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LOW.TEMPERATURE RETROGRADE MINEHALS IN METAMORPHOSED ARGHEAN
BANDED IRON.FORMATIONS, WESTERN AUSTRALIA
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Departtnent of Geologl, (Jniversity o! lilestern Australia, Nedlands, 6009 Australia

ABSTRACT

Low-temperature (( 450oC) retrograde minerals
are a widespread but minor feature in medium and
hieh 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)/(Fe+
Mn*Mg) = 0.98-0.491, calcite, siderite. magnetite,
ferroactinolite. chlorite, talc, serpentine t(Fe*Mn)/
CFe*Mn*Mg) - 0.37-0.021. pyrite ancl possiblv
cronstedtite. Several unidentified silicates with com-
positions part way between stilpnomelane and
greenalite, stilpnomelane and chlorite, and chlorite
and greenalite occur in retrograde assemblages.
These may be metastable transition phases. The
AlrO, contents and the "FeO"/("FeO"*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, dlf-
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 - 350oC.

Keywords: Low-temperature retrograde minerals,
iron formation, Yilearn Block, Western Australia,
stilpnomelane, greenalite.

Sor"rMarns

Les min6raux r6trogtrades de basse temp6rature
(< 450'C) sont trds r6pandus comme min6raux
accessoireg dans les formations de fer rubann6es
arch6ennes i m6tamorphisme mod6r€ ou 6lev6 du
bloc Yilgarn, en Australie occidentale. Cest la
stilpnom6lane qui se rencontre le plus souvent,
mais on fiouve aussi: greenalite t(Fe*Mn)/(Fe+
Mn*Me) - 0.98-{.491. calcite, sid6rite, masn6tite,
ferroactinote, chlorite, talc, serpentine [(Fe*Mn)/
Ge*Mn*Me) - 0.374.021, pvrite et cronsted-
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tite(?). Dans ces assemblages rEtrogrades, plusieurs

silicates restent nonidentifi6s; en composition, ils
se situent entre stilpnom6lane et greenalite ou
chlorite. et entre chlorite et greenalite; ce sont peut-

6tre des phases de fiansition m6tastables. La teneur
en AlnOr et les rapports "FeO"/ ("FeO"*MgO) et
MnO/(MnO**FeO') dans la stilpnom6lane et la
greenalite ddpendent, en g6n6ral, de la composition
globale de la roche, quoique la r6trogression ait
6t6 accompagn6e d'un certain m6tasomatisme. La
composition des fluides est un facteur important
dans la formation des min6raux r6trogrades, mars
les conditions de m6tamorphisme. en cours de 16-
trogression, sont g6n6ralement difficiles i 6valuer.
Dapris le caractbre des formations de fer ruban-
n6es faiblement m6tamorphiques et les r6sultats
exp6rimentaux d'une part, et la texture des assem-
blages r6trogrades d'autre Dart, les domaines de
stabilit6 de la greenalite et de la ferroactinote
pourraient, en miieu trBs r6ducteur. empi6ter I'un
sur l'autre entre - 300 et - 350oC.

(Traduit Par la R6daction)

Mots-cl6s: min6raux r6trogtades de basse temp6ra-
ture, formation de fer, bloc Yilgarn, Australie
occidentale, stilpnom6lane, greenalite.

INrnooucttoN

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 MB'ruons

Electron-microprobe analyses were perfof,med

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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TABLE I. ELECTRON-MICROP&OEE ANALYSES OF RETROORADE
SILPNOMELANE

C a O  0 . 0 4  0 . 2 0
Na2o 0.30 0. 35
K Z o  3 . 7 7  0 . 9 0

T061 92.83 90. 33

0 . 0 ?  0 . 0 6
0 . 3 2  0 . 3 5
t . 6 4  2 . 3 2

9 r . 0 5  9 0 . 9 t

Iom oa tb€ basla ot ll oryg€nB

45.6 4?.O 45.O
0 . 0 2  0 . 0 !  0 , 0 l
3 . 9 3  t .  l 5  2 . 9 5

3 2 , 2  4 1 . 4  3 7 . 4
2 .  t L  0 . 0 ?  o . o z
t . 5 4  2 . 1 1  2 . 7 7

0 . 0 2  0 . 0 4  0 . 0 4
0 .  r 8  0 . 2 0  1 . 7 6
2 . 5 2  t .  l 4  1 . 6 0

90. r2 93.72 9 r .  55

"a;r" rzloz nf;ot eEf,u utze esirs g:3ao aJs:

o. t2 0. 00 o. 00
z . Z t  2 . 8 1  2 . 5 8
0 .  1 5  0 . 0 r  0 . 0 0

StOz 46,7 44.1 43.5 43.7
T1o2 0.02 0. 0{ 0.03 0. O?
A I Z O 3  4 . 8 7  2 . 9 6  3 . 3 3  6 . 0 0

F e o l  2 4 , 9  3 8 . 8  3 9 . 3  3 5 . s
M l O  5 . 3 5  0 . Z z  1 . 5 0  l .  l l
M g O  6 . 8 8  2 .  1 6  r . 3 6  1 . 8 0

st
A

A
Fo
Mn

Mg

Na

3 , 6 6  3 . 7 3  3 . 6 ?  3 . 6 t
0 , 3 4  0 . 2 7  0 ,  3 3  0 . 3 9

4. 00 4. 00 4.00 4.00

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

0 . 8 0  0 . 2 7  0 .  u  o . 2 2
0 . 0 0  0 . 0 2  0 . 0 1  0 . 0 1
0 . 0 s  0 . 0 6  0 . 0 5  0 .  0 6
0 . 3 8  0 .  l 0  0 .  1 8  0 . 2 4

3 . 3 3  3 . Z t  3 . 3 0  3 . 2 5

3 . 7 4  3 . 8 1  3 . 7 r
0 . 2 6  0 .  l l  o . z 9

4 . 0 0  3 . 9 2  4 . 0 0

0 . 4 3  0 .  3 3  0 . 3 4
0 . 0 0  0 .  0 0  0 . 0 0
0 . 0 3  0 . 0 3  o . z a
0 . 2 6  0 .  t 2  0 .  r 7

3 . 2 0  3 . 3 0  3 , 3 ?

lau 
re ag r€o.

!. (i!€€! stilp pith cal h voia t! gru-act-qE-mag e8@blago.
Ailas Cold Mh6, D.D.FL l/ll?.8 m; a. O!6d sttlp vlth cat h v€tn
ln gru-mag-q@ assdmblage. Norcr:e col,cl Mbo, D.D,n SIZ37.4 ftt
3. Blom 3tllp eltb Jolroact ln ktd( bea la gru-act-qE-meg eas@-
b=lsg6. corbtltd Gold Mtne, Ks l4l lz7 mt 1. Brom sdlp ssocratod
Fltb uldentttled mlnoral (Table 5, !o. 9) ln bbld-alm &6@blago.
Tlougb wo1l, D.D,H, 12173.5 m; 5. Brom stllp sith dtd (For.82M!O.Zl
Mgo.o lcao.0?)  ud  mbor  pF i t€  h  g ru-daa-pF l !6  usmblago.
Tassoy  wo l i ,  D .D.H.  l /  102  mi  6 .  CrF tocrysbUhe g lod  sd lp  tn
veia lir gru-mag assmblag6. SUfp i6tr"gie'soa rc greaal (tabro 2,
rc. 6), qlz ed e uldentlJloil mlnoral (Tabl€ 5, no. 8). Buytp,
Fo! !es@ta,  D.D.H.  l /61 .5  mi  1 .  C typ tocrys td lb€  gro@ sd lp  v lh
cd  {Fe"  ^ 'Ca,  ^ ,1  t !  c ru -ac t -cb lo r l t€ -mai  aas@blaq€.  Buy lp ,
ro r ;o€&- i ; ,  5 id .h .  t I s t .u  m.  abredad6ue usd in  rab l€s  i -6 :
act : acdnollte, alm E almeilln€, cal = calclb, ferlosct E t6uoacd!-
ollte, gr€@al : gto6aallte, gls = g!u6rit€, hbld : ltotabl6ad6, bag
: maCnottte, 01 : oltvtn€, qb = q@!tz, se}:p ! selp€adn€, sldl !

sid€lito, stilp = 6tllpa@61so.

Frc. 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-
reslania.

Chodos (unpublished). Estimates of HrO 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 l.

Srrr-pNovter-aNs

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 O.2-3.O 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 gtain-size. Partial al-
teration to a brown-colored variant is common
and is probably due to weathering.

StilDnomelone BulkRock
o.0

2  4  6 A  2  4  6 4 1 0

at2 03 wt. 70

LEGEND

t-12962 ! -  S5080
^ = 8 4 9 1 9  o -  8 5 0 1 5
a : 8 4 9 2 8

Frc. 2. Al:O, contents and ratios of "FeO"/("FeO
+McO") and MnO/(MnOf"FeO") of refo-
grade stilpnomelane and host-rock bulk com-
position. total Fe as FeO; plotted as
wt. Vo. 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,

St i lgnomelone Bu lkRock
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Ftc. 3. Retrograd€ greenalite and serpentine veinlets. A. Greenalite (G) and minor magnetite (opaque)
veinlet in quartz (Q), fayalite (F), grunerite (Gu) assemblage. Sample 84987, Queen Victorira
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, Iake lohnston.
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 "FeO"/("FeO"*MgO)
and the MnO/(MnOf "FeO") ratios, and to a
lesser extent the AluOs 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-
laneso however, show no compositional rela-
tionship to bulk composition (e.9., 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 assemblage, 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. ELECTRON-MICROPROBE NSYSES OF RETROCRADE
CREENINE

supre 
""1""No.

7
85093

84919) probably formed at moderate temper-
atures (= 350-450'C). Other retrograde stilp-
nomelane assemblages could have formed at
similar or lower temperatures.

GnnEtter.rtE, 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. I ).

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).11 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. 38)
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 NA,LYSES OF RETROCRADE
MTNERAIJ IN SAMPLE 85OOII

slo2
Tio2
AIZOI

Feo2
MaO
Mgo

CaO
NeZO
Kzo

Tobl

F€ZO3
F€O

Tobl

50. 0
0 . 0 0
0 .  0 5

o. z7
l .  t 6

1 0 . 4
0. t4
0 . 0 7

9 8 . 3 9

0 . 0 0
0 .  l 5

0. l8
0. 67

0 . 0 8
o . o 4
0 . 0 0

89.72

29.9
0 . 0 0
0 . 0 0

0 . 0 2

0. l4
0 .  1 5
0 . 0 0

8 8 .  1 6

9 .  l 3
43. S

8 9 . 0 6

2 7 . 7  2 9 ,  I
o . o z  0 . 0 0
0 . 0 0  0 . 0 0

5 1 .  5  4 9 . 7
0 . 0 0  0 . 0 0
6 . 2 3  6 .  r 0

0 . z z  0 . 8 0
0 .  z l  0 . 3 0
0 , 0 0  0 .  0 4

8 7 . 8 8  8 6 . 0 4

9 . 6 3  9 . 9 3
42.9 40.8

8 8 . 8 8  8 ? . 0 4

Io[a o! tb€ basfu of A- orygGas B. cstion6

A A B B

2 3 4 5 6
84934 8498? 84996 85027 85080

SiOz
TiO2
AIZOI

F o o l
MaO
Mgo

CaO
Na:O
rzb

Totd

4
F o
Mn

Mg

Na

3 6 . 7  3 ? . 0  3 5 . 7  3 6 . 6  3 8 . 0  3 6 ,  r
0 . 0 0  0 , 0 2  0 . 0 0  0 . 0 0  0 . 0 1  0 . 0 r
0 . 0 3  0 . 0 9  0 . 0 0  1 . 5 0  0 . 5 2  0 . 0 0

5 1 . 7  4 8 .  I  5 I .  I  3 8 .  I  4 5 . 8  5 0 . 8
0 . 6 5  0 .  5 ?  0 .  1 5  t . 0 ?  r . 4 5  o .  0 6
2 . 2 3  2 . 9 0  2 . 0 0  1 r . 8 0  3 . 2 2  1 . 9 0
0.04 0. 13 0. t2 0. 06 0. 16 0. 00
0.02 0.02 0. 08 0. 0,1 0. 07 0. 04
0 . 0 0  Q .  0 0  0 .  0 0  0 .  0 0  0 . 2 3  0 .  0 0

9 r . 3 ?  8 8 . 8 3  8 9 .  l 5  8 9 .  t 7  8 9 . 4 6  8 8 . 9 1

lon8 o! dbo ba8ts of 14 oryg€as
4 . 2 6  4 . 3 4  4 , 2 6  4 . 0 6  4 . 3 1  4 . 2 9
0 . 0 0  0 . 0 r  0 . 0 0  0 . 2 0  0 . 0 7  0 . 0 0
5 . O Z  4 . 7 2  5 . 0 9  3 . 5 3  4 . 4 t  5 . 0 6
0 . 0 6  0 . 0 6  0 . 0 2  0 .  l 0  0 .  1 4  ,  0 . 0 r
0 . 3 9  0 .  5 l  0 . 3 6  r . 9 5  o .  5 5  0 . 3 4
0 . 0 1  0 , 0 2  0 . o z  0 . 0 1  o , o 2  0 . 0 0
0 . 0 r  0 . 0 1  0 . 0 2  0 . 0 t  0 . 0 2  0 . 0 1
0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 3  0 . 0 0
5 . 4 9  5 .  3 3  5 .  5 l  5 .  8 0  5 . 2 4  5 . 4 2

8 . 0 0  4 , 2 3  3 . 6 1  3 . 5 9
0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0

8 . 0 0  4 . 2 t  4 . 0 0  4 . 0 0

0 . 0 0
0 . 0 0

0 .  l l
0 . 0 7
0. 00

49. v

4 . 2 6
0 . 0 0

o .  o z

0 .  2 6
0 . 0 1
0 . 0 2
0. 00

5 . 4 9

l 0

0 . 0 0
o . 4 2

4 . 0 0

raU Fe e  F6O.

l. Pleochlolc yoUoe baom b gle€n g!€oaal a6 patches in act-mag
s8eblag€ Novoria Gold Mtne, D.D.H. 91171,7 mt 2. Ploochrolc
y€Uoe br ( )m b  gr€@ g leda l  a6  pahh€s b  grw-acr .  

-T rouSh 
we l t ,

D .D.H.  lZ l  I12 .5  m:  3 .  Heochro lc  ye l loe  b lwn b  green greond dd
meg b  veh h  fe r rosa l t te -€d t t6 -g tun- fayd t te -qe  as6mblsg6.  Quee!
v tc to l ta  Rocks ,  D.D.H.  l3 l125.9  m;4 .  C!€sd ve tn  h  ac t -c ru-bb td-
m a g  a 6 E m b r a g € .  Q u e s  v t c b r t E  R o ; k s ,  D . D . H .  1 3 / 1 8 t . 4 ; ;
1. clnbcrystaUlne gleohd drh 

-qrz, 
cat (Fe0. 04Mn9. s3{eO_. o r

CaZ.09)  sd  u i ldEnt i f t€d  mh€rd  (Tab le  5 ,  nos .4-6)  S  v€ t r  h  qE-
glu-act-mag adB@blage. Wtndura Ntckel Mbe, D.D.H. AE 558/
102l.4 mt L. ClypbcrysbUia€ groenal eitb qk ud uid&riflod

mlns:al (Tebl€ 5, Do. 8) in certe! of reEogiado stUp vei! (TaU€ l,
ao .6) .  Buy 'p ,  For res te ta ,  D.D.H.  l /201 .9  m;  ? .  Cr lTbcrysbuhe
g!€dd du l  ca t  (FeO.  O?Mgo.  OZCaZ.  04)  tn  ve tn  b  qk-mag-grE-ac t
assmblagG.  Mt .  Hops,  Fo l res taDtq  D,D.H.  8 /  131.5  m.

0 . 0 r  0 . 0 2  0 . 0 0  0 . 0 0  0 . 0 0
o . 4 4  0 . 4 6  0 .  5 0

4 . 8 6  5 . 3 5  4 . 3 9  4 . 3 4  4 . 2 0
0 . 0 4  0 . 0 2  0 . 0 0  0 . 0 0  0 . 0 0

0 . 2 4  o .  1 2  t ,  t 2  t .  t 2  t .  t z
l . ? 8  0 .  l 0  0 . o 2  0 . 0 3  0 .  l l
o . 0 4  0 . 0 r  0 . 0 3  0 . 0 5  0 . o 7
0 . 0 1  0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0

1 . 0 2  s . 6 2  6 . 0 0  6 .  O 0  6 . 0 0

l l , rL .  
Jobo" too ,  D.D.H.  5 /135,6  mr  

2A l t  
Fe  aa  Feo;  

3Fe2o3

osdmabd assmhg !0 @d.oas,

L Ferroact t! v€b cutrtrg gredal v€ia; 2. Gr€€lel b v€h wttb
greeb-br ( ,m mtn€ ld  (3 -5)  ma a td  (F : r .zY!0 . .q6Mgo.4sCaO.  

14) ;  -
3-5. Cre6!-bros mbolal tn gre@al J6b adjacdt b meB bed.

iir*
Fe2+
Mn

Mg

K
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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. YaZq
Oro(OH)el, suggests the presence of consider-
able Fe8+ 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 (dool : 7.12 A) than to that of
cronstedtite (dro, = 7.O9 A).

The banded iron-formations from D.D.H.22.
Koolanooka, contain very unusual primary
metamorphic as well as retrograde mineral as-
semblages. The primary assemblages, described
by Baxter (1965), consist of olivine Fauz-o
and magnetite with minor magnesite, muscovite,
cummingtonite and tremolite [Fel(Fe*Mg)
0.01, O.30, 0.254,45, 0.20-0.60, respectivelyl.

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

for Mg-rich silicates in magnetite and magne-
tite-hematite-bearing assemblages in iron for-
mations of the Labrador Trough. They proposed
a prograde reactionl hematite i F*,Mg sili-
cates (or carbonates) + magnetite + Mg-
silicates (or carbonates) * HzO (or COz).
The reactant and product assemblages have the
same Fe3+/Fe21 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 amphib-oles, 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 lOllVo 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-N{ICROPROBE ANAI,YSES OI' RETROGRADE CREENALITE AND SERPENTINE FROM
OLWINE-RICH BANDED IRON-FORMATIONS. KOOLANOOKAT

Smple urlru
2 3 4

59395 55395 55395
5 0 4

55395 55398 55399
S 9 r o t l l z

55410 55410 55410 55414 55415

38 .2  38 .5
0 . 0 0  0 . 0 0
0 .00  0 .  l 0

32.3 23.9

SiOZ 36.3
TiO2 0. 0 t
AIZoJ 0.00
FeOa 34.9

36 ,5  36 ,7  37 .  L
0 . 0 1  0 . 0 1  0 . 0 1
0 . 0 0  0 . 0 0  0 . 0 0

3 4 . 7  3 3 . 5  3 0 . 9

z ,  t 4  t . 66  1 .  16
14 ,56  16140  18 .68
0 . 0 6  0 . 0 4  0 . 0 3
0 . 0 0  0 . 0 0  q . 0 0

87 ,97  88 .3 r  87 .88

3 9 . 5  4 L , Z  4 2 . 6
0 . 0 0  0 . 0 3  0 . 0 0
0 .  50  0 .03  0 .00

z z . 8  5 . 4 7  1 . 7 1

1 . 6 7  0 .  Z 0  0 .  l 5
23 .4  39 ,6  41 .7
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distinct greenalites and serpentines accompanied
by abundant ragged magnetite occur in veinlets
(0.05-0.4 mm wide). Extremely fine-grained
( < la t^t) 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 (Faoz and
Fa04, 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 5541,0, 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. LO). The

o  |  2  0 1 2 3 4
At203 wt %

LEGEND
r:84934 a- 84996
r=84987  . : 8500 r

Fto. 4. ALO3 contents and ratios of "FeO"/("FeO"
*MgO) and MnO/(MnOf"FeO") 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
ln samples 55395 and 55410 are intergrown and
fine-grained, they cannot be separated for X-ray
determinations. Ifowever, the serpentine-like
minerals in these samples optically res€mble
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 (Faaz, Fanr and
Fae, 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 (Fa+a) and mag-
netite have not been affected by the retrogres-
sion.

Discwsion

Retrograde greenalites, recalculated on a
basis of 14 oxygens, show an excess of Si and
an octahedral deficiency compared with the ideal
formula of FeoSiaO'o(OH)e (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 sa.m-
ple 85027 (Table 2), which has the highest Si
excess of all the retrograde gteenalites, con-
tains 0.23 wt. Vo KzO and may be a mixture
of layer silicates. The Al'Og contents and the
"FeO"/("FeO'+MgO) and MnO/(MnO+
"FeO") 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 (Fe1
Mn)/(Fe*Mn+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 O.49 and O.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 0.3'0
arid 0.08 is probably due to a lack of .samples
containing serpentine with appropnate compo-
sitions (Jasmund et al, 1975). Magnesian green-
alites and ferroan serpentines with compositions
similar to those in samples 55395 and 55410



have been reported by Dietrich (1972) and
Frondel (L962) in retrograde assemblages. At
Koolanooka the retrograde silicates all have
lower (FefMn)/(Fe*Mn*MS) 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 (lG-30 vol. %), the difference in the
(Fe*Mn)/(Fe+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 retrogtade 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 (Fe*Mn)/
(Fe*Mn*Mg) ratio between olivine and ser-
pentine despite the small degree of alteration
(< 10 vol .  Vo) .

Retrograde conditions

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

2LT

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 Fes+-bearing mineral (prob-
ably cronstedtite) in the greenalite-rich veinlet
of sample 85001 suggests that retrograde meta-
morphii conditions were, locally at least, rela-
tively oxidizing. Evidence from low'grade meta-
morphic assemblages (Gole 198O) suggests that
greenalite is stable up to 320 + 50'C (a) in
Si-deficient assernblages and (b) in the presence
of excess Si under relatively reducing conditions
(log l(O:) - -32bar at327"C). Experimental
data (Ernst 1966) indicate that ferroactinolite
is stable under relatively reducing conditions at
moderate temperatures (450"C at log l(Or) =
-32 bars, extiapolated from data of Ernst 1966).
The ferroactinolite veinlet in sample 85001 may
therefore have formed during a reheating event
after the formation of the retrograde greenalite.
Bvidence for such reheating in the Yilgarn Block
has been found in Ni sulfide environmerrts
(Barrett et aI. 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

LOW-TEMPERATURE RETROGRADE MINERALS

KOOLANOOKA

A = 5 5 3 9 5  l = 5 5 4 1 0
V= 5539E z=554t4

a= 5539s o= 55415

OTHER LOCALITIES
x qsomoles from toblos 2 ond 3

FeO + MnO

20
Mso FeO +MnO

Fro. 5. Compositional variations in (a) retrograde greenalites and ser-
pentines (filled sy.mbols and crosses) and (b) olivines (open sym-
bols), plotted in wt. Vo within the system (FeO*MnO)-MgO-.SiOr.
Total Fe as FeO. Tie lines join host olivines and the earliest retrograde
silicate in Koolanooka samples.
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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,O * Oz -+ serpentine * magnetite + Si +
HaO. The Hzo released by this reaction is
probably consumed by further alteration of the
host olivine. Oxidation of Fea+ to Fee+ in early-
formed greenalite during these reactions may
account for tlle red color in the most Fe-rich
greenalite in sample 55395 (Table 4, no. 1).
The samples in which relrograde magnetite and
serpentine have replaced most of the primary
olivine rnay be tle 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 15G'-
2O0oC (Evans et al. 1976) for the retrogres-
sion.

Ter,c eNn Cnr,onrrB

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-ferrohypersthene-grunerite. The talc,
rvhich is Fe-rich, replaces ferrohypersthene and
has a slightly lower Fe./(Fe+MC) ratio (0.43)
than the relict orthopyroxene (0.49). Minneso-
taite was not observed a$ 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 assernblages.

In iron formations with aluminous bulk com-
positions, chlorite is a common retrogxade Phase
that rims or veins almandine.

UNpsNrrrIEp Mnvrner-s

Unidentified minerals have been found in
several retrograde mineral assemblages. Based
on electron'microprobe analyses, tlese minerals
san be grouped broadly into stil,pnomelane-like,
chlorite-like and greenalite-chlorite-like rnin-
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 margtns of a retrograde vein, and green-
alite (Table 2, no. 6) and quartz, which occur
in the sentre 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 2n 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. EJ-ECTRON-MICROPROBE ANALYSES Or. UNIDENTII'IED RETROGRADE MINERAI,S

t 2 3 4 5smPre g4g9g e+6sg 84999 BsozT gsozT 85027
7

85080
8 9 1 0
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FeO l
MrO
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Cao
Na20
I<zo
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45,  |  46.  L
0 . 0 3  0 . 0 2
r .  l ?  0 . 8 3
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4 . 0 0  4 .  t 4

2 . 5 5  4 . A 6
0 . 4 2  0 . 7 0
o .2z  0 .  15

9 t . 14  93 .62

46 .3  38 .9  40 .  l
0 . 0 0  0 . 0 0  0 . 0 0
0 . 9 6  0 . 6 5  0 . 8 8
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0 . 2 4  r . 4 9  1 . 4 5
5 .  r 8  3 . 0 4  3 . Z Z

5 , 1 7  0 . 2 3  0 , 2 4
0 . 3 2  0 . 0 6  0 . 0 7
0 . 0 9  o . z o  0 . 2 3

92 .96  9L .07  91 .09

48.6 42.  I
0 . 0 2  0 , 0 2
0 . 3 5  0 . 0 5

J O .  I  A O .  I

1 . 4 4  0 .  l l
3 . 4 4  2 . 4 5

4 . 3 2  0 . 0 4
0 .  1 6  0 . 0 7
0 . 3 2  0 . 0 9

94 .75  9 r . 43

47 .6  32 .0
0 . 0 2  0 .  1 4
0 .66  Lz .  L

2 6 , 7
0 . 3 4

1 5 .  a

4 2 . 0  3 9 . 0  4 1 . 3
0 . 0 6  0 . 7 6  0 . 4 ?
2 , 7 5  3 . 0 9  3 . 8 4

0 . 0 1  0 . 0 5  0 . 0 ?
0 . 0 4  0 . 2 3  0 . 0 4
0 . 6 3  t . z 4  l .  5 0

93 .77  88 .61  89 .  9 r

lau I." as FeO.

!-3. Dark-brown mlneral intergrovn with fibroue f€rroact in retrograde v€i!. Lake Johnston' D,D.H,
5/T00.? ^; !-9. Dark-green miaeral with greenal (Table Z, ao. 5), cal aail qtz ia retrograde vein.
'Windarra 

NGIiE1 Vines, D.D.II. AE 558/lOZ1.4 -; ?.-9. Pale-green miaeral between eti lp (Table l, no. 6)
anal qtz-greenal (Table 2, oo. 6l in retrograde vein. 

-Bunylp, 
Forreotala. D.D.H. l/61.5 m;

2-!q. Golorless, llas-grained mineral id coatact wlth retrograde atilp (Table l, no. 4) in hbld-alm
assemblage. Trough Well, D.D.H. 12/73.5 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 composltion of a stilpnomelanelike rnin-
eral in sample 84999 also varies markedly over
a few misrons, and approximates that of stilp-
nomelane ex-cept for a deficiency in AleOa
and KzO (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 TiOz and KzO.

Greenalite-chlorite-like retrograde minerals
occur in a veinlet in sample 84999. The veinlet
assemblage contains (l) 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 CaO and
NazO. 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 mav 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-forrnation assemblages
of very low metamorphic grade (Klein & Fink
1976; Gole 1979).

CoNcrusroNs

The compositions of retrograde minerals are,
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TABLE 6. ELECTRON-MICROPROBE ANALYSES OF RETROGRADE
veN tvttNgnAt.s. SAMpLe 8a9991
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0 . 0 9  0 . 0 4  0 . 0 1
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l l ake  Joboeoa,  D.D.H.  5 / lOO.?  m.  zAU F6 as  FeO.

]-9. R€trograd€ blom ellerals in cotrbct eith magtr6tlt€;

!. R€tlograde green mh€ral i! contact eit:h act-qE.

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 stilpnornelane-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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