023(8)
A1, Uut the M3-OH mean bond length does not [from
2.069(4) to 2.057(9) A1. fne important result of these
octahedral adjustments is that the greatly expanding M4
octahedra contain a small (trivalent) cation, implying that
there are structural constraints other than cation size that
dominate the thermal expansion of the chlorite interlayer.

Structural constraints on octahedral expansion

Two unexpected phenomena occur: the interlayer space
does not expand, and the M4 site expands considerably.
Guggenheim and Eggleton (1988, p. 685) reviewed the
role of H bonds in the misfit and morphology of modu-
lated l:1 layer silicates and concluded that H bonding
and electrostatic attractions are important in layer-to-lay-
er interactions. Furthermore, Bish and Giese (1981) con-
cluded that interlayer bonding energy in chlorite, which



comprises H bond strength and electrostatic attraction
due to interlayer charge, is substantially increased by or-
dering of trivalent cations into M4. The Day Book Body
chlorite has trivalent cations ordered into M4, an inter-
layer charge of +0.95 evu, and a high density ofinterlayer
OH groups. Thus, the lack of expansion in the interlayer
space supports the findings ofGuggenheim and Eggleton
(1988) and Bish and Giese (1981) and suggests that in-
terlayer bonding in chlorite is stronger than previously
assumed.

It is useful to consider two aspects ofH bonds in chlo-
rite: (l) extensional effects related to expansion along c*,
and (2) torsional effects related to lateral shifts between
the 2:l and interlayers. In the chlorite interlayer space,
where there is a high density of H bonds and overall
interlayer bonding is strong, extension along c* is appar-
ently restricted to approximately 2.8 A (Z.SZO A at 550
'C and 2.810 A at room temperature). Beyond this limit,
decomposition might occur with the loss of H bonding
between the layers. Torsional efects, on the other hand,
are related to changes in the O-H...O bond angles and
OH vectors and allow for in-plane adjustments such as
tetrahedral rotation. Torsional adjustments do not neces-
sitate changes in the length of the H bond. For example,
Phillips et al. (1980) showed for the room-temperature
structure that repulsions between M4 and tetrahedral sites
are reduced by slight lateral offsets between the 2:l and
interlayers. Furthermore, Rule and Bailey (1987) con-
cluded that tetrahedral rotation always has the effect of
moving acceptor O atoms closer to donor OH groups,
shortening H bonds. Thus, while interlayer separation re-
mains static, H bond angles and vectors readjust to max-
imize structural stability. This effect can be applied to
thermal expansion of the M3 and M4 sites in this study.

If OH groups remained closely held to the trivalent
cation in M4 upon expansion, M3 would be further dis-
torted and flattened. Because M3 is already severely dis-
torted, further distortion would be energetically unsuit-
able. Yet, the observed thermal expansion of M4 would
also indicate local instability because it leaves a small
trivalent cation in a large site. Thus, in an isolated inter-
layer, there is no apparent crystal chemical rationale that
would favor stabilization of one site over the other. How-
ever, when the effects of tetrahedral rotation and inter-
Iayer H bonding are considered as well, the basis for the
observed adjustments becomes clear. At higher temper-
atures, tetrahedral rotation must decrease to allow for
lateral expansion in the 2: I layer. The basal O atoms of
the tetrahedra are linked through H bonds to the upper
and lower triads of the interlayer octahedra. Thus, tet-
rahedral rotation and interlayer octahedral expansion must
operate in unison to maintain optimal H bonding be-
tween the layers as the lateral dimensions of the structure
expand. This is achieved by expansion of M4, which
maintains close contact between donor OH groups and
acceptor O atoms as tetrahedral rotation decreases at
higher temperatures. Conversely, if M3 were to expand,
there are adverse consequences. First, OH2 and OH3
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TABLE 8. Mean thermal expansion coefficients. for polyhedra
and sheet thicknesses
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T1-O1
-UJ

-o4
-UJ

Mean

M1-O l  x  2
- O 2 x 2
-OH1 x 2

Mean

M2-O1

-oHl
-o1',
-o2'
-oH1',

Mean

Tetrahedral
Interlayer

octahedral

Tetrahedral sites
-0 581 r2-O2
-2.752 -O3

0.805 -o4
-1 377 -O5

0.976 mean
-3342 V

Octahedral sites
1 647 M4-OH2
0.274 -OH3
0.926 -OH4
0.949 mean
3.041 V
1277  M3-OH2
0.s49 -oH3
0.184 -OH4
0.826 -OH2',
0.822 -OH3',
0.556 -OH4',
0.702 mean
2.407 V

0 . 1 t 6
2.302

-2 176
2.306
U . O J  /

2.442

6 1 1 9
6 .101
5.442
5.887

1  6 .139
1 .379
0.368

-0.736
- 1 .928
-0.738

1  . 199
- 1 .058
- 1 . 0 1 8

Layer thicknesses
0.000 2:1 octahedral 1 153

interlayer
3374 seoaration 0.678

" Values are multiplied by 10 s per degree.
**Values are calculated from a" ,: (1lX^)l(X, X,y(T - B)1, where

X" and X, are the values of the parameter at room temperature and higher
temperature, respectively. Room-temperature parameters were taken from
Phillips et al. (1980).

would move away from 05 and 03, respectively, and
OH4 would move closer to 04. This would lengthen two
bonds, OH2-H2...05 and OH3-H3...03, and shorten
one, OH4-H4. ..O4, resulting in an overall decrease in
stability with regard to optimal bond distances. Second,
attraction between donor and acceptor atoms would
counteract the direction of tetrahedral rotation. This
would cause the observed reduction of tetrahedral rota-
tion (from 7.2 to 4.6) to be limited, in turn limiting lat-
eral expansion of the 2:7 layer. Thus, M3 expansion re-
sults in a less stable structure and hence does not occur.
In essence, the effects oftetrahedral rotation, H bonding,
and reduced distortion of M3 combine to prop open the
M4 site, a circumstance that has important implications
for Fe oxidation in chlorite.

Oxidation reactions in chlorite

The most important consideration of this study is the
application of the results to the common chlorites, 800/o
of which are of the I/b polytype form (Bailey, 1980), with
semirandom stacking. Rule and Bailey (1987) and Bish
and Giese (1981) used charge-balance arguments and
electrostatic calculations (respectively) to conclude that
ordering trivalent cations into M4 increases structural
stability in chlorite. Bailey (1988) further stated that all
trioctahedral chlorites refined up to that time, including
the Day Book Body sample, show this ordering to some
degree, as well as disorder ofAl and Si over the tetrahe-
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dral sites. A refinement of an intergrown IIb-2 and IIb-4
chlorite (Zheng and Bailey, 1989) demonstrates that this
ordering scheme occurs in both of these polytypes and in
the random displacements between them. Thus, it fol-
lows that the thermal expansion that occurs in the M3
and M4 octahedra of the Day Book Body chlorite also
occurs in the common chlorite varieties, including the Fe-
rich varieties.

Oxidation in chlorite can be explained by considering
the high-temperature structure. Because of the large size
of M4 at higher temperatures, a latge divalent cation
would be more spatially stable in this site. On the basis
of this argument, if Fe2+ were to occupy M4, it should be
resistant to oxidation. On the contrary, M4 is regularly
occupied by trivalent cations because (as stated above)
this ordering pattern increases the stability of the struc-
ture of chlorite. Such ordering (l) minimizes repulsions
between M4 and tetrahedral sites and restricts the source
of interlayer positive charge to a single site (Rule and
Bailey, 1987), and (2) substantially increases interlayer
bonding energy (Bish and Giese, 198 l). Thus, the M4 site
is a likely candidate for oxidation in Fe-rich chlorite. On
the other hand, oxidation in M3 at high temperature is
highly unlikely, because of charge-balance considerations
and crystal-field effects. First, ordering trivalent atoms
into M3 to any great extent would counteract the stabi-
lizing effects (see above) ofordering trivalent cations into
M4. This would seriously disrupt interlayer H bonding
because there would no longer be sufficient numbers of
large divalent cations to prop open the interlayer. The
M3 and M4 octahedra would contract around their in-
dividual trivalent cations, thereby reducing the lateral di-
mensions of the interlayer and resulting in possible de-
composition. Second, destabilizing M3-M3 and M3-M4
repulsions would occur between trivalent cations. Third,
Fe2+ has an additional crystal-field stabilization energy
that Fe3* does not; hence, Fe2+ is more stable in M3 than
Fe3*. Ultimately, complete interlayer oxidation would re-
quire a dioctahedral interlayer, with vacancies in M4 and
an Ia polytype; essentially, phase transformation to ferric
donbassite. Consequently, it is reasonable to conclude that
oxidation of Fe2* to Fe3+ in the interlayer of chlorite is
limited to M4 and cannot proceed significantly in M3.

A limitation on Fe oxidation in chlorite does exist, as
indicated by several recent Mdssbauer studies (Dyar et
al., 1992; Rancourt, personal communication). Although
Mtissbauer spectroscopy of chlorites remains somewhat
unrefined, it is useful in determining Fe2+/Fe3+ ratios.
Dyar et al. (1992) used Mdssbauer data to determine the
oxidation state of over 30 chlorite samples from several
/o, regimes. They found that Fe3+ content is generally
limited to l5olo Fe,o, and is not dependent on /",. Ballet
et al. (1985) had similar Fe2+/Fe3+ results for four chlo-
rite samples. In contrast, Kodama et al. (1982) and
Townsend et al. (1986) studied three chlorite samples that
had been altered through chemical oxidation to vermic-
ulite. They found Fe3* contents of 15, 25, and 340lo Fe,",
prior to alteration and values of78, 58, 510/o (respective-

NELSON AND GUGGENHEIM: OXIDATION OF FE IN CHLORITE

ly) after alteration. Evidently, the chlorite interlayer will
undergo extensive reconfiguration to vermiculite rather
than oxidize substantially. Clearly, the controls on chlo-
rite oxidation are crystallographic rather than thermo-
dynamic, and the model described above best accounts
for the observed phenomena.

Coxcr-usroNs

The high-temperature structure of chlorite has funda-
mental implications for several areas of chlorite ther-
modynamics. First, careful attention must be given to
calculations involving volume changes in chlorite. Un-
expectedly, expansion along [001]* may be greatly influ-
enced by strong interlayer H bonding and electrostatic
attractions. Unlike in other hydrous phyllosilicates, the c
axis of Mg-rich chlorites is observed to expand thermally
at a lesser rate than a and b. Thus, chlorites ofdifferent
chemistries expand at different rates with increasing tem-
perature, and there may be a correlation of expansion
along c* with increasing Fe content. This information
may aid in refining thermodynamic models based on vol-
umetric thermodynamic data, such as the possible role of
chlorite in the dehydration of the down-going slab in sub-
duction zones. Second, crystallographic interactions
among tetrahedral rotation, H bonding, M3 octahedral
distortion, and M4 displacement factors, which combine
to stabilize the high-temperature structure, also prevent
ordering of trivalent cations into M3. Thus, the relation-
ship of chlorite composition to bulk rock composition is
relatively insensitive Io fo,, as suggested by Dyar et al.
(1992), because oxidation ofFe2+ to Fe3* in the inteilayer
is largely restricted to the M4 site. These results suggest
that a rapid increase in the activity ofFe3* in the system
may produce only a small (possibly unmeasurable) change
in the Fe3+ content ofthe chlorite phase. Finally, cation
ordering and displacement factors in the interlayer of
chlorite may be the driving force involved in the for-
mation of solid-state nanoreactions evolving one chlorite
layer into a pair ofcontiguous serpentine layers, as noted,
for example, by Baronnet and Onrubia (1988). Further
work is needed to determine if this latter suggestion is
reasonable.
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