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Abstract

Several elongated and other crescent-shaped impressions interpreted as dinosaur tracks
and preserved on Lower Cretaceous tidal flat deposits from the Agrio Formation (northern
Patagonia, Argentina) are studied in detail. These tracks were documented on a
palaeosurface showing palaeotopographic differences over a short distance, related to the
lateral migration of a tidal channel. A genetic order between biostabilization and bioturbation
of the palaeosurface is recognized. Ripples generated within the channel during the flood
tide were first biostabilized; there, horseshoe crab trace fossils were produced. Then, the
area bearing the tracks studied here was subaerially exposed, with the biostabilized
substrate generating a slippery surface. Scanning electron microscope (SEM) analysis of the
rims indicates that the microbial mat was disturbed by the trampling. Finally, microbial mats
recovered, and some tracks preserve wrinkle marks inside the tracks. Taking into account
the substrate properties and track features analized (morphology, size, depth, and
orientation), it is concluded that the tracks were produced by dinosaurs, probably small
sauropods, trampling on a slippery surface and moving parallel to the channel margin. This
study is an unusual case of slipping tetrapod tracks preserved on a biostabilized tidal flat

developed in a mixed carbonate-siliciclastic environment.
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Tidal flats are complex environments influenced by tidal fluctuations, fluvial
discharges, other coastal processes, as well as waves and storms, and climate seasonal
variability, where the sedimentary processes change from a single day up to tidal cycles.
The interaction of these factors affects the characteristics of the deposited sediments (e.g.
lithology, thickness), the timing and nature of subaerial exposure, the development of
microbial mats, and the preservation of trace fossils in both, recent and ancient records.
Bioestabilised substrates, in particular, play a key role in track preservation, as has been
observed from dinosaur tracksites from marginal-marine or fluvial palaeoenvironments (de
Souza Carvalho et al. 2013; Dai et al. 2015; Paik et al. 2017; Xing et al. 2019; Heredia et al.

2020).

The morphology of tetrapod tracks is related to both anatomical features and
locomotor dynamics of the trackmaker and is also strongly determined by physical properties
of the underlying substrate, such as grain size, moisture content, and composition (Manning
2004; Milan and Bromley 2008; Diaz-Martinez et al. 2009; Marty et al. 2009; Platt et al.
2012; Falkingham 2014). Microbial mats are capable of modifying substrate behavior
through binding and stabilizing sand-sized grains, which could play a key role in defining the
final morphology and preservation of trace fossils (e.g. Noffke et al. 2001; Marty et al. 2009;
Fernandez and Pazos 2013). Actualistic experiments on the interaction of microbial mats
and the formation and ichnotaphonomy of tetrapod tracks are uncommon and have been
carried out on present-day siliciclastic tidal flats, including implications for the study of the
track record (Marty et al. 2009; Carmona et al. 2012; Cuadrado et al. 2021). Whereas
neoichnological studies exploring the track preservation in carbonate and mixed carbonate-
siliciclastic tidal flats are absent and could contribute in the future to the understanding of

ancient track interpretations such as those in the present work.

The Neuquén Basin is a good example of a basin where marginal marine siliciclastic,
but also mixed carbonate-silicicastic facies coexisted in the Early Cretaceous. In the Agrio

Formation, in particular, a robust palaeoenvironmental framework based on
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sedimentological, stratigraphical, and palaeontological studies included significant
information about ichnology. Palaeoenvironmental refinement and high-frequency changes
in stratigraphic architecture were presented (e.g. Spalletti et al. 2001; Lazo et al. 2005;
Archuby and Fursich 2010; Cichowolski et al. 2012; Schwarz et al. 2018). In the Agrio
Formation, ichnological investigations have been mainly related to invertebrate ichnology
(e.g. Pazos 2009, 2011; Pazos and Fernandez 2010; Fernandez et al. 2010, 2018, 2019;
Fernandez and Pazos 2012, 2013, 2015; Giachetti et al. 2020; Andrada et al. 2020).
Consequently, knowledge about the record of vertebrate tracks in marginal marine facies of
the unit is limitedand related to mixed siliciclastic-carbonate deposits evidencing subaerial
exposure in unknownareas of the basin (e.g. Pazos et al. 2012a, 2020; Heredia et al. 2018).
This study provides an in-depth analysis of several flattened, elongated and other crescent-
shaped impressions, documented in marginal marine deposits related to tidal influence in the
uppermost part of the Agrio Formation (Agua de la Mula Member). They were briefly

analysed and preliminarily assigned to vertebrate tracks by Pazos et al. (2012b).

The aims of this work are: to describe and interpret in detail several impressions and
reconstruct the lateral variability of a palaeosurface that documents palaeotopographic
differences within a short distance; to analyse the role played by the substrate consistency
(including biostabilisation) in the morphology and final preservation of the impressions
(interpreted as tracks); and to discuss a possible producerand other palaeoecological
inferences.

Geological setting

The Neuquén Basin, located in west-central Argentina and Chile, extends from 32° to
40° S latitude along the Andean foothills and forms a large NW-SE orientated marine
embayment (Fig. 1A). It is filled by a continuous Late Triassic—Palaeogene stratigraphic
record of marine to continental settings more than 7000 m thick (Legarreta and Gulisano
1989; Vergani et al. 1995; Howell et al. 2005). This basin records a complex tectonic

evolution, starting with an initial Late Triassic—Early Jurassic syn-rift stage, followed by a
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Middle Jurassic—Early Cretaceous thermal subsidence regime in a retroarc setting, and
concluding as a Late Cretaceous—Palaeogene foreland basin system (Manceda and
Figueroa 1995; Howell et al. 2005; Naipauer and Ramos 2016; Fennell et al. 2020).

The Agrio Formation (Weaver 1931) is late Valanginian—latest Hauterivian in age
(Aguirre-Urreta et al. 2019) and is the uppermost unit (Fig. 1B) within the Upper Jurassic—
Lower Cretaceous Mendoza Group (Groeber 1946). Stratigraphically, this unit is located
above the continental to marginal-marine succession of the Mulichinco Formation (early
Valanginian) and is unconformably overlain by Barremian—Aptian continental, marine, and
marginal-marine deposits included in the Huitrin Formation (Legarreta 2002; Lazo and
Damborenea 2011). The Agrio Formation comprisesthree members (Fig. 1B), which are, in
stratigraphic order, the Pilmatué, Avilé, and Agua de la Mula members (Weaver 1931;
Leanza et al. 2001). The lower and upper members are marine and the Avilé Member is a
fluvio-aeolian system deposited during a forced regression in the middle Hauterivian (Veiga
et al. 2007). Recently, several stratigraphic sequences have been recognized for the first
time for the Pilmatué Member, and the previously mentioned forced regression was related
to a tectonic origin rather than a classical eustatic interpretation (Pazos et al. 2020). In
agreement with the previous suggestion of Guler et al. (2013), four fourth-order sequences
were recognized in the Agua de la Mula Member in a new sequence stratigraphic
interpretation for the entire unit proposed by Pazos et al. (2020).

The Agua de la Mula Member was interpreted as a storm-dominated, mixed
carbonate-siliciclastic ramp (e.g. Spalletti et al. 2001; Lazo et al. 2005; Comerio et al. 2018)
that evolved to a marginal-marine environment containing different indicators of tidal controls
such as inclinated heterolithic stratification (IHS), bidirectional orientationsin climbing ripples,
and rythmites (e.g. Pazos and Fernandez 2010; Pazos et al. 2012a; Fernandez and Pazos
2012, 2013). The uppermost part of the unit with the widespread marginal-marine deposits
indicates the end of a depositional cycle at basin scale (Pazos et al. 2020). In the locality of
Cerro Rayoso (Fig. 1A), in the uppermost levels of this member (Figs. 1B, 2), is where the

trace fossils analysed in this paper occur. They are found only a couple of metres laterally to
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the xiphosuran trackways studied by Fernandez and Pazos (2013); that area was interpreted
by the authors as the record of a high-tide mating ground on a tidal flat.

Materials and methods

The study area outcrops to the east of the National Road 40, between Zapala and
Chos Malal cities in the Neuquén Province (Fig. 1A). A GPS point is given as reference of
the trace-fossil bearing level: 37° 44' 54" S, 69° 56' 9" W.

The present study material consists of several impressions, i.e. a mark made on the
surface of something by pressing an object on it, and we have then interpreted them as
tracks (see Section "Discussion: Producer"). Even though the term “impression” is more
descriptive than “track”, it has been decided to homogenise the use of the terms throughout
the manuscript by using only the term track, which is also more practical and comfortable for
a smoother reading.

In the study, elongated tracks were considered those with a length/width ratio greater
than 2. Also, to calculate individual trace fossil areas and the surface bioturbation index (the
ratio between the area of the track-bearing surface and the area covered by the tracks), the
public domain, java-based image processing program ImageJ was used. This is the
equivalent of the concept proposed by Lockley and Conrad (1989) as the dinoturbation index
that considers the surface percentage of substrate impacted by dinosaurs.

The photogrammetric 3D models have been obtained using Agisoft Metashape 1.5.0
Professional Edition (Educational License) following the procedures indicated by Falkingham
(2012). The false-depth colour images and contour lines were produced with the free
software Paraview (www.paraview.org).

Vertical sections of the uppermost millimetres of the track-bearing surface were
analysed under scanning electron microscope (SEM; Zeiss Supra 40 with ultrahigh-
resolution field-emission scanning) and photographed (see Section “Substrate analysis and
ichnotaphonomy”) at magnifications from 2,000x to 20,000x using standard sample

preparation (thin gold coat).
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The track-bearing palaeosurface

The track-bearing palaeosurface herein studied is located 12 metres below the top of
the Agua de la Mula Member (Fig. 2) in the eastern flank of the Cerro Rayoso anticline and
the surface containing the tracks is laterally equivalent to the one described by Fernandez
and Pazos (2013), just a couple of metres aside. On the opposite flank of the anticline, Tunik
et al. (2009) described tidal-related features, subaerial exposure, and dinosaur tracks in
oolitic strata, exactly in the same stratigraphic uppermost part of the unit. These levels were
documented in the assumed centre of the basin were no subaerial exposure had been
recognized before (e.g. Legarreta 2002). Later, in the same locality studied here, but in
underlying levels, oolitic shoal bars, tidal reactivation surfaces with mud drapes, abundant
dinosaur tracks and trackways, and microbial mat-related structures were reported by Pazos
et al. (2012a). All these data permitted to these authors to conclude that the final stage of
deposition of the Mendoza Group presentsminor bathymetric differences betweenthe basin
border and the basinal areas, indicating overall desiccation in almost the entire basin (Pazos
et al. 2020, fig. 8). In particular, in the study area, Pazos et al. (2012b) documented a distinct
palaeotopography in the level bearing the tracks described in this paper taking into account
an inclined surface covered by ripples that pass laterally to channelled deposits or an almost
horizontal surface with flat-topped ripples. For this reason, the track-bearing palaeosurface is
analized in laterally contiguously defined sections (A-D). The zones A-D are oriented
approximately south-north. The palaeosurface is clearly visible in the Fig. 3A—F, besides a
vertical section showing lateral accretion features is also documented (Fig. 3G). The
reconstruction of the lateral extended palaeosurface is schematized in the Fig. 4 to account
the extremely short distance variability in sedimentary features and trace fossils.

Zone A

Description

This zone is almost flat, not well exposed by debris and vegetation. There, patchily
carbonate levels with yellow-orange colour containing polygonal forms resembling mud

cracks are exposed. They present vertical borders and bubble-like subcircular domed areas
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in the central part of polygons. The border, rather than constrasting infilling is a vertical
curved expression of the same material. There, the nature of the lamination is visible in the
vertical walls (Fig. 3A). In the same section and in the same stratigraphic position, carbonate
laminites were documented in surface in the other flank of the anticiline (Tunik et al. 2009)
and also in underlying levels of the study locality (Pazos et al. 2021). Fernandez and Pazos
(2013) document several levels with carbonates indicating periods of active carbonate
precipitation and others with more siliciclastic supply.

Interpretation

Fernandez and Pazos (2013) interpreted these cracks as dissecated microbial mats.
The carbonate composition, the uplifted borders and the bubble-like forms are frequent in
upper inter to supratidal zone where evaporation is greater than in other zones and microbial
biostabilized surfaces are prone to cracking (Bose and Chafetz 2009). The complete
absence of bioturbation point out to hostile conditions and isolation of the surface with the
undermat zone.

Zone B

Description

This zone is topographically depressed with respect to the remaining zones. It is
completely siliciclastic in nature and exhibits an orientationE-W with an asymmetrical cross-
section being almost vertical in contact with the Zone A and a gently inclined surface in the
transition with the Zone C. The depression is approximately 0.5 m in depth with the deepest
area close to de vertical contact, and in the middle of the depression a trend of ripples is
preserved at the base. These ripples exhibit a remarkable asymmetry profile were abundant
invertebrate ichnofossils were documented by Ferndndez and Pazos (2013). The most
notable ichnogenus is Kouphichnium Nopcsa 1923 attributed to xiphosurans. Other trace
fossils include burrows produced by vermiforms producers, such as specimens belongs to
Cochlichnus Hitchcock 1858 and Gordia Emmons 1844 ichnogenera (Ferndndez and Pazos
2013, fig. 7D-F). More interestingly, the ripples exhibit a lee side with an abnormally high

angle, and delicate trace fossils by vermiform producers are preserved (Fernandez and
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Pazos 2013, fig. 7 E—F). It suggests that the ripples were not active due to a very high angle
of repose, and pristine preservation of trace fossils indicates a mechanism of stabilization
before bioturbation rather a souply substrate. Some ripple crests are eroded (flat-topped) as
well as bioturbation (Fernandez and Pazos 2013, fig. 4 and 6). Also, parallel line marks have
been documented along the side of some ripples (Fig. 3D) that indicates the water level
position. It has also been documented in many modern tidal flats, such as in the Mont Saint
Michael in France (Fig. 3E).

The gently inclined surface that is the other limit of the depression or Zone B contains
ripples with the same orientation and features than the described before, but with subtle
differences. For instance the high is reduced and not bioturbation or erosion was
documented (Figs. 4, 5). They represent the lateral continuity of the same trends and were
generated by flow with the same orientation.

Interpretation

Sedimentologically the Zone B and the transition with the Zone C is interpreted as a
palaeochannel. The asymmetry and the lateral accretion surfaces observed in cross-section
(Fig. 3G, 4) indicates the development of a point bar. This channel is interpreted as the
result of tidal activity, in a tidal flat. The flood dominated ripple orientation points out a
remarkable asymmetry in the tidal cycle. Notably, the absence of erosion of the ripples in the
inclined surface, suggest that the maximum tidal level exeded the tidal channel limits. They
were generated by currents that were more energetic than others during tidal recess. The
orientation of the ripples and the channel is in agreement with the E-W deepening basin
trend (Fig. 1A) envisaged in the literature for the Agrio Formation (e.g. Legarreta 2002).
Moreover, the tidal activity is in agreement with the widespred tidal evidences in the basin
documented by Pazos et al. (2020) in the uppermost part of the unit. The erosion ripples and
the parallel lines deserves an special explanation. During the tidal ebb, only after the water
flowed into the channel to the open sea, the energy was enough to eroded the ripple crests.
At the same time the inclined side of the channel was exposed and wet, as not cracking was

documented. The entire scenario, suggests a highly dynamic environment, as microbial mats
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usually demands several days for its development (Marty et al. 2009; Carmona et al. 2012;
Cuadrado et al. 2021). In modern tidal flats, vegetation sometimes also reduces the tidal ebb
energy (Bradley et al. 2018). Considering that xiphosurans usually migrate to tidal areas by
matting (Fernandez and Pazos 2013 and reference therein), the documented xiphosuran
trace fossils suggest that the channels may have been suitable corridors for these
arthropods. The parallel lines in the lateral steeply side of the ripples clearly indicates the
lowermost level of the water table into the channel. Al least for a pre-stabilization surface.
The stabilization of the substrate by microbial mats was infered by Fernandez and Pazos
(2013) on the basis of the presence of wrinkle marks on top of ripples and detailed SEM
observations, where vertically oriented sheaths were documented (Fernandez and Pazos,
2013, fig. 8).

Zone C

Description

This zone is the lateral continuation of the inclined surface and it is almost horizontal.
It is the zone that contains the impresisons analysed in this paper (Figs. 5, 6, 7) that will be
described in the Section “Ichnology”. Wrinkle marks are preserved inside the tracks (Fig. 3F)
and also laterally to them. Almost any other macroscopic feature is observable, the tracks
present rims that were analysed in detailed by SEM (see Section “Substrate analysis and
ichnotaphonomy”).

Interpretation

The existence of wrinkle marks inside the tracks indicates that residual water
permitted the mat to recover after tracks. Both the SEM analysis of the rims and the slippery
surface developement for this zone will be discussed in the Section “Substrate analysis and

ichnotaphonomy” as well as the orientation with respect to the channel (Zone B) of the
tracks.
Zone D

Description
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This zone extends laterally to Zone C in the opposite direction of Zone B (Fig. 4). It is
a relatively flat area; however, detailed observation permitted to recognize extremely eroded
ripples, where only the troughs are preserved and oriented with similar axes than in the other
zones (Figs. 4, 8). Inside some of them, corrugations (wrinkle marks) and also some tracks
and silicified wood remains oriented parallel to the palaeoflow were documented (Figs. 4, 8).

Interpretation

This zone is crucial to confirm that the entire palaeosurface was covered by ripples,
and the absence of this ripples in the Zone C is directly related to the generation of the
tracks. The dominance of flood flows over ebb flows is also confirmed in this case. The
extremely eroded ripples only preserve relict of the troughs and only preserve isolated tracks
with wrinkle marks.

Ichnology

The track-bearing surface from Zone C contains at least 20 isolated tracks (see
measurements in Table 1), 9 of which are elongated (length/width ratio greater than 2)
including tracks 1-6, 8, 15-16 (Fig. 5). In general tracks from this zone present rounded
ends and rims and have a similar orientation between them as marked with arrows in the
interpretative scheme (Fig. 5B); they are parallel to the interpreted palaeochannel (Zone B)
and coincide with the flood-ebb direction observed in ripple cross stratification (Figs. 4 and
5). No track overlapping was identified on the track-bearing surface. The entire area where
the tracks are preserved (shadedarea in Fig. 5B) is about 3 m2. Considering only the surface
of the tracks (the total sum is about 0.64 m?), the percentage of this surface imprinted by
tracks is 21.33 %, which implies light to moderate dinosaur trampling sensu the dinoturbation
index of Lockley and Conrad (1989).

The tracks are generally straight and have an approximately constant width. Track 1
is elongated, about 35.2 cm long and 16.2 cm wide, with one rounded end and the opposite
end straighter. It is the closest track to the ripple-bearing surface (Fig. 5 and 6E). Track 1
presents a completely smooth and flat surface as reflected in both the photographs and the

colour depth image, and the rims are more developed towards the rounded end sides. Track
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2 is elongated and sinuous, about 39.2 cm long and with a maximum width of 13.4 cm close
to the subrounded end. The width is almost constant along the track narrowing slightly
towards the opposite, straighter end. Track 3 is elongated, straight, has a rounded end and a
straighter opposite end, and is about 42.3 cm long and 18.4 cm wide. Track 3 is next to track
2 and is wider than track 2. Both tracks are parallel and present the same orientation, and
the rounded end of each track extends to the same distance (Fig. 5). Track 4 is elongated,
about 29.1 cm long and 11.7 cm wide, presents a subrounded asymmetrical end and a
straightened opposite end. This track is charachterized by well-developed lateral rims
producing lobes of variable width (maximum width: 4 cm); its subrounded end also shows a
rim, about 1 cm in width. Track 5 is elongated and slightly sinuous developing narrow lateral
rims; it is 37.4 cm long and exhibits a maximum width of 13.9 cm and a minimum width of
10.4 cm. Also, a shallower and narrowing posterior prolongation (12.6 cm long) of this track
is recognized, as a result, the total length of track 5 could be as long as 50.5 cm. Tracks 4
and 5 are close (separated by 8 cm), and subparallel; track 4 presents an angle of 26° with
respect to track 5. Track 6 is also elongated and mostly straight, but it curves at one end; it is
27.8 cm in length and 11.8 cm in width, presents an almost constant width, and one end is
rounded and the opposite is not well defined. Unlike other elongated tracks that are close
together such as 1, 2 and 3 on one side and 4 and 5 on the other, there are no elongated
tracks in close proximity to track 6. Track 7 is wider than long, has a length of 12.2 cm and a
width of 26.1 cm; it has a crescent shape, with a rounded anterior margin and the opposite
one straighter and wedges towards both sides. This track presents the development of rims
(about 3 cm in width) mainly on the anterior margin and in turn becomes deeper towards
there. Track 7 is located just in front of track 5 and is approximately twice as wide as the
latter. Track 8 is elongated, has a length of 35.5 cm and a maximum width of 16.3 cm and a
minimum width of 7.7 cm; it has a subcircular shape towards the wider end but the rest of
the track is rather elongated to subtriangular. This, suggests that perhaps it is the result of
the superposition of two tracks. This track is completely parallel to track 4 and about 32 cm

from it. Track 9 is subsquare to subrounded and is slightly longer than wide; it is 28.1 cm
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long and has 20.7 cm in maximum width and 12.8 cm in minimum width. The wider end is
more rounded than the opposite one, and the rim that is present along the entire perimeter of
the track is more developed towards this wider end. In track 9 an acuminate mark was
identified towards the right lateral margin of the wider end (Fig. 7B). Also, in this track, two
levels of depth were recognized, a deeper one with a half circle shape towards the wider end
and another shallower level for the rest of the track (Fig. 7C). Track 9 is next to track 8 and
they are parallel to each other. Track 10 is poorly preserved and is subcircular to sub-square
in shape with a length of 25.7 cm and a width of 18.1 cm, and is not parallel to tracks 8 and
9. Track 11 is also poorly preserved, one of the lateral margins is straight and the opposite
has only a straight fragment and the other one widens with a circular margin; both ends are
straight to subrounded. Track 11 is 20.5 cm long and 18.2 cm wide, and presents a more
similar orientation to track 8 than track 10. Track 12 is the smallest track on this study
surface and was recognized primarily by a recurved rim, this track is wider than long, 5.0 cm
in length and 10.2 cm in width, the rest of the track presents a poorly defined margin. Track
13 is sub-square, 16.4 cm long and 12.0 cm wide, one end is straight to subrounded and the
track widens slightly towards the opposite end, which is not preserved; therefore, this track
was probably originally elongated. It has the same orientation as track 5 and they are almost
aligned with each other, separated by about 63 cm. Track 14 is subrounded and has a
similar length and width of 12.7 and 12.5 cm, respectively. Track 15 is sub-square, straight
to slightly curved and is elongated, has a length of 36.2 cm and an approximately constant
width, with a maximum width is 12.7 cm. Track 15 has an orientation very similar to tracks 1,
2 and 3. Track 16 is poorly preserved, has a blunt end and the opposite is not defined; it is
an elongated track 31.3 cm long and 14.9 cm wide. This track has the same orientation as
tracks 2 and 3 and is aligned with track 2 but separated from it by 17.2 cm. Track 17 is
poorly preserved, has one rounded end and the rest of the track is incomplete; as a result it
is at least 15.2 cm long and 12.5 cm wide. Track 18 is elongated with one end rounded and
the other unpreserved; it is about 31.8 cm long and presents a maximum width of 18.6 cm.

This track is located between tracks 4 and 16 with a similar orientation to the first one, but is
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considerably wider than track 4. Track 19 is subrounded, poorly defined, with a possible
length of 21.6 cm and a width of 21.3 cm. Finally, track 20 has a subrectangular shape with
only one subrounded end preserved; it is 22.9 cm long and 12.8 cm wide. This track 20
presents a similar orientation to track 4.

Unlike track 1, other tracks are not as homogeneously flat and instead show slight
irregularities, such as those in tracks 4 and 5, while others present more marked depth
variations such as track 15 (Fig. 5A).

In Zone D some isolated crescent-shaped tracks have been documented (Fig. 8).
These tracks did not develop rims and do not preserve anatomical features. Track 21 is
wider than long and presents 6.5 cm in length and 11.1 cm in width. This track is breaking up
a microbial mat wrinkle structure. The wrinkle structures are not preserved inside the track
(Fig. 8C—F). Track 22 is wider than long, 5 cm in length and 12.3 cm in width. Track 22
displays the opposite orientation of track 21 and there are 8 cm in between the two tracks.
Track 23 is wider than long, 7 cm in length, and 14 cm in width, and shows a similar
orientation to track 21 and is separated from it by 44 cm.

Substrate analysis and ichnotaphonomy

In the present work, rock samples bearing wrinkle marks and fragments of rims of the
tracks in Zone C were analysed under SEM. Similarly to what was observed in Zone B,
filament-like microstructures were identified in the wrinkle marks. Generally, these structures
consist of ensheathed forms (Fig. 9A) and they are continuous and mostly oriented parallel
to the surface (Fig. 9B). Small clusters of probable coccoidal forms are also associated with
the structures (Fig. 9C). On the contrary, the SEM analysis of samples from the lateral rims
of the tracks (Zone C) display clear evidence of disturbance (bending and remobilization) of
filaments and EPS (Fg. 9D).

Microbially induced sedimentary structures (MISS), as evidence of microbial mat
formation, have been found in Precambrian to Cenozoic siliciclastic deposits in different
palaeoenvironments, including tidal flat settings of Cretaceous age (Noffke et al. 2008 and

references therein). As was previously mentioned, the presence of MISS was documented in
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Zone B of the studied surface and indicates the role of microbial mats in the biostabilization
of the area and the excellent preservation of invertebrate trace fossils (Fernandez and Pazos
2013). Filament-like, continuous microstructures, mostly oriented parallel to the surface, but
some perpendicular to the bedding plane, were found between the sand particles of the
uppermost few millimetres of the surface in Zone B (Fernandez and Pazos 2013, fig. 8A-B).
They were interpreted as ensheathed forms of bacteria or cyanobacteria, one of the most
common morphotypes of benthic cyanobacteria that formed microbial mats in ancient tidal
flats (Gerdes et al. 2000; Schieber et al. 2007; Noffke 2010).

Taking into account the microtopography related to the lateral migration of a tidal
channel (see Section “The track-bearing palaeosurface”) and the trace fossils and microbial
mats of the studied surface, the following temporal order of mat development (summarized
in 3 stages) is proposed. In a first stage (Stage 1), endobenthic microbial mats developed
(identified by Fernandez and Pazos 2013) with the consequent stabilization of ripples during
the inundationin which the system was not completely exposed. After stabilization of the
surface, horseshoe crabs produced Kouphichnium in Zone B (Ferndndez and Pazos 2013).
In a second stage (Stage 2), the area was exposed and flat-topped ripples formed in Zone B.
Also the ripples formed in Zone D were eroded when water level went low; microbial mats
were developed at least partially as the relict wrinkle marks that are documented in ripple
troughs in Zone D. The exposure is also documented by the tracks in this palaeosurface,
almost flat, with the biostabilized substrate generating a slippery surface. Furthermore,
microbial mats could have induced an early cementation that would directly increase the
preservation potential of tracks (e.g. Marty et al. 2009; Carmona et al. 2012; Cuadrado et al.
2021). The trampling is another form of biogenic modification of the substrate, in this case
superimposed on a microbially-induced modification. The lateral rims of the tracks with
disturbance of filaments and EPS, confirm the order of development between biostabilization
and bioturbation. Finally (Stage 3), microbial mats recovered, and some tracks preserve the

corrugated features ascribed to wrinkle marks inside the tracks (Figs. 6C-D and 7D, F-H)
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indicating an “spongy” surface, probably retaining ponded water inside that avoided
desiccation cracks development.
Discussion

Producer

In this section the possible producerof the trace fossils from Zone C will be discussed
considering: first, the xiphosurid producerbecause they were recognized in the same
palaeosurface; then, aquatic vertebrates such as flattened fish capable of that producing
elongated trace fossils, and marine reptiles; finally, terrestrial tetrapods, particularly
sauropod dinosaurs.

In Zone B abundant arthropod trackways with several preservational variations were
documented. As previously mentioned, these trace fossils, preserved on a biostabilized
substrate, were assigned to Kouphichnium isp. by Fernandez and Pazos (2013), and five
track morphotypes were established, some of which involve pusher-leg movement. These
trackways were attributed to xiphosurids, and likely produced by members of the subfamily
Limulinae (Ferndndez and Pazos 2013). Neoichnological observations of trackways
produced by modern horseshoe crabs (Limulidae Leach 1819) on different substrates (non
biostabilized) such as dry subaerial sand, wet subaerial carbonate mud and very wet
subaquatic carbonate mud show, that in all these cases (although in different degree of
detail), appendage, prosoma and telson marks are produced (Diedrich 2011, p. 96, fig. 15).
Also, xiphosurid trace fossils with prosoma drag marks remobilizing the sediment are usually
associated with a tail drag mark (e.g. Fernandez and Pazos 2013, pp. 19-21, figs. 3-5;
Shibata and Varricchio 2020, p. 894, fig. 7). No evidence of arthropod appendage
impressions or grooves that could be attributed to a telson were recognized in Zone C. It is
known that the horseshoe crab prosoma is symmetrical (see Bicknell et al. 2021);
nevertheless, some of the tracks recognized have asymmetrical rounded margins (e.g. track
4, Fig. 7). The prosoma of the producerof Kouphichnium trackways from Zone B was
estimated by Fernandez and Pazos (2013) to be about 2.5 cm wide and considering that the

minimum width from the elongated tracks from Zone C is about 12 cm, the former would not
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have been large enough to produce the tracks analysed in this paper. Interestingly, during
the Early Cretaceous, the only two limulid body fossils recorded, Victalimulus mcqueeni Riek
and Gill 1971 from Australia and Crenatolimulus paluxyensis Feldmann et al. 2011 from the
USA, reach about 10-12 cm in width, while during the Late Cretaceous, limulids reach larger
sizes, with prosomas exceeding 20 cm in width (Bicknell et al. 2021 and reference therein).
Nevertheless, due to the bias of xiphosuran body fossil record from South America, the only
evidence of a probable size was inferred from the above-mentioned Kouphichnium record,
recognized in Zone B. Additionally, tracks of Zone C are in general flattened and although
some have a rounded end, there is no evidence of scratch marks or a preservation in
concave epirelief indicative of burrowing, as is the case of Crescentichnus Romano and
Whyte 2015 and Selenichnites Romano and Whyte 1990 (about 1.6 cm and 1.8-2.2 cm in
width, respectively) which are commonly associated with xiphosurids (Leibach et al. 2020
and references therein). As a result, a xiphosurid or any other similar arthropod is
disregarded as the possible producer of the elongated tracks from Zone C.

Elongated and flattened trace fossils recorded at the bottom of a flooded area have
been attributed to fish with relatively flat bodies and longer than wide ratios, and behavior
including resting and predation with excavation (e.g. Lkebir et al. 2020). This excavation
involves removal and accumulation of mud from the upper levels of the sediment, while
resting impressions are produced through sliding on the bottom surface. In the elongated
tracks of Zone C, there is no evidence of sediment being removed by excavation, but rather
the displacement of sediment forming rims as a result of an impression. Also, it is unlikely
that a fish would have been heavy enough to produce a resting mark deforming this
biostabilized substrate. Some cartilaginous fishes with a typically dorsoventrally flattened
body such as rays are capable of producing bowl-shaped feeding burrows that have been
related to Piscichnus waitemata Gregory 1991 (see Gregory 1991; Martinell et al. 2001;
Kotake 2007; Uchman et al. 2019). Although the oldest record of this ichnotaxon is from the
Upper Cretaceous, an older Piscichnus is possible taking into account that the earliest

batoids (rays and skates) are known since the Early Jurassic (Uchman et al. 2019 and
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references therein). However these bowl-shaped burrows are completely different
morphologically from the tracks documented in Zone C. On the other hand, horizontal
elongated gutter-like furrows preserved in epirelief have been described as subacuatic
feeding trace fossils made by marine reptiles like plesiosaurs or ichthyosaurs (Geister,
1998). These authors have documented furrows up to 60 cm wide and 9 m long and up to 30
cm deep, but they have also recognized smaller furrows, less than 20 cm wide and 15 cm
deep. Most of the furrows are straight but shorter ones can be sinuous. However, these
gutter-like furrows tend to deepen gradually towards one end, which is not the case of the
elongated study tracks. In addition, these furrows lack rims and they are proportionally
deeper than the elongated tracks from Zone C. Given that hese last tracks wereformed after
a drop in water level, it is unfeasible that fish or marine reptiles could have produced them.
Finally, excavations or resting tracesof these fishes and feeding grooves made by marine
reptiles could not explain the crescent shape of the tracks.

The terrestrial tetrapod record from the Lower Cretaceous of the Neuquén Basin is
mainly based on dinosaurs and includes: theropod and sauropod remains and tracks from
fluvial deposits of the lower Valanginian Mulichinco Formation (Pino et al. 2020, 2021);
dinosaur tracks from the Agrio Formation, comprising dinosaur tracks from marginal-marine
deposits of the upper Valanginian—lower Hauterivian Pilmatué Member (Pazos et al. 2020);
dinosaur tracks from fluvio-aeolian deposits of the middle Hauterivian Avilé Member
(Heredia and Pazos 2016); non-avian theropod tracks from marginal-marine deposits of the
upper Hauterivian Agua de la Mula Member (Pazos et al. 2012a); and sauropod remains and
tracks from fluvial deposits of the Aptian—Albian Rayoso Formation (Canudo et al. 2017,
2018). In the Agua de la Mula Member from the Agrio Formation, occurring at
stratigraphically lower levels than the study surface (see Fig. 2), large tridactyl theropod
tracks assigned to cf. Therangospodus pandemicus and displaying a mean length and width
of 34.5 cm and 23.8 cm, respectively, have been documented (Pazos et al. 2012a). These

authors concluded that these tracks were imprinted after withdrawal of the water, when the
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surface was subaerially exposed, and revealed the presence of more than one trampling
episode on the same palaeosurface and fluctuations in the coastline.

The studied surface shows evidence of microbial mat development (see Section
“Substrate analysis and ichnotaphonomy”), which have made the surface slippery. As a
result, elongated tracks from Zone C may represent slips on an slippery biostabilized
surface. Taking into account that the tracks are almost subparallel and indicate the same
direction of displacement, according to the rounded edges, and that they do not overlap
each other in any case, it is possible to infer that several producerspassed in the same
direction parallel to the channel of the Zone B. It is also possible to assume that the
producers must have been heavy enough to imprint the tracks and deform this biostabilized
substrate. However, at the same time, the properties of the substrate constrained the
preservation of defined anatomical features, unlike other tetrapod slipping track records
without a biostabilized substrate (e.g. Wings et al. 2007; Diaz-Martinez et al. 2020). In the
studied track-bearing surface, some of the elongated parallel tracks could belong to the
same pair of limbs (manus or pes) given their proximity and that they extend almost to the
same point (e.g. tracks 2 and 3 or tracks 4 and 5). Some short tracks associated with
elongated ones, as is the case of the crescentic-shaped track 7 (Fig. 7A, D, E) which is
located just in front of elongated track 5, could represent a manus track of the same
producer while stopping. The latter is consistent with the morphology of the track with a non-
uniform depth (unlike the elongated flattened tracks), which deepens towards one end and
where a prominent rim has developed. Track 9 has an asymmetrical shape that is longer
than wide and subtriangular with rounded ends, and the curved wider extreme presents a
laterally acuminate mark (Fig. 7B). This probably represents the impression of one claw
oriented laterally. It is also observed that it is deeper towards the wider end (interpreted as
the track anterior side; Fig. 7C). In the Rayoso Formation of the overlying Bajada del Agrio
Group (see Fig. 1B), Canudo et al. (2017) have documented small sauropod tracks between
17 and 23 cm wide, and track 9 studied here falls within this size range. Considering all

these track features, track 9 is interpreted as a sauropod right pes track. It has been
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proposed that the claws present in sauropods would act as traction devices, preventing the
foot from sliding backwards during support and propulsion (Bonnan 2005). Among the
smallest known sauropod manus and pes tracks are those documented by Lockley et al.
(2018) from the Lower Cretaceous Jingchuan Formation of China. The length and width of
these sauropod manus tracks are 5.0 and 6.0 cm, respectively, and the length and width of
pes tracks are 11.5 and 7.5 cm, respectively. These authors also recorded small sauropod
pes tracks with a width range of 7.5-24.5 cm, while the tracks from the present study of the
Agrio Formation range from 10.2—-21.3 cm in width (excluding track 7), thus falling within this
range. The fact that some elongated tracks are sinuous is probably the result of slipping by a
tetrapod; possessing legs that are mobile with respect to its center of mass, sometimes
these legs tend to move inward and outward relative to the midline describing sinuous
trajectories when slipping. Sinuous and flattened tracks have been observed in the slips left
by some juvenile elephants when slipping down the bank of a muddy river (see videos from
ElephantVoices.org). Considering the substrate properties analysed (involving a
biostabilized substrate with slippery conditions), the track size and depth, track morphology
and orientation, it is concluded that Zone C was a dinosaur trampling area, probably
produced by small sauropods. The different sizes and shapes of the tracks suggest that, if
they were produced by the same type of producer, for instance the same sauropod taxon,
there were different age groups involved.

Palaeolandscape

The integration of the interpreted zones, demonstrates sedimentological, ichnological
and peleocological differences in a short distance on the same palaeosurface. The evidence
of tidal flows in the locality was early documented by Pazos et al. (2012a) particulary by
carabonatic shoals with reactivation surfaces, potamidid gastropods with encrusted
bryozoans (Taylor et al. 2009) recorded at both sides of an anticline (Rayoso). The
documentation of tidal flows in this area of the basin was explained as the evidence of a
complete tidal influenced setting on the whole eastern side of the basin for the uppermost

part of the Agrio Formation showing not differences in very distant parts of the basin (e.qg.
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Fernandez and Pazos, 2012). Regardless of the facies trend in the underlying sequences by
Pazos et al. (2020) and even in the subsurface correlatable levels (Pazos et al. 2021).

The analysed palaeosurface permits to recognise a complex history probably
involving several tidal cycles, also considering that microbial mats, as mentioned before,
requires at least several days for its development. The channel is interpreted as a tidal
channel, more precisely a tidal creek. Any evidence of a permanent fluvial discharge is
disregarded as the preserved ripples inside show almost a complete desiccation, and any
evidence of a permanent fluvial discharge (ebb directed) is absent. The heterolithic nature
observed in the lateral accretion is compatible with the migration of a point bar of tidal origin
rather a fluvial one (e.g. Hovikoski et al. 2007). Moreover, the orthogonal palaeondicators of
the lateral accretion structure and ripples confirms the origin of such structure and
sedimentary context. The palaeosurface records a position in the upper intertidal area, and
documents a different level that the underlying interval with carbonate polygon cracks. The
cooccurring invertebrate and vertebrate trace fossils inside and laterally to the channel is a
spectacular opportunity to reconstruct a palaeolandscape and a window to the ecology of
palaeotidal flats very unusually observed in the geological record.

Conclusions

The analysis of the study surface containing several elongated and other crescent-
shaped tracks and those trace fossils described by Fernandez and Pazos (2013) was
indicative of a local palaeotopography related to a tidal-dominated depositional system. This
palaeosurface shows palaeotopographic differences over a short distance. This lateral
variability observed in the field was analysed and four zones were defined. Zone A shows
several carbonate levels with cracked microbial mats and records successive flooding and
desiccation events. Zone B consists of an asymmetrical depression interpreted as a tidal
channel that recorded rippled deposits generated during the flood tide. Zone C is the lateral
continuation of the inclined surface of the channel. It is an almost flat area and bears the

tracks studied here. Zone D includes a depressed area and also the most distal to Zone A,
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where eroded ripples and wrinkle marks are preserved. A genetic order between mat
development and bioturbation of the palaeosurface was recognized. In a first stage (Stage
1), the stabilization of ripples generated into the channel during the flood tide took place;
there, horseshoe crabs produced Kouphichnium in Zone B (Fernandez and Pazos 2013). In
a second stage (Stage 2) the surface exposure close to the channel is identified by the track
formation with the biostabilized substrate generating a slippery surface in Zone C. Scanning
electron microscope (SEM) analysis of the rims of the tracks indicates that the microbial
filaments and EPS were disturbed by the trampling. In Zone D ripples were eroded as a
consequence of an ebb current and microbial mats were developed (evidenced by wrinkle
marks). Finally (Stage 3), microbial mats recovered, and some tracks preserve wrinkle
marks on the inside indicating an “spongy” surface, probably retaining ponded water.
Considering the substrate properties and track features analysed, such as morphology, size,
depth, and the parallel orientation of the tracks to the channel margin, it is concluded that the
tracks were produced by dinosaurs, probably small sauropods, trampling on a slippery

surface and moving parallel to the channel margin.
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Figure Captions

Fig.1. (A) General map and facies distribution during the late Hauterivian in the Neuquén
Basin (modified from Legarreta and Uliana 1991, 1999). The study area (Cerro Rayoso) is
marked with a white star. (B) Upper Jurassic—Palaeogene lithostratigraphy column of the
Neuquén Basin (Modified from Howell et al. 2005). The Agua de la Mula Member of the
Agrio Formation is indicated by a red arrow. U-Pb, CA-ID-TIMS zircon ages obtained from
tuff levels in the Pilmatué (Aguirre-Urreta et al. 2017) and the Agua de la Mula members
(Aguirre-Urreta et al. 2019) are shown.

Fig. 2. Logged section of the upper part of the Agua de la Mula Member (Agrio Formation) in
the Cerro Rayoso locality. The studied surface is indicated by a white-filled arrow while the
black-filled arrows indicate the directions of the palaeocurrents (modified from Fernandez
2013 and Fernandez and Pazos 2013). Cl, claystone; SI, siltstone; Md, mudstone; fS, fine
sandstone; mS, medium sandstone; cS, coarse sandstone; C, conglomerate; PKst,
packstone; Grst, grainstone.

Fig. 3. (A) Carbonate desiccation polygons from Zone A. Rock pick: 33 cm. (B) False-colour
depth image of the transition between Zone B and Zone C, including the ripple- and track-
bearing surface, respectively. White arrow indicates the flood flow direction. Scale bar: 30
cm. (C) Photograph in perspective of both Zone B and Zone C. White arrow indicates the
flood flow direction. (D) Laterally extended lines below the eroded ripple tops from Zone B
indicated by arrow heads. Flood flow direction indicated by white arrow. Scale bar: 14 cm.
(E) Parallel lines indicating the water level position in a modern tidal flat such as the Mont
Saint Michael, France. Scale bar: 10 cm.(F) Wrinkle marks preserved inside one of the
several tracks from the Zone C. Scale bar: 5 cm. (G) Lateral accretion surfaces in cross
section. Black arrow indicates the migration of the lateral accretion. Rock pick: 33 cm.

Fig. 4. Interpretative scheme of the palaeotopography of the studied surface in which four
different zones can be recognized, white arrow indicates flood flow direction. Drawings are
not to scale, although the depression is approximately 0.5 m in depth.

Fig. 5. Track-bearing surface: (A) False-colour depth image. (B) Interpretative scheme
showing numbered tracks; white arrow indicates flood flow direction; black arrows indicate
slipping track directions; and both grey areas indicate areas without significant track
impressions. (A-B) scale bar: 30 cm.

Fig. 6. (A) Detail of tracks 1, 2, 3, 16, 18 and 19 (B) False-colour depth image. of tracks 1, 2,
3, 16, 18 and 19. (A-B) scale bar: 20 cm (C) Detail of wrinkle marks inside track 1 from
square (i) in (A). (D) Detail of wrinkle marks inside track 19 from square (ii) in (A). (C-D)
scale bar: 5 cm. (E) Panoramic photograph of the slipping tracks (Zone C) closest to the

surface with ripples (Zone B), white arrow indicates flood flow direction and the square
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shows the location from tracks in (A). (F) Perspective photograph of the same slipping tracks
(Zone C), marked with chalk.

Fig. 7. (A) Panoramic photograph of the track-bearing surface from Zone C. (B)
Photogrammetric model of track 9 showed insquare (i) of Fig. 7A, arrow indicates a lateral
acuminate impression. (C) False-colour depth image of track 9. (A—B) scale bar: 5 cm (D)
Detail of tracks 4, 5, 7 and 18 showed in square (ii) of Fig. 7A. (E) False-colour depth image
from tracks 4, 5, 7 and 18. (B—C) scale bar: 20 cm. (F) Detail of wrinkle marks inside track 18
(showed in square iii from D). Scale bar: 5 cm (G) Detail of wrinkle marks inside the track 5
(showed into the square iv from D), arrow indicates an internal rim corrugation. Scale bar: 3
cm. (H) Detail of wrinkle marks inside track 9, arrow indicates the inner side of the rim. Scale
bar: 1 cm.

Fig. 8. (A) Photograph of the track-bearing level (Zone D), arrows indicate eroded ripples,
where only the troughs are preserved. Scale bar: 10 cm. (B) Detail of a fossil wood fragment
indicated in the square (i). Scale bar: 2 cm. (C) Detail of tracks 21 and 22 and wrinkle marks
indicated in square (ii) of Fig. 8A. Scale bar. 5 cm. (D) Photograph in perspective of a
crescent-shaped track 21. Arrows indicate boundary between track 21 and the wrinkle
marks. (E) Interpretative scheme of track 21. (F) False-colour depth image of track 21. (D—F)
scale bar: 5 cm.

Fig. 9. SEM photographs of both wrinkle marks (A—C) and rims (D) from Zone C: (A) Detall
of a filament sheath, 15,000x; (B) Filament-like forms (marked with arrow) mostly parallel to
the bedding plane, 15,000x; (C) Clusters of coccoidal forms (marked with arrow), 20,000x;
(D) Deformed biofilm, 4000x.
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Table Caption

Table 1. Measurements and parameters of the tracks from Zone C and Zone D

Numbers in bold indicate the elongated tracks with a length/width ratio greater than 2.
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Track Length Width  Length/ Area imprint Perimeter

(cm) (cm) Width (cm?) (cm)
1 35.1 16.2 2.17 566 106
2 39.2 13.4 2.93 501 104
3 42.3 18.4 2.30 709 117
4 29.1 11.7 2.49 315 80
5 37.4 (50.5) 13.9 2.69 447 98
6 27.8 11.8 2.35 378 88
7 12.2 26.1 0.47 244 64
8 35.5 16.3 2.18 415 97
9 28.1 20.7 1.36 424 83
10 25.7 18.1 1.42 433 78
11 20.5 18.2 1.13 27 82
12 5.0 10.2 0.49 38 25
13 16.4 12.0 1.37 196 55
14 12.7 12.5 1.02 142 45
15 36.2 12.7 2.85 436 95
16 313 14.9 2.10 467 90
17 15.2 125 1.22 180 50
18 31.8 18.6 1.71 478 86
19 216 213 1.01 322 67
20 22.9 12.8 1.79 259 65
21 6.5 111 0.59 58 31
22 5.0 12.3 0.36 47 32
23 7.0 14.0 0.50 63 37

Table 1
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Figure 3
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Figure 6
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Figure 8
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