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Abstract

The distribution of extraterrestrial chromite grains (>63 pm) has been studied in the resurge deposit of the early Late Ordovician
(458 Ma) Lockne impact structure in central Sweden. A 1-kg-sample of resurge sediment from the rim of the crater is extremely
rich in extraterrestrial chromite. In total the sample contains >125 chromium spinel grains kg ', most grains being chromite. Due
to post-depositional alterations, the origin of several of the grains is dubious, although it is clear that the major part of the chromites
is of extraterrestrial origin (>75 grains kg '), most likely derived from the impactor. The alterations are primarily due to the
hydrothermal system induced by the impactor, with zinc enrichment in the chromites as the most common characteristic. The
element chemistry of the least altered chromite grains indicates that the impactor was an ordinary L chondrite. This concurs with a
suggested increase in the flux of L chondritic asteroids to Earth, following the disruption of the L chondrite parent body at ca.
470 Ma.

More than 170 impact craters are known from around the Earth, but only few of the impactors have been identified, mainly due
to the low survival rate of projectile material. Further studies of impact craters will reveal if survival of extraterrestrial chromite is
unique for the Lockne structure.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction material have, with a few exceptions such as the Eltanin

impact event [3], only been found at small (<1.5 km in

More than 170 impact craters are known on Earth [1] (a
current listing is available on the internet, see the “Earth
Impact Database” at: (http://www.unb.ca/passc/Impact
Database/), but only a fraction of the impactors have been
identified. This is mainly due to the low survival rate of
projectile material [2]. Physical pieces of projectile
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diameter) impact craters [4—6]. Larger projectiles are
believed to be totally vaporized upon impact, leaving only
a small amount of recondensed projectile vapour mixed in
with the target rocks (e.g., [7]). Factors that can affect the
survival extent are the impact velocity [8], angle of impact
[9], the type of impactor and impact target material. Pieces
of meteorites have a low resistance towards weathering
and diagenesis; most meteorites do not survive more than
between a few thousand years to a couple of hundred of
thousand years on the Earth surface [7,10].
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Attempts to identify the type of impactor have
previously focused on the geochemistry of the impact
rocks hosting the recondensed fraction. Studies include
measurements and interelement ratios of siderophile
elements, primarily the platinum group elements (PGE)
(e.g., [11-15]) and Cr-isotope measurements (e.g., [16—
18]). Both these methods have limitations and are not
always successful in the identification of impactor type.
The siderophile trace element analysis becomes less
useful if the host rocks have an original high enrichment
in PGEs, masking the extraterrestrial component, e.g. as
in the case of the Botsumtwi crater [19]. The compari-
son of interelement ratios is also complicated by the
sometimes heterogeneous element distribution in the
impactites caused by fractionation processes during
vaporization/condensation and post impact alteration/
mobilization of the siderophile elements coupled to, for
example, impact-induced hydrothermal systems [6,20,
21]. For the detection of extraterrestrial Cr isotopes, a

large part of the chromium in the impactites has to be of
extraterrestrial origin to show an effect that is larger than
the precision of the measurement. The method is also
complicated, and because of the very small differences
in isotopic composition, the precision of the measure-
ments has to be extremely high [18].

In this study a sample of the resurge deposit that
forms part of the 458 Ma Lockne impact structure in
central Sweden (Fig. 1) has been examined in search of
physical material from the impactor. The resurge deposit
is strongly enriched in Ir (up to 4.5 ppb) [22], suggesting
presence of up to 0.9 wt.% (calculated on the assump-
tion that the impactor had about 500 ppb Ir) of extra-
terrestrial matter either in a recondensed or relict state.
The search has focused on chromite (FeCr,O,4), a com-
mon accessory mineral in many meteorites [23].
Chromite has a high resistance against weathering and
diagenesis and is often the only mineral surviving in
chondritic fossil meteorites [24,25]. Chromite is also a
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Fig. 1. Geological map of the Lockne area in central Sweden, simplified after Lindstrom et al. [37].
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good petrogenetic indicator; extraterrestrial (chondritic)
chromite (EC) has a characteristic composition that dif-
fers from the terrestrial chromite, with typically higher
TiO, content (2.0-3.5 wt.%) and Cr/(Cr+Al) ratio
(>0.8) and a narrow span of V,05 (0.6—0.9 wt.%) (for
further details see [26,27]). Furthermore, the composi-
tions within the EC vary slightly with type of host
meteorite [28]. Presence of EC in the Lockne resurge
deposits could therefore be helpful in the identification
of the type of impactor.

2. Geological setting
2.1. The Lockne impact structure

The Lockne impact structure in the Jamtland prov-
ince, central Sweden (N 63°00’, E 14°49’; Fig. 1) is a
well preserved concentric crater formed in the early Late
Ordovician, at about 458 Ma [29]. The age is revised
compared to earlier literature based on the 2004
Geological Time Scale [30]. The impacting body has
been calculated to have been about 600 m in diameter,
striking the sea surface at an oblique angle at inter-
mediate water depth (500-1000 m) [31-34]. The
composition of the target seafloor was that of sedimen-
tary rocks (~80 m thick), mainly shale and limestone
[35], overlying the crystalline basement. The impact
structure consists of an inner crater, 7.5 km in diameter,
surrounded by an 1-2.5 km wide and up to 50 m thick
brim [36,37]. The brim consists exclusively of ejected,
more or less brecciated, crystalline local basement,
mostly granitoids from the Revsund Suite together with
lesser parts of volcanites, gneisses and dolerites [37,38].
The brim is cut by at least four resurge gullies, formed
when the water rushed back into the newly formed crater
[39]. In parts of the outer breaches of the brim the
crystalline ejecta is overlying a mostly monomictic
limestone breccia, the Ynntjarnen Breccia. The breccia
was generated by a water crater expanding outside of the
inner crater [37].

The impact also generated an instant, rather short
lived, hydrothermal circulation system of low tempera-
ture, with large volumes of fluids flowing through the
breccia and the shattered basement [40]. The system
promoted in situ crystallization of calcite, quartz, chal-
copyrite, pyrite and sphalerite in the cavities and fractures
[40], all which are present in the studied sample.

2.2. The Lockne resurge deposits

Because the Lockne impact took place in the sea,
parts of the ejecta blanket were reworked and incorpo-

rated in resurge deposits, thus this being a good place to
look for traces of the impacting body, especially con-
sidering the high Ir content of the deposits.

The resurge deposits are subdivided into two main
lithologies: the Lockne Breccia and the Loftarstone [37].
The Lockne Breccia is a clast-supported breccia, with
clasts ranging in size from sub-millimetres to hundreds
of cubic meters. It is dominated by limestone, but clasts
of crystalline basement and shales are also present. It is
poorly sorted and bedding is absent [37]. The Lockne
Breccia is more than 155 m thick in the centre of the
crater, thinning outwards [39]. The Loftarstone, directly
overlying the Lockne Breccia, constitutes a ca. 45 m
thick sequence in the centre of the crater, representing
the final phase of the resurge [39]. It is a greywacke-like
arenitic rock with a grain size ranging from coarse sand
to silt in a fining upward sequence [41]. The Loftarstone
has roughly the same composition as the Lockne
Breccia, although it has a larger proportion of crystalline
material [36,41]. It also contains material interpreted as
impact generated melt and abundant shocked quartz
[42]. Iridium analyses of five samples of the Loftarstone
show a distinct anomaly, with concentrations from
0.8 ppb to 4.5 ppb [22]. The Ir correlates well with Cr,
implying that the two elements have a common origin,
i.e. the impactor (Fig. 2) [22].

3. Materials and methods

In this study 950 g of the Loftarstone with a known
high concentration of Ir (2.5 ppb) and Cr (72 ppm) was
chosen, sample FF2 (Fig. 3a-b) [22]. Sample FF2
originates from a resurge deposit at the edge of the inner
crater (N 62°59’90”, E 14°45’34"), 3.5 km from the
centre (Fig. 1) [22]. The sample was decalcified in 6 M
hydrochloric acid at room temperature. The residue was

901

r2=0.99
80

70

Cr (ppm)

601

50

40

2 3 4 5
Ir (ppb)

Fig. 2. The correlation between Cr and Ir in five different samples of
the Loftarstone. Data from Sturkell [22].
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Fig. 3. a) The Loftarstone (sample FF2); b) close-up view of the texture. The fracture is filled with calcite.

then sieved at 63 um and the recovered fraction leached
in 18 M hydrofluoric acid at room temperature. The
residual >63 pm fraction was dried and then heated in
an oven at 550 °C for 24 h. The heating destroys coal
particles that can be misidentified as chromite grains.
Extensive tests have shown that the heating does not
affect the chemical composition of the chromite grains.
The residue after the heating was studied under an
optical microscope and suspected chromite grains were
picked for elemental analyses. The grains were mounted
in epoxy resin and polished flat using a 1 pm diamond
slurry. Four thin sections of FF2 were also made in order
to search for “in situ” chromite and, if possible, to find
other relict cosmic material.

Quantitative elemental analyses were performed with
an energy dispersive spectrometer detector (EDS) linked
to a scanning microscope with a Ge detector, each grain
was analysed three times at different locations. Cobalt
was used for standard; the acceleration voltage was
16 kV and the current 2.5 nA. X-ray mapping was
carried out on grains suspected to be heterogeneous or
not in equilibrium. The precision of the analyses was
between 1 and 4%, and the accuracy was controlled by
regular analyses of the USNM 117075 chromite refer-
ence standard [43]. The concentration of ferric iron was
calculated using the formula (XY,0,4) and based on the
assumption of perfect stoichiometry, where X= Fe?", Ni,
Mn, Mg, Zn and Cu and Y=Cr, Al, V and Fe*"; Ti is
calculated as being in an ulvospinel component. Thus
the values of ferric iron should be treated with caution.

Geological maps of the surroundings of the Lockne
area were studied in search for possible contaminating
terrestrial chromite sources, mainly mafic and ultra mafic
rocks. Thin sections were made of four suspected chro-
mite bearing rocks; a heavily altered brecciated dolerite
dyke (N 62°55'59”, E 14°47'49"), an Asby dolerite

(N 62°55'27", E 15°09’05"), a fine-grained amphibolite
(N 62°50'22", E 15°00’15”) and a porphyroblastic
amphibolite (N 62°52/26", E 14°39’59"). The thin sec-
tions were systematically searched in a reflective light
microscope and alleged chromites where analysed in an
electron scanning microscope.

4. Results

A total of 119 chromium-rich spinels were found in
the 950 g sample of the Loftarstone, giving a number of
125 grains kg~ ', this being a minimum amount, due to a
minor loss of material because of incomplete sample
dissolution. The grains are divided into five groups
based on differences in chemical composition, listed in
Table 1 and A1 (Fig. 4). These groups are extraterrestrial
chromites (EC, 73 grains), other chromium-rich spinels
(OC, 8 grains), oxidized chromite (OxC, 10 grains),
oxidized chromite with high zinc (ZnC, 26 grains) and
high aluminium chrome spinels (AIC, 2grains). In the
thin sections of FF2, one chromium-rich grain was
found “in situ”; it falls into the OxC group. Only one of
the sampled mafic rocks in the surrounding area was
chromite bearing, this being the brecciated and heavily
altered dolerite dyke located ~ 8 km south of the impact
centre. The compositions of these chromites are closest
to that of the OxC group (Table 1 and Al).

4.1. Chemical composition and properties of the spinels

The EC grains have a mean size of about 100 pm in
diameter and vary in shape from almost perfectly
euhedral to anhedral (Fig. 5a). They are normally coarse
but a few of the anhedral grains have an aggregate
structure, consisting of smaller (5-10 pm) euhedral
chromites. Irregular fractures and voids are common in
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Fig. 4. Chemical composition of individual Cr-spinels in wt.%. Shown is also the average composition, with standard deviation fields, of chromite
grains from 12 recent L5/6 meteorites and 13 recent H5/6 meteorites, data from Schmitz et al. [27].

the grains, the voids are rounded, irregular and do not
show any conformity with the lattice of the host crystal.
Inclusions are rare, although some of the voids might
have hosted inclusions that were destroyed by the
hydrofluoric acid. Of the few inclusions present, quartz
and feldspar dominate. The grains generally show little
variation in chemistry, with high Cr,O3 (56—61 wt.%),
low Al,05 (3—7 wt.%) and MgO (0—6 wt.%), relatively
high TiO, (1.5-3 wt.%) and a narrow span of V,0;
(0.6-0.8 wt.%). FeO varies between 22 and 31 wt.%
with a mean of 27 wt.% and MnO between 0.6 and
2.6 wt.%. ZnO fluctuates between 0 and 7 wt.%, where
the grains with high zinc tend to have a more porous
surface (see below).

The OC grains are anhedral, with a mean diameter of
100 um (Fig. 5b). They are analogous in appearance and
composition to the aggregate EC grains, with the
exception of lower amounts of TiO, (0.6—1.3 wt.%),
FeO (mean 23 wt.%) and MnO (0.5-0.8 wt.%), slightly
higher Cr,05 (60—63 wt.%) and MgO (5—8 wt.%) plus
minor amounts of NiO. Concentrations of ZnO are very
low or absent (0—0.4 wt.%).

The OxC grains have a mean diameter of about
90 pm, are euhedral to subhedral and coarse (Fig. Sc).
The composition is characterized by the presence of iron
in trivalent state (Fe,O; 5—15 wt.%), which is nega-
tively correlated to Cr,O5; (41-51 wt.%). MgO is very
low or absent (0—1 wt.%) while ZnO (2-9 wt.%) is
always present. TiO, concentrations are relatively lower
than in the EC (0.2—-1.6 wt.%). The ZnC grains are
generally more homogenous in appearance than the
OxC grains, but similarly euhedral to subhedral and
coarse (Fig. 5d). The composition also resembles that of
the OxC, but with unusually high ZnO values between
20-28 wt.% together with small amounts of CuO (0.5—
1.7 wt.%) and a total lack of MgO.

Fractures, voids and inclusions are common in both
the OxC and the ZnC grains. Two types of voids are
present; irregular voids, as in the EC grains, and angular
voids. The angular voids have a negative crystal struc-
ture. The inclusions are generally very small (<5 um),
preventing quantitative elemental analysis without
influence of the host mineral. Nonetheless, inclusions
of quartz, feldspar, rutile and Fe—Ti-oxides, have been
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Fig. 5. Backscatter images of the different Cr-spinels. a—e are from the Loftarstone, f is from the brecciated dolerite dyke. a) Subhedral coarse EC
grain; b) OC with aggregate structure; ¢) OxC with angular voids and inclusions of rutile along the crystal structure of the host mineral; d) ZnC with
both angular and rounded voids; e) euhedral AlC; f) Cr-spinel from the brecciated dolerite dyke, with an outer rim of ferritchromite and an outermost
partial rim of magnetite.

determined. The quartz and feldspar inclusions are in the The rutile is also present as exsolution-like lamellae,
form of rounded grains or as a partial filling in the oriented along the crystallographic planes of the spinel.
irregular voids. The rutile and Fe—Ti-oxides are angular Probably some of the voids, both the rounded and

and usually conforming to the lattice of the host crystal. angular, once hosted inclusions that have either
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weathered away or been dissolved by the hydrofluoric
acid.

The two AIC grains are ~80 pum in diameter, non-
porous, coarse and euhedral (Fig. 5e). They have a
homogenous composition with relatively high Al,O3, 14
and 17 wt.%, in contrast to the almost constant values
around 6 wt.% of the EC grains in the sample. The AIC
grains contain no ZnO or V,05 and the TiO, values are
low (0.2 and 0.5 wt.%).

The spinel from the nearby brecciated dolerite
has a core with a composition close to that of the

0xC in FF2, but with a lower Cr/Fe**. The core is
surrounded by an inner rim of ferritchromite with
decreasing Cr/Fe®>* and minor amounts of zinc, and
an outer incomplete rim of almost pure magnetite
(Fig. 59).

Some of the studied grains are chemically heteroge-
neous and sometimes show zoning. For example, some
EC grains show a zoning from core to rim (Fig. 6). The
zoning pattern is characterized by an enrichment of Zn
in the rim of the grain. The boundary between the rim
and the core is almost always sharp and the zoning is

Fig. 6. Transect and X-ray mapping of a diagenetically altered EC grain from the Loftarstone with an enrichment of zinc in the rim. Note the porous

appearance of the altered rim.
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distinguished optically by the rim being porous com- be affected. Some of the OxC grains exhibit a zoning
pared to the more solid core. The higher Zn values are pattern, with a narrow rim, enriched in Fe®", Fe*" and Ti
proportional to particularly lower Mg and Fe*" and to and depleted in Cr and to some extent Al, Zn and Mg
some extent Ti, V and Cr, whereas Al does not seem to (Fig. 7).

100 um

60

50 Crzo:g

40 1

307 oe——— ——* * d —"

Ry N H——y

31 Zn0

MnO

Fig. 7. Transect and X-ray mapping of an OxC grain from the Loftarstone with an enrichment of titanium and ferric iron in the rim.
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5. Discussion
5.1. Origin and alteration of the spinels

The presence of chemical zoning, pitted surfaces and
exsolutions, imply that several of the spinels in this study
have been subdued to alterations. Modification of spinel
is not uncommon and chromite, although being
comparably very resistant to diagenesis, can be affected
by hydrous alterations and metamorphism [44]. This is
especially true for spinels with high Fe and Cr content, as
in this case, since they have an inverse spinel structure
that is less stable and more sensitive to alteration [45].

Although several of the spinel grains in this study are
affected by diagenetic alteration, the majority of the grains
(73 of 119) have a well-preserved, typical EC (i.e.
chondritic) composition. The average composition of the
73 grains classified as EC is almost identical to the
average composition of 594 chromite grains from 26
fossil Ordovician meteorites from Kinnekulle in southern
Sweden (Table 2) [27]. The concentration of EC grains in
the Lockne sample is too high to represent reworked EC
grains from ordinary mid-Ordovician marine limestone.
Mid-Ordovician limestone may contain enhanced con-
centrations of EC related to the increased background
influx of smaller meteorites following the disruption of
the L chondrite parent body at 470 Ma [46,47]. However,
the richest limestone beds examined by Schmitz et al. [47]
in the quarries at Kinnekulle have ca. 3 sediment-
dispersed EC grains kg '; hence the majority of the EC
grains in this study most likely derive from the body that
created the Lockne impact structure. If one assumes that
the average chromite grain is a cube with a length of
100 pum, a density of 4.6 g cm > and that an ordinary
chondrite has an average chromite content of 0.27 wt.%
[48], the amount of EC grains would correspond to about
0.13 g of meteoritic material kg~ ' in the Loftarstone
sample studied. The quantity of resurge deposit has been
estimated to 13 km® [49] and the density about 2.6 g cm >
[50], this would give ca. 4.4 million metric tonnes of
meteoritic material embedded in the resurge deposit,
assuming an average of 75 chromite grains kg '
throughout the deposit. This corresponds to 1.15% of
the impactor (calculated on a 600 m diameter impact body
with an average ordinary chondrite density of 3.4 g cm >
[51]). The same calculations based on the Ir measure-
ments, assuming 2.5 ppb Ir throughout the resurge deposit
and an impactor with 500 ppb Ir gives ca. 170 million
metric tonnes of meteoritic material in the resurge
deposits, corresponding to 44% of the impactor. The
low percentage of meteoritic material calculated on EC,
compared to the results of the Ir, is probably due to a loss

Table 2

The average element concentration (wt.% and standard deviation) of the Loftarstone EC grains in comparison with other studies

Fe#® Cr#®
1444047 235+2.10 90.4+8.1

ZnO

Al,O4 MgO TiO, V,0; FeO MnO
1.59+£1.54 2.48+£0.38 0.72+0.05

57.87£1.09 5.74+0.75

Cr,03

87.1+1.5

26.83+1.84

EC grains from sample FF2 of the Loftarstone,

73 grains, this study
Sediment-dispersed EC grains from Thorsberg quarry,

0.53+£0.5  85.6+3.90 86.5+1.42

0.78+0.2

0.75+0.07 27.36+2.63

6.07+0.76  2.58+0.79 3.09+0.33

57.61+£1.58

Kinnekulle, 276 grains, Schmitz and Haggstrom [25]
EC grains from 26 meteorites from Thorsberg quarry,

1.86+2.43 853+5.02 87.5+0.60

1.01+0.33

57.60+1.30 5.53+0.29 2.57+£0.83 2.73£0.40 0.73+£0.03 26.94+3.89

Kinnekulle, 594 grains, Schmitz et al. [27]
Chromite from 12 recent H5/6 group chondrites,

85.5+0.3

84.7+1.2

1.00+0.08 0.33+£0.05

56.64+0.37 6.44+0.14 2.98+0.23 2.20+0.17 0.73+£0.02 29.27+0.67

Schmitz et al. [27]
Chromite from 12 recent L5/6 group chondrites,

2.93+0.97 2.68+0.40 0.75+0.02 30.22+2.23 0.83+0.10 0.30+£0.07 85.3+£4.92 86.3+£0.77

5.97+0.43

56.00+0.65

Schmitz et al. [27]
Chromite from 13 recent H4-6 group chondrites,

85.2+1.00

28.9+£0.60 0.88+0.07 0.28+0.14 82.7+1.00

1.96+£0.29 0.65+0.03

3.4+0.18

57.1+1.10 6.64+£0.41

Wilotzka [56]
Chromite from 6 recent L4-6 group chondrites,

86.5+0.30

30.9+0.60 0.63+0.08 0.34+0.06 87.3+£1.00

0.7+0.06

2.67+0.44

5.9+0.19 2.52+0.21

56.1+0.80

Wilotzka [56]
Chromite from 4 recent LL3-7 group chondrites,

87.2+0.20

90.5+0.90

31.6£0.62 0.51+0.04

1.85+0.14  3.4+£0.57 0.67+0.10

55.8£0.56 5.52+0.17

Wilotzka [56]

? Fe#: mol% Fe/(Fe+Mg).
b Cr#: mol% Cr/(Cr+Al).
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of chromite through vaporization, melting and alteration
during the impact and in the following hydrothermal
system, as well as the fact that only grains larger than
63 pm were recovered in this study.

A detailed comparison of the chemical composition of
the EC grains found in the Loftarstone with analyses of
chromite from recent and fossil chondrites implies that
the impactor was an ordinary chondrite of the L group
(Table 2). The main argument for an L chondritic origin is
the high TiO, content of 2.5 wt.% of the EC grains, which
is close to the average TiO, content of 2.7 wt.% in
chromite of recent L.4-6 chondrites and fossil L chondrites
from Kinnekulle, but relatively higher than the on average
2.0-2.2 wt.% TiO, of recent H4-6 chondrites (Table 2).
The lower TiO, content and concomitantly slightly higher
Cr/(Cr+Al) values (Table 2) compared to recent L chon-
drites probably reflects post depositional alterations. A
weak negative correlation trend between Cr,0O5 and TiO,
(Fig. 4) is also seen in the most strongly weathered chro-
mites from fossil meteorites at Kinnekulle [27]. Thus
removing the 10 grains with the highest Cr,0O5/(Cr,O3+
TiO,), i.e. the presumably most altered grains, gives a
mean of 2.6 wt.% for TiO,. The lower averages of FeO
and MgO on behalf of ZnO and MnO in the Loftarstone
EC (Table 2) reflect that these elements typically are most
affected by post depositional alterations, seen also in the
data for Kinnekulle fossil meteorites [27]. On the whole
the EC from the Loftarstone shows greater similarities to
chromite from mid-Ordovician fossil meteorites than
coeval sediment-dispersed EC grains. For example, the
incorporation of Zn and Mn has, as a whole, been more
extensive in the fossil meteorites and the Loftarstone
chromites compared to sediment-dispersed chromite
grains (Table 2). This most likely reflects that both the
Loftarstone and fossil meteorite chromites weathered in
anoxic to suboxic conditions, involving sulfide precipi-
tation, whereas the sediment-dispersed lay on the oxidized
sea floor before being buried [25].

The Lockne impactor being an L chondrite concurs
with the suggestion that the influx of L chondritic
asteroids to Earth was increased by up to one order of
magnitude during the mid-Ordovician following the
disruption of the L chondrite parent body at ca. 470 Ma
[27,46]. As many as four of the seventeen impact craters
known on the Baltoscandian shield formed during the
Middle to early Late Ordovician, and the Lockne crater
is one of them (the others are Kirdla, Tviren and
Granby). The meteorite and micrometeorite flux during
the same period may have been enhanced by up to two
orders of magnitude [27,47].

The origin of the OC grains is somewhat unclear,
although Cr/(Cr+ Al) as high as 87 imply that they can be

of extraterrestrial origin. The grains tend to follow the
trend seen in the EC with higher Cr,O5 on behalf of TiO,
(Fig. 4), which implies that the OC grains may originate
from the impactor. Furthermore, clusters of chromite
aggregates is a type only present in ordinary chondrites
[52], thus the fact that most of the OC grains have an
aggregate structure, supports an origin from the impactor.
The unequilibrated state of some of the OxC reveals that
the grains had an initially higher Cr and Mg content
(Fig. 7). The depletion of Cr can also be seen in the “in
situ” grain, found in a Loftarstone thin section, where the
matrix surrounding the grain contains low amounts of Cr,
not present further away from the specific grain. Whether
the OxC had an initial Cr content and composition
corresponding to that of chromite from the impactor or a
terrestrial source is not possible to determine, thus neither
the origin of the grains. The ZnC have been much altered;
exsolutions, the absence of pores and the homogeneity of
most of the grains imply that they are more or less re-
crystallized, thus it is not possible to determine their
origin. The two AIC grains contain no Zn and seem to be
rather unaffected by alterations. It is not possible to rule
out the AIC grains as being extraterrestrial since ordinary
chondrites contain also chromian spinels of very varying
character. These are, however, rare making up for only 1-
2% of the total Cr-rich oxides in chondrites [24].

The major modifications of the spinels, Zn enrich-
ment and oxidation, are most likely a result of the hy-
drothermal system that was induced by the impact. The
Caledonian overthrusting, although not very influential
in the Lockne area, with only very low grade metamor-
phism [53], may have further altered the spinels. The
degree of alteration of a specific spinel grain in the hy-
drothermal system is mainly related to the extent to which
the grain has been exposed to fluids, which is dependent
on the presence of cavities, cracks and fissures. As in the
case of Zn, an element that is almost always secondary in
Cr-spinels and often associated with metasomatic altera-
tions coupled to sulphide mineralization [54], the ZnC
grains with very high and homogeneous Zn concentra-
tions have probably been the least sheltered.

5.2. Survival of extraterrestrial material

It is clear that the general assumption that physical
fragments of the impactor are not to be expected at craters
larger than ~ 1.5 km [4—6], does not apply for the Lockne
impact structure. The fact that the impact was oblique,
probably somewhere between 30 and 60° [34] have most
likely increased the survival rate of material. That the
target was overlain by water can also be a factor affecting
the survival positively, as in the case of the Eltanin impact,
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where physical pieces of the impactor were retrieved [55].
However, one must keep in mind that the water depth at
Lockne was only on the order of a tenth of that of the
Eltanin impact (~5000 m); furthermore the Eltanin
impact did not form a crater on the ocean floor [55].
Another factor that could have increased the survival rate,
although not known, is if the impact was of low velocity
due to atmospheric break up. Studies of other craters have
been initiated in order to determine whether the survival
of chromite at the Lockne impact is a unique phenom-
enon, due to these special circumstances.

6. Conclusions

The Loftarstone, part of the resurge deposits in the
early Late Ordovician (458 Ma) Lockne impact structure,
in central Sweden, is locally extremely rich in extrater-
restrial chromite grains (>75 grains kg~ ), deriving from
the impactor. Spinel grains in the Loftarstone have been
subdued to post-depositional alterations primarily due to
the hydrothermal system that was induced by the impact.
The dominating alteration effect is the incorporation of Zn
in the grains mainly on behalf of Mg and Fe®". The
chemical composition of the best preserved grains
indicates that the impactor was an ordinary chondrite of
the L group. This concurs well with the hypothesis that the
influx of asteroids to Earth was increased during the late
Middle and early Late Ordovician because of the major
disruption of the L chondrite parent body at ca. 470 Ma.

Further studies of terrestrial impact craters with
resurge deposits will reveal if survival of chromite is
unique for the Lockne impact structure.
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Appendix

Table A1

Element concentration (wt%) of the different chromites and chromium-rich spinels from sample FF2 of the Loftarstone
and the brecciated dolerite dyke. The values are the mean of three different analysis points in each grain. In the hetero-
geneous grains the analyses where performed in parts that where assumed to have the most primary composition, most

often in the central parts of the grain.

Loftarstone EC grains

# Tio, V,0, ALO, Cr,0, FeOtotal FeO Fe,O, MnO MgO Cu,0 NiO ZnO Tot. Cr#'
1 2.64 0.71 5.83 57.57 22.99 22.99 0.00 1.70 0.00 0.00 0.00 7.13 98.57 86.9
2 2.87 0.70 5.57 56.57 23.28 23.28 0.00 1.77 0.00 0.00 0.00 6.78 97.54 87.2
3 2.75 0.76 6.06 57.23 27.77 27.77 0.00 1.95 0.60 0.00 0.00 1.92 99.04 86.4
4 2.46 0.75 5.73 57.18 27.79 27.79 0.00 1.23 1.48 0.00 0.00 1.08 97.70 87.0
5 1.78 0.74 6.14 59.25 25.47 25.47 0.00 0.77 497 0.00 0.48 0.34 99.94 86.6
6 2.38 0.78 6.43 58.53 25.60 25.60 0.00 0.90 3.51 0.00 0.00 1.34 99.47 85.9
7 2.56 0.72 5.80 59.32 24.80 24.80 0.00 1.49 0.90 0.00 0.00 3.72 99.31 87.3
8 2.88 0.73 5.83 57.07 26.92 26.92 0.00 1.37 1.40 0.00 0.00 3.00 99.20 86.8
9 2.62 0.70 5.70 57.64 27.47 27.47 0.00 1.19 1.13 0.00 0.00 2.87 99.32 87.2
10 2.44 0.75 6.03 57.80 27.35 27.35 0.00 1.02 2.80 0.00 0.00 1.07 99.26 86.5
11 2.20 0.68 5.74 58.67 26.43 26.43 0.00 0.70 3.35 0.00 0.00 0.62 98.39 873
12 2.60 0.70 5.39 58.21 25.18 25.18 0.00 1.99 0.51 0.00 0.00 5.22 99.80 87.9
13 1.94 0.76 5.82 59.53 25.73 25.73 0.00 0.66 3.48 0.00 0.35 0.39 98.66 87.3
14 2.82 0.69 5.84 57.37 26.44 26.44 0.00 1.48 1.69 0.00 0.00 2.75 99.08 86.8
15 1.99 0.69 6.43 58.13 28.21 28.21 0.00 1.07 3.42 0.00 0.00 0.81 100.75 85.8
16 2.44 0.58 4.97 56.26 23.75 23.75 0.00 1.62 0.62 0.00 0.00 6.96 97.20 88.4
17 2.17 0.77 6.20 57.88 25.92 25.92 0.00 1.33 1.45 0.00 0.00 3.14 98.86 86.2
18 2.09 0.72 6.00 59.01 24.67 24.67 0.00 0.71 4.76 0.00 0.62 0.00 98.58 86.8
19 1.77 0.75 6.36 59.10 24.60 24.60 0.00 0.76 4.76 0.00 0.58 0.27 98.95 86.2
20 3.03 0.73 6.25 58.85 26.81 26.81 0.00 2.29 0.25 0.00 0.00 2.64 100.85 86.3
21 1.61 0.67 6.10 61.15 25.68 25.68 0.00 0.84 5.33 0.00 0.00 0.00 101.38 87.1
22 2.69 0.70 5.36 56.62 29.55 29.55 0.00 0.98 0.60 0.00 0.00 2.71 99.27 87.6
23 1.56 0.72 6.42 58.67 26.75 26.75 0.00 1.22 2.89 0.00 0.31 0.46 99.00 86.0
24 2.02 0.75 6.33 58.09 27.45 27.45 0.00 1.09 2.56 0.00 0.00 1.11 99.40 86.0
25 3.08 0.78 5.96 57.37 25.89 25.89 0.00 1.97 0.00 0.00 0.00 3.61 98.66 86.6
26 2.89 0.77 6.06 58.12 27.07 27.07 0.00 1.97 0.00 0.00 0.00 2.48 99.36 86.5
27 2.19 0.78 6.56 58.76 27.71 27.71 0.00 2.09 0.25 0.00 0.00 1.75 100.09 85.7
28 2.69 0.72 5.88 57.74 25.41 25.41 0.00 1.68 0.33 0.00 0.00 4.98 99.43 86.8
29 2.04 0.71 6.31 57.69 26.75 26.75 0.00 1.51 0.85 0.00 0.00 4.11 99.97 86.0
30 2.41 0.79 6.14 59.38 26.54 26.54 0.00 1.10 1.76 0.00 0.20 1.02 99.34 86.6
31 1.68 0.65 6.35 58.92 26.70 26.70 0.00 1.08 2.54 0.00 0.00 0.93 98.85 86.2
32 2.08 0.78 6.39 57.58 27.63 27.63 0.00 2.04 0.00 0.00 0.00 3.23 99.73 85.8
33 2.95 0.71 5.98 57.19 29.27 29.27 0.00 1.08 1.14 0.00 0.00 1.54 99.86 86.5
34 2.33 0.72 5.99 57.88 27.24 27.24 0.00 1.40 0.75 0.00 0.00 291 99.22 86.6
35 2.59 0.74 5.88 57.94 22.28 22.28 0.00 1.61 0.00 0.00 0.00 7.28 98.32 86.9
36 2.75 0.73 5.86 57.35 27.51 27.51 0.00 2.56 0.28 0.00 0.00 3.32 100.36 86.8
37 2.89 0.78 6.28 58.89 28.53 28.53 0.00 1.81 0.22 0.00 0.00 0.86 100.26 86.3
38 2.47 0.72 6.19 59.12 26.28 26.28 0.00 1.05 2.12 0.00 0.00 1.29 99.24 86.5
39 2.67 0.80 6.21 58.57 27.03 27.03 0.00 1.81 0.37 0.00 0.00 0.45 97.91 86.4
40 2.82 0.66 3.66 56.50 25.86 25.86 0.00 1.77 0.19 0.00 0.00 7.04 98.50 91.2
41 2.17 0.64 3.68 57.52 27.72 27.72 0.00 1.25 0.53 0.00 0.00 3.41 96.92 91.3
42 2.81 0.63 3.43 56.72 24.41 24.41 0.00 1.88 0.00 0.00 0.00 6.96 96.84 91.7
43 2.37 0.75 5.50 60.13 24.00 24.00 0.00 1.36 2.24 0.00 0.00 3.05 99.40 88.0
44 2.87 0.76 5.84 58.03 29.01 29.01 0.00 1.42 1.50 0.00 0.00 1.15 100.58 87.0
45 2.64 0.72 3.78 59.77 27.90 27.90 0.00 1.53 1.28 0.00 0.00 1.81 99.43 91.4
46 2.65 0.73 5.20 56.51 27.49 27.49 0.00 1.67 0.62 0.00 0.00 5.13 100.00 87.9
47 2.72 0.64 2.87 58.34 31.15 30.98 0.17 1.75 0.57 0.00 0.00 1.91 99.95 92.9
48 2.29 0.73 5.40 57.57 25.45 25.45 0.00 1.68 0.45 0.00 0.00 4.46 98.03 87.7
49 2.97 0.72 5.60 56.35 28.24 28.24 0.00 1.62 1.04 0.00 0.00 2.34 98.88 87.1
50 2.00 0.74 6.45 60.47 24.80 24.80 0.00 0.67 2.70 0.00 0.42 0.00 98.25 86.3
51 2.02 0.68 4.82 58.25 26.51 26.51 0.00 1.74 0.37 0.00 0.00 5.36 99.75 89.0
52 2.96 0.66 4.41 57.40 28.61 28.61 0.00 1.93 0.53 0.00 0.00 2.73 99.23 89.7
53 2.88 0.77 5.78 57.41 28.15 28.15 0.00 1.99 0.67 0.00 0.00 0.72 98.37 87.0
54 2.47 0.73 6.16 57.18 27.84 27.84 0.00 1.80 1.22 0.00 0.00 1.33 98.73 86.2
55 2.15 0.72 6.31 58.82 25.08 25.08 0.00 0.65 227 0.00 0.35 0.40 96.73 86.2
56 2.84 0.61 4.71 56.71 24.61 24.61 0.00 1.81 0.00 0.00 0.00 7.26 98.61 88.9
57 2.33 0.65 6.44 58.67 25.64 25.64 0.00 0.75 1.17 0.00 0.31 0.29 96.22 85.9
58 2.64 0.70 5.74 56.50 26.08 26.08 0.00 1.64 1.86 0.00 0.00 3.21 98.37 86.8
59 2.67 0.73 597 55.88 27.73 27.73 0.00 1.66 0.84 0.00 0.00 3.60 99.08 86.3
60 2.92 0.71 5.92 56.57 30.22 30.22 0.00 1.69 1.34 0.00 0.00 0.57 99.94 86.5
61 2.96 0.71 6.11 57.29 28.19 28.19 0.00 1.24 2.14 0.00 0.00 0.65 99.29 86.3
62 2.31 0.72 6.24 58.51 24.26 24.26 0.00 0.78 5.81 0.00 0.00 0.45 99.08 86.3
63 225 0.72 5.75 57.85 25.11 25.00 0.11 0.81 5.65 0.00 0.22 0.43 98.79 87.0
64 2.43 0.76 6.01 57.31 28.93 28.93 0.00 1.79 1.59 0.00 0.00 0.48 99.30 86.5
65 2.88 0.70 5.73 56.40 28.45 28.45 0.00 1.97 0.00 0.00 0.00 3.14 99.27 86.8
66 2.92 0.75 6.14 56.77 30.06 30.06 0.00 1.78 0.76 0.00 0.00 0.57 99.75 86.1
67 2.46 0.80 5.97 58.20 28.93 28.93 0.00 0.99 2.28 0.00 0.00 0.00 99.63 86.7
68 2.41 0.80 6.01 56.85 28.03 28.03 0.00 1.47 1.62 0.00 0.00 2.55 99.74 86.4
69 295 0.73 5.82 56.72 30.86 30.86 0.00 2.15 0.00 0.00 0.00 0.79 100.02 86.7




70 2.76 0.75 6.00 56.01 28.67 28.67 0.00 1.96 0.37 0.00 0.00 3.09 99.61 86.2

71 2.17 0.73 5.56 57.67 27.08 27.08 0.00 0.99 432 0.00 0.00 0.00 98.52 87.4

72 2.20 0.77 6.21 57.25 29.21 29.21 0.00 1.09 3.10 0.00 0.00 0.56 100.39 86.1

73 1.83 0.78 5.10 58.29 26.18 26.18 0.00 0.64 3.72 0.00 0.00 0.00 96.54 88.5

Mean 2.48 0.72 5.74 57.87 26.83 26.83 0.00 1.44 1.59 0.00 0.05 2.35 99.07 87.1

Max 3.08 0.80 6.56 61.15 31.15 30.98 0.17 2.56 5.81 0.00 0.62 7.28 101.38 92.9

Min. 1.56 0.58 2.87 55.88 22.28 22.28 0.00 0.64 0.00 0.00 0.00 0.00 96.22 85.7

Loftarstone OC grains

# TiO, V,0, ALO, Cr,0, FeOtotal FeO Fe0, MnO MgO Cu,0 NO  ZnO Tot. Cr#

1 0.57 0.37 7.08 61.11 2391 2391 0.00 0.71 5.70 0.00 0.22 0.31 99.98 85.3

2 0.70 0.48 6.32 60.13 23.39 22.88 0.51 0.69 6.28 0.00 0.26 0.00 98.25 85.9

3 1.27 0.71 6.39 61.05 24.01 24.01 0.00 0.54 5.17 0.00 0.34 0.26 99.74 86.5

4 0.87 0.61 6.24 62.93 20.96 20.96 0.00 0.61 6.29 0.00 0.78 0.27 99.56 87.1

5 1.28 0.69 6.03 60.75 24.60 24.60 0.00 0.69 4.92 0.00 0.00 0.24 99.20 87.1

6 1.27 0.76 5.49 61.80 22.57 22.57 0.00 0.75 4.67 0.00 0.32 0.35 97.98 88.3

7 0.77 0.43 5.95 62.27 21.42 21.39 0.04 0.65 7.49 0.00 0.24 0.00 99.22 87.5

8 0.76 0.56 6.07 62.16 21.02 21.02 0.00 0.58 7.78 0.00 0.23 0.00 99.16 87.3

Mean 0.94 0.58 6.20 61.53 22.74 22.67 0.07 0.65 6.04 0.00 0.30 0.18 99.14 86.9

Max 1.28 0.76 7.08 62.93 24.60 24.60 0.51 0.75 7.78 0.00 0.78 0.35 99.98 88.3

Min 0.57 0.37 5.49 60.13 20.96 20.96 0.00 0.54 4.67 0.00 0.00 0.00 97.98 85.3
Loftarstone OxC grains

# TiO, V,0, ALO, Cr,0, FeOtotal FeO Fe, 0, MnO MgO Cu,0 NO  ZnO  Tot. Cr#

1 0.79 1.27 5.88 51.05 33.38 27.48 5.90 2.27 0.00 0.00 0.00 4.89 99.53 78.0

2 0.79 0.91 5.92 51.64 33.88 28.42 5.45 2.29 0.00 0.00 0.00 3.08 98.51 78.7

3 1.02 1.23 5.75 49.43 3295 27.77 5.18 1.95 0.00 0.00 0.00 4.00 96.33 78.5

4 1.04 0.64 5.26 49.99 35.94 28.07 7.86 2.01 0.27 0.00 0.00 3.44 98.59 76.5

5 1.19 1.33 6.52 47.41 37.53 29.77 7.76 1.94 0.00 0.00 0.00 3.10 99.02 73.5

6 1.12 0.74 4.01 52.07 34.19 27.44 6.75 2.08 0.59 0.00 0.00 3.30 98.10 80.8

7 1.59 0.73 5.30 41.04 46.24 31.01 15.23 1.29 0.00 0.00 0.00 1.74 97.93 64.7

8 0.21 0.23 6.79 42.95 34.65 19.41 15.24 3.13 1.00 0.00 0.00 9.38 98.33 63.6

9 1.18 1.02 5.52 47.04 36.28 27.10 9.18 2.89 0.00 0.00 0.00 4.25 98.18 73.5

10 1.16 0.93 6.96 45.00 40.53 29.91 10.63 2.01 0.00 0.00 0.00 2.70 99.29 68.7

Mean 1.01 0.90 5.79 47.76 36.56 27.64 8.92 2.19 0.19 0.00 0.00 3.99 98.38 73.6

Max 1.59 1.33 6.96 52.07 46.24 31.01 15.24 3.13 1.00 0.00 0.00 9.38 99.53 80.8

Min 0.21 0.23 4.01 41.04 3295 19.41 5.18 1.29 0.00 0.00 0.00 1.74 96.33 63.6

In situ grain 0.66 0.66 4.46 46.19 39.62 25.85 13.77 2.29 0.37 0.00 0.00 4.35 98.60 70.0
Loftarstone ZnC grains

# TiO, V,0, ALO, Cr,0, FeOtotal FeO Fe,0, MnO MgO Cu,0 NiO ZnO Tot. Cr#

1 1.55 0.95 5.75 41.96 25.34 13.23 12.11 1.25 0.00 0.69 0.00 20.70 98.19 67.6

2 0.89 0.66 5.90 43.53 18.77 9.69 9.08 1.09 0.00 0.78 0.00 22.41 94.03 71.4

3 0.68 0.72 5.26 48.44 15.12 6.75 8.37 1.08 0.00 1.32 0.00 26.59 99.21 754

4 1.10 0.91 5.74 44.83 21.24 10.36 10.88 1.28 0.00 0.49 0.00 24.05 99.64 70.3

5 1.14 0.86 5.12 45.15 22.12 10.96 11.16 1.31 0.00 1.02 0.00 22.59 99.31 71.2

6 1.43 0.90 5.61 42.96 22.76 11.55 11.21 1.06 0.00 0.70 0.00 22.45 97.87 69.3

7 1.28 0.90 5.90 42.94 23.58 11.99 11.60 1.00 0.00 0.81 0.00 22.02 98.43 68.4

8 0.64 0.74 6.05 47.44 17.90 8.83 9.07 1.33 0.00 0.93 0.00 24.78 99.81 72.9

9 0.81 0.63 5.83 46.51 18.59 8.47 10.12 1.00 0.00 0.75 0.00 25.79 99.91 71.7

10 1.02 0.97 6.46 43.63 21.09 11.05 10.03 1.09 0.00 0.71 0.00 22.68 97.65 69.5

11 0.75 0.91 6.81 45.31 17.81 8.62 9.19 1.46 0.00 0.88 0.00 24.93 98.86 70.6

12 0.53 0.76 5.90 47.23 16.74 8.01 8.73 1.08 0.00 0.78 0.00 25.55 98.57 73.4

13 0.89 0.81 5.70 46.31 19.73 9.81 9.92 1.43 0.00 1.67 0.00 2291 99.45 72.1

14 0.55 0.50 5.31 47.79 15.17 6.65 8.52 1.12 0.00 1.10 0.00 27.25 98.79 74.9

15 0.73 0.63 5.78 48.53 17.46 9.27 8.19 0.91 0.00 0.64 0.00 25.00 99.68 74.7

16 0.95 0.82 5.23 47.05 18.28 8.97 9.31 0.86 0.00 0.73 0.00 25.39 99.31 73.8

17 091 0.81 5.76 44.69 18.80 10.01 8.79 1.13 0.00 1.24 0.00 22.14 95.48 72.5

18 0.81 0.66 5.88 44.23 17.55 8.24 9.32 0.88 0.00 0.65 0.00 24.76 95.42 71.5

19 1.07 0.87 6.12 44.47 20.09 9.87 10.22 1.52 0.00 0.96 0.00 23.47 98.57 70.2

20 0.55 0.68 6.65 45.97 16.14 7.18 8.96 1.41 0.00 1.00 0.00 25.83 98.23 71.4

21 0.71 0.63 5.49 45.98 17.70 8.08 9.63 1.31 0.00 1.17 0.00 2441 97.40 72.6

22 0.83 0.86 6.02 46.26 18.40 8.90 9.50 1.31 0.00 0.92 0.00 24.87 99.47 72.0

23 1.39 0.79 5.29 44.82 21.97 11.93 10.04 0.98 0.00 0.69 0.00 22.02 97.95 72.0

24 0.53 0.26 8.15 46.85 13.39 5.86 7.53 1.20 0.00 0.95 0.00 27.86 99.19 70.8

25 1.23 1.03 5.98 45.52 21.16 11.98 9.18 1.03 0.00 1.08 0.00 22.02 99.05 72.1

26 0.43 0.62 6.16 49.09 12.77 535 7.42 1.01 0.00 1.06 0.00 28.45 99.59 75.1

Mean 0.90 0.76 5.92 45.67 18.83 9.29 9.54 1.16 0.00 091 0.00 24.27 98.43 71.8

Max 1.55 1.03 8.15 49.09 25.34 13.23 12.11 1.52 0.00 1.67 0.00 28.45 99.91 75.4

Min 0.43 0.26 5.12 41.96 12.77 535 7.42 0.86 0.00 0.49 0.00 20.70 94.03 67.6




Loftarstone AIC grains

# TiO, V,0, ALO, Cr,0, FeOtotal FeO FeO, MnO MgO Cu0  NiO Zno Tot. Cr#

1 0.51 0.00 16.55 42.03 36.35 31.17 5.18 1.29 1.13 0.00 0.24 0.00 98.10 58.7

2 0.16 0.00 13.89 50.68 26.09 22.44 3.65 2.08 6.03 0.00 0.18 0.00 99.11 67.7

Mean 0.34 0.00 15.22 46.36 31.22 26.80 4.42 1.69 3.58 0.00 0.21 0.00 98.60 63.2
Brecciated dolerite dyke grains

# Tio, V,0, ALO, Cr,0, FeOtotal FeO Fe,0, MnO MgO Cu,0 NiO ZnO Tot. Cri#

1 0.89 0.18 5.08 38.66 50.29 29.44 20.85 1.47 0.35 0.00 0.00 1.73 98.65 58.5

2 0.92 0.18 430 38.25 51.12 29.72 21.40 1.44 0.25 0.00 0.00 1.15 97.61 58.8

Mean 0.91 0.18 4.69 38.46 50.71 29.58 21.12 1.46 0.30 0.00 0.00 1.44 98.13 58.7

ICr#: mole% Cr/(Cr+Al+Fe’)
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