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ABSTRACT 

I11 the magmatic iron ores of thc Kiruna type the primary iron oxide is inostly magnetite. 
Hematite is rather common and except when clue to superficial weathering is a later metasomatic 
alteration of the magnetite. The alteration in the wall-rock (and to a less exteiit in the orc) has 
given rise to new minerals, e. g. quarte, muscovite, chlorite, calcite, clay minerals and small 
amounts of tourmaline, fluoritc, barite, allanite and zircoii. It is a later phase of the main ore- 
forming process. The tcmpcraturc at  which the alteration took place is, on account of the niiner- 
al paragenesis in the altered wall-rock, believed to have been moderate tc. low. The niain Fuctor 
in the alteration of magnetite to hematite is the high oxygen Fugacity in the metasomatic process. 
The Kiruna type also includes some hydrotherinal, metasomatic hematite ores which represent 
a late, low-temperature stagc in thc magmalic differentiation that gave rise to the main inass of the 
mes of this type. In these the formation of the ore and the metasomatic alteration are contern- 
poraneous. Due to the low tcmperature and the high content of volatiles, i. e. the high oxygen 
fugacity, hematite and not magnetite was formed. 

Scme examples of the association of hematite with metasomatically formed sillimanite, musco- 
vite, barite and tourmaline in other, non-sedirnentary iron ores, are given. Further thc rclation- 
ship between magnetite and hematite in the sedimentary quartz-banded iron ores of Central 
Sweden is d e d t  with. Thc formation of'magnetite after hematite is here connected with regionat 
metamorphism but is due not only to an increase of temperature Ilut also to the rediicing condi- 
tions existing during the metamorphism. 

The common occurrence of hematite in the kon ores of the Kiruna type is facilitated by the 
absencc of reducing agents such as sulphides, graphite and ferrous silicates. Thus the oxidation 
of magnetite is not inhibitcd as in other types of iron ore where the conditions are reducing. 
When prospecting for iron ores of this type metasomatic alterations of the kind described above 
have to be souglit, since they are connected with the formalioii of hematite which might be the 
only iron oxidc present. Such an ore is best indicated hy gravimetric measurements. 



INTRODUCTION 

Thc  iron oxidcs magnetite and hematite are interesting because of their ubi- 
quitous occurrence and economic importance. The  relationship betwecn them is a 
complex problem which is not yet fully understood. Both occur as primary 
constituents in igneous and scdimentary rocks and are formed under varying 
geological conditions. The important factors determining whether magnetite or 
hematite will be formed in magmatic and metamorphic rocks are oxygen fugacity 
and temperature and in sedimentary rocks the oxidation potential and the 
hydrogen-ion concentration. The role of pressure is, in both cases, not known. 

The rnain scopc of this paper is to elucidate the relationship betwecn magnetite 
and hematite in the magmatic iron ores of ~ h e  Kiruna type. I n  many deposits of 
this kind hematite is encountered, and where the rdationship between magnetite 
and hematite can be established, magnetite is the primary mineral from which 
hematite has been for~ned by oxidation. The conversion of magnetite to hematite 
is often, except in those cases where it is due to superficial weathering, connected 
with a special paragenesis in the wall-rock and to somc extent in the hematite. 
indicating that the conversion was a metasomatic one. The role of water or water 
vapour, which possibly arises from the same source as the ore, is most likely of 
the greatest importance. 

'Ideal magnetite contains 72.4 per cent iron and 27.6 per cent oxygen and ideal 
hematite 69.94 per cent iron and 30.06 per cent oxygen. The  formation of 
hematite from magnetite takcs place according to the formula 2 Fe304+ % 02= 
3 Fe203, that is an increase of the oxygen content and the degree of oxidation. 
T h e  opposite rcaction means a decrease of these two factors. The increase in 
volume during the conversion magnetitc to hematite is small - about 2.5 
per cent. 

Knowledge of the stabi3lity of magnetite and hematite in non-sedimcntary 
piocesses is imperfect but these minerals are clearly formed at  varying tempera- 
tures and pressures. Magnetite is however sometimes considered as the high 
temperature form. Besides temperature the other main factor for this pair of 
minerals is the oxygen fugacity existing c1urir.g their formation. The stability of 
magnetite-hematite is thus controlled by the presence of oxidizing or reducing 
agents. The oxidizing agent must in many cases be water or water vapour. I t  is a 
well known fact that water is of decisive importance for rhe degrec of oxidation 
(expressed by the ratio ferric-ferrous ironj in magmatic rock differentiation. Gold- 
schmidt j1943, 1954) pointed out that the degree of oxidation increases during a 
fractional crystallization, being lower in the older, more basic members than in the 
younger, more acid members. In  his opinion the incrcase is connccted with thc 
successive increase of volatilcs in the resiclua~l magma and in most cases it is water 
or water vapour that was rcsponsible for the change. In  effusive rocks where 
atmospheric oxygen has also taken an active part, the dcgree of oxidation is higher 
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than in rnagmatic rocks. 'The role of water in the evolution of a basic magma has 
been dealt with by Bowen (1947) cvhen discussing the Skaergaard intrusion. As 
shown by Wager & Deer (1939) the fractional differentiation of this magma 
resulted in a progressive cnrichment in iron so that the last phase is a ferrogabbro 
extremely rich in iron. Bowen supposed that this is due to a dry differentiation 
consequent upon the  hin and porous character of the rooi of the magma 
chamber. Kennedy (1955) and Osborn (1959) have pointed out the important 
rolc water plays in the trend of the differentiation of a basic magma. The coursc 
of ~ h e  differentiation is determined by the ratio oi the iron oxides which depends 
on the partial pressure of oxygen which is in turn a function of the available 
water. If the oxygen pressure is high the iron in the magma is oxidized and 
separated at an early stage of the differentiation. There will then be an enrich- 
ment of silica and alkalies i,n the residua1 solutions. Ii, on rhe contrary, the oxygen 
pressure is low the iron will remain in the magma wit'hout any appreciable change 
in the silica content during the differentiation. 

Laboratory work concerning the influence of oxidizing processes on the system 
magnetite-hematite is rather scanty. There are however several investigations on 
t~he oxidation of magnetite by heating the mineral in air (Gruner 1926, Grieg et 
al. 1935, Gh,eith 1952, Schmidt & Vermas 1955, Lepp 1957, Basta 1959 and 
Gokhale 1961), but these have little to do with natural conditions. Most of these 
investigations concern the stability conditions between magnetite - y-Fe,O,, 
(maghemite) - u-Fe2O3 jhematite) at  rather high temperatures. S h e  main 
purpose was in many cases to investigate if y-Fe20a exists as an intermediate phase 
between magnetite and hematite. One interesting conclusion is that the rate of 
oxidation of magnetite to hematite depends not only on temperature and oxygen 
pressure but also on the grain size. Thus smaller grains with a greater surface 
energy are more rapidly osidized than coarser grains (Gruner 1926, Schmidt & 
Vermas 1955 and Lepp 1957). 

W'ater at  relatively 1ow temperatures can oxidize magnetite to hematite as has 
becn shown by Gruner (1930) from laboratory work. The oxidation by means of 
water or water vapour is found to occur at a temperature of about 260' C and 
probably also occurs below this temperature. 

The ability of water to oxidize magnetite to hernatite depends on the relative 
value of the partial oxygen pressure of coexisting water and the system magnetite- 
hematite. The partial oxygen pressures of the system magnetite-hematite at 
different .temperatures are given by Muan ( 1958), Holland ( 1959), Mueller 
(1961) and Verhoogen (1962). A comparison with the values of the partial 
oxygen pressures given by Eugster (1959) and Verhoogen for pure water at  a 
total pressure of 1 atmosphere at different temperatures, shows that the oxygen 
pressure in equilibrium with water is higher than the oxygen pressure of the 
system magnetite-hematite up to a temperature of about 1100° C. Above 
this temperature the conditions are inverted. From this Verhoogen (ibid., 
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p. ( 7 3 )  concluded that "thus watcr at 1 atmospherc woulcl oxidixe magnetite at 
room tempcraturr, but not at 1200° C". The same author further pointed out 
that hematite is the stablc phase in presencc of air or water at ordinary tem- 
peratures and that magnctite persists in rocks only becausc thr  rate of oxidation 
is very low. "But this rate increases rapidly with increasing temperature, and the 
possibility exists that some or all of thc oxides that piecipitate from a magmatic 
melt at high temperature might undergo partial or complete oxidation during 
cooling in the presence of magmatic vapors" (loc. cit.). T h e  last stat,ement is 
supported by the investigations of Baker ( 1955, p. 1529) who studied the reaction 
2 Fe304 + f /2  0 2  = Fe20:, at various temperatuies and pressures : "in cooling 
from a magnetite-hematite-water equilibrium there is a continual production of 
'excess' 0- so that magnetite is continually oxidized to hernatite: hence some 
martite is a retrograde mineral" 

The equilibrium magnetite-hematite in aqueous solution is, howcver, also 
controlled by the partial pressure of hydrogen thai has been formed from the 
dissociation of water in the reaction 2 Fe304 + HzO = 3 F e z 0 3  -t H2. The partial 
pressure of oxygen in equilibrium with magnetite-hematite is, according to values 
taken from the above mentioned papers of Eugster and others, about 
atmospheres at 400' C and about 10-"tmospheres at 900' C. The equilibrated 
partial pressure of hydrogen at a water pressure of 1 atmosphere is about lo-; 
atmospheres at 400' C and about 10-:'.%atmospheres at 900' C. The oxygen 
pressure is thus lower than the hydrogen pressure both of which are small 
compared to the water pressure. 'The conversion of magnetite to hematite accord- 
ing to the formula abovr can only proceed when the hydrogen in the reaction is 
ieleased. Eugster (1959) pointcd out that hydrogcn should be one of the most 
mobile constituents during metamorphism and that "the diffusion of hydrogen 
in one direction has the same net effect on redox seactions as the diffusion o l  
oxygen in the opposite direction. Diffusion rates of .hydrogen are much greater 
than those of either water or oxygen" jibid., p. 41 1). The oxidation of magnetite 
in the presence of water must therefore occur in a more or less open system where 
hydrogen is more easily released than oxygen or water. 

The influence of reducing agents in natural conditions on the system rnagnetite- 
hematite is poorly known. Thc  presence of sulphides together with iron oxides 
resdts in a high sulphur fugacity and a corresponding low oxygen fugacity as 
shown by Kullerud (1959) and Baines Pr Kullerucl ( 1961) and thus in some 
cases prevents the formation of hematite. The reducing influencc of graphite (has 
been demonstrated by Chinner (1960) in regionally metamorphosed pelitic 
gneisses in Scotland. The graphite-bearing schists have a low and constant degrer 
of oxidation, which is partly reflectcd by the relative amount of hematite to 
magnetite, compared to the graphite-free schists which have a higher and varying 
degrce of oxidation. Further the influence of varying contents of ferrous silicates 
in a mineral assemblage with magnetite-hematite must be taken into consideration. 

t2-670583. SGU.  Frielsch 
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If such silicates are present during oxidizing conditions they are changed to form 
iron-poor or iron-free silicates, the iron released forming ferrous-ferric or ferric 
oxides. From laboratory work it is known that by an increase of the partial pressure 
of oxygen fa~a l i t e  is changed to form magnetite and quartz (Eugstcr 1959) and 
biotite (annite) to Form magnetite and sanidine or hematite and sanidine depend- 
ing on the temperature (ibid.). In regional metamorphic processes with an 
increase of the oxygen biotite and almandine are changed to form muscovite, iron 
oxides and quartz (Chinncr 1960) or sillimanite, microclinc and hematite 
(Buddington 1966). Mueller ( 1961 ) showed, in connection with oxidation process- 
es in metamorphic or niagmatic rocks where ferromagnesian minerals are present, 
that those which coexist with hematite are poor in ferrous iron and those 
coexisting with magnetite arc frequently rich in this ion. In these minerals the 
ratios MgO/(MgO+ F e 0 )  and FesOR/FeO increase with increasing partial 
pressure of oxygen. In all the examples given concerning the alteration of silicates 
with ferrous iron, oxygen is consumed and partly bound up in iron oxides. This 
means that the oxygen available to convert magnetite to hematite in mineral 
assemblages is controlled by the amount of ferrous silicates and that they act as 
reducing agents in this connection. 

The relationship between magnetite and hematite in magmatic and metamor- 
phic processes is, however, controlled not only by temperature and the presence 
or absence of oxidizing or reducing agents, but also by the degree of acidity. 
Mason (1943) pointed out that the oxidation of ferrous to fcrric iron takes place 
much more readily in alkaline than in neutral or acid solutions. "Alkaline solutions 
therefore, even without thc presence of atmospheric oxygen, probably have an 
oxidizing effect on magnetite, whereas acid or neutral solutions do not have this 
effect" (ibid., p. 128). The same opinion is expressed by Korshinskij (1965) 
who, when discussing metasomatic processes, considered the acidity-basicity in 
the solutions to be important for the oxidation. The higher the acidity of the 
solution the lower is the activity of oxygen, while an increase in the basicity means 
an increase in the activity of oxygen. He furnishes examples from post-magmatic 
processes where a basic stage is followed by an acid and later again by a basic 
stage. I n  some skarn deposits the increase of the acidity caused the primary 
hematite to be altered to magnetite, i.e. a partial reduction of the iroii oxide, and 
this in turn was followed of a replacement of the iron oxides by iron sulphides. 
By a following increase of the alkalinity in the solutions and a conseqilent higher 
oxygen activity the sulphides were again replaced by ,hematite. 

Summarizing the above, it seems that the relationship between magnetite and 
hematite in magmatic and metamorphic processes is controlled by the tem- 
perature and the chemical environment, oxidizing or reducing agents being of 
the greatest importance. I t  can be concluded that one of the main chemical 
factors is water or water vapour. If present it can, in many cases, oxidize 
magnetite to hematite. This can, however, only occur at temperatures below 
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l l O O o  C and in the absence of reducing materials such as sulphides, graphite and 
ferrous silicates which prevent a high partial oxygen pressure. In  a magmatic 
cnvironment at moderate temperatures with a .high content of volatiles hematite 
should be expected to be a more common mineral than magnetite. This opinion 
lias already been stated by Goldschrnidt (1954, p. 661) : "Ferric iron ores seem 
to be connected with late stages of magmatic development, often associated with 
pneumatolytic or h~drothermal processes". This applies fairly we11 to the magmatic 
iron ores of the Kiruna type. I n  these it is often found that the primary iron 
oxide formed at  higher temperatures is magnetite, and by a later process t!his 
mineral is oxidized to hematite. In some cases this is natuially due to superficial 
weathering, hut in others it seems that the oxidation is confined to a certain 
chemical environment, namely that arising from metasomatic action a t  moderate 
or  low temperatures. 

T H E  RELATIONSHIP BETWEEN MAGNETITE AND H E M A T I T E  
I N  I R O N  ORES O F  T H E  KIRUNA TYPE 

T h e  iron ores of the Kiruna type are made u p  of magnetite and to a lesser 
degrec by hematiie. They are mostly relatively rich in apatite, but some deposits 
or parts of deposits are rather poor in this mineral. Besides apatite the most 
common non-metallic minerals are actinolite and diopside. According to Geijer 
( 193 1 B, 1935) these ores have been formed by magmatic differentiation in which 
volatiles jmainly water) played a decisive role. While the mairi part of the 
magma crystallized as intermediate or more rarely acid or basic extrusive rocks, 
the ore remained in solution and separated as a late phase with low viscosity. The 
ore behaved like an intrusive rock and is closely connected in time with the 
volcanics in which it accurs. Somewhat different from the Kiruna type proper 
is a variety represented by the highly phosphoric hematite-magnetite ores Hauki- 
vaara, Henrymalmen, Nokutusvaarri, Rektorn and Pattovaie, all in the Kiruna 
region in Northern Sweden. They are also intrusive in character but have 
apparently been formed at  a lower temperature and with a higher content of 
volatiles than the main part of the ores of the Kiruna type. A third variety form- 
ing the final stage in thc ore-forsriing process is made up of some hydrothermal, 
metasomatic hematite ores formed a t  still lower temperatures and by a still 
greater amount of volatiles. 

I n  the following pages the relationship between magnetite and hemati.te in 
the ores of the Kiruna type is dealt with and the conversion of magnetite to 
heinatite in connection with mctasomatic processes exemplified. 

Nortlzern Sweden. As pointed out by the author (Frietsch 1966, p. 274) some 
deposits of the Kiruna type in Northern Sweden s'how a spatial relationship 
between the occurrence of hematite in the ore and a metasomatic alteration of 
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the feldspar-rich wall-rock. The alteration is characterized by the formation of 
sericite and quartz and morc rarely by calcite and chlorite. Occasionally sillimanite 
and kaolinite are encountered. In the altered rocks small amounts of tourmaline, 
barite, allanite, fluorite and zircon occur. The minerals mentioned occur to somc 
extent in the hematitc biit not in every case. Cl-iemical analyses show that bhhe 
alteration of the wall-rock means an increase of Fe:", K and Ho0 and a decrease 
of Na, Ca, Mg and Fe2+. Si and Al show smaller changes both negative and 
positive. The total amount of iron has not been subject to any appreciable change. 
The altered rocks have a high K/  (Na+K)-quotient (0.72-0.91), a high Fe3+/ 
(Fe2'+ Few)-quotient (0.85-0.93 ) and a low Mg/ (Mg + Fe3+ Fe"'+ Mn) - 
quotient (0.1 1-0.22) compared to the unaltered rocks. In some deposits it is 
possible to demonstrate that hematite is formed from magnetite and it is theiefore 
probable that the alteration of the wall-rock and conversion of magnetite to 
hematite belong to the same rnetasomatic process. The alteration is considered to 
be due to oxidizing solutions. Examples of this alteration are found in the 
deposits Ainasjarvi, Gruvberget, Leveaniemi, Malmberget (Gällivare), Kuosatj- 
vare, Tjaskajåkk and in the ores in the Lower Hauki series near Kiruna comprising 
Haukivaara, Henrymalmen, Nokutusvaara, Rektorn and the Hauki heniatite 
ores. Little is known about the age of the alteration but in all deposits except 
Malmberget the alteration is older t.hari the intrusive rocks that occur in the 
vicinity of che ores and there is no connection between the alteration and the 
igneous activity. In Malmberget however the formation of sillimanite, muscovite 
etc. is related to the intrusion of pegmatites connected with the latc Archean Lina 
granite. In the others deposits it is reasonable to suppose that t,hc alteration has 
occurred in connection with the formation of the ores as a late phase. This is 
obvious in the ores of the Lower Hauki series where the alteration of the wall- 
rock (and the formation of the Hauki hematite ores) by Geijer (1931A, 1935) 
is considered as a late, hydrothermal phase in the activity that gave rise to the 
nearby porphyritic rocks and iron ores at  Kiirunavaara and Luossavaara. 

I n  the deposits mentioned above magnetite is the primary iron oxide from 
which hematite is secondarily formed. Tn the Hauki hematite ores and in Ainas- 
jarvi, the last mentioned considered by the author (Frietsoh 1966) to be meta- 
somatic, it seems probable that hematite is of primary origin. In both cases the 
formation of the ore and the alteration of the wall-rock occurred simultaneously. 
In Ainasjarvi, however, magnetite occuis outside the area of sericitization. 

It is now possible to furnish additional data concerning the spatial relationship 
between the occurrence of hematite in the ore and a metasomatic alteration of 
rhe wall-rock in some other deposits of the Kiruna type in Northern Sweden. 

The Ekströmsberg iron ore deposit situated 30 kilometers WSW of Kiruna is 
made up of several parallel ore bodies steeply or vertically dipping. The main 
ore body consists of magnetite and to the southwest there is a somewhat smaller 
body of hematite. In between occur several smaller bodies of booh magnetite and 
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hematite. The host rock is a quartz-bearing porphyry with minor intercalations of 
s~enite-porphyry. 

I n  earlier investigations, one of the most important being that of Geijer (1912), 
and in more recent investigations carried out in the beginning of 1950 by the 
Geological Survey of Sweden, the relationship between magnetite and hematite 
in the deposit could not *be fully cstablished. Geijer, however, considered both 
iron oxides to be primary. In 1964 the Geological Survey started new drilling 
operations and geological mapping which show that hematite must be of secondary 
origin. In a broad zone between the main magnetite ore body and the main 
hernatite ore body, ore showing all transitions from magnetitc to hematite is 
found. Indeed, mapping of the ore in this area is rendered difficult as the 
magnetite contains hematite and vice versa. Microscopic investigations sihow that 
in this transition zone the term "martite" is adequate. The magnetite has been 
oxidized mostly along the octahedral planes. In tlhe hematite small remnants of 
magnetite are sometimes encountered and there seems no doubt about the 
secondary origin of the hematite. Zones of martite are also found locally in the 
main magnetite ore body and to a small extent in the main hematite ore body. 
I t  is therefore probable that the latter was origina1,ly made u p  of magnetite. 

The factors which camed the alteration of magnetite to hematite in Ekströms- 
berg are not quite established. Superficial weatherhg can be ruled out as the 
alteration affects the orc to a depth of at least 250 meters. Furthermore, the 
largest part of the ore, the main magnetite ore body, is only locally altered to 
hematit,e. I t  is therefore more reasonable to relate t,he conversion of the iron 
oxides to an alteration of the enclosing quartz-bearing porphyry. This rock is 
very often strongly schistose, es~ecially in the area between the main magnetite 
ore body and the main hematite ore body, and is locally metasomatically altered. 
Thus zones up to several meters wide are found which consist almost entirely of 
sericite and quartz. Moreover traces of this alteration are found adjacent to these 
zones. A microscopic investigation reveals t'hat the porphyry and tihe hematite ore 
contain a number of secondary minerals, often in the form of small veins. Quartz 
and sericite are most common and sometimes &lorite also. As accessory minerals 
are found calcite, zircon, allanite, tourmaline and fluorite. In some places the 
hematite ore contains several volume per cent of allanite, which t,hus occurs in 
fairly high amounts in the ore. 

This secondary association with quartz, sericite and chlorite and accessory 
amounts of calcite, zircon, allanite, tourmaline and fluorite, is quite similar to 
that described from other metasomatically altered iron ores of tihe Kiruna type 
in Northern Sweden. Furthermore, the quartz-bearing porphyry shows the same 
chemical characteristics as the altered wall-rock in the o2her deposits with a 
secondary formation of hematite from magnetite. As has already been stated the 
altered rocks have )high K/ (Na + K) - and Fe"+/ (Fe" + F&") -quotients and a low 
Mg/ (Mg + Fe" + Fe" + + h )  -quotie,nt compared to the unaltered rocks. A chem- 
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ical analysis of the quartz-hearing porphyry from Ekstrijmsberg, taken from t,hr 
vicinity of the main hematite ore body, is given by Geijer (1931A, p. 182). It 
shows the same ~haractcristic features as the other altered rocks : the K/ (Na I- K ) -  
quotient is 0.74, rhe Fes+/ (Fe" + Fe"*) -quoticnt is 0.79 and the Mg/ ( M g  i- Fe2' 
+ Fe3+ .t Mn)-quotient is 0.09. 

In  Ekströmsberg it is yct not possible to find any close spatial connection 
between the alteration of the wall-rock and the ore. There is, however, evidencc, 
as is the case for many other apatitic iron oxes in Northern Sweden, that a spatial 
relationship exists between bhe alteration of the wall-rock and the conversion of 
magnetite to hematite. Nothing is known about the age of t,he alteration in 
Ekströmsberg but it possibly represents a late phase in the ore-forming process. 
Geijer (1912, p. 748) considerecl the alteration of the wall-rock to be a "late- or 
post-volcanic ohermal action" and of the same nature, though much less intcnse 
than the alteration of the Lower Hauki series near Kiruna, which is also due to 
a late-magmatic phasc of the process rhat gave rise to the main iron ores iii 
Kiruna. 

Skuokimjokk, previously described by Svenonius (1900) and Geijer (1931Aj, 
furnishes a further example of the occurrence of hematite together with met- 
asornatically altered rocks. The  ore, which is situated about 8 kilometers SE of 
Ekströmsberg, is some meters wide and is made u p  of fine-grained, somcwhat 
banded siliceous hematite containing up to onc decimeter wide intcrcalations 
of a brown-red hematitc-rich quartzite. The mineralogical composition of the 
ore is simple consisting of hematite and quartz. Accessory minerals include 
chlorite and allanite, the last mentioned occasionally in relatively large amounts. 
The immediate wall-rock is not known but about 50 meters SW of thc orc there 
occurs a bleached, schistose and altered quartz-bearing porphyry, The microscopc 
reveals that the rock contains a lot of small veins with sericite and quartz together 
with a brown, as yet unidentified clay mineral. Zircon is found in accessory 
amounts. Further to the southwest the porphyry is crushed, silicified and locally 
sericitized. Somc hundred meters to the northeast of the ore the porphyry is 
partly fresh, partly crushed and altered. The  whole association with siliceous 
hematite in silicified an,d sericitized porphyries is rather similar to thc Lower 
Hauki series near Kiruna. 

.4t Pidjastjakko about 400 meters ENE of the summit of the hill and about 4 
kilometers S E  of Ekströmsberg several small lenses of a fine-grained hematite arc 
encoiintered. These vertical ore bodies strike NE-SW and are about 2 decimeters 
wide. The  length of the ore-bearing area is about 50 meters. The  contact between 
the ore and the wall-rock is normally sharp but may be diffiise when the orc 
replaces the wall-rock. This is made up of a quartz-bearing porphyry which is 
somewhat schistose adjacent to the ore and shows a varying degrce of alteration, 
rnostly weak, with the formation of sericite, quartz and fluorite. The content 
of the last mentioned mineral is sometimes rather high. I n  accessory amounts 
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tourmaline, allanite and zircon are found. All the minerals mentioned, except 
tourmaline and zircon, also occur in the ore. The alteration of the wall-rock and 
the formation of the ore belong to the same metasomatic process. This deposit is 
in general character similar to the Hauki hematite ores and to the ore at  Skuokim- 
jokk. 

The  Pattovare (Pattok) iron ore deposit situated about 40 kilometers SW of 
Kiruna has a length of about one kilometer and strikes NW-SE. In  the south- 
eastern end the ore is a magnetite rich in apatite (about 3 per cent phosphorus). 
T h e  northwestern continuation is as yet only known as a gravimetric anomaly. 
Drilling operations on this part of the deposit started recently and to date only 
one hole ,has been drilled; .however some preliminary data can already be given. 
T h e  ore is a dense hematite, rich in apatite, with small amounts of biothe, 
chlorite and limonite. Locally the ore is porous and rich in small cavities. The 
hematite contains accessory amounts of magnetite which occurs as irregular 
remnants in the centre of the grains. Occasionally a martite texture is observed. 
Towards the northeastern border bhe magnetite however dominates. There seems 
little doubt about the secondary origin of the hematite. T h e  wall-rock to the 
S W  is an altered syenite-porphyry rich in phenocrysts of microcline and some- 
times also plagioclase. These are more or less sericitized. The  matrix is built up of 
small laths of an untwinned potash feldspar together with small amounts of 
quartz, sericite, ,hematite and accessory amounts of tourmaline. The  rock is rich 
in  small cavities and veins filled with quartz, sericite, chlorite, hematite, apatite, 
tourmaline, fluorite, sphene and limonite. The wall-rock to the NE is a grey 
porphyry of intermediatc composition which is tectonized and chloritized. 

T h e  above indicates that in the iron ore deposits of the Kiruna type in 
N o r ~ h e r n  Sweden where the relationship between magnetite and hematite can be 
established magnetite is the primary mineral and ,hematite has been formed from 
it by oxidation. This conversion seems, in many cases, to follow a metasomatic 
abteration of the wall-rock. I n  the hydrothermal, metasomajtic deposits compris- 
ing the Hauki hematite ores, Ainasjarvi, Skuokimjokk and Pidjastjåkko, where 
the formation of ore and the alteration of wall-rock are contemporaneous, 
hematite is most likely of primary origin. 

T,he conversion of magnetite to hematite in connection with a metasomatic 
alterations of the wall-rock is not restricted to the apatitic iron ores of Northern 
Sweden. A study of the currcnt literature concerning the iron ores of ~ h e  Kiruna 
type in other parts of the world shows it to be rabher common. Examples are 
given below. I t  should be mentioned thal the magmatic origin of some of the 
deposits is debatable and the author follows the opinion of Geijer (1931B) in 
this respect. 

Contra1 Sweden. 'l'lie apatitc iron ores in Central Sweden are somewhat 
different from the other ores of the Kiruna type as regards the relationship 
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between magnetitc and hematite. .4ccording to Magnusson (1938) the ore in 
Grangesberg is mainly magnetite, hematite occurring in subordinate amounts. 
Often the hematite ores are more or less intermingled with magnetite. This is 
especially the case nlthen the hematite is intrudecl by pegmatites (of late Archean 
age), in connection with which hematite was altered to magnetite. Furthermore, 
there occurs occasionally according to H. Johansson (1910) a type of magnetite 
which is rich in rhombohedra of hcmatite. Even if rnagnctite tends to form from 
hematite Magnusson considers the distribution of these minerals primnry. Indica- 
tions rhat some hcmatite formed from magnctite is, howcver, given by Looström 
(1939) who mentions that at Lönnfallet (in the southeril part of the deposit of 
Grangesberg) very small amounts of secondary hematite occur in the magnetite. 
I t  is possible that thc hematitc in the ore t y ~ e  described by Johansson is also 
secondary. 

The other smaller deposits of the Kiruna type in Central Sweden consist of 
magnetite and hcmatite and the distribution of these minerals is, in many cases, 
rather similar to that describecl above. Geijcr & Magnusson (1944) considered 
the main distribution in these deposits as in Grangesberg to be a primary one. 

If the interpretation given by Geijer and Magnusson that magnetite and 
hematite in the apatit? ores of Central Sweden are formed simultaneously is 
correct, it means that there must have been variations in the oxygen fugacity 
during the formation of ore even if teniperaturc ancl pressure were similar for 
both minerals. 

Clzile. The  Chilean iron ore deposits Algorrobo and Tofo are in thc opinion 
of Geijer (1931B1, magmatic segregations of the Kiruna-type ancl contain 
magnetite and he~natite. The  hematite is of secondary origin (martite) and in thc 
Algorrobo deposit is considered by Geijer to bc a r a u l t  of superficial lveat'heriny. 
This is also the view of Wust (quoted from Bruggen 1934) for this deposit and 
for Tofo. Wust considers the formation of martite to be due to superficial weathcr- 
ing in a dry climate. In both deposits it has been observed that at quite shallow 
depths the content of magnetite increases significantly. There are, however, somc 
indications in the ore of ,4lgorrobo that the alteration of the magnetite might bc 
due to metasomatic alterations. Geijer i 1931B, p. 24) describes it as follows 
"Quite locally, the Algorrobo or<: shows another character, being made up oi 
small specular hematite plates that enclose rounded lumps of a fairly coarse- 
grained tourmaline rock". Also the wall-rock is according to Geijer, sometimes 
strongly altered in connection with the intrusion of the ore with the formation of 
actinolite, biotite, chlorite and scapolite. Another type of alteration has resulted 
i,n tihe formation of tourmaline, quartz and hematite and quite exceptionally, 
bodies of martitized magnetite occur in chis association. In  places the rock has 
been completely silicified. Further, Rruggen describes an alteration of the country 
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rock in connection with the intrusion of the ore: by this alteration chloritc and 
in somc cases kaolinite, were formed. 

Evcn if the formation of hematite from magnetite in Algorrobo is mostly, 
accorcling to the above mentioned authors, a resuli of superficial weathering, onc 
cannot rule out the possibility &at the conversion of the iron oxides is partly 
connccted with metasomatic activity during the intrusiori ol the ore. 

Mexico. At Cerro Mercado in Mexico the ore consists of martite (Foshag 1920, 
Geijer 1931B) and only small amounits of magnetite occur locally (Rangel 1902, 
Farrington 1904). In  connection with the ore intrusion ~ h e  wall-rock was altercd, 
partly to diopside skarn. A latite was alterecl to u hydrous aluminium silicate 
(montmorillonitej. In other parts where the wall-rock is a rhyolite extensive 
silicifica.tion has occurred locally. According to Foslhag the following paragenetical 
steps can bc observed: brccciation of the country rock - introduction of magnctite 
- introduction of apatitc and diopside -- brecciation of tlhe ore - formation of 
goethite - formation of sepiolite, colourless apatite, dahllitc, quartz, calcitc and 
baritc - lormation of chalcedony - formation oi  opal - formation of limonitr. 

Regarcling the relationship betwrcn magnetite and hematitc Foshag stated (p.  
16)  : "Concerning onc of the most important steps of the sequence - the 
conversion of magnetitc to hematite -. \;le have as yet no data. I t  is ~ h e  writers' 
opinion that this took placc after the brecciation of the ore and during the 
hydrot,hermal stagc that resulted in thc formation o1 the sepiolite, quartz, calcitc 
and barite". 

At Ccrro Mercado the change of magnetitc to hematite is, according to Foshag, 
connccted wibh hydrothermal activity which, with the formation of such minerals 
as quartz, calcite and barite, resembles to a certain clegree the alterations described 
from the apatitic iron ores in Northern Sweden. I t  should be further mentioned 
t-hat fluorite is also described from the ore ( Farrington quoting C'hrustschoff 1879) 
and  topaz (Farrington) which indicates metasomatic activity. In  the wall-rock 
the formation of montmorillonitc in the host latite rock and the silicification of 
the rhyolite point to such a process. I t  is interesting to note tihat the analysis of the 
rhyolite given by Farrington (p .  339) has a high K/  (Na + K j -quotient (0.78) 
and  a high Fe"'/ (FeS' + Fe3') -quotient (0.89) and a low Mg/ ( M g  + Fep+ FeJ+ 
+ Mn)-quotient (0.25), a feature which, as has been pointed out before, is 
characteristic for the altered wall-rock in the apatitc iron orcs in Norbher11 
Swcclen. I t  is not known whether this is a primary or secondwy featlirr. 

L'izitcd States. The iron orr depositq oi southeastern Missouri, which arv 
characteristic representatives of thc ore of the Kiruna type, also Eurnish examples 
that hematite in the ore is later thari magnetite and bhat there are metasomatic 
alterations in thr wall-rock. A comprehensivc study of the geology of thesr cleposits 
has recently been given by Kisvarsanyi ( 1966). 
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According to Geijer (1931B) thc orc in the dcposit at  Iron Mountain is a 
comparatively coarse hcmatitc Ivhich in part is martitic. Kisvarsanyi showed, on 
the basis of older studies of the paragcnctical relationships, that several phases of 
mineralization can be recognized and in the following order: salite, apatite, 
actinoli.tc, garnet - hematite, magnetite - hematite - garnet - calcite, dolo- 
mite: pyrite, tourmaline, fluorite, barite. Kisvarsanyi mentioned tlhat hematite 
frequently replaces magnetite. The last mineral phase with calcite etc. is clearly of 
metasomatic origin and it is ~ossiblc h a t  this convcrsion is relatect to this phase. 

The orc-body of Pilot Knob is, accorcling to Geijer (1931B, p. 15) "tihe hlissour- 
ian counterpart of Hauki .hematite ores near Kiruna. I t  is a bedded deposit, 
composed of t ~ v o  hcmatitz layers separated by a becl of scricite schist". In  the 
deposit occur b0:h a densc, finely kcddc,d hcmatitc and a ,breccia, in which the 
fragments arc quartz-~orphyry and thc matrix hematite. In  the bedded ore 
occur, according to Singcvmld & Milton (19291, besides hematite also quartz, 
greater or smaller amounts of muscovite and some tourmalinc. Crane ( 19 12)  and 
Geijer also mentionccl feldspar and baritc. I n  tlir breccia the porphyry-fragment:; 
are to a great extent a!tcred to quartz and scricite. I n  the matrix of tlhis ore type 
marti.te and tourmalinc are founcl. 

'Thc Pea Ridge dcposit contains according lo Kisvarsanyi, mainly magnetite. 
I n  the upper levels of the deposit spccularite is however always present in small 
amounts. T o  thc paragencsis bclong quartz, apatite, pyrite, chalcopyrite, fluorite 
and calcite, and in local cavities qaartz: calcite, chalcopyrite and barite. Hematite 
rcplaces magnetite along microstructurcs, and also occurs as martite. I11 the host 
rock sericite, chlorite and vermiculite are common alteration minerals. 

I n  the Bourbon deposit the main iro:~ oxide is, according to Kisvarsanyi magne- 
tite. Hematite occuis in thc margins of the deposit. The  gangue is made up  of 
apatite, actinolite, quartz and fluorite. I n  the wall-rock tchere is an  intense 
silicification and a local argillitic alteration. 

The Shepherd Mountain dcposit is, according to Kisvarsanyi, made up  of 
magnetite and hematitc, the last mentioned mineral being an  oxidation product 
of magnctite, indicated by the presencc of martite and maghernite. The  gangue 
consists of pyrite, quartz, apatite and clay minerals. 

The Cedar I-Ii11 depos:t is, according to Crane (1912), in its physical 
characteristics and manner of occurrence like the Pilot Knob deposit. The iron 
oxide is solely hematitc. The bed rock is, according to Singewald & Milton ( 1929),  
pyroclastic and ranges from tuff to agglomerate in structure. The principal 
minerals of bhe rock are quartz, ort!hoclase and muscovite. With thc hematite are 
associated quartz, mica, chlorite and orthoclase, and according to Crane, also 
amphibole and apatite. The  quartz is considcred to be secondary by Cranc. The 
same author mentions barite cementing joints, According to Kisvarsanyi this is rhe 
main gangue mineral observed. 

In  al1 the above mentioned iron orc deposits of southwestern Missouri, except 
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Pilot Knob and Cedar Hill, it is more or less obvious that liematitc is rcplaciilg 
magnetite. In many cases there is an intensive alteration of thc wall-rock result- 
ing in the formation of muscovite, quartz and argillitic minerals. In the ore quartz, 
carbonates, muscovite, chlorite, clay minerals, sulphidcs, tourmaliile, fluorite and 
barite are encountered. The secondary mineral association in the wall-rock and 
the orc is most likely of hydrothermal origin. 

T H E  FORMATION OF HEMATITE IN IRON ORES O F  
T H E  KIRUNA TYPE 

In  all iron ore deposits of thc Kiruna typc ivhere magnetite and liematite occur 
together and the relationship between these minerals can be cstablished, magnetitc 
is the primary mineral from which hematite has been formed by oxidation. Thc 
reverse case that magnetite is formed from hematite is not known. In  most of 
the examples given there is also a11 alteration of tl-ir \vall-rock indicating a 
metasomatic activity. The main new formed minerals are quartz, muscovite. 
chlorite, calcite and clay minerals and in small amounts occur tourmalinc, fluoritc, 
barite, allanite ancl zircon. T o  some cxtent the seconclary minerals are also found 
in  the hematite. 

I t  has already been mcntioned that in the apatite iron ores of Northern Sweden 
there is probably a relationship between the conversion of magnctite to hematite 
and the metasomatic alteration of the wall-rock. ,4s in the deposits of the Kiruna 
type outside Northern Sweden thc same relationship is cmcountered, it is reason- 
able even for these ores to bclicve that the alteration of magnetite to hematite, 
except in those cases where it is due to a superficial weathcring, is related to the 
mctasomatic activity that altered the wall-rock. In  many deposits t'here seems to be 
a close connection with the main formation of the ore and the metasomatism 
alid it can therefore be assumcd that this metasoma.tism is a late- or post-magmatic 
process in the ore formation. The ores of thc IGruna typc are, according to Geijer, 
formed by magmatic differentiation in which volatiles (,niainly watei-) played a 
great role. It is therefore likciy that the water in ~ h e  ore-forming process was 
responsible for the magnetite-hcmatitr alteration and the alteration in the ground 
rock. During the crystallization of the ore the amount of watcr increased so that it 
was higher in the late- or  ost-magmatic stage than in the main we-forming stage. 
Tfhis mig.ht be best cxemplificd by the Lower Hauki series near IGruna, urherr. 
thc formation of the Hauki hcmatite orés and the alteration of the wall-rock 
accorcling to Geijer is due to a late hydrothermal activity 1:elonging to the same 
process that gave rise to the main ore-bodies at Kiruna. 

The  fact that in the ores of thc Kiruna type, except in the hydrothermal, 
nietasoniatic variety, the primary iron oxide is magnetite formcd at rather high 
!emperatures and that it is later convcrted to hematite with a decrease of tempera- 
ture and an increase in the contcnt of volatiles, is in accordancc with what has 
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Ilren said abovc (p.  (i) rcgarding the stability of magnetite-hematite in the 
presencc of watsr or  water vaFour. At elevated tcmperatures the stable phase is 
magnetite and at lowcr temperatures hematite. It is therefore logical to find tha.t 
cluring a latc- or post-magmatic activity when the temperature is lower and the 
content of volatiles higher than during the main orc-forming phase of the apatite 
iron ores, hematite occurs together \vit11 magnetite and that hematite has been 
formed from magnetite. The occurrence of I-iematitc is thus not only due to lower 
iemperaturcs but also diic to the higher content of volatiles, ix.  a higher oxygen 
fugacity. 

It is possible that in the hydrothermal, metasomatic deposits which are some- 
what different from the main mass of the orcs of thc Kiruna t y p ,  the primary 
iron oxide is hematite and not magnctite. This variety inclucles the Hauki ,hematitc 
ores, Ainasjarvi, Skuokimjokk and Pidjastjåkko all in Northern Sweden, bhc 
quartz-tourmaline-bearing ores in Algorrobo in Chilc and Pilot Knob and Cedar 
Hill in Missouri. In  all thesc dc~osits ,  which form thc final stagc in rhe magmatic 
cliffercntiation that gave rise to the iron ores of the Kiruna type, the formation of 
the ore and the alteration of the wall-rock seem to belong to the same metasomatic 
process. The  physical conditions have, in this case, promoted bhe formation of 
Iicmatite. Magnetite, cxcept at Ainasjarvi, is thus not formed. The only deposits 
of the "normal" variety of the ores of the Kiruna typc formed at  a higher tem- 
pcrature, with a lower content of volatiles and where hematite seems to be of 
prima,ry origin arc that at  Grangesberg and the otlher apatitic iron ores in Central 
Sweden. These deposits thus form an odd exception in this connection. 

The reason for the alteration of magnetite to hematite by metasomatic processes 
in some deposits of thc Kiruna t y ~ c  and not in others, cannot yet be explained. 
I t  is possiblr that the chcmical conditions prevailing during the formation of the 
ore were not quitc similar in all de~osi ts  in spite of the fact that deposits of the 
Kiruna type have thc sanie origin. I t  is more likely, however, that t'here werc 
comc differences in the physical features in t-he wall-rock and the ore. The grain 
size and the porosity might have been of some importance. Probably most impor- 
tant are the tectonic diffcrcnccs. Thus a ,high frequency of fissures will permit 
more extensive alteration. S u p ~ o r t  for chis bheory is given by the autlhor (Frietsch 
1066) for Gruvberget, Levcaniemi and Ainasjarvi in Northern Sweden. In these 
deposits zones of tectonization occur and have apparently facilitated the penetra- 
~ i o n  of solutions responsiblc for the alteration of magnetite to hematite. This 
might also be the case in some other deposits in Northern Sweden and there are 
indications of a relationship between fault h e s  and thc alteration. 

Considering the physical conditions under which the late- or post-magmatic 
activity took place in the orcs of t.he Kiruna type it can be stated that the pressurr. 
mus(, on account of the common occurrence of the ores as shallow intrusions 
(Geijer 1931B), havc been rather moderate. The  paragenesis in the altered wall- 
rock inclicates that the late- or g ost-magmatic activity took placc at  moderate or 
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low temperatures. Thus muscovite, which is a fairly common mineral in thc 
altered rocks is, according to Hemley & Jones ( 1964), formed a t  a tem~erature  
between about 200' and 500° C. The occurrence of chlorite and clay minerals 
indicates a still lower temperature. T.he formation at Malmberget of sillimanite, 
rnight, as the author ~ o i n t e d  out (Frietsch 19661, indicate a higher temperature 
of formation. Sillimanite in this d e ~ o s i t  is associated with subordinate amounts oi  
s.ericite and accessory amounts of corundum and andalusite. In all the other 
deposits of the Kiruna type the alumino-silicates in the altered wall-rock are 
hydroxyl-bearing, which is natural according to the metasomatic environment 
in  which the alteration occurred. At Malmberget the alumino-silicates of the wall- 
rock are only to a minor degree hydroxyl-bearing inclicating the cxistence of 
different conditions during their formation. Sillimanite is rnostly formed in the 
higher grades of metamorpliism but a metasomatic mode of formation is also 
known (Huang 1957, Harme 1958, Korikovskiy 1963, Buddington et al. 1963, 
Pitcher 1965 and Buddington 15166). Pitcher (p .  336) pointed out the pneumato- 
lytic role of sillimanite and "that late stage and partly independent growth ha:; 
been favoured in a number of modern studies", and that "there is a close associa- 
tion in time and space between the growth of sillimanite and the formation of mig- 
matites". According to Geijer (1930) the formation of sillimanite at  Malmberget 
is a result of the action of high-temperature solutions ehat are coilnectecl with the 
intrusion of pcgmatites which, in turn, belong to the late Archhean Lina gi-anite. I t  
is therefore reasonable to suppose that the mineral assemblage tlhat was formed in 
the wall-rock at moderate tcmperatures during the late- or post-magmatic activity 
following the main ore-forming stage has been changed to the present composition 
by the action of the pcgmatites. This would explain the presence of phe hydroxyl- 
free alumino-silicates. Khitarov et  al. ( 1963 ) and Bell ( 1963 ) who investigated 
the stability of the A12SiOi-polymorphs showed that sillimanite can only form at 
hig-h pressures (more than about 4 000 atmospheres) and rather high temperatures 
(more than about 400' C ) .  The  high pressure of formation indicates that the silli- 
nianite at  Malmberget cannot possibly have been formed by the magrnatic activity 
when rather moderate pressure prevailed. Sillimanite in accessory amounts is also 
known in the sericite-altered wall-rock at  Leveaniemi. I t  is therefore probable, 
according to what has been said above, that the formation of sillimanite is a 
later process rhan the sericitization in this depojit also. Nrar the altered wall-rock 
occur Lina granite and associated pe,patites which can be responsible for this 
conversion. 

T'he common occurrence of hematite in the ores of the Kiruna type is due 
to the fact that t.hese do no: costain reducing agents such as sulphides, graphite 
or ferrous silicates. The presence of these would have lowered the oxygen fugacity 
in the solutions connected with the mctasomatic activity and consequently prevent- 
ed the formation of hematite from magnetite. 

The  occurrence of barite in connection with hematite in the iron ores of the 



Kiruna type is a characteristic feature. As pointcd out by t'hc author (Frietsch 
19GG) it is remarkable that metasomatic alteration of the wall-rock of the iron 
ores of t.he Kiruna type in Northern Sweden did not give rise to sulphide ininerals 
despite the addition of sulphur shown by the presence of barite. That  sulphates 
ancl not sulphides have been formecl depends on the fact that thc partial pressure 
of oxygen in thc solutions causing alteration was too high. The  deposits of the 
Kiruna type in southeastern h3issouri offer in this case howcver an exception. i i i  

these deposits both barite and sulphides in thc form of pyrite and chalcopyrite are 
common. Hese the sulphur fugacity must still have becn high enough to allow the 
formation of sulphides, but not sufficicntly high to prevent the formation of 
hcmatite. 

EXAMPLES O F  T H E  OCCURRENCE O F  H E M A T I T E  IN CONNECTION 
W I T H  METASOMATIC PROCESSES 

It ~hou ld  be pointed out that the occurrence of hematite in connection with 
metasomatic processes is not restricted to the iron ores of the Kiruna type. 
Sedimentary iron ores in which ma,gnetite and hematite occur as primary minerals 
or are formed from other iron minerals by mctamorphism, are omitted from the 
discussion, as the formation of magnetite ancl hematite in these ores is controlled 
by others factors among which the depositional environment is most important. 
In the following pages the occurrence of 'hematite and associated metasomatic 
alterations in the wall-rock is dcscribed. 

The magnetite cleposits of New York and New Jersey in the Adirondack area 
in the United States offer an interesting example of tbc formation of hematite 
in connection with an intense formation of sillimanite in the host rock. These 
ores are, according to Buddington ( 1966), magnetite (minor mhematite) deposits 
in gneiss, associated with magnctite skarn. Sillimanite is one of the major 
contemporaneous gangue minerals associated with magnetite (hematite) deposits 
as replacement in quartz-microcline gneiss. All the ore minerals and genetically 
relatcd gangue minerals have definitely replacement relationsthips to their host 
rock. S h e  orm are considered by Buddington to be of magmatic origin and related 
i0 igneous granites. The relationship between hematite and sillimanite-rich rocks 
is clearly established in the Benson mine. Here the description of Buddington (p. 
489) is quoted : "The ore includes two varietics, one in which the ore mineral 
is predominantly magnetite (accessory hematite) occurs in a garnetiferous biotitic 
thin-layered variety of the gneiss; the feldspar in the gneiss includes both I< feld- 
spar and some plagioclase. A second variety in w'hich the ore mineral is pre- 
dominantly crystalline hematite occurs exclusively in sillimanitic quartz-rnicrocline 
gneiss, which has only little plagioclase". The  hematite, which is titaniferous is 
considered to be formed simultaneously wirh magnetite. Tthe sillimanitic quartz- 
mic,rocline gneiss that is the host rock of t,he hernatite facies ,has been interpreted 
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by Buddington (p .  490) "as the product of mctasomatism of an  original biotite 
(av.  18 %)-rich quartz-plagioclase paragneiss". Further hc said that "thc hcmatite 
ores forrned at such T and Po2 that biotite and almandine were altered to yield 
sillimanite, microcline, and hematite". 

T h e  same alteration as in the Benson mine has also been described from the 
rnain igneous complex of the Adirondack area (Budding~on ct al. 1963). Here 
the metasornatism of biotitc-quartz-plagioclase gneisses to sillimanitic quartz- 
microcline gneisses is accompanied by a decrease in mafic silicates and an increase 
in thc degree of oxidation so that the first formed magnetite is altered to herna- 
tite. Herc the phases with a high degrce of oxidation are connected with the 
formation of sillimanite, muscovite and chlorite. 

As previously described in this paper the occurrence of barite in connection 
with hematite in the iron ores of the Kiruna type is a characteristic feature which 
indicates that the sulphur involved in the rnetasomatic alteration process due to 
the high oxygen pressure has been precipitated as sulphate and not as sulphidc. 
A further example of the association ,hematite-barite is furnished by the iron ore 
a t  Taporova near Kolari in Nortliern Finland. The  orc is rather lean and is made 
u p  of hernatite and to a smallcr extent of rnagnetite occurring finely divided in 
a schistose quartzite of uncertain origin. Hematite and magnetite form sepa.rate 
grains. T h e  magnetite is sometimes somewhat corroded and rich in small 
inclusions of quartz. The  quartxite shows under the microscope a recrystallized, 
almost parallel texture. The main mineral is quartz occurring as irregular grains. 
I n  minor amounts muscovite, microcline and sometimes sillimanite and biotite 
are found. Barite is a common mineral and occurs in fairly high amounts, Schmidt 
(1960) reported between 3 and 10 per cent of this mineral. In accessory amounts 
tourmaline and zircon are found. Schmidt and Mikkola (1960) considered the 
ore to be of sedimcntary origin but it is possible that the present mineral cornposi- 
tion is due to the metasomatic action of granitic and pegmatitic dikes which are 
rather common in the quartzite. Leaving out of consideration the origin of the ore 
it is lhowever interesting to note that hematite in this deposit is associated with 
quartz, rnuscovite, sillimanite, barite an,d tourrnaline, a mineral assemblage similar 
to rhat encountercd in the metasomatically altered wall-rock of the iron ores of the 
Kiruna type. 

T H E  RELATIONSHIP BETWEEN MAGNETITE AND HEMATITE 
I N  T H E  NON-APATITIC IRON O R E S  O F  CENTRAL SWEDEN 

As has been pointed out in the introductory part of this paper the relationship 
between rnagnetite and hematite in magmatic and rnetamorphic processes 
depends on the temperature and the chemical environment, the oxidizing-reduc- 
ing conditions being decisive. This statement applies fakly we11 to the iron oxides 
in the deposits of the Ki r~ ina  type. T h e  rclationsjhip between magnetite and 
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hematite in these ores is mainly controlled by the tcmperature and by the oxygen 
fugacity in the solutions connected with the inagmatic activity that gave sise to 
the ore. I n  regional rnetamorphic processes it is often siipposed that only tem- 
perature (,and pressure) determine whether magnetite or hematite is formed. 
Magnetite is sometimes believed to be the high-temperature mineral. I n  such 
processes, hocvcver, not only the temperature but also thc chemical environment 
is of importancr for the system magnetite-hematite. This is exemplified by thc 
regional metamorphism that affected the non-apatitic iron ores of Central Sweden. 
In  the quartz-banded ores magnetite has commonly been formed from hematite. 
In  the two other typrs, the skarn ores and the limestonc ores, only magnetite is 
known. In  the non-apatitic iron ores of Central Sweden there is no formation 
of hematite from magnetite except that magnetite in the skarn ores and limestonc 
ores has been locally altered by superficial weathering to martite (Geijer 8r 
Magnusson 1926, 19.1.4). Geijer and Magnusson ( 1952) considcred the quartz- 
banded ores to be original sediments subjected to a metamorphism which is 
"connected with the main folding of the ore-bearing leptite series and the intrusion 
of t'he first great group of Archean granites" (op. cit., p. 481 1. The metamorphism 
has in many cases caused imnternal adjustments within the orcs, e.g. recrystalliza- 
tion of the hematite, some of which changed to rnagnetite, a mineral generally 
indicating a higher degree of metamorphism. During the same intrusive epoch 
of t'he granites the ores and their country rock were subjccted to a metasomatic 
addition of magnesium in great amounts. By this process an addition of iron also 
occurred with rhe formation of magnetite as a pyrometasomatic product. Also 
connected with this metasomatism is the formation of sulphide ores containing 
pyrite, pyrrhotite, chalcopyrite, sphalerite and galena. 

T h e  origin of the skarn ores and the limestone ores is much clebatecl. According 
to Geijer and Magnusson these might be partly mobilized ores of sedimentary 
origin which have been affected by the regional rnctamorp~hism, partly true 
pyrometasomatic deposits. A clear division into ores of primary, sedime'ntary origin 
and those of pyrometasomatic origin is not always possible. 

I t  is not the purpose here to deal with the intricate problem of the origin of 
the skarn ores and bhe limestone ores in Central Sweden. Attention is, .however, 
drawn to the important fact that during regional metamorp'hiis and meta- 
somatism iron oxides in the quartz-banded ores have been altered to magne- 
tite and that in the pyrometasomatic deposits the primary iron oxide is rnagne- 
tite. T,hat means that during this regional process the iron ores not only re- 
crystallized but also that the conditions under which this occurred must have 
becn reducing ones. Merely an  increase of temFerature and tectonic influencc 
could not !have .been sufficient for ma_gnetite to replace hematite in the quartz- 
banded ores. Reducing conditions must also have existed. The assumption of 

a reducing environment during the regional metamorphism is supported by 
the following features. The  metasomatic activity is followed hy the forma- 
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tion of sulphides which does not allow a high degree of oxidation. The country 
rock - the feldspar-cluartz-containing leptites - has been strongly altered in con- 
nection with the metasomatic activity and minerals such as andalusite, cordierite; 
ant,hophyllite, gedrite, cummingtonite, almandine and more rareIy staurolite have 
been formed (Geijer & Magnusson 1944). I t  is remarkable that in all these iron- 
bearing silicates (excluding andalusite) the iron occurs in the ferrous state. This 
is true for the silicates in fhe ores. This skam, formed by earlier interna1 reactions 
and in which ferric iron occurs in andradite and epidote, has been affected by 
the metasomatism to form the magnesia-rich silicates anfhophyllite and talc, of 
whieh the first also contains ferrous iron. Silicates with ferric kon are  hus 
totally absent in connection with t'he magnesia-metasomatism. The low degree of 
oxidation during the magnesia-metasomatism is also shown by chemical analyses 
of the leptites which have ,been affected by this activity. A study of analyses given 
by Geijer j 1923) from the area of Riddarhyttan and by Magnusson ( 1925) from 
the area of Persberg yhows that the Fe3+/ (Fe2+ + Few) -quotient in these rocks is 
usually lower than 0.1, while thc unaltered leptites usually have a value greater 
than 0.3 a.nd which mostly goes up to 0.4-0.5. Only an antahophyllite-cordierite- 
quartzite from Riddarhyttan (Geijer 1923, p. 24, analysis no. 7) shows a value of 
0.3. A low quotient - lower than 0.1 - is also encountered in the corresponding 
magnesia-rich alteration rocks in the Orijarvi area in Finland (Eskola 1914). 

The folding of the ore-bearing leptites, the intrusion of the first group of 
Archean granites and the magnesia-metasomatism are closely connected in time. 
The  alteration of hematite to magnetite in the cluartz-banded ores has occurred 
in connection with tectonism and the increase of temperature during the folding 
and the intrusion of the granites. Further the formation of ~ h e  pyrometasomatic 
iron ores and sulphide ores belong to the same process. As has been shown above 
the conditions for both the alteration of hematite to magnetite and the magnesia- 
metasomatism must have been reducing ones. I t  is noft the purpose here to state 
that the alteration of hematite to magnetite is a result of the magnesia-meta- 
somatism, only to point out bhat reducing conditions prevailed during both altera- 
tions. The formation of sulphides means bhat the oxygen pressure cannot have 
been high, Further it must be pointed out that where the magnesia-metasomatism 
has been most active magnetite and not hematite is encountered. 

The somewhat anomalous relationship between magnetite and hematite in the 
apatite iron ores in Central Sweden (see p. 13) with a simultaneous formation 
of borh minerals, compared to the consistently later formation of hematite in 
other deposits of the Kiruna type, cannot be connected with the reducing process 
of the magnesia-metasomatism. In the Blötberget deposit, to rhe north of Granges- 
berg, there are some indications of this metasomatic process, but no change in 
the relationship between magnetite and hematite is known in rhis connection. 
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CONCLUSIONS 

In  the apatitic iron ores of the Kiruna type which have been formed by a 
rnagmatic differentiation the iron oxide is mostly magnetite but in many deposits 
hematite is also encountered. In  all cases where the relatiomhip hetween thc 
two minerals can be established magnetite is the primary mineral from which 
hematite has been formed by oxidation. The conversion from hematite lo magnc- 
tite is not known in this type of iron ore. In  some cases the alteration of magnetitc 
to hematite is due to superficial weaehering but in most cases t,he alteration is 
considered to be of metasomatic origin. In many deposits ?here is a spatial re- 
lationship between the occurrence of hematite in the ore and a metasomatic 
alteration of the wall-rock. This alteration is characterized by rhe formation 01 
quartz, muscovite, chlorite, sillimanite, calcitc and clay minerals and small 
amounts of tourmaline, fluorite, barite, allanite and zircon. To  some extent tmhesc 
minerals are also found in the hcmatite. I n  the ores of Northern Sweden the alter- 
ed wall-rock compared to the unaltered rock shows high K i ( N a + K ) -  and Fe",/ 
(Fe2+ + Fe") -quotients and a low Mg/ ( M g +  Fe3 +Fe"+ + Mn)-quotient. The 
alteration means an increase in Fe", K and HzO and a decrease in Na, Ca, M g  
and Fe"'. Si a,nd Al and the total amount of iron is not much altered. In many 
deposits of the Kiruna type it is reasonable to assume that the alteration of the 
ore and of the wal,l-rock is due to a late- or post-magmatic activity in the same 
process that gave rise to the ore. In the formation of the ores of the Kiruna type, 
volatiles, mainly water, are believed to have played a decisive role. The late- or 
post-magmatic activity in which the amount of volatiles is greater rhan in the 
main ore-forming phase, has  hus altered the ore and the wall-rock in the above 
described way. The magnetite formed at elevated temperatures is clhanged to 
hematite by the decrease in temperature and the higher amount of volatiles 
indicating high oxygen fugacity. This is in accordance with what is known 
from laboratory work about the stability of magnetite and hematite in the presence 
of water or water vapour : at elevated temperatures (above 1100° C) magnetite 
is the stable $ase and at lower temperatures hematite is the stable phase. The 
temperature during which the alteration took place is, on account of the mineral 
paragenesis in the altered wall-rock, considered to have occurred at moderate or 
low temperatures. The common presence of muscovite indicates a temperature 
between about 200' and 500' C and the occurrence of chlorite and clay minerals 
still lower temperatures. The formation of sillimanite indicates higher tem- 
peratures and pressures. I t  is probable rhat in deposits where tlhis mineral is 
encountered (Malmberget an'd Leveäniemi, both in Northern Swedenj the 
mineral assemblage formed by the metasomatic activity at moderate or low 
temperatures has been later changed to form sillimanite by the action of granites 
and pegmatites tshat intrude these deposits. 

The ores of the Kiruna type include some ,hematile deposits of hydrothermal, 
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nletasomatic origin representing a later stage in the magmatic differentiation 
rhat gave rise to the main mass of the deposits. Here the formation of the ore 
and metasomatic alteration of the type described above are contemporaneous. 
The  hematite is probably of primary origin. The presence of fhematite in these 
deposits as the primary iron oxide and not ~nagnetite as in the more magmatic, 
"normal" deposits of the Kiruna type, depends on the fact the formation of ore 
here occurred at Iower temperatures and with a greater amount of volatiles, i.e. 
by a higher oxygen fugacity, thari in the main mass of the ores. 

The common occurrence of hematite in the ores of the Kiruna type also 
depends on Lhe absence of reducing agents such as sulphides' graphite and ferrous 
silicates, urhich; if present, woulcl prevent the high oxygen fugacity necessary for 
the oxidation of magnetite. The presencc of barite in ~ h e  altered wall-rock and 
partly in the hematite indicates that sulphur ,has been introduced during the 
rnetasomatism but that the high partial oxygen pressurc prevented the formation 
of sulphides. In the present paper some other examples are given of the occurrence 
of hematitc in connection with metasomatic processes where the conditions have 
been non-reducing. In these cascs, as in some of the magnetitwhematite ores of 
the Adirondack area in the United States, the same phenomena as in the ores 
of thc Kiruna type are met with : hematite occurs together wirh rocks rich in 
sillimanite and muscovite. In the iron ore at Taporova in Northern Finland barite 
and tourmaline also belon,g to the association. 

In  regional metamorphic processes the relationship between magnetite and 
hematite is in many cases believed to be controlled by temperature (and pressure) 
and magnctite is sometimes considered as the .high temperature form. In such 
processes however the oxidizing-rcducing conditions are also of importance. This 
is exemplified by the regional metamorphism rhat affccted the non-apatitic iron 
ores of Central Sweden, namely t,he quartz-banded ores, skarn ores and limestone 
ores, and their country rock. The metamorphism is connected with the main folding 
of the ore-bearing leptite series and the intrusion of granites. By this process the 
hematite in the quartz-banded ores, whic'h are considered as sedimentary, has 
recrystallized and partly been converted to magnetite. During rhe epoch of fold- 
ing and granite intrusions there occurred a large scale metasomatic activity by 
which great amounts of magnesium and smaller amounts of sulphides and iron 
were added. The iron foimed magnetite which partly makes up the skarn ores 
and limestone ores. I t  is remarkable that in all the ores considered the only iron 
oxide that has been formed during bhe regional metamorphism is magnctite. 
Hematite is totally absent. It therefore seems probable that conditions during the 
regional metamorphism were of a reducing nature. That the oxygen fugacity ,has 
been 1ow is indicated by rhe formation of sulphides. This is further supported by 
alterations of si'licates that took place in the leptites and ores in connection with 
the metasomatic activity. The metasomatism in rhe leptites resulted in the forma- 
tion of andalusite, cordierite, anthophyllite, gedrite, cummingtonite, almandine 
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arid more rarely staurolite. I n  all these minerals (excluding andalusite) the iron is 
in the ferrous state. This is true for the newly formed skarn minerals in rhe ores 
which are rich iln magnesium and ferrous iron. Silicates with fcrric iron have 
not been formed in connection with the magnesia-metasomatisni. The low degree 
of oxidation during this process is also shown by the fact that the Fe3+'/(Fe" 
+Few)-quotients in the altered leptites are low, usually less t'han 0.1, compared 
with the quotients of 0.3-0.5 in t,he unaltered leptites. From what has been said 
it can be concluded that the conversion of ,hematite to magnetite in the quartz- 
banded iron ores of Central Sweden was caused by increase in temperature and 
pressure associated with regional metamorphisrn and by the existence of reducing 
conditions. 

An important consequence arisiag out of the relationship between magnetite 
and hematite discussed above, is that, when prospecting for iron ore in a wall- 
rock where reducing agen.& such as sulphides, graphite and ferrous silicates are 
absent, careful search must be made for the presence of metaromatic alteration 
in the wall-rock. This alteration is oxidizing and magnetite is rhereby conveited 
to hematite. If the conversion is complete the resultant ore does not show up 
magnetically but can be detected by gravimetric surveying. The discovery during 
the recent years of the hematite ores at  Haukivaara and Pattovare in the Kiruna 
region in Northern Sweden, both iron ores of the Kiruna type, by gravimetrk 
measuremen,ts, support this statement. Geological investigations and magnetic 
measurements formerly made at  these localities fai,led to detect the presence of thr 
hematite ore. 
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