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ABSTRACT

Rosselia socialis were studied in the Ordovician Aspero Formation, in order to explore their sedimentary and diagenetic fingerprint
in the substrate. These trace fossils are found forming crowded Rosselia ichnofabrics, described for the first time in pre-Quaternary
strata of Argentina. We identified three microstructures corresponding to the central shaft complex, the burrow lining and the host rock
of a trace fossil assigned to a terebellid polychaete. The infill of the central shaft complex represents downwards advection of surficial
deposits located close to the burrow opening: fine-grained fecal mounds, and sandy mounds and lag deposits of manipulated, non-in-
gested material. Abundant phylosillicates in the central shaft complex and burrow lining evidence mechanical selection of particles
with high specific surface area by the tracemaker. The fine-grained composition and multilayered organically bound structure of the
burrow lining generate an impermeable and reinforced burrow, which combined with crowding grants physical and chemical stability to
its inhabitants. This is especially advantageous in the high energy environments with shifting substrates where crowded Rosselia ich-
nofabrics are typically found. The central shaft complex and burrow lining are enriched in secondary iron minerals with respect to the
host rock. Mineralized bacterial structures in the burrow lining evidence biologically induced precipitation of iron oxides and possibly
sulphides. This coupled with the distribution of iron minerals in the burrow lining and central shaft complex suggests the occurrence
of early diagenetic processes of organic matter decomposition and precipitation of authigenic iron minerals in Rosselia burrows, as
observed in modern terebellid polychaetes.

Keywords: Terebellidae, deposit-feeders, Lower Ordovician, trace fossils, bioturbation.

RESUMEN

Analisis petrografico de icnofabricas atestadas de Rosselia pertenecientes al Tremadociano del Noroeste Argentino: significado eto-
I6gico y diagénesis.

Se estudiaron Rosselia socialis de la Formacion Aspero (Ordovicico), donde forman icnofabricas densas, para explorar su marca
sedimentoldgica y diagenética. Estas icnofabricas son descriptas por primera vez en estratos pre-Cuaternarios de la Argentina. lden-
tificamos tres microestructuras correspondientes al complejo del canal central, el recubrimiento de la traza, y la roca hospedante de
una traza fésil asignada a la accion de poliquetos terebélidos. El relleno del complejo del canal central refleja la adveccion hacia abajo
de depdsitos superficiales ubicados en torno a la abertura de la excavacion: monticulos fecales de grano fino, y monticulos arenosos
y lags conformados por material manipulado pero no ingerido. La abundancia de filosilicatos en el complejo del canal central y el
recubrimiento de la traza evidencian seleccidon mecanica de particulas de alta superficie especifica por parte del productor. La compo-
sicion de grano fino y el armazon multicapa organicamente ligado del recubrimiento de la traza generan una estructura impermeable
y reforzada, que en combinacién con una icnofabrica atestada garantizan estabilidad fisica y quimica al productor. ElI complejo del
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canal central y recubrimiento de la traza estan enriquecidos en minerales secundarios de hierro respecto a la roca. Las estructuras
bacterianas mineralizadas del recubrimiento evidencian precipitacion bioldégicamente inducida de 6xidos de hierro y posiblemente de
sulfuros. Esto, en conjunto con el enriquecimiento en minerales de hierro, sugiere descomposicion de la materia organica durante la
diagénesis temprana, con la consiguiente precipitacion de minerales autigénicos de hierro en las excavaciones de Rosselia, tal como

se observa en las de poliquetos terebélidos modernos.

Palabras clave: Terebellidae, depositivoros, Ordovicico Inferior, trazas fosiles, bioturbacion.

INTRODUCTION

The ichnogenus Rosselia was first described from the
Lower Devonian of Germany by Dahmer (1937), and since
then it has been described in ancient successions ranging
from the Early Cambrian to the Holocene (Hantzschel 1975,
Nara and Haga 2007, Desjardins et al. 2010). Its ethology
has been discussed by different authors, having been con-
sidered a dwelling structure of a sabellid polychaete with an
associated impression of its tentacled crown (Dahmer 1937),
the feeding structure of infaunal suspension-feeding animals
(Chamberlain 1978, McCarthy 1979, Frey and Howard 1985),
a feeding and sediment-stowage burrow (Frey and Howard
1990, MacEachern and Pemberton 1992, Pemberton et al.
1992), and a dwelling structure of a suspension-feeding an-
imal which passively trapped muddy sediments (Nara 1995).
Its formation by thalassinidean shrimps (Rindsberg and Gast-
aldo 1990), or by annelids or sea anemones (Suganuma et
al. 1994) was also discussed. Nara (1995) concluded that the
concentric structure of Rosselia socialis was formed due to
outward expansion of muddy sediments selected from the sur-
face sediments and accreted on to the burrow lining by a ten-
taculate detritus-feeding animal, similarly to the construction
of fine-grained, concentrically laminated burrows by modern
terebellid polychaetes (Rhoads 1967, Aller and Yingst 1978).
Modern Rosselia socialis-like burrows can also be formed by
polychaete worms belonging to the Spionidae and Cirratulidae
Families (Gingras et al. 1999, 2008, Zorn et al. 2007, Olivero
etal. 2012). These correspond to the sessile (or discretely mo-
tile), tentaculate, surface deposit-feeder polychaete guild (i.e.,
the ‘terebellid way of life’, Fauchald and Jumars 1979), which
includes other families with similar behaviors like Amphareti-
dae, or Trichobranchidae. Sabellidae, which correspond to the
sessile, tentaculate, filter-feeder guild, also construct this sort
of concentrically layered fine-grained burrow linings (Fauchald
and Jumars 1979).

The present work analyzes Rosselia socialis belonging to
shallow marine strata from the Late Cambrian - Ordovician
Santa Victoria Group (Eastern Cordillera). We document for

the first time the occurrence of crowded Rosselia ichnofabrics
in pre-Quaternary strata of Argentina; the only other record
corresponds to crowded Rosselia-like structures in Holocene
deposits from Santa Cruz province (Olivero et al. 2012). As
of yet, studies on Rosselia have not explored the imprint on
the trace fossil of the particle-selection, biogenic reworking
and diagenetic processes which characterize tentaculate,
surface deposit-feeding polychaetes (Rhoads 1967, Aller and
Yingst 1978, Fauchal and Jumars 1979, Jumars et al. 1982,
Massé et al. 2019). In this work, we interpret the results of
petrographic analysis in the light of the processes described
in modern polychaetes to study the ethology of the Rosselia
tracemaker and its sedimentological and diagenetic fingerprint
on the substrate.

MATERIALS AND METHODS

The materials come from outcrops of the Aspero Forma-
tion in a single locality in Las Maderas Range, Jujuy prov-
ince, Argentina. Large Rosselia-bearing blocks, belonging
to 0.4-0.7 m thick beds interbedded with heterolithic shales,
were inspected. The bed tops and soles were determined by
diagnostic trace fossils present on the surfaces of the strata.
Each face of these blocks was photographed and described in
detail in the field in order to reconstruct the complex geometry
of the trace fossils. Two large-sized samples were taken from
crowded Rosselia ichnofabric-bearing sandstones, spanning
the whole thickness of the bed; these contained 9 specimens
of Rosselia.

Samples were cut and polished in sections longitudinal or
transverse to the trace fossils to study the morphology and
internal structure of the specimens. Iron-oxide- and moss-
stained weathered surfaces were cleaned using 12.5 % (m/v)
oxalic acid solution. The solution was applied with a paintbrush
directly over stained surfaces; these were lightly scrubbed
with a firm brush. The process was repeated 2-3 times until
the surfaces were clean. Megascopic and microscopic (po-
larization microscope) observations allowed defining different
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morphological elements on the basis of their color, texture,
grain size, lamination, grain fabric, and presence of mineral
precipitates. Coated samples were examined with a scanning
electron microscope (SEM) Carl Zeiss NTS SUPRA 40 which
belongs to the Centro de Microscopia Avanzada (CMA) of the
Facultad de Ciencias Exactas y Naturales, University of Bue-
nos Aires. Secondary electron (SE) imaging and backscat-
tered-electron (BSE) imaging were utilized.

The morphological elements were grouped into three sig-
nificant microstructures. They were described using standard
petrographic parameters: texture, grain size, grain fabric (pack-
ing and grain orientation) and main components. The clay and
fine-silt fraction, dominated by phyllosilicates, was classified as
‘epimatrix’ (Dickinson 1970) because it was not possible to dis-
cern if it consists of recrystallized detrital matrix or authigenic
phyllosilicate minerals (i.e., cement). The grain size distribution
was quantified by image analysis on thin section photographs;
these were taken at small, millimetric intervals in vertical suc-
cession, and all the clast sections in each photograph were
digitally drawn and measured. The proportion of main compo-
nents (clasts and interstitial constituents, disaggregated into
the epimatrix and cements) was quantified by point counting.
As the proportion of voids was very low, porosity was not quan-
tified.

GEOLOGIC AND SEDIMENTOLOGIC
SETTING

The studied succession belongs to the Cordillera Oriental
(Eastern Andean Cordillera) of Northwestern Argentina, char-
acterized by the metasedimentary basement of Puncoviscana
Complex (Turner 1960, Zimmerman 2005) and the sedimen-
tary rocks of the Cambrian Mesén Group and Late Cambrian
- Ordovician Santa Victoria Group (Turner 1960). The present
study focuses on the shallow marine deposits of the Aspero
Formation (late Tremadocian) of the Santa Victoria Group in
the area of Las Maderas Range (Fig. 1a); this formation is
equivalent to the Humacha Member of the Santa Rosita For-
mation (Moya 1988, Buatois and Mangano 2003).

The Aspero Formation in the area of Las Maderas Range is
characterized by intercalations of horizontally laminated sand-
stone and heterolithic intervals deposited in a shallow subtidal
to intertidal, mixed-energy estuarine system (Duperron et al.
2018, Duperron and Scasso 2020, Fig. 1). Three subenviron-
ments have been recognized: a storm-dominated outer bay, a
middle bay characterized by tidal flats and channels with rare
storm deposits, and a river-dominated bay-head delta (Duper-
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ron and Scasso 2020). The intervals where the Rosselia beds
(Fig. 2) are found correspond to the wave-dominated outer
bay, which is characterized by high-energy sandy and bioclas-
tic deposits showing hummocky and swaley cross stratification
and parallel lamination, intercalated with wave-rippled tidal
flat facies. Rosselia socialis occur in sandstone beds bear-
ing sigmoidal and tabular cross-stratification, current-ripple
and parallel lamination, with internal discontinuities and intra-
clast-rich surfaces (Fig. 2b, f). Other trace fossils belonging to
the Cruziana and Skolithos ichnofacies appear commonly in
the base of the sandstone beds (Fig. 2c): these correspond
to a pre-depositional suite of horizontal trilobite traces (Dimor-
phichnus, Monomorphichnus, Cruziana) which are cross-cut
by a post-depositional suite of vermiform vertical traces (Diplo-
craterion, Skolithos, Arenicolites; Duperron and Scasso 2020).

RESULTS

Morphology of Rosselia socialis

The studied specimens consist of concentrically layered,
funnel-shaped endichnial burrows. The funnels are up to 40
cm long, with a diameter ranging from 2 to 5 cm; some burrows
show swellings giving them a slightly spindled shape. Burrow
cross-sections overlap and crosscut each other in several in-
stances in the bed tops, reaching up to 10 cm in width (Fig.
2a). Generally, the burrows are oriented vertically (Figs. 2b,
d and 3), although some appear to be slightly oblique (Fig.
3d). In some specimens, the internal structure is modified by
secondary smaller-scale bioturbation structures which give a
swirly massive appearance to the burrow (Figs. 2e and 3c, i.e.
Uchman and Krenmayr 1995); in these cases, vertically ori-
ented muscovite flakes reveal the relict original grain fabric of
Rosselia socialis. The secondary bioturbation structures con-
sist of vermiform trace fossils 1 mm-thick oriented chaotically
(Fig. 2e).

Five morphological elements were identified in Rosselia
socialis (Fig. 3e): the central shaft complex; the burrow lining
(inner part of the wall); the iron-stained outer surface of the
burrow lining; the light-colored outer part of the wall; and the
host rock immediately beside the burrow. The central shaft
complex (Figs. 3 and 4), approximately 1 cm in diameter, is
composed of one or more mica-coated tubular structures in-
filled by sand (Fig. 3a-c).lt is surrounded by dark gray, muddy,
mica-rich, concentrically laminated burrow lining with a sin-
uous and crinkly appearance (Fig. 3a-d), with a total width
of 1-2 cm. The iron-stained outer surface of the burrow lin-
ing is massive and black due to iron-oxide cementation (Fig.
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Figure 1. a) Geological map of Las Ma-
deras Ranges. The stratigraphic interval
where the Rosselia specimens were co-
llected belongs to the Aspero Formation,
which crops out on the western flank
of Las Maderas Range. Modified after
Duperron et al. (2018); b) Integrated
sedimentologic column for Las Maderas
Range and facies associations, Dupe-
rron and Scasso (2020); c) Distribution
of facies associations in the mixed-ener-
gy estuary: outer bay (FA1), middle bay
(FA2), bay-head delta (FA3). Duperron
and Scasso (2020), modified after Dal-
rymple et al. (1992).

3a, c-d), and shows in some cases transversal striae. The
light-colored outer wall consist of a narrow (0.2-0.8 cm) sandy
zone adjacent to the burrow lining characterized by vertically
arranged reddish pink to orange laminae (Figs. 2d-e, 3a, c-d
and 4a); it contrasts with the darker-colored host rock, and

with the black iron-stained outer surface of the burrow lin-
ing. The primary lamination observed in the host rock bends
downwards in proximity to the burrow wall; the affected area
overlaps partially or completely with the light-colored outer
wall (Figs. 3c-d and 4a).
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Figure 2. Rosselia beds, bedding
planes and vertical sections. The
stratigraphic up corresponds to the
upper part of the photograph in ver-
tical sections. The ruler is in cm in-
crements. a) Upper bedding plane.
The surface is uneven with a trou-
gh and dome topography formed
respectively by eroded Rosselia
cross-sections and undisturbed
sandstone; b) Vertical section,
showing closely spaced Rosselia
specimens 20-40 cm long in ta-
bular, cross-bedded sandstone; c)
Lower bedding plane of Rosselia
bed, showing Dimorphichnus isp.
(Dim), Skolithos isp. (Sko; burrow
shaft, white arrow), Rosselia so-
cialis (Ro) with an alteration halo;
d) Detail of a Rosselia socialis spe-
cimen: the burrow has a massive
aspect with an indistinguishable
structure in contrast to the lamina-
ted host rock, but an outer rim is
clearly visible which likely corres-
ponds to the outer wall of the bu-
rrow (white arrows); e) Detail of a
Rosselia socialis specimen with an
outer sand-rich massive area (dot-
ted line) and an inner muddy area
which is reworked by abundant
small vermiform structures (white
arrows); f) Intraclast-rich laminae
in the host rock (white arrows).

Microstructures: grain size, composition and

microfabric

The five morphological elements described previously
were grouped into three significative microstructures on the

basis of their sediment composition and gran size distribution:
the central shaft complex, burrow lining and host rock (Fig. 5).

Central shaft complex: The central shaft complex is com-
posed by one or more associated sandy tubular structures
(Fig. 4a-b). The margins of each of these are demarcated by
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Figure 3. Morphology of Rosselia specimens: a) Two funnel-shaped burrows, showing the sandy, mica-rich central shaft complex (cs, arrow) surroun-
ded by the muddy, dark-gray mica-rich burrow lining (bl) showing massive or crude concentrical lamination. The outer surface of the burrow lining (os)
is almost black, with a massive appearance due to iron-oxide cementation. The outer wall (ow, dashed line) adjacent to the burrow lining and the host
rock (hr)consists of a narrow, lighter-colored sandy zone; b) Inset of “a” showing the central shaft complex (cs), composed by one or more sandy, mi-
ca-coated tubular structures (arrow), surrounded by the muddy burrow lining (bl); c) Two Rosselia specimens, with the internal structure outlined. The
specimen on the right shows the central shaft complex (cs), crude concentrically-laminated burrow lining (bl), iron-stained outer surface of the burrow
lining (0s), the light-colored outer wall (ow) and the host rock (hr). Intense bioturbation gives a massive appearance to the burrow on the left. The arrow
points to a specially mica-rich zone in the burrow lining; d) Section of an oblique Rosselia burrow, showing the muddy burrow lining (bl), iron-stained
outer surface (white arrow, os) and the sandy, light-colored outer wall (ow). The primary lamination of the host rock (hr) bends downwards in proximity to
the burrow; e) Schematic drawing of the morphology of the Rosselia specimens studied and the adjacent host rock, showing the central shaft complex
(cs), concentrically laminated burrow lining (bl), massive iron-stained outer surface (os), light-colored outer wall (ow) and the host rock (hr).

fine-grained laminae with vertically oriented grains, rimmed
by small aggregates of iron oxides or stylolitic iron-oxide pre-
cipitates (Fig. 4b).

The infill of the shafts is characterized by the alternation
of quartz-rich coarser-grained laminae and finer-grained lam-
inae with a higher proportion of chloritic epimatrix (Fig. 4b-c).
Coarser-grained laminae show clast-supported fabrics with
tangential to concavo-convex contacts, and finer-grained
laminae show matrix-supported fabrics with floating grains;
the clasts are oriented parallel to the lamination. The frame-

work grains (48.6 %, Table 1), relatively more abundant in
the coarser-grained laminae, show a grain size mode in very
fine sand (Fig. 5a-b) with a mean grain diameter of 84 um.
They are composed dominantly by monocrystalline quartz,
followed by polycrystalline quartz, orthoclase, plagioclase,
volcanic and metamorphic lithic grains, and scarce glauco-
nite; muscovite and biotite flakes are relatively abundant in
the central shaft complex, representing 9 % of the framework
grains. Medium and coarse sand grains consisting of muddy
intraclasts, phosphatic bioclasts and concretions are present
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as secondary components. The finer-grained laminae are
composed of the same framework grains, with a higher pro-
portion of chloritic epimatrix and muscovite and biotite flakes.
The interstitial materials (51.4 %) are composed of chloritic
epimatrix (26.3 %), iron oxide cement (23.3 %) and quartz
overgrowth cement (1.8 %, Table 1). The epimatrix consists of
chlorite rims of irregular width composed of green and brown
chlorites with a heterogeneous, murky aspect. Syntaxial

Figure 4. Microphotographs of the central shaft complex: a) Polished
section of a Rosselia burrow showing the sandy central shaft complex
(cs), muddy burrow lining (bl), light-colored outer wall (ow) and the host
rock (hr). The central shaft complex is characterized by the relative abun-
dance of medium to coarse-grained sand clasts; b) Thin section micro-
photography (inset of “a”), showing sandy central shaft complex compo-
sed of several tubular structures. These are demarcated by fine-grained
margins (black dashed lines) with two kinds of iron oxide cement: stylolitic
precipitates and small aggregates of iron minerals. To the left, the muddy
burrow lining (bl) can be seen; c) Close-up of a tubular structure (inset
of “b”), showing sandy fill with grain fabric parallel to the lamination and
intercalated fine grained muddy laminae (purple outline). Medium to coar-
se-sized grains are relatively abundant. The shaft margins are marked
by fine-grained, vertical laminae with vertical grain fabric (left and right
zones of the picture, dashed line). White lines inside clasts illustrate the
predominant grain fabric.

quartz overgrowth appears in minority and occurs dominantly
in the sandy laminae. Four kinds of iron oxide precipitates
can be distinguished in the central shaft complex. The first
kind are small grains or aggregates disseminated throughout
the structure (Fig. 6a), consisting of individual or clumped,
circular to subcircular mineral aggregates with a 1 to 30-um
diameter. Some grains with irregular and angular shapes are
present, which might correspond to replaced organic matter
particles. This kind of precipitate occurs also in the margins
of some of the shafts in the central shaft complex, which are
rimmed by fine-grained, matrix-rich laminae with abundant,
small-sized opaque mineral aggregates (Fig. 4b). The second
kind consists of patches of opaque mineral aggregates with a
clumpy aspect, which occur as replacement of biotite crystals
and lithic fragments or associated with the chloritic epimatrix
(Fig. 6b-c). The third kind consists of stylolitic, amorphous ce-
ment concentrated along isolated vertical fractures (Fig. 6d).
These fractures run parallel to the burrow structure (Fig. 6d),
concentrating along the fine-grained margins of the central
shaft complex (Fig. 4b), or at the outer surface of the burrow
lining. The fourth kind consists of diffuse red-tinted patches,
commonly associated with the second or third kind of precip-
itates (Fig. 6d).

Burrow lining: The dominant primary fabric of the burrow
lining consists of concentric lamination arranged parallel or
slightly oblique to the central shaft complex, with vertically ori-
ented grains (Figs. 5c and 7). Laminae are composed of silt-
to clay-sized particles, with abundant muscovite and iron-re-
placed biotite and lithoclasts (Figs. 5c and 7); the grain size
and amount of clay minerals, muscovite and iron oxide vary
within different laminae. Secondary, smaller-scale vermiform
bioturbation structures (Fig. 7a-b) modify the primary fabric
produced by the Rosselia tracemaker. These structures are
infilled by matrix-poor very-fine sand; the adjacent grains in
the fine-grained Rosselia burrow lining are oriented parallel to
the margins of the secondary vermiform structures (Fig. 7b).
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Figure 5. Thin section microphotographs and histograms of the central shaft complex (a-b), burrow lining (c-d) and host rock (e-f) microstructures.
The scale bar of the microphotographs is 500 um. The histograms show the grain size distribution of the clastic fraction and percentages of the main
components. >mS - medium sand and coarser grains, fS - fine sand, vfS - very fine sand, cSi - coarse silt, Cla - clasts, Chl — chloritic epimatrix, Fe - iron
oxide cement. Minor quartz overgrowth is not represented.
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Figure 6. Different kinds of iron-oxide and opaque minerals: a) Individual or clumped, circular to subcircular mineral aggregates; b) Opaque mineral ag-
gregates with a clumpy aspect partially replacing lithic clasts in the central shaft complex; c) Patchy iron oxides replacing biotite and other mafic grains
in the host rock; d) Stylolitic, amorphous iron cement concentrated along isolated fractures, associated with diffuse red iron-oxide patches.

Table 1. Proportion of the main components in the central shaft complex, burrow lining and host rock microstructures. The proportion of interstitial
constituents is disaggregated into epimatrix, iron oxide cement and quartz overgrowth cement.

Proportion of the main components Central shaft complex (%) Burrow lining (%) Host rock (%)
in the microstructures n =528 n =455 n=410
Clasts 48.6 40.2 63.8
Interstitial constituents 51.4 59.8 36.2
Epimatrix 26.3 29.2 21.0
Iron oxide cement 23.3 30.5 12.7
Quartz overgrowth cement 1.8 0.0 2.5

In the burrow lining the grain fabric is matrix- to clast-sup- a mean grain diameter of 41 pm (Fig. 5c¢c-d); they consist of
ported with tangential to straight grain contacts and isolated dominant monocrystalline quartz followed by orthoclase and
floating grains; the clasts are oriented vertically with respect plagioclase, with polycrystalline quartz, volcanic and meta-
to the lamination. Framework grains (40.2 %, Table 1) show morphic lithic grains as secondary components; muscovite
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and biotite flakes are relatively abundant, representing 7 %
of the framework grains. The interstitial material (59.8 %) is
formed by a mixture of chloritic epimatrix (29.2 %) with iron
oxide cement (30.5 %, Table 1) forming disseminated ag-
gregates, patches, stylolitic cements (Figs. 5¢ and 7c), and
replacing lithoclasts and biotite.

SEM imaging of the burrow lining showed local associa-
tions of nanometric to micrometric-scale structures (Fig. 8)
consisting of smooth and rugged spherical structures, dis-
coidal structures, and twisted filaments embedded in the
rock. The spherical structures (Fig. 8a, c-g) range between
300-1000 nm in diameter, the smooth forms being smaller
than the rugged ones. The spheres commonly show small
bridges binding them with the rock (Fig. 8d-e). Adjoined
spheres have also been observed (Fig. 8c). Smooth dis-
coidal structures (Fig. 8a, c-d, g), characterized by depres-
sions in their central area, range between 300-500 nm in
diameter. Twisted filaments (Fig. 8a-b, e-f) are 100—-150 nm
in width and up to 8 ym in length. In BSE images, rugged
spherical structures and twisted filaments show moderate
contrast with the background (Fig. 8f) while smooth spheres
and discoidal structures show no contrast (Fig. 8h).

Host rock: The lamination is composed of alternating
quartz-rich, matrix-poor, coarser-grained laminae and mus-
covite-rich, matrix-rich, finer-grained laminae with patchy
iron-oxide cementation (Fig. 7a, c). In both kinds of laminae,
the grain fabric is clast-supported with straight to conca-
vo-convex contacts; the clasts are oriented horizontally to
obliquely with respect to the lamination. Framework grains
(63.8 %, Table 1) show a mode in very fine sand, with a
mean grain diameter of 97 ym (Fig. 5e-f). They are com-
posed dominantly by monocrystalline quartz, followed by
polycrystalline quartz, orthoclase, plagioclase, volcanic and
metamorphic lithic grains, and scarce glauconite; muscovite
and biotite form 3 % of the clastic fraction. The interstitial
material (36.2 %) is dominated by a chloritic epimatrix (21
%), which consists of chlorite rims of irregular width com-
posed of brown and green chlorite with a murky, heteroge-
neous aspect; these are concentrated in the finer-grained
laminae. The cement consists of iron-oxide cement (12.7
%) and quartz overgrowth (2.5 %, Table 1). The former pre-
dominates in coarser-grained, sandy laminae and the latter
in finer-grained, mica-rich laminae. There are two kinds of
iron-oxide cements. Patchy cement occurs in association
with replaced biotite crystals and lithic fragments and with
chloritic epimatrix (Fig. 6¢), bridging in some cases the in-
terstitial space between these components; the patches are
commonly aligned with the grain fabric, and approximate-
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Figure 7. a) Microphotograph of bioturbated burrow lining (bl), outer wall
(ow) and host rock (hr); b) Inset of “a” showing sand-filled vermiform
structure within the muddy burrow lining. The phylosillicates of the muddy
burrow lining are oriented concentrically around the vermiform structure;
c) Inset of “a” showing the outer surface of the burrow lining (os) with lo-
calized iron-oxide precipitation and stylolitic cement (arrow); the iron-de-
pleted outer wall (ow) with vertical grain fabric with respect to the strati-
fication; and the host rock (hr) with downwards bending lamination and
oblique to vertical grain fabric near the outer wall. Iron-oxide and opaque
minerals in the host rock are concentrated along isolated fractures and
aligned mafic grains, oriented approximately parallel to the primary lami-
nation (arrow) and grain fabric.

ly parallel to the lamination. The stylolitic cement appears
along isolated fractures, which are also oriented parallel to
the lamination (Fig. 7c).

Between the burrow lining and the host rock lies a nar-
row zone characterized by vertical grain fabric (Fig. 7¢). This
zone shows lower proportion of iron minerals than the sur-
rounding host rock. Lithic clasts and biotite flakes are par-
tially or completely dissolved and replaced by iron-oxide and
clay minerals, resulting in “reddish relict clasts”. This area
corresponds to the light-colored outer wall described earlier
(Figs. 3a, c-d and 4a).
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Figure 8. SEM images of the burrow lining, showing association of nanometric to micrometric-scale structures with interpreted morphological biosig-
natures: a) Association of smooth and rugged spherical structures (ss and rs, respectively), smooth discoidal structures (d), and a twisted filament (if).
Scale bar: 1 ym; b) Closer view of a twisted filament (tf) embedded in the cement. Scale bar: 300 nm; ¢) Rugged spherical structures (rs) and a discoidal
structure (d). Scale bar: 300 nm; d) Discoidal structures (d) and a rugged spherical structure (rs) bound to the rock with a small bridge (br). Scale bar:
300 nm; e) Rugged spherical structures (rs) with small bridges (br), and twisted filament (tf). Scale bar: 200 nm; f) BSE image of e., showing moderate
contrast of the rugged sphere with respect to the background. Scale bar: 200 nm; g) Smooth spherical structures (ss) and discoidal structures (d). Scale
bar: 1 ym; h) BSE image of g., showing lack of contrast of smooth spheres and discoidal structures with respect to the background. Scale bar: 1 ym.
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DISCUSSION

Rosselia ethology

Three morphological elements correlative to the sediments
associated with modern polychaete worms were identified in
the studied Rosselia socialis: (a) the central shaft complex,
(b) the burrow lining, and (c) the host rock (representing un-
disturbed sediments). (a) and (b) correspond to distinct micro-
structures characterized by their sediment composition and
grain-size distribution (Fig. 5), evidencing biogenic reworking
by the Rosselia tracemaker. The remaining morphological el-
ements —the iron-stained outer surface of the burrow lining
and the light-colored outer wall— probably reflect diagenetic
processes (see discussion below).

The central shaft complex is characterized by a broad
range of grain sizes, from coarse silt to coarse-grained sand
(Fig. 5b); this contrasts with the host rock sediments, which
show better sorting and scarcity of medium to coarse sand
grains (Fig. 5f). The bulk grain size distribution shown in figure
5b represents the combination of the finer-grained laminae,
the sandy coarser-grained laminae and the isolated medium
to coarse sand grains which make up the infill of the shafts
(Fig. 4). The alternation between sandier, coarser-grained
laminae and muddier, finer-grained laminae in the central
shaft complex might be interpreted as a passive fill reflecting
the sedimentary variations registered in the host rock; how-
ever, the central shaft complex and the host rock microstruc-
tures differ significantly both in their grain size distribution and
composition (Fig. 5), indicating that the sediments which infill
the lumen are somehow modified with respect to the normal
sedimentation. In modern tentaculate, surface deposit-feed-
ing polychaete worms, the following surface sediment depos-
its have been described surrounding the burrow opening: (1)
muddy, fine-grained fecal mounds (reflecting the preference of
clay- to fine silt-sized sediments for feeding due to their great-
er contents of organic detritus and bacterial coatings — Taghon
et al. 1978-); (2) coarser-grained mounds and lag deposits of
large particles (consisting of sediments which were manipu-
lated by the worm but discarded for feeding or tube-building);
and (3) even coarser-grained prospected areas depleted of
fine-grained sediments (Rhoads 1967, Aller and Yingst 1978,
Massé et al. 2019). In Amphitrite ornata, periodical infilling of
the burrow opening by these sediments causes the worm to
perform upwards thrusts meant to expel them (Rhoads 1967).
The infill of the lumen might thus correspond to gravitational,
downwards advection of part of these surface deposits. We
interpret then that the fine-grained laminae in the central shaft
complex represent material from the muddy fecal mounds,
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and the sandier laminae and isolated coarser grains the ma-
nipulated, non-ingested sediments. The latter medium to very
coarse sand fraction is composed exclusively of intrabasinal
constituents (intraclasts, phosphatic bioclasts and concre-
tions), which reflects the dynamics of this estuarine environ-
ment where coarser-grained siliciclastics imported from the
continent were retained at the bay head delta (Duperron and
Scasso 2020). Additionally, the central shaft complex —as well
as the burrow lining— is significantly enriched in muscovite and
biotite flakes when compared to the host rock (Fig. 3a-c); this
evidences mechanical selection of large-surface, low-density
particles by the mucus-secreting tentacles of the worms (Ju-
mars et al. 1982, Self and Jumars 1988, Guieb et al. 2004).

The burrow lining consists of concentric laminae accret-
ed during the lifetime of the trace-maker. These are enriched
in chloritic epimatrix with respect to the host rock (Fig. 5d,
f), reflecting concentration of the original fine-grained detrital
clays (transformed into chloritic rims during diagenesis) by the
Rosselia trace-maker. These fine sediments were specifically
gathered and sorted from the surrounding surface sediments
to build the tube, as occurs in the burrows of Amphitrite or-
nata (Rhoads 1967, Aller and Yingst 1978). Slight variations
in grain size and composition between the laminae likely
reflect fluctuations in the available surface sediments (Aller
and Yingst 1978, Nara 1995). In Rosselia socialis and mod-
ern Rosselia-like burrows regular, concentrically laminated
structures are generally accepted to be originated by the ac-
cretion of sediments on the inner part of the wall, generating
successions of newer lining which displace, expand and split
the older ones, compacting nearby sediments as well (Aller
and Yingst 1978, Seilacher 1986, 2007, Nara 1995). This has
been hypothesized to reflect moult-like behavior caused by
the growth of the tracemaker (Aller and Yingst 1978, Nara
1995). Accordingly, in stacked Rosselia the width of the cen-
tral shaft should be progressively larger from one bulb to the
overlying one reflecting each period of growth (e.g. the Ross-
elia specimens illustrated in figure 3 of Nara 1997). However,
most existing works on equilibrium Rosselia seem to indicate
that this is not frequent (Nara 1995, 2002, Buatois et al. 2016,
Campbell et al. 2016) and the width of Rosselia central shafts
has been measured and described as constant by Netto et
al. (2014). In these cases, the multilayer structure of Rosselia
must have another origin.

In Amphitrite ornata a voluminous, multilayered organi-
cally bound structure built with fine-grained sediments gen-
erates a relatively impermeable burrow, which presents low
diffusive permeability with respect to other species of marine
tube-dwellers (Aller 1983). Low-permeability walls shelter the
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burrow microenvironment from adverse chemical conditions in
the surrounding anoxic sediments, where the oxic layer reach-
es a few centimeters depth at the most (Jergensen 1982, Kris-
tensen 2000); this maintains physico-chemical parameters
within the range of physiological tolerance of its inhabitant (Al-
ler 1982, Kristensen and Kotska 2005). They also help to low-
er irrigation efforts, and to reduce changes in burrow water
composition during intertidal periods; increasing burrow size
or decreasing inter-burrow distance are alternative strategies
for achieving the same results (Aller 1982). The fine-grained,
multi-layered structure of Rosselia probably acts as a buffer
against the adverse chemical environment in the surrounding
anoxic sediments and in some cases against chemical chang-
es produced by variations in the influx of seawater to the bur-
row (i.e. during intertidal periods, Aller and Yingst 1978). On
the other hand, the strongly reinforced concentrical structure
must present greater physical resistance than simpler burrow
linings (as occurs in the tubes of Cirriformia luxuriosa, Zorn
et al. 2010). Thus, building a concentrical structure made of
fine-grained sediments is probably aimed to grant isolation
from the surrounding anoxic sediments and physical stability
to the Ordovician Rosselia builders.

Crowded Rosselia ichnofabrics have been interpreted
as a stress-tolerant suite developed under conditions of rel-
atively high energy, sedimentation rates and organic matter
input, tolerated by the Rosselia tracemakers but not by the
normal marine communities; they are interpreted to repre-
sent a strategic behavior of organisms adapted to chronically
stressed environments (Nara 2002, Netto et al. 2014). The
high densities and monospecific character of crowded Ros-
selia ichnofabrics would thus represent a normal feature of
stress-tolerant suites (Netto et al. 2014). However, crowding
has been shown to represent in itself an effective strategy for
physically stabilizing the substrate against erosion (Schafer
1972, Rhoads et al. 1978, Aller 1982). This effect would be
highly beneficial in the high-energy environments with shifting
substrates where crowded Rosselia ichnofabrics are com-
monly found (Netto et al. 2014) and might thus represent one
of the adaptations which allowed the Rosselia tracemakers
to thrive.

In summary, the fine-grained, multilayered constructive
design of the Ordovician Rosselia coupled with the devel-
opment of crowded Rosselia ichnofabrics provided chemical
and physical stability to the burrows. These behaviors might
represent important adaptations which allowed communities
of polychaete worms to colonize the unconsolidated, highly
shifting intertidal to shallow subtidal substrates of the Aspero
Formation (Duperron and Scasso 2020). The buffering capa-
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bility of Rosselia-type burrows might represent an additional
advantage in chemically adverse or fluctuating environments
like the proximal delta front facies described by Campbell et
al. (2016) or the estuarine environment of the Aspero Forma-
tion (Duperron and Scasso 2020).

Early diagenesis in Rosselia socialis

Iron-oxide cementation on the exterior of Rosselia burrows
has been described as common by Uchman and Krenmayr
(1995). In Rosselia from the Aspero Formation the central
shaft complex and burrow lining are significantly enriched in
iron oxide cement with respect to the host rock (Fig. 5), repre-
senting early diagenetic iron mineral mobilization and precipi-
tation focused in the burrow. Partial or complete replacement
of iron-rich clasts such as biotite flakes and mafic lithoclasts
by clumpy aggregates of iron minerals (Fig. 6b-c) reflects the
transformation of reactive iron present on the original grains.
The enhanced diagenesis in the burrow and its vicinity might
be explained in two ways: the burrow might have acted as a
biogeochemical microenvironment which favored the precipi-
tation of authigenic minerals, or this precipitation might have
been entirely abiogenic and controlled by the petrophysical
characteristics of the burrow. In any of these cases, the initial
iron minerals were modified during later diagenesis and ex-
humation of the rocks as it is shown by the oxidation of iron
minerals and the generation of stylolitic cement in the burrow
and surrounding sediments (Figs. 6d and 7c).

Iron oxide precipitation around the burrow might have
been controlled by abiogenic processes, linked with the strong
permeability contrast between the burrow and the host rock
and with the resulting permeability anisotropy. This might be
caused both by the contrasting composition and grain size of
the burrow lining and the host rock (Fig. 5), and by the change
in the grain fabric around the burrow lining (Fig. 7). Contrast-
ing grain size between shale and sandstone beds or small-
er-scale sedimentary bodies or structures (like mud drapes
or mud chips), as well as grain fabric heterogeneity related to
certain sedimentary structures like cross-bedding, control per-
meability values and anisotropy in sandstone reservoirs (dos
Anjos et al. 2000, Huysmans et al. 2008, Morad et al. 2010).
Calcite cementation has been shown to be influenced by this
kind of permeability heterogeneities, with peripheral cementa-
tion (i.e., cement surrounding a sedimentary body) being de-
veloped around interfaces between lithofacies with contrasting
petrophysical characteristics like mudstone-sandstone ones
(Moraes and Surdam 1993, dos Anjos et al. 2000, Pomar et al.
2004). This type of cementation has been related to focused
flow of diagenetic fluids around such interfaces (McBride et
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al. 1995, Pomar et al. 2004). The massive, iron-stained outer
surface of the burrow lining (Figs. 3 and 7) might very well be
explained by peripheral iron oxide cementation controlled by
the petrophysical characteristics of the burrow and its contrast
with the host rock. Part of the iron might have been supplied
by leaching of the adjacent light-colored outer wall, evidenced
by the lower abundance of iron minerals in that area (Figs.
3 and 7), and by the alteration of iron-rich clasts (Fig. 6b, c).
The stylolitic cement (Figs. 6d and 7c) found in the burrow
lining, central shaft complex and host rock can also be pro-
duced by focused flow of diagenetic fluids following the grain
fabric and fracture zones, although this would necessary be
produced during telogenesis. However, the scattered iron-ox-
ide precipitates and replaced mafic lithoclasts concentrated
within the burrow lining and central shaft complex (Figs. 4, 6a
and 7c) show no preferred orientation or distribution (except
for the rims in the central shaft complex), and thus they do not
appear to be strongly influenced by the grain fabric or by the
contrasting grain size between the two microstructures. Their
formation is harder to explain by pure abiogenic mechanisms
related to the petrophysical characteristics of the burrow.

On the other hand, the iron-oxide mineralization in the
burrows might have been controlled by a biogeochemical mi-
croenvironment which favored the precipitation of authigenic
minerals. For example, in the case of Amphitrite ornata (Aller
and Yingst 1978), the polychaete’s burrow acts as a site of
intense organic matter concentration and decomposition, and
authigenic mineral formation. The accretion of multiple gen-
erations of mucus-lined, fine-grained burrow lining creates a
three-dimensional body rich in organic matter and reactive
metals (as these compounds associate preferentially with
fine-grained sediments, Aller 1982). This fosters an intense
anaerobic metabolic activity, generating a microenvironment
characterized by the formation of authigenic minerals linked
with sulphate reduction such as elemental sulfur, pyrite or
other solid phase sulfides. Metallic elements like iron, man-
ganese and zinc are thus mobilized and concentrated in the
burrow lining with respect to the surrounding sediments (Aller
and Yingst 1978). The distribution of iron oxides in the stud-
ied Rosselia specimens might reflect the same processes:
the disseminated iron mineral aggregates (Fig. 6a) may have
nucleated around decomposing organic matter dispersed
throughout the burrow, while the rims of small aggregates in
the central shaft complex (Fig. 4b) might represent the degra-
dation of the organic lining on the inner burrow lining and its
replacement by iron sulphides and/or elemental sulfur (i.e.,
Olivero and Lopez Cabrera, 2010). The replacement of iron-
rich clasts in the burrow (Fig. 6b-c) could be produced by their
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reaction with the reduced sulfates generated by bacterial me-
tabolism. The association of nanometric to micrometric-scale
structures observed in the burrow lining of Rosselia (Fig. 8)
shows a series of morphological characteristics indicative of
a microbial origin and of bacterially induced precipitation of
authigenic minerals; their presence supports the hypothesis of
iron mineral precipitation caused by the specific biogeochem-
ical microenvironment within the burrow. Smooth spherical
structures fall within the size-range of small coccoid bacterial
cells (0.05 - 2um, Westall 1999). Rugged spheres and twisted
stalks showing moderate contrast in BSE images (Fig. 8e-f)
reflect higher-density materials with respect to the rock; this
suggests that their composition is rich in heavy elements like
metals, and that these structures are mineralized to a higher
degree than non-contrasting, smooth spheres and discs (Fig.
8g-h). Rugged spheres might represent encrusted bacteria
overgrown by mineral aggregates which nucleated on the
surface of the cells (i.e., McKenzie and Vasconcelos 2009,
Gleeson et al. 2012) or extracellular mineral aggregates (i.e.,
Labrenz et al. 2000); both kinds of aggregates are most like-
ly produced by active or passive biologically induced precip-
itation. Their consistently larger size with respect to smooth
forms, and the presence of adjoined forms resembling bac-
teria undergoing cellular division (i.e., Westall 1999, Glee-
son et al. 2012), support the first option. The bridges which
join the rugged spheres with the rock probably represent
EPS secreted by bacteria (MacLean et al. 2008, Gleeson et
al. 2012). Discoid forms do not resemble any known bacte-
rial cellular morphology, but possibly represent deceased,
collapsed bacteria (i.e. Ma et al. 2014, Cushnie et al. 2016).
Twisted filaments probably represent twisted stalks, a char-
acteristic biosignature produced exclusively by iron-oxidizing
microaerophilic bacteria (Ehrenberg 1836, Chan et al. 2011,
Picard et al. 2015). These consist of extracelular mineral ag-
gregates composed of iron oxides, excreted by the bacteria as
a by-product of their metabolism (Chan et al. 2011, Picard et
al. 2015). In summary, we interpret the presence of two kinds
of structures: poorly mineralized structures consisting of coc-
coid bacteria including collapsed cells (smooth spheres and
discoid forms) and more heavily mineralized structures pro-
duced by biologically induced precipitation (rugged spheres
and twisted filaments). Rugged spheres are morphologically
similar to and fall slightly below the size range of biological-
ly induced spherules of titanium sulfide (Labrenz et al. 2000)
and elemental sulfur (Gleeson et al. 2012) which occur in as-
sociation with sulfate-reducing bacteria in modern biofilms; on
the other hand, their size range is one order of magnitude
below the one reported for typical pyrite framboids (Sawlo-
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wicz 1993, Wilkin et al. 1996). Thus, these structures might
be formed by solid phase sulphides or elemental sulfur, but
not by pyrite. Iron-oxidizing, iron-reducing and sulfate-reduc-
ing bacteria have been shown to coexist and contribute to iron
cycling in coastal and shallow marine environments (Laufer et
al. 2016); the observed structures produced by iron-oxidizing
and potentially by sulfate-reducing bacteria might correspond
to such an association.

Considering the distribution of iron oxide precipitates con-
centrated within the burrow lining and central shaft complex
and the presence of microstructures evidencing bacterial ac-
tion and biologically induced precipitation of authigenic miner-
als (including iron oxides and possibly sulphides), we interpret
that biologically controlled early diagenetic processes like the
ones recorded in modern Amphitrite ornata burrows are the
most likely cause for the iron mineral cementation observed in
the studied Rosselia specimens. This first diagenetic stage has
probably been overprinted by telogenetic iron remobilization.

CONCLUSIONS

Rosselia socialis of the Early Ordovician Aspero Formation
(Northwestern Argentina) were found forming crowded Ross-
elia ichnofabrics, documented for the first time in pre-Quater-
nary strata of Argentina. Through their petrographic analysis
and their comparison with structures described in modern
polychaetes, we arrived at the following conclusions:

The infill of the central shaft complex reflects downwards
advection of surficial deposits generated by the deposit
feeding activity of the tracemaker: muddy, fine-grained fecal
mounds, and coarser-grained mounds and lag deposits of
manipulated, non-ingested material.

The muddy burrow lining is formed by silt and very fine
sand-sized sediments, selected and transported to the subsur-
face by the tracemaker. The choice of fine-grained sediments
and a voluminous, multilayered organically bound structure
generates a relatively impermeable and reinforced burrow,
which combined with crowding grants physical and chemi-
cal stability to the burrow. This is especially advantageous in
the high energy environments with shifting substrates where
crowded Rosselia ichnofabrics are typically found.

The central shaft complex and muddy burrow lining are en-
riched in iron mineral precipitates with respect to the host rock.
Mineralized bacterial structures in the burrow lining evidence
biologically induced precipitation of iron oxides and possibly
solid phase sulphides. Their presence along with the distribu-
tion of the iron mineral precipitates suggests early diagenetic
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processes involving anaerobic organic matter decomposition
and precipitation of authigenic iron minerals, as observed in
modern terebellid polychaete burrows.
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