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LOW-TEMPERATURE RETROGRADE MINERALS IN METAMORPHOSED ARCHEAN
BANDED IRON-FORMATIONS, WESTERN AUSTRALIA
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Department of Geology, University of Western Australia, Nedlands, 6009 Australia

ABSTRACT

Low-temperature (< 450°C) retrograde minerals
are a widespread but minor feature in medium and
hich metamorphic-grade Archean banded iron-
formations in the Yilgarn Block, Western Australia.
Stilpnomelane is the most common retrograde min-
eral. Others include greenalite [(Fe+Mn)/(Fe4
Mn-+Mg) = 0.98-0.49], calcite, siderite, magnetite,
ferroactinolite, chlorite, talc, serpentine [(Fe+Mn)/
(Fe+Mn-+Mg) = 0.37-0.02], pyrite and possibly
cronstedtite. Several unidentified silicates with com-
positions part way Dbetween stilpnomelane and
greenalite, stilpnomelane and chlorite, and chlorite
and greenalite occur in retrograde assemblages.
These may be metastable transition phases. The
ALO, contents and the “Fe0”/(“Fe0”+MgO) and
MnO/ (MnO-+“FeO”) ratios of stilpnomelane and
greenalite are generally related to the bulk composi-
tion of the host rock, although some metasomatism
occurred during retrogression. Fluid compositions
are an important parameter in the formation of
the retrograde minerals; however, metamorphic
conditions during retrogression are, in general, dif-
ficult to assess. Evidence from low-grade banded
iron-formations and experimental data, together
with textural evidence in retrograde assemblages,
indicate that the stability fields of greenalite and
ferroactinolite may overlap under very reducing
conditions between ~ 300 and ~ 350°C.

Keywords: Low-temperature retrograde minerals,
iron formation, Yilgarn Block, Western Australia,
stilonomelane, greenalite,

SOMMAIRE

Les minéraux rétrogrades de basse température
(< 450°C) sont trés répandus comme minéraux
accessoires dans les formations de fer rubannées
archéennes 3 métamorphisme modéré ou élevé du
bloc Yilgarn, en Australic occidentale. Clest la
stilppomélane qui se rencontre le plus souvent,
mais on trouve aussi: greenalite [(Fe-4-Mn)/(Fe4-
Mn+Mg) = 0.98-0.49], calcite, sidérite, magnétite,
ferroactinote, chlorite, talc, serpentine [(Fe+Mn)/
(Fe+Mn+Mg) = 0.37-0.02], pyrite et cronsted-
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tite(?). Dans ces assemblages rétrogrades, plusieurs
silicates restent nonidentifiés; en composition, ils
se situent entre stilpnomélane et greenalite ou
chlorite, et entre chlorite et greenalite; ce sont peut-
&tre des phases de transition métastables. La teneur
en ALO; et les rapports “Fe0”/ (“FeO”4+MgO) et
MnO/ (MnO-4-“Fe0”) dans la stilpnomélane et la
greenalite dépendent, en général, de la composition
globale de la roche, quoique la rétrogression ait
été accompagnée d'un certain métasomatisme. La
composition des fluides est un facteur important
dans la formation des minéraux rétrogrades, mais
les conditions de métamorphisme, en cours de ré-
trogression, sont généralement difficiles a évaluer.
D’aprés le caractére des formations de fer ruban-
nées faiblement métamorphiques et les résultats
expérimentaux d’une part, et la texture des assem-
blages rétrogrades d’autre part, les domaines de
stabilité de la greenalite et de la ferroactinote
pourraient, en miieu trés réducteur, empiéter I'un
sur l'autre entre ~ 300 et ~ 350°C.

(Traduit par la Rédaction)

Mots-clés: minéraux rétrogrades de basse tempéra-
ture, formation de fer, bloc Yilgarn, Australie
occidentale, stilpnomélane, greenalite.

INTRODUCTION

Banded iron-formations (~ 2.6-2.7 Ga) of
medium to high metamorphic grade in the
Archean Yilgarn Block, Western Australia, con-
tain a large variety of retrograde minerals that
seem to have formed under a wide range of
metamorphic conditions. This study has con-
centrated on the lower temperature retrograde
assemblages, as these provide some insight into
the stability of the low-temperature Fe silicates
under metamorphic conditions.

ANALYTICAL METHODS

Electron-microprobe analyses were performed
using an automated, 3-spectrometer ARL-—
SEMQ electron-probe microanalyzer. For sili-
cates and carbonates, natural minerals were used
for primary and secondary standards and the
data were reduced by the method of Bence &
Albee (1968) using the alpha factors of A. A.
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Fic. 1. Sample localities shown on a simplified
geology map of the Yilgarn Block. 1 Koolanooka,
2 Atlas gold mine, 3 Windarra nickel mine, 4
Tassey Well, 5 Trough Well, 6 Corinthian gold
mine, 7 Queen Victoria Rocks, 8 Nevoria gold
mine, 9 Mt. Joy, 10 Lake Johnston, 11 For-
restania.

Chodos (unpublished). Estimates of H.O for
silicates and CO. for carbonates were made for
the purposes of the reduction procedure.
-Samples referred to are housed in the Depart-
ment of Geology, University of Western Austra-
lia. Sample locations are shown in Figure 1.

STILPNOMELANE

Stilpnomelane is the most common retrograde
mineral in the medium- and high-grade banded
iron-formations in the Yilgarn Block. It occurs
in discrete veinlets 0.2-3.0 mm wide either
alone or with calcite or siderite. Retrograde
stilpnomelane is rarely associated with retro-
grade ferroactinolite or other retrograde min-
erals. In one sample (85080) it is itself altered
to greenalite, quartz and an unknown mineral
(see below). Most retrograde stilpnomelane is
green and has submicron grain-size. Partial al-
teration to a brown-colored variant is common
and is probably due to weathering.
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TABLE 1. ELECTRON-MICROPROBE ANALYSES OF RETROGRADE
STILPNOMELANE
1 2 3 4 5 6 7

Semple 12962 33403 84919 84928 85015 85080 85083

$10; 46,7 44,7 43,5 43,7 45,6 47.0  45.0
TiO  0.02 0,04  0.03 0,07 0,02 0,01 0,01
A;63  4.87  2.96  3.33 6,00  3.93  1.15  2.95

Feol 24,9 38,8 39,3 355 32,2  4L4  37.4
Mno 5.35  0.22 L5 L1l 2,11 0,07  0.02
MgO 6.88  2.16  1.36  1.80  3.54 2,71 2,77
Ca0 0,04 0,20  0.07  0.06 0,02 0,04 0,04
NayO0 0,30  0.35  0.32 0,35  0.18  0.20  1.76
KD 3.77 0,90 _l.b4 2.3z 2,52 _l.14 _1.60
Total 92,83  90.33  9L05 90,91 90,12  93.72  9L55

Ions on the basis of 11 oxygens

si 3,66 3,73 3,67  3.61 3,74 3,81  3.71
a 0.3¢ 0,27  0.33  0.39  0.26  0.11  0.29
4,00 400  4.00  4.00 4,00 3,92 4,00
a1 0.11 0,03 0,00 019 0,12 000  0.00
Fe 1,63 2,71 2,77 2.45  2.21  2.81  2.58
Mn 0.3  0.02 0.1z 0,08  0.15 0,01 0,00
Mg 0.80 0,27  0.17  0.22  0.43 0,33  0.34
Ca 0,00  0.02 0,01  0.61 0,00  0.00  0.00
Na 0,05  0.06 0,05 0,06  0.03 0,03 0,28
K 0.38 0,10  0.18 Q.24 0,26  0.12  0.17
3.33 3,21 3,30 3,25 3,20 3,30 3,37

1Al Fe as FeO.

1. Green stilp with cal in vein in grun-act-qtz-mag assemblage.

Atlas Gold Mine, D.D.H. 1/112.8 m; 2, Green stilp with cal in vein

in g g -qt: bla N ia Gold Mine, D.D.H, 5/237.4 m;

3. Brown stilp with ferroact in kink band in grun-act-qtz-mag assem-

blage, Corinthian Gold Mine, KS 14/122 m; 4. Brown stilp associated

with unidentified mineral (Table 5, no. 9) in hbld-alm assemblage.

Trough Well, D.D.H, 12/73.5 m; 5 Brown stilp with eid (Fej,g2Mng 2)

Mgo,01Cag, 97) and minor pyrite in g g-pyrite blage.

Tassey Well, D.D,H, 1/102 m; 6, Cryptocrystalline green stilp in

vein in gr g bl Stilp gressed to greenal (Table 2,

no., 6), qtz and an unidentified mineral (Table 5, no. 8), Bunyip,

Forrestania, D.D.H. 1/61.8 m; 7, Cryptocrystalline green stilp with

cal (Feo.mcaz‘sl) in /gx- t~chlorit bl By

Forrestania, D.D.H. 1/61,7 m.
1 alm = al a1

g unyip,
Abbreviations used in Tables 1-6:
act = cal = calcite, ferroact = ferroactin-
olite, greenal = gr grun = g il hbld = 1 blende, mag
= magnetite, ol = olivine, qtz = quartz, serp = serpentine, sid =
siderite, stilp = stilpnomelane.

Stilpnomelane  Bulk Rock Stilpromelane Bulk Rock
Wrr—T 77 T T TT 00
2
gi Xl —
Zlo
(=4
=
02 - -
oplLL 1 11 T
2 4 68 2 46810
Al;03 WL %
LEGEND
® = 12962 8 = 85080
4 = 84919 o= 85015
& = 84928

F16. 2. Al,O; contents and ratios of “FeQ”/(“FeO
+Mg0O”) and MnO/(MnO-4“FeO”) of retro-
grade stilpnomelane and host-rock bulk com-
position. “FeO” = total Fe as FeO; plotted as
wt. %. Ratios for bulk rocks are from bulk-
rock analyses except for samples 84919 and
85080, which are estimated from mineral com-
positions and modes of the primary metamor-
phic assemblage. -



F16. 3. Retrograde greenalite and serpentine veinlets. A. Greenalite (G) and minor magnetite (opaque)
veinlet in quartz (Q), fayalite (F), grunerite (Gu) assemblage. Sample 84987, Queen Victoria
Rocks. Scale bar represents 0.10 mm. B. Veinlet of greenalite (G) cut by a later veinlet of ferro-
actinolite (A). Primary assemblage is magnetite—grunerite—minor quartz. Sample 85001, Lake Johnston.
Scale bar represents 0.3 mm. C. Composite veinlet in olivine (Ol), containing greenalite (G), pale
green serpentine showing alignment of fibrous grains (S) and magnetite (opaque). Blades of antigo-
rite (A) cut the veinlet—olivine contacts. Sample 55410, Koolanooka. Scale bar represents 0.2 mm,

D. Bladed antigorite (A) projecting into olivine (Ol) from fractures. Sample 55410, Koolanooka.
Scale bar represents 0.1 mm.,
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The compositions of retrograde stilpnomelane
(Table 1) are broadly similar to those from
very low .metamorphic grade iron-formations
(Klein 1974, Floran & Papike 1975, Lesher
1978, Gole 1980). The “FeQ”/(“FeO”+Mg0O)
and the MnO/(MnO+“Fe0O”) ratios, and to a
lesser extent the Al:QO; contents of stilpnome-
lanes, are generally related to those of the host
rock (Fig. 2), despite the inhomogeneity of
most banded iron-formations. Some stilpnome-
lanes, however, show no compositional rela-
tionship to bulk composition (e.g., sample
12962, Fig. 2); in such samples retrogression
involved considerable metasomatic transfer of
components. In most samples, with the exception
of sample 84928, which contains K-bearing
hornblende and almandine as primary phases,
K and Al must have been introduced from
outside the host asseinblage, as the bulk sam-
ples contain negligible amounts of these ele-
ments.

It is not possible to estimate accurately the
temperature of formation of the retrograde stilp-
nomelane-bearing assemblages. Based on as-
semblages in low and medium metamorphic
grade iron-formations (Floran & Papike 1978,
Klein 1978, Gole 1979) and on the stability
of ferroactinolite (Ernst 1966), the stilpno-
melane associated with ferroactinolite (sample

TABLE 2, ELEGTRON-MIGROPROBE ANALYSES OF RETROGRADE
GREENALITE
1 2 3 4 5 6 7

S“ggj‘e 33583 84934 84987 84996 85027 85080 85093
510, 36,7 37.0 35,7 36,6 38.0 36,1 35,6
TiOZ 0.00 0,02 0.00 0,00 0.01 0.01 0.00
Alp03 0,03 0.09 0.00 1.50 0,52 0.00 0.00
Feol 51,7 48,1 51,1 38,1 45.8 50,8 51,7
MnO 0.65 0,57 0.15 1.07 1.45 0.06 0.22
MgO 2.23 2.90 2.00 11,80 3.22 1.90 144
Ca0 0,04 0.13 0.12 0.06 0,16 0. 00 0.11
NayO 0.02 0.02 0,08 0.04 0.07 0. 04 0.07
X0 0.00 0.00 0,00 0.00 0.23 0.00 0.00

Total 91,37  88.83  89.15 89,17  89.46 88,91 89,14

Ions on the basis of 14 oxygens

s1 4.26 4.34 4,26 4,06 4,37 4.29 4.26
Al 0.00 0.01 0.00 0. 20 0.07 0.00 0.00
Fe 5,02 4. 72 5,09 3,53 4.41 5.06 5,18
Mn 0.06 0.06 0.02 0. 10 0.14 /0,01 0.02
Mg 0.39 0,51 ‘0,36 1.95 0.55 0.34 0.26
Ca 0.01 0.02 0,02 0.01 0,02 0.00 0.01
Na 0.01 0,01 0.02 0.01 0.02 0,01 0.02
K 0.00 0.00 0.00 0.00 0.03 0.00 .00

OCT 5,49 5.33 5,51 5,80 5.24 5,42 5.49

1A1l Fe as FeO,

1. Pleochroic yellow brown to green greenal as patches in act-mag
assemblage Nevoria Gold Mine, D.D.H. 9/177.7 m; 2. Plsochroic
yellow brown to green greenal as patches in grun-act. Trough Well,
D.D.H. 12/112.5 m; 3, Pleochroic yellow brown to green greenal with
mag in vein in ferrosalite-eulite-grun-fayalite-qtz assemblage. Queen
Victoria Rocks, D.D,H., 13/125.9 m; 4. Greensal vein in act-grun-hbld-
mag assemblage. Queen Victoria Rocks, D.D.H. 13/181.4 m;

5, Cryptocrystalline greenal with qtz, cal (Fep, g4Mng q3Mgo, 01

Cay og9) and unidentified mineral (Table 5, nos. 4-6) i vein in qtz-
grun-act-mag agssemblage, Windarra Nickel Mine, D,D,H, AE 558/
1021.4 m; 6. Cryptocrystalline greenal with gtz and unidentified
mineral (Table 5, no. 8) in center of retrograde stilp vein (Table 1,
no, 6). Bunyip, Forrestasia, D.D.H. 1/201.9 m; 7. Cryptocrystalline
greenal with cal (Feg, o7Mgg, 02Caz, p4) in vein in qtz-mag-grun-act
assemblage, Mt, Hope, Forrestania, D,D.H, 8/131.5 m,
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84919) probably formed at moderate temper-
atures (=~ 350-450°C). Other retrograde stilp-
nomelane assemblages could have formed at
similar or lower temperatures.

GREENALITE AND SERPENTINE

Greenalite is a widespread though minor retro-
grade phase whereas serpentine, as a retrograde
product in banded iron-formation, is known
from only one locality (Koolanooka, Fig. 1).

Retrograde greenalite - occurs in generally
monomineralic veinlets (0.1-0.6 mm wide, Fig.
3A) that locally may contain calcite (Table 2,
nos. 5, 7) or other minerals. Retrograde
greenalite occurs rarely as a pervasive altera-
tion (Table 2, nos. 1, 2). It is generally crypto-
crystalline, but in some veinlets it shows a
brown-yellow to green pleochroism owing to
the optical alignment of extremely fine, fibrous
grains. Greenalite-bearing retrograde assem-
blages in sample 85001 are somewhat more
complex than other retrograde greenalite as-
semblages. In this sample, a veinlet (Fig. 3B)
consisting of greenalite (Table 3, no. 2), minor
siderite and trace amounts of an extremely fine-
grained, dark green—brown mineral (Table 3,
nos. 3-5), is itself cut by a later monomin-
eralic veinlet of retrograde ferroactinolite (Table

TABLE 3, ELECTRON-MICROPROBE ANALYSES OF RETROGRADE
MINERALS IN SAMPLE 850011
1 2 3 4 5
5102 50.0 35.3 29.9 27.7 29,1
Ti02 0.00 0,00 0,00 0,02 0,00
Al;03 0.05 0.15 0.00 0.00 0.00
Fe0? 36,3 53,3 51.7 51,5 49,7
MnQO 0,27 0,18 0,02 0,00 0,00 «
MgO 116 0.67 6,25 6.23 6,10
Ca0 10, 4 0,08 0,14 0.22 0.80
Naz0 0,14 0.04 0.15 0.21 0,30
K20 0.07 0.00 0,00 0.00 0.04
Total 98.39 89. 72 88.16 87.88 86.04
Fep03 9.13 9.63 9.93
FeO 43,5 42.9 40.8
Total 89,06 88.88 87.04
Ions on the basis of A, oxygens B, cations
A A B B B
23 14 10 10 10
si 8,00 4,23 3,61 3.59 3.58
Al 0.00 0.00 0.00 0,00 0,00
Fe3t - - 0.39 0.41 0.42
8,00 4,23 4,00 4.00 4.00
Al 0,01 0.02 0,00 0,00 0,00
Fe3t - - 0.44 0.46 0.50
Fe2t 4.86 5,35 4.39 4.34 4.20
Mn 0,04 0,02 0,00 0,00 0,00
Mg 0.28 0,12 L2 112 112
Ca .78 e. 10 0.02 0.03 0,11
Na 0.04 0,01 0.03 0.05 0.07
K 0.01 0.00 0.00 0.00 0.00
7,02 5,62 6.00 6.00 6.00

Lake Johnston, D.D,H. 5/135.6 m; ZAll Fe as FeO; >Fe,O3
ke Jol D 5 !

1. Ferroact in vein cutting greenal vein; 2, Greenal in vein with
green-brown mineral (3-5) and sid (Fe; 2Mng_ g6Meg, 45Cag Ié);
g band.

3-5. Green-brown mineral in greenal Vein adjacent’ to mag
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3, no. 1). The green-brown mineral occurs
only in the greenalite-rich vein adjacent to
magnetite mesobands. X-ray powder patterns
show the mineral to have a 001 spacing of ap-
proximately 7.14 A. Recalculation of electron-
probe analyses of this mineral on the basis of
10 cations [assuming an ideal formula of Y.Z,
O:10(OH)s], suggests the presence of consider-
able Fe** in the tetrahedral site (Table 3, nos.
3-5). The mineral may be cronstedtite, but the
001 spacing is much closer to the basal spacing
of greenalite (doss = 7.12 A) than to that of
cronstedtite (donn = 7.09 A).

The banded iron-formations from D.D.H. 22,
Koolanooka, contain very wunusual primary
metamorphic as well as retrograde mineral as-
semblages. The primary assemblages, described
by Baxter (1965), conmsist of olivine Faer-¢
and magnetite with minor magnesite, muscovite,
cummingtonite ‘and tremolite [Fe/(Fe+Mg)
0.01, 0.30, 0.25-0.45, 0.20-0.60, respectively].

The coexistence of magnetite and Mg-rich
silicates and carbonates suggests that the pro-
grade metamorphic reactions in these iron for-
mations were similar to those proposed by
Mueller (1960) and Butler (1969) to account
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for Mg-rich silicates in magnpetite and magne-
tite—hematite-bearing assemblages in iron for-
mations of the Labrador Trough. They proposed
a prograde reaction: hematite + Fe-Mg sili-
cates (or carbonates) — magnetite 4 Mg-
silicates (or carbonates) + H.O (or CO.).
The reactant and product assemblages have the
same Fe**/Fe®’ ratio (i.e., O: behaves as an
inert species). In very oxidized assemblages,
partition of much of the Fe into magnetite may
produce very Mg-rich silicates and carbonates.
Because of the Fe-rich bulk composition of
iron formations, the reaction should result in
the prograde assemblage having a high propor-
tion of magnetite relative to that of Mg-Fe
silicates and carbonates, as is observed in the
olivine-bearing iron-formations at Koolanooka.

The retrograde minerals, which replace the
olivine and rarely the amphiboles, are magne-
tite and members of the greenalite—serpentine
group. They generally occur in veinlets 0.05-
1.0 mm wide or along olivine grain boundaries
and replace 10-30% of the host assemblage. In
a few samples, the retrograde alteration almost
completely replaces the primary olivine.

In samples 55395 and 55410, several optically

TABLE 4, ELECTRON-MICROPROBE ANALYSES OF RETROGRADE GREENALITE AND SERPENTINE FROM
OLIVINE-RICH BANDED IRON-FORMATIONS, KOOLANOOKA!

Samvple 1 2 3 4 5 6 7 8 9 10 11 12
Nop 55395 55395 55395 55395 55395 55398 55399 55410 55410 55410 55414 55415

8i02 36.3 36.5 36,7 37.1 39.5 41,2 42,6 38,2 38.5 41.4 42.0 41.4
T102 0.01 0.01 0.01 0.01 0,00 0.03 0.00 0.00 0.00 0.02 0.01 0.00
23 0,00 0,00 0.00 0,00 0. 50 0,03 0.00 0.00 0.10 0.09 0.54 0.70
FeO 34.9 34,7 33.5 30.9 22.8 5,87 1.71  32.3 23.9 20,1 1,77 2.00
MnO 1,87 2,14 1.66 1. 16 1,67 0.20 0.15 1.18 0. 50 0.25 0.17 0.03

MgO 13.33 14,56 16,40 18.68 23,4 9.6 41,7 16,7 24,2 26,6 42,1 41,7
CaO 0,10 0.06 0.04 0.03 0.05 0,01 0.01 0.02 0.02 0.01 0.02 0.01
Na20 0.00 0.00 0.00 0,00 0,00 0.00 0.00 .00 0.00 0.00 0. 00 0.00
Total 86,51 87.97 88.31 87.88 87.92 86.94 86,17 88.40 87.22 88.47 86,61 85.84

Ions on the basis of 14 oxygens
Si 4.12 4,07 4. 04 4.03 4.09 3.93 4,01 4. 14 4,03 4,15 3.94 3.92
Al 0.00 0,00 0,00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.06 0,08
4,12 4,07 4,04 4.03 4,09 3.93 4,01 4,14 4,03 4,15 4,00 4,00
Al 0,00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Fe 3.3 3,23 3,08 2,81 1.97 0,47 0.13 2.92 2,09 1,69 0,14 0.16
Mn 0,18 0.20 0.16 0,11 0.15 0,02 0.01 0.11 0,04 .02 0.01 0.00
Mg 2.26 2,42 2,69 3.02 3.61 5.64 5,84 2,69 3.78 3.97 5.88 5.88
Ca 0.01 0.01 0.01 0.00 0.01 0,00 0.00 0..00 0.00 0,00 0.00 0.00
5,76 5.86 5.94 5.94 5.80 6.13 5.98 5.72 5.92 5. 69 6.03 6.04
Fet+Mn

FetMniMg 0.61 0.59 0.55 0.49 0.37 0.08 0.02 0.53 0,36 0.30 0.03 0.03

Lan samples from D,D,H, 22, Depth in parentheses; 2All Fe as FeO.
1. Cryptocrystalli_ne dark-red greenal (171.25 m); 2-3,
greenal in vein cutting dark-»green greenal; 5. Very-pale-green serp showing blue-grey birefringence;

6, Lizardite (179.15 m); 7. Lizardite (181.05 m); 8. Dark-green greenal (204.52 m); 9. Very-pale-green
serp showmg blue-grey birefringence; 10, Colorless, lath-shaped antigorite grains radiating from fractures

and ol grain boundaries; 11, Thin vein of serp cutting ol-mag assemblage (210.44 m); 12, Lizardite (210. 69 m)

Cryptocrystalline dark-green greenal; 4. Pale-green




210 THE CANADIAN

distinct greenalites and serpentines accompanied
by abundant ragged magnetite occur in veinlets
(0.05-0.4 mm wide). Extremely fine-grained
(< 12 um) greenalite appears to be the
earliest retrograde mineral based on the cross-
cutting relationships of other, later retrograde
silicates. In sample 55395 this early greenalite
has been altered locally to a dark red product
(Table 4, no. 1). In both samples 55395 and
55410, greenalite and host olivine (Fas and
Faus, respectively) have been progressively re-
placed by a series of minerals that have optical
properties similar to those of serpentine (fibrous,
pale green to colorless, first-order yellow bire-
fringence). In samples 55395 five generations
of retrograde greenalite or serpentine can be
distinguished, each replacing an earlier mineral
and each having sharp contacts with the other
retrograde minerals. In sample 55410, three
retrograde greenalite—serpentine-type minerals
can be recognized, replacing either olivine or
earlier retrograde silicates or both (Figs. 3C,
D). Electron-microprobe analyses of the retro-
grade silicates in samples 55395 and 55410
(Table 4) show that the earliest retrograde
mineral is Mg-rich greenalite. Retrograde sili-
cates are progressively more Mg-rich later in
the retrograde paragenetic sequence. The most
Mg-rich serpentine in sample 55410 occurs as
relatively coarse-bladed grains and contains a
significant excess of Si (Table 4, no. 10). The

Greenalite Bulk Rock Greenalite  Bulk Rock
1.0 ‘K T
'\o .005
\I
0.9 e B
_ % 3 015
[} o
g 2%
R =lo
@D =4
C =
o8 — 025
—tF
b A
07 L L L L L L .035
o] 1 2 01234
Al,O; Wi %
LEGEND
a=84934 A= 84996
u = 84987 ® = 85001

Fic. 4. Al,O, contents and ratios of “FeOQ”/(“FeQ”
+MgO) and MnO/(MnO4-“Fe0”) of retrograde
greenalite and host-rock bulk compositions, “FeO”
— total Fe as FeO; plotted as wt. %. Ratios
for bulk rocks are from bulk-rock analyses except
for sample 84996, which is estimated from min-
eral compositions and the mode of the primary
metamorphic assemblage.
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presence of a strong peak at 2.53 A on
X-ray powder patterns and the excess Si show
the mineral to be ferroan antigorite (Page
1968, Whittaker & Wicks 1970). Unfortunately,
because the greenalite and other serpentine types
in samples 55395 and 55410 are intergrown and
fine-grained, they cannot be separated for X-ray
determinations. However, the serpentine-like
minerals in these samples optically resemble
lizardite, and their Si contents (Table 4) suggest
that they may be ferroan lizardites (Page 1968,
Whittaker & Wicks 1970). Samples 55398,
55399, and 55415 contain only one retrograde
silicate, Mg-rich serpentine (Table 4). In these
samples almost all olivine (Fas, Fan and
Fas, respectively) has been replaced, and only
small relict grains are preserved in a mesh of
serpentine. X-ray powder patterns of these ser-
pentines show them to be lizardites. In sample
55414, the serpentine is found in thin veins, and
most of the primary olivine (Fas) and mag-
netite have not been affected by the retrogres-
sion.

Discussion

Retrograde greenalites, recalculated on a
basis of 14 oxygens, show an excess of Si and
an octahedral deficiency compared with the ideal
formula of FeeSis010(OH)s (Tables 2—4). Sim-
ilar characteristics have been found in green-
alites from very low metamorphic grade iron-
formations (Klein 1974, Floran & Papike 1975,
Gole 1980). The greenalite-like material in sam-
ple 85027 (Table 2), which has the highest Si
excess of all the retrograde greenalites, con-
tains 0.23 wt. % K.O and may be a mixture
of layer silicates. The Al:Os; contents and the
“Fe0”/(“Fe0”+Mg0O) and MnO/(MnO-+
“FeQ”) ratios of retrograde greenalites are
generally closely related to the bulk composi-
tion of the host rock (Fig. 4). Those from
Koolanooka are an exception. Here greenalites
and serpentines show a wide range in (Fe+
Mn)/(Fe+Mn4-Mg) ratios with breaks in the
ratio between 0.49 and 0.37 and between 0.30
and 0.08 (Fig. 5). The gap in the (Fe+Mn)/
(Fe+Mn-+Mg) ratio between 0.49 and 0.37
corresponds to a change in the optical character-
istics of the minerals from greenalite-like to
serpentine-like in appearance. The gap in the
(Fe+Mn)/(Fe+Mn+Mg) ratio between 0.30
and 0.08 is probably due to a lack of samples
containing serpentine with appropriate compo-
sitions (Jasmund et al. 1975). Magnesian green-
alites and ferroan serpentines with compositions
similar to those in samples 55395 and 55410
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KOOLANQOKA
A = 55395 m = 55410
¥ =155398 1@ =55414
®= 55399 @=55415

OTHER LOCALITIES
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20
30 20 10 FeO +MnO

F16. 5. Compositional variations in (a) retrograde greenalites and ser-
pentines (filled symbols and crosses) and (b) olivines (open sym-
bols), plotted in wt. % within the system (FeO+MnO)-MgO-SiO,.
Total Fe as FeO. Tie lines join host olivines and the earliest retrograde

silicate in Koolanooka samples.

have been reported by Dietrich (1972) and
Frondel (1962) in retrograde assemblages. At
Koolanooka the - retrograde silicates all have
lower (Fe+Mn)/(Fe4-Mn+Mg) ratios than
the host olivine (Fig. 5). In samples 55395 and
55410, in which retrograde minerals have al-
tered only a small part of the primary assem-
blage (10-30 vol. %), the difference in the
(Fe+Mn)/(Fe4+Mn+Mg) ratio between the
host olivine and the earliest retrograde silicate
is slight and increases with each subsequent
retrograde silicate. In samples 55398 and 55399,
in which retrograde minerals have replaced most
of the host olivine, there is only one generation
of retrograde serpentine that is much more
Mg-rich than the host olivine. Most of the
olivine in sample 55415 has been altered, but
owing to its high forsterite content the retro-
grade serpentine has only a slightly lower (Fe--
Mn)/(Fe+Mn+Mg) ratio. In sample 55414
there is a marked difference in the (Fe4-Mn)/
(Fe+Mn+Mg) ratio between olivine and ser-
pentine despite the small degree of alteration
(< 10 vol. %).

Retrograde conditions

It is not possible to estimate accurately the
conditions of formation for the greenalite- or
serpentine-bearing retrograde assemblages de-
scribed above. The character of the metamor-

phic fluids clearly is an important parameter
in the stability of these retrograde assemblages;
unfortunately, the composition of the fluid
present during formation of some of these
minerals can be estimated only in general terms.
The presence of a Fe®*-bearing mineral (prob-
ably cronstedtite) in the greenalite-rich veinlet
of sample 85001 suggests that retrograde meta-
morphic conditions were, locally at least, rela-
tively oxidizing. Evidence from low-grade meta-
morphic assemblages (Gole 1980) suggests that
greenalite is stable up to 320 = 50°C (a) in
Si-deficient assemblages and (b) in the presence
of excess Si under relatively reducing conditions
(log f(0:) ~ —32 bar at 327°C). Experimental
data (Ernst 1966) indicate that ferroactinolite
is stable under relatively reducing conditions at
moderate temperatures (450°C at log f(O:) =
—32 bars, extrapolated from data of Ernst 1966).
The ferroactinolite veinlet in sample 85001 may
therefore have formed during a rcheating event
after the formation of the retrograde greenalite.
Evidence for such reheating in the Yilgarn Block

‘has been found in Ni sulfide environments

(Barrett et al. 1977). Alternatively, the ferro-
actinolite vein may have formed under very
reducing conditions at temperatures similar to
or below that at which the greenalite veinlet
formed.

At Koolanooka, the retrograde formation of
magnetite, coincident with the formation of
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progressively more Mg-rich greenalite or ser-
pentine, indicates that both hydration and oxi-
dation occurred during retrogression. A general
reaction for the retrograde alteration is: olivine
+ H:0 + O, — serpentine 4 magnetite + Si +
H:0. The H.O released by this reaction is
probably consumed by further alteration of the
host olivine. Oxidation of Fe** to Fe®** in early-
formed greenalite during these reactions may
account for the red color in the most Fe-rich
greenalite in sample 55395 (Table 4, no. 1).
The samples in which retrograde magnetite and
serpentine have replaced most of the primary
olivine may be the end products of a continuous
retrogression. Alternatively, they may have been
formed by a single hydration and- oxidation
event. The presence of ferroan antigorite sug-
gests a minimum temperature of about 150-
200°C (Evans et al. 1976) for the retrogres-
sion,

TaLc AND CHLORITE

Retrograde talc has been found in only one
sample of banded iron-formation in the Yilgarn
Block. This sample (71586), from Mt. Joy
in the granulite terrain in the southwest of the
Yilgarn Block, contains the high-temperature
metamorphic assemblage quartz—magnetite—fer-
rosalite—ferrchypersthene—grunerite, The talc,
which is Fe-rich, replaces ferrohypersthene and
has a slightly lower Fe/(Fe+Mg) ratio (0.43)
than the relict orthopyroxene (0.49). Minneso-
taite was not observed as a retrograde product

MINERALOGIST

in any banded iron-formation; its absence is
somewhat surprising in view of its widespread
occurrence in very low and low metamorphic
grade iron-formation assemblages.

In iron formations with aluminous bulk com-
positions, chlorite is a common retrograde phase
that rims or veins almandine,

UNIDENTIFIED MINERALS

Unidentified minerals have been found in
several retrograde mineral assemblages. Based
on electron-microprobe analyses, these minerals
can be grouped broadly into stilpnomelane-like,
chlorite-like and greenalite—chlorite-like min-
erals.

The stilpnomelane-like minerals are optically
very similar to retrograde stilpnomelane. They
are fine-grained and green, and are altered to
brown along contacts with other minerals and
along fractures. In sample 85080 a pale green
stilpnomelane-like phase occurs between stilp-
nomelane (Table 1, no. 6), which forms the
outside margins of a retrograde vein, and green-
alite (Table 2, no. 6) and quartz, which occur
in the centre of the vein. The stilpnomelane-
like mineral, greenalite and quartz™ appear to
have been formed by retrogression of the stilp-
nomelane. In sample 85027, a stilpnomelane-
like mineral is intergrown with calcite, quartz
and greenalite (Table 2, no. 5), and in sample
84999 (same locality as retrograde greenalite,
sample 85001) it is intergrown with fibrous,
retrograde ferroactinolite. In samples 85027 and

TABLE 5., ELECTRON-MICROPROBE ANALYSES OF UNIDENTIFIED RETROGRADE MINERALS

Saraple ! 2 3 4 6 7 8 9 10

No. 84999 84999 84999 85027 85027 85027 85080 85080 84928 84928
Si0Op 45,1 46,1 46,3 38.9 40.1 48,6 42.1 47,6 32.0 26,7
TiO2 0.03 0.02 0.00 0.00 0.00 0.02 0.02 0.02 0.14 0.34
Alz03 1.17 0.83 0.96 0.65 0.88 0.35 0.05 0. 66 12.1 15.7
FeOl 37.4 36.5 34.7 46,5 44.9 36.1 46.5 42.0 39.0 41.3
MnO 0.25 0,31 0.24 1. 49 1.45 1.44 0.11 0.06 0.76 0. 42
MgO 4,00 4,14 5,18 3.04 3.22 3,44 2.45 2,75 3.09 3.84
CaO 2,55 4.86 5.17 0.23 0.24 4,32 0.04 0.01 0.05 0.07
Naz20 0.42 0.70 0.32 0.06 0.07 0. 16 0.07 0.04 0.23 0, 04
K20 0,22 0.16 0,09 0,20 0.23 0.32 0.09 0.63 1.24 1,50

Total 91.14 93,62 92,96 91.07 91.09 94,75 91.43 93,77 88.61 89.91
lall Fe as FeO.
1~3, Dark-brown mineral intergrown with fibrous ferroact in retrograde vein, Lake Johnston, D.D.H,

5/100.7 m; 4-6.

9-10.

assemblage. Trough Well, D.D.H, 12/73.5 m.

4-6. Dark-green mineral with greenal (Table 2, no. 5), cal and gtz in retrograde vein.
Windarra Nickel Mines, D.D,H. AE558/1021,4 m; 7-8.
and gtz-greenal (Table 2, no. 6) in retrograde vein.
Colorless, fine-grained mineral in contact with retrograde stilp (Table 1, no. 4) in hbld-alm

Pale-green mineral between stilp (Table 1, no. 6)
Bunyip, Forrestania, D.D.H, 1/61.5 m;
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85080, the composition of the unknown mineral
varies markedly over several microns (Table 5,
nos. 4-6 and 7-8, respectively). and is inter-
mediate between stilpnomelane and greenalite.
The composition of a stilpnomelane-like min-
eral in sample 84999 also varies markedly over
a few microns, and approximates that of stilp-
nomelane except for a deficiency in AlOs
and K.O (Table 5, nos. 1-3).

A colorless, very fine-grained mineral coex-
isting with stilpnomelane (Table 1, no. 4) forms
a retrograde assemblage in a hornblende—al-
mandine-bearing assemblage. It shows faint,
first-order yellow birefringence and has diffuse
contacts against hornblende at high magnifica-
tion. It is chlorite-like in composition (Table 5,
nos. 9 and 10) except for high TiO: and K.O.

Greenalite—chlorite-like retrograde minerals
occur in a veinlet in sample 84999, The veinlet
assemblage contains (1) a slightly pleochroic,
pale to dark brown mineral in parts of the vein
that cuts magnetite bands and (2) a highly
pleochroic, colorless to green mineral in those
parts of the vein that cut across quartz—actino-
lite bands. Electron-microprobe analyses indi-
cate that the vein minerals (Table 6) vary
between greenalite-like and chlorite-like com-
positions, with Al substituting for Si. Analyses
show small but significant amounts of CaQ and
Na,O. The unidentified stilpnomelane-like re-
trograde mineral described from this sample
(see above) occurs in an intergrowth that is
separate from the vein assemblage. The parage-
netic relationship between the two retrograde
assemblages is uncertain.

Some of these unidentified minerals may be
structurally disordered. For example, those with
a composition intermediate between stilpnome-
lane and greenalite (samples 85027 and 85080)
may represent mixed-layer structures of stilp-
nomelane and greenalite. Similarly, the chlorite-
like mineral (sample 84928) may be a stacking
mixture of stilpnomelane and chlorite. Such
mixed-layer structures might be metastable tran-
sitional phases between stilpnomelane and
chlorite, respectively. The greenalite—chlorite-like
minerals from sample 84999 may also be mixed
phases, although 7 A minerals with composi-
tions broadly similar to those in Table 6 have
been reported from iron-formation assemblages
of very low metamorphic grade (Klein & Fink
1976, Gole 1979).

CONCLUSIONS

The compositions of retrograde minerals are,
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TABLE 6, ELECTRON-MICROPROBE ANALYSES OF RETROGRADE
VEIN MINERALS, SAMPLE 849991
1 2 3 4 5
5i0, 33.0 31.3 29.8 27.8 29.9
TiOp 0.00 0.03 0.02 0.00 0,01
Al03 2.92 5.90 8. 10 9. 50 14.4
Fe02 47.1 43,1 44.1 44.5 40,5
MnO 0,87 0.05 0.08 0.08 0.07
MgO 3,51 6.63 6.85 6.75 3.85
CaO 0,25 0.36 0.25 0.14 0.73
Naz0 0,14 0,55 0.40 0.18 0.05
K20 0,00 0,00 0.00 0.00 0.00
Total 87.79 87.92 89. 60 88.95 89.51
Ions on l:he. basis of 14 oxygens
Si 3,95 3.65 3.43 3,24 3,33
Al 0.05 0.35 0.57 0.76 0.67
4,00 4.00 4.00 4.00 4.00
Al 0.36 0.46 0.53 0. 55 1,22
Fe2t 4,72 4.21 4.24 4.34 3.77
Mn 0,09 0.01 0.01 0.01 0.00
Mg 0.63 1. 15 1.17 117 0,64
Ca 0.03 0.05 0.03 0,02 0.09
Na 0.03 0,12 0.09 0.04 0.01
5.86 6.00 6.07 6.13 5.73

ILake Johnston, D.D.H. 5/100.7 m. 2All Fe as FeO.
1-4. Retrograde brown minerals in contact with magnetite;,
5. Retrograde green mineral in contact with act-qtz.

in general, closely related to the bulk composi-
tion of the host rock, although some metaso-
matic transfer, particularly involving K and
Al in stilpnomelane-bearing assemblages, must
have occurred during retrogression.

The conditions of formation of the retrograde
assemblages are difficult to estimate, partly
owing to the simplicity of the assemblages
formed and, regarding stilpnomelane-bearing as-
semblages, to the very wide stability field of
stilpnomelane. Under very reducing conditions,
the stability fields of greenalite and ferroacti-
nolite may overlap in _the region of 300 to
350°C.
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