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Abstract

The upper stability limits for intermediate magnesium-irbn 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) cordieriteo * olivine"" *
spinel"" from ChlrooDa" to Chl.uDaru, (ii) cordierite"" * olivine"" * hercyniteo from Chl.uDasu
to Chl.rDaur, (iii) cordierite"" * olivine"" * magnetite"" from approximately ChlnrDar. to
Chl.uDauu, (iv) cordierite"" * orthoamphibole"" * magnetite"" from ChlnuDauu to ChlrrDa6,
and (v) cordierite"" + quartz * magnetite"" from ChlrrDa* to ChloDaroo. The upper limit of
chlorite stability varies over the temperature range 720" to 535oC 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-AlrOs-SiOr-HrO 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

I Now at Department of Geology, Laurentian
Sudburv. 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 l0 kilobars water pressure with the breakdown
curve passing through the points 768 + 7"C at 3.5
kbar,787 + 7oC at 5 kbar and 830 + 5oC at l0 kbar.
Two stable breakdown assemblages were established:
enstatite * forsterite * spinel * vapor above 3.5
kbar; and cordierite * forsterite t 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 al

university, 0974) determined the upper stability of the iron
chlorite daphnite up to 8 kilobars water pressure with
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Frc. l. Upper stability limits of clinochlore (Fawcett and Yoder,
1966) and daphnite (James er al, 1974), the latrer at the NNO
buffer.

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 I 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 4l alloy, with a conven-

TlsLe l. Mineral Abbreviations and Comoositions

Chlor i te sol id Eofut ioh Chl 5(Ms,Fe)o,A12O3.3siO2.LH2O

Clinochlore-Dephnite sof idt  solut ion Ch1-De 5(MS,Fe)O.A-1203.3Si02.t+H2O

Coral ier i te 6o1ial  sofut ion Co 2(Mg,Fe)O.2At2O3.5SiO2

Bnstat i te D) MSO.SiO2

EercFite-SpiDef 6o11d soluttoD Hc-sp (MA,Fe)O.A12O3

l ' laanet l te r ich &l id solut ion Mt reO.(fe3+,n)ro,

Ol iv ine sol id Bolut ion 01 2(Mg,Fe)O.SiO2

Ofthorh@bic ephibole sol idr soff t ion Ced 6(Mg,re)0.1i{1203,6Si02.H20

Quartz qtz SiO2

Talc sol id solut ion Tc 6(Mg,pe)O.8SiOo,LH2O

t ional 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
(modef 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-r'ay diffraction for the presence of both phases.

The charges were either a mixture of MgO, FeO,
Al2Os, and SiO, in the stoichiometric proportions of
the compositions investigated or the crystall ine
products of  pr ior  exper iments.  The fo l lowing
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 FerOg; aluminum hydroxide-Fisher
Certif ied Reagent (lot 764180) heated in air to
produce tr AlrOr; magnesium carbonqte-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 l ie
on the clinochlore and daphnite join (with the excep-
tion of daphnitero clinochlorero) and are indicated on
Figure 7. Table I l ists 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 ldentification

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 (r : 57.3 mm) Debye-Scherrer powder
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FIc.  2.  Phases encountered in the exper iment products.

camera using the Straumanis arrangement. Exposure
times between l0 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 fi lms sometimes
revealed the presence of very small quantit ies of
phases not detected by the diffractometer. Cell
parameters were computed using a least squares
ref inement  program wr i t ten by Appleman,
Handwerke r ,  and  Evans  (  1963 ) .  Quan t i t a t i ve
electron microprobe analyses were possible on some
of the larger grains of cordierite.

Chl o rit e ( M g, Fe )'Al2SisO's(OH )8

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 doo' was in-
dependent of Fe2+ but that it decreased slightly with
an increase of Fe3+. He found this basal spacing to be
influenced principally by the substitution of Al for Si.

FIc. 3. Mean refractive indices of synthetic chlorites. The line

derived by Hey (1954) was based on indices of natural chlorites'

See Table 2

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 c lose to ao:  5.35,bo:

9.3, and co : 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

quaftz standard; the data are presented in Table 3.

The results of the unit cell refinements (Table 4, Fig.

T tstn 2. Mean Refractive Index of Synthetic Chlorites
of the Clinochlore-Daphnite Solid Solution Series
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T$Ln 3. Observed d Spacings for Synthetic Chlorites(')
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4) indicate a strong linear relation of the ao and bo cell
parameters to the chlorite composition. Linear
regression equations have been calculated to show
the following relations where X is Fel(Fe + Mg) of
the chlorite and r is the correlation coefficient:

ao= 5.3224 + 0.0751X r :  0 .982

b o :  9 . 2 0 3 9 +  0 . 1 6 1 9 X  r : 0 ' 9 9 8

co = 14.309 0.103X r :  0 .874

uo :695 .40  +  17 .03X  r=0 .986

These values compare favorably with those
calculated from Hey's equations, although bo is
slightly larger than expected. It can be seen that the
value ofdoo, is not constant for these chlorites offixed
Al content. However, the slight decrease of co with
total iron content may be correlated with the increase
in the amount of Fe8+ present. There is no consistent
relation between dool and Mg-Fe ratio but the data
tend to support Bailey's (1972) observation that syn-
thetic chlorites generally have larger door values than
natural chlorites of similar composition.

Oliuine (MgFe)zSiOt

Olivine occurred as small (maximum size 0.05 X
0.01 mm) pale green euhedral grains. The refractive
indices no and nBweta 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 ao : 4.8,

0 1  0 8  0 9  1 0

Daph n  i te

bo : 10.2, and co : 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 drs' diffraction method using the equa-
tion determined for synthetic olivines by Fisher
(1e66).

C o rdie rite A ls( M S, Fe ),ya $i6O Lg

Cordierite occurred as colorless lath-shaped grains
up to a maximum size of 0.25 mm across. The refrac-
tive indices for no and rzp 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
ao : 9.7, bo : 17.1, and co : 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 a/,
1970) on the basis of a fixed stoichiometry with Al :

0 4  0 5  0 6

F e  F e l F e  +  M g

Frc. 4. Cell dimensions of synthetic chlorites on the clinochlore-daphnitejoin (see Table 4). Straight
lines were obtained from linear regression equations-see text for correlation coefficients.
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TnsLs 4. Cell Parameters of Synthetic Chlorites
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Chlorite of clinochLore conposition crystall ized
Chlorite of t laphnite ccmposition crystall ized at

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 Fd+. There is
no apparent discontinuity in the composition of
cordierite at the reaction boundary separating the
olivine and orthoamphibole fields (see experimental
results below).

O r thoamphibole ( M g, Fe ) I- E 4 L - 23 i { Al,S i ) rO r/ O H ),
Orthorhombic amphibole occurred as tiny length-

slow needles with an average grain size less than
0.005 mm in length. This extremely small grain

TlsI-s 5. Refractive Index Determinations of Olivine
Coexisting with Cordierite and Spinel

Bulk Smple
Conposition f,fo. Dot D .  % P o

NgoDr to  16 i l  1 . 51+0  1o .oo1  t . 67o  r  o .oo r

*r l ro"e,  r63M 1.550 r  0.002 ,n.d.

a*5oo"ro 173M 1.7f7 r  0.002 ) ' .728 !  O.OO2

a t  690oc  and  30 ,000  p . s . i .
5 9 5 o Q  n d '  J 2 , 0 0 0  p . s . i .

size precluded any refractive index determinations. It
was possible to estimate the amphibole composition
in one assemblage of cordierite * magnetite"" +
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 anthophyll ite-
gedrite solid solution series. X-ray data for four
samples is presented in Table l0 and calculated
amphibole compositions in Table l l.

S pinel ( M g,Fe )AlrO o-Fe sO n

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 i l lust rated in  F igure 6.
Magnetite and spinel show a l inear increase in ao with
bulk composition. No X-ray determinative methods
are available for the compositions of phases in the
MgAlrOn-FeAlrO, solid solution series, and the com-
positions given in Table l2 were estimated by assum-
ing that a linear increase in ao between the spinel and
hercynite end members was related to composition.
All other compositions were estimated using the rela-

( r )
( z )

F o  ̂ ,

F o . .
o o

))
Ol j .v ine c@posit ions ue based on the cuves ol  Deer,  HoFie ed
z u s s n u  ( 1 9 5 2 ) ,  p .  2 2 .
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T,AnI-s 6. Cell Parameters and Compositions of Synthetic Olivine
Coexisting with Cordierite and Hercynite-Spinel
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Forsterite CnlrgDaIO ChlBoDa2O Cil?OD"3O frI5OD"t O *t5oo"5o

Run No. (1)

"o (E)  
t+ .7 r6

r o t i )  r o . r 9 5

" o ( i )  
5 . 9 8 1

vo{E)3  29o.oo
. o .

dr3o (A )

% F o  e )

150M

b . ? 5 5  I  o . o o l

r .0 .221 r  0 .005

5 . 9 9 1  !  0 . 0 0 3

29r . r5  !  O. r5

2 .7?01+ r  0 .0030

' -95

1l+8 (c )F

l+ .?59 t  o .ooz

1 0 . 2 5 9  r  0 . 0 0 7

6.002 I  o .oo \

293.52 ! o.2l l

2 .7793 r  0 .0030

Fogo

1 l r 7

l+ .758 t  o .oo2

10.288 1  o .oo5

5.008 r  o .oo3

29\.69 ! o.t9

2 .781+5 r  0 .0030

' - 7 3

II+2

l+ .?83 t  o .oo2

l -0 .29T r  o .oo8

(  n i ?  +  n  n n ?

296.30 t 0.23

2.7907 r  0 .0030

Fo6t*

'r '7?M

l+ .778  !  0 . 002

10 .312  I  0 . 008

6 .028  r  o .oo l+

296.99 !  0,25

2 .7903  I  0 . 0030

' " 5 0

( 1 )
( 2 )

fron Yod.er sllat Sehama (I9r7).
f ron 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 Phqses

The unstable phases encountered were the 7A
chlorite polymorph, talc, enstatite, and an uniden-
tified l0A 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 al (1974) respectively. The

breakdown assemblages along the equilibrium curve

are as follows:

(1) cordierit%" * olivine"" * spinel"" from Chlroo
Dao to ChlorDaau over the temperature range
720-680" (+ 5"C).

(2) cordierites"" * olivine"" * hercynite"" from

Chl.uDa3u to ChLzDam ov€r the temperature
range 680-660"C (+ 5"C).

(3) cordieritg" i olivine"" * magnetiteo somewhere
in the region of ChlorDaua to ChlnuDauu over the
temperature range of approximately 660-
655 'C  (+  5 "C) .

(4) cordierite". * orthoamphibole"" * magnetite""
from ChlouDauu to ChlzzDaru over the tem-
perature range 665-625'C (f 5"C).

(5) cordierite"" + quartz + magnetitg. from
ChlrrDaru to ChloDa'oo over the temperature
range 625-535'C (+ 5"C).

Assemblage 3 (cordierite"" + olivine"" +
magnetite"") has not been well established by ex-

Tlsr-e 7. Refractive Index Determinations of
Synthetic Cordierite

CoEposition tu No. Assenblage

M r  . ^ r i i F r l t F  l l  l

frt9oo"to

ChI- -Da^ -

chr6oD"t o

Chlt oD"irO

cEzoD"Bo

Fe cord ie r i te  ( l J

161J

15i+M

15'M

]'I3M

r 5 0 (  3 ) M

111 ( B)M

n ,  d ,

1 . 5 3 ?  1  0 . 0 0 1

1 . 5 4 0  !  o . o o 2

1 . 5 1 5  1  0 . 0 0 r

1 . 5 ) + 8  I  o . o o 2 .

f . 5 5 3  i  0 . 0 0 2

1 . 5 3 7  I  0 . 0 0 1

n .  d ,

1 , 5 1 5  !  0 . 0 0 r

1 . 5 5 0  1  0 . 0 0 1

n .  d .

n .  d .

r . 5 1 2

( i )

( i )

{  i i l

( i i  )

(  iv)

(1) f ron Hsu ed Bumhe (1969)



1054 McONIE, FAJ4/CETT, AND JAMES

TlsI-e 8. Cell Dimensions of Synthetic Cordierite Coexisting with
Olivine and Hercvnite-Soinel

Bulk
Conposition Run No. "o 

(fr) b o ( E )
"o (E )

vo (.i )3

Mg Cordierite

cdgoDtto

chrBoD"zo

chl?OD"3O

Ch15gDa4,

Chl-^Da-^
>U  )U

Chl4ODa5O

Chl3ODr?O

Chl-^-Da--
z )  I >

ChlrODa6O

Fe Corclierite

( 1 )

16oM

r l + 8 ( c ) F

147F

1l+2F
'r 7?M

1 6 9 ( c ) M

1 5 0 (  B ) M

1 7 9 ( A ) M  ( 2 )

u I ( B ) M

( 3 )

9.718 1  0 .  0o)+

9.?6 l l  r  o .oo8

9 .77r  !  O.OO9

9.  ?33 t  0 .  012

9.727 !  O.OOr

9 . 7 9 1  t  0 . 0 1 0

9.689 !  o .o r2

9 . 7 2 8 1  0 . 0 1 9

9 . 6 9 2  !  o , o r a

9 .757 !  o  .02 '

9 . 8 2 1 +  t  o . 0 1

r7 .056 t  0 .00?

16.988 t  0 .o l -9

15 .968 1  o .  o r2

17 .01+9 I O. 015

17 .058 1  o .  019

17 .062 !  o .o r2

l-5.91+1 t 0 .031

1? .15 \  t  0 .019

17 . 019 r o. 04?

17.  001 I  0 .  057

1? ,231+ i  o. 01

9 . 3 4 5  I  0 . 0 0 3

9 36' !  o.oo9

9.  375 t  0 .009

9.3? l+  t  0 .013

9.396 r  0 .01 l+

9 . 3 5 1  1  0 . 0 1 1

9 . U 1 8 1  o . o r o

9 . 3 \ 3  t  0 . 0 1 5

9.3r9  !  o .oo2

9.385 t  o .o2)+

9.298 r  o .  o l -

r5tt9.77 ! o.7r l-3

1 5 5 3 . 3 0  1 1 . ? 3  3 l +

r5r \ , r5!  r .28 23
rrrr.So ! 2.J,\ rB

r5r9.ro !  2 .o8 33
r552 .2 r ! ) , . r o  23
15)+5 .l+B 1 2. l+9 9
1559.99 t 3.68 9

ltl+3 . 38 t 3. 55 9
1557.82 1 l+.83 ro
1 q'7D

( r )

( 3 )

Synthetlc magnesium corriierite from Schreyer
Not a true equilibrium assembla4e.
Synthet ic  i ron cort l ier i te (Fe/Fe + lag = 0,92)

ano.  bchat - re r  (_L9o1J.

from Schreyer 0965).

perimental results, but inspection of compatible as-
semblages shows that it is required between the two
adjacent f ields. The single data point within this field
(750'C) gave an ambiguous result after 281I hours in
repeated runs (i.e., Co(+) * Hc-sp + Mt + Ol +
Ged(-)  + En(-) ) .Also,  sat is factory reversals
demonstrating the stabil ity 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 I
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-

TmI-E 9. Electron Microprobe Analyses of
Svnthetic Cordierite

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 ChlnoDa.o composition, while that
between assemblages 4 and 5 has been demonstrated
to l ie above 625"C (+ 5'C) at the ChlruDa?s compo-
sition, below 650'C (+ 5'C) at the Chl2oDaTu, and
below 650"C (+ 5 'C)  at  the ChLoDaso composi t ion.

FeO MgO

Frc. 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 \ilt percent)

Run No.
BuIk CoqDsit ion

si02

Af203

Fe0

Mgo

S i

A1

AI

Ie

MS

u3M r5o(B)M 1T9(A)M t -71(B)M
tnt5oo"5o cht3oD"To 

"ntr.."r, 
chl2oD"Bo

\ 6 . 7 -  \ 7  . 9  t o .  o  \ B . 9

3 6 . 0  3 t . o  3 \ . 2  3 3 , 3

5 . 2 7  9 . r 9  9 . 8 9  r r . 9

1 1  . 2  I  . 7 6  7  . 8 9  6 . \ 1

bhe basis of 18 oxygen

t , . r u r ) .  ^ ^ ^  \ . 8 3 3 ) .  - - ^  l + . 9 8 0 ) -  -  ! . 8 8 9 ) _
I  b . 0 0 0  J  b .  0 0 6  I  6 . 0 0 0  )  6 . 0 0 0

r . 2 8 ?  )  l . 1 6 B )  r . o 2 o )  t . u t  )

3 .  o o o  2 . 9 9 6  3 .  o o 1  2 . 8 9 8

o , ! t 5 )  a . r 7 i )  0 . 8 2 ! )  t . o t 8 )
) 2 . I 1  ) 2 . O 9  ) 2 . 0 1  ) 2 . 0 0 0

r . 6 9 9 )  1 , 3 1 6 )  r . 1 8 t )  0 . 9 8 5 )

The ealyses averages for 7,  5,  3 ed \  grains in each of the fou
sdples. Nuerous trpints were malysed in each graih @d the malyses
ue consi i lered accurate to I  3,  oi  the sount presext.

A l 2 o 3
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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 l0A 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 800oC 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 mav be written as follows:

5 chlorite = l0 olivine * I cordierite

* 3 spinel + 20 H,O (1)

5 chlorite = l0 olivine * I cordierite

* 3 hercynite + 20 HrO

2 chlorite + 02 : I olivine * I cordierite

* 2 m a g n e t i t e * 8 H r O

\
TesLe 10. Observed d Spacings for Orthoamphibole Coexisting

with Cordierite and Maqnetite*

Bufk
Contrbsition Ch1)rOD65O Chl3ODaTO

R w  n @ b e r  1 6 9 ( c ) M  r ' o ( B ) M

Chr25D67, Ch126Da69

r 7 9 ( A ) M  ] ? ] ( B ) M

d obs  (8 )  d  obs  (E)  a  ous  (8 )  a  ous  (E)

2 .586

2. \69
2.232

020
2ro
lroo
l+1 O
UJI

311
f3r
!30

l l  2 !
ll+j{d

630
112
r-02

270
21r
)ot
f81
66r
a 1 )

1 t ?

?o2

5\3
2 , ro ,2

8 .981
8.167
! . 6 5 0
lr. ;:8

3 . 4 2 \

2 .882
2 . 8 3 0

2 . 0 4 4
1.99 I

r , l+50

9 ' 1 0 9
8.29'l

\ . 5 I 7

3 .851+
3.671+

8.922 8 .977
8 . 2 \ 9
\ .65 \

\ , 5 2 3  \ . 6 i \
4 , 0 0 4

3.916

3.2u+ 3 .22 \

2 .895
2.8r8

2 .7r \

r .994

r .871
r . 7 t 8

2 .899
2.826
2.750
2,592

2. \69

r ,995

r . 5 U
t . 5 o o

6 chlorite + 80, = 3 cordierite * 3 quartz

* 8 magnetite t 24 HzO (5)

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

TnsLr ll. Calculated Orthoamphibole Compositions

Bulk composition Chl3ODa?O

Smp].e 150(3)M

CtrI25Da75 Ch129Da69

u9 (A )M 1?1 (3 )M

si02

Ieo3

1.490

Fe0

,o .6 ' l
12.89

25.5 t

rO. 9l+

l+5.  B5

r ?  o l

20.o2

19.23

l+5 .8?

14 .00

z \ . 3 6

99,9r 100. 01 99.99

\2t si
A1

A]

ME(3)
Fe

i:lll, * i:lil "' i:lll' "
li:|" i.:ll'.' i';:l'"

27 chlorite + 42 Oz: 9 cordierite * 6 orthoamphibole l'r/\

FelFe + Mg

0 .  \ 8

o .  19

o . 1 6

I 27 magnetite + 102 H,O (4)
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TnsLr 12. Cell Parameters and Compositions of Synthetic Spinels

Bulk
n n m n n c i  * i  n n Run number ao (R) vo  (R  )3

a - i  r a - l  ^ a m - n c i  f  i  a n
u y f r r ! J

(no l - .% hercyn i te )

chfrooD"o

chfgoDtto

chlBoDtzo

tntToot3o

ChfdoDrt*O

tn tSoot5o
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tnt3ootTo

^ L t  n ^w  L r L ^  - u a E  -
z )  t )

chf2oDtBo
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( r )
r-60M

t-l+B(c )r '
r Lzr'

rLap
17sr,t

r59  ( c  )M
1 to (B )M

1 7 9 ( A ) M

171(B  ) r v

( z )

8 .075
B.  oBB t  o .  oo1

B .  r oo  I  o .  oo5

B.  u l+  l  O .  OO2

8 .1 r3  r  o .o03
8 . L 5 7  I  0 .  0 0 3

B .  3 6 r  t  o .  o o 6

B .372 t  o .  oo l+

B.  37)+  1  o .  OO2

8 . 3 7 7  t  0 . 0 0 5
R  ? o ]

, 26 . r \

, 29 .08  t  o . z6

5 3 1 . 1 + O  t  f  .  5 0

, 3 \ . 2 7  t  o . l + t -

, + 2 . I 2  t  o . 5 Z

5 L + z . 7 B t o . 7 0

5B l+  .  [ z  t  r .  tB

586 .86  t  o .  85

t r , c . ' 7  ) ' 7  + n  ? q
/ v t . r  |  -  v . J /

c R z  o o + ' l  t l
/ v  |  .  / t

, 9 2 . \ t

0 . 0 0

1 7  q  + t  q

3 l + . 0  1  5 .  0

\ D  O  + )  \

A A  A  + r  
"v v . v  :  f  . J

o z  A + r  ?

r c  P , + c  R

r n  q + t  q
! v .  /  

-  ! .  /

o  ? + 1  2

R  q  + ,  n
v . 2  - L . v

0 . 0

7

,

5

,

,

6

5

5

J

(1)  Spinel  f rom Warshaw and Kei th (1954)
(2)  Magnet i te  f rom Turnock and Eugster  (1962)

The spinel  coexis ted wi th cord ier i te  and o l iv ine
with cordierite and orthorhombic amphibole for

in l- ines l- to 5 and
l i n e s  5  t o  9 .

tion could not be written using the ideal gedrite
end member formula and the formula 6(Mg,FeO) '

l- iAlro3 . 6SiO, 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 Fel(Fe*Mg) ratios of coexisting

0 0  o r  a 2  0 3  0 4  0 5  0 6  0 1  o 8  0 9  r 0

F e l F e  +  M s  S r a r t r n g  C o m p o s r r r o n

Ftc. 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 FelFe*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 equil ibrium 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-
AlrO3-SiOr-HrO. 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 granodiorit ic stocks, related to Sierra Nevada
batholith, intrude a regionally metamorphosed se-
quence that contains highly serpentinized dunites.

-  8 2 0 0
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Durrell (1940) described the following assemblages
from contact metamorphosed ultramafic rocks:

L clinochlore t talc f actinolite-outer zone of
aureole
forsterite * clinochlore * tremolite + talc-
inner zone of aureole
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 assemblage
of clinochlore above 3.25 kbar water pressure at
7650C.

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-
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tions investigated experimentally. In the critical as-
semblage (number 3, above), the occurrence of en-
stat i te  + spinel  ind icates that  the contact
metamorphic assemblage equilibrated at pressures
greater than about 3.25 kbar and temperatures above
770"C, if Ptot"r = Ps"o (see Fig. l). 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. Outward from the igneous contact the fol-
lowing mineral assemblages of the pyroxene hornfels
facies were observed: orthopyroxene-olivine-
aluminous spinel, anthophyll ite-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

STABILITY OF THE CLINOCHLORE-DAPHNITE SER/ES AT 2 KBAR PH,O

o 7oo
ul
E

F

f; uoo
(L

LU
F

o o 0 5

F e l  F e  +  M g

Frc. 7 T-X projection at 2.07 kbar Psr6 of experimental results for the join clinochlore-MguALSlO'o(OH)"-daphnite-
FeuAlzSigO,o(OH). 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).

2.

3 .

ol iv ine ss *  cordier i te ss *  magnet i te ss

P H , o  =  3 O , O O 0  p . s . i .
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Test-e 13. Results of Experiments with Compositions on the Join
Clinochlore-Daphnite at 2.07 kbar Pgr6 and at Oxygen Fugacities of the NNO Buffer

Temperatures DurationHun No.  : - - : - - - - - - - :  : - - . - - - - -  Star t ins Mater ia] -  Products
in tlegrees C in hours 

- --- ----o

Composition: ClinochloreggDaphnitelg (nix 5)

1l+5F BoO t+g oxiale mix Co + Ged + Hc-sp + 01

1 l + 6 ( A ) F  7 O O  l + Z B  C o + G e d + H c - s p + 0 1  C o + G e d ( - )  + H c - s p + 0 1

r l+ l (s) r  7oO 6l+8 product  or  r l+5( l ) r  Hc-sp + 01

r l+6(C)r  7Oo l+896 prod.uct  or  r l+5(e)r  Ch1

1 5 0 M  7 f 7 . 7 t 1 . 8 n = 1 9  1 0 3 1 +  p r o d u c t o f  t l + 5 ( C ) f  C o + H c - s p + 0 1

Corrposition: Clinochlore66Daphnite2g (rnix 7)

14BF ?00 525 oxid.e mix Ch1 + Hc-sp + 01 + Tc

1 I+B(B)F  ?Oo  9 \6  p ro4uc t  o f  r \B r  ch1 ( - )  +  co (+ )  +  Hc  +
0 r + T c ( - )

1l+B( c )F 7oo 27:-2 product or r)+B(e)n co + Hc-sp + 01

r 5 9 M  6 8 5 . 3  + 2 . r  n = 1 6  1 o l + 1  p r o c l u c t  o r  r l + B ( c ) r  c h l ( + )  + c o + H c - s p ( - )

+ 0 1
Composition : ClinochloreT5Daphnite25 (nix 5)

133(A)F 775 t66 oxid.e mix En + Hc-sp + 01

1 5 3 M  6 9 t x t . ' l  n = I Z  5 9 2  C h t  C h I ( - )  +  C o ( + )  + H e - s p
+  o r (+ )

161+M 6 l> .6 !2 .6  n= r !  6 l t  co  +Hc -sp+Mt (? )  +  ch l (+ )  +co ( - )  +
9 1  +  T c  H c - s p ( - )  +  o r ( - )

Composi t ion:  Cl inochloreTgDaphni te3g (mix B)

l l +? (B )F  675  lB : -  Co  +  Hc -sp  +  01+  Te  Co  +  Ged(+ )?  +  Hc -sp  +  01

r65NI 6rc. \  t  l .J  n = l !  926 product  or  t )+?(n)r '  cr r r (+)  + co(- )  + Ged?

1471 700 l+80 oxid-e mix Co + He-sp + 01 + Tc

Conposi t ion:  Cl inochlore56Daphni te4g (mix 9)

1 5 1 + M  5 t 0 . 8 r 3 . 2  n = 3 7  1 5 0 8  C o + H c - s p + 0 1  C n t ( + )  + C o ( - )  + C e a ( + ) ?
+  Hc -sp  +  01 ( - )

D 5  6 8 5 . 7  t t . 6  1 5 B l +  C h l +  C o  +  c e d ( ? )  c o ( + ) +  H c - s p ( + )  +
0 1 ( + )  +  r c ( - ) ?
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Te,st-e 13.  Cont inued

Run No.
Temperatures Duration
in d.egrees C in hours

Starting Material Proclucts

IzLJ

' r  Q ? r

6BJ

t_20J

173M

-t 
52M

'1 
5?M

5Bo

7' l  5

50u

720

Composition : Clinochlore4gDaphnite66

Conposit ion : Cl inochlore56DaphniteSO

66o 5r\

\m1x 5 /

C o + H c - s p + 0 1

C h l  + 0 1 - + T c

oxid.e mix

C h l + C o + H c - s p
+ 0 1 + T c

oxide mix

|  .  r  ^ \

tm].x J-u /

C h ' 1  + C o + G e d + M t

Co +  Ged +  Hc-sp  +
0 1 + T c

c h l + c o + G e d +
H c - s p + M t + T c

C n  *  C e d  *  H n - s n  I

M t + 0 1

C n  *  G e d  *  H o - s n  *

M t + 0 1

oxide mix

- - ^A "a+  1  6AM

product  158(A)M

oxid.e mix

|  .  - -  \(ml-x It /

oxiaie mix

nrodr:ot of I l+qM

procluct  of  1 l+9(A)M

oxide mix

Co + Ged + Hc-sp +
M t  +  0 1 ( - )

ox ide mix

C h l ( + ) + C o + l t e - S p ( - )
+  0 1 ( - )

Ctr t  + Co (+ )  + Hc-sp (+ )
+  o 1 ( + )

C o + H c - s p + 0 1

c o ( + ) + u c - s p ( + ) + O r ( + )

C o + H e - s p + 0 1

c h l ( - ) +  c o ( + ) +  o e d ( + )
+ M t

C h 1 ( + ) + C o + c e d + H c - s p
+  u t ( + )

C h 1 ( - )  +  c o  +  c e a ( + )  +
t t c - sp ( - )  +  u t

No change

C o ( + )  +  c e d ( + )  +  H c - s p ( - )
+  M t ( + )

E n * G c d * H o - s n + M t + 0 1

C o + E n ( - ) + c . d + H c - s p
+ M t + 0 f

C o ( + )  +  E n  +  G e d ( - )  +
H c - s p + M t + 0 1

E n + G e d + H c - s p + 0 1

Co + Ged + Hc-sp +Mt +
0 1 + T c

C h 1 ( + )  +  C o  +  C e a ( + )  +
- - t \f i c - sp \ - /

Ch1 (+)  + Co + C,ed +Mt

C o + G e d + H c - s p + M t

C o ( + )  + C e d + M t ( + )

C o + G e d + H c - s p + M t

720 51\

7 5 0 . 0 + 0 . 6  n = f l +  l i + O B

6 1 2 . 1 + 1 3 . !  n = 3 8  1 6 0 8

6!a .5  1 j .J  v1= J5  15Bl+

1 7 1 + ( A ) M  5 1 6 . 2 +  I . 2  n =  6 720

r 5 g ( a ) u  7 0 3 . 0 + 1 . 1 + n = 3  5 B B

r 6 C ( e ) M  7 2 6 . t + + 1 . 1  n = 7  , 5 \

16BM 7 5 0 . 5  + 0 . 9  n = 1 5  1 0 7 0

1 6 8 ( A ) M  7 5 r . 5 1  o . J  p  =  1 3  T e o

r 5 B ( B ) M  7 \ 9 . 7  ! 2 . 8  n = 2 0  r o 2 1

r67M 7 9 7 . 7  + 2 . 1  n = 3 101

Compositi on : Clinochlore3gDaphniteTg

1l+9 6zz .8  +  2 ,2  n  = \3  rT i z

1 l + 9 ( A ) M  6 2 5 . o ! 3 . 5  n = 7  j 5 z

t ) + g ( B ) M  6 z \ . 2  I  2 . 1  n  = r o  ? 8 1

151M 657 .2 t 1. ).+ n =,1+1 :-72B

1 5 0 ( B ) M  6 8 6 . 5  + 1 . 0  n  = \  7 2 8

17oM 725.5  !  2 . ' l  s  =  t$  19Bo
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Tlsrr 13, Continued

Run No. Temperatures Duration
in d.egrees C in hours Starting Material Products

B5r'
101F

175M

175 (A)M

17BU
' l 

70M

u9(A)M

IT7I4

Composition: Cl-inochlore25DaphniteT5 (mix l+)

6zs 28oB
5oo 3t5B

6z\ . \  t  3.1 n = l -6 rgBB

C h I + M t + 0 1 + Q t z + T c

Hc-sp +Mt + 01 + Qtz + Tc

C n r + C o ( + ) + M t + 0 1 ?
+ qtz

Ch I ( - )  +  co (+ )  +  l ' ! t ( + )
+ 0 1 + Q t z

Ch1(+ )  +  Co  +Mt  +  Q tz

C h l + C o + G e d ? + M t + T c

Co  +  Ged(+ )  +Mt  +
T c ( - )  +  ?

Ged +Hc-sp +Mt + 01 +
Qtz

gh1 (+ )+oJ z1 - ) + rrlt ( - )

Chl + Co + Hc-sp + Mt +
01 + O,tz

Chl + Co + GecI + Hc-sp +
Mt + etz

c h r ( - )  + c o ( + )  + c e d ( + )
+  H c - s p ( - )

c o ( + )  +  c e d ( + )  + M t ( + )

Co + Ged +Mt

6 Z I + . t +  r 0 . p  n = l !  I O O B

6 0 2 . 3  +  J  . 2  n =  2 ) _  ! 5 7 ,
6 5 r . 6  + 1 . 6  n = 1 3  1 3 2 0

6 \ 9 . 3 ! 3 . 3  n = 2 2  r o 2 1

6 l > . 2  r 3 . 1  n = 1 9  : I 5 Z !

6 > t . I + 1 ) + . h  n = 2 3  1 1 2 1

6 S z . o  t 3 . l +  n = T  7 2 0

6 5 0 . 3 + 1 . L  n = 1 9  1 0 2 3

6 g 8 . 8 t 1 . o  n = 1 8  1 0 2 3

oxide mix

oxid.e mix

protluct of B5F

procluct of 175M

produet of l01F

oxide mix

procluct of 179M

oxide mix

oxide mix

product of :..72M

procluct  of  U2(A)M

Co + Ged +Mt + Qtz

Composition Clinoehlore2gDaphnite6. (nix 12)

1 8 2 ( A ) M  5 9 8 . 8 + 0 . 9  n = 1 0  T B 1  c h 1 + M t + e t , z
lBlM 625.5 + 1.9 n = 20 1023 oxide mix

lTZtut

u2(A)M

u2(B)M
17r (B )M

Temperatures on critieal experiments are reportecl as the mean of n measurements
t 2 stand.ard. d.eviations.

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 ChlroDaoo
composition, but to be about l0 percent richer in
AlrOr 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 /q is



STABILITY

h e rcyn i te magnetr te

7 0 0 " c

0 2  0 4  0 6  0 8

B u l k  c o m p o s i t i o n  F e , / F e  +  M g

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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