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1 27 

Abstract 28 

 29 

The Eocene sediment successions of the East Pisco Basin (southern Peru) host an exceptionally rich and 30 

well-preserved assemblage of vertebrate fossils. However, due to the dearth of geochronological and 31 

biostratigraphic controls as well as of stratigraphic correlations, our understanding of these rocks and their 32 

fossil content remains elusive.  33 

This paper provides a comprehensive calcareous nannofossil, diatom, and silicoflagellate biostratigraphic 34 

framework for the Eocene strata exposed at four localities along the Ica River Valley, permitting a robust 35 

chronological calibration of the marine vertebrate fauna entombed therein and a better definition of 36 

important appearance/ extinction events. The Paracas Formation, deposited directly on top of the 37 

Proterozoic and Paleozoic rocks of the crystalline basement, is formed by a siliciclastic-bioclastic gravel-38 

sized deposit (Los Choros member) and calcareous-terrigenous siltstone (Yumaque member) that was 39 

deposited from the Lutetian (47.8-41.2 Ma) through the Bartonian (41.2-37.7 Ma) to the early Priabonian 40 

(37.7-33.9 Ma). The unconformably overlying Otuma Formation consists of a basal sand, followed by 41 

calcareous siltstone intercalated by diatomite layers towards the top. In the study area, the Otuma 42 

Formation is Priabonian in age and is truncated at the top by an unconformity at the base of the overlying 43 

Miocene Chilcatay Formation. Due to the angular nature of the unconformity, the upper Otuma strata 44 

reach the Oligocene elsewhere.  45 

Average sedimentation rates range from 17 to 24 m/My in the Yumaque member of the Paracas Formation 46 

and increase to 147-170 m/My in the Otuma Formation. The microfossil assemblages witness a coastal 47 

setting with warm-temperate conditions for the Paracas Formation that become slightly cooler (though still 48 

temperate) in the upper Otuma Formation. Diatomaceous layers in the upper Otuma Formation indicate an 49 

overall increase in nutrient availability, which could reflect the global reorganization of ocean currents at 50 

                                                           
1 m abs = meters above base of section 
EOT = Eocene-Oligocene Transition 
MECO = Middle Eocene Climatic Optimum 



the Eocene-Oligocene transition. However, the taxonomic composition of the diatom assemblage suggests 51 

seasonal rather than persistent upwelling conditions. 52 

 53 

Keywords 54 

 55 

Paracas Formation, Otuma Formation, calcareous nannofossils, diatoms, silicoflagellates, fossil Lagerstätte 56 

 57 

1. Introduction 58 

 59 

The Eocene-Miocene deposits of the East Pisco Basin, southern Peru, feature exceptionally 60 

common and remarkably well-preserved marine vertebrate remains that make them a true Fossil 61 

Lagerstätte. Fossils from the East Pisco Basin include marine mammals, seabirds, marine reptiles, and fishes 62 

(Bianucci et al., 2016a; 2016b; 2016c 2018; 2020; Clarke et al., 2007; 2010; Collareta et al., 2015; 2017; 63 

2020a; 2020b; de Muizon et al., 2019; Gioncada et al., 2016; 2018; Lambert et al., 2015; 2017a; 2017b; 64 

2019; 2020a;  2020b; Landini et al., 2017a; 2017b; 2019; Marx et al., 2017). 65 

The abundance of fossils and the stratigraphic continuity along a broad time interval make the sediment fill 66 

of the East Pisco Basin an ideal reservoir for reconstructing in detail the evolutionary trajectories of several 67 

marine vertebrate clades and to correlate them to the main abiotic events that, at regional and global 68 

scales, led to important changes in the ecological structure of the marine biota during the Cenozoic (Marx 69 

and Uhen, 2010; Norris et al., 2013). 70 

In particular, the middle-late Eocene is one of the most critical phases of the Cenozoic Earth history, having 71 

involved deep structural changes in the overall geography of the global ocean and landmasses as well as in 72 

the climatic and oceanographic systems (Goldner et al., 2014; Lagabrielle et al., 2009). These abiotic 73 

changes promoted several dispersion events and the redistribution and partition of food resources, which, 74 

in turn, caused an increase in diversity and disparity of the marine vertebrates (Moore et al., 2014; Nilsen 75 

et al., 2003).  76 



As such, the Eocene record of the East Pisco Basin is of key importance for unravelling the evolutionary 77 

history of the cetaceans as it allows for tracing the early phases of their worldwide dispersion with the first 78 

indisputable quadrupedal whale from the Pacific Ocean (Lambert et al., 2019), investigating the subsequent 79 

achievement of fully pelagic adaptations in the basilosaurids (Martínez-Cáceres and de Muizon, 2011; 80 

Martínez-Cáceres et al., 2017; Uhen et al., 2011) and highlighting the very origin of the “baleen” whale 81 

clade with the oldest known mysticete (de Muizon et al., 2019; Lambert et al., 2017b). 82 

The Paleogene fossil record of the East Pisco Basin also documents two separate dispersals of penguins 83 

(Sphenisciformes) to the equatorial regions during greenhouse Earth conditions in the middle and late 84 

Eocene, i.e., significantly earlier than the recent most dispersal (ca 4-8 Ma) of penguins to the low latitudes 85 

(Clarke et al., 2007). Furthermore, an exceptionally well-preserved fossil of a giant-sized penguin found in 86 

upper Eocene deposits of the East Pisco Basin highlighted an early origin of the shape and colour of the 87 

feathers of these seabirds (Clarke et al., 2010). Not least, the recent description of an exquisitely preserved 88 

sawfish (Rhinopristiformes) from the middle Eocene of the Pisco Basin provides evidence for the first 89 

dispersal of pristids along the Pacific Coast of South America when the Peruvian nearshore waters were 90 

warmer than today due to a weaker upwelling regime (Collareta et al., 2020b). 91 

The Paleogene strata from which these outstanding fossil records were obtained, have been described for 92 

some localities of the Pisco Basin and sparsely dated via 39Ar-40Ar dating (DeVries, 1998; Uhen et al., 2011), 93 

as well as by biostratigraphic data on their radiolarians, diatoms, calcareous nannofossils and foraminifera 94 

(Coletti et al., 2019; DeVries, 1998; DeVries et al., 2006; Dunbar et al., 1990; Fourtanier and Macharé, 1988; 95 

Ibaraki, 1993; Lambert et al., 2019; Lambert et al., 2017b; Macharé et al., 1988; Macharé and Fourtanier, 96 

1988; Marty, 1989; Tsuchi et al., 1992; 1988). Nonetheless, a thorough biostratigraphic assessment of these 97 

sediment units is at present still lacking. 98 

Our work aims at defining a high-resolution biostratigraphic framework for the Paleogene Paracas and 99 

Otuma Formations through the Zamaca area, some 50 km south of the town of Ica, based on the 100 

integration of calcareous nannofossil, diatom and silicoflagellate biostratigraphy from four measured 101 

stratigraphic sections along the Ica River Valley. Coupled with prior absolute 39Ar-40Ar ages, and compared 102 

with previous sparse dating at other localities, the herein presented stratigraphic scheme will support the 103 



age determination of many marine vertebrate fossils that have been (and are being) collected from these 104 

formations, whose palaeontological content comprises one of the most globally representative marine 105 

vertebrate fossil assemblages for the middle-late Eocene time span. 106 

 107 

2. Geological setting 108 

 109 

2.1. Regional setting  110 

 111 

The East Pisco Basin is one of the Cenozoic forearc basins developed along the coast of Peru and 112 

related to the subduction of the Farallon/Nazca plate underneath the South American plate (Thornburg and 113 

Kulm, 1981). Oblique subduction, extensional and strike-slip faults, as well as basal subduction erosion (Clift 114 

et al., 2003; von Huene and Lallemand, 1990; Herbozo et al., 2020) are responsible for a long-lasting and 115 

discontinuous subsidence that continued from the Eocene to the Mio-Pliocene, providing the 116 

accommodation space for the deposition of a thick sedimentary succession.  117 

Structural highs of different nature, running almost parallel to the coast, separate two sets of basins. From 118 

north to south, the shelf Sechura, Salaverry and East Pisco basins are bound by the Coastal Batholith 119 

onshore and the Outer Shelf High offshore, while several slope basins, including the Talara, Truillo, Yaquina, 120 

Lima, West Pisco, and Caballas basins (Suess andVon Huene, 1988), occur between the Outer Shelf High 121 

and the Upper slope Ridge offshore (Figure 1a). 122 

 123 

2.2. The East Pisco Basin  124 

 125 

The Cenozoic sediment infill of the East Pisco Basin (Figure 1b) lays on a basement comprising the 126 

Proterozoic Arequipa Massif (Ramos, 2008 and references therein) intruded by the lower Paleozoic 127 

granitoids of the San Nicolás batholith (Musaka and Henry, 1990) and overlain by the Jurassic 128 

volcanosedimentary rocks of the Guaneros Formation (Léon et al., 2008) and is punctuated by a series of 129 

conspicuous erosional unconformities that bound sedimentary units on a variety of scales (DeVries, 1998; 130 



Dunbar et al., 1990; Di Celma et al., 2018a, 2019). The oldest unit encountered in the basin fill-succession, 131 

assigned to the Ypresian, was described near Puerto Caballas by DeVries (2017) and is of continental and 132 

marginal marine nature (DeVries, 2019); this unit is not present in our study area. 133 

The Paracas Formation, as described by Dunbar et al. (1990) in the study area rests directly on the 134 

crystalline basement and comprises two lithostratigraphic units: the middle Eocene coarse-grained biogenic 135 

Los Choros member (Balarezo et al., 1980; Petersen, 1954) and the middle-upper Eocene fine-grained 136 

Yumaque member. The Otuma Formation, as originally defined by DeVries (1998) in the Paracas Peninsula, 137 

is a fine-grained unit that was originally dated to the early Oligocene. Its base however was subsequently 138 

redefined in our study area and constrained by Ar-Ar data to the late Eocene (DeVries et al., 2006; DeVries 139 

et al., 2017). The Chilcatay Formation is composed of mixed coarse- and fine-grained successions recording 140 

deposition in shoreface, offshore, and subaqueous delta settings. An internal unconformity separates this 141 

unit into two distinct stratal packages, namely Ct1 and Ct2. It was deposited between the late Oligocene-142 

early Miocene (Macharé et al., 1988) but only lower Miocene deposits have been reported from our study 143 

area so far (Di Celma et al., 2018b; Di Celma et al., 2019; Lambert et al., 2017a). The Pisco Formation is an 144 

extended sedimentary unit, constituted by three distinct unconformity-bounded stratal packages, named 145 

P0, P1 and P2 (Di Celma et al., 2017; Di Celma et al., 2018a; Di Celma et al., 2016a; Di Celma et al., 2016b). 146 

Each of these units consists of a basal boulder layer with phosphate nodules and containing abundant 147 

mollusks, followed by a sandy interval that passes upwards into a thick succession of silt-grade sediments. 148 

While terrigenous siltstones are dominant in P0, diatomites occur in P1 and P2. The age of the three 149 

sequences have been constrained through a combination of 39Ar-40Ar dating, strontium isotopic (87Sr/86Sr) 150 

estimates and diatom biostratigraphy (Bosio et al., 2018; Bosio et al., 2020a; Bosio et al., 2020b; Gariboldi 151 

et al., 2017) between 14.8–12.4 Ma (P0), 9.5-8.6 Ma (P1) and 8.4-6.7 Ma (or younger, P2). Pliocene strata of 152 

the Pisco Formation have also been documented near the city of Pisco, about 170 km northwest of the 153 

current study area (Solís Mundaca, 2018). 154 

 155 

2.3. Nature and age of upper Paleogene sediments of the East Pisco Basin and other Peruvian forearc 156 

basins 157 



 158 

Sedimentation in the forearc basins of Peru has occurred since the Eocene and is represented by 159 

different sediment types. Throughout the coastal outcrops of Peru, the lower Eocene is characterised by 160 

continental deposition, documented from north (Talara Basin, Higley, 2004) to south (Caballas basin, 161 

DeVries, 2017). In the Talara basin, lower Eocene shallow marine deposits (Mogollon Formation, Narvàez-162 

Rodriguez and Pardo-Arguedas, 2009) are followed by middle-upper Eocene deeper water deposits of the 163 

Talara group, which have been dated through nannofossil biostratigraphy (CP12-15; NP14-20, Narvàez-164 

Rodriguez and Pardo-Arguedas, 2009; Narvàez-Rodriguez and Setembrino, 2001).  165 

The Paracas Formation comprises the oldest sediments exposed in the studied portion of the East Pisco 166 

Basin (Figure 2, 3). They are Lutetian in age and consist of coarse-grained biogenic limestones of the Los 167 

Choros member at the base (e.g. Coletti et al., 2019; DeVries, 1998; Dunbar et al., 1990; Léon et al., 2008; 168 

Lisson, 1925; Rivera, 1957), grading upward into Lutetian-Priabonian calcareous and terrigenous sediments 169 

of the Yumaque member, that in turn are overlain by the Otuma Formation (DeVries, 1998; Dunbar et al., 170 

1990). 171 

Eocene laminated diatomites occur in the East Pisco Basin and were dated through radiolarian (Dunbar et 172 

al., 1990; Marty et al., 1988) and diatom (Fourtanier and Macharé, 1988) biostratigraphy to the late 173 

Eocene, with a minimum age datum to the lower Oligocene at Fundo Desbarrancado (Figure 2). They were 174 

originally assigned to the Yumaque member of the Paracas Formation but now considered as part of the 175 

Otuma formation, as recently redefined by DeVries et al. (2006; 2017) in the Ica River Valley. Radiolarian-176 

rich diatomites have been reported from different locations of the East Pisco Basin, from north to south: 177 

Playa Yumaque, Quebrada Perdida, Quebrada Santa Cruz (Dunbar et al., 1990; Fourtanier and Macharé, 178 

1988; Marty et al., 1988) and from the Chira Formation in the Sechura Basin at Bahovar (Dunbar et al., 179 

1990). Planktonic foraminifera biostratigraphy of the sedimentary sections in the northern sector of the 180 

East Pisco Basin revealed a middle Eocene age for sandstone-siltstones exposed near the city of Paracas 181 

and an early Oligocene age for sandstones exposed at Playa Yumaque and Salinas de Otuma (Ibaraki, 1993). 182 

The latter sections were subsequently used by DeVries (1998) to define the transgressive Oligocene Otuma 183 

Formation (32-31 Ma), above the middle-upper Eocene Yumaque Formation (42-34 Ma). The two units are 184 



separated by an unconformity, marked by a mixture of crystalline boulders from the basement and oysters, 185 

interpreted as due to local tectonics and possibly diachronous across the East Pisco Basin (DeVries, 1998). 186 

Re-visitation of outcrops and new age determinations at different localities of the East Pisco Basin (DeVries 187 

et al., 2006; 2017) led to the definition of a late Eocene-early Oligocene age for the Otuma Formation in the 188 

East Pisco Basin. Therefore the diatomaceous layers, previously assigned to the directly underlying 189 

Yumaque member of the Paracas Formation, are now part of the Otuma Formation. Dating of the Chira 190 

Formation in the Sechura Basin also provided a late middle-late Eocene age from radiolarians (Dunbar et 191 

al., 1990) as well as from calcareous nannofossils and diatoms (NP 17-20, Tsuchi et al., 1988). 192 

Middle-upper Eocene marine sediments were recovered through ocean drilling off the Peruvian coast, but 193 

only at some sites on the lower slope of the forearc (ODP112-683, seaward side of Yaquina Basin to the 194 

north, ODP112-682, 688 to the south, Martini, 1990a) and on the Nazca Plate offshore (DSDP 34-321 and 195 

ODP201-1231, Blechschmidt, 1976) and not on the shelf – upper slope basin, with one exception (Delfin 196 

well, Tuijllo Basin,) where coarse-grained sandstones and shales-limestones of shallow marine environment 197 

(Prudhomme et al., 2019 and references therein) were present, followed by diatomites (Schrader and 198 

Castaneda, 1990). 199 

 200 

3. Methods 201 

 202 

3.1. Field work and sample collection  203 

 204 

A detailed investigation of the Paracas and Otuma strata exposed along the Ica River Valley (Figure 205 

1a; 2) was carried out in the Zamaca area between 2016 and 2019. Due to the lithological similarity of most 206 

formations of the East Pisco Basin (DeVries, 1998) and the presence of several faults that complicate the 207 

three-dimensional architecture of the basin fill, identification and correlation of the different formations in 208 

the field was often complex and required careful recognition and detailed geological mapping.  209 

Four highly detailed stratigraphic columns, informally labelled EO-Section, RIO-Section, MB-Section, OT-210 

Section, were logged through the strata of the Paracas and Otuma formations on both sides of the Ica River 211 



and tens of reconnaissance locations were investigated, concentrating on an area of approximately 75 km2 212 

(Figure 2 4). Locations for logging of stratigraphic sections were selected based on quality of exposure, 213 

accessibility, and degree of faulting.  214 

All stratigraphic sections were measured at a decimetre scale using a Jacob’s staff and sediment samples 215 

for biostratigraphic purposes were collected 1.5 to 3 m apart while measuring the sections. Furthermore, 216 

an additional 10 m thick stratigraphic column (ZAN-Section, base: 14°38'2.7"S - 75°37'57.3"W; top: 217 

14°38'2.1"S - 75°37'58.5"W) was measured in the northern portion of the study area at the top of the 218 

Otuma Formation up to the contact with the overlying Chilcatay strata and two samples were collected 50 219 

cm and 1 m above an ash bed (ZAMA-32 and 33, respectively, 14°38'44.1''S - 75°38'11.4''W) corresponding 220 

to a previously-dated volcanic ash layer (87DV 508 1Snee of DeVries, 1998). The latter locations are shown 221 

in Figure 2. A north-south striking stratigraphic panel (Figure 5) used for correlation between outcrops from 222 

equivalent stratigraphic sections at different locations was compiled by hanging the sections from a young 223 

contact that is used as a horizontal stratigraphic datum (base of Chilcatay Formation). 224 

According to previous studies (DeVries, 1998; DeVries, 2017; Dunbar et al., 1990), the different formations 225 

defined in the East Pisco Basin are separated by regional-scale major unconformities. In the field, 226 

unconformities were recognized as angular contacts and/or basal boulder layers within each measured 227 

section, walked with a hand-held GPS and traced on Google Earth images across the investigated area, 228 

wherever possible (Figures 2, 4, 5).  229 

In order to further subdivide the formations, local marker beds whose lateral extension throughout the 230 

study area allowed good control on correlation have been identified, physically tracked and mapped. They 231 

mainly consist of decimetre-thick indurated layers that can also be identified in high-resolution Goole Earth 232 

images. 233 

 234 

3.2. Biostratigraphy 235 

 236 

All sediment samples were prepared with the standard smear slide method, using a 22x40 mm 237 

cover slip and Norland@ mounting medium. All samples were analysed with a BX50 light microscope at 238 



1000x with immersion oil, considering at least two longitudinal transects or, in case of low abundances, the 239 

whole slide.  Additional slides were prepared for diatom assessment, in order to detect rare marker taxa. 240 

The presence and relative abundance of calcareous nannofossils, diatoms and silicoflagellates (Figure 7, 8) 241 

was assessed for each sample and tabulated (Figure A.1). The total abundance of each group relative to the 242 

remaining sediment was estimated using the categories of Koç and Scherer (1996): D = dominant, >60%; A 243 

= abundant, 20-60%; C = common, 5-20%; F = few, 2-5%; R = rare, <2%; B = barren. 244 

Within each group, the relative abundance of each species was estimated per field of view (FOV) or 245 

transect on the slide, as: A = abundant; >10/FOV; C = common; 1–10 /FOV; F = few; 1/10 FOVs; R = rare; ≥ 3 246 

/transect; VR = 1 /transect; Fragments (for diatoms, presence of broken valves); B = barren. 247 

Preservation was indicated as: G = good, no evident sign of dissolution (nannofossils) or breakage 248 

(diatoms); M = moderate, signs of dissolution present but features still visible (nannofossils), common 249 

areolae enlargement and dissolution of frustule rims (diatoms); B = bad, strong signs of dissolution, 250 

features poorly preserved but species still recognizable (nannofossils); strong dissolution and breakage 251 

(diatoms); VB = very bad, nannofossil species undefined. 252 

Calcareous nannofossil species follow the taxonomy of Perch-Nielsen (1985a) and Young et al. (2020). Zonal 253 

schemes are based on Martini (1971), with zonal codes NP, and on Agnini et al. (2014), with zonal codes 254 

CNE. Reference to the zonal scheme of Okada and Bukry (1980), with zonal codes CP is also made. All 255 

calibrated bioevents reported in Agnini et al. (2014) and recognised in the present work (Figure A.2, A.3) 256 

were used to build the age model (Figure A.4, Figure 6). All zonal schemes and relative bioevents were 257 

plotted with Time Scale Creator and referred to the Geomagnetic Polarity Time Scale 2020 of Gradstein et 258 

al. (2020) (Figure 3).  259 

Diatom species follow an extended taxonomy (Fenner, 1984; Fenner, 1985; Gombos, 1976; Harwood and 260 

Bohaty, 2001; Oreshkina and Radionova, 2014; Strelnikova et al., 2001). The single species biostratigraphic 261 

range are reported by different authors (Arney et al., 2003; Barron, 1985; Barron and Baldauf, 1995; Barron 262 

et al., 1984; Barron et al., 2014; Barron et al., 2015; Danelian et al., 2007; Expedition 320/321 Scientists, 2010; 263 

Fenner, 1976; Fenner, 1984; Fenner, 1985; Gladenkov, 2013; Gombos, 1976; Lazarus et al., 2014; Oreshkina 264 

and Aleksandrova, 2007; Scherer et al., 2007; Sims et al., 1989; Strelnikova et al., 2001). We follow the 265 



biozonal scheme of Barron et al. (2015), which was developed after the low-latitude zonation of Fenner 266 

(1984, 1985) and Scherer et al. (2007), including bioevents from Expedition 320/321 Scientists (2010). 267 

Silicoflagellate species follow the taxonomy developed during DSDP-ODP expeditions and summarised in 268 

Perch-Nielsen (1985b). The zonation of Bukry (1981), partly updated by Barron et al. (2015) is used. Ebridian 269 

and incertae sedis species follow Onodera and Takahashi (2009) and Witkowski et al. (2020). 270 

 271 

3.3. Age model 272 

 273 

The age model developed here for the upper Paracas-Otuma succession is based on calcareous 274 

nannofossil bioevents and is supported by diatom and silicoflagellate assemblages. The four investigated 275 

sections were correlated in the field and on Google Earth imagery using lithological marker layers (Figure 4, 276 

5): from northwest to southeast, the base of the Otuma Formation (OE0 unconformity) and the base of the 277 

Chilcatay Formation (CE0 unconformity) are tracked through the OT, RIO and EO sections; the base of the 278 

Paracas (PaE0 unconformity) is tracked from the MB to the RIO and OT sections. As all the identified 279 

bioevents can be tracked from section to section (Figure 5), a composite section was created by aligning all 280 

sections at the base of the Otuma Formation and plotting bioevents on EO-section height (Table A.2). To do 281 

so: 282 

- for the RIO-Section, the height has been adjusted due to the presence of a small-displacement normal 283 

fault close to the base of the Otuma Formation: for the Paracas Formation, the youngest bioevent (First 284 

Occurrence of C. oamaruensis) was correlated with the EO-Section; for the upper part of the RIO-Section, 285 

15.5 m were added to account for the portion lost due to fault displacement, as estimated both in the field 286 

and through Google Earth images.  287 

- For the MB-Section, which falls entirely in the Paracas Formation, the youngest bioevent (First Occurrence 288 

of R. stavensis) was correlated with that of the EO-Section and considering a certain distance of its top from 289 

the base of the overlying OT-Section: plotted in this way, the base of the MB-Section has an EO-Section 290 

scale height of -23 m, accounting for the basal portion of the sequence, which is not recorded at the EO-291 

Section.  292 



The age model (Figure 6) was created by averaging the height of bioevents among sections and considering 293 

vertical error bars (Figure A.2). Sedimentation rates were calculated for the Paracas and Otuma Formations 294 

considering different lines of correlation. Age-height plots and lines of correlations for the single 295 

stratigraphic sections are shown in Figure A.4. 296 

 297 

4. Results 298 

 299 

The lithology and biostratigraphy of the different stratigraphic columns (Figure 5; Figure A.1) is 300 

described below, from south to north. Heights are indicated as meters (m) above the base of the sections 301 

(abs). 302 

 303 

4.1. The EO-Section 304 

The EO-Section (Figure 4a) starts on the PaE0 unconformity, with a boulder layer on top of the 305 

crystalline basement, followed by about 17 m of medium-grained sand. This interval is barren of planktonic 306 

microfossils and represents the coarser Los Choros member of the Paracas Formation. This grades upward 307 

into the finer Yumaque member, characterised from 19 to 68 m abs by a slightly calcareous silt, with rare to 308 

very rare calcareous nannofossils that generally show a poor to very poor preservation. Reticulofenestra 309 

reticulata (base 42.37 Ma) is present from the base of this interval, pointing to a late LutetianBartonian age 310 

(biozones CNE14, upper NP16); its concentration is low but increases from 68 m abs upwards. 311 

Reticulofenestra bisecta and Reticulofenestra stavensis (base 40.34 Ma) occur at 24 and 34 m abs, 312 

respectively, indicating the base of CNE15. Sphenolithus spiniger is rare in the samples, and its last 313 

occurrence is observed at 61 m abs. Sphenoliths are overall rare in the samples, so neither the last 314 

occurrence of S. furcatulithoides nor the first occurrence of S. obtusus could be identified along the section.  315 

The last occurrence of Chiasmolithus solitus (FO between 39.8 and 38.7 Ma, marking the base of NP17) is 316 

observed at 70 m abs. R. erbae (FO at 37.88 Ma, LO at 37.46 Ma) and C. oamaruensis (FO at 37.84 Ma), two 317 

important markers for the Priabonian, are very rare in the samples, but their first occurrences were 318 

detected at 75 and 78 m abs, respectively, while the last occurrence of R. erbae occurred at the Paracas-319 



Otuma boundary. Chiasmolithus grandis is rare and scattered. Differently from the calibration of Agnini et 320 

al. (2014), its last occurrence is detected well below that of C. solitus and it is therefore not considered to 321 

build the age model. 322 

Typical shallow water calcareous nannofossils (Pemma basquense, Zygrhablithus bijugatus) occur from 33 323 

to 64 m abs. Three tephra layers occur in the 90-95 m interval.  324 

At 98 m abs, the sharp OE0 unconformity (Figure 4a) marks the base of the Otuma Formation. This starts 325 

with 25 m of fine-grained sand, where calcareous nannofossils range from very rare to common and their 326 

preservation from very poor to moderate. The first occurrence of Isthmolithus recurvus (Base at 36.84 Ma, 327 

within CNE18 and marking the base of NP19-20), is detected 5 m from the base of the Otuma Formation 328 

within the fine sand at 103 m abs. An increase in abundance of Pontosphaera multipora is observed just 329 

above it at 106 m abs, representing a local correlation event. From 123 to 178.5 m abs, the lithology is 330 

represented by silt with a dominant terrigenous composition and the presence of five tephra layers and 331 

several indurated (carbonate) orange layers. Calcareous nannofossils are absent or very rare, preventing 332 

the identification of any bio-event. The highest sample in the section that contains calcareous nannofossils 333 

is at 169 m abs: R. reticulata is still present, pointing to a late Priabonian age (CNE19 or 20 and NP19-20).  334 

The sediments of the Otuma Formation do not contain diatomaceous layers and are truncated at the top by 335 

the CE0 unconformity, followed by the coarse sand layers of the overlying Chilcatay Formation. 336 

 337 

4.2. The RIO-Section 338 

The RIO-Section (Figure 4b) starts a few meters above the PaE0 unconformity, with 9 m of gravel 339 

grading upward into medium-grained sand: these represent the coarse-grained Los Choros member of the 340 

Paracas Formation. This interval is followed by 44 m of slightly calcareous silt, constituting the finer 341 

Yumaque member of the Paracas Formation. Calcareous nannofossils are present from 7 m abs upward, 342 

ranging from very rare to common and with moderate to bad (good in one sample) preservation. R. 343 

reticulata is present, although rare, from 7 m abs and becomes common from 39 m upwards. 344 

Reticulofenestra bisecta and R. stavensis occur at 9 and 15 m abs, respectively, pointing to the base of 345 

biozone CNE15.  346 



Sphenolithus spiniger is rare and scattered and only occurs up to 37 m abs. No other stratigraphically useful 347 

sphenoliths were recovered. Probably due to the lower sampling resolution (3 m), the last occurrence of C. 348 

solitus and the first occurrence of R. erbae, separated by almost 1 Ma, were both detected at 41 m abs and 349 

the first occurrence of C. oamaruensis was detected at 46 m abs. Chiasmolithus grandis is scattered 350 

throughout the section and its last occurrence is detected at 33 m abs, below that of C. solitus. 351 

Neococcolithes spp., indicated by some authors to indicate the Bartonian/Priabonian limit, are scattered in 352 

the lower samples and last occur at 49 m abs. Typical shallow water calcareous nannofossils (Pemma 353 

basquense, Zygrhablithus bijugatus and Micrantholithus spp.) occur from 30 to 49 m abs. 354 

At 50 m abs, the section is truncated by a normal fault that, due to sediment cover, was not detected 355 

during the field work, but was later observed from Google Earth imagery. The thickness of the sediment 356 

column lost by fault dislocation was estimated to be approximately 15.5 m.  357 

The sharp OE0 unconformity (Figure 4b) at 53 m marks the base of the Otuma Formation. This is 358 

characterised by about 8 m of fine-grained sand, followed by 82 m of slightly calcareous silt: this becomes 359 

predominantly terrigenous silt upwards and, towards the top, two diatomacous layers (106.5-110 m abs 360 

and 115-127.5 m abs) are present. Several cemented (carbonate) orange layers occur along the sediment 361 

column, some of them forming distinct benches in the field, and two tephra layers were identified (at 88 362 

and 125 m abs). In the non-barren layers, calcareous nannofossils range from very rare to common and 363 

their degree of preservation is very poor to good. Isthmolithus recurvus appears at 61.5 m abs just above 364 

the basal fine-sand layer (marking the base of NP19-20). An increase in P. multipora is observed from 57 to 365 

69 m abs. No further calcareous nannofossil bioevents were recorded above, due to the absence of 366 

calcareous nannofossils or their bad preservation. The highest sample in the section that contains 367 

calcareous nannofossils is at 98 m abs: R. reticulata is still present, pointing to a late Priabonian age (CNE19 368 

or 20 and NP19-20).  369 

Diatomites are characterised by a diverse diatom assemblage (Figure A.1) with some markers (Figure A.3) 370 

typical of the late Paleocene to middle Miocene (Hemiaulus altus), Eocene to early Miocene 371 

(Distephanosira architecturalis), late Paleocene to late Eocene (H. subacutus without basal constrictions, 372 

Fenner, 1985), Eocene to late Oligocene (Pyxilla gracilis), middle Eocene to early Oligocene (H. 373 



polycystinorum, P. reticulata). Cestodiscus is rare to few and mostly represented by the late Eocene 374 

Cestodiscus aff. intersectus, with rare occurrences of the middle-late Eocene C. senarius and the marker 375 

species C. pulchellus var. novazealandica (FO 39.0 Ma, LO 35.0 Ma) and C. fennerae (FO 36.9 Ma, LO 34.1 376 

Ma). Azpeitia tuberculata-oligocenica, a transitional form (Barron pers. comm.) restricted between the late 377 

middle Eocene and late Eocene (Barron et al., 2014) also occurs. Therefore, the diatomaceous portion of 378 

the stratigraphic section can be assigned to the Cestodiscus fennerae zone. 379 

Silicoflagellates are represented by rare specimens of Corbisema triacantha s.l. and the middle-late Eocene 380 

marker Dictyocha hexacantha (D. hexacantha zone, e.g. Perch-Nielsen, (1985b), correlated with nannofossil 381 

zone CP13c-CP15a (Barron et al., 1984) with last occurrence at 36.6 Ma, Barron et al., 2015), thus 382 

supporting a late Eocene age for this portion of the section. Rare occurrences of the ebridian Ebriopsis 383 

crenulata (middle Eocene-Oligocene) are observed. 384 

The section is truncated at the top by the CE0 unconformity, marking the base of the overlying Chilcatay 385 

Formation 386 

 387 

4.3. The MB-Section 388 

The MB-Section (Figure 4c) starts a few metres above the crystalline basement, with 1 m of fine-389 

grained sand, representing the top of the coarser Los Choros member of the Paracas Formation and is 390 

followed by 98 m of slightly calcareous silt of the finer Yumaque member. Excluding a few barren samples, 391 

calcareous nannofossils range from very rare to common and their preservation is poor to moderate or 392 

even good. The first occurrence of R. reticulata (42.37 Ma) is identified at 15 m abs, indicating the base of 393 

CNE14. R. reticulata ranges from rare to few throughout the section. R. bisecta and R. stavensis (Base at 394 

40.34 Ma) occur at 50 and 64 m abs, respectively, marking the base of CNE15. Additional bio-events were 395 

not detected along this section and S. spiniger and C. solitus are still present at the top. Typical shallow 396 

water calcareous nannofossils (Pemma basquense, Zygrhablithus bijugatus and Micrantholithus spp.) occur 397 

from 6 to 40 m abs and from 82 m abs to the top of the section. 398 

 399 

4.4. The OT-Section 400 



The OT-Section (Figure 4d) is the continuation of the MB-Section at a slightly northern location. This 401 

section is a composite of five partial sections pieced together by walking along indurated orange layers 402 

connecting the stratigraphically upper part of one exposure to the lower part of a nearby exposure. The 403 

section starts with 10 m of fine silt of the Yumaque member of the Paracas Formation containing abundant 404 

R. reticulata and rare specimens of Neococcolithes at the base. The sharp OE0 unconformity, characterised 405 

by a boulder layer (Figure 4e and 4f), marks the base of the Otuma Formation, that starts with 8 m of 406 

medium-grained sand, followed by 277 m of silt, characterised by a slightly calcareous composition (Figure 407 

4h) at the base but becoming mostly terrigenous upwards; diatomites are present at 149-152, 164-176 and 408 

195-212 m abs. Three tephra layers occur within the 217-220 m abs layer (Figure 4i). Several cemented 409 

(carbonate) orange layers occur along the section and form distinct layers, that have been traced for 410 

correlation purposes (Figure 2 and 4d).  411 

In the non-barren layers, calcareous nannofossils range from very rare to common and their preservation is 412 

very poor to moderate. S. spiniger, C. solitus, R. erbae and C. oamaruensis were not detected, so the last 413 

occurrence of the first two and the first occurrence of the latter two must be at some point between the 414 

top of the MB-Section and the base of the OT-Section. Isthmolithus recurvus (Base at 36.84 Ma, within 415 

CNE18 and at the base of NP19-20) appears at 37 m abs and is followed by increased abundance of P. 416 

multipora from 44 to 71 m abs. Zone CNE19 was not identified. The last occurrence of R. reticulata was 417 

detected at 257 m abs and marks the base of CNE20. D. saipanensis and D. barbadiensis are still present in 418 

the uppermost nannofossil-containing samples at 273 m.  419 

Diatomites contain an abundant and diverse diatom assemblage with some markers typical of the late 420 

Paleocene to middle Miocene (H. altus), late Paleocene to late Eocene (H. subacutus without basal 421 

constrictions, Fenner 1985), Eocene to early Miocene (D. architecturalis), Eocene to late Oligocene (P. 422 

gracilis), middle Eocene to early Oligocene (H. polycystinorum, P. reticulata). Furthermore, in the 423 

uppermost sample (OT63), we found also one specimen of H. subacutus with basal constrictions typical of 424 

early Oligocene specimens (Fenner, 1985) and a few specimens of the middle-late Eocene species H. 425 

grassus (LO 35.1 Ma Expedition 320/321 scientists, 2010). Rare to few late Eocene Cestodiscus aff. 426 

intersectus, rare middle-late Eocene C. senarius, rare C. pulchellus var. novazealandica (FO 39.0 Ma – LO 427 



35.0 Ma) and late middle Eocene to late Eocene A. tuberculata-oligocenica. Therefore, the upper 428 

diatomaceous portion of the stratigraphic section can be assigned to the Cestodiscus pulchellus var. 429 

novazealandica – C.fennerae zone. 430 

Silicoflagellates are rare in these samples, but represented by a typical Eocene species, N. foliacea, as well 431 

as the middle-late Eocene marker, Dictyocha hexacantha. This species is absent from the topmost sample 432 

(OT63), where a few specimens of the late late Eocene to Oligocene C. triacantha mediana were identified. 433 

Rare occurrences of the ebridian E. crenulata (middle Eocene to Oligocene) and of the incertae sedis M. 434 

barbadensis (middle Eocene to early Oligocene) are observed. 435 

At 296 m abs, the Otuma Formation is truncated at the top by the CE0 unconformity, followed by the 436 

coarse sand layers of the overlying Chilcatay Formation.  437 

 438 

4.5. Additional samples 439 

The 10 m thick ZAN-Section (not drawn) has been sampled within the upper Otuma layers up to the 440 

contact with the overlying Chilcatay Formation and consists mainly of terrigenous silt. Calcareous 441 

nannofossils are only present in three samples, where they are few to common in abundance and with a 442 

moderate to poor preservation. The assemblage is depleted and is mainly represented by large placoliths 443 

(R. bisecta, R. stavensis, C. formosus, C. pelagicus); R. reticulata was never observed, while D. saipanensis 444 

was present in one sample, thus assigning this interval to biozone CNE20. 445 

Diatom fragments were present in the upper portion of the sequence, but no intact valves have been 446 

observed. 447 

The two ZAMA samples, obtained from just above one of the tephra layers dated in DeVries (1998) at 35.7 448 

Ma, are represented by diatomites, while calcareous nannofossils are absent. Diatom assemblages contain 449 

some markers typical of the Paleocene to the early Oligocene (Pterotecha aculeifera), late Paleocene to late 450 

Eocene (Hemiaulus subacutus without basal constrictions, Fenner, 1985), late Paleocene to middle Miocene 451 

(H. altus), Eocene to early Miocene (D. architecturalis), middle Eocene to early Oligocene (H. 452 

polycystinorum). Rare late Eocene Cestodiscus aff. intersectus, very rare middle-late Eocene Cestodiscus 453 

senarius, very rare Cestodiscus pulchellus var. novazealandica (FO 39.0 Ma – LO 35.0 Ma) and late middle – 454 



late Eocene Azpeitia tuberculata-oligocenica also occur. Therefore, the upper diatomaceous portion of the 455 

stratigraphic section can be assigned to the Cestodiscus pulchellus var. novazealandica – C. fennerae zone. 456 

Silicoflagellates are few but diverse and contain Dictyocha hexacantha (Middle-Late Eocene), Corbisema 457 

triacantha s.l., Corbisema jerseyensis, indicated as a late Eocene species (Barron et al., 2014; Bukry, 1987; 458 

Tsoy, 2011), Corbisema hastata incohata, common from late Eocene sediments (Bukry, 1987), Naviculopsis 459 

foliacea, spanning the whole Eocene with rare specimens found in the early Oligocene (McCartney et al., 460 

2020) and Bachmannocena apiculata typical of the late Eocene-early Oligocene (Hajós, 1976). Long-ranging 461 

Stephanocha speculum and Distephanopsis crux were observed only in a few samples. 462 

 463 

5. Discussion 464 

 465 

5.1. Eocene biostratigraphic markers in the East Pisco Basin and local correlation events  466 

 467 

Although several biostratigraphic studies have been performed for the East Pisco Basin Eocene 468 

sediments, by means of calcareous nannofossils, diatoms, planktonic foraminifera and radiolarians 469 

(Fourtanier and Macharé, 1988; Macharé and Fourtanier, 1988; Tsuchi et al., 1992; Tsuchi et al., 1988; 470 

Ibaraki et al., 1993; DeVries, 1998), and often resulting in the recognition of biozones, only a few 471 

stratigraphic columns have been analysed in detail, with the identification of bioevents. Among these, 472 

Lambert et al. (2017b, 2019) dated through calcareous nannofossils a stratigraphic column across the 473 

Paracas and Otuma formations at the locality of Media Luna. Coletti et al. (2019) dated through benthic 474 

foraminifera the uppermost portion of the Los Choros member and through calcareous nannofossils the 475 

basal layers of the Yumaque member along a short section across the Ica River Valley. Marty (1989) dated 476 

through radiolarians four upper Eocene sequences from different locations (Playa Yumaque, Quebrada 477 

Perdida, Quebrada Santa Cruz and Fundo Desbarrancado). 478 

Eocene calcareous nannofossils along the stratigraphic columns analysed in this work are dominated by 479 

large placoliths, with low diversity. Many species representing stratigraphic markers are rare (R. erbae, C. 480 

grandis, C. oamaruensis, S. spiniger, D. saipanensis, D. barbadiensis) or absent (R. isabellae, some 481 



Sphenolithus species), thus preventing the full application of the high-resolution biostratigraphic scheme 482 

developed by Agnini et al. (2014) for low and middle latitudes. However, comparison among the four main 483 

sediment columns (Figure A.2, A.4) confirms the stratigraphic position of the identified bioevents and 484 

allows their correlation to build a robust age model (Figure 6).  485 

Additional bioevents have been considered for strengthening local correlations and are related to R. 486 

reticulata, Neococcolithes and P. multipora (Figure 5).  487 

R. reticulata is present with low abundance in the lower part of the sections, not only close to its first 488 

occurrence at 42.37 Ma, but even well within its range (i.e. after the first occurrence of R. stavensis, 40.3 489 

Ma). It becomes common to abundant since the interval within the last occurrences of S. spiniger and C. 490 

solitus. This local event, although not biostratigraphically dated, represents a useful local correlation event 491 

that occurs close to the top of the Yumaque member. 492 

The Top of Neoccolithes sp. is considered by Perch-Nielsen (1985a) as an approximation of the Bartonian-493 

Priabonian limit. Neococcolithes species are rare in our samples, but their last occurrence can be traced 494 

from the RIO to the OT-Sections and occurs at the top of the Yumaque member.  495 

Finally, P. multipora is rare and scattered along the sections, but becomes common close to the first 496 

occurrence of I. recurvus and can thus be used to locally strengthen the correlation.  497 

The diatomaceous portion of the Otuma Formation contains typical late Eocene species. Among these C. 498 

fennerae (in RIO samples) indicates the C. fennerae biozone, also confirmed by the presence of H. grassus 499 

(LO at 35.1 Ma, Expedition 320/321 scientists, 2010). Accordingly, several specimens of a transitional form 500 

between Azpeitia tuberculata (FO 45.8 Ma, LO 34.2 Ma) and Azpeitia oligocenica (FO 34.2 Ma, 20.5 Ma) 501 

indicate a time span between 37.0 and 33.9 Ma (Barron et al., 2014). Similarly, a late Eocene age 502 

determination was obtained through diatom biomarkers by Fourtanier and Macharé (1988) and Macharé 503 

and Fourtanier (1988) west of the Ica River and further south along the Ica River in Fundo Desbarrancado 504 

(Figure 2). Differently, at Cerro Tiza, a few kilometres west of the Zamaca study area, DeVries et al. (2017) 505 

reported a sample (DV 591-1) containing diatom Rouxia obesa, which has its first occurrence in foram Zone 506 

P18 (about 33.8 to 32 Ma; see Berggren et al., 1995) suggesting an early Oligocene age for the top of the 507 

Otuma Formation at that location. The apparently contradictory age of the uppermost strata of the Otuma 508 



Formation throughout this portion of the basin is probably due to the prominent angular unconformity at 509 

the contact with the overlaying Chilcatay Formation, which controls the exposure of Otuma sediments of 510 

different ages. 511 

Silicoflagellates were not recorded from the deep-sea Eocene sequences off Peru (Martini, 1990b), but are 512 

reported from some sparse samples from the East Pisco Basin (Bukry, 1987). In the sections analysed here, 513 

all the silicoflagellate species support a middle-late Eocene age: N. foliacea spans the Eocene, with rare 514 

occurrences in the early Oligocene (McCartney et al., 2020), while C. jerseyensis, C. hastata incohata (Bukry, 515 

1987) and B. apiculata (Barron et al., 2015) are restricted to the upper middle to late Eocene. Dictyocha 516 

hexacantha is the marker species for the D. hexacantha range zone (43.6-36.6 Ma, Barron et al., 2015): its 517 

co-occurrence with B. apiculata points to the upper part of its range and its last occurrence is probably 518 

slightly younger in our section, as the species is present well above the FO of the calcareous nannofossil I. 519 

recurvus (FO 36.84), unless reworked. D. hexacantha is absent from the topmost diatomaceous layer 520 

(OT63), where a few specimens of the late Eocene-Oligocene C. triacantha mediana (FO 34.7 Ma, Barron et 521 

al., 2014) were recovered.  522 

 523 

5.2. Age model, sedimentation rates and nature of the Paracas and Otuma Formations in the East Pisco 524 

Basin 525 

 526 

Eocene marine deposits are not abundant in the East Pisco Basin, and are scarcely represented in 527 

the record of the DSDP-ODP cores from the submerged basins of the Peruvian margin, but are more 528 

extensively exposed in the northern uplifted forearc basins, namely the Sechura and Talara basins.  529 

The lowermost sediments of the East Pisco Basin are mostly related to continental (DeVries, 2017) or 530 

shallow marine depositional environments (DeVries, 2019) and were tentatively attributed by DeVries 531 

(2017; 2019) to the Ypresian (56.0–47.8 Ma). Such attribution was based on similarities between the upper 532 

Caballas molluscan assemblage and that described by Olsson, 1928; 1930) from the upper part of the 533 

Chacra-Salinas Group of the Talara Basin, placed in the Ypresian by Fildani et al. (2008) and Higley (2004). 534 



The middle and upper Eocene sedimentation of Peru is characterised by marine coastal and deep-water 535 

facies, in both the East Pisco Basin and the northern Peruvian Sechura and Talara basins (Dunbar et al., 536 

1990; Narvàez-Rodriguez and Pardo-Arguedas, 2009; Narvàez-Rodriguez and Setembrino, 2001). Both are 537 

characterised by a discontinuous sedimentation, that records major transgressions separated by important 538 

hiatuses (Marty, 1989).  539 

In the offshore record, calcareous nannofossil biostratigraphy allowed identification of the late Eocene 540 

zone NP20 directly on top of the basement (DSDP34-321). On the lower slope, middle Eocene (NP16-17) 541 

sedimentation with shallow-water calcareous nannofossil species and shelf assemblages of benthic 542 

foraminifera is followed by a hiatus that covers the upper Eocene (ODP112-682) up to the Oligocene 543 

(ODP112-688) or lower Miocene (ODP112-683) (Martini, 1990a); this extended hiatus is known as the IQ 544 

unconformity (Von Huene et al., 1988). 545 

In the East Pisco Basin, at the Ica River sediment succession, the marine sediments start with the Los 546 

Choros member of the Paracas Formation, with the PaE0 unconformity directly laying on top of the 547 

basement. The Los Choros member has been referred to a time interval comprised between 43.6 Ma and 548 

42.3 Ma (Coletti et al., 2019). 549 

The base of the Yumaque member is time-transgressive and occurs just below or just above the first 550 

occurrence of the calcareous nannofossil R. reticulata, dated at 42.37 Ma (Agnini et al., 2014), as observed 551 

in the section of Media Luna (Lambert et al., 2019; Lambert et al., 2017b) and across the Ica River (Coletti et 552 

al., 2019), respectively. It was dated between 42 and 39 Ma based on radiolarians at different localities 553 

both north and south of the Zamaca locality (Dunbar et al., 1990; Marty, 1989)  554 

The age-height plot of the identified bioevents on our composite section (Figure 6) allowed calculation of 555 

sedimentation rates for the Paracas and Otuma Formations, considering different lines of correlation. 556 

For the Yumaque member of the Otuma formation, the average sedimentation rate ranges between 24 557 

m/My (blue line), as calculated between the first occurrence of R. reticulata and the first occurrence of R. 558 

stavensis, to 17 m/My (orange line), as calculated between the first occurrence of R. reticulata and the first 559 

occurrence of R. erbae/C. oamaruensis, which are very close to each other in time (37.88/37.84 Ma) and 560 

space. The last occurrence of S. spiniger is well constrained among sections but is a time-transgressive 561 



event (Top common of Agnini et al., 2014, corresponding to 40.1 Ma, but ranging from 37.32-40.40 Ma, 562 

Fornaciari et al., 2010). Similarly, the last occurrence of C. solitus is a diachronous event at different 563 

latitudes (39.8-38.7 Ma, Agnini et al., 2014). Both lines of correlation cross the range of S. spiniger LO and 564 

cross or fall close to the range of C. solitus LO and are therefore equally likely. Following them up to the 565 

contact with the base of the Otuma Formation, they indicate an age of 37 to 38 Ma for the top of the 566 

Yumaque member of the Paracas Formation. It is worth to note that R. erbae is still present at the top of 567 

the section and its LO (37.46 Ma, Agnini et al., 2014) occurs across the Paracas-Otuma boundary. It is 568 

therefore likely to consider an average sedimentation rate of 20-21 m/My (black line) throughout the 569 

Yumaque member of the Paracas Formation, to account for this evidence. 570 

The base of the Otuma Formation (OE0 unconformity) has been recently re-evaluated on the field in the 571 

Zamaca area (DeVries et al., 2017) and our work follows these author’s definition. The FO of the calcareous 572 

nannofossil marker I. recurvus, calibrated at 36.84 Ma (but a spike in I. recurvus is calibrated at 37.46 Ma), 573 

occurs just above this base (at slightly different height among the different sections, as indicated by a large 574 

vertical bar in Figure 6). Calcareous nannofossil biostratigraphy at Media Luna (Lambert et al., 2017b; 2019) 575 

identified the first occurrence of I. recurvus within the Yumaque member of the Paracas Formation, 576 

probably based on the lithological identification of the Otuma Formation with the diatomite layers.  577 

39Ar-40Ar dating of three tephra layers within the newly-defined Otuma Formation gave ages of 37.2 Ma 578 

(87DV509 1A-Snee) and 36.5 Ma (87DV509 1B-Snee) close to its base (see position of these layers in our 579 

Figure 2 and 4e) and 35.7 Ma (87DV508 1 Snee) further upward (DeVries, 1998). The latter date is 580 

consistent with our diatom biostratigraphic data from samples just above it (ZAMA32, 33), even though it is 581 

slightly older and the uncertainty is unkonwn. More recent dating of a tephra layer sampled just above the 582 

base of the Otuma Formation gave a sanidine-based 39Ar-40Ar date of 36.98 ± 0.04 Ma (AV18 in Uhen et al., 583 

2011). 584 

Therefore, based on previous absolute tephra dating and our nannofossil evidences, the base of the Otuma 585 

Formation can be defined at 37 Ma. A sedimentation gap of at least 0.5 Ma is therefore likely across the 586 

Paracas-Otuma boundary, as also suggested by the transgressive nature of the basal Otuma layers.  587 



In the Zamaca sections of the Ica River analysed here, the Otuma Formation is truncated at the top, at 588 

different heights, by the transgressive sandstones of the Chilcatay Formation (CE0 unconformity). No 589 

further bioevents are identified in the EO-Section and RIO-Section, whereas the last occurrence of R. 590 

reticulata (35.24 Ma, Agnini et al., 2014) was identified along the OT-Section, even though the absence of 591 

these species could be due to poor preservation of the calcareous nannofossils assemblages in these upper 592 

layers. Given that D. saipaneneis and D. barbadiensis are present up to the contact with the overlying 593 

Chilcatay Formation, the uppermost section is at least older than their LO (34.4 Ma, Agnini et al., 2014). In 594 

order to account for the possible variables, two correlation lines were considered: one that crosses the 595 

supposed LO of R. reticulata (orange line), resulting in a sedimentation rate of 147 m/My, the other 596 

considering that R. reticulata persists slightly upwards and considering the lowest height for the FO of I. 597 

recurvus (blue line), resulting in a sedimentation rate of  170 m/Ma. Indeed, there is a large shift in 598 

sedimentation rates at the Paracas-Otuma boundary, probably related to an increased input of terrigenous 599 

material that, as observed in smear slides, dilutes the carbonate biogenic fraction and, subsequently, to the 600 

diatom pulse. 601 

Sedimentation rates for the Yumaque-Otuma sequence at Media Luna (Lambert et al., 2017b; 2019) range 602 

from 12 m/My in the lowermost 28 m of the Yumaque member, through 20 m/My in the interval from 40 603 

m to 62 m, to 25 m/My in the uppermost Yumaque member, the latter roughly corresponding with the 604 

basal part of the Otuma Formation in our section.  605 

Sedimentation rates are indeed highly variable in the East Pisco Basin and range from 160 to 320 m/My in 606 

the upper Miocene Pisco Formation (Gariboldi et al., 2017) to 160 m/My in the Quaternary of the West 607 

Pisco Basin (Suess and Von Huene, 1988). High resolution radiometric dating of sediments from the 608 

offshore deposits of Peru revealed the following sedimentation rates: 40-60 m/My in the middle-early 609 

Holocene, 30 cm/kyr at the base of the Holocene, 70-100 cm/kyr in the late Holocene and 265 cm/kyr in 610 

post-LGM early deglacial (Skilbeck and Fink, 2006).  611 

Diatomites were only recovered at the top of the northern RIO and OT-Sections and at the ZAMA location, 612 

but were absent in the southernmost EO-Section due to the removal of the diatom-rich upper Otuma 613 

Formation at the angular erosional upper contact with the Chilcatay Formation. At the OT-Section, the 614 



youngest nannofossil-bearing sample above the diatomite layers restrict the Otuma Formation to the zone 615 

NP19/20, as D. saipanensis (LO at 34.44 Ma) is still present. The absence of this species from the top 616 

samples of the northern short ZAN-Section, just below the base of the basal Chilcatay unconformity, points 617 

to the transition to zone NP21, but this evidence is not robust, as the calcareous nannofossil assemblages 618 

are strongly depleted there. Zone NP21 is indeed identified at the top of the Media Luna section (Lambert 619 

et al., 2019; Lambert et al., 2017b), but could be missing in our study area due to the erosional contact with 620 

the overlying Chilcatay Formation. As can be predicted by the northward dipping of the Otuma strata, 621 

younger Otuma layers are likely present in the subsurface further north, below the Chilcatay strata, and 622 

therefore not exposed.  623 

Diatom and silicoflagellate species recovered from the upper diatomaceous Otuma strata support a late 624 

Eocene age, restricted to the diatom Cestodiscus fennerae zone and the silicoflagellate Dictyocha 625 

hexacantha zone and C. apiculata zone for the topmost sample.  626 

It is worth to note that the LO of D. hexacantha is probably slightly younger here than indicated in previous 627 

work (Barron et al., 2014, 1015), as compared to calcareous nannofossil and diatom biozones (see Figure 3). 628 

Late Eocene diatomaceous sediments are documented at other locations in the East Pisco Basin, from 629 

Fundo Desbarrancado (referred to as sediments of the upper Yumaque, Dunbar et al., 1990; Fourtanier and 630 

Macharé, 1988; Marty et al., 1988), Salinas de Otuma and west of Ica River (Fourtanier and Macharé, 1988) 631 

and their diatom content confirms a late Eocene age. For the upper Eocene laminated diatomites at Fundo 632 

Desbarrancado, Marty et al. (1988) and Marty (1989) calculated a sedimentation rate of 780 m/My from 633 

the study of annual varves and these values are close to those calculated for the Miocene diatomites in the 634 

Sechura Basin (Marty et al., 1998). Such data cannot however be compared with our analysis, which 635 

considers average sedimentation rates for the whole Otuma Formation. 636 

At Quebrada Perdida, DeVries et al. (2017) identified a glauconite-rich layer on top of the diatomites and 637 

attributed it to the Eocene-Oligocene transition (EOT), based on sparse age assignments of the uppermost 638 

layers of the Otuma Formation (DeVries et al., 2006). Such layer however has not been encountered along 639 

our sections at Zamaca nor across the Ica River area, likely because the latter sections are truncated below 640 

this event (or because the event is laterally discontinuous).  641 



A glauconite layer is reported by DeVries et al. (2017) a few km west of Zamaca at Cerro Tiza, 642 

corresponding to the location of a single diatom-based early Oligocene age for the Otuma sediments. 643 

However, only a complete section measured at Cerro Tiza with accurate sampling for bio- and 644 

tephrotratigraphic dating will allow to define if and how the EOT is preserved in this area. 645 

 646 

5.3. Paleoclimatic and paleoceanographic trends 647 

 648 

The middle-upper Eocene sequence of the East Pisco Basin provides a long, albeit discontinuous, 649 

record of paleoceanographic variations occurring along the Peruvian shelf, in a time interval characterised 650 

by significant climatic variations (Zachos et al., 2008; Zachos et al., 2001; Westerhold et al., 2000). An 651 

overall cooling trend occurs from the early Eocene climatic optimum to the onset of the Icehouse 652 

conditions at the base of the Oligocene, involving significant oceanographic changes at the EOT. This 653 

cooling phase is interrupted by several small-scale fluctuations (Figure 3), among which are the Late 654 

Lutetian Thermal Maximum and the Middle Eocene Climatic Optimum (MECO), a transient 500 kyr interval 655 

of 4–6°C warming, starting around 41.5-40.45 Ma, which was followed by a rapid throwback to the pre-656 

existing thermal regime (Bohaty and Zachos, 2003; Bohaty et al., 2009; Westerhold and Röhl, 2013; 657 

Westerhold et al., 2020). 658 

In our study area, the benthic fauna of the Los Choros member of the Paracas Formation (upper Lutetian) 659 

testifies to a tropical setting, suitable for abundant large benthic foraminifera, including the extant tropical 660 

genus Amphistegina (Coletti et al., 2019; Morales-Reyna et al., 2010; Morales-Reyna et al., 2013), with 661 

moderate nutrient supply providing sustenance for barnacles.   662 

The Yumaque member of the Paracas Formation (upper Lutetian – lower Priabonian) is peculiar for its 663 

continuous record of calcareous nannofossils that are otherwise not present or scattered and poorly 664 

preserved in the younger formations of the East Pisco Basin. This suggests that carbonate production or 665 

preservation was higher in the middle-early late Eocene and then decreased towards the Oligocene and 666 

upwards. Such a trend contrasts with the open-ocean record of the subtropical and equatorial Pacific, 667 

which recorded a sudden increase in calcite dissolution around the MECO (Toffanin et al., 2013) and a 668 



sudden drop in the calcite saturation depth at the EOT (Coxall et al., 2005; Pälike et al., 2012; Rea and Lyle, 669 

2005), resulting from a reorganization of the global ocean linked to sudden cooling as well as to the onset 670 

of the Antarctic glaciation. Such contrast in carbonate production/preservation can be interpreted as due 671 

to peculiar local conditions, that differ from the more general picture of the subtropical and equatorial 672 

Pacific. 673 

Calcareous nannofossils across the late Eocene have been studied by several authors at different locations 674 

and seem to correlate with changes in both temperature and nutrient supply. In particular: 675 

- Sphenolithus spp., C. formosus, Discoaster spp. are identified as warm and oligotrophic taxa (Aubry, 1992; 676 

Bralower, 2002; Gibbs et al., 2006; Villa et al., 2008; Wei et al., 1992; Wei and Wise, 1990); 677 

- R. bisecta is considered a temperate/warm species (Persico and Villa, 2004; Wei et al., 1992) that evolved 678 

close to the MECO; 679 

- C. pelagicus and C. eopelagicus are considered temperate species (Villa et al., 2014) 680 

- R. reticulata is generally regarded as an oligotrophic taxon that is more abundant at high latitudes than at 681 

low latitudes (Wei et al., 1992; Wei and Wise, 1990); consequently, it is generally indicated as a cool species 682 

at temperate/cold latitudes (Villa et al., 2008) or as a temperate species at cold latitudes (Villa et al., 2014). 683 

- R. daviesii, I. recurvus and Chiasmolithus spp. are generally regarded as typical of cool waters (Monechi et 684 

al., 2000; Villa et al., 2008; Wei et al., 1992). As for their trophic preference, I. recurvus shows a preference 685 

for eutrophic waters (Villa et al., 2014), while Chiasmolithus spp. are considered as mesotrophic (Aubry, 686 

1998; Bralower, 2002; Kalb and Bralower, 2012) or oligotrophic (Gibbs et al., 2006) 687 

- Helicosphaera is considered a mesotrophic to eutrophic genus (De Kaenel and Villa, 1996; Guerreiro et al., 688 

2005; Ziveri et al., 2004). 689 

Analyses of calcareous nannofossili trends typically indicate an increase of cold (Villa et al., 2008; Wei et al., 690 

1992) and eutrophic (Fioroni et al., 2015) taxa towards the EOT, indicating an overall cooling and a 691 

reorganization of water masses. 692 

In the Yumaque/Otuma sediments, the calcareous nannofossil assemblage is often depleted, and the 693 

analyses were only carried out semi-quantitatively, however some trends can be detected, mainly by 694 

looking at the pattern of placoliths.  695 



The basal Yumaque sediments (42.38 - 38 Ma) reflect warm-temperate conditions, as testified by low 696 

abundances of the cool water R. reticulata, the frequent abundance of the temperate R. bisecta (since its 697 

first occurrence), the presence of C. pelagicus-C. eopelagicus as well as of the warm-oligotrophic C. 698 

formosus. The warm water Sphenolithus spp. and Discoaster spp., are present with low abundance, as well 699 

as the cool Chiasmolithus spp. The other cold-water species, R. daviesii, is scattered throughout the 700 

sections and does not allow for detecting an abundance trend. 701 

While cool water conditions were inferred for the Yumaque by Uhen et al. (2011), the small benthic 702 

foraminifera and calcareous nannofossil species indicated therein are in fact not restricted to cold waters 703 

(Coletti et al., 2019). Rather, the presence of the shallow-water nectobenthic genus Pristis (Collareta et al., 704 

2020b), known as a tropical/subtropical fish, supports the calcareous nannofossil evidence of warm-705 

temperate conditions.  706 

In the upper Yumaque, since 38 Ma, R. reticulata shows a significant increase, paralleled by a slight 707 

decrease in the warm-water C. formosus and in the temperate D. bisecta, C. eopelagicus and C. pelagicus, 708 

likely reflecting a cooling trend. Both warm and cold water non-placolith taxa dramatically decrease in 709 

abundance in the overlying sediments, but this probably represents an artifact induced by the poor 710 

preservation state of this assemblage. I. recurvus appears just above the base of the Otuma Formation and 711 

confirms the presence of cool conditions throughout the interval of deposition, as this species is typically 712 

lacking in low latitudes. 713 

Species indicative of coastal conditions (Z. bijugatus, Pemma spp., Micrantholithus spp.) are present in the 714 

basal and top intervals of the Yumaque member as well as at the base of the Otuma Formation. 715 

Regarding the trophic conditions, in the lower part of the Yumaque there is contrasting evidence coming 716 

from the oligotrophic Sphenolithus spp. and Discoasters spp. on the one hand and the eutrophic 717 

Chiasmolithus spp. on the other hand. Helicosphaera species become more abundant between 40 and 718 

37 Ma, thus testifying to increasing nutrient contents in this interval spanning the top of the Paracas and 719 

the basal Otuma layers. 720 

Abundant small-sized fish scales occur throughout the Yumaque-Otuma succession and have been 721 

attributed to clupeoid fish (Uhen et al., 2011) and thus used as an indication of upwelling conditions. 722 



However, such scales cannot be positively identified as belonging to any member of Clupeoidea (Collareta 723 

et al., 2020b) and thus cannot be used as an unambiguous indication of upwelling. 724 

The presence of diatomites at the top of the Otuma Formation has also been considered as a proxy for 725 

upwelling conditions (Marty et al., 1988; Marty, 1989), leading to the inference of a late Eocene 726 

development of a proto-Humboldt current associated with significant cooling. Late Eocene (37.5-33.5 Ma) 727 

diatomites from the sub-Antarctic South Atlantic (Diekmann et al., 2004; Barron et al., 2014) were indeed 728 

attributed to upwelling, related to a reorganization in ocean circulation occurring at that time in the 729 

Southern Ocean. Late Eocene-Oligocene increased abundance of species richness and diversity of 730 

Chaetoceros resting spores were also detected in the north-Atlantic (Suto et al., 2012) and attributed to the 731 

initiation of upwelling. 732 

However, examination of the diatom species occurring in the upper Otuma layers indicates not only the 733 

presence of high productivity genera, like Chaetoceros and rarer Thalassionema, but also the abundance of 734 

genera such as Hemiaulus, Pyxilla, Rhizosolenia, Stephanopyxis and large Coscinodiscus and Cestodiscus that 735 

are typical of a deep-chlorophyll maximum and/or can develop a symbiosis with nitrogen-fixers (Kemp, et 736 

al., 2000). Such genera are indicative of production deep in the water column in environments 737 

characterised by increased spring nutrient supply and nutrient-depleted stratified summer waters, with 738 

summer primary production carried out by these large species, responsible of the “fall dump” (Kemp et al., 739 

2000). As also demonstrated using a species-based approach on other diatom-rich sediments (Davies and 740 

Kemp, 2016), upwelling was seasonally-limited in the upper Otuma times in this portion of the East Pisco 741 

Basin. The large and robust taxa HemiauIus, Stephanopyxis, and Pyxilla are typical of the late Eocene floras, 742 

that decline during the early Oligocene (Barron and Baldauf, 1995), probably outcompeted by smaller and 743 

less silicified species. The common presence of the neritic diatom genus Paralia (Witkowski et al., 2014) 744 

and the presence of the benthic genus Actinoptychus indicate proximity to the coast. 745 

Climatic evidence from radiolarian assemblages indicate warm water conditions for these late Eocene 746 

intervals (Fourtanier and Macharé, 1988). No cold-water diatoms were recovered. Silicoflagellates 747 

recovered in the diatomites, although rare, are mainly represented by the temperate-warm water genera 748 

Corbisema and Naviculopsis, with Corbisema > Naviculopsis, an index for warm conditions (i.e. Bukry, 749 



1987). D. hexacantha, used in the low-latitude zonation (Perch-Nielsen, 1985b), was recovered from a few 750 

samples, while the genus Stephanocha, typical of cold conditions, is notably absent. Only a few specimens 751 

of S. speculum and D. crux were recovered from the topmost sample of the OT section. 752 

Overall, the Otuma strata record temperate climatic conditions, with a slight cooling trend upwards and an 753 

increase in nutrient availability, indicated by the shift from calcareous to siliceous sedimentation. These 754 

lines of evidence suggest the onset, during the late Otuma times, of a slight upwelling, which can be 755 

correlated with the significant reorganization of the circum-Antarctic circulation and the beginning of a 756 

proto-Humboldt current. However, upwelling was seasonally limited, with persisting summer stratified and 757 

nutrient-depleted conditions, dissimilar from the full-upwelling conditions that took place in the Miocene 758 

as documented from the Pisco Formation (e.g. Gariboldi et al., 2017). 759 

 760 

6. Conclusions 761 

 762 

Biostratigraphic analyses carried out along four main stratigraphic sections from the Paracas and 763 

Otuma formations exposed in the area of Zamaca astride the Ica River allowed the definition of a 764 

biostratigraphic framework for this important middle-upper Eocene Fossil Lagerstätte. 765 

The Yumaque member represents the fine-grained upper portion of the Paracas Formation, grading from 766 

the coarser Los Choros member. Its base falls around the first occurrence of R. reticulata (42.37 Ma) and its 767 

top occurs just above the FO of R. erbae / C. oamaruensis (37.88/37.84 Ma) and before the LO of R. erbae 768 

(37.46 Ma). Sedimentation rates within the Yumaque member fall within the range of 17-24 m/My. The 769 

Yumaque strata witness overall temperate-warm conditions, with a moderate to good degree of 770 

preservation of calcareous nannofossils and a cooling trend detected since 38 Ma, linked to the global 771 

cooling and/or the development of a weak upwelling. Mesotrophic conditions are present for most part of 772 

the Yumaque, excluding the basal layers. 773 

The base of the Otuma Formation occurs just below the first occurrence of I. recurvus (36.84 Ma, but this 774 

species has a spike at 37.46 Ma) which gives an age that is consistent with previous radiometric dating at 775 

37.2 Ma, 36.5 Ma and 36.98 ± 0.04 Ma. The Otuma Formation has been reported to be early Oligocene at 776 



other locations of the East Pisco Basin. However, in the studied sections of the Ica River Valley, its upper 777 

diatomaceous part is restricted to the late Eocene Cestodiscus fennerae zone, with age constrains given by 778 

the LO of R. reticulata (35.2 Ma), the LO of H. grassus (35.1 Ma), the LO of C. fennerae (34.1 Ma), the FO of 779 

C. triacantha mediana (34.7 Ma) and the LO of D. saipaneneis (34.4 Ma). Therefore, the upper range of the 780 

marker species D. hexacantha (LO 36.6 Ma) should be extended at least locally. 781 

Average sedimentation rates in the Otuma Formation, calculated between the FO of I. recurvus and the LO 782 

of R. reticulata at the OT section, range from 147 to 170 m /My, much higher than the Yumaque member of 783 

the Paracas Formation, probably due to increasing accumulation of terrigenous material and diatomites. 784 

Calcareous nannofossils indicate an overall cooling trend for the Otuma Formation as compared to the 785 

Yumaque member, but silicoflagellate genera are still indicative of temperate conditions and diatoms 786 

species still belong to the temperate settings. Diatomites at the top of the Otuma Formation represent a 787 

shift from calcareous to siliceous productivity testifying to an overall increase in nutrients, but diatom 788 

genera are adapted to exploit a deep nutrient supply in stratified water, consistent with a seasonally-789 

limited rather than a sustained year-round upwelling. 790 

 791 

Figure captions 792 

 793 

Figure 1. a) Map of the sedimentary basins of the Peruvian margin, with DSDP-ODP sites b) sediment fill of 794 

the East Pisco Basin (modified after DeVries, 1998). The intervals studied in this work are indicated in 795 

colour. 796 

 797 

Figure 2. Unpublished geologic map of the study area based on 1:10,000 mapping. This figure shows the 798 

position of the four measured sections in Fig. 4a to 4i used to construct the correlation panel in Fig. 5 and 799 

the location of the ZAN and ZAMA localities. The stars represent locations of previous studies of Eocene 800 

deposits. The inset displays the location map of the study area along the Ica River and the position of the 801 

localities mentioned in the text, namely Salinas de Otuma (SdO); Playa Yumaque (PY); Quebrada Perdida 802 



(QP); Media Luna (ML); Cerro Tiza (CT); Fundo Desbarrancado (FD); Quebrada Santa Cruz (QSC); Quebrada 803 

Huaricangana (QH). 804 

 805 

Figure 3. Biostratigraphic zonal schemes and relative bioevents for the Middle Eocene - Early Oligocene 806 

time frame of the Paracas and Otuma Formation and climatic framework. Calcareous nannofossils zones CN 807 

(Agnini et al., 2014), NP (Martini, 1971), CP (Okada and Bukry, 1980) and diatom zones (Barron et al., 2015) 808 

were plotted with Time Scale Creator using the GPTS2020 of Gradstein et al. (2020) and redrawn in Corel 809 

Draw; silicoflagellate zones are correlated to diatoms zones from Barron et al., (2015); the benthic oxygen 810 

isotope curve is from Westerhold et al. (2020). 811 

 812 

Figure 4. Panoramic photos of the measured outcrops. a, EO-Section (base: 14°42'21.3"S - 75°35'9.9"W; 813 

top: 14°42'7.1"S - 75°35'9.6"W). Encircled persons for scale; b, RIO-Section (base: 14°41'21.60"S - 814 

75°36'43.20"O; top: 14°41'16.0"S - 75°36'23.0"W). Scale bar = 50 m; c, MB-Section (base: 14°40'54.4"S - 815 

75°37'42.9"W; top: 14°40'45.8"S - 75°37'46.3"W). Encircled person for scale; d, OT-Section (base: 816 

14°39'54.5"S - 75°38'11.0"W; top: 14°39'21"S - 75°38'31.9"W). Scale bar = 50 m; e, panoramic view of the 817 

Paracas-Otuma unconformity (14°39'42"S - 75°37'56"W), with the two ash layers in the basal Otuma 818 

Formation. Scale bar = 50 m; f, close up of the boulder layer at the OE0 unconformity. Scale bar = 1 m; g, 819 

detail of the central portion of the OT-Section showing position of photos in h and i. The two continuous 820 

black lines indicate position of two marker beds and their heights in meters above the base of the section. 821 

Scale bar = 10 m; h, close up of the finely laminated silts forming the bulk sediments of the Otuma 822 

Formation. Hammer for scale; I, close up of the three thin tephra layers intercalated in the diatomaceous 823 

portion in the upper portion of the Otuma Formation. Hammer for scale. 824 

 825 

Figure 5. Correlation panel of the measured stratigraphic sections and location of the identified bioevents.  826 

 827 



Figure 6. Age model for the upper Paracas-Otuma sequence, based on calcareous nannofossili events, as 828 

calibrated in Agnini et al. (2014). The vertical axis is in EO-section meters abs for all vertical sections (see 829 

3.3 and Figure A.3). ONE COLUMN 830 

 831 

Figure 7. Main calcareous nannofossil species from the Paracas and Otuma formations: 1) C. eopelagicus 832 

(MB18); 2) R. umbilicus (MB17); 3) R.dictyoda (RIO-D9), 4) C. formosus (MB18); 5) R.bisecta (MB17); 6) R. 833 

stavensis (EO-D26); 7) R. reticulata (MB23); 8) R. lockerii (RIO-D15); 9) C. floridanus (EO-D65); 10) C. grandis 834 

(MB15); 11) C. solitus (MB18); 12) C. titus (MB21); 13) H. reticulata (MB25); 14) H. clarissima (MB18); 15) H. 835 

compacta (MB18); 16) H. wilcoxonii (OT23); 17) P. multipora (RIO-D23); 18) P. exilis (RIO-D15); 19) P. 836 

obliquipons (RIO-D15); 20) N. minutus (MB17); 21) I. recurvus (RIO-D23); 22) S. spiniger 0° and 45° (MB18); 837 

23) S. radians (MB18);  24) S. furcatulithoides (MB23); 25) Z. bijugatus (MB23); 26) P. basquense (MB25); 838 

27) P. papillata (MB25); 28) Micrantholithus sp. (RIO-D15); 29) D. saipanensis (RIO-D11); 30) D. nodifer 839 

(MB18); 31) B. spinosus (MB18); 32) C. dela (MB17). Scale bar = 10 m for all images. 840 

 841 

Figure 8. Main diatom (1-22, 27), silicoflagellate (23-26), ebridian (28) and incertae saedis (29) species from 842 

the Paracas and Otuma formations: 1) P. gracilis (OT47); 2, 3) P. reticulata (OT45); 4) P. reticulata (P. 843 

johnsoniana Forti) (OT38); 5) P. reticulata (P. johnsoniana var. corniculum), low and high focus (OT45); 6) P. 844 

johnsoniana Greville, low and high focus (RIO-D39); 7) H. polymorphus var. morsianus, low and high focus 845 

(ZAMA33): the arrow indicates the broader and higher central segment; 8) H. grassus, low and high focus 846 

(OT63): the arrow indicates the central segment, similar in height and width to the other segments; 9) 847 

Cestodiscus pulchellus var. novazealandica (RIO-D40); 10) Cestodiscus fennerae low and high focus (RIO-848 

D40); 11, 12) H. altus (RIO-D36); 13, 14) H. subacutus (RIO-D41, RIO-D36); 15) H. subacutus with basal 849 

constrictions (OT63); 16, 17) H. polycystinorum (OT39, OT63); 18) H. grassus (OT63); 19) A. splendens 850 

(OT47); 20) Cestodiscus aff. intersectus (OT45); 21, 22) Azpeitia tuberculata-oligocenica low and high focus 851 

(ZAMA325); 22) D. architecturalis (OT63); 23) B. apiculata (ZAMA32); 24) N. foliacea (ZAMA32); 25) D. 852 

hexacantha (OT47); 26) C. triacantha s.l. (ZAMA32); 27) P. aculeifera (ZAMA32); 28) M. barbadense (OT63); 853 

29) E. crenulata (ZAMA32). Scale bar = 10 m for all images. 854 



 855 

Supplementary material: captions 856 

 857 

Figure A.1: Table of species occurrences along the measured sections. 858 

 859 

Figure A.2: List of calcareous nannofossil bioevent height identified along the different sections and height 860 

data for the correlation of the different sections. 861 

 862 

Figure A.3: Stratigraphic ranges of biostratigraphically-useful species. 863 

 864 

Figure A.4: Age models calculated for each stratigraphic section. 865 
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