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Study of noncalcareous algal fossils is problematic due to their broadly
defined taxonomy and lack of preserved features by which modern algae are
classified. Four distinct morphologically simple, enigmatic fossils from the
Wheeler Formation were analyzed using Raman spectroscopy, and
elemental mapping by electron microbeam techniques. These fossils have
been interpreted as dissociated algal fragments, and accordingly, were
compared to known algal fossils: Yuknessia simplex (green alga; Spence
Shale), Marpolia spissa (cyanobacteria; Burgess Shale), and Margaretia
dorus (green alga; Burgess and Wheeler formations). All fossils examined
were composed of carbonaceous films, at least in part, but varied with
respect to secondary mineral coatings: iron oxides were associated with the
surfaces of all three algal species to some degree, and in addition,
Margaretia dorus exhibited silicification. Fossils characterized by a thin,
wispy, filamentous form (Linear Morphotype 2) display mineralogical and
morphological similarities with Marpolia spissa, but lack the characteristic
longitudinal striping of this species. Filamentous fossils with a coiled form
were the only fossils found to contain chlorite. These fossils are interpreted
to be fecal strings. Stubby, linear fossils (Linear Morphotype 1) that
commonly have been interpreted as fragmented Yuknessia simplex exhibit
neither the mineralogical nor the microtextural features of this algal fossil,
making this interpretation unlikely. As with Linear Morphotype 1, fossils
of Morania fragmenta lack secondary iron oxides and phyllosilicates.
Accordingly, they are interpreted to have been composed of labile material
that preserves only under inhospitable conditions such as sustained anoxia.

wall, none of which are preserved in the Cambrian fossil record (Knoll
et al., 2006). In contrast to biological classification criteria for modern
algae, fossilized algae are classified by means of comparative
morphology based on recent algae. This subjective approach has
shown to be problematic, resulting in repeated reclassification (Riding
and Voronova, 1985), particularly for noncalcareous forms.
In a comparative study of Burgess Shale fossils and similar carbonaceous
fossils in graptolitic mudrock, Page et al. (2008) concluded ‘‘the mineralogy of
phyllosilicates in the Burgess Shale may provide useful histological insights’’
(p. 859). In these cases, exceptional preservation was attributed to
conservation of organic material. Thermal maturation and associated volume
of these carbonaceous compressions facilitated the development of authigenic
phyllosilicates. Page et al. (2008) documented that kaolinite and illite are
associated with labile anatomical features that would have contained early
maturing kerogen; chloritic clays are associated with collagenous anatomical
features containing kerogen that would have matured at higher temperature.
Given that the authigenic mineral assemblage that is associated with a
carbonaceous Burgess Shale-type fossil can be used to infer the degree of
recalcitrance of the fossilized tissues, study of these secondary minerals may
provide insight into the interpretation of the enigmatic fossils of the Wheeler
Formation. Accordingly, this paper focuses on the mineralogical composition, morphology, and microstructures of fossils that have been interpreted
to be of algal affinity (Morania fragmenta, fragmented Yuknessia simplex
and dissociated Marpolia spissa). This data is applied to determining
whether morphologically simple fossils are dissociated fragments of larger
algal forms, or instead, taxonomically distinct organisms.

INTRODUCTION

Geologic Background

Taxonomic classification of many fossilized organisms from Proterozoic and Cambrian Lagerstätten throughout the world has been
problematic for such reasons as modern corollaries, incomplete or
disarticulated specimens on which interpretations are based (e.g.,
Anomalocaris; Whittington and Briggs, 1985), or lack of sufficiently
distinctive features in the fossils (e.g., Chuaria; Walcott, 1899; Steiner
and Reitner, 2001; Sharma et al., 2009). Most examples of such
morphologically and structurally simple fossils have been classified as
algae, and noncalcareous algae in particular have received little to no
examination since their initial classification. The middle Cambrian
Wheeler Formation of western Utah contains abundant small, linear or
circular Burgess Shale-type (BST) fossils that have been interpreted as
being of algal affinity. Most of these fossils have been identified as one of
the following three algal taxa: Morania fragmenta, fragmented Yuknessia
simplex, and dissociated Marpolia spissa.
The term algae is a broadly encompassing, nonphylogenetic
definition for photosynthetic unicellular or multicellular organisms,
which may be prokaryotic or eukaryotic representatives. Modern algal
classes are defined based on color, structure of flagellate cells, nuclear
division process, cytoplasmic division process, and the nature of the cell
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The Wheeler Formation is limited to a small area of western Utah, within
the central House Range and Drum Mountains (Fig. 1). The Wheeler
Formation was deposited during the Middle Cambrian within a rapidly
subsiding, intra-platformal half-graben known as the House Range
Embayment (Rees, 1986). There are three distinct depositional environments that comprise the Wheeler Formation: (1) shallow subtidal; (2) open
shelf; and (3) deep water (White, 1973). Robison (1962) and White (1973)
describe the Wheeler Formation within the deep-water setting of the central
House Range as being composed primarily of slope deposits, laminated,
argillaceous limestone and shale, characterized by even, mm-sized, micrograded bedding, and cut-and-fill structures. The mudstone deposits
accumulated in an environment below storm wave influence, as indicated
by the absence of coarse grains, grading, scouring, and hummocky crossstratification or other wave-influenced sedimentary forms (Rees, 1986). The
basinal mudstone deposits of the Wheeler Formation in the central House
Range, including sample sites at Marjum Pass, Upper Swasey Springs, and
Lower Swasey Springs (Fig. 1), is characterized by fine-grained, mixed
carbonate–siliciclastic mudstones with beds from 0.08 to 32 mm thick, and
with no grain-size changes across individual beds (Gaines and Droser,
2010). Wheeler Formation samples from the central House Range are
composed exclusively of clay-sized particles and authigenic carbonate
cements (Gaines and Droser, 2003) that persist uninterrupted across tens
to over 100 m of continuous section (Gaines and Droser, 2010).
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FIGURE 1—Location of the study area (gray box and detailed map) and the House Range Embayment in western Utah. Detail map shows localities where specimens within
the study were collected. MP 5 Marjum Pass (39.221595N, 2113.384791W); SSU 5 Upper Swasey Springs (39.376341N, 2113.247261W); SSL - Lower Swasey Springs
(39.356938N, 2113.278491W).

Although best known for abundant articulated fossils of the trilobite
Elrathia kingii, the Wheeler Formation also contains many of the same softbodied taxa that are preserved within the Burgess Shale of British
Columbia. Numerous marine settings are suggested to have allowed for the
preservation of BST fossils (e.g., open slope, restricted basins, brine pool
margins) due to sustained anoxia (Steiner et al., 2005), periodic anoxia
(Gaines and Droser, 2003), or hypersalinity (Johnston et al., 2009). Gaines
and Droser (2003, 2010) present compelling paleontological evidence for
BST preservation in the Wheeler Formation due to a fluctuating oxycline
within the deep-water side of the House Range Embayment. Gaines and
Droser (2010) concluded that BST–fossil-bearing beds were deposited
under anoxic conditions, whereas the adjacent Elrathia-bearing beds were
deposited in the dysoxic zone at the exaerobic boundary, based on the
documentation of fossil assemblages and ichnofabrics.
Algal Fossils of the Wheeler Formation
With the difficulties inherent in paleoalgalogical studies, documentation of algal fossils from BST fossil deposits in North America is
limited. Only two multi-organism studies (Satterthwait, 1976; Conway

Morris and Robison, 1988) have been published since the extensive and
pioneering work of Walcott (1919). Descriptions of the three algal
fossils on which this study focuses (Yuknessia simplex, Marpolia spissa,
and Morania fragmenta), and a fourth algal form that is common in
both the Wheeler and Burgess Shale formations (Margaretia dorus),
have been compiled from these three reports.
Yuknessia simplex.—Walcott (1919) described Yuknessia simplex
thalli, based on only three complete specimens from the Burgess Shale,
as large, hollow stems covered with closely arranged conical plates, each
plate potentially forming a base of a long flexuous stipe that shows no
evidence of branching or bifurcating (Fig. 2). Satterthwait (1976)
reports that the closely packed plates are arranged in two concentric
circles, the smaller inner circle being 1/3 the diameter of the larger, and
samples contain numerous branchlets. Satterthwait (1976) classified
Yuknessia simplex as a green alga (Chlorophycophyta) and concluded
that it may be closely aligned with the order Siphonocladales. Conway
Morris and Robison (1988) also concluded that this organism most
closely resembles modern green algae, but noted that the lack of
preservation of critical characteristics results in a questionable
taxonomic assignment of Yuknessia simplex even at the division level.
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FIGURE 2—Images of samples utilized in the study: A) Morania fragmenta (Wheeler
Formation); B) common, well sorted Morania fragmenta (Wheeler Formation)
colony; C) multiple, well sorted Morania fragmenta (Wheeler Formation) colonies on
individual layers; D) Yuknessia simplex (Spence Shale); E) Linear Morphotype 1
(Wheeler Formation); F) Marpolia spissa (Burgess Shale); G) Linear and Coiled
Morphotypes 2 (Wheeler Formation); H) Margaretia dorus (Wheeler Formation).

Short, nonbranching, linear fossils that occur in the Burgess Shale,
Wheeler Formation, and Chengjiang (Fig. 2), have been interpreted as
dissociated fragments of Yuknessia simplex. Within the Chengjiang
Formation of China, however, the affinity of Yuknessia simplex has
been questioned as possibly coprolitic rather than algal (Steiner et al.,
2005). No studies have confirmed the identity of these fragments as
Yuknessia simplex based on such micromorphological features as
intercalated plates and stipes. Possible Yuknessia simplex representatives, with nonbranching, straight to slightly curved filamentous
morphologies up to 10 mm long by 0.5 mm wide, herein are referred
to as Linear Morphotype 1.

Marpolia spissa.—Thalli of Marpolia spissa are described as ‘‘slender,
flexuous branched filaments twisted together, [to] form an irregular axis
from which the filaments extend in tufts of dense masses in the same
general direction as they branch at narrow angles’’ (Walcott, 1919, p. 234),
with tufts averaging 30–50 mm long (Fig. 2). Individual filaments are
marked by transverse lines on a slightly indented surface (Walcott, 1919).
Originally classified as a blue-green alga from the family Nostocacaceae
(Walcott, 1919), tufts of Marpolia spissa from the Burgess, Spence, and
Wheeler formations were reclassified by Satterthwait (1976) as cyanophytes of the family Oscillatoriacea. Conway Morris and Robison (1988)
supported this conclusion. Satterthwait (1976) documented that the 20–
60 mm wide filaments of Marpolia are composed of two layers, a tough
outer sheath that displays longitudinal linear surface features, and an inner
trichome of uniserial cells. Rarely would a single sheath encompass more
than one trichome and even more rarely would these trichomes be found
unsheathed (Satterthwait, 1976).
Although a few tufts of Marpolia spissa have been collected from the
Spence Shale, Utah, and one questionable tuft from the Wheeler
Formation (Conway Morris and Robison, 1988), the more common mode
of occurrence for Marpolia in the Utah strata is as dissociated, broken
filaments (Fig. 2G; Babcock and Robison, 1988), and these individual
filaments have lacked detailed study. Possible Marpolia spissa representatives, with curved to wavy filamentous morphologies up to 10 mm long and
widths ,0.25 mm, herein are referred to as Linear Morphotype 2.
Morania fragmenta.—Walcott (1919) identified eight species of
Morania (confluens, costellifera, elongata, fragmenta, frondosa, globulosa,
parasitica, and reticulata) within the Burgess Shale Formation, which were
classified as cyanophytes within the family of Nostocaceae. All varieties of
Morania fragmenta are comprised of circular to nearly circular elements
that form irregular masses. Morania fragmenta lacks evidence of a point of
attachment suggesting that these organisms lived as colonies and were held
together in a mucosal or gelatinous matrix that may have floated freely
within the water, similar to modern Nostoc. Of the eight species, only M.
fragmenta is reported to occur in the Wheeler Formation (Conway Morris
and Robison, 1982; Robison, 1985; Gaines and Droser, 2003; Gaines et al.,
2008). Walcott (1919) noted that Morania fragmenta differs from other
species of Morania in that fragmenta appears not only as united colonies,
but also occurs singly as free-floating elements (Fig. 2). Individual circular
to elliptical fossil elements range in size from 0.75 to 2 mm, and these may
be clustered in masses that range from 50 to 200 mm in diameter (Walcott,
1919). In the Burgess Shale clusters commonly contain carapaces of
crustaceans and other disarticulated metazoans, which were interpreted by
Walcott (1919) as evidence of grazing. Morania fragmenta was not
described by Satterthwait (1976) in morphological analysis of algae from
the Wheeler Formation.
Margaretia dorus.—This was posthumously described by Walcott
(1931) as a thin, membranous sheet with elongate oval perforations
arranged on longitudinal and oblique transverse lines (Fig. 2).
Although Walcott (1931) noted that the organism resembled an alga,
he considered M. dorus to be more likely an alcyonarian coral.
Satterthwait (1976) described M. dorus as an organism with a
cylindrical axis bearing small, spirally arranged projections rather than
perforations, and concluded that it was a green alga similar the modern
Caulerpa. Conway Morris and Robison (1988) supported the classification of Margaretia as a chlorophyte, but noted that although it bears
no differing external anatomy from Caulerpa, in the absence of cell-wall
chemistry, cytology, and life history, Margaretia should be considered a
separate genus.
MATERIALS AND METHODS
Disposition of Specimens
With the exception of the analyzed specimen of Yuknessia simplex,
which is reposited in the collections of the University of Kansas
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Biodiversity Institute (KUMIP 314270), and the Tyrrell Museum and
College of Franklin and Marshall, which specimen numbers are also
cited below, all other specimens referred to in this paper are housed
within the collections of the Department of Earth and Environmental
Sciences at Brooklyn College, City University of New York. Each
specimen has been assigned a collection number based upon: year of
collection, abbreviation of the state in which it was collected (UT), and
the locality with which it was collected: Marjum Pass 5 MP
(39.221595N, 2113.384791W; WGS84); Upper Swasey Springs 5
SSU (39.376341N, 2113.247261W); Lower Swasey Springs 5 SSL
(39.356938N, 2113.278491W).
Methods applied to the study of algal fossils in the Burgess Shale and
Wheeler formations in prior studies have included thin-sectioning
(Walcott, 1919), a parloinal extraction in which carbonaceous fossils
are lifted from the surface of the sample with a series of applications of
varnish and polyurethane (Satterthwait, 1976), binocular microscope
examination of fossils on bedding planes (Conway Morris and Robison,
1988), and energy dispersive X-ray spectroscopy (EDS; Gaines et al.,
2008). Due to the extremely thin, film-like nature of the fossils and the
fissility of the Wheeler shales, thin-section analysis was not considered an
appropriate technique in this study. Attempts to extract specimens of
Morania fragmenta and the linear and coiled morphotype fossils by both
parloinal films and HF and HCl maceration resulted in extensive
fragmentation of the fossils. The likely reason for the ineffectiveness of
these methods was the generally discontinuous nature of the organic
carbon layer within the fossils, and the lack of continuous secondary
mineral coatings on these fossils (see Results). Nondestructive methods
that allowed for detailed analysis of the fossils in place on bedding
surfaces of samples, therefore, were used. These included Raman
spectroscopy, scanning electron microscopic imaging (SEM) and
integrated EDS, also applied to similar BST fossils by Gaines et al.
(2008), as well as electron probe microanalyzer (EPMA) with integrated
wavelength dispersive X-ray spectroscopy (WDS).
Ten samples of Linear Morphotype 1 (possible Y. simplex
fragments), three samples of Linear Morphotype 2 (possible M. spissa
fragments), and thirteen samples of M. fragmenta were selected and
analyzed (SEM/EMPA and Raman) for this study. In addition, a
fourth morphological class was noted—filamentous fossils that display
a coiled form, herein referred to as Coiled Morphotype (Fig. 3). These
morphologically simple fossil types were compared to more complete
specimens of three documented alga: (1) Yuknessia simplex, Spence
Formation, Utah (KUMIP 314270); (2) Margaretia dorus, Wheeler
Formation (identified and provided by R.R. Gaines, Pomona College,
Brooklyn College; 05-UT-DM-3, 05-UT-SSU-4, 05-UT-DM-5), and
Burgess Shale, British Columbia (Royal Tyrrell Museum, TMP
99.166.2); and (3) Marpolia spissa from the Walcott Quarry Member,
Burgess Shale Formation (Royal Tyrrell Museum, TMP 78.29.27), and
Emigsville Member, Kinzers Formation, Pennsylvania (College of
Franklin and Marshall Collection Number 1423).
Samples were washed with a 10% acetic acid solution immediately
prior to analysis to reduce potential contamination from handling and
transport. Raman spectra were obtained using a WITec Alpha300
confocal Raman laser microscope at 532 nm with a 203 objective with
laser power set to 50 mW (State University of New York at Stony
Brook, Department of Geosciences). EDS X-ray maps for Al, Ca, Cl,
F, Fe, K, Mg, P, S, and Si were gathered also using a Zeiss EVO 60
environmental scanning electron microscope (ESEM; Microscopy and
Imaging Facility, American Museum of Natural History, New York)
under high vacuum. Additional WDS mapping elements Al, C, Ca, Fe,
K, and Si was conducted using the 5-spectrometer Cameca SX-100
EPMA operating at 15 kV and 10 nA (Electron Microprobe Facility,
Department of Earth and Planetary, American Museum of Natural
History, New York). A 5-nm-thick coating of gold-palladium alloy
was applied to samples prior to analysis by EPMA. Relative intensity
color gradient images of elemental maps were combined to produce

FIGURE 3—Common structure of Coiled Morphotype 2.

multi-element composite maps using the open-source software ImageJ
(http://rsbweb.nih.gov/ij).
RESULTS
Form and Textures
Yuknessia simplex displayed distinct intercalated plates and stipes
(Fig. 4) as documented by Walcott (1919), Satterthwait (1976), and
Conway Morris and Robison (1988) when viewed by backscattered
electron (BSE) imaging. Marpolia spissa from the Burgess Shale, and a
specimen from the Kinzers Formation of Pennsylvania, display
morphological structures identical to those described within prior
works (Walcott, 1919; Satterthwait, 1976; Conway Morris and
Robison, 1988), including branching structures and longitudinal stripes
in the carbon films (Fig. 4). Margaretia dorus also displays a distinct
surface texture under BSE: very fine-scale, parallel, linear features that
give the fossil surface a corrugated texture (Fig. 4). This texture is not
present in the matrix shale, Margaretia perforations, or other BST
fossils examined, and so is inferred to be a characteristic of the fossil
rather than a deformational fabric of metamorphic origin. Morania
fragmenta specimens that occur on a single bedding plane are well
sorted with respect to size, although they may vary in diameter from
one bedding plane to another (Fig. 2). Although the diameter of most
specimens of Morania fragmenta from the Wheeler Formation are
within the 0.75–2 mm range documented by Walcott (1919) for Burgess
specimens, the upper size limit of Wheeler Formation M. fragmenta is
,5 mm (Fig. 2). Morania fragmenta did not display a definitive surface
texture under BSE. Visual analysis, however, revealed common,
roughly concentric wrinkles, suggestive of a collapsed spheroid
structure similar to that of Chuaria circularis (Sharma et al., 2009).
Optical and BSE examination of Linear Morphotype 1 and 2, and
Coiled Morphotype 2 revealed no distinct internal or surficial features
or textures (Figs. 5–10).
Fossil Composition
Bands characteristic of kerogen D, disordered carbonaceous material, and G, graphitic carbonaceous material, were present in Raman
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FIGURE 4—Photographs and BSE images of: A) Yuknessia simplex thallus (Spence Shale); B) BSE image of Yukessia simplex displaying stipes and plates; C) Margaretia dorus
(Burgess Shale); D) BSE image of a branching Margaretia displaying surface texture; E) detail of BSE image of Margaretia dorus (Burgess Shale) showing parallel linear texture
of fossil surface; F) Marpolia spissa tufts (Burgess Shale); G) detail of a BSE image of Marpolia spissa showing longitudinal linear surface texture.

spectra of Yuknessia simplex, Margaretia dorus, Linear Morphotype 1,
Linear and Coiled Morphotypes 2, and Morania fragmenta examined
(Fig. 5), indicating that all fossils are composed of carbonaceous films,
at least in part. Yuknessia simplex and Margaretia dorus revealed

virtually no fluorescent feedback (Fig. 5). Linear and coiled morphotypes and Morania fragmenta, however, yielded moderate to high
fluorescent feedback (Raman intensity; Fig. 5); Linear Morphotype 1
has ,1000 charge-coupled device counts (CCD); Linear Morphotype 2
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FIGURE 5—Raman spectra comparison for control samples of algae: A) Yuknessia
simplex (Spence Shale), Margaretia dorus (Wheeler Formation) and Morania
fragmenta and enigmatic Linear and Coiled Morphotypes 1 and 2 (Wheeler
Formation); B) detail of Raman spectra for Yuknessia simplex (Spence Shale) and
Margaretia dorus (Wheeler Formation).

has an average of ,1700 CCD; Coiled Morphotype 2 has an average of
,3400 CCD; and Morania fragmenta has an average of 2200 CCD. In
contrast, the control samples of Margaretia dorus and Yuknessia
simplex have ,400 CCD and ,200 CCD, respectively (Fig. 5).
In general, the elements Al, C, Ca, Fe, K, and Si fully define the
composition of both fossils and matrix. The distribution and relative
abundance of Cl, F, Mg, P, and S was also documented but
concentrations were insignificant in all samples, and so are not reported
herein. The absence of P and S demonstrates the lack of phosphatic
minerals and pyrite. Mineral composition of fossils is summarized in
Table 1.
X-ray mapping of the sample containing the articulated specimen of
Yuknessia simplex (Spence Shale) indicates that the fossil and matrix
are chemically distinct; the fossil shows lower abundances of Ca, K, and
Si relative to the matrix, whereas Fe shows higher relative abundances
without an associated localization in Al (Fig. 6). This chemical pattern
indicates that the fossil of Yuknessia simplex contains abundant Febearing minerals, mostly Fe oxides. The coincidence of minor Al and K
on the fossil indicates the presence of minor amounts of illite (Fig. 6).
The fossil also displays halos of calcite enrichment in the adjacent
matrix (Fig. 6).
Margaretia dorus is composed of two distinct domains, the surface of
the fossil and the perforations. The fossil surfaces of specimens from
both the Wheeler and Burgess Shale formations have higher
abundances of Si and Fe, relative to the perforations in which organic

carbon is more abundant (Fig. 6). The abundance of Si without
elevation of Al indicates that Margaretia is composed of silica rather
than authigenic clay minerals. Fe oxides are also present in the siliceous
layer overlying the inner carbonaceous film.
Two samples of Marpolia spissa from the Burgess Shale are
composed predominantly of organic carbon films that display distinct
longitudinal linear features. Both specimens show lower abundance of
Al, Ca, and K, and to a lesser extent Si, relative to the matrix (Fig. 6).
The carbon film of one of the specimens of M. spissa has an outer layer
that has higher concentrations of Fe but lower concentrations of Al,
indicating that the fossil is devoid of authigenic clays but may be
composed in part of iron oxides (Fig. 6).
Linear Morphotype 1 fossils show a consistent pattern of lower Ca
relative to the matrix, whereas Al, Fe, and Si show no variation between
fossil and matrix (Fig. 7). There appear to be minor localizations of K
in X-ray maps directly associated with the fossil material as indicated
by slightly brighter coloration in relative intensity X-ray maps,
suggesting that the illitic crystals in the fossil may contain fewer
smectite interlayers than those within the matrix. Thus, the presence of
organic carbon and the absence of calcite are the compositional features
that most clearly define Linear Morphotype 1.
Linear Morphotype 2 fossils show elevated C, and slightly lower K
relative to the matrix (Fig. 8). The edges of the fossils show consistently
high Fe and low Al, indicating that the fossils exhibit a fine-coating of
iron oxides (Fig. 8). Coiled Morphotype fossils yielded chemical maps
which display coincident localization of both Fe and Al abundances
throughout the fossil relative to the matrix (Fig. 9), indicating that the
fossils are substantially more chloritic than the surrounding shale.
EPMA and ESEM maps produced for Morania fragmenta revealed
no variation of Al, Ca, Fe, or Si between fossil material and matrix,
leaving this morphotype’s fossil material indistinguishable from the
matrix with the exception of organic carbon. M. fragmenta was the only
fossil examined that contained calcite in any abundance. Like Linear
Morphotype 1 and 2, there appear to be minor localizations of K in Xray maps directly associated with the fossil material, suggesting that the
illite clay crystals contain fewer smectite interlayers, but minor
localizations of Fe oxides, as compared to those within the matrix.
Morania fragmenta displays a concentric internal variation in composition, with the edge of the fossils tending to be richer in carbon, and
with specimens commonly displaying alternating carbon-rich and
carbon-poor zones (Fig. 10). This banding corresponds to the wrinkle
structure that is evident through optical analysis.
DISCUSSION
The use of Raman spectroscopy in paleontology extends beyond
identification of kerogenic material; it also yields information regarding
the thermal maturity (graphitization levels) of kerogens, which can be
used to determine the relative extent of metamorphism of the fossil
material ((Schopf et al., 2005, 2010; Schiffbauer et al., 2007; Olcott
Marshall et al., 2012). Furthermore, Raman analysis is quick, requires
little sample preparation, and is nondestructive. Raman spectroscopy,
therefore, can be used to determine the presence or absence of organic
carbon in a large number of samples relatively rapidly. The Raman
spectra of all BST fossils examined (definitive algae, Morania
fragmenta, linear morphotypes, and coiled morphotype) yielded
kerogen peaks indicating that the fossilization process involved
carbonization, at least in part, in agreement with the commonality of
carbonization in BST fossils globally (Gaines et al., 2008).
As has been documented by numerous studies (e.g., Butterfield, 1990;
Gaines et al., 2008), carbon films provide significant detail in BST
fossils, and so the degree to which the organic carbon has degraded may
affect the quality of the fossil. In addition, if different fossil localities
have undergone different degrees of metamorphism, the character of
the fossil composition may not be directly comparable due to variations
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FIGURE 6—EPMA and scanning electron microscopy results. Fe (red), C (yellow), Ca (teal), K (green), Si (gray scale): A) Yuknessia simplex (Spence Shale) BSE image,
interpretation of BSE image, ESEM composite map (Fe+K+Ca); B) Margaretia dorus (Wheeler Formation) BSE image, interpretation of BSE image, ESEM composite map
(Fe+K+Ca+Si); C) Margaretia dorus (Burgess Shale) BSE image, interpretation of BSE image, EPMA composite map (C+Fe+K+Ca+Si); D) Marpolia spissa (Burgess Shale)
BSE image, interpretation of BSE image, EPMA composite map (C+Fe+K+Ca+Si); E) Marpolia spissa (Burgess Shale) BSE image, interpretation of BSE image, EPMA
composite map (C+Fe+K+Ca+Si).
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FIGURE 7—EPMA and scanning electron microscopy results for Linear Morphotype 1. Fe (red), C (yellow), Ca (teal), K (green), Si (gray scale): A) Marjum Pass sample,
(C+Fe+K+Ca+Si); B) Lower Swasey Springs sample, (Fe+K+Ca+Si); C) Marjum Pass sample; (Fe+K+Ca+Si); D) Marjum Pass sample, (Fe+K+Ca+Si).

in degree of carbon breakdown and stability of secondary mineral
assemblages. Raman spectra allow for determination of the thermal
maturity by comparing kerogen D (,1365 cm-1) and G (,1605 cm-1)
bands. As kerogen structures are altered, primarily through heat, both
bands become increasingly narrow and more peaked, shift in
comparative heights, and the G band bifurcates when the materials
are partially graphitized (Schopf et al., 2010). Fossils from the Wheeler
Formation produced slightly narrowed D and G, and nonbifurcated G
bands. Kerogen G band peaks are slightly higher than those of the D
band (Fig. 5), which are consistent with moderate preservation and
thermal alteration of carbonaceous materials.
X-ray diffraction analysis and elemental mapping of the Burgess
Shale fossils indicate that the peak metamorphic assemblage in the
Burgess Shale Formation includes muscovite and chlorite; mixed-layer
clays and illite occur only in retrograded zones associated with
Mesozoic structural fabrics (Powell, 2003). This mineral assemblage is
consistent with lower greenschist-facies conditions (,300 uC; Powell,
2003). The elemental mapping presented in this study documents the
absence of kaolinite in the matrix (i.e., absence of Al-highs without
corresponding highs in either K or Fe), and the ubiquitous presence of
mixed-layer clays (i.e., overlapping Al-K-Fe highs). This mineral
assemblage is consistent with upper diagenetic conditions (epigenesis)

correlating with the laumontite zone in metabasaltic rocks (approximately 175–230 uC) (Kisch, 1987). The absence within fossil material of
kaolinite, a phyllosilicate that is a common low-temperature overgrowth on carbon films that preserve soft tissues (Page et al., 2008),
may be due to the stability of kaolinite being exceeded during Wheeler
diagenesis.
Mode of BST Preservation as a Clue to Tissue Type and
Taxonomic Affinity
Two fossil-composition-based models for BST preservation have
been vying for acceptance over the past two decades. The earliest
proposed model, initially introduced by Butterfield (1990), and
subsequently supported by Butterfield et al. (2007) and Gaines et al.
(2008), involves carbonization of organic material to form thin
carbonaceous films. Orr et al. (1998), along with Petrovich (2001)
and Orr et al. (2009) proposed that inundation of carcasses by clay-rich
slurries during burial, and subsequent carcass-clay-fluid reactions
produced phyllosilicate templates that formed casts around the
remaining organic material. Different anatomical parts may be
composed of chemically different materials, which Orr et al. (1998)
interpreted to indicate variations in the composition of the original
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FIGURE 8—EPMA and scanning electron microscopy results for Linear Morphotype 2. Fe (red), C (yellow), Ca (teal), K (green), Si (gray scale): A) Upper Swasey Springs
sample, (C+Fe+K+Ca+Si); B) Marjum Pass sample, (C+Fe+K+Ca+Si); C) Upper Swasey Springs sample, (Fe+K+Ca+Si).
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FIGURE 9—EPMA and scanning electron microscopy results for Coiled Morphotype 2. Fe (red), C (yellow), Ca (teal), K (green), Si (gray scale): A) Lower Swasey Springs
sample, (Fe+K+Ca+Si); B) Lower Swasey Springs sample, (Fe+K+Ca+Si); C) Marjum Pass sample, (Fe+K+Ca+Si).
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FIGURE 10—EPMA and scanning electron microscopy results for Morania fragmenta. Fe (red), C (yellow), Ca (teal), K (green), Si (gray scale): A) Lower Swasey Springs
sample; B) Lower Swasey Springs sample, (Fe+K+Ca+Si); C) Marjum Pass sample, (Fe+K+Ca+Si); D) Upper Swasey Springs sample, (Fe+K+Ca+Si).

tissues. In contrast, Page et al. (2008) concluded that the phyllosilicate
casts formed during post fossilization, and that the tissue-specific
variation in mineral assemblages in BST fossils was due to organic
materials of different composition reaching their thermal maturity at
different temperatures. Kaolinite forms at low temperatures when
kerogen associated with the most labile soft parts degrades; illite forms
at higher temperatures when kerogen associated with chitinous material
matures, and chlorite forms at even higher temperatures in association

with collagenous materials (Page et al., 2008). Accordingly, carbonaceous fossils in the Wheeler Formation should present variation in
secondary mineral assemblages if there was originally variation in the
composition of the tissues.
All fossils examined in this study included a significant component of
organic carbon, as detected by both Raman spectroscopy and EPMA.
In most samples the organic film was somewhat degraded, typically
forming a fragmented sheet. The broken nature of the central carbon

TABLE 1—Summary of composition of fossils.
Fossil

Quartz

Fe-oxide

Kaolinite

Illite

Chlorite

Carbon

Marpolia spissa
Margaretia dorus
Yuknessia simplex
Morania fragmenta
Linear Morphotype 1
Linear Morphotype 2
Coiled Morphotype

Absent
Major
Absent
Absent
Absent
Absent
Absent

Variable
Minor
Major
Absent
Absent
Major
Absent

Absent
Absent
Absent
Absent
Absent
Absent
Absent

Absent
Absent
Trace
Trace
Trace
Absent
Absent

Absent
Absent
Absent
Absent
Absent
Absent
Major

Major
Major
Major
Major
Major
Major
Major
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film makes the fossils delicate and difficult to extract from the rock.
Many samples contained some form of secondary mineral assemblage
that partially or completely encased the carbon core, but unlike the
Burgess fossils examined by Orr et al. (1998), phyllosilicate coatings are
absent from all but one fossil form.
Yuknessia simplex (Spence Shale) and Margaretia dorus (Wheeler and
Burgess), each considered to be a green alga (Satterthwait, 1976;
Conway Morris and Robison, 1988) show, to some extent, higher
abundances of Fe (Table 1). For Yuknessia simplex, the Fe oxides form
a continuous cover layer, whereas with Margaretia the Fe oxides tend
to form a discontinuous layer around the perimeter of the perforations.
Both samples of Margaretia dorus display silicification that is absent in
Yuknessia simplex. Following the reasoning of Page et al. (2008), the
more mineralized nature of Margaretia suggests that it may have been
composed of a more recalcitrant material than Yuknessia simplex.
Specimens of Marpolia spissa (Burgess), a cyanobacteria (Satterthwait, 1976; Conway Morris and Robison, 1988), display variable
preservational patterns; all specimens have an organic carbon core,
but some specimens also have a continuous outer covering of Fe
oxides, similar to the preservational pattern displayed by Yuknessia
simplex. This preservational style suggests that Marpolia spissa is
comparatively the most labile of the three definitive algae types
examined in this study.
Linear Morphotype 2 preserves primarily as an organic carbon film
with Fe-oxide coatings along the fossil edge, similar to that of Marpolia
spissa, and these individual filaments comparatively similar compared
to individual filaments of M. spissa in terms of form and size. These
mono-filamentous fossils, however, lack the longitudinal banding that
is characteristic of Marpolia filaments, and so Linear Morphotype 2
cannot be positively identified as Marpolia spissa. Possible explanations
for the lack of longitudinal banding are that: (1) this fossil is not
Marpolia spissa, but rather another species of cyanobacteria that is
similar in size, shape, and composition; or (2) the individual filaments
represent fragments of Marpolia spissa that had been partially
decomposed prior to deposition, destroying delicate microstructures.
The presence of Fe without associated S or Al indicate that that iron
oxides are part of the mineral assemblage that comprises fossils of
Yuknessia simplex, Margaretia dorus, Marpolia spissa, and Linear
Morphotype 2. Gabbott et al. (2004) documented iron oxides as a
component of soft-bodied fossils from Chengjiang. The morphology of
the iron oxide grains in these Chinese fossils, however, indicate that
they are pseudomorphous after pyrite, and formed likely as a result of
oxidation during weathering. A similar process of weathering of early
authigenic pyrite likely accounts for the iron oxides that occur within
fossils of the Wheeler Formation.
Coiled Morphotype 2 preserves as a discontinuous chlorite coating
on a carbonaceous core, and is the only fossil examined in this study
that is chloritic in composition. Chloritic preservation in BST fossils is
indicative of the presence of collagen in the original organic material,
based on the work of Page et al. (2008); this protein is exclusive to
animals. Thus, the chloritic composition of the fossils, along with the
similarity in form to the coiled fossil fecal strings Megaspirellus houi
and Fuxianospira gyrate from Chengjiang (Steiner et al., 2005),
support a coprolitic origin for Coiled Morphotype 2 in the Wheeler
Formation.
Linear Morphotype 1 and Morania fragmenta are preserved solely as
carbon films and lack distinguishable secondary localizations indicating
that these organisms were substantially more labile than all other fossils
analyzed within this study, perhaps being bacterial or eukaryotic algae
with a very labile cell wall structure. The lack of characteristic
microstructures, coupled with a distinct fossil composition that is
indicative of labile material, indicates that Linear Morphotype 1 fossils
are not a fragmented form of Yuknessia simplex. Furthermore, the
nonchloritic nature of these fossils does not support a coprolitic origin
of these fossils, as was suggested by Steiner et al. (2005).
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