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Detailed descriptions of Nereites are uncommon. In this work, Nereites are thoroughly described from
tidally influenced and wave dominated deposits in the Cretaceous of the Neuquén Basin (northern
Patagonia). These Nereites show a great morphological variety in bedding-plane view. The application of
different possible tracemakers for this renowned ichnogenus is discussed. Besides the well known
morphology consisting of median tunnel surrounded by a halo composed of reworked material, a
tripartite burrow structure has been observed that comprises in addition a disturbed, but not reworked
zone at the external side of the reworking halo. The studied material provides evidence that the pro-
ducers of these Nereites were shallow infaunal deposit-feeding organisms, a feeding strategy mentioned
in many studies of the ichnogenus as matching a worm-like tracemaker, while the subsurface charac-
teristics, particularly the disturbed outer zone, support a burrowing arthropod as tracemaker. Conse-
quently, for interpretation of the potential trace producer, basic feeding strategy and burrow construction
method should be differentiated and neither should be automatically linked with one particular trace-
maker. The different morphologies of these Nereites allow referral of part of this material to N. missou-
riensis, but some cases of transitional forms remain problematic. The ratio between the width of the
median tunnel and the enveloping zone (used as an ichnotaxobase) is not always due to variation in the
burrowing depth of the producer. The same individual was able to produce wider or narrower enveloping
areas in the same level along its course. In such cases, the use of this ichnotaxobase even at the ich-
nospecific level seems questionable.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

slightly emended by Mangano et al. (2000) this ichnogenus in-
cludes diverse winding to meandering traces consisting of a median

The ichnotaxonomic status of Nereites MacLeay, 1839 including
its ichnospecies and relationships with other ichnogenera has been
thoroughly discussed (e.g., Seilacher and Meischner, 1965;
Chamberlain, 1971; Fillion and Pickerill, 1984; Rindsberg, 1994,
Orr and Pickerill, 1995; Uchman, 1995; Mangano et al., 2000;
Pazos et al., 2015). According to the diagnosis of Uchman (1995)
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backfilled tunnel enveloped by an even to lobate zone.

Nereites is known from Cambrian to Holocene deposits and has
been reported from different paleoenvironmental settings (e.g.,
Conkin and Conkin, 1968; Wetzel, 2002; Callow and Mcllroy, 2011).
In Patagonia Nereites are known from the Jurassic of the Neuquén
Basin and the Lower Cretaceous basin plain deposits in the eastern
Fuegian Andes (Olivero et al,, 2009; Canale et al, 2013). In the
Antarctic Peninsula Nereites was found in Lower Cretaceous de-
posits (Buatois et al., 2009; Olivero and Lépez Cabrera, 2016).
Cenozoic (mainly Eocene and Miocene) records in Patagonia are
more common (e.g., Carmona et al., 2008, 2009; Le Roux et al,,
2008; Lopez Cabrera et al., 2008; Carmona and Ponce, 2011;
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Pearson et al., 2013). In the South Shetland Islands, Nereites occurs
in Miocene outer shelf to offshore settings (Uchman and Gazdzicki,
2010). These southernmost South American and Antarctic records
do not comprise a great morphological variability in bedding-plane
view such as the ones presented in this work and do not include
transitional forms.

Within the Neuquén basin, Nereites has been found in fluvial-
dominated deltaic deposits of the Middle Jurassic Lajas Formation
(Canale et al., 2013); those specimens have not yet been illustrated
so, for the moment, no further comparison is possible with other
specimens found in the same basin. The marine Mesozoic succes-
sions of the Neuquén Basin contain abundant trace fossils, mostly in
normal marine settings (e.g., Spalletti et al., 2001a; Lazo et al., 2005;
Ballent et al., 2006; Bressan and Palma, 2009; Kietzmann et al.,
2010). Fewer studies referred to marginal-marine paleoenviron-
ments (e.g., Mcllroy et al., 2005; Schwarz et al., 2006; Rodriguez
et al,, 2007; Canale et al.,, 2015). While recent contributions have
increased the ichnological information about Cretaceous marginal-
marine successions in the basin, particularly in siliciclastic levels of
the Agrio Formation (e.g., Fernandez et al, 2010; Pazos and
Ferndndez, 2010; Ferndndez and Pazos, 2012, 2013, 2015; Pazos
et al,, 2012), the record of trace fossils assignable to Nereites in
the Cretaceous of the basin has not yet been described in detail.

Nereites is usually considered to be a locomotion/feeding
(grazing) trace formed within the substrate by a worm-like or-
ganism (e.g., Seilacher, 1986). Based on neoichnological observa-
tions some studies have considered arthropods as possible
producers of Nereites-like traces in the fossil record, and the
question of the biological affinities of the tracemaker remains open
(Martin and Rindsberg, 2007 and references therein).

The purpose of this work is fourfold: i) to present a more
detailed examination of Nereites than researchers have generally
provided; ii) to provide an examination of this ichnogenus in the
Cretaceous of one of the most relevant basins in southernmost
South America; iii) to analyse the processes when the shallow-
marine host sediment accumulated; iv) to discuss ichnotaxo-
nomic and ethological implications of these new findings with
respect to the understanding of this ichnogenus.

2. Study area and geological setting

The Neuquén Basin (Fig. 1A) is located in west-central Argentina
between 34° and 41°S. It contains more than 7000 m thick marine and
continental deposits of Late Triassic to Paleogene age (Vergani et al.,
1995; Legarreta and Uliana, 1999). Most of the Jurassic and Lower
Cretaceous deposits are composed of diverse and highly fossiliferous
marine facies associated with marine transgressions (Howell et al.,
2005). During the Early Cretaceous, the Neuquén Basin was con-
nected to the paleo-Pacific Ocean to the west by a gateway accentu-
ated by a roughly N-S oriented island arc chain and the basin was
affected by eustatic variations in sea level (Zapata and Folguera, 2005).

The Mulichinco Formation of the Mendoza Group (Weaver,
1931; Fig. 1B) comprises continental, transitional and marine de-
posits (Schwarz, 2002, 2003; Schwarz and Howell, 2005; Schwarz
et al., 2006, 2011) of early Valanginian age (Aguirre-Urreta et al.,
2005) exposed in Neuquén Province in the area between the
Agrio River to the south and the southern portion of Mendoza
Province to the north. The studied outcrops of interest here are
located near National Road 40 (see Fig. 1A) at the localities known
as Puerta Curaco (37° 22’ S, 69° 56’ W) and Vega de Escalone (37°
11’ S, 69° 47" W). In the study area, the Mulichinco Formation is of
marine origin and has been informally divided into lower, middle
and upper members (Schwarz et al., 2011). Previous facies analyses
indicate deposition in an open marine environment, including,

amongst others, shoreface deposits with some tidal influence
(Schwarz, 2003; Schwarz et al.,, 2006).

The Agrio Formation is the youngest unit of the Mendoza Group
exposed in Neuquén Province (Weaver, 1931; Fig. 1B). The upper
member, or Agua de la Mula Member (Leanza et al., 2001), of the
Agrio Formation is late Hauterivian to early Barremian in age
(Aguirre-Urreta et al., 2007, 2008, 2015; Aguirre-Urreta and Raw-
son, 2012). It comprises mixed carbonate-siliciclastic marine and
marginal-marine deposits (Spalletti et al., 2001a; Lazo et al., 2005;
Pazos and Fernandez, 2010; Ferndndez and Pazos, 2012). The ma-
terial presented here corresponding to this unit comes from the
locality known as Bajada del Agrio (38° 25’ S, 70° 00’ W; Fig. 1A).
The Agua de la Mula Member presents a remarkable cyclicity (e.g.,
Archuby and Fiirsich, 2010) and four stratigraphic sequences (Guler
et al., 2013). This marine setting was tidally influenced as sug-
gested, for instance, by the presence of bipolar structures and
reactivation surfaces and underwent variations in depth and
exposure (see also Pazos et al., 2012; Fernandez and Pazos, 2013).

3. Materials and methods

The logged sections included here (Sections A, B and C; Fig. 1B)
are partial; they only comprise the intervals where the trace fossils
of interest were found. In each case, a stratigraphical reference to
previous works is made to permit future comparisons. Over 65
trace-fossil specimens were analysed. Samples are housed in the
Collection of the Area de Paleontologia (Departamento de Ciencias
Geoldgicas, Facultad de Ciencias Exactas y Naturales, Universidad
de Buenos Aires) under the prefix CPBA. Morphological terms and
names follow the discussions in Rindsberg (1994), Uchman (1995),
Orr and Pickerill (1995) and Mangano et al. (2000). Measurements
of the elements of different morphologies were performed at the
bed surface. Relative burrowing depth was estimated using as
reference the sand-mud interface, together with the height of some
positive elements of the trace fossils, cross-sections of specimens
and the cross-cutting relationships with associated trace fossils.

4. Sedimentology and environmental framework of the
Nereites-bearing beds

4.1. Mulichinco Formation

Vega de Escalone: (Section A, Fig. 1B).

Observations. In this locality, Nereites is present in a sandstone bed
with combined-flow ripples covered by massive mudstone,
approximately 68 m above the contact with the underlying unit.
These Nereites are associated with Asteriacites lumbricalis von
Schlotheim, 1820 and Gyrochorte comosa Heer, 1865. This bed is
located within the uppermost part of the “Lower Member” sensu
Schwarz et al. (2011) within an interval that consists of coarsening-
upward successions. Each one starts with up to 3 m thick massive
amalgamated siltstone and grades upward to fine- to medium-
grained 0.15—0.5 m thick sandstone beds exhibiting symmetrical
and asymmetrical ripple lamination, combined-flow ripples
(Fig. 2A), horizontal lamination and hummocky cross-stratification.
Stoss-side mud drapes are present in some rippled levels.
Interpretation. Hummocky cross-stratification implies storm events.
Mud drapes originated in a very shallow depositional setting when
traction and suspension fallout of fine-grained sediments from
unidirectional currents alternated (e.g., Kreisa and Moiola, 1986). The
sandstone beds with wave and combined-flow ripples were depos-
ited in shallow depths probably related to offshore sediment trans-
port (Reineck and Singh, 1980; Myrow and Southard, 1991, 1996). In
nearby localities the “Lower Member” was interpreted as shoreface
deposits with some tidal influence (Schwarz, 2003; Schwarz et al.,
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Fig. 1. Neuquén Basin and stratigraphic column of the Mendoza Group. A. Map of the Neuquén Basin and its location in Argentina. Note the location of the Mendoza Group outcrops
and the study sites. B. Partial stratigraphic column of the Mendoza Group with location of the logged sections of relevance in this work. The material presented here comes from
levels of the Mulichinco Formation and the Agua de la Mula Member (Agrio Formation). Sections A and B correspond to deposits of the Mulichinco Formation in Vega de Escalone
and Puerta Curaco, respectively. Section A is the interval located approximately between 60 m and 75 m above the contact with the underlying Vaca Muerta Formation, while
section B spans the interval from 177 m to 202 m above that contact. Section C consists of deposits of the Agua de la Mula Member (Agrio Formation) in Bajada del Agrio, being the
interval approximately 247 m—271 m above the contact with the underlying Avilé Member (Agrio Formation).

2006). In Vega de Escalone section storm deposits decrease upward
while wave-and-current shoreface deposits become more frequent.
At the top of the “Lower Member” a subtidal to intertidal deposi-
tional setting is evidenced by tidal features such as opposite current
directions (herringbone), mud drapes and downlap terminations
(Rodriguez et al., 2007). Because of this context, plus the presence of
mud drapes and absence of subaerial exposure, the section A is also
interpreted as a subtidal setting.

Puerta Curaco: (Section B, Fig. 1B).
Observations. In this locality, Nereites is present in three beds: i) on
top of cross-stratified sandstone approximately 180 m above the
contact with the underlying Vaca Muerta Formation; ii) in sandstone
beds with symmetrical ripple lamination within heterolithic in-
tervals 191.5 m above the contact; and iii) on top of sandstone beds
with small-scale hummocky cross-stratification associated with
Gyrochorte comosa 201 m above the contact. In the first case, the
Nereites-bearing surface is followed by a massive sandstone deposit,
while in the others it is covered by structureless mudstones.

The interval of the Mulichinco Formation where these three
levels are found (section B) partially coincides with the “Upper

Member” of Schwarz et al. (2011). The lowest Nereites-bearing bed
is found above a succession that starts with cross-stratified and
massive sandstone up to 0.5 m thick, followed by 1 m of amal-
gamated, horizontally laminated mudstones. Stratigraphically up-
wards is a heterolithic succession where the two other Nereites-
bearing beds are found. This is a thinning-upward succession
dominated by heterolithic intervals mostly with symmetrical ripple
lamination but also including hummocky cross-stratification
(Fig. 2B) and inclined heterolithic stratification (1 m thick;
Fig. 2C). Some tabular bioclastic conglomerates from 10 to 50 cm
thick interrupt the mainly heterolithic deposits.

Interpretation. Cross-stratification is evidence of megaripple
migration; symmetrical ripples are produced by oscillatory flows
and indicate deposition above the fair-weather wave base. Hum-
mocky cross-stratification and bioclastic conglomerates evidence
storm events. It is more likely to find heterolithic structures in areas
with alternating decantation and tractive processes and where there
is sand and clay/silt input. Intertidal and subtidal areas exhibit these
characteristics (e.g., Reineck, 1963; Reineck and Wunderlich, 1968).
Inclined heterolithic stratification (IHS, Thomas et al., 1987) is a
distinctive lateral accretion style of bars and is usually considered an
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Fig. 2. Examples of sedimentary features of the intervals involved in this work. Rock pick = 33 cm long. Graphic scales = 1 cm. A. Combined-flow ripples, Mulichinco Formation. B.
Hummocky cross-stratification, Mulichinco Formation. C. Inclined heterolithic stratification, Mulichinco Formation. D. Wave ripple lamination, Agua de la Mula Member (Agrio

Formation).

important indicator of tidal influence in marginal-marine settings
(e.g., Demowbray, 1983; Brownridge and Moslow, 1991). In this lo-
cality, the “Upper Member” of this unit has been previously inter-
preted as shoreface platform deposits (Schwarz, 2003; Schwarz et al.,
2006). Regarding section B, we concur with the previous in-
terpretations, but report a greater tidal influence.

4.2. Agua de la Mula Member (Agrio Formation)

Bajada del Agrio: (Section C, Fig. 1B).

Observations. Here Nereites is present in three beds at approxi-
mately 250 m, 256.5 m and 269 m above the contact with the
underlying Avilé Member. The trace fossils occur on top of sand-
stone beds with symmetrical ripple lamination covered by massive
or horizontally laminated mudstones (Fig. 1B). Nereites is found in
association with Gyrochorte comosa, Bolonia lata Meunier, 1886 and
Chondrites von Sternberg, 1833 or only with G. comosa.

Section C represents coarsening- and thickening-upward het-
erolithic deposits having up to 3 m thick amalgamated and hori-
zontally laminated mudstones and continue with 4 cm to 0.3 m
thick sandstone beds, mostly with symmetrical ripple lamination
(Fig. 2D). Primary current lineation, interference ripples or shell
debris are present in some levels.

In this locality the unit has been interpreted as an open marine
ramp from offshore to subtidal subenvironments and with storm
influence (Spalletti et al., 2001b; Lazo et al., 2005; Archuby, 2009).

The uppermost levels of the Agua de la Mula Member were inter-
preted as deposited in an environment that evolved from marine to
marginal-marine. Storm and fluvial deposits are present in a tidal-
flat setting with evidence of meandering channels documented by
IHS and salinity fluctuations (Fernandez and Pazos, 2012). Section C
is located within the uppermost part of sequence 2 of the sequence
stratigraphic framework by Guler et al. (2013; HST 2 of Seq. 2). The
general stacking pattern for this highstand systems tract is coars-
ening- and thickening-upward (shallowing). In the sandstone beds,
lags of reworked concretions, valve stacking, massive or horizontal
lamination, hummocky cross-stratification and current and wave
ripples were all documented. The tops of most of these beds exhibit
a diverse trace fossil assemblage belonging to the Cruziana ich-
nofacies (Guler et al., 2013).

Interpretation. Section C is interpreted as shoreface deposits,
probably upper shoreface given the presence of primary current
lineation indicating high-energy flow conditions.

5. Trace fossil description
5.1. General characteristics
The studied trace fossils occur as shallow endichnial, horizontal

to subhorizontal, irregularly winding and only rarely meandering,
unbranched structures (Figs. 3—6). An inner area formed by a
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Fig. 3. Photographs and line drawings of examples of Nereites found in the studied intervals. The line drawings are included to enhance the features; the colours black, dark grey
and light grey indicate negative, neutral and positive structures, respectively. The black dotted lines indicate poor preservation and/or undefined borders. MT = median tunnel.
EZ = enveloping zone. Graphic scales = 1 cm. A. Field photograph of Nereites specimens where the proportions of the width of the median tunnel with respect to the reworked zone
vary along the same specimen from those expected for N. missouriensis to those attributed to “other Nereites” (sensu Uchman, 1995; text-fig. 8). (1), (2) and (3) are line drawings of
selected areas of the material (the structures within each rectangle). Note the morphology of the elements of the median tunnel and the two proximal and distal series of lobes. The
proximal series (L1) is marked with grey lines; the distal series (L2) is the edge of the enveloping zone. B. CPBA 20457, photograph and line drawing of a specimen with a median
tunnel of uniserial, dome-shaped bulges that are sometimes partially convergent and a lobate enveloping zone. The white dotted line indicates where the cross section of Fig. 6, in
particular, was cut. C. Field photograph and line drawing of a specimen resembling N. missouriensis var. “pearl chain form” cross-cutting weathered Gyrochorte specimens (G).

median tunnel is present. In most specimens the tunnel is envel-
oped by an outer zone of disturbed or reworked sediment (e.g.,
Fig. 3A,B). The most common total diameter of the structures is
20—24 mm, but this can range between 6 (when only the median
tunnel is present) and 44 mm. The maximum length measured is
40 cm. Most of each specimen is preserved as a positive epirelief,
which is uncommon in many documented Nereites, but some of the
tunnels are negative (see below) and the relief of the enveloping
zone is sometimes nearly planar (e.g., Fig. 3A).

The tunnel is a shallow burrow which is either: i) uniform
(smooth and continuous), ii) consisting of negative menisci or V-
shaped and W-shaped elements, or iii) composed of small, uni-
serial, dome-shaped bulges. The diameter of the tunnel is between

6 and 12 mm, usually approximately 8 mm. Some specimens
document the passage from negative elements to positive bulges as
the width of the tunnel diminishes (e.g., Fig. 4C). When present, the
enveloping outer zone may be lobate, with well-developed lobes
with different degrees of incision between them, sometimes
overlapping. Each side of the enveloping zone is usually 8—9 mm
wide, but can be up to 16 mm.

The median tunnel enveloped by a reworked zone is diagnostic
for Nereites (Uchman, 1995; Mdngano et al., 2000). In some cases
the widths of the tunnel and the outer enveloping zone are similar,
allowing part of this material to be assigned to Nereites missou-
riensis following the latest emended diagnosis of this ichnospecies
by Uchman (1995). According to the characteristics of the inner and



56 D.E. Fernandez et al. / Cretaceous Research 81 (2018) 51—63

Fig. 4. Nereites photographs and line drawings of the structures within each rectangle. The line drawings are included to enhance the features and the colours black, dark grey and
light grey indicate negative, neutral and positive structures, respectively. The dotted lines indicate poor preservation and/or undefined borders. In both 4B and 4C morphological
transitions within the same specimen are observed: (1) marks the area where the tunnel is composed of negative elements and (2) where it is formed by bulges. MT = median
tunnel. EZ = enveloping zone. Graphic scales = 1 cm. A. Field photograph and line drawing of a specimen resembling N. missouriensis var. “pearl chain form”. B. Example (field
photograph) of specimens where some median elements are lunate (menisci) and others are V-shaped and W-shaped. The white arrow points to an area where only the outline of
the structure is observed, and poorly preserved, faint menisci appear to occupy the median most part of the enveloping zone. C. CPBA 20456, photograph and line drawing of a
Nereites specimen that, as the one figured in 4B, presents variation in the median elements and resembles N. missouriensis var. “thick-meniscate form” (sensu Uchman, 1995) when
the enveloping reworked zone is narrower. The white arrow marks a ripple crest and (B) points to an associated specimen of Bolonia lata.

outer areas, these structures display preservational variants
(Uchman, 1995; Mangano et al., 2000), which are only mentioned
as such in this work to facilitate comparisons with other material.
Some morphological transitions along specimens are present and
some emerging issues are discussed below in sections 5.2 and 6.1.

The relationships among the Nereites documented in this work,
other ichnotaxa and sedimentary processes are summarized in
Fig. 6, which are further discussed in section 6.2. Nereites are
abundant (approximately 7—9 specimens per square metre) in
sections B and C and are scarce in Section A. However, this could be
biased by the difference in exposure between the three sections;

widely exposed stratification planes that favour the observation of
epichnial traces are present in sections B and C but not in A.

5.2. Different morphologies

Specimens such as those in Fig. 3A present a median tunnel and
an enveloping reworked zone with well or poorly defined and
sometimes overlapping lobes. The maximum observed length is
approximately 60 cm. The tunnel is 2—4 mm wide. Most median
elements are lunate (menisci) while others are V-shaped. The
enveloping zone is complex; each side is variable in width from
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Fig. 5. Other specimens that present an enveloping zone composed of circular to ovate lobes and a poorly preserved median tunnel, and cross section of Nereites. MT = median
tunnel. EZ = enveloping zone. 1 = inner third of the enveloping zone. 2 = outer two-thirds of the enveloping zone. Graphic scales =1 cminAand B,5mminC,1 mmin D and E. A.
Field photograph of specimen with circular lobes in the enveloping zone and undefined median area. B. Field photograph of specimen with an enveloping zone composed of circular
to ovate lobes or pads and poorly preserved median area. C. Schematic line drawing of cross section of Nereites (specimen of Fig. 3B). The white dotted rectangle shows the thin
section area micro-photographed in D. Note the width of the median tunnel on the surface and in cross section. The white arrows point to the area rich in organic matter that
extends below what corresponds to the immediate subsurface (uppermost 3 mm) of the inner third of the enveloping zone on each side of the tunnel. On the surface, the poorly
delineated proximal series of lobes is marked with grey lines. Below the trace are unidirectional ripples with mud drapes. D. Thin section of the area enclosed in the rectangle in C.
The white dotted lines separate dark-coloured (Dc) from light-coloured (Lc) areas. The first ones are rich in organic matter and clay minerals. The second ones are dominated by silt
size quartz, bioclasts, lithoclasts and calcite spar cement; scarce peloids are also observed. The white arrows point to zones where reorientation of the grains is more noticeable. E.

Schematic line drawing of D. The black dotted lines show some zones of strongly reoriented grains marked with white arrows in C.

4 mm up to 16 mm. The proportions of the width of the median
tunnel with respect to the reworked zone sometimes vary along the
same specimen from those expected for N. missouriensis to those
attributed to “other Nereites” (sensu Uchman, 1995; text-fig. 8). In
the first case, the material resembles N. missouriensis var. “thick-
meniscate form” (sensu Uchman, 1995). In the latter case, the
reworked outer zone is composed of proximal and distal “series” of
lobes, similar to those figured in the line drawings of Orr and
Pickerill (1995; fig. 8) for Nereites jacksoni Emmons, 1844, but the
rest of the characteristics are not typical of this ichnospecies (e.g.,
the central furrow of N. jacksoni, Orr and Pickerill, 1995).

Some specimens exhibit a median tunnel of usually discrete,
uniserial, dome-shaped bulges that are sometimes partially

convergent (Fig. 3B). The tunnel is typically 6 mm wide. The
enveloping zone is lobate and between 8 and 15 mm in width. The
maximum observed length is 20 cm. The median tunnel resembles
that of N. missouriensis var. “phyllodocites” (sensu Uchman, 1995,
text-fig. 8A), but the width proportions of the median tunnel with
respect to the enveloping zone vary along the same specimen. The
outer reworked zone is usually wider than the tunnel and could be
attributed to “other Nereites” (sensu Uchman, 1995, text-fig. 8C).
The marginal areas in some parts show poorly delineated proximal
and distal “series” of lobes described for N. jacksoni by Orr and
Pickerill (1995; fig. 8), but as in the examples of Fig. 3A, the me-
dian tunnel characteristics differ from those expected for N. jack-
soni (see Orr and Pickerill, 1995; Uchman, 1995).
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Case 1: Nereites in sandstones
with hummocky cross-stratification

- Nereites exhibiting only the median tunnel observed as a
uniserial chain of mud-rich bulges.

- Usually in association with Gyrochorte comosa.
- Present in section B.
- Common.

Case 2: Nereites in sandstones
with symmetrical ripple lamination

- Nereites exhibiting a median tunnel with negative
elements (menisci or V-shaped or W-shaped elements) that
transition to median bulges. The enveloping zone is variable
in width.

- In association with Gyrochorte comosa, Bolonia lata
or Chondrites.

- Present in sections C and B.
- Very common, especially in section C; copious when

present.

Case 3: Nereites in sandstones
with combined-flow ripple lamination

\\\\
N

_\\\v Q

Iy \ N -
.

- Nereites with median bulges and lobate enveloping zone.

- In association with Asteriacites lumbricalis and
Gyrochorte comosa.

- Present in section A.

- Uncommon.

Case 4: Nereites on mottled tops of cross-
stratified sandstones

- Nereites exhibiting a median tunnel with negative elements
(mostly lunate but some are V-shaped) and an enveloping
zone variable in width. When the enveloping zone is wider it
is composed of proximal and distal “series” of lobes.

- Not associated with other trace fossils.
- Present in section B.
- Uncommon but copious in one level.

Fig. 6. Diagrams summarizing the relationship between Nereites documented in this work and sedimentary processes, with emphasis on the different morphologies and associated

trace fossils. Some sedimentary structures were modified from Reineck and Singh (1980).

In other specimens only the median tunnel is observed as a
uniserial chain of bulges usually 5 mm in width; they are most
commonly not in contact with each other (Figs. 3C, 4A). The
maximum observed length is 15 cm. The lack of a connecting string
precludes an assignment to Hormosiroidea Schaffer, 1928. Given its

epichnial to shallow endichnial preservation, it resembles N. mis-
souriensis var. “pearl chain form” (sensu Uchman, 1995).

More complex specimens were also found (Fig. 4B,C). Firstly, in
addition to being lunate (menisci) other median elements are V-
shaped and W-shaped. Secondly, along the same specimen a
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meniscate tunnel (similar to those of Fig. 3A) transitions to a section
where the tunnel is composed of bulges (such as that in Fig. 3B).
Also the enveloping zone is complex; each side is variable in width.
These structures could be N. missouriensis (N. missouriensis var.
“thick-meniscate form” sensu Uchman, 1995) when the enveloping
reworked zone is narrower. When the enveloping reworked zone is
wider, it is similar to the one in N. jacksoni, but the tunnel char-
acteristics do not match those typical of N. jacksoni.

A few other specimens present an enveloping zone composed of
circular to ovate lobes and a poorly preserved median tunnel (e.g.,
Fig. 5A,B). While the shape of the lobes is similar to that of Nereites
macleayii (Murchison, 1839) shown by Orr and Pickerill (1995, fig.
8), these specimens are not guided meanders as the typical
N. macleayii (e.g. Orr and Pickerill, 1995, fig. 4D—F). The preserva-
tion of specimens such as the one in Fig. 5B is similar to the example
referred to as Nereites missouriensis by Schlirf (2000, pl. 11 fig. 6).
The specimens of Fig. 5A and B also resemble the epichnial struc-
tures pictured by Rindsberg and Martin (2003, figs 7.A,B) as “Ner-
eites biserialis” and “Arthrophycus with Nereites-like morphology”.
Further discussion on the names used for similar structures can be
found in Rindsberg and Martin (2003) and Uchman and Pervesler
(2006).

In thin section, the median tunnel with bulges (cross-section,
Fig. 5C—E) shows dark-coloured areas rich in organic matter and
phyllosilicates, and light-coloured areas, dominated by terrigenous
grains (e.g., quartz and feldspars), bioclasts and lithoclasts with
calcite spar cement; scarce peloids are also observed (Fig. 5D,E).
Particle size increases towards the base. Although these areas richer
in organic matter are clearly definable, no indisputable faecal pel-
lets were observed. The maximum width of the median tunnel in
cross-section is twice the one observed on the surface of the sample
(Fig. 5C). Thus, although the median tunnel on the surface is
composed of bulges, internally it shows reorientation or reworking
of the detrital grains (in both the light- and dark-coloured areas),
which, particularly towards the base, form concave-up laminae. In
the uppermost part of the cross section, organic matter extends
below what corresponds to the immediate subsurface (the upper-
most 3 mm) of the inner third (1 in Fig. 5C,E) of the enveloping zone
on each side of the tunnel. In the outer two-thirds (2 in Fig. 5C) of
the enveloping zone, the uppermost 1 mm is richer in pelitic ma-
terial than the rest of the sandstone but is without organic matter.
Below, the remaining subsurface area corresponding to the envel-
oping zone is light-coloured with calcite spar cement and some
evidence of grain dissolution, but with no reorientation of the
grains. This difference within the enveloping zone observed in
cross-section (the inner third rich in organic matter extending from
the median tunnel and the outer two-thirds without organic mat-
ter) is not noticeable on the surface of the trace. There the only
sculpture are the poorly delineated “series” of lobes, which are
close to the external border of the enveloping zone and do not
coincide with the division observed in cross-section. Below the
trace are unidirectional ripples with mud drapes (Fig. 5C).

6. Discussion
6.1. Ethology, substrate and names

The absence of relatively sophisticated patterns (e.g., tight me-
anders) in their grazing path is common for shallow marine rep-
resentatives of Nereites, particularly in the Palaeozoic (Seilacher,
2007 and references therein). The different patterns found in
continuity are not compound trace fossils because no change in
behaviour is envisaged. In agreement with previous authors (e.g.,
Chamberlain, 1971; Uchman, 1995; Mdngano et al., 2000; Uchman
and Pervesler, 2006), the preserved variants of N. missouriensis

probably originated as a result of different toponomic and tapho-
nomic conditions. However, in this material, some morphological
transitions along the same specimen are not attributable to those
factors. In particular, the strong variation in the width of the
enveloping zone (and the consequent change in the name) along
the same specimen is found in both the rippled (e.g., Fig. 4C; cases
2—3 of Fig. 6) and the strongly mottled surfaces (e.g., Fig. 3A; case 4
of Fig. 6). The width of the enveloping zone varies independently of
the characteristics of the median tunnel; these do not change
significantly when the width of the enveloping area changes,
similarly to what Pazos et al. (2015) reported for N. jacksoni
(reworked lobes of variable width while the tunnel remained
constant in width). Given the heterogeneity of sedimentary pro-
cesses (e.g., Figs 3A (3), 4C, 6) and the good preservation of the
outline of the enveloping zone, erosion and differential weathering
are discarded as causes of this change in morphology. Additionally,
along the same trace there is no variation in substrate properties
which might affect preservation (Uchman and Pervesler, 2006). A
significant change in the proportion of the enveloping zone with
respect to the median tunnel is implicit in the emended diagnosis
of N. missouriensis by Rindsberg (1994), but not in that of Uchman
(1995). In summary, the change in width of the enveloping area is
not always due to variation in the burrowing depth of the producer;
neither is the proportion of the width of the median tunnel with
respect to the enveloping zone. For this material, using the pro-
portion of the width of the central tunnel to the enveloping zone as
an ichnotaxobase at the ichnospecific level seems questionable.

However, the characteristics of the median tunnel seem to be
affected by the level of exposure. The bearing levels were already
covered by some mud when Nereites was produced (for details see
section 6.2). The exact thickness of the mud layer at that time was
not determined, so the burrowing depth is here related to the sand-
mud interface (see section 3). There is a clear contrast between
negative elements (menisci or V-shaped and W-shaped elements)
and positive bulges (e.g., Fig. 4B). Specimens such as the one
depicted in Fig. 4C clearly document the passage (left to right) in
the median tunnel from negative elements (1 in Fig. 4C) to positive
bulges (2 in Fig. 4C) as the burrowing depth gradually changes and
the width of the tunnel diminishes. The position of the bulges co-
incides with the concave side of the menisci and both even co-
occur.

The concave-up laminae observed in cross-section appear to be
the perpendicular expression of the menisci observed in other
specimens. This is further evidence that the morphological
expression of the median tunnel changes with the level of expo-
sure. The increase in particle size towards the base of the structure
indicates a grain-size selection. The characteristics of the upper-
most sector of the cross-section provide evidence that the inner
third of the enveloping zone and the area of the median tunnel
were reworked first and thereafter material was deposited in the
median tunnel. The rest of the subsurface enveloping zone presents
no such connection with the activity of the median tunnel, indi-
cating that it either remained untouched by the producer or that
any evidence of direct reworking in that area was lost. In the first
case, the outer two-thirds of the lobes could be pressure-release
structures made by legs, instead of excavated cavities (Martin and
Rindsberg, 2007), while fluidization of the sandy substrate result-
ing from water circulation/pumping cannot be ruled out. In the
second case, some type of fabric alteration (e.g., a displacive spar
cement stage) should have taken place, but there is only evidence of
some partial dissolution of detrital grains, which by itself could not
have destroyed evidence of reworking.

Nereites is usually considered a locomotion/feeding (grazing)
trace formed within the substrate (e.g., Wetzel, 2002; Rindsberg,
2012). Chamberlain (1971, text-fig. 5.A—I) presented two
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possibilities about how this trace could be formed differing in how
the mantle lobes are generated, but in his interpretation these were
always actively filled. The previously proposed producers have
been mainly ascribed to worm-like organisms (e.g., Seilacher,
1986), in which case the core would be composed of faecal pel-
lets. Martin and Rindsberg (2007) found that juvenile Limulus
polyphemus (Linnaeus, 1758), a modern xiphosurid, leave Nereites-
like traces on tidal flats. These traces show that juvenile limulids
were capable of making furrows, burrows and trackways along the
same pathway, and transitions from epibenthic locomotion traces
to shallow endobenthic burrows are observed (Martin and
Rindsberg, 2007, p. 485—486). This, together with older studies
(see Rindsberg and Martin, 2003 and references therein) led to the
consideration of burrowing arthropods as possible producers of
Nereites in the fossil record (Martin and Rindsberg, 2007; Neto de
Carvalho and Baucon, 2010). When the bioprint (“characters that
allow recognition of the maker”, Rindsberg and Kopaska-Merkel,
2005) of burrowing arthropods is taken into account, some Ner-
eites are again considered as possibly produced by arthropods
(Rindsberg and Martin, 2010). The most common features associ-
ated with bioprint of arthropod burrows (Rindsberg and Martin,
2010) are not found in our material. However, if the trace fossils
were produced in substrate having special properties (see, for
instance, Uchman and Pervesler, 2006, cases B—D of fig. 7), such
features might have had no chance to be preserved. Regardless, the
median tunnel is a shallow burrow and sorting out and reor-
ientation of the particles as well as and the concentric internal
morphology (Fig. 5C—E) all point to a subsurface deposit-feeding
strategy, which matches the previously mentioned classical inter-
pretation for Nereites. However, the subsurface characteristics of
the lobes contradict Chamberlain's (1971) interpretation about how
these were constructed; as mentioned above, in his interpretation
the lobes were actively filled but in this material the outer two-
thirds of the lobes remained untouched by the burrower, but
affected by its activity. Additionally, the morphology of the median
tunnel indicates a downward- and forward-probing movement and
some “concentric exploration of the sediment” as proposed by
Mangano et al. (2000). In the case of Nereites, and in order not to
discard an entire model, it would be appropriate to decouple
interpretation of the basic feeding strategy from that of the con-
struction method and the affinities of the producers. For instance,
the studied material records that the producers of Nereites were
shallow infaunal deposit-feeding organisms. The feeding strategy is
mentioned in studies of this ichnogenus as matching a worm-like
tracemaker, but the subsurface characteristics (particularly of the
enveloping zone) support an interpretation of burrowing
arthropod as tracemaker.

6.2. Sedimentation and surface colonization

Nereites is found in a mainly tidal setting, but is also associated
with sedimentary structures such as symmetrical and combined-
flow ripple lamination and cross stratification (Fig. 6). The Ner-
eites-bearing beds exhibit a clear dominance of oscillatory flows
(mainly wave action) as sedimentary processes, and fine-grained
sandstones as a substrate. The sandstone beds are always covered
by massive (or rarely horizontally laminated) mudstone, which
reflect a decrease in energy. In most Nereites-bearing beds (cases 1
to 3, Fig. 6), burrowing was relatively shallow and the primary
sedimentary structures are well preserved. This means the bio-
turbation itself was short-lived and restricted to the top of the level,
probably associated with a pause in sedimentation. In case 4,
however, Nereites are found on the mottled tops of cross-stratified
sandstones. In this case, bioturbation occurred while sandy sedi-
mentation continued and a significant part of the upper surface is

mottled. The overlying bed is a fine-grained massive sandstone and
mudstone appears above this sandstone. This interval is transi-
tional to the overlying heterolithic deposits, while in cases 1 to 3,
Nereites-bearing beds are found within heterolithic intervals.

The order of colonization is evidenced by the cross-cutting
relationship between Nereites and Gyrochorte and between Ner-
eites and Bolonia. In cases 1, 2 and 3, Gyrochorte makers appeared
first, followed by the Nereites producers (e.g., Fig. 6). In case 2, the
very edge of the enveloping zone of Nereites is at least sometimes
cross-cut by Bolonia (e.g., Fig. 4C, bottom left), while in other cases
the order cannot be determined. Also in case 2, the assemblage is
later completed by the appearance of Chondrites entering from
above through the overlying mud (the preservation of these
Chondrites is similar to the case figured by Fernandez and Pazos,
2015, fig. 4.c) and then spreading out mostly upon but also above
and below the mud-sand interface. This type of succession matches
that described by Wetzel and Uchman (2001) for deep marine
event beds. In case 3, the Asteriacites specimens show no interac-
tion with Nereites or Gyrochorte, so their order cannot be deter-
mined. In case 4, Nereites is the only trace fossil present.

In cases 1 to 3, given the ethological characteristics of the trace
fossils involved, once the first thin layer of mud covered the sandy
substrate, the order of colonization was probably controlled by the
amount of organic matter and oxygen. When Gyrochorte makers
appeared, the tops of the rippled sands were already covered by
mud and these organisms fed on the freshly formed mud-sand
interface. This is supported by their construction and ethological
characteristics (Gibert and Benner, 2002) and also the good pres-
ervation of steep features (Seilacher, 2007). Organic matter must
have still been abundant when Nereites was produced, given the
feeding strategy of its producers. This is also supported by the areas
rich in organic matter found in the cross-section of the median
tunnel (Fig. 5D,E). The deposit-feeding Nereites makers fed near the
sediment-water interface or after blooms on the sediment surface
where the amount of organic matter is highest (Mangano and
Buatois, 1999; Wetzel, 2010; Buatois and Mangano, 2011), and on
still well-oxygenated interfaces, while the deeper-tier Chondrites
makers appeared in this level after the sedimentation of the over-
lying mud layer was complete, probably under less oxygenated
conditions (Seilacher, 2007).

7. Conclusions

In this work Nereites specimens are thoroughly described for the
first time in the Cretaceous of the Neuquén Basin. They are
epichnial/shallow-endichnial, horizontal to subhorizontal, mostly
open-path structures. These specimens, observed in bedding-plane
view, present a great morphological variety which, together with
the shallow marine setting, make this a unique record for Nereites.
The different morphologies of these Nereites allow a possible
referral of part of this material to N. missouriensis, but some cases of
morphological transitions within specimens remain problematic.
Unlike some preservational variants of N. missouriensis, which (in
agreement with previous authors) probably originated from topo-
nomic and taphonomic conditions, the transitional forms are not
attributable to such factors. The ratio between width of the median
tunnel to that of the enveloping zone is not always due to variation
in the burrowing depth of the producer; the same individual was
able to produce wider or narrower enveloping areas in the same
level along its course. The detailed analysis of the studied material
suggests that the use of the ratio between width of the central
tunnel to the enveloping zone as an ichnotaxobase even at the
ichnospecific level seems questionable.

When Nereites is found in association with other trace fossils
(Gyrochorte, Bolonia, Chondrites, Asteriacites), the order of
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colonization of the sediment was probably controlled by the
amount of organic matter and oxygen availability because already a
thin mud layer covered the sandy substrate. Organic matter was
still abundant at the time Nereites was produced. The deposit-
feeding Nereites makers fed near the sediment-water interface
along relatively well-oxygenated surfaces. Within the studied in-
tervals in the Mulichinco Formation, we mostly concur with pre-
vious interpretations, but found a stronger tidal signature in the
Puerta Curaco section (B). Within a tidally influenced environ-
mental context the Nereites-bearing beds show a dominance of
oscillatory flow as a sedimentary process and fine-grained sand as a
substrate.

Cross-sections indicate the producer reworked both the me-
dian tunnel, where digested material was deposited, and also the
immediate subsurface of the inner third of the enveloping zone.
The rest of the subsurface enveloping zone representing about 2/3
of it exhibits characteristics being suggestive to be interpreted as
pressure-release structures. This domain was not touched by the
burrower, but affected by its activity. This is consistent with a
burrowing arthropod as producer, but no arthropod bioprints
were found in our material possibly because of the sandy nature
of the host sediment. Moreover, the subsurface characteristics of
the lobes contradict Chamberlain's (1971) interpretation con-
cerning how these were constructed, and the morphology of the
median tunnel indicates a downward- and forward-probing
movement. The exploration of the sediment points to a subsur-
face deposit-feeding strategy, which concurs with the classical
interpretation for Nereites. This material shares similarities with
both proposed tracemakers, but for the moment the producers of
these Nereites can only be described as shallow infaunal deposit-
feeding organisms whose affinities remain unknown. It is sug-
gested that future discussions of the tracemakers should differ-
entiate the basic feeding strategy from the construction methods
and neither should be automatically linked with one particular
tracemaker.
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