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The majority of extinct Brazilian late Quaternary mammal (i.e. megafauna) remains comes from cave
deposits and was retrieved through excavations lacking detailed stratigraphical context. This poses a major
problem since these deposits present multifaceted processes of formation. Based on the meticulous excavation
of a pitfall site within Cuvieri Cave,Minas Gerais, eastern Brazil, this article describes a critical, albeit subtle, tem-
poral discontinuity between different fossiliferous sedimentary facies and discusses its significance to the
contextualization of the paleontological remains recovered from the site. The discontinuity was described
based on sedimentary analyses, bone deposition processes, taxonomy and AMS radiocarbon chronology.
Two facies were distinguished and named according to their color and texture: an upper dark brown silt-
loam (BSL) and a lower dark reddish brown silt-loam (RBSL). Besides color differences, they present differ-
ences in grain size distribution and chemical composition. These analyses show that the RBSL has in its
composition only half the sand and one third more the silt than BSL. It also shows that mean percent values
for the RBSL in comparison to the BSL are higher for silica (42.35 versus 15.80), aluminum (18.63 versus 7.58)
and iron (8.45 versus 3.79) and lower for calcium (10.07 versus 36.14) and volatiles (13.86 versus 30.10).
These differences are attributed to changes in sediment source and entrance route. Differences were also
observed in the faunal remain analyses. RBSL has abundant megafauna remains originally deposited within
this facies, while the scarce megafauna material found in BSL is the result of mixing processes. Despite these
differences, animal entrapment is considered the best scenario to explain bone accumulation in both facies.
AMS radiocarbon dates indicate that the BSL was deposited during the Holocene, with dates ranging from
8580 cal yr BP to the present, while the RBSL deposition dates to the Holocene/Pleistocene transition
(13,600–10,660 cal yr BP). Radiocarbon dating also indicates that the subtle erosional surface that limits
both facies represents a temporal gap between a minimum age of 8.4 cal kyr BP and a maximum age of
11.0 cal kyr BP. The recognition of this discontinuity allows for a more accurate interpretation of bone accu-
mulation, enabling the differentiation of faunal assemblages that might otherwise be considered part of a
continuum.
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1. Introduction

Cave deposits are among the best sites for the documentation and
investigation of Quaternary mammals (for example, see White et al.,
1984; Andrews, 1990; Wang and Martin, 1993; Simms, 1994; Ruiter
and Berger, 2000; Kos, 2003a,b; Tonni et al., 2003; Østbye et al.,
2006; Lozano et al., 2009). Indeed, a large number of Brazil's extinct
late Quaternary mammal fossils that are housed in museum collec-
tions were obtained from cave deposits (Auler et al., 2006). However,
only a small fraction was retrieved from paleontological excavations
with some type of stratigraphic control (Kipnis, 1998), which is espe-
cially limiting because of the complex nature of sedimentary accumu-
lation processes in caves (Neves and Piló, 2003; Auler et al., 2006,
2009). This complexity has been considered challenging for the proper
contextualization of the paleontological material from cave deposits.

Of special interest here are sedimentary discontinuities, which
can be defined as surfaces related to interruptions in sedimentation,
encompassing time spans of variable duration (Lewis and McConchie,
1994). Discontinuities are always related to changes in deposition
positional gaps in pitfall cave environments: The
oecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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environment and represent either a period without any sedimenta-
tion or an erosional event that removes some of the previously
deposited sediments (Lewis and McConchie, 1994). Usually, they are
recognized by the presence of distinctive features, such as erosive
surfaces, basal conglomerates or gravels and calcite deposition
(Matthews, 1984; Osborne, 1984; Lundberg and McFarlane, 2007;
Auler et al., 2009).

Sedimentary discontinuities are even more important when found
associated with fossiliferous deposits, since their correct identification
can help distinguishing fossils from different times/environmental
conditions. In fact, several studies (Kos, 2001; Lauriol et al., 2003)
indicate that the presence of conspicuous sedimentary discontinu-
ities in fossiliferous deposits is of major importance for understand-
ing the accumulation of fossils in caves. However, the identification
of surface discontinuities is not always straightforward. In some cases,
they may be very subtle and hard to distinguish even if they represent
significant gaps in time. Such subtle discontinuities, if not properly
described, can bias analyses related to the contextualization of pale-
ontological remains in fossiliferous deposits.

Therefore, a better understanding of the complexity of sedimenta-
tion processes at a local scale, including the existence of depositional
breaks, is of broad interest to researchers worldwide since these local
examples give an idea of some of the stratigraphic problems that can
be expected in caves, as well as explanations for these unexpected
patterns. To further explore the complexity of Brazilian cave deposits
and stress necessity of applying rigid stratigraphic control while
developing a paleontological excavation in this type of environment,
this paper presents the results of a paleontological excavation at
Cuvieri Cave, located in the Lagoa Santa Karst region, eastern Brazil.
Through the use of chronological, sedimentary and taxonomic data,
the implications of a subtle, yet critical, temporal discontinuity in
the fossiliferous deposits of Locus 2, one of Cuvieri Cave's pitfall pas-
sages, is reported and discussed.

2. Cuvieri Cave

Cuvieri Cave is located within the Lagoa Santa Karst, in the state
of Minas Gerais, eastern Brazil (Fig. 1; entrance coordinates: UTM
7846105N and 0603756E; fuse 23K; Corrego Alegre Datum). This area
contains typical karst surface features associated with the dissolution
of carbonate rocks of the Sete Lagoas Formation (Neoproterozoic
Bambuí Group), such as karren, dolines and blind valleys which are
usually covered by thick soil mantle (Piló, 1998; Auler, 1999). Caves
are very common in the area, with more than 700 recorded in the
national cave database.

The entrance of Cuvieri Cave is at the base of a doline in the
northwest face of a limestone outcrop. The cave originally had two
entrances (Fig. 1), but the larger of these was blocked by breakdown
at some time prior to the present. Nowadays, the only way to access
the cave is through a 1.5 m high by 1 m wide passage. Beyond the
entrance, the cave develops into a sub-horizontal passage that
ends in three vertical pits, with no observable connection between
them. The pits have been named Loci 1, 2 and 3 (Fig. 1), and have
depths of 16 m, 4 m and 8 m, respectively.

Paleontological work in Cuvieri Cave began in 1974, when a small
research team from the Natural History Museum of the Universidade
Federal de Minas Gerais, recovered from Locus 1 a fully articulated
and semi-exposed ground sloth (Catonyx cuvieri) with only the skull
and part of the forelimbs missing. This specimen was later dated by
AMS 14C to 11,600–11,320 cal yr BP (Neves and Piló, 2003), and rep-
resents one of the latest dates for a megafauna specimen in Brazil
(Hubbe et al., 2007). Excavation of Loci 2 and 3 and the execution of
auger cores and test pits in the external surroundings and along the
main passage of the cave were performed between 2002 and 2008.

This article presents the results from Locus 2, a closed vertical
cylinder-shaped pit with an area of approximately 6 m2, limited by
Please cite this article as: Hubbe, A., et al., Identification and importan
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steep walls of limestone bedrock. It is located 15 m from the cave
entrance and directly connected to the main sub-horizontal passage
through one wide opening (Fig. 1). Other inlet passages, probably
connected with the surface, can be found near the ceiling, but they
are rather small and completely filled with sediments, currently
making them inaccessible for animals. The connection with the
surface is supported by the fact that a field check above the cave
revealed several small depressions with fissures in the bottom.
Furthermore, these depressions were filled with fine dark-brown
residual soils containing abundant decomposing organic matter, a
material similar to sediments found inside the locus.

Although Locus 2 is well above the present phreatic zone, seasonal
hydrological processes are still present during most of the humid
season (between December and February). Walls may get very humid
and abundant water drips from the ceiling form puddles that soak the
sediment and cause localized erosion. An excavation covering an area
of approximately 4.2 m2 was performed in the central and northern
part of the pit, just below the vertical connection with the horizontal
passage. The southernmost area was not excavated in order to preserve
part of the original deposit for possible future research (Fig. 1. For a
cross-section view, refer to Fig. 7).

3. Materials and methods

3.1. Excavation procedures

Cuvieri Cave loci morphology and location allowed for an abundant
accumulation of sediments, composed almost exclusively of friable
terrigenous sediment, although carbonate cementation is responsi-
ble for its induration, making it harder to excavate in some sectors.
Because of this, excavation techniques adopted at Cuvieri Cave were
derived from the archeological method of exposure of natural occupa-
tion floors or depositional surfaces (Lucas, 2001; Hester et al., 2009).
The term exposition is used here to define each of the excavation sur-
faces where bone was exposed, registered, and collected, and these are
used as proxies for the real depositional surfaces. At Cuvieri Cave each
exposition, when completed, was documented through detailed draw-
ings, in which every piece of bone received an individual number, so
that its original three-dimensional position could be reconstructed
after its removal. Exposition depths were controlled by measuring the
depth of the extremities and the center of the exposed surface in rela-
tion to a fixed reference plane. The application of this technique allows
for the recording of the original depositional surface, although tapho-
nomic agents capable of causing both vertical and horizontal move-
ments of the fossil material can complicate the scenario (e.g. Andrews,
1990; Lyman, 1994; Araujo andMarcelino, 2003; Kos, 2003a). Sediment
removed from the excavationwas sieved, and any bones retrievedwere
registered according to the exposition they originally came from.

During excavation, the characteristics of the different sedimentary
facies were macroscopically described and sediment samples were
collected for further analysis. Whenever two or more distinct facies
were detected in the same exposition, the contact between them
was recorded in the surface drawings to determine which sedimenta-
ry facies each bone was associated with. Sampling attempts for pollen
or macro vegetal remains were carried out initially, but were discon-
tinued due to the absence of such remains at the site.

3.2. Sedimentary analysis

During excavation, sedimentary facies were discriminated accord-
ing to Anderton (1985). Considering the geomorphological setting of
the cave in relation to sources and materials available, it is evident
that sediments within Locus 2 were transported for short distances,
mainly through processes that preserved their original composition
and texture, since the characteristics of these sediments, including
massive structure and poor selection, are very similar to soil profiles
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Fig. 1. At the top, plan and profile of Cuvieri Cave showing the location of Locus 2 (map courtesy of Laboratório de Estudos Evolutivos Humanos and Grupo Bambuí de Pesquisas
Espeleológicas). At the bottom, a: frontal view of Cuvieri Cave limestone outcrop. The white arrow shows the location of cave's entrance. b: main horizontal passage. c: top view
of Locus 2.
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in the vicinity of the cave. As a result, the criteria for discriminating
facies involved color, texture, and hardness, described according to
methods suggested by McRae (1988) and Santos et al. (2005). These
parameters are not usually applied to defining facies because the
facies concept was originally developed for sediments that presented
several types of textures and well-developed sedimentary structures;
these provide much more information about sediment origin. In the
absence of such distinctive characteristics, alternative criteria were
adopted to better express the differences in Cuvieri Cave's sediments.
Please cite this article as: Hubbe, A., et al., Identification and importan
fossiliferous deposit of Cuvieri Cave, eastern Brazil, Palaeogeogr. Pala
Grain size and chemical analyses were undertaken to character-
ize the facies and link them to changes in depositional processes
or sedimentary evolution. Grain size analysis was performed in a
Malvern particle analyzer Mastersizer 2000 (APA 2000 model), using
a humid disperser (Hydro 2000G—AWA 2000 model). Samples were
pre-treated for a week with heated H2O2 (70 °C, 30%) to break
down aggregates cemented by organic matter, and then dried and
screwed to 1 mm, the maximum fraction limit accepted by the
disperser. Sediment composition was determined through X-ray
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Fig. 2. a: Profile view of part of the southern section of Locus 2 showing only BSL facies.
Note coarse fragment diversity in composition and size: limestone blocks (L), bones (B)
and reworked fragments of cave breccias and RBSL indurated sediments (S). Sediment
at the base of the profile is darker due to higher humidity; b: Fragments of RBSL (S; see
detail) within BSL facies. Initially, these fragments formed small concentrations along
cave walls, as depicted in the picture. In the center, there is the vertebra of a sub-
adult Scelidotheriinae (megafauna; white arrow). c: Contact between RBSL (left, ligh-
ter colored sediment close to the wall) and BSL facies (center). This picture represents
the northwest wall of one of the deeper expositions of Locus 2, where RBSL facies had
already been extensively exposed and formed a distinctive surface; d: Same as c, with a
line depicting the contact.
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fluorescence with quantitative evaluation for the ten most abun-
dant elements, with their relative abundance expressed in oxides.
Sample preparation included crushing, quartering and pulverizing,
followed by the fusion of the resultant pulp into a glass disk using
a flux of lithium tetraborate. Analyses were performed in a Pana-
lytical Axius Advanced model, and in a Philips X-ray fluorescence
spectrometer, model PW2400. Both spectrometers were calibrated
using international standard reference materials appropriated for
sediments and other rock materials.

3.3. Taxonomic analysis and bone depositional processes

The analysis of faunal remains presented here is preliminary, since
curatorial works are still in progress, but its support of the discussion
regarding the depositional processes observed in Locus 2 is impor-
tant. Taxonomic analysis of each facies consisted of (1) the identi-
fication of the taxa present and (2) the quantification of the ratio
between bones of extinct species (megafauna) to the total number
of bones observed.When possible, a G-test of independence adjusted
by Williams's correction was used to statistically evaluate the rela-
tive abundance of bones in different facies (Sokal and Rohlf, 1995,
pp. 741). The nomenclature for extant species is in accordance to
Wilson and Reeder (2005), while for extinct species follows Cartelle
(1999) and Cartelle et al. (2009).

3.4. Radiocarbon dating

Samples belonging to articulated skeletons were favored in order
to minimize the risk of dating bones that could have been displaced
vertically or horizontally by taphonomic agents. Bone and teeth
samples were sent to Beta Analytic Radiocarbon Dating Laboratory
(Miami, Florida, USA) and were dated by Accelerator Mass Spec-
trometry. Ages were corrected according to the 13C/12C sample ratio,
from which the conventional age was derived. These ages were then
calibrated with the Database IntCal04 Radiocarbon Age Calibration
(Reimer et al., 2004) following the calculations proposed by Talma
and Vogel (1993).

4. Results and discussion

4.1. Sedimentary analysis

Macroscopic examination carried out in the field allowed for the
determination of two descriptive sedimentary facies in Locus 2 that
were named after their color and texture. The upper one was named
very dark brown silt-loam (BSL), and the lower one, dark reddish
brown silt-loam (RBSL), both with no visible sedimentary structure
and very immature texture. BSL facies is composed of a very dark
brown (7.5YR 2.5/3) to black (10YR 2/1) matrix, rich in millimetric
white and reddishmottles. Thematrix is carbonate-rich and aggregates
(b10 mm) are weakly developed, with little cohesion. Its texture is
silt-loam and gravels range from few to common (3–10%) and from
granules to blocks (2–200 mm). These fragments are composed mainly
of bones, but shells of extant terrestrial mollusks, manganese nodules,
quartz and speleothem also occur, as do fragments of limestone and
breccia (Fig. 2a). Pores from several centimeters to a few decimeters
in length occur, especially close to the walls. Although this sediment is
very homogeneous in color and texture, as well as in fossil content, it
has occasional lighter colored (7.5YR 2.5/2—very dark brown) lens-
shaped intercalations. In addition to color difference, these thin lenses
are more friable, but in all other characteristics it is similar to those of
BSL facies main sediment and thus may reflect only a minor difference
in humidity or calcium carbonate content.

RBSL facies is composed of dark reddish brown (2.5YR 2.5/3) to
very dusky red (2.5YR 2.5/2) sediment, with silt-loam texture. It
has few to common (3–5%) coarse fragments, up to 300 mm. These
Please cite this article as: Hubbe, A., et al., Identification and importan
fossiliferous deposit of Cuvieri Cave, eastern Brazil, Palaeogeogr. Pala
fragments are composed mainly of bones, but also limestone and
speleothem fragments, which are angular and have no sphericity.
Shells of extant terrestrial mollusks and nodules also occur, pre-
serving their original rounded shape. The facies is variably affected
by cementation but is generally hardened.

During excavations, the change in facies was not readily noticed,
since it was not marked by an evident erosional surface. Rather, con-
tact was gradual and diffuse, and it was only after the RBSL had cov-
ered an expressive area of the locus that the change in facies was
noticed. To further complicate the detection of this change, both
facies were visually similar, the main differences being the color
and the degree of cementation.

This gradual change in sediments was revealed during excavations
as follows: (1) sparse, millimetric to centimetric indurated fragments
of reddish sediment were found within BSL facies, concentrated along
cavewalls irregularities. Some bones were associated with these red-
dish fragments, including the first megafauna remains found (Fig. 2b);
(2) as excavation deepened, these fragments of indurate reddish sedi-
ment gradually became more abundant and larger. At the same time,
the original areas where they occurred became more widespread;
(3) the areas with reddish sediment continued to grow, and as they
became progressively more continuous they formed a completely
distinguishable facies in deeper expositions (Fig. 2c, d). At that point,
the RBSL covered a third of the excavated area, forming a discontinuous
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Table 1
Grain size analysis for Locus 2 facies. Data from samples collected in peripheral locations
are also presented (see text for details). Samples are grouped accordingly to their original
source.

Sample Sand Silt Clay Textural
class

Very fine
silt/total
silt ratio

Fine
sand/total
sand ratio

(%)

BSL facies
CVL2E3 50.07 46.49 3.45 Sandy loam 0.05 0.62
CVL2PB 47.89 47.87 4.24 Sandy loam 0.06 0.68
CVL2E23atp 47.86 47.88 4.26 Sandy loam 0.06 0.66
CVL2PA 40.87 53.64 5.49 Silt loam 0.07 0.71
CVL2E23 40.20 52.50 7.31 Silt loam 0.08 0.65
CVL2e23/1 37.45 52.95 7.60 Silt loam 0.10 0.62
CVL2PC 36.57 56.53 6.90 Silt loam 0.08 0.65
CVL2E43 34.68 58.16 7.16 Silt loam 0.08 0.70
CVL2E16 33.16 62.07 4.77 Silt loam 0.06 0.67
CVL2e23/2 31.33 55.21 13.46 Silt loam 0.17 0.62
Mean 40.01 53.33 6.46 – 0.08 0.66
Std. deviation 6.62 4.95 2.87 – 0.03 0.03

RBSL facies
CVL2E43SE 21.97 70.98 7.05 Silt loam 0.06 0.79
CVL2E43NE 20.32 71.38 8.30 Silt loam 0.10 0.64
Mean 21.15 71.18 7.68 – 0.08 0.72
Std. deviation 1.17 0.28 0.89 – 0.03 0.10

Epikarst
CV09 41.19 45.69 13.12 Loam 0.25 0.56
CV10 30.79 59.35 9.86 Silt loam 0.13 0.57
Mean 35.99 52.52 11.49 – 0.19 0.57
Std. deviation 7.35 9.66 2.30 – 0.08 0.01

Doline and horizontal passage
CVGt1n55 82.00 16.21 1.79 Loamy sand 0.09 0.05
CVGt1n90 9.62 74.79 15.60 Silt loam 0.14 0.26
CVGt1n150 4.55 75.47 19.98 Silt loam 0.19 0.36
CVGt2n10-20 16.39 69.55 14.06 Silt loam 0.14 0.44
CVGt2n30-40 3.34 73.95 22.70 Silt loam 0.20 0.33
CVTdn300 6.82 87.99 5.19 Silt 0.03 0.71
CVTdn700 5.55 77.89 16.56 Silt loam 0.15 0.49
Mean 18.33 67.98 13.69 – 0.14 0.38
Std. deviation 28.41 23.52 7.60 – 0.06 0.20

5A. Hubbe et al. / Palaeogeography, Palaeoclimatology, Palaeoecology xxx (2011) xxx–xxx
narrow strip along the walls and mainly in the northern part of the
locus. At the same time, BSL facies became restricted to a rounded
depression with abrupt and vertical edges in the center and southern
part of the cavity (Figs. 2c, d, 3).

Although RBSL facies is absent in the center of the excavated area,
it was probably deposited sub-horizontally throughout the entire sur-
face of Locus 2, because its first appearances as separated areas were
recorded at approximately the same depth, suggesting continuity in
the past. Furthermore, its shape suggests erosional activity, likely
caused by water flow acting mainly at the locus center. Preservation
of remains in more protected areas, such as the northern section,
and in wall niches supports this interpretation (Figs. 2c, 3). The exis-
tence of erosional events affecting RBSL facies is also supported by the
occurrence of RBSL fragments within sediments of BSL, attesting to
some degree of reworking of this older sediment (Fig. 2a, b). Thus,
the contact of both facies represents an unconformity.

Grain size distribution supports the separation of sediments in
two facies (Table 1). Both facies are characterized mainly in the
same textural class (silt-loam) but the RBSL is slightly richer in silt
and poorer in sand. This becomes more visible when samples are
plotted in a triangular textural diagram (Fig. 4). These changes in
grain size could reflect post-depositional processes, such as illuviation
by percolating water or the weathering of silt in the upper facies.
Although these cannot be completely ruled out, the absence of mac-
roscopic illuviation features such as coatings, bridges and pore infillings
do not support this interpretation. Furthermore, in an illuviation envi-
ronment, clay is more easily moved than silt, which requires larger
pores in order to become mobile because of water (Nettleton et al.,
1992). As a consequence, if illuviation of silt in the upper facies had
occurred, the clay content should also be expressively reduced in
the BSL, a characteristic not observed. For similar reasons, in situ
chemical and physical weathering of silt most likely did not play an
important role, since it should be accompanied by a decay in the
ratio between very fine silt and total silt and an increase in clay con-
tent in the BSL (silt alteration) or a decay in the ratio between fine
sand and total sand in the RBSL (silt generation), none of which is
present (adaptation of weathering index used in Chittleborough et
al., 1984. See Table 1; Fig. 4).
Fig. 3. Plan of the excavated area of Locus 2. In this schematic view all megafauna bones are plotted regardless of their depth. Each symbol represents one bone. Open symbols
represent bones found in the RBSL facies and solid ones represent bones found in the BSL facies. Shaded areas represent RBSL facies at its maximum extension.

Please cite this article as: Hubbe, A., et al., Identification and importance of critical depositional gaps in pitfall cave environments: The
fossiliferous deposit of Cuvieri Cave, eastern Brazil, Palaeogeogr. Palaeoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Fig. 4. Triangular diagram with plots for textural analysis.
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Rather than a post-depositional change, the pattern in grain size
distribution supports a change in sediment source. Table 1 and Fig. 4
present grain size data from sediments collected from the nearby
doline, the main horizontal passage, small depressions in the epi-
karst above the cave, and some of the small fissures on the ceiling
of Locus 2. It is clear that BSL facies is similar to epikarst and fissure
sediments, while the RBSL is similar to doline soils and sediments
from the horizontal passage, corroborating a different origin for
each facies. This pattern allows for the interpretation that grain
size distribution is related to the original material from which each
facies derives. The noticeable outlier in Fig. 4, with a higher sand
content, is interpreted as an artifact of localized heterogeneity,
since it was sampled near a gravel bed in Test Pit 1, in the main hor-
izontal passage (Fig. 1).

It is important to note that little alteration was introduced during
the transport of sediments, since grain size distribution is similar in
the source areas and inside the cave. Considering the absence of sed-
imentary structures, the very immature texture and the preservation
of soil aspect, all evidence indicates that the transport agent was not
highly selective, transporting sediments as a single mass, mostly pre-
serving the grain size distribution from outside the cave. Taking into
account the available sources and cave morphology, RBSL facies must
have been transported inside the cave through mass flows, such as
slumps, slides, and creep related to surface events, with sediments
penetrating the cave through its main horizontal passage. BSL facies,
on the other hand, penetrated the cave percolating through small
fissures connecting the epikarst to Locus 2, through diffuse infil-
tration promoted by descending water, a process of transport and
deposition already mentioned in a previous work (Bosch and White,
2004).

The coarse fragments in both facies are basically composed of
the same materials: bones, terrestrial mollusks shells, limestone,
older cave breccias, and nodules. At first, this similarity might appear
incompatible with different transport agents as described above, but
it seems that these fragments were mixed with sediment after their
accumulation inside the cave. Bones were incorporated into the sed-
iment when animals penetrated the cave and fell in the vertical pit of
Locus 2 (see Section 4.2); limestone most likely comes from the roof
and walls; older cave breccias occur only inside the cave and were
internally reworked; and nodules could have been formed inside
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the cave through the percolation of fluids (although they could also
have been transported from outside).

The XRF analysis of 11 samples indicates that BSL and RBSL facies
also present distinct chemical signatures (Table 2). It can be noted
that the RBSL contains about two times more silica (SiO2), aluminum
(Al2O3), iron (Fe2O3) and titanium (TiO2) and one third of the amount
of calcium (CaO) and half the volatiles (LoI), when compared to the
BSL. These differences are unlikely to be due to post-depositional
changes because in all examples found in Cuvieri Cave, cemented sed-
iments are carbonate-rich, and calcite occurs related to widespread
features such as druses, coated pores, crystal intergrowths in the
matrix, and fissure infillings. If calcium content was related to cemen-
tation in Locus 2, the RBSL should be richer in calcium carbonate
since it is the most cemented sediment in the locus, and the BSL,
which is friable, should be poorer. Nonetheless, the opposite pattern
is observed (Table 2). Furthermore, the cementation features described
above are rare.

The aggregation of soil-like materials is controlled by a complex
interaction of characteristics that determine the geometrical arrange-
ment of particles, which is influenced by biological, physical and
chemical agents (White, 2006). In this case, the induration of RBSL
facies seems associated either with a different organization in silt
and clay-sized particles, or most likely with the presence of abun-
dant iron and aluminum oxides, which can impart considerable sta-
bility to soils (Hillel, 1998).

Leaching of BSL facies also seems improbable because it is depleted
mostly in Si, Al and Fe in relation to the RBSL. This would mean that if
expressive leaching had occurred, these elements would be the most
easily moveable, while Ca would remain unaltered as it is relatively
concentrated. This seems unlikely since in the pH range of most soils –
and sediments alike – Al and Fe compounds are essentially insoluble,
greatly reducing the possibility of their migration, Si is moderately
insoluble, needing abundant water and a well-drained profile to be
leached, and Ca is more easily moveable (Tan, 2011). Although the
decomposition of organic matter has been suggested as a factor
capable of solubilizing Al and Fe due to the formation of chelates,
such compounds are usually present in spodosols and andosols (Tan,
2011). However, the first are soils of northern temperate forests, and
the second are developed in volcanic ash (Amundson, 2003), both
completely incompatible with Cuvieri cave characteristics. For all
these, it is possible to state that if vertical migration of elements
has occurred, its role was very limited.

When samples from the doline, the main horizontal passage, and
the epikarst are compared with those from Locus 2 (Table 2), it is
clear that they support observations derived from grain size distribu-
tion. RBSL sediments have compositions more similar to doline soils,
and BSL sediments are comparable to those from the epikarst. So,
once again, our data supports different sources for each facies. As
such, the BSL has no relation to the well-developed doline soils, but
rather to the organic soils from the top of the limestone outcrop
(low contents of terrigenous elements – Si, Al, Fe, and Ti – and high
contents of volatiles). Thus, a more appropriate explanation for the
difference in composition seems to be that the greater content of cal-
cium carbonate in the BSL facies was the result of the incorporation of
calcite grains from cave walls and percolation of saturated fluids dur-
ing transport. As indicated, BSL sediments entered the cave through
small ceiling connections, as slow moving flows, during which it
had prolonged contact with cave limestone bedrock. In this process,
incorporation of calcium carbonate would be expected. On the other
hand, the greater proportion of silica, aluminum, and iron in RBSL
facies, suggests a more terrigenous origin for this sediment, with a
correspondingly reduced influence of bedrock contact and composi-
tion compatible with doline hillslope sediments, characterized as an
oxisoil (Piló, 1998; Shinzato, 1998; Shinzato and Lumbreras, 1998).

This sedimentological information allows for the proposal of a
simplifiedmodel of sediment accumulation at Cuvieri Cave. Accordingly,
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Table 2
XRF analysis for Locus 2 sediments, and some samples from the surroundings. To facilitate comparison, samples are grouped accordingly to their original source and are presented
along with their mean and standard deviation.

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

BSL facies
CVL2PB 11.77 3.82 2.17 0.74 0.45 42.24 0.04 0.24 0.24 3.99 33.24
CVL2E3 11.80 4.87 2.75 1.02 0.47 40.34 0.04 0.28 0.29 4.76 33.00
CVL2E23atp 12.96 4.93 2.65 0.85 0.50 40.10 0.04 0.29 0.30 4.73 32.58
CVL2PA 13.72 6.71 3.26 0.83 0.53 37.50 0.04 0.38 0.39 4.45 32.09
CVL2E23 15.80 7.58 3.81 0.92 0.56 36.14 0.04 0.43 0.44 5.59 28.45
CVL2E23/2 16.40 7.70 3.79 0.84 0.48 33.80 b0.1 0.44 0.45 5.38 30.10
CVL2E16 17.35 8.77 4.27 0.97 0.61 33.60 0.04 0.51 0.51 5.86 27.28
E-43 B 19.60 9.24 5.62 2.59 0.86 28.26 0.09 0.58 0.55 15.69 15.76
CVL2PC 20.08 9.87 4.81 1.00 0.62 30.98 0.05 0.63 0.55 5.62 25.23
Mean 15.80 7.58 3.79 0.92 0.53 36.14 0.04 0.43 0.44 5.38 30.10
Std. deviation 3.15 2.13 1.11 0.57 0.13 4.64 0.02 0.14 0.11 3.60 5.58

RBSL facies
CVL2E43NE 39.28 16.96 7.79 1.04 0.57 13.55 0.05 0.79 1.02 3.15 16.00
CVL2E43SE 45.43 20.31 9.11 1.11 0.57 6.58 0.06 0.89 1.20 2.99 11.72
Mean 42.35 18.63 8.45 1.07 0.57 10.07 0.05 0.84 1.11 3.07 13.86
Std. deviation 4.35 2.37 0.93 0.05 0.00 4.93 0.01 0.07 0.13 0.12 3.03

Epikarst
CV10 11.40 5.89 3.01 0.90 0.45 32.10 0.05 0.42 0.33 3.15 37.90
CV09 3.34 1.53 0.61 0.14 0.67 28.60 0.06 1.70 b0.1 2.99 58.20
Mean 7.37 3.71 1.81 0.52 0.56 30.35 0.05 1.06 – 3.07 48.05
Std. deviation 5.70 3.08 1.70 0.54 0.16 2.47 0.01 0.91 – 0.12 14.35

Doline and horizontal passage
CVGt1n55 28.4 14.9 8.09 1.78 0.5 19 b0.1 0.76 0.77 13.1 12.3
CVGt1n90 43.10 21.30 9.54 1.20 0.60 4.59 b0.1 0.97 1.18 2.99 14.10
CVGt1n150 43.1 25.3 11.1 0.61 0.8 1.54 b0.1 1.65 1.3 0.52 13.4
CVTd3n0 38.20 25.30 10.10 0.47 0.51 0.48 b0.1 0.69 1.45 0.77 21.50
CVTd3n50 39.00 27.40 11.00 0.39 0.54 0.30 b0.1 7.00 1.49 0.56 17.70
CVTd3n650 44.30 25.90 11.80 b0.1 0.76 0.14 b0.1 1.90 1.07 0.38 13.00
CVTd3n250 40.30 28.50 11.40 0.42 0.47 0.22 b0.1 0.79 1.50 0.37 15.50
CVAtn40 38.4 21.7 10.7 1.71 0.76 3.93 b0.1 1.23 1.13 2.93 16.6
CVAtn100/1 42.9 23 11 1.02 0.78 2.65 b0.1 1.51 1.21 1.83 13.5
Mean 39.74 23.70 10.53 0.95 0.64 3.65 – 1.83 1.23 2.61 15.29
Std. deviation 4.83 4.10 1.13 0.57 0.14 5.99 – 1.98 0.24 4.07 2.93
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the RBSL constitutes the older infilling of Locus 2 and was accumulated
in the cave most likely by mass flow coming from the doline near the
cave entrance, through colluviation and related processes. After deposi-
tion, evidence suggests that these sediments were partially eroded and
transported to deeper passages by water flow coming from above,
through the main passage and through fissures in the ceiling and
walls. Later, sediments belonging to BSL facies filled the depression
that had been created by this erosive event. These sediments were de-
posited bywater flowing through small openings to the surface, located
mainly in the ceiling.

Although the process that generated the depression that was filled
by BSL facies was most likely related to surface water flows, other
possibilities should be considered, such as collapses associated with
the enlargement of underlying passages, allowing temporary leakage
of sediments. Nonetheless, it is not critical to understand the exact
mechanism that eroded part of the RBSL sediments before making
further interpretation on the formation and evolution of the fossilifer-
ous deposits.

4.2. Taxonomic analysis and bone depositional processes

Following the excavation of approximately 75 cm in depth of sed-
iment, 15,627 bone pieces were registered in situ. These abundant
remains are mainly from mammals (including extinct late Quater-
nary mammals) and are composed mostly of fragments of variable
size and shape and isolated bones, although articulated and semi-
articulated animals have also been found lying sub-horizontally
(Fig. 5). Table 3 shows the different taxa found in each facies. As
can be seen, mammals weighing more than 3 kg appear in both
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facies (with the exception of Tapirus terrestris represented by only
one subadult individual found in the first levels of BSL facies).
Differences between the BSL and the RBSL are basically restricted
to a general lack of small animals (b3 kg) in the latter: with the
exception of Dasyproctidae and Cuniculidae, the remaining Rodentia,
Didelphidae, Chiropthera, Aves, Amphibia and Reptilia were not found
in the RBSL facies. However, these differences must be analyzed with
caution because small animals are uncommon in the BSL as well, and
their absence in the RBSL might represent a sample bias, since it was
less excavated than the BSL (RBSL: less than 0.3 m3 excavated; BSL:
~3.3 m3 excavated).

The main difference in the fauna represented in both facies is
related to the extinct species (megafauna). The megafaunal remains
comprise at least three specimens, one adult Smilodon populator, one
subadult Valgipes bucklandi and one subadult Scelidotheriinae. The
animals were found in both facies and are represented by scattered
material ranging from well-preserved bones to fragments, with
few bones presenting anatomical proximity. Although megafauna
remains are found in both facies, they are oddly distributed between
them. In the case of BSL sediments, only 21 out of 15,291 (0.14%)
bones in situ belong to extinct mammals. On the other hand, for
RBSL sediments, from 336 bones recovered, 65 (19.35%) were
ascribed to megafauna. These differences are significant (Gadj=
382.95; pb0.01), corroborating the higher presence of megafauna
in the RBSL facies. A similar pattern is observed when the material
recovered from sieving is taken into account. In the BSL, only two
megafauna bones were recovered among the 46 expositions (around
75 cm depth), while for the RBSL sediment six megafauna bones
were recovered from the six expositions carried out (around 15 cm
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Fig. 5. Articulated skeletons found during excavations at Locus 2. a: deer (Cervidae) found in BSL facies; b: deer (Cervidae) found in BSL facies dated to 8580–8400 cal yr BP;
c: peccary (Tayassuidae) found in BSL facies dated to 5990–5750 cal yr BP; d: detail of the peccary skull shown in c; e: peccary (Tayassuidae) found in RBSL facies dated to
12,670–12,140 cal yr BP; f: detail of the sternum of the peccary shown in e. Notice that photo f is rotated around 90° in relation to photo e.
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depth). Although leaching could be responsible for the observed
pattern, the widespread presence of bones from the extant fauna
in both facies does not favor this idea, since they do not show the
same pattern observed for the megafauna remains and there is no
reason to think leaching would remove only megafauna bones.

The horizontal distribution of the megafauna remains is also un-
even (Fig. 3). Regardless of the sediment the material belongs to
(BSL or RBSL), all specimens were found close to the walls. With the
exception of four bones (solid symbols at the extreme southwest of
Fig. 3), the few remains located in the BSL are above and near the
area where the RBSL sediment occurs (areas highlighted in gray in
Fig. 3). Furthermore, megafauna bones occur only at the bottom of
BSL sediments, always within 15 cm above the contact with the
RBSL, and are associated with reworked fragments of this facies (for
example see Fig. 2b).

Considering that most of the megafauna remains were found in
the RBSL facies and that the few remains from the BSL were found
close to the walls and precisely over or close to areas where RBSL
facies occur, it is reasonable to assume that these bones were de-
posited synchronously with the RBSL sediments, and were preserved
from the erosional event that created the depression filled later by the
BSL. In summary, the differences between BSL and RBSL facies in
terms of sedimentary analysis can also be extended to faunal contents:
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megafauna remains most likely accumulated synchronously with the
RBSL facies and the deposition of BSL facies started after the last mega-
fauna had entered the cave.

Additionally, horizontal and vertical displacement of the mega-
fauna specimens (found scattered all over the RBSL facies; Fig. 3)
must have occurred mainly during RBSL deposition. The presence
of a highly articulated subadult peccary (Tayassuidae) lying sub-
horizontally in the RBSL facies indicates that the dislocation of fossil
remains did not occur during a prolonged period (Fig. 5e and f). The
articulated peccary is slightly younger than at least two specimens of
megafauna (see Section 4.3) that lie below it, suggesting that the
taphonomical dislocation of the megafauna remains took place
prior to the entrapment and burial of this peccary. Horizontal and
vertical displacements of extinct faunal remains following BSL depo-
sition seem unlikely because the spatial distribution of megafauna
remains coincides exactly with the areas close to walls, where RBSL
facies was preserved. If a late displacement had occurred, bones of
the extinct fauna should have been found spread over BSL facies.

An open question is whether the processes of faunal remain
incorporation was the same during the time-span associated with
the deposition of each sedimentary facies. Lund (1845), as well as
Paula Couto (1971) and Simms (1994), pointed out the prevailing pro-
cesses by which bones are incorporated into cave sediments: (1) death
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Table 3
Taxa occurrence in Locus 2 facies.

Taxon Weighta BSL RBSL

Species
Cuniculus paca 10c X X
Smilodon populator N200b X X
Tapirus terrestris N300c X
Valgipes bucklandi N100d X X

Subfamily
Scelidotheriinae N100d X X

Family
Cervidae 25–35c X X
Dasypodidae 3–4c X X
Dasyproctidae 3–4c X X
Didelphidae b3c X
Leporidae b1c X X
Tayassuidae 20–35c X X

Order
Chiroptera b1c X
Rodentia b1c X

Class
Amphibia b1e X
Ave b1e X
Reptilia b1e X

a Approximate adulthood weight in kilograms for each taxon.
b Based on Christiansen and Harris (2005).
c Based on Eisenberg and Redford (1999).
d Based on Toledo (1998) and Cartelle et al. (2009).
e Limit given by small bone sizes.
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of cave inhabitants; (2) carcasses or bones brought by water and sedi-
ment flows; (3) remains of animals left by predators; and (4) death of
animals that are trapped or lost inside caves. In both facies the poor rep-
resentation of species that make use of caves (such as bats) in some
manner excludes the possibility of major bone incorporation due to
the first process.

As noted earlier (Section 4.1) the BSL has an epikarst origin and
entered the cave mostly through ceiling connections with the surface
that were too small to allow the input of bones. Furthermore, no
bones were found in BSL deposits lying in recesses near the ceiling,
as well as in sediments in voids at the top of the limestone outcrop
where the cave is located. Therefore, the faunal remains found in
this facies must have been incorporated independently from the sed-
iment emplacement, making the second process of incorporation for
the BSL unlikely. The presence of perfectly articulated animals in
this facies (Fig. 5) refutes this process as well, since animal remains
would hardly be found articulated if they were transported to the
cave after death.

On the other hand, the RBSL faunal remains might have been, in
principle, incorporated as fragments or disarticulated bones, together
with the sediment derived from the doline hillslope or by water flow.
However, the presence of a well articulated subadult peccary (Fig. 5e
and f) does not favor this hypothesis. Also, results from test pits per-
formed at the sub-horizontal access passage (Fig. 1) disprove this
possibility. As noted earlier, sediments excavated in this passage are
interpreted as correlated with the RBSL due to their spatial distribu-
tion and similar physical characteristics (color, chemical and granulo-
metric compositions), even though they present very different faunal
remains. Despite the removal of a significant volume of sediment
from the test pits (around 6.8 m3) in relation to RBSL facies in Locus
2 (less than 0.3 m3) very few bones were found (656; ~96 bones/m3)
when compared with the plotted fragments found in Locus 2 RBSL fa-
cies (336; ~1120 bones/m3). This difference is even more striking if
the material derived from sieving is considered. The specimens
found in the test pits were usually very fragmented and scattered,
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representing mainly small mammals (b3 kg), a marked contrast
with the animals recovered from RBSL facies in Locus 2, where larger
animals are abundant.

Test pit 1, with dimensions of 2 m×0.5 m×2.2 m (4.8 m3), is clos-
er to the cave entrance and is located in the light-twilight zone. From
646 bones collected in it, only ten belonged to large size mammals
(N5 kg; definition in accordance to Jones et al., 1996). The high degree
of fragmentation made identification impossible in some cases, but at
least the presence of Carnivora, Cuniculidae and Tayassuidae and pos-
sibly Cervidae and Tardigrada (ground sloth) can be confirmed. Test
pit 2, covering an area of approximately 1.3 m2 with 1.5 m depth
(2 m3), is located in the twilight-dark zone of the cave. Ten bones
were recovered from it and only one of them belonged to a large
size mammal (Cuniculidae).

As a consequence, although RBSL and test pit sediments have a
common sedimentary origin and evolution, their faunal remains are
very different in abundance and taxa found, thus supporting the in-
terpretation that the faunal remains found in Locus 2 RBSL were not
incorporated together with the sediments or water flow. Also, the al-
most complete absence of bones in the main horizontal passage does
not lend support to the possibility that predators were mainly re-
sponsible for the incorporation of animals into the cave (for example
see Ruiter and Berger, 2000), since this area is the most suitable for
being used as a lair and thus bones should be found there as well.
Moreover, tooth and gnaw marks, characteristics of predators, are
few (if any) in the bones recovered from all excavated areas. There-
fore, in light of the drastically divergent characteristics found in the
two tests pits and in RBSL facies in terms of taxonomic composition,
bone amount, quality of preservation and degree of articulation to-
gether with the epikarstic origin of the BSL as well as the pitfall mor-
phology of Locus 2, the hypothesis favored is that the majority of
animals recovered from this locus entered the cave alive and became
trapped inside it. It should be noted that the vertical nature of Locus 2
precludes the possibility of animals (at least the majority) climbing
back to the horizontal passage once they fell. Partially and fully artic-
ulated skeletons were found relatively far from the natural fall range
(i.e. the area immediately below the vertical drop). This suggests that
some animals died there from starvation and not from the fall. In fact,
other pitfall caves with deeper drops show evidence that animals sur-
vived initial falls (Kos, 2003b; Østbye et al., 2006).

4.3. Radiocarbon dating

Table 4 and Fig. 6 show the AMS 14C dates obtained on bone
and tooth samples from Locus 2. Within BSL facies there is a group
of dates closer to the surface (dates range from 2120 cal yr BP to
the present); below the surface there is a general stratigraphic co-
herence, with older dates being found in deeper levels. However,
an exception is provided by two dates obtained on isolated bones
(11,070–10,660 cal yr BP; 11,210–11,130 cal yr BP). Assuming that
dates obtained from articulated skeletons are more reliable indica-
tors of a level's age than dates from isolated bones, due to the fact
that the former are more likely to remain in their original position,
the BSL facies is interpreted as being restricted to the Holocene.
The BSL basal level starts during early–middle Holocene (articulated
deer dated to 8580–8400 cal yr BP). Middle Holocene specimens are
found around 80–85 cm in depth (articulated peccary dated to
5990–5750 cal yr BP; and a paca with anatomical proximity dated
to 5910–5670 cal yr BP). Although no articulated skeletons were
found near the top, which would have allowed the determination
of a reliable age for the end of sedimentation, all ages obtained
in isolated bones suggest that the top must be ascribed to the
late Holocene, in agreement with the dates from articulated animals
at lower layers. The dates obtained for the RBSL facies, on the other
hand, are close to the Pleistocene/Holocene transition (see also
Hubbe et al., 2009). Two of the three megafauna specimens were
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010
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Table 4
AMS 14C dates obtained at Locus 2.

Sample
number

Laboratory
number

Skeletal element
dated

Material
dateda

Depth
(m)b

Taxa Common
name

C13/C12
(‰)

Conventional age
(14C yr BP)

2σ calibration
(cal yr BP)

CVL2P260c 202779 Bone Collagen −0.62 Cervidae Deer −23.8 1960±40 c. 1990–1830
CVL2P163/196 c 205334 Bone Collagen −0.62 Tapirus terrestris Tapir −22.9 2050±40 c. 2120–1900
CVL2P258/234 c 205335 Bone+tooth Collagen −0.62 Cuniculus paca Paca −21.7 220±40 c. 310–0
CVL2-2290 251075 Bone Collagen −0.69 Cervidae Deer −22.8 2830±40 c. 3060–2850
CV-L2-4041 235460 Bone Collagen −0.73 Amphibia Frog −20.7 3550±40 c. 3960–3710
CVL24630 202780 Bone Collagen −0.76 Tayassuidae Peccari −23.3 5250±50 c. 6180–5920
CVL2-5998 251078 Bone Collagen −0.80 Cuniculus paca Paca −24.4 5050±40 c. 5910–5670
CVL27108 218173 Bone Collagen −0.86 Cervidae Deer −23.5 5200±50 c.6010–5900
CVL27402 218174 Bone Collagen −0.86 Cervidae Deer −21.5 9500±50 c. 11,070–10,660
CVL2-7456 251079 Bone Collagen −0.86 Tayassuidae Peccari −22.1 5150±50 c. 5990–5750
CV-L2-8040 261274 Bone Collagen −0.87 Cervidae Deer −21.6 7050±50 c. 7970–7790
CVL2-9648 220396 Bone Collagen −0.94 Cervidae Deer −21.5 9740±40 c. 11,210–11,130
CVL2-10365 230973 Bone Collagen −0.96 Cervidae Deer −21.7 6930±40 c. 7850–7680
CV-L2-13122 234519 Bone Collagen −1.11 Smilodon populator Sabertooth cat −15.0 10,790±60 c. 12,880–12,720
CV-L2 14310 248057 Bone Collagen −1.14 Valgipes bucklandi Ground sloth −15.3 11,020±40 c. 13,060–12,870
CV-L2 14827 248058 Bone Collagen −1.16 Cervidae Deer −21.4 7690±50 c. 8580–8400
CV-L2 15266 248059 Bone Collagen −1.20 Tayassuidae Peccari −20.4 10,470±40 c. 12,670–12,140

a Treated with multiple alkali extractions and ultra-purified prior to dating.
b Depth in relation to datum.
c Dates obtained on sieved material with no precise spatial position.
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dated: the Valgipes bucklandi to 13,060–12,870 cal yr BP and the
Smilodon populator to 12,880–12,720 cal yr BP. At a similar depth,
a well-articulated subadult peccary mentioned earlier (Section 4.2)
was dated to 12,670–12,140 cal yr BP.

Chronological data supports the temporal discontinuity between
the two facies, the RBSL facies deposition having occurred around
the Pleistocene/Holocene transition and the BSL facies being of
Holocene age. The temporal gap observed between facies is cer-
tainly derived from the erosional event described earlier (Section 4.1),
temporally restricted to the Pleistocene/Holocene transition and early
Holocene, although the duration of the erosional event cannot be
assessed at this time.

The two early Holocene dates found within BSL facies (dated to
between 11,210–10,660 cal yr BP) appear to challenge this chrono-
logical model. These two ages are interpreted as being associated to
remnants of the RBSL, preserved from erosion and encompassed by
younger sediments from the BSL. If this interpretation is correct
they can be used as relics of the ancient top level of RBSL facies. Actu-
ally, the occurrence of older hardened sediments buried by younger,
usually friable, sediments is common in caves, and has been described
in many occasions (Jennings, 1985; Auler et al., 2009).

Two other pieces of information seem to support this interpreta-
tion. First, as suggested for the megafauna distribution, it is perfectly
possible that some samples from the extant fauna in BSL facies in fact
represent bones originally deposited with the RBSL as well. Given
that dislocation was minimal after bone burial by BSL sediment, the
~11 cal kyr BP bones probably did not migrate extensively. As a con-
sequence, these ages are more reliable in the context of RBSL stratig-
raphy (Fig. 6), since they lay above the stratigraphic position of
megafauna and the peccary remains (dated around 13–12 cal kyr
BP). Furthermore, their position in the locus favors this interpreta-
tion as well, since they were associated with reworked RBSL frag-
ments, just above the area where this facies later appeared during
excavations (Fig. 6). Second, major vertical displacement is unlikely
in the BSL facies, as attested by the articulated specimens (Figs. 5
and 6; near and above the articulated deer dated at ~8.5 cal kyr BP
there was another articulated deer, without enough collagen for dat-
ing). Thus, it is unlikely that the outlier position of these dates in the
coherent chronological sequence of BSL facies is the result of the dis-
location of these samples. Finally, it could be argued that the two
ages of the Pleistocene/Holocene transition found inside the BSL
facies were biased by some later contamination. However, if such
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is the case, the phenomenonmust have been very restricted; otherwise
other nearby dates should also have been biased toward older ages.

5. Implications of temporal discontinuity in cave deposits

The evidence presented here supports the existence of a disconti-
nuity in the fossiliferous deposits of Cuvieri Cave's Locus 2. Geologi-
cally, this discontinuity is expressed by a subtle erosional surface
which limits the two recorded facies; taxonomically, it is expressed
by a change in the taxa found, with the absence of megafauna re-
mains originally deposited in the younger facies; chronologically,
the discontinuity is marked by a temporal gap, between approximate-
ly 11.0 and 8.4 cal kyr BP, although the end of the erosional phase
might be older, given that the lower contact between facies has not
been excavated in the southern part of the locus. Fig. 7 presents a
schematic model for the evolution of Locus 2 fossiliferous deposits.

This model illustrates the unusual dynamics associated with cave
sedimentation. Cave stratigraphy is normally complex and presents un-
expected patterns of sediment deposition (Osborne, 1984; Jennings,
1985; Ford andWilliams, 1996). As such, sedimentary facies can display
vertical contacts, unusual morphologies and various types of post-
deposition perturbations. Previous studies in Brazilian caves (Neves
and Piló, 2003; Auler et al., 2006, 2009) have identified this complexity,
stressing the need for detailed chronologic, sedimentary and strati-
graphic studies.

Although the excavation in Locus 2 reached less than 1 m in
depth, it is clear that studying its stratigraphy is complex for two
main reasons: (1) the textural and structural characteristics of the
deposits does not allow the application of traditional facies analysis,
and an unusual integration with pedological methods was required,
and (2) the contact between facies is difficult to determine, especial-
ly due to the fact that more or less hardened fragments of RBSL facies
were found within the BSL, mainly along cave walls, making the de-
termination of the precise position of the contact difficult, which is
clearly identified only at lower levels (Fig. 7, middle picture).

In Locus 2, while excavation was taking place and the change in
facies was not yet noticed, all skeletal remains were considered to
be temporally related; sediment was relatively homogeneous and
some bones presented anatomical proximity or were articulated,
although disarticulated pieces were the most frequent occurrence.
After the change in sediment was clearly noticed in deeper excava-
tion levels, and detailed analyses were performed for both sediment
ce of critical depositional gaps in pitfall cave environments: The
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Fig. 6. Two-sigma calibrated Accelerator Mass Spectrometry radiocarbon dates (cal yr BP) for Locus 2 in the site map (above) and cross section (below). Symbols represent the exact
location of each dated sample. Open symbols represent bones found in the RBSL facies while solid ones represent bones found in the BSL facies.
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and bone, it was clear that a temporal discontinuity existed. There-
fore, several of the skeletal remains found in the transition between
facies had their stratigraphic position reviewed in light of this new
information.

Following this careful examination, it became clear that BSL
sediments are of Holocene age, placed in the cave by small ceiling
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connections with the surface, and with only scarce extinct fauna
bones mixed in. On the other hand, RBSL facies is of Pleistocene/
Holocene age, with abundant extinct megafauna (in addition to
extant fauna). The sediments of this facies were transported through
the main horizontal passage and subsequently were partially eroded
prior to BSL deposition. In this later event, some megafauna bones
ce of critical depositional gaps in pitfall cave environments: The
eoclimatol. Palaeoecol. (2011), doi:10.1016/j.palaeo.2011.09.010

image of Fig.�6
http://dx.doi.org/10.1016/j.palaeo.2011.09.010


Fig. 7. North–south cross-section through Locus 2, showing the proposed history of sedimentation for its fossiliferous deposits during the late Pleistocene and Holocene. a: From
N11.0 cal kyr BP, sediment entered Locus 2 through its connection to the main horizontal passage from Cuvieri Cave (MP). Sediments were derived from the doline being trans-
ported through the cave entrance. Vertebrates, including megafauna, entered by the same passage, and eventually fell in the pit. b: Between 11.0 and 8.4 cal kyr BP there was
an erosional event affecting sediments in Locus 2, probably related to a humid interval. Erosion was concentrated mainly in the center of the Locus, leaving remains of previous
sediments in the areas that were not affected by water flow. Simultaneously, megafauna ceased to exist in the region and only extant vertebrates were incorporated into the sed-
iment. The ~2.6 cal kyr BP interval must be considered as the maximum interval possible for this erosional event since the excavations did not reach the base of the erosive depres-
sion, c: From 8.4 cal kyr BP to the present, Locus 2 sedimentation was limited to flows coming from small connections to the surface located in the ceiling (CS). Vertebrates, only the
extant fauna, continued to enter the cave by its main horizontal passage. At the base of BSL facies, reworked fragments of RBSL are common, intermixed with megafauna bones.
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were mixed and incorporated in younger BSL sediments and the
same occurred with some specimens of extant fauna. Moreover, in
the particular case of Locus 2, pitfall entrapment was the major pro-
cess of bone incorporation for both sedimentary deposits, mostly
followed by fragmentation and dispersion inside the locus, although
some skeletonspreserved anatomical proximity orwere even complete-
ly articulated.

The close association of sedimentary and paleontological disconti-
nuities at Locus 2 might reflect a change that affected the environ-
ment as a whole, possibly affecting landscape processes controlling
cave sedimentation andmammal ecology at the same time. Most like-
ly, such large scale changes are related to climatic oscillations and, in
fact, the intercalation of clastic and chemical deposits in caves from
northern and central Brazil has been interpreted as reflecting changes
in water abundance related mainly to large scale climatic shifts (Auler
et al., 2006, 2009).

Although past climatic shifts are probably responsible for the for-
mation of different facies at Locus 2 and the cessation of megafauna
entrapment, the type and intensity of these changes cannot be prop-
erly assessed because Locus 2 represents a small local feature and any
regional scale extrapolation must be made with caution. Nonetheless,
the erosional phase that excavated RBSL sediments is probably relat-
ed to a more humid event, either at local or regional scale.

The humid phase hypothesis is supported by the fact that sedi-
mentation in Cuvieri Cave changed through the Holocene: flows
from the doline near the cave entrance ceased and were replaced by
less intense flows coming from upper connections with the outcrop
surface. In fact, the doline floor now lies a few meters lower than
the cave entrance, supporting the assumption that the doline cannot
be the source of sediment (Fig. 1). Deposits from Locus 1 also support
the estimated age for the interruption in sedimentation. A ground
sloth lying semi-exposed in the surface of this locus was dated to
11,600 to 11,320 cal yr BP (Neves and Piló, 2003), and no BSL-like
sediment has been observed. Following the closure of the link be-
tween the doline and the cave loci, the sole source of sediments was
related to connections with the top of the limestone outcrop, where
small depressions still preserve accumulated sediments. Locus 2 pre-
sents several such small connections with the above surface, which is
Please cite this article as: Hubbe, A., et al., Identification and importan
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responsible for a slow accumulation compatible with the sedimenta-
tion rate obtained for BSL facies (7 cm/1000 yr). This rate is slightly
lower than the ones obtained for pitfalls directly connected with the
surface through larger passages: 1.5 to 30 cm/1000 yr (Wang and
Martin, 1993) and 12 to 210 cm/1000 yr (Østbye et al., 2006).

From all the discussion above it is evident that while the source
and type of sediment and faunal content changed through time, the
process responsible for the placing of bones into Locus 2 did not.
This is relevant because different accumulating processes usually in-
volve the action of distinct taphonomical processes (Simms, 1994)
and the absence of such a change supports the statement that the dis-
crepancy in megafauna occurrence between the BSL and the RBSL
should reflect an ecological rather than a taphonomical change.

In conclusion, this study has demonstrated that an integrated
and multidisciplinary approach is essential for a more complete
and accurate understanding of fossiliferous cave deposits. Excava-
tions performed in such environments must be carried out with
strict methodological procedures and be supported by detailed sed-
imentary, chronological, taxonomic, and taphonomic studies. With a
careful approach it is possible to achieve a better understanding of
the history of a given fossiliferous deposit, and correctly account
for distortions inserted in the paleontological record by later geolog-
ical and biological processes.
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