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A se ries of Plio cene ichnofabrics is de scribed from the Cuevas For ma tion, Almería-Níjar Ba sin of south-east ern Spain,
where a thick, cross-strat i fied, mixed bioclastic-siliciclastic suc ces sion is ex posed along a lat er ally con tin u ous sec tion. It re -
cords the dy namic con di tions of an cient sub aque ous dunes dur ing their de po si tion and the ac tiv i ties of or gan isms col o niz ing
them. The ichnofabrics are dom i nated by Bichordites, traces likely made by bur row ing sea ur chins adapted to live in shift ing
sand. Ichnofabrics range from those show ing weak bioturbation with lit tle else but Bichordites (rep re sent ing high-en ergy,
con tin u ously mi grat ing dunes) to ichnofabrics fea tur ing a high de gree of bioturbation con tain ing a low to mod er ately di verse
ichnofauna (rep re sent ing more phys i cally sta ble en vi ron ments where or gan isms could gather food in less ag i tated wa ters).
Strong bur row ers like the Bichordites pro duc ers could have acted as eco sys tem en gi neers. Piscichnus pro duc ers may have
preyed on ben thic sand-dune or gan isms. The non-uni form dis tri bu tion of ichnotaxa in these Plio cene sand dunes, along side
pre vi ous stud ies, sug gests that these an cient bioturbating com mu ni ties may have been sim i lar to those in mod ern seas.

Key words: sea ur chins, ma rine strait, palaeo ec ol ogy, macrobenthic eco sys tem, spa tial dis tri bu tion, bi otic in ter ac tions.

INTRODUCTION

Shal low seas are char ac ter ized by sandy de pos its that shift
and change dy nam i cally or rhyth mi cally in re sponse to hy drau lic 
con di tions form ing var i ous bedforms, in clud ing sand rip ples,
sub aque ous dunes and sand ridges (Jor dan, 1962; Allen, 1980; 
Borsje et al., 2009; Cheng et al., 2021). Among the most dy -
namic large-scale bedforms are tidal sand waves, with wave -
lengths of sev eral hun dreds of metres and heights of sev eral
metres, which can mi grate as much as tens of metres per year
(Borsje et al., 2009; Cheng et al., 2021). Al though such dy namic 
bedform en vi ron ments may ini tially ap pear bar ren of ma rine life, 
they are in re al ity hab i tats for ben thic or gan isms that have
adapted to these con di tions.

Or gan isms mov ing, in ter act ing with each other, and re -
spond ing to sed i ment mo bi li za tion due to tidal cur rents and
wave ac tion of ten mod ify the sub strate in dis tinc tive ways. The
traces and un de ter min able bioturbation struc tures they left be -
hind, though of ten tem po rary, can be pre served un der fa vour -
able con di tions and en ter the geo log i cal re cord, of fer ing valu -
able in sights into past eco log i cal and depositional con di tions.

An cient ma rine sand ridges and sand wave com plexes are
well doc u mented from many geo log i cal pe ri ods and re gions,
rang ing from the early Pa leo zoic of Ar gen tina to the Car bon if er -
ous of Eng land and the Cre ta ceous West ern In te rior Sea way in
North Amer ica to the Ce no zoic Med i ter ra nean (Pryor and
Amaral, 1971; Bouma et al., 1982; Rice and Shurr, 1983; Slatt,
1984; Brenner and Martinsen, 1990; Mángano et al., 1996;
Niel sen and Johannessen, 2008; Olariu et al., 2012; Chiarella
et al., 2016; Longhitano et al., 2021); many of these de pos its
show some ev i dence of bioturbation, in clud ing the pres ence of
ichnofossils, con sis tent with a long-stand ing his tory of ben thic
life within them. Het er o ge ne ity in the trace fos sil dis tri bu tions
within such an cient dunes has been stud ied. For in stance,
Olariu et al. (2012) ex am ined the Lower Eocene Baronia For -
ma tion in Spain and found that in siliciclastic cross-strat i fied
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sand stone, bioturbation var ied among dune bottomsets and
foresets; the dif fer ences in bioturbation in ten sity and
ichnological di ver sity were at trib uted to dif fer ent dune mi gra tion
rates.

Sim i lar Bichordites-dom i nated ichnofabrics and ichno -
assem blages have been doc u mented from Neo gene and Qua -
ter nary calcarenites, arenites and other sand stones rep re sent -
ing sub aque ous dune de pos its and sim i lar un sta ble sub strates
(Colella and D’Alessandro, 1988; D’Alessandro, 2004; Gibert
and Goldring, 2007, 2008; Aguirre et al., 2010; Caruso et al.,
2011; Nara, 2014; Caruso and Mo naco, 2015; Baucon et al.,
2020). The ichnoassemblages doc u mented con sist pri mar ily of
Bichordites and other traces at trib uted to sea ur chins, in clud ing
Scolicia, ac com pa nied by Macaronichnus, Planolites,
Palaeophycus, Rosselia, Skolithos and Piscichnus, among oth -
ers. Al though Bichordites and as so ci ated ichnotaxa are
well-de scribed and used as palaeoenvironmental in di ca tors,
few stud ies have ex am ined in de tail the het er o ge ne ity in their
dis tri bu tion and as so ci a tions within dif fer ent parts of a sand
wave com plex or com pared them to liv ing com mu ni ties in
sand-wave eco sys tems. For ex am ple, Nara (2014) de scribed
the ichnotaxa from a Pleis to cene Bichordites-dom i nated
ichnofabric and their dis tri bu tion across bot tomsets, foresets,
and topsets of large-scale trough cross-bed ded sand stones in
the Ichijiku For ma tion of the Boso Pen in sula, Ja pan.
D’Alessandro and Uchman (2007) dis cussed how Bichordites
and Bichordites-Rosselia ichnoassemblages were re lated to
hab i tats with dif fer ing lev els of seafloor sta bil ity in a Pleis to cene
sec tion in It aly.

This pa per pro vides an in-depth, large-scale ex am i na tion of 
lat eral and ver ti cal heterogeneities in Bichordites-dom i nated
ichnofabrics across sand wave com plexes, based on an
ichnological and sedimentological field study con ducted on a
cross-strat i fied Plio cene Río Alías strait-fill suc ces sion, ex -
posed in the Almería-Níjar Ba sin of south east ern Spain. In con -
trast to pre vi ous stud ies on the strait suc ces sion, which pri mar -
ily noted the pres ence of bioturbation struc tures and iden ti fied
only Scolicia as an ichnotaxon (Dabrio, 1986–1987; Sola et al.,
2024), our study pro vides a com pre hen sive de scrip tion of the
full suite of ichnotaxa within one of the key sec tions rep re sent -
ing the Río Alías Strait. This de tailed anal y sis high lights the di -
ver sity of trace fos sils pres ent, of fer ing in sights into the
palaeoenvironmental con di tions and the ben thic com mu nity
struc ture that ex isted within this an cient tid ally in flu enced strait.
Com bin ing phys i cal sed i men tary struc ture data with trace fos sil
in for ma tion, the ichnological ev i dence of ben thic com mu nity
zonation in these de pos its was ex am ined; this en ables com par -
i sons with anal o gous mod ern coun ter parts, of fer ing a novel
per spec tive not pre vi ously ad dressed in other stud ies.

GEOLOGICAL SETTING

The study area is lo cated in the north east ern part of the
Almería-Níjar Ba sin (Fig. 1), also known as the Níjar Ba sin
(e.g., Dabrio, 1986–1987; Aguirre and Sánchez-Almazo, 2004;
Fortuin and Dabrio, 2008). This elon gated de pres sion is ori -
ented SW-NE and is one of sev eral Neo gene outer
intermontane Med i ter ra nean-linked bas ins in SE Spain, like the 
Vera, Sorbas and Tabernas bas ins (Fig. 1A). These bas ins are
sit u ated within the In ter nal Zone of the Betic Cor dil lera, the wes -
tern most limit of the Al pine Med i ter ra nean Belt (e.g., Salé et al.,
2012; Sola et al., 2017).

The for ma tion and sep a ra tion of these bas ins, in clud ing the
Almería-Níjar Ba sin, were driven by tec tonic up lift of the Betic
Cor dil lera moun tain ranges. No ta ble up lifts in clude the Si erra

de Gádor, the Si erra Alhamilla dur ing the lat est Tortonian, the
Si erra Cabrera dur ing the lat est Messinian, and the Cabo de
Gata vol ca nic prov ince dur ing the Mio cene–Plio cene tran si tion
(e.g., Martín and Braga, 1996; Aguirre, 1998; Braga et al.,
2003a, b; Aguirre et al., 2008). This tec tonic up lift also led to the
for ma tion of the Río Alías Strait in the Early Plio cene, lo cated at
the north east ern end of the Almería-Níjar Ba sin. This strait was
a ma rine cor ri dor, ~12 km long and up to 2 km wide, con nect ing
the ba sin with the Med i ter ra nean Sea (Sola et al., 2024).

Dur ing the Neo gene, on go ing tec tonic pro cesses con sid er -
ably af fected sed i men ta tion in these bas ins, which were grad u -
ally infilled with pre dom i nantly shal low-ma rine to con ti nen tal
sed i ments sup plied from the ad ja cent emer gent to pog ra phy. In
the lat est early Plio cene, the de vel op ment of the El Argamasón
delta sys tem in the north east ern part of the Almería-Níjar Ba sin
led to the oc clu sion of this strait (Aguirre et al., 2008). Dur ing
this same pe riod, the Almería-Níjar Ba sin and the ad ja cent
Carboneras Ba sin, ini tially sep a rated by a vol ca nic el e va tion,
co alesced and were con nected by straits formed at the short est
dis tance be tween the two bas ins in the El Castillico area (Braga
et al., 2003a, b; Martín et al., 2003, 2004; Aguirre et al., 2008,
2012; Aguirre, 2017).

The Almería-Níjar Ba sin con tains a Mio cene–Pleis to cene
infill com posed of sev eral units sep a rated by un con formi ties.
The Lower Plio cene de pos its onlap the ir reg u lar sur face
bound ing up per Messinian strata, which were ex ca vated by
the early Plio cene trans gres sion, as well as the meta mor phic
rocks of the Betic Cor dil lera and vol ca nic rocks of the Si erra de 
Gata (Aguirre, 1998, 2017; Braga et al., 2003a, b; Martín et al., 
2003, 2004). These de pos its ex hibit di verse fa cies, pre dom i -
nantly of mixed siliciclastic-car bon ate and siliciclastic de pos its 
(e.g., Aguirre, 1998, 2017; Braga et al., 2003a, b). Ma jor del tas 
de vel oped along the ba sin mar gins in clude the Abrioja delta in
the north west cor ner (Postma, 1979, 1983), the El
Barranquete delta in the ESE part (Boorsma, 1992), and the El 
Argamasón delta at the north east ern edge. All of them pro -
vided siliciclastic ma te rial from the ero sion of the Betic meta -
mor phic base ment and vol ca nic rocks of the Si erra de Gata re -
gion (Aguirre, 1998, 2017) to the Almería-Níjar Ba sin. In shal -
low plat form ar eas shel tered from terrigenous in put, car bon -
ates in clud ing bioclastic calcarenites and calcirudites formed
in the north ern Palmo de Salas, the Gafares-El Argamasón ar -
eas, and the west ern mar gins of the Almería-Níjar Ba sin
(Aguirre, 1998, 2017).

The late Plio cene de pos its, char ac ter ized by siliciclastic
strata and tem per ate coral banks with Cladocora caespitosa
(Linnaeus, 1767), are found ex clu sively in the cen tral
Almería-Níjar Ba sin. This re stricted oc cur rence is due to tec -
tonic up lift and a rel a tive drop of sea level, which main tained
ma rine con di tions only in this cen tral area. Qua ter nary sands
and con glom er ates, de pos ited in al lu vial fans and beach en vi -
ron ments, rep re sent the fi nal sed i men tary infill of the ba sin
(Goy and Zazo, 1986; Aguirre, 1998).

GENERAL DESCRIPTION OF THE SECTION STUDIED

The study area is lo cated near the El Argamasón ham let in
Almería Prov ince, south east ern Spain (Fig. 1). The sec tion in -
ves ti gated, here re ferred to as Río Alías, is ex posed in the deep
river-cut gorge of Río Alías, near Cortijo del Molino de Abajo,
~1 km south-east of El Argamasón (GPS co or di nates:
N36°56.713’, W01°55.611’). The strata stud ied com mence
~650 m west of the bridge to the vil lage of El Argamasón and
ex tend lat er ally for 1000 m, ini tially in a south west di rec tion,
then turn ing north west. This river-cut sec tion is deeply in cised
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into Lower Plio cene de pos its, part of the Río Alías Strait’s infill
(Sola et al., 2024). The strait infill con sists of mixed car bon -
ate-siliciclastic de pos its, with siliciclastic ma te rial sourced from
del tas that trans ported sed i ments mostly eroded from the Si -
erra Cabrera re lief, lo cated to the north (Sola et al., 2024).

The Plio cene suc ces sion starts with shal low-ma rine
calcarenites, sand stones and con glom er ates, which formed
due to the progradation of shelf-ta lus and fan-delta sys tems
(Dabrio et al., 1986–1987). As this study con cen trates on Lower 
Plio cene calcarenites yield ing the trace fos sil as sem blage, the
over ly ing de pos its are not fur ther ad dressed.

In the Río Alías sec tion, the ex posed calcarenites rep re sent 
a por tion of the Cuevas For ma tion (Salé et al., 2012), cor re -
spond ing to the Lower Plio cene to the low er most Up per Plio -
cene Unit I de fined by Aguirre (1998). They rest on yel low to
grey ish siltstones and marls, with a sharp con tact be tween
them ex posed in the cliffs ad ja cent to the river val ley (Blum,
2007).

METHODS

The data and ma te rial for this study were col lected dur ing
field cam paigns in March 2019. Most of the ichnofossils were
ob served, mea sured, and pho to graphed in the field. De scrip -
tions of the size and mor phol ogy of the ichnotaxa were made
and their abun dance was noted; in de creas ing or der, traces
were gen er ally de scribed as “abun dant” if they were found in
high num bers in all beds in ves ti gated, “com mon” if seen in all
beds but not nec es sar ily in large num bers, “un com mon” if not
found in all beds, and “rare” if only pres ent in a mi nor ity of beds.
The bioturbation in ten sity was qual i ta tively as sessed based on
2D im ages, fol low ing the scheme pro vided by Tay lor and
Goldring (1993). The Tay lor and Goldring (1993) bioturbation
scale (Bioturbation In dex; BI = 0–6) is non-lin ear and as sesses
the dis rup tion of pri mary sed i men tary struc tures by bur row ing
or gan isms, rang ing from no vis i ble bioturbation (BI = 0), through 
min i mal (BI = 1–2), mod er ate (BI = 3–4), to in tense or com plete
bioturbation with heavily ho mog e nized sed i ment (BI = 5–6).
Due to the sig nif i cant am bi gu ity and in con sis tency in the ter mi -
nol ogy used for clas si fy ing sub aque ous bedforms of dif fer ent
scales, the clas si fi ca tion scheme pro posed by Ashley (1990)
was used for this study. “Dunes” in clude forms such as sand
waves or megaripples, as they are re lated to sim i lar hy drau lic

en er gies in lower flow-re gime con di tions de spite their dif fer -
ences in size and mor phol ogy. Un manned Ae rial Sys tems
(UAS) drones were used to study the spa tial re la tion ships be -
tween bedforms and trace fos sils ex posed in steep cliffs along
the Río Alías. Thin sec tions were made to in ves ti gate the
microfacies and fos sil con tent of the dom i nant lithologies. In or -
der to sta tis ti cally mea sure com po nents, the point count ing
tech nique (600 points) was ap plied us ing JMicroVision v1.3.3
on the stitched large im ages of thin sec tions. Large im ages
were pho to graphed with a Nikon Eclipse 50i po lar iz ing mi cro -
scope equipped with a Nikon DS-Fi1 dig i tal cam era.

RESULTS

LITHOLOGY

The calcarenites of the Río Alías sec tion (Fig. 2) are
buff-yel low in col our, fine- to me dium- and coarse-grained and
com posed of fine, mod er ately to poorly sorted car bon ate grains 
mixed in var i ous pro por tions with siliciclastic grains which con -
sist of monocrystalline to polycrystalline quartz. Based on thin
sec tion anal y sis, skel e tal com po nents are dom i nated by
echinoderm frag ments and cal car e ous red al gae, ac com pa nied 
in vary ing pro por tions by foraminifera, bryo zoans, bi valve frag -
ments and bar na cles. Well-de vel oped pla nar and trough
cross-strat i fi ca tion is the pre dom i nant sed i men tary struc ture of
the calcarenites (Dabrio, 1986–1987; Sola et al., 2024). The
thick ness of cross-strat i fied sets var ies from 0.2 m to 1 m, lo -
cally up to 4 m. Each set forms a tab u lar or gently len tic u lar
body with pla nar or slightly curved bound ing sur faces that are
gen er ally trace able lat er ally for up to 30 m. Bound ing sur faces
are ei ther sharp or gradational, and they are of ten marked by
bur rows. Bed-sets oc cur in di vid u ally or are ar ranged in stacked
cosets grouped into mo not o nous, mostly 2 to 8 m thick suc ces -
sions, over ly ing or lat er ally interfingering with dif fer ent-scale
pla nar and trough cross-bed ded calcarenites. Foresets are
con cave-up wards, transitioning into tan gen tial, rarely an gu lar
toesets and in some in stances into thin ner and finer-grained
bottomsets com monly with poorly de fined con tacts be tween
foresets and bottomsets. The ma jor ity of foresets dip to the
east, though there are lo cal ized in ter ca la tions of cross-sets
(sets of cross-strat i fied beds) dip ping to the west (Dabrio,
1986–1987). Com pound cross-strat i fi ca tion is com mon, with
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Fig. 1. Lo ca tion and sim pli fied geo log i cal map of the East ern Betic re gion (A, B) in AlmerÍa Prov ince with the study area
in di cated, show ing the Almería-Níjar Ba sin and other Neo gene bas ins (A) and the main strike-slip faults con trol ling their

evo lu tion (mod i fied from Martín et al., 1996 and Salé et al., 2012)
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smaller foresets su per im posed on larger ones, de scend ing
along the lee side. Con cave-up re ac ti va tion sur faces, trun cat -
ing and di vid ing foresets into dis tinct pack ages, are spaced ir -
reg u larly and are fre quently marked by bioturbation. Cross-sets 
show sig nif i cant vari a tion in bioturbation, rang ing from com -
pletely unburrowed to sparsely or thor oughly bioturbated (for
de tails see Sec tion 4.3). Lo cally, fine- to me dium-grained, per -
va sively bioturbated calcarenite lenses are in ter ca lated within
the cross-strat i fied calcarenites, reach ing thick nesses of up to 1 
metre and ex tend ing lat er ally for sev eral metres. In these
lenses, bioturbation has largely oblit er ated the phys i cal sed i -
men tary struc tures, leav ing only spo radic traces of par al lel lam -
i na tion in some beds.

Dabrio (1986–1987) and Sola et al. (2024) in ter preted these 
de pos its as formed by mi grat ing 2D and 3D sub aque ous dunes
of vary ing sizes, shaped by com plex and un steady cur rents.
The dom i nant flow di rec tion was east to west, with oc ca sional
sub or di nate flows in the op po site di rec tion. These al ter nat ing
high- and low-en ergy phases were driven mostly by tidal cur -
rents and, when fun neled through a nar row strait con nect ing
the Almería-Níjar Ba sin with the Med i ter ra nean Sea, the flow
was ac cel er ated and con trolled dune evo lu tion and mi gra tion
(Sola et al., 2024), di rectly af fect ing hab i tat sta bil ity of the
benthos. Omis sion and re ac ti va tion sur faces are of ten marked
by bioturbation struc tures. These re flect pe ri ods of re duced en -
ergy and ces sa tion of bed ma te rial move ment, in di cat ing the
un steady na ture of the flow. The pres ence of re ac ti va tion sur -
faces, tidal bun dles of bioclastic and siliciclastic laminae to -
gether with bidirectional (her ring bone) cross-strat i fi ca tion was
in ter preted as sug gest ing flow re ver sals as so ci ated with tidal
ac tiv ity (Sola et al., 2024). Ac cord ing to Sola et al. (2024), the
wa ter depth of the Río Alías Strait dur ing the Early Plio cene, es -
ti mated from sub aque ous dune foreset heights, ranged from
~20 to 65 m, con sis tent with typ i cal microtidal straits and re flect -
ing sig nif i cant tidal in flu ence on sed i ment trans port.

ICHNOTAXONOMY AND DESCRIPTION OF BICHORDITES 
AND ASSOCIATED TRACE FOSSILS

Asterosoma isp. 
(Fig. 3)

D e s c r i p t i o n. – Endichnial bur row sys tem char ac ter -
ized by a bun dle (at least two) of ver ti cal to oblique elon gated
bul bous struc tures. The struc tures are 32–224 mm (mean =
46 mm) long and 9–48 mm (mean = 25 mm) wide. Each struc -
ture ex tends up wards and out wards from a cen tral com mon
point, cre at ing a ra di at ing pat tern (Fig. 3). The bul bous struc -
tures are slightly to mark edly arched. They ex hibit a small cy lin -
dri cal in ner cen tral tube with a con cen tric lin ing char ac ter ized by 
a swell ing in the mid dle to ter mi nal re gions, con trib ut ing to their
bul bous mor phol ogy. They taper at one or both ends. The lin ing
is dis tin guish able by its brighter col our com pared to the cen tral
tube and host rock, which are of sim i lar colours. The bulbs are
better pre served due to pref er en tial ce men ta tion of the lin ing
and of ten pro trude out of the weath ered bed.

R e  m a r k s. – Bur rows sim i lar to those de scribed herein,
char ac ter ized by bun dled, up wardly ra di at ing, bul bous and
lined tubes, have been re ported from Lower-Mid dle Ju ras sic
mar ginal ma rine de pos its of the Sorthat For ma tion in Den mark
and at trib uted to Asterosoma isp. (Bromley and Uchman,
2003), and from the Mio cene siliciclastic rocks of the Grund For -
ma tion in north ern Lower Aus tria (Molasse Ba sin) and at trib -
uted to Asterosoma radiciforme von Otto, 1854 (Pervesler and
Uchman, 2004).

Ac cord ing to Knaust (2021), the type spe cies Asterosoma
radiciforme von Otto, 1854, ex hib its pas sive fill ing rather than
con cen tric lam i na tion, and thus the lined bur rows with up wardly
ra di at ing bul bous struc tures, pre vi ously grouped un der

4 Weronika £aska et al. / Geo log i cal Quar terly, 68, 41

Fig. 2. Pan oramic view of part of a Río Alías ex po sure show ing large-scale cross-strat i fi ca tion of calcarenites 
(note peo ple for scale) gen er ated by mi grat ing sand dunes 
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Asterosoma, are more com pat i ble with and should be as cribed
to Rosselia. How ever, the ar gu ments that the ra di ally ar ranged
bulbs of A. radiciforme, cov ered with wrin kles, are pas sively
filled are not con vinc ing. The ra dial ar range ment sug gests a
sig nif i cant be hav ioural ac tiv ity that does not align with any spe -
cific ichnospecies within the Rosselia group. Some of the spec i -
mens re sem ble Rosselia prolifera (Forunier et al., 1980), orig i -
nally Polycylindrichnus prolifer Forunier et al., 1980 (see de -
scrip tion in Knaust, 2021), due to the pre served bul bous struc -
tures which form a Y shape; how ever, these spec i mens are in -
com plete. Since the ichnogenus Asterosoma is pend ing re eval -
u a tion to de ter mine whether to ex clude or in clude the lined
forms, the bur rows re ported here, show ing greater mor pho log i -
cal sim i lar ity to this ichnogenus, are as signed to Asterosoma
isp. Lamellaecylindrica ludwigae (Schlirf, 2000), orig i nally
Asterosoma ludwigae Schlirf, 2000, also pres ents lined bur rows 
with bul bous ex ten sions ra di at ing from an elon gate bur row
(Knaust, 2021). How ever, un like the ra di at ing bul bous bur rows
stud ied here, L. ludwigae is dis tin guished by down wards rather
than up wards branch ing.

Bichordites monastiriensis Plaziat and Mahmoudi, 1988 
(Figs. 4 and 5B–F)

D e s c r i p t i o n. – Hor i zon tal, straight to wind ing com -
plex bur row, show ing a char ac ter is tic meniscate back fill and a
cen tral core. It mea sures 28–89 mm (mean = 54 mm) in di am e -
ter, with a max i mum ob served length of 109.5 cm (mean =
35 cm). Within one bur row, the di am e ter is con stant, or there is
a slight change in di am e ter along its course faintly ta per ing to -
ward its end. The dor sal (top) and of ten the ven tral (base) sur -
face of the bur rows show a bilobate to subquadrate pro file in
trans verse cross-sec tion formed by par al lel lobes, sep a rated by 
an ax ial groove (Fig. 4B, D, E). No ta bly, there is con sid er able
vari abil ity in the mor pho log i cal pres er va tion (sensu Marchetti et
al., 2019), both within in di vid ual bur rows and among them. The
up per por tion of the back fill menisci, ar ranged in a Laminites-
 type pat tern (ref er enced in Uchman, 1995), may be ab sent or
poorly de fined, of ten pre served in com pletely and lim ited to a
part of the trace fos sil (Fig. 5B). Fre quently, the up per half of the 
menisci is weath ered away and en tirely miss ing (Fig. 4C), while
the lower, typ i cally better-ce mented por tion re mains in tact.
How ever, the base of the lower por tion also weath ers away and
is of ten en tirely ab sent (Fig. 4A). In most spec i mens ob served
on bed ding planes, the pe riph eral por tion of the meniscate fill is
en tirely weath ered away, leav ing the better-lithified, pref er en -
tially pre served cen tral core, which is lo cated ap prox i mately be -
low the cen tral axis or closer to the basal part. The core may dis -

play trans verse ir reg u lar an nu la tions, which are in dic a tive of
weath ered edges of the meniscate back fill (Fig. 4B, D, F). In
some spec i mens, the cen tral core is formed by a tube, ovoid to
heart-shaped in cross-sec tion and filled with mas sive sed i ment, 
of ten slightly more com pacted and lighter than the sur round ing
part of the bur row (Fig. 4D). In one case, a ver ti cally ori ented
struc ture seen in trans verse sec tion is pre served above the
bur row (Fig. 4E); it grad u ally wid ens to wards the top, form ing a
fun nel shape; it pos si bly rep re sents the re spi ra tory shaft con -
nect ing the bur row with the sed i ment-wa ter in ter face (as noted
in Bromley and Asgaard, 1975; Bromley et al., 1997).

R e  m a r k s. – Bichordites is in ter preted as a lo co mo -
tion-feed ing trace fos sil, which is dis tin guished from Scolicia by
hav ing a sin gle drain age tube, whereas the lat ter bears a pair of 
tubes (e.g., Plaziat and Mahmoudi, 1988; Uchman, 1995).
Bichordites is de scribed in the lit er a ture as be ing pro duced by
detrivore, ir reg u lar spatangoids of the ge nus Echinocardium
(fam ily Loveniidae), in clud ing E. cordatum Pen nant, 1777
(Bromley and Asgaard, 1975), fore most E. mediterraneum
(Bromley et al., 1997), Euaptagus, in clud ing Eupatagus ornatus
(fam ily Eupatagidae) (Bernardi et al., 2010), or pos si bly Maretia
(fam ily Maretiidae) (Gibert and Goldring, 2008; Villegas-Martín
and Netto, 2017). How ever, none of the spatangoids have been 
ob served in life po si tion within a bur row in the ex po sure stud ied.

Bi valve bur row 
(Fig. 5A)

D e s c r i p t i o n. – This ver ti cally ori ented endichnial
struc ture is char ac ter ized by two dis tinct parts: a heart-shaped
base obliquely ori ented to wards the foreset from which em a -
nates a very long nar row tube rep re sent ing the up per part
(Fig. 5A). This tube cross-cuts the foreset laminae and con -
nects the lower part with the bed ding plane which rep re sents
the pre vi ous seafloor. The heart-shaped base mea sures 62
mm in length and 37 mm in width, and the up per cy lin dri cal part
is 530 mm long and has a di am e ter of 22 mm. The bur row infill
is sim i lar to the host bed; oc ca sion ally, rem nants of lin ing com -
posed of lighter ma te rial oc cur in some ar eas. No ta bly, no pro -
tru sive or retrusive spreiten were ob served.

R e  m a r k s.  – This struc ture shares fea tures con sis tent
with those ob served in mod ern bi valve bur rows as de picted in
X-ra dio graphs of in situ spec i mens (Zonneveld and Gingras,
2013, fig. 1A; Wetzel and Unverricht, 2020, figs. 6–10). The
heart-shaped base pre sum ably served as the dwell ing cham -
ber; the bi valve shell pos si bly dis solved dur ing post-de po -
sitional diagenesis, whereas the long tube is in ter preted as the
trace of the si phon.
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Fig. 3. Asterosoma isp. in calcarenites, Río Alías sec tion, field pho to graphs
A–C – ver ti cally to obliquely ori ented lined bulbs of Asterosoma isp.

https://doi.org/10.1016/S0016-7878(97)80026-0
https://doi.org/10.1016/S0016-7878(97)80026-0
https://doi.org/10.1002/spp2.1367
https://doi.org/10.1002/spp2.1367
https://doi.org/10.1016/j.earscirev.2019.04.008
https://doi.org/10.1016/S0016-6995(88)80019-6
https://10.1016/j.palaeo. 2020.110041
https://doi.org/10.1666/11-064R1.1
https://doi.org/10.1666/11-064R1.1


6 Weronika £aska et al. / Geo log i cal Quar terly, 68, 41

Fig. 4. Field pho to graphs of Bichordites monastiriensis from the Plio cene of the Río Alías sec tion, il lus trat ing de tails of its
mor phol ogy

A – weath ered bed ding plane with sev eral spec i mens of B. monastiriensis. Ar rows in di cate frag ments of bur rows where less ce mented parts, 
in clud ing the part of the meniscate fill to gether with the bur row floor, are se lec tively weath ered away, leav ing the strongly ce mented cen tral
core (ar row 1) and a mar gin of de pres sion af ter weath er ing out of the meniscate en ve lope (ar row 2); B – endichnial B. monastiriensis (false
epichnia) viewed from above, show ing well-ce mented sed i ment sur round ing the cen tral core. Ar row 1 points to a part of B. monastiriensis
with weath ered mar gins of the meniscate back fill and a bilobate cen tral core; C – three ex am ples of B. monastiriensis (1, 2, and 3 out lined
with a white, dashed line) show ing the cen tral core (cc) and meniscate fill ing (mf). The con cav ity of the menisci in di cates the di rec tion of
move ment of the tracemakers (white ar rows); D – meniscate B. monastiriensis. Ar row 1 points to the darker cen tral ca nal within the cen tral
core; E – Bichordites ichnofabric II with abun dant B. monastiriensis, lo cally ac com pa nied by Macaronichnus segregatis (Ms), pres ent within
the foresets of trough cross-bed ded calcarenites. Ar rows 1 and 2 point to a con i cal struc ture over B. monastiriensis that wid ens to ward the
top, seen in lon gi tu di nal sec tion, and in ter preted as a pos si ble shaft fun nel. The black dashed line marks the bound ing sur face. Note that the
over ly ing calcarenite ex hib its a higher in ten sity of bioturbation, char ac ter is tic of Bichordites ichnofabric III; F – close-up of cross-set with B.
monastiriensis, ac com pa nied by ?Palaeophycus isp. (?P), Bichordites ichnofabric II



Cardioichnus isp. 
(Fig. 5B, C)

D e s c r i p t i o n. – A dis tinct heart-shaped mound con -
sist ing of two slightly elon gated, bi lat er ally sym met ri cal lobes
sep a rated by a cen trally placed, dor sal, round ish or V-shaped
de pres sion (Fig. 5B, C). The lobes are gen er ally rounded, with
a slightly flat tened ven tral (base) sur face and a rounded dor sal
(top) sur face. The trace is 33–73 mm (mean = 59 mm) wide and 
57–122 mm (mean = 91 mm) long.

This trace oc curs as a full-re lief endichnion or false
epichnion (endichnia ex posed due to weath er ing). In full-re lief
pres er va tion, sed i ment sur round ing the up per por tion or mar -

gins of the trace ap pears par tially weath ered-out, in di cat ing a
lesser de gree of lithification typ i cal of trace fos sils pro duced by
heart ur chins. In false epichnia pres er va tion, they lie hor i zon -
tally or obliquely at around 40° to the sur face of the host bed,
stick ing out of the weath ered host foresets (Fig. 5B). Some
spec i mens oc cur at the end of Bichordites isp. (Fig. 5C).

R e  m a r k s. – Due to poor pres er va tion, spec i mens lack
char ac ter is tic fea tures al low ing as sign ment at the ichnospecies 
level. Cardioichnus is con sid ered as a rest ing trace
(cubichnion) of ir reg u lar echinoids be long ing to spatangoids
(e.g., Smith and Crimes, 1983; Plaziat and Mahmoudi, 1988;
May oral and MuÔiz, 2001; Kappus and Lucas, 2019).
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Fig. 5. Trace fos sils from the Plio cene of the Río Alías sec tion, field pho to graphs

A – bi valve bur row, ar row 1 points to a heart-shaped base in ter preted as the pos si ble dwell ing cham ber and ar row 2 points to the elon gated
tube in ter preted as the trace of the si phon; B, C – Bichordites ichnofabric II, weath ered sur face of foreset show ing false epichnia of
Cardioichnus isp. (C) as so ci ated with B. monastiriensis and Piscichnus waitemata (Pw) seen from above. Cardioichnus (C) is pre served at
the end of the gently curv ing bur row of Bichordites in the Lamnites type pres er va tion mode (B1) that in a short dis tance is weath ered away,
show ing the in ner, annulated core (B2). Ar rows show the di rec tion of move ment of the spatangoid dur ing bur row ing; D–F – Bichordites
ichnofabric II, Conichnus isp. (Co) and other un known, large con i cal struc tures (3) in as so ci a tion with B. monastiriensis (B), ?Ophiomorpha
nodosa (?O), and Macaronichnus segregatis (Ms) cross-cut ting or pres ent along the foresets
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Conichnus isp. 
(Fig. 5D –F)

D e s c r i p t i o n. – An endichnial bur row char ac ter ized
by its con i cal, down ward-ta per ing shape with a rounded base,
ver ti cally to sub-ver ti cally ori ented to the bed ding planes
(Fig. 5D–F). These bur rows are lon ger than they are wide,
reach ing up to 485 mm in length and 73 mm in di am e ter. They
are com monly ob served on ver ti cal ex posed faces where the
in ter nal struc ture of the bur row is seen in lon gi tu di nal sec tion.
The infill ap pears structureless or ex hib its con cen tric lam i na -
tion, which is con vex-down, U- to slightly V-shaped in ver ti cal
sec tion. Conichnus may cut through or de flect ad ja cent laminae 
within the host bed, lo cally caus ing de for ma tion of the un der ly -
ing de pos its.

R e  m a r k s. – Conichnus is at trib uted to sea-anem o nes
or sim i lar or gan isms and is thought to be their rest ing or dwell -
ing struc tures (e.g., Shinn, 1968; Frey and Howard, 1981; Pol -
lard et al., 1993; Savrda, 2002). Mor pho log i cal vari a tions in
Conichnus are likely in flu enced by be hav ioural ad ap ta tions to
chang ing lo cal en vi ron men tal con di tions. Bur rows ex hib it ing
retrusive laminae are in ter preted as es cape or equi lib rium
struc tures formed dur ing sed i ment aggradation (e.g., Shinn,
1968; Gibert et al., 1998; Savrda, 2002; Buck and Goldring,
2003; Abad et al., 2006; Gingras et al., 2011; Mata et al., 2012;
Desai and Saklani, 2015; Klug and Hoffmann, 2018; Patel et al., 
2018).

Cylindrichnus concentricus Toots in Howard, 1966 
(Fig. 6A, B)

D e s c r i p t i o n. – A sim ple endichnial bur row com posed 
of a cen tral, con cen tri cally lined tube that bends down wards,
form ing an arch or wide U-shape (Fig. 6A, B). The limbs of the U 
or the arch are ori ented obliquely and the elon gated base of the
U or the arch is hor i zon tal. To wards the ap er ture, the lin ing
grad u ally in creases in thick ness, re sult ing in a slightly con i cal
mor phol ogy of the bur row near the ap er ture. The fill of the cen -
tral tube is sim i lar to the host rock, whereas the lin ing is com -
posed of light, muddy laminae. The bur row is typ i cally up to
170 mm long. It is cir cu lar to el lip ti cal in cross-sec tion, rang ing
in di am e ter from 20 to 26 mm.

R e  m a r k s. – Most ob served bur rows are in com plete.
Cylindrichnus concentricus shares sim i lar i ties with R. socialis in 
hav ing a cen tral core lined by con cen tric lay ers but dif fers in its
ar cu ate U-shape ge om e try and two open ings to the seafloor
(Ekdale and Har ding, 2015; Knaust, 2021), in con trast to the
typ i cally ver ti cal or in clined R. socialis.

Cylindrichnus concentricus is com monly at trib uted to de tri -
tus-feed ing or gan isms in hab it ing U-shaped bur rows, which
likely gath ered food from the seafloor us ing ten ta cles. These or -
gan isms may have then in cor po rated fine-grained ma te rial into
the walls of their bur rows (e.g., Belaústegui and Gibert, 2013).
Pres ent-day analogs of such traces are as so ci ated with
terebellid poly chaetes, such as Amphitrite ornata (see Aller and 
Yingst, 1978), Neoamphitrite figulus (see Schäfer, 1956, 1972), 
or Cirriforma luxuriosa (see Zorn et al., 2007). Ad di tion ally,
Goldring (1996) sug gested deca pod crus ta ceans as pos si ble
tracemakers, as they have been found in as so ci a tion with con -
cen tri cally lam i nated, bow-shaped bur rows.

Macaronichnus segregatis Clifton and Thomp son, 1978 
(Figs. 5E, 6C, D, F–H and 7A, D, H)

D e s c r i p t i o n. – A hor i zon tal through oblique to ver ti -
cal, straight to gently con torted cy lin dri cal, smooth cyl in der, cir -
cu lar in cross-sec tion, with a di am e ter of 1.2–5.4 mm (mean
2.8 mm) and traced for a max i mum dis tance of 97.4 mm
(mean 27.2 mm). It is com posed of a core en hanced in light
grains, while dark grains (like those in the host rock) are en -
riched in the sur round ing man tle. It oc curs gre gar i ously, of ten in 
the fill of Piscichnus waitemata (Fig. 7A, B).

R e  m a r k s. – Most of the ob served spec i mens dis play all
typ i cal fea tures of Macaronichnus segregatis; how ever, some
of them lack the darker man tle. Thin cyl in ders, mostly about
2–3 mm in di am e ter, cor re spond to the size of the ichno -
subspecies M. segregatis segregatis. Ac cord ing to the size-dis -
tri bu tion model pro posed by Seike et al. (2011), M. s. segregatis
is ex clu sive to shal low-ma rine fore shore en vi ron ments, in con -
trast to M. segregatis degiberti, mostly dis tin guished by its
larger size with di am e ters up to 15 mm (Rodríguez-Tovar and
Aguirre, 2014). In the sec tion ana lysed, only a few spec i mens
have a di am e ter >3 mm.

M. segregatis degiberti shows a wide en vi ron men tal dis tri -
bu tion from tidal chan nels, tidal sand bars, tidal sand ridges, the 
up per–lower shoreface, and con ti nen tal shelf to deep-ma rine
set tings (e.g., Nara and Seike, 2019; Miguez-Salas et al., 2021;
Rodríguez-Tovar and García-García, 2023), ex cept in the
high-en ergy fore shore (Nara and Seike, 2019). Nev er the less,
the smaller Macaronichnus segregatis has also been re corded
from deeper en vi ron ments, ma rine chan nel sys tems, and the
neritic to up per bathyal realm, show ing that tube di am e ter does
not de pend on wa ter depth and should be used with cau tion as
an in di ca tor (Knaust, 2017; Giannetti et al., 2018). Ac cord ing to
Quiroz et al. (2010, 2019), the pres ence of M. segregatis in
trop i cal en vi ron ments is as so ci ated with nu tri ent-rich and cold
wa ters re lated to upwelling and en hanced pri mary pro duc tiv ity
that had been con sid ered as ma jor fac tors con trol ling the dis tri -
bu tion of Macaronichnus. Gen er ally, M. segregatis tends to oc -
cur at in ter me di ate and high lat i tudes, rarely at lower lat i tudes
(Clifton and Thomp son, 1978; Pearson et al., 2013; Nara and
Seike, 2019; Quiroz et al., 2019; Olivero and López-Cabrera,
2020).

Macaronichnus segregatis has been com monly in ter preted
as a pascichnion pro duced by se lec tive de posit-feed ing
opheliid poly chaetes such as Ophelia limacina Rathke, 1843,
Thoracophelia mucronata Treadwell, 1914 (for merly as signed
to Euzonus), or the travisid polychaete Travisia (pro ducer of M.
s. giberti), which feed on the epigranular mi cro bial bio mass on
sand par ti cles (Clifton and Thomp son, 1978; Gingras et al.,
2002; Nara and Seike, 2004; Dafoe et al., 2008a, b; Pem ber ton
et al., 2012; Nara and Seike, 2019).

Ophiomorpha nodosa Lundgren, 1891 
(Fig. 6D, E)

D e s c r i p t i o n. – Ver ti cal to slightly oblique, mostly
straight, rarely slightly curved, walled tubes with oc ca sional
branch ing at 120° (Fig. 6D, E). Walls show a poorly de vel oped
knobby ap pear ance. They are lined with ma te rial in a lighter col -
our than the bur row fill, which is iden ti cal to the sur round ing ma -
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Fig. 6. Other trace fos sils from the Plio cene of the Río Alías sec tion, field pho to graphs

A, B – widely arched con cen tric tube of Cylindrichnus concentricus (C) cut ting a to tally bioturbated back ground with light mot tles and poorly
pre served B. monastiriensis; C – M. segregatis poorly con trast ing with the back ground sed i ment; D – deep-tier Ophiomorpha nodosa (O) cut -
ting through densely bioturbated calcarenites with poorly pre served, par tially de stroyed Bichordites monastiriensis (B) and Macaronichnus
segregatis (Ms); E – branched frag ment of O. nodosa fea tur ing knobby or na men ta tion of the wall; F, G – light-col oured M. segregatis in as so -
ci a tion with ?Planolites isp. (?P), Palaeophycus isp. (Pa) and ?B. monastiriensis (?B); H – weath ered bed ding plane with sev eral spec i mens
of B. monastiriensis (B), Palaeophycus isp. (Pa), and M. segregatis (Ms); I – Patagonichnus isp.



trix. The tun nels are cir cu lar to slightly oval in cross-sec tion,
hav ing a 12–41 mm (mean = 23 mm) di am e ter in clud ing the lin -
ing. Most bur rows are ver ti cal to the bed ding plane; hor i zon tal
el e ments are rare. En large ments at branch ing points are ob -
served (Fig. 6E). Tun nels up to 542 mm long were ob served.

R e  m a r k s. – Ophiomorpha nodosa is de scribed as be -
ing pro duced by sus pen sion-feed ing deca pod crus ta ceans
such as callianassids (e.g., Knaust, 2017).

Palaeophycus isp. 
(Figs. 6F –H and 7B)

D e s c r i p t i o n. – A sim ple, straight to gently curved,
elon gate, cy lin dri cal bur row, up to 210 mm long, with a thin lin -
ing. It is cir cu lar to sub-cir cu lar in cross sec tion, up to 14 mm in
di am e ter. The ma te rial fill ing the bur row closely re sem bles the
sur round ing sed i ment. The trace is pre served as full re lief or
epirelief.

Re marks: Palaeophycus is in ter preted as a dwell ing
structure of a pred a tory or sus pen sion-feed ing worm-like or -
gan ism (Pem ber ton and Frey, 1982; Knaust, 2017). The char -
ac ter is tic lined wall dis tin guishes it from Planolites (Pem ber ton
and Frey, 1982).

Patagonichnus isp. 
(Fig. 6I)

D e s c r i p t i o n. – An endichnial com pound trace fos sil
ob served on weath ered up per bed ding planes. It com prises
many closely spaced mud-lined tubes up to 446 mm long, vis i -
ble only in cross-sec tion, along with hor i zon tal struc tures dis -
play ing meniscate back filled laminae. In cross-sec tion, the
tubes are cir cu lar to el lip ti cal, up to 29 to 41 mm (mean =
35 mm) in di am e ter. The tubes are walled and filled with sed i -
ment sim i lar to the host rock. Their walls are vo lu mi nous and
dis play ec cen tric or con cen tric lam i na tion made of light, muddy
ma te rial. The back filled struc tures, oc ca sion ally in con tact with
the lined tubes, fol low a slightly wind ing course; the back fill is
com posed of the same muddy ma te rial as the con cen tric and
ec cen tric lin ing of the tube wall.

R e  m a r k s. –  The in tri cate ge om e try is char ac ter is tic of
the ichnogenus Patagonichnus. How ever, par tial pres er va tion
pre vents fur ther ichnospecific as sign ment. When viewed in di -
vid u ally, the mud-lined tubes of the spec i mens ana lysed re -
sem ble Rosselia socialis, but the com plex ity and pres ence of
hor i zon tal struc tures with meniscate back fills dis tin guish them
from that ichnospecies. Patagonichnus is pos si bly pro duced
due to the feed ing ac tiv ity of gre gar i ous poly chaetes (Olivero
and López Cabrera, 2005).

Piscichnus waitemata Greg ory, 1991 
(Figs. 5B, 7A, B, G and 11D)

D e s c r i p t i o n. – In lon gi tu di nal sec tion, the bur row ap -
pears as bowl- to sack-shaped de pres sions (con cave
epireliefs), which are cir cu lar to oval in bed ding plane view.
These de pres sions range in di am e ter from 77 to 350 mm
(mean = 179 mm). Typ i cally, they have steep-sloped mar -
gins and can reach up to 378 mm in depth, with an av er age of

187 mm. The ma te rial in fill ing de pres sions slightly dif fers in col -
our and struc ture from the sur round ing sed i ment and is mostly
mas sive and of ten bioturbated by Macaronichnus segregatis
Clifton and Thomp son, 1978 (Fig. 7A) and subordinately by
Ophiomorpha nodosa and Rosselia socialis (Fig. 11D). P.
waitemata is pres ent ei ther iso lated or in lo cal ized clus ters
where spec i mens are typ i cally spaced a few centi metres apart.

R e  m a r k s. – Piscichnus waitemata is in ter preted as a
praedichnion pro duced by bot tom-feed ing rays or other fish that 
cre ate pits by flap ping their pec to ral fins or ex pel ling a wa ter jet
through their mouths to ex pose prey (Greg ory et al., 1979;
Greg ory, 1991; Gingras et al., 2007; Pearson et al., 2007;
Löwemark, 2015; Uchman et al., 2018, 2020; Niel sen et al.,
2020).

Planolites isp. 
(Fig. 6F, H and 7C)

D e s c r i p t i o n. – A sim ple, cy lin dri cal straight to gently
curved, un lined bur row, cir cu lar in cross-sec tion,
4–13 mm (mean = 10 mm) in di am e ter, with an ob served length
reach ing 152 mm (mean = 73 mm). It is pre served as ei ther full
re lief or epirelief. The fill re sem bles the sur round ing sed i ment,
though it may be slightly coarser and brighter.

R e  m a r k s. – Dis tinc tively, the ab sence of a wall lin ing
dif fer en ti ates Planolites isp. from other trace fos sils such as the
lined, pas sively filled Palaeophycus and ac tively filled
Macaronichnus. Planolites is in ter preted as a pascichnion pro -
duced by ac tively bur row ing and feed ing worm-like de posit
feed ers such as annelids, hemichordates, and priapulids
(Osgood, 1970; Pem ber ton and Frey, 1982; Fillion and Pickerill, 
1990; Keighley and Pickerill, 1995; Knaust, 2017). Ad di tion ally,
ar thro pods (e.g., crus ta ceans) and molluscs (e.g., bi valves) are 
also con sid ered as po ten tial tracemakers (Knaust, 2017).

Rosselia socialis Dahmer, 1937 
(Fig. 7D–H)

D e s c r i p t i o n. – An endichnial, ver ti cally to obliquely
(40–60°) ori ented struc ture, which typ i cally oc curs ei ther in di -
vid u ally or in clus ters of two or three spec i mens found in
close prox im ity (Fig. 7E–G). R. socialis is char ac ter ized by a
cen tral tu bu lar shaft en vel oped by a con cen tric lin ing that flares
out wards in the up per part, close to the up per bed ding plane,
giv ing it a char ac ter is tic spin dle- or fun nel-shaped mor phol ogy.
The bur row mea sures 62–254 mm (mean = 138 mm) in length
and 20–97 mm (mean = 48 mm) in width at the up per, swol len,
flared part. The cen tral shaft has a cir cu lar to el lip ti cal
cross-sec tion and main tains a uni form di am e ter within one bur -
row of 10–21 mm (mean = 14 mm). It is filled with sed i ment re -
sem bling in col our the sur round ing host rock. In con trast, the
lin ing of the shaft ap pears no ta bly brighter (Fig. 7D). The lin ing
in the up per part of the bur row, as seen in weath ered, cross- or
oblique-sec tions, dis plays dis tinct con cen tric laminae com -
posed of al ter nat ing light, muddy (fine-grained) laminae, and
darker-col oured, sand ier (coarser-grained) laminae. How ever,
in most spec i mens, these con cen tric laminae are less dis tinct
and ap pear blurred. The lin ing shows pref er en tial diagenetic ce -
men ta tion and is well-pre served, stick ing prom i nently out of
weath ered bed sur faces (Fig. 7D–H). Spec i mens of ver ti cally
stacked spin dle-shaped struc tures rep re sent ing equilibrichnia
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are rarely pres ent (Fig. 7H). In some mor pho log i cal vari ants of
R. socialis, the spin dle- or fun nel-shaped up per parts are miss -
ing. These elon gated forms con sist of ver ti cally stacked cen tral
tubes, which are only slightly swol len in the up per part.

R e  m a r k s. – Some of the bur rows ex am ined with less
ro bust con i cal flare of the prox i mal part re sem ble Cylindrichnus
concentricus in par tial pres er va tion, hav ing steeply in clined
down ward-ta per ing limbs. How ever, the com plete U was not
ob served.

The spin dle-shaped spec i mens rep re sent the orig i nal bur -
row mor phol ogy of Rosselia socialis. In con trast, those with an
up per part char ac ter ized by a fun nel shape have pos si bly been
trun cated by ero sion (e.g., Nara, 1995, 1997, 2002; Frieling,
2007). Spec i mens with only the shaft pre served likely rep re sent 

rem nants of deeply eroded bur rows (e.g., Uchman and
Krenmayr, 1995; Schlirf et al., 2002; Frieling; 2007; Netto et al.,
2014). Spec i mens with bul bous parts point to sub strate sta bi li -
za tion un der low-en ergy con di tions for an ex tended pe riod, al -
low ing the tracemaker to grad u ally in cor po rate con sid er able
amounts of ma te rial into the bur row wall, form ing con cen tric
laminae com posed of finer grains around the shafts. Ac cord ing
to Liou et al. (2022), each lamina rep re sents one feed ing sea -
son of the pro ducer. This im plies that the lon ger the or gan ism
oc cu pies the sub strate in the same po si tion, the thicker the lin -
ing be comes, re sult ing in a more bul bous ter mi na tion of the
struc tures. The elon gated, ver ti cally stacked Rosselia spec i -
mens are in ter preted to be a re sult of the tracemaker’s up ward
move ment to ad just its life po si tion in re sponse to sed i men ta -
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Fig. 7. More trace fos sils from the Plio cene of the Río Alías sec tion, field pho to graphs

A – hor i zon tal sec tion of Piscichnus waitemata (Pw) with M. segregatis (Ms) in the fill ing, weath ered bed ding plane; B – weath ered bed ding
plane with sev eral spec i mens of B. monastiriensis (B) in as so ci a tion with Palaeophycus isp. (Pa), Planolites isp. (P), M. segregatis (Ms), and
ag gre ga tion of P. waitemata (Pw); C – Planolites isp.; D – the bulb-like part of Rosselia socialis (Rs) seen in oblique sec tion, show ing
light-col oured con cen tric lamellae ori ented obliquely to the foreset plane, pres ent in as so ci a tion with Bichordites monastiriensis (B),
Macaronichnus segregatis (Ms), and Ophiomorpha nodosa (O) con sti tut ing Bichordites ichnofabric II; E, F – clus ters of R. socialis ori ented
obliquely to ver ti cally to the bed ding plane of to tally bioturbated calcarenites. Note the ero sive trun ca tions of up per part of the spec i mens; G – 
Bichordites ichnofabric II, obliquely ori ented R. socialis par tially within Piscichnus waitemata (Pw) ob served on the weath ered sur face of
foresets in as so ci a tion with B. monastiriensis (B); H – Bichordites ichnofabric III, ver ti cally stacked spin dles of R. socialis in as so ci a tion with
?O. nodosa (?O) and M. segregatis (Ms) pen e trat ing a ho mog e nized back ground
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tion, which can be as so ci ated with depositional events, of ten
pre ceded by ero sion (e.g., Nara, 1997; Frieling, 2007). Their fi -
nal mor phol ogy is in flu enced by fac tors such as changes in
sed i men ta tion rate, du ra tion of sed i men ta tion pauses (sub -
strate sta bi li za tion), fre quency of depositional events, and
whether the event de po si tion was pre ceded by ero sion (e.g.,
Nara, 1995, 2002; Uchman and Krenmayr, 1995; Frieling,
2007).

Rosselia socialis is in ter preted as a feed ing and dwell ing
struc ture. The prob a ble tracemaker of Rosselia is a de tri -
tus-feed ing terebellid polychaete that in hab its a tube, col lects
ma te rial from the seafloor us ing ten ta cles, and af ter di ges tion,
de pos its fe cal ma te rial around the tube, lead ing to the for ma tion 
of the ob served con cen tric lin ing (see Nara, 1995 and ci ta tions
therein). Bur rows re sem bling R. socialis are also con structed
by poly chaetes be long ing to the fam i lies Spionidae and
Cyrratulidae (Gingras et al., 1999, 2008; Zorn et al., 2007;
Olivero et al., 2012; Duperron and Scasso, 2020). Other in -
ferred pro duc ers of R. socialis are thalassinidean shrimps
(Rindsberg and Gastaldo, 1990), annelids, and sea anem o nes
(Suganuma et al., 1994).

Scolicia isp. 
(Fig. 8)

D e s c r i p t i o n. – A long, hor i zon tal, straight to me an -
der ing bur row, typ i cally bilobed, with a meniscate back fill
(Fig. 8A, B). The struc ture has an ob long out line and is
52–70 mm (mean = 59 mm) wide, with ob served lengths of up
to 72.7 cm (mean = 36.9 cm). It is com monly pre served as
endichnion, ex posed by weath er ing (false epichnion), whose
most no ta ble char ac ter is tic fea ture is a pair of par al lel, cy lin dri -
cal, ridges run ning along the ven tral part of the bur row; the
ridges are sep a rated by an al most flat to con cave-up sur face
(Fig. 8B). This trace fos sil is ran domly dis trib uted, with lo cal
high-den sity patches.

R e  m a r k s. – Scolicia has been in ter preted as a lo co mo -
tion and feed ing trace pro duced by spatangoids (Bernardi et al., 
2010), sim i lar to Bichordites but hav ing two ven tral ridges. Nara
et al. (2020) re ported a new ichnospecies, Scolicia shira -
hamensis, which in ad di tion to the two ven tral ridges re ferred to

as drain age tubes, also pos sesses a third cen tral core, po ten -
tially of fe cal or i gin. Moira lachesinella Mortensen, 1930
(Spatangoida, Schizasteridae) is known to pro duce traces sim i -
lar to S. shirahamensis (Nara et al., 2020).

Con i cal struc tures 
(Fig. 5F)

D e s c r i p t i o n. – These are ver ti cally ori ented, large,
and vary in shape from re verse cone-shaped to sack-shaped
with a rounded api cal ter mi nus (Fig. 5F). They range in length
from 316 mm to 1139 mm (mean = 583 mm) and in width from
113 mm to 785 mm (mean = 422 mm). Typ i cally, the in ter nal fill
is structureless, com posed pre dom i nantly of coarse-grained
sed i ment de rived from the over ly ing stra tum. At the bot tom of
these struc tures, shell de bris, pri mar ily oys ters, is com monly
found, and in some in stances, this is mixed with bioeroded car -
bon ate clasts. Across the bur row mar gins of some spec i mens,
down ward de flec tions of the sur round ing laminae are ob served.

R e  m a r k s. – The size of the struc tures partly cor re -
sponds to Scalichnus, but the in ter nal struc ture is dif fer ent
(Zonneveld and Gingras, 2013).

ICHNOASSEMBLAGE, THE BICHORDITES ICHNOFABRIC
 ASSOCIATION

Within the de pos its stud ied, 12 ichnotaxa were re corded,
with a strik ing dom i nance of Bichordites monastiriensis. This
ichnotaxon co-oc curs with Macaronichnus segregatis and
Piscichnus waitemata and less fre quently with Scolicia isp. and
Cardioichnus isp. Other ac com pa ny ing traces are rarer and
scat tered across the suc ces sion. These in clude: (1) Ophio -
morpha nodosa, (2) Rosselia socialis, (3) Asterosoma isp., (4)
Cylindrichnus isp., (5) Conichnus isp., (6) Planolites isp., (7)
Palaeophycus isp., (8) Patagonichnus isp., and (9) bi valve bur -
rows and (10) con i cal struc tures. Patagonichnus isp. and bi -
valve bur rows were re corded only once.

The con tin u ous ex po sure al lowed the eval u a tion of the ver -
ti cal and lat eral vari abil ity in bioturbation in ten sity, rang ing from
no per cep ti ble bioturbation (Bioturbation In dex, BI = 0) to nearly
com plete or com plete bioturbation (BI = 4–5). Bioturbation in -
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Fig. 8. Echinoid trace fos sils from the Plio cene of the Río Alías sec tion, field pho to graphs

A – weath ered bed ding plane with sev eral spec i mens of Scolicia isp. (Sc) and Bichordites monastiriensis (B); B – lon gi tu di nal view of the
ven tral side of Scolicia isp. show ing a pair of cy lin dri cal strings of sed i ment (1)
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ten sity and the dis tri bu tion of ichnotaxa vary sig nif i cantly lat er -
ally, on a scale of metres, lead ing to dis tinc tive patch i ness in
ichnofabrics (sensu McIlroy et al., 2007). Wher ever the beds
are bioturbated, Bichordites is pres ent and mostly vol u met ri -
cally dom i nant. By con trast, the dis tri bu tion of other ichnotaxa is 
in con sis tent, and their rel a tive abun dance var ies lat er ally within
the same bed.

The dis tri bu tion and oc cur rence of less com mon ichnotaxa,
par tic u larly those in ter preted as sus pen sion feed ers within a
com mu nity dom i nated by de posit feed ers, may in di cate vari a -
tions in hy dro dy namic con di tions (McIlroy, 2007). Based on
bioturbation in ten sity, the com po si tion of the trace fos sil as so ci -
a tion, the pro por tion of other ichnotaxa, tier ing, and the spa tial
re la tion ship of bioturbation struc tures to pri mary phys i cal sed i -
men tary struc tures, three types of Bichordites ichnofabrics re -
cur ring along the ex po sure are dis tin guished (Fig. 9).

Bichordites ichnofabric I 
(Figs. 9 and 10)

The ichnofabric is monospecific and formed by un evenly
dis trib uted shal low-tier Bichordites monastiriensis; this is ex -
pressed in the vari able bioturbation in ten sity rang ing from BI = 0 
to BI = 1. Pri mary sed i men tary struc tures are very well pre -
served and com prise me dium- and large-scale trough- and pla -
nar cross-bed ding, up to 4 m thick. Rare, bioturbated in ter vals
with Bichordites oc cur ir reg u larly along the base of the
cross-bed ded sets, in the toeset/bottomset re gions. Foresets
are rarely bioturbated with Bichordites; how ever, when biotur -
bation struc tures do oc cur, they are gen er ally found in foresets
that have been trun cated by re ac ti va tion sur faces. 
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Fig. 9. Sche matic il lus tra tion of the Bichordites ichnofabric I, Bichordites ichnofabric II, and Bichordites 
ichnofabric III, show ing the dis tri bu tion of trace fos sils in the cross-bed ded and mas sive, fully bioturbated 

calcarenites of the Cuevas For ma tion (not to scale)
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Fig. 10. Bichordites ichnofabric I viewed in ver ti cal cross-sec tion

A–E – cross-bed ding show ing uni di rec tional foresets with tan gen tial con tacts and spo radic dis tri bu tion of patches of in dis tinct Bichordites
monastiriensis (B). Ar rows show zones of its pres ence along toesets/bottomsets, along foresets and along the bed ding sur faces. Note that a
large por tion of cross-strat i fi ca tion is pre served. Black rect an gles in A in di cate the lo ca tions shown in more de tail in B and C. In E note the
patches con sist ing of Bichordites monastiriensis (B1) neigh bour ing ar eas de void of bur rows seen on weath ered bed ding plane



Bichordites ichnofabric II 
(Figs. 4E, F, 5B–F, 7D, G, 9, 11A–C, F and 12)

This is the prev a lent ichnofabric, oc cur ring in both tab u lar-
and trough-cross-strat i fied calcarenites, each rang ing in thick -
ness from 10 to 100 cm. Bichordites monastiriensis dom i nates
but bioturbation in ten sity is char ac ter is ti cally higher than
Bichordites ichnofabric I. The ver ti cal and lat eral dis tri bu tion of
trace fos sils and their re la tion to the pri mary sed i men tary struc -
tures are still vis i ble. A no ta ble fea ture is the con sid er able lat -
eral het er o ge ne ity of bioturbation in ten sity and spa tial zonation
of co-oc cur ring ichnotaxa, with dis tinct as so ci a tions for
foresets, toesets/bottomsets, and bound ing sur faces.

In the cross-sets, in ter vals of mod er ately to in tensely
bioturbated (BI = 3–6) and weakly to non-bioturbated (BI = 0–1)
foresets ir reg u larly al ter nate. Bur rows are dis tinctly crowded in
foresets be low the re ac ti va tion sur faces. In bioturbated
foresets, Bichordites dom i nates. These abun dant si nu soi dal
traces align sub-par al lel to foreset planes, form ing a ‘bed -
ding-par al lel’ fab ric. Com monly Macaronichnus segregatis and
rarely Piscichnus waitemata, Conichnus, and es cape struc -
tures con trib ute to this dense as so ci a tion in foresets.
M. segregatis ap pears as fine, pale strings, vari ably ori ented,
mostly subparallel but also oblique to ver ti cal to bed ding.
P. waitemata is typ i cally found as sin gle bur rows or ag gre gated
in clus ters of 3 to 5 in di vid u als, of ten nested. Within the fill ing of
P. waitemata, M. segregatis is com mon. Within the foreset, bur -
rows are ran domly dis trib uted, as is par tic u larly ev i dent on
weath ered foreset planes where bioturbated patches neigh bour 
ar eas de void of bur rows. Dis tinct bioturbated ho ri zons oc cur in
the toesets, of ten transitioning tan gen tially into thin bottomsets.
These toesets/bottomsets are mod er ately to highly bur rowed
(BI = 3–4) and con tain abun dant B. monastiriensis, com mon to
un com mon Macaronichnus segregatis, rare Planolites,
Palaeophycus, Scolicia isp., Rosselia socialis, Cylindrichnus
concentricus, and Asterosoma isp. Ver ti cally ori ented,
deeper-tier Rosselia socialis, and Asterosoma isp., if pres ent,
oc cur as in di vid u als or in clus ters of up to three, lo cally cross-
 cut ting B. monastiriensis.

 On the up per bound ing sur face, trace fos sils are patchily
dis trib uted. P. waitemata is com mon, and Ophiomorpha
nodosa, R. socialis, Asterosoma isp., and C. concentricus are
rare. These trace fos sils ex tend down ver ti cally, cross-cut ting
the foreset from the top. They are com monly trun cated by the
ero sive bases of suc ces sive cosets.

Bichordites ichnofabric III 
(Figs. 4E, 7H, 9, 11D–F and 12)

The ichnofabric is rare and of ten in ter ca lated with the
Bichordites ichnofabric II. It oc curs in small to me dium-scale
beds of calcarenites, mostly of len tic u lar ge om e try with lim ited
lat eral con ti nu ity of up to 15 m. A high de gree of bioturbation
(BI = 4–6) is char ac ter is tic of the ichnofabric, and pri mary sed i -
men tary struc tures are rare to ab sent. In do mains not en tirely
oblit er ated by bioturbation, slight ap pear ances of par al lel lam i -
na tion and/or cross-bed ding can be ob served.  Ichnodiversity is
low to mod er ate, rang ing from two to five ichnotaxa. Bichordites
monastiriensis is abun dant and ac com pa nied com monly and
un com monly by Macaronichnus segregatis and Piscichnus
waitemata, with rare Scolicia isp., Rosselia socialis, Cylindri -
chnus concentricus, Asterosoma isp., and Ophio mor pha nodo -

sa. The rare ichnotaxa are mostly pres ent as iso lated in di vid u -
als, rarely oc cur ring in groups of two or three. There are in ter -
vals where the fab ric is con sti tuted by poorly to well-pre served,
su per im posed (ver ti cally stacked), and mod er ately to densely
packed, hor i zon tal, par al lel run ning traces of B. monastiriensis,
along which rare white spots of M. segregatis oc cur. More fre -
quently, the ichnofabric dis plays com plex over print ing: stacked
shal low traces of B. monastiriensis and M. segregatis or ho -
mog e nized fab ric with ran domly dis trib uted light mot tles re sem -
bling out lines of spatangoid bur rows are cross cut by dis tinct,
well-pre served traces, com monly P. waitemata and rarely by
deep-tier, lined Asterosoma isp., C. concentricus, O. nodosa, or 
R. socialis (in clud ing ver ti cally stacked forms). These traces ex -
tend ver ti cally to obliquely down wards from the up per bound ing
sur face. P. waitemata oc curs as in di vid u als or in clus ters, sim i -
larly as in Bichordites ichnofabric II.

DISCUSSION

VARIABILITY IN DEGREE OF BIOTURBATION BETWEEN THE BEDS

The de vel op ment of ichnofabrics is gov erned by a com plex
in ter play of physico-chem i cal and bi o log i cal fac tors such as
ethol ogy (be hav iour) and com mu nity struc ture, grain size, sed i -
men ta tion rate, ox y gen a tion, sa lin ity, and or ganic mat ter con -
tent (Ekdale, 1985; Droser and Bottjer, 1993; Gibert and
Ekdale, 2002; Tay lor et al., 2003). The suc ces sion hous ing the
three types of Bichordites ichnofabrics was in ter preted as de -
pos its of mi grat ing sub aque ous dunes within an an cient ma rine
strait (Dabrio, 1986–1987; Sola et al., 2024). The ma jor fac tors
po ten tially af fect ing bioturbation in such dunes are con sid ered
be low.

At the study site, sa lin ity and ox y gen lev els were likely not
lim it ing fac tors for the ben thic fauna. The pres ence of
Bichordites monastiriensis, a trace fos sil pro duced by
stenohaline echinoids such as Echinocardium cordatum sug -
gests fully ma rine con di tions (e.g., Bromley and Asgaard,
1975). Fur ther more, spatangoid echinoids are a re li able in di ca -
tor of aer o bic con di tions on the sea floor (Ekdale, 1988;
Bromley et al., 1995), ex clud ing ox y gen de fi ciency as a lim it ing
fac tor.

Sed i ment move ment in mi grat ing bedforms fol lows a cy clic
pro cess of trans port and sed i ment sta bi li za tion, known as ‘pe ri -
odic’ sed i ment shift. The du ra tion of each phase in this cy cle
var ies based on bedform size and the pre vail ing hy dro dy namic
con di tions (Zlatanoviæ et al., 2017). Bur row ing or gan isms likely
face chal lenges in hab it ing un sta ble sub strates dur ing trans port
phases, with col o ni za tion win dows – de fined as pe ri ods avail -
able for ben thic col o ni za tion (Pol lard et al., 1993) – lim ited to
brief in ter vals of sta bil ity in be tween them.

Sed i men tary struc tures at the study site in di cate high, fluc -
tu at ing hy dro dy namic en ergy, im pact ing sed i ment mo bil ity, that 
likely served as the most sig nif i cant en vi ron men tal stressor. In
straits with strong, vari able cur rents, rapid de po si tion and ero -
sion shape the tim ing and ex tent of ben thic col o ni za tion. The
ver ti cal and lat eral vari abil ity in the scale and type of
cross-strat i fi ca tion sug gests de po si tion oc curred un der con di -
tions of fre quent changes in cur rent speed, with in ter mit tent pe -
ri ods of sta bil ity pro vid ing lim ited op por tu ni ties for col o ni za tion,
as mir rored in the ichnofabrics.

Bichordites ichnofabric I likely formed in an en vi ron ment
char ac ter ized by short-lived col o ni za tion win dows (e.g., Pem -
ber ton et al., 1992; Hofmann et al., 2012), with long in ter vals
be tween them. This is sug gested by the monospecific oc cur -
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rence of spatangoid bur rows and their scat tered dis tri bu tion in
small, iso lated do mains along well-pre served foresets and toe -
sets/ bot tomsets in large-scale trough cross-bed ded calca -
renites (Gibert and Goldring, 2008; Hofmann et al., 2012). The
pro longed pe ri ods of el e vated sed i men ta tion, likely driven by
con tin u ous 2D- and 3D-dune mi gra tion, cre ated highly stressed 
en vi ron ments, as sug gested by the low ichnodiversity and low
lev els of bioturbation (Ekdale, 1985; Gingras et al., 2011). Un -
der such con di tions, only or gan isms with spe cial ized be hav -
iours, such as rapid bur row ers, could suc cess fully col o nize
(Baucon et al., 2020). The brief col o ni za tion win dows pre vented 
the de vel op ment of a sta ble, com plex ben thic com mu nity, in -

stead fa vour ing op por tu nis tic spatangoid echinoids ca pa ble of
quickly bur row ing dur ing short-lived sta ble con di tions be tween
depositional events. Over all, the low bioturbation in ten sity re -
flects these harsh en vi ron men tal con di tions and lim ited
macrobenthic ac tiv ity.

Com pared to Bichordites ichnofabric I, the no ta bly higher
bioturbation in ten sity of Bichordites ichnofabric II re flects lon ger
pe ri ods of col o ni za tion and bioturbation. De spite a high de gree
of bioturbation, the pri mary sed i men tary fab ric is pre served due
to the bed ding-par al lel dis tri bu tion of B. monastiriensis. The
small to me dium-scale 2D tab u lar cross-strat i fied and 3D
trough cross-strat i fied calcarenites that house Bichordites
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Fig. 11. Bichordites ichnofabric II (A–C, F) and Bichordites ichnofabric III (D–F) viewed in ver ti cal cross sec tion

A, B – cross-bed ded calcarenites show ing lat eral het er o ge ne ity in bioturbation, where bioturbated foresets show a dom i nance of Bichordites
monastiriensis (B) aligned sub-parallely to foreset planes ac com pa nied by Macaronichnus segregatis (Ms). Note pres ence of ver ti cal and
subvertical ?Cylindrichnus (?C), Asterosoma isp. (?A) and Rosselia isp. (R) in the toeset and bottomset; C – weath ered bed ding plane view
with B. monastiriensis (B), M. segregatis (Ms), Rosselia socialis (Rs), Piscichnus waitemata (Pw), Palaeophycus (Pa) and Asterosoma isp.
(A); D, E – multi-tiered com pos ite Bichordites ichnofabric III con sti tuted by poorly pre served B. monastiriensis (B), M. segregatis (Ms),
Rosselia socialis (Rs) seen on an al most com pletely ho mog e nized back ground with ran domly dis trib uted light mot tles re sem bling out lines of
spatangoid bur rows (?B) cross-cut by P. waitemata (Pw), R. socialis (Rs). In D note ver ti cally stacked M. segregatis and R. socialis within the
P. waitemata.; F – Con tact be tween Bichordites ichnofabric II (BII) and Bichordites ichnofabric III (BIII). Note ver ti cal stack ing of shal low
traces of B. monastiriensis (B) with sub or di nate M. segregatis (Ms), P. waitemata (Pw) con sti tut ing Bichordites ichnofabric III. Dashed lines
delinate ero sional sur face sep a rat ing two beds
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ichnofabric II point to in ter me di ate en ergy con di tions (e.g.,
Allen, 1980), im ply ing lower net sed i men ta tion rates. The lat eral 
het er o ge ne ity in bioturbation struc tures re flects fluc tu a tions in
lo cal en vi ron men tal con di tions. The ir reg u larly al ter nat ing
bioturbated and non-bioturbated foresets re flect the ep i sodic
na ture of sed i men tary pro cesses driven by the pe ri odic mi gra -
tion of small and me dium 2D and 3D dunes. Pe ri ods of re duced
en ergy led to rel a tive sed i ment sta bil ity, en abling bioturbation
mainly in foresets and bottomsets. These col o ni za tion events
were re peat edly in ter rupted by in creases in en ergy and sed i -
men ta tion, which destabilized the en vi ron ment, re sult ing in less
bioturbated or non-bioturbated foresets. The bal ance be tween
sed i ment de po si tion and pe ri ods of sta bil ity al lowed for the de -
vel op ment of a more com plex bioturbating com mu nity in var i -
ous parts of the dune struc tures, re corded by a di ver sity of
traces. Rosselia and other trace fos sils pos sess ing a thick lin ing 
are in ter preted to point to rel a tively long-term oc cu pa tion when
com pared to in ci den tal traces of de posit feed ers such as
Bichordites and Macaronichnus (cf. Tay lor et al., 2003). Their
pres ence in toeset/bottomset zones and rarely on the up per
bound ing sur face in di cates the pres ence of sus pen sion feed ers 
in a com mu nity dom i nated by de posit feed ers, point ing to more
sta ble con di tions in at least some parts of the dune fields, fore -
most troughs. Gingras et al. (2008) showed that sus pen -
sion-feed ing an i mals bur row into the sed i ment at a slower rate
com pared to de posit feed ers, with vol u met ric bur row ing rates
rang ing from 0.01 and 0.15 cm per hour, whereas de posit-feed -
ing an i mals dis place 10 to 100 times more sed i ment than sus -
pen sion feed ers. The spa tial sep a ra tion be tween the trace fos -
sils could be re lated to some tracemakers’ pref er ence for spe -
cific sed i ment char ac ter is tics (Goldring et al., 2007). Due to the
avail abil ity of or ganic ma te rial and the sta bil ity of sed i ments
when com pared to the stoss slopes in pres ent-day dunes,
steep lee slopes (foresets) of dunes tend to be biodiversity
hotspots, pro vid ing hab i tat for a va ri ety of spe cies (Cheng et al., 
2021). The quickly col o niz ing de posit feed ers, in clud ing

Bichordites and Macaronichnus pro duc ers, prob a bly bene fited
from the or ganic-rich sed i ments (Miguez-Salas et al., 2021).
Or gan isms pro duc ing lined traces, such as Rosselia socialis,
Cylindrichnus concentricus, and Asterosoma, likely in hab ited
troughs where they uti lized finer sed i ments and or ganic mat ter
(that ac cu mu late in high quan tity due to re duced cur rent
speeds) to con struct bur row lin ings that pro vided bur row sta bil -
ity in the oth er wise un sta ble sub strate (Goldring et al., 2007).
The trun ca tion of the up per parts of these traces sug gests that
col o ni za tion was fol lowed by ero sion be fore their burial by the
mi grat ing dunes.

Bichordites ichnofabric III re cords the lon gest col o ni za tion
win dow among the three ichnofabrics. This is sug gested by the
pres ence of ver ti cal traces such as Piscichnus waitemata and
deeper-tier bur rows such as Rosselia socialis, Cylindrichnus
concentricus, Asterosoma isp., or Ophiomorpha nodosa. The
lat ter traces cross-cut the mot tled back ground with dif fer ently
pre served shal low-tier B. monastiriensis and Macaronichnus
segregatis, and in di cate mul ti ple (at least two) col o ni za tion
events. The shal low-tier traces of B. monastiriensis and M.
segregatis, and other bioturbation struc tures pre served as mot -
tling, were pos si bly emplaced just af ter de po si tion, with the
cross-cut ting ones emplaced later. Such a com pos ite
ichnofabric with over print ing points to a sta ble en vi ron ment with 
ex tended pe ri ods of low-en ergy con di tions, de creased sed i -
men ta tion rates, and bedform move ment fos ter ing lon ger col o -
ni za tion win dows and more in tense and deeper bioturbation.
This pat tern is con sis tent with find ings by Gingras et al. (2011),
who noted that high biotur bation in ten si ties are dif fi cult to
achieve un less sed i men ta tion rates are at least spo rad i cally
low. Also, equi lib rium forms of R. socialis in di cate long pe ri ods
of oc cu pa tion and per sis tent us age of the struc ture dur ing an i -
mal growth and sed i ment ac cu mu la tion on the sur face.

Pre vi ous work by Nara (2014), Colella and D’Alessandro
(1988), D’Alessandro and Massari (1997), D’Alessandro et al.
(2004), Gibert and Goldring (2007, 2008), and Aguirre et al.
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Fig. 12. Bichordites ichnofabrics II (B2) and III (B3) viewed in ver ti cal cross-sec tion and their spa tial re la tion

Sand-dune re lated stacked 2D and 3D cross-beds of dif fer ent scale. Note large scale cross-bed ding sit ting on the trough ero sional
sur face scoured in pre-ex ist ing sets of 2D and 3D calcarenites. P. waitemata (out lined with white lines) that is typ i cally found as sin gle

bur rows or in clus ters dis trib uted along bound ary sur faces and re ac ti va tion sur faces (black lines)
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(2010), among oth ers, doc u mented sim i lar ichnofabrics and
ichnofabric as so ci a tions from Neo gene and Qua ter nary sand
waves, par tic u larly those dom i nated by Bichordites or Scolicia.
These stud ies un der lined the im pact of fluc tu at ing hy dro dy -
namic en ergy on bioturbation pat terns, sug gest ing spatangoid
echinoid traces as in di ca tors of shift ing sub strates. Like the
study site, some of these pre vi ous stud ies ad dressed sea ways
or straits. Miguez-Salas et al. (2021) de scribed an ichno -
assemblage with pre dom i nant Macaronichnus and Scolicia re -
sem bling a prox i mal ex pres sion of the Cruziana ichnofacies;
they dis cussed how the en er getic con di tions in the deeper-wa -
ter late Mio cene Rifian Cor ri dor, as a gate way, could have
caused low ered ichnodiversity. Nara (2014) de scribed the
Bichordites ichnofabric as oc cur ring pri mar ily in the foresets of
sand waves, as in the sec tion stud ied. His study high lights how
vary ing cur rent strengths in flu enced the dis tri bu tion of bur rows
and in ten sity of bioturbation, sup port ing the idea that al ter nat ing 
pe ri ods and dif fer ent ar eas of high and low en ergy could fos ter
the de vel op ment of dis tinct ichnofabrics sim i lar to those ob -
served in the Río Alías strait.

STRESS ADAPTATION STRATEGIES AND TOLERANCE OF SHIFTING
SUBSTRATES INFERRED FROM OBSERVED TRACE FOSSILS

The dom i nant Bichordites monastiriensis and sub or di nate
Scolicia com po nents of the ichnoassemblage were likely pro -
duced by spatangoid sea ur chins, rapid bioturbators that move
around hor i zon tally and ver ti cally on and in seafloor sed i ments.
Bichordites dom i nates in the foresets. Its tracemakers were
able to keep pace with rapid sed i men ta tion. Saitoh and
Kanazawa (2012) stud ied the mor pho log i cal and be hav ioural
ad ap ta tions to shal low-wa ter en vi ron ments of six spatangoid
spe cies in a pro tected bay that is usu ally calm ex cept for
storms. There, rip ple marks around 5 cm high with 20–30 cm
wave length were seen on the seafloors shal lower than 10 m
and, in places, at 10–18 m depths dur ing win ter and early
spring. They de scribed some spatangoids as be ing able to bur -
row deeply in fine- or coarse-grained sand to sur vive storms,
whereas the spe cial ized spatangoid spe cies Lovenia elongata
could quickly re po si tion it self af ter dis tur bance de spite bur row -
ing shal lowly in the sed i ment. Bu chanan (1966) found that lit to -
ral pop u la tions of Echinocardium cordatum bur rowed to depths
of 15 cm and could move through the sand at a speed of
6–8 cm/h, whereas off shore pop u la tions bur rowed more shal -
lowly and moved more slowly through the sed i ment. Gibert and
Goldring (2008: ta ble 1) sum ma rized data on the bur row ing
speeds of var i ous mod ern spatangoids be long ing to dif fer ent
fam i lies; many spatangoids can bur row at least a few centi -
metres per hour or day, while bur row ing depth ranges from be -
ing only partly bur ied to 10–30 cm. Lohrer et al. (2005: fig. 5)
found that Echinocardium pop u la tions likely re worked the up per 
sed i ment col umn once ev ery 3–5 days, which ex ceeded the
fre quency of mix ing by phys i cal pro cesses like storms ca pa ble
of stir ring the up per 5 cm of sed i ment.

Other trace fos sils rep re sent more sed en tary an i mals that
re main in one place and ad just their po si tion ver ti cally in re -
sponse to sed i men ta tion, for in stance Conichnus and Rosselia. 
For ex am ple, Savrda (2002) and Abad et al. (2006) de scribed
spec i mens of Conichnus ex hib it ing mar ginal and in ter nal fab -
rics linked to ini tial pen e tra tion of sub strate, retrusive move -
ment, es cape be hav iour, bur row aban don ment, and pro tru sive
equi lib rium move ment. Savrda (2002), us ing ap par ent
neap-spring tidal cyclicity ex pressed in lithofacies to in ter pret
sed i men ta tion rates, es ti mated that aggradation of around 1
cm/day or less led to retrusive mi gra tion but rapid foreset de po -
si tion of >5 cm/day led to tracemaker es cape.

In the study sec tion, Rosselia socialis also shows equi lib -
rium-re lated fea tures. Across the Phanerozoic, Rosselia has
been found in shal low-ma rine hab i tats such as deltaic or
storm-in flu enced shoreface set tings (Nara, 2002; Nara and
Haga, 2007; Baniak et al., 2014; Netto et al., 2014;
MacEachern and Bann, 2020; Bayet-Goll et al., 2021, 2022;
Liou et al., 2022). Buatois et al. (2016) con sid ered Rosselia
ichnofabrics from the Or do vi cian to re flect infaunal polychaete
com mu ni ties ca pa ble of syn chro nous equi lib rium be hav iour,
oc cu py ing sandy, high-en ergy places.

Be sides Rosselia socialis, most of the other trace fos sils of
El Argamasón have a lin ing, like Ophiomorpha nodosa,
Cylindrichnus concentricus, Palaeophycus, and Asterosoma.
They may also re late to bur row strength en ing or sta bil ity un der
shift ing sub strate con di tions, as dis cussed in de tail by Zorn et
al. (2010) and Gingras et al. (2011), though the au thors also
men tion that lin ing pro duc tion can have other rea sons.

Planolites is a com mon, sim ple, un lined, hor i zon tal trace
found in var i ous set tings, mak ing it chal leng ing to in fer spe cific
ad ap ta tions of the tracemaker. How ever, some Planolites have
been de scribed as pi o neer traces, for ex am ple, in deltaic de -
pos its (Goldring, 1995).

ECOSYSTEM ENGINEERING AND BIOTIC INTERACTIONS 
INFERRED IN THE SHIFTING, SANDY HABITATS

Once sand-dwell ing or gan isms col o nize the sub strate, bi o -
log i cal in ter ac tions, in ad di tion to phys i cal con straints or fac tors, 
also play a cru cial role in shap ing the com mu nity by ei ther fa cil i -
tat ing or in hib it ing the ways of life of other or gan isms. Par tic u -
larly prom i nent is the bull doz ing be hav iour of sea ur chins that
can dis turb or fos ter other ma rine life. Bull doz ing ef fects pre vent 
col o ni za tion of other, less mo bile or gan isms and de stroy their
traces (e.g., Thayer, 1979; Wetzel, 1981; D’Alessandro and
Uchman, 2007). The lin ing of Rosselia socialis found in as so ci -
a tion with Bichordites was con sid ered to be po ten tial pro tec tion
against such kinds of dis tur bance (D’Alessandro and Uchman,
2007).

An other ex am ple of eco sys tem en gi neer ing would come
from the rays and other fish pro duc ing Piscichnus; these an i -
mals are in volved in ma jor biogeomorphological in ter ac tions
with sea-bot tom hab i tats, in flu enc ing both the phys i cal sub -
strate and the macrobenthos as they feed and rest (O’Shea et
al., 2011; Flow ers et al., 2021; Nauta et al., 2024). Piscichnus
has pre vi ously been found as so ci ated with sim i lar types of
ichnofossils seen at the study site (Nara, 2014; Dominici et al.,
2017; Uchman et al., 2018). Many spe cies of ray live on sandy
seafloors and feed on epi- and endo- ben thic an i mals such as
crus ta ceans, poly chaetes, molluscs, echinoderms, and fish
(Mi chael, 1993; Ellis et al., 1996; Col lins et al., 2007;
Sommerville et al., 2011; Last et al., 2016; Rastgoo et al.,
2018). At the study site, Piscichnus tracemakers very likely did
the same. Löwemark (2015) and Uchman et al. (2018) men -
tioned how spa tial and cross-cut ting re la tion ships be tween
Piscichnus and crus ta cean bur rows like Ophiomorpha sug gest
tar geted hunt ing by rays. Also at the study site, such in ter ac -
tions are re corded as Piscichnus cross-cuts both Rosselia and
Ophiomorpha. Al though Löwemark (2015) study sug gested
that rays fa voured thalassinoid crus ta ceans and worms while
echinoid body fos sils were found in tact with no vis i ble signs of
pre da tion, rays can some times feed on sea ur chins; Uchman et
al. (2018) noted cross-cut ting of Bichordites by Piscichnus. Al -
though we did not ob serve any Piscichnus cross-cut ting the
ends of Bichordites, the crowd ing of Bichordites in the sec tions
stud ied may have ob scured such in ter ac tions. Grun (2016) de -
scribed a pred a tory at tack on the spatangoid Meoma ventricosa
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by a sting ray, which made sev eral stops on a sand flat, pro duc -
ing ‘ray holes’ in the sed i ment to un cover prey, and doc u mented 
the crushed re mains of the sea ur chin’s test left be hind at the
feed ing site.

In the sec tion stud ied, Macaronichnus segregatis oc curs in
the foresets with Bichordites monastriensis. Olivero and López
Cabrera (2020) de scribed a dense as so ci a tion of Macaro -
nichnus oc cur ring with Bichordites at the base of a com pound
Mio cene tidal bar in Tierra del Fuego. These au thors, as well as
Kotake (2007), Seike et al. (2011), and Nara and Seike (2019),
de scribed how the pres ence and den sity of Macaronichnus are
lim ited by the de gree of sub strate com pac tion, rea son ing that
the travisiid poly chaetes, in ferred to have made M. s. degiberti,
strug gled to bur row in firmer sub strates. There fore, both ob ser -
va tions at the study site and the pre vi ous stud ies sug gest that
bull doz ing by sea ur chins like Echinocardium might fa cil i tate
col o ni za tion of the Macaroni chnus tracemaker. Pro duc tion of
pits by rays, wherein loose ma te rial ac cu mu lates, could have a
sim i lar ef fect. Pre vi ously, Kotake (2007) re ported small,
densely packed Macaronichnus in side the fill of Piscichnus,
con sid er ing that the Macaronichnus pro ducer used it as a new,
tem po rary hab i tat, which also en hanced pres er va tion of the
trace. In mod ern set tings, stud ies have ex am ined the im pact of
ray feed ing pits on ben thic com mu ni ties, which may in clude
neg a tive ef fects on some taxa that are eaten or dis turbed but
pos i tive ones on oth ers through hab i tat re struc tur ing and ma te -
rial ac cu mu lat ing in pits (Thrush et al., 1991; Cross and Curran,
2004; Heithaus et al., 2010; Flow ers et al., 2021; Barnes and
Cot trell, 2024; Nauta et al., 2024). For in stance, early-col o niz -
ing spe cies such as small am phi pods can uti lize the or ganic
mat ter in side pits (VanBlaricom, 1982; Heithaus et al., 2010).
Thrush et al. (1991) found rapid col o ni za tion in bi valve and
polychaete-dom i nated com mu ni ties af ter feed ing distubances
by rays, not ing that ray pits quickly filled with sed i ment sim i lar to
that of the sur round ing sandflat. These au thors sug gested that
the abil ity of com mu nity res i dents to ac tively move or tol er ate
pas sive trans port into nearby dis turbed ar eas sus tains the pop -
u la tion den sity and struc ture in those com mu ni ties.

In the ichnofossil re cord, both the Bichordites-Maca roni -
chnus and Piscichnus-Macaronichnus as so ci a tions may re flect
strong, ac tively mov ing bioturbators whose ac tions helped other 
sand-dwell ing an i mals to set tle in, dig new bur rows, and feed
more eas ily, even if they ini tially caused dis tur bance (or pre da -
tion) within the com mu nity.

VARIABILITY IN BIOTURBATION WITHIN THE FOSSIL DUNES;
COMPARISON TO MODERN ANALOGUES

In the foresets stud ied, the tops of Bichordites as well as
Macaronichnus and rarely Piscichnus are cut by ero sion that is
also re corded by the ero sional sur face di vid ing the sets of lam i -
na tion. How ever, the top bound ing sur faces mark the pres ence
of Piscichnus, Ophiomorpha, Rosselia, and other traces also
oc cur in bottomsets/toesets. The non-uni form, patchy dis tri bu -
tion of trace fos sils ob served in the ichnofabric stud ied matches
ob ser va tions of mod ern or gan isms pro duc ing sim i lar bur rows in 
pres ent-day sand waves. The data from the study site and mod -
ern an a logues sug gest lat eral and ver ti cal zonation of hab i tats
oc cu pied by infauna with dif fer ent feed ing modes lim ited by
phys i cal con di tions as well as dis tur bance by other or gan isms.

Dif fer ences in bioturbation have been found to be linked to
phys i cal hab i tats within sand waves driv ing sea scape com mu -
nity struc ture in mod ern set tings (Damveld et al., 2018; Cheng
et al., 2021). These can be com pared to ex am ples from the
geo log i cal past like the sec tion stud ied and oth ers (Colella and
D’Alessandro, 1988; D’Alessandro and Massari, 1997;

D’Alessandro et al., 2004; Gibert and Goldring, 2007, 2008;
Aguirre et al., 2010; Nara, 2014). Damveld et al. (2018) used
video transects to re veal a greater abun dance of epibenthos
and endobenthos in sand wave troughs, where there are less
abun dant and more ir reg u larly shaped rip ples; they con sider
the shel tered na ture of the troughs and the de po si tion of or -
ganic mat ter to be fa vour able to the benthos. Cheng et al.
(2021) col lected box cores within a transect line in the North
Sea and sim i larly found strong het er o ge ne ity within the hab i -
tats, with greater in di vid ual, bio mass, and taxon den si ties on
the steeper slopes of sand waves. The steep slope hosted 53
taxa and most of the com mu ni ties of the gen tle slope, crest, and 
troughs were sub sets of the steep slope com mu nity. Al though
the com mu ni ties along a sandwave were di verse, over 90% of
to tal bio mass came from echinoids (mainly Echinocardium
cordatum), of which 80% was con cen trated on the steep slope.
The steeper slopes con tain ing more crawl ers and surficial mod -
i fi ers matches ob ser va tions at the study sites that Bichordites
dom i nates the ichnoassemblage, par tic u larly in the foresets.
Cheng et al. (2021) con sid ered the steep slopes to be more
destabilized by motile bioturbators, and thus, to be more un der
bi otic con trol than the gen tle slopes, which were con trolled
mainly by phys i cal forces. Strong bioturbators such as
echinoids may ex clude other taxa, such as tube-dwell ing
worms, by mix ing sed i ments. How ever, as eco sys tem en gi -
neers, they also have com plex ef fects on biogeochemistry and
phys i cal hab i tats (Lohrer et al., 2004, 2005), po ten tially boost -
ing biodiversity by ben e fit ing other or gan isms. In the case stud -
ied, this is re flected in the ichnofossil re cord, where the
Macaronichnus tracemaker ap pears to fa vour sed i ments loos -
ened by the Bichordites tracemaker.

In con trast to the bull doz ing by echinoids in ferred in the
Bichordites-dom i nated foresets of the study site, there may
have been hab i tat par ti tion ing so that ar eas that were pre vi -
ously qui eter troughs could be dom i nated by an i mals that pick
up food that ac cu mu lates there. Among such an i mals were the
pro duc ers of Rosselia and oth ers, which were in ferred to have
lined bur rows that could also be phys i cally sta bi lized against
dis tur bance. Over all, these com par i sons sug gest that eco sys -
tems in dy namic sandy sea beds sim i lar to those in the pres ent
day would have ex isted by the Plio cene, if not ear lier in the Neo -
gene.

HETEROGENEITY IN ICHNOASSEMBLAGES

A ma jor find ing of this study is the no ta ble vari a tion in
ichnofossil di ver sity and abun dance over just a few metres as
well as across en tire dune com plexes, span ning tens to hun -
dreds of metres. In fact, ichnoassemblages can vary sig nif i -
cantly de pend ing on the scale of ob ser va tion. Most stud ies, due 
to prac ti cal lim i ta tions, fo cus on smaller, ac ces si ble ar eas,
which may not fully rep re sent larger sur faces or out crops
(Marenco and Hagadorn, 2019; Shillito and Gougeon, 2023).
While spa tial het er o ge ne ity has long been rec og nized in mod -
ern land scape ecol ogy, its role in ichnology has only re cently
gained at ten tion by at trib ut ing it to a com bi na tion of bi otic and
phys i cal pro cesses, such as eco sys tem en gi neer ing (Buatois
and Mángano, 2011) and hab i tat par ti tion ing, in clud ing
microhabitat use. For ex am ple, Dashtgard (2011) con ducted a
neoichnological study on in ver te brate bur rows in the tidal flats
of Bound ary Bay, Brit ish Co lum bia, and found con sid er able
vari a tion in trace di ver sity and bur row den sity across the area.
Some of this vari a tion was linked to physicochemical fac tors,
whereas other pat terns arose from bed-scale tier ing re lated to
the in her ent het er o ge ne ity of infaunal com mu ni ties rather than
to changes in en vi ron men tal con di tions. Mod ern stud ies of ben -
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thic com mu ni ties, such as those by Dashtgard (2011), Damveld 
et al. (2018), and Cheng et al. (2021), along with this study’s
find ings in Plio cene dunes, sug gest that fu ture re search ex plor -
ing ichnoassemblage vari a tion across mul ti ple spa tial scales
could help dif fer en ti ate microhabitat-driven bioturbation pat -
terns from broader en vi ron men tal con trols in depositional set -
tings such as sea ways, straits, and tidal flats.

CONCLUSIONS

The Plio cene sec tion stud ied in the Almería-Níjar Ba sin,
south ern Spain, of fers a rare op por tu nity to study large-scale
sub aque ous dune de pos its and their ichnoassemblages. Three 
dis tinct types of Bichordites-dom i nated ichnofabrics were dis -
tin guished, each vary ing in bioturbation in ten sity and ichno -
diversity. These vari a tions are in ferred to re flect dif fer ences in
hy drau lic en ergy lev els and the du ra tion of col o ni za tion win -
dows. Bichordites ichnofabric I is char ac ter ized by low
bioturbation in ten sity and is al most ex clu sively dom i nated by
Bichordites, sug gest ing a high-en ergy en vi ron ment with a lim -
ited col o ni za tion win dow. Bichordites ichnofabric II is sim i larly
dom i nated by Bichordites, but ex hib its greater bioturbation in -
ten sity and a slight in crease in ichnodiversity, in di cat ing a lon -
ger col o ni za tion win dow and less ex treme hy drau lic con di tions.
Bichordites ichnofabric III is dis tin guished by ubiq ui tous bio -
turbation struc tures and low to mod er ate ichnodiversity, with
Bichordites ac com pa nied by other trace fos sils, sug gest ing the
lon gest col o ni za tion win dow. These ichnofabrics pro vide new

in sights into how ben thic or gan isms in ter acted with dy namic,
mi grat ing sand waves and the en vi ron men tal fac tors that in flu -
enced bioturbation in ten sity and ichnodiversity.

Ev i dently, lat er ally con tin u ous ex po sures are es sen tial for
un der stand ing spa tial het er o ge ne ity in ichnofossil dis tri bu tions,
as smaller-scale ob ser va tions may over look sig nif i cant vari a -
tions. The use of drones for map ping ex ten sive ex po sures also
proved to be valu able for ac cess ing and an a lyz ing com plex
sed i men tary struc tures, sug gest ing fu ture re search can ben e fit
from such tech nol o gies.

Com par i sons be tween these Plio cene Bichordites-dom i -
nated ichnoassemblages and mod ern sand-wave set tings high -
light sim i lar i ties in lo cal hab i tat par ti tion ing across crests,
slopes, and troughs, which are dom i nated by bull doz ing sea ur -
chins act ing as eco sys tem en gi neers. This type of microhabitat
par ti tion ing, in flu enced by both phys i cal vari a tion and in ter ac -
tions be tween or gan isms (e.g., dis tur bance or fa cil i ta tion), may
of ten be over looked when fo cus ing solely on broader-scale
phys i cal en vi ron men tal con trols on vari a tion in ichnoassem -
blages. Also, the dom i nance of bioturbators, such as sea ur -
chins, in both set tings em pha sizes the role of phys i cal and bi o -
log i cal pro cesses in shap ing ben thic com mu ni ties, past and
pres ent. Fur ther more, in te gra tion of both microhabitat and
large-scale en vi ron men tal per spec tives is needed for ana lys ing 
ichnoassemblage vari a tion.

Ac knowl edge ments. We sin cerely thank Andreas Wetzel
(Basel) and an anon y mous re viewer for their valu able feed back
and con struc tive sug ges tions, which sig nif i cantly en hanced the
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