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Macaronichnus is a key trace fossil in palaeoceanographic, palaeoclimatic, and petroleum exploration
research. Small ichnosubspecies such as Macaronichnus segregatis segregatis, M. s. lineiformins, M. s. mae-
andriformis andM. s. spiriformis, typically occur in wave-dominated foreshore sands where largeM. s. deg-
ibertiwas never found. The latter shows a wide environmental distribution, occurring in sandy deposits of
tidal channels, tidal bar sand sandridges, tidal-flat sand sheets, shorefaces, bioturbated sandy shelf, shelf
storm-sheets, shelf sand ridges, and upper slopes. Small M. segregatis and large M. s. degiberti have not
been observed to date due the ecological segregation of the tracemakers. An abundant record of large
M. s. degiberti in a Tortonian (Late Miocene) mixed carbonate-siliciclastic unit from the Betic Cordillera
(southern Spain) has been studied. Occurrence of M. s. degiberti is the result of the interaction of tidal
and waves, storm influenced environment determining high-energy conditions and associated palaeoen-
vironmental parameters as shifting substrates, organic matter availability, and oxygenated pore and
bottom-waters. Locally, associated to M. s. degiberti appear small, sinuous traces infilled by light material
that were originally assigned toM. s. maeandriformis, and very rareM. s. spiriformis. However, the absence
of the typical rim of Macaronichnus avoid a conclusive assignment. The coexistence of both small traces
(?M. s. maeandriformis) and large M. s. degiberti is identified in the deposits underlying mudstone layers,
revealing the importance of mud deposition during tidal slack water intervals or linked to fluid mud
events favouring the co-occurrence of the trace makers of bothMacaronichnus ichnosubespecies. This fact
would have significant palaeobiological and palaeoecological implications, and could be the first record of
both ichnosubspecies in the same intervals.
� 2023 The Author(s). Published by Elsevier Masson SAS. This is anopen access article under theCCBY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A number of recent studies have described the use of ichnology
(trace fossils analysis) as an effective tool in sedimentary basin
research, and to evaluate the effect of bioturbation on rocks’
flow-media properties. Several ichnotaxa such as Macaronichnus
can indicate highly specific palaeoenvironmental conditions
(Rodríguez-Tovar and Aguirre, 2014; Uchman et al., 2016; Quiroz
et al., 2019; Miguez-Salas et al., 2020, 2021) and petroleum poten-
tial (Gingras et al., 2002; Dafoe et al., 2008a,b; Gordon et al., 2010;
Dorador et al., 2021).

Macaronichnus segregatis (Clifton and Thompson, 1978) is the
type ichnospecies of Macaronichnus. It consists of an intrastratal,
preferentially horizontal trace with a non-branching cylindrical
structure spanning 3–5 mm in diameter. It occurs typically in
sand-rich, shallow-marine (up to foreshore), high-energy settings
at middle to high latitudes. This trace is produced during feeding
processes (pascichnial behaviour; Clifton and Thompson, 1978;
Pemberton et al., 2001; Gingras et al., 2002; Nara and Seike,
2004; Seike, 2009). Small ichnosubspecies such as M. s. segregatis
Clifton and Thompson, 1978, M. s. lineiformins Bromley and Uch-
man in Bromley et al., 2009,M. s. maeandriformis Bromley and Uch-
man in Bromley et al., 2009, and M. s. spiriformis Bromley and
Uchman in Bromley et al., 2009, typically occur in wave-
dominated foreshore sands (Seike et al., 2011; Nara and Seike,
2019).

The ichnosubspecies M. s. degiberti Rodríguez-Tovar and
Aguirre, 2014, was proposed for large Macaronichnus (4–12 mm
in diameter) with occasional true branching with simultaneous
sort (Bromley, 1990) and locally showing obliquely to vertically
oriented galleries relative to bedding planes (Rodríguez-Tovar
and Aguirre, 2014). Specimens of M. s. degiberti occur in deeper,
more variable environments from the middle to outer shelf
and deep-sea environments including areas affected by
role of
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bottom-currents (Rodríguez-Tovar and Aguirre, 2014; Knaust,
2017; Pérez-Asensio et al., 2017; Nara and Seike, 2019; Miguez-
Salas et al., 2020, 2021). M. s. degiberti is interpreted as revealing
an exploratory behaviour (sequorichnia), aiming for copulation
(Nara and Seike, 2019). Thus, M. s. degiberti has a wide environ-
mental distribution, occurring in sandy deposits of tidal channels,
tidal bar sand sandridges, tidal-flat sand sheets, shorefaces, biotur-
bated sandy shelf, shelf storm-sheets, shelf sand ridges, and upper
slopes (Masuda and Yokokawa, 1988; Nara, 1998, 2014; Tamura
and Masuda, 2005; Kotake, 2007; Nara et al., 2007, 2017; Seike
et al., 2011; Olariu et al., 2012; Pearson et al., 2013; Rodríguez-
Tovar and Aguirre, 2014; Pérez-Asensio et al., 2017). As indicated
by Nara and Seike (2019), M. s. degiberti has not been found in
wave-dominated foreshore sands where small ichnosubspecies
(i.e., M. s. segregatis, M. s. lineiformins, M. s. maeandriformis, and
M. s. spiriformis) typically occur. The absence of co-occurring Mac-
aronichnus segregatis (M. s.) and M. s. degiberti suggests that this
could be due to ecological segregation: is it the case?

Here the occurrence of large M. s. degiberti in a mixed
carbonate-siliciclastic unit embedded into a Tortonian (Late Mio-
cene) planktonic-rich marl-dominated succession in the Betic Cor-
dillera (southern Spain) is presented. Moreover, the presence of
small burrows previously assigned to M. s. maeandriformis could
be the first coetaneous record of both small and large Macaronich-
nus, with significant palaeobiological and palaeoecological
implications.
2. Facies associations and Macaronichnus distribution

The studied outcrop is located in the central sector of the Betic
Cordillera (southern Spain; Fig. 1(A–C)). Selected section belongs to
an Upper Miocene unit into the marine infilling of a Neogene-
Quaternary Basin in the central part of the Cordillera. This unit con-
sists of a 200 m thick, plankton-rich marls succession alternating
with 5–10 m thick, bioclastic sandstone units deposited during
the late Tortonian (Soria et al., 2003; Fig. 1(D)). It has been inter-
preted as representing the transition between shelf to pelagic basin
environments (Giannetti et al., 2018). Macaronichnus appears in
one of the mixed units; a 7 m thick, sharp-based, tabular-shape
fining-upward mixed siliciclastic-carbonate unit (Fig. 2(A, B)).

From bottom to top, four facies associations (FA) have been
identified in the unit containing M. s. degiberti (Fig. 2(C, D))

� FA-1: mixed bioclastic-siliciclastic coarse-grained sandstone
dominated by Ophiomorpha;

� FA-2: highly-burrowed massive medium-grained mixed sand-
stones deposits dominated by M. s. degiberti;

� FA-3: planar cross-stratified well-segregated mixed bioclastic-
siliciclastic sandstones deposits with small traces (?M. s. maean-
driformis) and M. s. degiberti;

� FA-4: highly-burrowed fine-grained sandstone with mudstone
layers alternating dominance of M. s. degiberti and ?M. s.
maeandriformis.

FA-1. Mixed bioclastic-siliciclastic coarse-grained sandstone
dominated by Ophiomorpha. This facies association occurs at the
lowermost part of the studied unit. It is represented by massive,
poorly-sorted coarse-grained sandstones to granules with scat-
tered pebble clasts (Fig. 3(A)). Scattered organic terrestrial particles
are also common (Fig. 3(B)). Disarticulated and broken bivalves
and brachiopod shells (see brachiopod classification in Giannetti
et al., 2018) appear into coarse (1–2 mm in diameter) and
medium-grained (0.2–0.3 mm in diameter) sand matrix (Fig. 3
(B)). Other bioclastic remains such as bryozoans, red algae and
echinoids are also present. Planktonic and benthic foraminifera
2

are common. Quartz is the main siliciclastic component and com-
mon peloids of detrital glauconite are found within the sandy
matrix. Irregular, mud-pebble rip-up clasts appear aligned in some
stratigraphic horizons (Fig. 3(C, D)). The ichno-assemblage differ-
entiated in these deposits is dominated by Ophiomorpha and
includes rare M. s. degiberti and Bichordites monastiriensis (Fig. 3
(D)).

FA-2. Highly-burrowed massive medium-grained mixed sand-
stones deposits dominated by M. s. degiberti. It is mainly repre-
sented by massive, ungraded, moderately-sorted medium
sandstones. Diffuse micro-hummocky cross-stratification (HCS)
rarely appears at the top of unsegregated siliciclastic-bioclastic
fine- to medium-grained mixed beds (Fig. 3(E)). The ichno-
assemblage is dominated by M. s. degiberti which is concentrated
in some horizons or dispersed into the sandstone beds (Fig. 3(F,
G)). They present large forms, 5–15 mm in diameter and segments
up to 25 cm long, densely packed, endichnial, cylindrical, straight
to slightly sinuous, filled with the same brownish material that
the host sediment and showing a darker (greenish) rim. Cross-
cutting relationships are frequent. Real branching and regularly
spaced mantle lobes (Miguez-Salas et al., 2020) are occasionally
observed.

FA-3. Planar cross-stratified, well-segregated mixed sandstones
deposits with ?M. s. maeandriformis and M. s. degiberti. Tractive
sedimentary structures as planar cross-lamination and planar-
lamination with siliciclastic (dark laminae) and bioclastic (light
laminae) segregation are identified at the middle to upper part of
the unit in transition to facies association FA-4. Small traces (?M.
s. maeandriformis; see below) and M. s. degiberti occurs in theses
cross-laminated mixed sandstones (Fig. 3(H)).

FA-4. Highly-burrowed fine-grained sandstone with mudstone
layers in which there is an alternating dominance of M. s. degiberti
and ?M. s. maeandriformis. The small traces (?M. s. maeandriformis)
and largeM. s. degiberti only occur together in the upper part of the
mixed bioclastic-siliciclastic unit, consisting of 20 cm thick hori-
zontal rhythmic alternations of mixed bioclastic-siliciclastic, fine-
grained, burrowed, brownish sandstone beds and single or grouped
light grey, thin mudstone layers (up to 1 cm thick; Fig. 4(A)).
Thicker mudstone intervals appear in groups of two or three
paired-mudstone layers (Fig. 4). Thin, massive sandstone laminae
of up to 1 cm thick can appear within the paired-mudstone layers
(Fig. 4(E)). Mudstone intervals are commonly homogeneous and
structureless (Fig. 4(E)). The lateral continuity of mudstone layers
is cut by soft-sediment deformations (i.e., water-escape structures;
Fig. 4(F)). Load structures at the sandstone-mudstone boundary
can be observed. Traction-driven sedimentary structures (i.e.,
laminated-deposits) are absent.

As indicated above, sandstone beds are intensively burrowed by
small traces and large M. s. degiberti. However, the assignment of
the small traces to M. s. maeandriformis, and very rare M. s. spiri-
formis, as originaly proposed by Giannetti et al. (2018), can be
dubious. This refers to unbranched forms, with a prevailing hori-
zontal to slightly oblique development, consisting of very thin
tubes, ca. 2 mm in diameter, up to 5–7 cm long, and showing a pale
filling with whitish colour, contrasting with the brownish colour of
the detritus-rich calcarenites (Giannetti et al., 2018). In thin sec-
tions, the filling is clearly more felsic-rich than the surrounding
sediment. Our study agrees with the original description, but the
typical rim in Macaronichnus consisting of high density material
(dark coloured mafic sand grains) surrounding the low density
material (light-coloured felsic sand) of the burrow core, is not
observed. Thus, a conservative position using ?M. s. maeandriformis
is preferable. According to our observations, small forms mainly
show a dense distribution in the uppermost 5 cm of sandstones
underlying mudstone layers (Fig. 4(B, C)).?M. s. maeandriformis
are also abundant in sandstone beds overlying mudstone layers,



Fig. 1. Stratigraphic setting. A. Location map of the study area within the Betic Cordillera at the south of the Iberian Peninsula. B. Interpreted satellite image of the study area
close to Dehesas de Guadix village (modified from Soria et al., 2003). C. Interpreted panoramic view of the Dehesas de Guadix outcrop. The lower mixed unit showed at the
lower right corner of the picture is the Macaronichnus burrowed unit focus of this study. D. Synthetic stratigraphic log (see log path in C).
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but are less common and dispersed. Small forms crosscutting large
M. s. degiberti have been recognized (Fig. 4(D)).

3. Discussion

3.1. Sedimentary processes and environment of Macaronichnus
segregatis degiberti

The basal clast lag and lowermost poorly-sorted deposits (FA-1)
consist of grains reworked by high-energy currents from different
more proximal sources such as continental areas (organic terres-
trial particles), beach (rounded pebbles), coastal to shallow-water
bioclastic-carbonate factory (bioclasts) and underlying marls (de-
trital glauconite peloids). The abundance of coal grains suggests
deposition fairly close to a terrigenous source, indicative of direct
river inputs (Mulder and Alexander, 2001). Abundant detrital glau-
conite peloids are probably reworked from underlying marls by
storms (Amorossi, 1995). Fragments and broken shell accumula-
tions of a foramol to bryomol bioclastic association with red algae
presumably represent storm beds formed by wave-reworking
components of carbonate factory loci in the photic to oligophotic
zone (Pomar et al., 2012). Particles from different proximal sources
indicate wave reworking from the shoreline to shallow-marine set-
tings. The aligned shale clasts mark repeated erosion and deposi-
tion linked to unstable flow. There is no evidence for channel
(i.e., incised surfaces, channel-fill sequences); non-channelized,
turbulent high-energy currents (i.e., storm-surge currents) are
likely at the origin of the aligned rip-up clasts. Non-segregated sili-
ciclastic and bioclastic fractions point to a subenvironment domi-
nated by storm wave activity and lack influence of tide currents
(Chiarella et al., 2012). The absence of wave rippled beds indicates
water depths below fair-weather wave base. Storm-wave driven
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currents are indicated by combined flow structures (FA-2) as HCS
(Dott and Bourgois, 1982; Duke, 1985; Duke et al., 1991; Cheel
and Leckie, 1992; Dumas et al., 2005). The sharp base with signif-
icant lithological break (coarser-grained, accumulation of storm-
wave-reworked particles from coastal settings and from underly-
ing marls (i.e., detrital peloidal glaucony) have been proposed as
criteria for identifying forced-regressive shorefaces (Plint, 1988;
Ainsworth et al., 2000; Fitzsimmons and Johnson, 2000;
Posamentier and Morris, 2000). Sharp base would represent a
regressive surface of marine erosion (RSME). During the regressive
stage, a storm-wave dominated shoreface to upper offshore transi-
tion (with no tidal influence) was developed (Fig. 5(A)). At the mid-
dle part of the unit, segregated siliciclastic and bioclastic fractions
in cross-bedded mixed sandstones (FA-3) point to a subenviron-
ment influenced by tide currents (Chiarella and Longhitano,
2012). It is interpreted as a shallow-water setting with wave and
tidal influences (Fig. 5(B)). The upper part of the unit is represented
by siliciclastic and bioclastic components (FA-4) that are finer than
lower deposits (FA-3); the lack of traction-driven (i.e., wave- or
tidal-driven currents) sedimentary structures reveal a more distal
setting than previous described facies associations.

The vertical change represented in the complete unit is inter-
preted as a consequence of a progradational to retrogradational
evolution (a transgressive to regressive cycle) of a storm wave-
dominated (regressive stage), tidal-influenced mixed (transgres-
sive stage) coastal to offshore transition system. M. s. degiberti
appears together with ?M. s. maeandriformis only during the trans-
gressive phase of the cycle, when tidal influence (represented by
different signals, i.e., density segregation of siliciclastic and carbon-
ated grains) occurs between storm events. Thus, the origin of mud-
stones layers is key to understand the environmental conditions
favouring the Macaronichnus co-occurrence.



Fig. 2. Stratigraphic log and facies associations of the study section. A, B. Panoramic view of the outcrop (log path is marked) and line drawing showing the brownish mixed
siliciclastic-carbonate unit embedded into grey marls (a person to scale). C. Detail of the lower part of the mixed bioclastic-siliciclastic unit. Bedding is represented by
alternating of friable and diagenetic calcite concreted in sandstone beds. Vertical distribution of facies associations is marked (FA-1–3; see text for description) (person to
scale). D. Stratigraphic log of the Macaronichnus burrowed mixed unit. FA-1–4: Facies associations (see text for description).
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3.2. Palaeoecological conditions and the Macaronichnus
‘co-occurrence’

In the last years two main controlling factors have been invoked
to affect the distribution of Macaronichnus trace makers: high-
energy conditions, and food availability. Quiroz et al. (2010,
Fig. 3. Main sedimentary and ichnological features in outcrop of the facies association F
sharp-based (dashed line) mixed deposits represented by a basal lag of rounded pebble
Ophiomorpha (Oph) overlying planktonic-rich marls. B. Poorly-sorted, massive matrix-sup
bivalves; br: brachiopods) and organic terrestrial particles (otp) occurring at the lower
Msd: Macaronichnus segregatis degiberti) medium-grained mixed deposits alternating with
the top of a non-burrowed, unsegregated, fine-grained mixed bed. It appears at the tra
horizontally-orientedMacaronichnus segregatis degiberti bearing basal horizons (F) or into
the photograph, over the scale bar) with siliciclastic (dark laminae) and bioclastic (ligh
maendriformis (?Msm: white smallest trace fossils) and Macaronichnus segregatis degiberti
unsegregated deposits at the top are dominated by Msd. Scale bars: 3 cm (A, B, D, E, H)
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2019) invoked upwelling and primary productivity as major con-
trols for the occurrence of Macaronichnus. Traditionally, this occur-
rence was exclusively related to the environmental physical
conditions. Release of nutrients from bottom sediments and their
diffusion into the water column is an important mechanism of
nutrient loading reported in fluid muds (Mehta, 1991). The record
A-1 (A–D), facies association FA-2 (E–G) and facies association FA-3 (H). A. Erosive,
clasts overlain by coarse-grained siliciclasts and bioclasts (bv: broken bibalve) with
ported granules to coarse siliciclastic sands with broken bioclastic assemblage (bv:
part of the mixed unit. C, D. Massive, unsegregated, burrowed (Oph: Ophiomorpha;
light-coloured rip-up clasts layers. E.Microhummocky cross-stratification (HCS) at

nsition of facies associations FA-1–2 in the middle part of the unit. F, G. Abundant
sandstone beds (G). H. Planar cross-laminated mixed deposits (at the middle part of
t laminae) segregation showing transversal sections of ?Macaronichnus segregatis
(Msd). Cross-laminae are dipping toward the southwest (to the left). Non-stratified,
, 25 cm (F), 10 cm (G).

"
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Fig. 4. Main sedimentary and ichnological features in outcrop of the facies association FA-4. A. Horizontal rhythmites with thick mixed-sandstone (brownish beds) and thin
light grey mudstone layers alternation. The alternating of sandstone-dominated (with a single <1 cm-thick mudstone layer) and a thick grouped mudstone-layers dominated
middle part of the succession presumably represents a spring-neap-spring tidal succession. Look at the discontinuous character of the mudstone layers at the left side of the
photograph. B. ?Macaronichnus segregatis meandriformis (?Msm) and Macaronichnus segregatis degiberti (Msd) in horizontal tidal rhythmites with 10 cm-thick sandstone beds
and above 1 cm-thick light grey mudstone layers alternations. C. Detail of B showing a qualitative vertical distribution of ?Msm and Msd ratio. Lower mudstone layer is a
double-paired interval separated by thin sandstone laminae interpreted as a subordinate-tide deposit. Look at the discontinuous character of the upper mudstone layer (br:
brachiopod). D. Detail of C showing a 1 cm-thick group of mudstone layers consisting of couple of paired mudstones intervals (black arrows) separated by thin a sandstone
laminae (sl) interpreted as a subordinate-tide deposit. Abundant ?Msm close to mudstone layers group, three traces (arrows) coming down from the lower mud interval. Look
also at a long ?Msm cross-cutting Msd at the upper-right part of the picture. E. A detail of a 2.5 cm-thick couple of mudstone layers with an interlayer of a thin undulated
(rippled) sandstone laminae (sl). Look at diffuse internal lamination into the lower mudstone layer. F. Soft-sediment deformation structure (i.e., water-escape; black arrow)
cutting a group of paired mudstones layers. Scale bars: 10 cm (A), 5 cm (B, C), 3 cm (D-F).
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of abundant M. s. degiberti in sandy contourite deposits has been
related to increase food supply within bottom current outflow
(Miguez-Salas et al., 2020, 2021).

The original assignment of the small traces to M. s. maeandri-
formis and to very rare M. s. spiriformis by Giannetti et al. (2018)
must be considered with caution. Even if Macaronichnus has been
profusely studied, several fundamental questions on palaeoenvi-
ronmental and palaeobiological aspects remain unanswered, espe-
cially the reciprocal exclusion of the small M. segregatis and the
6

large M. s. degiberti. Small together with large Macaronichnus have
not been observed to date probably due ecological segregation:
small M. s. and M. s. degiberti have been related to different trace
makers showing a variable behavior and living in incompatible
habitats. Occurrence of the large M. s. degiberti in the fossil record
is in agreement with continental shelf sea-floor environments (i.e.,
middle to outer ramp) from where they have been identified (Seike
et al., 2011; Rodríguez-Tovar and Aguirre, 2014; Pérez-Asensio
et al., 2017). Nevertheless, ichnosubspecies of small M. s. are



Fig. 5. Depositional model evolution from a regressive storm-wave dominated shoreface to offshore transition with Ophiomorpha and M. s. degiberti (Msd) (A), to a
transgressive storm-wave dominated and tidally-influenced mixed shoreface/subtidal to offshore transition withM. s. d. and ?M. s. maeandriformis (?Msm) (B).M. s. d. and ?M.
s. m. appear together in storm/tidal influenced mixed dunes. Two hypothetical patterns for ?M. s. m. events linked to mud deposition are proposed, as tidal slack water
intervals (B.1) or fluid mud events (B.2).
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mainly associated to the coastal, foreshore environment of high-
energy beaches. The record of discrete intervals with abundant
M. s. (the Macaronichnus Assemblage) has been mainly located into
the foreshore but also in the upper shoreface-foreshore transition,
and in reflective shoreline it may occur down in the upper shore-
face (Pemberton et al., 2001, 2012: Hobbs, 2003; Uchman and
Krenmayr, 2004; MacEarchern and Bann, 2008; Buatois and
Mángano, 2011). According to this, the Macaronichnus Assemblage
is usually integrated as part of the Skolithos ichnofacies, but is also
assigned to the Skolithos-Cruziana assemblage. The punctual pres-
ence of small Macaronichnus in shoreface deposits was explained
by the occurrence of a few species of Euzonus inhabiting subtidal
(shoreface) settings and because juvenile forms of the polychaetes
Travisia in shoreface environments are possibly the producers of
the small-burrow (Seike et al., 2011). Thus, densely packed occur-
rences of M. s. are certainly diagnostic of a foreshore environment,
while these dense records are not observed in shoreface settings
(Seike et al., 2011).

Here, the co-occurrence, if confirmed, of both Macaronichnus
ichnosubespecies is linked with mudstone layers. The latter could
be deposited during slack water periods in between tidal currents
(Fig. 5(B.1)) or they could represent fluid muds as recognized in
high-energy tidal coastal environments with high concentrations
of suspended-sediment (Fig. 5(B.2)). This can occur in distribu-
tary/tidal channels in tidal-dominated delta plains, middle-reach
of estuaries and tidal flat (Dalrymple and Choi, 2007; Longhitano
et al., 2012; Yu et al., 2017). Most of mudstone layers in the study
7

section appear as double-mud (paired) drapes which are sugges-
tive of shallow tidal settings where slack water deposition took
place. Horizontal rhythmites appearing within the upper part of
the unit record tidal cycles as described in modern tidal-
dominated coasts (Dalrymple et al., 2003). Grouped mudstone lay-
ers may reflect neap-tide slack water conditions. Thin sandstone
laminae separating paired mudstones are interpreted as a
subordinate-tidal deposit. Most single layers analysed in our exam-
ple are less than 1 cm thick. Nevertheless, fluid mud origin is not
discarded for thicker mudstone layers. Ichaso and Dalrymple
(2009) proposed a minimum thickness of 1 cm (0.5 cm after com-
paction) as a criterion for distinguishing fluid-mud layers from
mudstone layers accumulated by slow, particle-by-particle settling
from suspension. Fluid muds have been also reported in shallow-
water offshore environments, such as the Amazon continental
shelf (Kineke, et al., 1996; Traykovski et al., 2000; Puig et al.,
2001; Hale and Ogston, 2015). Fluid-muds in coastal and continen-
tal shelves can be generated in both tidal- and wave-dominated
environments (Ichaso and Dalrymple, 2009). From the nearshore,
fluid muds can rapidly travel across continental margins as wave
stress maintains highly suspended-sediment concentrations near
the seafloor (Hale and Ogston, 2015). Then fluid muds coming from
nearshore would trigger ephemeral environmental and biological
changes in offshore seabed (i.e., bringing allochthonous organisms
from coastal environments or provoking changes in behaviour
among shelf organisms that adapt rapidly to the new environmen-
tal conditions). Nevertheless, the rhythmic and paired character of
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the mudstone layers strongly favours the hypothesis of a tidal ori-
gin for this possible co-occurrence. After mud depositions, and
returning to palaeoenvironmental conditions before fluid mud
event, community of small ?M. s. maeandriformis decreases and
then disappears. The coetaneous presence of ?M. s. maeandriformis
and M. s. degiberti supports the influence of palaeoenvironmental
conditions favouring colonization at the same time by different
trace makers. Macaronichnus occurrence will be the result of the
interaction of tides and waves, determining high-energy condi-
tions, and associated palaeoenvironmental parameters as shifting
substrates, organic matter availability, and oxygenated pore and
bottom-waters.

The discussion about the sedimentary processes (tide slack
water periods vs. fluid mud events) and environmental conditions
encouraging the Macaronichnus ‘co-occurrence’ is still open.
Although the cohabitation of different Macaronichnus ichnosube-
species in modern settings has not yet been reported, the modern
mixed-energy storm-wave to tidal shallow water settings (offshore
transition) could represent an instance of favourable environmen-
tal conditions for such a co-occurrence.

4. Conclusions

Late Miocene deposits in the Betic Cordillera show an abundant
record of large Macaronichnus segregatis degiberti in a mixed
carbonate-siliciclastic unit, associated to a storm-wave dominated,
tide-influenced shoreface/subtidal to offshore transition setting
occurring during a regressive to transgressive cycle. Occurrence
of M. s. degiberti is the result of the interaction of tides and waves,
in storm-influenced environment, determining high-energy condi-
tions, and associated palaeoenvironmental parameters such as
shifting substrates, organic matter availability, and oxygenated
pore and bottom-waters. Locally, associated to M. s. degiberti
appear small, sinuous traces infilled by light material that were
previously assigned to Macaronichnus segregatis maeandriformis,
and very rare Macaronichnus segregatis spiriformis. However, the
absence of the typical rim of Macaronichnus avoid a conclusive
assignment. The co-existence, if confirmed, of both small ?M. s.
maeandriformis and large M. s. degiberti is identified in the deposits
underlying the mudstone layers, revealing the importance of mud
deposition during tidal slack water intervals or linked to fluid mud
events favouring the co-ocurrence of the trace makers of bothMac-
aronichnus ichnosubespecies. These conditions occurred during a
transgressive stage of a regressive-transgressive cycle. This obser-
vation may have significant palaeobiological and palaeoecological
implications as it is the first coetaneous record of both ichnosub-
species. The latter were hitherto interpreted as an instance of eco-
logical segregation of the trace makers in different habitats.
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