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Ichnological research in Lower Cretaceous marginal-marine
facies from Patagonia: outcrop studies, SEM examinations and
paleontological/sedimentological integration
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Abstract: In-depth ichnological studies of Lower Cretaceous, marginal-marine facies from the Ag-
rio Formation (Patagonia, Argenting) have been carried out during the past few years. Several ich-
nofossils were identified and described for the first time in this unit, including a new ichnospecies
(Hillichnus agrioensis) produced by tellinid bivalves, xiphosurid trackways (the first record from the
Early Cretaceous worldwide) and dinosaur tracks (one of the few examples from Early Cretaceous
carbonates in Gondwana). The sedimentological information showed the presence of marginal-ma-
rine intervals previoudly interpreted as open marine. The outcrop studies resulted in the finding of
indirect evidence of microbial mats, while SEM examinations resulted in the direct evidence of their
presence in certain levels; this has taphonomical implications. Both ichnological and sedimentologi-
cal results allowed to challenge previous facies model belts that suggested permanent submerged lit-
toral faciesfor this part of the basin during the Early Cretaceous. The inferred paleoenvironment for
the top of the unit is shallower and more tidally-influenced than previously thought.

Key words: Agrio Formation, Patagonia, Trace Fossils, Ichnology, Lower Cretaceous, Xiphosurid
Trackways, Dinosaur Tracks, MISS, SEM, Marginal Marine

1. Introduction rine facies from the Agrio Formation (Neuguén Basin,

Northern Patagonia, Argenting) have been carried out

Trace fossil assemblages are particularly useful when
studying marginal-marine paleoenvironments, given
the high variations in sedimentological parameters
and the complex facies organization found in these
depositional settings. Abundant trace fossils occur
in the normal marine Mesozoic successions of the
Neuquén Basin (eg., Lazo et al. 2005; BALLENT €t al.
2006; BrREsSAN & Parma 2009; KiETZMANN & PaLmAa
2010; KietzmANN et al. 2010). Only a handful of stud-
ies refer to marginal marine environments (e.g., Mcli-
ROy €t al. 2005; Scuwarz et al. 2006; RopriGUEz €t al.
2007), but these are lacking detailed systematic analy-
ses. During the past few years, the first in-depth ich-
nological studies of Lower Cretaceous, marginal-ma-
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(e.g., FernANDEZ €t a. 2010; Pazos & FerNANDEZ 2010;
FERNANDEZ & Pazos 2012a; Pazos et al. 2012). The
aim of thiswork is to summarize these recent find-
ings and to provide information about a case study in
which integration between outcrop analyses, including
sedimentological and ichnological data, and micro-
scopical examination has produced innovative results
for the area.

2. Geological setting and study area

The study areaislocated in the center of the Neuquén
Province. The results summarized here correspond to
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Fig. 1. Neuquén Basin, Mendoza Group and the Agua de laMulaMember. A. Map of the Neuguén Basin and itslocation in
Argentina. Note the location of the Mendoza Group outcrops and the studied localities. B. Idealized stratigraphic column of
the Aguade laMula Member (Agrio Formation, Mendoza Group).

findings from localities along the north-south directed
National Route 40 (Fig. 1A), particularly Bgada del
Agrio (Agrio Formation's type locality; 38°25 S,
70°00° W), Cerro Rayoso (37°44-45 S, 69°55-56' W)
and Mina La Continental (37°51' S, 69°59° W). The
Neuquén Basin (Fig. 1A) is located in west-central
Argentina (northern Patagonia) between 34° and 41°S.
The basin contains more than 7000 m of marine and
continental deposits of Late Triassic to Paleogene age
(VERGANI et al. 1995; LEGARRETA & ULiana 1999).
This succession was deposited in three tectonic stages
(VErcanNT e al. 1995; Ramos & FoLGuera 2005): the
Late Triassic-Early Jurassic synrift stage, the Early
Jurassic-Early Cretaceous postrift stage, and the Late
Cretaceous-Cenozoic foreland basin stage. Most of the
Jurassic and Early Cretaceous deposits are composed
of diverse, highly fossiliferous marine facies associat-

ed with transgressions from the Pacific Ocean (How-
ELL €t al. 2005). This basin is also the most important
hydrocarbon-producing area in southern South Amer-
ica (HowEeLL et al. 2005).

The Agrio Formation (Weaver 1931) is the last
unit of a mainly marine interval within the Mendo-
za Group. The Upper Member, or Agua de la Mula
Member (Leanza et a. 2001) of the Agrio Forma-
tion is a Late Hauterivian-Early Barremian (AGUIRRE-
UrrEeTa €t a. 2007, 2008) unit (Fig. 1B). During the
Early Cretaceous, the Neuquén Basin was connected
to the Pacific Ocean through an island arc chain to
west (Fig. 2), and was affected by eustatic sea-level
variations (Zarata & FoLGugra 2005). The Aguadela
Mula Member is a mixed carbonate—siliciclastic unit
which contains a remarkable cyclicity; in a sequence
stratigraphic framework, the lower sequences are
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Fig. 2. The Neuquén Basin during the Early Cretaceous and approximate position of the studied localities. Modified from
Scawarz et al. (2006). The changes which are consegquence of the latest findings (see section 6.3) were not introduced here.

dominantly siliciclastic, and the upper one is mainly
carbonatic (ArcuuBy & Fursicun 2010). In the latest
sequence stratigraphy study performed in Bgjada del
Agrio four sequences are defined (GuLEer et al. 2013).

3. Material and methods

Along with the sedimentological work on this unit, in these
recent analyses (Pazos & FerNANDEz 2010; Pazos et al.
2012; FErNANDEZ & Pazos 2013) the focus was on the study
of trace fossils. The logged sections were analysed in detail
and facies analysis was carried out. Emphasis was made on
the uppermost part of the unit (sequence 4 sensu GULER €t
al. 2013). The scale of the studies ranges from outcrop stud-
ies up to SEM examinations. Rock samples were taken for
microscopical analysis; this included petrographic studies
of thin-sections and vertical sections analysed under scan-
ning electron microscopes. For further information on the

SEM analyses methodology see Tunik et al. (2009), Pazos
et al. (2012) and FerNANDEZ & Pazos (2013).

Whenever possible, representative hand samples of the
trace fossils were taken and stored in the collection of the
Area de Paleontologia, Departamento de Ciencias Geol ogi-
cas, Facultad de Ciencias Exactas y Naturales, Universidad
de Buenos Aires (CPBA).

4. Paleontological and paleoenvironmental
background

The Agua de la Mula Member of the Agrio Formation
is a mixed carbonate-siliciclastic marine unit (SpaL-
LETTI €t al. 2001a), traditionally interpreted as an open
marine ramp (SpaLLETTI €t al. 2001b; BALLENT €t al.
2006). In the central and northern areas of the Neu-
quén Province, Lazo et al. (2005) interpreted the unit
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as consisting of shoreface and inner to middle-outer
shelf deposits. Studies based on gastropods, serpulids
and bryozoans indicate that salinity fluctuations may
have taken place during the deposition of the top of
this member (TayLor et al. 2009).

In Bajada del Agrio in particular, BRINKMANN
(1994) considered the basal deposits as prodeltaic
and found evidence of subaerial exposure at the top
of the unit. SpaLLETTI €t al. (2001b) described this unit
as representative of an open marine ramp, with shal-
low subtidal to proximal offshore sub-environments
influenced by fair weather and storm waves. Pazos
& CiriGLIANO (2006) documented tidal-flat deposits.
Lazo et a. (2008) reported mainly euhaline condi-
tions (salinity range of 30-40%q) for Bgjada del Agrio
(and other localities not included here), and hyperha-
line conditions (over 40%o) towards the top of the unit.
Micropaleontologic studies in the area (CoNcHEYRO
et al. 2009) indicated hypo- to hypersalinity for most
levels, the lowermost deposits present evidence of ox-
ygen restriction, while the uppermost ones show the
establishment of shelf conditions with small coast-line
oscillations and eventual variations in oxygen content
in the sediment-water interface. Arcrusy et al. (2011)
described this member as open marine ramp deposits,
without indications of departures from normal salin-
ity, and with high nutrient levels and a relatively good
oxygen content (only lowered at some periods).

The fauna of the Agua de la Mula Member is var-
ied and abundant. Body fossils include bivalves, cor-
als, ammonoids, gastropods, bryozoans, serpulids,
sponges, echinoids, decapods, foraminifera and ostra-
cods (e.9., AGUIRRE-URRETA & Rawson 1997; CicHow-
oLsk1 2003; Lazo 2005; Lazo et al. 2005; BALLENT €t
al. 2006; Ropricuez 2007; TayLor et al. 2009; AGu-
IRRE-URRETA €t al. 2011; CartaLpo 2013; Lucr et al.
2013).

5. Current sedimentological developments

The sedimentological information gathered recently
(see Fig. 3 for examples) allowed to highlight the pres-
ence of marginal-marine intervals previoudy inter-
preted as open marine. In Mina La Continental, Tunik
et al. (2009) and Pazos & FernANDEZz (2010) recorded
evidence of a very shallow marine, mixed carbonate-
siliciclastic setting with subtidal to supratidal condi-
tions and mixture of marine and meteoric waters
and phreatic diagenesis. For Cerro Rayoso, Pazos €t
al. (2012) have recently reported marginal-marine fa-

cies and provided a thorough discussion of paleoen-
vironmental conditions that confirm a tidal domina-
tion instead of storms as the previous interpretation of
the upper unit of the Mendoza Group. In Bgjada del
Agrio, hyperpycnal flow and meandering channel de-
posits are found. Heterolithic deposits (Fig. 3A), par-
ticularly inclined heteralithic stratification (Fig. 3C)
and flat-topped ripples (Fig. 3B) are present in open
tidal-flat facies. The presence of miliolids in the open
to restricted tidal-flat deposits indicates fluctuating
salinity and/or hypersalinity conditions (FERNANDEZ &
Pazos 20123).

As a whole, the sedimentological datasets indi-
cate this marine depositional setting was tidally in-
fluenced. This is suggested, for instance, by the pres-
ence of bipolar sedimentary and reactivation surfaces.
It also underwent variations in exposure and energy
(Tunik et a. 2009; Pazos & FerNANDEZ 2010; Pazos et
al. 2012; FERNANDEZ & Pazos 20123, 2013).

6. Trace fossils

6.1. Ichnotaxonomy and ichnodiversity

In the last years, several ichnotaxa have been identi-
fied and described for the first timein thisunit. A new
ichnospecies, Hillichnus agrioensis Pazos & FERNAN-
pEz, 2010, was described (Fig. 4A). It is a compound
trace fossil (an ichnofossil which arises from a be-
havioral change of a single producer, sensu PIcKER-
1L 1994) produced by bivalves, a complex trace fos-
sil that required a three-dimensional reconstruction
(Pazos & FernANDEZz 2010). Another kind of bivalve
compound trace fossil, Protovirgularia cf. dichotoma
intergrading with Protovirgularia cf. rugosa (Fig. 4B)
was reported for the first time (FErnANDEZ et al. 2010).
Some other ichnotaxa are: Asteriacites cf.
quinguefolius (QuensTepT, 1876), Chondrites? intrica-
tus (BronaniarT, 1823) (Fig. 4C), Gyrochorte comosa
Heer, 1865, Lockeia siliquaria James, 1879, Ophio-
mor pha nodosa LunNDGREN, 1891, Nereites MACLEAY,
1839 (in MurcHisoN 1839), Palaeophycus tubularis
HaLL, 1847, Rosselia socialis DauMEeRr, 1937, Skolithos
verticalis (HaLL, 1843), Teichichnus rectus SEILACHER,
1955, Thalassinoides suevicus RietH, 1932, Trypan-
ites MiGpEFrAU, 1932. Arthropod trackways, tetrapod
swimming traces (Fig. 4D) and invertebrate trails have
also been described (FErNANDEZ & Pazos 20123, b).
Particularly interesting are the findings of xi-
phosurid (horseshoe crab) trackways (Fig. 5A-B) in
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Fig. 3. Examples of sedimentary features that indicate marginal marine conditions in the Agua de la Mula Member in Ba-
jadade Agrio. A. Heterolithic depositsin restricted tidal-flat facies. Coin diameter for scale: 23 mm. B. Flat-topped ripples
in tidally-influenced lower foreshore deposits. The ruler isin cm increments. C. Inclined heterolithic stratification (IHS) in

open tidal-flat deposits

Cerro Rayoso (FErNANDEZ & Pazos, 2013) and dino-
saur tracks (Fig. 5C-D) in Cerro Rayoso and Mina
La Continental (Pazos et a. 2012). The xiphosurid
trackways were assigned to Kouphichnium Nopcsa,
1923. The appendages of xiphosurids are morphologi-
cally distinctive and therefore are able to leave very

characteristic tracks. The first four pairs of legs can
leave V-shaped, bifid or more ssimple linear to semi-
circular tracks, while the pusher legs may leave any
of these morphologies as well as trifid or birdfoot-
like tracks. The opisthosoma (posterior tagma) bears
atelson, which is along pointed structure that, while
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Fig. 4. Ichnofossils found in the Agua de la Mula Member. A. Reconstruction of Hillichnus agrioensis with the four levels
in which different behaviours are recorded. Modified from Pazos & FernAnDEZ (2010). B. Compound trace fossil contain-
ing Protovirgularia cf. dichotoma (Pd; CPBA 20431) intergrading with Protovirgularia cf. rugosa (Pr; CPBA 20432).
Scale bar: 1 cm. See FernANDEZ €t @l. (2010). C. Chondrites Zintricatus in heterolithic deposits, Bgjada del Agrio. Scale
bar: 2 cm. D. Tetrapod swimming trace (CPBA 20438). See FERNANDEZ & Pazos (2012).

rigid throughout its length, is highly mobile (Caster
1938; RuppERT & BARNES 1994). Thetridactyl dinosaur
tracks were assigned to cf. Therangospodus pandemi-
cus LockLEY €t al., 1998; they were produced by medi-
um-si zed non-avian theropods.

6.2. Trace fossil taphonomy and ichnological/
sedimentological integration

The term “microbially induced sedimentary struc-
tures’ (MISS, Norrkk et al. 1996) refers to microbial



Ichnological research in Lower Cretaceous marginal-marine facies from Patagonia 183

Fig. 5. Xiphosurid trackways and dinosaur tracks found in the Agua de la Mula Member. See Pazos et al. (2012) and
FERNANDEZ & Pazos (2013). Scalebars. 1 min C, 5 cmin D. Theruler isin cm increments. A. Trackway where the typical
push-back pile and anterior drag piles of xiphosurid trackways are present. B. Xiphosurid trackway running perpendicular
to aripple crest. Note the shallow pusher-leg undertracks with anterior drag piles (A). Also, the bifid, trifid and other more
irregular marks, the particular markings of the pusher leg left when it stretched out forward and posteriorly and the telson
marking (medium drag mark). C. Dinosaur track-bearing surface at Mina La Continental. Field photograph and interpre-
tative line sketch. Stripped lines indicate the footprints that are superimposed by ripples. D. Tridactyl dinosaur footprint

(detail of C).

traces in sandy deposits, the counterpart to stromato-
lites that occur in carbonate settings. However, MISS
do not resemble stromatolites (Norrke 2010). They
present varied morphologies, and occur in modern
sediments as well as in fossil sedimentary environ-
ments (e.g., Mata & Bottier, 2009). Their presence,
and therefore the presence of microbial mats, have

been found in deposits of Phanerozoic, Proterozoic,
and Archean ages (NorrkEe et al. 2008 and references
therein).

Microbially induced sedimentary structures are
common in the Agrio Formation. The presence of
wrinkle structures (a type of MISS) on certain silici-
clastic levels, indicates the involvement of microbial



184 D.E. Fernandez and P.J. Pazos

Fig. 6. SEM photograph of fragment of the uppermost part of the surface studied in FERNANDEZ & Pazos (2013). Filament-
like forms (F) parallel to the bedding plane and detail showing a filament sheath. Scale bars: 10 p and 2 , respectively.

The arrow pointsto and is perpendicular to the bedding plane.

mats (HacaporN & Bottier 1997) in this unit. Frag-
ments of a particularly interesting surface, bearer of
extremely well-preserved xiphosurid (horseshoe crab)
trackways and also wrinkle structures in some par-
ticular areas, were photographed under a scanning
electron microscope (FERNANDEZ & Pazos 2013). The
results showed filament-like microstructures present
between the sand particles of the uppermost few mil-
limeters of the surface. Most are oriented parallel to
the surface and are laterally continuous (Fig. 6), and
some are perpendicular to the bedding plane. They
were identified as filament sheaths of bacteria or cy-
anobacteria such as those from ancient tidal flats de-
scribed in the literature (Norrke 2010). Ensheathed
forms are one of the most common morphotypes of
benthic cyanobacteria involved in mat and biofilm
formation (Gerpes et al. 2000). Energy-Dispersive X-
Ray Spectroscopy analyses (EDS analyses) performed
show that the filament sheaths are mainly composed
of carbon (C = 50.51%).

In summary, the outcrop studies resulted in the
finding of indirect evidence of microbial mats, such as
wrinkle structures, together with the preservation of
trace fossils. SEM examinations resulted in direct evi-
dence of endobenthic microbial mats. The trace fossils
were apparently preserved through the binding and
biostahilization, which counteracted erosion (NoFFKE
2010) and induced early cementation (Carmona et al.
2012 and references therein). In ancient tidal flats,
SEM analyses were little conducted, and most studies
focus on thin-section analysis.

6.3. Paleoecological and paleogeographic
implications

The ichnological interpretations enhanced the re-
corded paleodiversity for the unit; some inhabitants
had not been documented through body fossils. For
example, deposit-feeding tellinid and palaeotaxodont
(Protobranchia) bivalves (Pazos & FerNANDEZ 2010;
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FernANDEZ €t al. 2010), asteroids (FERNANDEZ €t al.
2013) and small unidentified tetrapods (FERNANDEZ &
Pazos 2012) amongst other organisms.

The local biota, mainly infaunal/epifaunal inver-
tebrates, were not necessarily the only tracemakers
in these shallow marine environments. Motile organ-
isms, whether due to seasonal migrations, reproduc-
tive cycles or other factors (e.g., climatic one), may
have been visitors instead of permanent inhabitants.
This is the case of the finding and description of the
xiphosurid trackways and dinosaur tracks (Fig. 5);
none of their producers had been recorded through
body-fossil remains.

Xiphosurids, most likely of the subfamily Limuli-
nae, seem to have used these Lower Cretaceous shal-
low marine settings of the Neuquén Basin as high-tide
mating grounds (FERNANDEZ & Pazos 2013). Thisin-
formation was inferred through an actualistic ap-
proach. Modern horseshoe crabs only come ashore to
beaches and tidal flats at the new and full moon high
tides during the mating season in spring and summer
(eg., Caster 1938; BRockManN 1990).

For the first time, an Early Cretaceous record of
the presence of non-avian theropod dinosaurs in the
Neuquén Basin was found (Pazos et al. 2012). This
precedes by dozens of million years the body-fossil
record of non-avian dinosaurs in the area, and they
congtitute one of the scarce undisputable Early Cre-
taceous non-avian theropod tracks, particularly in
Gondwanan carbonates and worldwide. This clearly
challenges previous facies model belts that suggested
permanently submerged littoral facies for this part of
the basin during the Early Cretaceous.

7. Conclusions

The ichnological and sedimentological characteristics
of the Agua de laMula Member show that:
—theichnodiversity is greater than shown by previous
works. This has consequences on the paleodiversity
and ethological information for the unit. Regardless,
the ichnotaxonomical analysisis far from over. Much
more material is currently under study;

— microbial mats enhance the preservation of certain
traces;

— for ancient tidal flat deposits bearing MISS, most
studies focus on thin-section observation with petro-
logic microscopes. We believe that, even though this
last technique is useful, examinations under SEM are
also informative, and can complement or sometimes

replace such analyses if, for instance, EDS analyses
are also part of the objectives. This is an example of
the strenght of sedimentological-ichnological data in-
tegration;

—the inferred paleoenvironment for the top of the unit
is shallower and more tidally-influenced than previ-
oudly thought;

— sedimentological-ichnological data integration is
key for paleocoastline reconstructions. Its results can
be applied in the oil industry as a paleobathymetric
control.
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