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A Russian record of a Middle Ordovician meteorite shower:
Extraterrestrial chromite in Volkhovian-Kundan (lower Darriwilian)
strata at Lynna River, St. Petersburg region

ANDERS LINDSKOG

Lindskog, A., 2011: A Russian record of a Middle Ordovician meteorite shower: Extraterrestrial chromite in
Volkhovian-Kundan (lower Darriwilian) strata at Lynna River, St. Petersburg region. Examensarbeten i geologi vid
Lunds universitet, nr. 287, 32 pp. 45 ECTS credits.

Abstract: Numerous fossil meteorites and high concentrations of sediment-dispersed extraterrestrial chromite (EC)
grains with typical ordinary chondritic composition have previously been documented from 467+1.6 Ma Ma lower
Kundan (Middle Ordovician) strata. These finds most likely reflect a temporarily enhanced influx of ordinary chon-
dritic matter, following the disruption of the L chondrite parent body in the asteroid belt 470+6 Ma. In this study, an
uppermost Volkhovian-lower Kundan limestone/marl succession at Lynna River, St. Petersburg region, northwest-
ern Russia, has been sampled and its extraterrestrial component determined through chromite grain extraction and
analysis. Seven samples, forming two separate sample sets, were collected at the locality. Four samples from strata
around the Lenodus variabilis-Yangtzeplacognathus crassus conodont zone boundary yielded a total of 397 EC
grains in 51.5 kg of rock (average ~7.71 EC grains kg™). A successive increase in the concentration of EC and other
heavy mineral grains upwards in this sample set likely traces sea-level rise. Three stratigraphically lower-lying
samples, from strata around the Baltoniodus norrlandicus-L. variabilis conodont zone boundary, which corresponds
to the Volkhov-Kunda boundary, yielded only two EC grains in 38.2 kg of rock (average ~0.05 EC grains kg™).
This lack of EC enrichment contrasts with preceding studies at other localities, which have consistently identified a
notable EC component in the lowermost L. variabilis conodont zone. Discrepancies in the timing of the initial EC
enrichment between localities, as well as variations in concentration within individual stratigraphies, may be ex-
plained by differential deposition, however, the predictable increase in EC abundance in lower Kundan strata is best
explained by an enhanced influx of ordinary chondritic matter. A strong similarity in average EC chemical compo-
sition between this and other comparable studies indicates that all or most EC grains in these Middle Ordovician
strata share a common source — most likely the L chondrite parent body.

Keywords: Lynna River, extraterrestrial chromite, fossil meteorites, Volkhov, Kunda, Darriwilian, heavy minerals,
Lenodus variabilis.
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Ett ryskt sedimentarkiv over ett mellanordoviciskt meteoritregn:
Utomjordisk kromit i volkhov-kundalager (undre Darriwilian) vid
floden Lynna, St. Petersburgregionen

ANDERS LINDSKOG

Lindskog, A., 2011: Ett ryskt sedimentarkiv dver ett mellanordoviciskt meteoritregn: Utomjordisk kromit i volkhov
-kundalager (undre Darriwilian) vid floden Lynna, St. Petersburgregionen. Examensarbeten i geologi vid Lunds
universitet, nr. 287, 32 sid. 45 hp.

Sammanfattning: Tidigare studier har dokumenterat ett flertal fossila meteoriter samt hoga koncentrationer av
utomjordisk kromit med typisk kondritisk sammanséttning i sedimentlager frdn undre kunda (mellanordovicium,
467+1.6 Ma). Dessa fynd reflekterar sannolikt ett tillfalligt forhojt inflode av kondritiskt material, efter uppbryt-
ningen av L-kondriternas fordldrakropp 470+£6 Ma. I den hér studien undersoktes innehéllet av utomjordisk kromit i
prover fran en lagerfoljd omfattande dversta volkhov och undre kunda, vid floden Lynna, i St. Petersburgregionen i
nordvéstra Ryssland. Sju prover, i tva separata provserier, valdes ut vid lokalen. Fyra prover med totalt 51,5 kg sten
fran lager kring grinsen mellan conodontzonerna Lenodus variabilis och Yangtzeplacognathus crassus inneholl
sammanlagt 397 utomjordiska kromitkorn (medel ~7,71 korn kg™). En successiv 6kning i koncentrationerna av
utomjordisk kromit och andra tungmineral uppat i denna provserie sparar sannolikt en havsnivahdjning. Tre ldgre
liggande prover med totalt 38,2 kg sten, fran lager kring grinsen for conodontzonerna Baltoniodus norrlandicus
och L. variabilis, motsvarande volkhov-kundagrinsen, inneholl endast tva utomjordiska kromitkorn (medel ~0,05
korn kg™). Detta star i kontrast mot tidigare studier vid andra lokaler, vilka alla har pavisat en forhojd kromitkon-
centration i den nedersta delen av L. variabilis-zonen. Skillnader i vid vilken niva den initiala kromitanrikningen
intrdder 1 lagerfoljderna vid olika lokaler, liksom koncentrationsvariationer inom lagerfoljder, kan forklaras med
olikformig deposition, men den forutsdgbara 6kningen av utomjordisk kromit i lager fran undre kunda forklaras
bast med att en tid med forhojt inflode av kondritiskt material inf61l. En god 6verensstimmelse mellan den kemiska
sammansittningen hos kromitkorn frdn den hir studien och kromit fran andra liknande studier indikerar att alla
(eller de flesta) korn i dessa mellanordoviciska lager har samma ursprungskilla — sannolikt L-kondriternas fordldra-
kropp.

Nyckelord: Lynna, utomjordisk kromit, fossila meteoriter, volkhov, kunda, tungmineral, Lenodus variabilis.
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1 Introduction

1.1 Background
Several recent studies have documented high concen-
trations of extraterrestrial matter — most notably, nu-
merous fossil meteorites — in ~467 Ma Middle Ordovi-
cian rocks (e.g. Schmitz et al. 1996; Schmitz et al.
2001; Schmitz & Héggstrom 2006; Schmitz et al.
2008; Cronholm 2009, Korochantsev et al. 2009;
Cronholm & Schmitz 2010). Though fossil meteorites
are yet to be found outside a select few Swedish locali-
ties, an anomalous abundance of sediment-dispersed
extraterrestrial chromite (EC) grains has been shown
to occur in coeval strata at several localities, both in
Sweden and abroad. This apparently rather sudden
increase in extraterrestrial matter in the mid-
Ordovician strata has been interpreted as the result of a
disruption event in the asteroid belt, which produced
swarms of variously-sized debris that eventually
crossed paths with Earth (e.g. Schmitz et al. 2001;
Korochantseva et al. 2007; Schmitz et al. 2008).
Beginning slightly above the base of the Lenodus
variabilis conodont biozone, which marks the base of
the Kunda Baltoscandian Regional Stage (Dronov
2005a), EC grains typically become appreciably more
abundant (e.g. Cronholm & Schmitz 2010). Higher in
the strata, an EC 'spike' is observed, in turn followed
by variably EC-enriched beds throughout the succeed-
ing Yangtzeplacognathus crassus and Eoplacognathus
(Lenodus?) pseudoplanus conodont zones before the
concentration ebbs out again (throughout this thesis,
where applicable, the conodont nomenclature and zo-
nation of Mellgren & Eriksson 2010 is used). The aim
of this study is to investigate if a similar chromite sig-
nal is present in the Lynna River section — already,
Korochantsev et al. (2009) confirmed that EC grains at
least occur in the studied rock succession. EC concen-
tration will then be compared to that of other heavy
minerals, in order to gain insight into deposition rates
and hydrodynamic concentration processes that may
have acted at the seafloor. Of particular interest is to
investigate if the initiation of the EC enrichment coin-
cides with the Volkhov-Kunda boundary.

1.2 A brief interlude on the basics of
meteorites and meteorite classifica-
tion

In short, a meteorite may be defined as any extraterres-

trial object (i.e. meteoroid) that passes through the

atmosphere and reaches Earth's surface (or any other

planet's surface, for that matter; e.g. Allaby 2008).

However, most meteoritic objects are submillimeter-

sized, and thus often collectively referred to as cosmic

dust (e.g. Love & Brownlee 1993; Peucker-Ehrenbrink

2000). Calculations based on marine isotopic trace

elements (Os, Ir) and systematic dust collection both

indicate that the annual influx of cosmic dust is around

30,000 to 50,000 tons (Love & Brownlee 1993; Peuck-

er-Ehrenbrink 2000). Larger extraterrestrial objects,

more befitting of the term meteorite as generally per-
ceived, are thought to contribute approximately the
same mass annually, however, intermittent, unusually
large objects may offset averages and influx may vary
considerably over long time scales. Most such meteor-
ites likely originate from the asteroid belt, which is
situated between Mars and Jupiter, though some have
been associated with Earth's moon and Mars (Anders
1964; Gladman et al. 1997; Bischoff 2001).

Chemical and petrographic characteristics provide
the main method of meteorite classification, with min-
erals and their textures having a central role (e.g.
Bunch et al. 1967; Van Schmus & Wood 1967; Affiat-
alab & Wasson 1980; Kallemeyn et al. 1989; Bischoff
2001). Over 250 minerals — many of which are not
found on Earth — have been identified in meteorites,
and the basic meteorite composition is best described
as one consisting of silicates, metals and sulfides (with
varying proportions; Anders 1964; Rubin 1997, see
this reference for a review of meteorite mineralogies).
Meteorites may be divided into three main types;
stony, iron and stony-iron meteorites (~96.7%, ~2.7%
and ~0.6% of identified meteorites, respectively; An-
ders 1964; Cronholm 2009 and references therein).
The descriptive type names speak for themselves, re-
garding general characteristics. Each of these meteor-
ite types may be subdivided into several classes,
groups and subgroups, though only a specific class of
stony meteorites, called ordinary chondrites, are of
relevance to describe in further detail herein.

Fig. 1. Chondrules, appearing as small mineral globules
throughout the meteorite matrix (thin-section of the recent
Hallingeberg L3 meteorite). Scale bar is 250 pm. .

Ordinary chondrites are part of the main stony-
meteorite class called chondrites, which lends its name
from the characteristic so-called chondrules within
such meteorites (Fig. 1; chondrites are one of two
groups of stony meteorites, the other being achon-
drites, which lack chondrules; Anders 1964). Chon-
drules are submillimeter- to millimeter-sized frozen
mineral droplets, formed at the time of our Solar sys-
tem's birth. Ordinary chondrites dominate among iden-



tified meteorites, amassing to some 88% of all finds
(Cronholm 2009 and references therein). The meteor-
ite class can be subdivided into three more or less dis-
tinct groups, called H, L and LL (in order of relative
abundance; e.g. Bunch et al. 1967; Cronholm 2009).
H-group ordinary chondrites are characterized by high
total-iron and free-metal (Fe, Ni) content, whereas
those of the L group contain less, and LL-group mem-
bers even lesser (i.e. High total-iron, Low total iron,
Low total iron and Low free metal). Silicate iron-oxide
content displays a reverse pattern (and is thus closely
tied to e.g. olivine fayalite content). Based on petro-
graphic details, such as distinctness of chondrules,
silicate homogeneity and presence of igneous glass,
chondrite groups may be further subdivided into petro-
logic types (Bunch et al. 1967; Van Schmus & Wood
1967; Cronholm 2009). The types are termed H3-H6,
L3-L6 and LL3-LL6, with numbers indicating increas-
ing metamorphic imprint (‘'equilibration’), most notable
through deteriorating chondrule texture (type 7 also
exists, however, it is rare; types numbered 1-2 do not
embrace ordinary chondrites). Similarly, ordinary
chondrites may be categorized by shock stage, again
through numbering from 1 to 6, with 1 being the least
shock affected, and 6 being the most (Stoffler et al.
1991).

1.3 Indications of an enhanced influx of
extraterrestrial matter in the Middle

Ordovician

Following the identification of the first fossil meteorite
from mid-Ordovician strata in Jamtland, central Swe-
den, in 1980, systematic search at Kinnekulle in Vés-
tergdtland, southern Sweden, has yielded a remarkable
amount of meteorites in a rather narrow interval of
Kundan (Darriwilian, Arenigian-Llanvirnian) 'ortho-
ceratite limestone' (e.g. Thorslund & Wickman 1981;
Nystrom et al. 1988; Schmitz et al. 1996; Schmitz et
al. 2001; Schmitz et al. 2008). At present, close to a
hundred specimens have been found at Kinnekulle,
and one specimen has also been found at Mt.
Billingen, also in Vistergotland (B. Schmitz pers.
comm. 2011-09-09; Tassinari et al. 2004).

Though they often retain some relict features, such
as recognizable chondrule texture, fossil meteorites
contain almost no original mineral constituents — most
minerals have long since weathered and become sub-
stituted by others (principally calcite, barite and phyl-
losilicate pseudomorphs; Thorslund & Wickman 1981;
Thorslund et al. 1984; Nystrom et al. 1988; Nystrom &
Wickman 1991; Schmitz et al. 1996; Bridges et al.
2007). Chromite, a spinel-group mineral with the ideal
formula FeCr,0,, typically constitutes the sole excep-
tion, as it is highly resistant to weathering and, thus,
alteration and substitution (Fig. 2). It is the dominant
oxide in ordinary chondrites, typically accounting for
approximately 0.25% by weight (with chromite grains
being both more abundant and larger-sized in higher
petrologic types; Keil 1962; Rubin 1997; Bridges et al.

2007; Alwmark et al. 2011). The mineral is dispersed
throughout the whole meteorite, and may be substan-
tially concentrated in chondrules (Ramdohr 1967a).
Chromite of extraterrestrial, ordinary chondritic origin
typically displays distinct chemical composition, with
relatively little variation between similar-source grains
(this also applies to other minerals; Bunch et al. 1967;
Snetsinger et al. 1967; Affiatalab & Wasson 1980;
Wilotska 2005; Schmitz & Haggstrom 2006). As such,
H, L and LL ordinary-chondrite groups have individu-
al, relatively narrow compositional ranges for chro-
mite, as do their subgroups, but there is some overlap
in-between. Terrestrial chromite grains, which stem
from (ultra-)mafic rocks, display a wide range of com-
positions, including those that are typical for ordinary
chondritic grains (e.g. Gu & Wills 1988; Barnes &
Roeder 2001). Consequently, chemical composition of
chromite grains may indicate their provenance, but
other proxies are desired in order to strengthen inter-
pretation (e.g. Korochantsev et al. 2009).

As shown first by Thorslund & Wickman (1981),
chromite in fossil ordinary chondrites largely retains
its original, distinctly meteoritic chemical composi-
tion. Given the arduousness of finding fossil meteor-
ites, extraction and analysis of sediment-dispersed
chromite has thus become a relatively easy and effi-
cient method to enable evaluation of the extraterrestri-
al, ordinary chondritic component in condensed sedi-
mentary rocks (e.g. Schmitz et al. 2001). Such ven-
tures have shown that the Middle Ordovician interval
harboring abundant fossil meteorites in Sweden also
yields unusually high amounts of chromite with typical
ordinary chondritic composition, at localities in Swe-
den, China and Russia (e.g. Schmitz et al. 1996;
Schmitz et al. 2001; Schmitz & Haggstrom 2006;
Héggstrom & Schmitz 2007; Schmitz et al. 2008;
Korochantsev et al. 2009; Cronholm & Schmitz 2010).
Subsequently, this chromite has been interpreted as
being of extraterrestrial origin. In the previously stud-
ied rock sections, extraterrestrial chromite (EC) abun-
dance in the sediments increases from essentially zero
to several grains per kilogram of rock; e.g. ~3 grains
kg in the Schmitz & Higgstrom (2006) study, ~6
grains kg in the Haggstrom & Schmitz (2007) study,
~4 grains kg in the Korochantsev et al. (2009) and
Cronholm & Schmitz (2010) studies. This increase
typically occurs slightly above the lower boundary of
the Lenodus variabilis conodont zone and the EC en-
richment appears to persist, with varying concentra-
tion, throughout the succeeding Yangtzeplacognathus
crassus and Eoplacognathus (Lenodus?) pseudoplanus
conodont zones. Pre-L. variabilis EC concentrations
are comparable to those of similar condensed strata of
much younger age (Cronholm & Schmitz 2007;
Schmitz et al. 2010). Calculations indicate that there
was a one to two order of magnitude increase in the
influx of extraterrestrial matter during this mid-
Ordovician interval (Schmitz et al. 1996; Schmitz et
al. 2001; Schmitz et al. 2003; Cronholm & Schmitz
2007). As previously studied rock sections show no



Fig. 2. A selection of chromite grains from this study (SEM, backscattered electron images). All scale bars 50 pm. A. Extrater-
restrial chromite (EC) grain displaying characteristic angularity and excellent state of preservation (very angular/angular; sample
Lyl, EC #72). B. EC grain displaying uncharacteristic rounding (sub-rounded/sub-angular; sample Ly5, EC #105). C. EC grain
displaying characteristic angularity and excellent state of preservation (very angular/angular; sample Ly4, EC #37). Note the
Widmanstitten-like pattern on the grain surface. D. EC grain displaying uncharacteristic rounding (sub-rounded/sub-angular;
sample Ly20, EC #21).

obvious signs of significant change in deposition rate,
such attributes cannot easily explain the enrichment in
extraterrestrial matter (e.g. Schmitz et al. 2008;
Cronholm & Schmitz 2010). The finding of a single
fossil meteorite in the Eoplacognathus suecicus cono-
dont zone together with slightly enhanced EC values
(~0.45 grains kg™") imply that the influx of extraterres-
trial matter was higher than normal for at least five
million years, from the lowermost Kundan into the
Aseri Regional Stage (the meteorite in question,
named 'Brunflo', was actually the first of the mid-
Ordovician ordinary chondrites ever found; Thorslund

& Wickman 1981; Alwmark & Schmitz 2009b). Most
of the sediment-dispersed chromite grains probably
stem from weathering and subsequent disintegration of
relatively small (subcentimeter- to centimeter-sized)
meteorites (Schmitz et al. 2003; Heck et al. 2008; Mei-
er et al. 2010).

In addition to fossil meteorites and related chro-
mite, several other indices of an increased extraterres-
trial influx have been investigated in relevant rock
intervals. Schmitz et al. (1996) measured various
chemical elements, most importantly Ir, throughout the
most meteorite-rich interval at Kinnekulle, Sweden,



but could not conclusively tie elevated Ir levels to ex-
traterrestrial enrichment (see also Schmitz et al. 1997).
Patterson et al. (1998) measured the extraterrestrial
*He component in the meteorite- and chromite-rich
strata at Kinnekulle, Sweden, but no conclusive results
were attained (meteorite values indicate significant
*He loss through time). Cronholm (2009) investigated
the Os and '*’0s/'®0s distribution throughout the stra-
ta at Kinnekulle. Anomalous values were recorded in
the most meteorite- and chromite-rich rock interval,
leading the author to suggest a connection to the in-
creased influx of extraterrestrial matter.

1.4 Possible links between relict mete-
oritic material and events in the So-

lar system

Lacking the possibility of conventional, more direct
classification due to the majority of primary minerals
having been replaced by secondary ones, several fea-
tures of the fossil meteorites have been investigated in
order to shed light onto their classification. Chemistry,
size and texture of chromite grains, and silicate inclu-
sions in these, together with density, size and texture
of relict chondrules, all indicate that the fossil meteor-
ites are L chondrites of petrologic types 3 to 6
(Schmitz et al. 2001; Bridges et al. 2007; Greenwood
et al. 2007; Alwmark & Schmitz 2009a).

Already in the 1960s, it became apparent that many
L chondrites have endured some catastrophic event,
which typically 'reset their K-Ar clocks' (Anders 1964;
Turner et al. 1966; Bogard 1995; Keil et al. 1994,
Haack et al. 1996). This event, hypothesized to be
some kind of asteroid disruption due to collision in the
asteroid belt, was constrained to around 500 Ma. Sev-
eral authors have thus proposed a relationship between
the breakup of the L-chondrite parent body and the
increased influx of extraterrestrial matter to Earth in
the Middle Ordovician (e.g. Schmitz et al. 1997; Heck
et al. 2004). Recent “’Ar-*’Ar analyses of L chondrites
have dated the breakup event to 470+6 Ma, well in line
with calibrated dating of the most meteorite-rich inter-
val in the Swedish Middle Ordovician strata to
467+1.6 Ma (Korochantseva et al. 2007). L chondrites
have been tentatively associated with the Gefion fami-
ly of asteroids, situated in the intermediate main aster-
oid belt (Nesvorny et al. 2008; cf. Nesvorny et al.
2002).

?'Ne concentration, which results from cosmic ray
exposure, increases in fossil-meteorite chromite when
ascending through the Kinnekulle strata from the L.
variabilis to the E. (L.?) pseudoplanus conodont zone
(Heck et al. 2004; see also Heck et al. 2008). This in-
dicates that stratigraphically higher-lying fossil mete-
orites have endured increasingly longer time in space
before encountering Earth, and thus that all (or most)
meteorites stem from the same dispersion event, likely
the disruption of the L-chondrite parent body. Calcu-
lated exposure ages suggest that transport from the
asteroid belt to Earth of the stratigraphically lower-

most-lying meteorites took only 100-200 kyr, with the
uppermost-lying sampled meteorites arriving approxi-
mately 1 Myr afterwards. These ages are corroborated
by estimates of sedimentation rate and modeled aster-
oid breakup scenarios (Schmitz et al. 1996; Gladman
et al. 1997; Zappala et al. 1998; Schmitz et al. 2001).

Even today, about two thirds of Earth-crossing L
chondrites — equating to ~30% of all identified ordi-
nary chondrites — bear record of the ~470 Ma disrup-
tion event, however, their cosmic-ray exposure ages
are never more than 70 Myr, indicating that they come
from larger bodies that either survived the event or
reaccreted in its aftermath (as cosmic rays only pene-
trate the outermost meter or so of objects; e.g. Keil et
al. 1994; Nesvorny et al. 2008).

1.5 Implications of an increased influx

of meteoritic matter

Schmitz et al. (2001) noted that there is a relatively
large number of known astroblemes (i.e. impact struc-
tures) from the Middle to Late Ordovician, and thus
suggested a connection to the breakup of the L-
chondrite parent body (see also Korochantseva et al.
2007). At present, 178 confirmed impact structures are
known globally (Earth Impact Database 2011). Of
these, at least nine are Middle to Late Ordovician in
age, with individual age estimates ranging from ~470
to ~445 Ma. Five of them are situated in the
Baltoscandian region (see Dypvik et al. 2008). One of
these, the Lockne crater in central Sweden, which is
dated to ~458 Ma, has been successfully associated
with an ordinary chondritic impactor (sediment sam-
ples yielded more than 75 EC grains kg '; Alwmark &
Schmitz 2007; Schmitz et al. 2011). Culler et al.
(2000) dated impact-produced glass spherules from
lunar soil samples collected during the Apollo 14 mis-
sion, and concluded that there appears to be an en-
hanced impact rate from ~0.4 Ga and onwards.

In addition to indications of enhanced cratering
rates, Middle Ordovician — especially Darriwilian —
strata contain numerous megabreccias, typically situat-
ed at continental margins (Parnell 2009 and references
therein). Some beds in such strata have been interpret-
ed as tsunami deposits. As megabreccias and tsunami
deposits may be direct or indirect results of large im-
pacts, Parnell (2009) suggested a causal connection to
the heightened influx of meteorites. Such features may
also result from other processes, such as those acting
in plate tectonics (Spence & Tucker 1997; Meinhold et
al. 2010). Alwmark et al. (2010) showed that the so-
called Osmussaar breccia in northwestern Estonia,
which is dated to ~466 Ma, is very rich in EC grains
(~13 grains kg™). This, together with previously docu-
mented shocked quartz, indicates that an ordinary
chondritic impactor may be responsible for the brecci-
ation (further references can be found in Alwmark et
al. 2010). Schmitz et al. (2008) also noted that the time
around the onset of the enhanced meteoritic influx
often displays deviant lithologies (e.g. the 'Téljsten’ in
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Sweden, 'mini-mounds' in China).

The meteorite- and EC-rich Middle Ordovician
rock interval encompasses early parts of the Great Or-
dovician Biodiversification Event (GOBE), which saw
the diversification and radiation of the so-called Palae-
ozoic Evolutionary Fauna (Webby et al. 2004; Schmitz
et al. 2008). By comparing brachiopod diversity data,
compiled from extensive sampling at several localities
in the East Baltic (including the Lynna River section),
with EC data from Sweden and China, Schmitz et al.
(2008) noted a close temporal correlation between the
onset of a remarkable brachiopod diversification and
the enhanced influx of extraterrestrial matter (see also
Rasmussen et al. 2007). Schmitz et al. (2008) thus
proposed that an increase in the influx of kilometer-
sized asteroids may have stimulated biodiversification
during the GOBE, in line with the so-called Intermedi-
ate Disturbance Hypothesis (see further references in
Schmitz et al. 2008). Similar views were brought for-
ward by Culler et al. (2000).

2 Geologic setting, stratigraphy,
and previous studies

2.1 The Ordovician of Baltoscandia

The Baltoscandian region (here including westernmost
Russia) harbors laterally extensive Palaeozoic rocks,
formed from the sediments of a vast epeiric sea that
covered large parts of the palacocontinent Baltica at
the time (Fig. 3; Lindstrom 1963; Jaanusson 1972;
Nielsen 2004; Dronov 2005b; Dronov & Mikulas
2010). Longterm tectonic stability has maintained a
distinct, time persistent facies zonation in the region,
resulting in so-called confacies belts, which record a
general deepening of the Baltoscandian palaeobasin
roughly along a northeast-southwestern transect. Terri-
genous sediment input was limited, and net deposition
rates were most often exceedingly slow, typically only
a few millimeters (~1-9) per thousand years (e.g. Niel-
sen 2004). Varyingly long periods of non-deposition
were recurrent (e.g. Lindstrom 1963, 1979; Dronov
2005b). Thus, numerous diastems are present in the
rock record, however, the composite Ordovician suc-
cession of Baltoscandia is essentially complete. Some
individual lithologic units may be correlated over large
distances, both within and between countries.
Throughout the Ordovician, Baltica drifted from
southern subpolar to subtropical-tropical latitudes,
while rotating counterclockwise (Fig. 4; Cocks &
Torsvik 2006).

Published Baltoscandian sea-level curves for the
Ordovician are in part contradictory both at regional
and global scales, and thus debated (see e.g. Nielsen
2004; Rasmussen et al. 2009; Dronov et al. 2011). In
short, controversy may often be said to result from
differing views on relations between sedimentologic
properties (i.e. facies) and depth of deposition (a
longstanding debate also exists regarding absolute
depths in the palaeobasin). Regardless, it is generally
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assumed that the inferred sea-level changes reflect
eustasy.

Fig. 4. A reconstruction of Middle Ordovician palacogeo-
graphy (Kundan, circa 466 Ma). Baltica was situated
between southern temperate and subtropical realms. Note
that large parts of most palaeocontinents were covered by
epeiric seas. This paleogeographic reconstruction was made
using the software BugPlates (courtesy of StatoilHydro),
developed by Trond H. Torsvik (previously available at
www.geodynamics.no). See Cocks & Torsvik (2006) for
further information about reconstructions of Palaeozoic pa-
lacogeography.

2.2 Geology of the St. Petersburg re-
gion

The St. Petersburg region straddles the borderlands
between the Baltic igneous shield and the Moscow
basin (Dronov 2005¢; Dronov & Mikulas 2010). Over-
lying Ediacaran (Vendian) deposits, the Lower Palaeo-
zoic strata of the region comprise some 220 to 350
meters of nearly flat-lying rocks, of which 120-150
meters are Cambrian and 100-200 meters are Ordovi-
cian beds. Cambrian and lowermost Ordovician
(Tremadocian) strata mainly consist of unconsolidated
clays and quartz sands. The succeeding Ordovician
strata are characterized by carbonate rocks, which rec-
ord a gradual transition from subpolar via temperate
('cool-water') to tropical (‘warm-water') environment
through time, entailing a successive increase in car-
bonate production, as a result of continental drift. Dis-
tinctly tropical elements enter the rocks in the Katian
(e.g. Dronov & Mikulas 2010; cf. Zaika 2005). Latest
Ordovician (middle Katian-Hirnantian) and Silurian
deposits are not preserved in the St. Petersburg region
(Fedorov 2003; Dronov 2005a; Dronov & Mikulas
2010). Ordovician carbonates lie upon an elevated
area, called the Ordovician (formerly Silurian) plateau
(e.g. Dronov et al. 2002; Dronov & Mikulas 2010 and
references therein). This plateau is bounded to the



north by an escarpment called the Baltic-Ladoga Glint
(or, simply, the Baltic Glint), resulting in a line of nat-
ural Middle Cambrian-Lower Ordovician outcrops.
From west to east, the plateau can be subdivided into
two parts; the Izhorian and the Volkhovian plateaus,
respectively.

§|8/8|%| Regiona Traditional
2 [=)] .
- s |8 g etglona Formations | . fra ||Iona_t
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Fig. 5. The Ordovician stratigraphy of the St. Petersburg
region (modified from Dronov & Mikulas 2010; cf. Berg-
strom et al. 2009).

The Ordovician geology of Baltoscandia is subdi-
vided into eighteen regional stages (Fig. 5; Bergstrom
et al. 2009). Most of these are recorded in the St. Pe-
tersburg region, but only some aspects of the Volkhov
and Kunda stages — the strata of which have been sam-
pled for this study — are relevant to discuss in detail.
Both of these stages are considered to represent at least
one depositional sequence (e.g. Dronov & Mikulas
2010; Dronov et al. 2011; cf. Rasmussen et al. 2009).
In the St. Petersburg region, Volkhov (BII zone) strata
are typified by glauconite-speckled, variably argilla-
ceous bioclastic limestone, ranging from marl to grain-
stone (Dronov 2005a; Dronov & Mikulas 2010). The
Volkhov Stage in its entirety is included in the
Volkhov Formation, which may be subdivided into the
informal Dikari (BIl,), Zheltjaki (Bllg) and Frizy
(BII,) members. The stage and formation share an up-
per boundary (the stage's lower boundary is at a
conspicuous, regionally traceable hardground, called
'‘Blommiga bladet' in Sweden, 'Piistakkiht' in Estonia
and 'Steklo' in Russia, which is actually situated a bit
up in the BII, zone; e.g. Dronov et al. 2002). Biogenic
mud mounds occur at several levels in the lower and
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middle parts (BIl,g; Fedorov 2003; Tolmacheva et al.
2003). The succeeding Kunda (BIII) Stage begins with
the appearance of assemblages representing the
Asaphus expansus trilobite and L. variabilis conodont
biozones, and its base is marked by a conspicuous sur-
face of non-deposition that records a significant sea-
level fall (estimated to 30-40 m; e.g. Dronov 2005a,
2005d; Dronov & Mikulas 2010). Kundan strata com-
prise variably argillaceous bioclastic limestones, often
collectively referred to as 'orthoceratite limestones'.
Unlike in subjacent Volkhovian strata, glauconite is
rare, likely as a result of a warmer depositional envi-
ronment. In places, iron ooids, possibly connected to
volcanic ashfalls, are abundant and conspicuous, resul-
ting in so-called iron oolites (e.g. Dronov et al. 2005;
Sturesson et al. 1999; Sturesson 2003 and references
therein). The Kunda stage is subdivided into the Silla-
oru (B, 'lower oolite bed'), Obukhovo (Blllg.,,
'orthoceratite limestone' sensu stricto), Sinjavino
(BIIL,, 'upper oolite bed') and Simankovo (BIII,) form-
ations (Dronov 2005a; Dronov & Mikulas 2010). In
the easternmost St. Petersburg region, the Lynna
Formation (BIII,) replaces part of the Sillaoru Format-
ion.

The Middle Ordovician deposits in the St. Peters-
burg region have been interpreted as tempestites for-
med in a storm-dominated, shallow-marine carbonate
ramp environment (e.g. Dronov et al. 2002; Hansen &
Nielsen 2003; Dronov & Mikulas 2010). As such, in-
dividual beds may have been laid down in a matter of
days, or even hours. The beds were then reworked for
long periods — often several thousands of years — be-
fore subsequent sediment deposition. Graded beds,
rich in coarse-grained shell debris, and various storm-
related erosional features are typical. These tempestite
beds may have substantial lateral extent and some can
be traced for hundreds of kilometers along the Baltic-
Ladoga Glint (thus providing very precise regional
correlation). A sedimentologic west-to-east proximal-
distal trend is clearly discernible in the region.

The geology of the St. Petersburg region has been
actively studied since the early 19™ century (un-
fortunately, many older publications are in Russian;
e.g. Dronov 2005¢; Dronov & Mikulas 2010). A chro-
nicle of significant geologic ventures undertaken in the
St. Petersburg region is provided by Dronov & Mi-
kulas (2010), and a review of the regional Ordovician
(ichno-)fossil fauna is provided by Dronov et al.
(2005).
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Along the Lynna River, a tributary to the larger Syas
River, rocks from the mid-Volkhovian (uppermost
BlIg) throughout the whole Kundan are exposed (Fig.
6; Hansen & Harper 2003; Hansen & Nielsen 2003;
Pushkin & Popov 2005; Dronov & Mikulas 2010;
Hansen 2010). In total, the strata may reach a
thickness of approximately ten meters (Volkhovian ~3
m, Kundan ~7 m). Rock color may vary on smaller
scales, but gray hues dominate the river valley.

The Lynna River section



region, northwestern Russia, with the Volkhov-Kunda
boundary indicated (photo by B. Schmitz).

Volkhovian strata consist of glauconitic lime-
stones, typically (bioclastic) wackestone and pack-
stone, intercalated with clay/marl (Dronov & Mikulas
2010; Hansen 2010; cf. regional description above).
Glauconite-rich hardgrounds are recurrent. The expo-
sed BII zone (Zheltjaki Member) is characterized by a
yellow stain, whereas the BII, zone (Frizy Member) is
the more typical gray. The latter may be subdivided
into seven informal lithostratigraphic units, in stra-
tigraphically ascending order called the 'lower unit of
intercalation', 'Sliven', 'middle unit of intercalation’',
'Gorelik', 'upper unit of intercalation', 'Podkoroba' and
'Koroba'. The boundary between the Volkhov and
Kunda stages is marked by a glauconite-impregnated
hardground, situated in a strongly glauconite-enriched
limestone interval (Fig. 7).

Kundan strata typically consist of gray, argillace-
ous limestones, ranging from mudstone to wackestone,
intercalated with clay/marl (Dronov & Mikulas 2010;
Hansen 2010). The Sillaoru Formation, however, devi-
ates from this general description. It begins with a
conspicuous, decimeter-thick clay interval, which is
subdivided into a lower red and an upper gray part. A
discontinuous, highly argillaceous limestone layer is
found in-between. Gray limestones then resume and
continue throughout the overlying strata, in which cep-
halopod conchs are common (some uncertainty exists
regarding the boundaries of the Sillaoru Formation at
the locality). Iron ooids are scarce throughout.

Sediments forming the strata at Lynna River were
deposited in a mid-carbonate ramp environment,
below fairweather wavebase (Hansen 2010). This rela-
tively deep setting resulted in a rather complete stra-
tigraphy, with only minor hiatuses, as compared to
coeval, more shallow-water, sections towards the west
(Rasmussen et al. 2009).

2.2.2 Previous studies at Lynna River

Most previous studies of the Lynna River section have
revolved around paleontologic and sedimentologic
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aspects of the rocks, typically with little bearing on the
subject of this thesis (but see e.g. Hansen & Harper
2003; Hansen 2010; Pushkin & Popov 2005; Rasmus-
sen et al. 2007; Rasmussen & Harper 2008; Rasmus-
sen et al. 2009). Korochantsev et al. (2009) performed
a limited investigation of chromite content in the
Lynna River strata. Two samples, one from the upper
Lynna Formation (~6.5 kg) and another from the
Lynna-Sillaoru formational boundary (~4 kg), yielded
notable amounts of chromite grains. Chemical anal-
yses showed that a majority of the grains were likely
of extraterrestrial, ordinary chondritic origin. The low-
er sample also contained two Ni-rich grains. Koro-
chantsev et al. (2009) suggested EC concentrations of
~0.6 and ~2.9 grains kg™ for the lower and upper sam-
ple, respectively, and noted that an increased EC con-
centration upwards through the stratigraphy is in con-
trast with EC patterns previously observed at other
localities, which typically display decline upwards,
after an initial EC 'spike'. An inverse relationship be-
tween chromite and clay content was also observed; as
chromite content increased, clay content decreased,
however, not at the same rates.

The sample levels studied by Korochantsev et al.
(2009) roughly correspond to samples Lyl and Ly4 of
this study, however, due to different sample processing
methods, results may not be directly comparable (see
below). Recalculations by this author indicate an EC
concentration of ~4.2 grains kg™ in the upper sample
of Korochantsev et al. (2009).

3 Materials and methods

3.1  Sample collection and processing
Two separate sets of bulk samples were collected in
the strata at Lynna River, leaving a ~2 m sample gap
in-between (Fig. 7). One sample set is centered around
the Volkhov-Kunda boundary, which corresponds to
the Baltoniodus norrlandicus-L. variabilis conodont
and A. lepidurus-A. expansus trilobite zone bounda-
ries, and also the Volkhov-Lynna formational bounda-
ry. The other sample set covers the succeeding L. vari-
abilis-Y. crassus conodont and A4. expansus-A. rani-
ceps trilobite zone boundaries, coinciding with the
Lynna-Sillaoru formational boundary, in the lower-
middle Kundan. Relative stratigraphic positions of
samples are easily inferred from their assigned codes;
samples from the lower set are denoted by standalone
numbers and samples from the upper set are denoted
by the prefix Ly, followed by a number, with individu-
al sample sets in numerically correct order when as-
cending through the stratigraphy. In total, seven rock
samples, with a combined weight of 89.7 kg, were
selected for analysis in this study and processed large-
ly according to methods established by Schmitz et al.
(2001).

In the laboratory, samples were weighed and there-
after carefully cleaned with regular tap water, in order
to eliminate contaminants (e.g. detrital clay/grains;



Global British | Baltoscandian |Litho-| Biozonation
Series Stage Series Series Stage |Ogy Conodonts| Trilobites
= ) S §
= E [ga| &
> S=2(e8| 8
2=| 0o ° =2
c cm|Ng| &
© =285 | =
— b7} FT| <
—] > 5
_?.___ _____________________
© 3
©
O 5 2
g _ -8 1%
> c LT 5 | §
(o) © S@T| o S
- — c - S ()
— g o) > iS] .
-— o <
T 5 Wk 5
i
o £ 5
= | D2 |0
o[ 8 B
=8 = <
N
3
5 kS 3
= S 5
> @ ] 3
© E_| 5§ | g
< |82 g | o
= |2 3 g
(o} o 3 <
> | £ i) S
3 5 3
> L <
[
Q

(m) Samples
+0.5 —
]
— g LYO
0| } Ly4
- | 1y20
] } Ly1
0.5 —
-1 ——
]
3
.
]
-1.5 -
2
]
L J
S )
—
e
_—
=] =c

Ferruginous grain

— - 31
- 30
-3
1 ] 28U
-3.5 -
D Limestone
. Clay/marl
— " | Glauconitic grains
i ——

S

Fig. 7. The sample stratigraphy at the Lynna River locality (after hand-drawn original by A. Dronov).

13




throughout the following preparation process, utmost
care was taken in order to avoid contamination). The
samples were then separately dissolved in 6 M hydro-
chloric acid and their insoluble residues manually wet-
sieved through a 32 um grate. Treatment of the resul-
ting materials in 3.8 M hydrofluoric acid followed,
producing residues with only the most resilient consti-
tuents remaining. These were again wet-sieved, divi-
ding the material into three size fractions; 32-63 um,
63-355 um and >355 pum. Excessive amounts of undis-
solved (authigenic) glauconitic grains prompted the
use of density separation techniques, employing 'LST
fastfloat' heavy liquid, for samples 28U, 30 and 31
prior to further processing.

The dried 63-355 pum fraction of each sample was
studied under an optical stereo microscope and
suspected chromite and ilmenite (sensu lato, ~FeTiO;)
grains manually extracted. In some sample residues,
abundant shiny, opaque iron-oxide and carbon-rich
grains — superficially similar to chromite — introduced
considerable difficulty to the search for relevant grains
(cf. Alwmark & Schmitz 2009b). With the exception
of sample Ly4, residues were meticulously scanned for
grains at least three times. Due to extended time nee-
ded for acid treatment, and the overwhelming size of
resulting residues, sample Ly4 was only completely
scanned for grains once. After crude homogenization,
~50% (by dry weight) of the sample residues were
then scanned a second time. Sample results were extra-
polated from these results; the number of grains found
in the second scan were multiplied by two, and added
to the number of grains found in the first scan, together
with a tentative third-scan yield, which was calculated
with the assumption of a linear decrease in grain yield
between successive scans. Subsequently, in absolute
numbers, the results for sample Ly4 may not be com-
parable to those of the other samples, however, the
chromite-ilmenite ratio should be relatively accurate.

All extracted grains were mounted onto carbon
tape and chemically analyzed with an Oxford Instru-
ments INCA X-Sight energy-dispersive spectrometer,
attached to a Hitachi S-3400N scanning electron
microscope (SEM, with 15 kV acceleration voltage,
using cobalt as a standard). Mineral types were thus
confidently identified. Identified chromite grains were
subject to additional (30-second counting live-time)
analyses, and individual grain backscatter images and
spectra were compiled and stored in a database (as a
safety-measure, in case of grain loss during subsequent
processing, with pictures permitting later superficial
studies of grains). With the exception of sample Ly4,
chromite grains were then cast in epoxy, smoothly
polished and analyzed again (80-second counting live-
time; Ly4 was exempt due to time prioritization). At
least three point analyses were performed on each
grain, in order to provide information on possible ele-
ment zonation and ensure reproducibility of results
(typically <2% major-element discrepancy between
individual point analyses).

The resulting grain data was compiled into a data-
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base, and grains kg™ values were calculated for every
identified grain type and sample. Samples and refe-
rence materials are stored at the Division of Geology,
Department of Earth and Ecosystem Sciences, Lund
University, Sweden.

In preparation for this project, an 'orthoceratite
limestone' (wackestone) sample (11.35 kg) from the L.
variabilis conodont zone (‘Arkeologen' unit; see e.g.
Schmitz et al. 2001 for stratigraphic terminology) at
the Thorsberg Quarry, Kinnekulle, southern Sweden,
was selected for processing, both for educational and
scientific purposes. The sample was retrieved in close
proximity to a fossil meteorite (Ark-025) and then
processed in order to learn the methods of chromite
extraction and analysis, and at the same time investi-
gate if proximity to a meteorite would be reflected in
the grain data (18 M hydrofluoric acid treatment pre-
vented ilmenite extraction). The sample contained
abundant chromite, amassing to a total of 171 grains.
40 of these were interpreted as EC (see below), based
on preliminary analyses. This corresponds to an EC
concentration of ~3.5 grains kg, which is similar to
previously documented highest concentrations in
roughly coeval beds at the sampling locality (see Sch-
mitz & Haggstrom 20006).

3.2 Defining characteristics of extrater-

restrial chromite grains

As already noted, ordinary chondritic chromite grains
display distinct, rather unvaried composition, which is
resistant to alteration. However, some chromite ele-
ments and compounds appear to be more susceptible
to diagenetic influence than others (Barnes 2000;
Schmitz et al. 2001; Schmitz & Héggstrom 2006).
FeO, MnO and ZnO appear to be readily interchangea-
ble during diagenesis and thus display varying concen-
trations, whereas most other identified compounds are
rather stable (TiO, noteworthily so). ZnO concentra-
tion is typically low in recent ordinary chondritic chro-
mite, and its notable presence in many relict chromite
grains may thus be explained by introduction during
diagenesis (e.g. Bunch et al. 1967; Thorslund et al.
1984; Wlotzka 2005).

In this study, extraterrestrial chromite (EC) grains
are identified according to compositional characteris-
tics as defined by Schmitz & Héggstrom (2006), with
a revised TiO, range as introduced by Cronholm &
Schmitz (2010); MgO ~1.5-4 wt%, ALO; ~5-8 wt%,
Ti0, ~1.4-3.5 wt%, V,0; ~0.6-0.9 wt%, Cr,0; ~55-60
wt%, and FeO ~25-30 wt%. The notable TiO, and
V,0; concentrations are considered to be especially
important EC indicators (e.g. Bunch et al. 1967;
Schmitz & Haggstrom 2006; Cronholm 2009). Grains
that display significant deviation from any of the
above ranges, not readily explained by 'simple' (e.g.
diagenetic) element interchange, are classified as 'other
chromium-rich spinel' (OC). This, however, does not
automatically exclude an extraterrestrial origin (cf.
Wlotzka 2005).



4 Results

4.1 Characteristics of rock samples, ac-

id-insoluble residues, and extracted

heavy mineral grains

Rock-sample characteristics fit well with the general
lithologic descriptions provided in section 2.2 above;
both sample sets are characterized by mud-, wacke-
and packstones, but glauconite is only present in the
lower sample set. The Ly4 sample level, which har-
bors a poorly consolidated, red clay/marl, containing
centimeter-sized limestone nodules, constitutes a clear
exception to these lithologies. Overall, hand samples
display varying redox conditions, as inferred by varie-
gated (grayish-reddish) color. Samples are often no-
ticeably fossiliferous, with trilobites, brachiopods and
bryozoans being dominant among macroscopic fossils.
Trace fossils (e.g. Trypanites, Bergaueria) are also
quite common (in concerned samples, glauconite
grains are clearly concentrated in burrows). All pro-
cessed samples reacted strongly to hydrochloric acid
treatment, indicating considerable CaCO; content.

Glauconitic grains, often in the form of fossil stein-
kerns, are ubiquitous in the 63-355 pum residues from
the lower sample set, whereas achromatic, transparent
siliciclastic grains (e.g. quartz) dominate in samples
Lyl and Ly20. The Ly4 and Ly5 residues are domina-
ted by golden-yellow-colored, iron-rich grains
(goethite/limonite?), again often in the form of fossil
steinkerns. In all concerned samples, fossil steinkerns
are visibly etched by acid yet often easily identifiable
at higher taxonomic levels. Biotite grains are typically
common, as are iron-oxide and amorphous coal grains
(see 3.1). Chromium-bearing non-spinel grains also
occur. Apart from the various mineral(-oid) grains,
iron-rich spherules are common in most sample resi-
dues (Fig. 8). In general, >355 um and 32-63 pum fract-
ions resemble the 63-355 um ones, however, rusty-red
aggregates (iron ooids?) occur in the >355 um fract-
ions.

The average size of extracted chromite grains is
estimated to approximately 90x70 um, with individual
axis lengths varying between approximately 40 pm
and 200 pm. As in preceding studies, most EC grains
are anhedral and angular, and display an excellent state
of preservation, indicating limited time in the sedimen-
tary system (Fig. 2; cf. e.g. Alwmark et al. 2010; Cron-
holm & Schmitz 2010. EC grains may typically be
classified as very angular to sub-angular, with a select
few being classified as sub-rounded (Pettijohn et al.
1987 sensu Tucker 2001). OC grains range from being
very angular to well-rounded, however, the small num-
ber of grains found in this study do not allow any mea-
ningful comparison between grain types. Ilmenite and
remaining silicate grains are similar in size to chro-
mite, and display varying levels of roundness, ranging
from euhedral to well-rounded. Little can be interpre-
ted from this, however, as most are notably etched by
hydrofluoric acid. Many of the better preserved quartz
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grains display a 'frosted' appearance, typical for aeo-
lian sediment (cf. Tucker 2001).

Silicate inclusions, with diameters of only a few
micrometers, occur in chromite grains (cf. Alwmark &
Schmitz 2009a). Additionally, some grains harbor ca-
vities which may be dislodged/dissolved inclusions.

No obvious signs of large impact — i.e. shocked
quartz, microtectites/-crystites — have been confidently
observed in the sample materials, however, many re-
sulting products are unlikely to be preserved in the
sedimentary record, let alone survive the acid treat-
ment used in this project. Some iron-rich spherules in
the 63-355 pum fractions resemble aerodynamically
shaped microtektites, but lack chemical signs indica-
ting an extraterrestrial origin (such as significant Ni
content).

Fig. 8. An iron-rich spherule (SEM, backscattered electron
image; sample Lyl). These spherules are abundant in some
samples. Scale bar 50 pm.

4.2 Chromite and ilmenite content in

samples
Table 1 and Fig. 9 provide an overview of the heavy
mineral content in samples.

Sample 28U (14 kg, gray mud/wackestone) yielded
three chromite grains, of which only one is interpreted
as EC. This corresponds to a concentration of 0.07 EC
grains kg™ of rock, and 0.14 OC grains kg'. Six il-
menite grains were found, corresponding to 0.43
grains kg'. The EC grain contains a notable, but high-
ly variable, amount of NiO (max. 1.96 wt% in individ-
ual analysis points).

Sample 30 (14.4 kg, gray pack/wackestone) yield-
ed only one chromite grain, which was interpreted as
EC, corresponding to 0.07 EC grains kg™ (and 0.00
OC grains kg™'). Three ilmenite grains were found,
corresponding to 0.21 grains kg™

Sample 31 (9.8 kg, gray mud/wackestone) yielded
no chromite, nor any ilmenite. Thus, concentration is



Table 1. Extraterrestrial chromite (EC), other chromium-rich spinel (OC) and ilmenite (sensu lato) in samples from Lynna River
(see Fig. 7 for stratigraphic positions of samples). See also Fig. 9.

s Sample No. EC EC grains No. OC OC grains  No. ilmenite liImenite
ample . . 1 . R ; . 4

weight (kg) grains kg grains kg grains grains kg
28U 14.0 1 0.07 2 0.14 6 0.43
30 144 1 0.07 0 0.00 3 0.21
31 9.8 0 0.00 0 0.00 0 0.00
Ly1 14.5 76 5.24 2 0.14 47 3.24
Ly20 14.5 113 7.79 2 0.14 104 717
Ly4® 10.0 84° 8.40 4° 0.40 74° 7.40
Ly5 125 124 9.92 3 0.24 393 31.44
Total 89.7 399 13 627

@ Preliminary analysis data.

® Extrapolated from 72 grains.
¢ Extrapolated from 3 grains.
9 Extrapolated from 60 grains.

effectively 0.00 grains kg™ for all identified grain
types.

The Lyl sample (14.5 kg, gray wackestone) yield-
ed 78 chromite grains, of which only two were inter-
preted as OC. This equates to ~5.24 EC grains kg™ of
rock, and ~0.14 OC grains kg™'. 47 ilmenite grains
were found, corresponding to ~3.24 grains kg™'. Three
EC grains contain notable amounts of NiO (max. 1.04
wt%), two of them in combination with enhanced
MgO concentration, at the expense of FeO.

Ly20 (14.5 kg, gray-red wacke/mudstone) yielded
a total of 115 chromite grains. All but two were inter-
preted as EC, resulting in a concentration of ~7.79 EC
grains kg, and ~0.14 OC grains kg™'. 104 ilmenite
grains were found, corresponding to ~7.17 grains kg™
Nine EC grains contain notable amounts of NiO (max.
1.26 wt%). Such grains often display enhanced MgO
or FeO concentrations, typically at the expense of one
another.

Extrapolated data (see 3.1) for Ly4 (10 kg, red
clay/marl) indicate that ~88 chromite grains may be
found in the sample (the incomplete residue scan pro-
cess yielded 72 grains). Extrapolated, preliminary
grain analyses indicate that 84 of them are EC, corre-
sponding to ~8.40 EC grains kg™, and ~0.40 OC grains
kg'. Extrapolation gives 74 ilmenite grains, corre-
sponding to ~7.40 grains kg™ (the incomplete residue
scan process yielded 60 grains). Two EC grains con-
tain notable amounts of NiO (max. 1.21 wt%). Regard-
less of extrapolation, the deviant lithology of this sam-
ple hinders direct comparison with data of other sam-
ples (moreover, only preliminary analyses were per-
formed on extracted chromite grains).

Ly5 (12.5 kg, gray-red mud/wackestone) yielded a
total of 127 chromite grains. 124 were identified as EC
grains, equivalent to ~9.92 EC grains kg™ of rock, and
~0.24 OC grains kg™'. 393 ilmenite grains were found,
corresponding to ~31.44 grains kg™'. One EC grain
contains a notable amount of NiO (max. 0.89 wt%),
and also ZnO.

In summary, the lower sample set (three samples,
total weight 38.2 kg) yielded a total of only four chro-
mite grains, of which two were interpreted as EC. This
corresponds to average concentrations of ~0.05 grains
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kg™ for both EC and OC grains. Ilmenite grains
amassed to nine grains, corresponding to an average
concentration of ~0.24 grains kg'. Excluding sample
Ly4, the upper sample set (three samples, total weight
41.5 kg) yielded 320 chromite grains, of which 313
were interpreted as EC. This corresponds to averages
of ~7.54 EC grains kg and ~0.17 OC grains kg'. In
total, 544 ilmenite grains were found, corresponding to
an average concentration of 13.11 grains kg™
(however, about two-thirds of these were found in the
Ly5 sample alone). When including Ly4 (giving a total
weight of 51.5 kg), total grain yields increase to 408
chromite grains (of which 16 were extrapolated), in-
cluding 397 EC grains, and 618 ilmenite grains (of
which 8 were extrapolated). Average concentrations
thus change to ~7.71 EC grains kg™, ~0.21 OC grains
kg', and ~12.00 ilmenite grains kg"'. A clear trend of
increasing heavy-mineral grain concentration, when
ascending stratigraphically, is seen in the upper sample
set. Several grains contain notable amounts of NiO.
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Fig. 9. Heavy mineral content in samples, expressed as
grains kg™ EC = extraterrestrial chromite; OC = other chro-
mium-rich spinel. Formations and conodont zones are indi-
cated. See also Fig. 7 and Table 1.

4.3 EC composition

Data from chemical analyses of EC grains is presented
in Table 2 and Fig. 10 (full data set in Appendix Table
1), and a comparison with grain data from various pre-
ceding chromite studies is presented in Table 3 and
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Table 2. Average chemical composition (compound wt% =+ 1 s.d.) of sediment-dispersed extraterrestrial chromite (EC) grains in
samples from Lynna River. n.d. = not detected. See also Fig. 10 and Appendix Table 1.

Sample g‘r‘;”‘:sf MgO Al,O; Tio, V,05 Cr,0, MnO FeO NiO Zno Total

28U 1 4.37:0.00  6.25:0.00  2.40:0.00  0.75:0.00  56.79:0.00  0.72:0.00  26.48:0.00  1.39:0.00 n.d. 99.14£0.00
30 1 2914000  349:0.00  255:0.00  0.66:0.00  60.87:0.00  0.69+0.00  28.22+0.00 nd. nd. 99.400.00
Ly1 76 278112  5.90+0.33  3.00£0.42  0.72:0.08  59.15:1.35 077020  25.81:2.11  0.02£0.12 114812 99.390.58
Ly20 113 2794130  6.08:049 2943042  0.74:0.09  59.33:+1.72  0.81:020  2592+224  0.04:0.13  0.89:0.88  99.52+0.61
Ly4® 88"  224+145  6.84+3.38  246:0.64 0543027  53.83:7.86  0.46:046 3043872  0.01:0.09  1.14+1.87  97.96:1.86
Ly5 124 2.73%0.81 6.06:0.36  3.05:0.42  0.75:0.09  59.52+1.28  0.79:0.21  2576£2.47  0.00£0.04  1.26+1.73  99.92+0.54

2 Preliminary analysis data.
® Extrapolated from 72 grains.

Fig. 11 (cf. Schmitz & Héggstrom 2006; Haggstrom &
Schmitz 2007; Cronholm & Schmitz 2010). Overall,
EC chemical composition is homogeneous, with little
variation within or between grains, nor between sam-
ples. Most grains conform within analytical error to
the compositional ranges for ordinary chondritic chro-
mite as defined above, however, some deviations,
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most notably in MgO concentration, have been al-
lowed, as there are clear element-exchange relation-
ships; MgO 0.93-10.98 wt%, Al,O; 3.49-7.66 wt%,
TiO; 1.27-4.07 wt%, V,03 0.45-1.02 wt%, Cr,0;
55.00-64.89 wt%, and FeO 17.98-32.11 wt%.
Averages from various studies of relict EC grains
mostly cluster together tightly in Fig. 11, however,
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compared to average compositions of chromite in re-
cent ordinary chondrite groups, a shift is consistently
seen in plots involving FeO and ZnO. Due to diagenet-
ic influence, these compounds display notable varia-
tion in concentration, and, in general, FeO appears to
be depleted, whereas ZnO is enriched, in relict EC
grains (cf. e.g. Schmitz et al. 2001). A 'tail' of increas-
ingly altered grains thus protrudes from the main clus-
ter in the ZnO-FeO plot in Fig. 10. The most striking
difference between this study and preceding studies, is
that the all-sample average Cr,0O; value is relatively
high, whereas the average FeO value is relatively low.
This indicates significant leaching of FeO throughout
time, shifting balance towards a higher Cr,O; concen-
tration. Most relict-EC averages lie close to the aver-
age composition of chromite from recent L chondrites
in the Al,03;-MgO and TiO,-V,0; plots.

Unlike other compounds, where present, NiO dis-
plays highly variable concentration within single
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grains. In general, NiO-enrichment appears to be con-
fined to the outermost parts of, and cracks in, grains,
but exceptions occur. Most of the NiO-rich grains are
notably vesicular and contain numerous cracks, and
some display a sharply defined, but discontinuous,
MgO-/FeO-/NiO-enriched rim.

4.4 OC composition

Data from chemical analyses of OC grains is presented
in Fig. 10 (full data set in Appendix Table 2). OC
provenance is not investigated in great detail, but it
may be noted that many OC grains have compositions
that almost completely fulfill the criteria for EC grain
identification, though have at least one compound
(typically Al,O5 and/or TiO,) well outside its typical
ordinary chondritic range (see Fig. 10). These grains
may be diagenetically altered EC grains, or, simply,
other extraterrestrial chromium-bearing spinel grains
(some ilmenite grains may also be extraterrestrial; cf.



Table 3. All-sample average chemical composition (compound wt% =+ 1 s.d.) of extraterrestrial chromite (EC) grains from this
study (sample Ly4 exempt), compared to average compositions determined in previous studies of relict EC and chromite from

recent ordinary chondrites. n.d. = not detected. See also Fig. 11.

Grain source

Study MgO Al,O; Tio, V,05 Cr,0; MnO FeO NiO Zno
?:“55 Ss‘iggcem'dis"ersed EC grains 277+1.08  6.04+043 2.99+043 074+009 59.36+1.48 079+0.20 2584230 002+0.13  1.09+1.37
Chromite from 13 recent H chondrites 3.40:0.18 6641041 196:0.29 065003 57.10+1.10 0.880.07  28.90:0.6 nd. 0.28+0.14
Wiotzka (2005)

Chromite from 6 recent L chondrites 252:021  590:0.19  2.67+044 070:0.06 56.10¢0.80 0.63£0.08 30.90%0.60 nd. 0.3420.06
Wiotzka (2005)

Chromite from 4 recent LL chondrites 185£0.14  552:017 340:057 067:0.10 55.80:056 0.51¢0.04 31.60:062  n.d. n.d.
Wiotzka (2005)

39 sediment-dispersed EC grains

Alwmark ot . (3010) 254:022 6.08:025 3.00£0.26 0.73%0.05 56.71:048 0.79:0.19  29.20:0.53 nd. 0.08£0.21
291 sediment-dispersed EC grains

Cronholm & Schmitz (2010) 2.88:0.88  6.00:0.36  291:04  0.71:0.08 57.84+1.14 0.80£0.26 27.40+1.84 nd. 1.09+1.12
73 sediment-dispersed EC grains

Atwmark & Schitz (2007) 1594154 574075 2.48:0.38 0.72¢0.05 57.87+1.09 1441047 26.83:1.84 0.05:0.14  2.35:2.10
274 sediment-dispersed EC grains

Heggetrom & Schmitz (2007) 2.69+1.10  6.08£0.73  2.95:0.44  0.74:0.07 56.93:1.29 0.87+0.25 28.74%1.72 nd. 0.710.84
276 sediment-dispersed EC grains 258:079  6.07:0.76  3.09:0.33  0.75:0.07 57.61#1.58 0.78£0.20 27.36£2.63 nd. 0.53+0.50
Schmitz & Haggstrém (2006)

594 EC grains from fossil meteorites 257:0.83  553:029 273:040 0.73$0.03 57.60#1.30 1.01#0.33 26.94+3.89 nd. 1.86£2.43

Schmitz et al. (2001)

Wlotzka 2005; Haggstrom & Schmitz 2007; Cronholm
& Schmitz 2010). Regardless, as very few non-EC
grains were found in this study, small changes in OC
numbers have little effect on overall statistics.

5 Discussion

5.1 The source of the sediment-

dispersed EC grains

As in preceding studies of relict EC grains, the all-
sample average composition of EC grains from this
study does not fit entirely with the average chromite
composition of either of the recent ordinary chondrite
groups. Relatively stable compounds (e.g. TiO,, V,03)
in EC grains from this study plot close to the average
of chromite from recent L chondrites, indicating that
the grains may stem from an L-chondritic source, how-
ever, as the data spread also encompasses the average
chromite composition of other ordinary chondrite
groups, one cannot exclude that such grains are at least
represented among the many grains found in this
study. Regardless, taking the multifaceted approach of
preceding studies of relict EC into account, an inter-
pretation that most EC grains in this study stem from L
chondrites is reasonable. The overall good match be-
tween the average composition of sediment-dispersed
EC grains from this study and those of other similar
studies, together with the stratigraphic/temporal co-
occurrence of an EC 'spike', indicates that the grains
share a common source. The remarkable concentration
of EC grains in the upper sample set of this study — as
of yet surpassed only by impact-related deposits — may
thus best be interpreted as a result of a temporarily
heightened influx of extraterrestrial matter, following
the disruption of the L-chondrite parent body.

The contrastingly low EC concentration in the low-
er sample set likely represents the background flux of
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EC grains, preceding the disruption event. The lack of
EC enrichment in samples 30 and 31 is at odds with
previous studies, which have consistently identified a
notable EC component in the lowermost L. variabilis
conodont (4. expansus trilobite) zone. As an increased
influx of EC must have been a global event, this aber-
ration may simply be a result of differential deposition,
accentuated by the poor time resolution inherent to
condensed sections and the somewhat arbitrary bound-
aries of biozones.

5.1.1 NiO-rich EC grains

Prior to this study, NiO-rich relict EC grains in seem-
ingly undisturbed strata had only been documented by
Korochantsev et al. (2009; Alwmark & Schmitz 2007
found NiO-enriched chromite grains in impact resurge
deposits). If NiO-enrichment is not a secondary feature
that is (as of yet) unique to the Lynna River strata, the
reason for a lack of such grains in other studies may be
their use of harsher hydrofluoric-acid treatment (18 M;
Korochantsev et al. 2009 only used HCI). Three main
scenarios come to mind for explaining the NiO, and
simultaneous MgO/FeO, enrichment in some EC
grains: 1) The enrichment is a primary feature, with
such grains reflecting 'unequilibrated' host-meteorite
conditions (of e.g. petrologic-type 3 meteorites, which,
however, often have chromite grains smaller than the
size fraction investigated herein). Grain zonation may
thus be present. 2) The grains were originally situated
in, or in contact with, the fusion crust of their host
meteorite. Sharply defined metal-rich rims may accrete
due to melting of surrounding meteorite matrix, as
friction heat is produced during descent through
Earth's atmosphere, followed by rapid cooling
(meteorite bulk composition is typically rich in all
concerned elements; cf. Ramdohr 1967b; Genge &
Grady 1999; Parashar et al. 2010). 3) The grains have
become diagenetically altered. Compounds more typi-



cal to be enriched due to diagenetic processes (most
notably, ZnO) are not particularly abundant in NiO-
rich grains, as compared to other grains, and Ni should
be rather stable in the environmental conditions pre-
sent in the sampled carbonate rocks (see Fujiwara &
Domae 2004). Further studies are needed in order to
reach any conclusions regarding this matter.

5.2 Chromite and ilmenite concentra-
tions, and their relation to the depo-

sitional environment

Close inspection of sample grain data reveals an ap-
parent covariation among identified heavy minerals
(however, the small number of samples prevents
meaningful statistical analysis; cf. Schmitz & Hégg-
strom 2006; Héaggstrom & Schmitz 2007). Such obser-
vations are not surprising, as chromite and ilmenite
should behave similarly in sedimentary systems, given
their similar density (chromite 4.8 g cm™, ilmenite 4.7
g cm™; Wenk & Bulakh 2004) and hardness (chromite
5.5, ilmenite 5-6; ibid.). Processes of winnowing and
selective transport, entailing hydrodynamic concentra-
tion and sorting, are likely to produce patterns of co-
variation among grains with similar characteristics. On
this note, the storm-dominated environment represent-
ed by the (tempestite) beds at Lynna River may be an
important factor behind the unusually high EC concen-
trations in the upper sample set, as compared to pre-
ceding studies at other localities. Studies have shown
that significant natural sorting may occur during
storms, producing more or less concentrated lag/placer
deposits, which are most likely to be preserved and
further concentrated throughout time if they are depos-
ited below fairweather wavebase (Barrie et al. 1988;
cf. 2.2). Tidal currents can enhance this process. Stur-
esson et al. (1999) noted a general increase in heavy
mineral content in Middle Ordovician strata along a
west-east transect of Baltoscandia.

Although heightened compared to background lev-
els, the EC influx during the time interval represented
by the upper sample set is likely to have been rather
stable. Thus, the successively increasing EC concen-
tration can only reflect increasing condensation — i.e.
time-averaging — towards the top of the sampled strata.
This is also indicated by a simultaneous (but not 1:1)
increase in ilmenite concentration. The increasing con-
densation may best be explained by sea-level change
and associated changes in sediment deposition. As-
signing a direction to this sea-level change, based on
heavy-mineral grain data alone, is difficult, however,
lithologic change from gray to reddish limestone, with
increasingly less argillaceous content (cf. Koro-
chantsev et al. 2009), indicates transgression through-
out most of the upper sample set, possibly with the
exception of sample Ly4, which may represent a re-
gressive event. This interpretation corroborates the
high-resolution sea-level curve presented by Rasmus-
sen et al. (2009), which was based on brachiopod as-
semblages. The time-averaging that accompanies con-

20

densation is likely to have significant impact on biodi-
versity data and generalized time estimates, based on
net-deposition rate.

The consistently low amounts of OC grains, as
compared to some studies in Sweden (see e.g. Schmitz
& Haggstrom 2006), indicates considerable distance to
sources of such grains.

In summary, rather than being 'seeded' by weather-
ing of large ordinary chondritic objects at the seafloor,
the unusually — and increasingly — high amounts of
sediment-dispersed EC grains in the upper sample set
of this study are best explained by the interplay be-
tween an enhanced influx of ordinary chondritic matter
and terrestrial-marine processes, such as hydrodynam-
ic sorting and variations in deposition rate.

6 Conclusions

The lower sample set of this study does not record any
increase in EC grains in the lowermost L. variabilis
conodont zone (4. expansus trilobite zone), as seen in
preceding studies at localities in Sweden and China
(average ~0.05 EC grains kg). This may simply re-
flect differential deposition between localities.

In contrast to the lower sample set, the upper sam-
ple set, around the L. variabilis-Y. crassus conodont
(A. expansus-A. raniceps trilobite) zone boundary,
yielded remarkably large amounts of EC grains, as of
yet outnumbered only by impact-related deposits
(average ~7.71 grains kg'). Though weathering of
unusually large meteoritic objects may have contribut-
ed substantial amounts of EC grains, the consistently
high and partly harmonizing chromite and ilmenite
numbers are more likely to reflect the combined effect
of an enhanced influx of extraterrestrial matter and
effective sediment winnowing in the relatively high-
energy depositional environment represented by the
Lynna River strata. The concentration of heavy miner-
als — in particular ilmenite — increases when ascending
stratigraphically, probably tracing sea-level rise.

Yet again, it is shown that an enhanced concentra-
tion of EC grains may be found in lower Kundan stra-
ta. This rather predictable EC presence corroborates
the prevailing view that there was an increased influx
of extraterrestrial matter, following the breakup of the
L-chondrite parent body ~470 Ma. Future studies may
determine in which stratigraphic level, and in what
manner, this EC enrichment initiates at Lynna River.
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Appendix

Appendix Table 1. Chemical composition (compound wt% =+ 1 s.d.) of sediment-dispersed extraterrestrial chromite (EC) grains
in samples from Lynna River. n.d. = not detected.

gfgi’ﬁ’g MgO AlL,O; TiO» V,0; Cr,03; MnO FeO NiO  ZnO Total
28U
#1 437 625 240 075 5679 072 2648 139  nd. 99.14
30
#1 291 349 255 066 6087 069 2822 nd  nd. 99.40
Ly1
#1 219 602 340 065 5965 077 2678 nd. 042 99.88
#2 247 585 291 075 57.08 106 2849 nd.  0.36 98.97
#3 257 647 242 074 5917 087 2479 nd.  2.90 99.93
#4 235 603 283 082 5828 081 2732 nd 167 100.10
#5 279 593 316 068 5832 096 2699 nd.  0.89 99.70
#6 272 567 324 071 5762 090 2553 nd.  2.86 99.25
#7 305 588 318 071 5818 084 2799 nd.  0.36 100.19
#8 265 585 313 076 5774 105 2449 nd.  2.36 98.03
#9 243 617 327 068 5738 079 2666 nd. 1.0 98.18
#10 267 575 313 062 5888 068 2521 nd.  1.41 98.35
#11 206 581 344 082 5996 055 2670 nd. 050 99.84
#12 769 598 323 067 5845 050 2240 nd.  nd. 98.93
#13 278 577 311 069 5813 089 2901 nd.  nd. 100.39
#14 6.94 486 199 058 5770 077 2409 074  0.90 98.56
#15 246 578 342 069 5785 092 2694 nd. 093 98.98
#16 252 631 284 081 5798 101 2816 nd. 0.5 100.13
#17 262 601 344 064 5896 072 2582 nd.  1.06 99.27
#18 285 588 325 067 5738 083 2836 nd  nd. 99.22
#19 235 601 308 068 57.09 089 2838 nd 064 99.11
#20 246 586 311 062 57.89 080 2664 nd. 217 99.56
#21 368 525 307 063 5761 078 2699 nd. 042 98.43
#22 284 603 329 076 5894 083 2511 nd.  1.68 99.49
#23 310 608 280 079 5904 084 2729 nd.  nd. 99.94
#24 270 607 309 076 6010 082 2266 nd.  2.99 99.19
#25 202 577 275 081 6121 059 2624 nd.  nd. 99.39
#26 201 624 291 066 5990 074 2697 nd. 066 100.10
#27 263 592 313 069 5934 079 2328 nd. 271 98.49
#28 265 608 301 077 5860 084 2755 nd.  0.31 99.82
#29 232 604 348 078 60.80 nd. 2333 nd. 267 99.42
#30 531 601 331 077 6001 113 2152 nd. 1.8 99.35
#31 246 569 318 067 5912 095 2709 nd.  0.34 99.50
#32 276 600 331 073 57.86 085 2718 nd. 072 99.40
#33 221 600 316 083 5939 078 2567 nd.  1.09 99.13
#34 192 647 308 082 6011 074 2527 nd. 079 99.22
#35 254 590 333 077 5922 074 2714 nd.  nd. 99.63
#36 321 585 299 081 5929 090 2641 nd. 042 99.88
#37 234 650 302 067 6007 078 2459 nd.  2.06 100.05
#38 147 542 265 055 57.86 nd. 3159 nd. 042 99.97
#39 215 631 175 072 6125 086 2179 nd. 377 98.60
#40 309 619 350 068 5943 088 2591 nd. 028 99.96
#41 292 613 323 085 6024 077 2456 nd.  nd. 98.70

25



Ly20

#42
#43
#44
#45
#46
#47
#48
#49
#50
#51
#52
#53
#54
#55
#56
#57
#58
#59
#60
#61
#62
#63
#64
#65
#66
#67
#68
#69
#70
#71
#72
#73
#74
#75
#76

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18

2.40
2.54
2.09
2.30
2.43
1.65
1.43
4.14
2.4
2.13
2.48
2.46
2.41
2.12
1.86
3.63
6.58
2.67
5.97
1.59
2.66
2.93
2.32
3.72
3.22
2.05
2.33
2.94
2.95
2.1
2.42
1.73
2.81
2.89
2.22

2.96
2.9
2.79
2.81
3.36
1.63
2.60
217
2.84
2.04
3.10
2.51
1.70
2.89
2.26
2.85
2.03
2.43

6.41
6.03
5.99
6.29
6.01
6.31
5.94
6.10
5.18
6.35
6.20
5.99
6.19
5.93
6.24
6.69
5.96
6.24
5.87
6.18
6.43
5.72
5.70
5.86
5.94
6.60
6.08
5.37
6.33
5.54
5.48
6.46
5.94
6.50
5.66

5.96
5.88
6.35
6.11
5.95
5.96
3.61
6.33
6.25
6.59
6.00
6.17
7.66
5.90
5.95
6.54
6.66
4.76

2.88
3.24
3.02
3.16
3.17
3.47
3.24
2.08
2.32
3.07
2.98
2.78
3.32
2.98
3.59
2.50
2.35
3.34
3.10
2.88
3.32
3.25
3.29
2.29
2.59
1.42
3.05
3.31
2.23
3.28
3.03
3.55
2.30
2.55
3.20

2.97
3.24
2.78
3.63
3.1
3.34
2.08
2.85
3.16
3.07
3.34
3.07
2.27
2.99
2.85
2.27
3.23
3.00

0.68
0.62
0.64
0.63
0.66
0.86
0.65
0.59
0.78
0.84
0.75
0.70
0.73
0.83
0.82
0.77
0.68
0.77
0.67
0.69
0.84
0.65
0.64
0.60
0.70
0.77
0.72
0.72
0.77
0.66
0.73
0.67
0.95
0.98
0.70

0.68
0.67
0.78
0.80
0.68
0.83
0.61
0.79
0.71
0.78
0.60
0.66
0.83
0.73
0.58
0.77
0.75
0.72

57.74
58.44
58.64
59.17
58.25
61.24
60.34
61.70
61.95
60.72
590.47
56.79
590.34
59.06
62.62
58.77
58.47
58.83
58.26
60.66
57.96
57.88
61.19
57.61
59.33
61.32
56.92
58.44
62.23
58.69
58.91
60.33
61.02
60.38
60.01

57.92
59.09
57.40
59.69
58.52
62.57
58.29
58.40
59.04
60.38
56.77
57.53
55.00
57.75
57.45
57.69
60.06
61.77
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0.85
0.64
0.76
0.87
0.88
0.61
0.56
n.d.
0.81
0.62
0.88
0.90
0.75
0.73
0.59
0.99
0.80
0.61
0.66
0.56
0.75
0.87
0.77
0.79
0.72
0.80
0.83
0.60
0.77
0.89
0.92
0.49
0.92
0.89
0.87

1.02
0.91
1.01
0.77
0.88
0.96
0.72
0.78
0.80
0.80
0.95
0.89
0.42
0.80
0.91
0.96
0.64
0.95

29.04
26.83
28.60
24.59
25.37
24.03
26.58
24.98
25.45
25.55
23.80
28.49
24.89
27.62
22.05
25.61
23.36
25.73
24.21
26.67
25.65
27.29
24.79
27.90
26.20
19.59
28.93
27.08
22.06
27.65
24.88
25.16
24.79
21.15
26.21

27.56
26.41
25.74
25.00
25.86
21.43
31.18
27.90
26.76
25.08
27.31
27.78
32.11
26.76
28.29
27.26
22.47
27.08

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.59
n.d.
n.d.
n.d.
0.53
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
0.57
n.d.
2.77
2.54
0.43
n.d.
0.41
0.49
0.78
2.48
0.60
1.08
0.37
2.84
1.15
n.d.
0.86
n.d.
0.36
0.93
0.78
1.47
0.36
0.52
6.82
0.62
0.68
2.05
0.54
3.21
0.29
1.47
5.37
0.44

0.50
0.38
217
0.52
0.24
3.53
n.d.
0.53
0.22
0.42
0.53
0.18
n.d.
1.42
0.41
0.55
2.81
n.d.

100.01
98.92
99.74
99.77
99.31
98.60
98.75

100.00°
99.38

100.05
99.06
98.71
99.31
99.64

100.60

100.11
98.73
99.06
98.74
99.58
98.53
99.37

100.17
99.13
99.22
99.37
99.48
99.14
99.39
99.36
99.59
98.69

100.20

100.71
99.31

99.57
99.48
99.02
99.33
98.60
100.25
99.09
99.75
99.77
99.16
98.60
98.78
100.00°
99.23
98.70
98.90
98.64
100.71



#19
#20
#21
#22
#23
#24
#25
#26
#27
#28
#29
#30
#31
#32
#33
#34
#35
#36
#37
#38
#39
#40
#41
#42
#43
#44
#45
#46
#47
#48
#49
#50
#51
#52
#53
#54
#55
#56
#57
#58
#59
#60
#61
#62
#63
#64
#65
#66
#67
#68
#69
#70
#71
#72
#73
#74

2.90
3.17
2.43
2.95
3.85
3.85
2.19
2.60
3.65
2.89
1.59
1.41
1.93
2.10
1.79
1.88
1.41
1.98
2.22
2.46
2.94
2.73
2.74
2.10
1.69
2.38
2.40
6.29
2.39
3.72
2.58
3.08
2.32
2.34
2.31
1.49
2.4
2.42
2.60
2.13
1.67
2.52
2.97
2.60
1.81
2.73
2.74
3.78
2.67
2.23
2.4
2.32
2.35
2.32
2.15
2.83

5.92
5.76
7.13
6.24
5.64
6.08
5.96
5.89
6.12
5.71
6.27
6.70
5.68
6.64
6.11
6.38
5.44
5.90
6.27
6.04
6.10
6.75
6.44
6.21
6.39
6.34
6.29
5.14
6.20
6.27
6.08
6.00
6.28
6.75
6.04
7.03
5.91
5.99
5.86
6.13
5.61
6.01
6.00
5.98
6.76
6.02
6.08
5.24
6.17
6.28
5.89
6.47
5.91
6.06
5.87
6.01

2.9
3.09
3.15
3.35
3.08
3.02
3.28
3.22
2.97
3.12
2.9
3.22
1.98
3.19
3.28
3.34
2.05
3.39
2.85
3.40
1.55
2.27
3.77
3.25
3.24
2.97
3.01
2.56
2.98
3.38
3.24
2.63
2.96
2.14
3.17
2.93
3.45
3.03
3.23
2.1
2.75
3.02
3.17
3.08
2.70
2.49
3.24
2.55
3.31
3.22
3.37
2.18
3.05
3.26
2.92
2.76

0.65
0.77
0.82
0.73
0.80
0.64
0.83
0.71
0.83
0.60
0.87
0.80
1.02
0.74
0.67
0.71
1.02
0.74
0.75
0.82
0.55
0.69
0.80
0.70
0.64
0.74
0.82
0.65
0.71
0.76
0.61
0.68
0.74
0.80
0.69
0.82
0.76
0.80
0.69
0.95
0.71
0.67
0.79
0.71
0.73
0.68
0.61
0.72
0.72
0.80
0.79
0.73
0.73
0.70
0.72
0.76

58.77
57.74
59.07
56.98
61.70
59.18
59.33
58.93
59.47
57.98
62.98
63.54
64.10
62.66
62.31
61.28
64.89
60.30
59.26
61.33
61.00
61.13
61.35
59.48
61.02
60.21
58.57
60.06
58.08
59.66
58.73
59.25
59.69
60.48
59.46
62.53
59.55
58.12
58.32
60.13
59.96
57.18
58.73
57.04
61.92
58.00
58.03
59.72
58.92
58.18
58.82
60.28
58.68
57.97
57.13
57.66

27

0.81
0.74
0.86
0.97
0.76
0.82
0.68
0.83
0.92
0.81
0.67
0.63
1.15
0.92
0.73
0.71
0.75
0.66
0.91
0.74
0.96
1.03
0.90
0.72
0.49
0.79
0.98
0.53
0.97
0.66
0.97
0.75
0.84
0.94
0.88
n.d.
0.77
0.84
0.87
0.97
0.76
1.04
0.76
0.72
0.84
0.91
1.00
0.73
0.74
0.85
0.82
0.91
0.78
0.77
0.72
1.08

26.70
27.66
25.07
27.41
22.52
25.06
27.03
26.87
24.34
27.07
25.02
23.54
20.89
21.19
2511
22.36
23.14
26.95
27.05
23.52
27.01
2410
21.56
26.97
26.24
26.91
24.06
24.93
26.07
2412
25.85
26.37
26.10
21.56
25.53
23.44
25.98
26.11
27.67
26.40
28.57
28.03
25.09
28.75
21.92
27.87
25.22
25.92
25.57
26.67
25.78
2413
26.85
27.95
29.20
27.06

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.26
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.37
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.43
1.03
0.82
0.46
1.33
0.27
0.22
0.45
0.55
0.55
0.38
0.40
2.93
3.03
0.32
3.41
0.74
0.38
0.64
1.16
0.63
1.36
1.43
0.61
0.28
0.17
2.82
0.41
2.55
0.64
1.09
0.62
0.64
4.02
0.33
0.98
0.23
1.75
0.48
0.72
0.16
0.66
0.53
0.45
3.60
0.50
1.61
n.d.
0.48
0.89
0.75
1.85
0.44
0.35
0.45
1.08

99.08
99.98
99.35
99.09
99.68
98.92
99.53
99.50
98.84
98.72
100.69
100.24
99.66
100.48
100.32
100.07
99.44
100.29
99.94
99.47
101.01
100.06
99.00
100.03
99.97
100.52
98.94
100.57
99.94
99.22
99.14
99.75
99.57
99.04
98.41
99.21
99.06
99.06
99.71
99.54
100.19
99.12
98.05
99.32
100.28
99.20
98.53
98.65
98.59
99.12
98.63
98.86
98.79
99.39
99.15
99.24



#75
#76
#77
#78
#79
#80
#81
#82
#83
#84
#85
#86
#87
#88
#89
#90
#91
#92
#93
#94
#95
#96
#97
#98
#99
#100
#101
#102
#103
#104
#105
#106
#107
#108
#109
#110
#111
#112
#113

Ly4 (preliminary analyses)

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14

3.27
2.48
2.7
2.56
2.63
2.88
5.87
4.84
2.98
10.98
7.09
8.78
3.09
3.04
2.93
2.55
2.17
3.22
2.01
2.48
2.4
2.72
2.72
2.98
2.53
2.62
1.40
2.63
5.07
2.29
2.32
2.74
2.79
2.53
2.60
1.91
2.18
1.89
1.77

1.47
1.38
2.64
2.44
1.59
2.9
1.01
2.42
2.86
1.01
2.94
1.25
1.92
4.07

6.23
6.06
6.10
5.90
6.39
5.78
6.33
5.83
5.76
5.19
5.45
4.70
6.12
5.17
5.74
6.48
6.26
6.30
6.22
6.10
6.46
5.90
5.58
6.19
6.22
5.87
6.06
6.34
6.08
5.93
6.34
5.82
6.33
6.06
6.28
7.09
5.86
6.57
6.83

8.24
6.47
6.00
6.49
7.88
5.40
4.98
7.89
8.31
5.93
5.86
7.58
4.72
9.75

2.86
3.05
2.9
3.25
2.30
3.24
2.96
2.48
2.51
1.92
2.67
1.96
2.16
2.57
2.96
2.44
3.27
3.14
3.78
3.13
2.80
3.1
2.96
3.12
3.07
3.21
2.51
3.46
3.14
3.55
2.97
3.18
3.1
3.09
2.78
3.23
2.84
3.28
2.34

3.63
2.54
2.46
3.49
2.78
1.97
1.56
3.17
212
2.29
1.11
3.46
2.06
2.30

0.74
0.72
0.78
0.62
0.73
0.74
0.68
0.70
0.65
0.66
0.55
0.64
0.73
0.71
0.82
0.81
0.78
0.74
0.89
0.71
0.75
0.77
0.76
0.79
0.75
0.71
0.52
0.82
0.71
0.63
0.65
0.76
0.71
0.73
0.89
0.97
0.92
0.79
0.93

0.81
0.82
0.95
0.89
0.88
0.46
0.44
0.82
0.84
0.71
0.92
0.87
n.d.
n.d.

57.54
58.45
58.26
58.02
58.15
58.50
60.07
59.55
58.12
59.69
58.84
57.57
57.50
59.53
57.73
57.74
59.41
59.37
61.24
57.15
58.74
56.82
56.94
57.74
59.86
59.00
58.88
58.89
59.57
60.10
59.95
59.70
59.82
59.10
62.53
62.17
57.33
60.79
61.46

65.53
51.23
61.96
62.78
63.57
48.95
33.50
58.46
60.64
46.37
61.64
63.49
48.87
58.64
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0.74
1.04
0.89
0.91
1.15
0.96
0.71
0.78
0.73
0.69
0.92
0.54
0.95
1.02
1.01
1.14
0.77
1.27
0.49
0.77
0.70
0.99
0.93
0.98
0.79
0.74
0.74
0.77
0.79
0.64
0.73
0.89
0.85
0.77
n.d.
0.64
0.74
n.d.
0.54

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
1.13
n.d.
0.74
1.36
n.d.
n.d.
1.02

28.10
24.94
26.30
27.57
27.20
26.81
21.50
23.54
27.49
19.49
22.36
24.23
28.49
27.27
27.15
27.25
26.89
22.66
25.08
28.58
27.76
28.26
29.01
26.87
26.19
27.98
29.89
26.85
24.85
26.14
26.09
24.48
26.28
28.16
23.48
23.21
30.19
23.79
24.26

18.82
37.14
23.08
20.03
21.33
38.30
52.77
23.45
19.03
38.78
18.22
21.46
38.57
21.56

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.36
0.39
0.45
0.77
0.52
0.70
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.32
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.34
2.79
1.62
0.70
0.64
0.44
0.52
0.74
0.36
0.20
0.46
0.61
0.66
0.67
0.75
0.93
0.53
3.55
0.22
0.65
0.29
0.48
0.49
1.33
0.54
0.56
n.d.
0.62
0.29
0.26
0.53
2.07
0.40
0.37
0.61
0.99
0.43
1.75
1.60

n.d.
n.d.
0.21
1.03
1.96
n.d.
0.93
1.78
5.51
n.d.
8.89
n.d.
0.05
1.13

99.82
99.53
99.56
99.53
99.18
99.35
99.00
98.85
99.05
99.57
98.86
99.72
99.70
99.99
99.10
99.34
100.08
100.24
99.93
99.58
99.90
99.05
99.38
99.99
99.95
100.70
100.00°
100.38
100.52
99.53
99.58
99.64
100.29
100.83
99.48
100.21
100.48
98.87
99.73

98.49
99.58
97.31
97.15
99.99
98.00
95.20
99.13
99.31
95.83
100.94
97.94
96.19
98.47



#15
#16
#17
#18
#19
#20
#21
#22
#23
#24
#25
#26
#27
#28
#29
#30
#31
#32
#33
#34
#35
#36
#37
#38
#39
#40
#41
#42
#43
#44
#45
#46
#47
#48
#49
#50
#51
#52
#53
#54
#55
#56
#57
#58
#59
#60
#61
#62
#63
#64
#65
#66
#67
#68
#69

1.17
1.58
1.90
1.49
1.39
1.52
3.68
3.73
1.88
4.74
2.67
2.48
1.36
1.93
1.56
1.63
2.22
2.06
1.45
2.04
1.13
3.29
1.37
1.79
2.60
1.44
1.20
2.59
2.39
6.10
1.43
2.59
2.68
1.45
2.34
1.38
1.80
3.56
1.70
2.30
1.88
11.59
2.13
2.26
2.85
1.42
1.69
1.58
1.87
1.15
1.48
1.75
1.68
1.89
0.49

4.58
6.47
8.63
7.35
4.96
5.68
5.61
7.69
5.15
5.32
7.73
6.78
5.39
4.70
7.06
6.81
5.20
7.03
5.55
5.23
4.83
5.54
5.13
4.98
5.39
5.60
5.71
6.52
8.12
32.24
6.30
7.55
8.32
5.94
7.26
5.52
6.01
5.58
7.04
8.29
7.03
3.72
5.37
6.83
8.30
5.31
5.24
6.04
5.14
6.77
6.33
7.79
6.11
6.29
4.41

3.47
2.34
3.16
1.94
1.93
1.97
2.57
2.84
1.66
2.33
2.21
2.87
2.32
2.05
2.63
1.54
1.87
3.47
2.14
2.05
2.59
2.53
2.89
1.90
1.75
2.95
2.15
2.19
2.60
0.62
3.27
3.12
2.9
2.39
2.79
1.89
3.50
2.82
3.24
1.72
2.97
1.49
2.14
3.77
1.79
2.18
2.26
3.76
3.25
3.07
2.46
1.78
2.29
2.26
2.18

n.d.
0.61
0.64
n.d.
n.d.
0.48
0.69
0.64
0.57
0.78
n.d.
0.66
0.63
0.64
0.80
0.56
0.55
0.76
0.61
0.40
0.57
0.44
0.56
0.36
0.57
0.69
0.51
0.84
0.68
0.26
0.69
0.84
0.59
0.48
0.51
0.40
0.71
0.65
0.70
0.69
0.45
0.47
0.33
0.68
0.46
0.46
0.51
0.83
0.60
0.96
n.d.
n.d.
0.64
n.d.
0.52

62.98
51.21
57.68
43.52
47.24
47.17
59.99
54.35
51.43
57.77
54.01
58.62
57.88
59.01
60.05
53.01
53.60
61.59
49.32
51.23
56.92
52.78
57.16
47.55
57.04
60.95
45.38
58.11
58.88
23.94
57.78
59.61
58.99
40.05
47.09
51.96
61.69
60.30
58.84
55.01
46.24
63.77
54.03
62.76
60.42
43.49
52.07
57.55
50.00
58.51
52.26
39.20
54.71
49.78
46.00
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n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.87
n.d.
n.d.
n.d.
0.82
1.00
0.89
0.86
0.82
n.d.
0.80
n.d.
0.68
0.63
0.97
0.76
0.84
0.90
0.43
0.62
n.d.
0.65
0.78
1.23
n.d.
0.83
0.81
1.04
0.80
n.d.
1.19
0.97
0.89
0.72
0.80
1.14
0.68
0.75
n.d.
n.d.
0.62
n.d.
0.72
n.d.
1.46
n.d.

21.29
35.04
2543
44.54
40.68
39.32
25.89
28.69
37.48
29.18
32.82
18.00
21.70
28.47
21.73
34.60
30.34
25.53
39.36
35.72
32.20
35.20
27.19
38.09
30.48
24.27
40.02
27.78
20.15
35.38
27.32
19.22
20.12
45.78
35.61
36.65
21.95
24.38
26.05
17.44
39.83
17.62
28.16
20.49
24.44
41.28
33.85
27.21
38.15
27.83
36.89
46.36
31.64
37.51
37.01

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.42
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.64
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

1.66
0.84
n.d.
0.32
n.d.
0.60
0.96
0.62
0.78
n.d.
n.d.
713
7.24
n.d.
2.18
0.33
1.38
0.42
0.30
0.65
0.66
0.37
0.64
0.39
0.25
0.98
0.37
n.d.
2.41
0.31
0.52
5.04
3.92
0.48
n.d.
0.73
1.55
0.15
0.29
6.66
0.17
1.13
0.34
1.74
0.93
0.42
0.17
2.20
0.33
0.08
0.04
0.37
0.44
0.37
1.08

95.14
98.10
97.43
99.18
96.20
96.73
99.39
98.57
98.94
100.99
99.44
96.54
96.52
97.61
97.01
99.36
96.45
101.68
98.73
98.12
98.90
100.83
95.56
96.04
98.86
97.73
96.25
98.45
95.85
98.84
97.95
98.75
98.78
96.57
96.43
99.34
98.25
98.24
97.86
93.30
99.54
100.69
93.20
99.33
100.33
95.23
96.55
99.17
99.98
98.98
99.46
97.97
97.49
99.57
91.71



Ly5

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
#17
#18
#19
#20
#21
#22
#23
#24
#25
#26
#27
#28
#29
#30
#31
#32
#33
#34
#35
#36
#37
#38
#39
#40
#41
#42
#43
#44
#45
#46
#4717
#48
#49
#50
#51
#52
#53
#54
#55

2.66
4.18
2.18
3.19
4.16
2.72
3.31
2.75
2.53
2.51
2.46
2.02
2.01
3.47
2.19
3.35
1.91
2.27
1.97
2.74
1.92
3.71
3.57
2.03
2.51
2.06
2.66
2.92
2.79
2.49
2.56
1.81
2.85
2.94
2.72
2.74
2.58
3.72
5.48
3.01
2.58
2.63
3.36
2.44
3.34
2.77
2.93
2.76
2.75
2.53
2.18
2.81
2.30
2.15
2.66

5.94
5.09
5.98
6.26
5.80
6.31
6.63
6.38
6.39
6.21
5.77
6.64
5.65
5.79
6.14
5.33
6.43
6.06
6.54
6.18
5.85
6.08
6.03
6.28
6.30
5.89
6.37
6.02
6.30
5.90
6.16
4.73
6.29
5.91
6.02
6.01
5.88
5.67
6.34
6.21
6.53
6.03
6.19
6.22
5.86
6.04
6.17
6.33
6.06
6.30
6.46
6.39
5.87
5.89
6.18

3.24
1.76
3.48
3.17
3.38
3.1
2.01
3.25
3.83
2.08
3.35
3.50
3.05
3.45
3.16
3.19
3.05
3.01
3.57
3.33
3.34
3.20
3.31
3.27
2.94
3.01
3.42
3.29
3.05
3.07
3.10
2.67
3.47
3.01
2.05
3.30
3.27
3.19
2.89
3.26
2.1
3.17
3.21
3.40
2.35
3.30
3.22
3.02
3.37
3.50
2.93
2.88
3.56
3.04
2.60

0.68
0.45
0.76
0.77
0.56
0.67
0.81
0.72
0.61
0.74
0.77
0.78
0.68
0.83
0.72
0.75
0.73
0.56
0.80
0.77
0.68
0.83
0.71
0.81
0.76
0.70
0.75
0.75
0.81
0.73
0.75
0.86
0.77
0.78
0.75
0.73
0.71
0.75
0.67
0.69
0.84
0.62
0.70
0.76
0.84
0.83
0.76
0.85
0.77
0.77
0.85
0.83
0.68
0.68
0.86

59.43
590.77
58.75
59.19
58.53
59.87
58.62
60.03
60.81
61.22
59.63
60.69
59.44
60.96
59.75
59.90
60.00
56.13
62.49
59.46
59.51
59.78
58.32
60.26
59.76
59.77
59.81
58.67
59.18
58.74
58.17
61.82
60.43
59.00
61.55
59.28
59.92
58.43
59.83
58.38
58.82
590.34
58.67
60.67
61.53
58.60
58.12
59.32
59.07
60.81
60.55
59.93
60.08
60.50
59.31
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0.78
0.77
0.78
0.99
0.76
0.78
0.77
1.08
0.67
0.78
0.82
n.d.
0.85
0.71
0.61
0.63
0.74
0.70
0.82
0.68
0.72
0.66
0.88
0.68
0.76
0.56
0.82
0.96
0.87
0.65
0.99
1.00
0.67
0.83
1.18
0.88
0.59
0.86
0.61
0.95
0.82
0.84
0.69
0.75
0.94
0.93
1.17
0.84
0.83
0.71
0.79
0.85
0.77
0.93
0.86

26.04
26.51
27.84
24.94
2712
22.00
27.54
21.63
24.98
23.61
27.55
25.96
27.39
23.53
27.27
26.83
26.72
31.40
23.24
26.60
27.63
25.13
27.31
25.57
23.75
26.95
21.95
27.64
23.75
28.64
28.92
21.36
25.09
28.06
21.1
25.06
27.24
26.03
23.07
26.39
27.47
26.84
2711
23.60
20.16
24.99
24.93
23.56
22.31
25.67
25.38
21.86
24.64
26.57
2713

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
0.48
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.85
0.28
0.41
2.12
n.d.
4.29
0.77
4.03
0.46
3.08
n.d.
0.66
0.99
0.88
n.d.
n.d.
0.32
0.27
n.d.
0.49
0.52
0.23
0.15
0.56
2.59
0.33
4.42
0.54
2.41
n.d.
0.35
4.94
0.31
n.d.
4.69
1.82
0.47
0.51
0.80
1.35
0.30
0.46
n.d.
1.19
5.60
2.06
3.30
3.80
4.07
n.d.
0.48
4.63
2.02
0.46
0.53

99.62
98.80
100.16
100.62
100.31
99.77
100.47
100.35
100.28
100.22
100.35
100.25
100.08
99.61
99.84
99.98
99.87
100.41
99.44
100.25
100.17
99.62
100.29
99.45
99.38
99.27
100.21
100.80
99.16
100.22
101.00
99.19
99.88
100.54
100.06
99.82
100.67
99.16
99.68
100.24
99.47
99.95
99.93
99.04
100.62
99.52
100.60
100.48
99.23
100.29
99.63
100.16
99.92
100.22
100.13



#56
#57
#58
#59
#60
#61
#62
#63
#64
#65
#66
#67
#68
#69
#70
#71
#72
#73
#74
#75
#76
#17
#78
#79
#80
#81
#82
#83
#84
#85
#86
#87
#88
#89
#90
#91
#92
#93
#94
#95
#96
#97
#98
#99
#100
#101
#102
#103
#104
#105
#106
#107
#108
#109
#110
#111

3.20
3.14
3.00
5.65
4.94
2.02
2.84
2.53
2.90
242
2.70
0.93
1.34
2.23
2.16
1.49
2.30
1.68
2.66
2.24
2.37
2.15
1.36
1.54
4.98
3.1
3.05
2.54
2.70
2.26
3.36
212
2.23
3.27
3.20
2.27
2.46
2.22
2.44
217
2.81
1.88
2.73
277
2.43
2.80
2.71
2.46
2.48
3.33
2.90
2.29
2.09
2.69
2.50
2.30

5.83
6.10
5.93
5.72
6.01
6.05
6.08
6.25
6.22
6.11
5.67
6.29
5.19
6.50
6.11
5.50
5.73
7.19
6.47
6.11
6.41
5.91
7.63
6.40
5.78
5.89
6.02
5.92
5.88
5.97
5.88
6.32
5.74
5.87
5.70
5.81
5.84
6.22
6.15
6.48
5.78
5.94
6.21
5.77
5.94
5.54
6.21
5.89
5.95
6.37
5.90
5.73
6.37
6.40
6.01
5.92

2.83
3.31
2.96
2.9
3.95
3.30
3.26
3.21
2.73
3.08
3.30
2.45
2.85
2.92
3.13
2.16
2.62
2.77
2.94
3.46
3.34
3.01
4.07
3.30
2.86
3.21
3.26
2.98
3.56
2.72
3.57
3.01
3.27
2.7
3.04
3.36
3.20
3.12
2.93
2.40
3.18
3.42
2.55
2.92
3.07
3.31
2.81
3.07
3.02
2.98
3.23
2.71
2.74
1.98
3.13
3.22

0.76
0.75
0.65
0.71
0.80
0.82
0.67
0.89
0.90
0.67
0.63
0.89
0.66
0.69
0.81
0.95
0.95
0.86
0.84
0.75
0.78
0.67
0.73
0.73
0.65
0.78
0.66
0.68
0.75
0.81
0.71
0.78
0.75
0.74
0.59
0.61
0.68
0.74
0.78
0.82
0.67
0.77
0.77
0.79
0.79
0.64
0.96
0.90
0.72
0.84
0.69
0.89
0.88
0.75
0.77
0.71

58.22
58.65
57.61
58.86
57.95
59.67
59.66
59.69
59.07
58.92
57.95
62.38
60.57
59.59
59.82
61.05
61.16
62.24
60.48
61.96
61.95
58.81
64.93
62.20
58.07
58.66
59.88
58.39
59.25
59.26
59.96
58.77
59.86
58.23
58.11
57.65
58.57
59.45
57.53
60.01
57.69
60.71
57.85
57.58
58.98
59.20
59.96
59.01
57.62
58.90
58.94
58.25
59.52
59.61
59.50
59.47
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0.88
0.78
0.81
0.87
0.77
0.57
0.82
1.23
0.85
1.12
0.79
n.d.
0.67
0.80
0.68
0.83
1.04
0.62
0.91
0.78
0.96
0.88
0.60
n.d.
0.81
0.96
1.01
0.80
0.72
0.79
0.69
0.63
0.76
1.01
0.92
0.95
n.d.
0.77
0.85
0.69
0.83
n.d.
1.12
0.94
0.77
0.80
0.77
0.72
0.88
0.60
0.64
0.95
1.02
1.07
0.75
0.81

26.91
26.83
28.24
24.82
24.81
27.56
24.81
21.07
26.53
18.28
28.61
26.68
27.64
27.73
25.76
27.22
25.92
24.60
23.41
23.82
22.74
28.94
20.98
24.55
25.64
27.26
23.08
28.83
26.90
27.97
26.80
27.97
27.30
26.52
26.55
27.80
28.17
26.81
27.22
25.00
28.48
25.74
28.67
27.52
2713
24.42
2211
27.19
28.88
25.66
28.03
27.96
27.28
18.04
26.27
26.34

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.85
0.47
n.d.
0.25
0.22
n.d.
1.65
4,71
0.77
8.40
0.65
n.d.
n.d.
0.36
1.44
0.30
0.66
n.d.
2.89
0.80
1.35
n.d.
0.32
0.16
n.d.
0.67
2.80
0.62
n.d.
0.67
n.d.
0.05
n.d.
0.37
1.02
0.52
0.36
0.69
212
1.85
n.d.
0.49
0.86
1.16
1.49
2.48
4.17
0.61
0.47
0.33
0.51
0.94
0.43
9.15
0.65
1.45

99.47
100.02
99.20
99.80
99.44
100.00
99.79
99.57
99.96
99.01
100.30
99.61
98.93
100.82
99.90
99.50
100.39
99.96
100.60
99.91
99.90
100.38
100.63
98.88
98.80
100.54
99.77
100.76
99.75
100.45
100.98
99.65
99.91
98.72
99.12
98.97
99.29
100.02
100.02
99.41
99.45
98.94
100.76
99.45
100.60
99.18
99.71
99.85
100.03
99.01
100.84
99.73
100.33
99.69
99.58
100.22



#112 2.77 6.21 2.57 0.76 59.73 1.06 26.56 n.d. 0.83 100.49
#113 2.58 5.88 3.19 0.65 59.43 0.92 25.99 n.d. 1.70 100.33
#114 2.38 6.26 1.27 0.88 62.23 1.11 17.98 n.d. 7.31 99.42
#115 3.15 6.72 2.53 0.79 57.93 0.83 27.86 n.d. 0.19 99.99
#116 2.29 6.14 3.41 0.79 60.27 0.66 27.25 n.d. 0.20 101.00
#117 3.07 5.61 2.62 0.62 58.76 0.70 28.76 n.d. 0.29 100.43
#118 2.84 5.93 2.93 0.59 57.95 0.75 29.40 n.d. n.d. 100.40
#119 4.83 5.26 3.67 0.84 58.47 0.80 26.13 n.d. 0.56 100.56
#120 2.24 5.68 3.08 0.69 58.00 0.82 28.80 n.d. 0.78 100.08
#121 5.06 6.16 3.05 0.73 58.71 0.70 25.40 n.d. n.d. 99.80
#122 2.04 6.05 3.58 0.82 59.84 0.64 26.80 n.d. 0.40 100.17
#123 2.74 6.12 3.43 0.78 59.89 0.86 21.89 n.d. 412 99.83
#124 5.84 6.47 2.79 0.73 60.69 0.74 21.46 n.d. 0.88 99.61

@ Grain lost during sample handling. Normalized to 100.00% from preliminary analysis result of 97.04%.

® Grain lost during polishing. Normalized to 100.00% from preliminary analysis result of 96.97%.
°Grain lost during polishing. Normalized to 100.00% from preliminary analysis result of 97.55%.

Appendix Table 2. Chemical composition (compound wt% + 1 s.d.) of sediment-dispersed other chromium-rich spinel (OC)
grains in samples from Lynna River. n.d. = not detected.

g";’;’i’ﬁ’; MgO ALO; TiO, V.03 Cr,0; MnO FeO NiO  ZnO Total

28U

#1 1013 17.84 095 051 5093 056 19.04 nd. n.d. 99.96

#2 358 878 088 052 5928 nd. 2672 nd. n.d. 99.76
Ly1

#1 213 389 38 023 1031 nd.  76.1 n.d. n.d. 96.53

#2 8.92 3224 065 034 2566 nd. 31.06 nd. 047 99.32
Ly20

#1 6.04 2053 nd. 024 4996 nd. 2246 nd. n.d. 99.22

#2 1124 3542 037 nd. 3061 041 2068 nd. n.d. 98.74
Ly4 (preliminary analyses)

#1 409 1287 286 nd. 5373 066 2340 nd. n.d. 97.61

#2 203 719 229 078 3313 nd. 5439 nd. n.d. 99.75

#3 198 1125 247 nd. 5075 nd. 3159 nd. n.d. 98.04
Ly5

#1 1195 2412 065 nd. 4296 nd. 2084 nd. n.d. 100.54

#2 303 796 034 094 61.06 077 2310 nd. 273 99.92

#3 9.86 2725 088 030 37.87 052 2254 nd. n.d. 99.23
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