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Exceptional Preservation and Bias in the Fossil Record

Andrew D. Hawkins

ABSTRACT

The three projects described herein focus on two instances of exceptional preservation and
on potential source of bias in the fossil record. The occurrence of exceptionally preserved fossil
assemblages and the existence of systematic bias in the foesil fiemn a variety of sources
represent opposing forces acting on the information quality of the fossil record. Exceptionally
preserved assemblages capture features of anatomy and components of assemblages not normally
recorded in the fossil record. Systatim biasesiffecting the fossil record do the opposite, skewing
our perception of patterns of diversity, the relative dominance of clades and changes in ecosystems
through time. Chapter one presents the results of an analog modeling analysis to askess whe
and howa newly proposed potential mechanism, the preferential sampling of larger specimens
during fossil sampling due to the greater likelihood of larger specifeing intersectedy a
fracture surfacecontributesto the lithification bias. Chaets two and three focus on the
exceptionally preservedermiform fossils from the Winneshiek Lagerstétte in northeastern lowa
and microfossils from the Doushantuo Formation of South Chésaectively Chapter twaims
at resolvingthe identity ofthe Winneshiek vermiform fossils and presents evidence that these
structures represent phosphatized bromalitesgtanologiccategory that includes coprolites and
cololites. Chapter three preseatsiostratigraphystudyof exceptionally preserved microfossdt

three sections of the Doushantuo Formation in South China. Acanthomorphic acritarchs represent



a promising tool forsubdivision and correlation tfie Doushantuo Formation of South Chamal
Ediacaran strata around the worttbwever the occurrencef acanthomorphic acritarchethin

the Doushantuo Formation is controlled by #ivailability of early diagenetic chert nodules that
host microfossils such as acanthomorphic acritar€me of these sections contains the rare
occurrence of early diagenetihertan an upper slope sectiomhis new biostratigraphic data adds

to the growing body of integrated chemostratigraphic and biostratigraphic data from the
Doushantuo Formatio®y understanding both exceptional preservation and sources of bias in the

fossil record it is possible to separate artifact and noise from the true signal of the history of life.
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Chapter lintroduction

Introduction
Two sets of processes exert an influence on the qualiyfidelity of the fossil record:

processeghat premoteexceptional preservation anthose that produceystematic biases.
Exceptional preservation can eecdhrough a variety of pathways includitige precipitation and
growth of minerals such as pyrite or francolite on tissuesulting in the preservation of soft
tissues and morphological information in the form of carbon films. Processes of exceptional
preservatiorronservemorphological and paleoecological informattbat wouldnormallybelost

in the fossil record As a resulexceptionally preserved faas have contributeslibstantiallyto

our knowledge of ancient communitids. contrast systematic biases capable of skewing or
obscuring the patterns dfversity, relative abundance and preseoicabsencef different taxa
alsoaffect the fossil recordSuch biases castem from a variety of sourceslated taaphonomy

to methodology. Inthis dissertationl investigate two instances of exceptional preservation,
vermiform structures from the Winneshiek Lagerstatte and silicified microfossils from the
Ediacaran Doushantuo Formation of South China, and how fossil collection methods may
contribute to the lithification biasa recently recognized bias that may affect estimates of within

community diversity through much of the Phanerozoic

Research Goals

Chapter 1 focuses on the problem of whether fossil sampling by means of splitting rock, a
common collection method for wdlthified sediments, can potentially induce a size selective bias
that skews estimates of sample diversity and average specimen size. This potential bias, dubbed

preferential intersection, is a possible contributing fattothe lithification bias, arecently



recognized phenomena of decreased diversity in fossil samples collected from lithified sediments
ascompared with sampldgkat derivefrom unlithified sediments. Tenlithification biashas been
demonstrated empiricglin Cenozoic molluscan assemblagéswever the processes responsible

for this bias are still poorly understood. Understandinguheéerlying causes of this bias is
important as it has been suggested to act as a megabias due to the varigtdic stionfound

in thePhanerozoisedimentary rock record. The goals of this work are tfolkee The firstwas to

test the hypothesis that preferential intersection can bias estimates of diversity and average
specimen size independent of other potentialdsiasich apreferentialdissolution of aragonitic
specimens or breakage of small specimens during sampling. The sesota understand how
varying the species abundance distribution and the species size distribudisamplémpacs

the magnitude ofhie bias induced by preferential intersection. The third gaalto determine
whether the potential biasing effects of preferential intersection are sufficient to fully explain the
empirically observed lithification bias or whether other biases need to be invidked:hapter

has been submitted for publication to jbernal Paleobiology.

Chapter 2 presents a taphonomic study of enigmatic -thineensionally preserved
structures from theéMiddle Ordovician Winneshiek Lagerstétte in northeastern lowa. These
structures, which have been dubbed vermiform fosaispreseved in three dimensions via
phosphatizationThis style of preservatiooontrasts markedly witlother types of exceptional
preservatiorfound in the Winneshiek_agersiitte as thefaunaprimarily consiss of arthropods
preserved as carbonaceous compressigvinneshiek vermiform fossils have previously been
interpreted as bromalites,grnoup oftrace foss# that include coprolitegnd cololiteginternal
molds of digestive orgapsHowever there haseen no systematic investigation of the vermiform

fossils to test the bromalite interpretatidrne researchgoals of this projecivere tocharacterize



the chemical composition, external and internahorphologiesand microstructure othe
Winneshiek vermiform fossils, to construct a paragenetic sequess@osible for the
phosphatizatiorof the Winneshiek vermifornfossils and to evaluate hypothesized vermiform

tracemakersThis chapter has been accepted for publication with revision by the journal Paliaos.

Chapter 3 focusses on documenting exceptionallyepred microfossils, including
biostratigraphically useful acanthomorphic acritarchs, at three sectobnthe Ediacaran
Doushantuo Formatiom South China. These sections, located at Wangzishi, Huangjiaping and
Sidupingin Hubei and Hunan provinceareoutside the Yangtze Gorges amghere extensive
research othe Doushantu&ormation has been carried odtwo of the sections, the Wangzishi
and Huangjiaping sections,ene deposited within the intrashelf lagoon while the third, the
Siduping section, wadeposited in an upper slope settifihe exceptional microfossil record
preservedn the Doushantuo Formation in the Yangtze Gorgesiah#e to théormationof early
diagenetic cherts. While these early diagenetic cherts are absent from mosssaatside the
Yangtze Gorges area, their presence at the three studied sections provides an opportunity to extend
the paleogeographic range tife Doushantuo Formation microfossil record. The research goals
were to document the biostratigraphndpaleaeographicanges omicrofossilsin the Ediacaran

Doushantuo Formatiof his chapter has been published in the journal Precambrian Research.

Research Methodology

Chapter 1: Lithification Bias
To test whether preferential intersection can impose a hiastonates of species richness,
assemblage evennessid average specimen siredependent of other potential sources of bias
we used a simple analog model of fossil collection from lithified sediments. This model was

implemented in MTLAB and consist®f three parts: 1) A cubic volume analogous to a bulk

3



sample of fossiliferous rock that can be populated with specimens, 2) one or more horizontal planes
within the cubic volume which are analogous to fracture planes, and 3) specimens within the
volume. The model replicates fossil sampling by generating a cubic volume populated by
specimens and then selecting horizontal planes at random vertical positions within the cubic
volume. The model then counts all specimens within the volume which intersect ahkeasthe

planes. The model repeats the process of populated volume generation and sampling until it the

total number of counted specimens reaches a user defined quota.

In order to gauge whether preferential intersection biases estimates of divelssizean
we compard mean values and 95% confidence intervals of species richness, evenness and average
specimen size produced by the preferential intersection modelthatbeproduced by a random
draw model. This random draw modsimulatedsample collectiorvia sieving unconsolidated
sediment. We also testwhether preferential intersection imposes a bias by perforatggis on
sets of species richness, assemblage evenness and average specimen size values generated by the
preferential ad random draw models. Comparisons between the results of the two models were

performed for nine combinations of species abundance and species size distributions.

Chapter 2: Vermiform Fosdgitem the Middle Ordovician Winneshiek Lagétst

In order to @cument morphological and compositional featureg/ofneshiekbromalite
fossils, the internal and surficial structsr@nd microstructuieof a morphologically diverse suite
of vermiform fossils vereexamined using a combination of transmitted lighletéd light and
electron microscopyt hirteenspecimens were subjected to destructive analysis. All 13 were thick
sectioned and &f themwere also thin sectioned. Thin sections were examined using a BX51 light

microscope. Compositional data and elemlemi@ps vere obtained from polished thick and thin



sections using a Hitachi TM3000 table top SEM with a bruker XFlash EDS system and a FEI

Quanta 600F low vacuum environmental SEM.

Chapter 3: New Microfossils from the Ediacaran aged Doushantuo FormediautioiChina.

Chert samplesvere collected from three sections of the Ediacaran aged Doushantuo
Formation The samples were thin sectioned ardminedising transmitted light microscopyr
microfossils particularlybiostratigraphicallyimportantacarthomorphic acritarchg?etrographic
observations were made to determine whether fossiliferous cherts were formed in situ or
transported from elsewherBiostratigraphic data from the upper slope Siduping sectias w
i ntegr at é@anrecotd m ortlen te refine correlation witletterstudied sectionim the
Yangtze Gorges aredhe integrated biostratigraphic and chemostratigraphic data were used to

determine the stratigraphic and paleogeographic range of Ediacaran acanthomorpigbscrita

Chapter ZThe Lithification Bias, an analogue modeling approach
Abstract

Li thification, the process wherainconsolidated sedimentsransition to fully indurated rocks,

can potentially bias the species richness, evenness, and body size distribution of fossil
assemblagesSpecifically, fossil collections made from wellndurated rocks consistently
exhibit lower species richnesand evenness, and a specimen size distribution skewed towards
larger specimens relative to collections made from unconsolidated sediments. While the bias
itself has been demonstrated empirically, much less attention has been paid to the question
of its cause.Proposed mechanismsniclude destruction of small specimengluring early

diagenesisand specimen destructon associated withmechanically breaking rock during



sampling. Here we investigate the potential effects of an alternative mechanism that could
alsoresult in a methodology related bias: the preferential intersection of larger specimens
relative to smaller ones during bulk fossil sampling. We present the results of an analog
modeling study of fossil collection via splitting fossiliferous rock and compag the results to

a random draw model that approximates the effects of sieving8ased on the results we
analyze how differences in fossil sapling methodology between wetindurated rocks and
unconsolidated sediments can impart bias. Our results demonstratbat for at least some
collections preferential intersection can impose a significant bias independent of other

mechanisms, although it cannot fully duplicate the observed bias on its own.

Introduction
Multiple studies have demonstrated that bulk fossilections made from welhdurated

sedimentary rock are not interchangeable with their counterparts from unlithified sediments. Fossil
samples fronfully -lithified sediments are less species rich and exhibit lower measures of evenness
compared with sames made from unlithified sedimer{tdendy 2009; Sanders et al. 2015; Sessa

et al. 2009) These samplealso exhibitdistinct specimen size distributions thate skewed
towards larger specimen sizeékhis ske bias is thought to drive the effects on richness and
evenness due to the underrepresentation or absence of smaller 3pesesifferences are not a
product of easier specimen collection in unconsolidated sediments because they remain even after
correcting for differences in sample si¢¢endy 2009; Sessa et al. 200Bhis effect of lithification

on sampéd diversity has been termed tithification biasand is sufficiently large thddendy
(2011)argued that it represents a megabias with the potential to effect the apparent trajectory of
sample level diversity through the Phanerozd#iowalewski et al. (2006yeached a similar

conclusion in their analysis of potential sources of bias that could contribute to the apparent post
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Paleaoic increase in sample level diversity. Concerns over the potential for lithification to bias
measures of diversity were significant enough ety et al. (2008)excluded collections from

unlithified sediments in their sampling standardized analysis of Phanerozoic diversity.

While muchattention has been paid to the questionvbétherlithification state biases
measures of diversitynuch less has been paid to the question of what mechanism or mechanisms
areresponsible for this effécEven less effort habeenfocused on trying to idate and test
individual mechanismigthough sedawrot (2012) Daley and Bush (2012andDaley and Bush
(2014)for importantexceptions Most discussions of the lithification bias have attributed the bias
to the dissolution of small aragonitipecimens during early diagenef@itendy 2009; Sanders et
al. 2015) For exampleHendy (2009kuggested that changes in pH during quartz cementation of
sandstones and siltstones resulted in the selective dissolution of small aragpmuimens. This
is a plausible explanation because shell size and mineralogy are two of the most important factors
in determining the vulnerability of a shell to dissolution during early diage(idsidin 1999)
However well-indurated sediments differ from unlithified sediments in other ways besides their
diagenetic historyand these magiso impart a bias on the preserved diversityarticular, bssil
collection methodologies differ significantly between lithified and unlithified sediments.
Unlithified sediments can be sieyechich allows for retrieving all specimens larger than tiesim
size from a volume of sedimefiowalewski and Hoffmeister 2003 contrastfossil collection
from lithified sedimentsis made byeither scanning naturally exposed surfaces or else
mechanically breaking up bulk rock samples and scanning the surfade®kei pieces.
Kowalewski et al. (2006)ecognizedthe methodological issues related to fossil sampling from
fully lithified sedimentavhen they suggested that bias related to lithification may be due to the

breakage and destruction of small specimens when fracturing lithified. léekn without the



outright destruction of small specimens, sample colleciomfweltlithified sediments has the
potential to result in a size related bias. This is because the specimens that can be recognized and
recordel, and that therefore contribute the sample, are lited to only those specimens that
intersect the top or bottom of the bed or the mechanically generated fracture surface(s). Given that
larger specimens are more likely than smaller specimens to intersect a fracture surface or the top
or bottom of a bedt is conceivable that this could also lead to-s&ated bias. This phenomena

has previously been recognized in contexts ranging from paleobiology to igneous petrology but
has not been previously considered as a potential mechanism for the lithificai(MdKinney

1986; Peterson 19968)Ve termthis alternative mechanispreferential intersection.

Here we use a simple analogpdel of fossil collection from lithified sediments to tes th
hypothesis that preferential intersection can bias assemblage richness, evamhesgerage
specimen size. The model is implemented in Matlab, which allows igsltdedifferent factors
that may contribute to the observed lithification bias and adkeg individual contributions to
the overall bias. We use this model to examine howspieeies abundance atite species size
distribuions contribute to the degree of bias a fossil collection exhidnitdthen comparghis to
the magnitude of the empirically observed big determining how much bias can be generated
independent of any loss of aragonitic specimessplace constraints on the degree of species loss
due to aragonite dissolutipar other mechanismgihich must be invoked in order to explain the
empirically demonstrated lithification bias. Finallye considefactorsthat the model does not

address and how these nmagocontribute to the lithification bias.

Background
The first suggestion that lithificatiostate might exert an effect on sample level diversity

came from lhe work ofKowalewski et al. (2006)These authorexamined two questions related



to the postPaleozoic increase in sample level diversity: What was its magnitude and was it an
artifact, either partially or entirely, of oree more of a suite of potential biases. To do this they
used a large collection of bulk sampteatallowed them to standardize samples for collecting
procedure (i..sieve size) and sample size. Since the suite of collections they examined were
collectad by a small number of workerthey were also able to avoid complications due to
differences in taxonomic practices. The potential biases they considered included variation in the
paleolatitude and paleoenvironmental settinghefcollection sites, samellithology, the loss of
specimens due to dissolution of aragonitic shatigl preservation quality (i,enoldic versus shell
preservation). By examining subsets of their dataweaé not affected by certain factpssich as

sets of samples that were collected from the same paleolatitudinal range or were uniformly
dominated by aragonitic taxa, they were able to determine whether the magnitude of the diversity
increase was significantly altered btherfactors. Basedan their analysesKowalewski et al.
(2006)were able to reject biases related to latitude, lithology, paleoenvironment, preservational
guality (i.e, mold/cast vscarbonate shell materiaBnd aragonite dissolution as being important
factors in the observed increase in sample levelsitye Importantly Kowalewski et al(2006)

were not able to reject the possibility that lithification state might be a confounding factor, and
they noted that the transition in the sedimentary record from being predominantly fully lithified
units to a mixture of lithified, poorly lithifid, and unlithified units occurred over the same interval

as the observed increase in diversity.

Sessa et al. (200@pdHendy (2009)more explicitly tested the hypothesis that lithification
state could exert an influence on the diversity of bulk samples by comparintesdrom the
same time intervathat contained thesamefossil assemblagedbut represemd a range of

lithification states. In two different settings, the lower Cenozoic ofaihié Coastof the southern



United Stateandtwo Cenozoidasins in New Zealan&essa et al. (200@pdHendy (2009gach
compared the species richness, evenregsaverage size of specimens of collections made from
locally lithified and unlithified units. Botlsessa et a(2009)andHendy (2009jound that samples
from fully lithified sediments exhibited lower species richness, were less, evehexhibited
different specimen size distributions than samfsta® unlithified sediments. Intriguingl\Hendy
(2009) found that poorly lithified sediments, which were less lithified than their fully lithified
category but could not be fully disaggregated, exhibitédally no difference in terms of diversity

as compared ttheir unlihified counterparts. Botessa et al. (20089nd Hendy (2009)also
examined the impact of lithification on the diversity patterns observed in their respectiye stud
systems at larger scaleSessa et al. (2009pund that lithification state altered the apparent
diversity dynamics of the recovery followg the KT extinction evergandHendy (2009pbserved

that an overall increase in diversity corresponded to a chatigfgfination state over time.

Sessa et al. (2008€)d not suggest a mechanism to explain their result Hendy (2009)
suggested that the diversity difference observed in their samples likely reflected the loss of small
specimens with aragonitic mineralogies. This mechanism has been the most frequekdy in
explanation for the impact of lithification state on sample level divefSanders et al. 2015)he
dissolution of specimensith aragonitic shell mineralogies during early diagenesis is a widely
recognized taphonomic phenomenon driven by the fact that aragonite is less thermodynamically
stableat Earth surface conditions compared to both low magnesium and high magnesium calcite
However, the question of just how much bias aragonite dissolution introduces to the record of
samplelevel diversity is unclear, and this question has provoked significant discussion in the
paleobiological literature in its own riglmdependent of its relevance to understanding the biasing

effects of lithification stat€Bush and Bambach 2004; Cherns and Wright 2000, 2009; Foote et al.
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2015; Kidwell 2005) While a significant role for aragonite dissolution appedngous in some
studies of lithification bias (i.eSanders et aR015) there are likely to be other contributing
factors to the lithification bias stemming from methodological issues, and these reuatuzded
andtaken into account before a stratdgy correcting for the effects of lithification state can be
developedKowalewski et al. (2006uggested that specimens smaller than 5 mm arelotikan
during splitting of weHindurated rock and that this methodological issue likely contributes to

biasing effects of lithification.

The additional methodological issue investigated here, which we term preferential
intersection, has previously been discussed under various names with related issues in both
paleobiological and nepaleobiologicalcontexts.McKinney (1986)examined the question of
estimating the volumetric abundance of fossils in ceestions of fossiliferous rock. They
demonstrated that, assuming specimens are both randomly distributed and randomly oriented
within the matrix, the average number of specimens seen in cross section can be used to estimate
the average number of specimevithin a unit volume. Intersection poses a significant problem
for estimating the size distribution of particles based on stereological cross sdutiomsse
particles in a volume are rarely intersected through their center, which can skew the ajgmarent s

distribution of intersected particl¢Beterson 1996)

Several authors have previously attempted to investigate whether lithification can induce a
bias independent of the efts@ragonite dissolutioNawrot (2012ompared the diversifypund
in beach rock cemented early in diagesds that of paleoecologically similar collections in
unlithified sediments. The aim dfawrot (20129 spproach was to investigate whether bias
existed in a system where cementation occurred sufficiently early so as to prevent significant loss

of specimens due to aragonite dissolution. In contrast to other stidiks lithification bias
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Nawrot (2012)reported no discernable difference betwlanlithified and unlithified samples.
This result can®explained by noting thatawrot(2012)describe their lithified sampés as being
more similar tdHendy (2009p poorly lithified category thahisfully lithified category,andbeing
susceptible to significant though nodmplete disaggregationWith this finding in mind,the
results ofNawrot (2012)are not necessarily unexpected and thusatanegate the possibility of

norntaragonite related mechanisms contributing to thdiGtion bias.

Daley and Bush (20129nd Daley and Bush (2014)sed Portland cement to artifidial
generate highl y , Whzhwerethen §ampled to evalate mardganite related
biasig mechanisms. Interestinglpaley and Bush (2014pund that while in some trials a bias
was genera&d, other samplesere more diverse and more even than would be expected from
random drawfrom the assemblage of shells which gked to populate the artificial rocRéeither
Daley and Bush (2012)or Daley and Bush (2014)roposed a potential mechanism for their

observed effect.

Methods
To explore the impact of prefergal intersection on paleobiological samplinge

developed a simple model that captures the basic aspects of fossil sampling from lithified rock.
Here we discuss the basic parts of the model and how it was used to investigate the biasing effects
of prefeential intersection. A more detailed description of the model is provided in Appendix Il.

The model in its simplest form consisdf three partsA cubic volume to be populated with
specimens, one or more fracture plaresd the specimens themselves. lEat these were
represented iMATLAB as sets of coordinates. Sets of coordinates for the more geometrically
complex specimens were generatedgsinRa up ( 19 7 9 ) Bhepomulatedivolumg mo d e |

analogous to a fossiliferous roekd is sampled by beg bisected by one or more horizontal
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planes,analogoudo planar fractures, at random points along its vertical axis. Specimens that
intersect one or more planes were considered exposed and were counted, contributing to the fossil

sample.

Model inputsand sources of data

In order for the model to be able to populate cubic volumes with realistic multispecies
assemblages we first created nine parent populations of shells from which specimens could be
drawn at random. Each parent population contained JJ00Gpeciment ensure an adequate
sampling universe. In each parent population specimens were distributed among species according
to one of three species abundance distributions. Each species was assigned a size value, status as
a gastropod or bivalvend shell shape data. Two separate sets of shape data, one for shells assigned
as gastropods and the other for shells assigned as bivalves, were used in order to avoid assigning
unrealistic shapes. The nine parent populations represented different camniinathree species
abundance distributions and three sources of species size data, which are described below. For
simplicity, each species was defined by a distinct but uniform size and shape (i.e., there were inter
specific variations in size and shapet there were no intrspecific variations). The model used

shell height (i.e., distance from the dorsal to the ventral sides of specimens) as a measure of size.

Data on species abundances is commonly presented in the paleoecological literature,
howeverthese are usually limited to samples of only a few hundred or at best thousands of
individuals. Therefore, m order to have a sampling universe sufficient to explore variation in
diversity up to sample sizes of thousands of indiviJuaéschose to generatrtificial data sets
of size N= 1,000,000 based on realistic parameters. To dpwieisisedhreespecies abundance
distributions two following the logseries distributiorfFisher et al. 1943and one followinghe

lognormaldistribution (Bulmer 1974) Parameter values for the species abundance distributions
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were U=3 and U=6 for theegt waesllam= 1240foi thes di st
lognormal distribution. A detailed description of how these species abundance distributions were
generated is presented in the supplementary methods section in Appendix I. Copies of all

MATLAB code used to generate them is included in Appendix Il.

Threesources of size da{&owalewski et al. (2006)Roy et al. (200Q)andSessa edl.
(2009)) formed the basis faronstructing the parent populations wrdrying size between model
species.The supplementary data set Kbwalewski et al. (2006provided lists of specimens
identified to species level with associatedasurementsf shell height. The mean of individu
species provided a basis for a data set of species Ragst al. (2000providednumbers of
species assigned to different size b®sssa et al. (2008yovided lists of species taken from both
her own work and previously published sources. Whdssa et al. (200€)d not provide species
size information, one of her sources of species abundancésdatée (1996)gave speciekevel
size information including shell heightand width:height ratios and length:height ratios.
Measurements were given for the largest specimen of a species. This information was used as a
source of size information for the species listSefsa et al. @®9). Details of the treatment of
size data, including a discussion of different binning methods used in the three data sets, is included
in the supplementary methods sectibncontrast to specimen siz@herethree data setwere
usedto explore theeffect of species size, only a single data set on shell shape was used for all
analysesDetails of how shape data was used are described in the appendix. Shape data used in
the model was taken from two sources, the paleobiology databassaand (1996) Shape data
were obtained for species lists &ssa et al. (2009 order to ensure that the range of within

population shapes was realistic.

The Model
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Once generated from the compiled data the nine parent populations could then be drawn
from to populate model rock volume$he volumes were populated andomly drawing
specimenswithout replacemenfrom the parent distributioand then randomly assigigrihem
locations in the rock volume (Figs. 2, 3Bhe bivalve and gastropod shells created using the Raup
modelserved as the basis for generating specimens of different species that varied in both size and
shape These baseline model shells epdssesshell height, width, and length values of 1 mm
Therefore, m order to generate a specimen of a particular sizéaeineset of coordinates were
linearly scaled so that thepecimerhada shell height equal to the size bin value assigned to its
specis. For simplicity each speciewvas associatedith only a single size value and igndre
intraspecific size variatio.he assignment of a single size category to all members of a species is
obviously an over simplification as in reality specimens wouldlitek size variation based on
ontogenetic stage and other factors. Since individuals of the same species within an assemblage
will differ in size the true differencen the likelihood oftwo equally abundant species being
sampled via intersectiotan be mee correctly thought of as being related to their difference in
mean shell sizéi.e., shell height) Thereforethe single sizes assigned to species in the present
model can be thought of as corresponding to mean shell heights. Taccusatefor the
Kowalewski and Hoffmeister (2003)ze data set given that these sizes were generated by taking
the mean sheBizesof dl entries for each species, however it represents a greater departure from
reality for the other two size data sets. Never the less the comparison of the different size
distributions is useful in assessing howichdifferences in the size distribution afh assemblage
can influence how much of an effect preferential intersection can have on estimates of diversity.

The questiorof whether incorporating withispecies size variation and other complexities not
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addressed here significantly alters the biasimgpact of preferential intersectiowill be

investigated in future modeling efforts.

Specimen shape was modified by the model in association with size modification. While
the shell heightsverescaledonly by the size bin valughe shell lengths and widtheerescaled
additionally bythe length or width aspect rasiaespectivelyAgain, for simplicity, each species
was associated withnly a singleshapeand intraspecifishapevariationwas ignoredSpecimens
were assigned random locations within the cubic volume one at a time in order of decreasing size.
The model assessed whether each newly placed specimens intersected with any previously placed
specimen and if intersection was detected, locatssigament was repeated until no specimen
intersection occurred. Details of how the model hanthedsseswment ofspecimen intersection

are presented in the supplementary methods.

Onceavolumewaspopulated by spgmens one or more positionslong the ertical axis
between the top and bottom of the volumere selected at randor(Fig. 3C) These points
represent fracture horizons. All specimens that intezdemte or more of these horizomgere
counted by the codend their species identity and asstemlinformation recordedlhe code
recordedthe species identity and siZer each intersected specimen a master list of sampled
specimensThe code continued to generate and sample populated volumes untdsapsied
sample size quota was met.iJlguota represents the total sample size and is represented in the
horizontalaxis inFigures 4 6. In different model runs, thquots were seat 10, 50, 100, 150,

200, 250 and 300 specimenallowing usto examine the effects differentsample sizeon the

magnitude of bias indudeby preferential intersection.

Considering all intersected specimens as equally exposed is likallgdde an over

simplificationsince differences certainly exist in how easibpecies can be identified when only

16



partidly exposed This may also representan additionalsource of biasThis isanalogous the
AChl amys Kewalewsla dt al. (Q03)in which specimens which can be identified even as
small fragments are numerically dominahowever this simplifying assumption éceptable

given that the purpose of the model is to evaluate whether preferential intersection is capable of
imparing a bias on its own and not to replicate all the possible contributing factors to the

lithification bias.

Once the quota was reached, the code calculated the species richness, evenness, and
average specimen size of the sample. For evenness, the todeuch at e d(Pi€lamil966) u 6 s J
again based on the meslist. For average specimen size, the code simply took the average size
of all specimens on the master list regardless of species idergitynall to compare against the
model of preferential intersectipwe alsoemployeda random draw moderhis model simply
draws a quotaf specimens at random from theme parent distribution used to populate the model
volumes This model is analogous to fossil collection by sieving unconsolidated sediameht
retrieving all specimens contained within &egi volume of sedimestA random draw model has
previously been used to model fossil collection via sieving in a study of biases associated with
choice of mesh sizgowalewski and Hoffmeister 2003)ike the preferential intersection model
the random draw modalas repeated 1Gtimes for each quota size order to calculate thmean

and 95% confidence intervaf species richness, evennemsd average specimen size.

The nine parent populations described above provided a basis for assessing how the
magnitude of bias induced bygberential intersection varied in response to changes in the species
abundance distribution and the distribution of species among size classes. Each parent population
was run through both the preferential intersection and random draw models. The resnasy

of mean values and confidence intervals for species richness, assemblage evenness, and average
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specimen size allowed us to examine how the magnitude of the bias changed with sample size for
each combination of species abundance distribution amiespgze data set. We also performed
onetailed ttests on sets of 150 values produced by the preferential intersection and random draw
models, at a sample size of 300 specimens, to determine whether the two models produced
significantly different richnes evenness, and average specimen sizest§ were performed

using the o0t.testd function in R

Results
Figures 46 show mean values and 95% confidenenvelopes of species richness,

evennessand average specimen sizg the preferential intersection and random draw models.

Pairs of results weregenerated by running each of the two models using of the nine
combinatiors of species abundanaistribuion and species size datdable 1) Examination of

the results demonstrates thaith rare exceptions, the preferential intersection model consistently
gave lower richness, lower evenness, and greater average specimen size compared with the random
draw model (Table 2). e magnitude of this difference varies depending on the specific
combination of abundance asie distributions. Table 1 shows model results of species richness,
evenness, and average specimen size for each combination of species @buthrsize
distributions. Table 2 shows the results of one taileebts assessing whether outputs of the
preferential intersection model were significantly greater or lower than those of the random draw

model.
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Table 1. Results of model runs (quotaGB

Species richness Sample evenness Average specimen sizémm)
Abundance Size distributi
distribution ize distribution  pandom Preferential  Random Preferential  Random Preferential
draw interaction draw interaction draw interaction
Logseries Roy et al. (200D 155 13.7 0.76 0.60 23.7 39.8
Distribution, )
Alpha = 3 Kowalewski et al.
(2006
155 14.8 0.76 0.67 6.47 8.0
Sessa et al. (2009 15.7 17.7 0.76 0.77 5.87 8.95
Logseries Roy et al. (200D 30.1 25.0 0.84 0.75 40.9 55.6
Distribution, )
Alpha = 6 Kowalewski et al.
(2009
30.6 26.28 0.84 0.77 9.15 12.4
Sessa et al. (2009 30.2 23.3 0.84 0.63 12.5 31.3
Lognormal Roy et al. (200D 41.56 37.07 0.85 0.80 335 62.3
Distribution )
Kowalewski et al.
(2006
41.96 37.87 0.85 0.80 7.09 8.88
Sessa et al. (2009 42.09 34.56 0.85 0.79 115 23.7
Tablel
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Table 2. Results of significance tests (quota = 300). RD: random draw model. PI: preferential

intersection model.

Abundance
distribution

Logseries
Distribution,
Alpha =3

Logseries
Distribution,
Alpha =6

Lognormal
Distribution

Table2

Discussion

Size distribution

Roy et al. (200D
Kowalewski et al.
(2009

Sessa et al. (2009
Roy etal. (2000
Kowalewski et al.
(2009

Sessa et al. (2009
Roy et al. (200D
Kowalewski et al.

(2006

Sessa et al. (2009

Speciegichness

Random Preferential
draw interaction

RD > P, p = <2.2E16

RD > PI, p = 6.18ED6
RD < Pl, p = <2.2E16
RD > PI, p =<2.2E16

RD > PI, p =<2.2E16
RD > PI, p =<2.2E16
RD > PI, p =<2.2E16

RD >Pl, p =<2.2E16
RD > PI, p =<2.2E16

Sample evenness

Random Preferential
draw interaction

RD > PI, p =<2.2E16

RD > PI, p =<2.2E16
RD < PI, p = 3.76ED6
RD > PI, p =<2.2E16

RD > PI, p =<2.2E16
RD > PI, p =<2.2E16
RD > PI, p =<2.2E16

RD > PI, p =<2.2E16
RD > Pl, p =<2.2E16

Average specimen sizémm)

Random Preferential
draw interaction

RD < PI, p =<2.2E16

RD < PI, p =<2.2E16
RD < PI, p =<2.2E16
RD < PI, p =<2.2E16
RD < PI, p =<2.2E16

RD < PI, p =<2.2E16
RD < PI, p =<2.2E16

RD < PI, p =<2.2E16
RD < PI, p =<2.2E16

Preferential intersection as a source of bias on species richness, evenness and average specimen

size

Model outputs shown in Tableg 2and Figures ¥6 illustratethat, with one important

exception which W be discussd in more detail below, the preferential intersection model

consistently yielded samples with lower species richness, lower eveandss greater average

specimen size than counterparts produsethe random draw model. These results demonstrate

that fossil sampling from wellthified sedimentwia splitting can biaaspects of species diversity

even without the loss of specimens due to aragonite dissqluising an important point about
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disaussions of the lithification bias. As first used®gssa et al. (200@pdHendy (2009)the term

Al i thification biaso refers to the empiricall
lithified and unlithified sediments. However, there is a potential for camfug the term
olithification biasé is taken to Iimply that e
duringthe transition from unlithified to lithified sediments. Avoiding this conceptual confusion is
important for considering variation beten the results of different studies. Already different

studies have come to different conclusions concerning the magnitude of the lithification bias [i.e.,

the different magnitudes observed®gssa etl. (2009)andHendy (2009) Sanders et al. (2015)

presented convincing evidence of lithification bias in the Eocene of the Parigtigasirasdriven

largely by the dissolution of aragonitic taxa. Maintaining a clear distinction between the
lithification bias and its causes is important for evaluating examplissdfias on a case by case

basis.

The variability in the magnitude of the biasweén model runs demonstrates thatexact
magnitude of the differemcdn species richnessdependent on propertie$the population being
sampled. This is not particularly surprising. However, it demonstrates the need to consider how
vulnerable a paitular assemblage may be to the biasing effects of preferential intersection. The
absolute values of the differemaith the preferential intersection and random draw models varied
between species abundance distributions that differed in richness ameéss/eWhen absolute
differences were converted to percent differentles, magnitude of the differende species
richnessvas10i 20%between the two model§he only outliers were model runs for the logseries
wi t h U =KowBalewski @t alt (20863ize data set, which produced a patdaiifference in
species richness of just 5%, a n bessaleteal. MY s er i e

size data, which produced a difference in species richness of 23%. Results fblagsevenness
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were similarly variable, with differences between the preferential intersection and random draw
models ranging fromi25%. Fossil collection from lithified sediments via splitting is therefore
expected to yield samples with lower speciebréss and lower evenness than would have been
recovered from a sample of the same size collected via sieving, with the magnitude of this
difference most likely falling between 120% for species richness and Z5% for assemblage

evennessindependentf the effects of other biasing mechanisms.

The lone exception to the trend of lower species richness and evenness from the preferential
intersection model was for model Sessaeatal (200Bpt u S ¢
size data set, shown in Figure 4C and 4F. In this model run both species richness and assemblage
evenness were greater for the preferential intersection model than for the raadomatiel. As
shown in Table 2, this difference is statistically significant. This result can be understood by
considering that, in the preferential intersection model, the likelihood of a specimen being sampled
is tied to its size, specifically in thiss@ashell width or the shell dimension in the vertical axis. In
cases where larger specimens are concentrated among rarer species, or common species are
smaller, sampling via splitting could through preferential intersection lead to the recovery of a
greate number of rare species than would be expected at random. This result is consistent with
the finding of Daley and Bush (2014that splitting artificial rocks populated with specimens
actually produced greater species richness than would be expected from randomly drawing from
the same population. This reiterates the conclusion thaftbet of preferential intersection on

aspects of assemblage diversity depends on properties of the assemblage.

Preferential intersection as a component of the lithification bias
All model runs produced some degree of difference in species richnessesvand

average specimen size between the random draw and preferential intersection models regardless
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of which combination of size distribution and species abundance distribution was used. However
it does not follow from this that preferential intersection can fully explain the bias observed by
Sessa et al. (200@ndHendy (2009) Determiningthe extent to whichpreferentialintersection

can explain the observed lithification bias, either in part or in whedglirescomparing the model
resultswith empirical studies. The largest difference between the random draw and preferential
intersection mdels was generated when thedeges species abundandistribution was used

wi t $6. 10 these model runthe sgcies richness of randomatv samples at a sample size of
100 was approximately 28pecies, which is comparable to the richness values of 20especi
reported byHendy (2009)from unconsolidated sediments. The preferential intersection model
yielded an average species richness of 16 species, 25% fewer gpeci¢se randomrew model.

By contrastHendy (2009)eported an average species ridmef 10 species for titfied samples

of this sizeSessa et al. (2008@ported an even greater difference between lithified and unlithified
collections with their average unlithified richness bgimpproximately 20 species but their
lithified collections vyielding a richness of only 5 species. Theseparisonsindicate that
preferential intersection can account &l 25% of the observedithification bias reported in the

literature

Since preferential intersection cannot explain the entire observed richness difference
between lithified and unlithified sedimentgher mechanisms muasisobe invoked to explain the
remaining difference in diversity. The most obvious candidates are the ditioaal mechanisms
for the lithification biasthathave been proposed in the literatuneamely,dissolution of small
aragonitic specimens and mechanical destruction during splitting. Importantly, all three of these
mechanisms are thought @ffect similartaxa. The small, thishelled aragonitic taxa that are at

the highest risk for dissolution are also the most likely to be missed due to preferential intersection
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and the most likely to be vulnerable to mechanical breakage during collection. It follawsetha
effects of these b&es arenore likely to be redundatihan additive An assemblage that has lost

its smallest taxa due to aragonite dissolution is likely to yield similar diversityesalhether
collected from weHithified or unconsolidated sedients because those specimens that were most
vulnerable to the effects of preferential intersection have already been removed. At the same time,
fossil assemblages may exhibit similar losses of small taxa due to any combination of the above
mechanisms. Dronstrating that a fossil assemblage has not been significantly affected by one of
these mechanisms does not imply that it is unaffected by the dioersxampledemonstrating

the presence of abundant small aragonitic tho@s not mean thatreferentidintersectiondoes

not exert a bias.

Impact of preferential intersection on older fossil assemblages
The analyses of preferential intersection performed here were based on size and aspect

ratio data derived from assemblages of Cenozoic mollusks. Comdwiout the likely impact of
preferential intersection on diversity measures of brachialomdinated assemblages of the
Paleozoic, particularly the lower Paleozoic, and transitional assemblages in the Mesozoic, must
await further studies since the rangéssize and shell dimensions (i.e., aspect ratios) used here
may not be applicable to these assemblages. At this point we can only propose educated
speculation on the likely impact of preferential intersection on Paleozoic and early Mesozoic
assemblages, ithh the caveat that further modeling work targeting these assemblages is needed.
Examinations of evenness through the Phanerozoic suggest that Paleozoic assemblages are
predominately lowevenness, higdominance assemblagé@ush and Bambach 2004; Powell and
Kowalewski 2002)Wagner et al. (2006)Iso found that Paleozoic assemblages are best described
by the logseries species abundance distribufibns they most closely resemble samples in this

study fitting the | g8 sdmemodetrans the effactr of prefarentaln  wi t
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intersection was low, with a richness difference between the preferential intersection and random
draw models ofli 12%. For these low diversity assemblages, this translates to absolute differences
of only one or two specie$hereforeit is likely that the biasing effect of preferential intersection

on species richness of brachiopdaminated Paleozoic assemblages would be no greater than the
lowest differences observed in this studpwever, even if the impact of prefetith intersection

on brachiopod dominated Paleozoic assemblages were determined to be negligible, motvould
necessarily follow thaspecies richness of these assemblages are unaffected by other biasing
mechanisms, onlhat preferential intersection cha ignored for these cases, and that any instance

of lithification-related biasaffecting species richness brachiopoddominated Paleozoic

assemblagemust be driven by other mechanisms.

Conclusion
Understanohg how to correctfor lithification biases equiresidentifying the proess or

processes that generatach biases The work presented here demonstrates that preferential
intersectionj.e., the higher probability of sampling larger specimens relative to smallerdoles

to their greater likelihoodf being intersected and thus being visiesplit surfacescan have a
biasing effecbn species richness, samplennessand average specimen size of fossil samples.
Preferential intersection is therefore a potential contributing factor to tthiéchtion bias.
Analogue modikng results suggest that preferential intersection cannot fully explain observed
differences between lithified and lithified fossil assemblages and therefore other mechanisms
such as aragonite dissolutitkely contribute tothe lithification bias Nevertheless, the biasing
effectof preferential interseitin should be taken into accowmten fossil collections are made by
splitting welklithified sedimentary rock This work demonstrates that the empirically observed
lithifi cation bias is complex and, at least in some cases, may be the result of multiple factors and

should not be considered synonymous with the aragonite bias.
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Figure Captions
Figure 2.1Examples of a bivalve (left; a single valve) and a gastropod (rightyajedeusing
Matl ab code that i mpl eAtesmareiodillireterts.pds coil i ng mi

Figure 2.2.An example of a populated volume. The number of specimens placed within each
volume was defined by the user and was limited by the requirement that specaneot
penetrate one anothéxxes are in millimeters

Figure 2.3. The stages of model population and sampling.AAinitial volume was defined

based on usatefined size parameters.)(Bhis volume was then populated by specimens
randomly drawn from a parent distribution. This was an iterative process that began with the
largest specimen being assigned a random set of three dimensional coordinates within the
volume that defined its lodah. New specimens were placed within the volume in order of
decreasing size. Each newly placed specimen was assessed to determine whether it penetrated
any previously placed specimens. If it did, then it was randomly assigned a new location until it
did not penetrate any existing specimens. @@e or more horizontal planes within the volume

were randomly selected to represent fracture surfaces that intersected specimens. (D) Finally, the
species identity and size of each intersected specimen were staretbster list. If the user

defined sampling quota had not been reached, a new populated volume was generated and the
procedure was repeated until the quota was met.

Figure 2.4. Results of model runs using all three size distributions and a logspeeies
abundance distribution with alpha = 3. Circles and brackets represent the mean values and 95%
confidence intervals.

Figure 2.5. Results of model runs using all three size distributions and a logseries species
abundance distribution with alpha =@rcles and brackets represent the mean values and 95%
confidence intervals.

Figure 2.6. Results of model runs using all three size distributions and a lognormal species
abundance distribution (mu1.2281, sigma 1.2408).Circles and brackets represent the mean
values and 95% confidence intervals.

Figure 2.7. The three size distributions used in the model. (A) Plotted in absolute size bins. (B)
The same data plotted in relative size bins (i.e., fraction of the larggst bin
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Logseries Distribution, a=3

Roy et al. Kowalewski et al. Sessa et al.
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Logseries Distribution, a=6

Roy et al. Kowalewski et al. Sessa et al.
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A Distribution of Species Richness Across Size Bins
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Chapter 3vermiform fossils

Abstract
The Winneshiek Lagerstatteoccurs within a Middle Ordovician meteorite impact structure

beneathpart of the city of Decorah, lowa.The Lagerstatte has yielded an atypical fauna
including phyllocarid crustaceans, eurypterids, conodonts, lingulid brachiopods, and
jawless fish.Associated withthese taxa are vermiform fossilselongate, morphologically
simple and variable, and often threedimensionally preservedbromalites of uncertain
organisms The preservational state of thesbromalites is significantly different from other
components of the Winneshiek biotaHere we presenta compositional and microstructual
analysis ofthe specimens in order teelucidatetheir taphonomy and biological affinities.
The analyzed specimens areften composed of calcium phosphate and consist of
micrometer-sized microspheules Winneshiekbromalites exhibit important similariti esto
examplesdocumented fromboth older and younger sedimentsThey provide independent
evidence of predation in the Winneshiek assemblage during the Great Ordovician

Biodiversification Event (GOBE).

Introduction
The Winneshiek Lagerstatte in northeastern lowa was discovered ifflL20@5 al. 2006)

and provides a rare example of a Middle Ordovitiagerstatt¢vVan Roy et al. 2015Deposited
and preservedwithin a previously unrecognized meteorite impact struct{fg. 1) the
stratigraphic unit hosting the Winneshiek Lagerstéte WinneshiekShale is a spatially
restricted greeqgreylaminatedshale that lacks common elements of normal mea@rdovician

communities such as trilobitegraptolites,articulate brachiopods, or bryozoans. Instead, the
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Winneshiekfaunais dominated by a variety of arthropods, including phyllocarid crustaceans and
eurypterids, as well as conodonts, placoderm $ished lingubid brachiopodsThe Winneshiek
fauna is characterized byexceptional preseation including arthropods preserved as
carbonaceous compressiprad multiple species of conodonts preserved as bedding plane

assemblaged.iu et al. 2017; Liu et al. 2006)

Associated with these familiar tagse threedimensionally preservesromalitesreferred
t o varmiforinf o s s iLiusetal. (2D@6)Bromalitesareone of themost common component
of the Winneshiek faunaepresenting 26% of specimeriBriggs et al. 2015) They are
morphobgically variable but arecharacterized by roughly cylindrical shape and a surface
texture featuring concentric wrinkles or bands. et al. (2006)argued that, whereas some of these
structures may represent coprolites, others show a regularity of external morphology and internal
structure that makes the coprolite interpretation unlikely. Subsequent authors have retbged to
Winneshek vermiform structures as bromalit@riggs etal. 2015; Liu et al. 2017 trace fossil
category that includesololites, the mineralized contents of digestive orgéhst 1992) as well
as coprolitesHere we reporaa systematic investigation of these structureslidtermine their

formation, mode of preservation, and likely trace maker

We analyzed a set bfomalites from the Winneshiek Shalexaminng thedetails oftheir
external morphologyand used these observations to develop a list of morphological features
occurring across multiple specimens. We utilized light and scanning electron microscopy to
investigate polished slabs and thin sections of specimens in orderréztehize their internal
structure and mineralogical composition. The morphological and compositional features were then
compared withthose of other bromalite assemblages and modern fecal pellet assemblages

described in the literature

35



Geologic Settingnal Background

The Winneshiek Shale
The Middle Ordovician Winneshiekhale was first recognized within cores and well

cuttings i n,whitheevealedralgrgen @ QréyGliale underlying the Temnber of

the St. Peters FormatidLiu et al. 2017)The occurrence of this unit is restricted to a circular area
with a diameter of approximately@km aroundthe city of Decorahlowa (McKay et al. 2011,
Witzke et al. 2011) The shale unit is underlain by a previously unrecognized breccia, a unit
containing clasts and sediments derived from underlying Cambrian and Lower Ordovatian str
Stratigraphic dformation and brecciatioare also evident at the edge of the circular basin
Petrographic xeamination ofquartz grains frontore and well cuttingsf the breccia unit has
documented the presence of shdefformation features diagnastof meteorite impact origin.
Taken together, these individual pieces of evidence suggested the existence of a previously
unrecognized meteorite impact structure located beneath the city of DéEayah) (Liu et 4.

2009; McKay et al. 2011; McKay et al. 2018grial electromagnetiandgravity surveys operated

by the U.S. Geologicalvey clarifiedthe spatial extent and geometoy this structurewhich

was named the Decorah impact struciiitass et al. 2013a, bThe age of the impact event and

of the Winneshiek Shaleubsequently deposited within the crater is constraimediddle
Ordovician the Darriwilian International Stageor Whiterockian in U.S. Series terminologyy

both the surrounding stratigraphic context and, especially, by conodonts in the Winisbstieek
(Liu et al. 2017) The Decorah impact structure is one of several Middle Ordovician impact
structures that have been discovered in recent years. These structures, alotgwwntiarine

osmium isotpe ratios that suggest the enhanced additiometeoritederivedosmium to the
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oceanshave been used to argue for an increased frequency of asteroid impacts related to a breakup

of the kchondrite belduring this timgKorochantseva et al. 2007; Schmitz et al. 2008)

The depositional settingf the Winneshiek Shalevithin the impact crater differed
significantly fromthe surrounding and underlying strgtdcKay et al. 2011; McKay et al. 2010)
The WinneshiekShale is organic rich, wittotal organic carborcontents up to 1.5%ased on
RockEval analysis. Pyrite framboidare abundant. The greegrey shale is laminated with
essentially no evidence of bioturbatidimnese observatiorstiggest that #tnpaleoenvironment that
formed in theimpactcrater was that of a restrict@asin with dysoxic or anoxic bottom waters

(Liu et al. 2009; McKay et al. 2011)

Winneshiek Biota andkEeptionalPreservation
The Winneshiek biotaomprises alite of taxa that supports its interpretation as hosted by

a restricted embaymentr estuarywith low dissolved oxygen levelsnarginal to the main
Whiterockian seawaWitzke et al. 2011)The biota is dominated by conodonts and arthropods,
with abundant bromalitess well agnarticulate brachiopodslgae,andpossible fishe. As noted

above, common constituents of normal marine communities such as articulate brachiopods and
trilobites are abseniThe arthropods include the phyllocai@eratiocaris winneshiekensithe

oldest known representative of the Ceratiatidae (Briggs et al. 2015)the oldest desitred
eurypterid(Lamsdell et al. 2015ba basakucheliceratarthropod(Lamsdell et al. 2015aand

several species afstracodgBriggs et al. 2015)Additionally, organiewalled microfossils have

been extractkfrom the Winneshiek Shale using palynological technigiNesgvak et al. in press)
Conodonts includaew complete giant apparatusessvell asndividual dementgLiu et al. 2017)

Possible awless fishes are represented by articulated head sllie¢ldet al. 2006)Linguloid
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brachiopods as well as a single gastropod specimen have also been found. The character of th
Winneshiekbiota differs from other shelly faunas, including theperOrdovicianLagerstattemat

McBeth Point, Williams Lake, and Aort Cove in Manitoba, Cana@éoung et al. 2013; Young

et al. 2007)and the Stonington Peninsula in Michigdramsdell et al. 2017)thougtt to also
represent restricted marginal marine paleoenviromsnéyio fossils similar to the Winneshiek

bromalites have been described from these sites.

Methods
Following the discovery of the Winneshi&kale in cors and well cuttings, an artificial

secton was created along ansll exposureby the Upper lowa River using a back hoeisldrea

of the river is normally submerged and was cordoned off for excavatitve summer of 2010
More than5,000 specimens of arthropods, conodobtsmalites and othe components of the
Winneshiek biota were collectellost of the bromalitessed in this study wemollected during

the 2010 excavation, although some specimens were obfedmedlats that were washed out of

the river bed during flooding All specimensexamined in this study areepositedat the
Paleontology Repository, Department of Earth & Environmental Sciences, University of lowa

(catalog numbers with a prefix of SUI).

A combination of transmitted light, reflected light, and electron microse@sysedto
examine the internal and surficial microstructures of a morphologically diverse lsenudlites
that were naturally exposed or trsactionedFifty-six specimens were observed under a reflected
light microscopeandtheir external morphologswere documented hirteenspecimensvere cut
and polished for SEM examination, and five of them were preparedtéomdard 3& m

petrographiahin sectios. One of the thin sections intersected an unexpbsaaalite so thata
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total of 14sectionedspecmens were examinday SEM. Thin sections were examined using an
Olympus BX51 transmittedlight microscope. Compositional data and elemental maps were
obtained from polisheslabsandthin sections on a Hitachi TM3000 table top SEM with a Bruker
XFlash EDSsystenusing an accelerating voltage of 15 kV and a working distance of 12nan
with a FEI Quanta 600F low vacuum environmental Sidihgaccelerating voltages ofZ) kV
anda working distance ofi33 mm. The majority oimageswere taken irbackscatred electron
(BSE) mode as this revealed more internal structure of intebestin some casesecondary
electron 6B imaging was usedThe BSE modegeneratesgreyscale imagesvith contrast
reflecing composition, topographgnd packing densitif.heSEmode in contrastuses secondary
electrons antheimage contrastiainly reflects topography. We alsmalyzedhe composition of
two bromalites in thin section using a Cameca-S& electron microprobeMicroprobe point
analysis provided quantitative orimation on elemental composition of vermiform specimens and

the enclosing matrix.

Results

Composition
Most bromalites from the Winneshiek are more or less cylindrical in shape (Fis. 2

Elemental mapping dbngitudinal thin sectionsmdicated that specimens are composed of calcium
phosphateKig. 2). Microprobe analysisonfirmedthat calcium and phosphorase abundant and

that fluorine is present in appreciable amounts (Table 1), suggesting that the specimens are
composed of carbonate flugatite. These results indicateat phosphatization was the primary
preservationpathway. Some specimens exhibit significant amountpyate (Fig. 3JK) and
sphalerite (Fig. 3N)Calciteis alsopresentin some specimens and is inferredntove replaced

apatitesecondarilypased on the euhedral shapes of calcite rhombs and the fact that they appear to
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crosscut microspherulesA subset of specimens were not phosphatized but preserved as
carbonaceous compressioisg( 3F). Partially phosphatized structusgFig. 3L provide a link
between thesearbonaceouspecimens and the thrdémensionally phosphatizdztomalites. An
additional subset of vermiform specimens appears to represent featureless membranes infilled with

guartz sand; they sometimes appegrashes of sand in the shale (Fig.1 4.

External Morphology
The most obvious morphological division among Winneshiek Shale vermiform fossils is

between those preserved as carbonaceous compressions and those presedigtetisieaally.

While some ribbn-shaped carbonaceous compressions may also be bromalites, the main focus of
this study is the thredimensional forms, particularly the phosphatized specimens. The three
dimensionally preserved bromalites exhibit some degree of variatisimajoe, sizeand surface
texture Fig. 4). Most of them are elongateylindrical, rodlike structuresA small number of
specimens exhibit a distinct ovoid morphology that tapers at one end to @gredd). Another
morphological subset tharacterizetyy folded anccoiledsegments (Fig. 3CE) that contrast with

the straight, rodike appearance of mospecimens.

We recognized fivenorphological enanemberswithin the threedimensionally preserved
bromalitesbased orshape andurface texture(1l) densey corrugated and rotike (Fig. 4A1 C);
(2) dengly corrugated and compressed due to compaction prior to mineralization (Fi), 48)
unsculpted and compressed (Figi @f; (4) wnsculged rodlike (Fig. 4H J); and (% patches of
quartz sand (Fig. 4iN), which may represent coprolites of animals that ingested sands but are
not the focus of this studpomespecimens exhibit more than one of thesdmember textures

at different sectionsalong their longitudinal axigFig. 5) and others show intermediate
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morphologies suggesting thathe variation may be taphonomic in origin due to compaction,
deformation, or decay/ariation in bromalites may also be related to differences in the gut contents

at the time of death.

Internal Structure of Phosphatized Broneslit
The threedimensionally phosphatized bromalites vary in their internal structure as

revealed in thin section. They commonly shoenogenous, densely pack&dcrospherulei 5

microns in diametefFig. 6). The majority of microspherules are transpafmrita subset are dark

in colorto opaque (Fig. 6(E). Thesemicrospherulesre present throughout the entire volume of

many specimes (Figs. 79). Other phosphatic specimens exhihiless homogenousternal

structure For example, somghowdistinct conentric bands in transverse creestion(Fig. 3H),

one exhibits a distinct transverse fAsegment af

another specimen contains conodont inclusions (FigQ)O

Structure ofPhosphatidvlicrospherules
A detailedinvestigation of polished and thsectioned specimens reveakb@ range of

internal structure and composition exhibited by microspherMé&sospherulesrea consistent
featureof the bromalite (Figs.6i 10), but theydiffer in naturebothwithin andbetweerspecimens
Three dfferent types of microspheruleere observed(1) microspherules consisting entirely of
large fluorapatite crystalwith no discernable internal structufieig. 10G); (2) nicrospherules
consisting ofrelatively thick concentric ayers of carborate fluorapatite microcrystals and
amorphous organic carbon (Fig. 1ilQH, with organic carbon sometimes formings@aped rather

than Oshaped layers (Fig. 10H) or occupying the center of microspherules (Fig. 10L); (3
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microspherules congiag of thinner and fully concentric layers afarborate fluorapatite

nanocrystalgFig. 10M' N).

Certain features of the microspherules appear to be primary, whereas others are likely
secondary in origin. For example, the fully concentric layers (Fig.iN)Mnay be a primary
structure, forming theore of the best preserved microspherules. Th&h@ped concentric layers
of organic carbon (Fig. 10H) are likely secondary, resulting from dissolution arprezipitation
of carborate fluorapatite microcryswl Microspherulesvithout anyinternal structurg€Fig. 10G)
are probably cast by secondary crystalline fluorapatite. Some microspherules have an outer rim
consisting of palisades of carbonate fluorapatite microcrystals that grow on the sombetof
the microspherule, resulting in an irregularesusurface(Fig. 6E) This rim, here termed the
envelopeprobably results from secondary growth. The space between microspherules, enveloped
or nonrtenveloped, here termed theter-microspherule spagceis filled with a matrix of

nanocrystalline carbonate fluorapatite that is likely also secondary in origin.

Discussion

Evidence for a bromalite interpretation
Hunt (1992)irst coined the term bromalite to encompass specimens representing digestive

contents that had either been regurgitated (regurgitalites), expelled as fecal material (coprolites)
or were mineralizedn situ within the digestive organs following the death af organism
(cololites).Hunt (1992)rovided a list of criteria by wbh bromalitescould be identified. Several

of the taphonomic and morphological features highlightedHbgt (1992)are evidentin the
Winneshiekexamplesand support the interpretation as bromaliteIhese ihes of evidence

include 1) preservational mod®) external morphology suggestive of molding by the digestive
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or excretory organs, 3) inclusionsin€ompletely digestedkeletal elements of prey items, and 4)
evidence for a loss of cohesion or liquefactasnmight be expected in poorly consolidateckt
material. While anpneof these featuresmaynotbe sufficient to demonstratebaomaliteorigin,
because they are also presenbtiner biotic or abiotic structuresich as concretionbut taken

togethermprovide strong evidence of a bromalite amigi

The high concentration of organic matter preseféaal materiaprovides asubstratdor
intense microbial activityHollocher and Hollocher 2012)vhich can promote phosphatization if
a sufficient external source of phospd is available. Under normal oxic conditions in freshwater
or marine settingshe abundance of bicarbonate ions inhibits precipitation of afatiison
1988; Briggs et al. 1993Jnderanoxic conditionshowever,the metabolic activity of sulfate
reducirg and other microbes within feaalaterial lowers the pH due to release of.@0d HS as
metabolic byproducts. If thpH falls sufficiently, then phosphateprecipitationis favored (the
Acal-phaoamphate switcho,; .BBAateria) getabolacradivityNvithiretbal 1 9 9 6 )

pellets can thus generaenicroenvironment where phosphate mineralization is favored.

Morphology can serve as evidence for idemti§ bromalites because both coprdigand
cololites frequently refect the shape and internal structure of the digestive and excoegays
(Amstutz 1958; Hunt 199250me rorphological features exhibite¢ the Winneshiekexamples
occur inbromaliteselsewhereandor modern fecal materialThese include: 1) A shape that is
straight and rodike (Fig. 4Ai C) (Kraeuter and Haven 1970; Peel 2015; Vannier et al. 2014)
meandering (Fig. 4D, H)) (Kraeuter and Haven 1970; Shen et al. 20tdjled or folded (Fig.
3Ci E) (McAllister 1985; Williams 1972)2) a circular or sugircular crosssection (Fig. 3GH)
(Hollocher and Hollocher 2012; Kraeuter and Haven 19@@J P015) and 3) a sculpted surface

texture consistingf regularly or irregularly spaced transverse corrugations (FigE3@&raeuter
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and Haven 1970; Peel 2015; Vannier et al. 2@it4lternatively a smooth, surface texture (Fig.

417 J) (Kraeuter and Haven 1970)

None of the three dimensionally phosphatix€thneshiek bromalitegxamined under
SEM or in thinsectionyielded identifiableinclusionsthat would serve as direct evidence
ingested materiabut this is likely a reflection of both the very small sample of specimens
investigated in this way and the fact that such structures may be easily misseskgectional
observations Some carbonaceous compressigpecimens or partly phosphatized specimens,
however, reveal inclusions that likely represent partially digested prey items (Fi@Q) 4@ost of
the identifiable material preserved in this way dstssof conodonts (Fig. 4i@), either as
individual elements or assembladks et al. 2017) phyllocarids (Briggs et al. 2015, their fig. 3),

other small arthropods such as ostracods, and linguloids

Several bromalites from the Winneshiekdisplay evidence of loss of cohesion or
liquefaction includingexampleghat show regularermiform morphologies over a portion of their
length and abruptly transitionto irregular morphologies usually with someluetion in three

dimensionality (Fig. 5).

The several lines of evidence presented above cottignmterpretatioof the Winneshiek
vermiform fossils as bromalites and are consistent with a coprolite rather than cololite origin. Hunt
(1992, p. 223) pointk out that ocololites can only be un
found within the intestinal tract of a fossil
compressions, however, preserve no evidence of surrounding morphology (an akson@dent
apparatus or eurypterid exoskeleton) such as should be present if they represent cololites.

Furthermore, although gut traces have been recognized in phyllocarids and other crustaceans of
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the Winneshiek faundigs. 1.5, 2.7, and 4.1 of Briggs et al. 201they are significantly smaller

than most of Winneshiek bromalites described here.

The diverse assemblage of Winneshiek vermiform structuresgaeinmber obtherlower
Pdeozoic bromalite assemblagesg.,Aldridge et al. (2006); Gilmore (1992); Peel (2015); Shen
et al. (2014). The significant variations irmorphology, size, internal component, and external
structure of thewinneshek specimens are partly taphonomic, but mefyect different gut
contents and different tracemakers (possible candidates including eurypterids, coremtbnts,

fishes).

Taphonomy
Three factors are important to the relative frequency of bromalite phosphatization:

transport and accumulation of fecal material in appropriate depositional settings, an internal source
of phosphate, and an organic composition that facilitamiesobial metabolism and thus enables

the generation of microenvironments conducive to mineralizé@tlotiocher and Hollocher 2012)
Preservation of coprolites and cololites most frequently occurs withkokygen and lowenergy
aqueoussdtings (Hollocher and Hollocher 2012%5uchlow-energyand lowoxygen conditions

are neessary to prevent rapid dasttion of fecal material due to the actionsbajturbatorsand
coprophagous scavenget®w-oxygen conditionglso favor microbial sulfate reductiorwhich

drives pH changes that promgieosphatizatioBriggs et al. 1993; Broce et al. 201%he finely
laminated, organtcich character of the Winneshiek Shale combined with the rarity of benthic taxa
(only occasional linguloid brachiopods are present; Liu et al. 266&)ates that it was deposited

under dysoxic to anoxic conditions with minimal bioturbation. Under these conditions fecal
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material and carcasses settled on the bottom where they were shielded from the actions of

scavengers or bioturbators.

The source ophosphatdor the Winneshiek bromalites may be the same as that for the
cololites associated withe arthropod.eanchoiliafrom theCambrianBurgess Shaldutterfield
(2002) observed that these cololites from the Burgess Shalalso contain phosphatic
microspherulesand interpreted then as intracellular structures such exzyme granules, lipid
storage vesiclegndmineral spheritesThe phosphatic microspherules in Winneshiek bromalites
do not seem to have an organic vesicle and thepbeserved ones are characterized by thin
concentric layers (Fig. 10MN), analogous to phosphatgranules generated by maliying
arthropodgBecker et al. 1974; Browh982)and other taxéBurton 1972; Howard et al. 1981
modern arthropodssuch as decapod crustaceamsneralizedgranules are commonlgtored
within the tissues lining the digestive orgdB8snkiss and Taylor 1994 hese structures serve as
a storage site for calcium ions used in constructing cyieeker et al. 1974; Corréa et al. 2002)
as well as a means of sequgemg toxic metal§Mason and Nott 1981; Pullen and Rainbow 1991)
The lining of digestive mans containing these granulesegularly shed and expelled in fecal
matter and granules can be present in large quantities within fecal (€lbetéa et al. 2002;
Simkiss ad Taylor 1994) Thus,mineralized granules could have provided an important internal
source of calcium phosphate that facilitated the phosphatization of Winnbshie#litesas well
asexplainingtheir microspharle-dominated microstructur@he bestpreserved microspherules
(Fig. 10M'N), in particular, exhibit an internal structure composed of concentric layers of
nanocrystalline phosphate, whiaglesembles the internal structure of mineralized granules
producedm the midgut of modern decaporustaceans, e.g., figg.6bin Becker et al. (19749nd

figs. 4'6 in Loret and Devos (1992Many microspherules are poorly preserved, with cavities
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resulting from dissolution and filled with amorphous organic carbon (Figi LQlthus releasing
phosphate for bromalite mineralization. Phosphateckmentmust also have been derived from

other sairces, includingrey itemssuch as arthropods and conodonts

The presence of microbes in fecal material prior to phosphatization provides an alternative
to the mineralized granule interpretation of the microspherules. In contfsttésfield (2002)
Lamboy et al. (1994andPesquero et al. (2014#)terpreted spherical structures in coprolites as
molds of bacteria, suggesting a different link between microstructure and taphonomic processes.
However,the bestpreserved microspherules consist of fully concentric layers (Fig.i NOM
suggesting outward accretionary growth, which is consistent with mineralized granules but
inconsistent with hollow coccoidal bacteria. Furthermore, among the many thoustnds
Winneshiek microspherules observed in this study, none of them have a coherent organic wall and
few of them show evidence of deflation and collapse; instead, the organic layers in Winneshiek
microspherules are oftenghaped, uneven in thickness, anttagranular in form (Fig. 10H.).
This is in sharp contrast to permineralized coccoidal bacteria or ongatied microfossils, which
typically have a coherent cell wall with stable thickness and various degrees of deformation and
deflation(e.g., see phosphatized organialled microfossils illustrated in fig. 5F of Zabini et al.
2012) Thus, we favor a phosphatic granule interpretation over a coccoidal bacterium interpretation

for the Winneshiek microsphdes.

Building upon petrographic observations and the phosphatic granule interpretation
described above, Figure 11 illustrates a potential paragenetic and taphonomic sequence to account
for the morphological variation of Winneshiek microspherules. In tlodet) the solid core with
fully concentric layers (e.g., Fig. 10M) is regarded as the primary structure (Fig. 11A). Based

on modern analogs, the core probably consisted of amorphous phosphate, which is highly soluble.
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The dissolution of the primary coprovides phosphate to drive the precipitation of carbonate
fluorapatite, which is more stable. For example, nanocrystalline carbonate fluorapatite crystals can
be nucleated on the surface of the core (Fig. 11B). This is followed by the outward growth of
cabonate fluorapatite crystals to form an outer envelope (Fig. 11C), which is expected to have a
relatively smooth inner surface (defined by the outer surface of the core) and an irregular outer
surface (defined by crystal terminations). Following theahidissolution of the core, the space
between the envelope and the remaining core can be filled with the precipitation of carbonate
fluorapatite (Fig. 11CD), erasing the primary concentric structure. If dissolution of the core
proceeds to completion, théime entire core can be cast by carbonate fluorapatite crystals (e.g.,
Fig. 10G). Often times, however, the core is partially conserved (Fig. 11E) or incompletely cast
by carbonate fluorapatite crystals (Fig. 11F), leavingsin&ped void or a central vadid be filled

with amorphous organic carbon. The precipitation of carbonate fluorapatite in the inter
microspherule space finally cements the microspherules (Fig.F)12ading to a phosphatized

bromalite.

The Tacemaker
Determining the identyt of a bromalite tracemaker is difficult except in cases where

specimens are found in direct association with body fo@silat 1992) Exceptions arachnotaxa
such as the microcoprolit€svreinaandPalaxius whichare sufficiently distincin morphology
to be recognized as the products of decapod crustaffl@acksmann et al. 2007; Scoffin 1973)
The range of morphologies exhibited the Winneshi& bromalite® straight or meandering
cylindrical structures with surface textures ranging from smoottotougated resemble fecal

pelletsthat can bg@roduced by a wide variety of tagidraeuter and Haven 1970)
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Several features athe Winneshiek bromaliteare consistent with an arthropaodigin.
Densely packeghosphatic granulesimilar in size and shape the microspherules occur in the
midgut of a variety of arthropa@xa(Hopkin 1990; Hopkin and Nott 1979; Simkiss and Taylor
1994) Three dimensionally phosphatized structures broadly similar to the Winneshiek bromalites
have been found directly associated with arthropod body fossils from the Burgess Shale
(Butterfield 2002)and Sirius Passé@Peel 2017)Thus, the eurypterid or other large arthropods of

the Winneshiek Lagetdte are plausible tracemakers of the Winneshiek bromalites.

A subset othe Winneshiek bromalitesxhibit a concentrically layered internal structure
(Fig. 3H). This featureis characteristic othe coprolites onimalswith a valvular intestinal tract,
a feature frequently found in chordat@gsin 1983; McAllister 1985; Williams 197.2)he valvular
intestine refers to a coiled epithelial flap that is present within the intestinal tract. This flap
increases the surface area of the intestine and thus its absorptiwmeffiéteces passing through
the coiled flap are left with an internal structure that resembles a-tgiledroll, with layers of
mucus between the concentric layers of fecal mat@ifthore 1992) Gilmore (1992)dentified
these types of coprolites association with agnathans from the Silurian of Irelamgortantly, it
has been proposed that spiral coprolites from the Ordovician Soom Shale, which are broadly
similar to some Winneshiek bromalites, may have been produced by confidnitige et al.

2006)

Among the three candidate trace makers identified above, agnathan fishes are the rarest
fossils in the Winneshiek Sha(eiu et al. 2006) Conodonts and eurypterids, which are more
abundant, are more plausible tracemakers of the Winneshiek bromalites. Conodont apparatuses
and elememstfrom the Winneshiek Shale demonstrate that some conodont taxa reached large sizes,

with apparatuses spanning more than a centinfieiteiet al. 2017) Conodont animals have been
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proposed as trace kers of bromalites from the Soom Shale where large conodonts also occur
(Aldridge et al. 2006)Eurypterids(Lamsdell et al. 2015)ave also been proposed as potential
bromalite trace makers in the Soom Sh@Mdridge et al. 2006) An ultimate test of these
hypotheses rests on the discovery of body fossils associated with Winneshiek bromalites.
Regardless of the identities of the tracemakers, the presence of conodont elements within some
Winneshiek bromalites is unequivocal evidenoe predation during the Great Ordovician
Biodiversification Event (GOBE) and, if conodont animals were also the tracemakers, these

animals could be both predator and prey.

Conclusion
Three dimensionally preserveoromalites from the Middle Ordovician Winneshiek

Lagerstatte in northeastern lowa argignificant component of th@assemblagebeing the fourth

most abundarntategory of specimen®ur examination of the composition, external and internal
morphologes,and microstructureof these fossils confins their bromalitic natur€ircumstantial
evidence (e.g., lack of body fossil preservation in association with bromalites preserved as
carbonaceous compressions) also suggests that the Winneshiek bromalites are more likely to be
coprolites than cololitesThe majority of Winneshiebromaliteswere phosphatized, a common

mode of preservation fobromdites, with a smaller number preserved as carbonaceous
compressions. The identity of the tracemaker remaigertain due to thabsencef body fossils

in direct association. A sabtf arthropodsmost likely eurypteridgs well axonodonts and fishes

are potentialtracemakersThe presence of conodont inclusions in some bromalites provides

evidence for predation in the Winneshiek assiage.
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FigureCaptions
Figure 3.1. Locality maps. (A) lowa map showing the location of the Decorah impact structure. (B) Map

of Decorah, lowa, showing the outline of the impact structure.

Figure 3.2. Reflected light images (A, B), BSE images (C,d3laeanental maps ) of longitudinally
sectioned vermiform structures. Dashed lines in (A) and (B) mark approximate location of sectional
views shown in (C, E, G) and (D, F, H), respectively. (A) SUI 145137; (B) SUI 145138. Scale bars equal 2

mm.

Figure 3.3. Reflected light images ¢{M) and BSE image (N) of bromalites. (A) Specimen exhibiting a
tapered neck feature, SUI 145144 (WL61). (B) Possible additional specimen with a tapered neck
structure, SUI 145145 (WS284). (€D) Specimens exhibiting a callmorphology. (C) SUI 145146
(WS11434); (D) 145147 (WL140). (E) Specimen with irregularly folded structures, SUI 145148 (WS16
541). (F) Specimen preserved as a carbonaceous compression, SUI 145149 (\WHpSpdEmens in
transverse crossection. (G) 8l 145150 (WL90); (H) SUI 145151 (W31D). (I) Specimen showing
apparent branching structure that could be a taphonomic artifact, SUI 145152 (WIcK3)Pértially
pyritized bromalites. (J) SUI 145153 (WS03); (K) SUI 145154 (WSI@4). (L) Bromalitéhat is

partially phosphatized (white arrow) and partially preserved as a carbonaceous compression (black
arrow), SUI 145173. (M) Rathaped bromalite, SUI 145140. (N) BSE image of a partial longitudinal
crossa SOUA2Y 2F daivI aK2p¥aAYd aNNYQDENBSP YVEAKS YSWEOXY S

phosphate (darker color; white arrow) and sphalerite (brighter color; black arrow).
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Figure 3.4. Reflected light images of bromalites¢(@) Densely corrugated rdike specimens. (A) SUI

145155 (WL8); (B) SIU5156 (WS1417); (C) SUI 145157 (WSEER). (RE) Densely corrugated and
compressed specimens. (D) SUI 145158 (W39 (E) SUI 145159 (WSAK). (EG) Unsculpted and
compressed specimens. (F) SUI 145160 (WL115); (G) SUI 145161 (WEJ)1Ongelled rod-ike

specimens. (H) SUI 145162 (\A188); (1) SUI 145163 (WS848); (J) SUI 145164 (WL31ENK

Specimens defined by concentration of quartz sand. (K) SUI 145165 (WL99); (L) SUI 145166 (WL182); (M)
SUI 145167 (WS12D0); (N) SUI 14568 (WS249).(0cQ) Specimen exhibiting morphological variation
along its length and containing conodont elements. Black and red rectangles in (O) marks magnified
views shown in (P, counterpart) and (Q), respectively. Part of the specimen is somewhat three
dimensional preserved and shows transverse wrinkles or striations (arrow in P) characteristic of
phosphatized specimens analyzed in this study, and part of the specimen is preserved as carbonaceous
compression with conodont inclusions (arrows in Q). SUI 145169(WBI8Bk scale bars equal 5 mm,

white scale bars equal 1 mm.

Figure 3.5. Reflected light images of bromalites exhibiting evidence of deformation or liquefaction. (A)

SUI 145170 (WS1310); (B) SUI 145171 (WSA72); (C) 145172 (WL28). All scale bars efjcah.

Figure 3.6. Transmitted light photomicrographs of microspherules in thin section. (A) Transverse cross
section of a vermiform fossil. (B) Successive magnifications showing details of microspherules.
Magnified areas are marked with labeled rectaslArrows highlight microspherules where the outer
edge of the envelope is irregular. This specimen is also illustrated in Fig. 7 and Fig. 9A (top specimen).

SUI 145141.
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Figure 3.7. Reflected light image (A) and B8E&ges(BcD) of specimen withdenselypacked
microspherulesWhite dashed line in (A) indicates approximately where the specimen was cut for thin
section preparation. Rectangles in (B) and (C) mark areas magnified in (C) and (D), respectively. The

specimen is also illustrated in Fig. 6 and 8y (top specimen). SUI 145141.

Figure 3.8. Reflected light image (A) and B8Eges(BcD) of specimen withdensely packed
microspherulesWhite dashed line in lower right of (A) indicates where the specimen was cut for thin
section preparation. Rectangles in (B) and (C) mark areas magnified in (C) and (D), resii&dtively.

145142.

Figure 3.9. Transmitted light microscopic image (A) and&EBRD) images of specimen with densely
packed microspherules. (A) Two specimens: top specimen is also illustrated irgFigsmdbottom
specimen (rectangle) is shown here in successive magnifications. Rectangles in (A), (B), and (C) mark

areas magnifid in (B), (C), and (D), respectively. SUI 145143.

Figure 3.10. SEM images of microspherules in specimen SUI 145143 (also illustrated in Fig. 9, bottom
specimen). (A) Transverse section of a bromalite exposed during thin section preparation. Labeled boxes
in (A) mark areas magnified in¢f®. Labeled boxes indB) mark individual microspherules shown in

(&N). Scale bars in (®) equal 2um. Microspherules in ¢{) were imaged in secondary electron

mode, while all other SEM pictures were taken in BSE mode.
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Figure 3.11. Schematic drawing showing paragenetic sequaxfccondary mineral precipitation.

lllustration assumes biological granule precursor of microspheres. (A) Precursor granules with concentric
layers. (B) Initial nucleation of miecrand nanocrystalline fluorapatite on precursor granules. (C)

Nucleation ad growth of outer envelope. (€8 Nucleation and growth of mick@and nanocrystalline
fluorapatite in intermicrospherule spacend dissolution of precursor coréz) Complete disappearance

of precursor core, and complete infilling of intericrospherulespace.
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Chapter 4New biostratigraphic and chemostratigraphic data from the
Ediacaran Doushantuo Formation in irgteelf and upper slope facies of
the Yangtze platform: Implications for biozonation of acanthomorphic
acritarchs in South China

Abstract

Carbon isotopic and microfossil records of the Doushantuo Formatiom South China
provide a valuable window onto major perturbationsof the Ediacaran carbon cycle and the
evolution of morphologically complex acanthomorphic acritarchs. Both records exhibit
significant geographic heterogeneityelated to environmental, taphonomic, and diagenetic
variations. Absolute U*Ccarb Val ues vary by betweenmecaidns i the 10 a
Doushantuo Formation. The geographi@nd stratigraphic distribution of microfossilsin the
Doushantuo Formation is controlled by the occurrence of early diagenetic cherts and
phosphorites that preserve microfossils Early diagenetic cherts of the Doushantuo
Formation have been investigated extensivelat intra-shelf sectionsin the Huangling
anticline but have beenpoorly documented elsewhere isouth China. Here we presennew
petrographic and micropaleontologicaldata from three Daushantuo sections to the south of
the Huangling anticline, including the Wangzishiand Huangjiaping sections representing
intra -shelf settings, as well as th8iduping sectionrepresenting an upper slope setting. We
also presentli'3Ccarb data from Wangzishi. Petrographic observations indicate that some
chert nodules were formed in situ, whereas others were reworked and probably transported
from the outer shelf along with olistostromes. Integrated lithostratigraphic and
chemostratigraphic correlations suggetsthat the fossiliferous intervals at the three studied
sections belong to the lower Doushantuo FormationThe new micropaleontological data

extend the geographic range oEdiacaran acanthomorphs and suggest that elements ahe
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Tanarium conoideuniHocosphaeridium scaberfaciuirHocosphaeridium anozosbiozone
recognized inthe upper Doushantuo Formation inthe Huangling anticline, specifically
Hocosphaeridium anozosand Urasphaera nupta are present in the lower Doushantuo
Formation at the Siduping setion. The data suggest that the first appearance of
Hocosphaeridium anozosnay be in the U'3Ccarb chemostratigraphic feature EP1 and it is
necessary to revise the acritarch biozonation developed in the Yangtze Gorges area. This
study highlights the importance of integrating tG*3Ccarn chemostratigraphic and acritarch
biostratigraphic data from multiple facies to develop Ediacaran acanthomorph biozonation

in South China and beyond

Introduction
The Doushantuo Formation is exposed in outcrops scattered across hundreds of kilometers

in South China and has yielded one of the richest paleobiological and geochemical records for the
lowermiddle EdiacaranSystemin the world (Jiang et al. 2011)Two components of the
Doushantuo record in particular yeareceived significant attention: carbon isotope data from
carbonates and exceptionally preserved microfossits éarly diagenetic cherésmd phosphorites

The carbon isotope record of the Doushantuo Formatiowsthree negativé!*Cearn €xcursions,

the most pronounced of which has been suggested to correlate with the globally recognized
Shuram excursio(McFadden et al. 2008; Zhou and Xiao 2007; Zhu et al. 20bh8)ofthe largest
negativeli*Ccarb €Xcursion inEarth history(Grotzinger et al. 2011)Along with early diagnetic
phosphoriteqXiao et al. 20143q)early diagenetic cherts are one of two typedoitishantuo
lithologies that have yielded exceptionally preserved microfo@dilscente et al. 2015 hus,
integrated carbon isotopic and micropaleontological data from the Doushantuo Foramakion
other Ediacaran successions are essdntiaiprove thestratigraphiccorrelation and subdivision

of the Ediacaran Syste(Xiao et al. 2016)
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A notable feature of both th&>Ccanand silicified microfossil records of the Doushantuo
Formation igheirsignificant geographic variabilitA | t h o'iCgdehemostratigraphic patterns
are similar among different sectiorfgloe Doushantuo Formation, their absokaiessometimes
vary by as much as Bldck(diangetal. 808% Wandnet al. 204 fagWargest
al. 2016) Similarly, the occurrence of early diagenetand fossiliferouscherts is also
geographically restricte(Muscente et al. 2015 nd taphonomically variabi@hou et al. 2007)
Thus it is critical to explore as many Doushantuo sections as possible in order to document the

geographic heterogeit of the i**Ccarnand silicified microfossil records

Previous studies of Doushantuib®Ccan and silicified microfoss# have been largely
limited to sections in the Yangtze Gorges area around the southern part of the Huangling anticline
in the Yangtze Gorges area (Fig. 1). These sections were deposited in-ghelfttagoorn(Jiang
et al. 2011) and while they may be endowed with favorable taphonomic conditionsartuib
chemostratigraphic models developed in the Yangtze Gorges area need to be tested at other
sections beyond the Huangling anticlan@ in outershelf toslope environmest At present, this
task is challenging becau&&Ccan and microfossidata from outer shelf and slope sections are
limited, and integrated bi@nd chemostratigraphic studies in these sections are few. For example,
with a few exceptionge.g., Ouyang et al. 2017; Yin 199%9ssiliferous chert nodules of the
Doushantuo Formatioare known almost exclusively intra-shelf sectionsiround the Huangling
anticline(Liu et al. 2014b; Liu et al. 20133nd slope and basinal sections have not been thoroughly
explored for silicified microfossils. Similarly, invegttion of i**Cca chemostratigraphyias
primarily been focused antra-shelf sectiong§Ader et al. 2009; Cui et al. 2015ang et al. 2011,
McFadden et al. 2008; Zhu et al. 2018)th severalexceptiongJiang et al. 2007; Wang et al.

2017a; Wang et al. 2016)mportantly, integrated bitocand chemostratigraphic analyses of the
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Doushantuo Formation have so far been limited to the Yangtzge&arede.g., Liu et al. 2014b;
Liu et al. 2013; McFadden et al. 2008; McFadden et al. 26@@rely hampering our capability
to develop a fuller understanding of both records and to evaluate chemostratigraphic and

biostratigraphic markers for regional and global stratigraphic correlation

Here we present new petrographic, carbamoisic, and micropaleontological data from
three sectionsutside the Huangling anticline aoldress some of the geographic gaps in the records
of silicified microfossils and**Ccain the Doushantuo Formatiofihe three sections include the
intra-shelf Wangzishiand Huangjiapingsections to the south of the Huangling anticline, as well
as the uppeslope Siduping section(Fig. 1B). Petrographicobservations indicat¢hat early
diagenetic chestat these sections are taphonomically similar to those arthendHuangling
anticline (Xiao et al. 201Q)although some chert the Siduping section were reworked and
probably transported from elsewhefidhe occurrence dilicified microfossils at these sections,
and particularly the occurrence of acanthomorphic acritarcteaiily diagenetic cherts at the
Siduping sectionextend the silicification taphonomic window tbe upper slope settinm the
Yangtze Block(Ouyang et al. 2017) nt egr at ed wi t h new ®@amdatapr evi o
from the Wangzishand Sidupingectiors,we are able tonprove our understanding of ti&Cecarb
and exceptionally preserved microfossgcordswithin the Doushantuo Formation across the
Yangtze platform thus contributing to Ediacaran stratigraphic correlation in South China and

beyond
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Background

Lithostratigraphy and facies variation of the Doushartarmation
The Doushantuo Formation was deposited in a passingnentalmargin setting on the

Yangtze Block between 635 and 551 million years égondon et al. 2005)It overlies the
uppermosiCryogenian glacial diamictitef the NantuoFormation,and is overlain by thepper
EdiacaranDergying Formation in the northwesterropion of the Yangtze Blockand by the
Liuchapo Formation in the southe@#iing et al. 2011)n its type area in the Yangtze Gorghe
Doushantuo Formation came divided into four lithologic member@/icFadden et al. 2008;
McFaddenet al. 2009; Zhao et al. 1988)lember | consists of an approximat@iymeterthick

cap carbonate. Memberifl 80i 120 meters in thickness and consists of interbedded black shales,
dolostonesand muddy dolostones. Chert nodules occur abundantly in this memieontain
exceptionally preserved microfossils, including acanthomorabiitarchgLiu et al. 2014a; Liu

et al. 2013; McFadden et al. 2009; Xiao 200Member Il is 40i 60 meers in thickness and
consists of medium bedded dolost@ra sometimes interbedded limestone and silty dolostone
This memberlsocontainsfossiliferouschert nodules and banded chdikFadden et al. 2009;

Yin et al. 2009; Zhou et al. 20QAt the weltstudied Jiulongwan sectiomember IV consists of

~10 meters of organidch black shalevith largecarbonate concretionft some sections in the
western part of the Huangling anticline, Member lll is overlain by two black shales separated by
a dolostoneZhou et al. (2017¢orrelate these three units with Member IV, whergaset al.
(2015) correlate only the lower black shale with Member IV. These alternative correlations
highlight the fact that thBoushantuo Formation exhibits significdititofacies variatiorand that

lithostratigraphic correlation is netraightforwardXiao et al. 2012)

To account for the lithofaciegriation,Jiang et al. (2011)roposed that mixed carbonate

ard fine-grained siliciclastic sediments of the Doushantuo Formation in the Huangling anticline
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were deposited in a restricted inshelf lagoon, whereas slumped sediments and predominantly
fine-grained siliciclastic sediments were depositedslope and bsinal environments to the
southeast (Fig. 1B). The lowermost Doushantuo Formation, as represented by Memhbel and
lowemostMember Il, show relatively little lithofacies variationsuggesting deposition froam
openshelfduring postglacial transgrassa. Later in the depositional history of the Doushantuo
Formation, however, this open shelf configuration evolved into a rimmed platfoitm the
development of a shelf margin shoal comp(diang et al. 2011)The shelf rim runs in an
approximately northeastouthwest direction (modern day) from northwestern Hunan to
northeastertentral Guizhou. A restricted intshelf lagoon was located to the northwest of this

rim, with the slope and basinal settings to the southeast on the ocean side of the platform margin.

The three sections sampled in this stddye Wangzishi, Haungjiapingnd S$duping
sections(Fig. 1B) were deposited in two widely separated regions of the YarRjtmk. The
Wangzishi and Huangjiaping sections are located to the south of the Huangling anticline and were
depositedn theintra-shelflagoon. The stratigraphu this areas broadly similato other sections
on the southern end of the Huangling antic(ieg., the Jiulongwan sectioahd the four member
lithostratigraphic divisiordeveloped on the southern end of the Huangling antictamalsobe
appliedin this area Significant portionsof the Doushantuo Formation are covered at both the
Wangzishi and Huangjiaping sections and the exposed Doushantuo Formation is primarily limited
to Member II. As a resulbur measured sectioasboth localitiesare focused oMember ll(Figs.

21 3). The Siduping section was deposited in an upper slope sdififeng et al. 2016)The
occurrene of oistostroms at multiple horizongFig. 4) indicateghat Siduping sediments were

suppliedin partvia downslope transport from the carbonate factory near thedbp# break.
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Syndepositional folds and slump blocks these olistostrome beddemonsrate sediment

mobilization and downslope transpbsfore lithification(Vernhet et al. 2006; Wang et al. 2016)

Acanthomorph biozonation of the Doushantuo Formation
Two acritarch biozones have been recognized in the Doushantuo Foravatiomthe

Huangling anticlingLiu et al. 2014b; Liu et al. 2013; McFadden et al. 2009; Xiao et al. 2014b)
The lower biozond(i.e., the Tianzwushania spinos&iozone)is dominated byTianZushania
spinosaand has been recognizedhtember llI(Liu et al. 2013; McFadden et al. 200Fhebase

of the upper biozone (i.e., the Tanarium conoideuitHocosphaeridium scaberfagni
Hocosphaeridium anozdsozong is defined by the first occurrence idbcosphaeridiunanozos

(Xiao et al. 2014b)in the Yangtze Gorges arehete two biozones are separated femohother

by a barren interval characterized the negativei**Ccamn excursion ENZLiu et al. 2013)It has

been argued that the stratigraphic rangeJiahzushania spinosandHocosphaeridium anozos

do not overlap, with the formemly in thelower biozoneand the latter only in the uppétiu et

al. 2013) However, arly diagenetic phosphoeits f r om t he Wengdan area c
the upper and lower biozones includimganziushania spinosand Hocosphaeridium anozos
(Xiao et al. 2014h)suggesting that the stratigraphic ranges of these &aartay overlap and that

there may exist aansitional assemblagpetweerthelower andupperbiozones recogemed in the
Yangtze Gorges are@his suggestion is difficult to evaluatethre Yangtze Gorges arederethe
boundary between these two biozoif@ts within abarreninterval devoid of early diagenetic
cherts.Thus, it is imperative to investigate other Ediacaran sections beyond the Yangtze Gorges

area to complement biostratigraphic data from the Huangling anticline.
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113G, chemostratigraphy ahe Doushantuo Formation
Three negativai*Ccary €xcursionsand two intervening positive excursiohave been

consistentlyecognized in the Doushantuo Formatasound the Huangling anticlirf@iang et al.

2011; McFadden et al. 2008; Wang et al. 2017c; Zhou and Xiao 2007; Zhu et al. 2013; Zhu et al.
2007) The lowermosnegativeexcursion, termed EN1, occurs within the cap carbowatéech
contains microfabr i ¢6nvaludskharactetisticofmethaye sigmamyras i v e
at the Jiulongwan and Wangzishi secti@hang et al. 2003; Wang et al. 2008; Wang et al. 2017b)
ENL1 is followed by a positive excursion termed EP1 in Memb@&hk. seconahegative excursign

EN2, occurs near thelember II/lll boundary in the Yangtze Gorges argacceeding EN2 is a
positive excursioEP?2) in the lower Member IllThe third and largestegativeexcursion, EN3,
occurs withinupper Member Ill and possibly Member IVand has been suggested as being
correlative with the Shuram excursi@McFadden et al. 2008 Although additional excursions

have been identified at some sectifhashata et a013; Zhu et al. 2013}hese are not consistent
chemostratigraphic features in the Yangtze Gorges area and may represent diagengfiiamises

et al. 2012)

Methods
The three sections atWangzishi (30°32'34.00"N 111°9'16.20", Huangjiaping

(30°32'13.26"N111°10'2.88"F, and Siduping(28°54'48.90"N 110°27'2.10"§ were measured

and sampled for chert nodules during several field trips in 20008,2011, and 2013As the

main goal of this study was to obtain biostratigraphic data from the upper slope setting, the
Siduping section was targeted for higdsolutionsampling, and supplementary samples were
collected at the Wangzishi and Huangjiaping sections representing thehalfagetting outside

the Huangling anticline. I&rt noduleswere collected for micropaleontological analysis and

73



carbonate samples fatCcananalysis All samples were cut perpendicular to the bedding surface
to prepare thin sections for petrographic and micropaleontological analyses. A @&t&ltbin
sectionswereprepared anéxaminedjncluding 191 from Siduping 27 from Wangzishiand25
from Huangjiaping.Thin sectionsvereexaminedor microfossilsand petrographic featuresing

an Olympus BX51 microscope. Microfossils were identifiplotographed, angositioned using
both Olympus BX51 andEngland Finder coordinates(Supplemerdry Table S1) Size

measurements were ah@on photographs using imageJ.

Powdersof carbonate sampldsom the Wangzishi sectiomereprepared fof*3Cear and
U®Ocarpanalysis. Approximatel$00 pg of powder waallowed toreact with orthophosphoric acid
for 150200 s at 72 °C in a Kiel IV carbonate device connected to a MAT283 spectrometer
The analytical precision was better thar0+ 0 5 & 3¢ and +00. 1fao t8O. Results are
reported as per mil deviation from Vilea Pee Dee Belemnite (VPDEUpplementary Table $2
U3Cearty, U¥0cart, andiit*Corg data of the Siduping section were previously reportatfamg et al.

(2016)

Results

Petrographic observations dfiert nodules
Chertnodules from the Wangzishi and Huangjiaping sectiares petrographically similar

to those fronthe Doushantu&ormationin the Yangtze Gorges ar€ahen et al. 2011; Wen et al.
2016; Xiao et al. 2010By inference, they are genetically similar, having been formesitin

within the sediments during early diagenesis.

However, arly diagenetic cherts from the Siduping secti@mging in size from ~1 mm

to centimetersgonsist of round or oval nodgthat were formed hsitu (Fig. 5A E) as well as
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angularsubangulgrandsubrounded clasthat were reworked (Fig. 5K). In-situ chert nodules
exhibit the same distinctive features observed in early diageneticndaerts of the Doushantuo
Formationon the Huangling anticlinéXiao et al. 201Q)They are composedf a silica cortex
surrounded by a pyrite rim (Fig. 5E) andin some cases a rind of secondary calditeey are

often oblate in shape, with the long axis following sedimentary laminae (Fig. 5D). Laminae within
the silica cortex are concordant and somes are connected laterally with sedimentary laminae
in the surrounding sediment matrix (Fig. 5D). Additionally, sedimentary laminae warp above and
below insitu chert nodules (Fig. 5D). These petrographic observations indicate-Hitat amert

nodules vere lithified before sediment compaction and have not been reworked afterwards.

In contrast, reworkedahert claststend to occur in olistostrome beds (Fig. 4, 6F,
suggesting that they, like the olistostrondernhet et al. 2006were alsdransporédvia gravity
flows from shelf margin and upper slope environmehtaminae wihin these chert clasts are
discordant with sedimentary laminae in surrounding sediments (Fid). SHey are often angular
in shape (Fig. 5H), randomly oriented (Fig. 5H), abraded (Fig. 5J), and sometimes embedded
within reworked carbonate clasts (Figl K). These observations suggest that the reworked chert
clasts were lithified at the time of transportation. Thus, the microfossils preserved in reworked
chert clasts, and in olistostrome beds in general, must have come from older strata deposited in
shelf margin or upper slope environments. However, given that the reworked chert clasts contain
characteristic Doushantuo acanthomorphs, they must have reworked from the Doushantuo
Formation.Also, because some olistostromes show evidence of syndeposgaihsédiment
deformation (Fig. 5G)Vernhet et al. 2006)he remobilizatio of the olistostromes and chert clasts
may have occurred prior tmmplete lithification othe matrix sediment. Thuthe reworked chert

clasts could have come from contemporaneous or slightly older strata.
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Microfossils
Stratigraphic occurrencesfor microfossils from the WangzishiHuangjiaping and

Sidupingsections are shown in Figurgis4 and Supplementary Table.SInly a singlespecieof
acanthomorphic acritarchsTianzushania spinosa (Fig. 6Ai B), was recovered from the
Wangzishi sectiorand no acanthomorphs were recovered from the Huangjiaping s&xiaral
species offilamentous and coccoidahicrofossils were recovered from the Wangzisinid
Huangjiapingsectiors, includingSiphonophycus robustyr8. kestronMyxococoides sp and

Archaeophycus yunnanengisg. 6C D).

As shown in Fig. 4, microfossils were found in botksitu chert nodules (e.g., Fig. 7C,
7E) and reworked chert clasts (Figs98at the Siduping section. Acanthomorph species at the
Siduping sectionnclude Appendiphaera crebra(Fig. 96 F), Appendisphaerahemisphaerica
(Fig. 9Q D), Asterocapsoides sinenglag. 8F),Ericiasphaerasp.(Fig. 8Ai B), Hocosphaeridium
anozos(Fig. 76 F; in in-situ chert nodulesMengeosphaera minim@ig. 7C; in insitu chert
nodules) andUrasphaera nuptgdFig. 8Q D). Despite the moderate diversity and abundance of
acanthomorphs, the Siduping section is dominatedildynentous coccoidal, and leiospheric
microfossils including Siphonophycus robustun$s. kestron S. typicum Salomehubeiensis
Myxococoidessp, and Leiosphaeridiaspp. A few specimens ahulticellular algaehave also
been found, including a possible specimelv@nganiasp. (Fig. 7D). There are also a number of
taxonomically unidentified specimens. Worth mentionisgan unidentified acritarch (Fig. 7A)
characterized by an exceptionally |l arge vesic
multilaminate layer, which is reminiscent @fianzhushaniaspinosaexcept for the lack of

discernable processes.
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Overall, tre Siduping microfossils are more strongly carbonized than those in the Yangtze
Gorges area, probably due to greater burial depth and higher maturity of carbonaceous material.
As such, delicate structures such as extremely thin processes are poorly greseorapletely
obliterated (e.g., Fig. 9B, F), making it extremely difficult to document such delicate structures in
light microscopy. All Siduping microfossilwererecovered from a stratigraphic intervali 20
meters above thdantueDoushantuo boundargn interval characterized by exclusively positive
U3Cca values and correlated with Member 1l and chemostratigraphic feature EP1 in the Yangtze

Gorges are@Wang et al. 2016)

1 13Cq data from the Wangzisisection
N e w'3Cgin data from the Deshantuo Formation #ie Wangzishi section are presented

inFig. 2A 1 t h o u &@andatafeom the Wangzishi sectioarelimited to an approximately
40 meter carbonate interval in the lower Doushantuo Formation, they are useful in
chemostratigraphic correlatio h €3Ccilp valuesare exclusively positive, mostlyetweerd a
and8 a Considering this carbonate unit is in the lower Doushantuo Formatiofiamchushania
spinosaoccurs about 15 m above, the most parsimonious correlation is that the pd'Sitise
values at Wangzishi represent EP1 seen at Sid@fiagg et al. 2016and in the Yangtze Gorges

area(Zhou and Xiao 2007)

Discussion

Distribution ofearly diageneticcherts in the Dashantuo Formation
Xiao et al. (2010proposed that microbial sulfate reduction and the availability of reactive

iron played an important role in the formation of a pyrite rim in fossiliferous chdule®in the
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Doushantuo FormatioMuscente et al. (201%)rther suggested that ferruginous conditions may
have been conducive in chert noduleration in the Doushantuo Formation. If correct, this model
would predict that early diagenetic chert nodules were preferentially formed in sediments bathed
in ferruginous waters and in stratigraphic intervals recording ferruginous conditions, but are

largdy absent in lithofacies recording oxic and euxinic redox conditions.

Palecredox analyses indicate that, although oceanic redox conditions during the
deposition of the Doushantuo Formation were characterized by temporal flucty@abios et al.
2016; Wang et al. 2017ahd spatial heterogeneitiéli et al. 2017; Li et al. 2015pverall both
the intrashelf and the open ocean in South China were rsttatified during the early Ediacaran
Period, including a surface oxic water overlying a ferruginous deep water with a euxinic wedge
(Li et al. 2010; Wang et al. 2012)hus, the model oMuscente et al. (2A®b) would predict the
presence of early diagenetic and fossiliferous chert nodules in upper slope facies such as the
Siduping section and their absence in basinal facies that intersected the euxinic wedge. This
prediction is met by the discovery of gadiagenetic and fossiliferous chert nodules at Siduping
and at other upper slope secti¢gBsiyang et al. 2017PDbviously, as in most Doushantuo sections,
chertnodules at the Siduping sectiooccur in discreet horizonsdicaing that even in the most
favorable settingdor early diagenetic chert formatipisufficient conditions were met only
episodically.Either redox conditions fluctuated episodically,immdditionto ferruginousredox
conditions, other factors (such kmsv sedimentation raseand local supply of orgaic matter
needed for the initial nucleation of chert nodules) may have controlled the formation of early

diagenetic chert nodules.

The Siduping section is distinct from other Doushantuo sections in the occurrence of

reworked chert nodules that are themsslfossiliferous and early diagenetic in origin. Our study
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shows that these reworked chert nodules at Siduping were likely formed in shallower facies during
early diagenesis and then transported with olistostromes to Siduping. Obviously, such reworked
chat nodules do not follow théuscente et al. (2015nodel about the distribution of early
diagenetic chert nodules in the Doushantuo Formationthayccomplicate our efforts to establish

earlymiddle Ediacaran acanthomorph biozones in South China.

Acanthomorph biozones of the Doushantuo Formation
The interpretation of the microfossil record of the Doushantuo Formation at the Siduping

section is somewhat complicated by the fact that a significant proportitos®liferouschert

nodules atthis sectionwere reworked and probabisansportedrom elsewhereThe prospect of

time averaging due to downslope transport is most likely to obscureadhethomorph
biostratigraphicecord at Sidupinglowever, petrographic observation suggests that the reworked
chert clasts were likely derived fromrtemporaneous or slightly older strata. This inference is

al so s upPComn t®&gd, b a'PCdydaia, which show virtually no differences between
carbonate clasts and matrix in olistostrome beds, or between olistostrome beds and adjacent beds
(Wang et al. 2016) Thus, although there must be some degrees of time averaging, the
biostratigraphic sequence should not have been altered beyond recognition. Furthermore, because
reworking can only move clasts from older to younger strata, the observed fossil occurrences at

Siduping cannot be older than their true (or@eorking) stréigraphic occurrences.

The small number of acanthomorphic acritarchs recovered from the Siduping section
precludes a rigorous quantitative description of the character of the acritarch assemblage.
However, we can draw several conclusions from the datdablei Acanthomorphic acritarchs

recovered from the Siduping sectiorclude Doushantuo taxilom the Yangte Gorges and
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We n g @éeagliu et al. 2014b; Xiao et al. 2014binportantly the presence éfocosphaeridium
anozosin in-situ chert nodules in the lower Doushantuo Formation at Sidupingngicant,
because this species is one of the eponymous taxa Batlaium conoideuirHocosphaeridium
scaberfaciumHocosphaeridium anozobiozone recognized in Member Ill and EP2 in the
Yangtze Gorges are@.iu et al. 2013) Indeed, tk first appearance of this species has been
proposed to define the base of tfanarium conoideuiHocosphaeridium scaberfacitim
Hocosphaeridium anozdsozonein the Yangtze Gorges arfldu et al. 2014b; Xiao et al. 2014b)
However, this species has also been found in the upper Doushantuo ForthaticBWen gdan, wh
it overlaps withTianzhushania spinogiao et al. 2014h)Together, these biostratigraphic data
suggest that thetratigraphic ranges dfianzhushania spinosand Hocosphaeridium anozaio
overlap, although the first appearance datum of the former clearly predates that of the latter.
Furthermore, because at SidupiHgcosphaeridium anozos present in strata corredat to
Member Il and EPXWang et al. 2016)the traditional view that th&ianzhushania spbsa
biozone is restricted to Member Il and Femnarium conoideuitHocosphaeridium scaberfacitim
Hocosphaeridium anozdsozoneto Member Il needs to be revised. This view was based on data
from the Yangtze Gorges area where there is a barren intervatiatiMember 11/11l boundary

and the exact boundary between the two biozones cannot be cl@ritiext al. 2014b; Liu et al.

2013; McFadden et al. 2009; Yin et al. 2008he new data from Siduping suggests that the
Tanarium conoideuirHocosphaeridium scaberfacititdocosphaeridiumanozosbiozone may

start somewhere in Member Il. Alternatively, if it is desirable to keep this acanthomorph biozone
in Member lll, then it should be redefined and a transitional biozone should be formally established

to accommodate strata wheFenzhushaia spinosaand Hocosphaeridium anozas-exist, as
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proposed byiao et al. (2012andXiao et al. (2014bpased on Doushantuo acanthomorph data

from Wengoban.

The inference that elements in th@narium conoideuitHocosphaeridium scaberfaciiim
Hocosphaeridium anozobiozone may range stratigraphically downward relative to their
occurrence in the Yangtze Gorges &flaa et al. 2014b; Liu et al. 20133 further supported by
the discovery obUrasphaera nuptaAppendisphaerahemisphericaAppendisphaera crebrand
Mengeosphaera miniman the lower Doushantuo Formation at Siduping. Of these species,
Urasphaera nuptas morphological distinct and easily recognizable. All these species have been
known from thelTanarium conoideuiHocosphaeridium scaberfacititdocosphaeridium anozos
biozonein the Yangtze Gorges aréau et al. 2014b; Liu et al. 2013put they may extended to

Member II.

The absence dfianzhushania spinos&rom the Siduping assemblagepi®bably a matter
of taphonomic osampling failureBecause of the poor preservation due tongtrcarbonization,
delicate structures such as the extremely thin cylindrical proces$emahushania spinosaay
have been degraded. Indeed, the taxonomically unidentified acritarch illustrated/iAilBgnay
be such a degraded specimenT@nzhushaia spinosa given its large vesicle surrounded by a
thick multilaminate layer that is characteristiclédinzhushania spinosén addition, the sampling
intensity is rather low compared with the Yangtze Gorges sections, which have been studied for

decadedy many research groups.

We thus predict that, unle$g&anzhushania spinosaas ecologically restricted to the intra
shelf, it should be present in the lower Doushantuo Formation at Siduping. This prediction is based

on t he | i t h o sk thempstratigraphic coreelatbn ofi the Siduping and

Jiulongwan sectioifWang et al. 2016land i s al s o s'iCpnpand stratiglaphicy ne w
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occurrence offianzhushania spinosat the Wangzishi section (Fig. 2, 6A). Collectively, these
data strongly suggest that the fossiliferous interval at Siduping is equivalent to Member Il and
chemostatigraphically correlated to EP1 in intshelf sections. Thug,ianzhushania spinosa
expected to be present in the lower Doushantuo Formation at Siduping, a prediction that needs to

be verified with better preserved specimens in future investigations.

Mi cr of o s dnlrecoads flom tthe Wangzishi section suggest that the sampled
interval of the section correlates with the EP1 interval of the lower Doushantuo Formation in the
Yangtze Gorges arefi.h e r aiCgsvalues, betveertand 84&, is d6awsi st en
values observed within this interval elsewhere. The lack of biostratigraphically informative
acritarchs in samples from the Huangjiaping section precludes a confident correlation for this
section howeverbased on lithstratigraphy it is likely that the sampled portion of this section also
correlates with member 1l in the lower Doushantuo Formation in the Yangtze Gorgethisea.
inference isaffirmed byYin (1999) who has recovere@lianzhushania spinosiiom the lower
DoushantuoFormation at theChangyang sectionwhich is only ~2 km to the south of

Huangjiaping.

Conclusion
Micropaleontologicaland petrographic data from the Wangzishi, Huangjigparg

Siduping sections combined with n@i**Ccar data from the Wangzishi section and previously
publishedi**C.andata from the Siduping section provigewinsights into thechemostratigraphic

and biostratigraphic correlation of the Ediacaran Doushantuo Formation beyond the Huangling
anticline in South China. Fossiliferous chert nodules at the Wangzishi and Hpangggactions

that were deposited in intshelf settings were formed in situ and are petrographically similar to
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those in other intrahelf sections in the Huangling anticline. At the upglepe Siduping section,
bothearly diagenetic chenodules formd in situ and reworked chert clasts transported via gravity
flows are present, although the latter were likely remobilized from contemporaneous or slightly
older strata. Acanthomorphic acritarchs were found in chert nodules at both Wangzishi and
Siduping ections. TianZushania spinosdrom the Wangzishi sectioomccurs in the lower
Doushantuo Formation (equivalent to Mé&mber |1
val ues that ar éCumaturecEPIddcaesphaendium lmanozp@hech clirrently
defines the base of tlieanarium conoideuitHocosphaeridium scaberfacititdocosphaeridium
anozoshiozonein Member Il in the Yangtze Gorges area, occurs in strata equivalent to Member
Il and EP1 at the Shiduping section. The new occurrene@odsphaeridium anozag Siduping
suggests that theTanarium conoideuiHocosphaeridium scaberfacititdocosphaeridium
anozodiozonemay not be restricted to Member Ill as previously thought. Thus, this biozone may
extend to Member II. Alternatively, if it is desirable to keep this acanthomorph biozone in Member
11, it should be redefined and a transitional biozone ghbel established to accommodate strata

where the stratigraphic rangesTodnzhushania spinosandHocosphaeridium anozawerlap.
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FigureCaptions
Figure 4.1. Maps showing the location of studisdctionsand other important sections. (A)

Sketch map showing the location of the Yangtze BlockMBynification of green box in (A),
showing a snplified facies map of the Yangtze Blo¢kang et al. 2011)C) Magnification of
green box in (B), showing a geological map of the Huangling anticline. The Yangtze Gorges area

is located in the southern tip of the Huangling anticline. Stars mark section localities.

Figure 4.2. Stratigraphic distribution of microfossits n d°C.4t profile at the Wangzishi
section Lithostratigraphic and chemostratigraphic correlation with the Jiulongwan section is

marked on the figure (e.g., Member | and II; EP1).

Figure 4.3. Stratigraphidistribution of microfossils at the Huangjiaping section.
Lithostratigraphic correlation with the Jiulongwan section is marked on the figure (e.g., Member

I and II).

Figure 4.4. Stratigraphic distribution of microfossiés n d°Cc4b profile at the Sidupig section.
Stratigraphic columa n d&C.db profile aremodified from Wang et al. (2016).
Lithostratigraphic and chemostratigraphic correlation with the Jiulongwan section is marked on

the figure (e.g., Member IV; EN1i 3; EP12).
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Figure 4.5. Field photographs (AC, G H, J K) and thin section petrographic photomicrographs
(Di F, I) of in-situ chert nodules () and reworked clastsi(K) from theSiduping section

Red arrows highlighin-situ chertnodules yellow arrowspyrite rim around chertodules, white
arrows reworkedarbonate clastandbluearrowsreworked chertlasts.Stratigraphic up

direction on top(A) In-situ chert bands and nodules. Rock hammer for scale. PhoteD3687

(B) In-situ chert nodules. Pen (15 cm) for scale. PRO@B2506. (C) Magnified view of
rectangle in (B), showing pyrite rim. Chert nodule about 3 mm in maximum diameter. (D)
Sedimentary laminae are laterally continuous intsiin chert nodules (bottom arrow) and warp
above and below chert nodules (top ashw hin section S41.75. (E) Magnification of white

box in (D), showing part gbyrite rimaroundchertnodule (F) Mixture of randomly oriented

chert and carbonate clasts. Thin section S37.4. (G) Carbonate clasts showsegdisoént
deformation. Penoir scale. Photo 2088502. (H) Angular chert clasts oriented at an angle with
bedding plane. Rock hammer for scale. Photo ZX3. (I) Randomly oriented angular chert
clasts whose internal laminae are discordant with matrix sedimentary laminae. Tioim sect
S76.44-2. (J K) Chert bands within reworked carbonate clasts, showing abrasion and truncation

of chert bands. Pen for scale. Photos 2D886 and 2002504.

Figure 4.6. Acanthomorphic acritarchs and other microfossils from Wangarsthi
Huangjiaping(A) Tianzushania spinosahin sectionl3WZSDST2-5C, Olympus BX 51
coordinates 110.3x19.8, England Finder coordinateslJIBin section numbers and
coordinates of all illustrated microfossils are given in figure capti@)dMagnification of

rectangle area in (A), showing poorly preserved processes and multilaminatéQayer.
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Archaeophycus yunnanensi8SWZSDST25C, 113.9x20.6, H12. (D) Archaeophycus

yunnanensisl3HJRDST25C, 108.9x11.9, Q2.

Figure 4.7. Acanthomorphi@critarchs from Siduping. (ALarge and poorly preserved acritarch,
possibly Tianzhushaniaspinosa 13SDRDST213, 131.7x14, M34. (B) Magnification of
rectangle area in (A), showing multilaminate layer characterisfitanizhushaniapinosa (C)
Mengeosphaera minimd3SDRDST2-32, 1231x10.2, S231. (D) Wenganiasp, S21.1
133.313.9, M331. (E) Hocosphaeridium anozp$41.62, 143.5x21.2, G43. (F)

Magnification of rectangle area in (E), showing distally hooked process.

Figure 4.8. Acanthomorphic acritarchs from Siduping. @&jciasphaera sp.13SDRDST2-43,
135.5x23.3, E34.. (B) Magnification of area indicated by arrow in (A), showing long solid
processeqC) Urasphaera nuptal3SDRDST2-43, 135.%23.5, E352. (D) Magnification of
rectangle area in (C), showing basal expansion of one process (black arrow) and apical
expansion of another (white arrowfe) Magnification of rectangle area in (D), showing anehor
like apical expansion of the same process but at slightly differentlévedl (F) Asterocapsoides
sinensiswith arrows pointing to obtuse conical processes on outer vesiclel@8MRDST2

43, 114.6x11.6R142.

Figure 4.9. Acanthomorphic acritarchs from Siduping. (Apoorly preserved acanthomorph,
possiblyAppendisphaeranagnificg S76.44-2, 137.5x17.5|.37-4. (B) Magnification of
rectangle area in (A), showing ghost preservation of presumably hollow pro¢€s&s.
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AppendisphaerahemisphaericaS76.44-2, 134.2x18.9, J34. Two different focal levels
showing transverse cross section of hemispherical base (center of D) and longitudinal cross
section of apical spine of processes (periphery ofE})Appendisphaera crebr&76.44-2,
138.2x17.4, L34L. (F) Magnification of rectangle area in (E), showing poor preservation of

processes.
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Figure4.6
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Figure4.7
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