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ABSTRACT

We report 130 vertebrate fossils preserved as bony elements and the co-occurring assemblage
of fish teeth and spines from the lower strata of the Pisco Formation exposed along the western
side of the lower Ica Valley (East Pisco Basin, Peru). Geological mapping at 1:10,000 scale reveals
that all these fossils originate from the Langhian-Serravallian PO allomember. In the study area,
PO is up to ~40 m thick and features a sandy lower portion, reflecting shoreface deposition,
that fines upwards into a package of offshore silts. Marine vertebrates only occur in the
lower sandy layers and include whales, dolphins, reptiles, birds, and bony and cartilaginous
fishes. The reconstructed paleoenvironment is consistent with a warm-water, marginal-
marine setting with a strong connection to the open ocean. This work helps to elucidate the
rich yet still poorly understood middle Miocene portions of the Pisco Formation, and
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highlights the need to conserve this outstanding Fossil-Lagerstétte.

1. Introduction

The middle Miocene to Pliocene Pisco Formation of
southern Peru is a shallow-marine sedimentary unit
consisting of diatomaceous mudstones, siliciclastic
sandstones, and siltstones, nodular dolomite layers,
tephra beds, and minor conglomeratic and phosphatic
intervals (Brand et al., 2011; de Muizon & DeVries,
1985; Di Celma, Malinverno, Cantalamessa, et al.,
2016; Di Celma, Malinverno, Gariboldi, et al., 2016;
Dunbar et al., 1990). The Pisco Formation is known
to paleontologists worldwide for the richness, abun-
dance and quality of its vertebrate fossils. The latter
include sharks and rays, bony fishes, marine turtles
and crocodiles, seabirds, cetaceans (featuring both
baleen-bearing and echolocating toothed whales), pin-
nipeds (seals) and sloths, which collectively provide
one of the best record of Neogene marine vertebrates
anywhere in the world (e.g. Bianucci, Di Celma, Col-
lareta, et al., 2016; Bianucci, Di Celma, Landini,
et al., 2016; Brand et al., 2004; Di Celma et al., 2017;
de Muizon, 1988; de Muizon & DeVries, 1985; Esper-
ante et al., 2008, 2015; Lambert et al., 2010). Examples
of exceptional preservation range from phosphatized
whale baleen plates to stomach contents, regurgita-
tions and even skeletons of cartilaginous fishes like

sharks, characterizing the Pisco Formation as a true
Konservat-Lagerstitte (Bianucci, Di Celma, Urbina,
et al., 2016; Bosio et al., in press; Collareta et al,
2015, Collareta, Landini, et al., 2017; Gariboldi et al.,
2015; Gioncada et al., 2016; Gioncada, Gariboldi,
et al.,, 2018; Gioncada, Petrini, et al., 2018; Lambert
et al., 2015; Marx, Collareta, et al., 2017).

In the surroundings of the Ocucaje village (Ica
desert), integrated studies aimed at elucidating the
spatial and stratigraphic distribution of the fossil ver-
tebrates from the Pisco Formation have been recently
performed at the localities of Cerro Colorado, Cerro
Los Quesos, Cerro Queso Grande and Cerro Ballena
(Bianucci, Di Celma, Collareta, et al., 2016; Bianucci,
Di Celma, Landini, et al., 2016; Esperante et al,
2015), resulting in the construction of a rather com-
prehensive overview of the late Miocene vertebrate
assemblages from the Pisco Lagerstitte (Di Celma
et al,, 2017). Conversely, the middle Miocene basal
strata of the Pisco Formation and their fossil ver-
tebrate content have been only cursorily investigated
(Bosio, Malinverno, Collareta, et al., 2020; Di Celma
et al, 2017), although the lower Pisco strata are
thought to be home to important fossils such as the
holotypes of the basal delphinidan Incacetus broggi
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(Colbert, 1944; de Muizon, 1988) and the early-
branching cetotheriid whale Tiucetus rosae (Marx,
Lambert, et al., 2017).

The aim of this work is to report, through a detailed
1:10,000 scale geological map (Main Map), all the
middle Miocene fossil vertebrates encountered during
paleontological surveys at the localities of Cerro Sub-
marino, Dos Cerritos, Cerro Los Tinajones and
Cerro Las Tres Piramides, along the western side of
the lower Ica Valley, where the lowermost Pisco strata
are abundantly exposed (Di Celma, Malinverno,
Bosio, et al., 2018). The paleoenvironmental signifi-
cance of such a record is also discussed considering
the distribution of the vertebrate remains in light of
the local stratigraphy and facies associations.

2. Geological setting and regional
stratigraphy

Since the Mesozoic, the tectonics of Peru have been
controlled by the convergence of the oceanic Nazca/
Farallon Plate and the continental South American
Plate, inducing both the deformation of the leading
edge of the latter and the development of a composite
transform-convergent margin characterized by nor-
mal to strike-slip faults that formed elongated exten-
sional/pull-apart basins along the Peruvian forearc
(e.g. Dunbar et al, 1990; Kulm et al., 1982; Le6n
et al., 2008). According to Thornburg and Kulm
(1981), two trench-parallel structural highs formed
on the continental shelf and upper slope in Late Cre-
taceous—early Paleogene times, namely, the Outer
Shelf High and the Upper Slope Ridge. These two
ridges segmented the Peruvian offshore into several
sedimentary basins that are separated into an outer
set of slope basins and an inner set of shelf basins;
the latter include the southern Peruvian East Pisco
Basin (hereinafter: EPB) and Caballas Basin. The
EPB is a 180-km-long, northwest-to-southeast trend-
ing sedimentary basin whose sediments are now
exposed along a narrow coastal plain between the
towns of Pisco and Nazca, being located just landward
of where the Peru-Chile trench is impinged on by the
aseismic Nazca Ridge (Figure la), a region of buoyant,
topographically high oceanic crust (Hampel et al.,
2004; Hsu, 1992; Macharé & Ortlieb, 1992; Pilger,
1981). The basin fill includes, from oldest to youngest,
the Eocene Caballas, Paracas and Otuma formations,
the lower Miocene Chilcatay Formation, and the
middle—upper Miocene Pisco Formation (Coletti
et al., 2018, 2019; DeVries, 1998, 2007; DeVries &
Jud, 2018; DeVries et al., 2017; Di Celma et al., 2017;
Di Celma, Malinverno, Bosio, et al., 2018; Di Celma,
Malinverno, Collareta, et al., 2018; Dunbar et al,
1990). These units are heterogeneous in composition
and bounded by regionally extensive unconformities,
commonly demarcated by lags of igneous pebble- to

boulder-sized clasts, which account for periods of sub-
aerial exposure and represent major breaks of the sedi-
mentary record of the EPB (DeVries, 1998).
Consequently, Di Celma, Malinverno, Bosio, et al.
(2018) pointed out that these sedimentary units
should be regarded as unconformity-bounded allofor-
mations (NACSN, 2005) or, in the genetic sense, as
depositional sequences (Catuneanu et al., 2009) rather
than as formations.

3. Surveying methods

The investigated area is located some 55-60 km SSE of
the town of Ica and covers an area of approximately
33 km? near the hills of Cerro Submarino, Dos Cerri-
tos, Cerro Los Tinajones, and Cerro Las Tres Pira-
mides (Figure 1b). The physical stratigraphy and
architecture of the studied outcrops were documented
through conventional geological field methods,
including high-resolution sedimentological logging
of a 40-m-thick section, facies analysis, and geological
mapping at 1:10,000 scale. The stratigraphic analysis
was carried out by combining allostratigraphic and
lithostratigraphic  criteria, with  unconformity-
bounded allomembers as the fundamental units and
lithostratigraphic units (facies associations) included
for complementing the allostratigraphic framework.

As for previous surveys at other fossil-rich localities
of the Ica desert (Bianucci, Di Celma, Collareta, et al.,
2016; Bianucci, Di Celma, Landini, et al., 2016; Di
Celma, Malinverno, Collareta, et al., 2018; Di Celma
et al., 2019), we made taphonomic observations and
preliminarily identified each fossil in the field, and
only collected a few significant specimens for depo-
sition at the Museo de Historia Natural de la Univer-
sidad Nacional Mayor de San Marcos (MUSM) in
Lima. For each vertebrate specimen encountered
during the survey, the geographic position was
recorded by means of a handheld GPS and the strati-
graphic position along the measured section was
established with an accuracy ranging between +0.4
and £3 m. The horizontal and vertical distribution of
all the recorded fossils is reported in the Main Map.
Concerning the isolated fish remains, only teeth of
the mega-toothed shark Carcharocles megalodon for
which precise GPS coordinates are known were regu-
larly reported on the map and along the stratigraphic
column.

4, Stratigraphic architecture and facies
distribution

Two pre-Quaternary marine sedimentary units are
exposed in the study area, namely, the Chilcatay
(lower Miocene) and Pisco (middle—upper Miocene)
formations (Figure 1c).
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Figure 1. (a) Map of the major Cenozoic sedimentary basins along the coast of Peru. Major structural highs are the Coastal Bath-
olith, the Outer Shelf High and the Upper Slope Ridge. Redrawn and modified after Travis et al. (1976) and Thornburg and Kulm
(1981). (b) Schematic geological map of the East Pisco Basin, showing the areas of Cenozoic outcrop, the distribution of pre-Cen-
ozoic rocks, and the location of the study area. Redrawn and modified after DeVries and Schrader (1997). (c) Schematic strati-
graphic column of the Chilcatay and Pisco formations and their internal subdivisions in allomembers. Modified after Di Celma,

Malinverno, Collareta, et al. (2018).

In agreement with Di Celma, Malinverno, Collar-
eta, et al. (2018; Di Celma et al.,, 2019), the Chilcatay
strata have been resolved into two allomembers (Ctl
and Ct2), which are separated by an intraformational
unconformity (CE0.2). The lower Ctl allomember
consists of a basal boulder-bearing sandstone and con-
glomerate facies association (CtIc), a package of med-
to fine-grained sandstones and siltstones
punctuated by beds of coarse-grained sandstones
and conglomerates (Ctla), and an overlying interval
of coarse-grained, southwestward dipping, mixed sili-
ciclastic—carbonate clinobeds (Ct1b) (Di Celma, Mal-
inverno, Collareta, et al, 2018; Di Celma et al.,
2019). The Ctla and Ct1b facies associations are sep-
arated by an abrupt lithological break (the KsA sur-
face). The upper Ct2 allomember consists of massive
and intensely bioturbated sandstones (Ct2a) changing
upwards into massive siltstones (Ct2b). On the south-
western side of the study area, the undeformed Chilca-
tay deposits described above are truncated to varying
degrees by a prominent surface infilled by a package
of chaotic sediments, likely reflecting a large submar-
ine slump scar bounded by well-defined lateral shear
margins and associated mass transport deposits
(MTDs), respectively. At outcrop, the oldest sediments
truncated by the basal plane are those of Ctla. Toward
the distal edge of the basal plane, the base of the MTD
steps upward, truncating successively younger Ct2a
and Ct2b strata to the NE (Di Celma et al., 2019).

As observed by Di Celma, Malinverno, Cantala-
messa, et al. (2016; Di Celma, Malinverno, Gariboldi,

ium-

et al.,, 2016; Di Celma, Malinverno, Bosio, et al.,
2018), the Pisco Formation is locally comprised of
three allomembers, designated PO, P1, and P2 from
oldest to youngest, which progressively onlap a com-
posite basal unconformity from southwest to north-
east. Each Pisco allomember is comprised of a
coarse-grained lower portion, reflecting distal lower
shoreface to inner shelf deposition, that grades
upwards into finer-grained offshore sediments. In par-
ticular, the PO allomember, which is bounded at the
base by the PE0.0 unconformity and at the top by
the PE0.1 unconformity, comprises a 27-m-thick
package of massive, medium-grained sandstones over-
lain by a 13-m-thick package of massive siltstones
(Figure 2).

Radiometric and biostratigraphic dates from the
underlying Burdigalian Chilcatay strata and the
overlying Tortonian P1 strata (Bosio, Malinverno,
Villa, et al., 2020; Gariboldi et al., 2017) bracket
the age of the PO allomember between ca. 18.0 and
9.5 Ma (Di Celma, Malinverno, Bosio, et al., 2018).
Recently, Strontium Isotope Stratigraphy analyses
on mollusk and barnacle shells as well as on shark
teeth allowed to refine this age estimate, revealing
that the PO sequence belongs to the Langhian—
Serravallian interval, between 14.80 and 12.45 Ma
(Bosio, Malinverno, Collareta, et al., 2020; but see
also DeVries & Jud, 2018 for a biostratigraphic
approach to the age of the lower Pisco strata). Con-
sequently, PE0.0 seemingly reflects a substantial time
gap of about 3 Myr.



4 (& A COLLARETAETAL.

PEOA -t S D D

Figure 2. Annotated panoramic views of the stratal architecture in the study area and some of the identified key stratal surfaces.
(a) Southward view of the most westward hill at Cerro Las Tres Piramides (14°35'29”5-75°38'45”W) showing the upper portion of
the Chilcatay Formation and the overlying lower portion of the Pisco Formation. (b) Southeastward view of the central hill at Cerro
Las Tres Piramides (14°35'25"”5-75°38'18"W). (c) Southward view of the most eastward hill at Cerro Las Tres Piramides (14°
35/55”5-75°38'00"W). (d) Southwestward view from the northern nose of the elongated hill named Cerro Submarino (14°
34/38”5-75°39'51”W). Encircled car for scale.
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Figure 3. (a) Quantitative composition of the fossil tetrapod assemblage from the PO strata of the Pisco Formation, based on
systematic surface prospecting of 130 specimens preserved as bony elements. (b) Quantitative composition of the fossil fish
assemblage from the PO strata of the Pisco Formation, based on systematic surface prospecting of some 600 specimens preserved

as dental or dermal elements.

5. Vertebrate paleontology of the PO
allomember in the study area

One hundred and thirty vertebrate specimens pre-
served as bony elements were recorded from the PO
strata exposed at the study site (Figure 3a). Cetaceans
dominate this assemblage, being represented by 125
specimens (corresponding to 96.2% of the total num-
ber). Of all the cetacean specimens identifiable at the
suborder level, totaling 109 partial skeletons, 98
(75.4%) belong to Mysticeti (baleen-bearing whales)
and 11 (8.5%) to Odontoceti (echolocating toothed
whales). Among mysticetes, 7 specimens show strong
similarities with the Northern Hemisphere early-
middle Miocene balaenopteroid genus Pelocetus (Kel-
logg, 1965; Kimura et al., 2007), whereas 3 compare
favorably with the early branching cetotheriid Tiuce-
tus rosae, whose holotype comes from deposits
exposed along the eastern bank of the Ica River and
possibly correlated with the PO allomember (Marx,
Lambert, et al., 2017) (Figure 4a,b). Among the odon-
tocetes, a single skeleton is identified as a non-kogiid
physeteroid (sperm whale) and 5 as delphinidans
(extinct relatives of the present-day dolphins and por-
poises) (Figure 4c); the latter include at least two dis-
tinct kentriodontid-like taxa, one of which displays
some similarities with Incacetus broggi. Remains of
non-cetacean tetrapods include 3 (2.3%) specimens
identified as reptiles (including one turtle and one cro-
codylian) and 2 (1.5%) specimens identified as birds
(including a skull attributed to the extinct bony-
toothed seabird family Pelagornithidae; for a summary
of the fossil occurrences of pelagornithids in the upper
Miocene Pisco strata, see Chavez et al., 2007).

The spatial distribution of fossils is not homo-
geneous in the investigated area: 66 marine vertebrate

specimens preserved as bony elements (50.8%, includ-
ing the turtle and the crocodylian) have been encoun-
tered in the vicinities of Cerro Submarino, i.e. in the
plain that extends northwest of Cerro Submarino and
at the northern edge of Cerro Buque; 35 specimens
(26.9%, including the birds and one specimen tenta-
tively identified as a reptile) were found at Dos Cerritos
(including the vicinities of Cerro Yesera de Amara); 17
(13.1%) at Cerro Los Tinajones; and 12 (9.2%) at Cerro
Las Tres Piramides. The PO tetrapod assemblage differs
from those hosted in the Chilcatay strata exposed at
Ullujaya and Zamaca (Bianucci et al., 2018; Di Celma,
Malinverno, Collareta, et al., 2018; Di Celma et al,,
2019) in its far greater proportion of baleen whales, per-
haps reflecting a global trend in mysticete abundance
and habitat occupancy (Marx et al., 2019), as well as
by the absence of members of the odontocete clade Pla-
tanidelphidi (Bianucci et al., 2020). This assemblage
also contrasts with that of P1 (Bianucci, Di Celma, Col-
lareta, et al., 2016) by the lower abundance of odonto-
cetes, and especially by the apparent absence of ziphiids
(beaked whales), whereas it mainly differs from the P2
assemblage (Bianucci, Di Celma, Landini, et al., 2016)
by the absence of pinnipeds (seals).

We recorded taphonomic observations for 97 of the
cetacean specimens. Thirty-five of them (correspond-
ing to 36.1% of the sample) are represented by articu-
lated skull and postcranial remains, 12 (12.4%) by
articulated postcrania, 45 (46.4%) by skull remains
with no associated postcrania, and 5 (5.2%) by isolated
postcranial or ear bones. Twelve specimens (12.4%)
display a complete or partial carbonate nodule (either
internal or external) and 11 (11.3%) were found in
association with bivalves, including members of Vener-
idae (Dosinia sp.), Arcidae (Arca sp.), Lucinidae
(Miltha sp.) and Pectinidae, and/or gastropods,
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Figure 4. Field photographs depicting fossil tetrapods from
the middle Miocene PO allomember of the Pisco Formation
exposed along the western side of the lower Ica Valley (East
Pisco Basin, Peru). (@) MLP130, cf. Pelocetus sp., a cranium
with articulated mandibles, preserved ventral side-up. (b)
MLP36, cf. Tiucetus sp., a cranium with articulated mandibles,
preserved dorsal side-up, plus some disarticulated vertebrae.
(c) MLP36, Delphinida indet., a partially articulated, semi-
eroded skeleton (vertebrae and ribs), with close-ups of three
rib fragments with shark bite marks.

including members of Architectonicidae, Conidae and
Muricidae (Chorus sp.). Three cetacean specimens
(3.1%) exhibit elongated incisions that are morphologi-
cally consistent with shark bite marks (Figure 4c), and
shark teeth were furthermore found in close association
with another specimen.

Shark tooth-rich horizons as those seen in the Chil-
catay Formation (Bianucci et al., 2018; Landini et al.,
2019) and the P1 allomember of the Pisco Formation
(Landini, Altamirano-Sierra, et al., 2017; Landini, Col-
lareta, et al., 2017) have not been recognized in PO.

Nevertheless, teeth and dermal elements of various
types of fishes are rather commonly found in PO and
comprise a relatively diverse assemblage (Figure 3b).
Sharks and rays contribute the vast majority of the
total fish assemblage, and are represented by Lamni-
formes (accounting for 10.2% of the fish specimens
and including Alopias vulpinus, Carcharocles megalo-
don, Cosmopolitodus hastalis, and Isurus oxyrinchus),
Carcharhiniformes (47.3%, including Carcharhinus
brachyurus, Carcharhinus cf. leucas, Carcharhinus
sp., Galeocerdo aduncus, Hemipristis serra, Physoga-
leus contortus, and Sphyrna cf. zygaena), Myliobati-
formes (40.2%, including Aetobatus cf. narinari,
Myliobatidae indet., and Myliobatiformes indet., the
latter consisting of caudal spines) and Rhinopristi-
formes (0.5%, consisting of rostral spines of Anoxy-
pristis cf. cuspidata). Sparid-like molariform teeth of
bony fishes (1.8%) are also found in PO. This fish
assemblage (Figure 5) markedly differs from those
from the Chilcatay Formation (Bianucci et al., 2018;
Landini et al., 2019) and the P1 and P2 allomembers
of the Pisco Formation (Landini, Altamirano-Sierra,
et al, 2017; Landini, Collareta, et al., 2017) by the
very rare presence of teeth of the shortfin mako
I oxyrinchus, as well as by the great abundance of
teeth referred to the extinct snaggletooth shark
H. serra, which is in turn absent from the upper Mio-
cene strata of the Pisco Formation. Myliobatiform

(a}. (b) (c). (d)
(e)
10 mm

) (9)'
(h)
(i)
0 l u‘ )

Figure 5. Dental and dermal remains of bony and cartilagi-
nous fishes from the middle Miocene PO allomember of the
Pisco Formation exposed along the western side of the
lower Ica Valley (East Pisco Basin, Peru). (a) Osteichthyan
(sparid?) molariform tooth. (b) Carcharocles megalodon
tooth. (c) Alopias vulpinus tooth. (d) Cosmopolitodus hastalis
tooth. (e) Myliobatoidei indet. caudal spine. (f) Hemipristis
serra tooth. (g) Carcharhinus cf. leucas tooth. (h) Galeocerdo
aduncus tooth. (i) Physogaleus contortus tooth. (j) Carcharhinus
brachyurus tooth. (k) Sphyrna cf. zygaena tooth. (1) Anoxypristis
cf. cuspidata rostral spine. Specimen in panel A is shown in api-
cal view; specimens in panels E and L are shown in dorsal view;
all other specimens are shown in lingual view.




stingrays are also characteristically abundant in PO,
accounting for more than two fifths of the elasmo-
branch specimens.

From a stratigraphic point of view, all the vertebrate
fossils from PO were recovered from the lower sandy
portion of this sequence, and most of them come
from the basal meters of this stratal division: indeed,
111 out of 130 tetrapod specimens were found in the
lowermost 10 m of the PO sequence.

6. Paleoecological and paleoenvironmental
inferences

The elasmobranch assemblage from PO exhibits an
obviously thermophilic taxonomic imprint that
differs from the cooler conditions that are hypoth-
esized for the upper Miocene portion of the Pisco For-
mation (Amiot et al., 2008; DeVries & Frassinetti,
2003; Dunbar et al., 1990). The co-occurrence of
taxa such as Crocodylia indet., Aetobatus cf. narinari,
Anoxypristis cf. cuspidata, Carcharhinus cf. leucas and
Hemipristis serra, the latter being known from a rather
high number of teeth, allows to reconstruct tropical to
subtropical thermal affinities for the middle Miocene
Ica desert paleo-area (Bosio, Malinverno, Collareta,
et al., 2020). This interpretation is supported by the
presence of remains of warm-water invertebrates,
such as architectonicid, conid and cypraeid gastro-
pods, the gastropod species Ficus distans, and the
sole coral colony ever collected so far from the EPB,
which was referred to the family Rhizangiidae
(Bosio, Malinverno, Collareta, et al., 2020; DeVries
et al.,, 2006; DeVries & Frassinetti, 2003; Di Celma
et al., 2017). The shift to seemingly cooler conditions
corresponding to the PE0.1 surface might reflect the
exit from the Middle Miocene Climatic Optimum as
well as a late Miocene strengthening of the Humboldt
Current coupled with an intensification of the coastal
upwelling regime (Bosio, Malinverno, Collareta, et al.,
2020).

The shark and ray assemblage furthermore suggests
a shallow-marine environment close to the coast.
Coupled with the likely presence of the bull shark (C.
cf. leucas), the occurrence of the knifetooth sawfish A.
cf. cuspidata might indicate proximity to a river
mouth. On the other hand, the occurrence of teeth of
the common thresher shark (Alopias vulpinus) and
the abundance of large-sized (estimated total body
length around 11.8-13.7 m; Bianucci et al., 2019) Pelo-
cetus-like mysticetes imply a well-developed connec-
tion with the open sea (IUCN, 2020).

The abundance of eagle ray (i.e. myliobatine) teeth,
as well as the relatively frequent observation of molar-
like teeth of osteichthyans, matches well the obser-
vation of a rather rich hard-shell benthic biota that
would have provided an important food source for
the PO marginal-marine vertebrates (an observation
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that also implies mostly oxic conditions at the seafloor).
The bite marks observed on some cetacean specimens
indicate predation or scavenging by sharks upon baleen
whales and delphinidans, as in younger deposits of the
Sacaco area that have been usually referred to the Pisco
Formation (e.g. Collareta, Lambert, et al., 2017).

The striking abundance of baleen whale specimens in
the PO shoreface sands, as well as their preservation pat-
terns (e.g. the prevalence of isolated skulls), might partly
be explained by some process of accumulation of floating
mysticete carcasses in this marginal-marine paleoenvir-
onment (see also Schifer, 1972).

7. Concluding remarks

The abundant fossils of the EPB provide a uniquely
detailed window into the history of marine life, and
as such, they form a crucial part of Peru’s natural heri-
tage. Protecting this heritage requires a better under-
standing of the location, characteristics, and relevance
of its component sites and strata. Here, we present
the first detailed account of the richness and structure
of the fossil vertebrate assemblage of the still poorly
known PO strata. As such, this study represents a first
detailed census of the richness, abundance and diver-
sity of the fossil vertebrates from the middle Miocene
portion of the Pisco Formation, which fills a crucial
gap between the better known records from the early
Miocene Chilcatay deposits and the upper Miocene
P1 and P2 Pisco strata. Thematic maps like ours signifi-
cantly contribute to a growing body of geological and
paleontological knowledge, whose eventual synthesis
will hopefully lend pivotal support to the protection
of the extraordinary geoheritage of the Ica Desert.

Software

The geological map was compiled by scanning hand
drafts as black and white TIF files, and then digitizing
the line art using the Corel Draw X3 graphics package.
We used the GIS Data processing application Global
Mapper 12 to generate contour lines for the 1:10,000
scale topographic base map. To do so, we relied on digital
elevation model (DEM) based on the Shuttle Radar
Topography Mission 26 (SRTM), as released by the Uni-
ted States Geological Survey (SRTM3 USGS version 2.1).
The background aerial imagery is from World Imagery
(ESRI,  https://services.arcgisonline.com/ArcGIS/rest/
services/World_Imagery/MapServer).
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