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Plain Language Summary

Fossil accumulations can be generated by (1) ecologically important events such as
blooms in productivity, or by (2) low sedimentation rates that reduce the spacing between
individual fossils. The latter case, known as sedimentary condensation, affects not only
fossils, but all information recorded by the sedimentary rock record. A first step towards
the correct attribution of changes is fossil abundance is a quantitative description of the
sedimentary expression resulting from varying sedimentation and shell input rates.

| present the DAIME model, a method to incorporate the effects of changing sedimentation
rates into paleontological analyses. It is implemented for R Software and available as a
package on CRAN. It is complemented by a statistical framework to assess how
uncertainties about sedimentary conditions affect the results of the model.

As an application, | examine a clustering of species disappearances on Seymour Island,
Antarctica, approximately 250 thousand years before the Cretaceous/Paleogene
boundary. Modeling a range extinction and sedimentation scenarios shows that the
clustering can be equally attributed to

(1) an extinction event that is potentially linked to Deccan volcanism and

(2) an extended period of low sedimentation rates, leading to a condensation of
background extinctions.

The model allows quantifying whether these two possible causes can be distinguished,
given the available data. This example application illustrates a quantitative evaluation of a
long-standing argument on whether the Cretaceous/Paleogene boundary was associated
with a single-peaked or a double-peaked extinction event.

Kurzzusammenfassung

Ansammlungen von Fossilien konnen sowohl durch 6kologisch bedeutsame Ereignisse wir
erhdhte Produktivitat als auch durch reduzierte Sedimentationsraten erzeugt werden,
welche den Abstand zwischen den einzelnen Fossilien reduziert. Dieser als sedimentare
Kondensation bezeichnete Effekt betrifft alle Informationen welche durch Sedimente
vermittelt werden kdnnen. Ein erster Schritt zur korrekten Einordnung von
Fossilansammlungen ist eine quantitative Beschreibung der stratigraphischen Muster
welche durch eine Kombination von veranderlichem Eintrag von Sediment und Uberresten
vergangenen Lebens erzeugt werden.

In dieser Publikation prasentiere Ich das DAIME Modell, welches ermdglicht die Effekte
von veradnderlichen Sedimentationsraten mit in paldontologische Analysen einzubeziehen.
Das Modell ist fUr die R Software implementiert und steht auf CRAN zum Download zur
Verfigung. Zusatzliche stelle Ich eine Methode vor welche erlaubt die Variantionen in den
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Ergebnissen des Modells bei Unsicherheiten der Sedimentationsbedingungen zu
analysieren.

Als Anwendung untersuche ich das gehaufte Verschwindend von Arten auf Seymour
Island (Antarktis) ungefahr 250 tausend Jahre vor der Kreide-Paldogen-Grenze. Durch
Modellierung einer Reihe von Sedimentations- und Aussterbeszenarios zeige ich, dass
diese Anhaufung sowohl durch

(1) ein Aussterbeereignis, welches potentiell durch den zeitgleichen Deccan-Vulkanismus
verursacht wurde,

als auch durch

(2) eine verlangerte Periode von niedrigen Sedimentationsraten, welche zur sedimentéren
Kondensation der Hintergrundaussterberate fiihrt,

erklart werden kann.

Das entwickelte Modell erlaubt zu unterscheiden ob diese beiden Szenarien auf der Basis
der vorhandenen Daten unterschieden werden kann. Dieses Beispielanwendung
demonstriert wie die seit langem andauernden Diskussion ob die Kreide-Paldogen-Grenze
mit einem oder zwei Aussterbeereignissen einher ging quantitativ analysiert werden kann.

ABSTRACT

Stratigraphic changes in the clustering of first or last taxon occurrences are a joint
expression of evolutionary, ecological, taphonomic, and sedimentological processes.
Sedimentation rates control the degree of sedimentary dilution and condensation and thus
alter the time contained in a given thickness of sediment. However, it remains poorly
explored quantitatively how distinct the stratigraphic patterns in the first and last
occurrences can be under different deposition models with a constant thickness of
accumulated sediment. Here, | present an algorithm that translates ecological or
evolutionary signals between time and stratigraphic height. It is implemented for R
Software as the package DAIME and complemented by tools to quantify the uncertainties
associated with the construction of deposition models. By modeling the stratigraphic
expression of the K/Pg extinction and an earlier extinction pulse potentially linked to
Deccan volcanism on Seymour Island under varying sedimentation rates, | show that (1)
clustering of last occurrences ~ 250 kyr prior to the K/Pg boundary can be equally
explained by a stronger earlier extinction pulse or prolonged intervals with reduced
sediment accumulation rate, but (2) when the temporal variability in sedimentation rate is
known, the most plausible extinction dynamics can still be identified. The approach is
applicable for any type of information transported as a part of the sedimentary record (e.qg.,
fossils or trace elements) or data derived from it (e.g., isotope ratios and rates of
morphological evolution).

INTRODUCTION

The stratigraphic record makes it possible to establish relative ages via biostratigraphy,
track ecologic changes on the basis of fluctuations in absolute and relative abundance or
body size of fossils, examine evolutionary patterns, or use isotope ratios from skeletal
remains to reconstruct climate (e.g., Berrocoso et al. 2012; Danise and Holland 2017; Rita
et al. 2019; Fan et al. 2020).

However, sedimentological parameters and the distribution of fossils can change
predictably within the sequence stratigraphic architecture, making the fossil record a
combined expression of sedimentological, taphonomic, evolutionary, and ecological
processes (Ager 1967; Holland 2000; Holland and Patzkowsky 2015; Nawrot et al. 2018).
These changes can be subdivided into the following categories:
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(1) Environmental preferences of taxa: Taxa can track shifting environments
through time, first and last taxon occurrences in a stratigraphic column thus do not
necessarily reflect global taxon origination or extinction, but rather reflect local or regional
ecologically relevant colonization or extirpation due to changing conditions such as water
depth or substrate consistency (Scarponi et al. 2013; Huntley and Scarponi 2015; Nawrot
et al. 2018; Dominici et al. 2018; Jarochowska et al. 2018).

(2) Temporally variable sedimentation rates and hiatuses: The sedimentary record
is highly incomplete, with periods of nondeposition or removal of previously deposited
sediment (Wheeler 1958; Sadler 1981; Wilkinson et al. 1991). Longer hiatuses can
generate clusters of first and last occurrences above and below major hiatuses (Holland
2000) and can increase abundance of skeletal remains (Fursich 1978; Kidwell 1985,
1986). This effect will naturally propagate to all information derived from condensed or
diluted assemblages, affecting first and last occurrences, and rates of morphological
evolution (Holland and Patzkowsky 2015; Scarponi et al. 2017), although empirical range
endpoint clustering does not invariably correlate with hiatus durations (Peters 2006).

(3) Preservation: High sedimentation rates can correlate with high preservation
potential as they bring skeletal remains outside of the taphonomically active zone fast and
thereby reduce their exposure time to destructive processes close to the sediment surface
(Davies et al. 1989; Brett 1995). However, whether preservation rates change
systematically within depositional sequences remains poorly explored.

Wang and Marshall (2016) summarize 25 methods used to estimate the timing of
taxon extinction in the fossil record on the basis of stratigraphic ranges, but only two
methods explicitly incorporate environmental and sequence stratigraphic information
(Holland 2003; Schueth et al. 2014). However, four out of five mass extinctions coincide
with rapid changes in global sea level (Hallam 1989; Peters 2008), making them prone to
the biases introduced by changes in sediment accumulation rates (Holland and
Patzkowsky 2015).

The translation of stratigraphic into time-undistorted records is possible to some
degree if age models constraining the bottom and the top of sections are available to
provide an estimate of net sediment accumulation rate (Schwarzacher 1993; Shackleton et
al. 1999; Meyers 2014; Trampush and Hayek 2017). However, the internal within-section
variability in sedimentation rate, including the frequency and distribution of hiatuses, will
significantly affect the reconstructed temporal signals, for example, in the number of first or
last species occurrences (Amorosi et al. 2017), and the question of interest is how distinct
temporal signals will be under distinct depositional models.

In this paper, | focus on the effects of variable sediment accumulation rates and
hiatuses. | develop the DAIME model, which is applicable on the level of individual
sections and makes it possible to (1) model how variable sediment accumulation rates and
hiatuses alter the stratigraphic expression of ecological or evolutionary signals and (2)
incorporate information about variable sedimentation rates and hiatuses into the analysis
of these ecological or evolutionary signals observed in the stratigraphic record. Taking a
deposition model (e.g., an age model or sedimentation rate) as input, this model
constructs a chronostratigraphic framework to express data in terms of time instead of
stratigraphic height. This model accounts for the effects of changing sediment
accumulation rates while preserving the original data structure, ensuring backwards
compatibility with all previously published methods that analyze data in the section. The
model is implemented for R Software and available on CRAN as the package “DAIME”
(Hohmann 2020). It makes it possible to transform a variety of different data types. To
account for the uncertainties associated with the reconstruction of deposition models, |
examine how the choice of deposition model alters the output of the DAIME model. As an
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example, | examine the effects of variable sediment accumulation rates on the
stratigraphic expression of the K/Pg extinction and an earlier extinction pulse occurring ~
50 m below the K/Pg boundary and how they affect the difficulty to distinguish between
different intensities of the early extinction pulse. This pulse was documented in individual
sections by Tobin (2017) and is potentially linked to Deccan volcanism, although analyses
based on a composite section reduce the magnitude of extinction (Witts et al. 2016). To
increase readability, mathematical derivations are placed in the appendices. Changing
preservation and preferred habitats can be embedded in the theoretical framework
underlying the model (Appendix A; Kallenberg 2017), but are not further considered in the
main text.

THE DAIME MODEL

The DAIME (Deposition As Image Measure) model uses deposition models based on
sedimentation rates or age models to transform information such as sample location,
isotope ratios, skeletal contents of the sediment, or morphological variables from
stratigraphic height to time and vice versa (Fig. 1). It is implemented for the software R (R
core Team 2020) as the package “DAIME” and is available at the Comprehensive R
Archive Network (CRAN) (Hohmann 2020a). Some examples are available after
installation via the command vignette('DAIME’). The implemented transformation covers
two basic data types: patterns and points.

Stratigraphic and temporal patterns simply represent rates of change in the
magnitude of biotic (i.e., ecological or evolutionary) or abiotic variables measured along
stratigraphic height or time. Stratigraphic patterns are sediment contents (e.g., abundance
of skeletal remains, thorium concentration in the sediment, or first/last taxon occurrences
per height) observed in the section and have dimension XL1, where X is the dimension of
the content. Temporal patterns are inputs into the sediment per time (e.g., skeletal
accumulation, thorium input, or first/last taxon occurrences per time unit) and have
dimension XT! (Fig. 1). More derived rates such as morphological change per
stratigraphic height can also be transformed. The transformation of temporal patterns into
stratigraphic patterns and vice versa is performed by the function “patterntransform”.

Points are stratigraphic heights or points in time with dimensions L and T
respectively, typically assigned to specimens or samples with negligible stratigraphic
extent or events in time of negligible duration (Fig. 1). The transformation of points is
performed by the function “pointtransform”. When the time of deposition or stratigraphic
height of a specimen or sample is transformed, all other information associated with it
(e.g., isotope measurements performed on it, including their uncertainties) that is not
derived from its time of deposition or stratigraphic height remains unchanged, generating a
“squeezebox effect” (Fig. 2).

Cumulative data such as the number of last occurrences found below some
stratigraphic height can be transformed by recursion to the transformation of points: all
data collected below a given stratigraphic height were deposited before the time of
deposition of the corresponding stratigraphic height (and vice versa). In this case, the
DAIME model is simply the law of superposition, applied to an age model.

For data collected in temporal or stratigraphic bins, the endpoints of bins can be
transformed as points to define the corresponding bins in time or stratigraphic height.
Corresponding bins in time and stratigraphic height share their data, e.g., the taxonomic
richness observed in a stratigraphic bin is the taxonomic richness preserved during the
corresponding temporal bin (and vice versa). Stratigraphic bins lacking data accordingly
generate temporal bins lacking data. Patterns based on bins can be transformed directly
using “patterntransform”. Uncertainties regarding the time of deposition or stratigraphic
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height of a point can be incorporated into analyses by either treating the corresponding
probability density function (e.g., as temporal or stratigraphic variability in the probability of
last species occurrences, summing to one) as a pattern or by transforming the cumulative
distribution function as cumulative data.

Nondeposition and Erosion

The implementation of the DAIME model assumes that no fossils are preserved in times of
nondeposition or erosion. When transforming stratigraphic height to time, hiatuses can be
inserted into the deposition model at any height. This generates barren time intervals
without transformed points or information about the temporal rate due to the destruction of
information by the hiatus. Whether diastems need to be modeled explicitly depends on the
depositional completeness (sensu Kowalewski and Bambach 2008) and the desired
temporal resolution of the study. When transforming time into stratigraphic height, negative
sediment accumulation rates or decreasing age models can be used to describe
nondeposition or erosion. In this case, time intervals with net erosion will be removed, and
only points and parts of temporal patterns that coincide with the remaining time intervals
will be transformed into stratigraphic height.

Time Averaging and Mixing

Time-averaging is not explicitly modeled by the DAIME model. Transforming stratigraphic
heights into time adds time-averaging (understood as the distribution of ages of
sedimentary particles or shells at the given stratigraphic height) as uncertainty to the
reconstructed time of deposition and thus limits the resolution of the transformed data.
Conversely, when transforming times of deposition into stratigraphic height, mixing
(understood as the distribution of burial depths of simultaneously buried sedimentary
grains or shells in the depositional environment) is added as uncertainty to the resulting
stratigraphic height. The addition of uncertainty can be modeled by either randomizing the
transformed points or by replacing them with the probability density function describing the
time-averaging/mixing in the environment of interest. Approaches that aim to unmix time
averaged data (e.g., as in TomaSovych et al. 2017) should be applied separately before or
after the transformation. When transforming patterns, mixing and time-averaging can be
modeled either based on a direct modification of patterns (e.g., via a convolution), or as a
randomization of a simulated fossil record (TomaSovych and Kidwell 2010; Kallenberg
2017; Hohmann 2018; Hohmann 2019a, 2019b; Appendix B; Online Supplemental File R
code).

Volume of Inputs and Shell Beds

When transforming time to stratigraphic height, volume contributed by the pattern to the
total sediment volume is assumed to be negligible in this implementation. When this
assumption does not hold, e.g., when shells make up a considerable proportion of the
sediment, the sediment accumulation rate s;;,,. Should be replaced by a composite
sediment accumulation rate s¢y,e = Stime + Vpat * fstrae, Where vy, is the volume of one
unit of the pattern, fg:4¢ IS the temporal pattern, and s;;,,. IS the sedimentation rate without
contribution of the pattern. The composite sediment accumulation rate incorporates the
volume contributed by the pattern, and accordingly permits to model the formation of shell
beds in times when shells are the dominant component of the sediment.

First and Last Taxon Occurrences

In the absence of hiatuses, first and last taxon occurrences (F/LTOs) can be transformed
using the DAIME model as any other pattern. When transforming from time to stratigraphic
height, the temporal succession of F/LTos can be confounded by a hiatus, as the
stratigraphically lowest or highest occurrences will be declared as FTO or LTO. The
number of F/LTOs in a time interval thus does not correspond to the number of F/LTos in
the corresponding stratigraphic interval and the bidirectional relationship between the
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section and time fails, making the direct transformation of patterns and points of F/LTOs in
the presence of hiatuses impossible. Explicit modeling of the fossil record can be used to
circumvent this problem (Hohmann 2019a, 2019b; Appendix C; Online Supplemental File
R Code). The transformation of F/LTOs from height to time in the presence of hiatuses
fails for the same reasons. Due to the barren interval in time introduced by the hiatus, the
timing of the F/LTO in time can only be bracketed by (1) the time of deposition of the
specimen that is the F/LTO in the section and (2) the beginning/end of the hiatus.

Ratios, Percentages, and Relative Abundances

Analyzing ratios, relative abundances, and percentages of sediment contents circumvents
the effect of sedimentary condensation and dilution. Although ratios or percentages are not
affected by variability in sedimentation rate between stratigraphic increments, the
stratigraphic heights and times where those values were measured will change when
transformed between the stratigraphic and the time realm. This leads to a “squeezebox
effect”, where the times or stratigraphic heights where they were measured change their
position relative to each other due to sedimentary condensation or dilution while the ratios
remain unchanged. This can lead to both an over- or underestimation of the volatility and
the rate of change in these ratios (Fig. 2).

QUANTIFYING DIFFERENCES BETWEEN PATTERNS GENERATED BY DISTINCT
SEDIMENT ACCUMULATION RATES

To account for the uncertainties associated with the construction of deposition models, |
guantify how distinct deposition models alter the expression of patterns in time or
stratigraphic height. When deposition models are based on different sources of information
(e.g., cyclostratigraphy, radiometric ages from zircons, and biostratigraphy), this method
can be applied to quantify how the differences in accuracy and precision of the
geochronological constraints might alter transformed patterns by generating different
intervals of condensation or dilution.

The relative entropy (RE) or Kullback-Leibler divergence is a mathematical concept
linked to fundamental statements regarding the speed of convergence in probabilistic
settings (Kullback and Leibler 1951; Klenke 2014). For two arbitrary patterns f, and f;, itis
given by

R(folf1) = ffl (x)- fo(x) + fo (X)In (;:Eg) dx

(Hohmann 2017). The RE is a pairwise measure of distinguishability between patterns
such as the temporal or stratigraphic variability in the number of last taxon occurrences.
The generalized version of the RE takes into account that this dissimilarity can not only be
generated by location (i.e., where last taxon occurrences are located relative to each
other), but also by sample size (i.e., the total number of last taxon occurrences observed in
the section). However, unknown preservation makes it difficult to distinguish whether a
high or low sample size is due to the validity of a hypothesis (e.g., about low or high
number of last occurrences) or due to high or low preservation potential. To account for
this uncertainty, | assume that all patterns for which the RE is calculated are normalized to
have an integral of one, in which case they correspond to probability density functions and

the RE simplifies to
_ fo(x)
Rl = [ focoin (203 ) a

This version of the RE does not incorporate potential differences in sample size, and is
directly linked to important statistical properties (Chirikjian 2009).

One of these properties is that in a test of a pattern corresponding to the null
hypothesis H, = f; against the alternative pattern H; = f;, the probability of a type 2 error

6
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(not rejecting a false null hypothesis) decays exponentially as sample size n increases,
with the decay constant being given by the relative entropy (Chernoff 1956; Liese and
Miescke 2008, theorem 8.75):

Brn(Hovs. Hy) = exP(—nm(fo|f1))
Motivated by this, | define the type 2 error half-life as the approximate number of additional
observations necessary to halve the probability of a type 2 error in a test of H, against H,:
to.s(Hovs. H1) = log(2)/R(folf1)
A high type 2 error half-life indicates both low distinguishability between patterns (since a
large sample size is required to correctly identify them) and low efficiency of additional
sampling efforts (since increasing sample size only slowly reduces the probability of a type
2 error). Conversely a low type 2 error half-life indicates high distinguishability between
patterns since only a small sample size is required to correctly identify them.
Based on this, | use the symmetrized relative entropy (SRE)
SRE(HolH,) = 0.5(R(fo, f1) + R(f1, o)) = 0.5 x log(2)(1/tos(Hovs. H1) + 1/tos(Hovs. H1))
as a measure of dissimilarity, where higher values reflect higher dissimilarity between the
patterns f, and f; (Fig. 3).

This measure of dissimilarity can be used to quantify the relative dissimilarity
between patterns generated by distinct deposition models that were used for their
transformation. For this, a pattern is transformed using a set of distinct deposition models.
Quantifying the dissimilarity of the resulting patterns makes it possible to measure how
much the shapes of the patterns deviate relative to each other due to the choice of the
deposition model. Here, low dissimilarity or a high type 2 error half-life is desirable, as they
indicate that the choice of deposition model has only a weak effect on the shape of the
transformed patterns and the results are robust. This dissimilarity and type 2 error can be
used to compare results derived under uncertain deposition models against the
assumption of a constant sediment accumulation rate. Conversely, when patterns
correspond to distinct paleontological hypotheses and the deposition model is known, high
dissimilarity or a low type 2 error half-life is desirable, as they permit to distinguish patterns
with high certainty already based on small sample sizes.

The same underlying ideas can be used to assess the effects of incongruent
sediment accumulation rates on the transformation of points, e.g., after transforming a
point (and the uncertainty associated with it) using different deposition models, the
variability of the results is an indicator of their robustness under the deposition models
used for the transformation. The mathematical background for this section is given in
Appendix D (Sanov 1958; Meester 2008; Chirikjian 2009; Klenke 2014; Kallenberg 2017).

EXAMPLE: THE K/PG BOUNDARY ON SEYMOUR ISLAND, ANTARCTICA

Using these measures of dissimilarity based on the relative entropy, | examine the effects
of conflicting deposition models on the stratigraphic expression of the K/Pg extinction and
the recognition of an earlier extinction pulse potentially linked to Deccan volcanism. For
this, | use data from Seymour Island, Antarctica, a well-studied section that consists of
Late Cretaceous to early Paleogene marine sand to siltstones that are rich in macrofossils
documenting biotic and abiotic changes before and at the K/Pg boundary (Macellari 1986,
1988a, 1988b; Zinsmeister et al. 1989; Zinsmeister 1998; Witts et al. 2016; Petersen et al.
2016; Linzmeier et al. 2020).

The influence of the Deccan traps on the K/Pg extinction has been discussed for a
long time (Officer and Drake 1985; Keller 1988). One pulse of Deccan volcanism predates
the K/Pg boundary (Schoene et al. 2019), leading to a discussion whether volcanism and
the associated climate change caused elevated extinction rates before the K/Pg boundary
(Tobin et al. 2012; Petersen et al. 2016).
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The location of the iridium layer associated with the asteroid impact at the K/Pg boundary
first proposed by Alvarez et al. (1980) is well known on Seymour Island (Elliot et al. 1994).
The abrupt nature of this event in combination with the assumption that fossils found on
Seymour Island have uniform recovery potential (Wang et al. 2009) lead to a frequent
usage of data from this section to demonstrate the performance of statistical methods that
derive information about extinction events (e.g., Strauss and Sadler 1989; Springer 1990;
Marshall 1995; Solow and Smith 2000; Wang et al. 2012; Tobin 2017). On one hand, the
assumption of a uniform recovery potential is challenged by the interpretation by Macellari
(1988b) of a relative sea-level stillstand at the K/Pg boundary and a bioturbated horizon
approximately 50 m below, interpreted as corresponding to a maximum flooding interval
and the transition from “transgressive” facies to “regressive” facies (Appendix E). On the
other hand, Crame et al. (2004) and Tobin (2017) did not detect any condensation at this
level and Witts et al. (2016) age model informed by magnetostratigraphic constraints does
not show any significant decline in sedimentation rate.

Other authors report the presence of hardgrounds below the K/Pg boundary (Crame et al.
2004) as well as lag deposits (Zinsmeister 1998), and increased diversity and more
offshore assemblages in dinocysts (Elliot et al. 1994) right at the K/Pg boundary. Section A
from Witts et al. (2016) further shows a simultaneous spike in the number of first and last
taxon occurrences correlating with the maximum flooding interval proposed by Macellari
(1988b) and identified by Tobin (2017) to represent an earlier extinction event. Such spike
can also indicate condensation or a hiatus (Kidwell 1985; Holland 2000) (Fig. 4), although
true changes in extinction or origination can be also coupled with changes in
sedimentation rate.

| examine how the condensation interval prior to the K/Pg boundary and a
decreased sedimentation rate at the K/Pg boundary proposed by Macellari (1988b) (1)
alters the stratigraphic expression of the extinction dynamics before and at the K/Pg
boundary compared to constant sediment accumulation and (2) how this affects the
recognition of the early extinction pulse.

Deposition Models

Stratigraphic height is based on the composite section from Witts et al. (2016). All
deposition models are constrained by (1) the K/Pg boundary with stratigraphic height
1007.5 m (Witts et al. 2016, supplemental material) and age 66.04 Ma (Renne et al. 2013)
and (2) the stratigraphic height 934.4 m with an age of 66.40 Ma based on
magnetostratigraphy (Tobin et al. 2012; Gradstein et al. 2012). This corresponds to an
average sedimentation rate of 209.5 m per Myr, or ~ 0.02 cm/y. The duration of this
stratigraphic interval is thus ~ 400 kyr.

To generate a set of deposition models that match Macellari’s (1988b)
interpretation, | defined a parametric deposition model with the condition of having a low
sediment accumulation rate at 959.5 m, the stratigraphic height correlated to the maximum
flooding interval proposed by Macellari (1988b). Model parameters are (1) time until the
end of the low sedimentation interval (measured from the oldest point of the examined
stratigraphic interval); (2) sediment accumulation rate at the low sedimentation interval; (3)
sediment accumulation rate after the low sedimentation interval; and (4) sediment
accumulation rate at the K/Pg boundary. For the parameters, | used a 10 or 100-fold
decrease relative to the average sediment accumulation rate as low or very low sediment
accumulation rate. Durations of the low sedimentation interval range from very short (0.05
Myr) to short (0.1 Myr), intermediate (0.15 Myr), and long (0.2 Myr) relative to the age of
the oldest point of the examined interval. By taking all possible combinations of (1) a very
short, short, intermediate, and long duration of the low sedimentation interval; (2) low or
very low sediment accumulation rate at the low sedimentation interval; (3) low or average
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sediment accumulation rate after the low sedimentation interval; and (4) low or average
sediment accumulation rate at the K/Pg boundary, 32 deposition models were created. As
the 33rd deposition model and reference point, the “null hypothesis” of a constant
sediment accumulation rate used by Witts et al. (2016) was added (Fig. 5, Online
Supplemental File Table 1).

Extinction Models

As the pre-K/Pg extinction pulse, | use the extinction interval identified by Tobin (2017) in
the data from Witts et al. (2016). For each of the 33 deposition models, it was transformed
into time using the function “pointtransform” where it was combined with a spike in
extinction rate at the K/Pg boundary to form five different extinction hypotheses, in which
the relative contribution of the early extinction interval to the total number of extinctions
ranges from none (0%) to weak (10%), intermediate (20%), strong (30%), to very strong
(40%). From these extinction rates, the patterns of last taxon occurrences in time (i.e.,
ages of the last preserved specimens of individual species) were derived based on the
convolution procedure described in Hohmann (2018). For a given extinction rate, it
determines the offset between extinctions and last occurrences based on the frequency of
specimens in time. This generates the characteristic backwards smearing of the Signor-
Lipps effect (Signor and Lipps 1982) that becomes more pronounced when specimen
frequency is low (Fig. 6). The procedure assumes specimen frequency is (1) independent
of extinction; (2) constant through time; and (3) identical for all taxa.

Using the function “patterntransform”, the temporal patterns of last taxon occurrences were
transformed into stratigraphic patterns of last taxon occurrences (Fig. 7). Note that since
the stratigraphic height of the extinction interval is fixed, each deposition model will
generate a different absolute age of the extinction pulse. To account for the effect of
specimen frequency on the recognition of extinctions (Signor and Lipps 1982), this
procedure was repeated with specimen frequencies ranging from 10 to 140 specimens per
Myr in the convolution procedure. Under constant sedimentation rate, this corresponds to
a specimen abundance in the section ranging from finding one fossil per 20 meters to
finding two fossils per three meters.

In total, this procedure yields a collection of last taxon occurrences in the section as a
function of the deposition model, relative contribution of the early extinction pulse, and
specimen frequency.

Analysis

For fixed specimen frequencies, | determined RE, SRE, and type 2 error half-life between
pairs of last taxon occurrences transformed by different deposition models and with
different contributions of the early extinction pulse. Both for a fixed contribution of the early
extinction pulse and all contributions combined, | used a matrix containing the SREs as
distance matrix for a non-metric multidimensional distance scaling (NMDS) using the
iIsoMDS function of the R package MASS (Kruskal 1964a, 1964b; Venables and Ripley
2002)

Results

Generated by the low sedimentation interval, last taxon occurrences in the section display
a spike similar to the one observed in section A from Witts et al. (2016). When
sedimentation rate at the K/Pg boundary is low, last taxon occurrences are closer to the
boundary and more frequent, accentuating the extinction (Fig. 7).

For any deposition model, type 2 error half-life between pairs of last taxon
occurrences generated by different contributions of the early extinction pulse is almost
constant for more than 40 specimens per Myr and grows exponentially for lower values,
showing that moderately abundant taxa are as suitable as very abundant taxa to
distinguish the extinction hypothesis (Fig. 8A). As the intensity of the early extinction pulse
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increases from none to strong, type 2 error half-life increases by a factor of more than
three, implying that it is a lot easier to decide whether an early extinction pulse is present
(none vs. weak) than to assess its exact intensity (e.g., strong vs. very strong) (Fig. 8A).
Generally type 2 error half-lives are high, indicating that distinguishing different intensities
of early extinction pulses via the extinctions they generate requires datasets with high
taxonomic richness.

The deposition model used for the transformation of the extinction hypotheses show
only a minor influence on the type 2 error half-life (Fig. 8B). When the deposition model is
known, the ability to differentiate between different extinction dynamics is thus
independent of the properties of the deposition model.

For fixed contributions of the early extinction pulse, the NMDS between the last
taxon occurrences in stratigraphic height shows two separate lines, each corresponding to
a different sediment accumulation rate at the K/Pg boundary (Fig. 9). The position of
deposition models within these lines is determined by the duration of the low
sedimentation interval (Fig. 9). Sediment accumulation rates at and after this interval show
only little influence on the position of deposition models in the ordination. The null model of
a constant sediment accumulation rate is located close to the deposition models with
average sediment accumulation rate (i.e., 0.02 cm/a) at the K/Pg extinction and a short
duration of the low sedimentation interval (i.e., it ends at 66.3 Ma). Sediment accumulation
rate at the K/Pg boundary is thus the strongest control on the stratigraphic expression of
the extinction scenarios, followed by duration of the low sedimentation interval.

The NMDS of different contributions of the early extinction pulse as well as varying
durations of the low sedimentation interval and sedimentation rates at the K/Pg boundary
confirms these results (Fig. 10). Different contributions of the early pulse form parallel lines
because the dissimilarity does not depend on the deposition model used (Fig. 8B), and
these lines are closer to each other as the contribution of the early pulse increases
because stronger contributions of the early pulse are harder to distinguish from each other
(Fig. 8A). As in Figure 9, low or average sedimentation rates at the K/Pg boundary are well
separated lines that are internally sorted according to the duration of the low sedimentation
interval.

When the sedimentation rate at the K/Pg boundary is low (i.e., 0.002 cm/a),
dissimilarity of the distribution of last taxon occurrences is equally controlled by (1) the
duration of the low sedimentation interval and (2) the intensity of the early extinction pulse.
Deviations from an expected pattern can accordingly be attributed both to a stronger or
weaker influence of the early extinction pulse or to a longer or shorter interval with low
sedimentation rates (Fig. 10).

Without the constraints on deposition models, the variability in the number of last
taxon occurrences observed in the section are overdetermined as they can be generated
by either (1) a deposition model and suitably chosen number of last taxon occurrences that
vary in time or (2) last taxon occurrences in time and a suitably chosen deposition model
with variable sedimentation rate (using the function “patterntodepositonmodel”). In the
latter case, the generated deposition models will roughly match Macellari’s interpretation if
last occurrences in the section have a higher contribution of the early extinction pulse than
the last occurrences on the section, however they will in general not be encompassed by
the 33 deposition models used in this example. As an example, the deposition model
transforming last taxon occurrences generated by an extinction scenario with no early
extinction pulse into the last taxon occurrences resembling an intermediate contribution of
the early extinction pulse (Fig. 7) is given in Figure 5. Inferences about the extinction
dynamics thus necessarily require knowledge about temporal variability in sedimentation
rate.
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MATHEMATICAL BACKGROUND

The instantaneous sediment accumulation rate s,;,,,.(t) describes the sediment
accumulated per time unit. By tracing the amount of sediment accumulated up to time ¢, it
defines an age model Hy,, Via

t
Hgtrar(t) = j Stime (x)dx
where Hy...(t) is the stratigraphic height deposited at time ¢. Its inverse function is given by
h

Tdep (h) = f 1/Sstrat (x)dx

and assigns the stratigraphic height » its time of deposition 7,,,(h) (Callahan 2010, theorem
5.2). Here, s, (x) is the instantaneous sediment accumulation rate in the section,
assigning the stratigraphic height x the instantaneous sediment accumulation rate with
which it was deposited, and 1/s....(x) is the inverse instantaneous sediment accumulation
rate, quantifying the time required to deposit one unit of sediment at the stratigraphic
height x. The age models Hy,4, T4, @and the sediment accumulation rates s;me, Sseraes 1/Sserar
can be transformed into each other via differentiation, integration, and inversion and are
thus equivalent representations of the same deposition model (Appendix F). In the
implementation, the preserved net sedimentation rate can be obtained by taking the
difference quotients of H,,,. after time intervals with erosion were removed.

The bidirectional relation between points in time and the section extends to bins: A
stratigraphic bin B, = [hy, h,] is connected with the time bin B,;ne = [Taep(hy), Taep(hy)] OF its
deposition, and a time bin B,;,.. = [t.,t,] IS connected with the stratigraphic bin B =
[Hgerae (t1), Horrae (t2)] that was formed during this time bin (Fig. 1). The DAIME model
assumes that that preservation is constant. It is known that taphonomic conditions change
along depositional gradients (Brett 1995); see Appendix A for how changes in preservation
rate can be incorporated into analyses. To simplify notation, | omit proportionality
constants introduced by the loss of a fixed, but unknown proportion of the input into the
sediment due to constant preservation.

Based on the assumption of constant preservation, the bidirectional relation
between bins expands to inputs and contents, forming the core idea of the DAIME model:
any input v,,,,. into the sediment during the time bin [t,,t,] is equivalent to the observed
content vy, in the sediment in the corresponding bin [H,q. (), Herae (t2)] IN the section, and
they have identical dimensions. Conversely any content of the sediment v,,,.,, in the bin
[h,, h,] In the section is equivalent to the input into the sediment v,,,,,. during the time bin
[Taep (h1), Taep (h2)] during which it was deposited, and they have identical dimensions (Fig. 1).

Taking v;... and v,;,. as measures in the mathematical sense of generalized
volumes, the above relations describe how the two measures are transformed into each
other by the means of a deposition model. This transformation is called as an image
measure or pushforward measure and serves as the namesake of the DAIME (Deposition
As Image MEasure) model (Klenke 2014, definition 1.98). The image measure formalizes
how volumes behave under coordinate transformations such as the transformation
between time and height. This is achieved by assigning a set after coordinate
transformation (the image) the same volume as its equivalent set (the preimage) before
the transformation.

The input v,;,,. Or content v,,,.,., with dimension X can alternatively be described
using an input rate f,;,. Or content rate f,..., corresponding to the temporal pattern with
dimension X/T and the stratigraphic pattern with dimensions X/L respectively.

Based on the connection between input and content as image measures of each other,
explicit representations of the temporal and stratigraphic patterns can be given (Klenke

11
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2014, theorem 1.101) (Fig. 1). The stratigraphic pattern f,.... generated by the deposition
model T,., and the temporal pattern f,;,,. is given by

fstrat () = frime (Tdep (h)) /Stime (Tdep (h))
Conversely, the temporal pattern f£,;,. generated by a stratigraphic pattern £, in
combination with a deposition model H,,,, iS given by

ftime (t) = fstrat (Hstrat (t))sstrat (Hstrat(t))
These relations make it possible to directly transform stratigraphic patterns into temporal
patterns and vice versa (Appendix G).

DISCUSSION

| have developed the DAIME model, describing how changing sediment accumulation
rates and hiatuses condense and dilute any type of information that is conveyed as part of
the sedimentary rock record (section “The DAIME Model”). DAIME permits transforming a
variety of data types such as (first/last) taxon occurrences, isotope ratios, trace element
contents, and rates of morphological evolution between time and stratigraphic height on
the basis of independently derived deposition models. Using this as a data preprocessing
tool for any stratigraphy-based statistical method makes it possible to account for the
effects changing sediment accumulation rates and hiatuses in the analysis.

Constructing Deposition Models

Age models have been published for many sections spanning major extinction events
(e.g., Torfstein et al. 2010 for the PETM; Deenen et al. 2010 for the end Triassic; Burgess
et al. 2014 for the end Permian; Hull et al. 2020 for the end-Cretaceous). Absolute ages at
given stratigraphic heights in a section provide limits on the maximum duration of
deposition and hiatuses as well as on the volume of deposition. However, even in the
absence of absolute ages, the effects of varying sediment accumulation rates can be
approximated quantitatively and compared using an auxiliary relative age model ranging
from O (lowest part of the section) to 1 (highest part of the section), an approach that has
been successfully applied to a Silurian carbonate platform (Jarochowska et al. 2020).
Both approaches can be refined using sequence stratigraphic interpretations to inform
about relative changes in sediment accumulation rates, characterizing intervals with higher
or lower sediment accumulation rates, identifying gradients of sediment accumulation
rates, and putting constraints of the duration and location of hiatuses (Galloway and
Williams 1991; Amorosi et al. 2020).

Using the function “patterntodepositionmodel” from the DAIME package, geochemical and
palynological data can be turned into deposition models by combining assumptions of
input through time (e.g., thorium or pollen; Adams and Weaver 1958) with observed
stratigraphic patterns to derive the deposition model that dilutes/condenses one into the
other. A special case of this approach is applied in Holocene environments, where the
dilution and decay of a constant support of 21°Pb is used to construct age models and
sediment accumulation rates (Appleby and Oldfield 1978; periodic flux model sensu
Sanchez-Cabeza et al. 2000; constant flux model sensu Sanchez-Cabeza and Ruiz-
Fernandez 2012).

Uncertainties associated with estimated deposition models or incongruities between
different deposition models can be addressed with the methods described in the section
“Quantifying the Effects of Incongruent Sediment Accumulation Rates”. They provide both
an absolute and a relative measure of (dis)similarity for sets of deposition models, and can
accordingly be used to measure to what extent patterns and point estimates change
relative to each other based on the choice of the deposition model. This makes it possible
to construct a range of temporal patterns that are potential explanations for the patterns
observed in the section, given the uncertainties about the knowledge of the depositional

12
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environment such as duration of hiatuses. Most importantly, this approach offers the
opportunity to compare the effect of the assumption of a constant sediment accumulation
rate against any set of other deposition models available.

DATA ACCESSIBILITY STATEMENT

All data generated for the examples is available via the doi 10.17605/OSF.IO/AEFNZ,
code used for this manuscript is available in the electronic supplementary materials.
The interactive web application “The Shellbed Condensator” by Hohmann and
Jarochowska (2021) provides a visualization of the DAIME model.
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FIG. 1.—The transformations between time and stratigraphic height underlying the DAIME
model. The age model or sediment accumulation history (thick black line) connects
stratigraphic heights with their time of deposition. A specimen deposited in the sediment at
time 11.5 (filled circle) will thus be located at a stratigraphic height of 43 (filled triangle).
When the location of a specimen is constrained by a stratigraphic bin, its time of deposition
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is constrained by the corresponding time bin obtained by transforming the endpoints of the
stratigraphic bin (empty triangles) into time (empty circles). Accordingly any shell input in
the sediment during a time bin (light gray area) is proportional to the shell content in the
corresponding stratigraphic bin (dark gray area). This can be used to transform shell
accumulation rates in time (dashed line) into shell abundance per stratigraphic height
(dash-dotted line) and vice versa.
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FiG. 2.—Samples associated with isotope ratios transformed based on the deposition
model from Figure 1. A) In time. B) In stratigraphic height. Although the isotope ratios
themselves are not altered, the distance between the samples changes due to
sedimentary condensation or dilution when their stratigraphic heights are transformed into
time. This leads to a “squeezebox effect”’, where plots of isotope ratios, percentages,
ratios, or any information that is associated with stratigraphic heights or times are a
stretched or squeezed version of the original after the transformation, leading to an
overestimate or underestimate of their rates of change.
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FiG. 3.—Stratigraphic patterns of last taxon occurrences (LTOs). A) High similarity. B) Low
similarity. Each pattern corresponds to a different underlying extinction hypothesis. The
symmetrized relative entropy is 0.34 for the dissimilar LTOs and 0.06 for the similar LTOs.
Using pattern one as null hypotheses, the type 2 error half-life is 1.65 for the dissimilar
LTOs, and 11.3 for the similar LTOs. Due to the exponential decrease of the type 2 error,
this implies that at a sample size where type 2 error between the similar LTOs has halved,
it has already decreased by a factor of more than 64 between the dissimilar LTOs.
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FIG. 4. —First and last taxon occurrences from Witts et al. (2016), section A. A) First and
last taxon occurrences per meter. B) Cumulative first and last taxon occurrences in the
section. Both modes of representation show an strong increase in last occurrences and a
moderate increase in first occurrences around 959 m.
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FiG. 5.—Five of the 33 deposition models for the K/Pg boundary as used in the example.
The interval with low sediment accumulation rates is very short (A), short (B), intermediate
(C), or long (D), the sediment accumulation rate at the K/Pg boundary is low (B) or
average (A, C, D). During the interval with low sediment accumulation rates, sediment
accumulation is very low (D) or low (A, B, C), after the interval it is either low (A, C, D) or
average (B). Deposition model W is the “null model” of a constant sediment accumulation
rate used by Witts et al. (2016). Deposition model F transforms the last taxon occurrences
generated by an extinction hypothesis without any contribution of the early extinction
interval into the stratigraphic pattern of an intermediate contribution of the early extinction
pulse under deposition model D (see Fig. 7). The dashed line corresponds to the
stratigraphic height of the peak in Figure 4, dotted line is the K/Pg boundary.
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FiG. 6.—Extinction dynamic before and at the K/Pg boundary with early extinction pulse of
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(gray). Last taxon occurrences were derived based on the convolution procedure by
Hohmann (2018) with a specimen frequency of 40 specimens per Myr, generating the
characteristic “backwards smearing” of the Signor-Lipps effect. The timing of the early
extinction pulse is based on the stratigraphic height of the extinction interval proposed in
Tobin (2017), transformed into time by deposition model W from Figure 5.
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FiIG. 7.—Stratigraphic expression of the extinction dynamics from Figure 6, based on the
deposition models A (black), D (dark gray), and W (light gray) from Figure 5. The intensity
of the early spike in last taxon occurrences reflects the duration of the low sedimentation
interval (A = very short; D = long), a low sedimentation rate at the K/Pg boundary as in
deposition model D generates sedimentary condensation that accentuates the extinction.
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FiG. 8.—Difficulty to distinguish different intensities of the early extinction pulse. A) For
different intensities under deposition model D. B) Between an absent and a weak early
extinction pulse and for different deposition models. Recognizing a weak early pulse is
easier than correctly assessing the intensity of a strong pulse (A), and the deposition
model at hand has only a minor influence on this (given that knowledge about it is
available, B). As reference for the specimen frequency, the vertical dotted lines show the
specimen frequency of ammonite taxa from Witts et al. (2016) right before the K/Pg
boundary in section A, transformed into time using the average sedimentation rate. As
reference for the taxonomic richness of datasets used to infer about extinctions, the
horizontal dotted line corresponds to the number of ammonite taxa in Macellari (1986).
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FiG. 9.—Dissimilarity of stratigraphic expressions of the K/Pg extinction with an
intermediate early extinction pulse under different deposition models. Distance between
age models in the NMDS corresponds to the dissimilarity of last taxon occurrences,
generated by transforming extinction models with different age models. The letters
correspond to the deposition models in Figure 5, specimen frequency is 40 specimens per
Myr. Empty symbols have low sedimentation rates at the K/Pg boundary, filled average
sedimentation rate. Key: circle = short interval; box = intermediate interval; triangle, tip up
= long interval; triangle, tip down = very long interval with low sedimentation rate. The
cross (W) corresponds to the deposition model with a constant sedimentation rate used by
Witts et al. (2016). Stress of the NMDS is given in Appendix E.
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FiG. 10.—Dissimilarity of last taxon occurrences as a result of (1) the duration of the low
sedimentation interval (2) sedimentation rate at the K/Pg boundary and (3) intensity of the
early extinction pulse. Symbols are as in Figure 9, symbol size corresponds to the intensity
of the early extinction pulse. Specimen frequency is 40 specimens per Myr, and all
displayed age models have a very low sedimentation rate at the end of the low
sedimentation interval as well as a low sedimentation rate after it. Stress of the NMDS is

given in Appendix E.
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