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Abstract

The conglomerates of the Solund Devonian basin of SW-Norway contain numerous (locally up to 20 vol.%) peridotitic
clasts with concentric mm- to 10-cm thick zones of varying red to black color. The peridotite clasts show a clear, alter-
ation-related textural evolution. The least-altered rocks are partly serpentinized peridotites, showing a typical mesh texture
with veins of serpentine, magnesite and Ni-rich magnetite surrounding olivine (Fo91) relicts and its Mg-depleted, clay-like
alteration product (deweylite assemblage). In the more advanced ophicarbonate stage, the mesh cells contain calcite, silica
and are surrounded by talc. In the final stage, quartz, calcite, and hematite dominate the mineralogy and occur together with
minor amounts of chromite, talc, Cr-chlorite, and Cr-hydroandradite. In tandem with this textural evolution is a decrease in
MgO from 40 to 2.5 wt% and a CaO increase from 1 to 35 wt%. All peridotite clasts are characterized by high Cr and Ni
concentrations. The chemistry and the textural evolution show that the clasts formed by an extreme Mg-mobilization from
the peridotite, with development of secondary porosity and subsequent precipitation of calcite. MgO removed from the clasts
after burial is in part consumed by replacement reactions in the sediment matrix around the clasts where Mg-free minerals
(e.g., almandine) are replaced by Mg-bearing minerals (e.g., talc). Calculated apparent 87Sr/86Sr ratios of the clasts at
385 Ma (0.7124–0.7139), corresponding to the inferred age of sediment deposition and incipient clast alteration, indicate inter-
action with diagenetic basinal fluids. We explain the reaction history as a three stage process involving (a) partial serpentini-
zation of olivine in an oceanic environment (b) breakdown of olivine relicts to the deweylite assemblage resulting in
mobilization of MgO under (near-) surface conditions in a tropical Devonian climate and (c) further Mg-mobilization and
replacement of the deweylite assemblage by calcite and quartz after diagenesis. Sedimentary basins with abundant weathered
peridotite represent potential sites for a permanent CO2 storage by formation of calcite in a low-temperature environment.
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1. INTRODUCTION

Carbon capture and storage (CCS) is an emerging strat-
egy to reduce the anthropogenic emissions of CO2 into the
atmosphere. Based on the idea of CO2 capture by mineral
carbonatization, initiated by Seifritz (1990) and popularized
by Lackner et al. (1995), the Intergovernmental Panel on
Climate Change (IPCC, 2005) suggested sequestering
anthropogenic CO2 through a reaction with olivine-rich
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rocks (peridotites) to form carbonates. In nature, serpenti-
nized peridotites of both Alpine- and ophiolite-type associ-
ated with carbonate rocks are known as ophicarbonates
(e.g., Trommsdorff and Evans, 1977; Bucher and Frey,
2001) and listvenites (e.g., Hansen et al., 2005; Akbulut
et al., 2006; Tsikouras et al., 2006; Nasir et al., 2007), the
latter composed predominantly of quartz and calcite (Halls
and Zhao, 1995; O’Hanley, 1996). Natural occurrences
show that ultramafic rocks are reactive in contact with
CO2 (e.g., Naldrett, 1966; Schandl and Naldrett, 1992),
but in spite of this, experimental approaches to industrial
mineral carbonatization turn out to be difficult as discussed
by Kelemen and Matter (2008). The study of ophicarbon-
ates, a natural analog to CO2 sequestration experiments
performed in laboratories around the world, may give hints
on how to modify the experiments to become more efficient.

Pure serpentinization is in most cases found to be iso-
chemical except for the addition of volatiles (Coleman
and Keith, 1971; Komor et al., 1985; Viti and Mellini,
1998; Evans, 2004) and is characterized by a marked
volume-increase between 25% and 60% (Hostetler et al.,
1966; O’Hanley, 1992; Shervais et al., 2005), which may
lead to fracturing (Macdonald and Fyfe, 1985; O’Hanley,
1992; Evans, 2004; Iyer et al., 2008; Jamtveit et al., 2009;
Rudge et al., 2010). Likewise, the formation of carbonates
in fresh peridotite will increase the volume even more, if
carbonatization is isochemical. The required volume-
increase during near-isochemical reaction may hinder
serpentinization and carbonatization to proceed far. A
pervasive Mg-loss from peridotite is known to take place
during weathering in both marine (e.g., Snow and Dick,
1995) and terrestrial environments (e.g., Alexander, 1988;
Bulmer and Lavkulich, 1994). Such Mg-mobilization and
transport may counteract the volume-increase caused by
serpentinization and create porosity in the rocks. During
low-temperature seafloor alteration, Mg-mobilization oc-
curs at temperatures below 150 �C at high water/rock ratios
and influences the CO2 and MgO budget of the seawater
(Snow and Dick, 1995; Milliken et al., 1996). Alteration
of peridotite and formation of ophicarbonate may thus ex-
ert an important buffer on surface water pH involved in
atmospheric CO2 regulation (Brady and Gislason, 1997).

A number of studies of peridotite alteration, including
experimental work, have been carried out in metamorphic
and weathering environments such as mid-ocean ridges,
ocean floor, obducted ophiolites, and alpine peridotites.
However, the fate of peridotite in sedimentary basins, and
the role of serpentinization and carbonatization in sedimen-
tary environments during burial and diagenesis, remains
mostly unexplored apart from a few exceptions (e.g., Cash-
man and Whetten, 1976; Craw et al., 1987). An answer to
this question is important as a second suggestion by the
IPCC was to pump CO2 into sedimentary basins. In this
study, we examine clasts present in the conglomerate of
the Solund Devonian basin of SW-Norway. Based on tex-
tural and chemical investigations (mineral composition,
major and trace elements, and Sr isotopes), we document
that partly serpentinized peridotite clasts evolved through
extreme mobilization of MgO and carbonatization to ophi-
carbonates. Furthermore, we demonstrate that an ideal site
for efficient storage of CO2 would be a sedimentary basin
where weathered peridotite (serpentinite) is abundant,
allowing the formation of carbonate in large quantities.

2. GEOLOGICAL SETTING AND FIELD

RELATIONSHIPS

2.1. The Devonian basins

Five continental Devonian basins (Hornelen, Håsteinen,
Kvamshesten, Solund, and Fensfjorden; V�rlandet counted
as part of the Solund basin) are situated along the coast of
SW-Norway (Fig. 1a). It is generally accepted that these
are supra-detachment-fault basins, formed during late- to
post-orogenic extension above an array of normal faults, ob-
lique-slip faults and low-angle extensional detachments (cf.
Osmundsen et al., 1998). The Nordfjord-Sogn detachment
zone (Andersen, 1998) separates the Western Gneiss
Complex (WGC) from the structurally higher rocks in
the Caledonian nappes including the Solund-Stavfjord
ophiolite, which constitutes the depositional basement of
the Devonian basins. Fish and plant fossils from the
Hornelen and Kvamshesten basins (Fig. 1a) indicate a
Middle Devonian sediment deposition age for these basins
(Høeg, 1945; Jarvik, 1948). The depositional age of the
Solund basin sediments is difficult to constrain but plant
fossils contained in strata at Saueholmen near V�rlandet
(Fig. 1a), which stratigraphically correlates to deeper parts
of the Solund basin, indicate a Lower Devonian age
(Kolderup, 1915; Høeg, 1945).

The present work focuses on the Solund basin (Kolderup,
1915; Kolderup, 1926), where coarse-grained debris and allu-
vial fan-conglomerates and breccias with subordinate sand-
stone units organized in thick (ca. 10 m to >100 m)
coarsening-up-fining cyclic units dominate the basin fills
(Nilsen, 1968; Indrev�r and Steel, 1975; Osmundsen et al.,
1998) (Fig. 2b and c). The Solund basin fill rests with a well
preserved primary unconformity on the Solund-Stavfjord
ophiolite complex and associated metasedimentary and meta-
volcanic complexes in the west and north (cf. Furnes et al.,
1990). To the southeast, the dipping strata banks up against
the southwest-striking Solund fault (Fig. 1b), which presents
highly foliated rocks, including the Solund-Stavfjord ophiolite
and associated rocks in the footwall (Hacker et al., 2003).
Nilsen (1968) demonstrated that the basin fill was derived
mostly from the southeast. The stratigraphic thickness of the
Solund basin across the southeast dipping strata between
Lågøyfjorden and the Solund fault in the central parts of the
basin is more than 6 km (top not seen) (Indrev�r and Steel,
1975). Svensen et al. (2001) estimated that Devonian sediments
were buried to ca. 13 km and that the temperatures during
burial reached 230–320 �C. Nilsen (1968) reported on charac-
teristic red jasper-like clasts and estimated that they account
for less than 1% of the clasts in the Solund basin. Nilsen
(1968) also reported on rare pebbles of talc-rich schist within
the Solund basin. In addition to the clasts described before,
we find numerous clasts of ultramafic composition, character-
ized by a concentric zoning typically with green cores, gray
intermediate zones, and red rims. The present study focuses
on these ultramafic clasts which were mainly collected along



Fig. 1. Simplified geological map showing the location of the five Devonian basins along the coast of SW-Norway (a). A more detailed
geological map shows the Devonian Solund basin with sampling localities (b). The overview indicates the location of the field area in relation
to Norway (N), Sweden (S), and Finland (Fin).
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a ca. 100 m newly blasted road section at Lauvvika in the north
of Hardbakke (Fig. 1b). Similar clasts occur throughout most
of the conglomerate outcrops, and additional samples have
been collected at eight additional sites in the Solund basin
(Fig. 1b). The ultramafic clasts in the conglomerate typically
range from 1 cm to 30 cm in diameter, but boulders up to
2 m across have also been observed. Typically the ultramafic
clasts make up ca. 1% by volume although 50 m thick layers
with up to 20 vol.% of ultramafic clasts can be followed for
several kilometers across the basin (Fig. 2a). The typical occur-
rence of the ultramafic clasts in the field is shown in Fig. 2d.

2.2. Possible source rocks of ultramafic clasts

Ultramafic rocks occur primarily in three tectonostrati-
graphic units in Western Norway: as rare and mostly small
inclusions within the Proterozoic WGC, as cumulates with-
in the allochthonous Precambrian rocks of the Lindås and
Jotun Nappes (middle Allochthon), and as part of the
Solund-Stavfjord ophiolite complex (part of the upper
Allochthon) and the associated Sunnfjord obduction
mélange (Skjerlie and Furnes, 1990). The peridotites of
the WGC can almost certainly be excluded as a source of
the present clasts because peridotites are very rare or not
present in the southern parts of the WGC and these rocks
were only exhumed to erosion in the Late Paleozoic and
Early Mesozoic. Because of the large-scale attenuation of
the Caledonian nappe-stack during the Devonian post-
orogenic extension, the exact provenance of the peridotites
cannot be determined with certainty. However, an origin
from the ophiolite or the obduction mélange units seems
to be most likely from the tectonostratigraphy since these



Fig. 2. Field images from the Devonian Solund basin. (a) Coarsening-up-fining (CUPF) rhythmic layering in extremely coarse-grained
southeast dipping fan-conglomerates of the Solund basin. Maximum size of blocks in the conglomerate is up to ca. 2 m across. The largest
blocks are found in the middle parts of the CUPF layered units. Note the geologist for scale at the base (left) of the ca. 45 m high cliff-face. (b)
Conglomerate with red clasts of ultramafic composition from the Solund basin. In certain layers of the basin, the ultramafic clasts make up
20 vol.%. (c) Close-up of the coarse-grained conglomerate showing how the ultramafic clasts occur in the basin. (d) Close-up of a
concentrically zoned ultramafic clast in the field (length of red chisel is 20 cm). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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rocks were exhumed to the surface already in the Early
Devonian (Andersen et al., 1990). In addition, a source of
ultramafic rocks similar to those in the Lindås and Jotun
Nappe cannot be excluded as abundant debris from
Jotun-type rocks is commonly present in both the
Kvamshesten and Hornelen basins in the north of the
Solund basin.

The closest outcrops of ultramafic rocks to the Solund ba-
sin are found on two groups of islands in Åfjorden, Hyllestad
(Fig. 1b). The exposed rocks in these localities include pris-
tine dunites (inner group) as well as serpentinites (outer
group). Skjerlie and Furnes (1990) describe both oceanic
shear zones with serpentinite protrusions and breccias as well
as conglomerates with boulders and pebbles of ultramafic
composition from Tviberg, Sunnfjord (not shown in Fig. 1;
ca. 50 km north of Solund). Skjerlie and Furnes (1990) inter-
pret the conglomerates to have developed in a transform fault
or fracture zone setting in the ocean floor. Numerous lenses
and fragments of altered peridotite are also found within
the Sunnfjord obduction mélange.

Two samples of peridotite (dunite) from the inner group
of islands in Åfjorden, collected for reference, consist of
olivine with very minor (<5 vol.%) orthopyroxene, clinopy-
roxene, Cr-spinel and chlorite. The rocks are fine-grained,
have a polygonal texture and display a foliation defined
by oriented chlorite flakes. The samples from the outer
group of islands are strongly serpentinized. Quartz, calcite,
and the clay-like alteration product after olivine, character-
istic for the altered clasts from the Solund basin, are not
found in these ultramafites. We also noticed that the olivine
from the inner and outer islands in Åfjorden has slightly
higher forsterite contents (Fo91–Fo94) than olivine in the
clasts (Fo91) from the basin, but their vicinity makes them
the most likely source rock.

3. ANALYTICAL METHODS

3.1. EMP techniques

Core, intermediate, and rim zones of the clasts were sep-
arated and thin sections were prepared from each zone if
possible. Mineral compositions were analyzed in
wavelength-dispersive mode (WDS) on a Cameca SX100
electron microprobe at the Institute of Geosciences,
University of Oslo, using an acceleration voltage of
15 kV, a beam current of 10 nA and a counting time of
10 s for major and minor elements. Na and K were ana-
lyzed first. Standardization was done with synthetic oxides
and natural minerals. Matrix corrections follow procedures
described by Pouchou and Pichoir which are implemented
in the CAMECA PAP—program. When possible, a beam
diameter of 10 lm was selected but, due to the very small
size of the minerals, a focused electron beam had often to
be used even on beam-sensitive material. Normalization
of microprobe analyses to formula oxygens was done
assuming stoichiometric mineral compositions. In the cal-
culated structural formulae of hydroandradite, the low Si
is properly compensated by calculated H4 values (Table 2).
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Representative compositions of all minerals are listed in
Table 2. The compositions of the alteration products after
olivine and orthopyroxene are listed in Table 3. The struc-
tural formula of the alteration products was recalculated on
a water-free basis assuming the stoichiometry of olivine and
orthopyroxene, respectively. Mineral abbreviations in this
paper follow suggestions by Whitney and Evans (2010) ex-
cept for hydroandradite (Hy-adr), Cr-bearing magnetite
(Cr-Mag). We abbreviate the deweylite assemblage with
Dew.

3.2. Whole-rock geochemistry

The clasts were sliced with a diamond saw and the differ-
ent concentric zones were split apart. For most samples it
was only possible to collect two parts, the core and the
red rim. In three samples the bands were sufficiently thick
to allow three zones to be collected. The samples were then
ground in a steel mill and analyzed for major and trace ele-
ments with a Philips XRF analyzer at the Department of
Geosciences, University of Oslo. The XRF results are
shown in Table 4a. These results were also recalculated
on a calcite and volatile-free basis (Table 4b). Assuming
an original CaO content of 1 wt%, corresponding to the
least-altered sample, CaO in excess of this was subtracted
together with the loss on ignition (LOI). All elements except
CaO were then multiplied with the constant required to
bring the sum to 100 wt%. Rock densities used for mass-
balance calculations (Grant, 1986) were calculated based
on the weight of samples in water and air.

3.3. Sr isotopes

Rb and Sr concentrations were determined by isotope
dilution using mixed 87Rb–84Sr spikes. Determinations of
Rb and Sr isotope ratios were carried out on a VG Sector
54 multicollector TIMS instrument (GFZ Potsdam). Sr
was analyzed in dynamic multicollection mode. The value
obtained for 87Sr/86Sr for the NBS standard SRM 987
was 0.710268 ± 0.000015 (n = 19). The observed ratios of
Rb analyses were corrected for 0.25% per a.m.u. mass frac-
tionation. Total procedural blanks were consistently below
0.15 ng for both Rb and Sr. Blank-to-sample ratios were
consistently very low, and no blank correction was applied.
We analyzed cores and rims of seven clasts for their Sr iso-
topic signatures. The results are listed in Table 6.

4. PETROGRAPHY AND MINERAL CHEMISTRY

4.1. The clasts

Most ultramafic clasts show a typical mesh texture
which is related to incipient alteration of olivine along grain
boundaries. On a hand specimen scale, these clasts display a
characteristic concentric zonation resembling liesegang
rings (Fig. 3). Although gradational in their mineralogical
and textural characteristics the clasts can be divided into
three main types, which are interpreted to represent pro-
gressive alteration: incipient alteration (type-1 clasts), inter-
mediate alteration (type-2 clasts), and advanced alteration
(type-3 clasts). The classification of the studied samples into
the three types is given in Table 1. The mesh texture can be
traced through most of the progressive alteration. Type-1
clasts are dominated by Mg-silicates and have cores with
relict olivine. Type-2 clasts contain relict Mg-silicates, but
are dominated by calcite. In the type-3 clasts, quartz and
calcite dominate the mineralogy with chromite as the only
relict peridotite phase. In type-3 clasts, circular strings of
hematite in quartz indicate the former presence of the mesh
texture.

However, a strict classification of the clasts in the three
different types is complicated by their concentric zonation.
For example, a clast may have a core composed of olivine,
serpentine and chromite (type-1), whereas the rim is domi-
nated by calcite, quartz and hematite (equivalent to type-3).
Such a sample is still classified as a type-1 clast due to the
preservation of abundant Mg-silicates. If this example-clast
was exposed to progressive alteration and interaction with a
Ca- and CO2-bearing fluid, some proportion of the Mg-
silicate phases in the core of the clast would dissolve and car-
bonate minerals would precipitate, which will classify the
clast as type-2. We observe from the different whole-rock
compositions that progressive alteration is accompanied
by depletion in MgO, in tandem with a relative enrichment
in SiO2. Pervasive alteration will result in a composition
dominated by quartz and calcite in all zones (rim, interme-
diate and core) which will classify the clast as type-3.

In places where clasts occur within fault zones, the clasts
develop a schistosity and the concentric zonation cannot be
recognized any more, which further complicates the clast
classification.

4.1.1. Type-1 clasts (incipient alteration): texture and

mineral composition

Type-1 clasts have dark green partly serpentinized cores
(Fig. 3a), of variable size from a few cm to half a meter
across. The core of sample SOL2-05, a representative
type-1 clast, is surrounded by a 1 mm thick zone dominated
by serpentine and fine-grained aggregates of probable
serpentine and talc. A 2 mm thick zone of pervasive carbon-
atization (calcite) separates this zone from a �1 cm thick,
talc-rich outer zone. The talc-rich outer zone is transected
by serpentine veins and displays a reddish color due to
hematite staining. An outer dark red rim (Fig. 3a) is
composed of quartz, hematite and calcite (Table 1).

The least-altered parts are dominated by olivine and dis-
play a mesh texture composed of serpentine- and magne-
tite-filled veins separating relicts of olivine (Fig. 4a).
Locally, these veins have a 5 lm thick central domain of
magnesite (Fig. 4a). The olivine may be partly to com-
pletely replaced by its alteration product, resulting in mesh
cells which contain relict grains of olivine, its alteration
product or a mixture of both (Fig. 4b). Some magnetite
grains have high concentrations of NiO (up to 5.19 wt%;
Table 2) and low totals (�95–98 wt%), similar grains of
magnetite may also occur in type-2 and -3 clasts. We as-
sume that the low totals are caused by an intergrowth of
NiS and magnetite. A more advanced stage in the alteration
process is illustrated in Fig. 4c where some of the mesh cells
contain calcite in addition to the above described fillings.



Fig. 3. Examples of different types of clasts as described in text. (a) Type-1 clast with greenish core of serpentine, olivine, the deweylite
assemblage, and chromite. The core is surrounded by a talc-rich zone and a mm-wide, pervasively carbonatized zone. The red rim is colored
by abundant hematite and is composed of talc, serpentine, and some carbonate. The outermost dark red rim consists of talc, calcite, quartz,
and hematite (sample SOL2-05). (b) Type-2 clast. The clast has a dark core composed of calcite, quartz, talc, and serpentine and is surrounded
by a red hematite-stained zone. Note how the red outer zone makes excursions into the core region along fractures (sample SOL21B). (c)
Type-3 clast. Red hematite-stained outer rim surrounds an orange hydroandradite-bearing core (sample SOL21L). (d) Type-2 clast.
Carbonate-rich clast. Note the pronounced calcite veining (sample SOL21F). (e) Type-2 clast with a light green serpentine- and carbonate-rich
core surrounded by a gray talc-rich zone and a red carbonate-rich thin outer rim (sample SOL21E). (f) Type-3 clast. Hematite-stained calcite-
and quartz-rich clast (sample SOL21K). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Compositions of olivine both from the clasts and from
the studied peridotite in Åfjorden are listed in Table 2. In
the clasts, the composition of olivine ranges between Fo90

and Fo91 with a Ni content of ca. 3000 ppm (shown as
NiO in Table 2), typical values for mantle peridotite and
close to the reference samples from Åfjorden. The clay-like
alteration product after olivine has a high volatile content
as indicated by anhydrous totals of less than 90 wt% (Ta-
ble 3). This alteration product bears chemical resemblance
to sepiolite but it may also be an extremely fine-grained
intergrowth of several mineral phases. Such an intergrowth
has been described in the literature as deweylite and is va-
guely defined as a compositionally variable mixture of
poorly crystalline serpentine and talc or serpentine and ste-
vensite (Faust and Fahey, 1962; Speakman and Majumdar,
1971; Bish and Brindley, 1978). Generally, the deweylite
assemblage is interpreted to form at low temperatures,
i.e., <180 �C (Speakman and Majumdar, 1971) or even
�50 �C (Faust and Fahey, 1962). Lapham (1961) concludes
that the deweylite assemblage forms due to alteration of



Table 1

Classification of ultramafic clasts based on their mineralogy. Note that the gradational nature of the clast complicates an exact classification.

Sample Type Core Intermediate zone Rim Comments Sample

locality
Width

(cm)

Color Mineralogy Texture Width

(cm)

Color Mineralogy Width

(cm)

Color Mineralogy Texture

SOL2-05 1 6 � 4 Green Chr + Dew + Dol + Mgs

+ Mag + Ol + Qtz + Srp

Mesh 2–3 Gray Cal + Srp + Tlc 1–2 Red Cal + Hem + Qtz + Tlc Wormy

quartz

Transected by serpentine

veinsa
Lauvvika

SOL21B 2 1.5 Dark gray Cal + Cr-Mag + Qtz + Tlc Wormy

quartz

Not developed 1.5 Red Cal + Chl

+ Hem + Qtz + Tlc

Wormy

quartz

Concentric and radial

veins with red halos

Lauvvika

SOL21C 3 2 � 6 Dark green Cal + Chr + Di + Qtz + Tlc Mesh Not developed 2–3 Red Cal + Chl

+ Hem + Tlc

Mesh Concentric Cal-veins in

rim

Lauvvika

SOL21D 2 2 Light green Cal + Chr + Ni-Mag

+ Srp + Tlc + void

Mesh 2–3 Gray Cal + Tlc 1–2 Red (Mg-) Cal

+ Chl + Hem + Tlc

Mesh Rim to intermediate zone

transition is gradational

Lauvvika

SOL21E 2 2 Light green Cal + Chl + Chr

+ Hy-adr + Srp + Tlc

Mesh 2 Gray Cal + Srp + Tlc 1.5 Red Cal + Chl + Hem + Tlc Mesh Core is cross-cut by Cal-

veins with red halos

Lauvvika

SOL21F 2 6 Red Act + Cal + Chl + Chr

+ Hem + Hy-adr + Tre

Mesh Not developed 2 Red Cal + Chl + Hem + Qtz Mesh Abundant Cal-veining Lauvvika

SOL21G 2 2 � 5 Dark green Alt. Prod + Cal + Chr + Cr-

Chl + Ol + Qtz + Srp + Tlc

Mesh 2 Gray Cal + Chr

+ Srp + Tlc

2 Red Cal + Chr + Hem

+ Qtz + Srp + Tlc

Mesh Cross-cut by Cal-veins

surrounded by red halo

Lauvvika

SOL21H 1 >6 Gray-green Cr-Mag + Dew

+ Mgs + Ol + (Fe-) Srp

Mesh 2.5 Dark

green

al + Dew

+ Ol + Qtz + Srp

2–3 Red Cal + Chr + Dew

+ Hem + Qtz + Srp

Mesh Cross-cutting Cal- and

Srp-veins

Lauvvika

SOL21I 2 >5 Brown Chl + Chr + Dew + Qtz + Srp Mesh 2–3 Dark

gray

Cal + Srp + Tlc 0.8 Red Cal + Hem

+ Mag + Qtz

Mesh Contains type-3 zones.

Hem strings define mesh

texture

Lauvvika

SOL21K 3 4 Red and

gray

patches

Amp + Cal + Chl + Chr

+ Qtz + Srp + Tlc

Mesh Not developed 2.4 Red Cal + Hem

+ Qtz + Tlc

Mesh Rim to core transition is

gradational

Lauvvika

SOL21L 3 2 Orange Cal + Chr + Hy-adr + Tlc Veined Not developed 2 Red Cal + Chl + Hem

+ Qtz + Tlc

Veined Radial and concentric Cal-

veins

Lauvvika

SOL27A 1 1 Dark green,

brown

areas

Cal + Chr + Dew + Ol + Srp + voids Mesh 1–2 Gray Cal + Chr + Qtz + Tlc 1–2 Red Cal + Hem + Qtz + Tlc Mesh Texture indicates

alteration of

orthopyroxene

Hamnavtn

SOL28 3 >6 Light gray Cal + Chr + Tlc Mesh Not developed 2.5 Red Cal + Hem + Qtz + Tlc Mesh Veins with purple halos

cutting core

Selvika

SOL39 3 3 Gray green Amp + Cal + Chr + Qtz + Tlc Wormy

quartz

2 Light

gray

Cal + Chr + Tlc 2 Red Cal + Hem + Qtz No

mesh

Veins with purple halos Klubbane

SOL42 2 >1 Dark green Cal + Dew + Qtz + Srp Mesh 2 Gray Cal + Chr + Tlc 1 Red Cal + Chl + Chr + Hem + Tlc Mesh Abundant Cal-veins Botnane

SOL46 2 >50 Dark gray Cal + Chr + Qtz + Srp + Tlc Foliated Not developed or erased due to

shearing

1 Red Cal + Hem + Qtz Foliated Large schistose clast ca.

1-m across

Furevika

SOL49 3 >3 Gray Amp + Cal + Chr + Tlc Mesh Not developed or erased due to

shearing

1 Red Cal + Chl + Hem + Qtz Foliated Schistose clast with

abundant Cal-veins

Larsskogvtn

BS-19a 3 5 Light

purple

Act + Cal + Chl + Chr + Tlc No

mesh

3.5 Dark

purple

Amp + Cal + Tlc 3 Red Cal + Hem + Tlc Mesh Hem-strings in rim Klavvika

BS-35D 1 15 Dark green Cal + Chr + Dew + Mag + Ol + Srp Mesh 2 Gray Cal + Srp + Tlc 2.5 Red Cal + Hem No

mesh

Cross-cut by Srp–Cal-

veins

Furevika

a A dark 1-mm thick Srp-rich rim separates the core and the intermediate zone. The outer red zone is locally split into two zones separated by a Tlc-rich zone (Fig. 3a).
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Table 2

Major-element composition of minerals from the investigated samples. Oxides in wt%, the structural formulae in atoms per formula unit (apfu).

Sample: SOL21I SOL21E SOL21K SOL21L SOL21G SOL21L SOL2-07 SOL21H SOL21B SOL21I SOL21H SOL21K SOL21H SOL21H SOL21H HYL HYL HYL

Sample

location:

Clast-

core

Clast-

core

Clast-

core

Clast-

rim

Clast-

rim

Clast-

core

Matrix;

replacing

almandine

Clast-

core

Clast-

core

Clast-

rim

Clast-

core

Clast-

rim

Clast-int.

zone

Clast-core Clast-core Reference

from

ophiolite

Reference

from

ophiolite

Reference

from

ophiolite

Clast type: 2 2 3 3 2 3 — 1 2 2 1 3 1 1 1 — — —

Mineral: Chl Chl Chl Chl Tlc Tlc Tlc Chr Cr-Mag Mag Cr-Mag Hem Ol Ol Ol Ol Ol Ol

SiO2 32.69 32.06 35.53 28.57 62.64 60.90 61.49 n.d. n.d. n.d. n.d. n.d. 40.84 40.84 40.57 41.51 41.35 40.62

Al2O3 12.92 14.68 13.12 17.20 0.03 0.06 0.37 7.04 2.90 0.03 0.07 0.00 n.d. n.d. n.d. 0.00 0.00 0.00

TiO2 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.13 0.16 0.00 0.01 0.01 n.d. n.d. n.d. 0.00 0.00 0.00

Cr2O3 2.98 2.92 0.08 0.04 0.03 0.00 0.00 48.75 35.99 0.25 4.69 1.19 n.d. n.d. n.d. 0.00 0.00 0.00

FeO (tot.) 3.10 3.19 13.14 15.11 1.06 5.53 3.79 35.12 54.57 82.90 79.85 92.06 9.29 9.22 8.61 5.46 6.04 8.76

Fe2O3 rec. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 13.77 29.07 65.73 65.56 68.09 n.c. n.c. n.c. n.c. n.c. n.c.

FeO rec. n.c. n.c. n.c. n.c. n.c. n.c. n.c. 22.73 28.42 23.75 20.86 30.79 n.c. n.c. n.c. n.c. n.c. n.c.

MnO 0.01 0.01 0.19 0.28 0.00 0.04 0.05 0.60 1.86 0.11 0.67 0.11 0.09 0.12 0.12 0.14 0.12 0.11

MgO 33.67 32.54 25.64 23.25 31.76 27.33 28.32 6.21 0.99 0.48 4.28 0.00 49.72 49.47 50.19 53.23 52.80 50.59

CaO 0.02 0.04 0.15 0.42 0.17 0.30 0.11 n.d. n.d. n.d. n.d. n.d. 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 0.05 0.00 0.00 0.00 0.00 0.00 0.05 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 0.00 0.00

K2O 0.01 0.01 0.12 0.02 0.00 0.00 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.00 0.00 0.00

NiO 0.08 0.20 1.25 0.60 0.42 0.72 0.25 0.03 0.37 5.19 2.72 0.32 0.42 0.43 0.38 0.32 0.33 0.28

Total 85.53 85.66 89.22 85.49 96.12 94.89 94.46 99.26 99.76 95.62 100.06 100.52 100.36 100.08 99.87 100.66 100.64 100.36

Si 6.32 6.18 6.82 5.87 7.91 7.96 7.98 n.c. n.c. n.c. n.c. n.c. 1.00 1.00 0.99 0.99 0.99 0.99

Al 2.95 3.34 2.99 4.17 0.00 0.01 0.03 0.29 0.13 0.00 0.00 0.00 n.c. n.c. n.c. n.c. n.c. n.c.

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 n.c. n.c. n.c. n.c. n.c. n.c.

Cr 0.46 0.45 0.01 0.01 0.00 0.00 0.00 1.34 1.05 0.01 0.14 0.04 n.c. n.c. n.c. n.c. n.c. n.c.

Fe3+ 0.02 0.09 0.35 0.00 n.c. n.c. n.c. 0.36 0.81 1.99 1.86 1.96 n.c. n.c. n.c. n.c. n.c. n.c.

Fe2+ 0.48 0.43 1.76 2.63 0.11 0.60 0.41 0.66 0.88 0.80 0.66 0.99 0.19 0.19 0.18 0.11 0.12 0.18

Mn 0.00 0.00 0.03 0.05 0.00 0.00 0.01 0.02 0.06 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 9.71 9.36 7.33 7.12 5.98 5.33 5.48 0.32 0.05 0.03 0.24 0.00 1.81 1.80 1.83 1.90 1.89 1.84

Ca 0.00 0.01 0.03 0.09 0.02 0.04 0.02 n.c. n.c. n.c. n.c. n.d. 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.04 0.00 0.00 0.00 0.00 0.00 0.01 n.c. n.c. n.c. n.c. n.d. n.c. n.c. n.c. n.c. n.c. n.c.

K 0.00 0.00 0.06 0.01 0.00 0.00 0.00 n.c. n.c. n.c. n.c. n.d. n.c. n.c. n.c. n.c. n.c. n.c.

Ni 0.01 0.03 0.19 0.10 0.04 0.08 0.03 0.00 0.01 0.17 0.08 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Total cation 19.99 19.89 19.57 20.05 14.07 14.03 13.96 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.01 3.01 3.01 3.01

Oxygen pfu 28.00 28.00 28.00 28.00 22.00 22.00 22.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Mg# 0.95 0.95 0.78 0.73 0.98 0.90 0.93 0.33 0.06 0.03 0.27 0.00 0.91 0.91 0.91 0.95 0.94 0.91

fo — — — — — — — — — — — — 90.43 90.42 91.11 94.43 93.86 91.04

fa — — — — — — — — — — — — 9.48 9.45 8.77 5.43 6.02 8.84

te — — — — — — — — — — — — 0.09 0.12 0.12 0.14 0.12 0.11
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Sample: SOL21H SOL21H SOL21G SOL21I SOL21F SOL21F BS-27a BS-27a SOL21I SOL21D SOL21H SOL21H OL21I SOL21I SOL21E SOL21F SOL21L SOL2-07

Sample

location:

Clast-

core

Clast-

core

Clast-

rim

Clast-

core

Clast-

core

Clast-

core

Matrix;

overgrowth

on parg.

Hbl

Matrix;

overgrown

by Tre

Clast-

rim

Clast-

rim

Clast-

core

Clast-

rim

last-

re

Clast-

core

Clast-

core

Clast-

core

Clast-

core

Matrix;

replaced

by talc

Clast type: 1 1 2 2 2 2 — — 2 1 1 2 2 2 3 —

Mineral: Fe-srp Fe-srp Srp Srp Tre Act Tre Parg. Hbl Cal Mg-Cal Mgs Dol tz Qtz Hy-adr Hy-adr Hy-adr Alm

SiO2 41.22 40.83 44.15 45.40 58.12 55.70 57.56 43.66 n.d. n.d. n.d. n.d. 9.03 98.35 33.69 33.30 33.83 38.11

Al2O3 0.00 0.00 0.00 0.08 0.23 0.82 0.47 12.23 n.d. n.d. n.d. n.d. .00 0.00 4.20 1.78 0.07 21.17

TiO2 0.01 0.00 0.02 0.01 0.00 0.03 0.03 0.40 n.d. n.d. n.d. n.d. .00 0.02 0.00 0.00 0.00 0.04

Cr2O3 0.00 0.00 0.13 0.00 0.09 0.33 0.00 0.07 n.d. n.d. n.d. n.d. .00 0.00 0.49 1.39 0.00 0.00

FeO (tot.) 10.02 10.21 1.61 1.38 0.97 7.88 6.07 10.20 0.19 1.16 0.47 0.39 .40 0.39 22.78 24.78 27.95 26.00

Fe2O3 rec. n.c. n.c. n.c. n.c. n.c. n.c. 6.18 4.04 n.c. n.c. n.c. n.c. .c. n.c. 25.00 26.17 30.13 0.56

FeO rec. n.c. n.c. n.c. n.c. n.c. n.c. 0.51 6.56 n.c. n.c. n.c. n.c. .c. n.c. 0.29 1.23 0.84 25.49

MnO 0.14 0.10 0.04 0.03 0.06 0.27 0.29 0.17 0.21 1.04 0.38 0.27 .01 0.00 0.29 0.24 0.17 2.66

MgO 35.32 34.72 40.51 40.46 24.26 19.04 21.13 14.35 0.37 12.06 49.29 21.31 .14 0.53 0.18 0.00 0.00 4.00

CaO 0.07 0.06 0.06 0.23 14.05 12.93 11.98 12.18 54.82 37.01 0.06 30.34 .02 0.03 33.54 33.51 33.43 8.03

Na2O 0.00 0.00 0.00 0.00 0.04 0.14 0.22 2.09 n.d. n.d. n.d. n.d. .00 0.03 n.d. n.d. n.d. n.d.

K2O 0.01 0.01 0.00 0.00 0.02 0.05 0.05 0.46 n.d. n.d. n.d. n.d. .01 0.03 n.d. n.d. n.d. n.d.

NiO 0.21 0.21 0.25 0.06 0.04 0.39 0.35 0.02 n.d. n.d. n.d. n.d. .00 0.08 n.d. n.d. n.d. n.d.

Total 87.00 86.14 86.77 87.65 97.88 97.58 98.76 96.22 55.59 51.27 50.20 52.31 9.61 99.46 97.68 97.62 98.47 100.06

Si 2.01 2.01 2.05 2.08 7.91 7.83 7.86 6.41 n.c. n.c. n.c. n.c. .00 0.99 2.76 2.74 2.82 3.00

Al 0.00 0.00 0.00 0.00 0.04 0.14 0.07 2.12 n.c. n.c. n.c. n.c. .00 0.00 0.40 0.17 0.01 1.96

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 n.c. n.c. n.c. n.c. .00 0.00 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.01 0.04 0.00 0.01 n.c. n.c. n.c. n.c. .00 0.00 0.03 0.09 0.00 0.00

Fe3+ n.c. n.c. n.c. n.c. 0.09 0.71 0.63 0.45 n.c. n.c. n.c. n.c. .c. n.c. 1.54 1.62 1.89 0.03

Fe2+ 0.41 0.42 0.06 0.05 0.02 0.22 0.06 0.81 0.00 0.02 0.01 0.01 .00 0.00 0.02 0.08 0.06 1.68

Mn 0.01 0.00 0.00 0.00 0.01 0.03 0.03 0.02 0.00 0.01 0.00 0.00 .00 0.00 0.02 0.02 0.01 0.18

Mg 2.56 2.55 2.81 2.76 4.92 3.99 4.30 3.14 0.01 0.30 0.99 0.49 .00 0.01 0.02 0.00 0.00 0.47

Ca 0.00 0.00 0.00 0.01 2.05 1.95 1.75 1.92 0.99 0.67 0.00 0.50 .00 0.00 2.95 2.95 2.98 0.68

Na 0.00 0.00 0.00 0.00 0.01 0.04 0.06 0.59 n.d. n.d. n.c. n.c. .00 0.00 n.c. n.c. n.c. n.c.

K 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.09 n.d. n.d. n.c. n.c. .00 0.00 n.c. n.c. n.c. n.c.

Ni 0.01 0.01 0.01 0.00 0.00 0.04 0.04 0.00 n.d. n.d. n.c. n.c. .00 0.00 n.c. n.c. n.c. n.c.

H4 — — — — — — — — — — — 0.25 0.31 0.24 0.00

Total cation 4.99 4.99 4.94 4.92 17.06 16.99 14.82 15.60 1.00 1.00 1.00 1.00 .00 1.01 7.99 7.98 8.00 8.00

Oxygen pfu 7.00 7.00 7.00 7.00 23.00 23.00 23.00 23.00 1.00 1.00 1.00 1.00 .00 2.00 12.00 12.00 12.00 12.00

Mg# 0.86 0.86 0.98 0.98 0.98 0.85 0.99 0.79 0.78 0.95 0.99 0.99 — 0.50 0.00 0.00 0.22

n.c., not calculated; n.d., not determined; tot., total; rec., recalculated. Fe3+ was calculated assuming stoichiometric mineral compositions.
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Table 3

Composition of alteration products after olivine (deweylite) and orthopyroxene. Recalculation is based on olivine and orthopyroxene stoichiometries.

Sample: SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL21H SOL27A SOL27A SOL27A SOL27A

Alteration after: Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol Opx Opx Opx Opx

Clast type: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

SiO2 50.41 54.59 53.80 51.30 51.24 45.47 51.91 53.80 55.74 48.52 56.12 52.59 56.19 55.00 51.19 51.26 50.06 48.17

Al2O3 0.00 0.01 0.00 0.03 0.00 0.00 0.01 0.01 0.03 0.01 0.00 0.00 0.01 0.00 4.45 4.28 4.05 4.39

TiO2 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr2O3 0.00 0.03 0.00 0.04 0.02 0.00 0.00 0.00 0.00 0.02 0.01 0.03 0.03 0.03 0.79 0.57 0.29 0.61

FeO (tot.) 10.12 10.21 9.11 8.99 2.89 9.91 8.10 10.28 10.76 2.17 8.77 10.98 10.00 15.94 8.77 7.32 6.88 8.10

MnO 0.06 0.12 0.12 0.10 0.15 0.14 0.14 0.14 0.07 0.02 0.06 0.05 0.16 0.21 0.17 0.07 0.06 0.09

MgO 22.71 23.93 22.70 20.40 34.59 17.28 25.68 23.45 24.59 34.94 24.58 20.22 20.61 20.39 23.09 23.08 24.17 20.79

CaO 0.15 0.33 0.42 0.51 0.11 0.29 0.29 0.23 0.16 0.07 0.23 0.56 0.56 0.69 2.10 1.47 1.33 1.27

Na2O 0.07 0.06 0.33 0.00 0.00 0.14 0.00 0.00 0.13 0.00 0.12 0.00 0.12 0.07 0.06 0.06 0.08 0.07

K2O 0.12 0.12 0.19 0.16 0.03 0.16 0.12 0.10 0.13 0.03 0.10 0.11 0.18 0.07 0.06 0.09 0.04 0.00

NiO 0.51 0.48 0.69 0.71 0.59 0.49 0.61 0.63 0.63 0.45 0.63 0.88 0.57 0.67 0.37 0.48 0.26 0.32

Total 84.15 89.88 87.36 82.25 89.63 73.88 86.86 88.65 92.26 86.23 90.64 85.42 88.43 93.07 91.05 88.68 87.22 83.81

Si 1.40 1.41 1.43 1.45 1.30 1.44 1.39 1.41 1.41 1.28 1.43 1.44 1.47 1.42 0.99 1.00 0.99 1.00

Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01

Fe2+ 0.24 0.22 0.20 0.21 0.06 0.26 0.18 0.23 0.23 0.05 0.19 0.25 0.22 0.34 0.14 0.12 0.11 0.14

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.94 0.92 0.90 0.86 1.31 0.82 1.02 0.92 0.93 1.38 0.93 0.83 0.80 0.78 0.66 0.67 0.71 0.64

Ca 0.00 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.02 0.02 0.04 0.03 0.03 0.03

Na 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01

Total cation 2.60 2.59 2.57 2.55 2.70 2.56 2.61 2.58 2.59 2.72 2.57 2.56 2.53 2.58 1.90 1.89 1.91 1.88

Oxygen pfu 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 3.00 3.00 3.00 3.00

Mg# 0.80 0.81 0.82 0.80 0.96 0.76 0.85 0.80 0.80 0.97 0.83 0.77 0.79 0.70 0.82 0.85 0.86 0.82

6944
A

.
B

ein
lich

et
al./

G
eo

ch
im

ica
et

C
o

sm
o

ch
im

ica
A

cta
74

(2010)
6935–6964



Table 4a

Whole-rock geochemical d of investigated ultramafic clasts.

Sample: SOL21 SOL21B SOL21C SOL21C SOL21D SOL21D SOL21D SOL21E SOL21E L21E SOL21F SOL21F SOL21H SOL21H SOL21H SOL21I

Location within

sample:

Dark

core

Red rim Red rim Dark

core

Yellow

core

Interme

diate zone

Red

rim

Core Interme

diate zone

m Outer

core

Core Red

outer rim

Interme

diate zone

Core Core

Clast

type:

2 2 3 3 2 2 2 2 2 2 2 1 1 1 2

Major elements (wt%)

SiO2 49.5 29.04 35.02 52.30 30.70 55.36 49.03 52.63 53.34 54.37 37.49 37.12 45.21 38.86 36.14 37.06

Al2O3 2.2 2.17 1.90 1.95 0.28 0.36 0.96 1.29 1.28 1.59 0.98 0.95 1.00 0.78 0.63 0.60

TiO2 0.0 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

MgO 11.6 6.21 7.59 11.54 25.41 27.72 24.15 28.54 26.82 26.36 11.89 17.28 30.46 38.09 39.46 35.70

Fe2O3 6.7 7.38 7.17 5.45 9.19 7.85 8.70 8.67 7.77 9.44 5.49 5.95 9.01 7.89 8.75 7.75

CaO 14.3 28.34 25.41 14.03 13.17 1.63 6.10 0.51 0.27 1.16 22.98 19.43 2.86 1.10 0.57 2.80

Na2O 0.0 0.00 0.00 0.01 0.00 0.02 0.03 0.04 0.03 0.03 0.00 0.01 0.01 0.00 0.00 0.00

K2O 0.0 0.02 0.03 0.04 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.00

MnO 0.1 0.24 0.19 0.13 0.38 0.05 0.08 0.11 0.10 0.14 0.12 0.11 0.08 0.09 0.08 0.12

LOI 13.7 23.68 21.22 13.10 18.65 6.20 9.16 6.06 8.94 5.10 19.52 17.45 9.61 12.15 13.00 13.75

Total 98.4 97.06 98.53 98.55 97.77 99.21 98.22 97.88 98.59 98.24 98.48 98.33 98.28 98.98 98.63 97.79

Density (g/cm3)

2.7 2.84 2.78 2.84 - - - - - 2.78 2.83 2.82 2.66 2.78 2.66

Trace elements (ppm)

V 69 299 110 46 20 17 31 37 32 32 64 39 45 37 24 27

Cr 4163 5975 3670 4001 2477 1969 2763 2630 2398 73 3202 3708 2980 2772 2536 2761

Co 138 82 93 140 75 108 126 113 108 26 99 123 117 104 108 98

Ni 3171 2280 2243 2977 1600 2307 2886 2314 2206 86 2418 2770 2581 2178 2206 2065

Cu 19 62 27 5 55 77 100 306 181 62 69 38 69 67 0 32

Zn 83 103 86 68 136 52 63 40 37 48 44 44 48 40 36 33

Rb 11 18 15 5 3 0 1 n.d. n.d. . 10 9 1 4 2 1

Sr 34 82 83 38 44 5 15 2 2 2 93 84 10 5 3 27

(continued on next page)
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Table 4a. (continued)

Sample: SOL21I SOL21K SOL21K SOL21L SOL21L SOL27A SOL27A SOL27A SOL27A SOL28 SOL28 SOL3 SOL39 SOL46 SOL46 SOL49 SOL49

Location

within

sample:

Rim Red

outer rim

Core Light

red rim

Dark

red rim

Rim Interme-

diate

zone

Light

core

Dark

core

Red rim Core Rim Core Rim Core Rim Core

Clast type: 2 3 3 3 3 1 1 1 1 3 3 3 3 2 2 3 3

Major elements (wt%)

SiO2 49.75 41.73 35.20 45.58 21.78 55.72 50.94 39.42 44.09 31.83 36.38 38.5 29.35 39.19 35.30 24.78 32.50

Al2O3 0.63 2.98 3.38 0.13 1.98 0.31 0.95 0.55 0.62 0.59 0.28 0.7 0.55 0.42 0.42 1.66 0.95

TiO2 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.0 0.02 0.01 0.01 0.01 0.01

MgO 31.87 8.29 8.86 19.15 7.28 27.38 26.63 35.04 29.92 4.17 16.67 2.4 12.54 27.43 33.87 4.75 12.24

Fe2O3 7.72 6.44 6.15 6.26 4.98 8.44 7.45 6.46 6.13 6.30 6.43 5.2 5.97 6.44 7.22 7.17 8.52

CaO 0.74 20.91 23.58 15.84 34.12 0.12 4.19 2.91 5.33 29.67 19.68 27.9 25.67 8.63 4.57 32.50 23.36

Na2O 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.03 0.01 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.00

K2O 0.01 0.03 0.03 0.01 0.03 0.01 0.02 0.01 0.02 0.00 0.00 0.0 0.00 0.00 0.00 0.31 0.10

MnO 0.07 0.16 0.17 0.12 0.24 0.07 0.10 0.14 0.08 0.17 0.11 0.1 0.17 0.13 0.12 0.25 0.15

LOI 8.04 18.22 20.83 11.87 28.11 4.43 7.79 13.43 11.92 24.71 18.35 22.8 22.66 15.82 15.76 26.76 20.07

Total 98.82 98.74 98.17 98.94 98.50 96.51 98.09 97.99 98.11 97.45 97.89 97.9 96.93 98.05 97.24 98.15 97.89

Density (g/cm3)

2.79 - - - - - - - - 2.78 2.80 2.7 2.77 2.80 2.82 - -

Trace elements (ppm)

V 24 222 219 27 52 30 28 19 14 274 21 405 61 22 28 97 75

Cr 2343 4030 4238 562 990 2075 2677 2854 2033 2374 2266 2602 3012 2521 2985 4263 3093

Co 106 109 130 105 97 123 108 116 84 70 107 50 93 89 100 93 159

Ni 2391 2808 2885 3025 3136 2754 2615 2484 2404 1988 2024 1725 2375 2062 2196 2485 3325

Cu 48 39 42 42 104 1 0 43 12 25 3 11 3 6 6 46 27

Zn 36 83 84 43 60 43 56 42 28 80 92 126 166 26 30 87 58

Rb b.d. 15 15 2 18 2 1 2 2 13 8 12 10 3 2 48 15

Sr 3 62 74 41 159 3 5 12 23 73 0 4 3 5 5 14 5
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serpentine group minerals whereas our samples show evi-
dence for direct replacement of olivine relicts within mesh
cells surrounded by serpentine. For the subsequent descrip-
tion and discussion, we refer to the clay-like alteration
product after olivine as deweylite assemblage. We stress
that the deweylite assemblage is not a mineral phase but a
fine-grained intergrowth of hydrous Mg-silicate phases
(talc, serpentine, stevensite) which may be either crystalline
or amorphous. The Mg-number (Mg# = Mg/(Mg + Fe))
of the deweylite assemblage (average Mg# = 0.82; n = 14)
is distinctly reduced compared to the original olivine com-
position (average Mg# = 0.93; n = 3), caused by a drop
in the MgO concentration (Tables 2 and 3). Notably, the
concentration of NiO is higher in the deweylite assemblage
than in the original olivine, suggesting that in contrast to
MgO, NiO remains relatively immobile during olivine alter-
ation. In addition to the deweylite assemblage, we observe
rectangular mesh cells filled with a compositionally different
clay-like alteration product, calcite, and quartz (Fig. 4f).
The presence of rectangular mesh cells in some samples
(e.g., SOL27A) suggests the former presence of orthopyrox-
ene although enstatite has not been observed in the studied
clasts. The alteration product replacing inferred orthopy-
roxene in sample SOL27A (Fig. 4f and Table 3) differs from
the deweylite assemblage (the breakdown product after
olivine) by comparatively high concentrations of Cr2O3

(0.3–0.8 wt%), Al2O3 (4–4.5 wt%), and CaO (1.3–
2.1 wt%). However, the stoichiometry of orthopyroxene is
still preserved in this alteration product (Table 3), suggest-
ing that the high concentrations of Cr2O3, Al2O3, and CaO
result from congruent mobilization of MgO and SiO2. In
contrast, breakdown of olivine to the deweylite assemblage
is accompanied by a marked change in the stoichiometry.
This change is most pronounced in the FeO/MgO ratio,
suggesting that orthopyroxene is much less susceptible to
Mg-loss than olivine at this stage of alteration.

For most of the analyzed serpentine grains, the Mg#
ranges between 0.96 and 0.98 which is the common range
for serpentine. However, the rare serpentine veins which
cross-cut the deweylite assemblage show lower Mg# around
0.86 caused by elevated concentrations in Fe (Table 2).
Chromite occurs together with magnetite at all stages of
alteration (Table 2). In the least-altered samples, chromite
has relatively high MgO content, ranging from 6 to
15 wt% and is classified as an Al-rich magnesiochromite
characterized by elevated Al2O3 (<22 wt%), NiO
(<2.72 wt%) and MnO (<3 wt%) contents.

Talc from the ultramafic clasts has Mg# varying be-
tween 0.90 and 0.99 (Table 2). Most talc analyses show
NiO contents between 0.22 and 0.72 wt% but values of
0.05 wt% occur in the samples with the highest Mg#. The
lowest Mg# in talc is found in the strongly carbonatized
samples (type-3 clasts).

4.1.2. Type-2 clasts (intermediate alteration): texture and

mineral composition

Type-2 clasts contain calcite together with abundant
quartz and moderate amounts of Mg-silicates. Typically,
type-2 clasts have heterogeneously distributed cm-thick
zones dominated by calcite and quartz, similar to type-3
clasts, or by Mg-silicates, similar to type-1 clasts. The
type-2 clasts can be subdivided into three sub-groups. (a)
Clasts with dark cores surrounded by cm thick red rims
as represented by sample SOL21B (Fig. 3b). The red outer
rim locally extends into the core along fractures and con-
sists of abundant calcite, talc, quartz, hematite, and minor
chlorite whereas the core is dominated by calcite, Cr-bear-
ing magnetite, quartz, and talc. (b) Clasts with a light green,
serpentine- and calcite-dominated core surrounded by gray
zones composed of talc and calcite and an outer red rim
composed of calcite, quartz, and fine-grained hematite
(Fig. 3e). (c) Clasts composed of calcite, minor actinolite
and tremolite together with fine-grained hematite, chro-
mite, and frequently occurring later calcite veins. They dis-
play various shades of deep red as illustrated by sample
SOL21F (Fig. 3d).

The progressive alteration described for type-1 clasts can
be followed in type-2 clasts, where quartz fills some of the
mesh cells while others (once olivine) are filled with calcite
or are open voids (i.e., secondary porosity) (Fig. 4d). The
central fillings in Fig. 4d are surrounded by a fine-grained
intergrowth of talc and quartz. The open voids contain
remnants of the deweylite assemblage indicating its dissolu-
tion by an infiltrating fluid. In other type-2 clasts (e.g.,
SOL42), the textures suggest that quartz formed directly
from the deweylite assemblage (Fig. 4e) while calcite fills
the voids created by its dissolution. During progressive
alteration, the larger mesh cells are divided into sub-
compartments (50 lm across) by calcite veins (Fig. 4g).
Fig. 4g–j illustrates an increasing degree of silification and
carbonatization of the mesh texture. The mesh texture in
Fig. 4g (mesh cells are typically 50 lm across) has a frame
composed of carbonate and oxide veins whereas the cells
are filled with serpentine needles growing radially into open
voids. Some of these voids are partly or completely filled
with calcite (Fig. 4g) or quartz (Fig. 4h). Fig. 4i illustrates
extensive carbonatization of the mesh texture. Carbonate
(calcite) has a dendritic appearance and is surrounded by
a void rim (dark rim) suggesting that it grew into an open
fluid filled cavity. Remnants of the deweylite assemblage
suggest that the voids formed after this intergrowth.

In addition to the microscopic serpentine and calcite
veins, numerous macroscopic veins composed of serpentine,
calcite, and talc transect the clasts. Most veins have a radial
orientation but in sample SOL21B also concentrically ori-
ented veins are present. The vein fillings are locally compos-
ite and may change along the length of the vein. At
intersections with radial veins, the concentric zonation of
the clast shows an embayment that penetrates deeper into
the clast (Fig. 3b), suggesting that the macroscopic veins
acted as transport channels.

The chlorite found in type-2 clasts grows around oxide
grains which are composed of a chromite core and
surrounded by Cr-bearing magnetite or pure magnetite.
The chlorite has high Cr2O3 (2–3 wt%) but low Fe (Mg# =
0.95) and relatively low NiO (0–0.2 wt%) concentrations
(Table 2). The formation of Cr-rich chlorite around the
described oxide grains indicates that Cr and Al released
due to replacement of chromite by (Cr-) magnetite is
directly reincorporated into newly growing chlorite.



Table 4b

Whole-rock geochemical data of investigated ultramafic clasts recalculated on a calcite- and water-free basis.

Sample: SOL21B SOL21B SOL21C SOL21C SOL21D SOL21D SOL21D SOL21E SOL21E SOL21E SOL21F SOL21F SOL21H SOL21H SOL21H SOL21I

Location within

sample:

Dark

core

Red rim Red rim Dark

core

Yellow

core

Intermediate

zone

Red rim Core Intermediate

zone

Rim Outer

core

Core Red outer

rim

Intermediate

zone

Core Core

Clast type: 2 2 3 3 2 2 2 2 2 2 2 2 1 1 1 2

Major elements (wt%)

SiO2 69.78 63.77 66.79 72.49 46.06 59.97 58.50 57.06 59.09 58.53 66.27 59.79 52.16 44.86 42.05 45.16

Al2O3 3.10 4.77 3.62 2.70 0.42 0.39 1.15 1.40 1.42 1.71 1.73 1.53 1.15 0.90 0.73 0.73

TiO2 0.01 0.04 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01

MgO 16.39 13.64 14.48 15.99 38.13 30.03 28.81 30.94 29.71 28.37 21.02 27.83 35.14 43.98 45.91 43.50

Fe2O3 9.47 16.21 13.67 7.55 13.79 8.50 10.38 9.40 8.61 10.16 9.70 9.58 10.39 9.11 10.18 9.44

CaO 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Na2O 0.01 0.00 0.00 0.01 0.00 0.02 0.04 0.04 0.03 0.03 0.00 0.02 0.01 0.00 0.00 0.00

K2O 0.07 0.04 0.06 0.06 0.02 0.02 0.02 0.02 0.02 0.03 0.05 0.05 0.03 0.03 0.02 0.00

MnO 0.17 0.53 0.36 0.18 0.57 0.05 0.10 0.12 0.11 0.15 0.21 0.18 0.09 0.10 0.09 0.15

LOI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Trace elements (ppm)

V 97 657 210 64 30 18 37 40 35 34 113 63 52 43 28 33

Cr 5858 13122 6999 5545 3717 2133 3296 2851 2656 2770 5660 5973 3438 3200 2951 3365

Co 194 180 177 194 113 117 150 123 120 136 175 198 135 120 126 119

Ni 4462 5007 4278 4126 2401 2499 3443 2509 2444 2568 4274 4462 2978 2515 2567 2516

Cu 27 136 51 7 83 83 119 332 201 67 122 61 80 77 0 39

Zn 117 226 164 94 204 56 75 43 41 52 78 71 55 46 42 40

Rb 15 40 29 7 5 0 1 n.d. n.d. n.d. 18 14 1 5 2 1

Sr 48 180 158 53 66 5 18 2 2 2 164 135 12 6 3 33
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Sample: SOL21I SOL21K SOL21K SOL21L SOL21L SOL27A SOL27A SOL27A SOL27A SOL28 SOL28 SOL39 SOL39 SOL46 SOL46 SOL49 SOL49

Location

within

sample:

Rim Red outer

rim

Core Light red

rim

Dark red

rim

Rim Intermediate

zone

Light

core

Dark

core

Red rim Core Rim Core Rim Core Rim Core

Clast

type:

2 3 3 3 3 1 1 1 1 3 3 3 3 2 2 3 3

Major elements (wt%)

SiO2 54.69 69.27 64.77 63.32 59.38 59.99 58.56 47.79 53.97 73.16 60.15 80.79 59.79 52.70 45.42 63.02 59.07

Al2O3 0.69 4.95 6.22 0.18 5.40 0.33 1.09 0.67 0.76 1.36 0.46 1.55 1.12 0.56 0.54 4.22 1.73

TiO2 0.01 0.02 0.02 0.01 0.05 0.01 0.01 0.01 0.01 0.02 0.02 0.04 0.04 0.01 0.01 0.03 0.02

MgO 35.03 13.76 16.30 26.60 19.85 29.48 30.61 42.48 36.62 9.59 27.56 5.11 25.54 36.89 43.58 12.08 22.25

Fe2O3 8.49 10.69 11.32 8.70 13.58 9.09 8.56 7.83 7.50 14.48 10.63 10.96 12.16 8.66 9.29 18.23 15.49

CaO 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.04 0.01 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00

K2O 0.01 0.05 0.06 0.01 0.08 0.01 0.02 0.01 0.02 0.00 0.00 0.04 0.00 0.00 0.00 0.79 0.18

MnO 0.08 0.27 0.31 0.17 0.65 0.08 0.11 0.17 0.10 0.39 0.18 0.36 0.35 0.17 0.15 0.64 0.27

LOI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Trace elements (ppm)

V 26 369 403 38 142 32 32 23 17 630 35 849 124 30 36 247 136

Cr 2576 6690 7799 781 2699 2234 3077 3460 2488 5457 3746 5453 6136 3390 3841 10841 5622

Co 117 181 239 146 264 132 124 141 103 161 177 105 189 120 129 237 289

Ni 2628 4661 5309 4203 8550 2965 3006 3011 2943 4570 3346 3615 4838 2773 2826 6319 6043

Cu 53 65 77 58 284 1 0 52 15 57 5 23 6 8 8 117 49

Zn 40 138 155 60 164 46 64 51 34 184 152 264 338 35 39 221 105

Rb n.d. 25 28 3 49 2 1 2 2 30 13 25 20 4 3 122 27

Sr 3 103 136 57 434 3 6 15 28 168 0 8 6 7 6 36 9
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Table 5
Calculated elemental gains (+) and losses (�) in percent relative to SOL21H-core.

Sample: Sample location: Clast type: Density (g/cm3) SiO2 Al2O3 TiO2 MgO Fe2O3 CaO K2O MnO

SOL21B core 2 2.77 +36.7 +247 �0.36 �70.6 �23.4 +2408 +149 +49.5
SOL21B rim 2 2.84 �17.9 +251 +104 �83.9 �13.8 +4979 +2.16 +206
SOL21C core 3 2.84 +47.8 +216 +2.16 �70.1 �36.4 +2414 +104 +66.0
SOL21C rim 3 2.78 �3.10 +201 0 �80.8 �18.1 +4358 +50.0 +137
SOL21F core 2 2.83 +4.56 +53.5 +1.79 �55.4 �30.8 +3370 +52.7 +39.9
SOL21F outer core 2 2.78 +3.74 +55.6 0 �69.9 �37.3 +3931 +50.0 +50.0
SOL21H interm. 1 2.66 +2.87 +18.5 �4.32 �7.64 �13.7 +84.6 +43.5 +7.64
SOL21H rim 1 2.82 +26.9 +61.0 +1.44 �21.7 +4.45 +409 +52.2 +1.44
SOL21I core 2 2.66 �1.88 �8.87 �4.32 �13.4 �15.2 +370 �100 +43.5
SOL21I rim 2 2.79 +38.1 +0.36 +0.36 �18.9 �11.4 +30.3 �49.8 �12.2
SOL28 core 3 2.8 +1.39 �55.2 +0.72 �57.4 �26.0 +3377 �100 +38.5
SOL28 rim 3 2.78 �11.9 �6.35 0 �89.4 �28.0 +5105 �100 +112
SOL39 core 3 2.77 �19.1 �13.0 +99.3 �68.3 �32.0 +4387 �100 +112
SOL39 rim 3 2.74 +5.13 +15.8 +97.1 �93.9 �41.1 +4724 �1.44 +109
SOL46 core 2 2.82 �0.92 �32.4 +1.44 �12.9 �16.3 +713 �100 +52.1
SOL46 rim 2 2.8 +9.21 �32.8 +0.72 �30.0 �25.9 +1424 �100 +63.7
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4.1.3. Type-3 clasts (advanced alteration): texture and

mineral composition

Type-3 clasts are characterized by abundant quartz with
a variable amount of calcite and a low content (<5 vol.%)
of Mg-silicates, including chlorite. Cores with a higher pro-
portion of Mg-silicates occur in some of the clasts classified
as type-3 (Table 1). The type-3 clasts (e.g., samples
SOL21C, SOL21K, SOL39) may be banded with alternat-
ing red calcite and quartz bands (Fig. 3f). If present, the
dark central parts of these clasts contain quartz that typi-
cally shows a wormy appearance (Fig. 4l and m) together
with calcite, minor talc, and chromite or Cr-magnetite. In
addition, the arrangement of the silica phase in sample
SOL21C still mimics the former mesh texture (Fig. 4l).
Raman spectroscopy reveals that the silica phase in the
mesh texture is quartz. As shown in Table 2, quartz con-
tains relative high concentrations of FeO (0.17–0.40 wt%)
and MgO (0.02–0.53 wt%) which may be a characteristic
feature for quartz formed after olivine. Quartz varies in
Table 6
Rb/Sr data of the investigated samples.

Analysis Sample Rb (ppm) Sr (ppm) 87Rb/

PS1205 SOL21B (core) 4.12 29.3 0.408
PS1206 SOL21B (rim) 3.42 62 0.16
PS1207 SOL21C (rim) 2.83 64.8 0.126
PS1208 SOL21C (core) 3.07 33.4 0.266
PS1209 SOL21D (rim) 1.08 14.9 0.209
PS1210 SOL21F (outer core) 2.16 75.6 0.083
PS1211 SOL21F (core) 1.73 71.7 0.07
PS1212 SOL21K (rim) 4.09 49.6 0.239
PS1213 SOL21K (core) 4.17 57.7 0.209
PS1214 SOL21L (core) 0.4 36.9 0.031
PS1215 SOL21L (rim) 0.99 118 0.024
PS1216 SOL21H (core) 1.78 2.14 2.412

Errors are reported at the 2r level. An uncertainty of ±1.5% is assigned to
a standard error of ±0.005% for measured 87Sr/86Sr data.
grain size from 50 lm to a few lm. Calcite is present both
as dark dusty grains as well as clear veins and is typically
intergrown with oxides. The presence of large chromite
grains suggests that these clasts also represent altered
peridotites (Fig. 4n). The chromite grains in type-3 clasts
have cores with relatively low MgO concentrations
(3–4 wt%) and are surrounded by magnetite with low NiO
concentrations. A rimward decrease in Al2O3 and MnO
concentrations suggests that the alteration led to MgO-
mobilization from the chromite relicts which in this way
approach the FeCr2O4 endmember composition.

Chlorite found in type-3 clasts is Fe-rich (Mg# = 0.73–
0.78) and has relatively high NiO (0.5–2.5 wt%) but low
Cr2O3 concentrations. Chlorite is particularly common in
strongly carbonatized rocks and in quartz-rich type-3 clasts
(Table 2).

Amphibole is mainly found in type-3 clasts and in a few
samples classified as type-2 clasts (e.g., SOL21F). The
analyzed amphibole grains are classified as tremolite and
86Sr 87Sr/86Sr measured 87Sr/86Sr 87Sr/86Sr at 385 Ma

0.715536 0.0012 0.713298 ± 0.000058
0.714344 0.0018 0.713468 ± 0.000039
0.713725 0.0014 0.713031 ± 0.000038
0.713951 0.0012 0.712490 ± 0.000046
0.714374 0.0014 0.713228 ± 0.000042
0.713426 0.0014 0.712972 ± 0.000036
0.713253 0.0012 0.712870 ± 0.000036
0.714561 0.0012 0.713250 ± 0.000044
0.714509 0.0014 0.713360 ± 0.000042
0.713996 0.0016 0.713825 ± 0.000035
0.714067 0.0014 0.713934 ± 0.000035
0.725598 0.0024 0.712370 ± 0.000280

Rb/Sr ratios. Errors for 87Sr/86Sr(t) include error magnification and
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actinolite with relatively high Mg# varying between 0.85
and 0.98 (Table 2). Hydroandradite grains occur in several
of the studied clasts, with pink or orange cores surrounded
by dark red rims. In sample SOL21L, the orange core is
composed of glomeroblastic hydroandradite, talc, and
minor calcite whereas the rim contains hematite-stained
calcite, chlorite, quartz, and talc (Fig. 3c). In addition, we
also find minor hydroandradite in sample SOL21E which
was classified as a type-2 clast (Tables 1 and 2). The compo-
sitions of hydroandradite grains differ mostly in Al2O3

(0.0–6.9 wt%) and Cr2O3 (0–1.7 wt%). Hydroandradite
has been described from serpentinites and ophicarbonates
within the Alps (Peters, 1965) and forms in Al-poor
environments.

4.2. Chronology of reactions

The concentric zonation in combination with observed
textures illustrate a reaction sequence in space and time
not only with respect to one individual clast but also with
respect to the reaction progress of different clasts (i.e.,
type-1 clasts compared with type-3 clasts). Alteration of
the clasts started with breakdown of olivine to serpentine,
magnetite, and magnesite as evident from cores of type-1
clasts. Such an alteration may also have produced dihydro-
gen which is, however, difficult to prove by observations in
our samples. Subsequently, relict grains of olivine break
down to a fine-grained alteration product (the deweylite
assemblage). Based on its appearance in thin sections and
backscattered electron images as well as on chemical com-
position, the deweylite assemblage is different from serpen-
tine. The textures suggest that the alteration products form
from olivine (the deweylite assemblage) and orthopyroxene
but not from serpentine. Although the described reactions
may occur contemporaneously, it appears from Fig. 4 that
serpentinization took place without formation of the
deweylite assemblage, indicating that the deweylite assem-
blage formed directly from olivine subsequent to the first
period of serpentinization and probably in a different alter-
ation environment. The formation of the deweylite assem-
blage is followed by its dissolution resulting in the release
of SiO2 and MgO into the fluid. If the concentration of dis-
solved elements in the fluid remains low enough to prevent
saturation with respect to possible secondary phases, all ele-
ments will be effectively mobilized resulting in the forma-
tion of void space (secondary porosity). The presence of
reaction-induced, secondary porosity (i.e., not produced
during thin section preparation) is indicated by the presence
of a very fine-grained, fibrous mineral chemically resem-
bling serpentine. This fibrous phase grows antitaxially on
the surrounding serpentine into the central part of the mesh
cell suggesting growth into an open cavity (Fig. 4g). The
low whole-rock MgO concentrations of the strongly altered
clasts indicate that mobilization of MgO was highly effec-
tive during the alteration. However, the formation of sec-
ondary porosity is often (not always) followed by
nucleation of calcite and quartz in the central part of the
mesh cell (Fig. 4g and h). Precipitation of quartz can result
from infiltration of Si-bearing fluids or from preferential
mobilization of MgO over SiO2 thus relatively increasing
the Si concentration in the fluid until quartz saturation is
reached. In contrast to quartz, the formation of calcite
within the mesh texture required influx of Ca and CO2.
Continued growth of calcite and quartz from the central
part of the cell towards the rim finally results in an inter-
growth with the fibrous serpentine (Fig. 4g and h). Eventu-
ally, these cells become completely filled with calcite and
quartz (Fig. 4i and j). In contrast to precipitation of second-
ary phases within void cells, we also find that calcite and
quartz replace the deweylite assemblage. Based on the tex-
tures and the abundance of calcite relative to quartz, we
interpret that dissolution of the deweylite assemblage re-
sulted only in some cases in saturation of the fluid with re-
spect to quartz. We also find the deweylite assemblage
overgrown or cross-cut by a Fe-rich serpentine or sur-
rounded by intergrown quartz and talc suggesting that
MgO was not entirely removed from the system or that a
Mg-bearing fluid infiltrated the clasts at a later stage. We
regard this second growth of serpentine to have taken place
after burial in the basin since oxygen and hydrogen isotope
studies indicate that serpentine forms at higher tempera-
tures than the deweylite assemblage even though absolute
temperatures may be uncertain (Wenner and Taylor,
1971, 1973, 1974). As discussed below, it is the dissolution
of the deweylite assemblage that allows calcite and quartz
to form and MgO continually to be removed from the sys-
tem. There is no textural evidence for a direct replacement
of olivine, serpentine, and talc by calcite.
4.3. Mg-metasomatism in the matrix surrounding the

peridotite clasts

The described Ca- and CO2-metasomatic alteration was
associated with a strong mobilization of mainly MgO from
the ultramafic clasts. In order to find possible sinks for
MgO, several matrix samples from the immediate vicinity
of the ultramafic clasts were investigated.

The conglomerate matrix adjacent to the clasts consists of
both single mineral grains (e.g., garnet, plagioclase, horn-
blende, quartz, mica, chlorite) and fragments of various rock
types (e.g., basalt, gabbro, greenschist to amphibolite facies
metabasalt, felsic lithologies) typically cemented by calcite.
Calcite veins penetrate from the matrix into the ultramafic
clasts suggesting exchange of material between the clasts
and their surroundings. In contrast to amphibole found in
type-3 clasts (Mg# = 0.85–0.98), hornblende fragments
from the matrix have lower Mg# near 0.79 (Table 2). In
the matrix but close to matrix–clast interfaces, we find that
hornblende crystals of pargasitic composition (MgO:
14.3 wt%; NiO: bdl) are overgrown by a 5 lm thick rim of
Mg-rich and Ni-bearing tremolite (MgO: 21.1 wt%; NiO:
0.2 wt%) (Fig. 4o). This shift in composition suggests that
new amphibole grew during increased availability of MgO
and NiO which were transported from the clast into the ma-
trix along veins acting as transport channels.

Fragments of almandine garnet present in the matrix
around the ultramafic clasts have a compositional range
of Alm56-67Sps1-6Prp16-18Grs13-20Adr0-4. Close to the ultra-
mafic clasts, these garnet fragments are replaced by
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Mg-chlorite (clinochlore) and talc with a Mg# of 0.93
(Fig. 4p), which further corroborates the idea of a strong
Mg-metasomatism in the matrix around the clasts.

5. WHOLE-ROCK GEOCHEMISTRY

The studied clasts are characterized by highly variable
contents of MgO (decreasing from 39.5 wt% in type-1 clasts
down to 2.44 wt% in type-3 clasts) and CaO (increasing from
0.12 wt% in type-1 clasts to 34.1 wt% in type-3 clasts)
(Table 4a). On a calcite-free basis all analyzed samples show
a decreasing MgO concentration from core to rim. However,
a strongly altered sample may show a lower MgO concentra-
tion in its core than a less altered sample in its rim.

Differences in whole-rock composition, with respect to
major elements, between several representative ultramafic
clasts as well as between the different zones (i.e., core, inter-
mediate, and rim) were quantified by applying the isocon
method (Grant, 1986). This method represents a graphical
approach to the composition-volume equation proposed
by Gresens (1967) and is designed to detect concentration
changes caused by metasomatism. The composition of the
least-altered sample serves as the reference composition
(plotted on the abscissa) against which all other samples
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are plotted (on the ordinate). Relative elemental gains and
losses can be detected by the location of data points relative
to the isocon. Data points below the isocon indicate loss
whereas data points above the isocon indicate gain during
alteration. The isocon is a line through the origin represent-
ing identical elemental abundances in the altered rock and
its protolith and is constructed based on constant mass,
on constant volume or on immobile reference elements.
The preservation of the mesh texture even in strongly al-
tered samples (i.e., when the mesh texture is replaced by cal-
cite) and the absence of radial cracks in the sedimentary
matrix around the clasts indicate that alteration took place
at approximately constant volume. The construction of the
isocon line based on constant volume is convenient in our
case because reference elements generally considered as
fluid-immobile (e.g., Al2O3, TiO2, Zr) have very low con-
centrations or are absent. We use the core of sample
SOL21H as the least-altered reference sample because it
has the highest concentration in MgO and is low in SiO2

and CaO. Alteration under constant volume conditions is
bracketed by two isocons, one for the lowest (2.66 g/cm3)
and one for the highest (2.84 g/cm3) measured density of
the altered samples (Table 5). The density of SOL21H-core
(2.78 g/cm3) lies in between.
Fig. 4. Backscattered electron (BSE) images of textures in variably alter
olivine (Ol) displaying a mesh texture. Olivine (Fo90) is veined by serpen
Sampled from a core of type-1 clast (sample SOL21H). (b) Mesh texture
filled with olivine and the deweylite assemblage. Note that some mesh cel
contain a mixture of both. The serpentine veins surrounding the mesh cel
replacement reaction occurred at constant volume. Bright phase is Ni-bea
similar to Fig. 4b, but with calcite as additional cell filling phase. In the l
calcite whereas it is preserved in the upper middle mesh cell (sample BS-35
the upper middle mesh cell contains remnants of the deweylite assemblag
(sec. por.). A rim of fine-grained intergrowths of talc and quartz or ser
SOL21G; type-2 clast). (e) Mesh texture where cells, defined by serpentin
The central mesh cell contains both calcite and quartz. Note how quar
secondary porosity (sec. por.). In the advanced stages of replacement, th
porosity in the quartz (sample SOL42; type-2 clast). (f) Alteration of ort
with calcite, quartz, and a clay-like material. This clay-like material has
assemblage) as discussed in text. Note development of open voids after al
texture after olivine defined by calcite and hematite filled veins. The mesh
void space. In the two uppermost mesh cells calcite grows in the central
mesh texture defined by a serpentine vein and calcite/hematite veins. Two
serpentine needles (sample SOL21D; type-2 clast). Secondary porosity (s
(i) Extensive calcite filling of the cells after olivine with serpentine only p
calcite fillings is void space (void). This photomicrograph was taken from
clast). (j) Quartz- and calcite-rich domain of type-2 clast together with hem
by the arrangement of veins filled with talc and the distribution of hema
type-2 clast already resembling a type-3 clast. Parts of the sample are to
hematite grains causing the red color as shown in Fig. 3. Note that the a
(sample SOL21I; type-2 clast). (l) Very advanced stage of alteration. The
hematite is also present (bright phase). The former mesh texture is still rec
(sample SOL21C; type-3 clast). (m) Very advanced stage of alteration a
clast). (n) Zoned chromite grains with Mg-rich core surrounded by ferrich
chromite, the surplus Al is immediately consumed to form the surroundin
peridotite even in the most strongly altered samples (sample BS-19a; type-
Ni- and Mg-rich tremolite close to the ultramafic clast. The clast–matrix i
picture. The increase in Ni and MgO towards the rim suggests amphibol
released due to alteration of the peridotite (sample BS-27a). (p) Clast
ultramafic clast. The garnet is partly replaced by chlorite and talc suggest
surroundings (sample SOL2-07).
According to the mass-balance calculation (Table 5 and
Fig. 5), all samples show a substantial loss in MgO. The
amount of MgO lost agrees with our clast classification
(i.e., incipient, intermediate, and advanced alteration)
which is based on the relative abundance of primary and
secondary minerals. For example, the MgO concentration
of the intermediate zone of SOL21H (type-1 clast) is close
to the reference frame (�7.64%) whereas the rim zone of
SOL39 (type-3 clast) is strongly depleted in MgO
(�93.9%). All the other samples used for the mass-balance
calculation range in between these values but show a gen-
eral trend that type-2 clasts are less depleted in MgO than
type-3 clasts and that cores are less depleted than rims.
For SiO2 most samples scatter around the isocon, indicat-
ing that the concentration changes of SiO2 on the scale of
individual samples are less pronounced than those of
MgO (invariably loss) and CaO (invariably addition; see
below). The influence of addition or removal of SiO2 on
MgO/FeO is illustrated in Fig. 6c. The mass-balance for
Fe2O3 suggests removal from all samples apart from the
rim zone of SOL21H (+4.45%; Table 5). The strongest
depletion in Fe2O3 was found in the rim of SOL39 (type-
3 clast; �41.1%). Removal of Fe2O3 during clast alteration
is also suggested by Fig. 6c (as FeO in Fig. 6c). Relative
ed peridotite clasts from the Solund basin. (a) Partly serpentinized
tine and magnesite (dark). Bright phase is a Ni-bearing magnetite.
of type-1 clast where cells between serpentine and calcite veins are
ls contain only olivine, others the deweylite assemblage, and others
ls filled with the deweylite assemblage are continuous suggesting the
ring magnetite (sample SOL21H). (c) Mesh texture in a type-1 clast
ower right mesh cell, the deweylite assemblage is partly replaced by
d). (d) Mesh texture with calcite and additionally quartz. Note that
e that is partly resorbed with the formation of secondary porosity

pentine and quartz surrounds the center of the mesh cells (sample
e veins, are filled with quartz, calcite, and the deweylite assemblage.
tz progressively replaces the deweylite assemblage and develops a
e former position of the deweylite assemblage can be recognized as
hopyroxene. The mesh texture has a rectangular shape and is filled

a composition different from that formed after olivine (deweylite
teration of orthopyroxene (sample SOL27A; type-1 clast). (g) Mesh
cells are filled with radial oriented serpentine needles growing into

part of the void space (sample SOL21D; type-2 clast). (h) Complex
mesh cells have a central filling of quartz surrounded by fine-grained
ec. por.) is developed in the outer part of the quartz grains.
resent in veins around these cells. The black rim around the central
the core region of the clast shown in Fig. 3e (sample SOL21E; type-2
atite and minor serpentine. The mesh texture can still be recognized

tite strings (sample SOL21I). (k) Advanced stage of alteration in a
tally dominated by calcite and quartz together with talc and some
rrangement of hematite strings still mimics the former mesh texture
clast consists of mainly quartz and calcite in a matrix of talc. Minor
ognizable due to the arrangement of quartz grains in the talc matrix
s indicated by abundant quartz and calcite (sample SOL39; type-3
romite formed during the alteration process. During breakdown of

g chlorite. Chromite is the last phase to alter and links to the former
3 clast). (o) Matrix sample. Pargasitic amphibole with ongrowth of a
nterface is highlighted by the white stippled line in the center of the
e growth during increased availability of these elements which were
of almandine garnet in the sediment matrix in the vicinity of an
ing that the nearby peridotite clast caused Mg-metasomatism in its
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concentration changes in MnO range between �12.2% and
+206% but absolute concentrations are generally low in our
samples so that it is difficult to distinguish between inher-
ited sample to sample variability of MnO concentrations
and a possible metasomatic addition. For Al2O3, most data
points plot close to the isocon (Fig. 5). However, the low
absolute concentrations cause high relative variations rang-
ing between �55.2% and +251% (Table 6). The mass-bal-
ance calculation indicates an extreme relative addition of
Fig. 4 (cont
CaO to all samples. The strongest addition (�5100%;
Table 5) of CaO is found in rims of type-3 and type-2 clasts.
The samples with the highest CaO concentrations also have
the highest LOI, which is attributed to the presence of CO2

in calcite. A plot of CaO vs. MgO (Fig. 6a) shows that the
decrease in MgO cannot be caused by dilution of the whole-
rock composition due to addition of CaO. The whole-rock
compositions obviously plot on the left side of a theoretical
mixing line between calcite and olivine (our proxy for the
inued)
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least-altered peridotite/dunite), implying that the addition
of CaO took place after MgO was removed from the clast.
A loss of MgO during the alteration is also suggested by
Fig. 6b where olivine (Fo91), the deweylite assemblage, to-
gether with whole-rock compositions of the altered samples
calculated on a carbonate free basis, are plotted in an MgO
vs. SiO2 diagram. We observe that bulk compositions of the
plotted samples follow a line constructed by removing MgO
from the original olivine (Fo91) and that the deweylite
assemblage has lost up to �60% of MgO compared to oliv-
ine (Fo91) while the most altered samples have lost �90% of
their bulk-rock MgO relative to olivine (Fo91). Compared
to the high variation in MgO, the relative variation in
Fe2O3 (4.98–9.44 wt%) is less. On a carbonate free basis,
the decreasing MgO/FeO ratio correlates with an increase
in SiO2 (Fig. 6c). The changing MgO/FeO ratio indicates
that mobilization of MgO is mostly responsible for the
change in whole-rock compositions during alteration be-
cause addition of SiO2 would not modify the MgO/FeO ra-
tio. In addition, as is apparent from Fig. 6c most of the
samples plot to the right of the line obtained by subtracting
MgO from olivine (Fo91). Such a deviation can be caused
by mobilization of minor amounts of FeO during alteration
or by minor addition of SiO2. Removal of SiO2 would result
in data points plotting on the left side of the calculated line
(Fig. 6c).

Whole-rock Sr concentrations increase from 0 to
290 ppm with increasing CaO, suggesting that Sr enters
the rocks during carbonatization. Cr and Ni concentrations
range from 562 to 5975 ppm and from 1600 to 3325 ppm,
respectively. On a calcite- and volatile-free basis the Cr
and Ni concentrations remain constant or increase slightly
with decreasing MgO content (Fig. 7a and b). Such a trend
implies that both Cr and Ni are less mobile compared to
MgO and that their relative enrichment is caused by re-
moval of MgO from the system.
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6. SR ISOTOPES AND THEIR CONSTRAINTS ON

THE ALTERATION ENVIRONMENT

While the determined 87Sr/86Sr isotopic compositions of
material from the ultramafic clasts range between 0.7133
and 0.7256, the apparent 87Sr/86Sr isotopic compositions
calculated for the Middle Devonian (385 Ma, the most
likely time of clast deposition and alteration) vary between
0.7124 and 0.7139 (Table 6). These values are considerably
higher than typical Phanerozoic mantle peridotite Sr signa-
tures (�0.702–0.705) (e.g., Zindler and Hart, 1986), which
can be expected to dictate the Sr isotopic signature of react-
ing primary phases within the ophiolite mass. The calcu-
lated apparent 87Sr/86Sr ratios of altered clasts are
consistently above 0.7124, while the same ratio in Silu-
rian-Devonian seawater never exceeded a value of 0.7092
(Howarth and McArthur, 1997; McArthur et al., 2001)
Thus, the Sr isotopic composition cannot be explained as
a mixture between mantle peridotite signatures and seawa-
ter Sr. Consequently, carbonatization was not caused by
simple seawater alteration on the ocean floor (Fig. 8). In-
stead, the elevated Sr isotopic signatures are consistent with
reaction of the clasts with diagenetic fluids in the sedimen-
tary basin. For these fluids, elevated Sr isotopic composi-
tions are likely because the sediment source area is
dominated by Proterozoic continental crust. Elevated
87Sr/86Sr ratios (>0.711–0.719) have also been inferred for
fluids in post-Devonian basins off the coast of Norway
(e.g., Girard et al., 2002).

7. DISCUSSION

Successful reaction between CO2 and peridotite is
dependent on a number of factors such as the size of the
reactive surface area of the reacting rock, its degree of ini-
tial serpentinization, the alteration environment, the pre-
vailing pressure and temperature conditions, the chemical
composition, and pH of the CO2-bearing fluid. In addition,
for continuous and pervasive alteration, a constant ex-
change of elements between the clast and the surrounding
matrix must be maintained and the system should not be
clogged by the reaction products during the early stage of
alteration. The studied clasts are variably reacted to car-
bonate rocks, varying from none (type-1 clasts) to almost
complete (type-3 clasts) replacement by calcite and quartz.
Thus, the clasts recorded useful information about carbon-
atization reactions which can be assessed by detailed petro-
graphic and geochemical investigations.

7.1. Geological environments of alteration

The mesh texture after olivine, even within the most al-
tered clasts (type-3 clasts), together with elevated concen-
trations of Cr and Ni and the presence of chromite



Fig. 9. Cartoon showing the most likely tectonic setting of the
alteration process. (a) Beginning obduction of the oceanic crust and
formation of the Solund-Stavfjord ophiolite complex took place
during the Middle–Late Silurian as deduced from the Sunnfjord
obduction melange which unconformably rests on Lower Silurian
fossiliferous sediments (Andersen et al., 1990). Fluid–rock interac-
tion on the ocean floor and during ongoing obduction most
probably caused the initial serpentinization of the studied clasts. (b)
During the Lower Devonian, post-collision extensional tectonics
generated normal faults exposing the ultramafic part of the
ophiolite complex. Fault kinematics is likely to have controlled
sedimentation in the Solund basin, i.e., rapid fault movement
caused a high relief and rapid sediment transport thus preventing
disintegration of the ultramafic clasts prior to deposition. Trans-
port of ultramafic clasts is indicated by the arrow. Once the
ultramafic clasts were deposited in the basin, surface- (weathering)
and shallow within-basin-alteration (during the onset of burial)
caused mobilization of Mg due to breakdown of olivine to the
deweylite assemblage. (c) Dissolution of the deweylite assemblage
and interaction of the clasts with Ca- and CO2-bearing fluids in the
basin during burial in post-Devonian times resulted in carbonati-
zation of the ultramafic clasts.
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implies that the studied samples are of ultramafic origin.
The alteration involved strong depletion in MgO leading
to formation of quartz from the remaining silica and pre-
cipitation of calcite from the infiltrating fluid. The alter-
ation described above may have occurred in separate
steps in the following three settings as illustrated in
Fig. 9a–c.
Initial serpentinization and the onset of mesh texture
formation most likely took place in pre-Devonian time
when the ultramafic source rocks were still part of the
oceanic lithosphere. Serpentinization is known to be wide-
spread in oceanic settings, and weathering of serpentinized
peridotites at the seafloor results in an average loss of MgO
of about 5 wt% (Snow and Dick, 1995). Therefore, we inter-
pret that serpentinization and also the first mobilization of
MgO in our samples may have commenced in an ocean
floor setting, continuing during obduction and formation
of the Solund-Stavfjord ophiolite complex (Fig. 9a).

The degree of alteration before the peridotite was ex-
posed to the surface and spherulitic weathering started to
produce ultramafic clastic material may have strongly influ-
enced the final stages of alteration as described here. Thus,
we interpret the concentrically zoned type-1 clasts, which
have cores with only partially serpentinized olivine (Fo91)
and a well preserved mesh texture (SOL21H and SOL2-
05), to represent not only the least-altered samples but also
that they were derived from little altered peridotite in the
source area. Coexistence of little altered with strongly altered
boulders in the same alluvial fan suggests that the source
area was highly heterogeneous with respect to pre-deposi-
tional alteration. The strong variation in pre-depositional
hydration and alteration may have been inherited from spa-
tially heterogeneous alteration on the ocean floor or during
obduction in the course of the Caledonian orogeny. The
probable source region for the ultramafic rocks in Åfjorden,
where the inner group of islands is composed of fresh dunite
whereas the outer group is strongly serpentinized, may re-
flect such a situation. Following Wilson’s (2004) argument,
we assume that erosion, transport, and deposition must have
taken place rapidly since peridotite and particularly weath-
ered peridotite is known to fully disintegrate during trans-
port and sedimentation. This process was most likely
initiated by tectonic movement, so that deeper and therefore
fresher parts were exposed before complete alteration could
take place (Fig. 9b). The fast erosion-depositional process in
this case is also supported by the highly immature character
of the conglomerate in the Solund basin in general (Nilsen,
1968).

We suggest that the subsequent stages of clast alteration
took place in the sedimentary basin because the elevated
87Sr/86Sr initial ratios of the clasts are incompatible with
calcite precipitation as a result of simple clast–seawater
interaction, but indicate interaction of the clasts with conti-
nental sedimentary formation water. It is likely that the ori-
ginal probably Devonian seawater-influenced signatures of
the pre-erosional serpentinites were overprinted during
fluid rock interaction in the sedimentary-diagenetic envi-
ronment. The systematic preservation of the concentric
zoning of the studied clasts suggests that alteration oc-
curred in the basin since transport would be expected to
erase such features. Another hint on intra-basinal alteration
is the documented element exchange between clasts and
their immediate matrix. Furthermore, calcite formation in
the clasts prior to transport is unlikely not only because
the Ca concentration in fluids moving through ophiolites
should be lower than in the Solund sedimentary basin
where Ca-bearing minerals (e.g., garnet, plagioclase, clino-
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Fig. 10. Schematic illustration of the different alteration steps and associated element gain and loss under constant volume conditions (for
1 cm3) of primary olivine (Fo91) in the Solund ultramafic clasts. Primary olivine is replaced by either serpentine (serpentinization) or remains
as relict grain and breaks down to the deweylite assemblage during (near-) surface weathering. Only the deweylite assemblage is replaced by
calcite (carbonatization) after burial in the basin. The given composition of the deweylite assemblage is the average of EMP analyses (Table 3).
The density is estimated based on densities of the main components of the assemblage (serpentine, talc, and stevensite).
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pyroxene) are abundant but also because our inferred
source rocks from Åfjorden are calcite free and clinopyrox-
ene is extremely rare.

Textural observations indicate that during fluid–mineral
interaction, olivine relicts break down to the deweylite
assemblage which is distinctly different in composition
and appearance from the early formed serpentine around
the olivine relicts (Tables 2, 3 and Fig. 4c and e). As sug-
gested by its O- and H-isotopic signature (Wenner and Tay-
lor, 1974), the deweylite assemblage may result from
hydration by meteoric water indicating that extreme fluid
compositions are not required for its formation. The ques-
tion arises why olivine hydration produces serpentine in one
case and the deweylite assemblage in the other case. The
stability field of serpentine towards low pressure and tem-
perature is only weakly constrained in the literature and
still a matter of debate. For example, based on O-isotope
fractionation between serpentine and coexisting magnetite,
Wenner and Taylor (1971, 1973) constrained the minimum
temperature for the formation of lizardite and chrysotile to
be at �85 �C in a continental setting and at �130 �C in an
oceanic setting. In contrast, the chemistry of spring waters
issuing from ultramafic complexes suggests that serpentini-
zation can be a near-surface phenomenon indicating ser-
pentine stability at low temperature and pressure (Barnes
and O’Neil, 1969; Bruni et al., 2002; Kelemen and Matter,
2008). Consequently, and in accordance with the literature
(Lapham, 1961; Wenner and Taylor, 1971, 1973, 1974), we
suggest that formation of the deweylite assemblage results
from weathering at a time when peridotite boulders were
exposed on the surface and burial in the sedimentary basin
began (Fig. 9b). Plate tectonic reconstructions place Scandi-
navia in a near equatorial position in the Lower Devonian
(Torsvik and Cocks, 2005). Continental (near-) surface
weathering at tropical conditions during the Devonian
may have promoted the breakdown of olivine to the dewey-
lite assemblage.

The different replacement reactions resulting in Mg-
mobilization from the clasts (Fig. 10) can be used to
further constrain in which setting the individual alteration
steps took place. MgO is released during serpentinization
of the original olivine, during breakdown of olivine to the
deweylite assemblage, when the deweylite assemblage is
replaced by calcite, and during replacement of Mg-bearing
chromite by Mg-poor magnetite (not shown in Fig. 10).
The strong overall depletion in MgO during alteration
may have counteracted the decrease in density during for-
mation of hydrous secondary phases from primary olivine
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suggesting that alteration occurred under constant or
near-constant volume. Based on this consideration, isovol-
umetric serpentinization of olivine (Fo91) releases 0.54 g
MgO per cm3, probably into seawater. By using an as-
sumed density of 2.5 g/cm3 for the deweylite assemblage
and an average MgO concentration of 24 wt% (n = 14;
Table 3), its isovolumetric formation from the primary
olivine releases 1.07 g MgO per cm3. Since the formation
of the deweylite assemblage is related to surface or near-
surface weathering, any effect on the loose or weakly com-
pacted sediment around the clasts was most probably
erased due to relocation during transport and/or later
burial. Finally, isovolumetric replacement of the deweylite
assemblage by calcite releases another 0.6 g MgO per cm3

causing Mg-metasomatism in the relatively Mg-poor com-
pacted sediment matrix. For example, replacement of
almandine by talc and clinochlore as well as the forma-
tion of Mg- and Ni-rich overgrowths on matrix amphi-
bole (Fig. 4o and p) requires addition of MgO and NiO
from the ultramafic clasts.

The above calculation shows that isovolumetric serpent-
inization of olivine (Fo91) releases only a small amount of
SiO2 (0.21 g/cm3) and that SiO2 is almost conserved during
breakdown of olivine (Fo91) to the deweylite assemblage.
Only carbonatization of the deweylite assemblage releases
a significant amount of SiO2 (1.32 g/cm3) which may be
supported by the fact that quartz filled mesh cells are al-
most exclusively found in carbonatized samples (Table 1).
Fe released during breakdown of the original olivine
(Fo91) and during carbonatization of the deweylite assem-
blage may have precipitated as hematite directly around
the mesh cells (e.g., Fig. 4d), in the clast-rims (Fig. 3),
and/or may have been transported out of the clasts. In con-
trast to MgO, there is no petrological evidence for FeO
enrichment in the sediment matrix around the clasts. The
above calculated amounts of released element oxides repre-
sent a simplified maximum estimate. If a volume-increase is
considered, the released mass would be less than stated
above and in Fig. 10.

The presence of calcite veins, transecting clast–matrix
boundaries, indicates that element exchange between the
matrix and the clasts continued after sediment compaction.
Some of these veins are filled with serpentine in the outer
parts whereas the central parts are filled with dolomite or
calcite (Fig. 4b). Such a configuration indicates that these
veins acted as transport channels for the evacuation of
MgO and were subsequently reactivated for the infiltration
of Ca- and CO2-bearing fluid. Based on textures in type-1
clasts (calcite replacing the deweylite assemblage) and the
configuration of transport veins, we conclude that carbon-
atization represents the latest stage of alteration after the
ultramafic clasts were buried in the basin (Fig. 9c).

7.2. Quartz and calcite precipitation in the mesh texture

In the studied samples, five types of cells (filled with
relict olivine, with the deweylite assemblage, with calcite,
with quartz, and void cells) can occur besides each other,
implying drastic differences in fluid accessibility, fluid flow
rates, fluid compositions, and replacement mechanisms on
a sub-mm scale. Additionally, the precipitation of second-
ary phases can be regarded as a competition between trans-
port rates and precipitation rates. Precipitation of quartz
and calcite within cells surrounded by serpentine and hema-
tite is a common phenomenon in the Solund samples
although calcite is more abundant than quartz. The
observed textures (Fig. 4g and h) show that both quartz
and calcite form (a) by precipitation in void cells where
the deweylite assemblage had been dissolved and (b) by
direct replacement of the deweylite assemblage. Formation
of void cells by dissolution of the deweylite assemblage
requires an effective mobilization and transport of all
MgO, SiO2, and FeO, which in turn requires continuous
element exchange and thus interconnected pore space.
The presence of small needles with a composition close to
serpentine which grow radially into the void cells indicate
that only minor amounts of MgO and SiO2 remained in
the cell filling fluid whereas major amounts of these
elements were transported away. Nucleation of calcite in
the central parts of some cells implies that interconnected
cells acted as fluid channels during a later event of fluid
infiltration. Since we also find void cells close to calcite
filled cells, the Ca-metasomatic fluid must have been
channelized through a not completely interconnected
network of voids.

In addition to precipitation in void cells, calcite and
quartz also replace the deweylite assemblage whereas the di-
rectly adjacent serpentine seems to be unaffected (Fig. 4d).
Due to its small grain size, the deweylite assemblage has a
large reactive surface area and hence it is expected to be ex-
tremely soluble as soon as it is in contact with a fluid out of
equilibrium. We interpret the replacement of the deweylite
assemblage as a coupled dissolution and precipitation pro-
cess (Putnis, 2002). Such a process implies, in the case of
calcite precipitation, that the deweylite assemblage must be-
come partly or even completely dissolved, its chemical con-
stituents (FeO, MgO, and SiO2) must remain in solution
whereas the incoming Ca2+- and CO3

2�-ions precipitate
as calcite. Gibson et al. (1996) described a similar situation
where large-scale replacement of serpentine minerals by cal-
cite was found to involve significant removal of mainly
MgO but also SiO2. We can only speculate about the
sources for Ca2+- and CO3

2�-ions. Ca2+ may be derived
from dissolution of Ca-bearing minerals within the basin
(e.g., plagioclase) or the underlying mafic section of the
Solund-Stavfjord ophiolite complex (e.g., clinopyroxene)
(Fig. 1). CO3

2� may be derived from equilibration of for-
mation waters with atmospheric CO2 or from deeper
sources within the extending orogen.

Replacement of the deweylite assemblage by quartz may
have proceeded in a similar way as discussed for calcite.
Alternatively, mobilization of MgO and FeO was much
more effective than for SiO2 so that the fluid became satu-
rated with respect to quartz due to removal of all the other
elements. At this point we cannot determine whether silica
was transported into the clasts or if quartz precipitated due
to selective mobilization of MgO and FeO. However, car-
bonate veins are widespread in our samples whereas quartz
veins are completely absent which might indicate that no
major transport of silica occurred. In addition, replacement
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of the deweylite assemblage by selective removal of MgO
seems to be a process similar to its formation by breakdown
of olivine. Both processes involve a decrease in MgO/SiO2

and MgO/FeO ratios, which is, however, more extreme
for the formation of quartz after the deweylite assemblage.

7.3. Chemical evolution as a function of tectonic setting

Based on textures and chemical evidence, we conclude
that the initial serpentinization of the studied samples
took place during ocean floor water–rock interaction
whereas formation of the deweylite assemblage is attrib-
uted to weathering under (near-) surface conditions and
at lower temperatures. Our interpretation agrees well with
other studies on fluid–olivine interaction which point out
that serpentinization and weathering lead to contrasting
chemical evolution. For example, serpentinization of oliv-
ine often results in an increasing Mg# (Evans, 2008) not
only in the resulting serpentine but also on a much smal-
ler scale directly at the dissolution front of olivine
(Rumori et al., 2004). In contrast, Eggleton (1984) found
that the transformation of olivine into a clay-like alter-
ation product involved, as in the Solund case, depletion
in MgO, but also in SiO2 and NiO. Delvigne et al.
(1979) pointed out that olivine is destroyed during the
early stages of weathering and forms a mixture of iron
oxides, or hydroxides with opal when MgO is removed.
Weathering of previously serpentinized ultramafic rocks
in a continental setting may result in the formation of
listvenite-like rocks, if the mobilized MgO is sufficiently
counterbalanced by enrichment in CaO and SiO2

(Akbulut et al., 2006; Tsikouras et al., 2006; Nasir
et al., 2007). The exchange and transport of chemical
elements is facilitated by fluid movement as indicated by
the presence of carbonate (calcite and dolomite) filled
veinlets in listvenites in several localities (e.g., Akbulut
et al., 2006; Tsikouras et al., 2006; Nasir et al., 2007).
In these studies, the occurrence of carbonate minerals is
always restricted to veins whereas in our case, carbonate
(calcite) is filling cells within the mesh texture formed
after olivine, similar to a situation recently described by
Ribeiro Da Costa et al. (2008). Tsikouras et al. (2006)
report on similar quartz formation in ultramafic rocks
from Greece but link the enrichment in SiO2 mostly to
external influx. In contrast, the relative enrichment of
SiO2, resulting in precipitation of quartz in mesh cells in
some of our samples, appears to result from the extreme
mobilization of MgO.

7.4. Parameters controlling the rate and degree of

carbonatization

When considering the rate and degree of carbonatiza-
tion it is important to note that all three types of clasts
are found in the same outcrop implying that the prevailing
pressure and temperature conditions within the basin had
little influence on the final appearance of the ultramafic
clasts. Thus, the reason for the variation in degree of alter-
ation must be searched for in other parameters as discussed
below.
7.4.1. Olivine dissolution rate—a controlling parameter?

Olivine is unstable in aqueous environments and the
most soluble silicate mineral in certain organic acids (e.g.,
Barman et al., 1992; Olsen and Rimstidt, 2008). A large
number of experimental studies explore the dependency of
olivine dissolution on different parameters such as reactive
surface area, temperature, Eh, pH, CO3

2�-activity, and Si-
and Mg-concentrations in the fluid (e.g., Chen and Brant-
ley, 2000; Pokrovsky and Schott, 2000a,b; Giammar
et al., 2005; Hänchen et al., 2006; Prigiobbe et al., 2009).
In the Solund case, however, the degree of carbonatization
depends on which intermediate phases formed after initial
olivine as well as on their solubility. In the studied samples
the most abundant secondary Mg-silicate phases are ser-
pentine and talc. However, their experimentally derived dis-
solution rates are distinctly slower than that of the original
olivine (e.g., Bales and Morgan, 1985; Pokrovsky and
Schott, 2000b; Saldi et al., 2007). The concentric zoning
of our clasts represents a spatial distribution of the alter-
ation progress with most altered clast-rims and least-altered
clast-cores. The cores of type-1 clasts, where only a few
mesh cells are filled with calcite, provide insight in how
the carbonatization commenced. In these particular sam-
ples, we observe that only the deweylite assemblage is re-
placed by calcite whereas serpentine and relict grains of
olivine appear to be unaffected. It is reasonable to assume
that due to the fine-grain size, the reactive surface area of
the deweylite assemblage is considerably larger than that
of olivine relicts and the surrounding serpentine. Due to
the direct proportionality of the dissolution rate and the
size of the reactive surface area (e.g., Helgeson et al.,
1984) the deweylite assemblage may dissolve faster than ser-
pentine and talc even if it represents a fine-grained inter-
growth of these or related sheet silicate phases. Thus, the
dissolution rate of olivine controls only indirectly the effi-
ciency of mineral carbonatization reactions in this particu-
lar case.

7.4.2. Maintenance of fluid accessibility

All of the described changes in modal abundances of
minerals can be explained in terms of dissolution of primary
ultramafic minerals, transport of their chemical constitu-
ents and precipitation of secondary minerals. For example,
if initial serpentinization created an unfractured low-perme-
able layer of serpentine around a relict grain of olivine, this
grain may not be affected by later alteration. Therefore, all
mineralogical changes during the alteration are ultimately a
function of fluid accessibility. In this respect, the deweylite
assemblage is of particular importance since it not only rep-
resents the locus for calcite precipitation but also because it
dissolves easier than serpentine and perhaps olivine, thus
creating secondary porosity, which allows fluids to further
infiltrate into the rock. If those secondary pores intercon-
nect, fluid channels are created allowing element exchange
between a clast and its surrounding matrix. In contrast, ser-
pentinization of olivine by sole addition of H2O involves a
volume expansion of 50–60% (Hostetler et al., 1966; Sherv-
ais et al., 2005), which may clog the supply of fluid thus
interrupting further removal of surplus elements and termi-
nating the alteration/carbonatization process unless the
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volume-increase fractures the rock (Austrheim and Engvik,
1997).

In large natural systems such as carbonatized ophiolite
complexes, the problem of pore space clogging may be
unimportant if tectonic movement (e.g., uplift, extension)
and the associated generation of fractures results in re-
peated opening of fluid flow paths (e.g., Kusky et al.,
2005; Boschi et al., 2009). In contrast to natural carbonati-
zation of ultramafic rocks, geological CO2 sequestration in
industrial operation cannot benefit from tectonic forces be-
cause potential target rocks are already emplaced and the
short time scale (�several human lifetimes) does not allow
significant opening of fractures. Therefore, the formation of
a dissolvable breakdown product, such as the deweylite
assemblage, is important because it represents a possible
pathway for continuous fluid flow even within a swelling
system such as hydrating peridotite. Since we attribute the
formation of the deweylite assemblage to near-surface
weathering, this intermediate step of low-temperature alter-
ation has important influence on the final degree of alter-
ation of the studied clasts.

8. IMPLICATIONS FOR CO2 STORAGE

The Intergovernmental Panel on Climate Change (IPCC)
proposed several strategies for the long-term storage of cap-
tured CO2, including carbonatization of ultramafic rocks and
CO2 storage in sedimentary basins (IPCC, 2005). The Solund
Devonian basin represents the exceptional case that both
proposed strategies have been implemented by nature itself,
offering opportunities for detailed investigation of processes
which are taking place during carbonatization of mantle
rocks within a sedimentary environment. Moreover, this spe-
cial situation found in Solund allows conclusions for both ex-
situ and in-situ mineral carbonatization since the studied
samples are not within their original formation (i.e., the ophi-
olite) but can still be regarded as individual geological enti-
ties, although on a much smaller scale. In comparison to
large-scale field projects such as the CarbFix program on Ice-
land (Gislason et al., 2010), or studies of large natural analogs
such as the Semail ophiolite in Oman (Kelemen and Matter,
2008), where direct surveillance of solid phase replacement
reactions and reaction progress may be difficult due to inac-
cessibility at depth, the relatively small size of our samples al-
lows additional insight into processes within the storage
medium itself (e.g., mineral replacement reactions, volume
expansion, and element exchange). CO2 storage via mineral
carbonatization should be favorable over storage of a gas
phase in porous media such as sedimentary formations be-
cause the risk of CO2 escaping through faults and joints sub-
sequent to its injection is significantly reduced when CO2 is
fixed in the crystal lattice of stable carbonate minerals.

Based on geochemical modeling, Kelemen and Matter
(2008) suggest that direct injection of CO2 at a considerable
depth (i.e., equivalent to 185 �C) into ultramafic rocks is
suitable for CO2 sequestration due to the temperature in-
duced self-sustainability of carbonatization reactions.
Alternatively, based on our field observations we suggest
that a low-temperature (�185 �C) and thus shallow storage
site may also be of significant importance for CO2 storage.
Hydration of relict olivine during weathering of the ultra-
mafic clasts in the Solund basin produced an interstage
product which dissolves easier than serpentine and forms
an efficient locus for carbonate precipitation. Therefore,
the low-temperature formation of secondary phases should
be considered in future studies of possibilities for geological
CO2 storage. We suggest that for successful CO2 storage in
low temperature altered ultramafic rocks, formation and
dissolution kinetics of the deweylite assemblage and possi-
bly other fine-grained alteration products after olivine
should be constrained in laboratory experiments.

In accordance with the IPCC suggestions (IPCC, 2005),
we find that ultramafic rocks may be extensively carbon-
atized, but the formed carbonate in the Solund basin is
dominated by calcite. Therefore, according to our findings
the ideal sequestration site for CO2 under the specific alter-
ation conditions in the Solund basin will be a weathered
peridotite in combination with a Ca-source (e.g., plagio-
clase, clinopyroxene) which facilitates infiltration of a
CO2-bearing fluid and fast precipitation of carbonate as
calcite. Besides the Solund basin, field sites meeting these
criteria can generally be expected in all sedimentary basins
adjacent to ophiolite complexes as the Sivas basin in central
Turkey where similar samples have been described by e.g.,
Altunsoy and Ozcelik (1998), the Deliler and Erenler basins
of NW Turkey (Okay et al., 2008), or in sedimentary basins
receiving ultramafic detritus from other, e.g., volcanic
sources.

9. CONCLUSIONS

1. We document that peridotite clasts are abundant in the
Devonian Solund basin and that they are strongly
altered to an extent that they are difficult to recognize.
In sedimentary basins adjacent to ophiolite complexes
where rapid erosion, transport, and deposition took
place, the occurrence of ultramafic clasts might be a
common phenomenon.

2. The alteration of the clasts involved substantial removal
of MgO as indicated by the mass-balance calculation,
and formation of carbonate and quartz in mesh cells
which were initially filled with relict olivine.

3. The high initial 87Sr/86Sr ratios of the Solund samples
suggest that the carbonatization process took place in
the presence of basinal fluids in clast material precondi-
tioned by weathering in a tropical climate. Alteration
continued during burial of the basin sediments, which
is supported by Mg-metasomatism in the matrix adja-
cent to the clasts.

4. The studied samples indicate that under the alteration
conditions prevailing in the Solund basin, calcite is stable
over magnesite.

5. Low-temperature weathering of peridotite forms a fine-
grained clay-like alteration product after olivine (dewey-
lite assemblage) and orthopyroxene. These clay-like
alteration products have a large surface area due to their
small grain sizes and dissolve faster and are more reac-
tive than serpentine during interaction with a fluid out
of equilibrium.
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6. Mobilization and transport of MgO due to formation
and dissolution of the deweylite assemblage creates
porosity which is the preferred locus for carbonate and
quartz precipitation.

7. Sedimentary basins with abundant weathered ultramafic
material may provide locations for permanent CO2 stor-
age through mineral carbonatization reactions.
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