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Abstract

The Miocene sedimentary sequences of the Pisco Formation (Eastern Pisco Basin, southern Peru) are renowned for the abundance of
fossil vertebrates that document the early evolution of the biotic communities of the Humboldt Current Ecosystem. Vertebrate remains
are often exceptionally preserved, representing a variety of fishes, turtles, crocodiles, birds, and marine mammals. Here, we describe a
new species of sardine, Sardinops humboldti n. sp., based on partially complete articulated skeletons from the Upper Miocene P2
sequence of the Pisco Formation. This new species is morphologically similar to the extant Indian-Pacific species S. sagax from which
it differs by having larger parietals, a thick and much elongate supraoccipital crest, anterolateral processes of the sphenotics that protrude
obliquely from the skull roof, posterior margins of the supraoccipital and epioccipitals forming a broad acute angle approaching 90°, and
gently rounded ventral margin of the opercle. Taphonomic and paleoecological evidences suggest that S. humboldti n. sp. was probably
very abundant in the Eastern Pisco Basin where it formed relatively small schools of large individuals that were uniform in size, repre-
senting the trophic nucleus of the diverse vertebrate communities. Paleobiogeographic implications are also discussed.
© 2026 Elsevier B.V. and Nanjing Institute of Geology and Palacontology, CAS. This is an open access article under the CC BY license (http:/
creativecommons.org/licenses/by/4.0/).
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1. Introduction Peru. The Miocene deposits of the Pisco Formation are
globally renowned for their abundant remains of marine

The Pisco Formation is a Neogene sedimentary unit  vertebrates, which include a variety of odontocete and mys-
broadly exposed in the East Pisco Basin (EPB), southern ticete cetaceans, seals, seabirds, crocodiles, turtles, and
bony and cartilaginous fishes (e.g., Bosio et al., 2021;

Collareta et al., 2021). Overall, the fossil vertebrate assem-

blages of the Pisco Formation offer a unique deep-time per-
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The evolutionary paleoecological scenario depicted by
Collareta et al. (2021) for the Pisco Formation hypothe-
sized a complex ecosystem driven by upwelling and sup-
ported by abundant schools of epipelagic fishes.
However, while the diversity and paleobiological signifi-
cance of marine mammals, seabirds, and cartilaginous
fishes of the Pisco Formation have been extensively inves-
tigated (e.g., Bianucci et al., 2016; Collareta et al., 2021;
Bianucci and Collareta, 2022), the structure and composi-
tion of the bony fish communities remain largely elusive.
In particular, the identity of the sardines, whose prominent
ecological role in the Pisco Basin has been evidenced by
recent studies (Collareta et al., 2015, 2017, 2021; Lambert
et al., 2015), is still uncertain. Despite sardine remains have
been reported in regurgitates or stomach contents of fossil
odontocete and mysticete cetaceans from the Pisco Forma-
tion (Collareta et al., 2015; Lambert et al., 2015), skeletal
remains of these fishes are rather uncommon elsewhere.
Recent field activities in the Ocucaje area, near the site of
Las Antenas, however, led to the discovery of relatively
abundant sardine skeletal remains. The goal of this paper
is therefore to describe these fossil sardines and to discuss
their taxonomic status, taphonomic features, and paleoeco-
logical significance.

2. Geological and stratigraphic setting

The Peruvian margin is shaped by the subduction of the
Nazca Plate beneath South America, resulting in a pre-
dominantly erosive convergent margin (Clift and
Vannucchi, 2004; Noda, 2016). The forearc is segmented
into trench-parallel basins by the Outer Shelf High, a struc-
tural ridge of Precambrian—Paleozoic basement. In south-
ern Peru, the onshore EPB (Fig. 1A) and the offshore
West Pisco Basin are separated by the uplifted Coastal
Cordillera (Romero et al., 2013), reflecting a complex his-
tory of uplift and subsidence driven by plate interaction
(von Huene and Suess, 1988; Herbozo et al., 2020) and
the subduction of the aseismic Nazca Ridge (Hsu, 1992;
Macharé and Ortlieb, 1992). The EPB preserves a well-
exposed Cenozoic marine sedimentary succession, from
the oldest Paracas Formation to the youngest Pisco For-
mation (Dunbar et al., 1990). In the Ica River Valley, the
latter spans from Middle to Late Miocene and is subdi-
vided into three sequences (PO, P1, P2), each bounded by
regional unconformities (PE0.0, PE0.1, PE0.2) (Di Celma
et al., 2022).

At the Las Antenas locality (Fig. 1B), also known as
Cerro Pileta (Tejada et al., 2010), the uppermost exposed
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Fig. 1. (A) Geographic location of the East Pisco Basin along the Peruvian coast. (B) Satellite image of the locality of Las Antenas (Ica Desert, Peru)
based on Google Earth. (C) Measured stratigraphic log and outcrop view of the Pisco (P2) deposits at the locality of Las Antenas, with indication of the

sardine-rich horizon.
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portion of the Pisco Formation — corresponding to the P2
sequence (8.4 to > 6.71 Ma in age; Di Celma et al., 2022) —
occurs. This unit comprises diatomites, siltstones, volcanic
ashes, and fine- to coarse-grained sandstones, and is char-
acterized by predominant hummocky cross-stratification
and sporadic ripple cross-lamination, small pebble lenses
and gutter casts (Fig. 1C). The sedimentary structures
and grain sizes indicate deposition in the offshore transition
zone, under the influence of high-energy storm events and
combined flows near the storm-wave base (Bosio et al.,
2021). Within this section, a layer enriched in sardine skele-
tal remains is present (GPS coordinates of the main out-
crop: 14°26°06.9’S, 75°34°46.1”W) (Fig. 1B, C). The
same horizon has been recognized some 800 m SSE from
the main outcrop (14°26°32.2”’S, 75°34°34.8”W). Most of
the fossil material analyzed in this study was recovered
from this horizon.

3. Materials and methods

The present study is based on 55 specimens deposited in
the Museo de Historia Natural de la Universidad Nacional
Mayor de San Marcos (MUSM), Lima, Peru. The fossil
remains were found embedded within friable white-
greenish diatomites alternated to sandstones pertaining to
the P2 sequence (Fig. 1C). Most of the specimens were col-
lected during field work in September 2022 and January
2024 from the main outcrop and consist of isolated incom-
plete neurocrania and other head bones, and incomplete
articulated vertebral columns. In addition, a few specimens
were collected from the same horizon ca. 800 m SSE of the
main outcrop; these consist of articulated or associated
postcranial remains preserved within nodules. Finally, iso-
lated or associated scales have been collected from finely
laminated diatomites just above the more massive diatomite
that yielded the skeletal remains. The specimens required
matrix removal before examination; this was achieved using
fine entomological needles. These were examined for
morpho-anatomical purposes using a Leica M80 stereomi-
croscope equipped with a camera lucida drawing arm.
Two specimens, one isolated and one embedded in a nodule,
were selected for in-depth petrographic investigations in
light and scanning electron microscopy (SEM). After pre-
liminary observations of specimens in reflected light (Leica
Microsystems), polished thin sections were prepared and
subsequently observed in transmitted light with an optical
microscope equipped with digital camera (Leica Microsys-
tems). Then, sections were carbon-coated and observed
with a SEM in backscattered electron (BSE) mode, coupled
with electron dispersive X-ray spectroscopy (EDS) for semi-
quantitative elemental analyses (JSM IT300LV, JEOL Lim-
ited). In addition, some freshly broken chips were obtained
from small portions of the nodule, gold-coated and ana-
lyzed with SEM-EDS both in BSE and secondary electron
(SE) mode (Tescan Vega, Tescan).

4. Systematic paleontology

Order Clupeiformes Bleeker, 1859
Family Alosidae Svetovidov, 1952
Genus Sardinops Hubbs, 1929

Sardinops humboldti Carnevale and Marrama n. sp.
(Figs. 2-4, 6, 7)

2015  Sardinops sp. cf. S. sagax (Jenyns) — Collareta et al., p. 6,
text-figs. 4-6.

2015  Sardinops sp. cf. S. sagax (Jenyns) — Lambert et al., p. 4,
text-fig. 2.

2017  Sardinops sp. cf. S. sagax (Jenyns) — Collareta et al., p. 15,
text-fig. 2.

2021  Sardinops sp. cf. S. sagax (Jenyns) — Oyanadel-Urbina
et al., p. 349, text-fig. 2.

Etymology: Species named after the German naturalist,
explorer and geographer Friedrich Heinrich Alexander
Freiherr von Humboldt.

Holotype: MUSM 4724, a partially complete neurocra-
nium, lacking the ethmoid portion (Fig. 2).

Paratypes: MUSM 4728, a partially complete neurocra-
nium, lacking the ethmoid portion (Fig. 3A); MUSM
4726, a partially complete neurocranium, lacking the eth-
moid portion (Fig. 3B); MUSM 4738, a partially complete
neurocranium, lacking the ethmoid portion (Fig. 3C);
MUSM 4737, a partially complete neurocranium, lacking
the ethmoid portion (Fig. 3D); MUSM 4730, a partially
complete neurocranium, lacking the ethmoid portion, with
associated branchial skeleton and anterior part of the axial
skeleton (Fig. 3E, F); MUSM 4725, a partially complete
neurocranium, lacking the ethmoid portion (Fig. 3G);
MUSM 4723, a partially complete neurocranium, lacking
the ethmoid portion (Fig. 3H); MUSM 4735, a partially
complete neurocranium, lacking the ethmoid portion
(Fig. 31); MUSM 4736, a partially complete neurocranium,
lacking the ethmoid portion (Fig. 3J); MUSM 4727, a par-
tially complete neurocranium, lacking the ethmoid portion
(Fig. 3K); MUSM 4718, a largely incomplete neurocra-
nium, lacking the ethmoid portion and most of the left side;
MUSM 4719, a partially complete neurocranium, lacking
the ethmoid portion; MUSM 4720, a partially complete
neurocranium, lacking the ethmoid portion; MUSM
4731, a partially complete neurocranium, lacking the eth-
moid portion, in part and counterpart (Fig. 4); MUSM
4721, incomplete left opercle and subopercle (Fig. 6A);
MUSM 4732, a partially complete left opercle; MUSM
4722, a partially complete neurocranium, lacking the eth-
moid portion, articulated with an incomplete abdominal
portion of the vertebral column (Fig. 6B); MUSM 4717,
two largely incomplete articulated vertebral columns with
associated intermuscular bones (Fig. 6C), and articulated
pelvic scutes (Fig. 5D); MUSM 4739, isolated scales
(Fig. 6E); MUSM 4733, a partially complete preural por-
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Fig. 2. Sardinops humboldti n. sp. from the Upper Miocene of Las Antenas, Pisco Formation, Peru. (A, B) Holotype, MUSM 4724, in dorsal (A) and
ventral (B) view. (C, D) Reconstruction of the holotype, MUSM 4724, in dorsal (C) and ventral (D) view. Scale bar = 10 mm. Abbreviations: af, auditory
fenestra; ba, basioccipital; epo, epioccipital; exo, exoccipital; fr, frontal; pa, parietal; osp, orbitosphenoid; pro, prootic; psp, parasphenoid; pto, pterotic;
pts, pterosphenoid; soc, supraoccipital; sph, sphenotic.
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Fig. 3. Sardinops humboldti n. sp. from the Upper Miocene of Las Antenas, Pisco Formation, Peru. (A-K) Neurocrania of selected paratypes; (A) MUSM
4728, dorsal view; (B) MUSM 4726, dorsal view; (C) MUSM 4738, dorsal view; (D) MUSM 4737, dorsal view; (E, F) MUSM 4730 in dorsal (E) and
ventral (F) view with relative close up showing some gill rakers; (F) MUSM 4725, dorsal view; (G) MUSM 4725, dorsal view; (H) MUSM 4723, dorsal
view; (I) MUSM 4735, dorsal view; (J) MUSM 4736, ventral view; (K) MUSM 4727, ventral view. Scale bar = 10 mm.

tion of the vertebral column, including the caudal skeleton
(Fig. 7).

Type locality and horizon: Las Antenas; Pisco Formation;
P2 sequence; Upper Miocene, Messinian.
Referred material: MUSM 4734, 34
neurocrania.

Diagnosis: A species of Sardinops characterized by large
parietals, thick supraoccipital crest extending posteriorly
over the anterior half of the exoccipitals; anterolateral pro-

incomplete

cesses of the sphenotics protruding obliquely from the skull
roof; posterior margins of the supraoccipital and epioccip-
itals forming a broad acute angle approaching 90°; opercle
with gently rounded ventral margin.

Description: All the available neurocrania are of similar
size, somewhat dorsoventrally flattened due to taphonomic
compression, and broken in the orbital region, lacking their
ethmoid portion (Figs. 2-4). Therefore, the examined
material actually consists of partially complete neurocrania
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Fig. 4. Sardinops humboldti n. sp. from the Upper Miocene of Las Antenas, Pisco Formation, Peru. Paratype, MUSM 4731, in part (A) and counterpart

(B) with close-up showing the pterotic spines. Scale bar = 10 mm.

represented by the posterior portion of the orbital region
and almost complete postorbital region. Although the
outer surface of the neurocranial bones is often slightly
eroded, the overall structure of the neurocranium can be
easily recognized and, especially the bony elements exposed
in the basicranium, are extensively pitted with irregular
pits. However, due to the taphonomic compression, the
pre-epioccipital fossa and prootic and pterotic bullae

(e.g., O’Connell, 1955) are largely obliterated and, conse-
quently, their size and morphology are difficult to deter-
mine. However, a small pre-epioccipital fossa can be
observed in MUSM 4737.

Overall, the available portion of the neurocranium is
wedge-like, reaching the maximum width at the level of
the pterotics. The frontals are the largest bones of the skull
roof and articulate medially with each other through an
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Fig. 5. Reconstructions of the skull roof in dorsal view of selected species of the four extant alosid genera. (A) Sardinops sagax (modified after Yabumoto,
1988). (B) Brevoortia aurea (modified after Segura and Diaz de Astarloa, 2004). (C) Sardina pilchardus (modified after Svetovidov, 1964). (D) Alosa fallax
(modified after Svetovidov, 1964). Images not to scale. Abbreviations: ba, basioccipital; epo, epioccipital; exo, exoccipital; fr, frontal; le, lateral ethmoid,;
me, mesethmoid; pa, parietal; psp, parasphenoid; pto, pterotic; soc, supraoccipital; sph, sphenotic.

irregular suture. Each frontal gradually tapers anteriorly  tions usually continue backward on the dorsal surface of
and has a prominent ridge characterized by well-defined  the parietals. The medial portion of both the frontals is
longitudinal striations along its dorsal surface; these stria-  notably depressed, forming a longitudinal shallow fossa
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Fig. 6. Sardinops humboldti n. sp. from the Upper Miocene of Las Antenas, Pisco Formation, Peru. (A) Paratype, MUSM 4721, left opercle and
subopercle. (B) Paratype, MUSM 4722, neurocranium articulated with an incomplete abdominal portion of the vertebral column. (C) Paratype, MUSM
4717, articulated vertebral columns with associated intermuscular bones. (D) Paratype, MUSM 4717, pelvic scutes. (E) Paratype, MUSM 4739, isolated
scales. Scale bars = 10 mm.
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Fig. 7. Sardinops humboldti n. sp. from the Upper Miocene of Las Antenas, Pisco Formation, Peru; Paratype, MUSM 4733. (A) Left lateral view. (B)
Reconstruction of the left lateral view of the caudal skeleton. Scale bars = 5 mm. Abbreviations: h, hypural; ph, parhypural; pu, preural centrum; u, ural

centrum; un, uroneural.

sometimes associated to fontanelles at its extremities. Each
frontal articulates posteriorly with the parietal, posterome-
dially with the supraoccipital, posterolaterally with the
pterotic and sphenotic and ventromedially with the
pterosphenoid and orbitosphenoid; the physical relation-
ships with the mesethmoid and lateral ethmoids cannot
be observed due to the inadequate preservation of the
available material. The two paired parietals are irregular
in shape, separated from each other by the supraoccipital,
and definitely larger compared to those of the extant con-
generic Sardinops sagax (Fig. 5A; see also Phillips, 1942;

Svetovidov, 1952; Yabumoto, 1988). The supraorbital
canal of the cephalic lateral-line system runs through the
frontals and parietals. Each parietal articulates anteriorly
with the frontal, medially and posteromedially with the
supraoccipital, posteriorly with the epioccipital and later-
ally with the pterotic. The elongate temporal foramen is
preserved in some specimens (e.g., MUSM 4722, MUSM
4737; see Fig. 3D), being shared by the frontals and pari-
etals. The supraoccipital forms the upper median posterior
apex of the neurocranium. It bears a thick and relatively
low crest that extends posteriorly over the anterior half
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of the exoccipitals, being considerably larger than that
characteristic of Sardinops sagax (Fig. S5SA; see also
Phillips, 1942; Svetovidov, 1952; Yabumoto, 1988). The
supraoccipital articulates anteriorly with the parietals, lat-
erally with the epioccipitals and ventrally with the exoccip-
itals. The sphenotics are thick bones, each bearing a
relatively large anterolateral process that protrudes obli-
quely from the skull roof, forming the posterodorsal wall
of the orbit (Figs. 2, 3); these processes differ from those
of the extant S. sagax, which are laterally directed, forming
a right angle with the main axis of the neurocranium
(Fig. 5A; see also Phillips, 1942; Svetovidov, 1952;
Yabumoto, 1988). An oblong articular facet for the hyo-
mandibula is clearly recognizable along its ventral surface.
Each sphenotic articulates medially with the frontal, poste-
riorly with the pterotic, and ventromedially with the proo-
tic and pterosphenoid. The pterotics are large and occupy
most of the posterolateral region of the neurocranium.
The posterolateral corner of the pterotics is commonly bro-
ken in the available specimens. However, a few specimens
exhibit the conical posterior outline of these bones, which
terminate posteriorly with a slender and pointed needle-
like spinous process, extending longitudinally well beyond
the posterior wall of the neurocranium (Fig. 4). The epioc-
cipitals are stout and conical in outline, projecting posteri-
orly beyond the posterior wall of the neurocranium, to a
considerably less extent of the needle-like pterotic process.
The posterior margins of the supraoccipital and of each
epioccipital form a broad acute angle approaching 90°; this
condition is different from that characteristic of the extant
S. sagax in which the posterior margins of these bones
form an obtuse angle due to the more oblique direction
of the projecting epioccipitals (see Svetovidov, 1952). The
paired exoccipitals meet each other on the midline just
below the supraoccipital. Their ventral side is characterized
by a posterior conical process with a blunt distal end that
protrudes from the rear of the neurocranium. Each exoc-
cipital articulates dorsally with the supraoccipital, dorso-
laterally with the epioccipital, ventromedially with the
basioccipital, and anteroventrally with the prootic. Due
to the inadequate preservation of the basicranium in the
available material, it is difficult to recognize the intercalars
and the basisphenoid. The basioccipital is massive and
robust. It articulates anteriorly with the prootic and paras-
phenoid, and laterally and dorsally with the exoccipitals.
An ovoid auditory fenestra, is recognizable bilaterally in
certain specimens, enclosed by the basioccipital, exoccipi-
tals and prootics (Figs. 2B-D, 3K). The prootic appears
to be rather large and polygonal in outline. Each of these
bones articulates anteriorly with the sphenotic and
pterosphenoid, laterally with the pterotic, posteriorly with
the exoccipital and basioccipital, and medially with the
parasphenoid. The median parasphenoid extends along
most of the basicranium. It is often broken and incomplete
in the examined material, always lacking the paired poste-
rior wings that extend posteriorly beyond the rear of the
neurocranium in the extant S. sagax (Fig. 5A; see also

Phillips, 1942; Svetovidov, 1952; Yabumoto, 198S;
Matsuoka, 1997). The paired pterosphenoids and the med-
ian orbitosphenoid form the posterior and posterodorsal
wall of the orbit together with the frontals.

Jaws and infraorbital bones are not recognizable in the
examined material. Of the suspensorium, some badly pre-
served fragments of what appears to be a hyomandibula
are preserved in MUSM 4730.

Of the opercular series, the opercle and subopercle can
be observed in a few specimens (Fig. 6A). The opercle is
large and trapezoid in outline. The dorsal margin is slightly
oblique and the posterodorsal corner is rounded. The ven-
tral margin is gently rounded and differs from that of the
extant S. sagax, which is almost straight (e.g.,
Yabumoto, 1988). The anterior margin appears to be
strongly thickened. There are several marked oblique bony
striations in the anteroventral part of the opercle that radi-
ate downward to reach the ventral margin of the bone. An
incomplete subopercle is preserved in MUSM 4721, repre-
sented by a thick and flattened bony lamina showing an
ornamented outer surface characterized by an irregular
reticulate pattern (Fig. 6A).

The hyoid apparatus is not exposed in the available
material, except for some fragments of the branchiostegal
rays.

A largely incomplete articulated branchial skeleton can
be recognized in MUSM 4730. It consists of incomplete,
robust, rod-like bones, most likely the ceratobranchials
and the epibranchials (see Nelson, 1967), which are associ-
ated with numerous, closely spaced and elongate gill rak-
ers. These are thin, flattened, and distally pointed (Fig. 3F).

Some features of the axial skeleton can be defined
thanks to incomplete articulated vertebral columns and
isolated vertebrae. There is no evidence of the median
and paired fins and girdles.

The vertebral number cannot be determined, although
the abdominal vertebrae were certainly more than 17, as
revealed by MUSM 4722 (Fig. 6B). The vertebral centra
are rectangular, slightly longer than high, ornamented with
thick longitudinal ridges separated from each other by
grooves and fossae of variable size and depth. Robust para-
pohyses are partially preserved in certain vertebrae. Due to
taphonomic compression, the neural and haemal spines are
remarkably bent over those of the immediately posterior
vertebrae. Dorsal and ventral prezygapophyses are well-
developed, especially in the caudal vertebrae. The thick ribs
are commonly fragmented. The epineurals insert at the level
of the base of the neural arches; these are greatly elongate,
especially those associated with the abdominal vertebrae,
extending posteriorly for the length of about six vertebrae.
The epicentrals are shorter, extending posteriorly for the
length of three or four vertebrae. There are no complete epi-
pleurals exposed in the examined material.

The structure and configuration of the caudal skeleton is
largely recognizable in MUSM 4733 (Fig. 7); it consists of a
large autogenous parhypural plus six autogenous hypurals,
of which the second is fused with the first ural centrum; the
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second ural centrum is almost rod-like; the first preural
centrum is fused with a massive first uroneural and bears
a neural spine of moderate size; the second uroneural is
elongate and slender; the epurals are not preserved.

The scales are almost squared, with a gently curved pos-
terior margin (Fig. 6E). There are subparallel grooves
(fracture lines of Patterson et al., 2002), especially in the
lateral fields, and tubercles are commonly present in the
central portion of the scales.

One of the fragments pertaining to MUSM 4717 con-
sists of a series of articulated abdominal scutes (Fig. 6D).
Distribution: Upper Miocene of Peru and Chile.
Discussion: Despite their incompleteness and fragmentary
nature, the sardine remains described herein exhibit a set
of morphological features that support their recognition
as a new species of the alosid genus Sardinops. The pres-
ence of marked fronto-parietal striae on the outer surface
of the skull roof, the well-developed and posteriorly direc-
ted spinous pterotic process, as well as the presence of bony
striations radiating downward on the lateral surface of the
opercle unambiguously support the placement of the fossils
described herein within the family Alosidae (in the sense of
Wang et al., 2022). The overall architecture of the neuro-
cranium, oblique orientation of the marked opercular stri-
ations, and squared scales bearing subparallel grooves
mostly in the lateral fields and tubercles in their central
portion, justify the attribution to genus Sardinops (Fig. 5;
see also Hubbs, 1929; Chapman, 1944; Svetovidov, 1952;
Whitehead, 1985; Yabumoto, 1988; Patterson et al., 2002).

The genus Sardinops was established by Hubbs (1929) to
separate the Indian-Pacific sardines from the European sar-
dines of the genus Sardina. Several attempts to clarify the
taxonomy of the Sardinops species have been carried out
in the last century (e.g., Fowler, 1941; Hildebrand, 1946;
Svetovidov, 1952; Ahlstrom, 1960), and some authors rec-
ognized five species to identify distinct populations widely
separated geographically (e.g., Whitehead, 1985). How-
ever, the recognition of a single species, Sardinops sagax,
is currently regarded as the best option (e.g., Parrish
et al., 1989).

The fossils described herein are characterized by a
unique neurocranial morphology that justifies their recog-
nition as a previously unrecognized separate species of
the genus Sardinops. In particular, as described above they
show a set of features that clearly distinguish them from

Sardinops sagax, including the possession of larger pari-
etals and of thick and much elongate supraoccipital crest,
anterolateral processes of the sphenotics that protrude
obliquely rather than perpendicularly from the skull roof,
posterior margins of the supraoccipital and epioccipitals
forming a broad acute (versus obtuse) angle approaching
90°, and gently rounded ventral margin of the opercle.

Skeletal remains, mostly cranial, which can be referred
to the new species described herein — Sardinops humboldti
n. sp. — have been reported from the Miocene of Chile
(Oyanadel-Urbina et al., 2021), as well as as stomach con-
tent and regurgitates of sharks and cetaceans from the
Miocene of the Pisco Basin (Collareta et al., 2015, 2017,
Lambert et al., 2015), tentatively referred to the extant S.
sagax. In addition, the very abundant Sardinops scales
commonly found in the sediments of the P1 and P2
sequences of the Pisco Formation (e.g., Collareta et al.,
2021) most likely pertain to S. humboldti n. sp., as also does
the indeterminate alosid reported by de Muizon and
DeVries (1985) as widespread in the Neogene vertebrate
levels of the Pisco-equivalent strata of the Sacaco area, fur-
ther south along the Peruvian coast.

5. Taphonomy

Both the isolated and nodule-embedded sardine speci-
mens are characterized by limited compression as well as
by an excellent preservation of skeletal tissues, with scarce
evidence of deformation and fine histological details that
are still recognizable under transmitted light (Fig. 8A, B).
The lithified sedimentary matrix filling the cavities of the
isolated specimen and making up the nodule consists of a
dominant biogenic fraction represented by diatom valves
(which in some cases are unaffected by compaction) and
subordinated sponge spicules, associated with a minor sili-
ciclastic and volcanogenic fraction (Fig. 8D-G). SEM-EDS
analyses of polished thin sections and freshly broken chips
highlighted a Ca-P elemental composition (Fig. 8H, I) for
both the bony elements and the mineral phase permeating
the diatom valves and sediment porosity. This often occurs
in the form of rod- or needle-like elements as typical of
authigenic apatite (Fig. 8J-L).

Phosphogenesis is a recurrent process known from both
modern and ancient upwelling systems (e.g., Bosio et al.,
2024), where phosphorous is commonly sourced by decay-

>

Fig. 8. Photomicrographs and EDS maps of nodule-free and nodule-embedded specimens from the Upper Miocene of Las Antenas, Pisco Formation,
Peru. (A-F) Transmitted light photomicrographs; (A) posterior portion of the neurocranium of Sardinops humboldti n. sp., showing limited evidence of
deformation; (B) disarticulated, postcranial skeletal remains unaffected by compaction in the nodule-embedded specimen; (C) small-scale detail of bone in
the nodule-free specimen, revealing the preservation of osteocyte lacunae and canaliculi-like structures (arrowheads); (D) osteocyte lacunae in the nodule-
embedded specimen; (E) indurated sediment (central dashed line area) filling bone cavity (nodule-free specimen); (F) centric diatom frustule (arrowhead)
unaffected by compaction, in the nodule-embedded specimen. (G—-L) SEM photomicrographs and EDS maps; (G) centric diatom frustule unaffected by
compaction, at the boundary with the bone (above the dashed line)in the nodule-embedded specimen; (H) EDS maps of nodule-free specimen; for sake of
simplicity, besides Ca and P only Si — major constituent of the biogenic and terrigenous-volcanogenic fraction — is reported; (I) EDS map of a detail of
nodule-embedded specimen; for sake of simplicity, besides Ca and P only Si — the major constituent of the biogenic and terrigenous-volcanogenic fraction
— 1is reported; (J) diatom remains filled by authigenic apatite in the nodule-free specimen; (K) rod-shaped authigenic apatite filling the pores of a volcanic
glass in the nodule-free specimen; (L) centric diatom valve almost filled with authigenic apatite in the nodule-embedded specimen.
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ing phytoplankton and, occasionally, by vertebrate car-
casses. The preservation of the sardine remains is indicative
of a fast phosphatization of the bony tissues, which locally
involved the surrounding diatomaceous sediment, leading
to the formation of a hardened concretion. This early dia-
genetic process favored the limited deformation of the
skeletal remains, as also witnessed by some pristinely pre-
served diatom valves recorded in the nodule. This kind of
preservation largely differs from that characterizing most
of the large cetacean skeletons from the Pisco Formation
(Gariboldi et al., 2015). Moreover, dolomite and pyrite
were not recorded in the examined specimens, thereby
excluding the emergence of widespread organoclastic sul-
fate reduction (e.g., Gioncada et al., 2018). This is consis-
tent with observations by Gariboldi et al. (2015), who
regarded the amount of decaying organic matter (i.e. the
carcass volume), as the main limiting factor for this bacte-
rial degradative pathway that may result in increasing pore
water alkalinity and promoting dolomite precipitation. In
addition, no evidence of primary Mn-oxide precipitation
has been observed in the examined sardine specimens, rep-
resenting a further difference from the taphonomic model
reported by Gioncada et al. (2018). However, it is reason-
able to hypothesize that, although the immediate surround-
ings of the small sardine carcasses may have been
somewhat oxygen-depleted, the bottom waters and the sur-
rounding sediment were most likely fully oxygenated. Pos-
sibly, anoxic to suboxic conditions occurred within the
sediment, well below the water-sediment interface, thereby
limiting the migration of a substantial amount of reduced
manganese to the redox boundary, which in turn would
have precluded its precipitation in the form of Mn-
oxyhydroxides around the carcasses.

The reason for the occurrence of nodule-free versus
nodule-embedded specimens is less clear, especially consid-
ering that the former are almost invariably represented by
neurocrania and partially articulated head bones, while the
latter mostly consists of post-cranial remains. This can be
possibly attributed to the detachment of neurocrania and
head bones from the postcranium, leading to different
preservation patterns. In this context, the nodule-free and
nodule-embedded specimens occur within the same horizon
albeit at different outcrops, thereby suggesting the influence
of different local conditions at the seafloor and/or within
the sediment.

6. Paleoecology

As reported above, the size of the neurocrania is consis-
tent throughout the examined sample, as are those of the
vertebrae and scales, thereby evidencing a substantial uni-
formity and size-specificity in the individual assemblage.
This might reflect the structure and composition of the
original schools formed by Sardinops humboldti n. sp. in
the EPB during the Late Miocene. The size of the individ-
uals within small sardine schools is remarkably uniform,
indicating a sharp size-specificity in schooling behaviour

(Blaxter and Hunter, 1982). Conversely, large clupeiform
schools are not substantially uniform in size composition
and commonly segregate internally by size due to the con-
tinuous adjustment in speed, interfish distance and head-
ings that occur within the schools (e.g., Breder, 1976;
Muzini¢, 1977). However, the majority of the schools are
small (less than 30 m long and less than 15 m thick; see
Mais, 1974), especially during the foraging periods
(Radakov, 1973). While the incompleteness of the available
material does not allow to estimate the (total and/or stan-
dard) body length of the specimens, the size of their verte-
bral centra and of the scales is fully consistent with those of
the specimens comprising the cetacean regurgitalite
described by Lambert et al. (2015), whose average body
length was estimated to be about 38.8 cm (with a standard
deviation of 2.3 cm), with an average body weight of about
410 g (Lambert et al., 2015), thereby exceeding the average
size of the extant Indian-Pacific sardine Sardinops sagax
(especially that of the south-eastern Pacific populations;
see Whitehead, 1985).

Based on the available evidence, therefore, it is reason-
able to suggest that (relatively small) schools of Sardinops
humboldtin. sp. formed by large individuals uniform in size
commonly occurred in the EPB during the deposition of the
Pisco Formation. Collareta et al. (2021) extensively dis-
cussed the ecological role of sardines in the EPB, evidencing
their key role in the trophic web, and hypothesized that the
Late Miocene strengthening of the Humboldt Current and
the El Nino perturbations (see Gariboldi et al., 2023) pro-
moted the flourishing of fast-growing planktonic organisms
and sardines. The extant sardines of the genus Sardinops are
particularly adapted for migration and are characterized by
a very fine-meshed filtering apparatus in their gill rakers
(van der Lingen, 1994) that allow them to feed primarily
on small copepods and dinoflagellates (e.g., Espinoza
et al., 2009). The very efficient filter feeding of Sardinops
requires broad suitable vertical habitats, with a well oxy-
genated water column (both horizontally and vertically),
moderate productivity, and a great concentration of small
zooplankton (Bertrand et al., 2011). Sardinops populations
increase in the eastern Pacific during El Nifio conditions
(Bakun and Broad, 2003), which favor the predomination
of small zooplanktonic organisms (Bakun, 2006).

In summary, the Late Miocene marine ecosystem of the
Pisco Basin was probably characterized by a “wasp-waist”
structure (e.g., Cury et al., 2000; Bakun, 2006), in which a
single species — namely, the planktivorous S. humboldti n.
sp., entirely dominated its own trophic level, representing
the trophic nucleus (see Carnevale et al., 2022) of the highly
diverse vertebrate communities (Collareta et al., 2021). In
this context, the Sardinops populations were probably
strongly influenced by the variability of the physical
ocean-atmosphere system that led to substantial demo-
graphic fluctuations of this planktivorous fish, thereby
resulting in a remarkable variability of the trophic dynam-
ics of the entire ecosystem. El Nifio events likely promoted
the development of environmental conditions favorable to
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the increase of Sardinops populations that were associated
with moderate abundance of diatoms (Gariboldi et al.,
2023) and small zooplanktonic organisms.

7. Paleobiogeographic remarks

Sardines of the genus Sardinops are of considerable
commercial importance today and together with anchovies,
currently dominate the fish biomass of subtropical and
temperate coastal upwelling systems as well as the temper-
ate ecosystems influenced by the boundary currents in the
Indian and Pacific oceans (e.g., Parrish et al., 1989). How-
ever, despite the remarkable abundance in the Indian and
Pacific oceans today, the paleontological documentation
of the past distribution of the genus Sardinops is very poor
and largely inadequate to interpret its origin and evolution-
ary dynamics. The scarcity of fossil remains of Sardinops
was noted by Fitch (1969). Fossil alosids exhibit a record
that extends back to the Eocene, as documented by Eoalosa
Jjanvieri from the upper Ypresian laminated limestone of
Bolca (Marrama and Carnevale, 2018). Genetic studies
suggested that Sardinops originated in the Early Miocene,
about 20 Ma, as a result of a vicariance event in response
to the closure of the Tethyan Seaway (e.g., Parrish et al.,
1989; Grant and Leslie, 1996; Bowen and Grant, 1997,
Grant and Bowen, 1998). However, the earliest docu-
mented record of Sardinops dates back to the Bartonian,
represented by a single otolith referred to Sardinops sp.
from the Landrun Member, Texas (Lin and Nolf, 2022).
In addition, a late Oligocene otolith-based species, Sardi-
nops robinsoni, was described from the Chatton Formation,
New Zealand by Schwarzhans et al. (2017). Parrish et al.
(1989) suggested that Sardinops achieved its present distri-
bution during the Late Miocene. Such hypothesis fits
remarkably well with the record from the Pisco Basin
described herein, and with the fossil vertebra from the
Upper Miocene Wilson Cove Formation, California,
reported by Powell II et al. (2019). The occurrence of Sar-
dinops in the northwestern Pacific is documented at least
since the Pliocene by otoliths from the Dainichi Sands in
Japan (Takahashi, 1977). Finally, the origin of the extant
species Sardinops sagax can be traced back to the Pleis-
tocene, with a record consisting of both otoliths and skele-
tal remains (e.g., Aoki, 1968; Yabumoto, 1988).
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