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ABSTRAcT

The Jackson County Iron Formation, central Wiscon-
sin, is a metamorphosed Precambrian banded iron-
formation of probable Archean age. Two metamorphic
events are recorded in the rocks: the fhst with a probable
peak P and T of 3.5 kbar and 550'C, and the second at
a slightly lower T. Two assemblages predominate: l) actino-
lite + cummingtonite + quartz + magnetite t riebeck-
ite I biotite t hematite t pyrite and 2) hornblende +
cummingtonite + garnet + quartz + mapetite t iLnenite
a pyrite t carbonate t plagioclase t biotite. Variations
in the Fd+,/@d+ +Mg) values of coexisting amphiboles
within a sample (Xr.,*=Xr",nbr)Xr",J reflect the crys-
tallographic site-preferences of the major cations. Mg2+
and Al3+ are partitioned preferentially into lA aridF&+
and Ca2+ into M4. Variations in the compositions of the
amphiboles between beds are the rcults of premetamorphic
differences in bulk composition and gradients in the chem-
ical potentials of 02 and H2O. An increase in p(O) at
constant p(H2O), P and T decreases the grunerite compo-
nent in a given amphibole. An increase in p(H2O) at cotrs-
tant p(O), P and T increases the grunerite component.
Estimated gradients in Ap(O) and Ap(H2O) range from I
to 65 callm and I to 76 cal/m, respectively. The unusual
occlurence of riebeckite as inclusions in cummingtonite is
interpreted as incomplete alteration of an original riebeckite-
bearing bed in tle iron formation and suggests that the pro-
tolith may have formed in a closed basin. Riebeckite along
cracks in cummingtonite is interpreted as being a feature
of late-stage alteration.

nite t pyrite + carbonate.+ plagioclase + biotite. Les
variations dans le rapport F&+ /@e2+ + Mg) des amphi-
boles coexistant dans un mdme dchantillon
(Xr","*=Xr"3ur>Xr",J r6sultent de la pr6f6rence des
cations majeurs dans les diverses positions cristallographi-
ques: Mg2+ .1 413+ prdfbrent luf2, et Fd+ et 96,2+ , M4.
Les variations dans la composition des amphiboles entre
couches r6sultent des diffdrences prdm6tamorphiques dans
le chimisme des roches et des gradients dans le potentiel
chimique de 02 et de H2O. Une augmentation en p(O) i
p(Ilzo), T et P constants diminue la concentration du pdle
grunerite dans une amphibole. Une augnentation en
p(H2O) i p(Ot, P et T constatrts augmetrte la teneur en
grunerite. Les gradients ap(o) et ap(H2o) ont une valeur
entre I et 65 cal/m et I et 76 callm, respectivement. La
pr6sence inattendue de la riebeckite incluse dans la cum-
mingtonite serait due i I'altdration incomplbte d'un lit ori-
ginellement riebeckitique dans la formation de fer, et fait
penser que cette roche pourrait s'0tre formde dans un bas-
sin ferm6. La riebeckite qui tapisse les fissures dans la cum-
mingtonite serait due d une alt6ration tardive.

(Traduit par la R6daction)

Mots-clds: formation de fer, amphibole, modble de solu-
tion, riebeckite, cradient en potentiel chimique, Wis-
consin.

INrnooucrrol

Amphiboles occru in a wide variety of igneous and
Keywords: tron formation, amphibole, solution model, rie- metamorphic environments. This widesprgad occur-

beckite, chemical potential gradients, Wisconsin. rence makes them extremely importanfas potential
petrogenetic indicators. Phase relations among meta-

Souuarxe 
morphic amphiboles were used in deriving the meta-
morphic facies concept (e.9., Eskola 1915) and as
an indication of metamorphic environment (Laird

La formation de fer rubande du comt6 de Jackson, au & Albee lggl). This studiis an attempt to further
Y::::f::-19:*ll':.::l^1.T:,::T:^?:y illT- ,i*trv tn. pni." ,rrutio^-or tnoe mineiars by inves-ments metaororpmques aurauent arrecte ces rocnes, le pre-
mier d 3.5 kbar et 550.C, le second d une temp.rature l6gi_ tigating the effects of bulk composition, cation site-

rement inf6rieure d ceci. Deux assemblages sont r6pandi5; prefere_nce-' lr(O) and fGzO) on amphiboles found

l) actinote + cummingtonire + quartz i magn6tiG t rie- in the Jackson County Iron Formation, Wisconsin.
beckite t biotite t hdmatite + pyrite et 2) hornblende
+ cummingtonite + grenat + quartz + magnetite r ilm6- GEoLoGIcAL sEI"flNc

tPresent address: Department of Earth, Atmospheric and The orebody at the Jackson County hon mine is
Planetary Sciences, Massachusetts Institute of Technology, a late Archean, Algoma-type iron formation (2800
Cambridge, Massachussetts 02139, U.S.A. Ma, R. Maas, pers. comm., Jones 1978). It crops
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out in a lens 915 metres long and 150 metres thick,
is enclosed by biotite-bearing pelitic schist, and is iso-
clinally folded around a talc schist core @ig. l). The
iron formation exhibits distinct compositional ban-
ding, with alternating quartz-rich and magnetite-rich
layers from less tltan 1 mm to more than 20 cm thick.

Textural and phase relations in the iron formation
and surrounding pelitic schists suggest two metamor-
phic events (Jones 1978). The frst event occurred
between 500o and 600"C and at a pressure near 3
kbar, based on the reaction stawolite + chlorite =
andalusite + biotite in the pelitic schist. This epi-
sode was accompanied by deformation and can prob-
ably be correlated with the Penokean orogeny in the
area (>1840, <2800 Ma: R. Maas, pers. comm.).
A second metamorphic event is characterized by the
formation of kyanite, a second generation of stau-
rolite replacing kyanite and andalusite, and horn-
blende replacing garnet. This event occurred at the
same pressure, but at a slightly lower temperature
(450-500'C) than the first event.

In the iron formation, the frst metamorphic event
is manifested by the development of amphiboles
(cummingtonite t actinolite t hornblende), garnet,
oxides and, in one sample, clinopyroxene. The
second event resulted in replacement of garnet by
second-generation hornblende (in some instances
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leading to complete pseudomorphs), biotite or chlo-
rite. The phase relations among the original coexis-
ting amphiboles appear to have been largely undis-
turbed by the second evenr.

MINERALocy eNo PerRolocy or
TIIE IRON FORMATION

There are two predominant mineral assemblages
in the iron formation: (l) actinolite + cumming-
tonite * qaartz + magnetite t riebeckite t bio-
tite t hematite + pyrite and 2) hornblende + cum-
mingtonite + garnet + quartz + magnetite =
ilnenite a pyrite + carbonate + plagioclase + bio-
tite. Representative assemblages of minerals are given
in Table l. These assemblages occur in different
layers of the iron formation and reflect local varia-
tions in bulk composition; specifically, garnet and
hornblende (assemblage 2) occur in the aluminous
layers.

The talc schist core of the iron formation (Fig. l)
consists of pure talc or talc + cummingtonite r

anthophyllite. Locally, the assemblages talc +
magnetite, talc + biotite and talc + chlorite +
andalusite + anthophyllite t biotite t garnet are
present. There is a tendency for the iron formation
to become more AI- and Mg-rich toward the talc
schist, and the borders of the talc schist are more
aluminous than the core.

Representative compositions of coexisting amphi-
boles from the iron formation are presented in Table
2. They differ in assemblages I and 2 and, for each
assemblage, from layer to layer in the iron forma-
tion. In the next section we will discuss the compo-
sition of the amphiboles and some of the pertinent
controls.

Cummingtonite - octinolite

The Fe-Mg amphiboles of the cummingtonite-
grunerite series found in the Jackson County Iron
Formation (JCIF) span the compositional range
from F*+,/(F** + Mg):0.39 to 0.87, and in
actinolite-ferroactinolite, Fe* /1Fe* + Mg) ranges

SaEple f __.-rl]1L6_--
Aophtbole* HBL cl]}{ HBL !!u

-J-tr211- - - -J62U]- - -. -.- !62- -.- - -l:::l6a-- -- )6e3/-!L
EBL ClJll| gBL CUl.l ACT EBL CUU ACI UBL CI'I}I

slo2
AlZ0:
Tt02
Mgo
Fe0
Mao

4 1 . 0 7  5 0 . 4 3  3 9 . 5 3  5 0 . 1 0
t4 .48  0 .99  14 .33  0 .47
o . 2 5  0 . 0  0 . 0  0 . 0
3 . 8 5  9 . 4 9  2 . 8 6  6 . 5 1

26.82  37 .12  28 .79  4 t .17
0 . 0  0 . 0  0 . 0  0 . 0

1 0 . 7 8  0 . 6 2  1 0 . 4 8  0 . 3 6
1 . 0 8  0 . 0  t .  1 4  0 . 0
0 . 3  I  0 . 0  0 .  5 9  0 . 0

z OXIDES

42.00 51.83 49.32 45. 16 49.9a
1 1 . 0 0  0 . 4 6  2 . 4 4  5 . 9 9  0 , 4 2
0.0  0 .0  0 .  17  0 .37  0 .08
5 . 9 0  1 0 . 6 7  6 . 5 7  5 . 0 s  6 . 4 0

26.33  35 .56  27 ,7r  28 .67  39 .62
0 . 0  0 . 0  0 .  1 5  0 , 2 r  0 . 5 r

10 .04  0 .62  10 .95  10 .97  1 .04
1 . 0 8  0 . 0  0 . 2 7  0 . 6 0  0 . 0 7
0 , 6 4  0 . 0  0 . 1 7  0 . 7 2  0 . 0 s

51.81  4r .7 r  54 .73
2.06  10 .96  0 .43
0.05  0 .  18  0 .0

12.72  6 .36  20 .00
14.23 24.76 22.49
o . 2 7  0 . 2 3  0 . 0

1  1 .89  l  1 .37  0 .44
0 . 4 1  1 .  l 8  0 . 0
0 . 1 9  1 . 0 4  0 . 0

7 .661 6 ,428 7  ,902
0.339 t .572 0 ,073

0.020 0 .419 0 .0
0 .006 0 .021 0 .0
0 . 1 5 5  0 . 5 5 4  0 . 0
2 .803 1 ,461 4 .303
2.099 2 .638 2 .716
0.034 0 .030 0 .0

1 .884 r .878 0 .068
0 . 0  0 . 0  0 . 0

0 . 1 1 8  0 . 3 5 3  0 . 0
0 .036 0 .204 0 .0
0 . 1 5 4  0 . 5 5 7  0 . 0

0 . 0 6 9  0 . 1 7 3  0 . 0
0 .428 0 .644 0 .387

Cao 10.42 0.34
Na2o 0 .87  0 .0
K20 0 .33  0 .0

Alvr
TT
Fe$
lrs

Mq

Na(M4)

Na(A)

E N A

rgltylpgSts+Fg2+; o. r30 o.o
Fezt l (Fezr+ !k )  0 .776 o .746

4 1 . 5 5  5 0 . 6 6
14.04  0 .66
0 . 3 5  0 . 0
3 . 9 4  7 , 6 4

27.94  40 .06
0 . 0 0  0 . 0

To caI

s l  6 .310 7 .887
n l rv  1 .690 o . t t3

99,44  99 .36  9A,64 98 .65  97 .72  98 .61  96 .99  99 .14  97 .75  97 .74  98 .17  97 ,63  97 .79  98 .09

cAuoNs P8R 23 oXYCENS

0.824 0 .008
0.040 0 .0
0 .466 0 .0
0 .492 1 .773
3.083 5 .216
0 . 0  0 . 0

r .696 0 ,057
0 . 0  0 . 0

0 .256 0 .0
0 . 0 6 4  0 . 0
0 . 3 2 0  0 . 0

0 .559 0 .0
0 . 0  0 . 0
0 . 3 8  r  0 . 0
1 .369 2 .426
3.048 4 .537
0 . 0  0 . 0

t . 6 7 5  0 . 1 0 1
0 . 0  0 . 0

0 . 0 5 9  0 . 1 6 5  0 . 0
0 ,020 0 .044 0 .010
0 . r 7 2  0 . 3 6 1  0 . 0
1 . 5 1 2  t . t 7 7  1 . 5 1 1
3.406 3 .388 5 .251
0.020 0 .028 0 .068

1 . 8 1 2  1 . 8 3 8  0 . t 7 7
0 . 0  0 . 0  0 . 0

6 ,283 7 .813 6 .317 7 .917
1 . 7 1 7  0 .  l 8 r  1 . 6 8 3  0 . 0 8 3

0.895 0 .0  1 .031 0 .005
o.o29 0 .0  0 .0  0 .0
0 . 3 8 4  0 . 0  0 . 0 8 5  0 . 0
0 . 8 7 8  2 . 1 9 1  0 . 6 7 8  r . 5 3 3
3.048 4 .809 3 .352 5 .44r
0 . 0  0 . 0  0 . 0  0 . 0

1 . 7 6 7  0 . 1 0 3  1 . 8 5 4  0 . 0 6 r
0 . 0  0 . 0  0 . 0  0 . 0

6 .540 7 .906 7 .615 7 .061.  7 ,920
1.460 0 .083 0 .38s  0 .939 0 .078

0 . 3 2 0  0 . 0
0 . 0 6 1  0 . 0
0 . 3 8 1  0 . 0

0 .  l l 2  0 . 0
o . 7 7 6  0 . 6 8 7

0.440 0 .0
o .127 0 .0
0 . 5 6 7  0 . 0

0 . 0 2 5  0 . 0
0 .832 0 .687

0 . 3 2 6
o. r27
0.460

0 . r l t
0 . 6 9 0

0.0  0 .081 0 .182 0 .022
0 . 0  0 . 0 3 3  0 . 1 4 4  0 . 0
0 .0  0 .  l14  0 ,326 0 .022

0.0  0 .048 0 .096 0 .0
0 .652 0 .693 0 .742 0 .777
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is reported.
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.1692/12+ (25-2-47o1
1692/1+ |JA-2-3421

o 1692,/3+ (19-3-340)
1692/ 11
1735/2+(9-5-169)
1733/1+ (29-6-584)
1733/6+ (20-6-416)
1692/5+ (20-6-413)
1733/', l l  (18-2)

from O.Z7 to 0.84. As a rule, the most Mg-rich
amphiboles are found only in magnetite-rich layers
of the iron formation, and the most Fe-rich amphi-
boles are found in the magnetite-poor layers. Com-
parison of amphibole compositions in Table 2 shows
that in general, the more Mg-rich amphiboles, cum-
mingtonite or actinolite, contain more SiO2 and less
Al2O3 than their Fe-rich counterparts, grunerite and
ferroactinolite.

Figure 2a shows pairs of coexisting amphiboles on
the amphibole quadrilateral diacram. Note that the
calcic amphibole has a significantly lower
Fe+ /Fe+ + Mg) value than the Fe-Mg amphibole
(see also Table 2).

Hornblende

Hornblende in the Jackson County Iron Forma-
tion ranges in composition from ferro-hornblende
to ferro-tschermakite (Leake 1978) and has two dis-
tinct modes of occurrence. The most abundant is
hornblende associated with garnet-cumminglonite-

I  sch l s t
E ]  l r on  f  o rma t l on
E ta lc  schls t

P plt boundary {1976)
Igranl t lc  In t rus lve
I dlabaee intruslve

.--.lnlerred contact

A

 

r  d r l l l  core

Ftc. l. Schematic geological map of the Jackson County Iron Mine. The outline of
the pit dates from 1976, when the drilling was done. Sample locations are plotted
and geological contacts drawn as they appeared in 1976.

quartz-ilmenite. This hornblende clearly replaces
garnet. In some cases, the garnet is rimmed by horn-
blende, whereas in others hornblende rims the gar-
net and also follows cracks within it, and in some
ca$es garnet is completely replaced by hornblende'
leaving only the pseudomorph. In this association,
the hornblende is interpreted as being secondary' a
product of the second metamorphic event. The other
occurrence is hornblende with actinolite or cunming-
tonite, not directly associated with garnet. In this
occurrence no reaction textures are apparent, and
hornblende is interpreted as being a product of the
fust metamorphic event. Coexisting hornblende-
cummingtonite pairs are plotted on an ACF diagram
(Frg. 2b). Note that the hornblende coexisting with
actinolite (sample 469,Fig.2b) has the lowest Al2O3
content.

In the hornblende-cummingtonile pairs, horn-
blende and cummingtonite have similar
Fe* /(ge* + Mg) Clable 2). Qualitative energy-
dispersion spectra indicate 1A to lt/o Cl in hornblende
from samples 469,9-3-lg al'd 1692/1,

(fr:::.'fr4:+?-:7i::"'
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Riebeckite

Riebeckite occurs in avariety oftextures, and its
origin is still uncertain. Photomicrographs of differ-
ent texlural relations are shown in Figure 3. The most
significant occurrence$ are: l) riebeckite'core' in
cummingtonite (Fig. 3a) and 2) riebeckite in fracfures
(Figs. 3b, 3c and 3d). The composition of this rie-
beckite Clable 2) is similar to that of the massive rie-
beskite found in Australian iron formations (Miyano
& Klein 1983). To our knowledge, the three-phase
assemblage cummingtonite-actinolite-riebeckite had
not been reported previously.

The riebeckite textures shown indicate at least two
different origins for the riebeckite. The core relation-
ship @ig. 3a) suggests that the riebeckite was a
precursor to cummingtonite in the metamorphism
of the iron formation. In the fracture occurrence
@igs. 3b, 3c and 3d), riebeckite is always located
along cracks in cummingtonite; commonly these
cracks intersect magnetite inclusions within cum-
mingtonite (cI Figs. 3c and 3d). This suggests that

this riebeckite formed by late-stage aheration of cum-
mingtonite and mapetite. Subsequent modifi cation
bf this alteration by exsolution of actinolite from
cummingtonile has generated the curious "step" pat-
tern (e.g., Fig. 3b). Backscattered electron imaging
of this texture (Fig. 3c) reveals that the actinolite
lamellae separate fhe gummingtonite from the rie-
beckite. An alternative hypothesis, that the riebeck-
ite is not a late-stage alteration but an early phase
subsequently modified by exsolution processes, can-
not be ruled out.

Two other alkali amphibole-cummingtonite pairs
have been described, arfvedsonite-cummingtonite in
New Caledonia (Black 1973) and riebeckite-
cummingtonite in Labrador (Klein 1966, 1968).
These two pairs are plotted with the three-amphibole
assemblage from the Jackson County Iron Forma-
tion @ig. 4). The association riebeckite-actinolite is
present in the Carter Creek iron deposit, Ruby
Mountains, Montana (Immega & Klein 197A, and
those pairs are also plotted in Figure 4. Many other
sodic-calcic and sodic-Fe-Mg amphibole pairs have

Mg 7SisO22

c
Cummlngtonl ie

Frc. 2. a) Amphibole quadrilateral. Actinolite-cummingtonite pairs from the Jackson County Iron Formation are con-
nected by tielines. b) ACF plot of hornblende-gummingtonite pairs. One three-phase assemblage hornblende - cum-
mingtonite - actinolite is also plotted.

Co2Mg5Si6O zzlOflz
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FIc. 3. Photomicrographs of riebeckite. White bars represent 50 pm. R riebeckite, C cummingtonite, A actinolite, M
magnetite, Q quartz. a) Riebeckite core in cummingtonite. b) Riebeckite in fractures in cummingtonite. c) Backscat-
tered electron photomicrograph of riebeckite along a crack between two magnetite grains; same area as shown in
Fig. 3d. d) Riebeckite along fracture in cummingtonite separated by exsolution lamellae of actinolite. In this last
photomicrograph, riebeckite appears as a wide band, but is actually a thin layer ( - 10 pm thick) that slopes into
the section from top to bottom (see Fig. 3c).

been reported in the literature (for a surnmary, see
Robinson et al. 1982), but the sodic amphibole is
typically glaucophane, not riebeckite.

Figure 4 graphically depicts the miscibility gap
between sodic, calcic and Fe-Mg clinoamphiboles.
In general, the gap is well defined, with only limited
miscibility between the sodic-Fe-Mg and calcic-Fe-
Mg end members. Sodic-calcic amphibole miscibility
is variable. The largest gap is displayed by JCIF sam-
ples (triangles). This is due in part to our effoft to
avoid mixed compositions by analyzing the most
sodic phase present, and in part to the probable low-
temperature origin of this riebeckite.

CoNrnors oN AMPHIBoLE CHEMrsrRy

The most notable compositional variation in co-
existing amphiboles from the Jackson County Iron
Formation is the Fd*/(Fd* + Vtg) ratio, which
varies sympathetically with the amount of magnet-
ite: as the amount of magnetite in the assemblage
increases, theFe* /(ye* + Mg) ratio in the amphi-

bole decreases. This observation is also reported by
Mueller (1960), Annersten (1968) and Floian &
Papike (1978), and can be related to differences in
p(HzO) and p(O) between layers in the iron forma-
tion (discussed below). Other variations are also
recorded, such as a positive correlation between the
Al content of the amphibole and the
Fez* /(Fez* + Mg) ratio. These variations can
largely be explained by the crystal chemistry and site
preferences of the amphibole, as discussed below.

Catio n s it e-p references

The structural formula of the amphiboles can be
represented as

At M42 Ml2 IuBt ID, TB on (oH)z

oH-
F
Cr

Na Ca Fe Fe Al Si
K N a M g M g T i A l

Fd* Fe3*
Mg Mg
Mn Fd*
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where the cation site-preferences are shown beneath
each respective type of crystallographic site (e.9.,
Hawthorne 1983). These cation site-preferences are
important, as they can explain some of the composi-
tional variations between coexisting amphiboles, such
as different values of F&+ /(fe+ + Mc). Similar
rationale has been used by Robinson et ol. (L982)to
explain compositional relations in coexisting amphi-
boles.

For example, as mentioned previously; in the Al-
poor amphibole pairs from the Jackson County Iron
Formation, calcic amphibole (actinolite) has a lower
Fe2+/(Fe2+ +Mg) than the coexisting Fe-Mg
amphibole (cummingtonite) (Table 1). Considering
the amphibole as being composed of 3 separate octa-
hedral sites provides an explanation for this varia-
tion. Mdssbauer data indicate that in Fe-Mg amphi-
boles, Fd* has a preference for the M4 site
(Hawthorne 1983, Kimball 1981, Cameron & Papike
1979, Whittaker 1971, Burns & Prentice 1968, Ban-
croft et al. 196?. This preference is very pronounced
in Mg-rich Fe-Mg amphiboles, such as cumming-
tonite, in which all Fd+ present in the amphibole
can be accommodated n M4 sites. Where the
amount of Fd* in the amphibole exceeds the
amount that will fit n M4 sites, the'Fd+ cations
must occupy other sites, usually Ml and llB n

preference 6IA Qlawthorne 1983, Kmball 1981,
Cameron & Papike 1979, Whittaker 1971, Burns &
Prentice 1968, Bancroft et al. 1967).

Ca2+ will occupy the largest distorted octahedral
site in the amphiboles, M4, which Fd* prefers.
Consequently, amphiboles with a high calcium
content tend [o contain less Fd+ than coexisting
Fe-Mg amphiboles and have a lower value of
Fe* /(ge* + Ms).

For the pair grunerite-hornblende, the
Fe* /gf&+ + Me) is similar in both amphiboles. As
in the nonaluminous assemblages the calcic amphi-
bole (actinolite) has less Fd* than the coexisting
Fe-Mg amphibole (gunerite). However, there is also
Iess Mg2+ in the hornblende because Mg2+ is par-
titioned preferentially into the ilD site in amphiboles.
But highly charged, small cations such as Al3* are
also partitioned preferentially into this site (Haw-
thorne 1983, Robinson et al. 1969, Cameron &
Papike 1979). Consequently, Al3* in the octahedral
sites in hornblende is in the IW2 sites, displacing
Mg2* from those sites.

p(O ) - p.(H 20) v ariat io ns

The Fe-rich amphibole pair ferroactinolite-
grunerite is found only in magnetite-poor sections

Ca ln X4
acl lnol l t6

  JCIF 3ph.s
A,lclF 2pha!..
a Klch lg66
O Blaat t973
I lnnGgEaKl.ln 19Z6

Fe2+MgrMn
,  inM4

Frc. 4. Triangle plot of cation distribution in the M4 site of coexisting amphiboles.
Plotted are two riebeckite-cummingtonite pairs from the literature (circles), a
riebeckite-actinolite pair from the literature (squares), an actinolite-:cummingtonite
pair from the Jackson County Iron Formation (open triangles) and thethree-phase
assemblage riebeckite - actinolite - cumminglonite from the Jackson County lron
Formation (solid triangles).
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of the iron formation, whereas actinolite-cumming-
tonite pairs occur in magnetite-rich samples. The
differences between these assemblages cannot be
explained in terms of variations in bulk composition,
because the overall compositions are similar. But
these differences in mineralogy ile probably, at least
in pafi, the results of local differences in the chemi-
cal potential.s of oxygen p(O) and water p(H2O).
This can be explained qualitatively by considering
that in areas of higher p(O), more iron is oxidized,
and much of the available iron is tied up in magnet-
ite. Consequently, amphiboles and other silicates
from magnetite-rich zones are relatively Fe-poor. In
areas of low p(O) most of the iron is incorporated
into the amphiboles, making them Fe-rich.

This effect can be explained by the reaction

24SiO2+ TFerOo * 3H2O =

3FerSirOr(OH)z+lOz (l)

which is a condition of heterogeneous equilibrium
for the assemblage cummingtonite (or
grunerite) + actinolite (or ferroactinolite) + quartz +
magnetite. By inspection, it is apparent that an
increase in p(O) results in a decrease in the amount
of grunerite component present in the amphibole,
whereas an increase in p(H2O) results in an increase
in the amount of that component.

Quantitative evaluation of the effect of 4.(H2O)
and p(O) on the phase relations can be made using
Gibbs method (e.g., Spear et al. 1982). To apply this
type of analysis on the mineral assemblages in the
iron formation requires a solution model for the Fe-
Mg clinoamphiboles. The next section will describe
briefly a two-site reciprocal solution model that we
developed for this purpose.

Solution model for Fe-Mg amphibole. We have
assumed that an Fe-Mg amphibole can be described
in terms of two octahedral sites, the M4, which has
a multiplicity of 2, and the "M123", which has a
multiplicity of 5 (a combination of Ml, IA and M3
sites). Thus, we are considering Fe-Mg substitution
over 2 distinct sites, which generates four different
end-members:

Xt Mg2MgrSisO22(OH)2
X2 FgFerSi6O22(OH)2
X3 FqMg5SisO22(OH)2
X4 Mg2Fe5Si6O22(OlI)2

only three of which are linearly independent. Choos-
ing components l, 2 and 3 to be independent, we
can write the mole fractions of the three components
as Xr : Xrr,rro, X2: Xp",1trr23, and X, : Xu".uttzl -
X**ro, where the subscripts refer to the mole frac-
tions of the cation on the indicated site.

Defining a reciprocal free-energy term

A c i :  p ; + p i - f z - p i  Q )

we can write (Wood & Nicholls 1978)

G ss : Xv",TaaFi + XF"'Mwlri +

(Xuus"rrzz - Xu"u)pi + XMs,M4XFe,MllAG i.

+ RTlXMs,M4l&***o + Xs"Jrbln* p",unJ

+ RT[XMgJu,r2 3tnf 14u,14123 -

xFe,Mlxln-rFe,Mnl (3)

and

\: tri I Xr",urztXr.yaAG i +

Nl(nXMsJV++tn-*MsJ,n2) (4)

Pz : Pi * XMe,Mz{ue,M4AG ; +

RT(ln*F".M4+h.)dFe,nn) (5)

4 = lr't + XFetnBXMg,MAG i +

Yl(ln*F",r64+ln)fMs,r^2) (6)

Evaluation bf AG ;. To our knowledge there are
no published values for reciprocal AG in amphiboles
in the literature. However, an estimate can be
obtained using the compositions of coexisting Fe-
Mg and Ca-amphiboles. Consider the Fe-Mg
exchange:

Fe2Fe5SisO2 z(QU1, + Ca2Mg5SisO22(OH)2 :
(Fro (cA)

Fe2Mg5SisO22(OH)z + Ca2Fe5Si6O22(OH)2 A)
(FM) (cA)

We can write an equation among the chemical poten-
tials of these components, and this equation can be
expanded to

0 : Ap'+ sRT/nlf - XMsJ,r4 AGf (8)

where K = l+1 -1fu4*] tsl
L lvul.o t lXe"anJru

and CA and FM represent the calcic and Fe-Mg
amphiboles, respectively. Site occupancies in the Fe-
Mg amphibole were calculated from the constraints

Fe,Ml23 +Mg,Ml23:5

Fe"I t44*Mg,M4=2

Fe,Ml23 + Fe,M4 : Fe,Total

(10a)

(10b)

(l0c)

and

Krzt. t :  f f i  
' f f&",noo1=o' t  ( lod)
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The value of 0.1 for Ke3,a, the intracrystalline Fe-
Mg distribution coefficient, was chosen as an aver-
age value from that obtained on heat-treated cum-
mingtonite by Ghose & Weidner (1971, 1972; i.e.,
between 0.08 amd 0.13 at 550'C). The effect of this
choice of K1s,4 on the calculated results will be dis-
cussed later.

From equation (9) it can be seen that a plot of /nl(
versus X*".owould have a slope of AG i/5RT and
an intercept of -Ap'l5RT. Utilizing all data on coex-
isting actinolite and cummingtonite from the Jack-
son County Iron Formation, such a plot reveals that
AG i is approximately 0, with an estimated enor of
+ 6 kcal. The effect of this uncertainty of AG i on
our results will be discussed later.

Gibbs method. The Gibbs method (e.9., Spear el
al. 1982) is a technique whereby changes in mineral
composition can be used as monitors of changes in
other intensive parameters, in this case p(O) and
p(HzO). The procedure involves first an analytical
formulation of the phase equilibria of the rock, and
then solving the system of equations for the desired
derivatives. In this case we wish to examine how

p(O) and p(HrO) change with Xp. in cumming-
tonite, so we will lse Xr".*rrt (= X) as fhe
monitor and solve for the derivatives
[6 p(O ) / 6 X zl p,r,p(H2o), 16 p(H 2o-) / 6 X 2J r,r,p1ory and
l6p.(O) / 6y.(HzO)lp,ix". The value Xp",6,,s can- always
be recovered through equations 10.

The necessary equations to formulate analytically
the phase equilibria are one Gibbs-Duhem equation
for each phase, a set of linearly independent condi-
tions of heterogeneous equilibria a.mong the phase
components of minerals in the assemblage, and equa-
tions to introduce the variable dXr. For the assem-
blage Fe-Mg-amphibole + Ca-amphibole + mag-
netite + quartz, this yields 4 Gibbs-Duhem
equations, three conditions of heterogeneous
equilibrium, equations (1) and (7) and the follow-
ing equation:

5Mg7S[O22(OH)" + 7 Ca2FeqSfuO22(OH)2 =
5FgSisO22(OH)r+7Ca,frIgtSisO22(OH)2 (11)

Because we would like to describe variations in
p(O) and p(HzO) as a function of amphibole com-

TABLE 3. SYSTEI.I OF ITOMOCENEOUS EQITATIONS IN IIATRIX K)RI{ FOR TllE }I0LTMRIAM

EQUILIBRIW I'e-l!g AltPttIBoLE + Ca-AI{PHIBoLE + qUARTz + IIAGNETITE

_F1{ _-nl
s - v

0

F}T FM EI{
x x x 0
r 2 3

dT

dP

0

0

0

0

0

0

0

0

0

0

0

CA CA
0 0 o x x 0 0 0 0 0 0

Fe Mg

_cA-v

_a-v

t

_cA
s

-as

s

_-FU -rM( v - v )
2 3

0

__FU _lru- ( s  - s  )
1 3

-IM --Fl{- ( s  - s  )
2 3

)  - f ,

0 - 3 0 2 4 3  -712

d1r(rM1)

du(rMz)
'du 

( Fr{r )

du( CAre)

du(cAyg)

dt t (Q)

du(!{)

tlu(ItZo)

du (o2 )

Ftt
dxt

0  - 1 I  - 1

_FIt{ _FM
( v - v ) - 1

t a
O c l l  c IZ

O cI2 c22 FM

_dxz

Synbo ls :

fM Fe-Ug a[phlbole, CA elclc anPhlbole.
Mg.  Mg-ead renber ,  I  Mg2Mg5sIgO22(oH)2 ,  2
cLL.  GLL ard  GzL aa  de f laed ln  tex t .

Q quartz, M Eagnetlter l 'e Fe-end Fetlber'

Fe2re5s lgo22(oH)2  3  Fe2Mg5s lg022(oH)2 .
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t :"S, f ,,,0* * [ ry,r,, ] ",rr',2)

ti#],,,04* *tffi, ] ",,,4' .3)

position, it is necessary to introduce the variables
dff, and d)fl. This can be done with equations
that are_the complete differentials of (pTM-pil)
@|M-pIM) in the Fe-Mg amphibole:

dW - p[*) : - tSry - S5"),rr a 6v1vt - V5"tpn +

dW - pE\ : - (StM - SIM)dr+ ( VtM- ?5t"1cn +

Equations l, 7, and 1l written in terms of the
differentials of chemical potentials, plus equations
12 and 13 and four Gibbs-Duhem equations (one for
each phase present) can be written as a matrix of 9
linear equations in the 13 unknowns: dT, dP,
dfit*, d#r*, dp(O), dp(HzO), dp.(quartz),
dp(magnetite), dp(FM), dp(FM), dp(FM),
dp(CA)y" and dp(CA)r. (Table 3). The Ca-
amphibol6 (CA) is assumed to be a binary Fe-Mg
solution on the Ml23 site.

HMO

-z

-8

- to

QFM

If pressure and temperature are assumed to be
eonstaot over the sample area a.nd one other valia-
ble is held constant le.g., dp(H2O) or dp(O)1, then
it is possible to obtain solutions for ralios of any two
of these variables.

For example,

l-6p(o) I
L-Ex; J,,,,,,6",oy:

(- | 5 X 3-21 X )(Gtz Gtz - G\ | G22)
-7/2r (SGu +2Gt2)

f 6p(Hzo) I _
L ax, I p,r,rro, 

-

(- | 5 X 3-21 X ) (G12 Gtz - Gt I G22)
3(5ctt +zctz)

and

f op(oJ I o
LDp(HzO)Jp,r, .y: i

where

""= [H]",,

(r4)

(15)

(16)

a p (Hzo)

nt

\

FIc. 5. Ap(O) - Ap(H2O) diagram contoured with X$f ,6"s1. The origin (0,0) is arbitrarily chosen at X$f .oru = 9.33
(sample 1692/ll) at a p(O) equivalent to the hematite - magnetite (HM) buffer. Lower limit of p(O) is taken at
the quartz-fayalite-magnetite buffer (QFM) buffer. Values of Ap(H2O) and Ap(O) are given in kcal. Thin lines
are contours of 0.1 X!'l'.6u11 intervals. Thick lines 41s samples locations in p-p space. Arrows show possible differ-
ences in fluid compositibn from samples 1692/3 to 1733/1.
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Gl2 =

@ =

IABLE 4. CBADIEMS IN u(02) AND !(S2o) BETnESr{
IROI{ TOR!.{ATION SAMNAS[#,]",

[H]",
Using equation 3 to define G[$ and taking the
appropriate derivatives

2RT

G22

Xue,uq'Xr",Mq

5 R T

Xvts, irrtzz'Xv 
",utzz

A p(O)-p(HzO) diagram has been drawn con-
toured relative to Jffou* by numerical integration
of equations 14 and 15 (Fig. 5). This integration pro-
vides only relative charrgesof d(OJ and p(HzO); to
construct the diagram it is necessary to choose an
arbitrary reference-point where Ap(OJ : Ap(HzO)
= 0. The reference point was choben to be sample
1692/ll, which contains the assemblage curnming-
tonite + quarlz + magnetite + hematite with
)ff.= 9.33. Thus, Ap(O) will be evaluated relative
to the hematite-magnetite buffer curve. There are
no assemblages of quartz + fayalite + magnetite;
consequently the QFM buffer can be considered the
lower limit of p(O) in the iron formation
l p(O)--14 kcall. The resulting diagram (Fig. 5)
quantitatively shows the effect of p(O) and p(HzO)
on tlhe composition of the amphibole. At constant
P and T, increasing p(O) at constant p(H2O) results
in decreasing Fe contents, whereas increasing
p(HzO) at constant P,T and p(O) results in increas-
ing Fe contents. To maintain constant composition,
botl variables must be increased or decreased simul-
taneously. If two assemblages contain amphibole +
magnetite + hematite tp(O) is at the magnetite-
hematite bufferl, the grunerite with the highest
QQI formed at the highest value of pH2O. Because
the lines of constant composition (XFY) are closer
together at higher Jff.the changes in i(H2O) and
p(O) indicated by changing composition of the
amphibole are smaller in the more Fe-rich Fe-Ms
amphiboles.

Using equations 14 and 15 (or Fig. 5) with the
amphibole compositions in Table I and the distances
between samples, gradients in p(O) and p(H2O)
within the iron formation can be computed.
However, bcause there are two independent param-
eters, p(O2 and p(H2O), it is not possible to com-
pute a gradient in one without fixing the other. This
has been done, and values ofAp(O) at constant P,

8op1e 1-3op1e 2' dlataoc€ au(02)
(neteG) o1/o

t692/3 - L692lr2 157 43

169213 - 1733/1 109 65

t69213 - 173312 260 25

1692/12 - 1733/2 145 -1

r,692/12 - L733lr l9l 2

1733/2 - t733lL 515 I

* lu(oz) -a A)r(E2o) are @lculated e
!(02) ltr 6eple 1 - s(02) 1tr 6dp1e 2 etc.

T and p(H2O), and of Ap(H2O) at constant P,T and
p(O) are presented in Table 4. Actual gradients, if
p(O) and p(HzO) vary sympathetically, will be
different from the tabulated values, but these num-
bers give an approximate range of expected gladients
recorded by different assemblages in the iron for-
mation. The effect of the assumptions regarding the
solid-solution model for cummingtonite on the values
shown in Table 4 are as follows. The values in Table
4 were computed assuming a two-site solution model
with a value Knt.c:0.l and AGi=0. Choosing
Kw.q= L.0 (i.e., a one-site model) or Kp3,4= 0.01
changes the listed values by +l3t/0. Choosing
Krx':Q.| and AG i : + l0 kcal changes the listed
values by - 169o and + 290, respectively. For exam-
ple, for the first listed oxygen gradient in Table 4
(1692/3-1692/12), the total range of computed
values considering all possible assumptions is 36-49
callmetre compared wilh 43 cal/mete using our
preferred values of Knt.+=0.1 and ACi:O.
Therefore, it can be conclirded that the choice of
solution model has only a minor effect on the results.

As can be seen from Table 4, gradients range from
a few calories /metre to approximately 75 callm. In
Figure 6, maximum gradients in the chemical poten-
tial of H2O, as determined from studies on quartz-
ite, amphibolite, pelite and calc-silicate, are shown.
The maximum calculated eradients in p(HzO) in the
iron formation is similar to that in quartzite, which
is interesting considering that the dominant matrix-
mineral in the iron formation is quartz. It may be
that these gradients are reflecting the relative perme-
ability of different rock-types under metamorphic
conditions.

The significance of the gradi6nts plotted in Figure
6 deserve some discussion. These gradients are cal-
culated by dividing the value of Ap(HzO) recorded
by two assemblages by the distance between the two
samples. As such, they really repr6e\t minimum gra-
dients, because the nature of Ap(H2O) between the
two samples is not known [for example, the p(H2O)
gradient may actually be very steep over a short dis-
tance, instead ofgradual as assumed in this calcula-

l!(820)
caL/n

-50

-76

I

- tG i l :

Gr2 = AGi
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A1.IH2O in callm

40 60

Ftc. 6. Chemical potential gradients for H2O in callm in
various rock types: amphibolite (Spear 1977), quartzite
(Rumble 1978), calc-silicate (Ferry 1979), pelite (Gram-
bling 1981) and iron formation (this study). Taken in
part from Spear et al. (1982).

tionl. It would be informative to know the magni-
tude of chemical potential gradients that can be
sustained by different rock-types undergoing regional
metamorphism, because this would provide
knowledge of element mobility during the meta-
morphic process. This would require a detailed study
on the scale of a thin section, across compositional
layers that record different values of p(H2O).

One conclusion that can be drawn from Figures 5
and 6 is that individual layers record different values
of the chemical potentials of H2O or O, (or both)
and that these values were preserved during
metamorphism. As suggested by Rumble (1978) for
the Clough Quartzite on Black Mountain, New
Hampshire, the different water and oxygen contents
were probably inherited from the original sedimen-
tary environment. Preservation during metamor-
phism is a function of the buffering capacity of the
mineral assemblage and the rate of fluid infiltration,
as discussed by Spear et al. (1982).

DIScUSSIoN

The Jackson County Iron Formation displays
several interesting features: the talc schist core, the
presence of altered volcanic rocks in the periphery,
the riebeckite-cummingtonite intergrowths, and the
marked gradients in chemical potential of 02 and
H2O. Moreover, this deposit is most likely volcano-
genic, formed in an oceanic (e.9., seawater) environ-
ment (see below). Any model for the origin of this
deposit must take these features into account.

Tolc schist

The talc schist zone at the mine most probably
represents an alteration pipe related to a hydrother-
mal vent on the sea floor (Jones 1978). This seems
reasonable as alteration zones associated with
volcanic-exhalative ore deposits are characteristically
Mg-rich. For example, the alteration pipe at the Mat-
tagami Lake mine, Quebec, grades, within 3 metres,
from a chlorite-rich tuff to talc-shlorite schist to talc
schist or talc-actinolite schist (Roberts & Reardon
1978). This alteration pipe is assumed to have been
the discharge site of a thermally induced system of
convective flow. The gradation from pure talc in the
centre of the zone to the more aluminous talc-
chlorite asssemblage at the edge is considered to have
been caused by a higher flux of seawater in the centre
(Roberts & Reardon 1978). The talc at the centre of
the pipe may also represent alteration at lower tem-
perature, higher SiO2 activity ss higher water/rock
ratios than the chlorite-bearing assemblages at the
edge of the zone. Definitive statements about the
nature of the talc schist are difficult because defor-
mation of the rocks obscures the original shape of
the talc schist zone. In fact, it is not certain whether
the talc schist is above or below the iron formation.
If the talc zone is an alteration pipe, then the
amphibolite layers concordant with the iron forma-
tion may be metamorphosed tuff units or hydrother-
mally altered volcanic units with a lower water/rock
ratio.

Riebeckite

The riebeckite-cummingtonite intergrowths have
been found only in magnetite-rich samples from the
iron formation. This suggests a correlation of rie-
beckite formation with high fugacity of orygen. The
riebeckite-core texture indicates that the riebeckite
is probably a precursor to the cummingtonite. The
association of riebeckite with cracks in the host cum-
mingtonite is interpreted as a result oflate-stage alter-
ation of cummingtonite by Na-rich fluids.

Massive riebeckite-bearing beds in low-grade iron
formation have been reported from Australia (Klein
& Gole 1981, Gole 1980, Grubb 1971, Trendall 1973,
Smith et al. 1982) and South Africa @eukes 1973).
It is possible that the riebeckite-bearing layer in the
Jackson County Iron Formation was originally a
massive bed of riebeckite such as these, but the pau-
city of riebeckite-bearing samples implies that the
sedimentary iron-formation contained only a few dis-
persed layers of riebeckite.

Orisin of the iron formation

A possible scenario for the origin of the iron for-
mation assumes the protolith to be a Si-, Fe-rich gel

802a
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formed in an environment of shallow seawater (e.g.,
Bayley & James 1973, Beukes 1973, Drever 1974,
Kranck 196l). The original sediment may be con-
tinentally derived, or volcanic, or a mixture of the
two. The talc schist zone at the Jackson County mins
suggests that the sediments were, at least in part, vol-
canogenic. In this case, the Na-rich layer necessary
for riebeckite formation probably represents an
evaporite bed within this sequence (Gole 1980, Mil-
ton et al. 1974, Miyano & Klein 1983).

Progressive metamorphism of this sedimentary
pile would evolve riebeckite in the Na-rich evaporite
bed (after reactions such as those described in
Miyano & Klein 1983) and magnetite, carbonate,
minnesotaite, stilpnomelane and chlorite in the rest
of the iron formation (e.9., Klein 1973,1974, 1978,
Haase 1982, Floran & Papike 1978, Kranck 1961).
Further progressive metamorphism results in the for-
mation of amphiboles (Klein 1973, 1978, Haase 1982,
Floran & Papike 1978, Kranck 1961, Frost 1979,
Immega & Klein 1976) and eventually, pyroxene
(Haase 1982, Immega & Klein 1976, Dimroth &
Chauvel 1973, Bonnichsen 1969, Butler 1969) For
example, reactions producing cummingtonite from
riebeckite may be driven by acid metasomatism:
2NarFe2*rFe3+2siEo22(oH)2 + 4HCl = FerSirOz
(OH)2+4NaCl+ l /2O"+ 3H2O+ FerOn+ 8SiO2.
This reaction also produces an NaCl brine along with
magnetite (or hematite) and quartz, Halite daugh-
ter crystals have been found in fluid inclusions in
quartz in the iron formations, supporting this reac-
tion mechanism.

The marked gradients in chemical potential
recorded by the mineral assemblages in the iron for-
mation must have been inherited from the original
heterogeneity of the sedimentary sequence. This is
also consistent with an originat deposition of the pro-
tolith in a closed basin, with different layers incor-
porating different quantities ofreduced versus oxi-
dued versus hydrated assemblages. Preservation of
these original sedimentary heterogeneities implies
that metamorphism was accompanied by a limited
amount of infiltration, such thal the buffering ca-
pacity of the mineral assemblages was not exceeded.
Finally, riebeckite alteration along cracks within
cummingtonite suggests that Na-rich fluids were
remobilized late in the metamorphic evolution of
these rocks.
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