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The recently published Lethaia paper by Bergstr€om et al. (https://doi.org/10.1111/let.
12269) on the age of the Ordovician Winneshiek Shale (Iowa, USA), and the impact
that formed the Decorah crater which hosts this rock unit, is an interesting scientific
contribution, although there are a number of problems with the interpretations and
data presentation that merit comment. Due mainly to a lack of adequate critical assess-
ment of d13C data and biostratigraphical control, we contend that the conclusions of
Bergstr€om et al. are poorly founded and should not be cursorily accepted and propa-
gated in future scientific literature. □ d13C, chemostratigraphy, correlation, Decorah
impact crater, Ordovician, Whiterockian.
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Published palaeontological data indicate that the Winneshiek
Shale, a peculiar Konservat-Lagerst€atte interval formed within the
ca. 5.5-km-wide Decorah impact crater in Iowa, USA, is at least
in part Darriwilian (Whiterockian) in age; but detailed biostrati-
graphical and temporal control is yet missing and only the upper-
most part of the rock unit has been extensively sampled (Witzke
et al. 2011; Liu et al. 2017). By inference, through lateral strati-
graphical contexts and comparisons to conodont faunas else-
where, Liu et al. (2017) tentatively assigned the rock unit to the
middle–upper Darriwilian (cf. Witzke et al. 2011). Bergstr€om
et al. (2009) utilized organic-carbon isotope (d13Corg) chemo-
stratigraphy in an effort to deduce the age of the Winneshiek
Shale more precisely by correlating to previously published
carbonate-carbon isotope (d13Ccarb) records.

Chemostratigraphical interpretations
and problems
In short, the Winneshiek Shale records an apparent small rise in
d13Corg values and drastically decreased scatter in the data up-sec-
tion (Bergstr€om et al. 2009, fig. 4); the lower 5 m of the rock unit
yield an average d13C of approximately �31 � 1.5‰ (adjacent
values may differ by >4‰), whereas the average of the interval
above is approximately �29.5 � 0.5‰ (a numerical data set is
lacking). From a smoothed running average line of their data (see
below), Bergstr€om et al. (2009) interpret the d13Corg trends as
representing an interval covering much of the Dw1 and Dw2
stage slices of the Darriwilian (Middle Ordovician; see Bergstr€om
et al. 2009). No alternative scenarios are considered or discussed.
The slightly elevated d13Corg values in the upper part of the Win-
neshiek Shale are taken to represent the MDICE (a small-ampli-
tude positive carbon excursion possibly of global significance; e.g.,
Ainsaar et al. 2010; Schmitz et al. 2010; Edwards & Saltzman

2016; Lindskog et al. in press). In the basal Winneshiek Shale,
Bergstr€om et al. (2009, p. 507) identify a positive ‘so far unnamed
small excursion’ allegedly corresponding to the Lenodus variabilis–
Yangtzeplacognathus crassus conodont Zone boundary interval.
This is overlain by a temporary dip in (average) d13C values identi-
fied by the aforementioned authors as an equivalent to the
LDNICE of Lehnert et al. (2014). Regardless of broader-scale inter-
pretations, the LDNICE is problematic as a stratigraphical tool, as
it is difficult/impossible to apply outside of the Siljan area, Sweden,
where it was originally identified in a severely condensed limestone
interval spanning the boundary between the Volkhov and Kunda
Baltoscandian stages (Megistaspis limbata–Asaphus expansus trilo-
bite Zone boundary; cf. Hessland 1949; Jaanusson & Mutvei 1951;
Ainsaar et al. 2010; Wu et al. 2018). The LDNICE embraces a suc-
cession of biozones, at least including the upper Baltoniodus nor-
rlandicus, the L. variabilis, Y. crassus and basal Eoplacognathus
pseudoplanus conodont zones (L€ofgren 1995, 2003, 2004), and thus
cannot be pinpointed to a specific stratigraphical level (in fact, few
significant excursions can). It is noteworthy that the nadir of the
LDNICE spans the interval identified by Bergstr€om et al. (2009) as
being characterized by a positive excursion.
Already at the very outset, the approach used by Bergstr€om

et al. (2009) is problematic, as the stratigraphical patterns of car-
bon isotopes (both d13Ccarb and d13Corg) can clearly vary laterally
both at the regional and global scales (Panchuk et al. 2006; Fanton
& Holmden 2007; Ainsaar et al. 2010; Edwards & Saltzman 2016;
Henderson et al. 2018; Lindskog et al. in press). The potential for
confident age interpretations based on the data from the Win-
neshiek Shale (Bergstr€om et al. 2009, fig. 4) is further made prob-
lematic as d13Corg does not necessarily follow d13Ccarb patterns
(see, e.g. Young et al. 2008, fig. 8; Edwards & Saltzman 2016, fig.
10; Edwards et al. 2017, fig. 1; Henderson et al. 2018, figs 10, 11),
wherefrom the reference data cited by the authors stem. In the case
of areas outside of normal marine conditions, there is especially
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great risk involved when utilizing bulk d13Corg analyses for
chronostratigraphical correlation. The Konservat-Lagerst€atte char-
acteristics of the Winneshiek Shale attest to unusual conditions
during formation and diagenesis of the strata, and the local
palaeoenvironment has been interpreted as restricted and possibly
brackish-water (Liu et al. 2009; Witzke et al. 2011; Bergstr€om
et al. 2009). Due to poor contact and exchange with open oceanic
water masses, the stratigraphical patterns of d13Corg within such an
area cannot a priori be expected to reflect global patterns.
Notwithstanding the obvious pitfalls of uncritical interpretation

of d13C data (especially in non-normal marine environments),
there are a number of factors that contribute to bulk d13Corg values,
including: (1) temperature dependent fractionation between dis-
solved inorganic carbon (DIC) and CO2 in seawater; (2) photosyn-
thetic fractionation (ep) associated with carbon fixation by primary
producers (which differs between species); (3) organic-matter
source variation; (4) secondary biological fractionation (heterotro-
phy, remineralization); and (5) diagenesis (e.g. thermal alteration;
Hayes et al. 1999; Kienast et al. 2001; Royer et al. 2001). Despite
these numerous complicating factors, bulk d13Corg data still have
the potential to record a global signal that could be interpreted as
strictly a change in d13CDIC (i.e. d13Ccarb). However, one has to
either employ compound-specific d13C techniques to ensure a mar-
ine phytoplankton organic carbon signal or systematically rule out
the other factors that can influence d13Corg (Joachimski et al. 2002;
Young et al. 2008). In mid-continent Laurentia, the organic-walled
microfossil Gloeocapsomorpha prisca has been widely documented
in strata with high total organic carbon content and it has even
been found to be a dominant local source of organic matter (rather
than other marine algal signatures; Hatch et al. 1987; Jacobson
et al. 1988, 1995). For example, studies of biomarkers in Upper
Ordovician strata in Iowa demonstrate that G. prisca compounds
can show wider enrichments in d13C than other marine algae and
that organic matter sources clearly shifted during the GICE
(Pancost et al. 1998, 1999).
Despite being aware of the unusual characteristics of the Win-

neshiek Shale, Bergstr€om et al. (2009) interpret their d13Corg data
as representing a global chemostratigraphical signal. There is no
discussion on the nature of their geochemical data nor do the
authors acknowledge any possible complicating factors, and there
is no attempt at relating the data to the local palaeoenvironmental
(or, sedimentological) conditions and development. Neither the
absolute range of d13Corg values (~�34‰ to �28.5‰) recorded
within the Winneshiek Shale nor the trends towards positive values
are uniquely lower–middle Darriwilian—in fact, these ranges and
trends in d13Corg data have been documented in essentially every
global stage within the Ordovician System (Edwards & Saltzman
2016, fig. 10). In many areas, the interval corresponding to the
Whiterockian is characterized by a general rise in d13C values with
recurring minor drops (Bergstr€om et al. 2009; Ainsaar et al. 2010;
Schmitz et al. 2010; Lehnert et al. 2014; Edwards & Saltzman
2016). As such, (assuming that they indeed represent a global sig-
nal) the d13Corg data trends seen in the Winneshiek Shale actually
fit well with much of this interval, and within the very broad con-
fines of the scant biostratigraphical data (see Witzke et al. 2011;
Liu et al. 2017), there are a great many scenarios for chemostrati-
graphical dating not considered by Bergstr€om et al. (2009). The
d13Ccarb data from the H€allekis quarry, Sweden (Schmitz et al.
2010), which Bergstr€om et al. (2009, fig. 4) use as a reference sec-
tion, offer one illustrative example of the many possible
chemostratigraphical ‘age models’ for the Winneshiek Shale
(Fig. 1). Given the lack of biostratigraphical, palaeoenvironmental
and diagenetic information, it remains unclear how Bergstr€om
et al. (2009) arrived at their confident interpretations concerning
the stratigraphical and temporal constraints of this rock unit.

Problematic data presentation and
discussions
The overall interpretations by Bergstr€om et al. (2009) are further
compounded by problematic data presentation and (in places,

lack of) discussions, and a peculiar selectivity concerning relevant
reference literature.
To begin with, other than stating that the local fauna lacks

biostratigraphically diagnostic fossils and that the age of this unit
is ‘probably middle to late Darriwilian’, Bergstr€om et al. (2009)
do not elucidate the basic biostratigraphical context of the Win-
neshiek Shale. Given the very general pattern exhibited by their
d13C data (see above), adequate biostratigraphical (and/or other
chronostratigraphical) control is essential. Ultimately, the inter-
pretations of Bergstr€om et al. (2009) hinge upon visual compar-
ison of chemostratigraphical trends. When looking in closer
detail, the three-point running average line seen in the d13Corg
data from the Winneshiek Shale (Bergstr€om et al. (2009, fig. 4) is
perplexing as it spans all data points and appears to include
details at a higher resolution than the data allow (see, for exam-
ple, in the 16–17 m interval). Moreover, the data from the
H€allekis quarry are not reproduced by Bergstr€om et al. 2009, fig.
4) as originally presented by Schmitz et al. (2010, fig. 4; see
Fig. 1). As neither of the aforementioned papers provides
numeric data sets, we could not check which version of the
H€allekis quarry data is accurate. Regardless of the details of the
chemostratigraphical data, the absence in the Winneshiek Shale
of the geographically widespread Histiodella–Paraprioniodus–
Pteracontiodus–Fahraeusodus conodont fauna that characterizes
the early Darriwilian (see Liu et al. 2017) is problematic for the
interpretations of Bergstr€om et al. (2009).
A minor although ultimately important detail, as Bergstr€om

et al. (2009) repeatedly refer to it, is the numeric age of the Deco-
rah impact event and the Winneshiek Shale, and in extension the
putatively enhanced influx of extra-terrestrial matter during the
Middle Ordovician. The age cited by Bergstr€om et al. (2009) for
the interval in question, but given without any indication of error
limits (and without correct reference for the updated age calcula-
tion), is 465.46 Ma – an age that in its context(s) within the paper
appears quite precise, but is in fact ultimately deceptive as it is
associated with a ~�3.5 Ma uncertainty (i.e. a time span corre-
sponding to most of the Darriwilian Stage; e.g., Gradstein et al.
2012; Schmitz 2012). Recent work in high-precision zircon U-Pb
geochronology indicates that an age of ~465 Ma belongs in the
middlemost–upper Dw2 stage slice (e.g. Sell et al. 2011) and that
the Dw1–Dw2 boundary lies close to 467.5 Ma (Lindskog et al.
2017). Integration of the U-Pb framework and cosmic-ray expo-
sure ages of fossil meteorites indicates that the breakup of the L-
chondrite parent body occurred at 468 � 0.3 Ma (cf. Bergstr€om
et al. 2009, p. 508).
With reference to a publication by Schmitz et al. (2008), in

which it was argued that there is a causal link between an
enhanced meteorite influx and the so-called Great Ordovician
Biodiversification Event (GOBE; e.g., Webby et al. 2004; Servais
& Harper 2018) during the Middle Ordovician (cf. Rasmussen
et al. 2007; Lindskog et al. 2017), Bergstr€om et al. (2009) discuss
how the Decorah impact event may have contributed to biodiver-
sity trends. Bergstr€om et al. (2009, p. 508) conclude that they ‘see
little evidence of conspicuous organism evolution’ and that ‘the
Winneshiek fauna does not add numerically very substantially to
the early Darriwilian global biodiversity’, although readers are
offered little insight into what this means. Only for conodonts are
species numbers mentioned and the overall fauna is merely dis-
cussed in terms of relative abundance within fossil collections (i.e.
taxonomic composition). Allusions are made to richer ‘coeval
carbonate’ faunas, but details and references are entirely missing.
Curiously, however, in their Conclusions section Bergstr€om et al.
(2009, p. 510) more specifically (and with a reference included)
discuss comparisons to what are called ‘some of the other’ Sand-
bian–Katian formations with richer fossil faunas. It is unclear
how this information has any bearing on assessing biodiversity
during the Darriwilian and how it relates to the Winneshiek
Shale. The lack of temporal constraints on the rock unit makes it
difficult to determine what diversity and evolutionary develop-
ment can even be expected, especially when taking into account
that most hitherto collected fossils stem from a limited strati-
graphical interval (Liu et al. 2017). In contrast to what is implied
by Bergstr€om et al. (2009, p. 508), Thorslund (1940) and Frisk &
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Harper (2013) actually documented rich and taxonomically
diverse faunas in Ordovician crater environments in Sweden.
Concerning the overall theme of biodiversity, it stands to be
noted that what by Schmitz et al. (2008, p. 49; cf. pp. 51, 52) was
called a ‘precise coincidence’ between an enhanced influx of

extra-terrestrial matter and the onset of the GOBE proper has
somehow evolved into a ‘broad geochronological link’ (Bergstr€om
et al. 2009, p. 505; cf. p. 508). We cannot help but to read some
influence from more recent—yet unreferenced—literature into
this transformation of concepts.
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Fig. 1. d13Ccarb chemostratigraphy at the H€allekis quarry, modified from Schmitz et al. (2010; Dapingian added according to Bergstr€om
et al. 2009), with grey points indicating the data as reproduced by Bergstr€om et al. (2009, fig. 4). To the right, a selection of potential fits
of the Winneshiek Shale d13Corg data (Bergstr€om et al. 2009) against the H€allekis data are indicated, in order to illustrate the many arbi-
trary scenarios possible when assessing the age of the Winneshiek Shale succession based merely on visual comparison of d13C records
(note: we do not propose any of these scenarios to be correct). The leftmost version represents the approximate scenario preferred by
Bergstr€om et al. (2009). Note the extreme difference in the amplitude of d13C variability between the Winneshiek and H€allekis data sets,
and that these simple ‘age models’ do not take into account potential problems of correlating d13Corg with d13Ccarb locally, regionally and
globally (see main text). [Colour figure can be viewed at wileyonlinelibrary.com]
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Although any detailed discussion on the cratering record of the
Ordovician is beyond the aims of this commentary text, we note
that Bergstr€om et al. (2009) largely base their final section (Other
Ordovician impact craters) on information found in the Earth
Impact Database (http://www.passc.net/EarthImpactDatabase).
This website serves as a useful overview of astroblemes on Earth,
but discussions concerning the cratering record should rely on
scientific publications. Issues related to uncritical use of informa-
tion found in the database were recently brought up by Meier &
Holm-Alwmark (2017). Looking into the scientific literature, it is
apparent that some of the craters suggested by Bergstr€om et al.
(2009, pp. 508–509) to be related to the breakup of the L-chon-
drite parent body are only very roughly and/or ambiguously
dated (e.g., Clearwater East and Couture in Canada, Hummeln in
Sweden; Bottomley et al. 1990; Lindstr€om et al. 1999; Biren et al.
2016) and some are arguably (directly) unrelated to this event.
For example, the Slate Islands crater (Canada) appears quite
young (436 � 3 Ma; Dressler et al. 1999) and geochemical data
implicate a non-ordinary-chondritic impactor for the Brent crater
(Canada; e.g., Goderis et al. 2010). Bergstr€om et al. (2009) fail to
acknowledge the literature that allows them to infer a binary-
impact scenario for the Lockne and M�alingen craters (Sweden;
Alwmark et al. 2014; Orm€o et al. 2014).
Regardless of interpretations and views, scientific discussions

are best served by an holistic perspective involving alternative
explanations and adequate referencing of relevant literature.

Conclusions
In light of the many d13C chemostratigraphical ‘age models’ pos-
sible within the currently known biostratigraphical constraints of
the Winneshiek Shale, the interpretations and subsequent conclu-
sions of Bergstr€om et al. (2009) are poorly founded and thus
questionable. The reliability is further lowered by a fundamentally
uncritical approach, inadequate data presentation and discussion,
and unwarranted selectivity among reference literature. Ulti-
mately, utilizing d13C as a tool for correlation across platforms,
basins, and palaeocontinents can and should be done; however,
this type of chemostratigraphical correlation should always be
performed within adequate overall stratigraphical context and
should not be based merely on general similarities of stratigraphi-
cal patterns. Claiming ‘precise’ correlations of non-unique
chemostratigraphical data without robust biostratigraphical or
other chronostratigraphical frameworks may set an alarming
precedent, especially so when suggesting extended implications of
interpretations (in this case related to the impact record of Earth).
Although it might eventually turn out that the chemostratigraphi-
cal interpretations and correlations of Bergstr€om et al. (2009) are
indeed correct, until more biostratigraphical or other indepen-
dent chronostratigraphical data (e.g., strontium isotope stratigra-
phy, K-bentonites, ejecta deposits) are documented, the ages of
the Decorah impact event and the Winneshiek Shale must be
considered no further refined than previously published literature
suggests. Consequently, any possible relationship between the
Decorah impact event and an enhanced influx of L-chondritic
matter during the Middle Ordovician remains conjectural.

Post-review addendum
While this manuscript was out for review, two scientific papers
that provide more in-depth perspectives on the Decorah crater
were published (see Briggs et al. 2018; French et al. 2018). In
summary, stratigraphical constraints show that the Decorah
impact event occurred sometime between the middle Tremado-
cian and the middle/late Darriwilian stages of the Ordovician
(~480–460 Ma in the timescale of Gradstein et al. 2012). Sub-
stantial erosion of the crater and its surroundings indicates that
a long period of time (possibly ~10–20 Myr according to French
et al. 2018) passed before overlying sediment covered the area.
Hence, in light of the collective stratigraphical data, it seems
unlikely that (d13C chemostratigraphy of) the Winneshiek Shale
provides an accurate date for the Decorah impact event – rather,

this formation only provides a minimum age for the crater struc-
ture and its complex history of sedimentary infilling.
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script. This paper is a contribution to IGCP project 653 – ‘The
onset of the Great Ordovician Biodiversification Event’.
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