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Abstract

The Proterozoic iron-formation in the south-central part of the Labrador Trough is the
product of primary sedimentation and of diagenesis, but south of the Grenvil le Front this
same iron-formation exhibits the effects of metamorphic conditions that range from green-
schist through amphibolite to granulite facies. Although the iron-formation is not continuous
where the Labrador Trough sequences have become involved in the Grenvil le Orogeny,
sampling and study of discontinuous iron-formation assemblages allows an overview ol the
changes in assemblages and chemical composition of coexisting minerals in prograde meta-
morphosed iron-rich sediments. Late diagenetic assemblages are rich in chert, carbonates
(siderite, dolomite to ankerite, calcite), magnetite, hematite, greenalite, stilpnomelane, and
minnesotaite. Amphibolite facies iron-formation contains abundant Fe-Mg clinoamphiboles
and Ca-clinoamphiboles, as well as iron oxides and Fe-rich carbonates. The highest metamor-
phic grade iron-formation assemblages are rich in orthopyroxene, with lesser clinopyroxene.
Specific assemblages and compositional ranges for minerals in the iron-formations and closely
associated rock types are l isted and shown graphically. Although there is a general trend
toward dehydration and decarbonation with increasing metamorphic grade, local assemblage
inconsistencies i l lustrate that COz and HrO have generally not behaved as perfectly mobile
components. The activity of O, has been rather narrowly buffered by magnetite-hematite
coexistences from diagenetic through high-grade metamorphic conditions. The range of
physical conditions represented by the assemblages is from about 150"C at l-2 kbar to about
700-750"C at l0-11 kbar.

Introduction Bricker (1977), Lesher (1976),andZajac (1974). Pet-

The extensive Proterozoic iron-formations in the rologic studies of metamorphic iron-formation as-

central and southern Labrador Trough afford an ex- semblages in the area south of the biotite isograd

cellent opportunity to study the changes in mineral (Fig. l) have been made by Mueller (1960) in the
assemblages as a function of changing metamorphic Bloom Lake area, by Kranck (1961) in the Mount
grade. Gross (1968) showed that the iron-formations Reed and Hobdad Lake areas, by Klein (1966) in the
which occur in the western part of the Labrador Labrador City area, and by Butler (1969) in the Gag-
Trough can be traced for about 700 miles. In the non-Mount Reed-Lac des Sil icates area (for loca-

southern part of the Labrador Trough the unmeta- tions see Fig. I ). Each of these four studies was

morphosed iron-formation passes into the Grenvil le restricted to iron-formation assemblages of a specific

orogenic belt and becomes highly folded, faulted, and and restricted metamorphic grade. This study pro-

metamorphosed. Fahrig (1967) shows the biotite iso- vides an ouerDiew of the assemblages in iron-forma-
gradcrossingtheLabradorTrough approximately l2 tion and the mineralogic changes therein as a func-
mi les south of  Sawbi l l  Lake (F ig.  l ) .  This  isograd t ion of  regional ly  increasingmetamorphicgrade.  The
probably is the northernmost expression of the Gren- often-made assumption that iron-formations are
vil le orogenic belt (Grenvil le Front). rather simple chemical systems is not supported by

The chemistry, mineralogy, and assemblages of the the observed complexity of assemblages. The lowest-

unmetamorphosed iron-formations in the central grade assemblages, from the Howells River area

Labrador Trough have been studied recently by (Klein, 1974; Klein and Fink, 1976), represent late-

Klein (1974), Klein and Fink (1976), Klein and diagenetic (essentially unmetamorphosed) condi-
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tions, whereas those of the Gagnon region were meta-
morphosed in upper amphibolite to granulite condi-
tions.

Handspecimen and diamond drill core samples of
iron-formation, and, wherever possible, of closely as-
sociated rock types, were obtained from the various
localities listed in Figure l. In the original field selec-
tion of samples I concentrated on the most highly
varied and complex assemblages. Although banded
qtzl (or chert)-mag, qtz-hem, or qtz-hem-mag as-
semblages are present in many of the localities listed
in Figure l, and constitute the ore zones in the mining
areas, such assemblages provide no insight into
metamorphic reactions among carbonates, oxides, or
silicates. Of the field and diamond drill core samples
approximately 270 were studied by optical micro-
scope (transmitted and reflected light), and for 137 of
these each mineral in the assemblage was analyzed
quantitatively for nine oxide components by electron
microprobe techniques. On complex assemblages, be-
tween 30 to 40 nine-element probe analyses were
made, on an average, and on the most simple assem-
blages about ten. The total number of such analyses
used in this study is approximately 2400. The electron
microprobe procedure is outlined in Klein (1974).

Bulk chemistry of the iron-formations

Twenty-three representative samples of iron-for-
mation were analyzed for their bulk chemistry by a
combination of gravimetric, flame photometric, and
colorimetric techniques. The results are listed in
Table l. Most samples contain abundant carbonates
or silicates, or both. Only samples with a low MnO
content (the highest being 2.34 weight percent MnO;
analysis 22,Table 1) were selected for bulk chemical
analysis and electron microprobe study of the assem-
blage. The SiOz, FeO, and Fe2O3 values are generally
high and variable, and CaO, MgO, and COz are also
major and highly variable components (Table l). The
amounts of AlzOa, NarO, and KrO are relatively
small (maximum AlrO, : 3.95 percent in anal. 5;
maximum NarQ : 1.48 percent in anal. 3; and maxi-
mum KrO : 0.53 percent in anal. l9).

In a study of the assemblage changes of progres-
sively metamorphosed rocks, it is highly desirable to
consider an essentially isochemical system. Although
the metamorphosed iron-formations south of the
G,renville Front (see Fig. l) may not be exactly
isochemical (except for possible loss of e.g. H"O or
COz, or both) with the unmetamorphosed iron-for-

Fig. l. Proterozoic iron-formation in the southern part of the
Labrador Trough (map modified after Gross, 1968). Areas
sampled for this study are located and listed in the legend. The
location of the biotite isograd, which is the northernmost
expression of Grenville metamorphism, is after Fahrig (1967).

mations to the north, a comparison of the results in
Table I with published analyses of unaltered and
unmetamorphosed Labrador Trough materials is in-
structive. Figure 2 shows the chemical distribution, in
terms of weight percents of three of the most abun-
dant and variable components (CaO, MgO, FeO), of
the unmetamorphosed iron-formations and their
metamorphic equivalents. This figure leads to the
conclusion that all the iron-formations in the Labr-
ador Trough are represented by a rather limited
range of composition, and that indeed the overall
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Table l .  Chemical  analyses of  bulk samples of  i ron-format ion in the Labrador Trough. Explanat ion for  sample local i ty  abbrevia l ions is

given in the legend to Fig. l.

r  ( s ) 1  2  ( P )  3  ( s h ) 4  ( D ' A l  5  ( D ' A l  6  ( L c ' ) L ( L c ' )  8 ( t c )  9 ( L c ) I 0 ( r c )  I 1 ( r c )  L 2 ( L c l

S i o 2  2 4 . 0 0  4 2 . 3 5
TiA2 trace trace
A I 2 o 3  o . 4 4  0 . 8 0
F e 2 O 3  0 . 9 3  2 . 8 6
F e O  L 6 . 5 2  1 5 . 8 8
M n o  0  . 8 7  0 . 6 2
M g o  1 0 . 3 0  8 . 5 0
c a o  1 5  . 3 0  1 0 . 4 0
N a 2 O  0 . 0 3  0 . 0 3
K 2 o  0 . 0 2  0 . 0 4
H 2 o  ( + )  0  . ] 5  0  . 3 0
H 2 o ( - )  0 . 0 s  0 . 3 0
P Z o 5  0 . 0 s  0 . 0 4
C o Z  3 I . 5 7  L 7  . 4 9
s  0 . 0 0 6  0 . 1 4
C  t r a c e  0 . O 2
T o t a l  1 0 0 . 2 3 6  9 9  . 7 7

4 4 . 9  4 3 . 6  2 6 . 9 0
0  . 2 9  0 . 5 5  t r a c e
2  . 6 2  3 . 9 5  0  . 2 1

no re2  )  2L .3  3 .90
2 9 . 6  t 3 . s  L 9 . 9 2

1 . 0 3  0 . 8 1  L . 4 2
4 . 4 5  3 . 3 0  7  . 2 7
r . 4 7  4 . 6 3  9 . 8 9
0 . 0 2 6  1 . 1 8  0 . 1 3
0 . 2 0  0 . 4 r  0 , 0 5
0 . 9 3  0 . 4 3  0 . L 2
0 . 0 9  0 . 0 4  0 . 0 0
0 . 0 5 4  0  . L 2  < 0  . 0 2

1 3 . 4  6  . 5 0  2 9  . 7 9
0  . 0 2 8  0  . 0 0 5  < 0  . 0 2
0 . 5 4  0 . r 2  < 0 . 0 2

qg .6ZE ITT-flifF qT.66-

3 6 . 4 2  6 0 . 6 0  L 4 . 9 9
t race  0 .10  t r ace

0 . 2 0  0 . 0 5  0 . 0 7
4  3 . 0 5  2 0  . 8 6  7 6 . 8 6
1 8 . 3 2  L 2 . 3 4  5 . 3 0

0  . 1 7  0  . 2 8  0 . 1  2
0 . 4 8  r . 0 6  0 . 5 ?
o . 2 4  0 . 8 3  0 . 7 3
0 . 0 5  0 . 0 5  0 . 0 3
0  . 0 5  0  . 0 2  < 0 . 0 2
0  .  1 9  0  . 0 9  1 . 1 3
0 . 0 0  0 . 0 2  0 . 0 9

< 0 . 0 2  < 0 . 0 0 5  0 . 0 2
0 . 4 2  3 . 8 8  0 , 0 6

< 0 . 0 2  . 0 . 0 q I  0 , 0 3 6
< 0 . 0 2  n . d . r l  < 0 . 0 2
,976i mo.-T66 100';026

4 5 . 5 3  3 1 . 9 5  3 s . 8 3
trace trace trace

0 . 0 7  0 . 7 6  0 . 3 2
4 7 . 4 4  r L . 4 2  1 8 . 8 5

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

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

t r a c e  0 . 0 5  0 . 0 4
0 . 0 5  0 . 3 8  3 . 9 9
0 . 0 7 8  0 . 0 3 4  0 . 0 5 2

< 0 . 0 2  < 0 . 0 2  < 0 . 0 2
ee.-TEd Te-:qiT ,e .8n-

trace
0 . 2 7

3 0 . 7 7
r 0  . 7 6

0  . 3 5
3 . 6 2
0 . r 0
I  . 4 8
0  . 0 7
v . z z
0  . 0 0

< 0 . o 2
0 . 0 3

< 0 . 0 2
< 0  . 0 2
9 9  . 6 6

1 3 ( r c )  L 4 ( L c ,  1 5 ( r c )  1 6 ( r c )  L 7 ( L c )  t 8 ( E c )  1 9 ( L c ' )  2 q ( M R )  2 L ( M R ' t  2 2 ( M R )  2 3 ( M R )

S i o 2  1 6 . 6 5
T i o 2  0 . 2 1
A 1 2 o 3  0 . 1 7
F e 2 O 3  8 . 4 3
F e o  1 9 . 3 5
M n O  1 . 8 5
M g o  9 . 5 0
C a O  1 3 . 0 7
N a 2 O  0 . 0 7
K 2 o  0 . 1 0
H 2 o  ( + )  0 . 2 8
H 2 o  ( - )  o . o 3
P 2 o 5  0 . 0 8 8
C o 2  3 0 . 0 4
s  0  . 0 1 ?
a  ^  a  J l

Totar 9i-9-.€-9-

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

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

t 0  . 5 0  1 8 . 4 0  5  . 8 0
0 . 0 Q ?  0 . 0 Q ?  0 . r 1 .

n . d . J l  n . d . J l  n . d . J , l
TE.93, Tg-.TES ro-o-:!-t

4 7  . 4 2  3 7  . 8 I
0  . 0 7  0 . 0 7
0  . 2 0  0  . 1 9
r . 6 4  3 . 0 2

L 5 . 7 4  2 0 . r 0
0 . 4 3  0 . 5 2
8 . 6 5  7  . 5 0

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

n . d . 3 )  n . d . 3 )
tg.TTa' tt-E-5

4 5 . 6 6  6 2 . 3 ^ ,  5 6 . s ^ ,
0 .27  none f l  nonez  /
3  . 3 2  n o n e ' '  0 . 8 6
2 . 2 2  4 . 5 r  1 . 8 8

3 9  .  1 4  2 7  . 0  3 3 . 0
2 . L 7  0  . 7 0  1 .  1 9
5 . 3 1  1 . 9 9  3 . 7 9
0 . 0 4  r . 3 1 .  0 . 6 4
O  - 2 6  n o n e z  l  0 . 2 3
0 . 5 3  0 . 0 2  0 . 2 5
0 . 8 4  0 . 1 3  0 . 1 6
0  . 0 0  0 . 0 6 1  0  . 0 4 4

t r a c e  0 . 0 2 9  0 . 0 9 4
0 . 0 5  r . 8 2  1 . 7 5
0 . 0 8 3  0 . 0 0 4  0 . 0 1 7

< 0 . 0 2  0 . 0 9  0 . 1 3
93-T5 T9-'5fi rd0:535

3 8 . 8  L 2 . 9
0  . 0 1 0  0  . o l p
0 . 6 5  n o n e z ,

I O . 2  2 8 . I
4 0 . 4  2 2 . 7
2 . 3 4  0 . 4 6
5 . 6 9  9 . 3 8
0  . 6 4  1 0 . 6
0 . 0 4  < 0 . 0 1
0 . 0 2  0 . 0 2
0 . 1 6  0 . 0 7
0 . 0 5 5  0 . r 9
0 . 0 7 3  0 . 0 2 7
0  . 9 0  1 5  . 5
0 . 0 0 2  0 . 0 0 4

n o r e 2 )  0 . 1 7
99.39T r6ET69

1 )  A b b r e v i a t i o n s  f o r  s a m p T e  l o c a t i o n s  s h o w n  i n  F i g .  l ; 2 )  n o n e  =  n o t  d e t e c t e d ;  3 )  n . d .  =  n o t
d e t e r n i n e d .  A n a I g s e s  7 , 2 , 3 . 5 , 7 , 9 , 1 0 , 1 7 , J . 2 .  a n d .  f 9  b g  H i r o s h i  H a r a m u r a ,  a n a L g s e s  8 ' 1 i , 1 4 , 7 5 ' t 6 ' 7 7  a n l t
1 8  b g  K o i c h i  M i z u b a g a s h i ,  b o t h  o f  t h e  T o k g o  ] ' n s t j t u t e  o f  T e c h n o f o g q ,  T o k g o .  J a p a n i  a n a l g s e s  4 ' 5 ' 2 0 ' 2 7 '
2 2  a n d  2 3  b g  M a g n a r d  C o L L e r ,  I n d i a n a  U n i v e r s i t g ,  B T o o m i n g t o n ,  f N .  M l n e r a l  a b b t e v i a t i o n s . l i s t e d  j n

T a b T e  2 ;  m i n e t a l  n a m e  i n  ? a r e n t h e s e s  m e a n s  t t a c e  a m o u n t j  n i n e r a l -  L i s x i n g  i n  d e c r e a s i n g  r e f a t i v e  a b v n d . a n c e .
1 ( S ) ,  n o .  3 :  e h - d , o ) - - s i d .  2 ( p ) .  n o ,  I :  q t z - d o 7 - g r u - ( g o e t h ) .  3 ( s h ) ,  n o .  2 :  q x z - n a g - i l g r i e b - ( t a f c ) .

4 ( D ' A ) ,  Y i 5 O A :  s i d - g r u - q t z - a l m - s t i l p - " t i p " - m a S - ( p C ) .  5 ( D ' A )  ,  v 4 8 3 C :  q x z - m a g - d o l - a f m - b i o - a b - t o u r .  6 ( L C ) ,
Y I 0 2 7 C :  a n k - s i a l - q t z .  7 ( L c ) ,  C 6 5 5 :  q t z - m a g - d o f - h e m .  8 ( L C ) ,  H u n p h r e g  M i n e :  g t z - m a g - ( s i d ) - ( a n k ) .  9 ( L C ) ,
c 6 7 5 :  q t z - s p e c - m a g - d o l - ( t o  a n k ) .  1 O ( L C ) ,  s m a l - l w o o d  M i n e ,  q t z - s p e c - a n t h - ( m a g ) .  I 7 ( L C ) ,  s m e f f w o o d  M i n e :
e u - a n k - g r u - m a g - q t z .  7 2  ( L c )  ,  y l 0 7 8 C :  g r u - m a g - a n k .  l 3  ( L c )  ,  c a r o T  M i n e  7 c :  F e a l o l - s i d - q t z - n a g - p h l o g ' " r i p "  .
7 4 ( L C ) ,  H u m p h r e g  M i n e :  q t z - g r u  - a n k .  t 5 ( L c ) ,  c a r o f  M i n e  9 A :  a n k - g r u - q t z .  l 5 ( L C ) ,  w a b u s h  7 ,  n o . 7 :
g t u - q t z - n a g - c a 7 .  1 7 ( L C ) ,  W a b u s h  n o .  4 ,  7 8 a :  q t z - t e r r o s a l - g r u - c a 1 ,  1 8 ( L C )  '  L u c e  2 G :  g E u - a c t - f e r r o s a f -
n a g - c a t - ( p g ) .  1 9 ( w ) .  w a b u s h  ! ' ! i n e s ,  6 2 3 :  e u - a 7 n - b i o - n a g - ( S E v ) - ( s i d ) .  2 0 ( M R )  '  K - 7 3 :  e u - q t z - m a g - a n k .
2 1 ( I ' R ) ,  L 2 ,  e u - a J . n - a b - g t z - m a g - h i o - ( p g ) .  2 2 ( M R ) ,  L 3 .  e u - a L m - n a g - a n k - q t 2 - ( a b ) .  2 3 ( I f R ) ,  I ' 1 9 ,  d o 7 - n a g -
q t z - ( s i d ) - ( p s ) .

chemistries (discounting SiO2, H2O, and COz) of the
unmetamorphosed and metamorphic iron-forma-
tions are essentially the same. Hence we may assume
that the metamorphic reactions took place in an es-
sentially isochemical system, except for probable loss
of volatile components such as HrO and COr.

Iron-formation assemblages as a function of metamor-
phic grade

Table2lists assemblages in the iron-formations of
the Labrador Trough and in closely associated rock
types, as sampled at the various localities shown in

Figure l. A graphical representation of the iron-for-
mation assemblages in terms of molecular percent-
ages of CaO, MgO, and (FeO*MnO) is given in
Figure 3. Because almost all the assemblages contain
quartz, these diagrams represent SiOz-saturated as-
semblages. HrO and COz are tentatively, for the pur-
poses ofthe graphical il lustrations, considered as per-
fec t l y  mob i le  components  (pHzO and pCO,
arbitrarily fixed by an external system). The total Fe
in the various minerals is recalculated as FeO. This is
undoubtedly correct for all the carbonates and the
majority of the silicates in the iron-formation assem-



KLEI N : P ROTEROZO IC IRO N-FOR M ATI O N 901

blages. The small amount of MnO in each of the
mineral analyses is summed with FeO, because Mn2+
and Fe2+ tend to substitute for each other in the same
structural sites in the carbonates and silicates. Miner-
als with considerable AlrO, contents, such as alman-
dine, biotite, chlorite ("ripidolite"), and hornblende
have also been plotted in Figure 3, but tielines to
these minerals are dashed because their compositions
do not lie in the plane of projection.

The mineral assemblages of the unmetamorphosed
(probably late diagenetic) iron-formation assem-
blages in the central part of the Labrador Trough
from the Howells River area, and the Menihek, Saw-
bill, Grace, and Bruce Lake regions are given in the
upper left part of Table 2. Similarly detailed assem-
blage and chemical information is given by Floran
and Papike (1975, 1978) for the low- and high-grade
contact metamorphic rocks of the Gunflint Iron For-
mation, and by French (1968) for contact-metamor-
phosed rocks of the Biwabik Iron Formation. The
variety and excellent preservation ofthe various iron-
formation types (e.g. sulfide, silicate, carbonate-mag-
netite, and carbonate-hematite; see James, 1954, and

Klein and Fink, 1976) in the Howells River area rs
unique for the central and southern part of the Lab-
rador Trough. In the localities of Menihek, Sawbill,
Grace, and Bruce Lakes the author has located
mainly extensive carbonate occurrences, with an ad-
ditional oxide type at Grace Lake only. The unmeta-
morphosed assemblages are shown graphically in
Figures 3.1 to 3.10. These consist mainly of chert, one
or two carbonates (siderite or ferroan dolomite or
ankerite, or both species), minor amounts of stilp-
nomelane (e.g. Bruce), and traces of a very fine-
grained chlorite. This is referred to as "ripidolite",
which is an Fe- and Al-rich chlorite in the terminol-
ogy of Hey ( 1954). Its composition is the same as that
of a possible chamosite, but because the chloritic
material is present only in very small to trace
amounts, it could not be studied by X-ray diffraction
methods. The name "ripidolite" is put in quotation
marks throughout because of the uncertainty of
whether it is truly a normal l4A chlorite, or 7A
septechlorite such as chamosite. A small amount of
talc was found in a qtz-mag-hem-talc assemblage
from Menihek Lake, but minnesotaite was not found

x -K le i n  ond  F ink ,  1976
tr - Lesher, 1976

( Numbers refer to toble | )

.17

.2

eo Fe O MSO

Fig. 2. Bulk chemical analyses of unmetamorphosed (A) and metamorphosed iron-formations (B) in the Labrador Trough, in terms of

weight percent CaO, MgO, and FeO (all Fe recalculated as FeO).

M g O  7 0
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Table 2. Listing of assemblages in iron-formations in the Labrador Trough and of some closely associated rock types. ('I1R refers to
Howel ls River area;  Kle in and Fink,  1976.)  Explanat ion for  sample local i ty  abbreviat ions is  g iven in the legend to Fig.  l .  Assemblages
containing hematite (or specularite) are grouped below magnetite- (or pyrrhotite-, or pyrite-) containing assemblages within each locality

ust lns.

f lR'  qtz-ank-sid-st i Ip-nag-nirn
green-nag-ninn-cal-sid-qtz
green-9t i Ip-minn-ank-Mg-sid{h
qtz-re9-s i t l -alol thentab
qt z-nag-hen-s i t l - ' r ip "-st i lp
mg-hentol-st i lp-ch
sid-cal-nag-chthem

repreaenCative assenblageE only;
rcre cohplete l ist ing in Klein
a n d  F i n k ( 1 9 7 6 ) ,  a n d  K l e i n ( 1 9 7 4 ) .

hbld-hornblende
hem-hemati te
hyp-hypersthene
ky-kyanite
I  in-I  inonite
rug-magneti te
m9neE-magnearte
Mgrieb-ug r iebeckite
nicr-nlcrocl ine
minn-i l innesotai te
l'lndol{anganoan dolonlte
musc-muacovite
ol  19-oI lgoc laEe

r  s i d - q r z -  ( p y )
ch-Fedol-py
ch-na9-heB-talc
qtz-Mg-hen-Fedol-s id- (  "r ip '  )
ch-hem-"r ip"
ch-heR-dol-  (  "r ip")

s ch-siat-  (Py)
sid-dol-ch- (PY) - l im*

ch-s id-ank
ch-doI-sid
c h - s i d - ( " r i p ' )  - ( p y )

Gr qtz-sial-ank
Fedol-qtz-sial
qtz-s id-nusc
qtz-hem-mg-musc- (ap)
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in any of the iron-formation occurrences at Menihek,
Sawbill. Grace. or Bruce Lakes. This is in contrast to
the pervasive occurrence of minnesotaite in the car-
bonate and silicate types of iron-formation in the
Howells River area (Klein, 19741' Klein and Fink,
1916) and elsewhere (e.g. James, 1955; French, 1968).
Talc has also been reported by Lesher (1976) from
iron-formations 40 miles north of the Howells River
area, and by Floran and Papike (1975) in the low-
grade metamorphic parts of the Gunflint Iron For-
mation. Some muscovite-rich qtz-hem-mag assem-
blages are noted in the Grace Lake area (Table 2),
and a quartz-muscovite schist is closely associated
with iron-formation in the Bruce Lake region. Small
to trace amounts of pyrite are found in several un-
weathered iron-formations. The various unmetamor-
phosed assemblages show reasonably similar element
partitionings but by no means perfectly parallel tie-
l ines (Figs. 3.1 to 3.10).  The unmetamorphosed as-
semblages in the Menihek, Sawbill, and Grace Lake
localities are fine-grained, with abundant chert and
well-preserved granule, and, in places, oolitic tex-
tures. In the Bruce Lake locality pervasive small-scale
shearing is present.

The first mineralogic evidence of metamorphism in
the iron-formation is found in the Pegrum Lake area,
where the biotite isograd crosses the iron-formation
(Fig. I ). Here the iron-formation shows the first de-
velopment of f ine-grained gruneri te '(Fig. 3. l l )  in a
highly sheared qtz-Fedol-gru assemblage. South-
wardly from the biotite isograd (Fig. l) the metamor-
phic grade of the iron-formation and associated rock
types increases rather rapidly. In the D'Aigle Bay
region coarse-grained almandine-rich garnets (Fig.
3.13) are common, and the grunerite is of a consid-
erably larger grain size than at Pegrum Lake. Clearly
the garnet isograd is located north of D'Aigle Bay but
south of the biotite isograd in the Pegrum Lake area.
Hydrous iron-rich silicates such as "ripidolite" and
stilpnomelane are stil l present in the D'Aigle Bay
area, and abundant siderite, dolomite-ankerite, and
minor amounts of calcite are also found, Small
amounts of biotite or phlogopite, tourmaline, and in
one instance talc are present in some of the hematite-
containing assemblages. The Mgl(Mg+Fef Mn)
content of grunerite is always slightly greater than
that of coexisting siderite, and the siderite has a
slightly higher Cal(Ca+Fe+Mn) ratio than the co-

2 Gruner i te refers to Fe-Mg cl inoamphiboles wi th Fe )  Mg
(atomic percent); cummingtonite refers to members of the same

series with Mg > Fe.

existing grunerite. In all occurrences of almandine-
grunerite, the Mg/(Mg*Fe*Mn) of the grunerite is
considerably higher than that of the almandine. The
grunerite- and almandine-containing assemblages in
the D'Aigle Bay region have a distinctly metamor-
phic texture, with locally pronounced grunerite linea-
tions. However, the banded quartz-oxide and
quartz-carbonate*oxide assemblages appear essen-
tially unmetamorphosed except for strong recrys-
tallization textures.

In the Labrador City, Bloom Lake, and Mount
Wright areas various types of amphiboles and amphi-
bole pairs become abundant in the iron-formations
and associated rock types. Amphibole-rich assem-
blages from the sequences that underlie the ore hori-
zons in the Labrador City area have been described
by Klein (1966).  For the Bloom Lake area, Muel ler
(1960) gives detailed chemical data (obtained by spec-
trographic techniques) on a large number of amphi-
boles (mainly actinolite and members of the cum-
mingtonite-grunerite series; many of these occur as
pairs) and lesser Ca-pyroxenes. A graphical com-
pilation and discussion of these silicate data are given
in Klein (1968) and Immega and Klein (1976) '  The
metamorphic grade of the Labrador City area is in
the kyanite-staurolite zone, on the basis of pelitic
schist assemblages closely associated with the iron-
formation (Klein, 1966). Because of the generally
similar amphibole-rich assemblages in the Labrador
City, Bloom Lake, and Mount Wright areas, all three
areas probably underwent similar metamorphic con-
ditions. The garnet, staurolite, and kyanite isograds
must be crowded rather closely together in an area
immediately to the northwest of the Labrador City or
Bloom Lake regions, because the biotite isograd oc-
curs at only approximately 2 miles NW of the north-
ern part of the Labrador City region (see Fig. I ).

In the iron-formations of the Labrador City and
Bloom Lake areas, pyroxenes are very much subordi-
nate to amphiboles. Members of the dolomite-anke-
rite series, and siderite and to a lesser extent calcite,
are commonly present. Biotite or phlogopite occur in
some sporadic assemblages, and "ripidolite" occurs
as a minor to trace constituent. The assemblages for
the Labrador City and Mount Wright areas are listed
in Table 2 and shown graphically in Figures 3.14 to
3.17. The Labrador City and Bloom Lake area as-
semblages represent carbonate, carbonate-silicate,
and silicate iron-formation, but in the Mount Wright
region such iron-formation assemblages are com-
pletely lacking. Whereas the iron-formation in the
Labrador City region is a rather regularly layered
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Fig.3. Graphical representation of assemblages in iron-formations in the Labrador Trough and of some closely associated rock types in
terms of molecular percentages of CaO, MgO, and FeO * MnO (all Fe recalculated as FeO). Mineral abbreviations are given in Table 2.
Long-dash tielines are used when a mineral composition does not lie in the plane CaO-MgO-(FeO+MnO). Short-dash tielines are used
in case of major tieline crossing. Because of the highly reduced scale of the triangles each specific data point can not be represented;
instead only a few symbols are shown where many data points cluster. Shaded areas represent regions of many essentially parallel tielines,
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Fig. 3 (continued).
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sequence of qtz-spec (at the top), qtz-spec-mag, qtz-
ffiag, qtz-mag-silicate, qtz-mag-carbonate, and
quartz-carbonate-silicate (at the bottom), the iron-
formation at Mount Wright consists essentially of
qtz-spec. A major facies change must have occurred
between the Labrador City and Mount Wright area
iron-formations during their depositional stages. The
majority of assemblages reported for the Mount
Wright area, therefore, are from amphibolites and
impure quartzites, closely associated with the iron-
formation.

Although the element fractionation among the var-
ious minerals of the Labrador City iron-formations is
reasonably consistent (Figs. 3.l4 to 3.16) it is remark-
able that for an essentially constant cation bulk com-
position (in terms of SiOr, CaO, MgO, FeO, and
MnO) but clearly variable COz and HzO contents,
three totally different assemblages are found. For
example, the assemblage qtz-ank-sid-(mag) makes
up a thick section of the iron-formation sequence
(anal.6, Table l) in one part of the district, but qtz-

ank-gru and qtz-ank-eu-gru are found in nearby

+q l z  +po+py tmog + qtz t pot py t mog

bxide =spec 
i

tpo L rng *(qlz)
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Table 3. Representdtive electron probe analyses of some siderites and calcites in metamorphic iron-formation
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sequences (within a mile of each other, or sometimes
within several hundred feet) (Figs. 3.15, 3.16). Simi-
larly, qtz-dol-sid assemblages occur near a composi-
tionally equivalent ferrosal-act-gru occurrence (Figs.
3.15, 3.16). Such assemblage inconsistencies are un-
doubtedly related to the less than perfectly mobile
behavior of volatile components such as COz and
HzO, discussed later.

A very Fe3+-rich assemblage is represented by qtz-
spec-anth (Fig. 3.15; anal. 10, Table 1), and a rather
uncommon Na-rich assemblage from the nearby
Shabogamo Lake area, consisting of qtz-Mgrieb-
mag-(hem)-(talc) (anal. 3, Table l), is also shown in
Fig. 3.15. Fig. 3.16 also shows the assemblage eu-
alm-sid-bio-mag-(gru) from Wabush Mines, which
is located only about two miles south of Labrador
City. In the Wabush Mines area pyroxene- and
pyroxenoid-rich (rhodonite) assemblages tend to be
abundant locally. This is in contrast to the assem-
blages in the I-abrador City, Bloom Lake, and Mount
Wright areas, which contain abundant hydrous sili-
cates such as grunerite, actinolite, and micas. The
grain sizes of these rocks are medium- to coarse-
grained with frequently well-developed schistose tex-
tures. Original sedimentary banding is still preserved,
but granule textures occur only sporadically and are
poorly defined.

The iron-formations in the Lac Huguette and Lac
Moir6 areas appear to be transitional in mineralogy
between those of the Labrador City-Bloom Lake-
Mount Wright and Mount Reed-Lac des Silicates
regions. At Lac Huguette and Lac Moir6 pyroxenes
occur in great abundance, but amphiboles are also
present. The carbonates are represented by siderite,
dolomite-ankerite, and calcite. The assemblages for
these two localities are listed in Table 2 and shown in
Figures 3.18 to 3.20. As was also observed in the

assemblages at D'Aigle Bay, grunerite is more Mg-
rich than the coexisting siderite, and the siderite is
slightly more calcic than the grunerite. The siderite
compositions in these assemblages (Table 3) are
somewhat more Ca-rich than any siderites encoun-
tered in the unmetamorphosed assemblages. It is pos-
sible that an original (Fe,Mg) siderite with only mi-
nor amounts of Ca reacts to form the various Fe-Mg
silicates (e.9. ferrohypersthene, eulite, grunerite),
with the remaining siderite somewhat enriched in Ca.
This is borne out by the mineral distributions in
Figures 3.19 and 3.20. In orthopyroxene-grunerite
coexistences grunerite always has a higher MgO/FeO
ratio than the coexisting orthopyroxene, as was
shown also by Kranck (1961) and But ler (1969).

The iron-formation assemblages at Mount Reed
and Lac des Silicates, which represent rather similar
bulk compositions, have been studied by Kranck
(1961) and But ler (1969).  The major i ty of assem-
blages from these areas consist predominantly of an-
hydrous minerals such as qvartz, members of the
orthopyroxene series, carbonates and magnetite
(Table 2; Figs. 3.21to 3,26). Clinopyroxenes of salite
to ferrosalite composition, and clinopyroxene-ortho-
pyroxene pairs, are common in these regions. A
graphical compilation of all reported pyroxene com-
positions is given in Immega and Klein (1976). Or-
thopyroxene-rich iron-formation assemblages from
elsewhere have also been described by Bonnichsen
(1969) and Simmons et al. (1974). The orthopyroxene
compositions in this study range from bronzite to
orthoferrosilite. The most Fe-rich orthoferrosilite
(Table 4) occurs in an orthofer-mag-qtz assemblage
with, on the basis of nine averaged analyses, an Fe/
(Fe+Mg*Mn) :  0.947 and an Fel(Ca*Fe*Mg*
Mn) : 0.937 [the total range of compositions is from
0.917 to 0.956 for the Fel(Ca*Fe*Mg*Mn)rat iol .
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A similarly Fe-rich orthoferrosilite occurrence is re-
ported by Jaffe et al. (1978) in a pyroxene gneiss.
Grunerite is generally present in only minor amounts,
and consistently has a higher MgO/FeO ratio than
coexisting orthopyroxene. Siderite was found in only
two Mount Reed iron-formation assemblages, but
calcite and members of the dolomite-ankerite series
are common (Fig. 3.2q.In the eu-sid-gru-bio-qtz-
mag-(py) assemblage the siderite has a considerably
higher CaOl(FeO+MnO) ratio than the coexisting
grunerite or eulite (this was noted for D'Aigle Bay,
I ac Huguette, and Lac Moir6 assemblages as well).
The other siderite-containing assemblage, dol-mag-
qtz-sid-(py), is remarkable because it contains no
iron-silicates, as would have been expected by anal-
ogy with the other assemblages. This assemblage also
illustrates that COz has not behaved as a perfectly
mobile component. Magnesite occurs in one Mount
Reed assemblage that consists of qtz-bronz-trem-
mag-dol-magnes (Fig. 3.22). One very Fe8+-rich as-
semblage consists of qtz-spec-anth-talc-(mag) (Fig.
3.21), and is very similar to one from Labrador City
(Fig. 3.15). The assemblages from Lac des Silicates
(Table 2; Figs. 3.25,3.26) are qualitatively very simi-
lar to those of Mount Reed. The calcites in many of
these assemblages are very iron-rich, with a maxi-
mum FeO content of 12.18 weight percent in a qtz-
eu-cal-ank-mag assemblage from Mount Reed
(Table 3, anal. l3). The textures of the rocks from the
Mount Reed and Lac des Silicates areas are equi-
granular, medium- to coarse-grained, and show pro-
nounced mineralogic banding which probably repre-
sents relict sedimentary features.

The Gagnon region contains the most coarse-
grained rocks of any in this study. The ore horizons,
in the now-closed Lac Jeanine Mine, consist of only
two minerals, very coarse-grained equigranular
quartz and specularite. Specularite-rich bands, espe-
cially in the tight crests of folds, may show individual
specularite grains I cm in diameter. Quartz grains in
associated quartzite are of a similar size. The occur-
rence of small amounts of kyanite in associated rock
types (Table 2) indicates that the general metamor-
phic grade is stil l within the kyanite zone. The iron-
formation sequence in the Lac Jeanine mine, of the
Gagnon region, is very different from that in, e.g.
Mount Reed, Lac des Silicates, Lac Huguette, Lac
Moir6, or Labrador City. In the Gagnon region the
sequences rich in iron-silicates or iron-carbonates are
missing, and there is little to no magnetite-containing
iron-formation. The only assemblages that are con-
ducive to study are the associated quartzite, which

Table 4. Representative analyses of orthopyroxenes in metamorphic
iron-formation

wtg

s io2
T iO2
A 1 2 0 3
FeO
MnO
M9o
Cao
Na2O
Kzo
Total

A1
E
AI
T i
Fe
Mn

Na
K
T

Fe

Fe+Mg+Mn

Ca+Fe+Mg+l4n

L , 9 4 7  r . 9 9 6  r . 9 9 2
0 . 0 0 1  0 . 0 0 1  0 . 0 0 1
r . 9 4 8  L . 9 _ 9 7  1 . 9 9 3

0 . 4 9 8  0 . 5 4 2  r . 1 4 3
0 . 0 4 5  0 . 0 4 9  0 . 1 3 1
1  . 5 4 9  I  . 4 0 0  0  . ' 1 2 6
0 . 0 1 2  0 . 0 1 6  0 . 0 1 5

2  . I 0 4  2  . O 0 ' , l  2  . 0 1 s

2 3 . 8 0  2 7 . 2 2  5 7 . 1 5

L . 9 7 7  r . 9 8 7  1 . 9 6 9
0 . 0 1 0  0 . 0 0 8  0 . o o 2
r . 9 8 7  1 . 9 9 5  1 . 9 7 1

L - 3 6 2  I . 5 6 4  r . 9 1 9
0 . r 7 8  0 . 0 9 1  0 . 0 1 5
0 . 4 5 0  0 . 3 3 9  0 . 1 0 9
0 . 0 2 8  0 . 0 1 4  0 . 0 1 5
0 . 0 0 4  0 . 0 1 0

2 . O 3 2  2 . 0 1 8  2 . 0 5 8

6 9 . 1 0  7 8 . 4 3  9 3 . 9 3

5 3 . 3 6  s 5 . 2 9  5 0 . 0 4  4 8 . 0 r  4 7 . 2 9  4 5 . 5 4
0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0  0 . 0 0
0 . 0 3  0 . 0 2  0 . 0 2  0 . 2 r  0 . 1 6  0 . 0 4

L 6 . 3 2  L 7 . 9 6  3 4 . 3 3  3 9 . 5 6  4 4 . 5 L  5 3 . 0 7
L . 4 7  1 . 6 0  3 . 8 9  5 . 0 9  2 . 5 7  0 . 4 2

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

'E .'f ITT-T ITT='g' ITT:T-6- ITT.37 ITT;06

Reca lcu la ted  on  bas is  o f  5  oxygens

2 3 . 6 7  2 ' ?  , 0 0  5 6  . 7 2  6 7  . L 6  7 7  . A 8  9 3 . 2 4

A S S E M B L A G E S  .  f  M R :  q t z - b t o n z - t t e m - n a g - d o l  - n a g n e s  .

2  I , t R ,  ( b r o n z  t o  h g P ) - s a l - - m a g - d o L - c a L - q t z .  3  M R :  q t z -

f r a g - f e t t o h g p - q E u - c a 7 .  4  I t R :  e u - a 7 n - q t | - f i a g - a n k .  5  N :

e u - a l m - s i d - b i o - ( n a g ) - ( q r u ) .  6  t r t R :  o r t h o f e t - r t a g - q t z .

directly underlies and overlies the ore horizons, and
associated coarse-grained calc-silicate-rich marbles.
The quartzite ranges from monomineralic quartz to
qtz-spec-musc assemblages (Table 2) and the mar-
bles show coarse-grained qtz-cal-diop-trem-spec-
mag assemblages (others are listed in Table 2). Be'
cause ofthe very low Fe2+ content (as reflected by the
large amounts of specularite and essentially no mag-
netite), and also because of the high Ca-content of
the marble assemblages, the mineral coexistences plot
close to the Mg-Ca side of the triangles (Figs. 3.27 to
3.30). in contrast with the chemical location of most
of the previous assemblages. As can be seen, calcite,
dolomite, diopside, tremolite, and phlogopite (or
muscovite) are common in specularite-containing
calc-silicate assemblages. The assemblage in Figure
3.30 consists only of silicates with minor calcite,
whereas assemblages of similar bulk composition
(Figs. 3.27 to 3.29) contain dolomite, without, for
example, diopside, or with only a trace amount of
this silicate. As in other deposits discussed above, the
CO, and H2O components do not appear to have
behaved as perfectly mobile components.

Metamorphic reactions and conclusions

In the early to late diagenetic assemblages of iron-
formation as described by Klein (1974) and Klein



908 KLEIN: PROTEROZOIC IRO N-FORMATION

DIAGENETIC BIOTITE
ZONE

GARNET
ZONE

STAUROLITE-
KYANITE AND

KYANITE ZONEEorly Lot(

C h + Q f z

'Fe3oa. H2o:+ mog
'Fe(OH)r'-hem

ereen _l i
stilp I

lolc - minn - - - - - +  |
Fe-chlorife ("rip") |-

do l -  onk

col

s id  -  mognes

cumm-gru  (some on lh )

oc t -hb ld

o l m

Fig. 4. Relative stabilities of minerals in the regionally
metamorphosed iron-formations of the southern part of the
Labrador Trough. There are considerable overall similarities in
th is d iagram with the one by James (1955) for  the regional ly
metamorphosed iron-formation of northern Michigan. In the
contact-metamorphosed Biwabik Iron Formation (French, 1968,
Fig. 23, p. 49) the abundance ofthe carbonates decreases markedly
in the zone rich in orthopyroxene. This holds also for the contact
metamorphism of the Cunflint lron Formation (Floran and
Papike,  1978).

and Fink (1976), it is feasible to reconstruct texturally
well-documented reactions among minerals (e.g.
greenalite + 4 sio, : minnesotaite + 2 Hro), be-
cause of the persistence of precursor materials as
relict minerals. French (1968) and Floran and Papike
(1978) were similarly able to deduce rather specific
mineral reactions, as based on textures, in the lower
grades of contact metamorphism in the Biwabik and
Gunflint Iron Formations, respectively. In the iron-
formation materials of this study, such textural inter-
pretations are possible up to about the biotite isograd
(Pegrum Lake) where, for example, grunerite is
clearly a reaction product of Fe-rich carbonate +
chert. However, in any of the higher-grade assem-
blages, which generally exhibit equigranular textures
and which contain no unambiguously identifiable rel-
ict minerals or textures, mineral reactions cannot be
deduced on textural grounds. Quartz, carbonates,
and iron oxides are all strongly recrystallized, and
they, as well as additional silicates, occur in general
as relatively equigranular grains in seemingly equilib-

rium textures. It is therefore quite impossible to state
uniquely what reaction or combination of reactions
is, for example, responsible for the formation of
members of the orthopyroxene series. Orthopyroxene
is clearly not just a simple dehydration product of the
cummingtonite-grunerite series; most certainly the
various carbonates, quartz, hydrous silicates, and
possible magnetite have been involved in its produc-
tion. Therefore, instead of writing for the higher-
grade metamorphic assemblages a series of hypothet-
ical reactions (see e.g. Klein, 1973) of which some
(but which ones?) will be most important, it is prob-
ably more realistic to assess the relative stabilities and
abundances of the most common iron-formation
minerals as depicted in Figure 4. Quartz (and origi-
nally chert), magnetite, and hematite are present
from late diagenetic to high-grade metamorphic con-
ditions. Coexisting hem-mag generally do not exhibit
textures that might be interpreted as one oxide re-
placing the other. This leads to the conclusion that
these oxide pairs have rather narrowly buffered the
pO2 of iron-formations throughout their diagenetic
and metamorphic history. Carbonates are also pres-
ent throughout the whole diagenetic-metamorphic
range, with calcite probably less abundant under late
diagenetic than high-grade metamorphic conditions.
French (1968) concluded that calcite is more abun-
dant in the most highly contact-metamorphosed part
of the Biwabik Iron Formation than it is in lower
grades. Members of the dolomite-ankerite series are
abundant throughout the whole range of metamor-
phic conditions. Siderite appears to become a lesser
constituent in the highest-grade zone (with abundant
orthopyroxene and considerable quartz in most as-
semblages; see Table 2) although it is very abundant
in diagenetic to low- and medium-grade conditions.
Quite clearly siderite is a major reactant in the pro-
duct ion of i ron-si l icates. Figures 3.12, 3.13, 3.16,
3.19, 3.20 and 3.24 illustrate that siderite coexisting
with grunerite or eulite (see also Table 3) is relatively
more Ca-rich than the silicate (or than the original
siderites in lower-grade rocks), which may indicate
that the Fe-Mg components of the original siderite
were preferentially incorporated into the various pro-
grade metamorphic silicates. The question of what
prograde reactions Iimit the stability fields of talc and
minnesotaite is stil l unresolved. Minnesotaite is
clearly a late diagenetic to early metamorphic mineral
(Klein and Bricker, 1977; Floran and Papike, 1978;
French, 1968; James, 1955) but it is generally absent
in grunerite-containing assemblages. It is abundant in
the Howells River area. but absent in most of the
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other unmetamorphosed assemblages. As such one
does not observe relict minnesotaite giving way to
e.g. grunerite or orthopyroxene. Gair (1975) de-
scribes a few occurrences of porphyroblasts of grune-
rite in a fine-grained mesh of minnesotaite, as a result
of local contact metamorphism of the Negaunee Iron
Formation by a diabase. Floran and Papike (1978)
found no textural evidence to support the formation
of grunerite from minnesotaite in the Gunflint Iron
Formation. In this study some talc is sti l l  present in
the garnet zone (Shabogamo Lake), but otherwise
there is no clear evidence of where the stabil ity f ields
of the talc and minnesotaite series end. Sti lpnomelane
can exist all the way from diagenetic to garnet-zone
conditions (D'Aigle Bay) and "ripidolite"-type chlo-
rite is present from diagenetic to staurolite-kyanite
zone conditions (Labrador City area). Grunerite be-
gins forming at the biotite isograd, and amphiboles in
general become very abundant in the garnet and
staurolite-kyanite zones (Labrador City-Bloom
Lake-Mount Wright areas). Almandine-rich garnet
is present in small percentages from the onset of the
garnet zone, and remains stable throughout the pro-
grade assemblages in this study. The most l ikely Al-
containing precursor materials for almandine and
hornblende are "ripidolite" and sti lpnomelane. With
increasing temperature, or reduction in pHrO, or
both, pyroxenes (especially orthopyroxenes) become
a major constituent (Mount Reed-Lac des Sil icates-
Gagnon area).

The sequence of mineral stabil it ies outl ined in Fig-
ure 4, the assemblage listing in Table 2, and the
graphical representations in Figure 3 show in general
the accepted sequence of dehydration with increasing
metamorphic grade. However, although some geo-
logic units may exhibit a general sequence of decar-
bonation, decarbonation reactions have been only
partial or nonexistent in a considerable number of
assemblages and rock types of this study. A picture of
continual HrO and CO, loss with increasing meta-
morphic grade, therefore, is quite inaccurate. On the
contrary, COz and HrO have not behaved as perfectly
mobile components, and as such their activit ies have
not been externally controlled [see e.g. Ferry (1977)
for further discussion]. Indeed, parts of the iron-
formations have behaved as almost completely closed
systems, whereas closely adjoining parts were essen-
tially open with respect to the behavior of volati le
components. Kranck (1961) concluded this for
Mount Reed assemblages, and Butler (1969) inferred
the existence of pHrO and pCO, gradients on the
basis of specific mineral assemblages in the Gagnon

area. Similarly, Ferry (1976) concludes that rather
large gradients exist in JCOz and JH.O during meta-
morphism on a bed-to-bed scale in metamorphosed
calcareous sediments. The presence ofsteep gradients

in the activit ies of volati le components such as HrO
and COz between closely adjoining iron-formation
assemblages makes a graphical assessment of as-
semblages with the assumption of complete mobil-
ity of e.g. COz and HzO (as was presumed for the
construction of Fig. 3) untenable. Indeed, Figure 3
not only shows several t ieline crossings, but more
importantly it shows carbonate-rich us. sil icate-rich
assemblages of essentially the same bulk composition
coexisting in nearby rocks at constant T and P condi-
tions. This means that the original and local bulk
chemical composition (including all of the inert as
well as volati le components, such as 02, HrO, and
COr) determines to a very large extent the final as-
semblage coexistences as well as the compositions of
the various minerals. This causes a relatively simple
bulk chemical system (iron-formations are often re-
ferred to as simple chemical systems) to produce a
large and unpredictable array of assemblages with
increasing metamorphic grade. The presence of mi-
nor components such as AlrOr, KzO, NarO increases
this complexity further.

The temperature and pressure range of metamor-
phic conditions is represented at the low end of the
scale by assemblages in the Howells River, Menihek,
Sawbill, and Bruce Lake areas whereas maximum Z
and P conditions were probably attained in the Gag-
non-Mount Reed-Lac des Sil icates areas. Klein and
Fink (1976) estimate that the diagenetic assemblages
at Howells River represent about 150'C. French
(1973) suggests I to 2 kbar pressure as a reasonable
estimate under such conditions. The highest-grade
iron-formation assemblages contain abundant ortho-
pyroxene, magnetite, carbonates, some almandine,
and only minor amphiboles. This high-temperature
mineralogy is very similar to the highest-temperature
assemblages noted by Floran and Papike (1978) in
the "orthopyroxene zone" of the contact-metamor-
phosed Gunflint Iron Formation, immediately ad-
joining the contact with the Duluth Gabbro. French
(1973) describes similar assemblages in the contact-
metamorphosed Biwabik Iron Formation, in the
zone closest to the Duluth Gabbro Complex. Re-
gionally-metamorphosed iron-formations in south-
western Montana (Tobacco Root Mountains) with
very similar, anhydrous, pyroxene-rich assemblages
have been studied by Immega and Klein (1976) and

Dahl (1977). The various temperature (and pressure)
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Fig. 5. Temperature-total pressure diagram showing the range
of probable conditions of metamorphism for the iron-formation in
the southern Labrador Trough. The muscovite breakdown curve is
f rom Chatter jee and Johannes (1974) and the Al ,SiO, stabi l i ty
diagram af ter  Holdaway (1971).  Because ofan average content  of
about 6.5 weight percent FeO (equivalent to 7.2 weight percent
FeOr) in the natural ly  occurr ing muscovi te of  the highest
metamorphic grade area, the region of highest metamorphic
intensity is located at a somewhat lower T than the maximum
stabi l i ty  curve of  pure muscovi te (see Velde,  1965).

estimates obtained by the above authors are as fol-
lows: Floran and Papike (1978) estimate 840-870'C
in the immediate contact zone with the gabbro;
French (1968), from experimental results of a quartz-
fayalite-m agnetite-graphite-vapor equilibriu m, s ug-
gests that temperatures as high as 800oC could have
been reached in the conta ct zone of the Biwabik Iron
Formation; Immega and Klein (1976), from the or-
thopyroxene-clinopyroxene geothermometer pro-
posed by Ross and Huebner (1975), arrive at an
estimated temperature of 650-750'C at 4-6 kbar for
the Tobacco Root Mountain iron-formations: Dahl
(1977), from a comparative evaluation of various
geothermometers as well as oxygen isotope studies of
coexisting quartz and magnetite, concludes that peak
metamorphic conditions for the essentially an-
hydrous iron-formations in the Kelly area of south-
western Montana attained 745'+50oC at 6-8.5 kbar.
These temperature estimates are relatively similar
and cluster about 750'C for such pyroxene-rich iron-
formation assemblages. When Ross and Huebner's
( 1975) orthopyroxene-clinopyroxene geothermome-
ter is applied to a ferrosalite-eulite coexistence atLac
Huguette, it suggests a 750"C temperature as well;
however, a salite-hypersthene pair from Mount Reed
plots closer to their 850"C isotherm. The many analy-

ses for pyroxene pairs by Kranck (1961) and Butler
(1969) produced a very large scatter about Ross and
Huebner's (1975) isotherms, undoubtedly because
their chemical analyses were made on mineral sepa-
rates, instead of by electron microprobe techniques ln
situ. Their pyroxene pairs, therefore, could not be
used for temperature estimates.

Three further constraints in the assessment of the
maximum temperatures and pressures attained in the
highest metamorphic-grade area (Gagnon-Mount
Reed-Lac des Silicates) are: (l) the great abundance
of medium- to coarse-grained muscovite in qtz-
musc-spec schists in the Gagnon region, (2) the spo-
radic occurrence of kyanite in the Gagnon region,
and (3) the occurrence of orthoferrosilite in the
nearby Mount Reed assemblages. The muscovite is
euhedral, generally coarse-grained, and completely
unaltered, indicating that the Gagnon region rocks
attained temperatures within the muscovite stability
field. As it has an average FeO content of approxi-
matefy 6.5 weight percent (equivalent to 7.2 weight
percent FerOg), its stability field is probably some-
what less extensive in P-T space than that of pure
muscovite (Velde, 1965). The occurrence of kyanite
in the Gagnon as well as Labrador City areas in-
dicates that the rocks over a large geographic region
recrystallized within the kyanite stability field as well.
The presence of quite abundant orthoferrosilite-
quartz in several Mount Reed assemblages allows for
an independent minimum pressure estimate on the
basis of the orthoferrosilite composition. The aver-
aged Fel(Ca*Fe*Mg*Mn) content of the most Fe-
rich orthoferrosilite (see also Table 4) is 0.937. This
composition can be related to the experimental work
of Smith (1971) by a quantitative extrapolation pro-
cedure as outlined by Wood (1975). From this proce-
dure the minimum pressure estimate for the Mount
Reed orthofeFmag-qtz assemblage, in the absence of
ol iv ine, is I  l -12 kbar.  Bohlen et al .  (1978) conclude,
on the basis of new experimental work, that such
estimates are about l-2kbar too high, which leads to
a final estimate of the load pressure of about l0-ll
kbar. Ormaasen's (1977) extrapolations lead to a very
simifar pressure estimate, and Jaffe et al. (1978) de-
rive similar load pressures for an orthoferrosilite
gneiss occurrence. Figure 5 outlines a possible region
of metamorphic intensity for the Gagnon-Mount
Reed region of about 700 to 750'C and l0-l I kbar
load pressure. In short, the iron-formations of this
study have undergone metamorphic changes from the
late diagenetic stage at about 150'C and l-2 kbar to
the maximum metamorphic intensity shown in the
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Gagnon region. A possible prograde temperature
path is indicated in Figure 5. The Mount Reed-
Gagnon-Lac des Silicates areas appear to represent
the highest metamorphic temperatures, whereas the
amphibole-rich assemblages in the Labrador City-
Bloom Lake-Mount Wright area formed at a some-
what lower temperature, or higher water pressure, or
both.
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