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ABSTRACT

Melt fragments in melt breccias from the Gardnos impact cra-
ter, Norway, contain abundant carbon. A high proportion of the
carbon present in the original melt was preserved. The stripping
of hydrogen from carbon during melting prevents later hydrocar-
bon formation, hence the carbon is fixed in place rather than vol-
atilized. Underlying lithic breccias that were not melted record hy-
drocarbon generation as a response to less extreme heating. Despite
the high-temperature history of the melt, the carbon from the
Gardnos impact crater is highly disordered, rather than ordered
crystalline graphite, and in this respect, it is comparable with car-
bon in chondrite chondrules. Disordered carbon bears functional
groups upon weathering, and, therefore, carbon preserved through
impact or other melting may be available for reworking into bio-
logically relevant organic molecules.
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INTRODUCTION

Meteorites and comets are thought to have been major agents of
carbon flux to the surface of early Earth and other planets (Chyba and
Sagan, 1997). Meteorite impact is also likely to substantially alter ac-
cumulations of organic molecules present at the surface (Maher and
Stevenson, 1988). Consequently, there is strong interest in the fate of
carbon during and following impact events, both in the impactor and
in the target rocks, and in the implications for the availability of the
carbon for prebiotic chemistry (Chyba and Sagan, 1997; Blank et al.,
2001). As carbon is heated, it is progressively graphitized, so that its
structural order is a measure of thermal alteration; this can be applied
to both terrestrial and extraterrestrial materials (Rietmeijer and Mack-
innon, 1985; Quirico et al., 2003). This response to temperature is well
characterized due to extensive data sets from sedimentary basins and
metamorphic terranes, where the carbon has been heated to 500+ °C
(Wopenka and Pasteris, 1993). The response of carbon to much higher
temperatures, including impact melting, is by contrast poorly under-
stood. However, most of the carbon is assumed to be lost from the
impact site during melting and devolatilization (Kieffer and Simonds,
1980). Carbon-rich melt fragments from the Gardnos impact crater,
Norway, offer an opportunity to assess the degree to which carbon is
preserved during impact events and its structural order.

CARBON DISTRIBUTION IN GARDNOS CRATER
Geological Setting

The Gardnos impact crater (Fig. 1) contains carbon-rich breccias
(French et al., 1997; Gilmour et al., 2003). The age of impact is un-
certain (see following discussion), but since the only candidate target
rock with adequate carbon is the Cambrian Alum Shale (Gilmour et
al., 2003), the impact is likely to have occurred during the 550-400
Ma interval between the Cambrian and the Caledonian orogeny, which
overprinted the impact rocks with a metamorphic fabric at estimated
temperature and pressure conditions of up to 400 °C and 2.5 kbar
(Andersen and Burke, 1996). The Alum Shale was thermally immature
at this time, and therefore it was rich in volatile organic compounds
and water and had an exceptionally high organic carbon content, av-
eraging 10% in the outcrops closest to Gardnos (Andersson et al.,
1985). In addition to these sediments, the impact caused the melting
of basement rocks including granites, gneisses, amphibolites, and
quartzites. Above the impact-shocked basement are lithic breccias
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(Gardnos Breccia and Black Matrix Breccia of French et al., 1997),
and suevite (breccia with melt particles) with lenses of melt-matrix
breccia (Fig. 1). The suevite contains ~4% black melt fragments by
volume, which was determined from two-dimensional (2-D) image
analysis of 600 cm? and converted to three-dimensional values (note:
consistent with ~12% by 2-D point counting). The black melt frag-
ments occur in each of several exposures in the main suevite outcrop,
building excavations, drill core, and till blocks. Each melt fragment
consists of two immiscible phases (designated S, C) in variable pro-
portions, now represented by the silicates stilpnomelane and chlorite,
which reflect later alteration (Lindgren and Parnell, 2005). In younger
deposits in other craters, the melt phases still consist of glass, but none
remains at Gardnos. Delicate flow textures indicate that the Gardnos
melt fragments were still liquid during deposition.

Carbon Precipitation in Suevite Melt

In 32 of 34 melt fragments examined, the boundary between the
S and C phases is marked by a layer of carbon up to 20 wm thick
(Fig. 2). The carbon also occurs at the boundary between the S phase
and the host (nonmelt) matrix, but not between the C phase and the
matrix. This indicates that the carbon precipitated from the S phase,
and was consistently the first solid product that nucleated at the bound-
aries of the S phase. The observations were made on over 10 different
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Figure 1. Location for Gardnos crater, and schematic cross section
showing sequence of suevite (melt-bearing breccia) on lithic brec-
cias, and basement of granitic gneiss, amphibolite, and quartzite.
Photomicrographs show distinct forms of carbon distribution
(black, arrowed) in (A) suevite, with carbon-rich melt fragments; (B)
lithic breccia, with carbon-rich matrix, mostly in microfractures; and
(C) basement quartzite, with carbon on deformation planes.

© 2006 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing @ geosociety.org.

Geology; December 2006; v. 34; no. 12; p. 1029-1032; doi: 10.1130/G22731A.1; 4 figures.

1029



Figure 2. Backscattered-electron micrographs and X-ray map of
carbon-rich melt fragments from Gardnos suevite, showing immis-
cibility textures, including intermingling tunnels with curved inter-
faces of phase C and phase S, and flow of two immiscible phases
within each other. Carbon appears black (arrows) at contact be-
tween phase S and C, and between phase S and matrix (M), but not
between phase C and matrix. A: Melt fragment with mingling be-
tween two phases S and C. Matrix, composed of angular lithic frag-
ments, appears enclosed in melt fragment due to intersection of
melt fragment in third dimension. B: Flow structures within melt
fragment. C: Melt fragment with intermingling “tunnels” of phase C
in phase S. D: X-ray map for carbon (white areas) corresponding to
image C. Images were collected using scanning-electron micro-
scope (ISI ABT-55) at 15 kV; X-rays were collected for 15 ms in 512
x 512 grids. Mapping at resolution 0.9 pum shows no carbon parti-
cles in S or C phase.

samples, mostly from till. Melt fragments were present in all samples,
implying that they are widespread. Most melt fragments show fabric
anisotropy due to compaction and melt flow, which has led to a range
of immiscibility textures on 2-D surfaces (Lindgren and Parnell, 2005)
that are highlighted by the carbon at the S/C boundary (Fig. 2). The
melt-matrix breccias are mineralogically more complex (variable chlor-
itoid, additional quartz, K-feldspar), but similarly show carbon layers
at silicate-silicate phase boundaries. It is very unlikely that alteration
of the glasses caused redistribution of the carbon, because the fine
pattern of layers on phase boundaries is not disrupted. The melt from
carbon-rich shales and granitic basement would have been silicate-
dominated with a high volatile content (shales had 10+ % organic car-
bon, typically several % water). Large amounts of carbon can dissolve
in hydrous granitic melts (Korsakov et al., 2004), but carbon solubility
in silicate melts decreases drastically over 1200-800 °C and is negli-
gible (ppm level) at Earth surface temperatures (Pineau and Javoy,
1983). In impact craters where cooling, from 3000+ °C, was suffi-
ciently fast to form abundant glass (Koeberl, 2002), solid carbon could
precipitate on a widespread scale, as in the Gardnos melt. It is probable
that the current mineralogy of the two phases reflects a distinction in
the chemistry of the two immiscible melt phases, where stilpnomelane
represents a melt phase with higher silica content than the chlorite
precursor. Carbon solubility in aluminosilicate melts increases with sil-
ica content (Park and Min, 2000), which is consistent with carbon
fractionation into the S phase at Gardnos.

An alternative origin for the carbon as a residue of hydrocarbon
migration can be discounted because (1) the carbon only occurs at the
S to matrix boundary but never at the C to matrix boundary, (2) there
is no carbon in more accessible sites, such as fractures crosscutting
mineral fragments in the melt breccia (fractures in lithic breccia and
basement are filled; see following), and (3) stringers of melt extending

1030

from the melt fragments contain carbon out to their tips, precluding
later emplacement. Furthermore, it would be physically impossible to
emplace the carbon into glass fragments as migrating hydrocarbons.
Heavy oil is much too viscous to thoroughly impregnate an extensive
tortuous micron-scale network, even if the permeability was much
higher than at present. Oil fine enough to enter the network could only
produce a limited amount of heavy compounds as a solid degradation
product. Thus, the continuous carbon layers at the S to matrix interface
cannot be a product of later fluids.

The suevite is crosscut by veinlets of hydrothermal quartz that
contain micron-scale hydrocarbon fluid inclusions. The inclusions also
occur in healed microfractures through quartz fragments and basement
clasts.

The response of hydrocarbon source rocks to flash heating must
show a gradation with intensity of heating. With decreasing intensity,
the response will range through vaporization, melting, carbonization
and graphitization, hydrocarbon generation, and lesser degrees of ther-
mal maturation. These effects will be manifest in different parts of a
crater system. At Gardnos, the identifiable products are carbon-bearing
melt and hydrocarbons. While melt is generated almost instantaneously
upon impact, hydrocarbon generation is kinetically controlled and will
occur during postimpact hydrothermal activity. The result at Gardnos
is suevite, containing carbon-rich melt fragments (Fig. 1B), crosscut
by hydrothermal quartz veins and healed microfractures, containing
hydrocarbon fluid inclusions. The lithic breccias and basement below
the suevite also contain hydrocarbon fluid inclusions and associated
solid residues of hydrocarbons (Fig. 1C). The solid residues are par-
ticularly evident in shocked quartzite (Fig. 1D), where they occupy
microfractures attributed by Andersen and Burke (1996) to the impact
event. Microfractures through quartz heal rapidly (Brantley, 1992), im-
plying that the hydrocarbon inclusions and carbonaceous residues were
entrained during hydrothermal activity immediately postimpact rather
than at a later time.

Carbon Content

X-ray maps show that the carbon is strongly localized at mineral
phase boundaries within the melt fragments (Fig. 2). The carbon dis-
tribution is confirmed by mean carbon contents for whole melt frag-
ments and the matrix of 5.2 = 2.0% (n = 20, from 14 different sam-
ples) and 0.3 = 0.06% (n = 10), respectively, which were determined
using a LECO CS225 carbon analyzer. These values are consistent with
bulk carbon values in the suevite of 0.6 = 0.01% (n = 5) and the
carbon-bearing melt volume of 4%. Analyses of unmelted basement
clasts yield a mean carbon content of 0.3 = 0.07% (n = 10), which
is comparable with the matrix content, i.e., the basement fragments do
not contain an enrichment in carbon. The S and C phases in the melt
cannot be physically separated for analysis, but energy dispersive X-
ray analysis shows no detectable carbon (<~0.1%) within the mineral
phases, but solely carbon in the boundary layers. To confirm this, laser
Raman spectroscopy shows very strong responses for carbon in the
boundary layer but no carbon in the S/C phases (Fig. 3). The lack of
carbon in the melt silicate phases reflects the very low solubility of
carbon in glasses (Pineau and Javoy, 1983), which would have caused
the carbon to precipitate first. The X-ray maps suggest that the limited
carbon contents measured in the matrix represent micron-scale melt
stringers. Carbon in the basement fragments occurs in healed micro-
fractures. However, the carbon content varies even between adjacent
melt fragments, showing that the melt was not homogeneous. The con-
centration of the carbon in the melt implies that although the suevite
breccias were derived from a mixture of carbon-rich shale and crys-
talline basement (Gilmour et al., 2003), the shale component was large-
ly incorporated into the melt; i.e., there was a disproportionate incor-
poration of the volatile-rich sedimentary target into the melt, as
predicted on theoretical grounds (Kieffer and Simonds, 1980). Accord-
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Figure 3. Characterization of carbon in Gardnos melt fragments by
Raman spectroscopy cross-plot of O (order) peak position and O
peak width (half-height). Graphite and kerogen fields are from Wo-
penka and Pasteris (1993). Melt carbon is disordered, similar to ker-
ogen. Gardnos acid-extract data (Gilmour et al., 2003) represent a
minor component of carbon in suevites. Sample spectrum is shown
for carbon and stilpnomelane in melt fragment. Stilpnomelane
shows no response for carbon, which suggests that <<1% could be
present. Raman spectroscopy was performed using a Jobin-Yvon
Labram laser Raman microprobe by R. Court at The Open Univer-
sity. Excitation was provided by a 40 mW, 514.5 nm, Ar-ion laser,
delivering around 8 mW to thin sections. Spectra were obtained us-
ing a 25x objective and a 600 grids mm~" grating.

ingly, we found no unmelted shale, whereas basement fragments ex-
hibit only partial melting.

Characterization of Carbon

The Gardnos carbon exhibits a strong degree of disorder (Fig. 3).
The Raman D/O intensity ratio is equivalent to an in-place crystallite
dimension (La) of 13 A, indicating very poor crystallization (Wopenka
and Pasteris, 1993). This disordered material represents the bulk of the
carbon in the rock and is distinct from highly ordered graphite and
diamond recorded by Gilmour et al. (2003), which are trace compo-
nents in the same rocks (Fig. 3). The O (order) peak is displaced from
the ordered graphite position at 1585 cm~! to 1602 cm~! due to merg-
ing with a disorder peak at 1620 cm~!. Similar displacement and dis-
order are observed in the products of experimental carbon-rich silicate
melts (Kadik et al., 2004). However preexisting carbon can survive
metamorphism in a relatively disordered state (e.g., Pitcairn et al.,
2005). If the carbon had been precipitated due to crystallization during
metamorphism, it would occur as ordered graphite crystals (Luque et
al., 1998), which are not evident.

DISCUSSION
Implications for Geothermometry and Cosmothermometry

The degree of structural order in carbonaceous materials is widely
used as a geothermometer. The relationship between order and tem-
perature has also been extended to extraterrestrial samples and invoked
as a cosmothermometer, applied to chondrites and interplanetary dust
particles (Rietmeijer and Mackinnon, 1985; Brearley, 1990). In terres-
trial metamorphic rocks, fully ordered graphite is achieved by 450—
600 °C (Rietmeijer and Mackinnon, 1985). Poorly graphitized carbon
in extraterrestrial materials is therefore commonly attributed to pro-
cessing at lower temperatures, with consequences for their inferred or-
igin (Brearley, 1990; Quirico et al., 2003). However, carbon precipi-
tated from a cooling melt has not experienced the gradual development
of structural order found in progressively heated samples. Hence, de-
spite a melt temperature that was probably well in excess of 1000 °C,
the Gardnos carbon is disordered. Similarly, disordered carbon is a
product of experimental silicate melts (Kadik et al., 2004). Disorder
cannot therefore be used as a geothermometer, or cosmothermometer,
where carbon is precipitated directly at high temperature.

The disorder in melt products explains the occurrence of poorly
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Figure 4. Comparison of carbon loss from Alum Shale by impact
melting and progressive hydrocarbon generation. Initial carbon con-
tent range is extrapolated from current values of 10%—12%, assum-
ing 0.4 expulsion efficiency (Cornford, 1998). There was no carbon
loss before impact because Alum Shale was thermally immature
(Andersson et al., 1985), so it had not generated hydrocarbons. Car-
bon loss by hydrocarbon generation follows model for oil-prone ker-
ogen achieving full maturity (Cornford, 1998). Carbon percentage in
shale-derived melt is shown for a range of basement contributions
to melt.

graphitized carbon in chondrite chondrules, which have experienced
melting at 1500+ °C (Mostefaoui et al., 2000). There are several sim-
ilarities between carbon processed in the chondrules and carbon in the
Gardnos impact melt, in which the precursors were (1) carbon-rich, (2)
macromolecular solids that were (3) hydrogenated, (4) combined with
silicates, and (5) melted (Hanon et al., 1998). Experimental manufac-
ture of chondrules by flash heating incorporated up to 10% carbon in
a silicate melt, and although some carbon is preserved after quenching,
much is lost by redox reactions with iron silicates (Connolly et al.,
1994; Hanon et al., 1998). The high degree of carbon preservation in
Gardnos may reflect lower iron contents in sediment-derived melts
compared with the olivine-rich chondrules.

Preservation of Carbon

Adopting an average 10% carbon content for the Alum Shale (An-
dersson et al., 1985), the melt represents preservation of a high pro-
portion of the original carbon. We estimate 0.4 expulsion efficiency of
oil from the Alum Shale, which equates to an original carbon content
of 13.9% (Cornford, 1998), which in turn implies a preservation of at
least 38% carbon in the melt. If the melt contains a significant pro-
portion of granitic basement or noncarbonaceous sediments, the per-
centage carbon preservation is even higher. Basement contributions of
10%, 30%, and 50% equate to 42%, 54%, and 75% carbon preservation
(Fig. 4). Adopting the maximum regional carbon content for the Alum
Shale of 12% (Andersson et al., 1985) and a lower measured value of
7.4% (Gilmour et al., 2003) adjusted to initial values of 16.7% and
10.3% yields absolute minimum levels of carbon preservation in the
melt from 31% to 51%. These estimates represent a lower loss of
carbon from shales than occurs during the generation of hydrocarbons
during burial, where ‘‘hydrogen balance’ calculations (Cornford, 1998)
indicate that oil-prone, hydrogen-rich organic matter like that in the
Alum Shale is depleted to 30% of the original carbon (Fig. 4). Hydro-
carbon generation is kinetically inhibited during geologically instan-
taneous impact melting, and there is minimal opportunity for oxidation
of the carbon to gaseous species. However, hydrogen would be stripped
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from the organic carbon during melting, and instead form dissolved
OH-, H,0, and H, in the melt (Kadik et al., 2004). Such hydrogen
redistribution would prevent later carbon loss by hydrocarbon
generation.

A postulated alternative source for carbon, the Proterozoic Biri
Shale with maximum content of 1.66% (Gilmour et al., 2003) is quite
incompatible with the carbon content of the melt fragments, without
adopting an unidentified process by which carbon is concentrated by
over 300%. This strongly implies that the Alum Shale is the true target
rock.

Implications for Extraterrestrial Carbon

The abundant carbon in silicate melt fragments has implications
for the preservation of carbon in interplanetary materials. Silicate melt-
ing is evident in carbon-bearing interplanetary dust particles (Brownlee
et al., 1997), chondrite chondrules (Hanon et al., 1998), and on the
parent body of some carbon-rich meteorites (Cohen et al., 2004). In-
deed, the parent body of all carbonaceous chondrites may experience
melting during impact events. Carbon in these materials could survive
devolatilization by incorporation into melts, but also survive conver-
sion into refractory or highly ordered forms. On asteroids, carbon-rich
melts may devolatilize readily by degassing (Scott et al., 1993). How-
ever the evidence from Gardnos indicates that reduced carbon can sur-
vive oxidation to volatile gases within silicate melts, and is therefore
retained in elemental form.

The host glass in an impact melt is mineralogically unstable and
would weather readily to release the carbon to become incorporated in
the planetary regolith. Poorly ordered carbon exposed to the atmo-
sphere bears functional groups on the surface (Simpson and Hatcher,
2004), making it reactive and bioavailable. Bombardment of the plan-
etary regolith by energetic H* ions could also cause hydrogenation
(Starukhina and Shkuratov, 1995). We conclude that carbon processed
through impact melts is not simply converted to an inert (highly crys-
talline) form or destroyed (Kieffer and Simonds, 1980), but can survive
in substantial proportions for further processing in prebiotic chemistry
or by primitive life.
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