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Abstract. Trace elements, particularly rare earth elements (REE), are widely used as proxies to reconstruct paleoenvironmental and taphonomic
conditions. We traced these elements in fossil penguin bones collected along the Paleogene sequence exposed in Seymour Island (=Isla
Marambio) to test them as indicators of the tectonic changes to which this region was exposed. The results indicated the contents of REE in
thirteen samples of the analyzed bone tissues. The negative europium anomaly in the samples from Bartonian and Priabonian beds reflects
regional events. This signal coincides in time with the opening of the Drake Passage, and with the tectonic changes that occurred between the
end of the Eocene and the beginning of the Oligocene, between the western margin of South America and the Antarctic Peninsula.

Key words. Sphenisciformes. ICP-MS analysis. Fossil-diagenesis. Taphonomy. Weddell sea. Antarctica.

Resumen. SEÑALES GEOQUÍMICAS EN PINGÜINOS DEL PALEÓGENO DE ISLA MARAMBIO (SEYMOUR ISLAND), PENÍNSULA ANTÁRTICA. Los
elementos traza, y particularmente los Elementos de las Tierras Raras (REE por sus siglas en inglés), son ampliamente utilizados como
indicadores para la reconstrucción de condiciones paleoambientales y tafonómicas. Rastreamos estos elementos en huesos fósiles de pingüinos
recolectados a lo largo de la secuencia del Paleógeno expuestos en la Isla Marambio (=Seymour Island) para testearlos como indicadores de
los cambios tectónicos a los que estuvo expuesta la región. Los resultados indicaron las concentraciones de REE en el interior de las trece
muestras de tejido óseo analizado. La anomalía de europio negativa en las muestras de nivel Bartoniano y Priaboniano refleja eventos regionales.
Esta señal coincide en el tiempo con la apertura del Pasaje de Drake, y con los cambios tectónicos que ocurrieron entre finales del Eoceno y
principios del Oligoceno, entre el margen occidental de las costas de América del Sur y la Península Antártica.

Palabras clave. Sphenisciformes. Análisis ICP-MS. Fosildiagénesis. Tafonomía. Mar de Weddell. Antártida.
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THE UNDERSTANDING of the mechanisms and distribution of

trace element uptake in bioapatite sparks widespread

scientific interest (Decrée et al., 2018). In this sense, trace

elements—and particularly REE—are widely used as proxies

for paleoenvironment, taphonomy, provenance, and also to

reveal paleoceanographic controls (e.g., Trueman & Tuross,

2002; Trueman et al., 2006; Herwartz et al., 2011). In addi-

tion, REE patterns in fossil biogenic apatite are often inter-

preted to reflect those of the early diagenetic ambient

seawater or pore fluid, insofar as typical aqueous REE

patterns are preserved (Herwartz et al., 2011). Low (La/Sm)N

ratios, for instance, have been used as one criterion indi-

cating late diagenetic recrystallization of biogenic apatite

(e.g., Reynard et al., 1999; Trueman et al., 2006; Gómez-Peral

et al., 2014; Decrée et al., 2018).

Bone apatite acts as a natural, timed sampling device,

scavenging trace elements from local pore waters over

timescales of ca. 1–50 ka. The REE composition of fossil
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bones reflects associated pore water compositions during

recrystallization. In this case, the geochemical signal pre-

served in fossil bones allows us to indirectly understand the

changes associated with the fossilization occurring in the

depositional environment at that moment, in taphonomic

processes linked to bone accumulations.

Tracing REE is a relatively new tool for detecting tectonic

and paleoceanographic events (Cook & Shergold, 2005). This

technique has never been used in Antarctica, where the

record of vertebrates represents a unique opportunity to

test this kind of proxy. We selected the Paleogene penguins

from Seymour Island (=Isla Marambio) (and the species that

live in the area today as a proxy) for searching REE.

Penguins (Sphenisciformes) are flightless marine birds

currently represented by 17 species that live in austral

oceans and are associated with cold currents (Williams,

1995). The oldest records of penguins date back to the

Paleocene of New Zealand (Slack et al., 2006; Blokland et al.,

2019, among others) and Antarctica (Tambussi et al., 2005;

Acosta Hospitaleche et al., 2016). All the described species

have been recorded in the Southern Hemisphere. The diver-

sity and abundance of the Antarctic record, particularly dur-

ing the Eocene, made penguins (together with selaceans)

the dominant fossil vertebrates of Seymour Island in the AP.

The Eocene record of Antarctic penguins, represented

by an almost uninterrupted sequence from the Thanetian to

the Rupelian (Acosta Hospitaleche et al., 2013, 2019a), is

one of the richest and most diverse in the world. Most of

the remains correspond to fragmentary and incomplete

bones. Consequently, the systematics of the group is far

from being resolved. Nevertheless, the Antarctic penguin

record is a practically inexhaustible source of information

to carry out different kinds of studies (see for example

Presslee et al., 2020). The fossil record of Paleogene pen-

guin bones from Seymour Island is particularly variable,

abundant, and continuous throughout the exposed sections.

In general, bones appear in large concentrations, although

isolated (Acosta Hospitaleche et al., 2019a and references

cited there) and articulated specimens have rarely been

recorded (e.g., Acosta Hospitaleche & Reguero, 2010, 2014;

Acosta Hospitaleche et al., 2019b).

The holotype of Crossvallia unienwillia Tambussi et al.,

2005, is the only material known from the Paleocene CVF.

This skeleton consists of a few associated elements with

marked weathering (Acosta Hospitaleche et al., 2016). In the

upper levels of the CVF, the amount of materials increases

notoriously. In the LMF (Thanetian–Lutetian), remains are

scattered and preserved as isolated elements; finally, in the

overlying SMF (Lutetian–Rupelian) penguins exhibit a more

abundant record, with partially articulated skeletons, skulls,

and articulated limbs, including the exceptional record of a

wing covered by the phosphatized skin (Acosta Hospitaleche

et al., 2020).

In the present contribution, samples were treated as

taxon free and our attention was focused on the osteological

and taphonomical state of the bones. The microstructure of

the sampled bones (pachyostosis degree, compactness, and

lack of pneumaticity) and their preservation (mineralization,

composition, weathering, and completeness) are very similar

to each other and, therefore, comparable for our purposes.

The opening process of the Drake Passage, as a large-

scale tectonic phenomenon that gave rise to the Antarctic

Circumpolar Current, began towards the end of the Eocene

(~35 Ma) and the early Oligocene (see Lawver & Gahagan,

2003). This process generated significant changes in cli-

matic and ecological conditions in the biota that inhabited

those latitudes, with phenomena of extinctions and compo-

sitional changes in the assemblages (Crame et al., 2014). In

this changing scenario, penguins, as marine divers, have

probably taken advantage of the new opportunities, spread-

ing to new areas. This process culminated in the definitive

separation of the Antarctic, Australasian, and South Amer-

ican regions prior to developing the Antarctic Circumpolar

Current (Lawver & Gahagan, 2003).

In this context, the main objective of this work is the

identification, through geochemical analysis, of trace ele-

ments present in penguin bones collected along the Paleo-

gene sequence that outcrops on Seymour Island for the

interpretation and linking of the results from a regional de-

positional, diagenetic, and tectonic fossil significance.

GEOLOGICAL SETTING

Paleogene sequences in Seymour Island 

The first stratigraphic studies on Seymour Island were

carried out during the Swedish polar expedition 1901–1903

under the command of Dr. Otto Nordenskjöld (Andersson,
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1906). After that, various contributions to the subject com-

pleted the modern stratigraphic scheme of the outcropping

sections on the island, until reaching the current model (e.g.,

Bibby, 1966; Elliot et al., 1975; Rinaldi et al., 1978; Feldman

& Woodbume, 1988; Macellari, 1988; Sadler, 1988). In re-

cent years there has been a constant review of the general

geology of the sequences exposed on the island, with sev-

eral significant contributions (e.g., Marenssi & Elliot, 1992;

Marenssi & Santillana, 1994; Marenssi, 1995; Marenssi et

al., 1998, 2002; Olivero et al., 2008; Montes et al., 2019).

Seymour Island (Fig. 1.1–3) is composed of the youngest

sediments that fill the James Ross Basin, which is considered

the northern tip of the Larsen Basin (MacDonald et al., 1988).

The sequence exposed on this island is constituted by the

Maastrichtian–early Paleocene Marambio Group with the

Haslum Crag Formation (sensu Olivero et al., 2008), López

de Bertodano Formation, and the Sobral Formation (Rinaldi

et al., 1978; Montes et al., 2019). Unconformably overlying is

the late Paleocene–earliest Oligocene? Seymour Island

Group (Zinsmeister, 1982)—the focus of the present study

—constituted by the CVF (Cross Valley-Wiman Formation

according to Montes et al., 2008), LMF, and the SMF (Sub-

meseta Allomember in Marenssi et al., 1998) (Montes et al.,

2013, 2019). A detail of each of them can be found below

and in the integrated stratigraphic column (Fig. 1.4).

CVF (late Thanetian). The CVF is approximately 195 m thick

(Marenssi et al., 2012), unconformably underlying the LMF,

outcropping in two different sectors in Seymour Island. The

main lithology is a sedimentary succession of sandstone of

massive character, dark clays, with a high content of vol-

canic lithic fragments, abundant charred trunks, and few

macro-fossil in the upper part of the section. This formation

was divided into three allomembers, i.e., Cross Valley A or

Díaz Allomember, Cross Valley B or Arañado Allomember,

and Cross Valley C or BP Allomember (Montes et al., 2007,

2019). 

The Díaz Allomember is interpreted as the filling of

paleochannels with onlap geometry, with an upper erosive

bounding surface (Montes et al., 2007). The Arañado

Allomember outcrops generate a great relief change due to

increased in sediment grain size of paleochannel fills and

increased lithification. Finally, the BP Allomember is the

thinnest among these three levels, with an approximate

maximum of 20 m and is composed at its base of gray

mudstones containing oysters, gastropods, echinoderms,

fish teeth, sharks, and penguins (Tambussi et al., 2005;

Montes et al., 2007). Indeed, these deposits turn to a more

siliciclastic composition to the detriment of the volcanic

elements. The outcrops of the Cañadón Díaz area, where the

samples analyzed here were collected, present a morpho-

logy also consistent with channels (Montes et al., 2019).

The whole deposits of the CVF correspond to a shallow

succession which constitutes an aggradational or a progra-

dational system during a transgressive system. It might

represent an estuarine environment, concluding with deltaic

facies (Elliot & Trautman, 1982). According to the latest

studies, the CVF is interpreted as a strongly incised valley

developed over a previously emerged platform (Montes et

al., 2019).

LMF (Ypresian–early Lutetian). This unit unconformably

overlies the CVF, filling an incised valley in a passive margin

platform (Montes et al., 2019). It is formed mainly by a

detrital series including breccia, sandstone, and shale with

accumulation horizons of mollusk shells (Montes et al.,

2019). This unit is internally subdivided into six allomembers

known as Valle de las Focas, Acantilados I, Acantilados II

(both Acantilados I and II correspond to Acantilados sensu

Marenssi et al., 1998), Campamento, Cucullaea I, and

Cucullaea II (Montes et al., 2013, 2019). The whole sequence

represents prodeltaic, deltaic, and especially estuarine

depositional environments dominated by tides. Sea-level

variations and the source area of the deposits controlled the

evolution of these environments (Marenssi, 1995; Marenssi

et al., 2002).

The Valle de las Focas Allomember (unit 31) is

interpreted as the collapse of the incised valley edges and

sedimentation in a low-energy environment (Montes et

al., 2019). The Acantilados I Allomember (unit 32) was

deposited under fluctuating energy conditions in a tide-

dominated marine environment below wave base level

(Marenssi, 1995). The Acantilados II Allomember (unit 33)

would result from a deltaic front prograding onto a tide-

dominated platform influenced by storms (Montes et al.,

2019). The Campamento Allomember (unit 34) was

deposited during a drop in the relative sea level, filling the

canal after the erosion and collapse of the canal margins.
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Figure 1. 1–4, Location map and stratigraphic column of the collection area (modified from Montes et al., 2019); 1, Location map of the study
area at the Seymour Island, in the AP; 2, James Ross Basin, the square indicates the Seymour Island; 3, Map showing outcrops of the Seymour
Island; 4, Stratigraphic column with the location of the samples analyzed in the present paper, indicated with the numbers 1–12. Abbreviations:
Allofm, Alloformation; cu, Cucullaea; cg, conglomerates; Fm, Formation; t, Turritella; n, naticids.



This unit shows sectors with more protected environments

characterized by a low re-sedimentation and a rapid burial,

others of subtidal environments with an intense reworking

made by waves and currents, and tidal infill facies with a

general transgressive tendency (Montes et al., 2019). The

overlying Cucullaea I Allomember represents a subtidal

environment with a moderate reworking of the substrate

provoked by waves and currents, with a deltaic front over

muddy pro-deltaic deposits (Marenssi, 1995; Montes et al.,

2019). Covering canalized facies and within an estuarine

environment, a tidal plain establishes coastal environments

in a transgressive context (Montes et al., 2019). Finally, the

Cucullaea II Allomember sediments are interpreted as tidal

deposits within an estuarine context (Montes et al., 2019).

SMF (Lutetian–Priabonian). At the top of the section, and

resting unconformably, this unit has been interpreted as

storm-dominated shallow-sea platform deposits. It is com-

posed of breccia and conglomerate-like sediments, with

beds of coquinas and coarse sandstones with internal struc-

tures (Montes et al., 2019). It is internally subdivided into

three allomembers known as Laminado (Submeseta I),

Turritella (Submeseta II), and Superior (Submeseta III); they

represent the incised valley clogging (Montes et al., 2019).

The Laminado Allomember is interpreted as a tidal plain

in an estuarine context, whereas the Turritella Allomember

would correspond to sandy sediments of a shallow tidal

platform with bars and protected areas in-between, with a

more distal muddy area. Thus, the depositional environ-

ments of these beds change significantly compared with the

units below, due to the valley clogging and the establish-

ment of a broad sandy platform where periodic storms are

recorded (Montes et al., 2019). A progressive water-cooling

would be indicated by the decrease in the number of mol-

lusk shells (Elliot & Trautman, 1982). Finally, at the bottom,

the Superior Allomember is also interpreted as a tide-

dominated sandy shallow marine platform.

This unit represents a sandy shelf depositional environ-

ment with sporadic high-energy events product of tidal

currents and storms (Marenssi, 1995; Marenssi et al., 1998).

Glacial conditions (Ivany et al., 2006; Warny et al., 2018) and

a subpolar climate (Montes et al., 2019) were established

at the top of this unit.

Tectonic and paleogeographic framework

The paleogeographical changes due to the continental

breakup leading to the separation of Patagonia (including

the Magallanes Region) and the AP crustal block began with

the opening of the Atlantic Ocean in the Early Cretaceous

and running up to the early Paleogene with the expansion of

the Scotia Basin (Eagles et al., 2005). All these processes im-

plied two distinct paleogeographic and paleobiogeographic

scenarios (before and after their geographic and faunistic

isolation) for the evolution of the faunas (West Weddellian

Terrestrial Biogeographic Province; Reguero & Goin, 2021).

WANT has formed the tectonically active margin be-

tween EANT and the Pacific Ocean for almost half a billion

years. It underwent a dynamic history of magmatism, conti-

nental growth, and fragmentation. From the Late Cretaceous

to the Neogene, the collision of spreading ridge segments

(AP and Thurston Island crustal blocks) at the continental

ocean boundary triggered the progressive shutdown of sub-

duction along the AP margin from south to north. The arc

magmatism declined since the beginning of the Cenozoic

(Fig. 2) (Jordan et al., 2020).

The AP and Thurston Island exemplify a continental

margin magmatic arc, preserving a record of the flare-ups in

magmatism. Arc magmatism ceased northwards between

90 and 20 Ma as the Phoenix oceanic spreading center

reached the continental margin trench. Arc magmatism

finally ceased on the AP at ~20 Ma in the South Shetland

Islands, even though the subduction continues today (Jordan

et al., 2020). This ongoing subduction led to rifting along the

Bransfield Strait at ~10 Ma, which split the Pacific margin

magnetic anomaly and is associated with ongoing alkaline

magmatism in the South Shetland Islands (Fretzdorff et al.,

2004). Contemporaneous with Cenozoic magmatism, ex-

tension between South America and the AP coupled with

the back-arc extension of the Scotia subduction zone led to

the opening of the Drake Passage at the end of the Eocene

and the beginning of the Oligocene. This event enabled the

development of the Antarctic Circumpolar Current (see

Lawver & Gahagan, 2003; Eagles et al., 2006). Total sepa-

ration of the land masses occurred during the late

Oligocene–early Miocene (e.g., Livermore et al., 2005;

Lagabrielle et al., 2009; Eagles & Jokat, 2014). Reguero et al.

(2014) proposed that the early stages of the extensive
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Drake Passage opening (late Paleocene, ~55 Ma) generated

a wide and relatively shallow epicontinental sea that

flooded the Weddellian Isthmus. Such an event was pro-

duced by the subduction of the Pacific plates and the de-

velopment and advance of the Scotia volcanic arc towards

the eastern Atlantic sector.

The opening of the Drake Passage would have entailed

a reduced heat transport towards the south of ocean currents.

The thermal insulation and consequent climatic cooling of

Antarctica are the results of these processes (e.g., Toggweiler

& Bjornsson, 2000; Sijp & England, 2004).

MATERIAL AND METHODS

Fieldwork. Thirteen samples of recent and fossil penguin

bones belonging to adult specimens were collected during

successive field trips to Seymour Island (WANT), by

members of the IAA and MLP, and are permanently housed

at the DPV (in MLP). Twelve samples correspond to fossil

penguin bones selected from different levels and localities

and the thirteenth one belongs to an extant bone (S13) of

Pygoscelis adeliae (Hombron & Jacquinot, 1841) collected

also in Seymour Island, and analyzed as the control sample

(Tab. 1). All the samples were free of glue or any other

chemical compound that could generate noise in the results

of our analyses.

ICP-MS analysis. A subsample of the innermost part of each

fossil-bone was taken to obtain unaltered bioapatite. The

samples for ICP-MS analysis were powdered using a Drill-

Mets micro-drilling machine avoiding the incorporation of

any component of diagenetic origin during the sampling. The

powdered subsamples were digested for 2 h in trace metal

grade 2% HNO3 v/v added dropwise, using sufficient acid to

dissolve 100% of the apatite. Solutions were centrifuged and

decanted to remove insoluble residue. Precision and repro-

ducibility for all elements analyzed are greater than 10%,

based on replicate measurements of laboratory apatite

standards.

A Perkin-Elmer quadrupole ICP-MS, fitted with a

Meinhardt concentric nebulizer from the Centro de Investi-

gaciones Geológicas (Consejo Nacional de Investigaciones

Científicas y Técnicas-Universidad Nacional de La Plata, La

Plata, Argentina) was used to determine REE and Y concen-
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Figure 2. Cenozoic timeline of key West Antarctic tectonic and magmatic events in the WANT (AP and Thurston Island). The purple band in the
‘Magmatism’ column shows the relative magnitude of arc-related and rift-related magmatism, respectively (modified from Reguero & Goin,
2021). The light blue line indicates the opening of the Drake Passage time. Abbreviations: FHF, Fossil Hill Formation.
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trations in ppm and other traces of elements such as Ba,

Mn, and Sr (Tab. 2).

The REE concentrations were normalized to Chondrite

values (Sun & McDonough, 1989), plotted in pattern distri-

bution graphics and compared to a geostandard of volcanic

rock (RGM-1=acid∼rhyolite). REE concentrations were also

normalized relative to the PAAS (McLennan, 1989) and rep-

resented with the symbol “N”. Shale-normalized (N) ele-

mental values were used according to Taylor & McLennan

(1985) for the calculation of (La/Sm)N and (La/Yb)N ratios

and other anomalies calculated on a linear scale, assuming

that differences in concentration between neighboring pairs

are constant. In addition, cerium anomalies were obtained

from the formulae Ce/Ce*=2CeN/(LaN+PrN) of De Baar et al.

(1985). Eu anomaly was also calculated from a geometric

average, assuming that the ratio between near neighbor

concentrations is constant, as follows: Eu/Eu*=EuN/(SmNxTb)

0.33 following Lawrence et al. (2006).

Institutional acronyms. DPV, División Paleontología Ver-

tebrados, Museo de La Plata, Universidad Nacional de La

Plata, La Plata, Argentina; IAA, Instituto Antártico Argentino,

Ciudad Autónoma de Buenos Aires, Argentina; MLP, Museo

de La Plata, La Plata, Argentina.

Abbreviations. AP, Antarctic Peninsula; Ba, barium; BP,

Bahía Pingüino; Ce, cerium; CVF, Cross Valley Formation;

Dy, dysprosium; Er, erbium; Eu, europium; Gd, gadolinium;

Ho, holmium; ICP-MS, inductively coupled plasma mass

spectrometry; La, lanthanum; LMF, La Meseta Formation;

Lu, lutetium; Mn, manganese; Nd, neodymium; PAAS, Post-

Archean Australian Shale; Pm, promethium; ppm, parts per

million; Pr, praseodymium; REE, rare earth elements; RP,

recent penguin; S, sample; Sm, samarium; Sr, strontium;

SMF, Submeseta Formation; Tb, terbium; Tm, thulium;

WANT, West Antarctica; Y, yttrium; Yb, ytterbium.

TABLE 1 – Samples from the different levels examined in the present contribution.

Sample Locality Allomember (level) Formation Age

S13 Marambio Island - - Recent

S12 IAA 6/12  Superior (39) Submeseta Eocene (Priabonian/Rupelian)

S11 DPV 16/84  Superior (39) Submeseta Eocene (Priabonian/Rupelian)

S10 DPV 13/84  Superior (39) Submeseta Eocene (Priabonian/Rupelian)

S9 DPV 13/84  Turritella (38) Submeseta Eocene (Bartonian)

S8 DPV 13/84 Turritella (38) Submeseta Eocene (Bartonian)

S7 IAA 6/12 Turritella (38) Submeseta Eocene (Bartonian)

S6 IAA 1/93 Laminado (37) Submeseta Eocene (Lutetian)

S5 Cerro Teta Cucullaea II (36) La Meseta Eocene (Ypresian/Lutetian)

S4 IAA 1/90 Cucullaea I (35) La Meseta Eocene (middle Ypresian)

S3 Geomarambio Campamento (34) La Meseta Eocene (upper Ypresian)

S2 IAA 1/13 Acantilados II (33) La Meseta Eocene (low Ypresian)

S1 64° 15’ 50” S; 56° 40’ 0” W  Bahía Pingüino (25) Cross Valley Paleocene (Thanetian)



RESULTS

The geochemical signal preserved in the fossil bones of

penguins allows us to indirectly understand the changes

that occurred in the depositional environment of the ana-

lyzed units. The entry of REE into the pore spaces inside the

bone tissue of the pieces during the final burial of the pieces,

or the very beginning of diagenesis, allows establishment

of the chemical variations in the carrier layers of the fossil-

iferous associations. It is based on chemical elements dis-

solved in the environmental waters that enter the bone

during life, and some modifications can occur in the early

stages of diagenesis (Trueman et al., 2006).

ICP-MS analysis

ICP-MS analyses of thirteen samples of recent and fossil

penguin bones allow the identification of Ba, Mn, and Sr

added to REE concentrations and their distribution (Fig. 3;

Tab. 2).

The Sr and Ba concentrations in the vertebrate skeleton

vary as a function of the mineral structure, being between

1,200-9,700 ppm and 900-4,000 ppm, respectively; how-

ever, it is important to consider that these elements show

much lower concentrations in living bones (Trueman &

Tuross, 2002). The Sr values of analyzed samples range

between 4,210 and 7,198 ppm in fossil bones and record

4,814 ppm in the RP (S13), while Ba varies between 99 and

1,150 ppm in fossils and is 312 ppm in S13; these values

are in the same range indicated by Trueman & Tuross

(2002). On the other hand, Mn values range between 466–

2,388 ppm in fossils, except in S1 and S2 (3,221 and 4,622

ppm, respectively) where they are higher, while it is 1,628

ppm in S13. S1 and S2 samples are also enriched in Ba and

show positive anomalies of Eu which can be attributed to

some slight modification related to the environmental con-

ditions (cf. Shields & Stille, 2001).

The analyzed samples present an average REE concen-

tration of about 700 ppm, which is lower compared with

concentrations of REE reported for bones commonly of

thousands to tens of thousands ppm (Trueman et al., 2006).

Total REE obtained from the RP (S13) is 2,368 ppm, while

the other samples are lower compared to S13. The concen-

trations in the fossil samples vary from 136 to 1,816 ppm

with an average of 689 ppm. The REE concentrations in S4,

S7, S10, S11, and S12 are very low (130–300 ppm). S6 is

the only exception, showing a similar concentration to S13,

followed by S2 and S1 (Tab. 2). 

The (La/Sm)N values range from 0.74 to 2.30, with an

average value of 1.22 and (La/Yb)N values range from 0.44

to 1.68 with a mean value of 0.91. S1, S2, S3, S4, S7, S8, S9,

S10, and S12 have values of (La/Yb)N<1, as well as the RP

(S13). In contrast, (La/Yb)N>1 values are observed for S5,

S6, and S11, indicating HREE enrichment (Tab. 2). In the

(La/Sm)N vs (La/Yb)N graph (Fig. 5; cf. Trueman et al., 2006)

the samples are between groups 2 (S5, S6, S11) and 3, but

mostly concentrated in the group 3 (S1, S2, S3, S4, S7, S8,

S9, S10 and S12). The RP bone, S13, falls also in field 3.

Additionally, all Ce/Ce* values are negative (<1), ranging

from 0.34 to 0.89 with an average of 0.66 (Tab. 2), revealing

normal oxygenation levels of the paleoenvironment (Shields

& Stille, 2001).

The Y/Ho values range from 16 to 40 (28 on average).

The Y/Ho ratios allow us to differentiate samples with values

lower than 27 (S1, S2, S3, S4, and S6) from those which are

over 27 (S7, S8, S9, S10, S11, S12, and S13), the variations

of which are considered as being related to changes in

parental fluids (Shields & Stille, 2001; Gómez-Peral et al.,

2019). 

The Eu/Eu* values range from 0.60 to 1.31 (0.94 on

average). Eu/Eu* ratios show that S1, S2, S3, and S4 carry

positive anomalies (<1; Tab. 2) while they are negative in

S5, S6, S7, S8, S9, S10, S11, S12, and S13, but much more

pronounced negative anomalies are denoted in the samples

of the upper section of the SMF (S9, S10, S11, and S12; Fig. 3),

revealing a different behavior from the rest of the samples.

Samples analyzed show REE patterns in the bones of

the LMF (S2, S3, S4, and S5 samples; Fig. 3), without no-

table anomalies and with Eu values slightly lower than

PAAS, and they are comparable but mostly lower than the

RP (S13). On the other hand, in the overlying SMF the sam-

ples can be clearly divided into two groups with markedly

different behaviors. The first group includes S6 (basal sec-

tion) is very similar to the recent bone; S8, S7, and S9 show

comparable patterns but are lower than the recent bone

(S13). The samples collected from the upper section (S9,

S10, S11, and S12) showed marked negative anomalies in

Eu (Fig. 3).
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DISCUSSION

The fossil record of Paleogene penguin bones from

Seymour Island is abundant and continuous throughout the

exposed sections. In general, isolated bones are largely

accumulated, whereas skeletons with associated elements

are rare (Fig. 4). A single specimen—with associated ele-

ments and highly damaged, attributed to weathering and

fossil diagenetic fractures (see arrows in Fig. 4.1)—comes

from the CVF (Acosta Hospitaleche et al., 2016). Bones

collected in the LMF are always found isolated (Fig. 4.2) and

many times diagenetically fractured. Finally, the SMF ex-

hibits the complete penguin fossil record. It consists of
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Figure 3. REE values (ppm) from 1, SMF; 2, LMF; and 3, CVF. In all cases, distribution pattern can be compared to RGM-1 and S13 (RP). Each
plot shows the concentrations normalized to Chondrites (left side; Sun & McDonough, 1989) or to the standard PAAS (right side) (McLennan,
1989).
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partial skeletons, skulls, and articulated limbs, including the

exceptional finding of a complete wing covered by its phos-

phatized skin (Acosta Hospitaleche et al., 2020) (Fig. 4.3).

The REE composition of fossil bones reflects associated

water compositions during living, maintaining or not their

patterns after the period of recrystallization. The geo-

chemical composition of modern biominerals is frequently

used as a fingerprint to identify source locality (e.g., Trueman

et al., 2006). Geochemical fingerprinting is based on the ob-

servation that the in vivo composition of biominerals such

as bone and tooth apatite reflects the regional geochemistry

(with some variation caused by dietary and metabolic

processes during life). Variations in bedrock geology, hy-

drology, or soil structure may therefore lead to differences in

the geochemical composition of biominerals. The REE com-

position of representative bones that display Eu anomalies

supports the hypothesis that REE environmental waters

was derived from the breakdown of associated volcaniclas-

tic materials (Trueman et al., 2006).

The geochemical signal preserved in the fossil bones of

penguins allows us to recognize the presence or absence of

diagenetic alteration and volcanic activity, thus helping us

to understand the changes occurring in the depositional en-

vironment indirectly. Although recent bones generally show

concentrations of REE in the thousands to tens of thou-

sands in ppm (Trueman et al., 2006), total REE concentra-

tions added to Sr and Ba values obtained from samples

analyzed in fossil penguin bones are similar to those seen in

other unaltered fossil bones regardless of the environmen-

tal conditions (e.g., Henderson et al., 1983; Williams, 1988;

Janssens et al., 1999; Pike et al., 2002; Trueman & Tuross,

2002). Most samples studied show similar REE pattern

distributions, but lower compared with the RP bone (S13;

Fig. 3). However, an important distinction can be highlighted

from the patterns obtained: bones from LMF show lower

values than those of S13 (791 ppm in average; Fig. 3), while

samples from the CVF (959 ppm) and especially the SMF

show even lower values (268 ppm in average; Tab. 2; Fig. 3),

except for S6 which is very similar to S13 (1,816 and 2,368

ppm, respectively) (Tab. 2; Fig. 3).

In addition, ratios of some REE normalized to PAAS as

(La/Yb)N and (La/Sm)N are used to indicate the nature of

fluids related to the environmental context in which they

formed (Fig. 4; Trueman et al., 2006; Bosio et al., 2021). In

this sense, high (La/Yb)N ratios, in addition to low (La/Sm)N

ratios have been used as one criterion to indicate late dia-

genetic recrystallization of biogenic apatite (e.g., Reynard et

al., 1999; Trueman et al., 2006; Bosio et al., 2021). This is re-

inforced by the low contents of Mn related to the absence of

Figure 4. 1–3, Comparison of how penguin fossil fragments are found
in the field. 1, humerus of Crossvallia unienwillia (Holotype MLP 00-I-
10-1) fragmented in several pieces in CVF, the arrows indicate diage-
netic fractures; 2, femur still in the sandy matrix in LMF; 3, scattered
fragments (indicated by white arrows) in the SMF.



Mn-oxides during the early diagenesis (Tab. 2; cf. Bosio et

al., 2021). In the studied formations, all samples show a lack

of diagenetic alteration in the internal sector of the analyzed

bones. Regarding the depositional environment, different

geochemical proxies allowed us to interpret changes in en-

vironmental conditions. The Ce/Ce* values are negative and

compatible with well-oxygenated paleoenvironmental con-

ditions (Shields & Stille, 2001; Gómez-Peral et al., 2014,

2019). Additionally, the (La/Yb)N vs. (La/Sm)N graphic, shows

that the analyzed bones from the LMF and SMF correspond

mostly to terrestrial environments (fluvial soils) and subor-

dinately to marine environments (Fig. 5). The Y/Ho ratio is

considered a particularly useful monitor for the differentia-

tion between marine and freshwater-influenced deposits

(Tostevin et al., 2016; Gómez-Peral et al., 2019 and refer-

ences therein). Tostevin et al. (2016) have recently demon-

strated that modern seawater contains Y anomalies

(33–40) in near-shore or restricted settings (Tostevin et al.,

2016). Particularly, Y/Ho≥30 are used to support preserva-

tion of REE and Y patterns in the marine rock record

(Tostevin et al., 2016), while other samples showing Y/Ho

ratios of ~25 (close to PAAS) denoted a freshwater influ-

ence (Gómez-Peral et al., 2019).

Samples from the SMF show a trend towards more

marine conditions according to their higher values of Y/Ho

(32 on average; Tab. 2) compared to the lower values ob-

tained from samples of the LMF (Y/Ho of 23 in average; Tab.

2), related to continental freshwater conditions. These agree

with paleoenvironmental contexts indicated for each unit,

deltaic and estuary deposits for the LMF and shallow marine

platform subject to storms for the SMF (Marenssi, 1995;

Montes et al., 2019). This reflects the influence of the pa-

leoenvironment on the geochemical variations recorded in

these units based on the penguin bones analyzed. In this

sense, the high (La/Yb)N ratios could be associated with

littoral-marine to eolic environments (Fig. 5).

Related to the volcanic activity, the REE composition of

analyzed bones display negative Eu anomalies (Fig. 3; Tab.

2) supporting that REE in waters could be derived from the

interaction with associated volcanic materials (Trueman et

al., 2006). The normalized chondrite diagrams show two

different provenance signals, probably with volcanic origins

reflected in the contribution of Eu (Fig. 3). In this sense, high

values of Ba added to positive Eu anomalies, as shown in

S1 and S2, point to a possible volcanic influence over the

environment (Tostevin et al., 2016). The samples from the

upper section of the SMF (S9, S10, S11, and S12) show

marked negative Eu anomalies (and lower concentrations of

total REE) which can be assumed to be a response to some

event of volcanism, such as an orogenic arc. Such a process,

which was already operating in the area alongside the frac-

turing of Gondwana in the Late Cretaceous (Reguero & Goin,

2021), generated a connection between southern South

America (Patagonia and Magellanic Regions) and the AP.

This connection involved the Weddelian Isthmus associated

with an epicontinental sea and occurred towards the late

Paleocene (Reguero et al., 2014; Reguero & Goin, 2021).

The negative Eu anomaly found in S9 from the Bartonian,

and S10, S11, and S12 from the Priabonian of Seymour Is-

land reflect the regional volcanism to which the region was

subjected during the period in which the penguins lived. This

volcanism was possibly related to subsidence in the west-
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Figure 5. (La/Yb)N vs (La/Sm)N diagram (from Trueman et al., 2006)
showing data obtained from penguin bones from CVF, LMF, and SMF,
and from the RP bone. Group G1 reflects late diagenetic recrystalliza-
tion of apatite. Group G2 consists of bones with positive La/Yb values
related to coastal or shelf marine environments or terrestrial envi-
ronments with a significant aeolian input. Group G3 is composed of
bones with La/Yb and La/Sm<1, which are related to terrestrial fluvial
and soil environments. Group G4 consists of bones lying on a trend
line of coincident increase in La/Sm values and decrease in La/Yb
values, typically showing large inter-site variation in mix environ-
ments. RP (=S13) plots within group 3. 
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ern margin of the southernmost South American coast and

the AP (Jordan et al., 2020). This signal coincides with the

final episodes of the opening of the Drake Passage (Fig. 6)

during the late Eocene–early Oligocene (~41 to ~27 Ma).

This process was also identified by other proxies, such

as the occurrence of ice-rafted debris in levels of the SMF

(Doktor et al., 1988). This was interpreted as evidence of a

severe climatic deterioration towards the end of the Eocene.

It is possible that, for example, valley glaciers were already

present in the area by the end of the Eocene. Other cooling

signals are provided by a swift decrease of the chemical

index alteration values and concomitant inception of illite-

dominated clay mineral associations at the top of the SMF.

This suggests a transition to cold, frost-prone, and relatively

dry conditions during the late Eocene (Ivany et al., 2006).

Likewise, the decrease in leaf size recorded in this unit sug-

gests that the climate deteriorated towards the end of the

Eocene (Case, 1988; Reguero et al., 2002, 2013). The shift

from cool, temperate, humid Valdivian-type forest to more

impoverished vegetation was accompanied by a decrease in

typical Eocene dinoflagellate cysts, an increase in sea ice-

indicative marine phytoplankton, and an increase in re-

worked palynomorphs. All these point toward the onset of

periglacial conditions and a subpolar climate in the back-

arc James Ross Basin just before the Eocene/Oligocene

boundary (Warny et al., 2018).

The tectonic episodes described above could also be

identified by examining equivalent samples from the

southernmost tip of South America. For instance, the

negative Eu anomaly found in the Bartonian and Priabonian

samples should be detected in penguin bones from the

Leticia Formation in the Austral Basin of Tierra del Fuego

(Acosta Hospitaleche & Olivero, 2016; Olivero et al., 2020)

and in the Eocene of the Loreto, Río Turbio, and Río

Baguales formations in the Magallanes Region of Chile

(Sallaberry et al., 2010).

CONCLUSIONS

Although some taphonomical differences between the

fossil penguins from the unit could be observed, the

preservation degree is good enough along the whole

sequence to perform a geochemical analysis on these

bones. The geochemical signal preserved in these fossils

allows us to recognize the degree of diagenetic alteration

(fossil-diagenesis of bones), the influence of volcanic

activity, and indirectly understand the changes that have

occurred in the depositional environment. Summarizing, the

main conclusions of the present research can be pointed

out: 

Through the interpretation of ratios of (La/Yb)N and

(La/Sm)N and contents of Mn, it was possible to conclude

that all the samples (penguin bones) included in this study

showed absence of diagenetic alteration.

The Ce/Ce* values recorded are compatible with well

oxygenated paleoenvironmental conditions. Additionally, and

concurring with the previous sedimentological analyses, the

(La/Yb)N vs. (La/Sm)N graphic and Y/Ho values indicate that

the samples from the LMF show less marine affinity than

those from the SMF.

The REE patterns of the analyzed bones, comparable to

Figure 6. The evolution of the Drake Passage region (~43 Ma; modi-
fied from Reguero & Goin, 2021) based on Brown et al. (2006); red
lines are spreading ridges. Abbreviations: PACC; Proto-Atlantic
Circumpolar Current; SA, South America.



living bones, displayed negative Eu anomalies, supporting

that REE in environmental waters could be derived from

the breakdown of associated volcaniclastic materials. The

samples from the upper section of the SMF (S9, S10, S11,

and S12) present marked negative Eu anomalies and the

lowest concentrations of total REE, which can be assumed

as a response to some event of volcanic activity, such as

an orogenic arc.

This signal coincides in time with the opening of the

Drake Passage and with the tectonic changes occurring

between the end of the Eocene and the beginning of the

Oligocene as a result of the subsidence in the western

margin of South American and AP coasts.
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