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Sediment-dispersed extraterrestrial chromite grains (63-355 um) have been recovered in a section
across the Arenig-Llanvirn transition in the Killeréd quarry in southeastern Scania. Previous studies
of the same stratigraphic interval in the Orthoceratite Limestone at Kinnekulle, ca. 350 km to the
north in Vastergétland, have shown a two orders of magnitude increase in extraterrestrial chromite
beginning close to the Arenig-Llanvirn boundary. The stratigraphic distribution and abundance trends
of extraterrestrial chromite are essentially identical at Killer6d and Kinnekulle. In the Killerod sec-
tion extraterrestrial chromite grains are extremely rare (2 grains/125 kg of rock) in the Arenig lower
8 m of the section (Megistaspis simon to Asaphus expansus trilobite zones) and abundant (326 grains/
162 kg of rock) in the succeeding ca. 3 m of uppermost Arenig and lower Llanvirn (upper A. expan-
sus and A. raniceps zones) section. The extraterrestrial chromite grains at Killeréd and Kinnekulle
are very similar in chemical composition, including characteristic elevated values and narrow ranges
of V,0, (0.6-0.9 wt%) and TiO, (2.0-3.5 wt%). At Killerdd there is a small group (<4%) of chromite
grains with relatively low TiO, (1.5-2.0 wt%), but otherwise typical extraterrestrial compositions.
These grains may reflect a somewhat more aggressive diagenetic environment at Killeréd than at
Kinnekulle. As in previous studies, rare chrome spinel grains with terrestrial or uncertain origin
have also been found in the limestone.

The results of this study support previous suggestions that after the disruption of the L chondrite
parent body in the asteroid belt at ca. 470 Ma, the flux of extraterrestrial matter to Earth was enhan-
ced by up to two orders of magnitude compared to the present. This is supported by finds in Swe-
den of abundant fossil meteorites in uppermost Arenig and lower Llanvirn sediments. Whether
these conclusions can be put into a global context awaits further study of Middle Ordovician lime-
stones from other continents.
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The influx of meteorites to Earth has been estimated
to have been up to two orders of magnitude higher
compared to the present during part of the Middle
Ordovician, based on high concentrations of fossil
meteorites and meteoritic chromite grains in a lime-
stone section from Kinnekulle, southern central Swe-
den (Schmitz et al. 2001, 2003). The high influx rates
have been proposed to reflect the disruption of the L
chondrite parent body in the asteroid belt at ca. 470
Ma (Schmitz et al. 2001; Korochantseva et al. 2006),
an event which is reflected in the flux of meteorites

to Earth even today (McConville et al. 1988; Keil et
al. 1994; Bogard 1995). Cosmic-ray exposure ages of
chromite grains from fossil meteorites show an in-
creasing trend higher up in the meteorite-bearing
limestone strata (Heck et al. 2004), which points to a
single disruption event. Fossil meteorites can, there-
fore, be used to trace ancient events in space. The
recent systematic searches for fossil meteorites in
Ordovician limestone (Schmitz et al. 2001) evolved
following two early stray finds, the Brunflo meteor-
ite from the Rodbrottet quarry in Jamtland (Thors-
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Fig. 1. Extraterrestrial chromite grain recovered from Middle
Ordovician Orthoceratite Limestone at Hallekis, Kinnekulle.

lund et al. 1984), and Osterplana, the first meteorite
recovered in the Thorsberg quarry (Nystrom et al.
1988).

Resistant remnants of sea-floor weathered mete-
orites, in the form of dispersed microscopic extra-
terrestrial chromite (EC) grains (Fig. 1), are more
readily retrievable from the limestone than fossil
meteorites and can also provide estimates of the an-
cient meteorite influx (Schmitz et al. 2003). Follow-
ing the discovery of abundant sediment-dispersed
EC grains associated with the fossil meteorites in the
Thorsberg quarry at Kinnekulle, high concentrations
of such grains have been discovered in limestone
beds of similar age at four other locations in south-
ern and central Sweden (Schmitz et al. 2003; Schmitz
& Haggstrom 2006). Fossil meteorites have not been

systematically searched for at these localities, but one
meteorite was found in the Gullhégen quarry, 35 km
southeast of the Thorsberg quarry (Tassinari et al.
2004).

The most detailed search for sediment-dispersed
extraterrestrial chromite has been performed in a
composite Arenig-Llanvirn section of the Thorsberg
and Hallekis quarries 4 km apart at Kinnekulle
(Schmitz & Haggstrom 2006). A predominantly red,
but occasionally light grey, monotonous and con-
densed Orthoceratite Limestone sequence is exposed
in these quarries. The limestone formed at an aver-
age rate of a few mm /1000 years, but sedimentation
was frequently interrupted by long periods of non-
deposition represented by abundant hard grounds.
In the Arenig lower 9 m of the composite section only
5 EC grains were found in 379 kg of limestone. From
a level close to the Arenig-Llanvirn boundary EC
grain concentrations increase by two orders of mag-
nitude, and remain high through most of the overly-
ing 3 m of section. A total of 276 EC grains were found
in 148 kg of limestone from this interval. The change
in EC abundance takes place in the upper Asaphus
expansus trilobite zone, close to the base of the A. rani-
ceps Zone (Schmitz & Haggstrom 2006). The results
indicate that the disruption of the L chondrite parent
body took place at about this time, which is also sup-
ported by the cosmogenic nuclides in chromite grains
from the fossil meteorites at Kinnekulle (Heck et al.
2004) and *Ar-*Ar dating of recent L chondrites (Ko-
rochantseva et al. 2006).

In addition to the EC grains another group of
chrome spinel grains has been identified, predo-
minantly in the EC-rich strata at Kinnekulle, and is
referred to as ,other Cr-rich spinel” (OC) grains
(Schmitz & Haggstrom 2006). Most of these grains

Table 1. Distribution of extraterrestrial chromite (EC) and other Cr-rich spinel (OC) grains in Middle Ordovician limestone from the Killeréd

quarry. Depths are relative to the base of the quarry.

Depth (m) Sample size # EC grains EC grains # OC grains OC grains
(kg) kg™ kg™
11.25t011.40 27.4 17 0.62 2 0.07
10.8110 10.90 241 3 0.12 1 0.04
10.02to0 10.09 23.8 56 2.35 4 0.17
9.88t0 10.02 23.6 74 3.14 57 242
9.79to 9.84 13.5 53 3.93 5 0.37
9.73to 9.79 17.8 103 5.79 3 0.17
9.71to 9.73 3.3 12 3.64 1 0.30
8.50to 8.72 28.4 8 0.28 0 0
7.67to 7.75 28.4 1 0.04 0 0
6.45t0 6.60 27.2 1 0.04 1 0.04
5.63to 5.78 16.6 0 0 1 0.06
4.21to 4.35 244 0 0 0 0
2.49to 2.59 284 0 0 0 0
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show similarities to terrestrial chrome spinels (Barnes
& Roeder 2001), but some may be unusual, as yet
unidentified types of extraterrestrial grains. It is enig-
matic that OC grains are only abundant in some of
the layers that also contain abundant EC grains. This
suggests that there may be some causal relationship
in the origin of the grains, the significance of which
is unclear. Schmitz & Héaggstrom (2006) hypothesize
that OC grains are derived from increased weather-
ing of mafic intrusions exposed on the sea floor, pos-
sibly related to environmental changes following
large impacts on the Baltoscandian shield.

The objective of this study is to perform a detailed
search for EC and OC grains across the Arenig-lower
Llanvirn condensed limestone section in the Killerdd
quarry, one of the southernmost Paleozoic outcrops
in Sweden. The results will reveal whether the strati-
graphic distribution of EC grains observed at Kin-
nekulle is reproducible over a distance of 350 km and
may also give new perspectives on the relationship
between OC and EC grains. The new data presented
here adds to the existing database of sediment-dis-
persed chromite compositions that has been exten-
ded continuously since 2000.

Geological setting

The object of study is an abandoned, partly water-
filled quarry at Killeréd (55°34” N, 14°08’E) located
13 km west of the town Simrishamn in Scania, south-
ern Sweden (Figs 2-3). Nielsen (1995, 2004a) estab-
lished a very detailed trilobite stratigraphy for the
limestone in and around the quarry, making correla-
tion with the Orthoceratite Limestone in other parts
of southern and central Sweden possible with a high
degree of confidence and resolution. In the new glo-
bal stratigraphic scheme the Killeréd section belongs
to the Darriwilian stage in the Middle Ordovician.
Following the regional British stratigraphic scheme
the section spans the upper Arenig and lowermost
Llanvirn series (Nielsen 1995).

The limestone at Killerod belongs to the Komstad
Limestone, which occurs in southern Scania and on
Bornholm, and is a dark grey to black variety of the
Orthoceratite Limestone. The two types of limestone
formed while most of the Baltoscandian shield was
covered by a vast epicontinental sea (Lindstrom
1971). This area includes the East European platform,
and a division into so-called confacies belts has been
recognized. Five different simultaneous sedimenta-
tion environments have been distinguished (Jaanus-
son 1995; Nielsen 2004b). The Komstad Limestone
represents one of the western tongues of the central
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Fig. 2. Locations of the Killerod, Hallekis and Thorsberg quar-
ries.

Baltoscandian Orthoceratite Limestone facies and
constitutes the major limestone intercalation in the
Scanian Ordovician confacies belt, mainly dominated
by graptolite shales (Nielsen 1995). The Komstad
Limestone is underlain by lower Arenig Toyen shale
and overlain by Llanvirn Didymograptus shale (Niel-
sen 1995). There is a stratigraphic gap towards the
overlying shale, representing at the most the upper
part of the D. ,bifidus” and the lower part of the D.
murchisoni graptolite zones.

The Komstad Limestone has been quarried at
many locations since the early Middle Ages, but the
last quarry in the area was abandoned in 1986. The
type localities for the Komstad Limestone are two
quarries at Komstad, but both are now largely wa-
ter-filled. Nielsen (1995) therefore proposes the more
accessible Killerdd quarry, situated 1 km west of the
Komstad quarries, as the paratype section.

The stratigraphy of the Komstad Limestone in a
section spanning the Killerdéd , main” quarry and the
overlying 1.8 m of strata occurring ca. 60 m ESE of
the main quarry is illustrated in Fig. 4 (Nielsen 1995).
In total the composite section spans 11.4 m. The sec-
tion is characterized by a sequence of limestone beds
with typical thicknesses between 2 and 20 cm, sepa-
rated by hard grounds or discontinuity surfaces.
Some parts of the succession contain marly interca-
lations reflecting changes in the depositional envi-
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Fig. 3. Killerod ,, main” quarry in early spring 2006.

ronment and a higher input of clastic material. The
limestone contains a substantial fraction of micro-
fragments of echinoderms and larger shells of trilo-
bites and cephalopods (Regnéll 1960). From the floor
of the main quarry to the top strata the following
trilobite zones are recorded: Megistaspis simon, M. lim-
bata, Asaphus expansus and A. raniceps (Nielsen 1995).
The boundary between the A. expansus and A. rani-
ceps zones is located ca. 1.2 m below the top of the
composite section. The lowermost 1.7 m of the sec-
tion is below the water level. At ca. 3 m above the
quarry floor, at the border between the M. simon and
the M. limbata trilobite zones, there is a transition
between a lower light grey interval and an upper dark
grey to black interval (Nielsen 1995). The upper dark-
er unit, corresponding to the M. limbata Zone, has
been considered to constitute high quality rock and
is the part that has been quarried most extensively.
The overlying thin-bedded and impure limestone of
the A. expansus and A. raniceps zones has been con-
sidered technically useless (Nielsen 1995).
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Except for its black colour the Komstad limestone
is essentially very similar in lithology to the red or
light grey Orthoceratite Limestone that dominates
in Baltoscandia at this time. The black colour reflects
depositional anoxic conditions and more stagnant
bottom water than in the rest of the epicontinental
sea. Judging from the similar thicknesses of the tri-
lobite zones at Kinnekulle and Killerod (Nielsen 1995;
Villumsen et al. 2001) the Komstad Limestone formed
at approximately the same rate as the Orthoceratite
Limestone, i.e. on average a few mm per thousand
years (Lindstrom 1971; Schmitz et al. 1996). The upper
circa two meters of the composite Killerdd section
corresponds to the lower part of the Thorsberg quarry
at Kinnekulle where abundant fossil meteorites have
been found during quarrying (Schmitz et al. 2001).



Materials and methods

In total thirteen limestone samples of typically 5-22
cm thickness and 14-28 kg weight were taken from
the Killerdd section. The total mass of analysed lime-
stone was 287 kg. Seven samples were retrieved from
the uppermost 1.8 m of rocks exposed in the small
hill at the , Killerod b” site of Nielsen (1995). Six sam-
ples were collected in the Killeréd main quarry over
the 7.9 m of section exposed above the water level.
The material was collected with reference to Nielsen’s
(1995) lithological log. The positions of the samples
are given relative to the base of the Killerod main
quarry (Fig. 4). In order to improve the correlations
with Kinnekulle we also studied one sample from
the Hallekis quarry section as a complement to the
samples studied by Schmitz & Haggstrom (2006). The
new sample, weighing 22.8 kg, was collected from
the interval 0.77-0.82 m below the Arkeologen bed.

The samples were split with a sledge hammer in-
to pieces smaller than 8 cm and then crushed further
to fragments of <5 mm using a Retsch Jaw Crusher
BB 200. The crushed material was decalcified in 6 M

hydrochloric acid at room temperature. After siev-
ing the residue at 32 pm, the remaining fraction was
leached with 18 M hydrofluoric acid at room tem-
perature with occasional stirring. The residue was
recovered with a 32 ym sieve. The acid-insoluble frac-
tion in the size range 63 to 355 ym was searched for
opaque minerals under the binocular microscope and
grains were picked with a fine brush for element
analyses. The grains were first mounted on carbon
tape and preliminarily analysed for elemental con-
tent in the scanning electron microscope. This pre-
liminary analysis is performed as a precaution in case
grains are lost later in the polishing procedure. Tests
have shown that the analyses of unpolished grains
in most cases give sufficiently good results to dis-
criminate between EC and OC grains. After the ini-
tial analyses grains are removed from the carbon tape,
washed in ethanol or acetone, and mounted in epoxy
resin. Thereafter the mounted grains are polished to
a flat surface with wet sandpaper (micro fine 1200
grit), and in some cases further with 1 pym diamond
slurry. The acid-leached chromite grains are quite
brittle and during the polishing it is important to find

7]
o o . .
Series and stages ‘g’g Lithology g Trilobite Conodont
2E £ zones zones
»
3 * ?
£ . '
S A Taniceps || ariabilis
3
_____ « F-===-=-f+-----
B .
3 *% L. anti-
5 variabilis
N4
A. expansus "
. 7
* L
cl g
© g *
S| 2
o| E
|l
ol *
£ 3 M. limbata
B o
s <
> *
o
K=
x
S
Fig. 4. Stratigraphy ofthe | | | | | 3048} L
Komstad Limestone in the | . I . | T o, T
Killeréd quarry. Sample levels o X - T - T . T M. simon * sampling
are indicated by asterisks. | e e e s OO Dark are
Trilobite zonation after T 1 n 1 ; | ; Limesgtonye
Nielsen (1995, 2004a), and o 1.0 1 .

o ‘o B I - — Light grey
preliminary conodont zona- -5 T 1 - bwl 2 Limestone
tion after S. Stouge (personal 5&)‘9 D ol = bel o lovel
communication, 2005). OO T T 7 Wi = below waler feve

Héaggstrom & Schmitz: Distribution of extraterrestrial chromite in Middle Ordovician

41



Kinnekulle

Fig. 5. Comparison of the
distribution of sediment-
dispersed extraterrestrial
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the right balance between not losing grains and ob-
taining a flat surface for accurate elemental analy-
ses. For two of the initial samples in this study almost
half of the grains were lost during the polishing and
it was decided to reduce the extent of polishing and
instead accept a somewhat lower analytical quality
compared to the studies by Schmitz et al. (2001) and
Schmitz & Haggstrom (2006).

The element analyses were performed with a LINK
Oxford energy dispersive spectrometer with a Ge
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detector, mounted in a Zeiss DSM 940 scanning elec-
tron microscope. A cobalt standard linked to simple
oxide and metal standards was used to monitor drift
of the instrument. Accelerating voltage of 25 kV,
sample current about 1 nA and counting live-time of
100 s were used. Precision (reproducibility) of anal-
yses on perfectly flat surfaces was typically better
than 1-4%. On irregular surfaces the precision could
be much lower. This was particularly a problem for
the MgO analyses. Analytical accuracy was control-



led by repeated analyses of the USNM 117075 (Smith-
sonian) chromite reference standard (Jarosewich et
al. 1980).

Distribution of Cr-rich spinels

The distribution of Cr-rich spinel grains in the stud-
ied section at Killerod is shown in Table 1 and Fig. 5.
The grains are divided into two groups, extraterres-
trial chromite (EC) grains and ,other” Cr-rich spi-
nel (OC) grains. The EC grains have chemical com-
positions very similar to the dominant type of chro-
mite in equilibrated ordinary chondrites (Bunch et
al. 1967; Schmitz et al. 2001; Wlotzka 2005), whereas
the OC grains show a wide compositional range (Ta-
bles 2—4). The criteria for chemical identification of
EC and OC grains are discussed in detail in Schmitz
& Haggstrom (2006) and in the last section of the
present paper.

The five lowest samples from the composite sec-
tion spanning the Killeréd quarry only yielded two
EC grains, even though 125 kg of limestone were
studied. The sample at 8.5 m above the quarry floor
gave 8 EC grains in 28.4 kg of limestone, represent-
ing intermediate concentrations of EC grains, 0.28
grains per kg. At the base of the overlying 1.8 m
thick section at the ,Killerod b” site, in the three
lowermost samples (9.71-9.84 m), 168 EC grains were
found in ca. 35 kg of limestone, i.e. almost 5 EC grains
per kg rock. The middle 6 cm of the interval contain
almost 6 EC grains per kg rock, the highest concen-
tration of sediment-dispersed EC grains ever record-
ed in our studies (cf. Schmitz et al. 2003; Schmitz &
Héaggstrom 2006). The EC grains are abundant, 2.4-
5.8 grains per kg, throughout the interval from 9.71
to 10.09 m. In the two samples representing the top
of the section, at 10.90 and 11.25 m, EC grain concen-
trations are lower, in the range 0.12 to 0.62 grain per
kg limestone. In the single sample analysed in this
study from the Hallekis section at Kinnekulle, ca. 0.8
m below the base of the Arkeologen bed, 6 EC grains
were found, corresponding to 0.26 EC grains per kg
(Table 5).

Throughout the studied Killerod composite sec-
tion the OC grains are very rare except in one sample
at 9.88 m. In this sample 57 OC grains were found
compared to 74 EC grains. Not considering this sin-
gle OC-rich sample only 18 OC grains were found in
263 kg of rock, i.e. on average 0.07 grain per kg. Some
of these OC grains may be meteoritic grains that have
been diagenetically altered or with unusual compo-
sitions.

Correlation with Kinnekulle and
other sites

The distribution of EC grains across the Arenig-Llan-
virn transition is very similar at Killeréd and Kinne-
kulle (Fig. 5). All data for Kinnekulle, except for one
sample (see materials and methods section), are from
Schmitz & Haggstrom (2006). In both sections the
limestone in the Arenig part, represented by the M.
simon, M. limbata and lower to middle A. expansus
trilobite zones, is practically devoid of EC grains.
Then in the middle A. expansus Zone at both locali-
ties there is an interval with intermediate levels of
EC grains, 0.3 grain per kg. This interval is then fol-
lowed upward by very EC-rich beds. At Kinnekulle
abundant EC grains first appear near the base of the
ca. 60 cm thick so called Arkeologen bed, 9 m above
the base of the section studied (Schmitz & Haggstrom
2006). The Arkeologen bed contains about 3 EC grains
per kg rock, which represents a two orders of mag-
nitude enrichment compared to the strata below. The
Arkeologen bed is also extremely rich in fossil mete-
orites (Schmitz et al. 2001). The base of the Arkeolo-
gen bed occurs about 70 cm below the A. expansus -
A. raniceps boundary at Kinnekulle (according to A.
T. Nielsen, personal communication, 2006, based on
reinterpretation of data in Villumsen et al. 2001). The
lowest sample with abundant EC grains at Killerod,
at 9.71 m above the base of the section, occurs 50 cm
below the A. expansus — A. raniceps boundary accord-
ing to Nielsen (1995, 2004a). This similarity strongly
indicates that an increase in the influx of EC grains
at Killerdd and Kinnekulle began at about the same
time. Concentrations of EC grains at Kinnekulle re-
main high from the base of the Arkeologen bed up to
the middle part of the prominent grey interval (Fig.
5). The middle grey interval has never yielded any
fossil meteorites although being quarried extensive-
ly (Schmitz et al. 2001). This more clayey interval was
probably deposited much more rapidly than the sur-
rounding purer red and transitional red-grey lime-
stones. Tentative studies of the interval indicate that
EC grains are rare (Schmitz & Haggstrom 2006). In
the red limestone of the one-meter interval directly
above the grey interval at Kinnekulle, EC grains and
fossil meteorites are again roughly as abundant as in
the one-meter interval below the grey interval. The
two stratigraphically highest samples at Killerod
show a decrease in concentration of EC grains to
about 0.1 to 0.6 grains per kg. Judging from trilobite
stratigraphy, these levels may correspond to the grey
interval at Kinnekulle, and more rapid deposition
may explain the lower EC concentrations. Further
studies of the upward extension of the strata else-
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Table 2. Average element concentrations (wt% and standard deviation) of extraterrestrial chromite (EC) grains, sediment-dispersed and in recent and

fossil meteorites.

Locality and depth #EC Cr,0, ALO, MgO TiO, V,0, FeO MnO Zn0O Total
grains'

Sediment-dispersed grains

Killeréd quarry, Scania?

11.25t0 11.40 m 17 57.25+0.80 5.77+0.40 2.93+1.81 3.00+0.41 0.73+0.07 28.00+1.97 1.30+0.70 0.66+0.70  99.65

10.81t0 10.90 m 3 56.93+1.47 5.58+0.29 3.39+0.90 3.17+0.20 0.77+0.10 28.15+2.48 0.85+0.17 0.35:+0.04 99.18

10.02 to 10.09 m 41 (56) 57.12+1.64 6.05+0.78 2.57+0.98 2.85+0.54 0.72+0.07 28.96+1.57 0.83+0.16 0.41+0.24  99.51

9.88 to 10.02 m 37 (74) 56.86+0.73 5.85+0.38 2.18+0.55 3.00+0.36 0.74+0.05 29.97+0.85 0.85+0.13 0.59+0.84 100.04

9.79109.84 m 53 56.15+1.65 6.57+0.99 3.02+1.48 2.92+0.51 0.73+0.07 28.16+2.23 0.79+0.13 1.06+1.26  99.18

9.73t109.79 m 103 57.20+0.90 5.91+0.56 2.68+0.86 3.01+0.37 0.75+0.07 28.87+1.32 0.87+0.13 0.68+0.76  99.93

9.71109.73 m 12 56.07+1.10 6.64+1.01 3.05+1.24 2.64+0.50 0.70+0.06 28.60+1.92 0.85+0.20 0.77+0.39  99.32

8.50108.72 m 8 58.60+1.89 6.30+0.23 2.54+0.66 2.78+0.54 0.75:+0.09 26.12+2.23 0.88+0.15 1.04+0.39  99.01

Total # of grains and

average composition. 274 56.93+1.29 6.08+0.73 2.69+1.10 2.95+0.44 0.74+0.07 28.74+1.72 0.87+0.25 0.71+0.84 99.71

Thorsberg quarry,

Kinnekulle®

Sextummen 2.50 t0 2.83 m 67 57.52+2.00 6.09+0.98 2.34+1.11 3.03+0.32 0.73+0.08 26.58+3.13 0.70+0.16 0.42+0.30 97.42

Botten 0.87 to 1.05 m 23 56.42+0.94 5.93+0.59 2.53+0.38 3.13+0.16 0.73+0.06 30.05:+0.91 0.79+0.09 0.31+0.08 99.89

Golvsten 0.77 to 0.87 m 28 57.52+1.34 5.80+0.62 2.63+0.52 3.06+0.38 0.74+0.05 28.61+1.27 0.85+0.08 0.37+0.14  99.57

Golvsten 0.62 to 0.77 m 30 57.96+1.50 6.04+0.76 2.61+0.55 2.97+0.42 0.78+0.09 27.01+2.36 0.95+0.34 0.74+0.62  99.06

Arkeologen 0.08 to 0.56 m 128 57.82+1.37 6.15£0.66 2.71+0.70 3.16+0.30 0.75+0.07 27.08+2.46 0.77+0.18 0.61+0.61  99.05

Total # of grains and

average composition. 276 57.61+1.58 6.07+0.76 2.58+0.79 3.09+0.33 0.75+0.07 27.36+2.63 0.78+0.20 0.53+0.50 98.77

Fossil and recent

meteorites*

Fossil meteorites (n=26)

from Thorsberg quarry 57.6+1.3 5.53+0.29 2.57+0.83 2.73+0.40 0.73+0.03 26.94+3.89 1.01+0.33 1.86+2.43 98.97

Recent H5/L6 chondrites

(n=11) 56.7+0.3 6.45+0.14 3.03+0.14 2.17+0.16 0.72+0.02 29.12:+0.42 1.02+0.04 0.33+0.05 99.54

Recent L5/L6 chondrites

(n=10) 56.0+0.7 5.86+0.36 2.73+0.64 2.73+0.42 0.75+0.02 30.16+1.18 0.84+0.10 0.31+0.04 99.38

"Only polished grains used for average compositions. 2 Depth relative to quarry floor. 2 Depth relative to base of Arkeologen bed. 4 From Schmitz et al.

(2001).

where may provide evidence for a return to high EC
grain concentrations.

Including this study, altogether six different
Middle Ordovician limestone sections in southern
and central Sweden have been shown to contain very
high concentrations of EC grains in an interval at or
close to the Arenig-Llanvirn boundary (Schmitz et
al. 2003). The EC enrichment has been found at Kin-
nekulle (Thorsberg and Hallekis) and Billingen (Gull-
hogen) in Viastergotland, in the Siljan area in Dalar-
na and Degerhamn at Oland. In total this represents
an area of about 250,000 square kilometres. Schmitz
et al. (2003) suggested that the dispersed EC grains
primarily represent small weathered meteorites that

Facing page:

Fig. 6. A) Chemical composition of EC grains at Killerod (all
polished grains from samples above 9.71 m; results from Table
3). B) For comparison, results for the 51 EC grains found in
two samples (Botten and upper Golvsten beds) from the grey
interval in the Thorsberg quarry, Kinnekulle (Schmitz &
Héggstrom 2006). Note the larger spread in MgO concentra-
tions in the Killerod results.
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were originally in the size range 0.1 to 1 cm in dia-
meter. About 85-90% of the meteorites that fell on
the sea floor during the formation of the Arkeologen
bed appear to have disintegrated and are today rep-
resented by dispersed EC grains rather than fossil
meteorites.

Chemical composition of EC and
OC grains

We use here, with some minor modification, the same
definitions of EC and OC grains as in Schmitz &
Héggstrom (2006) and refer to this paper for a more
detailed discussion. Following Schmitz & Haggstrom
(2006) the EC grains are characterized by high Cr,0,
contents in the range ca. 55-60 wt%, ca. 25-30 wt%
FeO, ca. 5-8 wt% Al O, and ca. 1.5-4 wt% MgO (Ta-
bles 2-5). The most discriminative feature is that the
composition should also plot within a narrow field
of ca. 0.6-0.9 wt% V,0O, and ca. 2.0-3.5 wt% TiO,. In
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Table 2 elemental results for 274 polished EC grains
from the Killerdd section are summarized and com-
pared with the results for sediment-dispersed and
meteorite-enclosed EC grains from Kinnekulle, as
well as results for recent equilibrated H and L chon-
drites. The average compositions of the sediment-
dispersed EC grains from Killeréd and Kinnekulle,
respectively, are almost indistinguishable. Small dif-
ferences in composition compared with chromite
from recent meteorites are readily explained by mi-
nor diagenetic modifications. An example of the ef-
fects of diagenesis is the slightly higher FeO content
of the Killeréd grains (28.7 wt% FeO) compared to
the Kinnekulle grains (27.4 wt% FeO). This feature is
developed also within the Kinnekulle section, where
the EC grains from a few grey, more reduced beds
show ca. 1-2% higher FeO contents than EC grains
from the red oxidized beds (Table 2). The Killer6d
section is grey to black and reduced throughout, and
chromites from all the beds show similar FeO con-
tents to the grey beds at Kinnekulle. Although EC
grain average compositions are very similar at Kin-
nekulle and Killeréd, we note some marginal differ-
ences (Fig. 6; Table 2). The MgO concentrations at
Killeréd are more scattered, with several grains hav-
ing compositions a few percent outside the accepted
ranges specified in Schmitz & Haggstrom (2006). We
know from analyzing a large number of unpolished
grains that surface irregularities have a much larger
effect on the analytical results for MgO than for the
other elements. The larger scatter in the MgO results
in this study may, to some extent, be related to the
different polishing approach compared to previous
studies (see material and methods section), howev-
er, differences in diagenesis may also have played a
significant role. The fact that we here accept some
grains as EC, despite too high or low MgO values,
has no bearing on any of the central conclusions.
Another marginal difference compared to the Kin-
nekulle study is that we found 13 grains at Killerod
with typical EC grain composition for all elements,
but TiO, concentrations in the range 0.8-2.0 wt%
rather than the ,accepted” 2.0-3.5 wt% range of
Schmitz & Haggstrom (2006). Of the 13 grains, 10
have TiO, concentrations between 1.5-2.0 wt% and
these have been classified as EC grains here. Grains
with this composition were not found at Kinnekulle,
but since TiO, concentrations in this range do some-
times occur in chromites from recent, equilibrated L
chondrites, an EC classification is reasonable
(Schmitz et al. 2001; Wlotzka 2005).

In contrast to the small compositional range of EC
grains, OC grains from the Killerod quarry show a
wide scatter (Fig. 7). Element ranges are 28-66 wt%
Cr,0,, 15-33 wt% FeO, 3.3-31 wt% ALO,, 2.4-14 wt%
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Fig. 7. Comparison of chemical composition of EC and OC
grains recovered in the Killeréd quarry. The definition of an
EC grain is that it has a composition within the defined ranges
for all elements analysed (see text for details). There may be
overlaps between OC and EC grains for single elements, but
not for the full range of elements.

MgO, <0.1-4.0 wt% TiO,and 0.1-1.1 wt% V,O,. Most
of the OC grains are of terrestrial origin (Barnes &
Roeder 2001), but some may be of extraterrestrial
origin but with more unusual compositions than the
typical common chromite of equilibrated chondrites,
here referred to as EC. Some of the OC grains may
represent common extraterrestrial chromite grains
that have undergone extensive diagenetic alteration.

The approach here is to under-estimate rather than



over-estimate the flux of extraterrestrial detritus. In
recent chondritic meteorites, up to a few percent of
the chrome-rich spinel grains may have compositions
that would place them in the OC rather than the EC
categories defined here. However, expanding the
accepted ranges for our EC grains would create a
greater and more complex overlap with terrestrial
chromites. At Killeréd only one sample contains any
significant amounts of OC grains, and the ratio OC/
EC grain in this sample is 0.8, compared to ratios of
0.03-0.1 for most of the section. When OC/EC ra-
tios are higher than 0.1, the majority of the OC grains
are most likely of terrestrial origin, and may reflect
synchronous ultramafic volcanism or exposure of ter-
restrial Cr-spinel rich rocks to sea-floor weathering
and erosion. At Kinnekulle three samples of 24 stud-
ied are rich in OC grains and these samples, similar-
ly to the OC-rich sample at Killeréd, all occur in the
upper EC-rich part of the section. The occurrence of
the anomalous grey, clay-rich interval in the OC- and
EC-rich part of the section indicates on-going terres-
trial environmental perturbations, including sea-level
changes and exposure of previously buried rocks to
weathering. The environmental perturbations may
have been triggered by an increased flux of large L
chondritic impactors, a proposal that finds some sup-
port in an over-representation of mid-Ordovician
impact craters in recent compilations of craters on
Earth (Schmitz ef al. 2001).

Conclusions

The distribution trends for EC grains across the upper
Arenig and lowermost Llanvirn are essentially iden-
tical in limestone sections from Killeréd and Kinne-
kulle, 350 km apart. The onset of a two-orders-of-
magnitude enrichment in EC grains close to the
Arenig-Llanvirn boundary at both sites most likely
reflects an increased flux of ordinary chondritic mi-
crometeorites and meteorites to Earth, following the
disruption of the L chondrite parent body in the as-
teroid belt at about this time. Further studies of sec-
tions on other continents are required to further test
the validity of this scenario.
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Table 3 (Appendix). Element concentration (wt%) in polished sediment-dispersed extraterrestrial chromite grains (EC) and other Cr-rich
spinels (OC) (>63um) extracted from the Middle Ordovician Komstad Limestone in the Killeréd quarry, southern Sweden.

Sample and depth relative to base

of the Killeréd section (quarry floor) Cr,0, ALO MgO TiO, V,0, FeO MnO Zn0O Total
EC grains
6.45t06.60 m 57.52 6.55 5.64 2.34 0.69 24.08 0.90 0.60 98.32
7.67t07.75m 58.25 6.51 1.38 2.63 0.67 27.96 0.71 1.05 99.18
8.50t08.72m 58.92 6.26 2.49 3.12 0.85 25.77 0.90 0.71 99.02
57.20 6.00 3.54 3.07 0.72 26.68 0.89 0.77 98.87
56.54 6.28 3.27 3.17 0.70 26.48 1.14 0.62 98.20
57.06 6.14 2.23 1.89 0.64 29.04 0.70 1.35 99.03
62.27 6.51 1.42 2.64 0.86 21.55 0.80 1.69 97.74
58.70 6.75 2.15 2.01 0.73 26.88 0.88 1.38 99.48
57.92 6.30 2.55 3.25 0.64 27.70 0.71 0.99 100.05
60.15 6.19 2.38 3.08 0.82 24.85 1.04 0.80 99.31
9.71109.73m 57.21 5.26 0.08* 1.99 0.81 31.13 0.93 1.73 99.14
56.55 6.60 3.49 1.79 0.72 27.56 0.84 1.05 98.60
53.49 7.31 2.43 2.1 0.70 31.93 0.70 0.56 99.23
55.22 7.49 3.59 2.33 0.66 28.76 0.84 0.81 99.70
56.96 7.95 4.94 3.13 0.59 25.15 0.49 0.41 99.62
56.89 5.41 2.07 2.75 0.67 30.39 0.63 0.37 99.18
54.78 8.03 3.52 2.55 0.76 27.72 0.78 1.25 99.39
56.03 6.88 3.05 2.55 0.75 28.82 0.97 0.69 99.74
56.42 5.45 2.30 3.13 0.67 29.52 1.29 0.52 99.30
55.95 6.82 4.24 3.1 0.70 26.91 0.77 0.60 99.10
57.17 5.51 3.08 3.18 0.76 27.99 0.95 0.60 99.24
56.21 6.95 3.77 3.09 0.66 27.28 0.96 0.62 99.54
9.73t09.79m 54.02 7.45 2.85 1.97 0.54 31.94 0.91 0.47 100.15
57.29 5.66 2.73 3.19 0.72 29.74 0.69 0.41 100.43
57.09 5.30 2.28 3.24 0.66 30.05 0.84 0.49 99.95
56.50 5.48 2.73 3.35 0.79 29.42 0.80 0.50 99.57
55.39 6.30 1.74 3.13 0.64 30.08 0.84 1.67 99.79
55.39 6.75 0.99 3.08 0.66 29.45 0.94 3.61 100.87
56.93 5.90 2.94 3.22 0.80 29.33 0.87 0.35 100.34
57.06 5.78 2.47 3.04 0.71 29.93 0.88 0.32 100.19
57.02 5.54 2.84 3.09 0.76 28.87 0.93 0.56 99.61
56.86 5.68 2.49 3.16 0.83 28.90 0.77 0.36 99.05
56.83 5.67 2.58 3.10 0.79 29.59 1.02 0.34 99.92
57.51 5.63 2.33 3.13 0.69 29.24 0.82 0.32 99.67
57.28 5.25 2.84 3.26 0.79 28.48 0.92 0.30 99.12
57.04 5.89 3.18 3.25 0.77 28.60 1.08 0.32 100.13
57.40 6.97 2.64 3.17 0.76 27.78 0.98 0.54 100.24
58.50 5.94 2.36 3.28 0.77 28.04 0.73 0.47 100.09
58.25 5.28 2.30 3.56 0.75 28.15 0.94 0.68 99.91
58.97 6.53 6.55 2.75 0.84 23.04 0.63 0.69 100.00
59.01 4.81 2.15 2.53 0.90 28.53 1.24 0.47 99.64
55.05 7.02 1.56 2.75 0.84 29.98 0.85 1.94 99.99
57.01 5.80 2.22 3.20 0.80 29.79 0.92 0.35 100.09
57.88 5.29 3.15 3.37 0.82 28.67 1.05 0.39 100.62
58.46 5.50 2.97 3.27 0.84 26.67 0.87 0.30 98.88
57.68 5.56 2.50 3.16 0.80 28.79 0.85 0.38 99.72
57.93 5.62 2.04 3.29 0.70 27.93 0.92 0.87 99.30
57.57 5.62 2.74 3.22 0.70 28.86 0.82 0.37 99.90
57.76 5.62 2.80 3.20 0.77 28.91 1.24 0.47 100.77
58.45 5.79 5.21 3.25 0.74 25.84 0.62 0.18* 100.08
57.93 5.80 2.70 3.21 0.75 29.13 0.87 0.17* 100.56
57.62 5.33 2.23 2.60 0.73 29.54 0.81 0.48 99.34
57.64 5.23 3.12 3.37 0.75 28.83 0.93 0.50 100.37
57.83 6.15 212 3.20 0.81 28.32 0.87 0.53 99.83
57.40 6.09 3.1 1.86 0.74 29.01 0.96 0.69 99.86
56.92 5.45 2.26 3.29 0.64 30.39 0.76 0.41 100.12
57.06 6.01 2.87 3.14 0.81 29.11 0.80 0.30 100.10
57.29 5.02 2.08 3.31 0.66 29.64 0.87 0.40 99.27
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Table 3 Continued
Sample and depth relative to base

of the Killeréd section (quarry floor) Cr,0, ALO MgO TiO, V,0, FeO MnO ZnO Total
57.89 6.10 3.03 3.00 0.74 27.57 0.75 0.24 99.32
56.52 5.95 2.97 3.03 0.78 28.38 1.02 0.64 99.29
56.54 6.18 2.45 2.56 0.65 29.31 0.93 0.67 99.29
55.63 5.97 1.84 3.10 0.63 30.53 0.86 1.18 99.74
56.38 6.27 0.80 2.68 0.76 28.80 0.98 3.03 99.70
56.02 5.44 1.54 3.33 0.72 30.92 0.82 0.46 99.25
56.32 5.93 2.41 3.20 0.74 29.58 1.13 0.47 99.78
57.21 8.60 2.90 2.06 0.75 26.17 0.86 1.28 99.83
57.24 6.62 4.09 1.72 0.63 28.17 0.89 0.56 99.92
56.74 6.15 2.18 2.79 0.74 28.41 0.86 2.59 100.46
55.69 5.58 0.29 2.96 0.87 30.12 0.98 2.74 99.23
57.88 5.50 2.53 2.84 0.70 29.86 0.96 0.32 100.59
57.50 5.78 2.19 3.14 0.77 29.96 0.85 0.34 100.53
57.30 5.36 2.61 3.42 0.79 29.30 0.82 0.42 100.02
57.52 5.43 2.28 3.26 0.67 29.74 0.72 0.33 99.95
56.11 5.54 1.29 3.07 0.80 31.49 0.82 1.11 100.23
57.44 5.22 2.62 3.37 0.76 28.37 0.95 0.65 99.38
57.14 5.47 3.88 3.1 0.64 27.55 0.80 0.53 99.12
56.14 6.04 3.16 2.41 0.69 29.54 0.67 0.70 99.35
57.29 6.08 1.79 2.95 0.79 30.24 0.87 0.63 100.64
56.91 6.65 2.84 2.71 0.82 29.79 0.84 0.40 100.96
57.45 5.77 2.55 3.03 0.79 29.35 1.00 0.30 100.24
57.54 6.11 2.41 3.22 0.76 28.81 0.80 0.35 100.00
57.43 5.47 2.67 3.39 0.74 29.97 0.75 0.53 100.95
58.66 5.72 1.82 3.28 0.80 28.34 0.64 0.50 99.76
56.32 5.78 3.18 3.29 0.71 28.62 1.00 0.39 99.29
56.73 5.87 3.00 2.85 0.60 29.18 0.88 0.49 99.60
55.78 7.30 4.56 242 0.65 27.67 0.68 0.47 99.53
57.69 5.56 3.14 3.30 0.64 29.28 0.73 0.21 100.55
56.92 6.02 2.69 2.23 0.62 29.39 0.91 0.54 99.32
57.24 5.38 3.37 3.22 0.87 28.44 0.72 0.25 99.49
56.78 5.77 1.83 2.87 0.89 30.34 0.87 0.78 100.13
58.54 5.86 2.28 3.17 0.78 27.89 0.81 0.46 99.79
58.72 5.94 2.44 3.23 0.79 27.57 0.72 0.47 99.88
57.41 5.57 2.75 3.35 0.70 29.98 0.74 0.22 100.72
57.39 5.56 2.53 3.17 0.74 28.78 0.79 0.36 99.32
56.24 6.31 2.74 2.93 0.76 29.92 0.99 0.62 100.51
57.98 6.29 2.31 2.15 0.70 28.57 0.89 0.99 99.88
57.78 5.77 2.38 3.45 0.80 29.28 0.82 0.23 100.51
57.41 5.80 3.29 2.64 0.90 27.40 1.25 0.63 99.32
57.39 5.34 2.90 3.21 0.65 28.77 0.93 0.45 99.64
58.17 5.73 3.51 3.48 0.82 26.49 0.85 0.32 99.37
57.06 5.63 3.38 3.25 0.80 28.91 0.69 0.40 100.12
57.17 5.33 2.53 3.30 0.74 29.69 0.93 0.25 99.94
56.78 5.74 2.52 3.16 0.82 28.95 0.76 0.35 99.08
58.03 5.38 3.89 2.52 0.78 27.79 0.72 0.26 99.37
57.76 6.36 3.42 3.00 0.72 26.96 1.10 0.92 100.24
56.34 6.08 3.04 3.01 0.73 29.39 0.87 0.27 99.73
57.34 6.03 2.35 3.07 0.76 29.32 0.72 0.37 99.96
57.21 6.10 3.19 3.24 0.79 29.30 0.74 0.39 100.96
56.36 5.83 1.81 3.13 0.81 30.75 0.72 0.87 100.28
57.46 5.85 3.21 3.13 0.81 29.01 0.91 0.50 100.88
57.07 5.92 1.37 2.94 0.81 30.15 0.98 1.94 101.18
58.10 6.21 3.01 2.89 0.76 26.99 0.89 0.59 99.44
57.85 5.72 2.92 3.13 0.71 28.39 0.98 0.43 100.13
55.41 5.67 2.05 2.40 0.61 31.37 0.95 0.62 99.08
57.34 7.39 2.98 2.59 0.69 27.53 0.80 0.69 100.01
56.52 6.60 2.65 2.77 0.83 29.54 1.06 0.79 100.76
57.52 6.76 3.00 3.12 0.82 28.21 0.93 0.71 101.07
58.64 5.89 2.73 2.33 0.87 28.12 0.98 0.59 100.15
55.40 6.98 0.00* 2.31 0.81 27.39 0.80 5.62 99.31
56.36 5.34 1.91 3.27 0.76 30.55 0.67 0.37 99.23
57.67 5.73 2.95 3.36 0.80 28.83 0.78 0.35 100.47
57.47 6.38 2.43 3.12 0.81 29.83 0.90 0.47 101.41
57.02 5.70 2.52 3.25 0.79 29.26 0.83 0.29 99.66
59.30 5.86 2.28 2.89 0.71 25.73 0.90 0.79 98.46
57.61 6.28 6.03 3.17 0.83 25.45 0.70 0.45 100.52
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Table 3 Continued
Sample and depth relative to base

of the Killeréd section (quarry floor) Cr,0, ALO, MgO TiO, V,0, FeO MnO ZnO Total
9.79t09.84 m 54.16 6.74 2.34 3.12 0.74 30.15 0.80 0.60 98.65
58.52 6.48 2.35 3.18 0.75 26.44 0.86 0.55 99.13
56.18 6.02 4.37 2.96 0.73 27.99 0.66 0.50 99.41
57.07 6.04 3.70 3.06 0.78 27.40 0.75 0.42 99.22
56.88 6.73 5.64 3.02 0.80 26.54 0.78 0.40 100.79
53.56 6.18 0.05* 3.63 0.70 32.96 0.71 0.89 98.68
56.38 6.10 2.93 3.42 0.71 28.16 0.96 0.46 99.12
56.75 6.36 2.21 217 0.71 29.42 0.77 0.64 99.03
54.52 6.96 1.39 2.63 0.78 24.21 0.83 5.64 96.96
57.31 6.19 2.66 1.79 0.64 27.87 0.78 1.00 98.24
56.64 5.48 2.89 3.27 0.68 28.83 0.91 0.55 99.25
55.42 5.23 0.10* 2.81 0.73 26.97 0.80 6.71 98.77
55.40 6.04 2.87 3.00 0.68 29.00 0.73 0.50 98.22
55.65 6.73 3.83 3.23 0.62 28.72 0.90 0.58 100.26
56.52 7.01 1.09 2.08 0.80 29.46 0.80 1.52 99.28
57.21 5.22 0.00* 2.08 0.71 31.30 0.99 1.45 98.96
59.44 6.30 2.39 3.43 0.85 24.62 0.59 0.40 98.02
55.84 5.78 2.97 3.27 0.73 29.05 0.79 0.41 98.84
55.27 6.77 3.61 3.29 0.68 28.57 0.62 0.58 99.39
57.36 5.07 0.00* 1.96 0.82 31.03 0.97 2.01 99.22
51.97 10.71 5.33 2.31 0.56 27.52 0.86 0.50 99.76
53.76 7.50 2.89 3.29 0.58 29.54 0.66 0.42 98.64
53.51 6.70 2.89 3.18 0.70 29.92 0.77 0.43 98.10
54.41 6.76 2.38 3.18 0.73 30.23 0.78 0.42 98.89
54.12 6.68 247 3.11 0.77 30.34 0.78 0.42 98.69
53.11 8.01 4.58 2.87 0.73 28.57 0.66 0.49 99.02
55.26 6.13 5.10 3.09 0.68 26.13 0.68 0.45 97.52
56.19 8.25 4.95 3.05 0.73 25.46 0.70 0.50 99.83
55.68 6.35 2.69 3.22 0.75 29.65 0.61 0.65 99.60
54.71 7.19 5.82 3.14 0.75 26.49 0.54 0.43 99.07
58.21 5.74 0.00* 1.98 0.83 31.22 0.92 2.10 101.00
55.44 7.64 2.90 1.94 0.76 28.26 0.85 0.74 98.53
53.89 6.41 0.16* 3.73 0.75 33.21 0.98 1.54 100.67
55.15 6.38 1.67 2.07 0.75 31.36 0.87 0.40 98.65
55.31 8.39 0.00* 2.01 0.67 30.23 0.79 3.01 100.41
56.90 6.25 2.45 227 0.93 29.92 0.88 0.48 100.08
55.16 8.23 3.14 2.56 0.84 27.72 1.00 0.78 99.43
55.82 6.35 2.67 3.19 0.75 29.65 0.58 0.61 99.62
56.81 5.68 0.54 3.03 0.75 29.05 0.83 2.59 99.28
58.08 6.01 3.45 3.31 0.64 26.56 0.62 0.38 99.05
57.42 7.02 2.82 3.34 0.79 26.73 0.67 0.46 99.25
57.41 4.87 2.55 3.17 0.61 29.02 0.87 0.54 99.04
57.12 5.95 4.55 3.13 0.67 27.00 0.63 0.38 99.43
56.53 7.10 0.66 2.79 0.64 28.39 1.10 3.19 100.40
56.57 7.00 1.75 2.18 0.73 28.61 0.72 2.79 100.35
60.10 7.00 2.62 3.49 0.69 23.51 0.91 0.79 99.11
57.57 5.45 3.44 3.45 0.74 26.76 0.79 0.37 98.57
59.34 6.21 3.62 3.31 0.83 23.04 1.05 0.44 97.84
56.32 6.87 3.68 3.09 0.67 27.21 0.91 0.61 99.36
56.77 5.89 4.64 3.14 0.68 26.90 0.81 0.47 99.30
56.79 5.78 4.91 3.31 0.83 26.22 0.72 0.46 99.02
57.75 6.09 2.88 3.46 0.79 25.34 0.78 212 99.21
56.91 7.97 6.29 2.77 0.77 24.27 0.74 0.45 100.17
9.881010.02 m* 56.43 5.47 2.78 257 0.72 31.28 0.80 0.41 100.46
56.97 5.65 2.58 3.1 0.78 29.90 0.88 0.27 100.14
tAdditionally 37 EC grains were 56.98 5.67 2.21 3.01 0.70 30.42 0.86 0.38 100.23
found and analysed preliminarily as 56.68 5.45 2.10 3.07 0.82 30.25 1.04 0.38 99.79
loose grains, but were lost during the 56.79 5.98 212 2.42 0.71 30.30 0.75 0.56 99.63
polishing (see Table 4). 57.49 5.84 2.38 3.12 0.68 29.79 0.75 0.27 100.32
56.07 6.59 2.40 3.02 0.77 30.64 0.86 0.32 100.67
56.80 6.01 3.85 3.07 0.79 27.77 0.96 0.47 99.72
55.33 6.19 1.19 3.08 0.79 30.64 1.11 1.08 99.41
57.49 5.61 2.37 3.08 0.69 29.79 0.89 0.33 100.25
56.46 5.64 2.24 3.21 0.77 30.53 0.73 0.18* 99.76
56.32 5.80 2.03 3.24 0.67 30.17 0.95 0.34 99.52
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Table 3 Continued
Sample and depth relative to base

of the Killeréd section (quarry floor) Cr,0, ALO MgO TiO, V,0, FeO MnO ZnO Total
57.13 5.71 2.20 3.27 0.63 29.74 0.80 0.21 99.69
56.66 5.91 2.20 3.06 0.82 30.46 0.73 0.19* 100.03
57.01 5.92 2.27 3.26 0.67 29.48 0.70 0.18* 99.49
55.93 5.62 2.25 3.14 0.65 30.36 0.95 0.56 99.46
57.51 6.49 2.01 1.56 0.71 29.48 0.92 0.52 99.20
56.53 6.43 1.05 3.1 0.77 29.28 0.93 2.54 100.64
56.80 5.69 2.28 2.98 0.77 30.39 0.71 0.29 99.91
55.55 6.74 2.82 3.02 0.76 30.70 0.90 0.36 100.85
57.10 5.66 2.51 3.18 0.74 29.97 0.86 0.36 100.38
56.44 6.58 227 2.77 0.78 31.00 0.76 0.33 100.93
56.92 5.40 2.32 3.44 0.69 30.15 0.77 0.33 100.02
56.23 5.72 1.94 3.10 0.77 28.98 1.02 1.13 98.89
56.94 5.36 2.08 2.98 0.70 30.52 0.84 0.41 99.83
58.39 6.08 1.61 2.03 0.87 30.37 0.96 0.55 100.86
56.64 6.31 213 2.77 0.69 31.17 0.48 0.60 100.79
56.00 5.73 2.53 3.19 0.69 30.48 0.85 0.36 99.83
56.55 6.06 0.18* 3.29 0.74 27.67 1.12 4.95 100.56
58.71 5.75 247 3.06 0.85 28.23 0.96 0.31 100.34
56.01 6.16 217 2.70 0.77 30.32 0.74 0.45 99.32
57.59 5.42 2.08 3.19 0.74 30.05 0.74 0.38 100.19
57.01 5.65 2.35 3.28 0.80 30.14 0.65 0.34 100.22
57.96 5.22 2.31 3.13 0.76 29.03 0.83 0.28 99.52
58.07 5.79 2.13 3.15 0.78 28.70 0.90 0.41 99.93
57.00 5.37 2.06 3.15 0.75 30.54 0.82 0.47 100.16
57.51 5.65 2.12 3.1 0.75 30.30 0.89 0.29 100.62
10.02t0 10.09 m* 58.23 6.90 2.32 3.80 0.76 26.55 0.87 0.28 99.71
57.62 6.26 6.12 2.98 0.76 25.46 0.78 0.28 100.26
tAdditionally 15 EC grains were 56.65 6.01 2.41 2.94 0.68 30.24 0.91 0.35 100.19
found and analysed preliminarily as 57.80 5.55 1.86 2.96 0.67 29.98 0.73 0.17* 99.72
loose grains, but were lost during the 57.46 5.82 1.70 3.22 0.79 29.81 0.77 0.70 100.27
polishing (see Table 4). 60.30 5.64 2.25 3.44 0.77 26.17 0.69 0.24 99.50
59.68 5.64 4.81 2.14 0.70 26.05 0.93 0.42 100.37
54.33 7.69 5.43 2.15 0.46 27.62 0.61 0.36 98.65
53.98 8.43 2.69 2.35 0.75 29.68 0.75 0.35 98.98
56.66 5.77 2.37 3.1 0.79 30.06 0.79 0.20* 99.75
55.02 7.52 3.78 2.03 0.75 28.72 0.57 0.25* 98.64
60.39 5.58 2.19 3.60 0.72 26.42 0.54 0.34 99.78
58.07 5.48 2.82 1.85 0.62 29.24 0.84 0.28 99.20
54.77 7.56 244 2.46 0.64 29.56 0.90 0.40 98.73
55.70 4.87 2.15 2.99 0.74 28.14 0.76 0.63 95.98
55.25 5.83 1.40 2.94 0.75 30.71 1.12 1.19 99.19
56.46 5.80 2.38 2.75 0.67 30.47 0.79 0.25 99.57
56.17 5.81 2.52 2.38 0.69 28.03 0.78 0.54 96.92
57.80 6.20 1.81 2.29 0.83 28.21 1.02 1.23 99.39
59.71 6.16 1.63 3.40 0.74 26.68 1.03 0.46 99.81
57.40 6.23 244 3.10 0.67 30.19 0.58 0.29 100.90
57.42 5.74 2.62 3.51 0.69 29.63 0.90 0.32 100.83
56.87 5.52 2.02 2.98 0.80 31.01 0.87 0.40 100.47
55.52 6.93 2.60 3.16 0.74 30.16 0.87 0.28 100.26
57.93 5.55 2.14 3.19 0.63 29.07 0.82 0.58 99.91
58.92 5.94 2.56 3.50 0.70 28.06 0.76 0.34 100.78
56.99 5.63 0.84 1.90 0.72 29.46 0.99 0.98 97.51
55.78 5.96 217 3.03 0.74 30.18 0.97 0.48 99.31
56.93 6.02 2.13 2.95 0.66 29.36 1.15 0.28 99.48
52.74 7.65 3.41 1.45 0.51 28.05 0.79 0.36 94.96
56.78 5.39 1.83 2.64 0.80 31.05 0.94 0.32 99.75
57.94 6.83 2.97 2.39 0.79 26.25 1.19 0.68 99.04
57.88 5.37 2.34 3.35 0.69 30.69 0.63 0.18* 101.13
58.87 5.24 3.60 2.33 0.74 27.43 0.56 0.47 99.24
56.35 5.62 2.34 2.81 0.70 30.76 0.80 0.29 99.67
58.49 5.42 242 3.22 0.79 28.36 1.08 0.38 100.16
57.45 5.57 244 3.12 0.77 30.40 0.86 0.32 100.93
57.57 5.53 2.31 3.25 0.74 29.36 0.70 0.35 99.81
57.54 5.60 243 3.18 0.71 30.20 0.83 0.34 100.83
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Table 3 Continued
Sample and depth relative to base

of the Killeréd section (quarry floor) Cr,0, ALO, MgO TiO, V,0, FeO MnO ZnO Total
56.93 6.06 2.31 2.59 0.82 29.83 0.89 0.12* 99.55
57.41 5.58 2.34 3.30 0.79 30.09 0.85 0.23* 100.59
10.81t010.90 m 58.58 5.29 4.42 3.33 0.81 25.37 0.84 0.39 99.03
56.46 5.58 2.84 2.95 0.65 30.11 0.68 0.31 99.58
55.75 5.87 2.90 3.23 0.85 28.98 1.02 0.34 98.94
11.25t011.40m 57.05 5.30 2.29 3.13 0.69 30.26 0.97 0.52 100.21
56.66 6.01 4.01 3.09 0.79 28.13 0.95 0.31 99.95
56.44 5.51 2.90 3.44 0.77 29.61 0.76 0.28 99.71
57.26 5.66 4.74 3.06 0.73 26.84 0.74 0.40 99.43
57.85 5.26 2.92 3.17 0.70 29.14 1.03 0.28 100.35
56.28 5.48 0.52 3.24 0.74 29.16 2.65 2.64 100.71
57.51 6.17 3.19 2.90 0.72 28.96 0.94 0.11* 100.50
56.48 5.44 1.93 3.06 0.82 30.33 1.05 0.44 99.55
57.79 5.65 2.57 3.11 0.83 28.05 0.79 0.37 99.16
58.56 6.60 7.20 2.31 0.69 22.77 0.81 0.34 99.28
57.07 5.64 4.89 3.25 0.82 26.21 0.86 0.40 99.14
55.67 6.63 3.01 2.90 0.74 29.81 1.06 0.44 100.26
57.11 5.65 1.29 3.32 0.63 29.25 1.58 0.53 99.36
58.11 5.95 1.38 2.85 0.76 27.68 1.59 0.60 98.92
58.57 5.76 1.14 1.76 0.66 25.84 2.80 1.12 97.65
57.30 5.59 0.63 3.32 0.82 28.01 2.59 2.20 100.46
57.58 5.80 5.13 3.17 0.57 25.96 0.98 0.26 99.45
OC grains Cr,0, AlLQO, MgO TiO, V,0, FeO MnO ZnO Total
5.63t05.78 m 61.46 7.34 8.30 0.69 0.71 17.95 1.43 1.55 99.42
6.45t06.60 m 50.63 17.01 11.92 0.29 0.00* 18.39 0.00* 0.00* 98.24
9.71109.73 m 52.80 10.72 7.42 0.17 0.17 28.04 0.54 0.11* 99.97
9.73t109.79m 28.34 30.82 14.21 0.57 0.50 25.10 0.35 0.04* 99.93
57.03 5.85 3.39 1.06 0.56 28.61 1.01 0.81 98.32
56.32 7.77 3.14 1.34 0.51 29.23 0.92 0.97 100.20
9.79t09.84m 33.69 25.93 9.36 0.49 0.25 28.29 0.34 0.31 98.66
49.12 12.11 8.10 0.33 0.31 28.97 0.38 0.16* 99.49
60.01 5.62 7.50 0.07* 0.14 27.09 0.30 0.26 100.99
61.57 4.95 7.23 0.06* 0.21 25.09 0.63 0.16* 99.90
58.62 7.15 2.88 0.81 0.49 27.16 0.81 1.00 98.92
9.881t0 10.02 m* 31.77 26.53 13.38 0.66 0.27 24.92 0.23 0.06* 97.82
65.23 3.32 9.89 0.57 0.32 19.12 0.29 0.01* 98.75
tAdditionally 30 OC grains were 63.03 6.77 10.37 0.00* 0.33 18.31 0.53 0.27 99.61
found and analysed preliminarily as 51.80 13.84 8.24 0.09* 0.24 26.06 0.41 0.07* 100.75
loose grains, but were lost during the 39.96 27.36 12.16 0.07* 0.17 18.90 0.33 0.25 99.20
polishing (see Table 4). 60.83 9.10 8.86 0.06* 0.24 19.12 0.54 0.31 99.06
53.57 14.47 8.66 0.06* 0.29 20.81 0.82 0.35 99.03
57.55 13.03 10.33 0.07* 0.27 17.78 0.40 0.15* 99.58
48.35 17.13 9.39 0.13 0.21 24.36 0.62 0.19 100.38
53.77 12.37 7.33 0.03* 0.26 24.61 0.63 0.24 99.24
53.03 6.83 4.53 0.02* 0.22 33.39 0.57 0.33 98.92
63.01 8.01 10.18 0.01* 0.27 17.07 0.45 0.36 99.36
45.75 20.22 9.63 0.12 0.25 23.00 0.42 0.17* 99.56
63.49 7.57 10.31 0.00* 0.28 17.70 0.58 0.20* 100.13
52.83 12.50 8.21 0.16 0.26 25.95 0.49 0.29 100.69
39.50 22.06 10.04 0.13 0.25 25.79 0.38 0.28 98.43
52.45 15.38 9.40 0.11 0.21 20.94 0.52 0.15* 99.16
59.35 9.32 9.03 0.04* 0.31 20.47 0.62 0.33 99.47
62.50 7.34 8.00 0.04* 0.30 20.08 0.52 0.38 99.16
65.94 6.18 11.80 0.01* 0.37 15.01 0.44 0.28 100.03
35.19 25.29 9.73 0.07* 0.31 28.28 0.41 0.24 99.52
53.34 13.02 9.06 0.00* 0.35 22.71 0.38 0.28 99.14
55.62 9.65 5.74 0.11 0.31 28.14 0.66 0.26 100.49
53.91 12.95 8.29 0.00* 0.43 22.48 0.74 0.27 99.07
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Table 3 Continued
Sample and depth relative to base
of the Killeréd section (quarry floor) Cr,0 ALO MgO TiO V,0 FeO MnO ZnO Total

273 273

51.81 16.59 9.70 0.09* 0.28 20.40 0.45 0.22 99.54
66.11 5.73 11.22 0.02* 0.30 17.03 0.27* 0.14* 100.82
61.16 9.68 10.85 0.07* 0.11* 17.39 0.78 0.23 100.27

10.02t0 10.09 m* 41.14 25.65 8.96 0.53 0.29 22.60 0.54 0.24 99.95
46.25 22.16 10.36 0.00* 0.22 20.58 0.38 0.34 100.29

tAdditionally 1 OC grain was found 49.62 13.24 9.56 0.23 0.23 26.03 0.54 0.22 99.67

but lost during polishing (see Table 4)

10.81t010.90 m 57.73 5.63 10.03 0.20 0.32 24.27 0.43 0.03* 98.64

11.25t011.40m 38.38 24.20 9.63 0.53 0.25 25.16 0.67 0.18* 99.00

48.71 11.65 2.43 4.03 1.12 31.87 0.40 0.05* 100.26

Values marked with * are lower than the detection limit (<2 Sigma)

Table 4 (Appendix). Element concentration (wt%) in unpolished sediment-dispersed extraterrestrial chromite grains (EC) and other Cr-rich spinels (OC)
(>63pm) extracted from the Middle Ordovician Komstad Limestone in the Killeréd quarry, southern Sweden.

Sample and depth relative to base

of the Killeréd section (quarry floor) Cr,0, ALO, MgO TiO, V,0, FeO MnO Zn0 Total

EC grains (preliminary classification)

9.8810 10.02 m 48.62 5.06 2.98 2.02 0.50 31.76 0.95 0.24 92.13
49.71 9.82 1.79 1.86 0.56 25.35 0.82 2.37 92.28
52.52 6.07 1.76 2.96 0.55 27.36 0.63 0.41 92.26
50.75 10.29 2.56 1.98 0.60 27.21 0.90 1.13 95.42
52.35 7.92 2.66 2.78 0.76 28.82 0.72 0.77 96.78
51.15 597 5.93 2.20 0.64 24.05 0.90 0.22 91.05
56.99 7.25 3.02 1.49 0.40 28.67 0.93 0.59 99.33
50.53 7.99 1.42 2.63 0.73 26.20 1.33 2.04 92.87
55.21 8.53 2.77 1.79 0.48 31.86 0.72 0.30 101.66
55.75 5.49 3.15 2.82 0.69 29.27 0.95 1.01 99.13
56.37 5.24 11.70 2.57 0.60 19.89 0.54 0.33 97.25
51.04 5.46 3.98 2.52 0.60 28.36 0.67 0.17 92.80
57.26 4.60 2.12 1.72 0.79 28.81 0.87 0.52 96.69
41.58 0.49 0.09 1.36 0.36 15.90 1.03 0.13 60.94
51.55 6.03 2.62 2.87 0.61 34.29 0.79 0.17 98.93
53.79 7.06 2.61 1.92 0.56 28.91 0.94 0.52 96.31
53.15 3.63 2.29 1.17 0.67 29.83 1.01 0.31 92.06
58.96 3.90 8.77 2.88 0.64 25.96 0.93 0.36 102.40
58.56 8.30 247 1.68 0.68 28.31 1.35 0.95 102.30
51.12 6.21 3.51 2.50 0.55 33.64 0.71 0.03 98.27
46.90 9.29 4.65 1.40 0.49 29.35 0.99 0.44 93.51
53.97 5.00 2.52 2.75 0.74 26.64 0.72 0.17 92.51
48.38 8.45 3.90 2.03 0.50 35.03 0.82 0.00 99.11
56.49 5.04 6.09 3.01 0.64 26.62 0.39 0.00 98.28
57.09 7.66 1.65 2.60 0.96 29.15 1.16 0.77 101.04
45.89 4.99 1.45 2.29 0.50 30.79 0.67 0.38 86.96
54.03 6.33 2.62 2.81 0.64 29.57 0.79 0.24 97.03
53.91 9.00 3.17 2.60 0.71 29.07 0.81 0.29 99.56
54.85 7.31 247 2.47 0.74 26.46 0.75 0.23 95.28
45.65 10.08 3.46 2.09 0.40 35.10 0.82 0.21 97.81
54.95 7.98 3.21 2.90 0.69 29.36 0.89 0.33 100.31
57.47 6.78 0.90 2.47 0.79 26.59 1.10 4.29 100.39
57.10 6.00 8.52 2.66 0.74 20.38 0.30 0.32 96.02
52.07 5.42 6.27 2.63 0.69 24.21 0.55 0.05 91.89
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Table 4 Continued

Sample and depth relative to base

of the Killerdd section (quarry floor) Cr,0, ALO, MgO TiO, V,0, FeO MnO Zn0 Total
53.03 5.36 1.71 3.00 0.70 28.17 0.89 0.49 93.35
51.90 8.04 1.83 2.68 0.70 29.65 0.79 0.90 96.49
52.40 6.39 1.28 2.70 0.78 27.74 0.95 1.25 93.49
49.34 7.55 3.68 2.18 0.50 28.36 0.91 0.31 92.83
56.67 8.22 3.29 2.01 0.63 29.90 0.81 0.56 102.09
55.07 4.30 3.21 2.23 0.60 28.48 0.85 0.14 94.88
51.40 7.00 2.70 2.18 0.55 27.44 1.43 0.55 93.25
52.84 6.55 245 1.24 0.69 25.09 1.26 0.59 90.71
47.36 4.46 0.15 2.42 0.69 24.95 0.99 3.60 84.62
49.79 5.99 0.02 2.00 0.62 25.07 1.02 4.52 89.03
52.74 5.47 3.00 2.70 0.45 33.58 1.14 0.44 99.52
52.30 5.10 0.26 2.53 0.97 26.28 1.44 2.58 91.46
55.45 5.83 1.33 2.61 0.89 28.38 0.91 1.31 96.71
54.47 6.91 3.54 1.21 0.51 29.55 1.13 1.82 99.14
54.62 6.80 1.10 2.51 0.76 29.60 0.57 1.05 97.01
48.87 3.30 1.04 1.96 0.68 26.11 0.72 0.37 83.05
54.57 6.36 0.72 2.91 0.59 27.84 0.81 3.61 97.41
55.92 5.49 2.51 2.88 0.84 28.05 0.87 0.91 97.47
54.51 712 2.53 2.25 0.66 36.63 0.62 0.06 104.38
52.12 6.03 215 1.80 0.53 31.17 0.99 0.50 95.29
54.03 7.41 3.17 1.46 0.60 32.61 1.05 0.11 100.44
53.03 5.57 1.46 2.42 0.60 28.29 0.67 0.64 92.68
54.60 3.91 0.68 2.80 0.77 22.09 0.81 0.30 85.96
51.78 6.17 5.82 2.25 0.45 24.18 0.67 0.00 91.32
54.48 419 5.35 0.94 0.50 28.74 0.54 0.12 94.86
51.77 6.14 4.66 0.93 0.58 32.13 0.98 0.46 97.65
54.48 6.05 1.70 2.22 0.50 29.31 0.63 0.29 95.18
55.03 4.98 1.49 1.80 0.64 26.01 1.17 0.50 91.62
49.15 3.36 0.38 2.58 0.62 23.16 1.06 1.09 81.40
46.27 5.98 1.45 2.15 0.51 32.82 0.67 0.24 90.09
55.51 5.38 2.36 2.75 0.40 28.04 0.47 0.00 94.91
49.48 3.32 1.14 0.82 0.36 24.49 1.22 0.76 81.59
51.85 6.85 1.59 2.62 0.59 27.13 1.14 1.31 93.08
49.00 4.63 212 2.50 0.55 29.53 0.87 0.06 89.26
51.63 6.41 3.48 0.76 0.36 27.10 0.95 0.45 91.14
51.49 7.63 1.93 1.89 0.55 25.08 0.82 0.72 90.11
45.89 418 3.66 1.32 0.43 27.88 0.81 0.29 84.46
51.59 5.98 2.64 2.49 0.79 27.08 0.86 0.29 91.72
50.33 4.78 2.89 1.21 0.64 28.46 0.71 0.21 89.23
49.62 2.83 1.15 0.94 0.44 22.82 0.87 1.27 79.94

Average element concentration

(Wt% and std. deviation) 52.46+3.386.12+1.77 2.79+2.00 2.18+0.61 0.61+0.13 28.00+3.520.87+0.23 0.74+0.95 93.78

10.02 to 10.09 m 52.97 6.11 1.48 2.86 0.66 28.86 0.73 0.53 94.20
42.84 5.25 1.24 1.86 0.46 23.40 0.96 0.91 76.92
52.24 4.46 3.06 2.30 0.83 28.52 0.00 0.13 91.54
50.50 6.18 0.83 1.50 0.69 27.31 1.32 3.1 91.44
47.32 7.70 2.78 1.37 0.61 26.00 0.54 0.25 86.57
47.84 4.82 2.39 1.65 0.40 26.87 0.58 0.45 85.00
45.61 3.55 1.81 2.30 0.63 25.53 0.41 0.53 80.37
49.11 5.28 5.03 1.33 0.50 25.82 0.10 0.33 87.50
48.48 6.30 3.26 1.14 0.59 25.21 0.84 0.21 86.03
43.66 2.23 0.37 1.15 0.76 17.28 0.92 0.54 66.91
46.84 7.48 1.62 2.39 0.64 26.49 0.50 0.89 86.85
52.06 4.47 1.74 2.77 0.31 27.16 0.54 0.00 89.05
39.33 0.91 0.30 1.40 0.49 18.11 1.04 0.40 61.98
51.55 5.51 2.31 2.37 0.36 28.11 0.40 0.69 91.30
39.98 1.11 0.46 1.76 0.53 23.62 0.46 0.18 68.10
43.70 2.86 0.57 1.52 0.45 32.20 0.65 0.25 82.20
48.46 2.99 1.57 1.05 0.50 23.99 0.56 0.27 79.39
40.13 4.89 1.39 2.33 0.35 38.66 0.45 0.08 88.28
43.61 6.44 4.67 1.91 0.37 26.01 0.55 0.39 83.95
45.20 2.37 1.19 2.47 0.20 22.82 0.07 0.95 75.27
52.28 5.61 2.60 2.90 0.66 28.88 0.54 0.40 93.87
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Table 4 Continued
Sample and depth relative to base

of the Killerdd section (quarry floor) Cr,0, ALO, MgO TiO, V,0, FeO MnO Zn0 Total
45.40 7.66 3.20 2.84 0.55 27.51 0.75 0.75 88.66
49.32 8.81 3.17 1.93 0.41 27.52 0.41 0.78 92.35
49.72 2.90 1.44 1.93 0.61 25.50 0.14 1.23 83.47
50.99 5.80 2.25 2.7 0.27 26.44 0.57 0.32 89.35
51.63 4.51 0.98 2.74 0.46 25.51 0.96 0.43 87.22
48.57 6.20 2.29 2.23 0.64 28.43 0.75 0.18 89.29
44.71 4.86 0.81 2.16 0.50 28.23 0.83 0.28 82.38
55.17 2.94 3.80 1.69 0.61 18.33 0.68 0.00 83.22
49.22 5.27 2.41 0.98 0.55 30.60 1.1 0.54 90.68
56.85 5.49 0.66 3.25 0.62 28.16 0.72 2.35 98.10
49.21 9.01 4.77 2.99 0.48 26.06 1.13 0.41 94.06
50.39 5.81 2.90 0.77 0.40 25.81 1.14 0.46 87.68
46.56 2.61 0.63 2.32 0.53 290.74 1.12 0.23 83.74
56.68 7.37 213 2.18 0.84 31.56 0.45 0.41 101.62
52.88 5.68 2.68 2.55 0.40 34.13 0.87 0.20 99.39
52.47 4.47 0.63 2.86 0.40 29.45 0.72 0.31 91.31
53.72 3.03 0.53 1.05 0.95 23.27 1.29 0.93 84.77
56.07 6.13 2.03 1.56 0.83 29.12 0.98 0.77 97.49
53.58 5.21 3.16 2.22 0.73 30.78 0.76 0.15 96.59
52.34 7.20 4.09 2.75 0.41 33.55 0.81 0.20 101.35
56.07 3.84 2.55 2.99 0.47 29.89 0.70 0.00 96.51
53.79 1.99 0.67 2.84 0.64 24.77 0.95 0.45 86.10
38.96 4.82 2.34 1.38 0.40 28.38 0.50 0.21 76.99
57.04 5.90 2.99 3.09 0.52 29.62 0.71 0.42 100.29
57.50 6.57 2.32 3.24 0.70 28.41 0.82 0.47 100.03
51.88 3.00 1.60 2.31 0.74 32.94 1.11 0.43 94.01
48.83 3.09 0.89 2.49 0.65 21.70 0.82 0.52 78.99
56.15 5.78 2.57 2.88 0.65 30.30 0.80 0.51 99.64
45.23 4.88 1.25 1.05 0.40 29.25 0.83 0.08 82.97
46.07 4.68 2.06 1.91 0.64 29.13 0.96 0.32 85.77
50.55 5.97 2.61 1.47 0.73 28.37 0.73 0.11 90.54
47.36 4.65 4.48 2.05 0.77 25.58 0.67 0.44 86.00
50.85 8.50 0.93 2.63 0.67 28.01 1.05 3.03 95.67
54.15 2.91 2.92 1.72 0.69 22.22 0.69 0.27 85.57
54.72 5.71 2.48 2.53 0.60 30.17 0.86 0.33 98,35

Average element concentration

(wt% and std. deviation) 49.61+4.765.00+1.86 2.11+1.20 2.12+0.66 0.56+0.16 27.31+3.840.72+0.29 0.54+0.61 87.96

OC grains (preliminary classification) Cr,0, ALO, MgO TiO, v,0, FeO MnO Zn0O Total

9.881t0 10.02 m 50.23 18.22 8.52 0.15 0.26 20.71 0.44 0.10 98.63
47.30 16.94 7.51 0.38 0.05 15.77 0.32 0.90 89.17
58.02 3.03 4.00 0.04 0.19 17.89 0.65 0.58 84.40
48.28 8.45 3.47 0.06 0.12 34.63 0.72 0.18 95.91
42.53 20.65 9.02 0.23 0.10 23.37 0.59 0.21 96.70
52.93 13.56 7.70 0.13 0.23 22.52 0.66 0.28 98.01
54.62 433 2.51 0.13 0.09 33.28 0.97 0.28 96.21
58.45 9.20 7.61 0.08 0.21 16.99 0.50 0.42 93.46
43.04 22.17 13.57 0.45 0.18 28.40 0.38 0.19 108.38
40.79 19.74 7.38 0.23 0.12 25.99 0.53 0.13 94.91
56.39 6.73 5.26 0.08 0.26 24.52 0.42 0.40 94.06
59.34 3.31 4.65 0.08 0.32 29.00 0.56 0.28 97.54
32.95 26.69 11.91 0.72 0.47 26.87 0.30 0.04 99.95
46.28 21.53 9.15 0.14 0.12 25.05 0.21 0.36 102.84
55.55 14.48 10.04 0.05 0.16 17.99 0.05 0.46 98.78
62.21 9.63 8.08 0.00 0.29 16.24 0.72 0.83 98.00
55.83 13.95 9.72 0.13 0.26 16.92 1.16 3.25 101.22
62.21 3.40 3.72 0.12 0.07 20.52 0.61 0.52 91.17
37.47 24.95 10.42 0.10 0.25 17.53 0.31 0.25 91.28
59.45 8.60 8.77 0.07 0.22 18.91 0.26 0.05 96.33
47.21 17.73 11.84 0.02 0.26 20.18 0.17 0.18 97.59
56.85 15.86 12.05 0.01 0.29 18.49 0.48 0.86 104.89
47.73 13.37 5.76 0.00 0.35 16.85 0.43 0.55 85.04
59.53 7.97 7.53 0.06 0.02 19.83 0.53 3.86 99.33
47.83 21.59 10.69 0.37 0.16 17.92 0.46 1.07 100.09

56 - Bulletin of the Geological Society of Denmark



Table 4 Continued

Sample and depth relative to base

of the Killeréd section (quarry floor) Cr,0, ALO, MgO TiO, v,0 FeO MnO ZnO Total
62.21 7.73 5.27 0.06 0.38 14.48 0.71 4.37 95.21
59.02 10.67 5.21 0.09 0.21 22.44 0.66 0.62 98.92
52.73 8.58 5.19 0.66 0.43 27.08 1.09 1.34 97.10
41.62 15.01 5.71 0.29 0.17 23.15 0.51 0.10 86.56
48.05 20.86 11.03 0.22 0.39 18.40 0.54 0.55 100.04
58.24 7.74 4.34 0.09 0.21 21.39 0.55 0.37 92.93
57.40 10.12 7.78 0.09 0.40 20.23 0.43 0.64 97.09
56.24 10.21 7.76 0.10 0.32 13.03 0.60 0.50 88.76
53.90 15.05 8.56 0.08 0.27 17.46 0.61 1.63 97.56
56.61 9.41 2.85 0.15 0.26 20.47 1.07 2.50 93.32
60.63 8.25 3.95 0.00 0.41 2411 0.85 1.14 99.34
56.73 6.93 5.81 0.06 0.30 19.46 0.60 0.19 90.08
51.93 15.15 6.91 0.09 0.55 20.70 0.32 1.27 96.92
59.34 9.71 5.30 0.04 0.19 19.17 0.31 0.29 94.35
50.94 13.65 6.05 0.02 0.17 20.93 0.36 0.41 92.53
55.81 10.47 347 0.12 0.28 23.71 0.47 0.03 94.36
39.13 17.70 6.72 0.14 0.07 30.07 0.61 0.14 94.58
49.25 17.71 8.81 0.22 0.24 23.77 0.32 0.36 100.68
58.59 12.84 12.36 0.00 0.45 16.96 0.61 0.42 102.23
54.52 1217 4.82 0.09 0.34 19.82 0.42 0.46 92.64
53.30 3.88 2.32 0.05 0.26 27.71 0.35 0.39 88.26
52.54 15.99 11.83 0.20 0.17 15.41 0.13 0.19 96.46
57.91 5.27 5.29 0.00 0.18 16.75 0.68 2.87 88.95
43.23 8.49 4.29 0.04 0.13 23.66 0.55 0.38 80.77
53.62 8.99 4.44 0.02 0.15 21.57 0.54 0.46 89.79
44.20 10.32 12.16 0.10 0.16 22.38 0.48 0.13 89.93
38.05 21.86 10.09 0.52 0.20 19.20 0.36 0.39 90.67
36.87 18.50 7.16 0.21 0.10 22.17 0.08 0.41 85.50
49.41 12.75 5.56 0.08 0.20 17.06 0.38 0.25 85.69
55.02 12.37 8.63 0.02 0.12 16.99 0.27 0.83 94.25
47.94 20.96 10.80 0.11 0.36 19.26 0.43 0.43 100.29
31.44 24.57 8.58 0.13 0.10 25.21 0.33 0.19 90.55
10.02 to 10.09 m 56.80 9.79 4.82 0.19 0.14 22.64 0.00 0.50 94.88
30.12 29.68 9.83 0.22 0.22 19.66 0.64 0.23 90.60
45.52 25.63 7.58 0.12 0.14 16.53 0.20 0.13 95.85
54.05 4.30 8.05 0.64 0.33 16.30 0.13 0.41 84.21
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Table 5 (Appendix). Element concentration (wt%) in polished sediment-dispersed extraterrestrial chromite (EC) and other Cr-rich spinel
(OC) grains (>63pm) extracted from the Middle Ordovician Orthoceratite Limestone in the Hallekis quarry, Kinnekulle, southern Sweden.

Sample and depth relative to base
of the Arkeologen bed (see Schmitz &
Haggstrom, 2006)

Cr,0, AlO, MgO TiO, V,0, FeO MnO Zn0O Total

EC grains

-0.77t0-0.82m 59.71 6.60 1.77 2.40 0.82 20.57 1.35 5.50 98.72
(65.39)t 7.08 2.00 3.28 0.85 20.88 n.d. n.d. 99.49
57.34 6.21 2.46 3.24 0.78 27.00 0.92 0.80 98.75
59.54 6.45 222 3.15 0.73 27.53 n.d. n.d. 99.62
59.85 6.47 2.03 2.91 0.72 27.00 n.d. n.d. 98.98
55.98 6.12 2.24 2.20 0.78 24.99 0.96 1.03 94.30

OC grain

-0.77t0-0.82m 36.10 15.41 9.53 1.16 n.d. 38.10 n.d. n.d. 100.30

These grains were analysed at the Lund University, and not at the Géteborg University like all the other grains in this study. An energy
dispersive spectrometer (Oxford EDS) with a Si detector linked to a Hitachi S-3400N scanning electron microscope was used. Cobalt
was used for standard and the acceleration voltage was 15 kV. Precision (reproducibility) of analyses was typically better than 1-4 %,
using a counting live-time of 80 seconds. T = questionable value because of analytical problem; n.d. = not detected. The grains were
recovered from a sample of 22.8 kg of limestone.
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