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Abstract

The upper stability limits for intermediate magnesium-iron chlorites of the clinochlore-
daphnite solid solution series were investigated at 2,07 kbar water pressure equal to total pres-
sure at oxygen fugacities defined by the nickel-nickel oxide buffer. Five distinct high
temperature breakdown assemblages of chlorite have been found: (i) cordierites + olivinegs +
spinely, from Chl,g,Da, to Chlg;Dags, (ii) cordierite,, + olivines + hercynite,, from ChlgsDags
to Chl,;Dag,, (iii) cordieritess + olivine,, + magnetite,, from approximately Chl,Das, to
ChlsDay, (iv) cordierite,s + orthoamphibole,, + magnetite,, from Chl;Da,, to ChlyDags,
and (v) cordierite,s + quartz + magnetite,, from Chl,;Da;s to ChlDa,g. The upper limit of
chlorite stability varies over the temperature range 720° to 535°C between the clinochlore and
daphnite end members respectively.

Unit cell parameters for synthetic chlorites of the clinochlore-daphnite solid solution series
have been computed and expressed as functions of composition. Electron microprobe
analyses of synthetic cordierite indicate a relatively uniform variation in composition with up
to 11.9 wt percent iron as FeO in solid solution. The composition of the orthoamphibole
phase has been calculated to be intermediate between anthophyllite and gedrite, with a small
amount of iron substitution.

The results are applicable in the interpretation of some contact metamorphic assemblages
derived from ultramafic rocks, and are used to explain the origin of cordierite-anthophyllite
bearing rocks found in chlorite alteration pipes below the base metal deposits of the Noranda

area.

Introduction

An understanding of the phase equilibria in the
system MgO-FeO-Al,0;-Si0,-H,O is necessary to
understand the mineral assemblages of metamorphic
rocks whose chemical compositions lie close to this
system. The present study was concerned with the up-
per stability limits for intermediate magnesian-iron
chlorites of the clinochlore-daphnite solid solution
series at a total water pressure of 30,000 p.s.i. (2.07
kbar) with the oxygen fugacity defined by the nickel-
nickel oxide buffer. Results of the present study com-
bined with the results of other low-pressure phase
equilibria studies in this system are applicable in the
interpretation of the mineral assemblages of
ultramafic rocks that have been re-equilibrated in
contact metamorphic environments.

A substantial amount of experimental work has

! Now at Department of Geology, Laurentian University,
Sudbury, Ontario.

been done on the synthesis and stability of magnesian
and ferrous end members of the chlorite series
(Yoder, 1952; Nelson and Roy, 1958; Turnock, 1960;
Segnit, 1963; Fawcett and Yoder, 1966; Chernosky,
1974; James, Turnock, and Fawcett, 1974, un-
published). Unfortunately, some of the reported
reactions have not been reversed and the reaction
products have sometimes been shown to be
metastable assemblages. Fawcett and Yoder (1966)
determined the upper stability limits of clinochlore
up to 10 kilobars water pressure with the breakdown
curve passing through the points 768 + 7°C at 3.5
kbar, 787 & 7°C at 5 kbar and 830 + 5°C at 10 kbar.
Two stable breakdown assemblages were established:
enstatite + forsterite + spinel + vapor above 3.5
kbar; and cordierite + forsterite £ spinel + vapor at
lower pressure. Zen’s (1972) discussion of the ther-
modynamic properties of minerals points out the
limitations of reversal data in that study. James et a/
(1974) determined the upper stability of the iron
chlorite daphnite up to 8 kilobars water pressure with
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the partial pressure of oxygen defined by the nickel-
nickel oxide buffer. The following points on the
breakdown curve were defined by reversed reactions:
537°C and 2 kbar, 575°C and 4 kbar, 604°C and 6
kbar and 627°C and 8 kbar. Two high temperature
breakdown assemblages were defined: iron cordierite
+ magnetite + quartz + vapor, below 4 kbar water
pressure; and iron gedrite + magnetite + cordierite
+ vapor at higher pressures. Figure [ illustrates the
important features of the studies discussed above.

Hydrothermal Experiments

Standard hydrothermal techniques and laboratory
equipment were used during this study. For water
pressures of 30,000 p.s.i. (2.07 kilobars) standard
rod-bombs made of Rene 41 alloy, with a conven-

TABLE 1. Mineral Abbreviations and Compositions
Chlorite solid solution Chl 5(M&,Fe)O.A1203.35102.14H20
Clinochlore~Daphnite solid solution Chl-De 5(Mg -Fe)O.A.1203.3Si02.hH20

Cordierite solid solution Co 2(}43,17‘9)0.2A1203.58102
Enstatite En MgO.SiO2
Hercynite-Spinel solid solution He-sp (Mg,Fe)O.A1203
Magnetite rich solid solution My Fe0.(re®,m) 0,
Olivine s0lid solution ol

2(Mg,Fe)o.s102

Orthorhombic amphibole solid solution Ged G(Mg,Fe)0.1%1\1203.65102.1'120

Quartz Qtz 8102

Tale solid solution Te 6{(Mg,Fe)0. 8s10,. !u-xzo
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tional cone-in cone seal (Tuttle, 1949) were
employed. The pressure vessels were heated in ver-
tical Hevi-Duty Co. nichrome or chromel-C alloy
resistance furnaces. Each furnace was controlled
by either a Barber-Coleman Co. on-off controller
(model 471) or by a Thermo-Electric Co. propor-
tional controller (model 32422).

The experimental method used for buffering the
oxygen fugacity within the pressure vessels was that
developed by Eugster (1957, 1959). Nickel-nickel ox-
ide buffers were made from Fisher reagent grade
chemicals mixed in equal proportions, and after be-
ing used in an experiment the buffer was checked by
X-ray diffraction for the presence of both phases.

The charges were either a mixture of MgO, FeO,
Al,O4, and SiO, in the stoichiometric proportions of
the compositions investigated or the crystalline
products of prior experiments. The following
reagents were used in the preparation of the oxide
mixtures: ferrous oxalate—British Drug House (lot
2859800) heated in air or in hydrogen to produce
metallic iron or Fe,Os; aluminum hydroxide—Fisher
Certified Reagent (lot 764180) heated in air to
produce A Al,O;; magnesium carbonate—Fisher Cer-
tified Reagent (lot 762372) heated in air to produce
MgO; silica—Fisher Certified Reagnet (lot 753025).

The technique used for reversing reactions was the
re-running of equilibrium assemblages of synthetic
phases under different physical conditions. The run
products were examined as a function of time and the
direction of the reaction was determined by noting
changes in relative abundances of the participating
phases as indicated by X-ray diffraction and optical
examination. Most bulk compositions investigated lie
on the clinochiore and daphnite join (with the excep-
tion of daphnitey, clinochlore,,) and are indicated on
Figure 7. Table 1 lists the mineral phases that were
encountered, and Figure 2 indicates the extent of
solid solutions involved in these species.

Description of the Mineral Phases

Methods of Identification

Because of the extremely small grain size of most of
the run products, identification was based exclusively
on X-ray diffraction methods. The measurement of
refractive indices was not always possible due to the
extremely small grain size of most of the mineral
phases. However, some measurements were made,
using white light at room temperature.

Detailed X-ray examination was carried out with a
large diameter (# = 57.3 mm) Debye-Scherrer powder
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camera using the Straumanis arrangement. Exposure
times between 10 and 24 hours were used for either
Ni filtered CuKa radiation or Mn filtered FeKa
radiation.

An internal quartz standard was used with chlorite
samples, and sufficient back reflections were present
from the breakdown assemblages to make these films
self-calibrating. Powder camera films sometimes
revealed the presence of very small quantities of
phases not detected by the diffractometer. Cell
parameters were computed using a least squares
refinement program written by Appleman,
Handwerker, and Evans (1963). Quantitative
electron microprobe analyses were possible on some
of the larger grains of cordierite.

Chlorite (Mg,Fe);A1,S1;0,(OH),

Chlorite characteristically occurred as aggregates
of extremely thin hexagonal plates that were, on the
average, approximately 0.01 mm across. The grains
showed very low birefringence and were not normally
hosts to inclusions. Mean refractive index determina-
tions were made in white light for chlorites of most
compositions; these are shown in Figure 3 and listed
on Table 2. These closely follow the relation derived
by Hey (1954) from the data of natural chlorites.

Hey demonstrated that the a and b cell parameters
of natural chlorites increase with increasing substitu-
tion of Fe or Mn for Mg and that they are relatively
uninfluenced by Al content. He noted that dy,, was in-
dependent of Fe?* but that it decreased slightly with
an increase of Fe**. He found this basal spacing to be
influenced principally by the substitution of Al for Si.
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Unit cell parameters for synthetic chlorites of the
clinochlore-daphnite series were determined on the
basis of the monoclinic space group C2/m. During
the refinements the input parameters were not the
same in each case but were close to g, = 5.35, b, =
9.3, and ¢, = 14.25(A). Those used in the final refine-
ment were selected to be those which gave the small-
est deviations and the greatest degrees of freedom.
All reflections were measured relative to an internal
quartz standard; the data are presented in Table 3.
The results of the unit cell refinements (Table 4, Fig.

TaBLE 2. Mean Refractive Index of Synthetic Chlorites
of the Clinochlore-Daphnite Solid Solution Series

Composition Sample number n cale. (1) n,mean
. 1.580
Chl, 4o Pag (2) 1.570 5
1. 1.572
ChllOODao (3) 570 it
Chlg oD, o 146(C)F 1.580 1.578+0.002
1.590 1.594+0.002
Chlg Da,, 141F 59 527 .
2 1% 1.597+0.
Chl,.(SDaZS SF 595
1.600 1.600£0.002
c*nlea30 15TM :
d .d.
Chlg Day o il 610 n : )
1.621 1.610£0.00
ChlsODaso 156M > :
Chl) Dag, 1.622 n.6. .
1. 1.635%0.
Chl  Dag, 180(A)M 3 35
1.648 n.d.
s 8 1.6 1.65020.002
Chl, Dag, 182M .623 .650£0.
L] .d.
Chl, Dag, 3 n
ChlPa, oo () 1.673 1.67520.006
J 1.665£0.00
ChlyDa, o0 (5) 1.673 5 5
(1) Hey, 1954 (4} Turnock, 1960
(2) Yoder, 1952 (5) James et al.,

Clinochlore {Deer, Howie and 197k

Zuseman, vol. 3, anal. 2k, p. 1L2)
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TaBLE 3. Observed d Spacings for Synthetic Chlorites™

Bulk Chl. .Da. Chl, D Chl,.D
Compn. 100720 90-%10 80

Run No. 294F (2) 1b6(Cc) F 1b1F 17F 157 136F 156M 180(A)M  178(A)M 182M 2267 (3)

250 Chl75Da25 CthoDaso ChJ'GODahO ChlsODas0 ChlaODa.{0 Ch125Da75 ChlzoDaao ChloDaloo

hk1 aobs (R) aobs (§) aobs (]) aobvs (R) aovs (R) aobs (§) aove (R) aobs (R) aobs (R) d obs (R) aobs (R) I/I,

001 n.d. 1h,333 1k,273 14,169 14,232 14,296 14,260 14.205 14,324 1L .168 14,137 9
002 7.150 7.114 T.147 T.12% 7.133 7.079 7.12h 7.07h 7.076 7.097 7.079 10
003 k. 760 T.T46 b, 764 L.752 L.75h L.735 L, 743 4,715 L, T2k 4.698 L
2ol k.590 L.5Th L.581 1,599 4.609 4.581 4.617 L.638

021 4,379 1,388 4,kog

112 Lk.,076

022 3.893

112 3.705 3.686 3.673 3.68L 3.679 3.662 3.686 3.662

00k 3.570 3.557 3.566 3.554 3.559 3.599 3.5L3 3.538 3.548 3.538 3.522

113 3.130 3.125 3.12h 3.124

Tk 2.965 2.958 2.967 2.961 2,969 2.965

005 2.850 2.856 2.835 2,847 2.857 2.855 2.843 2.826 2.819 2.817
02k 2.803 2,795

I3
130 2,640 2.661 2.680

ey 2,580 2.583 2.587 2.602 2.597 2.600 2.609 2.603 2.617 3
202

Egé 2.540 2.539 2.549 2.553 2.550 2.556 2.56L 2,56k 2,564 2.572 L

115 2.521 2.529 2.521 1

303
l132 2.440 2.4l 2.463 3

025 2,113 1

Eggl 2,380 2,383 2,387 2.396 2.301 2.382 2.396 2.398 2.395 2,406 3
006 2.356 2.361 2.354 1
220
133
221
116 2.193 1

026 2.099 2.103 A
oL3
205
134
Bk 2.030 2.0L43 2,039 2,045 2.040 1

116
20
135

|§§2 1.886 1.883 1.887 1.892 1.888 1.885 1.886 1.890 1.888 3

205 1.828 1.830

ohs5 1.787

117 1.777
008 1.767

Is51 1,735

151 1727
152
|136 1.711

311 1.709

e 1.686

—
= ENAN O n

[

2.236 i

2.070 2.078 2.079 2.091 2.094 2

2.000 1.999 2.008 2.010 2.009 2.011 2.017 2.011 2.013 5

(I W T S

[

aa 1.667 1.663 1.666 1.668 1.664 1.659 1.669

§u3 1.607
15
I009 1.567 1.572 1.570
308 1.570 1.569 1.570

060 1.535 1.537 1.541 1.542 1,544 1.543 1.554 1.553 1.559 1.56k
119 1.543 1.5k40 1.5k2
oL 1.521
|gg;] 1.499 1.501 1.503 1.505 1.508 1.509 1.512 1.517 1.520
31% 1.483
0,0,10 1.h2k
E;; 1.L00
2,0,10 1.323
0,0,11 1.292

HH H R R EF RREO F W R R

(1) All d obs. are accurate to * 0.1° 26 for Fe Ky radiation
(2) Chlorite of clinochlore composition crystallised at 690°C end 30,000 p.s.i.
(3) Chlorite of daphnite composition crystallised st 595°C and 72,000 p.s.i.



STABILITY OF THE CLINOCHLORE-DAPHNITE SERIES AT 2 KBAR Py,0

9.380

-9 360

5400+ 9 340

1051

715 00

710 00

o<
706 00 ~—

—_ £ / 30 >°
53904 9320 o i % 3 }
538018300 5 AT //f/ 4 700.00
-]
5370+ 9 280
02 g I §/ /{
< 536049 260 _— § 4 695 00
o /} §/
® 5350+ 9.240 /}/§/
534049 220.5 /}
-~ }
5330 -Ea 200 */
5320
| 1 1 1 1 I | 1 1
00 01 02 03 04 05 06 07 08 09 10
Clinochlore Fe Fe/Fe + Mg Daphnite

F1G. 4. Cell dimensions of synthetic chlorites on the clinochlore-daphnite join (see Table 4). Straight
lines were obtained from linear regression equations—see text for correlation coefficients.

4) indicate a strong linear relation of the @, and b, cell
parameters to the chlorite composition. Linear
regression equations have been calculated to show
the following relations where X is Fe/(Fe + Mg) of
the chlorite and r is the correlation coefficient:

a, = 5.3224 + 0.0751X r= 0982
b, = 92039 + 0.1619X r = 0.998
¢ = 14309 — 0.103X r = 0.874
Vo =695.40 + 17.03X r = 0.986
These values compare favorably with those

calculated from Hey’s equations, although b, is
slightly larger than expected. It can be seen that the
value of dy, is not constant for these chlorites of fixed
Al content. However, the slight decrease of ¢, with
total iron content may be correlated with the increase
in the amount of Fe®* present. There is no consistent
relation between d,; and Mg-Fe ratio but the data
tend to support Bailey’s (1972) observation that syn-
thetic chlorites generally have larger dy,; values than
natural chlorites of similar composition.

Olivine (MgFe),SiO,

Olivine occurred as small (maximum size 0.05 X
0.01 mm) pale green euhedral grains. The refractive
indices n, and ng were determined, where possible, for
olivine coexisting with cordierite and spinel (Table 5).

Unit cell parameters computed on the basis of an
orthorhombic cell (space group Pbnm) with a, = 4.8,

be 10.2, and ¢, = 6.0 (A) show a clear linear
relationship with the composition of the olivine as
listed in Table 6. Olivine compositions were es-
timated by the dys, diffraction method using the equa-
tion determined for synthetic olivines by Fisher
(1966).

Cordierite Al{Mg,Fe),AlISi;O 4

Cordierite occurred as colorless lath-shaped grains
up to a maximum size of 0.25 mm across. The refrac-
tive indices for n, and ng shown in Table 7 indicate a
pronounced increase with the iron content of the bulk
composition from which they were synthesized.
These closely follow the trend indicated by Hsu and
Burnham (1969) for synthetic end-member cor-
dierites grown at 2 kilobars water pressure.

Unit cell parameters of cordierite coexisting with
olivine and hercynite-spinel, computed on the basis
of the orthorhombic space group Cccm for a cell with
a, = 9.7, by = 17.1, and ¢, = 9.4 (A), show a distinct
increase of ¥, with iron content of the bulk composi-
tion of the starting material (Table 8).

Several cordierite grains, chosen for their apparent
optical homogeneity and lack of inclusions, were
analyzed simultaneously for Si, Mg and Fe at a large
number of spots within the grain using an electron
microprobe (Table 9). The compositions were com-
puted using a revised form of Rucklidge’s data reduc-
tion program (Rucklidge, 1969; Rucklidge et al,
1970) on the basis of a fixed stoichiometry with Al =
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TABLE 4. Cell Parameters of Synthetic Chlorites

Composition Run No. ao(X) bo(X) co(R) VO(X)3 bl
Chl, 1oPe, 294F (1) 5.326 + 0.003 9.208 + 0.003 1L.307 + 0.013 696.06 + 0,48 20
ChlgoDalo 1k6(C)F 5.325 = 0.005 9.217 + 0.004 1k.287 = 0.001 695.66 + 0.68 19
Chlg,Da,, 1MF 5.335 = 0.006 9.234 £ 0.009 1L4.320 + 0.000 699.58 + 0.91 26
Chl,{sna25 17F 5.339 = 0.004 9.241 + 0,005 14,30k + 0.011 699.81 + 0.62 28
Chl,oDeq, 157M 5.355 = 0.006 9.256 + 0.011 14,251 + 0.016 701.07 + 1.08 20
Chlg,Day 136F 5.351 = 0.003 9.267 + 0.00k 1k.251 + 0.10 701.25 * 0.60 15
ChlSODESO 156M 5.360 + 0.002 9.287 + 0.002 1k.265 + 0.005 TO4. 47 % 0.32 15
ChlaoDa.{o 180{A)M 5.368 + 0.006 9.321 + 0.008 14,221 + 0.008 705.96 + 0.86 19
Chl,cDe. 178(a)M 5.377 + 0.003 9.319 + 0.003 1k.24L + 0.006 708.06 + 0.4L 18
Chl,oDag, 182M 5.386 + 0.009 9.337 + 0.008 1k .24L + 0.019 710.39 + 1.17 12
ChlgDe, g 2267 (2) 5.400 + 0.001 9.365 £ 0.002 14.198 + 0.003 712.29 + 0.21 17

(1)
(2)

2.0(Mg + Fe). Thus, the analyses that were affected
by contamination by inclusions of phases other than
cordierite gave totals that do not closely approximate
the ideal 100 percent. Figure 5 illustrates the
relatively large range of composition found within
each sample. Some of this variation may be ac-
counted for by contamination by inclusions. It seems
likely, however, that a true homogeneous equilibrium
was not attained in every case. The magnesium-rich
cordierites appear to be slightly silica deficient, or
slightly alumina enriched, compared with the ideal
cordierite composition. This may be correlated with
the decrease in total iron content or in Fe?*. There is
no apparent discontinuity in the composition of
cordierite at the reaction boundary separating the
olivine and orthoampbhibole fields (see experimental
results below).

Orthoamphibole (Mg, Fe)s_sAl, _,Sio A1,Si),0.{ OH ),

Orthorhombic amphibole occurred as tiny length-
slow needles with an average grain size less than
0.005 mm in length. This extremely small grain

TaBLE 5. Refractive Index Determinations of Olivine
Coexisting with Cordierite and Spinel

Bulk Sample
Composition No. B Pg NED
ChlgoDalo 161M 1.640 * 0.001 1.670 + 0.001 Fogh
Chl75Da25 163M 1.660 * 0.002 L3I NS F086
ChlSODa50 173M 1.717 £ 0.002 1.728 + 0.002 FOSS

Olivine compositions are based on the curves of Deer, Howie and
Zussman (1962), p. 22.

Chlorite of clinochlore composition erystallized at
Chlorite of daphnite camposition crystallized at 595°C and 72,000 p.s.i.

690°C and 30,000 p.s.i.

size precluded any refractive index determinations. It
was possible to estimate the amphibole composition
in one assemblage of cordierite + magnetites; +
amphibole after analyzing cordierite with the electron
probe and estimating the magnetite composition
from X-ray data. The calculation was based on a
knowledge of the bulk composition of the experimen-
tal charge and on the erroneous assumption that all
iron was present as FeO. The oversimplified calcula-
tion suggested that the amphibole was an inter-
mediate aluminous variety in the anthophyllite-
gedrite solid solution series. X-ray data for four
samples is presented in Table 10 and calculated
amphibole compositions in Table 11.

Spinel (Mg,Fe)Al,O ~Fe,0,

The oxide phases were always extremely fine
grained, with the average grain size being less than
0.005 mm. These minerals characteristically occurred
as euhedral crystals with a cubic habit. No satisfac-
tory refractive index determinations were made. X-
ray data for nine samples are shown in Table 12.

The results of calculations of unit cell sizes (Table
12) show that three distinct groups of oxide phases
were encountered as illustrated in Figure 6.
Magnetite and spinel show a linear increase in @, with
bulk composition. No X-ray determinative methods
are available for the compositions of phases in the
MgAlL,O,~-FeAl,O, solid solution series, and the com-
positions given in Table 12 were estimated by assum-
ing that a linear increase in g, between the spinel and
hercynite end members was related to composition.
All other compositions were estimated using the rela-
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TABLE 6. Cell Parameters and Compositions of Synthetic Olivine
Coexisting with Cordierite and Hercynite-Spinel

Forsterite Chl_. Da

Chl,,.Da Chl_.Da

90”10 ChlgoPesg 70”230 ChlgoDeyg 50750

Run No. (1) 160M 1L8(c)F 1h7 142 173M

ag(K) L.756 4,755 + 0.001 4.769 + 0.002 L.768 + 0.002 4,783 + 0.002 4,778 + 0.002
o (R) 10.195 10.221 # 0.005  10.259 * 0.007  10.288 + 0.005  10.297 % 0.008  10.312 * 0.008
eo(R) 5.981 5.991 * 0.003 6.002 + 0.00L 6.008 * 0.003 6.017 * 0.003 6.028 + 0.00k
vo(R)3 290.00  291.15 * 0.15 293.62 + 0.2} 294.69 *+ 0.19 296.30 = 0.23 296.99 + 0.25
dl3o(X) 2.7T04  0.0030 2.7793 + 0.0030 2,7845 + 0.0030 2.790T7 + 0.0030 2.7903 # 0.0030
% Fo (2) Foys Fog, Fogq Fog), Fogqy

(1)
(2)

from Yoder and Sahema (1957).
from Fisher (1966).

tion derived by Turnock and Eugster (1958). In every
case only one oxide phase was found to be present in
the stable assemblages.

The temperatures for the formation of the syn-
thesized spinel phases lie below the upper limit of the
solvus defined for the hercynite-magnetite series by
Turnock and Eugster (1962). It might be expected,
therefore, that some assemblages would contain two
coexisting spinel phases. This was not observed, and
it is considered that the distinct breaks between the
three groups of spinels represent reaction boundaries
rather than subsolvus relations.

Quartz SiO,

Quartz commonly occurred in the iron-rich por-
tion of the phase diagram and was usually one of the
first minerals to crystallize regardless of temperature.
It persisted for great lengths of time as a reaction
product but was normally shown to be metastable.

Unstable Phases

The unstable phases encountered were the 7A
chlorite polymorph, talc, enstatite, and an uniden-
tified 10A phase.

Experimental Results

Five assemblages have been defined as the high
temperature breakdown products of chlorites of the
clinochlore-daphnite solid solution series at a total
water pressure of 30,000 p.s.i. (2.07 kbar) and at ox-
ygen fugacities defined by the nickel-nickel oxide
buffer; these are shown in Figure 7.

The upper stability of the clinochlore and daphnite
end members have been taken from Fawcett and
Yoder (1966) and James et a/ (1974 ) respectively. The

breakdown assemblages along the equilibrium curve
are as follows:

(1) cordieritess + olivingss + spinelss from Chlyg,
Da, to ChlgDasy; over the temperature range
720-680° (£ 5°C).

cordierites,s + olivine,, + hercynitegs from
Chlg;Day; to Chl,;Dag; over the temperature
range 680-660°C (£ 5°C).

cordieriteys + 0livineg + magnetite, somewhere
in the region of ChlgDass to Chl;Dass over the
temperature range of approximately 660-
655°C (£ 5°C).

cordierite,, + orthoamphiboles,s + magnetitess
from Chl,Dass to Chly,Da;; over the tem-
perature range 665-625°C (+ 5°C).
cordierites + quartz + magnetite,, from
Chly;,Dass to ChlyDa,y over the temperature
range 625-535°C (£ 5°C).

@)

3)

4)

(%)

Assemblage 3 (cordierite,s + olivine, +
magnetiteg,;) has not been well established by ex-

TaBLE 7. Refractive Index Determinations of
Synthetic Cordierite

Composition Run No. Assemblage g nB
Mg cordierite (1) 1.532
ChlgoDay o 161M (1) n.d. 1.537 £ 0,001
Chl,Days 164M (1) 1.537 £ 0.001 n.d.
Chlg Da) 155M (ii) 1.540 * 0.002 1.546 = 0.001
Chig Deg, 173M (i1) 1.545 + 0.00L 1.550 * 0.001
Chly (Dey o 150(B)M (iv) 1.548 £ 0.002, nEdy
Chl, Dag, 17T1(B)M (iv) 1.553 £ 0.002 n.d.
Fe cordierite (1) 1.572

(1) from Hsu and Burnham (1969}.
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TasLe 8. Cell Dimensions of Synthetic Cordierite Coexisting with
Olivine and Hercynite-Spinel

Bulk 0.3
Composition Run No. ag(R) bo(R) eo(R) Vo (a) n
Mg Cordierite (1) 9.718 £ 0,00k 17.056% 0,007 9.345 % 0,003 1549.77%0.71 13
ChlgoDalo 160M 9.764 £ 0.008 16.988%0.019 9.365% 0,009 1553.30%1.73 3k
Chlg,Da 148(C)F 9.771 + 0.009 16.968 % 0.012 9.376%0.009 1554,55+1.28 23
Chl,oDay, 1LTF 9.733%0.012 17.049%0.015 9.374 % 0.013 1555.60% 2,14 18
ChlgqDay, 1hoF 9.727 £ 0.001 17.058 £ 0.019 9.396 £ 0.014 1559.10 + 2.08 33
ChlgyDes, 173M 9.791 £ 0.010 17.062 + 0.012 9.351 % 0.011 1562.21 £1.50 23
Chl) Dac, 169(C)M 9.689 + 0.012 16.941 + 0.031 9.418+ 0,010 1545.48 + 2,49 9
Chlz Dag 150(B)M 9.728+ 0.019 17.16k4 £ 0.019 9.343+0.016 1559.99 + 3.68 9
Chl25Da75 179(AM (2) 9.692%0.018 17.019 + 0.0LT 9.359+0.002 1543.38 + 3.55 9
Chl, Dag, 171(B)M 9.757 + 0.025 17.001 + 0.057 9.385 + 0.02k4 1557.82+ L4.83 10
Fe Cordierite (3) 9.824 £ 0.01 17.234+0.01 9.298 + 0.01 1572
(1) Synthetic magnesium cordierite from Schreyer and Scheirer (1961).
(2) Not a true equilibrium assemblage.
(3) Synthetic iron cordierite (Fe/Fe + Mg = 0.92) from Schreyer (1965).

perimental results, but inspection of compatible as-
semblages shows that it is required between the two
adjacent fields. The single data point within this field
(750°C) gave an ambiguous result after 2811 hours in
repeated runs (i.e., Co(+) + Hc-sp + Mt + Ol +
Ged(—) + En(—)). Also, satisfactory reversals
demonstrating the stability of assemblage 5 have not
been achieved and the interpretation of our data for
these iron-rich compositions has drawn on studies of
daphnite by Turnock (1960) and by James et al
(1974). The reaction curve between the assemblages 1
and 2 was not defined. The limits of assemblage 3
were not adequately defined and are probably not
detectable within the limits of error of the experi-

TaBLE 9. Electron Microprobe Analyses of

Synthetic Cordierite

Run No. 173M 150(BM 179(A)M 171(B)M
Bulk Composition ChlSODaSo Chl30D&TO Chlsta75 ChlzoDaBO
510, L6.7" 47.9 50.0 48.9
Aly04 36.0 35.0 3h.2 33.3

Fe0 5.27 9.19 9.89 11.9

Mg0 11.2 8.76 7.89 6.47
recaleulsted an the basis of 18 oxygen

si ' 4.8 L.980 L.

i 71326.000 33%6.008 ? %6.000 889§s.ooo
Al 1.287 1.168 1.020 1.

Al 3.000 2.996 3.001 2.898

F 0.Lk 0. 0.824 .018

g sgz.lb 77522.09 12.01 i iz.ooo
Mg 1.699 1.316 1.185 0.985

The enalyses averages for T, 5, 3 and 4 grains in each of the four
semples. Numerous points were enalysed in each grain and the analyses
are considered accurate to * 3% of the amount present.

ments; the width of this field, however, has been
shown to be extremely narrow. The reaction between
assemblages 3 and 4 was located close to 735°C (+
5°C) at the Chl,Dag composition, while that
between assemblages 4 and 5 has been demonstrated
to lic above 625°C (£ 5°C) at the Chl,Da,; compo-
sition, below 650°C (£ 5°C) at the Chly,Da,s, and
below 650°C (£ 5°C) at the Chly,yDas, composition.

Al; 0,

/\

wam
180 {BY M

mOooe

179 1A M
Mg m \
->\\
/ Mg CORDIERITE
o
o
/ =il
Fe CORDIERITE \
;Cl/— L¥ L' A \\5:)

FeO MgO

F1G. 5. Electron microprobe analyses of cordierite grains. Each
point represents an average of numerous spot analyses within a
single grain. Distribution of symbols indicates the compositional
range of cordierites in a single experiment. (Figure in wt percent)
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Metastable phases encountered include the 7A
chlorite polymorph and talc, both of which have been
shown to disappear from a reaction product with in-
creased duration of the experiment. Enstatite was
identified as a product in several of the highest
temperature experiments but a stable assemblage has
not been defined that includes this phase. An uniden-
tified 10A phase has also been found occasionally as-
sociated with chlorite. Table 13 lists experimental
data that define the curves shown in Figure 7. Some
additional results from unreversed experiments are
also shown in the figure and table.

James et al (1974) have shown quite clearly that
orthoamphibole is not stable as a breakdown product
of daphnite at a total water pressure of 2 kbar and at
this pressure a reaction from cordierite + quartz +
magnetite (assemblage 5) to almandine + quartz +
magnetite should occur at approximately 810°C. The
results of present study, however, suggest this reac-
tion should occur in the region of 720°C at the NNO
buffer for the daphnite composition. Ganguly (1972,
Fig. 5) showed that the assemblage cordierite +
magnetite + quartz may be related to the almandine
bearing assemblage by a simple redox reaction. He
has also pointed out (personal communication) that
the equilibrium boundary for this reaction lies very
close to the NNO buffer in the temperature interval
700°C to 800°C at 2 kbar. This may help show the
relation between the two sets of results but does not
explain why they differ. Greenwood (1963) has deter-
mined the upper stability limit of the orthoamphibole
anthophyllite to be 770°C for a water pressure of 2
kbar. In the present set of experiments almandine was
not encountered as a reaction product, and the posi-
tion of the curve limiting the orthoamphibole field
can only be inferred.

Balanced equations to represent the breakdown
reactions of chlorite may be written as follows:

5 chlorite = 10 olivine + 1 cordierite

+ 3 spinel + 20 H,O (1)

S chlorite = 10 olivine + 1 cordierite

+ 3 hercynite + 20 H;O (2)

2 chlorite + O, = 1 olivine + 1 cordierite

+ 2 magnetite + 8 H,O (3)

27 chlorite + 42 O, = 9 cordierite + 6 orthoamphibole
+ 27 magnetite + 102 H,O )
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TaBLE 10. Observed d Spacings for Orthoamphibole Coexisting
with Cordierite and Magnetite*

Bulk
Composition Chl)qDagq Chl3gDazg ChlosDars ChlppDagg
Run number 169(C)M 150(B)M 179(AM 171(B)M
KL aobs () aobs () aobs (R) aovs R) 1/,
020 8.981 9.109 8.922 8.977 2
210 8.167 8.297 8.2k9 5
400 4,650 L. 654 1
410 4,538 L.s17 b.523 4.65Y 1
031 4, ook 1
311 3.916 1
131 3.854 1
430 3.67k 1
2 352l 3.232 3.28 3.22 L
521 2.882 2.899 2.895 2
251 2.830 2.826 2.818 2
630 2.750 2.754 2
112 2.592 1
102 2.586 2
270 2.469 2.469 1
271 2.232 2.223 1
561 2.132 1
181 2.0u4k 1
661 1.99%4 1.995 1,994 1
T12 1.871 1
113 1.758 1
392 1.541 1
543 1.500 1
2,10,2 1.h60 1

*The error observed in each 4 obs. is * 0.1°26 for Fe Ko radiation.

6 chlorite + 80, = 3 cordierite + 3 quartz
+ 8 magnetite + 24 H,O (5

Where cordierite compositions were determined by
the electron microprobe, an accurate analysis of the
compositions of the coexisting phases was possible
since the composition of the experiment was un-
changed and the iron component was treated as
FeO. For reaction (4), a balanced breakdown reac-

TaBL 11. Calculated Orthoamphibole Compositions
Bulk composition ChlggDarg ChlpsDays ChlspDagg
Sample 150(B)M 179(AM 171(B)M
810, 50.67 46.85 L5.87
Al504 12.89 13.91 1k.00
Mg0 25.51 20.02 15.76
FeO 10.94 19.23 2h.36
Total 99.91 100.01 99.99
st 6'37|8.oo 6'03I 8.00 6'17|8.oo
A 1.63 1.97 1.83
Al 0.28 0.1M 0.39
Mg L.78} 6.2. 3.84| 6.05 3.16{6.29
Fe 1.15 2.07 2.7k
AL/h 0.48 0.53 0.56
Fe/Fe + Mg 0.19 0.35 0.47
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TaBLE 12. Cell Parameters and Compositions of Synthetic Spinels
Bulk ° Spinel composition
L 0.3 ;
composition Run number ag(4) Vo (4) 17 (mol.% hercynite)
ChllOODaO (1) 8.075 526.5k 0.00
Chl9ODalO 160M 8.088 +0.001 529.08 +0.26 7 17.5 1.5
Chlg Da, 148(C)F 8.100 £0.005 531.40 +1,50 34.0+6.0
Chl,(ODaBO 1Lh7F 8.11L4 +0.002 534 .27 +0.L1 5 52.0 £2.5
Chl6ODauo 1how 8.153 +0.003 542,12 £ 0.62 5 88.8+1.3
ChlSODaSO 173M 8.157 +0.003 542.78 £0.70 5 97.8+£1.3
ChlhODa6O 169(C)M 8.361 +0.006 584 .h2 +1.,18 6 15.8+2.8
Chl3ODa70 150(B)M 8.372 £0.00k 586.86 *0.85 5 10.5*2.5
Ch125Da75 179(AM 8.37h £0.002 587.27 £0.35 5 0.3+1.,2
ChlZODa8O 171(B)M 8.37T7 £0.005 587.99 +1.11 3] 8.5 2.0
ChlyDaq o (2) 8.391 592,41 0.0

(1) Spinel from Warshaw and Keith (1954)
(2) Magnetite from Turnock and Eugster (1962)

The spinel coexisted with cordierite and olivine in lines 1 to 5 and

with cordierite and orthorhombic amphibole for lines 6 to 9.

tion could not be written using the ideal gedrite
end member formula and the formula 6(Mg,FeO) -
13A1,0; - 6Si0, was found to be that which gave a
satisfactory residual in the bulk composition calcu-
lations. The accumulated compositional data has
been used to plot Fe/(Fe+Mg) ratios of coexisting

Magnetite 2

P

_.'_________l--‘

00 - -

o
ap {A)

BOS0 @ Hercynite ——" .

Spingl
B 050 -

| | 1 | 1 I | |
00 01 02 03 04 05 06 07 08 09 10

Fe/Fe + Mg Starting Composition

FiG. 6. Plot of estimated spinel compositions from the data of
Table 12.

phases against that same ratio in the bulk composi-
tion (Fig. 8). This diagram shows the compositional
variation for individual phases in the five chlorite
breakdown assemblages as a function of Fe/Fe+Mg
of the bulk composition. Olivine tends to reflect
closely the Fe/Fe+Mg ratio of the bulk composition
but spinel is enriched in iron. Cordierite and amphi-
bole are enriched in Mg but the range in cordierite
composition noted earlier (Fig. 5) probably applies
to all phases. The internal consistency of the data
suggest a general approach to equilibrium in the
experimental results.

Petrologic Application

The compositions of certain ultramafic rocks
closely approach compositions that have been in-
vestigated experimentally in the system MgO-FeO-
Al,0;-Si0,-H,0. Accounts of ultramafic rocks that
have undergone low-pressure, high-temperature con-
tact metamorphism are relatively few. One of the
best documented occurrences is from California
where granodioritic stocks, related to Sierra Nevada
batholith, intrude a regionally metamorphosed se-
quence that contains highly serpentinized dunites.
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olivinegs + cordieritess + magnetitess

oliviness + cordieritess + spinelss | oliviness + cordieritess //{,"’/—-/
i = | + hercynitess ./ / B
° I / /'/ gordieritess + orthoamphiboless
= | [ o) ¢ =
I / /* + magnetitess

g) of } I | / /. . =

700 ND* o * f / / o ® q- -
E 4 nN‘I*‘“—L—-_. B // e ®

A

- = f *‘__L-L"‘*-z* e o L cordieritess
< ‘r—d—‘!\ﬁ + quartz
E 500 1, A A; + magnetitegg —
[N
E = chloritegs .
|—

500 P o . -

H,0 ~ 30,000 p.s.i.
i Ni - NiO BUFFER i
400 L 1 1 i | 1 I ] |
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CLINOCHLORE Fe/Fe + Mg DAPHNITE

FiG. 7. T-X projection at 2.07 kbar Py, of experimental results for the join clinochlore-Mg;AlSi;O1(OH )s—daphnite-
FesAl,Si;0,((OH)s under the NNO buffer. Arrows pointing to higher temperatures indicate the particular result was obtained with
the lower temperature assemblage as starting material, and vice versa for arrows pointing to lower temperatures (i.e., indicators of

reaction reversals).

Durrell (1940) described the following assemblages
from contact metamorphosed ultramafic rocks:

1. clinochlore + talc + actinolite—outer zone of
aureole

2. forsterite + clinochlore + tremolite + talc—
inner zone of aureole

3. forsterite + clinochlore + enstatite + spinel

All phases were considered to be non-primary;
however, much of the chlorite and possibly talc were
thought to be secondary retrograde minerals. Using
the results of Yoder’s (1952) experimental work
(clinochlore = forsterite + cordierite + spinel +
vapor), Fyfe, Turner, and Verhoogen (1958) con-
sidered the occurrence of the orthopyroxene to be
perhaps due to the addition of FeO to this system, or
that it may indicate a water pressure higher than
those of the experiments. The subsequent study by
Fawcett and Yoder (1966) showed that forsterite +
enstatite + spinel is the stable breakdown assembilage
of clinochlore above 3.25 kbar water pressure at
765°C.

The present study at 2.07 kbar water pressure has
shown that the addition of FeO does not permit
orthopyroxene as a stable phase for the clinochlore-
daphnite compositions. Bulk compositions of as-
semblages described by Durrell are not known but
they clearly differ, in varying degrees, from composi-

tions investigated experimentally. In the critical as-
semblage (number 3, above), the occurrence of en-
statite + spinel indicates that the contact
metamorphic assemblage equilibrated at pressures
greater than about 3.25 kbar and temperatures above
770°C, if Piora) = Pu,o (see Fig. 1). In some cases the
reported assemblages are quite calcium rich and the
effect of this component is unknown. Springer (1971)
has described contact metamorphic assemblages,
from western Sierra Nevada, derived from ultramafic
rocks composed largely of serpentine minerals with
minor chlorite, talc, carbonate minerals, and altered
chromite. Qutward from the igneous contact the fol-
lowing mineral assemblages of the pyroxene hornfels
facies were observed: orthopyroxene-olivine-
aluminous spinel, anthophyllite-olivine-chlorite, and
talc-olivine-chlorite. The ubiquitous presence of a
calcic amphibole in each of these assemblages,
however, does not allow direct correlation with the
system investigated. Springer considered the physical
conditions of metamorphism to be near 750°C and 3
kbar water pressure at the igneous contact, which is
consistent with evidence from experimental studies.

Spence (1969) has ascribed the origin of cor-
dierite-anthophyllite bearing rocks found in altera-
tion pipes below some of the base metal deposits of
the Rouyn-Noranda area to isochemical thermal
metamorphism of rocks composed almost entirely of
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TaBLE 13. Results of Experiments with Compositions on the Join
Clinochlore-Daphnite at 2.07 kbar Py, and at Oxygen Fugacities of the NNO Buffer

Duration
in hours

Temperatures

R : .
uy,No in degrees C

Starting Material

Products

Composition: ClinochloreggDaphnite;q (mix 6)

1L46F 800 Lo oxide mix

1L46(A)F 700 428 Co + Ged + He-sp + 01
145(B)F T00 6L8 product of 1L6(A)F
146(C)F 700 1896 product of 146(B)F
160M T17.7+1.8 n=19 1034 product of 1L6(C)F

Composition: ClinochloreggDaphnitesg (mix 7)

1L48F 700 526 oxide mix
1L8(B)F T00 oL6 product of 148F
148(C)F 700 2712 product of 148(B)F

159M 685.3+2.1 n=16 1041 product of 148(C)F

Composition: ClinochloreysDaphniteps (mix 5)

133(A)F 775 166 oxide mix
163M 691+£1.7 n=12 592 Chl
164M 675.6+2,6 n=11 671 Co+He-sp+Mt(2) +

01 + Tc

Composition: Clinochlore7oDaphnite3o (mix 8)

147(B)F 675 785 Co + He—sp + 01 + Tc
165M 673.4+1.3 n=14 926 product of 1LT7(B)F
147F 700 480 oxide mix

Composition: ClinochloregyDaphnite)y (mix 9)

15kM 670.8+3.2 n=37 1608 Co + He-sp+ 01

155 686.7+1.6 1584 Chl + Co + Ged(?)

Co + Ged + He-sp + 01

Co + Ged(-) +He-sp + 01
He-sp + 01

Chl

Co +Hec-sp + 01

Chl + Hc-sp + 01 + Te

Chl(-) + Co(+) + He +
01 + Te(-)

Co +He-sp+ 01
Chl(+) + Co + He-sp(=)
+ 01

En + He-sp + 01

Chl(-) + Co(+) + He-sp
+01(+)

Chl(+) +Co(-) +
He-sp(-) +01(=)

Co + Ged(+)? + He—-sp + 01
Chl(+) + Co(=) + Gea?
Co + He-sp + 01 + Tc

Chl(+) + Co(-) +Ged(+)?
+ He-sp + 01(-)

Co(+) + He-sp(+) +
01(+) + Te(=)2
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TaBLE 13. Continued

Run No.

Temperatures
in degrees C

Duration
in hours

Starting Material

Products

Composition: ClinochloresgDaphnitesqg (mix 3)

121J

183J

68J
1200

173M

660

680

715
720

750.0+ 0.6 n=1k

514
360

720
51h

1408

Co +He-sp + 01

Chl +01 + Te

oxide mix

Chl + Co + He-sp
+ 01+ Tc

oxide mix

Composition: Clinochlore)gDaphnitegy (mix 10)

152M
153M
17h(A)M
169(A)M
169(B)M

168M
168(A)M

168(B)M

167M

652.4+3.9 n=38
6L41.5+£3.5 n=36
676.2+1.2 n=6
703.0+1.bn=3
726.4+1.1 n=7

750.5+0.9 n=15
751.5+0.7 n=13

749.7+2.8 n=20

797.7+2.1 n=3

1608

158L

720

588

554

1070
720

1021

101

Chl + Co + Ged + Mt

Co + Ged + He-sp +
01 + Tc

Chl + Co + Ged +
He-sp + Mt + Te

Co + Ged +He-sp +
Mt + 01

Co + Ged +He-sp +
Mt + 01

oxide mix

product 168M
product 168(A)M

oxide mix

Composition: ClinochlorespDaphniterq (mix 11)

149
1L9(A)M

1ko(B)M
151M
150(B)M

170M

623.8+2.2 n=43

625.0+3.5n

1]
-3

624.2+2,1 n=10
657.2+1.b n=k1
686.5+1.0 n=54

725.5+2.T n=26

1752

552

781
1728
728

1980

oxide mix
product of 149M

product of 14L9(A)M
oxide mix

Co + Ged +Hc-sp +
Mt +01(=)

oxide mix

Chl(+) + Co + He-Sp(-)
+01(-)

Chl + Co(+) + He—sp(+)
+01(+)

Co + Hc-sp + 01
Co(+) +He-sp(+) + 01L(+)

Co+ He-sp+ 01

chl(-) + Co(+) + Ged(+)
+ Mt

Chl(+) + Co + Ged + He-sp
+ Mt (+)

Chl(=) + Co + Ged(+) +
He-sp(-) + Mt

No change

Co(+) + Ged(+) + He-sp(-)
+ Mt (+)

En + Ged + He-sp + Mt + 01

Co +En(-) + Ged + He-sp
+Mt + 01

Co(+) + En + Ged(-) +
He-sp + Mt + 01

En + Ged + Hc-sp + 01

Co + Ged + Hc-sp + Mt +
01 +Tc

Chl(+) + Co + Ged(+) +
He-sp(-)

Chl(+) + Co + Ced + Mt
Co + Ged + He-sp + Mt
Co(+) +Ged + Mt (+)

Co + Ged + He-sp + Mt
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TABLE 13, Continued

Run No.

Temperatures
in degrees C

Duration
in hours

Starting Material

Products

Composition: ClinochlorepsDaphnitess (mix 4)

85F 625 2808
101F 600 3168
175M 624 .h +3,1 n=16 1888
175(A)M 624.4 +0.9 n=15 1008
178M 602.3+7.2 n=21 1575
179M 651.6+1.6 n=13 1320
179(A)M 649.3+3.3 n=22 1021
177™ 675.2+3.1 n=19 1621

Composition Cl inochloregoDaphniteao

182(A)M 598.8+0.9 n=10 781
181M 625.5+1.9 n=20 1023
172M 651.b+ 4.k n=203 1121
172(A)M 652.0+3. b n=7 720
172(B)M 650.3+1.4 n=19 1023
171(B)M 698.8+1.0 n=18 1023

oxide mix
oxide mix

product of 85F

product of 175M

product of 101F
oxide mix

product of 179M

oxide mix

(mix 12)

Chl + Mt + Qtz

oxide mix
oxide mix

product of 172M

product of 172(A)M

Co +Ged + Mt +Qtz

Chl +Mt +01 +Qtz + Tc
He-sp+Mt + 01 +Qtz + Tc

Chl + Co(+) + Mt + 012
+Qtz

Chl(-) + Co(+) +Mt(+)
+ 01 +Qtz

Chl(+) +Co +Mt +Qtz
Chl + Co + Ged? + Mt + Te

Co + Ged(+) +Mt +
Te(=) +2

Ged + Hc-sp + Mt + 01 +
Qtz

Chi(+)+0tz(-) + Mt(-)

Chl +Co + Hc—-sp + Mt +
01 +Qtz

Chl + Co + Ged + He-sp +
Mt +Qtz

Chl(-) + Co(+) + Ged(+)
+ He-sp(-)

Co(+) + Ged(+) +Mt(+)
Co + Ged + Mt

Temperatures on critical experiments are reported as the mean of n measurements
* 2 standard deviations.

chlorite. The primary siliceous volcanic rocks were
hydrothermally altered to produce a chlorite-rich
rock. Isochemical metamorphism converted the
chlorite to the present cordierite-anthophyl-
lite-ripidolite-magnetite assemblage. Quartz is pres-
ent in the more siliceous varieties, and later altera-
tion has caused the formation of a second chlorite
and pinitic alteration of cordierite. This contact
metamorphic assemblage may be compared directly
with assemblage 4 determined from the present study.
A whole rock analysis of the hydrothermal chlorite
rock supplied by Spence shows this to lie within the
investigated system and to have a bulk composition

with an Fe/Mg ratio close to that of the Chlg,Da,,
composition, but to be about 10 percent richer in
Al,O; when recalculated to the AFM end members.
This may indicate a larger range for the cor-
dierite-orthoamphibole-magnetite stability field for
intermediate magnesian-iron chlorites with a higher
alumina content than the clinochlore-daphnite solid
solution series. Compositional data for the natural
assemblage described above is not available; the
names anthophyllite and ripidolite were derived from
thin section studies and must be considered applied
loosely. If it is assumed that at the time of recrystal-
lization total water pressure was 2 kbar and fo, is
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hercynite

magnetite

Mineral Fe/Fe + Mg

0.0 0.2 04

Bulk composition Fe/Fe + Mg

FiG. 8. Fe/Fe+Mg ratios for individual phases in the five
chlorite breakdown assemblages as a function of Fe/Fe+Mg in the
bulk composition. Numbers i to v are the various chlorite
breakdown assemblages as in Figure 7 and all data are for experi-
ments at 700°C and 2.07 kbar Py, under the NNO buffer.

similar to that of the experiments, a temperature
range of 620°C to 660°C is considered a reasonable
estimate of the metamorphic temperatures involved
in the formation of these cordierite-anthophyllite
rocks.
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