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ABSTRACT 

The existence of native iron in near-surface environments is a remarkable phenomenon, which has 
implications on issues of long-term safety of nuclear waste repositories. 

Samples of native iron, formed at high, magmatic temperatures in basalt, from the Buhl (FRG) and 
Disko, West Greenland were studied. The composition of natural iron is somewhat similar to 
technical iron and steel. Analyses of mineralogical and chemical composition of basalt alteration 
products and corrosion products of iron, studies on the porosity and diffusivity of the basalt matrix, 
electrochemical corrosion tests and theoretical calculations of the pore water in the basalt were 
conducted. The aim was to assess the processes and parameters leading to the life-times of native 
iron observed in nature. 

The Biihl iron is enclosed in a basalt matrix, mostly intact, which itself has been exposed to 
oxygenized groundwaters for probably more than 1 Ma. Under these conditions corrosion of the 
iron has been limited by the sluggishness of diffusive mass transport. Furthermore, oxygen has, 
most probably, been depleted by reaction with FeO in the matrix. The resulting redox front has 
moved only a couple of centimetres per Ma. Pore water conditions in basalt (high pH, low Eh) arc 
favouring passivation of the iron. Locally, even conditions near the stability field of iron might 
occur. 

Native iron from outcrops on Disko island occurs in the form of interconnected inclusions, which 
also reach the exposed rock surface. The time scale of exposure to the weather is probably in the 
order of magnitude of IfZ-lO4 a. The role of permafrost is difficult to assess. Corrosion has intruded 
only a few millimetres into the sample examined, except where hydrothermal influences !ed to 
pervasive alteration. 

Based on evidence from occurrences of native iron in partly serpentinized ultrabasic rock, the use 
of high-FeO olivine as a redox-active backfill, working in a nature-analogue way, in nuclear waste 
repositories is proposed. Estimations show that the redox capacity of the backfill could assure 
favourable groundwater conditions (high pH, low Eh, low carbonate, low sulphide) in a repository 
in the long-term. 
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1 INTRODUCTION 

In the first part (1) of this work existing knowledge on 

occurrences of native iron formed at high (magmatic) tempera

tures in basalt and lower temperatures during serpentinization 

of ultrabasic rocks has been reviewed. Their potential as 

natural analogues in the assessment of the safety of deep 

disposal of nuclear waste has been addressed and preliminary 

conclusions have been drawn. 

In the second part a limited number of samples of iron in basalt 

has been studied with the aim of obtaining evidence of the 

processes and parameters that governed preservation or destructi

on of the unstable metal over geological periods of time. The 

assessment of expected and observed life-times of native iron 

includes findings from: analyses of mineralogical and chemical 

composition of basalt alteration products and corrosion products 

of iron, studies on porosity and diffusivity of the basalt 

matrix, electrochemical corrosion tests, and theoretical 

calculations of the pore-water in the basalt. 

Based on conclusions drawn from knowledge on occurrences of 

native iron in serpentinized ultrabasic rock, model calcula

tions on the equilibration of granite groundwater entering 

ultrabasic rock have been conducted. The use of high-FeO 

ultrabasic rock as redox-active backfill in a repository of 

high-level radioactive waste in granite is proposed. 

2 EXPERIMENTAL 

2.1 Samples 

Most of the native iron inclusions found at the Blini locality 

(Germany) are nowadays stored in the collections of museums, 
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the most ample of which were inspected by the author at the 

Forschungsinstitut Senckenberg, Frankfurt (about 80 specimens, 

the collection of Hornstein, who discovered the Buhl iron) and 

the Naturkundemuseum, Kassel. Only a few samples could be loaned 

from the collections, of which only three specimens were 

available for preparation of samples for analyses. 

Basalt was sampled at the remains of the Biihl for characteri

zation of porosity and diffusivity of the matrix. 

A sample of massive Uivfaq iron from the Nordenskiöld expe

dition to the island of Disko, West Greenland in 1870 was kindly 

provided by the Geological Institute of the University of 

Helsinki. Two samples from the Hammersdal Complex, Disko were 

provided by F. Ulff-Möller, Geological Survey of Greenland (GGU), 

Copenhagen (GGU 175926 and 175958). Two thin sections one 

containing Buhl iron and the other Disko iron from Uivfaq were 

loaned from W. Klöck, Max Planck Institut fur Chemie, Mainz. 

The composition of the available iron covers a wide range in 

carbon contents from that of low carbon steel (Buhl, Hammers 

Dal) to that of cast iron (Uivfaq). Massive iron cumulate from 

Uivfaq contained 45-50% Fe3C (about 3% C b.wt. ) and 3% FeS. 

All the specimens from the Buhl in the museums were collected 

at the beginning of this century when a quarry at the site was 

in operation. Today the quarry is flooded by groundwater and no 

more iron inclusions can be found. The iron inclusions examined 

were, with only a few exceptions, fresh and without visible signs 

of corrosion (Figs. 1,2). The spongy iron inclusions were mostly 

ball-like, with a fine-grained silicate matrix in between, which 

was different from the surrounding basalt. In some cases direct 

contact between iron sponge and basalt obviously caused by flow 

movements in the melt, was observed, also (Fig.l, left and right 

samples and Fig. 2). Only a couple of specimens inspected in the 

collections were corroded, one of which is shown in Fig.3. 



Fig. 1: Samples of native 
iron from the Buhl (FRG). 

Fig. 2: Microphotograph 
of native iron in basalt 
(detail from Fig. 1, left 
sample), 9cale: width about 
20 mm. 

Fig. 3: Corroded iron 
sample from the Buhl. 
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From the iron sponge, originally 45 x 35 mm, 25 x 15 mm was 

uncorroded. In the oxidized zone on one side, there are alterna

ting brown, oxidic and lighter coloured silicate layers of about 

0.1 mm thickness. The other parts have preserved their sponge

like structure. Only a few fragments which loosened from the 

oxidized zone were available for analyses. 

The samples GGU 175958 and 175926 from Disko were collected at 

the outcrop of a dike-like intrusion and a basaltic sill of the 

Hammers Dal Complex (2). Fig.4 gives an impression of the 

appearance of a natural outcrop of iron-bearing basalt, which 

is easily distinguishable from normal basalt by its cover of 

corrosion products. Typical boulders from the site shown in Fig. 5 

and 6 (photographed by the author at GGU) contain a large number 

of interconnected iron inclusions (test with electrical resistan

ce meter, F. Ulff-Möller, GGU, pers. comm.). The corrosion/alter

ation products form only a thin layer and alteration has not 

proceeded deeper than a few millimetres into the boulder from 

which GGU 175958 is taken. GGU 175926 is heavily corroded, 

probably by influences of hydrothermal activity from a nearby 

fault. 

The massive Uivfaq iron specimen from the Nordenskiöld expedi

tion was probably from the surface of a large boulder, because 

some basalt was still adhering. It was covered with iron oxides 

and no visible intrusion of corrosion into the matrix along tiny 

fissures was found. The surface roughness was in the order of 

magnitude of the size of the ferrite grains (1-2 mm). 
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Fig. 5: View of section 
through native iron-
bearing boulder, Hammers 
Dal, Disko, scale: 30 cm. 

Fig. 4: Natural outcrop of native iron-bearing basalt, 
Hammers Dal, Disko, Greenland (F. Ulff-Möller, GGU). 

Fig. 6: Native iron-containing boulders with corrosion pro
ducts, Hammers Dal, Disko, scale: width 35 cm. 



/V» 
2.2 Methods 

2.2.1 Analyses 

A scanning electron microscope (Jeol JS M 50 A) was used for 

analyses of massive iron after corrosion tests (U = 25 kV), 

and images were prepared using a Jeol JSM 840 instrument. All 

other analyses of the samples were conducted by a Jeol Super-

probe 733 with energy dispersive instrumentation. 

Alteration and corrosion products were studied by X-ray diffrac

tion. Fe(II) was determined by Pratts method (titration with 

potassium dichromate after dissolution of the sample with HF 

-H2S04) and total Fe by atomic absorption. Results are given in 

percentages by weight. 

2.2.2 Co. rosion tests 

The corrosion rate of ̂  sample from a massive iron cumulate from 

Uivfaq, containing FeS, magnetite and silicate inclusions, was 

measured electrochemically. Experiments were conducted in water 

prepared by immersing 10 g powdered Buhl basalt in one litre 

distilled water for four weeks. The water was only decanted 

before use. Its conductivity was low, 38 uS/cm, 25° C. Corrosion 

rates were determined in oxygenized as well as deoxygenized 

(bubbling of nitrogen for 24 hours through the solution) water. 

After waiting until the potential had become stable, the sample 

was polarized first 55 mV in the cathodic direction and then in 

the anodic direction at a rate of 3 mV/min. From the current 

density-potential curves the Tafel constants and the resulting 

corrosion currents were calculated. The electrical contact within 

the sample was not ideal, because of an alteration product-
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Fig. 7: Experimental set-up for determination of diffusion 
coefficients of rock samples (3: rock disk). 

2 -

% bci 

1 * 

Fig. 8: Typical breakthrough curve for chloride ions and Btihl 
basalt (thickness: 10 mm, diameter of disk: 31 mm). 
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filled fissure, and led to precipitation of corrosion products. 

Therefore, only part of the surface area was used in the rate 

calculations. The obtained rates give upper limits. After 

cleaning with diluted acid, the surface of the specimen was 

examined by electron microscope for detection of local corrosion. 

2.2.3 Porosity and diffusivity 

Methods of porosity uetermination used are described in detail 

elsewhere (3). Diffusion coefficients of non-sorbing species 

in basalt were determined at 25°C using a common through-

diffusion set-up (Fig.7) and chloride ion with chlorine-36 as 

a tracer. On one side was the tracer in 1 mM NaCl, on the other 

side was inactive 1 mM NaCl solution. The activity levels on both 

sides were followed weekly by taking 0.2-ml samples from the 

tracer solution and 10-ml samples on the other side of the 

diaphragma, replacing the sample volume by 10 ml 1 mM NaCl. The 

duration of the experiment with basalt disks of about 5 and 10 

mm thickness was 100 days. 

From the break-through curves (an example is shown in Fig.8) 

apparent and effective diffusion coefficients Da and De were 

calculated, and from the ratio of these, the effective porosity 

determining diffusive transport under stationary conditions was 

calculated, also. 

2.2.4 Pore water simulations 

Pore water simulations (for 25°C) were conducted using the 

geochemical code PHREEQE (pH-redox-equilibrium-equations) (22). 

It gives the composition of solutions (distribution of aqueous 

species) in equilibrium with selected mineral assemblages. The 

saturation state of the water with respect to various mineral 
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phases is defined as the saturation index: SI = log (ionic 

activity product/equilibrium constant x temperature). If the SI 

value is above zero, the solution is oversaturated, and the 

particular mineral precipitates. Kinetic effects and formation 

of metastable phases is not considered. 

In using the code, the original solution must be defined. In the 

case of the Buhl basalt, reasonable guesses had to be added to 

the fragmentary data available on the local groundwaters (Table 

1). In the case of the redox buffer simulation using ultra-

basic rock as a backfill in a nuclear waste repository in 

granite,an artificial granite groundwater (Table 2) was used. 

Table 1: Composition of groundwater from sediments at the Buhl, 

used in PHREEQE calculations of equilibration with basalt 

(contents, (M)). 

Ca 

Mg 

Na 

K 

Fe 

Al 

S i 

1.8xl(T3 

7.8xl0- 5 

l.OxlO"1 

8 .2x l0 ' 5 

2.5X10"8 

7 .4x l0 ' 7 

l.OxlO"3 

CI 

S04 

HC03 

C03 

pH 

p e 

I 

4 .8x l0 ' 4 

2.1x10"* 

3.2xl0"3 

4.8xl0"6 

7 . 4 

1.69 (100 mV 

0.006 
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Table 2: Composition of granite groundwater used in PHREEQE 

calculations of equilibration with olivine redox buffer (con

tents, (M)). 

Ca 

Mg 

Na 

K 

Fe 

Al 

S i 

4.5xl(r4 

1.8xl0 - 4 

2.8xl0~3 

1.0x10-* 

1.8xl0~6 

7.4xl0- 7 

l.OxlO"3 

CI 

S04 

HC03 

C03 

PH 

pe 

H
i 

l.OxlO"2 

9 .3x l0" 5 

1.9xl0" 3 

2 .2x l0" 5 

8 . 3 

- 1 . 6 9 ; 0 ; + 1 . 6 9 

0.0049 

3. GEOLOGICAL EVOLUTION OF NATIVE IRON-BEARING ROCKS 

The geological evolution and context of the sites gives necessary 

information on time scales, parameters, and environmental 

conditions involved. 

The geology of northern Hessen (see 4,5,6,7) since the Tertiary 

is characterized by repeated uplift and subsidence. Marine and 

fluviatile sediments were deposited unconformably on the 

erosional surfaces of the Mesozoic (Muschelkalk or Buntsandstein) 

during the Oligocene and Lower Miocene. Limnic-fluviatile 

sediments contained organic material, which later formed coal 

seams. Uplift at the end of the Lower Miocene led to increased 

erosion. On the resulting relief, basalt was deposited in the 

Middle Miocene between about 7 and 20 Ma ago, with a maximum of 

volcanism at 12-13 Ma, when most probably the Biihl basalt was 

emplaced. No K/Ar ages are available from the Buhl. 

At the Buhl, probably during the first eruptions, a feeder 

channel was formed in the loose Tertiary sediments, which was 

filled later by magma. Sediments slid into the eruption 
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Fig. 9: Geological profile of the Buhl (4). 

channel before the basalt solidified (Fig.9). The thickness of 

the Oligocene (intermittent sand and clay) is about 60 m. 

Contact of the rising magma with groundwater is probable, 

because many of the sediments intersected are known to be highly 

conducting aquifers nowadays. The basalt in the eruption channel 

was only weakly affected, however; it contained vesicles only 

in marginal zones. The cooling history of the basalt can only 

be estimated roughly by analogy. Important parameters necessary 

cannot be quantified (main problems are the latent heat and the 

influences of groundwater). The duration of the volcanic event 

is not known, either, but may have been short because wall-

rock alteration is weak. In the case of another volcanic neck 

in the area, consisting of two c iindrical bodies of 30-40 m 

diameter, 100-150 m below the pa iosurface, a cooling time of 

a few years has been estimated (23). The same order of magnitude 

is most probably valid for the BUhl, too. Some minor influences 

of high-temperature fluids (supply of Mg) have been observed in 

magnetite, however (24,25). 
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Uplift continued until the Upper Pliocene and led to erosion 

of the upper parts of the volcanic structures and much of the 

Tertiary sediment cover, where it was not protected from erosion 

by the basalt. Climatic conditions were mostly warm and humid 

during the Miocene. Occurrence of some oolithic iron and signs 

of lateric weathering in northern Hessen indicate periods of 

intense chemical weathering after emplacement of the basalt. 

In those parts of the Buhl, where native iron was found, no signs 

of weathering are visible, however. 

Before the beginning of the Quaternary, the principle features 

of the present landscape were already existing. It was then 

overprinted by periglacial weathering, affecting predominantly 

softer sediments at slopes. At the Buhl the total thickness of 

the eroded layers might oe 150-200 m (inferred from other 

geological features in the area). The basalt has not suffered 

from any tectonical events. 

The top of the Buhl rose about 60 m above the surrounding 

landscape, before operation of the quarry. Today, groundwater 

fills the former quarry up to a level of 300 m above sea level 

(a.s.l.) (Fig.9) (4). The iron inclusions were found above and 

below that level (lowest level 270-280 m a.s.l.). 

Volcanism in western Greenland during the early Tertiary (8) 

extended over a long period of time (63-30 Ma B.P.). As a whole, 

the situation, marked by .. large variety of eruptive and tectonic 

activity (submarine, subaereal, intrusive volcanism, and folding, 

faulting and tilting and intermittent erosion), is more complica

ted than that of the Buhl. The period was followed by erosion 

which over a period of more than 20 Ma removed most of the 

originally 8 km of basalt, so that today about 2 km are left. 

Erosion was enhanced by uplift of the region (about 1000 m in 

13 Ma). Erosion and weathering started under climatic conditions, 



22 

which can be decribed as mediterranean and continued under 

conditions of decreasing temperature (Appendix). 

Before the beginning of the Pleistocene, the basic features of 

the present relief probably already existed. They were overprin

ted and deepened by glacial and periglacial processes. Probably 

the highest mountain tops on Disko were free of ice. Higher 

elevated planes were less affected by erosion than valleys. 

Erosion at steep slopes and solifluction are typical under 

present conditions. Erosion rates of 0.6-0.8 m/1000 a under 

periglacial to nival conditions and high relief, and 2.5 m/1000 

a (maximum up to 600m/30000 a in valleys) under glacial condi

tions, are given in the literature (9,27). Washburn (10) found 

1-4 m/1000 a on slopes affected by solifluction in East Green

land. The thickness of the permafrost layer in eastern Greenland 

is 125-220 m, the layer affected by thaw, 0.5-2 m (10). 

From the above figures a time scale for the exposure of native 

iron on Disko in a near surface zone affected by freeze-thaw 

cycles under near-present climatic conditions on slopes of about 

103 to 10* a is inferred. 

The samples from the Hammers Dal Complex studied in this work, 

were emplaced as intrusions below the paleosurface at a depth 

which is poorly known, but probably more than 450 m. Their age 

has been derived from stratigraphic information to be slightly 

less than 45 Ma. Subsequent volcanism may have increased the 

burial depth to about 1200 m (F. Ulff-Möller, pers. comm.). 

Episodes of contact of the native iron-bearing rocks with water 

are difficult to estimate. Influences of hot fluids from 

subsequent intrusions as well as of surface water (infiltrati

on during warmer periods after erosion of most of the overbur

den) cannot be excluded. Permafrost probably prohibited groundwa

ter movement for most of the time during the Quaternary. 
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4 RESULTS AND DISCUSSION 

4.1 Alteration- and corrosion products 

The basalts examined from the Buhl and Disko were rather similar 

in appearance. They are fine-grained, dense, dark-grey rocks 

which consist of plagioclase, pyroxene as idiomorphous crystals 

or in the crystalline groundmass and opaque phases (ilmeni te and 

magnetite) as main components. Olivine is generally present in 

minor amounts. In some places the groundmass of the Buhl basalt 

contains glass. Glass has recrystallized to a large extent or 

is altered. Alteration may be explained by the influence of water 

during cooling of the magma. From geological evidence,other types 

of hydrothermal events can be excluded at the Biihl. 

In rims of 5 to 8 mm thickness around the Buhl basalt columns 

glass-rich phases are altered to red-brown coloured, mostly 

amorphous iron-rich phases, which cannot be identified microsco

pically. Opaque minerals within the rims show thin, dark 

red/brown marginal hematite, and plagioclase shows some alterati

on to zeolites along the margins of crystals and along microfis-

sures. The rims are probably caused by low-temperature weathe

ring. Their thickness in relation to the age of xhe basalt and 

exposure to weathering is of the order of magnitude expected from 

experience (11,12,13). According to (11) a time of exposure of 

1-5 Ma is obtained. Influences due to factors other than time 

might be important, but cannot be discussed here, because, among 

other reasons, the nature of the alteration products has not 

been investigated. 

The Disko basalt studied contained glass or its alteration 

products as well, which were evenly distributed in the matrix. 

There are microfissures in the basalt, but the occurrence of 

alteration products seems to be independent of fissures. These 

red-brown mineral assemblages which cannot be identified by 
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microscopic methods are probably iron-rich clay phases. The same 

kind of alteration products were observed around iron inclusions. 

Metallic iron is surrounded by magnetite coatings up to 4 um 

thick. 

In thin sections of iron-bearing basalt (GGU 175958), numerous 

stained fissures, obviously filled with iron-rich phases, were 

observed (Fig.10,11). Typical apertures were 10 to 15 um. Part 

of the iron inclusions from Disko were in connection with the 

surface of the boulders, but isolated inclusions were common, 

also. In the Buhl samples fissures were mostly at the margins 

of the sphericcl sponge-like iron. It is likely, therefore, that 

these are cooling fissures caused by shrinkage of the metal 

phase. 

The margin of iron (GGU 175958) in contact with fissures is 

often, but not necessarily, more corroded than seemingly isolated 

iron inclusions. On the other hand, seemingly isolated iron in 

the basalt matrix may be heavily corroded. 

Three types of iron inclusions from the Buhl were investiga

ted. In the sample in Fig. 12 (right sample xn Fig.l), fresh iron 

is in contact with a fine-grained matrix of probably sedimentary 

origin (see microprobe analysis 1 in Table 3: low FeO, high MnO 

as compared with bulk basalt). In the border zone between iron 

sponge and basalt no alteration is visible. In Fig. 13 the margin 

of the iron sponge is obviously altered to two kinds of phases 

of reddish and metallic grey appearance under reflected light 

(left sample in Fig.l and Fig.2). 
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Fig. 10: Native iron-bearing basalt, Hammers Dal (GGU 175958), 
with corrosion product-filled fissures, thin section, scale: 
width 7.5 mm. 

Fig. 11: same as Fig. 10, but transecting iron inclusion; 
scale: width 3.8 mm. 
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T a b l e 3 : M i c r o p r o b e a n a l y s e s o f s a m p l e s f rom t h e Biihl ( s e e f i g u r e s ) . (% b . w t . ) 

S a m p l e F i g . 1 2 F i g . 1 3 

A n a l y s i s 1 1 2 

F i g . 1 4 

1 2 

F i g . 1 5 

1 2 

S i 0 2 

T i 0 2 

A1203 

5 8 . 9 

1 . 3 2 

1 3 . 8 

5 6 . 2 

-

2 4 . 7 

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

1 .23 

1 6 . 8 - - 0 . 5 4 3 . 2 0 1 . 0 8 2 3 . 4 

FeO 3 .40 35 .2 73 .8 58 .7 60 .8 80 .7 6.53 to 

MgO 

CaO 

Na20 

K20 

0 . 5 3 

3 . 1 7 

4 . 3 1 

3 . 2 3 

-

1 0 . 3 

3 . 8 3 

0 . 2 9 

3 . 8 4 

7 . 7 3 

4 . 2 7 

0 . 8 4 

2 . 4 9 

0 . 4 8 

-

-

-

0 . 6 6 

0 . 9 1 

0 . 3 1 

0 . 2 8 

-

0 . 7 6 
— 

3 . 2 2 

9 . 8 7 

1 .15 

0 . 8 5 

MnO 1 . 3 1 0 . 1 6 0.24 5 . 9 8 

SO, 0 .20 0 .87 2 .36 3 .2 1 .3 0 . 9 7 

t o t a l 9 0 . 4 9 6 . 3 9 3 . 9 8 2 . 7 8 4 . 4 6 2 . 1 7 3 . 6 8 6 . 3 9 5 . 1 



Table 3 (cont.) 

Sample Fig.16 Fig.17 Basalt 
Analysis 1 2 1 2 3 Lit.(5) 

0.69 30.7 1.43 53.5 

0.64 51.4 1.8 

2.35 0.38 14.8 

S i 0 2 

T i 0 2 

A1203 

FeO 

MgO 

CaO 

Na20 

K20 

MiiO 

S03 

3 5 . 5 
-

2 . 5 0 

4 2 . 7 

-

0 . 6 5 

-

-

-

_ 

6 8 . 6 

0 . 5 3 

1 6 . 7 

2 . 0 6 

-

2 . 8 5 

6 . 4 2 

1 . 8 8 

-

_ 

0 . 6 
-

-

9 2 . 9 

-

-

-

-

-

_ 

45.6 44.7 9.9 g 

0.78 4.8 

0.55 0.22 7.8 

0.67 - 3.9 

0.18 - 0.82 

2.24 0.15 

0.13 

total 81.4 99.0 93.6 80.7 101 97.5 
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A small fragment (Fig.15) of a partly corroded Buhl sample 

(Fig.3) was also studied. Note that the iron inclusion was 

originally surrounded by an intact alteration zone. The sample 

disintegrated after preparation of the surface polish, when 

it was stored under moist conditions in a mine during the 

Second World War (crystallization of soluble iron sulphates 

from oxidation of sulphides). 

Microprobe analyses of iron (profiling across whole sponge

like inclusions and single grains of different size were 

conducted with the purpose of drawing conclusions on the state 

of equilibrium between metal and silicate from gradients of 

minor components like Ni, Cu, Co etc. The contents, however, 

were below the detection limits of the microprobe. 

Rims were sometimes observed at the margins of the Buhl iron. 

They are not coherent and less common in the interior of the 

iron sponge. No signs of low-temperature weathering of the 

iron were found, but a slightly stained microfissure crossed 

the margins of the iron sponge of Fig.12. 

In the sample in Fig.13 viscous flow of the melt has mixed 

some basaltic melt into the iron-bearing inclusion. Flow 

patterns in the basalt (alignment of plagioclase laths) and 

alteration of the metallic iron are conspicuous. The alterati

on products are reddish-brown in the outer zones, becoming 

dark grey under reflected light in the interior of the altera

tion zone. The former is not a pure iron oxide/hydroxide. It 

contains 35.23% FeO, but is also rather high in Si02 (molar 

ratio 1:1.5) (Table 3, Fig.14 (mirrored image), anal.l). The 

sum is low, indicating hydroxide groups and hydrate water. 

The appearance in thin section indicates oxidation of iron 

to Fe(III). The darker alteration product contains 73.34% FeO 

and less Si02 (molar ratio 1:0.2, Table 3, Fig.14, anal.2). 

It appears from the way alteration has proceeded by replacing 

metallic iron, that the process happened at higher temperatu

res. There are no microfissures and stained margins around 
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the metal in this sample, which would indicate possible 

contact with weathering influences from outside. The bulk 

composition of basalt and fine-grained silicate enclosed in 

the iron sponge is characterized by low FeO contents. Proba

bly, the FeO content is low due to reduction to the metal. 

The amount of sample material available for destructive 

analyses was not sufficient for further studies (e.g. stable 

isotope analyses of heavy oxygen and hydrogen in OH-groups), 

which could have shed light on the nature of the alteration 

products of iron and the conditions of formation. 

The severely oxidized zone of sample 1 in Fig.3 shows three 

iron alteration products of different appearance: yellow, red 

and dark grey phases (Fig.15). Microprobe analyses show that 

they contain only small amounts of silicate. The sulphur 

content measured may originate from oxidation of FeS. Both 

the yellow and red phases (Table 3, Fig. 18, anal.l, respecti

vely anal.2) contain about the same amount of iron (58.65% 

and 60.83%, respectively), probably in the form of FeOOH with 

varying degree of hydration. The dark grey phase is higher 

in Fe (80.70%), probably as hematite (Table 3, Fig.15, 

anal.3). 

The bulk silicate composition in that sample is comparable 

with other inclusions studied from the Buhl, shov/ing the 

typical enhanced MnO content (Table 3, Fig.15, anal.4). Even 

within the heavily corroded zone in Fig.15, single grains 

of metallic iron still exist, separated from oxide phases by 

less than about 0.1 mm silicate, which cannot be considered 

as a barrier against oxidizing agents. 

By X-ray diffraction analyses of fragments from the corroded 

iron inclusion (Fig.15) only goethite was identified. The 

result of the chemical analysis was in agreement with these 

findings: total iron was 40.1% and Fe(II) only 3.9%. which 

means that iron is mostly in the Fe(III) state. The carbonate 
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Fig. 15: Fragment from 
partly oxidized iron 
inclusion. Buhl; scale: 
height of fragment, 4 mm. 

Fig. 16: Metal-silicate 
interface in iron sponge, 
Buhl, (thin section), 
scale: width 3.8 mm. 
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content was low (about 0.5%). The silicate groundmass was 

X-ray amorphous. In some of the fragments from the oxidized 

zone, kidney-like surface structures were observed microscopi

cally, which indicate that during formation the phases were 

in a gel form. 

The lower part of the partly corroded iron inclusion (Fig.3) 

shows banded oxide layers of varying appearance. Unfor

tunately, that specimen was not available for destructive 

analyses, and the banded portion could not be studied further. 

The rhythmic formation of oxihydroxides might be a phenomenon 

caused by diffusion controlled mechanisms (Liesegang rings 

(14)) accompanying the progression of a redox front or by 

repeated changes in conditions. Such phenomena are rather 

common in nature (see also: diffusion rings (15)) and might 

also occur in the near field of a nuclear waste repository 

when iron is oxidized and conditions of supersaturation are 

to be expected. 

The few, known corroded iron samples known from the Biihl were 

probably in contact with oxygen-containing water through 

cracks in the basalt columns. No reports from the decades, 

when native iron was systematically collected at the Buhl, 

indicate that corroded iron would have been more common. 

The interface between metallic iron and an obviously more 

oxidized reddish-brown mineral assemblage has been examined 

(Table 3, Fig.16, anal.l, BSE-image in Fig. 18, detail indica

ted by frame: Fig.19). There are two rims of magnetite, with 

iron silicate in between following the outlines of the iron 

(Table 3, Fig.16, anal.l). The thickness of the magnetite 

coating varies widely or is even absent, indicating local 

variations in conditions. It is doubtful, therefore, if the 

magnetite can be considered in a more technical sense as a 

protective coating against further corrosion. The silicate 

within the iron sponge contains basalt as well as remains of 

sedimentary rock (Table 3, Fig.16, anal.2). 
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Fig. 17: Metal-silicate interface, 
detail from Fig.16, BSE-image, 
scale: width 0.15 mm. 

Fig. 18: Metal-silicate interface, 
detail from Fig.16, BSE-image, 
scale: width 1.1 mm. 

Fig. 19: Metal-silicate interface, 
detail from Fig.18 (indicated by 
frame), BSE-image, scale-bar; 10 
pm. 
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In the backscattered electron image (BSE-image) (Fig.17 (2 

in Fig.16)), a typical assemblage can be seen: iron is 

surrounded by a rim (Table 3, Fig.17, anal.l) of magnetite 

of 3 urn thickness (99.7% Fe304 measured), followed by an iron-

rich silicate (anal.2) and rods of ilmenite (molar ratio 

FeO:Ti02=l:1.03) (Table 3, Fig.17, anal.3). The assemblage, 

most probably, indicates conditions of high temperature, and 

oxygen fugacities above the stability range of iron metal. 

Probably, transport limitations of the hot fluids in contact 

with the iron caused variations in the thickness of the 

magnetite coating. 

Thin sections of the weathering crust of iron-bearing basalt 

from Disko (GGU 175958) can be seen in Fig.20 and 22. Macros-

copically, the weathering crust has the appearance of rust, 

but it contains fragments oi basalt and sulphide (BSE-

image: Fig.21, Table 4, anal.l , molar ratio Fe:S=l:1.02). 

The corrosion product (Fig.22, BSE-image: Fig.23) is relative

ly homogeneous (Table 4, Fig.22, anal.l: 99.5% calc. as Fe203, 

or 96.1% as Fe304). The two zones that can be distinguished 

around the cavity in Fig.22 have the same composition, but 

are more porous than the previously analyzed product, which 

exhibits grey lustre in polished sections. 

Goethite and magnetite were detected by X-ray diffraction 

analyses of light-brown oxides with a thin yellow-brown cover 

from the exposed surface of GGU 175958. Chemical analysis of 

the partly strongly magnetic fragments gave 21.4% total iron 

and 8.2% Fe(II) (the sample was contaminated by material from 

the basalt matrix). The corrosion products probably represent 

the results of slight alteration by first hydrothermal fluids 

and later low-temperature surface water. The basalt matrix 

was not influenced by these events. 

Reddish-brown alteration products in the interior of GGU 

175958 (15 mm btilow the surface, but adjacent to metallic 

iron) can be seen in Fig.24. There are obviously two different 
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F i g . 20 : 
Weathering c rus t 
on i ron -bea r ing 
b a s a l t . Disko 
(GGU 175958), 
t h i n s e c t i o n , 
sca le : width 3.8 
mm. 

F i g . 22 : 
Vfeathering c rus t 
on i ron-bea r ing 
b a s a l t . Disko 
(GGU 175958), 
s c a l e 1.9 mm. 

Fig. 24: 
Alteration 
products in 
basalt matrix 
of sample GCU 
175958, scale: 
width 3.8 mm. 
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Fig. 21: BSE-image of Fig.20 
(mirrored image). 

Fig. 25: BSE-image of detail of 
Fig.24 (indicated by frame), scale 
bar: 0.1 mm. 

, : \ 
«*r 

© 
//"> -„ 

Fig. 23: BSE-image of Fig.22, 
scale bar: 0.1 mm. 



Table 4: Microprobe analyses of samples from Disko (see figures),(% b.wt.). 

Sample GGU 175958 GGU 175926 

F i g . 2 1 F i g . 2 2 F i g . 2 5 F i g . 2 7 F i g . 2 8 

A n a l y s i s 1 1 1 2 1 2 3 4 5 

S i 0 2 - - 3 2 . 1 3 1 . 3 2 1 . 4 4 9 . 5 5 1 . 2 4 4 . 7 

T i 0 2 - - - - - 1 . 0 3 0 . 7 0 -

A1203 - - - 3 . 5 0 - 3 . 7 4 9 . 2 7 4 . 5 5 

FeO 6 3 . 0 ( F e ) 8 9 . 5 5 2 . 6 4 5 . 0 5 8 . 5 1 3 . 2 9 . 9 1 3 3 . 5 3 9 . 6 ( F e ) 
Ni - _ _ _ _ _ _ _ 1 3 . 7 

MgO - - - - - 1 5 . 6 1 7 . 1 

CaO - - 1 2 . 1 1 1 . 0 

Na20 - _ _ _ _ _ _ _ _ 

K20 - _ _ _ _ _ _ _ _ 

MnO - - - - - - 0 . 2 8 -

Cr 2 0 3 - - - - - 0 . 4 8 0 . 2 3 -

S03 3 6 . 4 ( S ) - 1 . 10 - - 1 .25 3 7 . 0 ( S ) 

^ 

t o t a l 99 .4 8 9 . 5 84 .7 7 9 . 8 8 1 . 0 95 .6 9 9 . 6 83 .9 102 
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phases (1 and 2 in Fig.24 and the BSE image. Fig. 25). Both 

are iron-rich silicates (Table 4, Fig.25, anal.l). A fissure 

filling analyzed, contained practically no (below 1%) silica 

and two phases of 85.92% FeO (95.46% calc. as Fe203) and 59.47% 

FeO. The latter may partly consist of goethite, but the major 

part seems to result from hydrothermal alteration. 

By X-ray diffraction analysis of brown corrosion products from 

inclusions in the inner parts of the heavily corroded GGU 

175926, only magnetite and kaolinite were identified besides 

contamination from the basalt. The fragments showed only very 

weak magnetism. Chemical analysis gave 31.1% total Fe and 

11.8% Fe(II), which gives a molar ratio Fe( II )/Fe( total) near 

that of magnetite. A sample of a dark-brown corrosion product 

from an inclusion very near to the surface of sample 175926 

(similar to that in Fig.27, above, left) was X-ray amorphous. 

In GGU 175926 all metallic iron is completely corroded, but 

abundant FeS is disseminated in the basalt. Most of the 

corroded inclusions are surrounded by an alteration halo in 

the basalt (Fig.26). An isolated, small inclusion without such 

a halo contained only silica and FeO and little sulphur (Table 

4, anal.175926/1). Another inclusion near the surface of GGU 

175926 (Fig.27), contained an iron-rich, reddish-brown 

silicate with some sulphur (Table 4, Fig.27, anal.175926/4) 

and a reflecting phase containing FeS and a Ni-phase (Fig.27, 

BSE-image: Fig.28, Table 4, anal.175926/5). Bulk composi

tions of altered and more fresh basalt in the halo in Fig.27 

are also given in Table 4 (anal.175926/2 respectively 3). 

The alteration products observed in the inclusions in the 

basalt matrix of GGU 175926 suggest alteration by a hydrother

mal event of short duration. Alteration of the basalt is not 

pervasive and FeS is still preserved. 



Fig. 26: Heavily corroded iron inclusion and alteration halo 
in basalt (GGU 175926), Hammers Dal, scale: width 15 mm. 

Fig. 28: BSE-image of corroded 
inclusion in Fig.27. 

Fig. 27: Heavily corroded 
iron inclusion in basalt 
(sample 175926), Hammers 
Dal, scale: width 7.5 mm. 
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4.2 Corrosion rates 

The potential of the iron cumulate measured in artificial 

oxygenated basalt groundwater was -480 mV (against standard 

calomel electrode, SCE). The corrosion current was 8.14 pA/cm2 

and the calculated corrosion rate about 200 pm/a. Under 

exclusion of oxygen -563 mV (SCE), 1.05 pA/cm2 and 22 pm/a, 

respectively, were found. If the whole surface area of the 

sample is assumed to contribute to the currents measured, 90 

and 10 pm/a, respectively, are obtained. The true value is 

between these limits due to lowered conductance across a 

fissure filling. The behaviour of the heterogeneous iron 

cumulate gave results actually expected for pure technical 

iron. If pitting corrosion occurred the potential would not 

have been as stable. Corrosion rates are in the same order 

of magnitude as known from technical iron. 

Scanning electron microscope (SEM) images have been taken 

before and after the tests, but their value is somewhat 

limited because the surface of the sample has been cleaned 

by diluted acid. Pearlite (Fe) is more etched than cohenite 

(Fe3C) but the absolute differences are small (Fig.29). In 

Figs.30,31 (BSE-images) an assemblage is shown, which includes 

iron and cohenite, FeS, magnetite and Fe-silicate. There are 

etch pits visible in pearlite, which might be caused by 

galvanic corrosion. FeS is a good electron conductor with low 

hydrogen overvoltage, which is known to form galvanic cells 

in technical steel, thereby increasing corrosion rates of 

iron. Even cohenite is acting as local cathode, but silica

te inclusions are inactive (16,17). Local differences of the 

electric potential during the electrochemical tests due to 

electrical resistance between grains might explain the 

sporadic, occurrence of the pits observed. 

Corrosion of specimens of iron cumulate in nature does not 

show dramatic forms of local corrosion. The surface roughness 

of a corroded piece of iron from Uivfaq was moderate, the 
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deepest pits being about 1-2 mm in depth. A fragment of basalt 

was still adhering. Intrusion of corrosion into the interior 

of the specimen along the numerous grain boundaries was not 

deeper than a few millimetres in that sample. Further conclu

sions cannot be drawn, because it is not known if the specimen 

had been taken as a fragment from a larger boulder. The 

corroded samples from the Buhl, too, showed a rather smooth 

corrosion front with pits of about 1 mm (because of the 

sponge-like structure, a pitting depth is difficult to 

define). 

The long-term corrosion behaviour of the complex phase 

assemblage in the native iron specimens in environments of 

varying character can hardly be predicted on a theoretical 

basis in a quantitative manner or simulated in laboratory 

experiments. Technological experience has shown that minor 

changes in the composition and structure of steels may exhibit 

activating, passivating or catalyzing influences, which in 

addition to that depend on the chemical environment(16). 

Objects of ancient iron still exist (16), probably, because 

of favourable composition, but the composition cannot explain 

the preservation of native iron. 

No attempt is made here to review the vast literature on iron 

corrosion. Available knowledge of corrosion products and the 

mechanisms of their formation on iron under various oxida

tive water-chemical conditions is inadequate for predicting 

nature, growth and protective action in the long-term. In 

natural groundwater interactions between silica and iron 

complicate the system. Information on solubility and basic 

thermodynamic data on iron corrosion products is not complete. 

In real situations local equilibrium systems seem to dominate, 

the state of equilibrium depending on relative diffusion 

rates. Inner layers may form directly by corrosion, whereas 

outer parts may form by deposition from solution. 

It should be remembered that passivity is not a thermodynami-

cally stable state from which a long-term corrosion-protection 
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Fe3C 

Pig. 29: SEM images of iron cumulate, Uivfaq, before (above) 
and after (below) the corrosion tests. 



W52. 

Fe304 

Fe-silicate 

FeS 

Fig. 30: Typical phase assemblage in iron cumulate, Uivfaq, 
after the corrosion tests. 

Fig. 31: BSE-image of detail (from the lower, right edge), 
from Fig.30, showing etch pits. 
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effect can be derived. Although corrosion products may present 

an important long-term barrier against further corrosion on 

the one hand and against migration of radionuclides on the 

other hand, small holes or porous structures have thr> poten

tial of counterpassing the effectiveness of these barriers. 

Natural analogues might help assessing these problems. 

4.3 Diffusive transport in basalt 

In an intact rock matrix diffusion is the only mechanism 

controlling transport of dissolved species in pore water. When 

corrosion of iron occurs by reaction with water via the 

reaction: 

3 Fe + 4 H20 = Fe304 + 4 H2 , 

the supply of water through unfractured basalt by capillary 

forces is not a limiting factor, but the diffusion of hydrogen 

might influence corrosion. Consumption of water would lead 

to concentration and precipitation of dissolved components, 

if corrosion would be faster than diffusion rates. Oxygen 

corrosion would be limited by the diffusive access of oxygen. 

The properties of the basalt relevant to mass transfer in the 

matrix have not been determined before. The Buhl basalt turned 

out to be an ideal model rock for determining parameters of 

porosity and diffusivity. It is rather homogeneous in structu

re and composition, fine-grained and generally free of 

fractures and cracks within the columns. Because it has never 

been buried deeply, it has not suffered from tectonic events. 

Porosities measured by different methods were surprisingly 

high, about 2.3% by volume (3). Only a small fraction of the 

pore space has apertures above 20 nm, which was below the 

range of the Hg-porosimeter used. Measurements by gas adsorp

tion techniques using water and butane vapour gave rough 

estimates of the pore size disxribution. With water 2.2% 

porosity and a mean pore size of 7 nm was found (all pores 

below 25 nm). Porosity in the uppermost layer of the weathe-
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ring rind was about the same as in fresh basalt. The lowermost 

layer of the rind was less porous. Diffusion experiments would 

be necessary to assess the role of these findings. 

By through-diffusion of chloride ions apparent diffusion 

coefficients of (3.8-7.7)xl0~12 m2/s and effective diffusion 

coefficients of (1.1-5.4)xl0"14 m2/s were determined. A break-

through curve is shown in Fig. 8. The result of one sample was 

omitted. Probably due to leakage (microfissure or sealing 

defect) the result was too high by more than one order of 

magnitude. The average values obtained from two measurements 

each on two samples of different thicknesses were: 

Da = 5.0xl0"
12 m2/s and 

D. = 3.4x10"" m2/s. 

The apparent diffusion coefficient describes transport under 

non-stationary conditions, the effective diffusion coefficient 

that under stationary conditions. From the ratio of these 

values an effective (transport) porosity of 0.69% was derived. 

The lateral distribution of the pore space was characterized 

by impregnation with a labeled polymer (3). In Fig.32 a 

Fig. 32: Lateral distribution of porosity in Biihl basalt (3); 

autoradiograph and processed, pseudocoloured image, 

showing areas with porosities greater than about 2%. 
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processed binary image with areas of porosity above a level 

of about 2% is shown (frame: about 20 x 20 mm). Patches of 

higher porosity than the average matrix are fairly evenly 

scattered over the whole area. There are no features visible 

which would favour transport by flow (in a gradient) or 

diffusion along certain pathways (fissures, fissure fillings, 

shear zones etc.). 

Thus, it is allowed to use parameters determined on bulk 

samples of basalt to predict transport-limited alteration of 

inclusions of iron in the matrix. From the data above migrati

on of species involved in the corrosion of the iron in an 

intact matrix can be estimated. 

Assuming a geometrically simplified plane system containing 

a void between the basalt columns (average diameter of the 

columns: 40 cm, aperture at the Biihl about 0.1 mm, roughly 

estimated) which is highly permeable (no fillings) and thus 

allows oxygenized surface water to intrude deeply into ths 

basalt pile (infiltration of about 30% of the annual local 

precipitation would give flow rates of 200 m/a), about 200 

ml oxygenized water per year comes into contact with 1 cm2 of 

already altered rock surface. 

The initial intrusion of oxygen is non-stationary. Concentra

tion profiles, calculated using the apparent dif fusivity, show 

that stationary conditions are achieved after only less than 

1000 a, if an average diffusion length of 20 cm is assumed. 

Neglecting the non-stationary phase, the diffusive transport 

of dissolved oxygen towards the iron inclusion and the 

resulting corrosion can be roughly estimated by: 

Q = De c/1 

Q = mass flow of oxygen, mol/cm2 x s 

c = concentration gradient (3.13xl0"7 mol/cm3) 

De = effective diffusion coefficient (3.4xl0"
10cm2/s) 

1 = thickness of diffusion barrier, cm. 
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The oxygen mass flow through the silicate matrix obtained is 

1.7xl0~10 mol/cm2 a, and the equivalent amount of iron corroded, 

according to: 

2 Fe + 02 + 2 H20 = 2 Fe(OH)2 , 

is 3.4xl0"10 mol/cm2 a or transformed into corrosion wear, 

1.9xl0"8 g/cm2 a. Assuming uniform corrosion, the rate is 

extremely low: 0.024 nm/a. After geological time periods, 

signs of corrosion should be just observable (e.g. 0.24 mm 

after 10 Ma). Small iron inclusions nearer to the margins of 

basalt columns should not have survived such a long time. For 

cylinder geometry, e.g. an iron inclusion of 4 cm diameter 

in a 40-cm diameter basalt column rates increase by a factor 

f = d0 - dj/diClntdo/dJ (18) of 3.9: 

0.94 mm corrosion in 10 Ma for 20 cm and 

19 mm corrosion in 10 Ma for 1 cm diffusion path. 

Similar estimations have been done for iron corrosion in 

bentonite (18 ). 

The above results imply long contact times between oxygen and 

rock. Thus, reaction of oxygen with FeO-bearing minerals 

cannot be neglected. The FeO content of 8.5% (b.w.) in Buhl 

basalt represents a considerable buffering capacity, under 

the assumption that all FeO is accessible at ambient tempera

ture. 

Assuming consumption of dissolved oxygen formally by the 

reaction: 

2 FeO + 1/2 02 = Fe203, 

a formal Kd value can be calculated from the ratio of oxygen 

consumed by FeO in the matrix (C) to oxygen dissolved in water 

(c). The progress of the redox front in the matrix is deter

mined by an apparent diffusivity 

Da = De/a, where a = e + Kd r (19). 

Assuming saturation concentration of oxygen (resulting Kd = 

950 ml/g), an apparent diffusivity of 1.3xl0"17 m2/s is ob-
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tained. This implies a very slow movement (x) of the redox 

front in basalt, according to x = 1.13 ^ Da« t' : 

2.3 cm in 1 Ma and 7.2 cm in 10 Ma, for example. 

Limited availability of FeO would increase these distances, 

but the general conclusion that the redox buffer capacity of 

the rock matrix prevents corrosion of iron for a very long 

time is still valid. After break-through of the redox front, 

diffusion-controlled corrosion procedes extremely slowly. 

Another limiting factor might be the deposition of corrosion 

products leading to clogging of the pore space. The nature 

and solubility of corrosion products depend on chemical, 

mainly redox, conditions in the matrix. Predictions on the 

degree of corrosion protection these layers might provide in 

the long-term can only be speculative. Magnetite coatings 

formed by water corrosion are known to be protective from 

technological experience. 

Microfissures might provide pathways for oxygenized water 

causing enhanced corrosion. In some Buhl samples fissures with 

apertures of 7.5-25 um were observed; in some places i i speci

mens from the Hammers Dal, Disko, 10-50 pm were typ.cal. All 

these fissures seemed to be filled with corrosion products 

of unknown porosity and diffusivity. 

Assuming a linear model case with a single open 25-um fissure, 

1 cm long, and 1 cm2 of iron behind a barrier of 20 cm basalt, 

a corrosion rate of 3.7 mm/Ma is obtained. This is about 40 

times higher than the rate in intact rock. In reality, 

however, diffusion in fissures is limited by corrosion 

products. Under the assumption of a 20% porosity in the 

fissure filling (see: ref. 3, p. 60) and a geometry factor 

of 0.1, the resulting corrosion rate caused by oxygen dif

fusing through the fissure alone, would be only 0.074 mm/Ma, 

which is in the same order of magnitude as that of intact 

basalt. 
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From these results it can be concluded that the existence 

of native iron in the interior of basalt columns can be 

explained by diffusive mass transport limitations. To explain 

the preservation of mm-sized iron grains near the margins of 

basalt boulders or interconnected iron reaching the surface, 

would need more quantitative knowledge about the system. 

4.4 Basalt pore water 

Groundwater rich in oxygen and with a chemistry dominated by 

the country rock with mostly calcereous formations or surface 

water infiltrate into the matrix of the Buhl basalt. Pore-

water chemistry is determined by equilibrium with the minerals 

of the basalt, because of long contact times inferred from 

diffusivity data. Pore-water chemistry has influences on 

mechanism and rate of iron corrosion. Alteration of the 

silicate matrix may influence the porosity of the rock. 

Local groundwaters are the result of rapid infiltration 

through porous limestones. Thus, Ca- and bicarbonate concent

rations are only moderate and dissolved oxygen is rather high. 

Unfortunately, no analyses were available directly from the 

Buhl. 

A drawback of the model is that reactions where considera

ble amounts of gases are involved (hydrogen, oxygen) or where 

the stability range of water is exceeded cannot be simulated 

properly. Thus, corrosion of iron in a silicate matrix could 

not be modelled. 

A number of possible local equilibria (at 25°C) involving the 

main components of basalt (plagioclase, pyroxenes, olivine), 

various combinations of minerals, FeS and secondary phases 

(calcite, dolomite, talc, chrysotile) have been simulated. 

The results are changes mainly in the pH and Eh conditions. 

The pH rises from 7.4 to about 10 and conditions become very 

reducing, moving from the hematite field into the magnetite 
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stability field. If the sum of sulphur species is assumed to 

be about 10"* M, the final groundwater conditions are near the 

stability field of sulphide, and the presence of FeS does not 

cause any changes. Even if olivine is included in the simula

tions, FeS does not affect the equilibria. The reaction path 

in the Eh-pH-diagram is practically the same, although in the 

Mg0-H20-SiO2 system the reactions of Mg-rich phases lead to 

rather different reaction paths, which are in good agree

ment with results from the literature (20). Both calculations 

give decreases in total dissolved S^. Saturation indices of 

clay minerals, zeolites, carbonates and iron oxides/hydroxides 

are positive. Dissolved iron concentrations between 10"6 and 

10"10 M were obtained (typically below 10"8 M). Dominating iron 

species are Fe2* and FeOH*. 

The results imply that most probably iron species are produced 

faster than they are removed by diffusion and thus precipi

tate. Pore-water conditions where iron is thermodynamically 

stable, might be possible at least locally, but further 

conclusions are beyond the possibilities of the tests perfor

med. There are considerable uncertainties, because the minute 

amounts of secondary mineral assemblages in the matrix could 

not be determined within the framework of this study. 
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CONCLUSIONS 

A model capable of describing the long-term preservation of 

native iron in basaltic rock has to include the following 

topics (observations on natural samples, geological evidence 

(left column) and results of laboratory experiments and 

theoretical calculations (right column)): 

Model of formation 

and evolution of 

native iron 

Porosity, diffusivity of 

basalt matrix and altera

tion/corrosion products 

Mineralogy/chemistry 

of alteration pro

ducts of basalt 

Mineral paragenesis, 

theoretical pore-water 

in basalt 

Mineralogy/chemistry 

of alteration pro

ducts of iron 

Corrosion behaviour of 

native iron 

Geological evolution, 

tectonics, hydrogeo-

logy, erosion etc. 

at the site 

Due to the multitude of factors involved in the model, a 

comprehensive solution to all problems related to the subject 

cannot be expected from this limited study. It is the question 

of a multiparameter system involving processes of corrosion, 

water-rock interaction, diffusive transfer of mass and redox-

front movement. 

Processes of formation of native iron in basalt and subsequent 

evolution, laying stress on phenomena and parameters that led 

to preservation of the metal, have been discussed in part I 

of this work (1). 
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The uncorroded Biihl iron, enclosed in basalt columns of 

certain dimensions gives a fairly simple model. The system 

was exposed to oxygenated groundwater near the surface of the 

earth probably millions of years ago. Corroded samples from 

the site are much more rare. The Buhl basalt has been affected 

neither by hydrothermal influences, except very weakly in 

connection with emplacement of the magma, nor by tectonic 

stress. 

In the Disko samples iron inclusions are often interconnected 

and reach the surface of basalt boulders. The iron is partly 

or completely corroded. The evolution of the site, time scales 

and conditions of exposure of the iron to hydrothermal and 

weathering influences are not very well known, facts that 

render predictions more difficult. The formation (Hammers Dal 

Complex) has been buried deeply for a very long time; it is 

disturbed tectonically. Parts of the formation were affected 

hydrothermally by later magmatic events. 

Based on results from the few samples investigated the 

following conclusions can be drawn: 

- Native iron easily corrodes when exposed to 

weathering influences outside the basalt matrix. Ni 

contents are too low to improve corrosion resistance. 

Impurities in the metal and intergrowths with 

sulphides are expected to favour corrosion. Native 

iron may be considered as a worst case analogue in 

this respect. 

- The basalt matrix is without signs of pervasive 

hydrothermal alteration. Only alteration of basaltic 

glass is observed in samples from both locations. 

The Buhl basalt exhibits rinds, which can be ex

plained by low temperature weathering acting over 

most of the time since emplacement of the volcanite. 



62 

- Magnetite coatings on iron observed in many samples 

are formed by oxidation of iron at higher temperatu

res. Thicknesses vary widely and conclusions on 

protective action of these coatings are speculative. 

- Products of hydrothermal alteration of iron in the 

rock matrix are often not pure oxides/hydroxides, 

but contain silicate, also. 

- Fissures providing pathways for oxygen are filled 

with corrosion products. Iron corrosion is not 

pervasive in such samples, except where hydrothermal 

influences were active. 

- Rusty weathering crusts on a sample (GGU 175958) 

from the Hammers Dal complex seem to be the result 

of weak hydrothermal alteration and overprinting by 

low-temperature weathering. Sulphides are preserved 

in the crust., the basalt is still rather fresh. 

- Where hydrothermal alteration was more pervasive 

(GGU 175926 from the Hammers Dal complex), iron is 

completely altered, but sulphides disseminated in 

the matrix are unaffected. The basalt matrix adjacent 

to corroded inclusions shows alteration halos. 

- The matrix of the Buhl basalt is fairly porous 

(about 2.3% by vol). The pore space is in the form 

of evenly distributed patches of higher porosity. 

No preferred migration pathways can be detected in 

the intact matrix. Pores are very narrow with 

apertures around 20 nm. 

- The theoretical corrosion rate of iron, controlled 

by diffusion of oxygen through the intact basalt 

(Buhl), would be negligible (0.9 mm/10 Ma) for 20 

cm diffusion length, but small inclusions near the 

margins of columns should not be preserved. 
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- Fissures in basalt with apertures as observed have 

no decisive influence, theoretically, on the corro

sion rate, if they are filled with corrosion pro

ducts. 

- Disintegration of the rock matrix as a consequence 

of a volume expansion of the corrosion products has 

not been observed in the samples examined. 

- If consumption of oxygen dissolved in groundwater 

by FeO in minerals of the basalt matrix is not 

neglected in the estimations, corrosion is reduced 

further. Progress of the resulting redox front in 

basalt would be very slow (about 2.3 mm/Ma). 

- Oxygenized groundwater infiltrating the basalt 

matrix is altered to moderately high pH, low Eh pore 

water, according to theoretical calculations. Under 

these conditions iron should exhibit passivity. In 

the presence of olivine, conditions near the stabili

ty field of iron might be possible, locally. 

The above conclusions are limited by the modest number of 

samples and resources available for this study. More sophisti

cated investigations, including determination of the nacure 

and isotopic composition of alteration products (clay mine

rals, zeolites, iron oxides etc.), would give answers to 

questions still open, e.g. on temperatures, composition and 

origin of fluids involved in water-rock interaction. 
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6 REDOX-ACTIVE BARRIER CONCEPT IN NUCLEAR WASTE RE

POSITORY 

FeO-rich olivine is a powerful redox buffer, which under 

certain conditions keeps the the redox potential at the 

stability line of water. Suitable sites for nuclear waste 

repositories in the Baltic shield generally have this drawback 

that the redox buffering capacity of the common granitic 

rocks is rather low (FeO content usually only a couple of 

percentages). 

Reducing groundwater conditions are necessary for optimal 

retardation of redox-sensitive radionuclides in the geosphere. 

At the same time corrosion of waste containers made of copper 

or iron is reduced and the dissolution rate of spent fuel is 

limited to very low values. 

Unweathered FeO-rich olivine could serve as a redox-active 

backfill surrounding waste containers (mixed with bentonite) 

and in tunnels and shafts. It would represent an additional 

technical barrier working in a nature-analogue way. The time 

scale of effectiveness of the barrier might be adjusted by 

the grain size of the crushed material. It might be coor

dinated with canister life-times. Limitation of groundwater 

flow could be achieved by admixture of bentonite. 

An olivine-rich ultrabasic intrusion at Lovasjärvi in southern 

Finland, which would provide suitable material has been 

described (21). The rock is mainly unweathered and consists 

of about: 

68-73% olivine (fayalite content in olivine 50%), 

15-20% plagioclase and 

7-10% opaques (mainly magnetite). 

The average FeO content is 28% b.w., (max. about 40%). Thus, 

the material exnibits a very high redox capacity and optimal 

reactivity combined with a high degree of predictability. Its 

long-term behaviour can be modelled and assessed using natural 

analogues. 
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The groundwater composition in a model repository arrangement 

consisting of a copper canister and 2 m crushed olivine as 

backfill in granite rock, has been simulated by PHREEQE. 

Granite groundwater entering the olivine backfill is not in 

equilibrium with the high-temperature minerals. The tendency 

of changes is the same, in principle, as in olivine containing 

basalt, leading towards rising pH (above 11) and decreasing 

Eh with the exception of effects of the equilibration of the 

Mg-rich minerals. The presence of Al, which is not taken into 

account, would probably lead to precipitation of Mg-smecti-

te. 

A barrier of crushed olivine (density 3.6 g/cm3, FeO 30% b.w., 

thickness 2 m = tunnel radius) would contain 1512 kg FeO/m2. 

Groundwater flow at the repository site is very low, about 

1 1/m2. At a depth of more than 500 m, dissolved oxygen is 

probably depleted (here 1 mg/1 is assumed). According to the 

schematic equation: 2 FeO + 1/2 02 = Fe203 , the buffering 

capacity of the barrier would be used up only after the very 

long time span of 1.7xl08 a. 

However, before FeO bound in the olivine can be oxidized, the 

silicate matrix reacts with groundwater according to the 

overall equation: 

2 Mg2SiO« + 3 H20 = Mg3Si205(OH)4 + Mg(0H)2. 

Serpentinization liberates Fe(II) which is not incorporated 

into the serpentine lattice. Fe(II) is precipitated because 

alteration of the silicate drives the pH up. The effectiveness 

and duration of the redox buffer depends on groundwater flow 

and dissolved oxygen content. The rate of the hydration itself 

is not limited by the access of water, but rather by the 

kinetics of the reaction. 

The idea of a redox buffer, which guaranties conditions where 

FeNi waste containers are stable, has been proposed earlier 

(26). It is, however, uncertain, if groundwater flow condi

tions would remain as required for such extreme conditions. 



66 

Consequently, it is preferable to use only general tendencies 

as a basis in the concept of redox-active backfill. FeO-

rich olivine has the positive effects of decreasing redox 

potential, carbonate, sulphide and proton contents in ground

water upon equilibration under conditions prevailing in a deep 

repository. 
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8 APPENDIX 

Estimated climatic conditions (mean annual temperatures) of 

the North Atlantic region throughout the Tertiary and Quater

nary. Disko: about 70° northern latitude; volcanism between 

about 30 and 63 Ma B.P. (see (8), p. 433). 




