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Microbially induced sedimentary structures (MISS) result from the interaction between benthic microorganisms
and sediments; MISS preferably form in upper intertidal to supratidal settings from the Archean to the modern.
The identification of MISS in Neogene deposits of the Rio Negro Formation (LateMiocene to Pliocene), Rio Negro
Province, Argentina, covering the transition from continental to marine facies (and vice versa), provides the
base to refine the paleoenvironmental interpretation. The overall clastic paleocoast was differentiated into
high-energy erosional domains and protected areaswhereMISS became preserved. However, during peak trans-
gression also the initially protected areas experienced high energy sediment reworking. Because of the extent
erosion in the high-energy coastal setting, the localized occurrence of tidal-flat deposits was difficult to recog-
nize. The thin tidal flat deposits exhibit macroscopic andmicroscopic features that can be attributed to the inter-
action between microorganisms and sediment, such as cracks with upturned margins, sponge pore fabric,
wrinkle structures, multidirected ripple marks, floating sand grains and so on. In addition, the biostabilization
processes typical of substrates housing microbial mats led to the excellent preservation of vertebrate footprints
that characterize these deposits.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Microbial mats occurring in siliciclastic environments produce
distinctive and particular sedimentary structures, named microbially
induced sedimentary structures (MISS), which are found both in
modern and fossil settings (Noffke et al., 1996, 2002; Hagadorn and
Bottjer, 1997; Schieber, 1998). MISS are considered as primary sedi-
mentary structures that result from the interaction between
extrapolymeric substances (EPS) segregated by microorganisms and
sediment particles (Noffke, 2010 and references therein). Particularly,
the benthic microbiota responds to sediment erosion through
biostabilizing the substrate, and to sediment accumulation by baffling
and trapping grains that are being deposited (Noffke, 2010).
Biostabilization by microbial mats is known as an important process
to favor exceptional preservation of body and trace fossils (e.g.
Hagadorn et al., 2002; Seilacher, 2008; Genise et al., 2009; Hagadorn
and Seilacher, 2009; Marty et al., 2009). From the stratigraphic per-
spective, development of areas with microbial mats has been com-
monly associated to transgressive periods because the areal extent
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of shallow-marine facies increases due to rising sea level (Noffke et
al., 2006). Furthermore, during rising sea-level preservation potential
of MISS is enhanced due to the upward shift of base-level.

Although there are numerous observations of MISS of various ages
in the rock record, microbial mat features have been recognized
mostly in Precambrian and Early Phanerozoic strata (Hagadorn and
Bottjer, 1997; Gehling, 1999; Noffke, 2000; Mata and Bottjer, 2009,
but see also Noffke et al., 2001a). This study documents and describes
the MISS found in the Neogene shallow-marine deposits of the Rio
Negro Formation, Argentina. These occurrences provide new evi-
dence to refine previous paleoenvironmental interpretations of this
unit during a transgressive–regressive cycle. In addition, these MISS
provide the clue to explain the great abundance and excellent preserva-
tion of vertebrate footprints, whichmost probably reached the fossil re-
cord due to the common biostabilizing effects and biomineralization
induced by microbial mats.

2. Geological setting and methods

The Late Miocene to Late Pliocene Rio Negro Formation (Andreis,
1965) extensively crops out in the northern region of Patagonia,
Argentina, in particular along sea cliffs and river-cut valleys (Fig. 1).
Zavala et al. (2000) have distinguished three unconformity-bounded
members within this formation (Figs. 1B, 2). The lower member
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Fig. 1. A. Location map of the study area (marked with asterisk). B. Vertical cliff of the Rio Negro Formation exposed along the Atlantic coast of Balneario El Cóndor locality, Rio Negro
Province, Argentina.
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consists mostly of medium- to coarse-grained sandstones and mud-
stones accumulated in an aeolian setting, characterized by large
dunes and dry or wet interdunes. The middle member comprises
sandstones with abundant bioclasts and dark gray mudstones inter-
vals deposited in a shallow-marine environment; this member re-
cords a complete transgressive–regressive cycle (Zavala and Freije,
2000; Zavala et al., 2000). The upper member is composed of sand-
stones that formed in an aeolian setting at the base (similar to those
recognized in the lower member), paleosols and tuff levels at the
top of the member. The absence of tectonic structures in the studied
formation suggests a period of relative tectonic quiescence, at least
for Late Neogene times (Zavala and Freije, 2001).

The present study has been carried out in outcrops exposed along
the Atlantic coast between El Faro and La Lobería localities, where elev-
en stratigraphic sections were measured and correlated. In particular,
the contacts of the lower and upper continental member to the middle
marine unit were investigated. The members are normally bounded by
sharp erosional discontinuities (Zavala et al., 2000), but detailed exam-
ination reveals gradational transition between the members in some
areas (Fig. 2). Interestingly, within these transitional intervals, it was
possible to identify MISS. These MISS-bearing intervals were analyzed
in detail to unravel the dominant lithology, to characterize the sedimen-
tary structures and to evaluate the ichnologic content. In addition,
several polished thin sections of these intervals were prepared and ex-
amined by binocular transmitted and reflected-light microscopy.

3. Results

Based on the several studied sections a unified, synthetic lithologic
log was composed (Fig. 2). Within the sections, six general facies have
been distinguished, each characterized by typical primary sedimenta-
ry structures and trace fossils. The marine facies, including the lower
shoreface to upper offshore (F1), upper to middle shoreface (F2) and
tidal bars (F4), as well as the aeolian dune (F5) and wet interdune fa-
cies (F6) have been previously described in detail (e.g., Zavala et al.,
2000). However, the tidal flat facies (F3) had not been recognized
as such before and hence, deserves particular attention. The occur-
rence of this specific facies is shown in the synthetic log (Fig. 2) and
the main facies characteristics are briefly outlined in Table 1. Because
of its implications for the environmental reconstruction, the tidal flat
facies with the commonly subtle and small-scale sedimentary fea-
tures are addressed in detail.

3.1. Macroscopic mat-features

3.1.1. Polygonal oscillation cracks with upturned margins
Description: These structures occur in interlaminated mud/

fine-grained sand and consist of relatively large, irregular shrinkage
cracks bounding polygons, 20–70 cm in diameter that show upturned
and partly overturned edges (Fig. 3A). Sand fills the space between
the cracks.

Interpretation: Such cracks represent mat-destruction features
that formed during subaerial exposure while the mats desiccated
very likely in high-intertidal to supratidal areas; the upper surface
of the mats experienced greater contraction than the layers under-
neath. Differential shrinkage between the mat and the sediment
below causes commonly curled-margins (Noffke et al., 2001a; Bose
and Chafetz, 2009). Shrinkage cracks forming in biostabilized sedi-
ments commonly start as sigmoidal, spindle-shaped cracks that are
initially not connected to each other. During further desiccation
they may join and extend to form subcircular, tri-radiate or triple
junction patterns (Fig. 3A), finally evolving into a more or less com-
plete network. Similar structures have been also described from
non-marine environments (Beraldi-Campesi and García-Pichel,
2011). Such shrinkage cracks commonly occur in areas with seasonal
changes of moisture (Noffke et al., 2001a), and hence, in the rock re-
cord they could imply a semiarid or semihumid paleoclimate
experiencing a pronounced dry season.

3.1.2. Teepee structures
Description: Teepee structures consist of distinctive updomed

laminae, approximately 2-mm-thick in cross-section (Fig. 3B), with



Fig. 2. Idealized stratigraphic section of the Rio Negro Formation showing dominant
sedimentary facies. LST = lowstand system tract; TST = transgressive system tract;
SB = sequence boundary; HST = highstand system tract; mfs = maximum flooding
surface.
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concave segments showing sharply upturned edges (Demicco and
Hardie, 1994, and references therein; Gehling, 1999; Eriksson et al.,
2007). Teepee structures are commonly found in association to
soft-sediment deformation structures (Demicco and Hardie, 1994;
Eriksson et al., 2007).

Interpretation: Teepee structures are producedwhen coherentmats
desiccate during subaerial exposure, leading to disruption and
overturning of the mat margins (e.g., Gehling, 1999). Additional inter-
pretations consider teepee structures, especially when associated to
soft sediment deformation, to be formed due to the pressure buildup
produced by already buried decaying mats, which causes post-burial
movement of sand intomat cracks (see Eriksson et al., 2007). Inmodern
settings, teepee structures occur in lower supratidalflat settings (Noffke
et al., 2001a).

3.1.3. Wrinkle structures
Description: These structures occur on the upper surface of a

sandy bed (Fig. 3C). They are characterized by small, subparallel,
slightly curved, relatively continuous crests and troughs. Crests are
3 to 7 mm apart.

Interpretation: The origin and interpretation of wrinkle structures,
also called elephant skin and Kinneyia structures (Bottjer and
Hagadorn, 2007), have been quite controversial during the last years.
Most authors agree that wrinkle structures form while the sediment is
stabilized by microbial mats. Some of them consider these structures
to represent preserved surfaces of microbial mats (Hagadorn and
Bottjer, 1997), whereas others interpret wrinkle structures to have
formed beneath the mats (Noffke, 2010). Independently upon the sup-
posed formation, the studied examples match the four main criteria
established by Porada and Bouougri (2007) as being indicative of wrin-
kle structures: 1 — they appear in association with other mat related
structures; 2 — they originate on an upper bedding surface; 3 — they
were formed most likely by growth or physical deformation of
epibenthic microbial mats; and 4— they possess distinctive millimetric
geometries. Wrinkle structures are common in Proterozoic to Early
Cambrian rocks occurring from intertidal to deep marine settings
(Hagadorn and Bottjer, 1999). In post-Cambrian strata, however, wrin-
kle structures seem to be mostly restricted to the upper intertidal to
supratidal zone and to some deep marine settings (Hagadorn and
Bottjer, 1999; Pruss et al., 2004; Mata and Bottjer, 2009, see also
Noffke, 2000).

3.1.4. Multidirected ripple marks
Description: These structures consist of patches of ripple marks

with different orientations, observed on the same sediment surface
(Fig. 3D).

Interpretation: The multidirected ripple marks record the recur-
rent alternation between mat growth, biostabilization, and reworking
by storms or high water during spring tides (Noffke, 1998; Pflüger,
1999; Dagranits and Noffke, 2004). Noffke (1998) described modern
examples of multidirected ripple marks from Mellum Island (North
Sea) and identified a close relationship between different ripple ori-
entations and distinct stages of the microbial mat development.
Such structures occur preferentially in the upper intertidal to lower
supratidal zone (Noffke et al., 2001b; Bottjer and Hagadorn, 2007).

3.1.5. Sponge pore fabric
Description: The sponge pore fabric consists of more or less regu-

larly arranged, internal pores in sandy or muddy layers. This feature
can be observed in vertical and horizontal cross-sections. This fabric
was found in thin rippled-sandy layers (Fig. 3E). The pore sizes
range between 1 and 4 mm, being similar to the dimensions found
in the modern tidal-flats (Fig. 3F).

Interpretation: Sponge pore sands form today under epibenthic
mats in upper intertidal to supratidal areas, where the mats act as a
plastic tissue prohibiting the escape of gas from the underlying



Table 1
Description and interpretation of the recognized facies. Descriptions are based on observations from field work and on Zavala and Freije (2001).

Facies Description Interpretation

Thoroughlybioturbatedmuddysandstoneandsandysiltstone,punctuated

bythin, fine-grainedsandstonebedsdisplayinglow-angleparallellamination

with erosive basal contacts. Trace fossil suites are characterized by the

dominance of deposit-feeding structures. In the laminated sandstone beds,
small escape structures are common.

Lower shoreface−
upper offshore

Fine-to medium-grained glauconitic sandstone with trough cross-

stratification, planar lamination, and ripple cross-lamination with mud

drapes. At the top, the bioclastic content increases, with dominance of

oysters in life position or reworked. This ichnofauna is dominated by
heavily lined Ophiomorpha.

Upper-middle
shoreface

Fine-grained sandstone interbedded with mudstone, displaying wavy

and flaser bedding. Sandstone contains current-ripple cross lamination,

asymmetrical and symmetrical ripples, and mud drapes. This facies has

a tabular geometry. It is common the presence of MISS with vertebrate

footprints and subordinately, small invertebrate traces such as U-shaped
burrows.

Tidal-flats

Decimeter-to meter-thick, fine-to medium-grained sandstone beds with

trough cross-stratification. Abundant mudstone drapes, a few millimeters

thick, are preserved along the foresets. The cross-stratified sandstone shows

diffuse and irregular erosive surfaces. Reactivation surfaces are also common.

Intensity of bioturbation is commonly low, and the trace-fossil assemblage

is dominated by Ophiomorpha.

Tidal-bars

Medium- to fine-grained sandstone with large-scale trough cross bedding

and parallel lamination.

Aeolian dunes

F1

F2

F3

F4

F5

Massive to thinly laminated reddish mudstones. These deposits are tabular

and lenticular in geometry. Desiccation cracks are common. The ichnologic

content is dominated by equilibrium-escape structures of unionid bivalves,

commonly associated to the internal molds of these organisms.

Wet-interdunes
F6

4 N.B. Carmona et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 353–355 (2012) 1–9



A B

C D

E F

Fig. 3. Macroscopic microbial features in the Rio Negro Formation. A. Polygonal cracks (compare this figure with Fig. 5D in Gerdes et al., 2000). B. Cross section view with teepee
structures. C. Upper sandstone surface with wrinkle structures. D. Multidirected ripple marks. E. Sole and lateral view of a thin sandy level showing sponge pore fabric. Arrows in-
dicate the pores. Note the impression of a large bird track on this surface. F. Modern example of sponge pore fabric in a supratidal flat from the Bahia Blanca Estuary, Buenos Aires
Province, Argentina. Arrows indicate the pores.
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sediment (pers. observations, Fig. 3F). This situation mainly occurs
along the high water line, where the gases accumulated underneath
the mat are pushed by the rising flood water (Noffke, 2010). The
sponge pore fabric is preserved only in areaswith rapid diageneticmin-
eral precipitation (e.g., Noffke et al., 1996, 2001a). In the present case,
the preservation of the sponge pore fabric is favored by cementation.
The presence of large bird footprints in the layers with sponge pore fab-
rics (Fig. 3E) supports the interpretation that this structure developed
in the upper part of a tidal flat.

3.2. Microscopic mat-features

Thin-sections of MISS from the Rio Negro Formation show the
presence of sandy ripples covered by microbial mat layers of different
thickness (Fig. 4A). Microbial mats form a continuous layer draping
both troughs and crests of ripples and hence, constitute a coherent
level that probably had a stabilization effect (see Gerdes, 2007). Floating
sand grains occur within the mat layers, most of them being oriented
parallel to the paleosurface (Fig. 4A). These mat-enclosed grains were
trapped on the sticky mat surface and then incorporated by further
growth and binding processes gradually into the mat matrix (Noffke
et al., 1997; Gerdes et al., 2000). The presence of oriented grains is indic-
ative of a mature epibenthic mat (Noffke, 2010).

Micritic cement between siliciclastic grains is commonly observed in
the studied thin sections. In modern settings with microbial mats, pre-
cipitation of carbonate minerals is favored by the metabolic activities
such as photosynthesis of the microorganisms that constitute the
mats (Eriksson et al., 2007). Furthermore, decay of microbial filaments,
cells and EPS can induce carbonate precipitation (see Schieber, 2007),
and typically micrite commonly replaces the EPS in semi-arid environ-
ments (Noffke, 2010). In the studiedmaterial, most likely the precipita-
tion of micrite supported the preservation of MISS.

Large quantities of framboidal pyrite were also identified in the thin
sections, distributed especially within the mat layers or close to them
(Fig. 4B). In some samples, the pyrite shows considerable oxidation
(Fig. 4C). Precipitation of iron sulfides is favored by the burial and
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Fig. 4. Microscopic microbial features in the Rio Negro Formation. A. Thin section showing structures resembling wavy bedding, with mats grown on the crest and troughs of the
ripples. Wrinkle structures (ws) are also identifiable in the section. Isolated sand grains floating within the mat are indicated by arrows. Small trace fossils of undermat-mining
organisms (um) are also recognizable. Compare this photograph with Fig. 6(a)-4F in Porada and Bouougri (2007). B. Detail of A, with pyrite enrichment in the mat layers, or
close to them (transmitted light photomicrograph). C. Reflected-light photomicrograph showing oxidated framboidal pyrite. This sample was taken from the levels shown in
Fig. 3C, D.
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decay of mat layers (see Schieber, 2007). Therefore, the presence of iron
sulfides provides strong evidence of the presence of sulfate-reducingmi-
croorganisms (Raiswell et al., 2001).

Interestingly, trace fossils interpreted as produced by undermat-
mining organisms were also recognized in the thin-sections. These
trace fossils are mostly located in the top of the mat layers (Fig. 4A),
occupying a very shallow tier within the endobenthic paleocommunity.

4. Discussion

4.1. Paleoenvironmental and stratigraphic implications

Previous studies of the Rio Negro Formation addressed the rather
sharp contact between the lower continental member with the mid-
dle marine member that is marked by transgressive lag deposits re-
cording a sea-level rise (Zavala and Freije, 2000; Zavala et al., 2000).
However, the ancient tidal-flat facies with MISS located just below
the transgressive lag was identified in this study and implies that
the raised sea already influenced these deposits (Figs. 2, 5A). Like-
wise, the transition from the middle marine member into the upper
continental member at the top of the Rio Negro Formation was previ-
ously interpreted of being purely erosional resultant from a forced
regression having a eustatic origin (Zavala and Freije, 2000). When
studying the contact between the upper two members, at some of
the localities heterolithic facies with MISS was found to be present
and interpreted to indicate an ancient tidal-flat (Figs. 2, 5A). In
some other investigated outcrops, however, an erosive contact with-
out MISS has been encountered. These findings help to refine the pre-
vious paleoenvironmental interpretation of the Rio Negro Formation.
Very likely therewas a clastic, morphologically complex paleocoast that
in turn affected erosional, but also depositional processes during the
LateMiocene–Pliocene transgressive and regressive cycle in the studied
area (Fig. 5B). An overall clastic coast was probably differentiated into
spits or peninsulas and bights and, in addition, localized sediment
input by rivers may have played a role. The spits or peninsulas are
prone to erosion while sediment is transported into the embayments
by refracting waves. In fact embayments can represent areas of sedi-
ment oversupply and hence, a seaward-prograding sequence may
form there during sea-level fall. Accordingly, the preservation potential
of the tidal flat facies is strongly enhanced there. This interpretation is
supported by the lateral interdigitation between tidal-flat facies and
dune–interdune facies. Additionally, the biostabilization by microbial
mats outlined above could have prevented the tidal-flat facies to be to-
tally eroded during transgression and regression.

From the stratigraphic perspective, previous observations indicat-
ed that MISS correlate with regression–transgression turn-arounds:
microbial mats thrive especially well during transgressions, when
large areas of passive continental margins are flooded, constituting
appropriate habitats for photoautotrophic microbial mats (Noffke,
2010), in association to general low sediment supply during sea
level rise. This general finding supports the new observations in the
Rio Negro Formation and the refined paleoenvironmental interpreta-
tion, in particular that MISS correlate well with transgressive phase in
the studied rocks. In addition, microbial mats can also form during re-
gressions and become preserved if in protected areas of the paleocoast
such as embayments, sedimentary structures become buried due to an
oversupply of sediment. In fact, protected areas such as bights are
known to attract sediment (e.g., Davis and Fitzgerald, 2004) and
hence, a seaward-prograding regressive coast deposit may preserve
the MISS. In addition to this point, Sarkar et al. (2005) stated that
under normal regressive conditions, aggradation can occur because pro-
lific microbial mat growth in shallow seas reduces erosion, ensuring a
relatively high rate of net sedimentation. Long-term subsidence, how-
ever, will certainly enhance preservation as well. Nonetheless, the
stratigraphic context of deposits with microbial mats is still poorly un-
derstood, needing further research to draw significant conclusions
(e.g., Catuneanu, 2007).
4.2. Taphonomic implications for the preservation of vertebrate tracks

The presence of microbial mats increases the preservation potential
of bioturbation structures inmodern settings (Genise et al., 2009;Marty
et al., 2009; Scott et al., 2010; Carmona et al., in press). In particular, a
recent analysis dealing with the preservation of bird footprints in a
modern tidal-flat covered bymicrobialmats in the Bahia Blanca Estuary,
Argentina, reveals a close relationship between mat thickness and the
footprint-details that are preserved (Carmona et al., in press).
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Fig. 5. Measured sections and paleoenvironmental reconstruction for the Neogene Rio Negro Formation. A. Map indicating the location of the eleven sections measured along the
Atlantic coast, and correlation scheme of the sections with facies distribution. The upper part of the panel includes the transition between the lower continental and the middle
marine members, whereas the lower correlation panel involves the passage between the middle marine and the upper continental members. B. Proposed paleoenvironmental re-
construction (not to scale).
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Deposits from the Rio Negro Formation constitute classical locali-
ties for the study of vertebrate trace fossils (Casamiquela, 1974;
Aramayo, 1987, 1999; Aramayo et al., 2004; Melchor et al., 2012).
These rocks contain extremely abundant and diverse footprints of
mammals and birds (Aramayo, 2007). They are preserved immediate-
ly below and above the marine member, just within the MISS-bearing
facies that is indicative of a tidal-flat setting. In fact, these trace fossils
are closely related to the occurrence of MISS (Fig. 6). Microbial mats
favor the preservation of footprints mainly in two ways. First, the
microbially stabilized sand behaves plastically; when a foot produces
a track the microbially bound sediment preserves the imprint better
than pure cohesionless sand. Second, even if shallowly buried, micro-
bial mats start to decay and often induce early cementation. In partic-
ular, the decay of the microbial filaments, EPS and other organic
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Fig. 6. Vertebrate trace fossils associated to the levels with microbial mats. A. Plane view of bird footprints. B. Detailed view of a bird track from the level shown in A. Note the thin
lamination in the boundaries of the track. C. Cross section view of large vertebrate footprints (arrows). Note the thinly laminated sediments deformed by the tracks. D. Trampled
tidal-flat surface with additional vertebrate tracks. E. Detailed view of the tracks shown in D. As in B, note the thin layers of sediment preserved on the margins of the footprints.
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matter below the surface stimulate carbonate precipitation in the
form of micritic cements, as it occurs in modern settings (Chafetz
and Buczynski, 1992; Schieber, 2007). Early cementation enlarges
the preservation potential of the vertebrate traces (Genise et al.,
2009; Marty et al., 2009; Scott et al., 2010). Additionally, the reducing
chemical conditions beneath the microbial mats may have produced
the formation of “anoxic minerals” such as the pyrite observed in
the thin sections, which could have cemented the sand grains of the
tidal flats, producing a “mat-decay mineralization” (Schieber, 1999).

The microbial mats in the tidal flat deposits of the Rio Negro For-
mation induced the geochemical and diagenetic processes described
above, that in turn directly impacted the infauna. Early near-surface
cementation and reducing conditions below the microbial mats
most likely precluded the colonization by large endofauna typical of
the Neogene tidal-flats. In this way the obliteration of the shallow
vertebrate footprints by organisms normally burrowing in these set-
tings was prevented.

5. Conclusions

Macroscopic and microscopic evidence of microbially induced
sedimentary structures was found in the siliciclastic deposits of the
Rio Negro Formation in the intervals comprising the transitions
from the lower and upper continental member to the middle marine
member.

Large cracks with upturned margins, sponge pore fabric, wrinkle
structures, teepees and multidirected ripple marks occurring within
a heterolithic sandy facies are interpreted to have formed in a
tidal-flat setting. In thin sections floating sand grains, oriented grains,
micritic cement and framboidal pyrite, record the development of
mature mats in these intervals.

The local occurrence of microbial mats has important implications
for the paleoenvironmental and stratigraphic interpretation of this
unit. In particular, the heterolithic facies between the lower and mid-
dle member represents an ancient tidal flat and documents a marine
influence before the transgressive bioclastic lag deposits formed. In
the same way, the tidal flat facies intercalated between the middle
marine and upper continental member suggests that the paleocoast
was not uniformly affected by erosion during regression. In contrast,
the coast was differentiated into domains prone to erosion such
as spits and protected, probably embayment areas and hence, the
paleomorphology was more complex than previously thought. Addi-
tionally, stabilization of the sediment by microbial mats enhanced
resistance against erosion of the tidal-flat deposits during both trans-
gression and regression.

The great abundance and excellent preservation of vertebrate
footprints in the intervals between purely continental and fully
marine deposits are related to the presence of microbial mats. They
led to real plasticity of the otherwise cohesionless sandy sediment
when an imprint was produced, preserved morphological details
and induced near-surface cementation during early diagenesis. Ce-
mentation and highly reducing conditions below the mat precluded
the colonization by a typical Neogene endofauna in these tidal-flats,
and thus, prevented the obliteration of the shallow imprinted verte-
brate tracks.
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