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FOREWORD 

The recent, spectacular growth of the taconite industry, and the expan
sion of taconite operations from the eastern to the central and western 
parts of the Mesabi range, emphasizes the importance of knowledge of the 
geology of the range. The earliest taconite plants were established in the 
Eastern Mesabi district, in areas in which the Biwabik Iron-formation 
was metamorphosed by the Duluth Gabbro Complex; most of the recent 
plants are in the Main and Western Mesabi districts, in areas of "unal
tered" iron-formation. 

This report describes the changes in mineralogy and texture from "un
altered" taconite in the Main Mesabi district to highly metamorphosed 
taconite in the Eastern Mesabi district. It describes not only the silicate 
minerals, but also the opaque iron oxides, carbonate minerals, and carbon
aceous material. Knowledge of the mineralogic changes is extremely im
portant to the practical problems related to beneficiating characteristics 
of the magnetic taconites. 

The report is modified from a Ph.D. thesis submitted to the Graduate 
School at Johns Hopkins University by Bevan M. French. 

P. K. SIMS 
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ABSTRACT 

The Biwabik Iron-formation, on the Mesabi range in northern Minne
sota, extends for about 120 miles in a generally east-northeast direction, 
from west of Grand Rapids on the Mississippi River to Birch Lake, east of 
Babbitt. The formation is the middle unit of the Animikie Group of Middle 
Precambrian age. On the eastern end of the Mesabi range, the Animikie 
Group has been metamorphosed by the intrusive Duluth Gabbro Complex; 
mineralogical changes in the sediments, particularly in the iron-formation, 
appear to have been caused by the gabbro. 

From the data of the present study, four metamorphic zones may be 
disting1lished within the Biwabik Iron-formation by changes in mineralogy 
along the strike of the formation toward the gabbro contact: 

l. Unaltered taconite extends from the western limit of the Mesabi range 
approximately to the town of Aurora. It is composed of quartz, magnetite, 
hematite, siderite, ankerite, talc, and the iron silicates chamosite, green
alite, minnesotaite, and stilpnomelane. Of these, only quartz, hematite, 
chamosite, greenalite, siderite, and some magnetite are considered primary. 
The textures of the other minerals indicate a secondary origin, possibly 
resulting from diagenesis or from an earlier period of low-grade metamor
phism unrelated to the intrusion of the Duluth Gabbro Complex. 

2. Transitional taconite contains the same mineralogy but exhibits 
extensive replacement by quartz and ankerite. Incipient metamorphic 
changes in this zone are the partial reduction of hematite to magnetite 
and the appearance of clinozoisite in the Pokegama Formation, the basal 
unit of the Animikie Group. 

3. Moderately metamorphosed taconite is characterized by the develop
ment of the iron-rich amphibole grunerite and by the disappearance of 
original iron carbonates and silicates. Calcite appears in this zone as a 
product of the reaction of ankerite and quartz to form grunerite. 

4. Highly metamOTphosed taconite, within two miles of the contact of 
the Duluth Gabbro Complex, is completely recrystallized to a metamor
phic fabric and is composed chiefly of quartz, iron amphiboles, iron pyrox
enes, magnetite, and rare fayalite and calcite. Small veins and pegmatites 
reported from this zone may represent minor introduction of material from 
the gabbro. 

The following mineralogical changes occur along the strike of the Bi
wabik Iron-formation toward the gabbro contact: partial reduction of 
hematite to magnetite; development of clinozoisite (in the Pokegama For
mation); formation of grunerite; appearance of iron-rich clinopyroxene 
(hedenbergite) ; disappearance of hematite; appearance of iron-rich ortho-

xv 



XVI METAMORPHISM OF THE BIWABIK IRON-FORMATION 

pyroxene (ferrohypersthene); and development of graphite (from organic 
matter) . 

The mineralogical changes, which correspond to the complete transition 
from unmetamorphosed to highly metamorphosed taconite, occur within 
a horizontal distance of about 2 miles in the area of taconite workings of 
the Erie Mining Company near the old town of Mesaba. 

Compositions of the carbonate minerals in the iron-formation were de
termined by combining refractive index measurements with X-ray powder 
diffraction data to obtain values for the Ca, Fe, and Mg components. In 
unaltered taconite, siderite compositions approximate Ca5Fe75Mg::lO; anker
ite compositions from the same material are quite uniform at approxi
mately Ca5aFe24l\ig::!3. The calcites which appear in the metamorphosed 
taconite are Fe-rich and Mg-poor, approximating CaS9FeloMgl. 

No definite change in siderite or ankerite compositions is noted along 
the strike of the Biwabik Iron-formation; there is no indication of pro
gressive removal of iron from the carbonate with increasing metamor
phism. By contrast, calcites from the metamorphosed taconite increase in 
Ca, becoming virtually pure CaCOa near the gabbro. 

Compositions of the cummingtonite-grunerite amphiboles, determined 
by refractive index measurements, indicate a progressive enrichment in 
Mg toward the gabbro contact. 

Original hematite in units such as "Red basal taconite" is progressively 
reduced to magnetite toward the gabbro. Incipient reduction is observed 
at 3.5 miles from the gabbro contact, and reduction is virtually complete 
within 1.5 miles of the gabbro. 

Acid-insoluble residues from the organic-rich "Intermediate Slate" and 
related units show a progressive increase in crystallinity with metamorphic 
level. Such material is amorphous in unaltered taconite, but is completely 
crystallized to graphite close to the gabbro. 

The present study indicates that metamorphism of the Biwabik Iron
formation by the Duluth Gabbro Complex was largely isochemical and 
was characterized chiefly by progressive loss of H 20 and CO2 • There is no 
indication that the original mineralogy consisted only of quartz and mag
netite, or that large quantities of other components were introduced into 
the sediments from the gabbro. 

The conditions of metamorphism cannot be definitely determined. A 
load pressure of between 2,000 and 4,000 atmospheres is considered rea
sonable on the basis of the estimated thickness of overlying rocks. Values 
of Po~ within the stability field of magnetite + quartz prevailed over most 
of th; iron-formation; the restricted formation of fayalite was apparently 
dependent on lower P02 values maintained locally by original organic mat
ter (now graphite) in certain layers. The presence of wollastonite in a 
marble unit near the gabbro suggests a probable minimum temperature of 
600°C at this location; temperatures of 300° to 400°C are indicated for 
moderately metamorphosed taconite 2-3 miles from the gabbro contact. 
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INTRODUCTION 

Iron-bearing minerals are of particular interest in petrogenetic studies 
because they may participate in reactions involving oxidation and reduc
tion. The occurrence and composition of iron-bearing minerals thus re
flect, in part, the value of P 02 in the environment during their formation. 
Experimental studies of the stability of iron-bearing minerals as a function 
of temperature and P02 are important for estimating the conditions of 
temperature and pressure under which the corresponding natural assem
blages have developed and may also provide data on the composition of 
coexisting volatile phases that are no longer available for direct study. 

The work described here is intended to complement an experimental de
termination of the stability of siderite (FeC03 ) (French, 1964a; French 
and Rosenberg, 1965) by mineralogical study of the behavior of natural 
siderite-bearing assemblages in an area of progressive metamorphism. De
tailed sampling of the Biwabik Iron-formation on the Mesabi range was 
carried out during a period of about eight weeks in the summer of 1962, 
covering the region between :i\1ountain Iron and Babbitt and concentrat
ing on the Eastern Mesabi district, where the iron-formation has been 
metamorphosed by the intrusive Duluth Gabbro Complex. In progressing 
from unaltered iron-formation into the contact aureole, marked changes 
occur in the iron carbonates and associated iron silicates, iron oxides, and 
organic matter. The present study constitutes a detailed mineralogical 
study of these changes and an attempt to deduce from them the conditions 
of metamorphism. 

Approximately 160 samples of the Biwabik Iron-formation and associ
ated rocks were collected; the gross mineralogy was determined for most 
of these by X-ray powder diffraction studies of the total rock samples, 
combined with petrographic study of about 70 thin sections. Approxi
mately 75 of these specimens were selected for further mineralogical study; 
compositions of the carbonate minerals were determined by combining 
refractive index and X-ray powder diffraction measurements. Approxi
mate compositions of metamorphic amphiboles were determined by re
fractive index measurements. Particular emphasis was given to changes 
in carbonate composition and mineralogy along the metamorphic gradi
ent and to the reactions by which the iron carbonates decompose to form 
metamorphic minerals. 
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NATURE AND ORIGIN OF SEDIMENTARY IRON-FORMATION 

GENERAL DISCUSSION 

The term iron-formation is applied to rocks that are variable in miner
alogy and texture, but that contain an abnormally high percentage of pri
mary iron and are composed chiefly of iron-rich carbonates, iron silicates, 
iron oxides, and quartz or chert. James (1954, pp. 239-240) has used the 
term "iron-formation" to designate "a chemical sediment, typically thin
bedded or laminated, containing 15 percent or more iron of sedimentary 
origin, commonly but not necessarily containing layers of chert." This 
definition is applicable to most of the Biwabik Iron-formation, although 
it excludes beds that are mineralogically and texturally related to the iron
formation but that contain large amounts of chert or clastic material. 

The problem of sedimentation and diagenesis of iron-formation has been 
studied by many authors (Gruner, 1922b; James, 1954; Pettijohn, 1957; 
Hunter, 1960). The deposits are generally regarded as chemical sediments 
whose composition, textures, and mineralogy reflect conditions in the dep
ositional environment. Iron is derived during normal weathering and 
erosion of terrestrial rocks and is transported to the basin in streams, prob
ably as a hydrosol stabilized by organic material. Volcanism and hydro
thermal activity may introduce additional iron, but are not necessary; 
many iron-formations are not closely related to volcanic activity (James, 
1954; Hunter, 1960). 

James (1954) has distinguished four sedimentary facies of iron-forma
tion on the basis of the dominant iron minerals: the sulfide, oxide, car
bonate, and silicate facies. Pyrite and carbonaceous matter are character
istic of the sulfide facies. Hematite and magnetite, both of which may be 
primary, occur with chert or quartz in rocks of the oxide facies. The car
bonate facies ideally consists of iron-rich carbonate (siderite and ankerite) 
and chert or quartz. The silicate facies is characterized by iron-rich phyllo
silicates such as greenalite, chamosite, chlorite, minnesotaite, and stilpno
melane (Gruner, 1946; James, 1954; White, 1954). Commonly, sedimen
tary iron-formation consists of a complicated assemblage of quartz or 
ch~rt, carbonates, silicates, and magnetite which is apparently gradational 
between the carbona te and silicate facies (see James, 1954, p. 252). 

Each of the mineralogical facies is thought to represent a different en
vironment of chemical deposition (James, 1954). Experimental and the
oretical studies (Huber and Garrels, 1953; Huber, 1958) indicate that dep
osition of rocks of the oxide, carbonate, and sulfide facies is strongly af
fected by the value of the redox potential (Eh) of the environment; this 
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NATURE AND ORIGIN 5 

interpretation agrees with geological observations (James, 1954). The 
chemical conditions favoring deposition of the silicate facies are not so 
well understood; silicate-facies rocks seem to form in a fairly wide range 
of Eh values (James, 1954, pp. 263, 273). 

EARLIER STUDIES OF METAMORPHOSED IRON-FORMATION 

Minerals of sedimentary iron-formation which are generally regarded as 
primary are quartz and chert, pyrite, hematite, magnetite, siderite, anker
ite, and the silicates greenalite, chamosite, and chlorite (Gruner, 1946; 
White, 1954; James, 1954, 1955) . There is considerable disagreement about 
whether the silicates minnesotaite and stilpnomelane are primary or 
whether they have developed from earlier silicate material during low
grade metamorphism (Gruner, 1946; Tyler, 1949; James, 1954, pp. 266-
267; 1955, pp.1473-1474). 

During progressive regional metamorphism of iron-formation, the first 
definite metamorphic change is the appearance of the amphibole grunerite 
at intermediate metamorphic levels (approximately the garnet zone) 
(Miles, 1943, 1946; James, 1955). The mineral is the most commonly ob
served iron silicate in metamorphosed iron-formation (Miles, 1943, 1946; 
Gundersen and Schwartz, 1962). In the carbonate and silicate facies of 
iron-formation, grunerite develops at the expense of iron carbonates and 
earlier iron silicates; grunerite in the oxide-facies rocks probably repre
sents direct reaction between magnetite, quartz, and water (Miles, 1943, 
1946). 

High-grade regional metamorphism of iron-formation (sillimanite zone) 
is characterized by the development of iron pyroxenes. Clinopyroxenes 
near hedenbergite in composition appear more commonly than do ortho
pyroxenes, but both varieties may be present Cl\iueller, 1960; Kranck, 
1961). Original silicates and carbonates are absent in such rocks, which 
consist chiefly of iron amphiboles, iron pyroxenes, magnetite, quartz, and 
minor calcite and garnet. 

Quartz, hematite, magnetite, and pyrite are apparently the only original 
minerals of sedimentary iron-formation that remain stable at the highest 
grade of regional metamorphism (James, 1955; Mueller, 1960). In rocks 
of the oxide facies, both hematite and magnetite occur, with no indication 
of reduction during metamorphism. James (1955, p. 1473) has observed a 
regular increase in the grain size of quartz with metamorphic grade in 
rocks of the oxide facies, from less than 0.05 mm. in the chlorite zone to 
more than 0.2 mm. in the sillimanite zone. 

Contact metamorphism of iron-formation by intrusive igneous rocks 
produces mineral assemblages strongly resembling those developed under 
high-grade regional metamorphism; iron pyroxenes and iron amphiboles 
are the dominant silicates. 

Hematite is commonly altered to magnetite near igneous intrusives 
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(Zappfe, 1912; Grout and Broderick, 1919b; Ramdohr, 1927; Gundersen 
and Schwartz, 1962) . The iron olivine fayalite (Fe2Si04) is apparently re
stricted to contact-metamorphosed iron-formation. These two mineralogi
cal characteristics have been interpreted as suggesting that conditions in 
contact aureoles are more reducing than those developed during regional 
metamorphism. 



GEOLOGY AND METAMORPHISM OF BIWABIK 

IRON-FORMATION 

GENERAL GEOLOGY OF THE MESABI RANGE 

The Mesabi range is in northern Minnesota, 80 to 100 miles north of the 
city of Duluth, Minnesota (Fig. 1). The term Mesabi range refers to the 
preglacial outcrop of the Biwabik Iron-formation, most of which is now 
buried beneath glacial deposits. This outcrop belt, 1;4 to 3 miles in width. 
extends for about 1:20 miles in an east-northeast direction, from west of 
Grand Rapids on the Mississippi River to Birch Lake, near Babbitt. 

The iron-formation occupies the southern slope of the Giants range, a 
low group of hills whose summits reach 1,900 feet above sea level at the 
eastern end of the range. The eastern end of the Biwabik Iron-formation 
is truncated by the intrusive Duluth Gabbro Complex; the western end is 
covered by thick glacial deposits, and the extent and trend of the forma
tion west of Grand Rapids are not definitely known (White, 1954).* 

The Mesabi range and the Biwabik Iron-formation have been studied 
intensively for more than sixty years (H. V. Winchell, 1893; N. H. Win
chell, 1893; Spurr, 1894; Van Hise and Leith, 1901,1911; Leith, 1903; Wolff, 
1917; Broderick, 1919; Grout, 1919; Gruner, 19:2:2a, 19:2:2b, 19:24, 1946; 
White, 1954; Schwartz, 1956, p. 18:2). Detailed studies of the mineralogy of 
the highly metamorphosed iron-formation on the East :Mesabi (Grout and 
Broderick, 1919b; Gundersen and Schwartz, 196:2) were of considerable as
sistance in the present study. The guidebook of the Geological Society of 
America, T he Precambrian of Northeastern l11innesota, edited by 
Schwartz (1956), contains a 1: 6:2,500 scale map of the Mesabi range which 
served as a base map (Fig. 1) . 

The Biwabik Iron-formation is the middle unit of the threefold Animikie 
Group of Middle Precambrian age (Table 1). It is underlain by the quartz
ites and impure sandstones of the Pokegama Formation and overlain bv 
the Virginia Formation, a thick succession of dark gray argillite and rar'e 
graywacke. On the Mesabi range, the Animikie Group rests with profound 
unconformity on metamorphosed slates and graywacke, which are corre
lated with the Knife Lake Group and on granitic rocks of the Giants 
range batholith, which intrude rocks of the Knife Lake Group. 

The structure of the Animikie rocks on the J\1esabi range is simple 
(White, 1954). Except at the extreme eastern end, the beds strike approxi
mately N.75°E. and dip gently south-southeast. The major structure is the 

*White (1954) has divided the Mesabi range into four subdivisions; the present study is 
concerned almost entirely with the Main Mesabi district (from Nashwauk to Mesabal and 
the Eastern Mesabi district (from Mesaba to Birch Lake) . 

7 



co 

z 
g 
f-< 

m 
({) 
f-< 

<Xl 
({) 

f-< 

r--. 
({) 

f-< 

<0 
({) 
f-< 

R23 

o 5 10 

I I ~ 
~(iles 

MINNESOTA 

N 

r GO~ 
range " -- -

/;:;, <.«f' 
~v~v~o 

,/ 
~ ~ WISCONSIN ''', 

7 v > 

, ~~~~~~~~~"" ., r- .; ; : 
~~~~~~'" L. :> L. .... V '" ,.. .., 

.. ~.., r- <. r- (" -.J <. .., ~ 

<'» "'>,., L. r ~?,.. :.,,; 

" ,..", r-., I".,J v 'f:L" v i ~ <. " <-

r"v~~~:,.. L. ~ ~: "L: /,,'"'r.J.," 
, oJ(" 1\ L 

.J ..,.>" t. : ~ .., 7 .... "v ".; >11. L. r- ~ 
"'''' v L ,.,v "7r:",1 .... 1.."" 

.1:: .. /" ~~:"L.I..\V} : .,J~:: "j 
,.. :.J'" ... L.J r ~< " .... Lv ,.. ... l. : .... ( -.1 "" " ... I 

• 7" EXPLANATION 

UPPER PRECAMBRIAN 

~ ~ Duluth Gabbro Complex 

MIDDLE PRECAMBRIAN 
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FIGU RE I.-Geologic map of part of the M esabi range, ]V[innesola. Inse t shows 
the loca tion of the Mesabi range and other Lake Superior iron ranges. 
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Era 

Upper 
Precambrian 

Middle 
Precambrian 

Lower 
Precambrian 

TABLE 1. STRATIGRAPHIC SUCCESSION OF THE PRECAMBRIAN ROCKS OF NORTHERN J\1INNESOTA 

(modified from Goldich and others, 1961) 

System 

Keweena\van 

Animikie Group 

Major Sequenc,c Formation 

Hinckley Sandstone 

Fond du Lac Sandstone 
· . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. unconformity 

North Shore 
Volcanic Group uncliyided 

Puckwunge Sandstone 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. unconformity 

Virginia = Rove = Thomson 

Biwabik Iron-formation = Gunflint 

Knife Lake 
Group 

Pokegama Quartzite 
................ unconformity 

undivided 

· .............................. unconformity 

S"udan Iron-formation 
Keewatin Group 

Ely Greenstone 
· . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. unconformity 
Gneisses and other crystalline rocks (?) 

(?) 

Intrusive Rocks 
(age in billions of years) 

Duluth Gabbro Complex (1.1) 

Penokean intrusiye rocks 0.7) 

Vermilion and Giants Range batholiths (2.6) 

Saganaga Granite (2.7) 
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Virginia Horn, a Z-shaped bend in the outcrop belt in R.17W. produced by 
two broad folds whose axes plunge southwestward. Smaller gentle folds, a 
few feet to a few hundred feet in width, are common. Faults with large dis
placements have not been observed; the largest displacement detected 
does not exceed 200 feet (White, 1954). 

MINERALOGY AND TEXTURES OF THE BIWABIK 

IRON-FORMATION 

The Biwabik Iron-formation is generally a ferruginous chert which con
tains from 25 to 30 per cent iron. The thickness of the formation varies from 
less than 300 feet near Birch Lake to a maximum of about 800 feet near 
Eveleth. 

Where the Biwabik Iron-formation is unaffected by the Duluth Gabbro 
Complex, it is typically a mineralogically complex rock that appears inter
mediate between the carbonate and silicate facies of iron-formation 
(James, 1954. p. 252). The chief minerals are quartz. magnetite, hematite, 
iron carbonates, and iron silicates (Gruner, 1946; White, 1954). Hematite
bearing units suggestive of the oxide facies are rare, and the sulfide facies 
apparently is absent. 

The iron phyllosilicates greenalite, minnesotaite, and stilpnomelane are 
characteristically found in most units of the unmetamorphosed Biwabik 
Iron-formation; each mineral may occur singly or with any of the others 
(Gruner, 1946). Greenalite, originally described from the Mesabi range 
(Leith, 1903), is considered to be an iron serpentine containing little or no 
aluminum (Jolliffe, 1935; Gruner, 1936, 1946; Blake, 1958, 1965; Steadman 
and Youell, 1958). Minnesotaite, described as a new mineral from the Bi
wabik formation (Gruner, 1944b), is an iron-rich talc which may contain 
considerable magnesium (Gruner, 1946; Blake, 1958, 1965). Stilpnomelane 
is a complicated layer silicate with variable composition, which was identi
fied on the Mesabi range first in veins in the Biwabik Iron-formation 
(Grout and Thiel, 1924) and subsequently as a component of the iron
formation itself (Gruner. 1937, 1944a; Blake, 1958, 1965). 

Two fundamentally different kinds of iron-formation are distinguished 
on the Mesabi range (Wolff, 1917; Gruner, 1946; White, 1954). Cherty 
taconite is massive and quartz-rich, and characteristically has a granular 
texture produced by the occurrence of iron silicates in rounded, ovoid, or 
irregular granules commonly 0.5 to 2.0 mm. in diameter. Slaty taconite is 
generally dark, fine grained, and finely laminated; it is composed mainly of 
iron silicates and carbonates and contains much carbonaceous matter.* 

* The term taconite was originally applied to unaltered iron-formation on the Mesabi 
range (H. V. WinchelL 1893). The term currently designates unoxidized iron-formation, 
without regard to whether or not it has been metamorphosed (Gruner, 1946; White, 1954; 
Gundersen and Schwartz, 1962) . 

The term slaty is actually a misnomer, for the beds so designated show only bedding fis
sility and have no true slaty cleavage. However, the term is in current and uniform use to 
designate the dark, nongranular, laminated iron-formation on the Mesabi range and is re
tained in the present study. 
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The two groups correspond approximately to James's "granular" and 
"nongranular" silicate facies of iron-formation (James, 1954, pp. 249, 267-
270). 

There is general agreement that the Animikie Group is sedimentary and 
that the Biwabik Iron-formation is a chemical sediment containing minor 
quantities of clastic material (Gruner, 1946; White, 1954; Schwartz, 1956, 
p. 182). There is less agreement about the actual chemical processes of 
sedimentation. Quartz, greenalite, carbonates, magnetite, and hematite are 
generally regarded as primary (Gruner, 1946; James, 1954; White, 1954); 
minnesotaite and stilpnomelane may be primary (Gruner, 1946; Schwartz, 
1956) or may have developed during low-grade metamorphism (Tyler, 
1949; James, 1954, pp. 266-267). 

The Biwabik Iron-formation has been subdivided into four units (Wolff, 
1917) on the basis of the dominant kind of taconite present: from the base 
of the formation upward, Lower Cherty, Lower Slaty, Upper Cherty, and 
Upper Slaty (Fig. 2). These units, which have been retained as members by 
later workers (Gruner, 1946; White, 1954; Schwartz, 1956), can be traced 
along most of the Main range and are recognizable even in the highly met
amorphosed rocks near the Duluth Gabbro Complex (Grout and Brod
erick, 1919b; Gundersen and Schwartz, 1962). Most of the writer's samples 
are taken from the lower two members, which have been the most exten
sively mined; apparently there is no recognizable difference in mineralogy 
between corresponding lithologies in different parts of the formation (Gru
ner, 1946, p. 27). 

Two zones are significant as marker beds and were sampled in detail. 
The Red Basal taconite, which occurs at the base of the Lower Cherty, is 
a hematite-bearing, partly clastic unit which is easily recognized along the 
greater part of the Mesabi range. The so-called Intermediate slate occurs 
in the lowest part of the Lower Slaty; it is a dark gray to black unit com
posed of slaty taconite which contains a larger amount of carbonaceous 
material than the overlying Lower Slaty. 

METAMORPHISM OF THE BIWABIK IRON-FORMATION 

The Duluth Gabbro Complex, an intrusive mass of gabbro and related 
igneous rocks (Taylor, 1964), underlies a considerable area of northeastern 
Minnesota and separates the originally continuous Mesabi and Gunflint 
ranges. At the east end of the Mesabi range, the gabbro truncates the out
crop belt of the Biwabik Iron-formation at a slight angle (Fig. 1). The gab
bro overlies the iron-formation almost concordantly and the base dips a 
maximum of about 30 o SSE. 

The development of iron-rich pyroxenes, amphiboles, and olivine in the 
Biwabik Iron-formation near the contact of the Duluth Gabbro Complex 
was recognized in early studies of the Mesabi range (N. H. vVinchell and 
H. V. Winchell, 1891; Bayley, 1893; H. V. Winchell, 1893; Elftmann, 1894; 
Grant, 1900; Leith, 1903; Grout and Broderick, 1919b; Richarz, 1927a, 
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1927b). The mineralogy of the highly metamorphosed taconite has been 
studied in detail (Gundersen and Schwartz, 1962). 

Minor intrusive bodies, apparently associated with the intrusion of the 
Duluth Gabbro Complex, also occur in the Eastern Mesabi district; con
tact effects adjacent to these minor intrusions are insignificant or absent 
(White, 1954; Gundersen and Schwartz, 1962). 

Mineralogical changes in the Biwabik Iron-formation in the Eastern 
Mesabi district appear related only to the contact of the Duluth Gabbro 
Complex, as described by White (1954, p. 36) : "The taconites of the East 
Mesabi range, which were metamorphosed by the Duluth gabbro, contain 
a rather high-grade metamorphic mineral assemblage consisting of rela
tively coarse quartz, grunerite, carbonate, garnet, fayalite, magnetite, and 
minor pyroxene. Near Mesaba, these rocks grade rather abruptly into tac
onites composed dominantly of fine quartz, greenalite, minnesotaite, stil
pnomelane, magnetite, and siderite. Such taconites are characteristic of 
the entire Main and West parts of the range, and no further lateral meta
morphic gradient is evident." 

The gabbro was not studied by the writer, but has been described briefly 
in earlier studies (Gundersen and Schwartz, 1962, p. 71). 



METHODS OF STUDY 

SUBDIVISION OF THE MESABI RANGE 

Several factors make the :Mesabi range eminently suitable for detailed 
study of progressive metamorphism of iron-formation. The geology is sim
ple and has been studied in detail. The stratigraphy of the Biwabik Iron
formation is well defined, and can be distinguished even in the metamor
phosed rocks. Structural deformation of the rocks is slight, even near the 
contact of the Duluth Gabbro Complex (White, 1954), and relations be
tween different units of the Biwabik Iron-formation or between the iron
formation and the gabbro have not been obscured. In addition, adequate 
samples can be obtained from the numerous artificial exposures of the Ani
mikie rocks, particularly in the open-pit taconite operations. 

Detailed studies of the mineralogy of both the unaltered and highly 
metamorphosed iron-formation have been made (Gruner, 1946; White, 
1954; Gundersen and Schwartz, 196Q), but no detailed work has been done 
on the nature of the transition between the two. 

It is convenient to divide the outcrop belt of the Biwabik Iron-formation 
into four zones that have characteristic textural and mineralogical features 
observable in the field (Fig. 3). These zones reflect mineralogical changes 
produced by the gabbro. 

Zone 1, unaltered taconite, extends from the western limit of sampled 
area (Nashwauk) east beyond Biwabik. The eastern limit is the boundary 
between R.15W. and R16W. In this zone the taconite is fine grained and 
consists of quartz, iron oxides, iron carbonates, and the iron silicates cham
osite, greenalite, minnesotaite, and stilpnomelane. 

Zone 2, transitional taconite, extends from the R.15W.-R16W. bound
ary to the town of Mesaba (Q1:59-14).* No mineralogical differences are 
observed, but there is considerable secondary replacement of the taconite 
by quartz and ankerite. 

Zone 3, moderately metamorphosed taconite, extends from Mesaba (Q1: 
59-l4) approximately to the boundary between R13W. and Rl4W. Taco
nite in this zone is characterized by the development of grunerite and by 
the disappearance of layered silicates and carbonates. 

Zone 4, highly metamorphosed taconite. This zone extends from about 
l4: 59-14 east to Argo Lake (16: 60-1Q). Taconite in this zone is highly re
crystallized and is characterized by increased hardness and grain size and 
by the formation of iron-bearing pyroxenes. Coarse-grained pods and lens
es of iron-rich minerals are found in this zone. Except for calcite, carbon-

* Sections are designated here by the abbreviated notation used by White (1954). Thus, 
SESE 21: 59-14 indicates the SE1,4SE1,4 Sec. 21, T.59N., R.14W. 

14 



'" 

z 
o 
CD 
E-

ffi 
E-

co 
U) 

E-

'" U) 

E-

R23 R22 

o 
, I 

MIles 

R21 R20 Rig RIB RI7 RI6 RI5 

~ZONE I ~,..jl~'--

10 

" y 

,." ~i ... r.., 
(j . I... V < ,. 

'" l.. I: r 
':,,":.1 i .. :~ ~ : ') 7,.." 

r..,r.1 V~""v'7 
,. ,.. ~ ., < .1 ,,~ 

.I <"oJ (. 
> L. f'ol , ~ 

,. c" .... "'I.. L 

I. ") .., t· .... l .. ~ ,,~~ ,.. A " 

< r < Duluth Gabbro Complex 
) '" ... .J ? .... 

,-" ~ ~~" L" 

o Sample locatton 
I::::. Drill core location 

FIGURE 3.-Generalized geologic map of part of the Mesabi range, showing loca tion of samples 
and boundaries of the four metamorphic zones distinguished in this study. 

z 
o 
CD 
E-

ffi 
E-

co 
U) 
E-

'" U) 

E-

CD 
U) 

E-



16 METAMORPHISM OF THE BIWABIK IRON-FORMATION 

ates are absent. The mineralogy of this kind of iron-formation has been 
studied in detail by Gundersen and Schwartz (1962). 

SAMPLING 

The un metamorphosed taconite in Zone 1 was sampled from a few natu
ral exposures near Virginia and Gilbert and from drill cores. Fresh taconite 
also was obtained from some of the soft ore open-pit mines - the Auburn 
(Midway) (Schwartz, 1956, p. 160), Pierce (Hibbing), and Sherman (Chis
holm), and from the Pilotac taconite operation of the U.S. Steel Company 
at Mountain Iron. 

Transitional taconite (Zone 2) is exposed in Erie Mining Company's 
taconite pits in 28:59-15 and 24:59-15. Slightly metamorphosed taconite 
(Zone 3) is well exposed in similar operations east of Mesaba (14,15: 59-14). 
The highly metamorphosed taconite occurs in the Reserve Mining COlll
pany's operations in R.13-14W.; this area was not studied in great detail 
because of the availability of earlier work (Gundersen and Schwartz, 1962). 

About 160 samples of the Biwabik Iron-formation and the associated 
Animikie sediments were collected along the outcrop belt (see Fig. 3 for 
sample distribution). Where possible, samples were collected from definite
ly located outcrops and drill cores. In the taconite pits, however, it was 
usually necessary to sample loose piles of blasted material; such samples 
were typical of the surrounding taconite and probably were not more than 
100 yards from their original position. 

The Duluth Gabbro Complex truncates the Biwabik Iron-formation at 
a slight angle, and, in the region near Babbitt, the contact is locally parallel 
to bedding in the iron-formation (Gundersen and Schwartz, 1962). The 
metamorphic aureole produced by the intrusion extends for several miles 
along the strike of the Biwabik Iron-formation, but because of the nearly 
concordant contact, the distance is probably two to five times the straight
line distance to the gabbro contact at the time of intrusion. As a result, the 
metamorphic zones are spread out and can be sampled in detail over rela
tively large areas. However, the uncertainty about pre-erosional attitude 
and extent of the gabbro makes it impossible to determine the exact dis
tance between the original contact and any point in the metamorphosed 
iron-formation. 

Metamorphic changes in the iron-formation show a uniform relation to 
distance from the gabbro, as measured in the manner described above. 
Limits on the four zones described (see Fig. 3) are: Zone 1, 10-60 miles; 
Zone 2, 2.6-10 miles; Zone 3,1.7-2.6 miles; Zone 4,0-1.7 miles. 

DETERMINATION OF MINERALOGY 

About 20 grams of material were removed from each hand specimen and 
ground in a Spex Industries Mixer/Mill, equipped with a steel vial and 
steel balls. The -120 or -230 mesh fraction was used for analysis. 

Separation of individual minerals from the taconite is hampered by the 



TABLE 2. STRONG X-RAY REFLECTIONS OF MINERALS IN THE TACONITE 
OF THE BIWABIK !RON-FORMATION, CuKa RADIATION 

Mineral hkl deAl ~o (degree) Mineral hkl deAl "1.0 (degree) 

Quartz ............ 100 4.~55 ~0.9 Chlorite (l4A) 001 B.20 0.2 
101 3.343 26.7 002 7.10 12.5 

Magnetite ............. 220 2.97 30.1 Minnesotaite ... 00'2 9.53 9.3 
311 2.53 35.5 004 4.77 18.6 

Hematite 104 2.69 33.3 006 3.18 28.1 ............. 
no 2.51 35.8 Talc ... . . . . . . . . . . . . 002 9.30 9.5 

Goethite 100 4.18 21.3 004 4.57 19.4 
006 3.10 28.8 ..... 

Siderite 110 3.59 24.8 ~ S tilpnomelane 001 11.9 211 2.79 32.1 7.5 
003 4.04 22.1 

Ankerite 211 2.90 30.8 
Grunerite 110 8.38 ............. 10.6 

Calcite 211 3.04 29.4 310 3.08 29.0 

Greenalite 001 7.21 12.3 Fe-hornblende no 8.38 10.6 
002 3.60 24.7 310 3.03 29.5 
201 2.59 34.6 

Fayalite 130 2.83 31.6 
Chamosite (7A) ......... 001 7.12 12.4 

Fe-hypersthene 3.~n 002 3.55 2.'U 27.8 

201 2.53 35.5 Hedenbergite 310,211 3.00 29.8 

Graphite ... 002 3.35 26.6 
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fine grain size, by the fibrous and commonly intergrown character of the 
silicates, and, in particular, by fine disseminated magnetite. Separation 
procedures are complicated and often unrewarding (Blake, 1958). Magne
tite separations were carried out on only a few suitable specimens. 

The mineralogy of the taconite makes it suitable for identification and 
study by X-ray powder diffraction, using total rock samples. The powder 
sample was mounted on a glass slide in an acetone-Duco cement mixture. 
Diffraction patterns from 5° to 40° ~e were obtained on a Norelco instru
ment, using CuKa radiation, a scanning speed of 1 ° per minute, and a chart 
speed of V2 inch per minute. Divergent, scatter, and receiving slits were 1 0, 

1°, and 0.006 inch, respectively. Scale factor, time constant. and multiplier 
factor were generally 4,1, and 8, respectively. 

The minerals of unaltered taconite - quartz, hematite, magnet.ite, sid
erite, ankerite, chamosite, chlorite, greenalite, stilpnomelane, minnesota
ite, and talc - can be identified by their characteristic reflections (Table 
~). X-ray diffraction is particularly useful for distinguishing between the 
iron-rich layered silicates, using the basal reflections in the range 9°_IS O 

2e. Except for the closeness of the hematite (1l0) and magnetite (Sll) 
peaks, there is no significant interference between major peaks. Secondary 
peaks, however, are needed to distinguish between chamosite and greena
lite and between minnesotaite and talc. 

In metamorphosed taconite, which contains grunerite, hornblende, hed
enbergite, ferrohypersthene, and calcite (Gundersen and Schwartz, 196~) , 
grunerite and hornblende can be distinguished by the position of the (SI0) 
peak. 

Probably this method of identification is suitable to detect quantities of 
less than 10 per cent present of any given mineral. The quartz which is al
most always present serves as a useful internal standard for exact measure
ment of peak locations. 

The identification of minerals by X-ray powder diffraction was supple
mented by petrographic examination of about 70 thin sections. Compari
son between the thin sections and the X-ray patterns of the same samples 
made mineral identifications more exact and provided textural data for 
recognition of the replacement or reaction relations bet'ween minerals. 
These data allowed more reliable interpretations of the mineralogy of the 
additional specimens for which only X-ray powder patterns were obtained. 



PROGRESSIVE METAMORPHISM OF THE BIWABIK 

IRON-FORMATION AND RELATED ROCKS 

UNALTERED TACONITE (ZONE 1) 

INTRODUCTION 

The mineralogy of the taconite in Zone 1 is quite uniform (Gruner, 1946; 
White, 1954). There is considerable uncertainty about whether the present 
mineralogy is primary or partly metamorphic; the writer favors the view 
that the mineralogy reflects an episode of low-grade metamorphism unre
lated to the intrusion of the Duluth Gabbro Complex (see p. 11) . To avoid 
confusion, the term unaltered is applied to the taconite in Zone 1, to indi
cate that it shows no features related to the intrusion of the Duluth gabbro. 

CHERTY TACONITE 

Introduction. Cherty taconite is the dominant lithology in the Lower 
Cherty and Upper Cherty Members of the Biwabik Iron-formation (Wolff, 
1917; Gruner, 1946; White, 1954); these members underlie all natural out
crops of the formation. In outcrop, cherty taconite is massive and medium
to thin-bedded and consists of individual layers commonly two inches to 
two feet thick. Specimens are characterized by a high percentage of quartz 
and by a granular texture which is often visible in hand specimen. In the 
Lower and Upper Cherty, cherty taconite beds are interbedded with thin 
dark layers of slaty taconite, which may constitute 10 to 30 per cent of a 
given section. These slaty layers, rich in carbonate and magnetite, are gen
erally irregular in shape, as in the so-called wavy-bedded taconite (Gruner, 
1946, PI. 14A). 

Primary lIIineralogy and Te,ttures. Well-developed granule texture is 
characteristic of specimens of cherty taconite examined by the writer (Figs. 
4 and5). The granules, which form a framework within a matrix of crystal
line quartz, are generally 0.2 to 2 mm. in long dimension, rounded, and 
ovoid to elliptical in shape. Commonly, they are irregular in shape and may 
be stretched to sharp points suggestive of rupture when soft. Granules 
with concave surfaces are not uncommon, and dumbbell-shaped granules 
are occasionally observed. Where closely packed, the granules are often de
formed against each other, indicating compaction when soft. 

Most granules are composed of featureless, isotropic, dark-green to 
brownish green greenalite; they show no concentric or radial structures and 
contain no recognizable central nucleus. Small circular bodies of uncertain 
origin rarely occur within the granules (see Gruner, 1946, PI. 4; James, 
1954, Figs. 26 and 27) . Finely divided opaque material commonly is scat
tered through the greenalite; it may be either magnetite or organic matter. 
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FrGURE 4.-Greena lite granule taconite from unaltered Bill"abik Iron-forma tion (Zone 1). 
Plane polarized light, 61x. Featureless greenalite in the granules (dark gray) is slightly re
placed by the quartz matrix (white) near the margins of the granules. FIGURE 5.-G reena
lite granule taconite from unaltered Biwabik Iron-formation (Zone 1); same view as Figure 
4; crossed nicols. Fine-grained q uartz occurs around the rims of the granules; coarser quartz 

occupie the cen ters of voids between granules. The texture of the cemen t sugges ts a la ter 
introduction of quartz into spaces between a framework of greena lite granu les. 

~o 
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FIGURE 6.-Stilpnomelane granule taconite from unaltered Biwabik I ron-formation (Zone 1) . 
Ordinary ligh t, 19x. Featureless stil pnomelane (dark gray) forms irregular granules in a 

q uartz ma trix (wh ite). I t is partly replaced by fi bro u talc (l igh t gray) and sider ite 
(gray rhombs). The stil pnomelane in th is specimen may be primary. 

Irregular granules composed of featureless brown stilpnomelane were 
observed in one specimen of cherty taconite (Fig. 6); t he granules are sur
rounded by rims of pleochroic fibrous stilpnomelane. I O other silicate ma
terial is observed within t he granul es; t hi occurrence of stilpnomelane may 
be primary. 

Th e matrix of the granules is crystalline quartz. T wo k inds of quartz 
can generally be di stinguished in specimens of cherty taconite: (1) very 
fin e quartz, 0.005-0.01 mm ., which forms a rim a few grains th ick around 
the granules and is generally absent where t he granules are in contact wit h 
one another; (2) coarser quartz, 0.05-0 .5 mm., which fi lls interstices be
tween granules. Th ere is a defini te increase in grain size of th e quartz from 
the margin of the granule toward t he center of the pore space, which sug
gest s that the quartz is a pore fillin g (Fig. 5). Similar textures in a Paleozoic 
siliceous oolite (Choqu ette, 1955) have been interpreted as evidence for 
postdepositional introduction of qu artz into a framework of ooliths. 

Secondary Minemls and T extures. P art ial to complete replacement of 
the original greenalite granules by minnesotaite, tilpnomelane, siderite, 
and magnetite is charac teri ti c of the cherty taconite in Zone 1; the quartz 
matrix may also be partly replaced . Such replacement is charact eri zed by 
development of coarser-grained crysta ls and aggregat es of the secondary 
minerals within the original greenali te and quartz. No specimens contain
ing completely unalt ered greenali te were obser ved by the writer . 
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Silicates. lVIinnesotaite commonly occurs in chertv taconite as small fi
brous sheaves about 0.05 mm. long: in which the individual fibers may be 
parallel or radiating, or as individual fibers and patches of very fine shreds. 
The mineral is colorless to pale green and highly birefringent; the fibers 
show parallel extinction. 

::'Ifinnesotaite is the most common mineral observed to replace greenalite 
in the granules; sparse minnesotaite occurs in the quartz matrix as well 
(Fig. 7, this report; also see Gruner, 1946, PIs. 't and 3; LaBerge, 19(4). Re
placement by minnesotaite commonly produces granules in which small ir
regular remnants of dark greenalite occur within a minnesotaite matrix. 
Rarely, the entire granule is completely altered to an aggregate of fine 
quartz and minnesotaite fibers; in such rocks, minnesotaite may constitute 
as much as 40 per cent of the taconite. 

Stilpnomelane is uncommon in cherty taconite and only rarely exceeds 
5 per cent. It forms rosettes of fibers 0.05 to 0.1 mm. long. Most of the stil
pnomelane observed by the writer is brown and strongly pleochroic, sug
gesting a ferric variety (Hutton, 1938; Gruner, 1946). 

Talc was identified in several specimens of cherty taconite, where it re
places granules and occurs in some specimens of slaty taconite. 'Vhere such 
replacement has been intense, it constitutes as much as 40 per cent of the 
rock, and the original granule texture is reduced to blotchy ovoid aggre
gates of fine quartz and irregular shreds of talc. 

The value of el( 006) for talc was determined for one specimen which con
sisted almost entirely of talc and quartz. Six oscillations between 't5° and 
30° '213 were averaged, using the quartz as an internal standard. The value 
of d (006) obtained (3.1'24 A) is elose to that of natural talc (3.10 A; Brown, 
1961) , and it is quite distinct from that of minnesotaite (3.18 A; Blake, 
1958) . 

Talc was previously reported (Blake, 1958, p. 83) associated with stilp
nomelane in a cavity in altered iron ore a few miles from where the prcsent 
specimen was collected, suggesting that talc might have formed in the 
taconite during a later event connected with formation of the soft ores. 
The occurrence of talc in several specimens of otherwise unaltered taconite, 
however, indicates to the writer that such occurrences probably are not re
lated to the alteration that produced the soft ores. 

Carbonates. Both siderite and ankerite have been observed by the writer 
in cherty taconite; both minerals are apparently secondary. Siderite is 
more common; it occurs as individual rhombohedra and anhedra that re
place both greenalite granules and the adjacent quartz matrix (Fig. 4); the 
mineral constitutes from 5 to 10 per cent of the taconite. Such replacement 
is particularly intense for a few millimeters adjacent to thin slaty bands 
'which are rich in fine-grained, apparently primary siderite (Fig. 8). Strong 
replacement may produce a granule composed of a single crystal of carbon
ate that pseudomorphs the granule shape. Replacement of the quartz ma
trix is less marked. 



F IGURE 7.-Intense replacement of greenalile granule taconite by minneso laite in unal tered 
Biwabik Iron-forma tion (Zone 1) . Ordina ry light. flflx . A few remnants of greenaliLe (dark 
gray) remain in quartz ma trix (whi te) . Most of the granules have been converted to aggre
ga tes of fin e-gra ined minnesotaite (light gray) and quartz. FIGURE S.-Strong replacement 
of granule taconite by carbonate in unaltered Biwabik Iron-formation (Zone 1). Ordinary 
light, 19x. The dark band a t left is a mixture of fine-grained siderite and magnetiLe. Adja-

cent to this band, original silicate granules have been replaced by single crys tals 
of siderite (light gray), which pre erve the original granule hape. 
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The term ankerite is applied to a dolomite-like carbonate that contains 
a significant amount of iron; ankerite from the unmetamorphosed taconite 
generally contains 50-55 mole per cent more Ca Fe (CO:j ) 2 (Table 4), and 
can be distinguished from siderite by X-ray diffraction and by the close
ness of the n" index to that of quartz. 

Ankerite occurs in taconite that is richer in quartz and contains less sili
cate material; such beds may resemble the banded carbonate-quartz rocks 
characteristic of the carbonate facies (.James, 1954). Commonly, ankerite 
is present as isolated rhombohedra 0.01 to 0.1 mm. in size that replace the 
quartz; rarely, fine-grained quartz is included within the crystals. The an
kerite rhombohedra are often zoned, with a darker outer rim and a clear 
interior (Fig.9). 

Replacement by ankerite commonly develops patches of ankerite crys
tals several millimeters across, which give the taconite a mottled appear
ance (Figs. 9 and 10). In such specimens, the mottles contain remnants of 
earlier granules, which are outlined by fine opaque matter. Ankerite con
stitutes 10-30 per cent of individual specimens of taconite; the higher per
centages correspond to the more intensely replaced mottled taconite. 

Ankerite occurs less frequently in the carbonate-rich slaty layers associ
ated with cherty taconite, forming irregular bands and patches of anhedra 
about 0.05 mm. in diameter that surround and apparently replace earlier 
siderite grains 0.01 mm. or less in size. 

Other 11Jinerals. IVlagnetite is a minor constituent of cherty taconite, 
and generally makes up 5 to 15 per cent of the rock. The mineral has been 
considered to be primary or diagenetic by other investigators (Gruner, 
1946; White, 1954). However, LaBerge (1964) has concluded that petro
graphic relations indicate a secondary origin for most, if not all, of the mag
netite in the Biwabik Iron-formation; he has suggested that the magnetite 
,,,as formed during a period of low-grade regional metamorphism. 

Very fine-grained magnetite, which occurs in both granules and matrix 
as disseminated crystals 5 microns or less in size, is probably primary in 
origin. The finer opaque dust within the granules may also be primary. 

Definite secondary magnetite occurs as coarser euhedra 0.05 to 0.1 mm. 
in size, which are grouped in bunches and lenses as much as 1 mm. across. 
Such magnetite commonly replaces earlier iron silicates in granules and 
also occurs with fine-grained siderite in the thin slaty bands associated 
with cherty taconite (Fig. 8). These textures and relations are identical to 
those described independently by LaBerge (1964, figs. 7-9, 13-14) in a de
tailed petrographic study of unaltered Mesabi range taconite. The writer's 
observations support LaBerge's conclusions that the magnetite and min
nesotaite in such occurrences are clearly secondary. 

Replacement of the granules by magnetite is most common at the mar
gins and may yield an inner core of greenalite or minnesotaite surrounded 
by a rim of coarser magnetite crystals that preserves the outline of the 
granule; the crystals commonly show octahedral cross-sections. :lVIore rare-



FIGURJ,; 9.-Ankerite- rich ch erty taconite from un altered Biwabik Iron-formation (Zolle 1) . 
Ordina ry light , 20x. Ankerite (gray) occurs as sn1'111 rhomb ; replaci ng fi l~ e -gra ne 1 qua rt z 
(wh ite) and is associa ted with fin e-gra ined magne tite (black). The rhombs a re comm8nly 
zoned , with a dark ou ter zone and a light interio r. FI GURFJ 10 .-Strono rep lacement of si lica te 
gra nule taconite by coarse-grained ankerite in unaltered B iwabik Iron-rorm:.l tic n (Zone 1). 
Ord inary light, 20x. The origina l granules . 5ho\\ n a t left , co nsis t of grepnaUe (da rk gray ) 
and occur :n a matrix of crystall ine qu artz (wh ite). M edium- to coar"e-grain ed an kerite 
(l ight gra y) a t ri ght forms a patch several mi ll imeters in diameter . and rep!uces b Ol h the 
gra nu les and the quartz ma trix. A sma ll amount of magnetite (black) occurs in the ankerite . 

In th is spec imen. such replacement largely des troys the granu le tex ture; howcver , 
ghosts of granules commonly can be seen in such ankeri teo 
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Iy, the entire granule may be pseudomorphed by magnetite (Fig. ll). Iden
tical tructures are commonly present in highly metamorphosed taconite; 
the pre en Tation of original gran ule texture despite thorough recry talliza
tion of the taconite allows the original character of the rock to be recog
nized (Grout and Broderick, 1919b; Gundersen and Schwartz, 1962) . 

Quartz in the matrix of cherty taconite constitutes 20-30 per cent of the 
rock. Quartz also apparently develops within th e granules simultaneously 
with the formation of minnesotaite at the expense of the original greenalite, 
and con titutes as much as 60 per cent of highly replaced taconite. R e
placement of granules by quartz alone is uncommon and generally is con
fin ed to the granule margins; rarely, small euhedra of quartz are observed 
within the greenalite. 

FIGURE! 11 .--Strong replacement of silica te granule taconite by magnetite in unaltered Bi
wabik Iron-formation (Zone 1) . Ordinary ligh t, 20x. Origina l granules of greenalite or chlo
rite (light gray) in a matrix of crys tallin e quartz (white) are partly to comple tely replaced 
by groups of magnetite euhed ra (black), which preserve the general shape of the granule. 
P arti.a l replacement by ma!ITletite is illu trated by the granu les at upper le ft and lower right ; 

the large gran ules in th e upper center and lower left have been complete ly replaced. 

Summary. The granule cherty taconite of the Biwabik Iron-formation 
strongly re embles in t exture the oolitic silicate units of younger iron-for
mation , which are believed to have originated by the sedimentary ac
cumulation of chemically precipitated ooliths (P ettijohn, 1957; Hunter, 
1960). It is generally believed that the cherty units of the Biwabik Forma
tion originated through the same mechanism (Gruner, 1946; James, 1954; 
White, 1954) . 

Certain features of cherty taconite had been thought to be unique to the 
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Precambrian: the strong mineralogical banding, the presence of feature
less granule;;; instead of ooliths, and the occurrence of greenalite instead of 
chamosite or chlorite. These distinctions no longer appear rigorous; 
banded iron-formations do occur in Paleozoic rocks (O'Rourke, 1961) , and 
a greenalite-bearing iron-formation resembling cherty taconite has been de
scribed from the Ordovician (Kennedy, 1936). 

Estimated percentages of minerals in typical specimens of unaltered 
cherty taconite examined by the writer are: quartz 30-60 per cent, minne
sotaite 10-40 per cent, greenalite 0-20 per cent, stilpnomelane 0-5 per cent, 
siderite 0-20 per cent, ankerite 0-30 per cent, magnetite 5-15 per cent. 
Hematite is generally absent; its occurrence is apparently restricted to dis
tinct layers such as the Red Basal taconite at the base of the Lower Cherty 
member. Talc constitutes as much as 40 per cent of some specimens, but 
IS rare. 

The most common mineral assemblages are: minnesotaite-greenalite, 
minnesotaite-greenalite-siderite, minnesotaite-siderite, siderite-ankerite, 
and ankerite. :Magnetite and quartz are ubiquitous in all assemblages. 

It was not determined in the present study whether the mineralogical 
changes obseryed in unaltered cherty taconite have been produced by 
diagenesis or lJ? low-grade metamorphism. Similar replacements arc ob
served in unmetamorphosed sedimentary iron-formations of both Precam
brian and post-Precambrian age (James, 1954; Hunter, 1960). 

SLATY TACONITE AND THE INTERMEDIATE SLATE (ZONES 1 AKD 2) 

Introduction. Slaty taconite was collected chiefly from the Lower Slaty 
member of the Biwabik Formation (Wolff, 1917; Gruner, 1946; White, 
1954). Small slaty bands rich in carbonate and magnetite that occur with 
chcrty taconite in the Lower Cherty member also were studied. No differ
ences were observed between specimens collected from Zones 1 and 2: ac
cordingly, the two zones are discussed together in this section. Detailed 
study of slaty taconite was hampered because the Lower Slat~' member 
forms no natural outcrops and is readily altered near ore bodies and be
cause the fine grain size and the included dark organic matter make recog
nition of textural relations between minerals extremely difficult. 

~lineralogy of Slaty Taconite. Slaty taconite is characterized by fine 
laminations that reflect differences in mineral composition, by very fine
grained minerals, and by a general absence of granules. The most common 
minerals are stilpnomelane, minnesotaite, siderite, and quartz; any of these 
may form essentially monomineralic layers (Gruner, 1946). 

Silicate-carbonate slaty taconite is a finely laminated rock composed of 
alternating buff and dark-green laminae 0.2 to 4 mm. thick. In a typical 
specimen (Fig. 12), the buff bands consist dominantly of fine grains of sid
erite about 2 microns in size and lesser amounts of green stilpnomelane. 
Commoniy, very small dark nuclei occur in the centers of the siderite 
grains. The dark-green layers contain no siderite and are almost entirely 
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FIGURE 12.-Finely laminated slaty tacon ite composed of alternating carbona te- and si licate
rich bands. in unaltered Biwab ik Iron-formation (Zone 1). Ordinary light. 8x. Si li cate-rich 
laminae (l ight gray) consist of a fin e-grained aggrega te of stilpnomelane flakes oriented par
a ll el to the band ing. together with minor quartz and magnetite. Carbonate- rich bands (dark 

gray) are composed chiefl y of fi ne-grained siderite and minor 
sti lpnomelane, quartz, and organic matter. 

compo ed of pleochroic green stilpnomelane, which occurs as platy grain 
malleI' than 10 micron s. The stilpnomelane crystals are parallel to band

ing in the t aconite and show aggregate polarization in thin section. Con
tact between th e laminae are sharp . Th e mat erial closely resembles iron
formation from Crystal F alls, Michigan (J ames, 1954, Fig. 32; Pettijohn , 
1957, p. 447) . In other specimens, minne otait e may be the dominant sili
cate. 

Silicate laty taconite corresponds e en ti aJl y to the nongranular ili 
cate facies iron-formation of J ames (1954, pp. 268- 270) . Carbonate gener
a ll y accounts for less than 30 per cent; t he dominant minerals are stilpno
melane and minn esotaite. Small amounts of chlorite * are rarely observed 
as irregular green pleochoric flakes as much as 50 micron s long; thi mater
ial commonly is altered to stilpnomelane. 

* Both true chlori te (14 A) a nd chamosi te (7 A) were identified by the ",ri ter in the 
P okegama and Bi wabik formation. Where po sib le, the two are d istinguished on the basis 
of the pre ence or absence of the 14 A peak in the X-ray pattern. The fo llowi ng terms are 
applied: (1) chlorite designates light-green, pleochroic, low-birefringent silicate minerals 
that occur in amoun ts too sma ll for exact iden ti ficat ion; (2) chlorite (14 A) de ignates 
true ch lori te identified by X-ray diffraction; (3) chanwsite designates ma teri al for ",hich 
only a 7 A peak is observed. Exact identifica tion is possible only fo r specimens containin g 
considerable ch lorite, and it is possib le that both polymorphs may exist in the same spec i
men (Hunter. 1960). A more deta iled c1as ifica tion is not required for the present study 
(see, e.g., Hunter, 1960; Brown , 1961). 
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In silicate-rich slaty taconite, quartz and magnetite are present in minor 
quantities, rarely in excess of 10 per cent. Commonly, quartz occurs ill 
small irregular lenses, less than 1 mm. long, elongated parallel to the lami
nations: such quartz is very fine grained and some is possibly amorphou~ 
chert. :Magnetite occurs as euhedra 1 to 50 microns in size and rarely con
stitutes as much as 60 per cent of a layer; much magnetite is secondary. 
forming from siderite in carbonate-rich bands (Fig. 8). 

Some specimens of slaty taconite studied consist only of alternating 
bands of fine-grained carbonate and quartz a few millimeters thick (Grun
er. 1946. PI. 19); these rocks correspond to ideal representatives of the car
bonate facies (James, 1954, pp. 't49, 't51). 

The carbonate bands are light brown in hand specimen and contain as 
much as 80 per cent of siderite anhedra 1 to 10 microns in size. A small 
amount of ankerite. in crystals 0.1 to O.'t mm. in diameter, apparently re
places the siderite. Very fine quartz less than 5 microns in size constitutes 
20 to 30 per cent of the band; a small amount of coarser quartz (10 microns) 
occurs as irregular patches. 

The quartz-rich bands appear black in hand specimcn and resemble 
chert; they consist commonly of more than 95 per cent microcrystalline 
quartz less than 10 microns in size, together with a small amount of coarser 
quartz. The remainder is euhedral ankerite and fibrous silicates. 

Some layers of slaty taconite contain small granules of iron silicate 0.05 
to 0.2 mm. in diameter, much smaller than granules found in cherty tacon
ite; the granules do not form a framework and generally appear to float in 
a fine ma trix. Chamosite was identified by the writer in one specimcn of 
otherwise nongranular slaty taconite. In this specimen, thin layers of 
chamosite-bearing granules in a matrix of hematite alternate with nongran
ular layers containing either hematite or a mixture of siderite and chamo
site (Fig. 13) . The granules are irregular, elongate. and cOlllmonly com
pressed against one another. The chamosite occurs in the granules as small 
pleochroic green flakes that are slightly birefringent, associated with finely 
crystalline quartz. These granules resemble strongly the quartz-chlorite 
clasts observed in the Pokegama Formation. 

Slaty taconite contains small amounts of dark-brown to black carbon
aceous material designated as graphite by Gruner (1946, p. 21). This ma
terial occurs as thin partings pm'allel to the layering which have a wavy 
jagged appearance suggestive of stylolites. 

fl.1ineralogy of the Intennediate Slate. The lowermost 30 to 60 feet of the 
Lower Slaty member of the Biwabik Iron-formation is a dark-gray to 
black slaty taconite with a high content of organic matter * (3 to 4 per 
cent carbon by weight) (Gruner, 1946). This unit is strikingly different 
from the overlying Lower Slaty and rests on the Lower Cherty member 
with a sharp contact that can be recognized throughout the Main Mesabi 

* The tenn organic is used here to describe the carbonaceous material that contains a 
considerable amount of hydrocarbons. It does not necessarily imply a biogenic origin. 
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FIGURE I 3.-Finely lamina ted gran ule-bearing slaty taconite in unaltered Biwabik Iron-for
mation (Zone 1). Ordinary ligh t, 9x. The specimen consists of alternating gran ule-bearing 
and granule-free laminae. The small . elongate, and commonly distorted gran ules. composed 
of fine-grained chlorite and quartz (light gray), are surrounded by a fine-grain ed matrix of 
apparently primary hematite and quartz (dark gray to black) . The granules appear to float 
in the matrix and do not form a framework. The granule-bearing layers alterna te with gran-

ule-free laminae composed of fine-grained siderite or of siderite and chlorite. 
(The mark at upper right is caused by a hole in the sec tion.) 

and Eastern Mesabi districts (Gruner, 1946; White, 1954; Gundersen and 
Schwartz, 1962) . 

The Intermediate slate is fine grained and nearly opaque in thin sec
tion; mineral identifications are based on X-ray diffraction alone. Speci
mens of unaltered Intermediate slate are composed dominantly of iderite 
and chamosite; either mineral may constitute as much as 80 per cent of the 
rock. Minor components, which rarely exceed 10 per cent, are quartz, mag
netite, and stilpnomelane. Amorphous organic matter was not determined, 
but may constitute 5 to 10 per cent. Small amounts of pyrite occur in the 
acid-insoluble residues of some specimens. 

Summary . The finely laminated character of the slat y taconite and the 
occurrence of rare isolated small granules are consist ent with an origin 
through chemical deposition in quiet water. White (1954) has concluded 
that the slaty units of the Biwabik Iron-formation were deposited farther 
from shore than the granule-bearing cherty taconite. 

The chief components of slaty taconite are siderite, stilpnomelane, min
nesotaite, and quartz, each of which may constitute more than 90 per cent 
of a given lamina. An estimated composition for the majority of specimens 
examined is: siderite 30- 60 per cent, silicat e 30-60 per cent, quartz 5-10 
per cent, magnetite 5-15 per cent. No greenalite was detected. 
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Typical mineral assemblages are: stilpnomelane-siderite-quartz-magne
tite, stilpnomelane-quartz-magnetite, minnesotaite-stilpnomelane-quartz
magnetite, stilpnomelane-chamosite-magnetite-quartz, and siderite-anker
ite-quartz. 

Hematite is an uncommon component of slaty taconite; the rare hema
tite-siderite and hematite-chamosite-quartz layers are believed to be pri
mary (Gruner, 1946, p. 31; C. A. Beckman, oral communication, 1962), but 
the? constitute a negligible amount of the total thickness of slaty taconite. 

Chlorite has been observed in small amounts in slaty taconite and in the 
partly clastic units at the base of the Biwabik Formation (Gruner, 1946, 
pp. 22, 25): chlorite minerals also occur in other Precambrian iron-forma
tions (James, 1951,1954; Moorhouse, 1(60). 

Chamosite has been identified by the writer in small granules in slaty 
taconite and as a major constituent of the Intermediate slate. This material 
may rcpresent the "greenalite" identified by X-ray diffraction from slaty 
taconite (Gruner, 1946, p. 31). No chlorite or chamosite was observed in 
cherty taconite. 

Mineral assemblages determined by X-ray diffraction for unaltered In
terl1ledia te slate are: siderite-chal1losite-stilpnomelane-quartz-l1lagnetite, 
siderite-chal1losite-quartz (-+ magnetite), and chamosite-quartz-magne
tite. 

Slaty taconite contains a higher percentage of Ab03 (as much as 7 per 
cent) than cherty taconite (about 1 per cent) (Gruner, 1946). This differ
ence probably reflects the higher percentages of aluminum-bearing stil
pnomelane and chamosite in slaty taconite. 

TRANSITIONAL TACONITE (ZONE 2) 

CHERTY TACONITE 

Cherty taconite in Zone 2 is mineralogically identical to that in Zone 1, 
and there is no detectable increase in grain size. However, where the Lower 
Cherty member was sampled in the Erie Mining Company taconite oper
ations in 23, 24, and 28: 59-15, considerable, widespread replacement of the 
iron silicates by quartz and ankerite was observed. It is not certain whether 
this replacement is related to the Duluth Gabbro Complex or whether 
it is characteristic of the rather narrow stratigraphic interval studied. 

Replacement by quartz appears more common than in the cherty tac
onite in Zone 1. Quartz commonly replaces the iron silicate in the granules 
(Figs. 14 and 15), forming aggregates of quartz grains 0.05 to 0.1 mm. in 
size. In such silicified rocks, the granule texture is preserved by the ar
rangement of fine dust originally present in the granules and by the preser
vation of finer quartz (0.005 to 0.02 mm. size) , which originally constituted 
the matrix. 

As in Zone 1, replacement of cherty taconite by secondary siderite is 
common, particularly when it lies adjacent to thin slaty layers. In one spec
imen, fine-grained siderite has replaced the cement, whereas the granules 
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F IGURE l4 .-Ba nded granule-bearing cherty taconite, showing intense secondary replace
ment by silica a nd carbona te. from transitiona l Bi wabik Iron-forma tion (Zone 2). 5.6x. From 
bottom up, the fo llowi ng layers a re di tinguished: (1) Dark gray sla ty band , consisting of 
fine-gra ined siderite a nd organic ma tter . (2) Coarser-grain ed , light-gray , apparently secon
dary sideri te, which pa rtially replaces the overly ing granule taconite . (3) Origin al granule 
tacon ite, almos t completely replaced by crys talline quartz (white), in wh ich the shape of 
the origi na l gran ules (l ight gray) is preserved by fin e-grained dust; remnants of original sili 
cate (da rk gray) , either greenalite or chlorite, remain in some granules. (4) Thin laye r of 
fin e-grained siderite, probably a second sla ty band . Fin e-grained siderite has replaced the 
ma tr ix of the overl y ing granule taconite. (5) Granule-bearing layer, similar to (2). The 
granules are replaced by crystalline quartz, and much of the intergranula r matrix is now fin e
grain ed siderite. Original silicate material (dark gray) remains. This layer apparently grades 

upward into (6) . (6) Clas tic lamina , consistin g of fin e-gra ined , apparently detrita l 
qua rtz, cemented by interstitia l silicate (dark gray), possibly chlorite . 

Outlines indica te the loca tion of Figure 15. 
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FIGURE 15.-Enlarged view of Figure 14, showing intense replacement of original granule
bearing taconile by quarlz and siderite. Ordinary light, 20x. Siderite-rich layer (4) is shown 
a t left; immedia tely adjacent to it, granules in the overly ing layer (5) have been replaced by 
crystalline quartz (white), whereas intergranular spaces have been replaced by siderite 
(light gray). Unreplaced original silicate material (dark gray) is shown a t right. FIGURE 
16.-Intense replacement of granule-bearing cherty taconite by very coarse-grained ankerite 
" mottles" in transitional Biwabik Iron-formation (Zone 2) . Ordinary light, 7x. Ori ginal gran
ule·bearing taconite has been replaced by a " mottle" composed of coarse ankerite crystals 
(light gray); the remainder of the taconite con ists of magnetite (black), which replaces 
original granules and quartz (white) (lower part of figure). Original granule texture may be 

een in the ankerite crystals, preserved by magnetite or by fine dust within 
the original granule (particularl y, at upper left and center right) . 
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themselves are replaced by quartz (Figs. 14 and 15). The specimen shown 
in Figure 14 contains one of the few partly clastic layers observed in the 
Lower Cherty member; it consists of a quartz-bearing siltstone, cemented 
by chlorite, into which the underlying cherty taconite grades. 

A characteristic feature of the Lower Cherty in Zone 2 is replacement 
of the taconite by coarse ankerite. The ankerite forms closely spaced 
patches as much as 10 mm. in diameter, which give the taconite a moUled 
appearance. The patches are pink or cream-colored when fresh, and grad
ually darken after being exposed to air. Such texture is particularly charac
teristic of the part of the Lower Cherty immediately beneath the Lower 
Slaty contact; the term mottled cherty taconite is applied to this rock. The 
patches consist of ankerite anhedra generally 0.5 to 1 mm. in size. The crys
tals are irregular, have undulose to slightly sutured boundaries, and COlll

monly show strained extinction. Within the ankerite patches, original gran
ule texture can be distinguished at times by the circular arrangement of 
original dust in the granule (Fig. 16). 

The ankerite-bearing mottled cherty taconite found in the uppermost 
part of the Lower Cherty member near lVIesaba apparently occurs along 
the entire length of the Main Mesabi district. Similar material is found at 
the same stratigraphic position at the towns of Midway and Keewatin; in 
this taconite, an identical relation can be observed between secondary an
kerite patches and original granule texture (Fig. 10). 

The uniformity in mineralogy of specimens from Zone 1 and Zone 2 lends 
support to the interpretation that replacement by ankerite is characteris
tic of these particular units of the Lower Cherty member and is not related 
to the intrusion of the Duluth Gabbro Complex. 

l\WDERATELY METAMORPHOSED TACONITE (ZONE 3) 

CHERTY TACONITE 

Introduction. As the Duluth Gabbro Complex is approached, the first 
detectable change in mineralogy of the cherty taconite is the development 
of the amphibole grunerite. Grunerite, which contains 75 to 85 mole per 
cent Fe7Sis022(OHh, apparently develops simultaneously in all lithologies 
from both earlier iron silicates and iron carbonates. 

In silicate-bearing cherty taconite, gruneriLe forms from the silicates; 
the following assemblages are commonly observed: grunerite-minnesota
ite-quartz, grunerite-stilpnomelane-quartz, and grunerite-quartz. 

In carbonate-rich cherty taconite, grunerite forms by reaction between 
carbonate and quartz to produce the following assemblages: grunerite-an
kerite-quartz, grunerite-ankerite-calcite-quartz, grunerite-calcite-quartz, 
grunerite-ankerite-calcite, grunerite-calcite. Magnetite is a minor compo
nent in all assemblages. 

The relative amounts of minerals in grunerite-bearing cherty taconite 
vary widely; the following percentages are typical of the majority of speci
mens studied by the writer: grunerite 20-50 per cent, rarely higher; anker-



FIGURE I7.-Development of grunerite in stilpnomelane granule taconite in moderately met
amorphosed Biwabik Iron-formalion (Zone 3) . Ordinary light, 21x. The original granules are 
largely replaced and somewhat obscured by grunerite (light gray) , which occurs as small 
fibrous sheaves and as lath-shaped crys tals lhat cut through the granules. A small amount 
of pleochroic brown stilpnomelane (da rk gray) remains belween the crystals . Magnetite 
(black) replaces the rims of the two granules a t upper left. and apparently coexists with the 
quartz matrix (white) without reaction . FIGURE IS.-D estruction of granule tex ture of 
cherty taconite through replacement by metamorphic grunerile in modera. tely metamor
phosed Biwa.bik Iron-formation (Zone 3). Plane-polarized light, 21x. Original silicate-bear
ing granules in a quartz malrix (white) are replaced by fibrous grunerite (light gray), 

which truncates the original granules. A minor amount of magnetite (black) is present. 
No earlier silica le minerals were detec ted by X-ray diffrac tion studies. 
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ite 10-40 per cent; earlier silicates 10-20 per cent; quartz SO-50 per cent, 
rarely absent; and magnetite 10-20 per cent. 

Formation of Gnmerite. In cherty taconite, grunerite develops as tabu
lar crystals and fibrous radiating sheaves composed of fine needles, which 
cut and surround the original granules. These sheaves resemble minne
sotaite, and X-ray diffraction may be required to distinguish between the 
two minerals. The grunerite rosettes and sheaves are commonly 0.1 to O.S 
mm. long and locally consist of a central crystal about 0.1 mm. long, sur
roundcd by smaller radiating fibers. The larger crystals have sharp con
tacts against the original silicate minerals in the granule. The ends of the 
crystals are commonly frayed; some of the larger crystals show typical 
grunerite poly synthetic twinning. 

In some specimens of grunerite-bearing granular cherty taconite, recrys
tallization is not complete, and patches of earlier minnesotaite or stilpno
melane remain in the granules between the larger elongate grunerite crys
tals (Fig. 17). Granules that have been partly or completely replaced by 
magnetite apparently are unaffected by the formation of grunerite. 

The quantity of earlier silicates decreases as grunerite increases in abun
dance; eventually, fibrous grunerite may completely pseudomorph the 
granule texture (Fig. IS). In the more intensely recrystallized rocks, grun
erite crystals are invariably decussate and randomly oriented. No preferred 
orientation was observed. 

In carbonate-rich cherty taconite, grunerite develops by reaction be
tween ankerite and quartz. Such reaction is well-demonstrated in the 
mottled cherty taconite exposed in the open-pit workings of Erie J\![ining 
Company. As one passes from unmetamorphosed taconite in 24: 59-15 to 
grunerite-bearing taconite in 15: 59-14, the original mottled appearance is 
preserved, but the ankerite patches are converted to an aggregate of an
kerite, fibrous greenish-yellow grunerite, and coarsely crystalline white 
calcite. The amount of grunerite formed in these rocks varies. The mineral 
may develop only at the edge of the patch where ankerite and quartz are in 
contact (Fig. 19). Elsewhere, both ankerite and quartz are penetrated and 
replaced by fibrous grunerite (Fig. 20). 

The reaction between ankerite and quartz to form grunerite, 
ankerite + quartz + H 20 = grunerite + calcite + CO2 , 

is also indicated by the depletion of quartz in some specimens of grunerite
carbonate taconite. No siderite-grunerite assemblages were observed, but 
an analogous reaction between siderite and quartz is probable. 

Other Nlinerals. Small amounts of pleochroic blue-green amphibole are 
present locally as irregular patches within felted masses of grunerite. This 
mineral generally constitutes less than 5 pel' cent of cherty taconite in Zone 
S, although it appears more commonly in slaty taconite from Zone Sand 
ill specimens of both kinds of taconite from Zone 4. 

Similar amphiboles from metamorphosed iron-formation have been 
called blue-green hornblende; they are strongly pleochroic in olive green 
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FIGUREl 19.-Development of grunerite by reaction between carbona te and quartz in mod
era tely metamorphosed Biwabik Iron-forma tion (Zolle 3). Plane-polarized light. 19x. Fibrous 
gruneri te (dark gray) has developed at the con tact between coarsely crys tall ine ankerite 
(gray, right) and quartz (white) . The quartz-rich matrix , on left. contains original granules 
outlined by magnetite. Fibrous grun erite also occurs in the carbonate adjacent to the contact. 
Considerable euhedral magnetite (black) occurs in the ankerite and appears concen tra ted 
wit.h grunerite at the contact. FIGURE 20.- Jead y complete alteration of ankerite to meta
morphic grunerite in moderately metamorphosed Biwabik Formation (Zone 3). Ordinary 
light, 20x. Fibrous radi a ting grunerite (li ght gray, hi gh relief has almost completely pene
trated and replaced an original "mottle" of coarsely crystalli ne ankerite (light gray, low re-

lief) . Euhedral magne tite (black) and small unreplacecl 
areas of quartz (white) also are present. 
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and bluish green shades and are associated with cummingtonite-grunerite 
and pyroxenes. Analyses of this material from other areas show 6-10 per 
cent CaO, 10-15 per cent Ab03, and as much as 9 per cent Fe203; total al
kali content (Na20 + K 20) is less than 5 per cent (Richarz, 1930; Miles, 
1943; James, 1955; Kranck, 1961; Gundersen and Schwartz, 1962). In the 
highly metamorphosed iron-formation on the :Mesabi range (Zone 4), 
some single amphibole grains consist of intergrown hornblende and cum
mingtonite (Gundersen and Schwartz, 1962, p. 87) . 

Quartz commonly constitutes 30 to 50 per cent of metamorphosed cherty 
taconite; it occurs as the matrix of original granules and surrounds ankerite 
patches in the mottled cherty taconite. There has been no detectable in
crease in grain size of the quartz with development of grunerite. The dis
tinction between fine quartz in the granules (0.005 to 0.03 mm.) and CO<11"S

er quartz in the matrix (0.05 to 0.1 mm.) C:Ul still be observed even in 
gnmerite-rich specimens. 

]\Iagnetite generally constitutes 10 to 20 per cent of metamorphosed 
cherty taconite, as aggregates of euhedra 0.05 to 0.1 mm. in size. Some 
magnetite partly or completely pseudomorphs the original granules. Such 
textures, which are believed to represent replacement in unaltered taco
nite, preserve the original granule texture despite widespread development 
of grunerite. 

Both magnetite and quartz in grunerite-bearing taconite are believed 
to be original (premetamorphic) components. Although some magnetite 
possibly developed from other minerals (particularly siderite) during meta
morphism, no great increase in magnetite, as compared with unaltered 
taconite, has been observed either in the present study or in earlier work 
(Gruner, 1946; James, 1955). 

Grunerite has been reported to form during metamorphism of banded 
magnetite-quartz iron-formation, by reaction between magnetite and 
quartz (Miles, 1943, 1946; James, 1955). In the complex cherty taconite 
examined by the writer, definite evidence for or against such a reaction is 
absent; there are virtually no banded magnetite-quartz rocks on the :l\1e
sabi range. 

SLATY TACONITE 

Only a few specimens of slaty taconite were studied in Zone 3; these were 
chiefly slaty bands associated with grunerite-bearing cherty taconite in the 
Lower Cherty member. In slaty taconite, grunerite apparently develops 
simultaneously with its appearance in the associated cherty taconite. 

]\Ietamorphism of slaty taconite produces a distinctively banded rock, 
in which the individual layers, 5 to ~o mm. thick, contain widely varying 
amounts of grunerite, quartz, magnetite, and blue-green hornblende. No 
carbonates were detected. 

Grunerite is the dominant mineral in metamorphosed slaty taconite. It 
occurs as interlocking fibrous masses composed of elongate crystals 0.1 to 
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o.~~ mm.long. Grunerite may constitute as much as 80 per cent of individual 
layers, occurring with quartz, magnetite, and blue-green hornblende. Other 
layers consist chiefly of magnetite or quartz with subordinate grunerite. 

Blue-green hornblende possibly constitutes 5 to 10 per cent of the grun
erite-rich layers; it occurs both as irregular pleochroic patches within felted 
masscs of grunerite and as individual sheaves of needles 0.2 to 0.3 111m. 
long. The mineral also occurs with grunerite in small cross-fiber veins, a 
few tenths of a millimeter to a few millimeters wide, which cut through the 
individual layers. 

THE INTERMEDIATE SLATE 

Development of grunerite in place of premetamorphic silicates and car
bonates is also characteristic of the metamorphosed Intermediate slate 
sampled in Zone 3. Some specimens examined by the writer are almost com
pletely composed of felted masses of fibrous grunerite, with minor magne
tite and graphite; such rocks are almost completely opaque in thin section. 

The change in the Intermediate slate during metamorphism is well il
lustrated in the workings of Erie Mining Company in 14 and 15:59-14, 
about one half mile east of the boundary between Zone 2 and Zone 3 (see 
Fig. 3) . Unmetamorphosed Intermediate slate here is a massive, dark gray 
to black. moderately fissile rock resembling argillite. Toward the east, the 
development of grunerite converts the rock into a hard, massive, dark 
gray hornfels that is cut by numerous small veinlets of fibrous amphibole 
a few millimeters wide. Much of the amphibole in these veinlets is blue
green hornblende. 

Since identifications of the minerals within the Intermediate slate were 
made only by X-ray diffraction, there are no textural data, and a detailed 
comparison of the metamorphosed unit with its equivalents in Zones 1 and 
2 is impossible. The following assemblages were observed in the Intermedi
ate slate in Zone 3: hornblende-grunerite-quartz, grunerite, chamosite
grunerite-quartz, and chamosite-quartz. No carbonates were observed. 
Magnetite and carbonaceous material (generally graphite) are additional 
phases in all assemblages. 

Comparison of the assemblages with those determined for unmetamor
phosed Intermediate slate (see above, p. 31) suggests that grunerite forms 
from reaction between the pairs siderite-quartz and chamosite-quartz. The 
absence of siderite and the persistence of chamosite in Zone 3 suggest that 
the siderite-quartz pair becomes unstable first during metamorphism, 
forming grunerite by the reaction: 

siderite + quartz + H 20 = grunerite + CO2 

Since chamosite contains considerable aluminum, it probably decomposes 
by a reaction of the form: 

chamosite + quartz = grunerite + hornblende + H 20 
Variations in composition of chamosite and amphiboles (particularly in 

Al content) may allow the assemblage chamosite + quartz to persist over 
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a considerable range of physical conditions. In slaty taconite, quartz is 
probably exhausted first, and chamosite in quartz-free rocks probably per
sists to even higher temperatures before decomposing to such possible 
products as grunerite + garnet or cordierite + magnetite. 

HIGHLY METAMORPHOSED TACONITE (ZONE 4) 

INTRODUCTION 

The boundary between Zones 3 and 4 at 1.7 miles from the gabbro con
tact corresponds with the appearance of iron pyroxenes, generally hedel1-
bergite, in the taconite. Since a detailed mineralogical and petrographic 
study was made by Gundersen and Schwartz (1962), and since no iron car
bonates are in this zone, detailed examinations of the taconite in Zone 4 
were not undertaken; the writer's studies were confined to the eastern part 
of 14: 59-14 and to a few specimens collected from the area examined by 
Gundersen and Schwartz (1962). 

MINERALOGY 

Gundersen and Schwartz (1962) have studied the highly metamorphosed 
Biwabik Formation in detail where it is exposed in the Reserve Mining 
Company's taconite operations, which extend from 16: 60-12 to 24: 60-13. 
The taconite in this area is completely recrystallized and contains cum
mingtonite, hedenbergite, ferrohypersthene, blue-green hornblende, quartz, 
magnetite, minor fayalite, and other accessory minerals. Despite intense 
metamorphism and recrystallization of the taconite, the original banded 
and laminated texture is preserved and emphasized by differences in min
eralogy. Granule texture commonly is preserved by fine magnetite or 
graphite dust which outlines the shape of the granule (Gundersen and 
Schwartz, 1962, pp. 79, 121); granules completely replaced by magnetite 
are also preserved. Cummingtonite is the dominant iron silicate in this 
zone; it is commonly associated with blue-green hornblende. Much of the 
cummingtonite and hornblende occurs as fibrous masses that surround and 
replace coarser crystals of fayalite and pyroxene (Gundersen and Schwartz, 
1962, pp. 41,84, and 107). Calcite is the only carbonate present. 

A typical specimen of highly metamorphosed taconite collected by the 
writer (Fig. 21) contains coarse quartz grains 0.1 to 1 mm. in size, inter
grown with ver~7 irregular crystals of iron silicates that locally exceed 1 
mm. in size. The iron silicate crystals are generally poikilitic and include 
numerous small grains of quartz and magnetite. 

In the taconite studied by the writer in 14: 59-14, the dominant pyroxene 
is an iron-rich clinopyroxene; following the convention of Gundersen and 
Schwartz (1962), this mineral is referred to as hedenbergite. It occurs as 
irregular anhedra about 0.5 mm. in size, and was not observed to constitute 
more than 10 per cent of the taconite. The hedenbergite is commonly sur
rounded by and penetrated by fibrous cummingtonite that clearly replaces 
it; in some specimens, hedenbergite is represented only by a few isolated ir-
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FIGURE 21.-CoIDpletely recrystallized cherty taconite from highly metamorphosed Biwabik 
Iron-formation (Zone 4) . Ordinary light, 56x. Specimen is a granoblastic aggregate of large, 
irregular, and extremely poikilitic anhedra of ferrohyperslhene (dark gray) , cummingtonite 
(light gray) and quartz (white). In tbis specimen, cumminglonite and ferrohypersthene 

appear to coexist stably. A small fringe of fibrous material , possibly amphibole, occurs at 
the margins of some of the ferrohypersthene grain (center and lower left) . 

regular masses in optical continuity, within a matrix of fin e fibrou s amphi
bole. 

Near the Duluth Gabbro Complex, the Intermediate slate contains fay
alite (about Fago) in association with ferrohypersthene, quartz, magnetite, 
and pyrrhotite (Gundersen and Schwartz, 1962, pp. 31- 34). Some layers 
contain the assemblage quartz-fayalite-magnetite, with minor amphibole. 
The carbonaceous material in this zone is graphite (see below, p. 72) . 

VEINS AND SMALL PEGMA'l.' ITE BODIES 

Small crosscutting veins and pegmatite bodies are characteristic of the 
highly metamorphosed taconite in the Peter Mitchell fin e of the R eserve 
Mining Company. In their study, Gundersen and Schwartz (1962) dis
tinguished two distinct types: pegmatites, which cOl1si t chiefly of quartz 
and alkali feldspars, and lamprophyres, which are composed mainly of 
hornbl ende. The most common minerals in these bodies are quartz. albite, 
oligoclase, hornblende, and biotite (Gundersen and Schwartz, 1962, pp . 72-
74) . The borosilicate axinite was identified by the writer in a sample of 
pegmatite from the same location; the mineral occurs a bunches of clove
brown crystals assoc iated with coarse pink feldspar and quartz. Epidote 
and garnet were also observed in other specimens of imilar pegmatitic 
material. 
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Gundersen and Schwartz (1962, pp. 73,116) have argued that the occur
rence of most of the metamorphic iron silicates in the taconite is controlled 
by these crosscutting veins and pegmatites, which acted as channels for 
the metasomatic introduction of necessary materials into an essentially 
anhydrous iron-formation . According to their interpretation, thermal met
amorphism of an iron-formation consisting originally of only quartz and 
magnetite developed fayalite- and ferrohypersthene-bearing rocks. Sub
sequent metasomatic introduction of H 20 , CO2, Ca, Mg, and other ele
ment , accompanying the emplacement of the crosscutting bodies, con
verted these rocks in to the assemblages of cummingtonite, hornblende, 
and hedenbergite which now are observed. 

Because of the implications of this theory for considerations of the nature 
of the metamorphism and the original character of the iron-formation, the 
writer earched for similar bodies in th e highly metamorphosed, hedenberg
ite-bearing t aconite in 14: 59-14, at the east ern end of the Erie Mining 
Company operations. No large crosscutting bodies of the type described 
by Gundersen and Schwartz were observed, although the tacon ite con
tains the same metamorphic minerals as at the Pet er Mitchell Mine to the 
east. 

FIGURE 22.-Coarse-grained hedenbergi te-calcite veinlet in cherty taconite in highly meta
morpho ed Bi wabik Iron-forma tion (Zone 4). Plan~-po l arized li ght. 4 .. 5x. The ve lll iet con
sists of large, partly replaced anhedra of hedenberglte (gray), together wIth coarse calCIte 
(light gray, upper left), quartz (white), and pyrrhottte (black). Mtnor amounts of mag.ne
tite and fibrous green amphibole are present. The diagonal black band at the fi ght consIsts 
of fine-grained magnetite and is continuous with similar layers in the enclOSIng cherty 

taconite, indicating tha t the coarse-gratned vetn let has 
developed by replacement of the taconite. 
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In the highly metamorphosed taconite studied by the writer, the only 
coarse-grained bodies observed were small lenses and vein lets composed 
of iron silicates and other minerals. The taconite enclosing these bodies 
contains hedenbergite, cummingtonite, blue-green hornblende, quartz, and 
magnetite. 

The coarse-grained lenses and veinlets are discontinuous, elongate, some
what irregular in size, and generally concordant to layering in the enclos
ing taconite; they are 6 inches to '2 feet long. The lenses are generally sub
parallel lengthwise to the taconite layers; rarely, bodies having a variable 
orientation cut across individual layers for short distances. Fairly sharp 
contacts between the lenses and the taconite can be distinguished on the 
basis of the large difference in grain size. 

The veinlets and lenses contain coarse-grained hedenbergite, calcite, 
quartz. and pyrrhotite; the anhedral crystals, generally several mm. long. 
nre commonly intergrown (Fig. '2'2). A small amount of pleochroic green 
amphibole (actinolite?) occurs as smaller crystals about 1 mm. long. Botb 
fibrous green amphibole and calcite occur in patches and fractures within 
lwdenbergite crystals, indicating slight retrograde alteration of the heden
bergite. 

Petrographic evidence suggests that the bodies were developed by re
placement of the enclosing taconite. Small patches of fine-grained quartz 
occur locally within hedenbergite crystals, and, in one specimen, a magne
tite-rich band with a vague granule texture persists across a veinlet de
spite the development of coarse hedenbergite around it (Fig. '2'2). 

The general concordance of these bodies to the layering and their min
eralogic similarity to the enclosing taconite distinguish them from the 
larger crosscutting bodies that occur in the iron-formation nearer the gab
bro (Gundersen and Schwartz, 1962) . These features, combined with tex
tural evidence for a replacement origin. indicate to the writer that these 
"einlets and lenses were derived from the taconite itself during metamor
phism and do not represent material introduced from external sources. 

l\IETAlVIORPHISM OF HEMATITE-BEARING CNITS 

OF THE BIWABIK IRON-FORMATION 

INTRODUCTION 

Layers contammg primary hematite are present in the unmetamor
phosed Bivvabik Formation; the best known is the so-called Red Basal tac
onite, which occurs at the base of the Biwabik and apparently is transi
tional with the underlying clastic Pokegama Formation (Gruner. 1946; 
White, 1954). This unit contains hematite oolite beds (Gruner, 1946, PI. 
4A) and intraformational conglomerates that contain elongate chips com
posed of fine-grained hematite and quartz. Minor quantities of carbonate 
and iron silicates, chiefly stilpnomelane, occur in this unit. 

The most striking feature in the Red Basal taconite is finely banded al-
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gal structures; a layer of similar material occurs in the Upper Cherty mem
ber (Gruner, 1946; Gundersen and Schwartz, 1962). The structures re
semble the stromatolites found in younger calcareous rocks (see Gruner, 
1946. PIs. 9 and 12), and are composed of thin bands of alternating hema
tite-rich and hematite-free chert which produce a distinctive red and white 
appearance. 

The biological origin of these structures is generally accepted (Grout, 
1919; Grout and Broderick, 1919a; Gruner, 1946; White, 1954). The miner
alogy is considered primary likewise, and no remnants of carbonate have 
been observed within the structures; possibly, the algal material acted as a 
mat to entrap chemically precipitated silica (Pettijohn, 1957, p. 221). 

Hematite, as noted earlier (see above, p. 30) also occurs as the matrix of 
chlorite-bearing granules in thin slaty layers in the Upper Cherty member 
(Fig. 13). 

"Where hematite-bearing beds are traced into the contact aureole of the 
Duluth Gabbro complex, magnetite occurs in the place of hematite. There 
is general agreement that original hematite has been reduced to magne
tite by the effects of gabbro intrusion (Grout and Broderick, 1919b; White, 
1954; Gundersen and Schwartz, 1962). 

METAMORPHISM 

Specimens of the hematite-bearing units, chiefly the algal zones of the 
Red Basal taconite and the Upper Cherty member, 'were examined by x
ray diffraction to determine the relative amounts of hematite and magne
tite. Because of interference between the strong hematite (llO) and mag
netite (3ll) peaks, an approximate estimation of relative amounts of he
matite and magnetite was made by comparing visually the hematite (104) 
and magnetite (220) peaks and assuming that 1(104) = 3 X 1(220). If 
more specimens had been available for study, a more rigorous calibration 
using known hematite-magnetite mixtures would have been carried Ollt. 

The Red Basal taconite in Zone 1 contains a small amount of magnetite 
associated with hematite; the magnetite generally occurs in the centers of 
ooliths and as chips in the conglomeratic units. Magnetite in these rocks 
does not appear in the X-ray pattern and does not exceed 5 per cent; it is 
belieYed to result from postdepositional reduction (White, 1954). 

In Zone 2 near Aurora (59: 14), the Red Basal taconite contains consid
erable magnetite. Both hematite and magnetite peaks can be observed in 
the X-ray patterns, and locally magnetite is dominant. At the Erie taco
nite pits about 3.5 miles from the present gabbro contact (SESE 18: 59-14) , 
the Red Basal taconite contains considerable algal material, which is more 
coarsely banded than usual and contains algal columns 1 to 2 inches across. 
These beds are associated with conglomerates composed of hematite-bear
ing chips, and contain minor amounts of chlorite, stilpnomelane, and cal
cite. The Red Basal taconite is associated with clastic units of the Pokeg-
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ama Formation; one bed of coarse quartz-pebble conglomerate contains 
isolated pieces of algal material several centimeters across. 

In the rocks at the Erie pit, replacement of the Red Basal taconite by 
magnetite is common and widespread in both the algal beds and the flat
pebble intraformational conglomerates. The matrix and the smaller pebbles 
are more strongly altered to magnetite; the larger chips and the algal struc
tures themselves show less replacement. Rarely, conversion to magnetite 
is nearly complete; such rocks are gray and contrast sharply with the 
normal red color of less altered specimens. Two kinds of magnetite replace
ment are observed: rarely, the original fine hematite in the chips and algal 
bands is replaced by gray magnetite of the same grain size; more com
monly, irregular patches and lenses of coarser magnetite replace both 
hematite and quartz. In a polished section of this material, hematite is 
observed with chert in the chips and granules, occurring as small distinct 
crystals generally 5 to 15 microns across; such material may be recrystal
lized from original finely disseminated hematite. Magnetite occurs as ag
gregates of sharply defined euhedra commonly 30 to 100 microns in size. 
The magnetite crystals have sharp boundaries against both hematite and 
quartz and appear to replace both minerals. 

No hematite was detected in X-ray patterns of taconite sampled by the 
writer within l.5 miles of the gabbro contact. Within one mile of the gab
hro contact, the Red Basal taconite and other originally hematite-hearing 
units contain only magnetite. 

METAMORPHISM OF THE POKEGAMA FORMATIOK 

INTRODUCTION 

The contact between the clastic beds of the Pokegama Formation and 
the overlying Biwabik Iron-formation apparently is somewhat gradational; 
near the contact, hematite-bearing cherts and clastic sandstones may he 
interlayered (White, 1954; Gundersen and Schwartz, 1962). The strata that 
generally are immediately below the Biwabik Formation are pure white, 
massive orthoquartzites. Other units of the formation are conglomerates, 
micaceous and feldspathic quartzites, and argillites (White, 1954; Dolence, 
1961). 

The Pokegama Formation forms few natural exposures on the :lVIesabi 
range and is rarely encountered in mines and drill cores; accordingly, onl~' 
a few specimens were available for study, and a detailed description of the 
metamorphism of the formation was not possible. 

UNALTERED POKEGAMA FORMATION (ZONE 1) 

The contact between the Pokegama and Biwabik formations is well ex
posed in the Auburn Mine near Eveleth (Schwartz, 1956, p. 160). The 
white, massive orthoquartzite beneath the Biwabik Formation is com
posed of rounded, well-sorted detrital quartz grains 0.2 to 0.8 mm. in di-
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ameter and is cemented by quartz and a small amount of fibrous green 
chlorite. A few detrital grains are aggregates of fine quartz and chlorite 
that resemble the granules observed in specimens of laminated iron-forma
tion (Fig. 13). Some chlorite in the matrix is partly altered to pleochroic 
brown flakes that may be stilpnomelane. 

Below the orthoquartzite at this locality is a greenish sandstone com
posed of poorly rounded, well-sorted clastic grains 0.02 to 0.1 mm. in size. 
Quartz is the dominant detrital material; lesser amounts of K-feldspar and 
mica flakes are present. The matrix constitutes 10 to 25 per cent of the 
rock and consists of fine green chlorite that is dominantly chamosite; no 
14 A peak is observed in the X-ray pattern. The matrix partly or com
pletely replaces some clastic quartz grains. 

A similar bed occurs within the Biwabik Formation at this locality, a 
few feet above the contact (Schwartz, 1956, p. 160). Clastic quartz, fairly 
well-sorted with variable rounding, constitutes about 75 per cent of the 
rock. The chlorite matrix has partly replaced the quartz grains. The X-ray 
pattern shows a definite 14 A peak, but both chlorite (14 A) and chamosite 
may be present. The refractive index of the matrix material is nw = 1.640 
-t- 0.005; for a true chlorite, this corresponds to an iron-rich variety such 
as brunsvigite or daphnite (Deer, Howie, and Zussman, 1962, v. 3, pp. 138-
152). 

METAMORPHOSED POKEGAMA FORMATION 

Near Mesaba, the Pokegama Formation associated with the Red Basal 
taconite consists of massive conglomeratic quartzite. This unit is coarser 
grained than specimens from Zone 1, and contains a higher percentage of 
fine-grained quartz-chlorite granules. The latter may constitute as much 
as 5 per cent of the detrital fraction; the remainder is rounded quartz grains 
0.3 to 2.0 mm. in size. The matrix is a clear quartz cement. 

Chlorite in the granules shows definite alteration to fibrous sheaves of 
brown pleochroic stilpnomelane. In another specimen from the same area, 
the matrix is composed of green chlorite and a few colorless euhedra of 
clinozoisite about 0.05 mm. in size. The chlorite mineral in both specimens 
may be a mL~ture of 7 A and 14 A polymorphs; a strong 14 A peak is ob
served in one. The refractive index of chlorite in both specimens, nw = 1.65 
-t- 0.01, suggests iron-rich varieties. 

The Pokegama Formation from the highly metamorphosed area near the 
Duluth Gabbro Complex was not studied by the writer. Metamorphic 
minerals reported from the formation in this area include cordierite (Dol
ence, 1961) , amphiboles, and biotite (Gundersen and Schwartz, 1962) . 

Quartz is the dominant detrital component of the Pokegama Formation; 
minor feldspar and mica occur locally. Iron-rich chlorite (14 A) and cham
osite constitute a significant portion of the matrix of the impure varieties. 
In Zone 2, stilpnomelane definitely has developed from chlorite. Since stil
pnomelane occurs in both the Pokegama and Biwabik formations in ZODe 
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I, it is uncertain whether this change is related to the gabbro. The occur
rence of small amounts of clinozoisite in the matrix in Zone 2 probably has 
resulted from metamorphism by the gabbro. 

METAMORPHISM OF THE VIRGINIA FORMATION 

The Virginia Formation consists of at least 2,000 feet of dark gray mas
sive argillite and local siltstone and graywacke, and apparently overlies the 
Biwabik Iron-formation conformably (White, 1954). The formation forms 
no natural outcrops and is rarely penetrated in drilling; accordingly, little 
can be said about its metamorphism at present. 

Specimens of unmetamorphosed Virginia Formation were obtained from 
artificial exposures in the St. James Mine near Aurora (3: 58-15) . In a silt
stone bed, quartz is the dominant clastic component and occurs as poorly 
rounded, well-sorted grains 0.02 to 0.05 mm. in size. A small amount of 
detrital albite is present; mica occurs both as scattered detrital flakes and 
as fine-grained material in the matrix. Chlorite of undetermined composi
tion also occurs in the matrix. The same mineralogy is observed in the 
dark-gray argillite associated with the siltstone, which constitutes more 
than 90 per cent of the observed stratigraphic section. 

At a distance of 1.1 miles from the gabbro, the Virginia Formation is re
crystallized to a massive, fine-grained, quartz-albite-biotite hornfels that 
contains small amounts of opaque minerals (see also Gundersen and 
Schwartz, 1962, pp. 68-69) . Cordierite has been reported to occur in the 
Virginia Formation in the same area (Leith, 1903). 



MINERALOGICAL CHANGES DURING PROGRESSIVE 

MET A~IORPHISM OF THE BIWABIK IRON -FORMATIOK 

GENERAL DISCUSSION 

The first mineralogical changes attributed to contact metamorphism by 
the Duluth Gabbro Complex are observed in Zone 2, about 3.5 miles from 
the gabbro contact. They are: the large-scale replacement of hematite by 
magnetite in the Red Basal taconite; and, the minor development of clino
zoisite in the chloritic matrix of the Pokegama Formation. 

The mineralogy of slaty and cherty taconite of the Biwabik Formation 
remains unchanged in Zone 2, although replacement by ankerite and 
quartz may be more prevalent than in Zone 1. 

The first widespread contact-metamorphic effect observed in the cherty 
and slaty taconite units of the Biwabik Iron-formation is the development 
of grunerite from original silicates and carbonates in Zone 3, within 3 miles 
of the gabbro contact. The grunerite-bearing assemblages that develop in 
Zone 3 are characterized by: gradual disappearance of the original silicates 
minnesotaite and stilpnomelane concomitantly with development of gru
nerite (no greenalite was observed); disappearance of ankerite from cherty 
taconite and absence of siderite from slaty taconite as grunerite appears; 
appearance of calcite with grunerite in originally ankerite-bearing cherty 
taconite; and gradual disappearance of chamosite in the Intermediate slate 
as grunerite appears - some chamosite in quartz-free slaty taconite per
sists through Zone 3 to about 1.5 miles from the gabbro. 

Contact metamorphism in Zone 4 is ,vell expressed by complete recrys
tallization of the taconite and by the appearance of iron pyroxenes. Char
acteristic mineralogical features of this zone are: development of iron py
roxenes (hedenbergite apparently occurs in the outer part of the zone; it is 
joined by ferrohypersthene near the gabbro contact); general absence of 
original silicates and iron carbonates (calcite is the only carbonate pres
ent); occurrence of magnetite alone in units that originally contained hem
atite; development of fayalite in slaty taconite (Gundersen and Schwartz, 
1962, pp. 95-96, 115); and occurrence of pyrrhotite and absence of pyrite 
in slaty taconite (Gundersen and Schwartz, 1962, p. 78). 

These mineralogical changes are summarized graphically in Figure 23. 
Except for the absence of hematite and the occurrence of fayalite in the 
highly metamorphosed taconite, the changes are virtually identical to 
those observed during progressive regional metamorphism of iron-forma
tion by James (1955) (Fig. 24, this report). 

A progressive increase in the grain size of quartz with increasing meta
morphism has been observed in iron-formation composed only of quartz 
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and iron oxides (James, 1955). No such progressive relation is detected in 
cherty taconite on the M esabi range (Fig. 23); the wide variation in grain 
size observed in unaltered taconite is preserved even in grunerite-bearing 
rocks. D efinite coarsening and recrystallization of quartz is evident on ly 
in highly metamorphosed taconite where iron pyroxenes are developed. 

Possibly these observations reflect a st eeper thermal gradient or a short
er thermal event in the contact-metamorphic environment of the Mesabi 
range than in the area of regional metamorphism studied by James (1955). 
A probable explanation is that the t extural and mineralogical complex ity 
of the cherty taconite prevents the development of a uniform relation be
tween quartz grain size and met amorphic grade (see J ames, 1955, p. 1473). 

The grain size of magnetite in the cherty taconite also shows little uni-
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form variation with metamorphism (Gundersen and Schwartz, 1962, pp. 
80-81); however, coarse magnetite occurs at the gabbro contact. 

MINERALOGY AND COMPOSITION OF THE CARBONATES 

]\!(ETHODS OF STUDY 

The major emphasis in the study was placed on the behavior of iron
bearing carbonates during metamorphism. Compositions of the carbonates 
in about 55 samples of taconite were determined indirectly from measure
ments of 2(j (211) and no (Rosenberg, 1960). Studies of natural and syn
thetic carbonates (Ford, 1917; Rosenberg, 1960) indicate that both no and 
2(j (211) vary linearly between the pure end-members. This method is par
ticularly suitable for unmetamorphosed iron-formation, whose carbonates 
are fine grained and so intergrown with iron silicates and magnetite that 
separation for chemical analysis is difficult and unreliable (Blake, 1958) . 

The writer followed the method of Rosenberg (1960) in determining 2(j 
(211). An internal standard of cadmium fluoride was mixed with the pow
dered taconite. For CdFz, 2(j (111) = 28.701 ° (French, 1964a, p. 62). Values 
of c,2(j (211-111) were determined by averaging six oscillations in the range 
27-33° 2(j, using a setting of 1 inch = 1 ° 2(j. Peak centers were measured to 
±0.01° with a Vernier rule; averaged value is believed accurate to ±0.01 o. 

Quartz, which is almost always present in the taconite, provides a sec
ondary standard, for which 2(j (101) was taken as 26.664°. Values of c,2(j 
calculated from both standards in the same specimen generally agree to 
±0.01°. 

To minimize interference between the ankerite (211) and magnetite 
(220) peaks, powdered samples containing large amounts of magnetite 
were agitated in water. A hand magnet held against the beaker removed 
the magnetite, allowing the carbonate-rich slurry to be decanted. A few 
repetitions of this treatment removed the interfering magnetite. 

In metamorphosed taconite, the (301) peak of both grunerite and horn
blende interferes with both the calcite (211) and CdFz (111) peaks. In 
such specimens, quartz was used as the standard for determination of c,2f1. 
In quartz-free specimens, quartz from Lake Toxaway, North Carolina, 
which had been calibrated with CdFz, was added as a standard. 

Refractive indices of the carbonates were determined on a flat stage in 
NaD light. Index oils were calibrated before llse with an Abbe refractome
ter (for oils with indices below l.720) and with a Leitz Jelley refractome
ter (for oils in the range l.720-l.880).* Determinations were made at room 
temperature (24°-26°C). Estimated accuracies of determinations for the 
various carbonates are: siderite, +0.005; ankerite, ±0.003; calcite, ±0.002. 

The determined values of no and c,2f1 for the carbonates, plotted on a tri
angular graph (Rosenberg, 1960) (Fig. 2.5) , give the composition of the 
carbonate in terms of the end-members CaC03 , MgC03 , and FeC03 . 

* The writer acknowledges the kind assistance of Alice Weeks and Ed Williams of the 
United States Geological Survey in calibrating the high-index oils. 
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FIGURE 25.-Triangular diagram for determination of carbonate composi tions from measured 
va lues of no and 211 (211) (after Rosenberg, 1960) . MnCOa is neglec ted as a component, and 
the data are not applicable to carbonates which contain large amounts of MnCO, . Data 

indicated by 211 (211) ac tually designate the value of ~211 (211) for the carbonate, 
measured aga in st the (111) refl ection of CdF,. 28.701 0 211 for CuK" radiation . 

Two sources of error occur in this method (Rosenberg, 1960, pp. 76-78). 
First , dolomites have parameters that are not exact linear functions of the 
end-members (Graf, 1961) ; however, the uncertainties caused by the devia
tions are slight. More seriously, the method neglects manganese as a com
ponent in the carbonate. The presence of MnC03 in the carbonate will pro
duce lower values of no and 6.28; the resulting compositions will be too low 
in FeC0 3 and too high in CaC03 . However, the parameters of MnC03 and 
F eC0 3 are similar, and a large amount of MnC03 must occur to produce 
serious errors in the estimated composition. Rosenberg (1960, pp. 75-80) 
reports good agreement between calculated and analyzed compositions of 
synthetic and natural carbonates. In most natural carbonates, the Fe/ Mn 
ratio exceeds 5: 1; analytical data (see below, p. 53) indicate that the car
bonates of the M esabi range satisfy this criterion. 

EXPERIMENTAL RESULTS 

Values of 6.28 and no were determined for the carbonates in 55 taconite 
samples collected along the strike of the Biwabik Formation from Nash-
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wauk to Birch Lake. From these two quantities, the composition of the 
carbonate may be determined on a triangular diagram (Rosenberg, 1960) 
in terms of the end-members Ca (CaC03), Mg (MgC03), and Fe (FeC03 ) 

(Fig. 25). 
The values of Fe and Mg determined for the carbonates will be strongly 

affected by uncertainties in no; these determinations are probably accurate 
to ±3 mole per cent. The value of Ca, which is dependent chiefly on the 
more exact value of t::.28, is probably accurate to ± 1 mol", per cent. As in
dicated below, Mn is probably a minor component in the :Mesabi carbon
a tes. Considering both experimental uncertainties and the possible effect 
of Mn, it is believed that the determined values for Ca are accurate to ±2 
mole per cent, and that the values of Fe and Mg are accurate to ±5 per 
cent. 

To estimate the probable effect of MnCOs on the determinations (Rosen
berg, 1960, p. 76), a partial analysis of a siderite-rich slaty layer in the 
Lower Cherty was obtained through the kindness of Miss S. Rettig and 
Blair Jones of the United States Geological Survey. The sample contained 
over 90 per cent siderite as determined by X-ray diffraction, and minor 
amounts of quartz, stilpnomelane, and organic matter. The analysis gave: 
Fe 38.1, Mn 2.3, Na 0.1, K 0.8, and Ca + Mg 4.9 - total 46.1. These data 
correspond to an Fe/l\ln ratio of 16: 1,'" well above the value of 5: 1 con
sidered desirable for use of the method (Rosenberg, 1960, p. 79). 

Low amounts of manganese are also reported in analyses of the taconite 
itself; MnO is less than 2 weight per cent (Gruner, 1946, p. 57), even in 
taconite containing large quantities of carbonate. Further evidence of low 
'manganese content is the compositions of iron silicates from the highly 
metamorphosed taconite (Gundersen and Schwartz, 1962, p. 76). The high
est amount occurs in hedenbergite and corresponds to only 7 mole per cent 
of the johanssenite (CaMnSi~06) end-member; cummingtonite and fayalite 
contain under 3 mole per cent of the respective l\ln end-members. 

To determine possible variations in carbonate within the same hand 
specimen, compositions of duplicate samples, including different layers 
from the same specimen, were determined (Table 3) .t In most specimens, 
the variation between samples is within the experimental error. In others, 
the slight differences possibly represent actual variations between different 

* Potassium in the analysis probably is produced by solution of the small amount of con
tained stilpnomelane. Additional iron could also haye been introduced from this mineral, but 
it is doubtful \"hether such solution would change the value of Fe/lVIn greatly. 

t Complete compositional data for samples of taconite that contained two carbonates 
could not always be obtained if only a small amount (under 5 per cent) of the second car
bonate was present. lVleasurement of 2>20 and no for the dominant carbonate were routine. 
For the second carbonate. a fairly accurate \'alue of 2>20 could be obtained, but, in most cases, 
it proved impossible to isolate grains of the second carbonate from the fine-grained, carbonate
rich aggreg-ate in order to measure n, .. According-Iy, only 2>'20 yulues arc given for a second 
carbonate which occurs in minor amounts. Approximate compositions (indicated in the tables 
by parentheses) \yere obtained by assuming the following contents, which are typical of Me
sabi carbonates: sideriLe. Cae.; ankerite. Ca.,,); calcite, :Mg,. 



TABLE 3. DUPLICATE DETERMINATIONS OF CARBONATE COMPOSITIONS FROM SAMPLES 
OF TACONITE FROM THE BIWABIK IRON-FORMATION * 

Carbon-
No·t Dt Zone ate t,~o no Ca Fe Mg 

~6A .......... 17.4 1 S 3.35 1.80't 7.6 61.3 31.1 
~6B .......... 17.4 S 3.35 1.809 4.3 63.4 3~.3 

30A .......... 17.4 S 3.43 1.814 4.~ 66.~ ~9.6 

30B .......... 17.4 S 3.43 1.823 3.3 71.5 ~5.2 

31 sid ......... 17.4 S 3.41 1.828 4.6 68.8 26.6 
31 m t ......... S 3.37 1.833 4.3 77.3 18.4 
51A-I .... ~U 1 S 3.43 1.830 2.8 75.0 2~.~ 

A ~.10 (.53.0) ~4.~ 2~.8 

.51A-~ .... 2~.1 S 3.43 1.828 3.0 74.0 ~3.0 

A 2.12 (53.0) 20.9 26.1 
51A-3 ......... 2U S 3.43 1.833 2.0 76.9 ~l.l 

A ~.12 (.53.0) ~0.7 26.3 
51B-l ......... 22.1 S 3.44 1.833 ~.O 76.7 21.3 
51B-~ ......... ~~.I S 3.4~ 1.833 2.7 77.0 ~0.3 

51B-3 2~.1 S 3.44 1.8~8 2.3 74.0 23.7 
54A ~2.4 1 A 2.07 1.7~0 53.8 ~4.5 ~1.7 

54B .. 2~.4 A ~.06 1.725 53.9 27.7 18.4 
S 3.36 (5.0) 75.0 ~o.o 

61 sil ......... 3.49 2 S 3.37 1.833 4.6 77.5 17.9 
A 2.08 1.725 53.2 27.4 19.4 

61 sil ......... S 3.38 1.838 3.4 79.8 16.8 
A 2.08 1.72.5 52.9 27.4 19.6 

61 dk ......... S 3.27 1.828 7.8 75.3 16.9 
61 It .......... S 3.32 1.833 5.8 77.3 16.9 
95A .......... 1.90 3 A ~.08 1.715 54.0 21.7 24.3 

C 1.00 1.682 89.0 11.0 0.0 
95B .......... 1.90 A ~.oo 1.715 56.5 22.3 21.3 

C 1.00 1.683 88.9 11.1 0.0 

96A .......... 1.90 3 A 2.07 1.71'1 54.7 19.9 25.4 
C 1.00 1.682 89.2 10.8 0.0 

96B .......... A 2.08 1.712 54.3 ~O.O 25.7 
C 1.0'1 1.680 88.9 10.1 1.0 

128A ......... 1.86 3 S 3.32 1.830 6.0 76.1 17.9 
A 2.02 1.735 53.8 33.2 13.0 

128B ......... S 3.30 1.828 6.9 75.3 17.8 
A 2~01 1.725 5.5.'1 27.9 16.9 

* Abbreyiations for minerals in the Biwabik Iron-formation used in this and subsequent 
tables follow. Parentheses on the tables indicate that only trace amounts are present. 

A: ankerite 
C: calcite 
ChI: chlorite (l4A) 
Chm: chamosite 
Gr: greenalite 

Andr: andradite 
Ax: axinite 
Bio: biotite 
Cu: cummingtonite 
Fay: fayalite 
Fe-Hbd: blue-green 

hornblende 

Unmetamorphosed 

Gth: goethite 
H: hematite 
M: magnetite 
Mi: minnesotaite 

Metamorphosed 
Fe-Hyp: ferrohypersthene 
Gar: garnet 
Gr: crystalline 

graphite (3.36 A) 
d-Gr: disordered graphite 

(3.43 A. diffuse) 

Q: qUllrtz 
S: siderite 
St: stilpnomeialle 
Te: talc 

Gt: grunerite 
Hd: hedenbergite 
Kfs: K-feldspar 
Pyre pyrite 
Pyrrh: pyrrhotite 
Tour: tourmaline 

t Abbreviations after the number refer to different layers in the same specimen or to 
multiple determinations on the same layer. Abbreviations: silo silicate-rich; dk. dark (organic
rich) ; It, light (no organics) : sid. siderite-rich: mt, magnetite-rich. 

t Distance in miles from the Duluth Gabbro contact. 
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laminae of layered taconite. The average of these multiple determinations 
is plotted in the subsequent figures . 

The unmetamorphosed taconite (Zone 1) contains both siderite and 
ankerite; rarely, coexisting siderite-ankerite pairs are present (Table 4; Fig. 
26).* Siderite compositions are fairly uniform; FeCOa contents range from 
63 to 83 mole per cent, and the average composition is Ca5Fe72Mg23. The 
ankerite compositions are quite consistent around an average value of 
Ca53F e25Mg22, corresponding to 53 mole per cent CaFe(C0 3)2; ankerites 
are invariably more magnesian than the coexisting siderite. 

The tie lines between coexisting siderites and ankerites are approxi
mately parallel to the Ca-Fe edge of the triangle, suggesting that equilib
rium between the two phases is approached if not attained (Rosenberg, 
1960, pp. 75-86). 

The Mesabi ankerites contain several mole per cent CaCOa in excess of 
the 50 per cent required for the ideal dolomite composition; such excess 

* The word coexistence does not imply that chemical equilibrium necessarily existed be
tween the phases. In some specimens, where ankerite replaces siderite, or where an kerite 
reacts to form grunerite and calcite, equilibrium may be maintained between the phases de
spite tex tural evidence sugges ting disequilibrium (see Zen, 1963) . 



TABLE -t. COj\!PO~!TH)KS OF ('A!{BO:-lAn;S FROi\! THE BIWABIK IRON-FORMATION, ZONE 1 (UNALTERED TACONI~'E) * 

No. Dt Carbonate 628 no Ca Fe Mg Fe + Mg Fel (Fe + Mg) 

I ....... 13.5 S 3.38 1.833 4.8 77.0 18.2 95.2 0.809 
10 .... 17.4 S 3.41 1.809 5.3 63.8 30.9 94.7 0.674 

A 2.12 1.710 53A 18.7 27.9 46.6 0.401 
12 ... 17.6 S 3.36 1.809 7.0 64.0 29.0 93.0 0.688 

A 2.02 1.720 55.3 25.0 19.7 44.7 0.559 
13 .. 17.6 S 3.38 1.823 .5.0 71.4 23.6 95.0 0.7.52 

A 2'(J2 1.718 55.5 24.2 20.3 44.5 0.456 
19 ... 17.3 S 3.37 1.838 3.8 79.7 16.5 96.2 0.828 
~6 .. 17.4 S (2):1: 3.35 1.807 7.6 62.8 29.6 92.4 0.680 
27 .. 17.4 S 3.42 1.823 3.7 7l.2 '25.1 96.3 0.739 
30 .. 17.4 S (2):\: 3.-t3 1.819 3.0 6R.9 27.2 96.1 0.717 
31 ... 17.4 S (2):1: 3.39 1.831 4.0 76.0 20.0 96.0 0.792 
51 22.1 S (6):\: 3A3 1.831 2.8 75.6 21.6 97.2 0.778 

A (3):\: 2.11 (53.0) 23.0 24.0 47.0 0.489 

'" 54 ........... 22.4 S (1):\: 3.36 (5.0) 7.5.7 19.3 9.5.0 0.797 
C> A (2):\: 2.07 1.7'23 53.6 26.1 20.3 46.4 0 . .563 

56 ........... 45.8 S 3,45 1.823 2.8 71.0 26.2 97.2 0.730 
57 . 45.8 S 3.41 1.820 4.1 69.6 26.3 95.9 0.726 
58 . 44.1 S 3.3(; 1.844 3.6 83.3 13.1 96.4 0.864 

A 2.13 1.725 51.4 27.3 21.3 48.6 0.562 
102 43.3 S 3AO 1.814 .5.':! 66.4 28.4 94.8 0.700 
103 '13.3 S 3.31 1.823 6.9 71.9 2U 93.1 0.772 
10-t 43.3 A 2.12 1.715 51.8 27.3 20.9 48.2 0.566 
119 .. 35.8 S 3.32 1.823 6.7 7'2.0 '21.3 93.3 0.772 
1'20 3:i .8 S (b):\: 3.3'2 1.818 7.3 69.0 23.7 92.7 0.744 
1'21 35.8 S 3.31 1.828 6.6 74.7 18.7 93.4 0.800 
1'12 41.4 S 3.36 1.828 4.7 74.'1 21.1 95.3 0.779 
123 ......... -tl.-t S 3AO 1.828 3.7 74.0 22.3 96.3 0.768 
152 . 11.3 S 3.-tO 1.828 3.7 74.0 22.3 96.3 0.768 

* A key to abbreyiations for minerals in the Biwabik Iron-formation is giyen ill Table 3. 
t Distance in miles from the Duluth Gabbro contact. 
:\: Compositions shoml are aYera~ed yallles from dnplicate determinations (see Table 3). Number of determinations is shown in paren-

theses. (b) indicates a broad (211) peak. 



MINERALOGICAL CHANGES 57 

CaC03 in ankerite has also been reported by oth ers (Smythe and Dunham, 
1947; Rosenberg, 1960; Goldsmith and others, 1962). 

Carbonates from th e transitional taconite (Zon e 2) are simi lar in com
position to those from unaltered taconite (Table 5; Fig. 27). The presence 
of a trace of calcite is suggest ed by the X-ray pattern of sample MF-161, 
but could not be verified optically. 

Co 

50f-----------~~--------~ 

Mg 50 

Zone 2 

o single car bonate samples 

• s1C1erile - onkerlle pa irs 

Fe 

FIGURE 27.-Composi t ions of carbona te minerals from transitional Biwabik Iron-formation 
(Zone 2) . The occurrence of ca lci te shown is doubtful. 

Compositions of sid erite and ankerite ' how little variation; the close 
parallelism of ti e lin es between coexi ting siderite-ankerite pairs sugges ts 
that equilibrium was attained in these specimens (see Rosenberg, 1960, 
pp . 79-82). The average composit ion of the ankerites from Zone 2 is CaH 
Mg24Fe22, essentiall y that of Zone 1. However, the specimens studied rep
resent a restricted sample of iron-formation and thi int rpretation is un
cerlain. 

Carbonate assemblages in grunerite-bearing taconite (Zon 3) are char
acterized by the appearance of calcite (Table 6; F ig. 28). No three-carbon
ate assemblages were observed; an kerite coexist s with either calcite or sid
erite but not with both . T he calcite contains negligible MgC03 and may 
contain 9-11 mole per cent F eC03 . T he siderite-ankerite pairs have inter-



TABLE 5. COMPOSITIONS OF CARBONATES FROM THE BIWABIK IRON-FORMATION, ZONE 2 (TRANSITIONAL TACONITE) * 

No. Dt Carbonate t,20 n. Ca Fe Mg Fe + Mg Fe/ (Fe + Mg) 

60 .................. 3.49 S 3.36 1.833 4.6 77.6 17.8 95.4 0.813 
A 2.11 1.720 52.7 24.2 23.1 47.3 0.512 

61 .................. 3.49 S (4):1: 3.34 1.833 5.2 77.4 17.4 94.8 0.816 
A (2)+ 2.08 1.725 53.0 27.3 19.7 46.9 0.580 

62 .................. 3.49 A 2.11 1.720 52.7 24.2 23.1 47.3 0.512 
63 .................. 3.49 S 3.39 1.833 3.4 76.6 20.0 96.6 0.793 
64 .................. 3.49 S 3.25 1.833 7.8 78.2 14.0 92.2 0.848 

A 2.13 1.720 52.2 24.1 23.7 47.8 0.504 
66 .................. 3.76 A 2.09 1.720 53.4 24.4 22.2 46.6 0.524 
67 .................. 3.76 A 2.09 1.715 53.8 21.8 24.4 46.2 0.472 
68 .................. 3.76 A 2.09 1.720 53.4 24.5 22.1 46.6 0.526 

<-~ 69 .................. 3.76 S 3.40 1.818 5.0 68.7 26.3 95.0 0.723 00 

A 2.08 (53.0) 27.6 19.4 47.0 0.587 
92 .................. 4.39 A 2.01 1.720 55.7 25.0 19.3 44.3 0.564 
]58 ................. 5.70 A 2.08 1.715 54.1 21.9 24.0 25.9 0.477 
159 ................. 5.54 S 3.40 1.828 3.8 74.5 21.7 96.2 0.774 
160 ................. 5.54 A 2.07 1.720 53.8 24.5 21.7 46.2 0.530 
161 ................. 4.14 A 1.99 1.720 55.2 31.0 13.8 44.8 0.692 

C 0.82 96.3 2.7 (1.0) 3.7 (0.730) 
162 ................. 4.14 S 3.36 (5.0) 75.0 20.0 95.0 0.789 

A 2.06 1.715 54.7 21.9 23.3 45.3 0.483 
163 ................. 3.93 A 2.07 1.715 54.2 21.9 23.9 45.8 0.478 
164 ................. 3.93 A 2.12 1.707 53.7 17.2 29.1 46.3 0.371 

* A key to abbreviations for minerals in the Biwabik Iron-formation is given in Table 3. 
t Distance in miles from the Duluth Gabbro contact. 
:j: Compositions shown are averaged values of duplicate determinations (see Table 3). Number of determinations is given in parentheses. 



TABLE 6. COMPOSITIONS O~' CARBONATE"; FROM THE BIWABIK IRON-FORMATION. ZONEl3 (MODERATELY METAMORPHOSED TACONITE) * 

No. Dt Carbonate t>~1i no Ca Fe Mg Fe + Mg Fe! (Fe + Mg) 

70 .................. 1.94 A ~.08 1.715 54.0 ~1.9 24.1 46.0 0.476 
C 0.98 1.677 90.2 9.1 0.7 9.8 0.9~9 

7~ .................. 1.9~ A 2.11 1.710 54.1 18.7 27.2 45.9 0.407 
C 0.98 1.678 90.0 9.~ 0.8 10.0 0.920 

73 .................. 1.91 A 1.96 1.713 57.8 ~1.5 ~0.7 4U 0.509 
C 1.0~ 1.675 89.4 7.4 3.~ 10.6 0.698 

74 .................. 1.78 C 1.01 1.681 89.1 10.6 0.3 10.9 0.972 
94 .................. 2.03 8 3.06 1.8~8 13.7 77.0 9.3 86.3 0.892 

<1l A 1.9~ 1.710 59.4 20.0 20.6 40.6 0.493 
"" 95 .................. 1.90 A(2)+ ~.04 1.715 55.1 ~2.1 22.8 44.9 0.492 

C (2):j: 1.00 1.683 88.9 11.1 0.0 11.1 1.000 
96 .................. 1.90 A (~):j: ~.08 1.712 54.3 ~O.O 25.7 45.7 0.438 

C(2):j: 1.01 1.681 89.1 10.7 O.~ 10.9 0.982 
127 ................. 1.86 8 3.44 (5.0) 60.0 35.0 95.0 0.632 

A 2.08 1.7~0 53.5 ~4.4 ~2.1 46.5 0.5~5 

128 ................. 1.86 8(2) + 3.31 1.829 6.4 75.6 18.0 93.6 0.808 
A(2):j: ~.O~ 1.730 54.2 30.7 15.1 45.8 0.670 

* A key to abbreviations for minerals in the Biwabik Iron-formation is given in Table 3. 
t Distance in miles from the Duluth Gabbro contact. 
+ Compositions shown are averaged values from duplicate determinations (see Table 3). Number of determinations is shown in parentheses. 
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o sino Ie cerbonale samples 

• siderlle-onkerlte or 
ankerlte-colclle poirs 

e colcile from colc-silleole 
lTIorbl. (148) 
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F1GURE 28.-Composition o f carbona te minera ls from metamorphosed Biwabik Iron
forma tion (Zones 3 and 4). The calcite-ankerite assemblages of Zon e 3 (large incomplete 
triangle) coexis t wi th grunerite; grunerite is not observed wi th the siderite-ankerite a sem-

blages. Only ca lci te ;s observed in Zone 4 (small tr iangle a t lower le ft ); calcite 
from a calc-si licate marble (crossed ci rcle) is nearly pure CaCO, . 

sectin g tie lin es that suggest disequi librium. It is possible that ankerite 
coexisting with calcite are more magne ian than those coex isting with sid
erite, but there are too few sid erite-ankerite pairs in the taconite of Zone 
3 to demon trate such a relation. 

Although the range of ankerite compo ition s in Zone 3 i greater than in 
th e other two zones, the average compo ition, Ca:; 5Fe~gl\l[g2~' is similar . 
Th e highest percentages of CaCO~ (59) and F eC03 (31) in ankerite are 
found in this zone; th e latter vrdue corre ponds to 67 mole per cent CaFe
(COgh 

Calcite is th e only carbonat e found in Zone 4 (T able 7; Fig. 28). Calcites 
from the iron-formation contain over 95 mole per cent CaC03 . Calcite 
from a wolla tonite-bearing calc-silicate marble at the top of the Biwabik 
F ormation (G und ersen and Schwartz, 1962) is essentially pure calcite, con
taining over 99 mole per cent CaCOa. 

The behavior of the original carbonate of the B iwabik I ron-formation 
along the met amorphic gradi ent can be examined by plotting mole per cent 
CaCOg and th e ra tio F e/(F e + M g) as a function of distance from the gab-
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TABLE 7. COMPOSITIONS OF CARBONATES FROM THE BIWABIK IRON-FORMATION, ZONE 4 (HIGHLY METAMORPHOSED TACONITE)" 

No. Dt Carbonate t:.9JJ no Ca 

76 .................. 1.57 C 0.88 l.664 94.7 
77 .................. 1.57 C 0.85 1.671 95.0 
87 .................. 0.~9 C 0.76 1.661 98.4 
97 .................. 1.63 C 0.9~ 1.673 9~.7 

148t ................ 1.10 C 0.73 1.659 99.6 
166 ................. 1.40 C 0.81 1.664 96.5 

" A key to abbreviations for minerals in the Biwabik Iron-formation is given in Table 3. 
t Distance in miles from the Duluth Gabbro contact. 

Fe Mg Fe+Mg Fe/(Fe+Mg) 

~.4 ~.9 5.3 0.453 
5.0 0.0 5.0 1.000 
1.~ 0.4 l.6 0.750 
6.4 0.9 7.3 0.877 
0.3 0.1 0.4 0.750 
~.9 0.6 3.5 O.8'!9 

t From a calcite marble unit at the top of the Biwabik Iron-forma tion; Member A (Gundersen and Schwartz, 196'!). Other samples from 
iron-silicate taconite. 
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bro contact (Figs. 29 and 30). Variations between compositions of carbon
ate within the same zone appear to exceed differences in composition be
tween zones; this is reflected by the consistency of the compositional 
averages for the different zones. 

Some ankerites from Zone 3 show higher Ca values, but this may be for
tuitous; the compositional averages increase only from Car;4 to Ca55 be
tween Zones 1 and 3. The Ca content of siderite appears relatively con
stant. Calcite shows a definite increase in Ca as the gabbro is approached; 
the mineral is essentially pure CaCOs at the inner limit of sampling. 

The values of Fe/(Fe + Mg) for the different carbonates (Fig. 30) show 
considerable scatter but no detectable progressive change during metamor
phism. High values of the ratio for the calcites indicate that they are es
sentially magnesium-free. 

The data of Figure 30 suggest that there is no progressive oxidation of 
either siderite or ankerite to produce magnetite and a more magnesian car
bonate. A similar uniformity of siderite compositions in a regional meta
morphic gradient was observed by Gustafson (1933). 

Mineralogical data on the distribution of siderite and ankerite in the 
Biwabik Formation (Fig. 23) indicate that both carbonates disappear from 
the taconite at about the same distance from the gabbro contact. No sider
ite-grunerite assemblages were observed in Zone 3, and it is possible that 
the assemblage siderite-quartz reacts to form grunerite at a lower level of 
metamorphism than does the assemblage ankerite-quartz. A more probable 
explanation of the observations is the fact that siderite is rarely a major 
constituent of unmetamorphosed cherty taconite (see above, p. 27) ; much 
of the cherty taconite studied in Zone 3 is equivalent to the ankerite
bearing "mottled cherty taconite," which contains little or no original sid
erite. As far as can be determined from the present data, the formation of 
grunerite from siderite + quartz occurs at approximately the same meta
morphic level as does the formation of grunerite + calcite from the assem
blage ankerite + quartz. 

COMPOSITION OF CUMMINGTONITE-GRUNERITE AMPHIBOLES 

Approximate compositions of cummingtonite-gruneritc amphiboles from 
the metamorphosed taconite on the Mesabi range were estimated from 
values of ny, using the relation between n)' and R, where R = Fe2+/ (Fe2+ + 
Fe3+ + Mn + Mg) (Deer, Howie, and Zussman, 1963, v. 2, pp. 235-242) . 

Values of ny were determined with the same refractive index oils used for 
the carbonates. Determinations were made on a flat stage with NaD light, 
and the value of n)' was estimated from the maximum n')' determined from 
several amphibole grains. The values of n)' are believed accurate to + 0.003; 
the value of R obtained is probably accurate to -+-0.1. 

Several conflicting nomenclatures have been proposed for amphiboles 
of this series (Sundius, 1931; Jaffe and others, 1961). The present study 
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follows the convention of Deer, Howie, and Zussman (1963, v. 2, p. 235), 
by which amphiboles with values of R greater than 0.7 are designated 
grunerite. The term cummingtonite is applied to more magnesian varieties. 

Values of nl' and R obtained from the Mesabi amphiboles are presented 
(Table 8; Fig. 31) as functions of distance from the gabbro contact. De
spite considerable scaUer, the data indicate a general decrease in nl' and 
an increase in Mg as the gabbro is approached. Values of R above 0.7 (grun
erite) appear farther than 1 mile from the gabbro; within this distance 
values of R are below 0.7 (cummingtonite). These data agree with the iden
tification of the amphibole neal' the gabbro as cummingtonite (Gundersen 
and Schwartz, 1962, pp. 83-84). 

Analysis of the data by Least Squares supports the conclusions based on 
visual inspection. Two straight-line equations are derived from the data 
CD is distance in miles from the gabbro contact). 

TABLE 8. REFRACTIYE INDICES AND ESTIMATED COl\[POSITIO"lS OF CU~nIINGTONIl'E'
GRUNERITE AMPHIBOLES FRO~I THE J\1ETA~IORPHOSEf[) BIWABIK IRoN-FOR~IATIOK 

(ZONES 3 AND 4) * 

Fe" 

No. Dt 11..., Fe'" + Fe'- + l\Ig- + 1\ln Associated Minerals 

Zone 3 
126 '2.01 1.707 0.79 M.Q,(St?) 
70 .......... 1.94 1.701 0.73 M,Q,C,A 
138 1.93 1.713 0.85 M,Q 
7'2 ., .. 1.9~ 1.70'2 0.74 M,Q,C,A 
95A ......... 1.90 1.70-J, 0.76 M,C,A,CQ?) 
9.5B 1.90 1.70-1, 0.76 same as 95A 
96A .. 1.90 1.704 0.76 M,C,A, (Q?) , (Mi?) 
96B .. 1.90 1.702 0.74 same as 96A 
74 ... 1.78 1.713 0.85 M,C,(Q) 
124 ...... 1.75 1.690 0.63 M.Q,A, (Mi) . CSt) 
140 .... ,. 1.71 1.712 0.84 M 
141 '" . 1.71 1.702 0.74 Fay? 

Average 1.70.5 0.77 

Zone 4 
7.5 .... , 1.57 1.718 0.89 M.Q.(St?) 
76 .. " ....... 1.57 1.717 0.89 M,Q,C 
77 1.57 1.715 0.87 Q,C 
131 1.53 1.696 0.69 M,Q,H,(A?) 
136 ...... 1.47 1.707 0.79 none 
133 1.38 1.700 0.73 M,Q,Hd,Fe-Hbd 
150 .. 1.36 1.679 0.53 M,Q 
135A ......... 1.28 1.71 '2 0.84 none 
80 UN 1.696 0.69 Q,Fe-Hbd 
99 1.15 1.712 0.84 M,Q,Fe--Hyp, (0) 
82 ............ 0.73 1.682 0.56 M,Q,(Bio?) 
83 . . . . . . . . . . . . 0.73 1.680 0.54 M,Q,Fe-Hbd 
88 ...... , .. ,". 0.39 1.691 0.64 M,Q,Fe-Hyp 

Average 1.700 0.73 

* A key to abbreviations for minerals in the Biwabik Iron-formation is given in Table 3. 
t Distance in miles from the Dnluth Gabbro contact. 
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ny = 1.682 + 0.014 D 
100 R = 55.4 + 12.4 D 

67 

The data obtained indicate that amphiboles of the cummingtonite-grun
erite series, coexisting with magnetite and quartz, become more magnesian 
at higher temperatures. This behavior is in agreement with results of nat
ural and experimental studies on iron-magnesium silicates (Ramberg, 1952, 
pp. 30-34; Eugster and Wones, 1958). 

The transition of grunerite to cummingtonite with increasing metamor
phism may occur either during reaction to form iron pyroxene or by pro
gressive oxidation of the grunerite. 

Data on coexisting cummingtonite and iron pyroxenes (Mueller, 1960; 
Kranck, 1961) indicate that coexisting cummingtonite and hedenbergite 
have approximately the same Fe/(Fe + Mg) ratio, whereas ferrohypers
thene is slightly richer in Fe than the coexisting cummingtonite. These 
data suggest that a reaction of the following type may occur with increas
ing metamorphism: 

grunerite = ferrohypersthene + cummingtonite + quartz + H 20 
Alternatively, production of cummingtonite in pyroxene-free rocks could 
reflect the reaction: 

grunerite + O2 = cummingtonite + magnetite + quartz + H20 

COMPOSITIONS OF COEXISTING GRUNERITE AND CARBONATES 

Recent studies have emphasized the dependence of mineral stabilities 
upon the composition of the vapor phase with which the minerals are in 
equilibrium (Thompson, 1955; Greenwood, 1961, 1962). Mineral assem
blages in metamorphic rocks have recently been studied to determine the 
composition of the coexisting vapor and to decide whether chemical poten
tials of volatile components such as H 20, CO2, and O2 are controlled by 
the mineral assemblage or are specified externally (Korzhinskii, 1959; Zen, 
1963). 

Iron-formations are of particular interest for such studies because of the 
response of the component minerals to variations in P 02 (Eugster, 1959). 
In studies of the compositions of coexisting phases in highly metamor
phosed iron-formation, Mueller (1960) developed theoretical relations be
tween mineral compositions and the composition of the vapor phase. 
Kranck (1961), in a similar study, attempted to use data from mineral as
semblages to reach conclusions about the mobility of volatile components 
during metamorphism. 

The metamorphosed Biwabik Iron-formation in Zone 3 commonly con
tains the assemblages grunerite-ankerite-calcite and grunerite-calcite 
(quartz and magnetite are additional phases in both assemblages). This 
rock may be described approximately by the seven components CaO, MgO, 
FeO, 8i02, H 20, CO2 , and O2 • If equilibrium exists between the six phases 
grunerite, ankerite, calcite, quartz, magnetite, and vapor, the Gibbs Phase 
Rule (F + P = C + 2) indicates that the system will have three degrees of 
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freedom. It is reasonable to suppose that the samples studied formed at 
approximately the same specified temperature and total pressure; thus, if 
the chemical potential (or fugacity) of one volatile component is specified 
outside the system, the compositions of the coexisting phases are uniquely 
determined (more than one volatile component cannot be specified if the 
six phases are in equilibrium). 

Compositions of coexisting carbonate and grunerite were determined 
for several samples (Table 9; Fig. 32). The compositions of all phases in the 
assemblage grunerite-ankerite-calcite are quite uniform and well within 
the experimental uncertainty; the value of R for grunerite is 0.75 -+- 0.02. 
Grunerites that coexist with calcite alone show R values from 0.85 to 0.89, 
which represent a significant increase in iron content; the compositions of 
the coexisting calcites are also significantly variable. 

TABLE 9. COMPOSITIONS OF COEXISTING GRUNERITE AND CARBONATES 
IN THE METAMORPHOSED BIWABIK IRON-FoRMATION* 

Ankerite Calcite Grunerite 

No. Dt Ca Fe Mg Ca Mg Fe lly R 

Zone 3 
70 .............. 1.94 54.0 '21.9 24.1 90.2 9.1 0.7 1.701 0.73 
7'2 ... ,' ......... 1.92 54.1 18.7 27.2 90.0 9.2 0.8 1.702 0.74 
95:1: . . . . . . . . . . . . . 1.90 55.1 22.1 22.8 88.9 11.1 0.0 1.704 0.76 
96:1: . ,_.,' ....... 1.90 54.3 20.0 '25.7 89.1 10.7 0.2 1.703 0.75 
74 .............. 1.78 none 89.1 10.6 0.3 1.713 0.85 

Zone 4 
76 ." ........... 1.57 none 94.7 2.4 2.9 1.717 0.89 
77 .............. 1.57 none 95.0 5.0 0.0 1.715 0.87 

* A key to abbreviations for minerals in the Biwabik Iron-formation is given in Table 3. 
t Distance in miles from the Duluth Gabbro contact. 
:I: Average of data for A and B samples (see Tables 3 and 8). 

The assemblage siderite-grunerite was not detected in the taconite speci
mens studied. 

The observed relations are consistent with the assumption of equilibrium 
at a specified temperature, total pressure, and chemical potential of one 
volatile component. Under these conditions, the assemblage grunerite
ankerite-calcite is invariant; the grunerite-calcite assemblage is univariant, 
and variations in compositions of the coexisting grunerite and calcite are 
therefore permissible. 

It should be noted that the three grunerite-calcite assemblages lie closer 
to the gabbro (1.57-1.78 mi.) than do the grunerite-ankerite-calcite assem
blages (1.74-1.90 mi.) and possibly developed at higher temperatures. 

Despite this uncertainty about temperature, the data in Figure 32 indi
cate that the composition of grunerite at approximately the same meta
morphic grade can vary considerably, depending on whether the grunerite 
coexists with one or with two carbonates. Approaching about 0.3 mile 
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FIGURE 3'2.-Compositions of coexisting carbonates and grunerile 
in metamorphosed Biwabik Iron-formation. 
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closer to the gabbro contact apparently leads to the disappearance of an
kerite from the assemblage and to the development of a less ferrous calcite 
and a more ferrous grunerite. The change in grunerite composition over 
this short interval is th e reverse of the general trend observed in amphiboles 
from both carbonate-free and carbon at e-bearing rocks, which t end to 
become more magnesian as the gabbro is approached. 

Although the relations shown in Figure 32 are consistent with the as
sumption of equilibrium, they do not prove that equilibrium was actually 
established; compositional data from more grunerite-carbonate assem
blages will be necessary to reach a definite conclusion . 

CHANGES IN THE ORGANIC MATERIAL DURING METAMORPHISM 

R ecent examination s of the carbonaceous material from unmetamor
phosed Precambrian sediments (Swain and others, 1958; Hoering, 1962a, 
1962b) have shown that such material is not crystalline graphite, but is 
amorphous and consists of numerous complex hydrocarbon compounds. 
It is thu s probable that much of the material from other Precambrian 
rocks is not crystalline graphite. A study of the organic material from the 
Intermediate slate was therefore undertaken to determine its nature and 
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FIGURE: 33.-X-ray diffraction patterns of 
acid-insol uble organic materia l from laLy 
taconite of the Biwabik Iron-formation. 
(A ) and (B) sho\\' patterns characteri s
ti c of amorphous material in unmetamo\'
phosed tacon ite. The broad peak at about 
25 ° 28 (C) is suggestive of asphaltic ma
terial - . Di ordered graphite (D) and 
crystallinc graphite (E ) occur in the 
highly metamorphosed taconite ncar the 
contact of the Duluth Gabbro . P desig
na tes pyrite peaks in the res idue. Dis
tances. in mi les , from gabbro contac L are: 
A. 1.8; B . 3.49 ; C. 11.3; D. 1.47; E , 1 .71. 
For sample A-D. the scale fac tor is 8, 
the multiplie,' is 1. a nd the Lime con tanl 

is 8; for sample E these 
factors are 16: 1: 4. 
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FIGURE 34.-Crystallinity of organic matter in the metamorphosed Biwabik Iron-formation 
as a function of distance from the Duluth Gabbro Complex. 

to detect, if po sible, the development of graphite from such material dur
ing metamorphism (French, 1964b) . 

Samples of about 100 grams from the Intermed iate slate were ground to 
- 230 mesh and dissolved in hydrofluoric acid to remove silicate and car
bonate minerals.* The residue obtained was further treated with hot con
centrated hydrochloric acid to remove fluorides and fluosilicates; residues 
were X-rayed after each step to check completion of the process. 

After complete trea tment, 1-2 grams of black or dark gray materia l re
mained; this residue was studied by X-ray diffraction to determine the de
gree of crys tallinity of the carbonaceous material. Small amounts of pyrite 
and tourmaline contained in the specimens survived treatment and were 
detected in the X-ray pattern . 

* Particularly quartz, whose (101) peak wi ll completely mask Lhe graphite (002) reflec
tion if even a small amount is present. 
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TABLE 10. CRYSTALLOGRAPHIC CHARACTEIR OF CARBONACEOUS :MATERIAL FROM SLATY 

TACONITE OF THE BIWABIK IRON-FORMATION IN DIFFERENT METAMORPHIC ZONES * 

Acid- Acid-
Soluble Insoluble 

No. Zone Dr Peak (28):1: Material Minerals Minerals 

18 ...... ... 1 17.4 none Amor. S.Mi,M 
151§ 1 11.3 25.4 y.br. Asph. Chm,St,S,l'.'I Pyr 
65§ ... 2 3.49 none Amor. Chm,S Pyr 
93 ...... 3 2.03 26.0 br. d-Gr S,M Pyr 
165§ ... ... 3 1.80 none Amor. Chm 
140 ... 3 1.71 26.4 Gr Cu.M 
141 ... 3 1.71 26.5 Gr Cu,Chm,Fay' Tour 
142§ . 3 1.71 26.5 Gr Chm,M 
143§ . 3 1.71 26.4 Gr CU,Chm,Bio Tour 
59 ... 4 1.53 25.0 v.br. Asph. C,A 
136 ..... ... 4 1.47 26.0 br. d-Gr Cu 
137~ .. . .. 4 1.47 26.0 br. 23.3? d-Gr (+Gr?) Chm,Cu 
135§ . _ 4 1.28 26.4 Gr Cu 
80§ . ......... 4 1.24 26.4 Gr Fe-Hbd, ell 

* A key to abbreviations for minerals in the Biwabik Iron-formation is given in Table 3. 
Others used here are: v.br., very broad; br .. broad; Amor., amorphous; Asph., asphaltic. 

t Distance in miles from the the Duluth Gabbro contact. 
t When 28 = 25.0-25.4, d = 3.56-3.51; when 9.8 = 26.0, d '" 3.43; when 28 = 26.4, d == 3.38; 

and when 28 == 26.5, d == 3.36. 
§ Specimens collected from Intermediate slate. 

The X-ray patterns obtained may be classified into four groups (Fig, 
33): (1) No peaks, indicating completely amorphous material. Such pat
terns were obtained from material found only in unmetamorphosed taco
nite. Some patterns showed minor peaks owing to pyrite. ('2) A very broad 
peak at about 25° 2B (3.5 A.), resembling patterns of coals and asphalts. 
One specimen which produced such a pattern (MF-59) consisted of patches 
of black, brittle, resinous hydrocarbon in carbonate-bearing cherty taco
nite. Detailed analysis of this material (T. C. Hoering, oral communica tion, 
1964) showed a richness in pyridine-extractible hydrocarbon material. (3) 
A slightly diffuse peak at 26.0° (3.43 A.), indicating poorly crystallized 
graphite. Such spacing may represent a graphite with considerable disorder 
in layer stacking (turbostratic) (Ubbelohde and Lewis, 1960, p. 79). The 
term d-graphite is used for this. (4) A sharp peak at about '26.5° (3.36 A.). 
corresponding to well-crystallized graphite. No data were obtained for per
centages of organic material in taconite at different metamorphic levels. 

There is a general correspondence between degree of crystallinity of the 
organic material and distance from the gabbro contact (Fig. 34; Table 10) . 
The organic fraction is amorphous in unmetamorphosed taconite, whereas 
near the contact both d-graphite and crystalline graphite are developed. 
A similar increase in crystallinity and graphite development with increas
ing metamorphic grade has been observed in regionally metamorphosed 
coal beds (Quinn and Glass, 1958). The definite occurrence of crystalline 
graphite in the highly metamorphosed iron-formation has important im
plications for determining the conditions of metamorphism (see p. 88) . 



CHARACTER OF PROGRESSIVE METAMORPHISM 

OF THE BIWABIK IRON-FORMATION 

NATURE OF THE BIWABIK IRON-FORMATION BEFORE 

INTRUSION OF THE DULUTH GABBRO COMPLEX 

The present study of unaltered taconite reinforces the conclusion that 
the Biwabik Iron-formation originated as a chemical sediment containing 
iron silicates, iron carbonates, quartz, hematite, and magnetite (Gruner, 
1946; White, 1954). Greenalite, quartz, hematite, and fine-grained magne
tite are considered original components of cherty taconite. Relations in the 
unaltered cherty taconite of Zone 1 indicate that siderite, ankerite, minne
sotaite, stilpnomelane, talc, and coarser magnetite have developed subse
quently by replacement of the original minerals. 

The distinction between primary and secondary minerals in slaty taco
nite is more difficult because of finer grain size and uncertain textural rela
tions. Chamosite, siderite, and quartz are regarded by the writer as pri
mary; all ob8ervation of ankerite indicate that it has developed by replace
ment of original siderite. 

It was not possible in the present study to decide whether all stilpnome
lane and minnesotaite are original or secondary. Some stilpnomelane has 
clearly developed from chamosite. 

There is no evidence from the mineralogy of the unaltered taconite it
self to indicate whether the observed replacements have occurred during 
diagenesis or whether they are the result of low-grade metamorphism 
(chlorite grade). The writer favors the interpretation that the mineralogy 
of the unaltered Biwabik Formation reflects a period of low-grade meta
morphism preceding, and unrelated to, the intrusion of the Duluth Gabbro 
Complex. l\fineralogical evidence for such a view is indirect and consists 
chiefly of the occurrences of minnesotaite and stilpnomelane in definitely 
metamorphosed rocks in other areas. Secondary minnesotaite has been ob
served on the Cuyuna range (Blake, 1958, 1965), developing parallel to 
rock cleavage oriented at a steep angle to original bedding. Stilpnomelane 
is commonly found in slightly metamorphosed pelitic rocks, associated 
with chlorite, muscovite, albite, epidote, and actinolite; in these rocks 
stilpnomelane is clearly metamorphic and may develop from chlorite (Hut
ton, 1938; Zen, 1960). The mineral has also been found in quartz-bearing 
veins that cut low-grade schists and Precambrian iron-formation (Grout 
and Thiel, 1924; Hallimond, 1924). 

The Gunflint Iron-formation, which is correlative with the Biwabik 
Formation, has a mineralogy suggestive of a lower grade of metamorphism 
(James, 1954, p. 265). Siderite, ankerite, chamosite, and unrecr~'stallized 
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silica are the dominant components; stilpnomelane and minnesotaite are 
rarely observed (James, 1954; Moorhouse, 1960). 

Indirect mineralogical and stratigraphic evidence are thus consistent 
with the conclusion that the unaltered taconite of the Biwabik Formation 
was subjected to a previous period of low-grade metamorphism unrelated 
to the intrusion of the Duluth Gabbro (James, 1954; James and Clayton, 
1962). LaBerge (1964) has recently reached the same conclusion as a result 
of similar but independent petrographic studies on the Biwabik Iron-for
mation and other iron-formations from the Lake Superior region. The slight 
deformation of the Animikian rocks on the :Mesabi range may have been 
produced a t the same time. Such metamorphism may be related to an 
event at 1,600 to 1,700 m.y., which is recognized on the Cuyuna range and 
in east-central Minnesota (Goldich and others, 1961). 

The exact metamorphic grade of the unaltered taconite is not, however, 
crucial to a study of the contact metamorphism. The present study and the 
results of earlier investigators (Gruner, 1946; White, 1954; LaBerge, 1964) 
indicate that, before the intrusion of the Duluth Gabbro, the Biwabik :For
mation was a mineralogically and texturally complex rock containing 
quartz, siderite, ankerite, greenalite, minnesotaite, stilpnomelane, and mag
netite, together with minor hematite, chamosite, and talc. There is no evi
dence from the unaltered taconite for the presence of significant amounts 
of magnetite-quartz iron-formation, as suggested by Gundersen and 
Schwartz (1962) . 

NATURE OF METAMORPHISM OF THE BIWABIK IRON-FORMATION 

Before metamorphism, the unaltered taconite apparently contained 
sufficient Ca, Fe, Mg, Si, H 20, and CO2 to yield the mineral assemblages 
observed in the metamorphosed taconites of Zones 3 and 4. The progres
sive mineralogical changes resulting from metamorphism indicate to the 
writer that contact metamorphism of the Biwabik Formation by the Du
luth Gabbro Complex was largely isochemical, except for the loss of H~O 
and CO2 during metamorphism. This interpretation is favored by t.he close 
chemical similarity between unmetamorphosed and metamorphosed iron
formation from the Mesabi range and elsewhere (Gruner, 1946, pp. 63-64; 
,James, 1955, p. 1476). 

The Duluth Gabbro Complex acted only as a source of heat for meta
morphic processes. Minor elements (e.g., sulfur and the boron in tourma
line and axinite) possibly were introduced from the gabbro, but large-scale 
introduction of major elements such as Ca and Mg was not necessary. 
These conclusions are in agreement with the results of earlier studies (e.g., 
Grant, 1900; Gruner, 1946; White, 1954). This interpretation was percep
tively presented by Grant (1900, pp. 506-508) at a time when the exact 
mineralogy of the Biwabik Formation was still uncertain: 

"The original rock is regarded as a glauconitic greensand, in which there 
is more or less iron carbonate. The rock has been altered to a quartz-
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magnetite-amphibole slate, the amphibole being in the form of actinolite, 
grunerite, cummingtonite, and hornblende. This quartz-magnetite-amphi
bole slate, commonly known in the Lake Superior region as actinolite schist, 
has been profoundly changed by the gabbro, and the resulting rock is a 
coarse grained aggregate of quartz, magnetite, olivine (which is frequently 
fayalite), hypersthene, augite-hornblende, and occasionally grunerite and 
cummingtonite. These rocks, like the rocks from which they are derived, 
are beautifully banded, the separate bands being composed of quartz, or 
of magnetite, or of silicates, or of a mixture of any two or more of the min
erals .... It is thus clear that the materials necessary for the formation 
of the minerals of the metamorphic rocks were all present in the original 
q uartz-magnetite-amphibole slates." 

The observations of the present study do not support the conclusions of 
Gundersen and Schwartz (1962), who suggest that complicated metaso
matic effects accompanying intrusion of the Duluth Gabbro affected an 
iron-formation composed only of quartz and magnetite. Gundersen and 
Schwartz (1952, pp. xv-xvi) state: 

"Considerable field and petrographic evidence exists to indicate that the 
constituents of quartz and magnetite are recombined to form most of the 
metamorphic and metasomatic mineral assemblages obsened. There is, on 
the other hand, no evidence indicating the previous existence of the so
called primary silicates or carbonates of the iron formation nor any evi
dence supporting the concept of progressive metamorphism of these min
erals into any of the mineral assemblages now found in the district .... 

"The emplacement of the Duluth gabbro resulted in thermal metamor
phism of the adjacent rocks, which was manifested largely by simple re
crystallization and formation of fayalite-magnetite-quartz assemblages in 
the iron formation. Almost contemporaneously, the injection of numerous 
pegmatite-like veins was accompanied by the introduction of magnesium
and calcium-bearing aqueous solutions into the adjacent taconites, which 
resulted in the widespread formation of cummingtonite, hedenbergite, and 
some calcium-bearing ferrous amphiboles." 

There are several theoretical difficulties in this interpretation. It should 
be emphasized that magnetite and quartz are the only original components 
of unaltered taconite which remain stable at the highest levels of metamor
phism (Fig. 2:3), so that examination of highly metamorphosed taconite 
may give an incorrect estimate of the original mineralogy of the pre-meta
morphic iron-formation. However, even in the metamorphosed taconite, 
quartz and magnetite commonly coexist intimately without formation of 
silicates (Grout and Broderick, 1919b, pp. 8-9; Gundersen and Schwartz, 
1962, p. 117). Gundersen and Schwartz have suggested no source for the 
necessary solutions, and it may be questioned whether the Duluth Gab
bro Complex could have been the source of sufficient water, for instance, 
to produce all of the amphibole in the metamorphosed taconite. It seems 
more reasonable to suggest that water was originally present in the iron-
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formation or in the overlying Virginia Formation, in which case no mecha
nism is required for localized introduction of solutions into the metamor
phosed taconite. 

However, the most serious defects in their interpretation are: First, the 
metamorphosed Biwabik Iron-formation is stratigraphically continuous 
with unaltered taconite characterized by a diverse mineralogy. There is no 
evidence for any significant magnetite-quartz units existing in the Biwa
bik Formation before intrusion of the Duluth Gabbro. Second, in Zone 3, 
grunerite is clearly a prograde mineral which is observed in the process of 
formation from earlier iron silicates and carbonates (Figs. 17-20). Pegma
tites of the type described by Gundersen and Schwartz (1962) were not ob
served in this zone. Retrograde formation of amphibole from hedenbergite 
occurs only in the eastern end of the area studied by the writer; possibly 
such retrograde formation of amphibole reflects falling temperature and 
does not require sudden introduction of water and other components. 

MINERAL ASSEMBLAGES AND ISOGRADS IN THE 

METAMORPHOSED BIWABIK IRON-FORMATION 

IVhNERAL ASSEMBLAGES IN CHERTY AND SLATY TACONITE 

The mineralogical changes that are observed among the silicates in 
cherty taconite during progressive metamorphism correspond to those 
predicted on the basis of theoretical and experimental studies of the sys
tem FeO-Si02-H20 (Yoder, 1957; Flaschen and Osborn, 1957). 

The unaltered cherty taconite of the Biwabik Formation contains con
siderable carbonate, and can be represented approximately by the system 
FeO-Si02-H20-C02 • At a specified temperature and total pressure, a four
phase assemblage of three solids plus vapor is invariant and the composi
tion of the vapor is fixed. Two solid phases form a univariant assemblage 
with a vapor of variable composition. 

The mineral assemblages that develop during metamorphism of cherty 
taconite are shown in Figure 35; assemblages in the simplified system FeO
Si02-H20 (Yoder, 1957) are shown by dashed lines for comparison. 

Assemblage 1 corresponds to ideal cherty taconite consisting of green
alite, magnetite, and quartz. Development of siderite and minnesotaite 
produces assemblage 2, which represents unaltered cherty taconite on the 
:Mesabi range. 

Assemblages 3-6 develop during progressive metamorphism and corre
spond, respectively, to reactions involving: 3, decomposition of greenalite; 
4, formation of grunerite; 5, decomposition of minnesotaite and siderite; 
and 6, decomposition of grunerite. The latter reaction is not observed to 
occur on the :Mesabi range. 

At POq values within the stability field of fayalite, assemblages 5a and 6a 
are produced, respectively, by formation of fayalite and by decomposition 
of grunerite. 
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Changes in the mineralogy of slaty taconite have been discussed by 
Yoder (1957) ,using the system FeO-AbOs-SiO!)-H20. A more complete de
scription of slaty taconite requires the six components FeO, AhO~, Si02 , 

CO!), H 20, and O2 ; for this system, F = 8 - P. The variance can be reduced 
by assuming that temperature and total pressure are specified and that 
both magnetite and vapor are always present. Then, F = 4 - P; an assem-
blage of four solids and vapor is invariant. . 

Phases in the system are shown in Figure 36a, projected onto the compo
sition triangle FeO-AbOg-Si02 . Since slaty taconite is not observed to con
tainmore than 10 per cent Al!)Og (Gruner, 1946), the mineral assemblages 
are presented in the composition triangle FeO-SiO!)-pseudothuringite (Fig. 
36b); vapor compositions are not shown. 

1\1ineral assemblages observed in unaltered slaty taconite in Zones 1 and 
;2 are shown in Figure 37a; the extent of solid solution between different 
minerals is not known. Stilpnomelane in these assemblages possibly was 
original or was produced by reaction between chamosite and quartz (Yo
der, 1957). 

1\1ineral assemblages of Zone 3 are characterized by the appearance of 
grunerite and blue-green hornblende at the expense of stilpnomelane, min
nesotaite, and some chamosite (Fig. 37b). The diagram is somewhat ap
proximate; grunerite is magnesian and the alnminous amphibole is a cal
cian hornblende rather than a ferrogedrite. The effects of these complica
tions do not appear serious and can be rigorously ignored if MgO and CaO 
are considered as perfectly mobile components (Korzhinskii, 1959). The 
coexistence of chamosite and grunerite in quartz-free rocks is consistent 
with the persistence of chamosite through Zone 3. 

1\1ineral assemblages in Zone 4 are characterized by garnet, pyroxene, 
and sparse fayalite and biotite (Grout and Broderick, 1919b; Gundersen 
and Schwartz, 1962), but data on actual assemblages is scanty. Probable 
assemblages are shown in Figure 37c for the case where K 20 is available 
to form biotite; the occurrence of feldspar-bearing pegmatites in Zone 4 
suggests that K 20 may be a mobile component in some parts of the iron
formation (Korzhinskii, 1959). In biotite-free assemblages, a grunerite
garnet join is probably present. 

In Zone 4, most of the original chamosite-bearing rocks are apparently 
represented by fayalite- or garnet-bearing assemblages. Highly aluminous 
assemblages are not observed in the Biwabik Formation, but it is probable 
that the aluminous chlorites shown in Figure 37c are not stable at the con
ditions of metamorphism of Zone 4. Other data suggest that the chamosite
quartz join is replaced by the hornblende-cordierite or garnet-cordierite 
joins (Zappfe, 1912; Ramdohr, 1927). The chamosites themselves probably 
decompose to such assemblages as cordierite-fayalite-hercynite or magne
tite-mullite. 
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onto the triangle FeO-AI,0 3-pseudothuringite. Thi s diagram is used to disc uss mineral assemblages developed in slaly taconile (Fig. 37), in which the 

AI ,0 3 content is under 10 per cent (dashed line). Vapor compositions are not showl1 . 
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JVIINERALOGICAL ISOGRADS IN THE BIWABIK IRON-FORMATION 

The term isograd is applied here to designate the appearance or dis
appearance of a specific mineral \vith progressive metamorphism; these 
changes arc believed related to increasing temperature toward the contact 
of the Duluth Gabbro. A close relation between mineralogical changes and 
a restricted set of factors such as temperature and total pressure is diffi
cult to establish, for the reactions by which minerals develop or decompose 
are dependent on additional factors such as the occurrence and chemical 
potentials of volatile components (Thompson, 1955; Greenwood, 1962). 

A great variety of balanced equations may be written arbitrarily for re
actions between various iron minerals (Miles, 1946; JVlueller, 1960; Kranck, 
1961). However, the variability and uncertainty of mineral compositions 
and the general occurrence of magnetite and quartz as possible participants 
makes such a procedure of doubtful value in the present study; a more 
schematic treatment is therefore used. 

The unaltered taconite in Zones 1 and 2 is characterized by the develop
ment of minnesotaite and stilpnomelane, at least in part, from earlier green
alite and chlorite. These changes, which do not appear to be related to 
thermal effects of the Duluth Gabbro, may be expressed in several ways; 
the following reactions are typical: 

(1) greenalite + quartz = minnesotaite + H~O 
(2) greenalite + O2 = minnesotaite + magnetite + H 20 
(3) chlorite + quartz = stilpnomelane + H 20 

In both silicate and carbonate iron-formation, grunerite develops Il1 

Zone 3, probably by a variety of reactions, such as: 
(4) minnesotaite + magnetite = grunerite + quartz + H 20 + O2 

(5) minnesotaite = grunerite + quartz + H 20 
(6) stilpnomelane = grunerite + Fe-hornblende + quartz + H 20 

(+ K 20) 
(7) siderite + quartz + H 20 = grunerite + CO2 

(8) ankerite + quartz + H 20 = grunerite + calcite + CO2 

Reactions 7 and 8, which occur in carbonate-bearing rocks, do not take 
into account varying Fe/(Fe + Mg) ratios in the different phases. Siderite 
has approximately the same ratio as the grunerite that apparently forms 
frolll it. Ankerites are more magnesian than coexisting grunerite (Fig. 3'l); 
additional iron could be obtained from associated magnetite. 

IVlineralogical changes characteristic of Zone 4 are the development of 
heclenbergite and, closer to the gabbro contact, of ferrohypersthene and 
fayalite. Hedenbergite may develop by the reactions: 

(9) grunerite + calcite = hedenbergite + quartz + H 20 + CO 2 

(10) ankerite + quartz = hedenbergite + CO2 

Development of ferrohypersthene could reflect the reaction: 
(11) grunerite = ferrohypersthene + quartz + H 20 

Reaction 11 could be complicated slightly by variations in composition of 
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the amphibole; cummingtonite could form with ferrohypersthene (see 
above, p. (7) . 

Formation of fayalite by reaction between siderite and quartz has been 
proposed by several investigators (Gruner, 1946; James and Clayton, 
19(2): 

(12) siderite + quartz = fayalite + CO2 

However, experimental studies by the writer (French, 1964a; French and 
Rosenberg, 1965) indicate that the nature of this reaction is unstable, and 
the present study indicates that siderite is depleted by reaction to form 
grunerite (reaction 7) before the appearance of fayalite in the taconite. 

Fayalite in the Biwabik Formation may form from the reactions: 
(13) grunerite = fayalite + quartz + H 20 
(14) magnetite + quartz = fayalite + O2 

Neither reaction will occur outside the P 02 limits within which fayalite is 
stable (Eugster, 1959). The reverse of reaction 13 - that is, formation of 
grunerite at fayalite-quartz contacts - has been observed naturally (Bo
wen and Schairer, 1935; Gundersen and Schwartz, 1962). 

Figure 38 shows the approximate location of several mineralogical iso
grads in the metamorphosed Biwabik Iron-formation. The lines are based 
largely on the writer's mineralogical studies and on additional data kindly 
supplied by the Erie Mining Company. 

Two isograds occur within Zone 2, at a distance of 3 to 4 miles from the 
gabbro contact; they correspond to the incipient reduction of hematite to 
magnetite and the development of clinozoisite. The changes have been 
observed only in 18: 59-14, and the trend of the lines is uncertain. 

The line that marks the appearance of grunerite passes diagonally through 
15: 59-14; it is probably the most accurately located isograd, for it is brack
eted at several points by samples of grunerite-free and grunerite-bearing 
taconite. The other isograds are drawn parallel to it. 

Pyroxenes were not observed in the taconite in 15: 59-14 and seem re
stricted to 14:59-14. The hedenbergite isograd, which designates the outer 
margin of Zone 4, has been drawn from only a few points and is approxi
mate. Within Zone 4, other mineralogical changes include the disappear
ance of hematite, ankerite, and siderite. 

Ferrohypersthene seems to occur closer to the gabbro than does heden
bergite; an approximate isograd is shown in Figure 38. The complete trans
formation of organic matter into crystalline graphite seems to occur at 
approximately the same location (Fig. 34). 

Scattered observations on sulfide minerals in the taconite of the Biwabik 
Formation (Fig. 2S) suggest that a transformation from pyrite to pyrrho
tite possibly occurs with metamorphism, but the data are too meager to 
establish a definite boundary. Apparently, pyrrhotite is the stable mineral 
in highly metamorphosed taconite (Gundersen and Schwartz, 1962, p. 78). 
Direct comparison of the occurrences noted in the present study (Fig. 23) 
is not possible. The pyrrhotite observed occurs in coarse-grained, heden-
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bergite-bearing veinlets in metamorphosed taconite. By contrast, most 
pyrite was noted in acid-insoluble residues of samples of the Intermediate 
slate, prepared for study of the organic matter (Table 10). Pyrite was not 
seen in samples from Zone 4; any pyrrhotite originally present would not 
ha ve survived the acid treatment. 

1\110re data would be needed to establish the existence of a "pyrrhotite 
isograd" on the Mesabi range. James (1955, p. 1475) notes that pyrite in 
the sulfide facies persists at the highest grade of regional metamorphism; 
however, some pyrrhotite reported in contact-metamorphosed iron-forma
tion (Ramdohr, 195t7) possibly developed from pyrite. 

The major isograds are strikingly compressed; it is possible to pass from 
unaltered taconite in 15: 59-14 to its highly metamorphosed equivalent 
within 5t miles. The isograds, in particular the grunerite isograd, do not 
parallel the present contact of the gabbro and appear to diverge from it 
toward the east. Insufficient data are available to locate the isograds farther 
cast; if the diverging trend is maintained, the system of metamorphic 
zones based on distance from the gabbro contact would probably not be 
applicable east of 59-14. 



CONDITIONS DURING METAMORPHISM 

GENERAL DISCUSSION 

Any attempt to use mineralogical data from the Biwabik Iron-formation 
to evaluate temperature, pressure, and the partial pressures of volatile gas 
species during metamorphism is hampered by the large uncertainty in re
lations between such quantities as total load pressure CPt), total gas pres
sure (Pgus), and the partial pressures of various volatile components (PH20, 
P e02, Poz, etc.) . The conclusions reached will be conditioned by any as
sumptions made about these quantities. 

It is reasonable to postulate that the mineral assemblages in the highly 
metamorphosed taconite coexisted with a vapor phase composed chiefly 
of CO2 and H20, which contained minor amounts of CH4 , H 2 , and CO and 
trace quantities of O2 and S2. A significent P H20 is indicated by the preser
vation of iron amphiboles in the highly metamorphosed taconite, although 
exact values cannot be specified. The only indication of Pcoz is the occur
rence of calcite in highly metamorphosed taconite; a value of Pe02 in ex
cess of 10 bars would probably be sufficient to stabilize calcite at tempera
tures below 1,000°C (Harker and Tuttle, 1955). 

The value of P oz during metamorphism apparently remained within the 
stability field of magnetite + quartz in the majority of the Biwabik Forma
tion - that is, between the hematite-magnetite and quartz-fayalite-mag
netite buffers (Eugster, 1959). Hematite in unmetamorphosed taconite is 
reduced to magnetite near the contact. In the highly metamorphosed tac
onite, magnetite and quartz apparently coexist without reaction in most 
of the stratigraphic section (Gundersen and Schwartz, 1962, p. 115); faya
lite has developed in slaty taconite in a restricted stratigraphic interval. 

Between 500° and 900°C, the hematite-magnetite buffer specifies values 
of f02 between 10-"8 and 10-7 bars, and the quartz-fayalite-magnetite 
buffer corresponds to values of f02 between 10-"" and 10-13 bars (Eugster 
and Wones, 1962). If the QFM buffer is accepted as the lower limit of pos
sible values of f02 during metamorphism, values of the ratios f('02/fco and 
fH20/fH2 will be in excess of 15 (Eugster and Wones, 1962, Fig. 3; French 
and Eugster, 1965, Fig. 1); higher values of f02 will increase the ratios. 

However, considerable uncertainty is still present about the relation 
among Pgas, P H20, and Peoz. In many previous studies it has been tacitly 
assumed that Pgas = Pn20 + Pe02. However, equilibrium calculations in the 
system C-H-O (French and Eugster, 1965) have indicated that methane, 
CH4 , may be a significant component of the gas phase under moderately 
reducing conditions that may be attained in geological environments, and 
the assumption may be seriously in error for the more reduced graphite-
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and fayalite-bearing metamorphosed slaty taconite. Further, no definite 
limits on the ratio PH20/Pe02 can be specified. The relation between these 
two partial pressures is particularly important, since many of the reactions 
by which amphiboles and pyroxenes develop during metamorphism in
volve both these species. In such reactions, the reaction temperature is 
strongly dependent upon the composition of the vapor phase (Greenwood, 
1962, and oral communication, 1963). 

FORMATION OF 'WOLLASTONITE 

The mineral wollastonite (CaSiO:l ) occurs in a calcite marble at the top 
of the Biwabik Iron-formation in the area of highly metamorphosed taco
nite (Gundersen and Schwartz, 1962, p. 100). Formation of the mineral 
from calcite and quartz has been studied experimentally (Harker and 
Tuttle, 1956), and its occurrence may be used to estimate temperatures 
adjacent to the Duluth Gabbro Complex during metamorphism. 

Approximate temperatures and pressures developed have been esti
mated in connection with temperature determinations made on the :Mesabi 
range by oxygen-isotope methods (James and Clayton, 1962). The prob
able thickness of the overlying Duluth Gabbro Complex (8-12 km.) would 
produce a lithostatic pressure of between 2 and 4 kb. Assuming a value 
of P eo., between 500 and 1,000 bars, the occurrence of wollastonite indicates 
a mini~um temperature of 600°C adjacent to the gabbro contact (James 
and Clayton, 1962, p. 227). 

Even assuming that P gas is not less than half of P t (i.e., P gas = 1-2 kb.), 
it is probable that Pe02 is less than P gas ; a large discrepancy between P t 

and P eo., would allow wollastonite to form at lower temperatures (see 
Thomps~n, 1955; Greenwood, 1961). At extremely low values of Pco~, 
wollastonite could form by reaction of calcite and quartz at temperatures 
as low as 400°C (Burnham, 1959, p. 916) . For valucs of PC02 of 500 to 1,000 
bars, a minimum temperature of 600°C is probable. 

The occurrence of wollastonite in the highly metamorphosed Biwabik 
Formation thus establishes a fairly definite minimum temperature of 400°C 
and indicates a probable minimum temperature of 600°C near the contact 
of the gabbro. Since the occurrence of wollastonite indicates only that the 
temperature required for reaction was attained, these estimates are only 
minimum values. 

At higher temperatures, wollastonite and calcite react to form the mill
eral spurrite (2Ca2Si04' CaCO:,) . The univariant P,,02-T curve for this rc
action (Tuttle and Harker, 1957; Burnham, 1959) thus establishes maxi
mum temperatures for the stable coexistence of wollastonite + calcite at 
a fixed value of P eo.,. At values of Peo., below 200 bars, spurrite may form 
between 700 0 and 900°C. Spurrite has~ not been reported from the marble 
unit of the Biwabik Formation near the Duluth Gabbro, but stuuy of this 
unit has not been sufficiently thorough to establish that it is absent or that 
wollastonite and calcite do coexist without reaction. Occurrence of spur-
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rite would indicate relatively low values of Pco~ during metamorphism 
(Burnham, 1959). 

EVIDENCE FROM THE IRON CARBONATES 

Temperatures attained in Zone 3, between 1 and 3 miles from the gabbro 
contact, are less certain. The Biwabik Formation in this zone contains 
grunerite and iron-bearing carbonates; the mineralogy is virtually iden
tical to that produced by moderate regional metamorphism of iron-forma
tion. James (1955, p. 1477) has noted that, in northern Michigan "the key 
mineral of the intermediate-intensity metamorphism of the iron-formation 
rocks is grunerite. The appearance of this mineral probably slightly pre
cedes that of garnet in the argillaceous rocks." James's estimates of the 
"garnet isograd" in that area (1955, p. 1485) suggest a temperature of 
300°-350°C for the development of grunerite. 

Experimental studies of siderite stability (French, 1964a; French and 
Rosenberg, 1965) considered only relations in the system Fe-C-O and are 
therefore not directly applicable to the metamorphosed Biwabik Iron
formation. During metamorphism, siderite apparently reacts with avail
able silica ano water to form grunerite; similar behavior is observed in 
many other areas of metamorphosed iron-formation (Irving and Van Rise, 
1892; Van Rise and Bayley, 1897; Allen and Barrett, 1915; Gustafson, 1933; 
Tilley, 1938; James, 1955). 

The equilibrium siderite + magnetite + graphite + vapor determines 
maximum stability temperatures of siderite in equilibrium with vapor. For 
conditions where P gas = Peo2 + Pea, these temperatures lie between 455 0 

and 465°C for values of P eo2 + P eo between 500 and 2,000 bars. Because of 
the steepness of the univariant curve, the effect of conditions where P t < 
PC02 is not extreme (French, 1964a) . From these data, it is estimated that 
reaction of siderite and quartz to form grunerite occurred at temperatures 
below 450°C; a probable maximum temperature for this reaction is 400°C. 

Calcites from grunerite-ankerite-calcite assemblages in Zone 3 contain 
less than 1 mole per cent MgC03 and as much as 9 to 11 mole per cent 
FeC03 (Fig. 32). Experimental studies of the solvus between siderite and 
calcite (Rosenberg, 1960, 1963) indicate that a calcite of this composition 
would coexist with a calcian siderite at approximately 400°C. Because the 
calcites examined coexist with grunerite and ankerite instead of with sid
erite, this inferred temperature is only approximate. 

Data from the carbonate minerals in the moderately metamorphosed 
taconite in Zone 3 suggest that grunerite develops from siderite and anker
ite at temperatures not in excess of 400°C; it is probable that temperatures 
of 300° to 400°C were attained in this zone during metamorphism. 

SIGNIFICANCE OF FAYALITE IN METAMORPHOSED IRON-FORMATION 

The iron olivine fayalite (Fe~Si04) is of particular interest in the study 
of metamorphosed iron-formations because it is stable only within a 
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narrow range of P o~ values between the quartz-fayalite-magnetite and 
quartz-fayalite-iron buffers (Eugster, 1959). The occurrence of fayalite or 
of the more oxidized equivalent assemblage magnetite-quartz allows an es
timation of values of Po:; during metamorphism. 

No fayalite-bearing rocks (eulysites) have been described from areas of 
regional metamorphism where intrusive igneous rocks are generally absent 
(Tilley, 1938; James, 1955; Mueller, 1960; Kranck, 1961). By contrast, nu
merous eulysites, including many of the classic Swedish deposits, are clearly 
related to igneous intrusions (Von Eckermann, 1922, 1936; Geijer, 1925; 
Ramdohr, 1927; Miles, 1943, 1946; Freitsch, 1957; Sarap, 1957) . A few faya
lite occurrences are of uncertain association (Tilley, 1936). 

In the Lake Superior region, fayalite is found only at the contacts of the 
Duluth Gabbro Complex with iron-formation on the Mesabi and GUll

flint ranges (Zappfe, 1912; Grout and Broderick, 1919b; Gundersen and 
Schwartz, 1962); it is not observed elsewhere in the region (James, 1955). 

The restriction of fayalite to igneous contacts may reflect conditions that 
are more reducing than those in regionally metamorphosed rocks, in which 
magnetite and quartz coexist (Eugster, 1959). Ramdohr (1927) provides 
geological evidence for such an interpretation by describing progressive 
reduction of hematite-bearing iron-formation within the contact aureole of 
the Brocken granite. As the granite is approached, hematite-chert rocks 
are reduced to magnetite-quartz rocks, and then further altered to fayalite
quartz and fayalite-magnetite assemblages. 

In the highly metamorphosed iron-formation on the Mesabi range, the 
development of fayalite appears to be restricted to a zone about a hundred 
feet thick in the Lower Slaty and Upper Cherty members of the Biwabik 
Formation (Gundersen and Schwartz, 1962, p. 115) . Elsewhere in the for
mation, even closer to the gabbro, magnetite and quartz coexist. 

These relations suggest that the formation of fayalite during metamor
phism was not the result of a general reduction near the gabbro (e.g., by 
introduction of hydrogen and water) (Eugster, 1959). Gundersen and 
Schwartz (1962, pp. 115-116) have proposed that fayalite formed only in 
layers rich in organic material and graphite, in which a more reducing at
mosphere could be maintained. A similar mechanism has been suggested 
by Zen (1963), and is in agreement with the observed preservation of dif
ferences in pO') in metamorphic rocks over very short distances (James, 
1955; Kranck, 1961; Zen, 1963). 

Study of the organic matter in the Biwabik Formation by the writer (see 
above, p. 72) indicates that crystalline graphite occurs in the iron-formation 
near the contact of the gabbro. Some of the metamorphosed slaty taconite 
contains the assemblage quartz-fayalite-magnetite-graphite (Gundersen 
and Schwartz, 1962, pp. 31-34). 

The writer's preliminary investigations on the univariant equilibrium 
quartz-fayalite-magnetite-graphite-vapor (French, 1964a) are somewhat 
inconclusive. Direct application of the results to the assemblages in the 
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Biwabik Formation is also hampered by the fact that the olivine in the 
metamorphosed taconite is slightly magnesian, about Fago (Gundersen 
and Schwartz, 1962, pp. 76, 95-96). 

The steepness of the univariant QFMGV curve (French, 1964a, Fig. 25) 
reduces the effect on the temperature of large uncertainties in the value of 
P('o~ + Pc". If this value was between 500 and 2,000 bars, the experimental 
curve suggests temperatures of 780°-810°C for formation of fayalite near 
the gabbro contact. 

Although these temperatures are not geologically unreasonable, they 
must be regarded with caution because of unexplained discrepancies in the 
determination of the QFMGV curve. Temperatures of 750° to 850 c C would 
suffice to produce spurrite in the calc-silicate marble under conditions of 
low P CO~ (Burnham, 1959); a search should be made for the mineral. 



SUMMARY AKD CONCLUSIONS 

A detailed mineralogical study of progressively metamorphosed sedi
mentary iron-formation was carried out in an attempt to apply experi
mentally determined data on the stability of siderite, FeC03 , to natural 
assemblages. 

The Biwabik Iron-formation, on the Mesabi range in northern Minne
sota, extends for about 120 miles in a generally east-northeast direction. 
The formation is the middle member of the threefold Animikie Group of 
Middle Precambrian age; it overlies the clastic Pokegama Formation con
formably and is in turn overlain conformably by the thick argillites of the 
Virginia Formation. At the eastern end of the Mesabi range, the Animikie 
Group has been metamorphosed by the intrusion of the Duluth Gabbro 
Complex; mineralogical changes along the strike of the formations appear 
to be related to the gabbro. 

Intensive economic development of the soft iron ores and, more recently, 
of the taconite on the Mesabi range has resulted in intense geological study 
of the area over a period of more than sixty years. The geological relations 
are uncomplicated and well known; detailed sampling is facilitated by 
numerous open-pit mines and drill cores. 

Along the strike of the Biwabik Iron-formation, four zones, related to 
distance from the gabbro, are distinguished on the basis of the mineralogy 
of the taconite. Zone 1 corresponds to unaltered iron-formation, and Zone 
2 to transitional material; Zone :3 designates moderately metamorphosed 
taconite, and Zone 4, nearest the gabbro contact, is characterized by highly 
metamorphosed and recrystallized taconite. 

The unaltered taconite of Zone 1 is a mineralogically complex chemical 
sediment that has been affected by considerable postdepositional altera
tion. Two fundamental kinds of taconite are distinguished: cherty taconite, 
characterized by a granule texture and a high percentage of quartz, and 
sla,ty taconite, characterized by fine laminations which reflect differences 
in mineralogical composition, by a general absence of granules, and by a 
low percentage of quartz. 

Unaltered cherty taconite is composed of quartz, hematite, magnetite, 
siderite, ankerite, talc, and the iron silicates greenalite, minnesotaite, and 
stilpnomelane. Only greenalite, quartz, hematite, and magnetite are re
garded as definitely primary; the other minerals exhibit secondary textures. 
In unaltered slaty taconite, chamosite, siderite, quartz, magnetite, and 
possibly some minnesotaite and stilpnomelane are considered primary. The 
conditions under which the secondary minerals developed are uncertain; 
the writer favors the view that the mineralogy of unaltered taconite in 
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Zone 1 reflects a distinct period of low-grade metamorphism before the in
trusion of the Duluth Gabbro Complex. 

The mineralogy of the transitional taconite in Zone 2 is virtually the 
same as that in Zone 1. Considerable replacement by silica and ankerite is 
observed, but these changes are not definitely related to the Duluth Gab
bro. 

Development of the iron amphibole grunerite, Fe7Sis022(OH)2, charac
terizes the moderately metamorphosed taconite of Zone 3. The appearance 
of grunerite coincides with the disappearance from the taconite of such pre
metamorphic minerals as greenalite, stilpnomelane, minnesotaite, siderite, 
and ankerite; none of these minerals is observed to persist through Zone 
3. Some chamosite-rich slaty taconite persists unaltered through Zone 3. 

In Zone 3, grunerite is clearly a prograde mineral, and may be observed 
in the process of formation in both silicate- and carbonate-rich taconite; 
the "grunerite isograd" probably represents a variety of complicated chem
ical reactions. The appearance of calcite in Zone 3 is related to production 
of grunerite from the assemblage ankerite-quartz. No siderite-grunerite 
assemblages were observed; the disappearance of siderite in Zone 3, how
ever, probably reflects reaction with quartz to form grunerite. 

The taconite in Zone 4, within 1.7 miles from the present Duluth Gab
bro contact, is characterized by complete recrystallization, by the develop
ment of a metamorphic fabric, and by an increase in the grain size of 
quartz. Iron pyroxenes, iron amphiboles, and rare fayalite are characteristic 
of this zone. Quartz and magnetite are the only original components of 
unaltered taconite that remain stable in Zone 4; calcite is the only carbon
ate observed. The taconite in Zone 4 contains numerous small lenses of 
coarse-grained minerals that apparently originated by replacement. Near 
the gabbro contact, larger veins and "pegmatites" have been reported 
(Gundersen and Schwartz, 1962). 

A special study made of a hematite-bearing unit - "Red Basal taconite" 
- indicates that original hematite is reduced to magnetite near the gabbro 
contact. Definite partial reduction and replacement of hematite by magne
tite is observed in Zone 2, about 3.5 miles from the gabbro contact. Within 
1.5 miles of the contact, no hematite remains in this unit, and magnetite is 
the only oxide observed. 

Metamorphism of the Pokegama and Virginia formations by the Duluth 
Gabbro Complex has been established by earlier investigators; detailed 
mineralogical studies could not be carried out by the writer because of the 
difficulty of obtaining samples. In Zone 2, both stilpnomelane and clinozoi
site are observed to form in the Pokegama Formation from chlorite-bearing 
particles and matrix material. The appearance of clinozoisite is probably 
related to the intrusion of the Duluth Gabbro. 

Compositions in terms of the Fe, l\1g, and Ca end-members were deter
mined for about 65 carbonates from the Biwabik Iron-formation, using 
determinations of nQ and d(2n). Analyses indicate that the amount of 
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lVln in the carbonates is low enough to prevent significant errors in deter
mining compositions. 

Siderites from the unaltered taconite have compositions approximating 
CaGFe7J\1g~l); ankerite compositions from the same zone are quite uniform 
at approximately CaG3Fe~4lVlg23, and contain 50 to 55 mole per cent of the 
fcrrodolomite, CaFe( CO:3)~, end-member. Calcites occurring in metamor
phosed taconite are distinctly iron-rich and magnesium-poor, approximat
ing CaS9FelOlV1gl' 

No definite progressive change in the compositions of siderite and anker
ite is observed along the strike of the Biwabik Formation; there is no indi
cation of progressive removal of the iron from the carbonate during meta
morphism. Calcites from the metamorphosed taconite show a progressive 
increase in Ca toward the gabbro and are virtually pure CaC03 near the 
contact. 

The compositions of cummingtonite-grunerite amphiboles, sampled 
along the strike of the Biwabik Formation, were determined approximately 
by measurement of ny. A general enrichment in the lVlg end-member to
ward the contact is evident; grunerite (containing more than 70 mole per 
cent Fe7Sis022 (OR) 2) does not occur within a mile of the gabbro. 

Considerable variation in grunerite composition may reflect the nature 
of coexisting phases. Determinations of coexisting carbonates and gruner
ite in metamorphosed taconite indicate that grunerites coexisting with 
both ankerite and calcite are more magnesian than those coexisting with 
calcite alone. Although these variations agree with predictions made from 
the Phase Rule, it is not definitely established that the phases in question 
are at equilibrium, and definite conclusions are not yet warranted. 

Studies of the acid-insoluble residues from the organic-rich Intermediate 
slate indicate that a progressive increase in crystallinity of the organic mat
ter occurs with metamorphism. X-ray diffraction patterns of organic ma
terial from unmetamorphosed taconite are either amorphous or exhibit a 
broad peak characteristic of asphaltic compounds. Adjacent to the gabbro, 
the organic material has been transformed into both disordered graphite 
(d-graphite) and into completely crystalline graphite. 

The present study indicates that metamorphism of the Biwabik Iron
formation by the Duluth Gabbro Complex was largely isochemical and 
was characterized by a progressive loss of water and CO2 from the iron
formation. There is no evidence that the pre metamorphic iron-formation 
consisted only of quartz and magnetite, or that the present mineralogy has 
resulted from large-scale introduction of material into the iron-formation 
through "pegmatites" and other veins, as proposed by Gundersen and 
Schwartz (1962). Grunerite in Zone 3, where large intrusive veins are ab
sent, is clearly a prograde mineral. 

Mineralogical data in the present study serve to locate approximately 
the following mineralogical isograds: 

partial reduction of hematite to magnetite 
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appearance of clinozoisite (in the Pokegama Formation) 
appearance of grunerite 
appearance of hedenbergite 
disappearance of hematite 
appearance of ferrohypersthenc 
appearance of graphite (in the organic matter) 

DS 

The isograds are extremely compressed; the transition between unaltered 
and highly metamorphosed taconite takes place within a horizontal dis
tance of approximately two miles. The grunerite isograd, which is most ac
curately located, is not parallel to the present gabbro contact and diverges 
from it toward the east. 

A schematic presentation of the mineral assemblages that develop in 
cherty taconite as a result of metamorphism is constructed, using the sys
tem FeO-SiOTH~O-CO~. Analagous diagrams are constructed for slaty 
taconite, using the system FeO-AbOs-Si02-HzO-COz-02' The diagrams are 
consistent with known data on mineral assemblages, although such data 
are scanty, particularly in the highly metamorphosed taconite of Zone 4. 

The use of mineralogical data to determine conditions during metamor
phism is hampered by the uncertain relations between T. P t , Pg,lS' PH~O, 
and P coz . Values of Poz within the stability field of magnetite + quartz are 
indicated; such values correspond to a vapor phase composed dominantly 
of H~O and CO~. The occurrence of fayalite in a restricted stratigraphic 
interval in the iron-formation near the gabbro contact apparently has re
sulted from the local maintenance of anomalously low Po~ values by or
ganic matter (now graphite) in these layers; the partial pressure of meth
ane, CH4 , could have been significant under these relatively reduced con
ditions. 

The occurrence of wollastonite near the gabbro contact establishes a 
probable minimum temperature of 600°C during metamorphism; the ab
sence of spurrite has not been established, and a maximum temperature 
cannot be fixed. Experimental studies on the univariant equilibrium quartz 
+ fayalite + magnetite + graphite + vapor (QFIVlGV) have yielded indefi
nite results, but suggest that temperatures as high as SOO°C could have 
been reached. 

Temperatures of 300° to 400°C are suggested for the development of 
grunerite in Zone 3 on the basis of the disappearance of siderite and the iron 
content of the associated calcite. 
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Albite: 73; in Virginia Formation, 47 
Algal materiaL Nt Red Basal taconite 
Aluminum, 31, 38, 39, /S 
Amphibole: 5,11,38,43,46,64,75,86,91, 

9'Z; retrograde [ormation of. from pyrox
ene, 40, 43, 76. See also Cummingtonite; 
Grunerite; Hornblende 

Animikie Group, 7-8, 9, 90 
Ankerite: 14, '2'Z, '24, '29, 34, 36, 48, 51, 55, 

60,67, 73, 74; replacement by, '24, ;31, 34, 
/3, 91; refractiYe indexes, 51, 5'2, 54, 56, 
58, 59; compositions, 54, 55, 56, 57-58, 
59-60,64,68,9'2 

Auburn Miue, 16,45 
Axinite, 41, 74 

Biotite: 46, 47, 78; in Pokegama Forma
tion, 46; in Virginia Formation, 47 

Boron, 74 

Calcite: 5, 14, 18, 34, 36, 43, 44, 48, 57, GO. 
64, 85, 87, 91; formation of, with gruner
ite, 34, 36, 57, 64, 91; compositions, 59, 60, 
61, 68, 87, 9'2, 93; refractiYe indexe3, 59, 
61; coexisting with wollastonite, 60, 86 

Calcium: 38,4'2,51, 53, 74, 78, 91; in horn
blende, 38; in ankerite, 54, 55, 56, ,57, 58, 
59; in siderite, 54, 55, 56, 57, 58, 59, GO; 
in calcite, 57, 58, 59, 60, 61,64 

Carbon dioxide, 4'2, 67, 74, 78, 85, 86, 87, 
89,9'2,93 

Carbonaceous material, see Organic (car
bonaceous) material 

Carbonates: 4, 10, 14, 2'2, '29, 4,8, 57, 87; 
refractiYe indices, 51, 5'2, 54, 56, 58,59,61; 
determinatiye methods, 51-5'2; accuracy 
and precision, 51-5'2,53; compositions, 51-
64, 68, 91-92; effect of manganese, 5'2, 53, 
9'2; duplicate determinations, 53, 54; Zone 
1 (unaltered taconite), ,55-57; Zone S 
(moderately metamorphosed taconite), 
57, 59-60; Zone 2 (transitional taconite), 
57-58; changes with metamorphism, 60, 
6'2, 63, 9'2; Zone 4 (highly metamorphosed 
taconite), 61; coexisting with amphibole, 
67-69,9'2 

Chamosite, 14, '28, '29, 30, 31, 48, 73, 74, 78, 
90, See also Chlorite 

Chemistry, of Biwabik Iron-formation: 4, 
31, 39, 53, 74; aluminum in, 31, 39, 78, 79; 
111anganel::e in, 52, 53 

Cherty taconite: 10, 19-27, 31-34, 34-3H, 
90; mineralogy of Zone 1" 14, 40, 48; 
"wa"y-bedcled" taconite, 19; granule tex
ture, 19, '21, '26, 40, 90; primary miner
als in Zone 1, 19, '21, 90; outcrop, 19, 31, 
36, 40; mineralogy, 19-'26, 27, 31-34, 34-
38, 48; Zone 1 (unmetamorphosed), 19-
27; secondary minerals in Zone 1, '21-2'2, 
24, 90; "mottled cherty taconite," 24, :34, 
36; origin in ZonE' 1, 26-27; lnineral as
semblages in Zone 1, 27; mineral percen
tages in Zone 1. 27; Illineral assenlblages, 
'27, 31. 34, 40, 76-77; Zcne (! (transi
tional), 31-34, 91; Zone J (moderately 
metamorphosed), 34-38, 91; metamor
phism and recrystallization in Zone 4, 40, 
48, 91; Zone 4 (highly metamorphosed), 
40-43, 91; pegmatites in Zone 1" 41--4'2, 
78,91; replacement winlets in Zone 4, 43, 
84,91 
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Chlorite: '28, 31, 44, 78; in Pokegama For
mation, 46; in Virginia Formation, 47, See 
also Chamosite 

Clinozoisite, in Pokegama Formation, 47, 
48,83,91,93 

Cordierite: 40, 78; in Pokegama Formation, 
46; in Virginia Formation, 47 

Cummingtonite, 38, 40,42,43,53,64,65,67, 
83, 9'l. See also Grunerite 

Cuyunn range. 8, 73 

Duluth Gabbro Complex: 7, 11, 13, 16, 19, 
31, 34, 46, 48, 73, 74. 75, 76, 81, 88, 90, 
9"- 111inor intrusions. 13; pegnlatites, 41, 
75 

Epidote, 41, 73 
Equilibrium during metamorphism, 55, 67, 

68,69,9'2 
Erie Mining Company, 16,31,36,39,4'2 
Experimental (synthetic) studies: on sid

erite, 3, 83, 87, 93; on system FeO-SiO,
H,O (±CO,), 76, 93; on system FeO-AJz.-
03-SiO,-H,0 (±CO" 0,), 78, 79, 80, 93; 
on fayalite, 83, 88, 93 
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Fayalite: 6. 13,40. 41. 42. 48, 53, 76, 78, 81, 
83, 85, 86. 87-89. 91, 93; significance III 

metamorphism. 85, 87-89. 93 
Feldspar, 41, 47.78 
Ferrohypersthene, 18, 40, 42, 48. 67, 81, 83, 

93 

Garnet. 5. 13.40 
Gibbs Phase Rule. 67. 76. 78, 92 
Graphite: 39. 40, 41. 69, 70, 72, 83. 85, 87, 

88, 92, 93; disordered (d-Graphite), 70, 
72, 92; significance in metamorphism, 72, 
88,93 

Greenalite. 4, 10, 14, 19, 27, 73, 74, 90 
Grunerite: 5. 13, 14, 18, 34, 38, 39, 40, 48, 

51. 57, 67, 83, 87; formation of, 5, 13, 34, 
36,38,39.48,64,76,78,81,83,87,91,92, 
93; from carbonates, 5, 34, 36, 39, 48, 64, 
81,87,91; from silicates, 5, 34, 36, 39, 48, 
81. 91; composition of, 34, 64-67, 68, 92; 
yariations in, 64-67, 68-69, 92; coexisting 
with carbonates, 67-69, 92; "isograd," 81, 
82, 83, 84, 87, 93 

Gunflint Iron-formation, 73-74 
Gunflint range, 8, 11 

Hedenbergite, 5, 18, 40, 42, 43. 48, 53, 67, 
81,83,93 

Hematite: 4, 5, 10, 29, 43, 44, 45, 48, 73, 
74; reduction to magnetite, 5-6, 44-45, 48, 
83, 85, 88, 91. 92; in slaty taconite, 29, 31; 
in Red Basal taconite, 43-45 

Hercynite, 78 
Hornblende: 18, 41. 51; blue-green, 36, 38, 

39, 40, 42, 43, 78; composition of blue
green, 38 

Intermediate slate: 11, 29-31. 39-40; or
ganic material in Zone 1, 29, 30. 39, 70-
72. 92; mineralogy in Zone 1, 29-30; in 
Zone 1 (unaltered), 29-31; pyrite in Zone 
1. 30, 70. 71, 84; mineral assemblages in 
Zone 1, 31; metamorphism in Zone 3, 39; 
mineral assemblages in Zone 3, 39; in 
Zone S (moderately metamorphosed), 39-
40 

Iron: 4, 74, 78; in amphiboles, 38, 64-67; in 
carbonate minerals, .51. 52, 87, 91, 93; an
kerite, 54, 55, 56. 57, 58, 59; siderite, 54, 
55, 56. 57, 58. 59; calcite, 57, 58, 59, 60, 
61. 87, 93 

Iron oxides. see Hematite; Magnetite 
Iron silicates, metamorphic. see Amphibole; 

Cummingtonite; Fayalite; Ferrohypers
thene; Grunerite; Hedenbergite; Horn
blende; Olivine; Pyroxene 

Iron silicates, original, see Chamosite; Chlor
ite; Greenalite; Minnesotaite; Stilpnome
lane 

Iron sulfides, see Pyrite; Pyrrhotite 
Iron-formation: 4-6, 48-50, 88; definition, 

4; origin. 4; sedimentary facies, 4; miner
alogy. 4-5; regional metamorphism. 5. 48, 
50. 88; metamorphism. .5-6, 48-50, 88; 
contact metamorphism. 5-6. 88. See also 
Gnnflint Iron-formation 

Isograds, mineralogical: 81-84, 92-93; re
actions, 81,83; location. on Mesabi range, 
82, 83. 84, 93 

Magnesium: 42, 51, 53, 74, 78. 91; in sider
ite. 54. 55, 56, 57, 58. 59; in ankerite, 
54. 55, 56, 57, 58, 59-60; in calcite, 57, 58, 
59,60.61; in amphibole, 64-67 

Magnetite, 4, 5, 10. 21, 24, 27, 29, 30, 34, 
38, 39, 40. 43, 44, 45. 48, 50, 51. 67. 73, 
74. 75. 81, 85, 90; formation from hema
tite, 5-6, 44-45, 48, 83, 85, 88. 91, 92; 
primary, 19., 24; secondary. 21. 24; grain 
size, 24, 50-51 

Manganese, 52, 53, 92 
Mesabi range: 3, 7, 8, 90; structure, 7. 8, 74 
Metamorphism: 11, 14, 16, 40, 42; effects of 

oxygen, 3. 67, 76, 83, 85, 88, 93; by Du
luth Gabbro Complex, 11, 13, 16, 48, 55-
64, 64-67, 69-72, 74, 88, 90, 92; before 
Duluth Gabbro Complex, 19, 73, 74, 91; 
metasomatic, 42, 74-76; conditions of. 42, 
74-76, 85-89, 93; effects of carbon dioxide, 
67, 85, 86, 87, 89, 93; effects of water, 67. 
85, 93; isochemical, 74-76, 92; effects of 
temperature, 81, 85, 86, 87, 89. 93; effects 
of pressure, 81, 85, 86, 93; effects of fluid 
(gas), 85, 86, 93; effects of load (total), 
85. 86, 93; effects of methane, 85, 93. See 
also Pressure; Zones of metamorphism 

Metasomatism, 42, 74-76 
Methane, 85, 93 
Mica, in Virginia Formation. 47. See also 

Biotite 
Mineral assemblages: 27, 31, 34. 76-77, 78-

80; diagrams. 77,79.80,93 
Mineralogy, of Biwabik Iron-formation: 10, 

13, 14, 18, 19-27, 27-31, 31-34, 34-38, 38-
40,40-41.48,49,55-57,57-59,60-61,90-
93; changes with metamorphism, 11, 13, 34, 
39, 40, 44, 48, 49, 62-63, 65-66, 69-72, 82, 
90-93; determination, 16-18, 51-52, 64-
65; primary minerals, 19, 21, 73, 90; sec
ondary minerals (premetamorphic), 21-
22,24,73,75,90 
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Minnesotaite, 4, 10, 14, 21. 22, 27, 28, 34, 
36,48,73,74,81,90 

Mullite,78 

Olivine, 11, 89. See (liso Fa~'alite 
Organic <carbonaceous) material: 10, 29, 

30, 39, 41. 69-72, 88, 92; in slaty taconite, 
10, 27, 29; in Intermediate slate, 29, 30, 
39; changes with metamorphism, 69-72, 
83, 92; X-ray diffraction patterns of, 70, 
72 

Origin, of Biwabik Iron-formation, 4, 11, 73 
Outcrop, of Biwabik Iron-formation, 7, 8, 

15,16,36,39,41,42 
Oxygen: 67, 78, 85, 93; partial pressure of. 

3, 67, 76, 83, 85, 88, 93; isotopic studies, 
86 

Pegmatites, 41. 75, 76, 78, 91, 92 
Peter Mitchell Mine, 41,42 
Pierce Mine, 16 
Pokegama Formation: 7, 44, 45-47, 90, 93; 

lithology, 45; mineralogy, 45-47; meta
morphism, 45-47, 91 

Pressure: partial, of oxygen, 3, 67, 76, 83, 
85, 88, 93; partial, of carbon dioxide, 85, 
86, 89., 93; total (load), 85, 86, 93; of oxy
gen, differences in, 85, 88, 93; fluid (gas), 
85, 93; partial, of water, 85, 93 

Pseudothuringite, 78, 79, 80 
Pyrite, 4, 30, 48, 71, 83,84 
Pyroxene, 5, 11, 14, 40, 48, 50, 67, 86, 91. 

See {llso Ferrohypersthene; Hedenbergite 
Pyrrhotite: 41. 43, 48, 83, 84; formation 

from pyrite, 48, 83, 84 

Quartz: 4, 10, 14, 21, 26, 27, 29, 30, 31, 38, 
39, 40, 43, 46, 48, 51, 67, 73, 74, 75, 81, 
85, 87, 90; grain size, 5, 21, 38, 48, 50, 91; 
replacement by, 26, 31, 34,91 

Red Basal taconite: 11, 43-45, 91; algal 
structures, 43, 44, 45; metamorphism, 43, 
44,91; mineralogy, 44-45 

Refractive index measurements: 51, 52, 53, 
64, 91, 92; carbonates, 51. 54, 56, 58, 59, 
61; amphiboles, 64-67, 67-68, 92 

R('serve Mining Company, 16, 40, 41 

Sampling methods: 16-18; mineral separa
tions, 16, 18, 51 

Sherman Mine, 16 
Siderite: 21, 22, 27, 29, 30, 38, 48, 53, 60, 

64, 73, 74, 81, 92, 93; experimental sta
bility, 3, 83, 87, 90; replacement by, !H, 

22, 31; refractive indexes, 52, 54, 56, 58, 
59; compositions, 55-56,57-58, ,59-60 

Silicates, 4, 10, 14, 42, 48 
Silicon, 74, 76, 78 
Slaty taconite: 10, 27-31. 38-40, 90; or

ganic material in, 10, 27, 29, 69-72; sili
cate-carbonate in unaltered, 27; mineral
ogy of unaltered, 27-29, 48, 90; unaltered 
(Zone 1), 27-31; silicate-rich unaltered, 
28; carbonate-quartz in unaltered, 29; 
granule layers in unaltered, 29; mineral 
percentages in unaltered, 30; origin of un
altered, 30; mineral assemblages in unal
tered, 30-31, 78-80; metamorphosed, 38-
40, 85-86, 91; pyrite in unaltered, 48, 71; 
siderite-rich unaltered, analysis, 53 

Spurrite, 86, 89, 93 
Stilpnomelane, 4, 10, 14, 21, 22, 27, 28, 30, 

31, 34, 36, 44, 46, 48, 73, 74, 78, 81; for
mation from chlorite, 28, 46., 73, 78; in 
Pokegama Formation, 46, 91 

Stratigraphy, of Biwabik Iron-formation, 7, 
9,11,12 

Sulfur, 74 

Taconite, see Cherty taconite; Intermediate 
slate; Red Basal taconite; Slaty taconite 

Talc. 18, 21, 22, 73, 74 
Tourmaline, 71, 74 

U.S. Steel Company (Pilotac Operation) , 16 

Vapor phase, 67, 76, 78, 85, 86, 87, 88, 93 
Virginia Formation: 7, 47, 76., 90; meta-

morphism, 47, 91 
Volatile components, 67, 68, 81, 85, 93 

Water: 42, 67, 74, 78, 85, 92, 93; origin of, 
in iron-formation, 42, 75, 92 

Wollastonite, 60, 86, 93 

X-ray diffraction: use of. 3, 18, 22, 28, 30, 
36, 39, 44, 51, 53, 70-72, 91, 92; stand
ards for, 51 

Zones of metamorphism, in Biwabik Iron
formation: 14, 15, 90; location of, 14, 15, 
16; Zone 1 (unaltered taconite), 14, 16, 
19-31,55-57,90; Zone 2 (transitional tac
onite), 14, 16, 31-34, 48, 57-58, 91; Zone 
3 (moderately metamorphosed taconite), 
14, 16, 34-40, 48, 57, 59, 60, 91; Zone 4 
(highly metamorphosed taconite), 14, 16, 

40-43,48,60-61,91; pegmatites in Zone 4, 
41-42,91; replacement veinlet.s in Zone 4, 
43,91 
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