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ABSTRACT 

Occurrence of native iron in near-surface environments on the earth is a remarkable phenomenon, 
which has implications on issues of nuclear waste management, above all, long-term corrosion, 
matrix diffusion and water-rock interaction. 

Existing knowledge on native iron is reviewed, laying stress on processes and parameters, which 
led to preservation of the iron during geological periods of lime. Types of occurrence, composition 
and properties of the iron, and mineral paragencscs associated are described. Processes affecting 
the iron during the course of its evolution, passing through the stages of the melt, differentiation, 
crystallization, cooling, fracturing, hydrothcrmal fluid intrusion and low temperature weathering 
are discussed. 

Because of their completely different nature, occurrences of iron formed at high, magmatic 
temperature in basalt are treated separately from those formed at lowcrjiydrothermal to ambient 
temperatures during serpentinization of ultrabasic rocks. The former arc rare not because of 
destruction by weathering, but because of the special conditions of formation. The latter arc more 
abundant than commonly believed. 

Native iron has survived for millions of years in the matrix of rocks. In basalt mass transport 
limitation in the matrix seems to be the major factor, which enabled preservation of the metal. In 
ultrabasic rock rich in FcO, iron is the result of massive intrusion of water. The scrpentinization 
process leads to highly reducing conditions, where iron is thcrmodynamically stable. 

Serpentinization leads to groundwater conditions favourable from the point of view of: waste 
container corrosion, waste matrix dissolution and radionuclide migration. 
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1 IHTRODOCTION 

Although iron is a very common element in the earth's crust, 

native iron is «ore rare. The fact that native iron can be found 

in near surface environments is interesting from the point of 

view of nuclear waste management research, because it may provide 

new insights into the long-term behaviour of iron in the geo-

sphere. Furthermore iron can be considered as a sensitive indica

tor of the properties of the geochemical environment. Reducing 

groundwater conditions have been identified as crucial for the 

retardation of redox-sensitive radionuclides leached from nuclear 

waste. The redox capacity of the rock, on the other hand, is the 

essential parameter prohibiting generation of an oxidizing 

environment by the effects of radiolysis or surface influences. 

The idea of using native iron as a natural analogue to iron in 

a nuclear waste repository (waste container material or waste 

material itself) is not new (1), but has not been studied in 

great detail. Native iron is suitable for investigations because 

it is always available, whereas archaeological objects or 

meteorites are single findings. The more straightforward use of 

iron as a natural analogue is, of course, related to processes 

of corrosion under natural conditions, but also other conclusions 

should be possible, relating e.g. to the redox conditions within 

the matrix of rocks and to mass transport limitations within the 

rock matrix, fracture fillings and corrosion products. 

When considering natural occurrences of iron, important questions 

arise. How rare is native iron? Does the probability of its 

occurrence depend on conditions leading to its formation or on 

conditions governing its preservation. The occurrences can be 

subdivided, roughly, by the temperature range within which they 

were formed: (i) at conditions confined by the properties of a 

reduced basaltic melt and (ii) at conditions confined by the 

process of serpentinization of ultrabasic reck. 
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In the first part of this work, the literature on native iron 

is reviewed laying stress on the conditions of formation and 

preservation and the potential of native iron as a natural 

analogue. In the second part (2) a few samples of native iron 

are studied with the aia of deriving further conclusions relevant 

to nuclear vaste Management. Furthermore, a model calculation 

simulating a repository system in granitic rock, in which FeO-

rich olivine is used as a redox-active backfill (technical 

barrier), is presented. 

2 OCCURRENCES OF NATIVE IRON 

2.1 Occurrences formed at high (magmatic) temperatures 

Only two occurrences are known on the earth where native iron 

has been formed at high temperatures. Disko Island, Western 

Greenland and the Buhl in Germany. In both cases the iron is 

embedded in a basalt matrix. The Disko iron has attracted the 

most interest. Huge masses of the metal were discovered more 

than 100 years ago on the shores of Disko; the largest block had 

a mass of more than 20,000 kg (for citations of original 

publications see ref. 3). The Buhl iron was discovered a few 

decades later. Some 80 inclusions of iron ranging in size from 

a few grams to a few kilograms have been found at this site, 

a small volcanic neck of about 150 m diameter implaced into 

Tertiary sediments during the Miocene. The basalt has not been 

dated. The main period of volcanic activity in the area can be 

confined, however, to range from about 9 to 15 Ma before present 

(B.P.). 

Within the Tertiary volcanic province of central West Green

land, native iron is quite common. Iron-bearing rocks cover an 

area of about 8000 km2. They form sills, dikes, intrusions or 

lava flows with thicknesses from a few metres to probably more 

than 250 metres. The Tertiary volcanic rocks have not been dated 
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in detail. Most of the basaltic volcanis» took place between 63 

and 56 Ma B.P.. Some dike intrusions are younger (about 30 to 

40 Ma). The whole sequence of basalts «ay have been up to 8000 

• thick, most of which has been eroded to about 2000-3000 • at 

present. Layers of red bole and interbasaltic sediaents indicate 

weathering during prolonged pauses between eruptions (3). Conta

mination of the basalt by sandstone and shale rich in organic 

•aterial has clearly demonstrated the telluric origin of the 

•etallic iron. The basalt on Disko island is the most strongly 

reduced rock on the earth, showing similarities to lunar rocks. 

The native iron content of basaltic intrusions in north-west 

Disko has been found to reach up to 2.3-2.5 wt.%. In snail 

cumulate zones much higher contents were found. The amount of 

native iron in the Hammers Dal Complex (Ntf Disko), which is only 

a fraction of the native iron-bearing rocks in West Greenland, 

has been estimated to be about 2.3 million tons of high carbon-

type iron (4). Native iron-bearing rocks were erupted over an 

area of about 8000 km2. The total volume of sediment-conta

minated rocks may amount to 200 km1 ,which is equivalent to 0.5-

1% of the total volume of volcanic rocks of Disko. About 50 km3 

of this contaminated rock is estimated to contain native iron. 

Little is known about the continuation of the rocks offshore. 

In addition, there are numerous exposed and unexposed iron-

bearing intrusives (5). Iron-bearing horizons are so common in 

the area that they can be used as marker horizons. Fig.l(a,b) 

shows the geology of West Greenland and a typical profile 

containing iron-bearing layers (3,6). 

Unusual occurrences of native iron in small amounts have been 

discovered in a basalt flow surrounding tree-molds at Mt.Fuji, 

Japan and in New Zealand (25). These findings demonstrate the 

fact that external carbon is responsible for the formation of 

strongly reduced conditions in basalt at high temperatures. 
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Fig. 1: Simplified geological map of the volcanic province of 

West Greenland, showing places mentioned in the text, and a 

profile, typical of the area, with native iron-bearing layers 

(marker horizons) (3,6). 
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2.1.1 Pi.ouex ties. liffTinl JOTHIP—&»« fuimition. alteration 

The Disko iron occurs as microscopical, spherical inclusions, 

droplets up to a few millimetres in size, spongy masses or 

large, cumulate aggregations. From the Buhl location, mostly 

ball-like inclusions of spongy iron have been described. The 

composition of the Disko iron varies from low- to high-carbon 

iron with textures of cohenite (Fe,C) and iron that are similar 

to those of commercial steel and white cast iron, respectively. 

Disko iron contains typically about 2% Ni (b.w.) and below 1% 

Co (b.w.) and Cu in samples from larger masses but signifi

cantly less in smaller inclusions. Other trace elements are in 

the ppa range (4,7,8). Buhl iron has a much lower carbon content 

(0.1-0.3 wt.%) and no Ni could be found by chemical methods (9). 

In contrast to technical iron, native iron comprises highly 

diverse mineral assemblages, most commonly including sulphide 

phases (mainly FeS) and various Fe- and Fe-Ti-oxides (mainly 

magnetite). The iron shows a large variety of textures. 

Telluric native iron is relatively rare because of its complex 

formation processes in basaltic magma. Native iron probably would 

be more common on earth, if it originated from the mantle. It 

is, however, very probable that the oxygen fugacity (f(02)) of 

the upper mantle is close to conditions determined by the 

fayalite-magnetite-quartz buffer. There is strong evidence from 

recent investigations that contamination of basic or ultrabasic 

(* Fe-rich) magma with sediments containing carbonacious material 

led to the formation of highly reducing fluids whose oxygen 

fugacity is determined by C-H-O equilibria that led to reduction 

of magmatic FeO. The role of carbon, originating from organic 

components in sediments, in producing the highly reduced mineral 

assemblages is confirmed by findings of graphite in these 

samples (10). Because of its low molecular weight and high 

valency, it has a high reducing capacity, which also explains 

its commercial use in the analoguous technical process of iron 

reduction. In the presence o* carbon, a rising magma becomes 
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•ore reducing because of the pressure dependence of the equili

bria in the C-O-systea (Fig.2). With increasing teaperature, an 

original aagnetite-quartz-graphite rock should progressively 

develop fayalite, wustite and iron even in the presence of water, 

if the total H/O ratio of the gas is fixed at 2/1 (12). 

Fig.2: Values of oxygen fugacity for the graphite • gas buffer 

as a function of teaperature and solid-phase buffers (HM: 

heaatite-magnetite, QFM: quartz-fayalite-aagnetite, MW: magneti

te- wustite, wi: wiistite-iron, MI: aagnetite-iron) (12). 

The role of carbon as the aain reductant has been questioned 

recently, and the role hydrogen derived froa hydrocarbons has 

been emphasized (49). A new aodel for the formation of iron 

which is based on sm?ll scale zoning observed in single iron 

grains has been developed. The results shed some light on the 

equilibriua conditions prevailing during formation and crystalli

zation. Probably, native iron settled through layered magma and 
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thus developed strong zoning, since thermal and cheaical equili

bria proceed with speeds that differ by several orders of 

•agnitude. The results imply a residence tiae for the iron at 

magmatic temperatures on the order of a aonth or less before 

eaplaceaent in the intrusions. Soae iron, however, was formed 

in situ (49). 

The principal parameter used in the evaluation of redox reac

tions among fluids and minerals in high temperature geochemi-

cal systems is the oxygen fugacity f(02). This method is only 

valid for temperatures above a few hundred degrees because of 

slow kinetics at lower temperatures. 

It should be ramemhared here that oxygen fugacity has no physical 

reality, it must be considered in a statistical sense, not as 

an analytically measurable quantity. In the presence of water 

(C-O-H-system) the ratio of the dominant phases H20/H2 deter

mines the oxygen fugacity. Redox reactions are carried out by 

hydrogen diffusion. Under highly reduced conditions (near the 

magnetite-iron- and wustite-iron lines) hydrogen dominates, near 

the hematite-magnetite buffer line, the fluid is actually pure 

water (temperature range 400-900*C). The relative masses of rock 

and water decide, whether oxygen fugacity is determined by the 

rocks or the vapor (26). 

Only water in contact with the atmosphere is able to carry 

enough oxygen to produce secondary oxides directly, by reaction 

with molecular oxygen (e.g. 2 Fe,04 • 02 * 3 Fe20,, otherwise 

the reaction actually occurring would be better described in 

terms of 2 Fe,04 • H20 * 3 Fe20, • H2). Redox reactions between 

rocks and fluids in the Fe-C-O-H system are slow even at 

temperatures as high as lOOO'C as is known from experiments. 

At temperatures below 200-400*C, chemical equilibrium within 

systems involving e.g. graphite, H2, 02, C02 is no longer 

achieved. 
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Our present knowledge is insufficient to describe the exact 

course of processes (in terms of temperature, pressure, f(02), 

fluid composition) occurring in sediment-contaminated silicatic 

melts during their rising to the earths surface and during 

cooling. Equilibrium within the melt has been achieved in many 

cases at least on a locax scale, but textural evidence also shows 

that high gradients of the redox state must have already existed 

locally before crystallization of the melt. In an andesitic 

basalt the supposed in situ reduction and chemical equilibrium 

between metal and silicate was confirmed by the fact that there 

was neither excess nor depletion of total Fe, Co, Ni and other 

elements, and that there was a uniform content of siderophile 

elements in all metal particles (8). 

Estimates of oxygen fugacity variations can be based on the 

composition and modes of Fe-Ti-oxide phases and transition 

metal chemistry in glass and olivine. Opaque minerals are 

sensitive oxygen barometers in basaltic melts. In the system 

Fe-Si-O, oxygen fugacity is defined by five solid-phase oxygen 

buffers (13) •|nv>lving iron in the oxidation stotes 0, II and 

III. In the earths crust oxygen fugacity is considerably higher 

(between hematite-magnetite, and fayalite-magnetite-quartz buffer 

curves) than in the reduced basaltic melts. 

Direct determination of f(02) from ferric-ferrous ratios in 

the present rock is rarely possible because of interference by 

effects of deuteric oxidation, high temperature metamorphism or 

late regional low-temperature metamorphism (11). Equilibrium 

values for basalt at 1200°C and 1 bar are (46): 

Fe203(%) FeO(%) 

iron-wUstite buffer 0.37 11.80 

fayalite-magnetite-quartz buffer 1.8:3 10.47 

hematite-magnetite buffer 9.80 3.32. 

Equilibrium within a sample of crystalline rock is difficult 

to prove when discrete constituents are without grain boundary 
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contact. In general, neighbouring minerals represent an asso

ciation of coexisting minerals in chemical equilibrium. Samples 

from northern Disko used for thermometry showed equilibrium of 

iron and magnesium partitioning between olivine and melt, but 

in the case of pyroxenes, it is likely that a true equilibrium 

assemblage was never established in that rock (11). 

Very steep gradients in redox potential in samples from the 

basalt surrounding tree-molds at Mt.Fuji, Japan are preserved 

in the mineral assemblages (25). The sources of carbon, the 

tree-molds, are only 0.3-0.8 m in diameter. The native iron-

bearing basalt changes into ordinary basalt through an interme

diate layer of only 1-3 cm thickness. 

Differences in trace metal contents in iron particles (from 

Disko) of different sizes indicate that the metal spherules 

extracted trace metals when sedimentating in the silicate melt. 

Maximum concentrations of, for example, Ir in the iron require 

contact with volumes of melt at least 2000 times that of the 

metal. Metal spherules may have passed, also, through basaltic 

liquid whose oxygen fugacity is above the stability range of 

metallic iron (8). The rounded shape of the metal spherules 

indicates they once were completely moi-? sn. Therefore, the 

liquidus temperature of the metal must have been lowered 

sufficiently by enough carbon and/or sulphur and phosphorous into 

the range of the silicate liquidus temperature (8). 

It is unlikely that significant changes in composition could 

affect a large body of r-y magma while it is dominantly liquid. 

The higher rates of cooling as compared with those of mass 

transport by diffusion would be expected to limit ranges of 

transport of components to orders of magnitude of centimetres 

(14). The region of anhydrous basaltic mineral assemblages is 

virtually confined to water pressures less than 2000 bar. With 

decreasing temperatures, redox reactions in the melt become 

slower so that preservation of disequilibria in the mineral 

assemblage is favoured. 
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Crystallization of the melt results in the formation of pathways 

for fluids by creating intergranular spaces and fissures. Contro

versial discussions about the mobility of components during meta-

morphism show that there is considerable uncertainty about the 

extent of mass transport in the rock matrix. Cooling of iron-

bearing magma took place under near-surface conditions or at the 

surface of the earth. Examples of cooling histories and models 

of differentiation of the metal, sulphide and silicate phases, 

including distributions of trace constituents, have been pro

posed . 

Little is known about the exchange of volatile phases and the 

course of reduction or oxidation in terms of temperature to 

oxygen fugacity variations. Some conclusions can be drawn from 

oxide-metal-sulphide reaction textures. Present knowledge does 

not allow exact calculations of oxygen fugacities during the 

course of cooling down. 

Reaction with water leads to oxidation of iron-rich silicates. 

The reduced state of the magma may have been preserved by excess 

carbon which reacted with water derived from the sediments (7), 

but may also have become progressively oxidized to leave the 

stability field of iron in the T-f(02) space after exhaustion 

of carbon. 

Depending on the size of the magma bodies, cooling rates ranging 

from days to weeks to hundreds of years can be estimated 

(15,16,17). A good example where the processes during cooling 

have been reconstructed is the so-called Kitdlit lens (Disko) 

found in a dike-like intrusion. Solidification proceeded rapidly 

in a closed system between 1100°C and 300°C preserving chemical 

gradients (18). In some other cases rapid quenching of the melt 

was indicated by the presence of basaltic glass containing native 

iron. Quenching was enhanced by the presence of circulating water 

in the buried lava pile where a dike intruded (19) or by seawater 

(20). 
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Modes of emplacement (subaqueous, subaereal, intrusion below 

hundreds of metres of overburden, in the form of flows, sills, 

dikes or as tuffs) and compositions of metallic iron-bearing 

basalts have been numerous. It is not surprising that circulating 

hot waters occurred occasionally and led to alterations which 

cannot always be easily distinguished from alteration by meteoric 

weathering. Only after crystallization and fracturing can 

hydrothermal waters find pathways into the interior of magmatic 

bodies. Fluid circulation in highly conducting fractures may be 

considerable, but alteration usually proceeds only short 

distances into the matrix of larger blocks, because mass transfer 

by diffusion along grain boundaries is low. Relationships of 

general significance applicable to crystallizing magmas have been 

derived from investigating and modelling the fossil hydrother

mal system of the Skaergaard intrusion. Models of this kind 

require detailed oxygen and hydrogen isotope studies. No such 

data are available from basalt of Disko or the Buhl. Knowledge 

about hydrothermal alteration of Fe-bearing rocks is rather 

qualitative. Because of lack of data on clays and zeolites, 

alteration phases predicted by models are not always observed 

in nature. 

Cooling-induced fractures divide basaltic lava flows into 

prismatic columns with polygonal cross-sections. In the absence 

of fractures caused by tectonic stress, these joints are the 

pathways for intruding waters. Pervasive alteiation of rocks 

requires high water-rock ratios. In basalts hydrothermal 

alteration is indicated by mineral assemblages containing 

amphibolites, chlorite, prehnite etc.. 

Zeolites have been found in vesiculated parts of some lavas 

and in the matrix of non-welded tuffs in northern Disko (11). 

The vesiculated zones of lava flows are the most altered, but 

the presence of well-preserved olivines and glass shows that 

alteration was not pervasive. In lower parts of the flows, 

extensive hydrothermal metamorphism has been observed. In 



17 

addition, smectites have been found in these formations. Both 

zeolites and smectites have been assigned to zeolite facies meta-

morphism (11). Temperatures involved have been estimated to below 

120°C by comparison with presently active high-temperature 

geothermal fields of Iceland. Similar observations are reported 

from western Disko (6). Hyaloclastic breccias with abundant 

zeolites and zones of palagonitized glass fragments still had 

cores with fresh glass and well preserved olivine. Fossil hot 

springs or zones of flow of hot water were not found, however 

(6). Alteration seems to be highly dependent on rock porosity. 

Very fine-grained or glassy rocks may still be extremely fresh, 

containing metallic iron and troilite. 

On the Nugssuaq peninsula north of Disko, even tuffs with 

sulphides and iron metal have been found (21). Although they 

have been preserved in well-cemented samples only, it is 

surprising that such phases have survived at all in Tertiary 

tuffs, deposited in saline water. The tuffs may have suffered 

three main stages of alteration, (i) pre-diagenesis alteration 

and diagenesis, (ii) regional metamorphism and metasomatism 

and (iii) recent weathering, (i) Exposure to seawater led to 

palagonite rims along cracks. Exposure times have been estima

ted from 3000 to 4000 years, from rim thicknesses, (ii) Hyalo-

clastites and lavas of more than a kilometre thickness, covering 

the main tuff layer of only 12 m thickness, have been widely 

altered by hot water circulation, resulting in the formation of 

zeolites and sheet silicates, but the tuffs are virtually 

unmetamorphosed. (iii) Hard, non-porous, cemented rocks are 

generally unaffected by recent weathering, but non-cemented 

samples are strongly weathered (weathering may have begun in 

early Tertiary). Even in such highly altered samples, fresh glass 

cores and pyroxene crystals have been found in a palagonite and 

clay matrix (21). 

Iron oxides, exsolved from the melt during cooling and trapped 

as intergranular inclusions, but also as secondary phases like 

wtistite, magnetite and hydrous iron silicates as a result of 
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iron oxidation, are observed in samples of Uivfaq metal (Disko) 

(7,22). Intragranular inclusions in low-carbon iron have been 

interpreted as natural analogues to slag particles. In a process 

that has been compared with commercial steel making, carbon is 

oxidized and some iron, also(7). Textural evidence led to the 

conclusion that the formation of iron oxides in Uivfaq iron 

occurred synchronously with cracking at temperatures below 600°C 

(17). Alteration of iron to wiistite or magnetite has taken 

place, preferentially, where iron is in coi.tact with cohenite, 

silicates or sulphides and along cracks. The greatest degree of 

alteration is found near the margins of iron masses. Oxidation 

of wustite to magnetite and alteration of fayalite to iddingsite 

(Fe-rich serpentine) took place after the formation of pearlite 

at temperatures less than 723°C. Where iron is in contact only 

with magnetite and no wustite is present, oxidation could have 

taken place at less than 576°C (22). The process which led to 

the formation of iddingsite within sulphide or cohenite inclu

sions (in the latter case with a core of magnetite) could not 

be explained (22). 

Replacement of iron by zoned magnetite-magnesioferrite at the 

contact of native iron and basalt is reported from samples of 

the Btihl location. Oxidation of the iron occurred randomly at 

still rather high temperatures and under a supply of Mg (23). 

Unlike Uivfaq iron that is often weathered to limonite-type 

hydrous iron oxides, Buhl iron is fresh in its matrix. Brown 

zones near the margins of some inclusions which look like 

limonite, have been determined to be a magnesium-rich spinell. 

High-temperature alteration is also indicated by the presence 

of thin rims of ilmeni te crystals, which frame the outer 

structure of the iron inclusions (24). 

Native iron on Dlsko island had been discovered first at the 

land surface (see ref. cited in (7)). Blocks of iron, weat

hered out of outcrops of a basaltic dike at a steep cliff, were 

lying on the shore within the tidal zone. Practically all 

available sample? from Disko are from outcrops. Rusty stains 
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on the surface of iron-bearing basalt indicates zecent weathe

ring, but within the silicate matrix, weathering seems to proceed 

slowly. Museum samples of massive iron bodies were better 

preserved outdoors most likely because rain washes away the 

soluble weathering products of the sulphide phases. These 

products are hygroscopic and growing crystals cause samples to 

disintegrate. 

The iron inclusions in the basalt surrounding tree-molds in Japan 

(25) were found at a road-cut. They were obviously without signs 

of meteoric weathering. 

The Buhl iron inclusions were found during the time the basalt 

quarry at the location was in operation (until 1925). All samples 

consisted of inclusions of iron within the basalt columns. Traces 

of weathering have been attributed to influences after taking 

the samples (24). 

A quantitative modelling covering the redox conditions of all 

the processes affecting metallic iron: formation by reduction 

of magmatic FeO in a silicatic melt, crystallization, differen

tiation, fracturing, cooling, metamorphosis and weathering, is 

hardly possible at the present state of knowledge. This concerns 

the cooling history of the mineral assemblages themselves on the 

one hand and thermodynamic data covering the whole range of 

temperatures involved, on the other hand. The positions of the 

stability fields of iron oxides and oxihydroxides are highly 

dependent on the accuracy of the values of the heats of formation 

used in the calculation. 

2.2 Occurrences formed at lower (hydrothermal to ambient) 

temperatures 

Native iron formed at lower temperatures, as it is called in 

this chapter, is bound to rocks poor in silica and rich in both 



20 

magnesium and iron, crystallized under very low oxygen fugaci-

ties. Ultrabasic rocks originate from deeper parts of the earths 

crust or the mantle. They are common in the inner parts of 

orogenic belts and in submarine geosynclines (rocks called 

ophiolites), although they constitute only a minor fraction (some 

percentage) of the earth's crust. The most common iron-rich rock 

forming minerals are olivine and pyroxene. By reaction with 

water, ultramafites are converted to serpentine. In the course 

of this process, native iron is often formed. The conversion to 

serpentine can only occur at temperatures below about 500eC 

(depending on the water pressure) because of serpentines limited 

stability (42). 

Native iron and intermetallic compounds containing iron were 

formerly thought to occur only rarely, but they are found 

worldwide. Since these phases are mostly extremely fine grained, 

they are often overlooked. These unusual mineral associations 

occur in at least half of all serpentine samples from alpine 

peridotite types, and perhaps in all (27). In ref. 27 material 

from about 50 locations is considered. Traces of submicroscopic 

elemental iron could be detected by thermomagnetic analysis. 

Further discoveries of native iron by this method may be 

predicted (47). 

Often, the iron is associated with nickel, depending on the 

nickel content of the primary ultramafic rock. Nickel-iron has 

a composition usually described by the formula Ni3Fe, with Ni 

ranging from about 65 to 79% (most common mineral name: awarui-

te). Such high Ni contents lead to considerable corrosion 

resistance so that awaruite can be found sometimes in alluvial 

sediments (27). 

Although awaruite was discovered in different locations about 

100 years ago, many occurrences were discribed in recent years 

when serpentinized rocks were studied more thoroughly. Native 

iron in serpentinized rock is generally not described as single 

finds, but as a widespread, common phenomenon. The lateral 
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dimensions of serpentinized rocks «ay vary widely frost a few tens 

of metres to tens of kiloaetres or more, forming even mountain 

ranges. Thorough investigation of some of the numerous occurren

ces yielded the main part of our knowledge of the conditions 

leading to formation and preservation of native iron and other 

metallic phases. 

The Muskox intrusion (North West Territories, Canada) is a 

Precambrian, layered plutone about 120 km in length, dike-like 

in plan and funnel-shaped in cross-section (28). A wide variety 

of native metal phases, including iron of 99% purity, occur in 

the central and lower parts of the central layered series and 

near the base of the intrusion (Fig.3). The total thickness of 

the iron-bearing layers exceeds one kilometre. 

I OBSERVED IN CORE 

F 3 INFERRED DISTRIBUTION 

fc> OBSERVED IN CORE 

P^H INFERRED DISTRIBUTION 

Fig.3: Vertical cross sections through the Muskox intrusion 

showing observed and inferred distribution of native iron and 

copper (28). 
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An Ordovician ultrabasic body near Quebec, Canada is of compara

ble dimensions. The high nickel content in the primary minerals, 

however, led to formation of native nickel-iron, which has been 

confirmed by mass balance estimations in chis case. 

Investigation of the nickel-iron containing serpentinite of 

Leopoldsgriin (FRG) led to the detection of hydrogen gas in the 

rock matrix (30). The serpentinite was sampled from a near-

surface body of rock only about ten metres thick. 

Investigation of the spatial association of opaque minerals, 

including nickel-iron with particular types of alteration, in 

the Dumont serpentinite in northwestern Quebec, Canada, and 

comparison with numerous other locations led to a deeper 

understanding of the mechanism of serpentinization (31). The 

ultramafic body of archean age is a sill-like lens 7 km long 

and almost 1 km wide, dipping steeply. It displays a zonal 

pattern of alteration, typical of ultramafic rocks. 

The Burro Mountain complex in California is a well-exposed 

example of an alpine-type ultramafic mass suitable for a detailed 

investigation of serpentinization (32). From the mineral 

assemblages and composition of certain minerals, the temperature 

and oxygen fugacity environment of serpentinization has been 

derived. Waters issuing from partly serpentinized alpine-type 

ultramafic bodies in California, exhibiting quite unusual 

composition, have been related to serpentinization (33,34,35). 

Interaction between ultramafic rock and meteoric water taking 

place under near-surface conditions at ambient temperatures can 

be studied at such locations (36). 

Another phenomenon, the evolution of hydrogen gas occurring 

during serpentinization, has been known in some places since a 

rather long time, but only recently have further hydrogen seeps 

been discovered at obducted ophiolites and studied in more 

detail (37,38). The groundwaters associated with the Oman 
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ophiolite have already been subject of analogue studies related 

to the final disposal of nuclear waste (39). 

2.2.1 Properties. Mineral paraqenesis. foraation, alteration 

of the iron 

Native iron associated with ultramafic rocks mostly occurs as 

very saall grains, which range in size fro» submicroscopic to 

•ore than 0.1 mm, distributed within the serpentine matrix or 

along grain boundaries. The shape of the grains is irregular, 

and they are often rinsed by Magnetite. The average grain 

diameter of iron in the Muskox intrusion is about 0.1 mm. The 

amounts do not exceed 0.1% (by vol.) of the rock (28). In other 

serpentinites a highly dispersed "metal dust" has been observed 

with maximum grain diameter of 0.05 mm (30). Sulphides of iron 

and nickel are common in these parageneses, too. In the Muskox 

intrusion native copper occurs in the same sections as native 

iron. Sometimes both metals are in direct contact with each 

other. 

Native iron is absent in primary silicates, such as fresh 

olivine, because in the melt the oxygen fugacity is above the 

stability line of iron. Iron is closely related spatially to 

secondary minerals (magnetite, serpentine) formed during 

alteration of the rock. These features indicate that the metal 

phases are of non-primary origin. The required reducing environ

ment is not derived from an external source, as in the case of 

high-temperature formation of native iron in basaltic melts, but 

is generated within the intrusion itself during the serpentiniza-

tion process. For the past two decades there has been a contro

versy about the chemical changes accompanying serpentinization 

and the chemical equilibria involved (40). The reaction mecha

nisms are still not fully understood. 
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The necessity of an interacting, aqueous fluid phase is a major 

problem of serpentinization. A wid-2 variety of origins and 

compositions of the fluids involved is obvious. Serpentiniza-

tion takes place under both constant volume and constant chemical 

composition conditions. Factors in evaluating individual cases 

are: determination of the mineral assemblage and its para-

genesis, the structural and tectonic relationship to its geologic 

environment, fluid access to the rock mass and timing of the 

serpentinization in relation to emplacement of the rock (40). 

Completely serpentinized ultramafic rocks are mostly mixtures 

of serpentine and magnetite. The secondary origin of the 

magnetite is evident from the often cloudy and filigrane-type 

appearance of the mineral within the serpentine. The presence 

cf brucite (Mg(OH)2) in some serpentinites defines a lower 

alteration temperature ( 40) . The mineral is difficult to identify 

in thin sections because it is usually very fine-grained and 

intimately intergrown with serpentine. Predominant occurrence 

of metal phases in intergranular spaces or in veins of serpentine 

indicate that their paragenetic sequence is younger than 

serpentine. 

The mineralogy observed in serpemcinized rocks is consistent 

at least qualitatively with the equation: 

2 Mg,Si04 • 3 HjO « Mg,Si20,(OH)4 + Mg(OH), 

olivine serpentine brucite. 

The decisive factor is the iron content of the olivine and/or 

the pyroxene. Fe(Il) which is liberated from olivine during 

the alteration can only be incorporated to a small extent into 

serpentine. Probably Fe(0H)2 is formed as an intermediate 

product. The release of Fe(II) leads to the generation of highly 

reducing conditions. Hydrogen gas is generated by the concomitant 

oxidation of Fe(II) and decomposition of water (39): 

3 Fe(0H)2 - Fe,04 • H2 • 2 H20. 
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The reaction was found to be catalyxed at temperatures below 

lOOTC by transition metal ions (e.g. Ni(II)) (41). The oxygen 

fugacity under these conditions is described by the ratio 

HjO/Hj. In the course of serpentinization, the redox potential 

•ay reach such low values that Metallic iron is formed. The redox 

potential in the primary ultramaf ic rock is above the stability 

line of iron, near the fayalite magnetite-quart* buffer line 

(32). Only below the temperature limit., where serpentinizati-

on is possible (depending on the water pressure below about 400"C 

(42)) can metallic iron be formed. The magnetite-iron equi

librium curve in the log P(H20)/P(H2) diagram is well known. 

During serpentinization conditions are buffered in that range. 

Coexistence of these phases indicates that the buffering capacity 

was not overcome (28). The sulphides observed in the assembla

ges are also stable during these processes. Nickel, too, is 

excluded from serpentine but to a lesser extent. Depending on 

the composition of the primary minerals and the sulphide 

concentration in the fluid phase, nickel-iron of varying Ni 

content and Mi-Fe sulphides are formed (28,29). The formation 

of Ni-Fe phases requires less stringent reducing conditions than 

that of pure iron. 

Access of water is essential for serpentinizatior. Field observa

tions of serpentinization generally occurring along fractures 

and fissures have made this evident. 

At Burro Mountain serpentinization began after the formation 

of a pervasive fracture system (32). At Leopoldsgrun (30) 

microfracturing caused by tectonic movements provided access of 

water. An extensive net of microfissures resembling about 5-

10 vol % now filled with secondary minerals provided a large 

internal surface. The ubiquitous alteration of ultramafic rocks 

to serpentine is generally considered to have occurred at 

elevated temperatures early in the history of the body. In many 

cases alteration took place indeed at a depth of some kilo

metres and at temperatures of some hundred degrees Celsius. 

Recent evidence has indicated, however, that serpentinization 
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can also occur in rocks which are uplifted and exposed by 

erosion at the landsurface, under prevailing surface temperatures 

and the influence of eeteoric water. Circulation of present day 

surface water has been observed in the ophiolite in Oman and in 

ultraaafic rocks in California (35,39). Isotope thermometry 

indicates alteration at ambient temperatures (34,35,36,37,38). 

Alteration of ultramafic rocks does not terminate at the stage 

of serpentine. A continuing flow of water causes further 

alteration. The resulting mineral assemblage depends on the 

composition of the water. Native iron and other metal phases »ire 

oxidized; iron finally to hematite. Serpentine is altered to talc 

or smectite-type equivalents. Zoning of the mineral assemblages 

has been described from the Dumont serpentinite. A generally 

valid model of serpentinization could be derived from «rhese 

observations (31). Hater moving from the wall rock into the 

ultramaf ic rock has caused distinct zones, and in each zone 

minerals are in equilibrium with each other. The result of the 

processes is a redox front (Fig.4) and a front in sulphur 

fugacity (not shown), which has, in principle, the same shape 

(31). 

Fig.4: Relationship between serpentinization and formation of 

a redox front (31). 



27 

The strongest reducing conditions occur in partly serpentinized 

olivine-bearing ultramafic rock. Intermediate conditions prevail 

in completely serpentinized rock, oxidizing conditions in talc-

carbonate altered rock (Fig.5) (31). 

The sequential alteration steps of ultramafic rocks are (43): 

Dunite brucite-serpentinite talcose body 

(peridotite) (serpentinite) 

parent rock intermediate products final 

product. 

Fig.5: Diagram summarizing the ranges of oxygen- and sulphur 

fugacity of opaque mineral assemblages encountered in the three 

principal alteration facies of ultramafic rocks (31). 

The same sequence may develop in space as well as in time. It 

can be observed, e.g. at Burro Mountain (32) or at the Dumont 

serpentinite (31). 
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In accordance with these alteration zones, different types of 

groundwater emerging from ultramafic rocks have been observed 

(33,34,35,36). 

(i) Ultrabasic Ca(OH)2-rich water only emerges from areas of 

fresh or partly serpentinized rock. It has a high pH (above 

11), low Mg content and no carbonate. 

(ii) Moderately alkaline springs rich in Mg(HC03)2 emerge from 

completely serpentinized ultramafic bodies. If there is brucite 

in the body, the water is slightly different from that of 

serpentinites containing products of further alteration (talc 

or smectite-type equivalent). 

Oxygen-containing surface water intruding into ultramafic rock 

is altered significantly. If atmospheric CO- comes into contact 

with primary olivine, Mg(FC03)2-rich water is formed in near 

surface zones. In deeper zones carbonate is precipitated mainly 

as CaC03 upon contact with high pH Ca(OH)2 water (39). If C02 
comes into contact with serpentine, talc and magnesite are formed 

(31). Free oxygen is removed by reaction with Fe(OH)2 (38). 

The reaction paths have been modelled. A typical groundwater 

(A) entering ultramafic rock evolves along the reaction paths 

as shown in Fig.6(a,b) ( for details see ref. 43). Water chemistry 

observed in waters from ultramafic rocks at three different 

stages of alteration are shown, too. 

Experimental investigations on the kinetics of these water-

rock interactions provided somo ideas of the times needed for 

serpentinization in natural systems. The conclusion is that 

the reactions are slow on the laboratory scale at temperatures 

below about 80°C but geologically fast (44). 

Detailed knowledge of water-rock ratios in natural systems 

which would allow mass balance calculations is lacking. Examples 

of large water rock ratios (34) as well as of low water rock 

ratios (38) have been described. 
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Fig. 6: Reaction path (modelled) of water entering ultramafic 

rock (left) and water chemistry observed in waters at three 

different stages of serpentinization (Fo=forsterite, En=en-

statite, Ta=talc, Chry=chrysotile, Br=brucite) (right) (43). 

Under conditions of intense chemical weathering in tropical 

wet-dry climates, ultramafic rocks rapidly develop lateritic 

weathering profiles (45). Under such extreme conditions, upper 

limits of the downward movement of the weathering front (14 to 

12.5 metres in one million years on topographical plateaus) have 

been calculated. On continental shields weathering profiles that 

developed much more slowly are known (45). The alteration 

sequence under high-flow, near surface conditions is characteri

zed by formation of limonite on olivine, followed by amorphous 

ferric-silicate hydroxides. In serpentine goethite appears. With 

increasing depth the rock becomes poorly drained and, consequent

ly, in the course of alteration, the pH rises (till about 8.5 

(45)) and conditions become more reducing. In very rare cases 

nickel-iron has been preserved in serpentine veins even within 

lateritic weathering profiles (45). 

Serpentinization is a process involving massive infiltration 

of fluid. If the incoming fluid is more oxidizing than the 

intrinsic oxygen fugacity of the rock, oxygen must be extrac-
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ted from the fluid. The resulting serpentinization front is in 

coincidence with a redox front leading to a considerable gradient 

in oxygen fugacity: variations of about ten orders: of magnitude, 

as indicated by typical mineral assemblages, over a distance as 

short as a couple of centimetres have been observed (48). 

The ultimate reason why metallic Fe exists in these systems is 

because of the enormous redox capacity of ultrabasic rock con

taining Fe(II). If all the olivine is used up, iron is oxidized 

to magnetite, but the redox potential is still buffered at very 

low values with a very high redox capacity. 

Weathering of native iron or nickel-iron in serpentinites has 

not been described in detail in the literature. There are only 

some hints that samples from outcrops were weathered (27), or 

that native metals seemed to be less common in surface rocks 

(28). 

3 POTENTIAL OF NATIVE IRON IN NATURAL ANALOGUE STUDIES RELATED 

TO NUCLEAR WASTE MANAGEMENT 

Natural analogues are naturally occurring evidence during 

geological periods of time of: the behaviour of materials, the 

course of processes and conditions and phenomena analogous to 

those met in a repository for nuclear waste. 

Iron and its alloys with other metals may be part of nuclear 

waste itself, in the form of metal parts from the decommissioning 

of nuclear power plants, or these materials may be used as a 

technical barrier. In some countries the use of containers made 

of iron, iron alloys or combinations of iron with other metals 

for low-, medium-, and high level waste is planned. The corrosion 

of iron, its rates and mechanisms under various conditions have 

been studied intensively, but long-term, practical experiences 

are lacking. Controversy exists about the effect of corrosion 
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products on corrosion rates and the integrity of the enclosing 

matrix. Corrosion is usually enhanced by the presence of 

impurities and occurrence of local cells. Native iron contains 

a variety of impurities and it is often associated with sulphi

des. 

Native iron might also serve as an aid in natural analogue 

studies on matrix diffusion and rock-water interaction. Due to 

its thermodynamic instability within the stability field of water 

native iron is a sensitive indicator of pore-water conditions 

in rock and redox front movements. 

Ideally, when all parameters related to the alteration of native 

iron and the matrix enclosing it would be known, it should be 

possible to calculate corrosion rates and compare the results 

with rates observed in nature. 

4 CONCLUSIONS 

Native iron formed at high (magmatic) temperatures is rare on 

earth, not because of the potentially adverse effects of weathe

ring but, mainly, because it is formed under complex conditions. 

These conditions might be compared, roughly, with technical 

processes of iron making. In technical terms the qualities of 

native iron range between low-carbon steel and high-carbon cast 

iron. 

In Greenland magmatic conditions allowed formation of native 

iron over a very long period of basalt volcanism between about 

63 and 30 Ma B.P. Huge amounts, up to an estimated 107 tons of 

mostly finely distributed native iron in basalt, have been 

deposited. The size of the inclusions ranges from millimetres 

to metres. The mineral assemblage (association with sulphides) 

is expected to weaken the durability of the iron. At the Buhl 

a minor volcanic event produced a similar mineral paragenesis 

about 13 million years ac, 
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The course of redox conditions leading from the stage of the 

sediment contamination and reduction of the basaltic melt, 

crystallization and fracturing to prolonged periods of low 

temperature weathering cannot be described exactly. Mineral 

associations, distribution of trace elements between silicate, 

oxide and metal phases and trace element zoning observed in 

iron indicate that, often, only local equilibrium existed in the 

melt. Mass transport limitations (low diffusivity of reactants 

in the melt combined with high redox capacity) favoured preserva

tion of native iron in basalt. 

Rapid cooling of the melt quenched the high temperature assembla

ges, which were, subsequently, partly oxidized and altered by 

hot fluids intruding along cooling fractures. Generally, these 

hydrothermal influences were short, and alteration did not 

proceed deeper into the matrix. The high temperature mineral 

assemblages are not in equilibrium with water at low temperatures 

and are altered, the degree of alteration depending on the water-

rock ratio. 

Native iron has survived millions of years in the ..mtrix of 

basalt. Although the metal has been exposed by erosion, in some 

places, corrosion has not intruded along interconnected metal 

inclusions significantly below the marginal zones of basalt 

columns on Disko. Corrosion products obviously do not lead to 

mechanical destruction of the surrounding silicate matrix by 

volume increase, except at the margins. Local migration and 

precipitation processes lead to filling of cracks. Magnetite, 

forming coatings originating from interaction of iron with high 

temperature fluids or reducing low-temperature pore water, might 

have been protective against further corrosion. It should be 

noted that all samples of native iron described from Greenland 

were collected at outcrops where they were exposed to the 

weather for probably a millenia. The iron inclusions from the 

Buhl are almost exclusively unweathered. They were collected 

during the operation of a quarry at the outcrop of a basaltic 
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neck. Systematic studies focussing on the corrosion/preservation 

of native iron are unknown to the author. 

Native iron formed at low temperatures in ultrabasic rocks upon 

reaction with water (serpentinization) is a widespread phenome

non, more common than generally believed, because it is often 

overlooked. However, ultrabasic rocks rich in FeO comprise only 

a small percentage of all rocks in the earths crust. Condi

tions leading to formation of metallic iron during serpentiniza

tion are fulfilled in small as well as in very large bodies of 

rock. Iron can be found in very old formations, but many cases 

of recent serpentinization have also been described. 

It is surprising that iron is in contact with migrating water 

in ultrabasic rocks. Iron does not form until water intrudes 

into the rock along pore spaces and fractures. Highly reducing 

conditions are provided by an internal source. Highly disper

sed iron, magnetite, water and hydrogen are in equilibrium and 

determine the redox potential. 

Timing of the events leading to precipitation of native iron 

must be derived from geologic evidence. Often, serpentinization 

occurred during cooling of a mafic body (upper temperature 

limit about 500°C), but many cases of ambient temperature, near-

surface serpentinization are also known. 

The mechanisms of serpentinization are better understood since 

geochemical modelling efforts have been undertaken in recent 

years. Understanding the processes is essential for natural 

analogue applications: the behaviour of the system including 

evolution of water composition and redox conditions are predicta

ble. 

Knowledge of low temperature serpentinization makes the design 

of redox-active backfills in nuclear waste repositories for spent 

fuel in deep geological formations possible. FeO-rich olivine 

is highly reactive on a geological time scale and pushes 



34 

groundwater conditions in favourable directions from the 

viewpoint of container life-time, waste matrix dissolution, and 

migration of redox-sensitive and complexing radionuclides. 

The design of a repository system where iron or iron/nickel 

canister materials are thermodynamically stable in contact with 

groundwater, is possible, in principle, but subject to uncertain

ties mainly due to variations in the future groundwater regime. 

It is more convenient to constrain demands on the major tenden

cies of the system. 



35 

5 ACKNOWLEDGEMENTS 

The support of Olli Paakkola, former Acting Director of the 

department and Matti Suomela, Head of the laboratory, during 

this work is greatly appreciated. 



36 

6 REFERENCES 

1. Johnson AB, Francis B. Durability of metals from archaeolo

gical objects, metal meteorites and native metals. Report 

PNL-3198, Pacific Northwest Lab., Washington, 1980. 

2. Hellmuth KH. The existence of native iron - implications 

for nuclear waste management. Part II: Evidence from investi

gation of samples of native iron. Finnish Centre for 

Radiation and Nuclear Safety, Helsinki, 1991. 

3. Clarke DB, Pedersen AK. Tertiary volcanic province of West 

Greenland, in: Escher A, Watt WS. Geology of Greenland, 

Grönlands Ccologiske Undersögelse, Kopenhagen, 1976, 364-

385. 

4. Ulf f-Möller F. Native iron bearing intrusions of the Hammers 

Dal Complex, North-west Disko. Rapp Grönlands Geol Unders 

81 (1977) 15-33. 

5. Pedersen AK. New investigations of the native iron bearing 

volcanic rocks of Disko, central West Greenland. Rapp Grön

lands Geol Unders 75 (1975) 48-51. 

6. Pedersen AK. Tertiary volcanic geology of the Mellemfjord 

area, south-west Disko. Rapp Grönlands Geol Unders 8J. (1977) 

35-51. 

7. Goodrich CA, Bird JM. Formation of iron-carbon alloys in 

basaltic magma at Uivfaq, Disko island: the role of carbon 

in mafic magmas. J Geol 93 (1985) 475-492. 

8. Klöck W, Palme H, Tobschall HJ. Trace elements in natural 

metallic iron from Disko island, Greenland. Contrib Mineral 

Petrol 93 (1986) 273-282. 



37 

9. Eitel W. Vergleichende Betrachtungen uber die Natur des 

Ovifak- und des Buhi-Cisens. Abh Senckenb Naturf Ges 37 

(1920) 148-151. 

10. Pedersen AK. Armalcolite-bearing Fe-Ti oxide assemblages 

in graphite-equilibrated salic volcanic rocks with native 

iron fro» Disko, Central West Greenland. Contrib Mineral 

Petrol 77 (1981) 307-324. 

11. Pedersen AK. Reaction between picrite magma and continen

tal crust: early Tertiary silicic basalts and magnesian 

andesites from Disko, West Greenland. Grönlands Geol Under s, 

Bull 152 (1985) 1-126. 

12. French BM. Some geological implications of equilibrium 

between graphite and a C-H-0 gas phase at high temperatures 

and pressures. Rev Geophys 4 (1966) 223-253. 

13. Myers J, Eugster HP. The system Fe-Si-O: oxygen buffer 

calibrations to 1,500 K. Contrib Mineral Petrol 82 (1983) 

75-90. 

14. Mueller RF, Saxena SK. Chemical Petrology. Springer, New 

York, 1977. 

15. Lovering JF. Electron microprobe analysis of terrestrial 

and meteoric cohenite. Geochim Cosmochim Acta 28 (1964) 1745-

1755. 

16. Pauly H. White cast iron with cohenite, schreibersite and 

sulphides from Tertiary basalts on Disko, Greenland. Medd 

Dansk Geol Foren, Bind 19 (1969), Kopenhagen. 

17. Bird JM, Weathers MS. Native iron occurrences of Disko 

island, Greenland. J Geol 85 (1977) 359-371. 



38 

18. Ulf f-Möller F. Solidification history of the Kitdiit lens: 

immiscible metal and sulphide liquids froa a basaltic dike 

on Oisko, Central West Greenland. J Petrol 26 (1985) 64-

91. 

19. Pedersen AK. Basaltic glass with high-temperature equili

brated immiscible sulphide bodies with native iron fro* 

Disko, Central West Greenland. Contrib Mineral Petrol 69 

(1979) 397-407. 

20. Pedersen AK. Non-stoichiometric magnesian spinels in shale 

xenoliths froa a native iron-bearing andesite at Asuk, Disko, 

C.H. Greenland. Contrib Mineral Petrol 67 (1978) 331-340. 

21. Pedersen AK. Graphitic andesite tuffs resulting froa high-

Mg tholeiite and sediaent interaction, Nugssuag, West Green

land. Bull Geol Soc Denaark, 27 (1978) 117-130. 

22. Bird JM, Goodrich CA, Weathers MS. Petrogenesis of Uivfaq 

iron. Disko island, Greenland. J Geophys Res 86 (1981) 11787-

11805. 

23. Medenbach O, ElGoresy A. Ulvöspinel in native iron-bearing 

assemblages and the origin of these assemblages in basalts 

froa Ovifak, Greenland and Buhl (FRG). Contrib Mineral Petrol 

80 (1982) 358-366. 

24. Raadohr P. Neue Beobachtungen aa Buhl-Eisen. Sitz Ber Dt 

Akad Wiss, Berlin , 5 (1952) 9-24. 

25. Kanehira K, Shiaazaki Y. Native iron in basalt surrounding 

tree-molds at Mt.Fuji, Japan. Neues Jb Mineral Monatshefte 

3 (1971) 124-130. 

26. Eugster HP. Reduction and oxidation in metamorphisa. In: 

Abelson, Researches in geochemistry. J. Wiley, New York, 

1959, 397-426. 



39 

27. Raadohr P. A widespread Mineral association, connected with 

serpentinization. Neues Jb Mineral, Abh 107 (1967) 241-

265. 

28. Chamberlain JA, McLeod CR. Traill RJ, Lachance GR- Native 

aetals in the Muskox intrusion. Canad J Earth Sci 2 (1965) 

188-215. 

29. Nickel EH. The occurrence of native nickel-iron in the 

serpentine rock of the eastern townships of Quebec province. 

Can Mineral 6 (1959) 307-319. 

30. Hahn-Heinheiaer P, Rost F. Akzessorische Nineralien und 

Eleaente ia Serpentinit von Leopoldsgrun (Munchberger Gneis-

aasse). Ein Beit rag zur Geocheaie ultrabasischer Ges teine. 

Gecchia Cosaochia Acta 21 (1961) 165-181. 

31. Eckstrand OR. The Duaont serpentinite: a aodel for control 

of nickeliferous opaque aineral asseablages by alteration 

reactions in ultraaafic rocks. Econ Geol 70 (1975) 183-

201. 

32. Page NJ. Serpentinization at Burro Mountain, California. 

Contrib Miner?! Petrol 14 (1967) 321-342. 

33. Barnes I, Laaarche VC Hiaaelberg G. Geocheaical evidence 

of present-day serpentinization. Science 56 (1967) 830-

832. 

34. Barnes I, 0'Neil GR. The relationship between fluids in soae 

fresh alpine-type ultraacfics and possible aodern serpen

tinization. Western United States. Geol Soc Aaer Bull 80 

(1969) 1947-1960. 

35. Barnes I, Rapp JB, 0'Neil JR, Sheppard RA, Gude AJ. Meta-

aorphic asseablages and the direction of flow of aeta-



40 

•orphic fluids in four instances of serpentinization. Contrib 

Mineral Petrol 35 (1972) 263-276. 

36. Barnes I, O Meil JR, Trescases JJ. Present day serpen

tinization in New Caledonia, Oaan and Yugoslavia. Geochia 

Cosaochia Acta 42 (1978) 144-145. 

37. Abrajano TA, Sturchio NC, Bohlke JK, Lyon GL, Poreda RJ, 

Stevens CM. Methane-hydrogen seeps, Zaabales ophiolite, 

Philippines: deep or shallow origin? Chea Geol 71 (1988) 

211-222. 

38. Neal C, Stanger G. Hydrogen generation froa aantie source 

rocks in Oaan. Earth Planet Sci Lett 66 (1983) 315-320. 

39. Bath AH, Christofi N, Neal C, Philp JC, Cave MR, McKinley 

IG, Berner M. Trace eleaent and aicrobiological studies of 

alkaliiie groundwaters in Oaan, Arabian Gulf: a natural 

analogue for ceaent pore-waters. Brit Geol Surv, Keyworth 

(UK), Report FLPU 87-2, 1987. 

40. Moody JB. serpentiniration: a review. Lithos 9 (1976) 125-

138. 

41. Shipko FJ, Douglas DL. Stability of ferrous hydroxide 

precipitates. J Phys Chea 60 (1956) 1519-1523. 

42. Johannes M. Experiaental investigation of the reaction 

forsterite • H20 * serpentinate • brucite. Contrib Mineral 

Petrol 19 (1968) 309-315. 

43. Nesbitt HW. Low teaperature alteration processes affecting 

ultraaafic bodies. Geochia Cosaochim Acta 42 (1978) 403-

409. 

44. Martin B, Fyfe WS. Soae experiaental end theoretical 

observations on the kinetics of hydration reactions with 



41 

particular reference to serpentinization. Chem Geol 6_ (1970) 

185-202. 

45. Golightly JP. Nickeliferous laterite deposits. Econ Geol 

75 (1981) 710-735. 

46. Carmichael ISE, Ghiorso MS. Oxidation-reduction relations 

in basic magma: a case for homogeneous equilibria. Earth 

& Planet Sci Lett 78 (1986) 200-210. 

47. Deutsch ER, Rao KV, Laurent R, Seguin MK. New evidence and 

possible origin of native iron in ophiolites of eastern 

Canada. Nature 269 (1977) 684-685. 

48. Frost BR. On the stability of sulphides, oxides and native 

metals in serpentinite. J Petrol 26 (1985) 31-63. 

49. Ulff-Möller F. Formation of native iron in sediment-

contaminated magma: I. A case study of the Hanekammen 

Complex on Disko island, West Greenland. Geochim Cosmoci.im 

Acta 54 (1990) 57-70. 



ISBN 9 5 1 - 4 7 - 5 3 4 5 - 3 v*** Nnatuikeiko» 
ISSN 0781-2868 *"t2i?5K 


