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Abstract. The East Pisco Basin of Peru is a world-renowned Fossil-Lagerstätte that has yielded an abundant 
and exceptionally well-preserved record of marine vertebrates within a sedimentary succession ranging in 
age from the middle Eocene to, at least, the Late Miocene. Owing to its remarkable wealth of fossil discover-
ies, the Miocene Pisco Formation is the most famous unit in the basin. Its stratigraphic architecture has been 
recently redefined in the Ica River Valley, with the identification of three depositional sequences (P0, P1 and 
P2, in ascending order), separated by extensive unconformities that testify to periods of subaerial exposure 
correlated with major climatic cycles. 

While P1 and P2 provided abundant diatom markers and several volcanic ash layers dated through the 
40Ar/39Ar method (P1, 9.5–8.6 Ma; P2, 8.4–6.7 Ma), the exposures of P0 that defined this unit were found to 
be barren of microfossils and lacked ash layers, thus their dating relied solely on strontium isotope stratigra-
phy (14.7–12.6 Ma). Here, we analyze a new section including P0 and P1 at Cerro Tiza. It represents a 
deeper portion of the Miocene Pisco Basin in the Ica River Valley, and features abundant siliceous markers, 
allowing for a good biostratigraphic control of the early Pisco deposits. Notably, the biostratigraphic age as-
signment of P0 in this work (14.2–12.9 Ma) confirms previous age estimates obtained through the strontium-
isotope ratio and allows a chronological correlation with the Laberinto, Pampa and Naranja members of the 
Pisco Formation in the Laberinto area. Furthermore, stratigraphic markers and one ash layer from the P1 se-
quence indicate that deposition of this unit started earlier than hitherto recognized (slightly before 10 My), 
thus shortening the extension of the stratigraphic gap separating the two sequences. The microfossil assem-
blages also allowed for better constraining the paleoclimatic and paleoceanographic conditions that charac-
terized the early depositional phases of the Pisco Formation.
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1	 Introduction

The Pisco Formation, widely exposed in the Ica River 
Valley and renowned for its significant fossil verte-
brate record (e.g., Lambert et al. 2010, Esperante et al. 
2015, Gariboldi et al. 2015, Gioncada et al. 2016, Bo-
sio et al. 2021, Collareta et al. 2021b), is composed of 
at least three depositional sequences that reflect the 
interplay between tectonics and eustasy (Di Celma et 
al. 2017, 2018a). These sequences were defined on the 
western side of the Ica River valley, in an area stretch-
ing some 22 km between Cerro Blanco (close to the 
village of Ocucaje) to the north, and Cerro las Tres 
Piramides (next to the broad Zamaca area) to the 
south, where an almost uninterrupted exposure of the 
Pisco Formation strata is available (Di Celma et al. 
2017).

Each of these sequences, named P0, P1 and P2 in 
ascending order (Di Celma et al. 2017, 2022) and sep-
arated by basin-wide unconformities, is characterized 
by a diverse and specific vertebrate fossil content (Bi-
anucci et al. 2016, Bianucci & Collareta 2022) that 
provides exceptional evidence of the evolutionary his-
tory of marine vertebrates (i.e., Bianucci et al. 2024). 
As such, in order to document the temporal distribu-
tion pattern of the marine vertebrate faunas, it is para-
mount to accurately date each sequence with the high-
est possible accuracy.

Detailed biostratigraphic and tephrochronologic 
analyses along measured stratigraphic sections across 
the Ica River Valley allowed the age interval of P2 
(8.4–6.7 Ma) and P1 (9.5–8.6 Ma) to be constrained 
(Gariboldi et al. 2017, Bosio et al. 2019, 2020a,c), 
even if an older age was inferred for the base of P1 
(DeVries & Jud 2018). The age of P0, that was sand-
grained, lithogenic in composition, barren of micro-
fossils and lacked tephra layers, was previously esti-
mated based on the age of underlying and overlying 
strata; more recent analyses through strontium iso-
topes on shark teeth, oysters and barnacles, resulted in 
a well-defined chronostratigraphic assessment of its 
duration (14.7–12.6 Ma) (Bosio et al. 2020b, 2022).

Recent work by DeVries et al. (2021) correlated 
the Pampa and Naranja members of the Pisco Forma-

tion, exposed in the Laberinto area (Fig. 1), with the 
P0 sequence of the Ica River Valley and dated these 
three members between 14.4 and 12.8 Ma by diatoms 
from different sediment samples.

Here, we provide new biostratigraphic data and a 
paleoecological constraint from a new find of P0 and 
an extended section of P1, exposed on the eastern and 
southern flank of Cerro Tiza (Fig. 1), a locality at the 
SW margin of the Ica River Valley (Di Celma et al. 
2022). This succession represents a basinward portion 
of the basin fill, displaying the most continuous and 
expanded successions documented so far for this unit.

2	 Geological setting
The Pisco Basin is a forearc basin, elongated along the 
Peru trench, that formed as a consequence of the sub-
duction of the Nazca Plate underneath the South 
American Plate (Thornburg & Kulm 1981, Kulm et al. 
1982). The Pisco Basin is subdivided by the Outer 
Shelf High – Coastal Cordillera structural high 
(Romero et al. 2013) into an offshore submerged West 
Pisco Basin and an onshore East Pisco Basin, which is 
today mostly exposed on land (Fig. 1A). These forearc 
basins underwent a complex history of subsidence and 
uplift (von Huene & Suess 1988, Herbozo et al. 2020, 
Viveen & Schlunegger 2018) that is documented by 
their sedimentary fill and stratigraphic gaps.

The stratigraphic succession of the East Pisco Ba-
sin is formed by two tectonostratigraphic packages, 
namely the P and N megasequences, lying on the base-
ment and separated by a basin-wide unconformity, 
characterized by a prolonged interval of erosion/non-
deposition (Di Celma et al. 2022). The P megase-
quence begins with the Paracas Formation, displaying 
a basal coarse-grained layer, rich in benthic foraminif-
era, followed by a calcareous silt with abundant cal-
careous nannofossils, referred to the middle Eocene 
(~43.6–37.4 Ma) (Coletti et al. 2019, Malinverno et al. 
2021). It is followed by the Otuma Formation, charac-
terized by a basal sandstone of variable thickness con-
taining frequent mollusks (DeVries 1998, DeVries et 
al. 2017) and an overlying siltstone containing calcar-
eous nannofossils in the basal part and diatomaceous 

Fig. 1. Geological framework. A) Aerial view of the East Pisco Basin with the position of the main localities (from Google 
Earth satellite imagery); inset: location of the East Pisco Basin in the Ica Region; B) Geological map of the western side of 
the Ica River Valley (redrawn and modified from Di Celma et al. 2022); C) detailed geological map of the area of Cerro Tiza 
and location of the sampled sections.
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layers in the upper part. The base of the Otuma Forma-
tion has been constrained through biostratigraphic 
studies and absolute tephra dating to the late Eocene 
(~37 Ma) (DeVries 2019, Malinverno et al. 2021), and 
its top represents a latest Eocene age in most outcrops 
(Malinverno et al. 2021) with an early Oligocene age 
being documented at some locations (DeVries et al. 
2017, 2021).

The N Megasequence starts with the Tunga Forma-
tion, a recently-defined ~80 m thick unit formed by 
basal sandstones followed by silty mudstones interca-
lated with fine sandstones that were deposited between 
21.6 and 20.5 Ma, as dated by diatom biostratigraphy 
(DeVries et al. 2024). The Tunga Formation is uncon-
formably overlain by the Chilcatay Formation, a dom-
inantly coarse-grained unit formed by three high-order 
sequences, namely Ct0, dated to the early Early Mio-
cene (~20–19.5 Ma, DeVries et al. 2024, but see also 
DeVries et al. 2021 and Bosio et al. 2022), Ct1 and 
Ct2, constrained to the late Early Miocene (19.2– 
18.0 Ma, Belia et al. 2018, Bianucci et al. 2018, Di 
Celma et al. 2018b, Lambert et al. 2018, Bosio et al. 
2020a,b, 2022). Finally, the Pisco Formation is formed 
by three high-order sequences (Fig. 2): the sandy to 
silty P0, dated by Sr isotope stratigraphy to the Middle 
Miocene (between 14.7 and 12.6 Ma, Bosio et al. 

Fig. 2. Stratigraphic framework for the Middle-early Late 
Miocene interval of the Pisco Formation, plotted using Time 
Scale Creator calibrated with the GTS2020 (Gradstein et al. 
2020) and modified in Corel Draw. Calcareous nannofos-
sils: Martini (NN) zones: revised ages are from low and 
middle latitudes zonation of Backman et al. (2012) and cal-
ibrated to the GTS2020. Diatoms: Low-Latitude zones are 
from Barron (2015; 2006 – Site 1219) and Scherer et al. 
(2007); main age calibration and other events/zones are re-
vised using Raffi et al. GTS2020 (Table 29.6); additional 
Neogene events from earlier Barron-Baldauf papers used in 
GTS2012 version. N Pacific zones are from Scherer-Glad-
enkov-Barron (2007) update of Neogene diatoms of 
Maruyama & Shiono 2003. Bioevents from both areas used 
in this work are plotted, following the BDC. Silicoflagellate 
zones are from Bukry, 1981, modified by Perch-Nielsen, 
1985, linked to NN biozones. Sea-level curve: offsets from 
long-term curve from Hardenbol et al. (SEPM charts, 1998). 
Benthic oxygen isotope curve plottedfrom Table S34 of 
Westerhold et al. (2020): blue, 25kyr smoothing, red: long-
term trend. Mi events from Boulila et al. (2011) based on 
definitions by Miller et al. (1991, 1998) and additional cali-
brations by Pekar et al. (2002).
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2020b, 2022), and the diatomaceous P1 and P2 dated 
by diatom biostratigraphy and absolute dating on te-
phra layers to the Late Miocene (9.5–8.6 Ma, and 8.4 
to ≥ 6.71 Ma, respectively, Gariboldi et al. 2017, Bosio 
et al. 2020a,c).

3	 Materials and methods
3.1	 Field work
A detailed mapping of the area of Cerro Tiza was car-
ried out between 2021 and 2024, integrating the larger-
scale geological map resulting from the 2014–2018 
field campaigns (Fig. 1B), by walking out the PE0.0 
and PE0.1 unconformities in the field with a GPS and 
virtually tracing them in Google Earth 2023 images 
(Fig. 1C). A composite stratigraphic section encom-
passing P0 and P1 was measured at 10 cm resolution 
and sampled continuously at ~1.5 m resolution (Fig. 3). 
Additional samples were collected in the surrounding 
area to complete the biostratigraphic assessment.

In particular, P0 was measured and sampled on the 
eastern flank of Cerro Tiza (PNC section, 14°39'28.40''S 
– 75°40'9.80''W), where a seemingly undisturbed suc-
cession, bounded by unconformities, crops out; addi-
tional samples were collected at different locations on 
the southern and south-eastern flank of the hill, follow-
ing the unconformities (samples PNC24-D1-D5 and 
CTi-D15, D100). P1 was measured along two tracks on 
the southern flank of Cerro Tiza (CTZa-b sections, 
14°40'10.10''S – 75°40'51.60''W).

The floral assemblages are compared with those 
from previously-measured sections at Cerro Cadenas 
de los Zanjones (ZANJ and LA section, 14°34'15.74''S 
– 75°43'44.21''W), Ullujaya (UL, 14°35'26.50''S – 
75°38'44.00''W) and Cerros la Mama y la Hija (MF, 
14°36'46.50''S – 75°40'27.00''W), whose stratigraphy 
was already assessed by Bosio et al. (2020a) (ZANJ 
and MF), Di Celma et al. (2018b) (UL) and Di Celma 
et al. (2019) (Zamaca area) as well as with those of the 
Laberinto area of DeVries et al. (2021).

3.2	 Microfossils
Samples for microfossil analyses were prepared as 
standard smear slides with a 40 × 20 mm2 cover slip 
and analyzed under an Olympus BX50 polarized light 
microscope at 1000×. The whole slide was analyzed 
for each sample in order to detect rare taxa. Selected 
samples were smeared on a circular glass slide, at-
tached with graphite tape to an aluminum stub, sput-

ter-coated with Cr and analyzed in secondary electron 
mode under the Zeiss 500 Scanning Electron Micro-
scope (SEM) at the University of Milano-Bicocca. 

The presence and relative abundance of diatoms, 
silicoflagellates and calcareous nannofossils was as-
sessed for each sample and tabulated (Supplement 
Material, Appendix 2). The total abundance of each 
group relative to the remaining sediment was esti-
mated using the categories of Koç & Scherer (1996): 
D = dominant, > 60%; A = abundant, 20–60%; C = 
common, 5–20%; F = few, 2–5%; R = rare, < 2%; B = 
barren. Within each group, the relative abundance of 
each species was estimated per field of view (FOV) or 
transect on the slide, as: A =abundant; > 10/FOV; C = 
common; 1–10/FOV; F = few; 1/10 FOVs; R = rare; 
≥ 3 /transect; VR = very rare, 1/transect.

Preservation was indicated for diatoms as: G = 
good, no evident sign of breakage; M = moderate, 
common fragments; B = bad, rare intact specimens; 
VB = very bad, no intact diatoms.

Diatom species concepts follow an extended tax-
onomy (see Supplement Material, Appendix 1). The 
biostratigraphic ranges of species are after the Barron 
Diatom Catalogue (table S1 of Lazarus et al. 2014) 
and the biozonal schemes are from Barron (2015) for 
the low-latitudes and from Maruyama & Shiono 
(2003), updated by Scherer et al. (2007) for the North 
Pacific mid-latitudes. Silicoflagellate species concepts 
largely follow the taxonomy developed during DSDP-
ODP expeditions, as summarized in Perch-Nielsen 
(1985a) and updated for some more recently-defined 
species (see Supplement Material, Appendix 1). The 
zonation of Bukry (1981) updated by Perch-Nielsen 
(1985a) is used. Calcareous nannofossil species con-
cepts follow the taxonomy and age of Perch-Nielsen 
(1985b), updated by Young et al. (2023, Nannotax) 
and their bioevent calibration follows Raffi (2020).

3.3	 Tephra
A volcanic ash layer occurs along the P1 section at 
Cerro Tiza 69 m above the base of the section, hereaf-
ter abs (14°40'6.00''S – 75°40'55.00''W). This tephra 
layer, named CTZ-T324, was sampled avoiding 
weathered material and contamination by foreign par-
ticles, focusing on the base of the layer where biotite 
phenocrysts are concentrated.

The ash particles were analyzed after smear-slide 
preparation under a Leica polarized optical micro-
scope. A grain-size analysis was performed through a 
Malvern Mastersizer 2000E™ Laser Granulometer at 
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the Università di Milano-Bicocca and calculated with 
the Grain Size Analysis Program GRADISTAT (Blott 
& Pye 2001).

The tephra sample was wet-sieved with meshes of 
500, 250, 125 and 63 μm. A sub-sample of the 125–
250 μm fractions was mounted in araldite resin, pol-
ished and prepared for electron probe microanalysis 
(EPMA) to evaluate its suitability for 40Ar/39Ar dating. 
EPMA on biotite and glass shards was performed with 
a JEOL 8200 Superprobe™ at the Università di 
Milano, with 15 kV accelerating voltage and 5 nA 
beam current. The beam diameter was 3 μm for biotite 
phenocrysts and 10 μm for glass shards.

Finally, biotite phenocrysts were carefully hand-
picked under a stereomicroscope and irradiated in the 
nuclear reactor at the McMaster University, Canada. 
Following the procedures described by Bosio et al. 
(2020a), biotites were analyzed with a step-heating 
method in a NuInstruments™ Noblesse® multicollec-
tor noble gas mass spectrometer at the Università di 
Milano-Bicocca (Fig. 4).

4	 Results
4.1	 P0 assemblage at Cerro Tiza
Diatoms analyzed at Cerro Tiza (PNC-13-23, 
PNC24-D1-D5 and CTi-D15, D100) are common 
(sometimes few) in most P0 samples from Cerro Tiza 
(PNC) and display a moderate preservation: only a 
few intact valves are found within common fragments. 
No diatoms were found along the P0 sections previ-
ously sampled at different locations in the Ica River 
Valley. The PNC diatom assemblage is dominated by 
common Thalassionema followed by few to common 
Denticulopsis, rare to common Chaetoceros spores, 
rare to few Crucidenticula, Actinoptychus, Paralia, 
Grammatophora, Thalassiosira, Koizumia (Figs. 5, 6, 
7, 10, 11). 

Silicoflagellates (Figs. 8, 9) are rare to few (absent 
in some samples) and dominated by Distephanopsis 
crux. Minor species are mainly represented by cruxoid 
forms with a square basal ring with bent sides, identi-
fied as Distephanopsis slavnicii. This is always associ-

ated with a dictyochid form, characterized by a simi-
larly-sized square basal ring with bent sides, display-
ing fibuloid, asperoid or medusoid apical morphology 
and thus identified as variants of Dictyocha subarc-
tios, even though a clear resemblance to Distephanop-
sis slavnicii is evident.

Among the stratigraphic markers:
– 	 Denticulopsis hyalina (14.9–13.1  Ma) is present 

from the base of the section up to 16 m abs (Fig. 3);
– 	 Denticulopsis simonsenii (14.5 in the North Pa-

cific/13.6 Ma in the equatorial Pacific – 8.7 Ma) 
and D. vulgaris are absent in the basal layers and 
appear at about 7 m abs;

– 	 Crucidenticula nicobarica (15.1–12.3 Ma) is pre-
sent, although with a few specimens, throughout 
the section; 

– 	 Crucidenticula punctata (13.4–11.4 Ma) is present 
from 14.5 m abs to the top of the section (Fig. 3);

– 	 Koizumia adaroi (14.2–9.0  Ma) is sporadically 
present throughout the section;

– 	 Thalassiosira praeyabei (14.5–13.0  Ma) is spo-
radically present inthe lower part of the section,  
T. yabei (13.5–8.3 Ma) is sporadically present from 
mid-section and rare occurrences of Thalassiosira 
perispinosa (FO 14.9 Ma, Barron et al. 2013) are 
recorded;

– 	 Coscinodiscus lewisianus (26.9–12.9  Ma) occurs 
sporadically throughout the section;

– 	 Actinocyclus ingens (18.2–7.8 Ma) occurs sporadi-
cally through the section;

– 	 Lithodesmium californicum (13.5–6.8 Ma) is spo-
radically present throughout the section;

– 	 a small Lithodesmium, characterized by strongly 
curved sides and apices, that is similar to Lithodes-
mium minusculus (10.5–4.8  Ma) also occurs and 
precedes the Late Miocene marker L. reynoldsii;

– 	 one specimen of Actinocyclus ellipticus (14.0–0 Ma) 
was recorded at the base of the section, but can be 
considered as extremely rare;

– 	 Corbisema triacantha (LO ~11.2 Ma at the top of 
the Corbisema triacantha zone) is present in a few 
samples along the section;

– 	 Cannopilus sp. and Stephanocha speculum var. 
hemisphaericum, typical taxa of the lower C. tria-

Fig. 3. Stratigraphic sections of P0 and P1 in the area of Cerro Tiza and location of the identified diatom bioevents and of 
the dated tephra layer. Panel: field photos A) on the southern flank of Cerro Tiza; B) detail of A, indicating the base of P0 
(PE0.0) and the base of P1 (PE0.1) (car for scale on the right side of the photo); C) P1 base (cars for scale on top of PE0.1) 
and strata on the southeastern flank of Cerro Tiza.
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cantha zone, are present in a few samples along the 
section.

4.2	� P1 assemblage on the western side 
of the Ica River Valley

Microfossils were analyzed and compared from sec-
tions measured at Cerro Tiza (CTZ-278-527; PNC-24-
26; PNC24-D6-D10), Cerros Cadenas de los Zanjones 
(ZANJ-D1-D10 and LA1-15), Cerros la Mama y la 
Hija (MF-D1-D51) and Ullujaya (UL-D10-D11, D56-
D60).

Diatoms are common to abundant (sometimes few) 
in all samples at Cerro Tiza (CTZ) and display a mod-
erate to good preservation, with common intact valves 
and common fragments. They range from common to 
few at Cerros Cadenas de los Zanjones and Cerros la 
Mama y la Hija, and from barren to common at Ullu-
jaya.

The assemblage is always dominated by Thalas-
sionema followed, in order of abundance, by Denticu-
lopsis, Rhizosolenia, Chaetoceros spores, Delphineis, 
Lithodesmium and rare Koizumia, Actinocyclus, Ac-
tinoptychus, Nitzschia, Paralia, Stephanopyxis, 
Thalassiosira, Coscinodiscus, Azpeitia, Diplome-
nora, Rouxia, Grammatophora, Hemiaulus (Figs. 5, 
6, 7, 10, 11).

Silicoflagellates (Fig. 8, 9) range from rare to few 
at Cerro Tiza and Cadenas de los Zanjones, but are 
absent from some samples; they are very rare to absent 
from Cerros la Mama y la Hija and Ullujaya. The most 
common species is Stephanocha speculum, with com-
mon var. speculum and var. pentagona, with some 
contribution from var. bispicata and var. hemisphaer-
ica. 

Calcareous nannofossils occur in several intervals 
throughout the CTZ section, ranging from few to com-
mon, but they are absent from the other locations. 
Their assemblages are dominated by Reticulofenestra 
(R. pseudoumbilicus, R. haqii, R. perplexa, R. pro-
ducta) with rare to few Coccolithus pelagicus, Calci-
discus leptoporus, C. tropicus and Discoaster variabi-
lis subsp. decorus.
Among the stratigraphic markers:
– 	 Denticulopsis simonsenii (14.5/13.6–8.7  Ma), D. 

vulgaris and D. praekatayamae (9.6–8.6 Ma) oc-
cur throughout the section. D. vulgaris and D. 
praekatayamae were tabulated together, due to the 
difficulty in separating them under the light micro-
scope (see Supplement 1 for discussion); SEM in-
vestigation allowed documenting a transitional 

form between D. vulgaris and D. praekatayamae 
in the basal samples of P1;

– 	 Lithodesmium reynoldsii (10.0–9.0 Ma) is identi-
fied from 15 m abs up to 172 m abs (the top of the 
measured P1 section is at 232 m abs) (Fig. 3);

– 	 Koizumia adaroi (14.2–9.0 Ma) is present from the 
base up to 119 m abs, although sporadically;

– 	 Koizumia tatsunokuchiensis (9.1–2.6  Ma) is spo-
radically present from 212.5 m abs (Fig. 3);

– 	 Thalassiosira yabei (13.5–8.3 Ma) is sporadically 
present along the section;

– 	 Nitzschia porteri (12.2–7.2  Ma) is sporadically 
present along the section;

– 	 very rare specimens of Crucidenticula nicobarica 
(15.1–12.3 Ma) identified at the base of P1 are in-
terpreted here as reworked;

– 	 Distephanopsis crux (LO ~8.0 Ma, top of D. bre-
vispina zone) occurs sporadically along the section 
up to 208 m abs;

– 	 Dictyocha pulchella (~19.0 – ~5.5 Ma, N. pontic-
ula to lower D. fibula zones) is the most significant 
Dictyocha along the whole section but occurs spo-
radically;

– 	 Paramesocena apiculata (~18.0 – ~8.0 Ma, C. tri-
acantha and D. brevispina zones) is rare but can 
become common in some samples in the basal lay-
ers of P1;

–	 Bachmannocena diodon var. nodosa (~11.2 – 
~3.0 Ma, D. brevispina – D. fibula zones) occurs in 
a few samples of P1;

– 	 Reticulofenestra pseudoumbilicus (17.9–3.7  Ma) 
occurs along P1, wherever calcareous nannofossils 
are present;

– 	 Discoaster variabilis subsp. decorus (13.5–3.7 Ma) 
is scattered in the basal ~70 m of the section. 

4.3	� Characterization and age of the 
tephra layer

The volcanic ash layer CTZ-T324 is comprised of 
highly vesiculated glass shards, few biotite phe-
nocrysts, and rare amphibole and pyroxene phe-
nocrysts (Fig. 4A). The tephra shows < 10% of non-
primary particles. Additionally, biotite phenocrysts are 
coated by glass, allowing to define it as a product of 
primary deposition (Fig. 4A). Grain-size analyses 
show a unimodal distribution, with a high percentage 
of mud-sized and < 10% of sand-sized particles (Sup-
plement Material, Appendix 3). For this reason, the 
sample is given the sediment name of coarse silt, be-
longs to the textural group of mud (Supplement Mate-
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rial, Appendix 3), and can be classified as extremely 
fine ash following White & Houghton (2006). 

Glass shard analyzed by EPMA indicate a rhyolitic 
composition and show no evidence of strong altera-
tion; the low totals can be attributed to moderate post-
depositional hydration in the marine environment (Bo-
sio et al. 2020a, Villa & Bosio 2023) (Supplement 
Material, Appendix 3). Biotite shows an Al-rich com-
position and a slightly low Mg/(Mg + Fe2+

tot + Mn) 
with respect to other P1 tephra (Fig. 4B). Several per-
aluminous magmas were erupted during the Late Mio-
cene in the Central Andes (Caffe et al. 2012), and 
some peraluminous tephra reached the East Pisco Ba-

sin (Bosio et al. 2020c). Potassium loss is revealed by 
the alkali site occupancy between 1.72 and 1.88 apfu 
(atoms per formula unit), lower than the stoichiomet-
ric value of 2 apfu (Supplement 3), i.e., it is slightly 
altered but still suitable for 40Ar/39Ar dating. Indeed, 
the K concentration calculated from the 39Ar release is 
substoichiometric (Supplement Material, Appen-
dix 3). As discussed in more detail by Villa & Bosio 
(2023), micas from marine tephra layers in the East 
Pisco Basin are affected by slight alteration. All the 
isochrons calculated with different subsets of steps are 
over dispersed (MSWD˃1); an isochemical age is cal-
culated from the weighted average of the two steps 

Fig. 4. CTZ-T324 tephra characterization. A. BSE image of a well-preserved biotite crystal with glass coating and highly 
vesiculated glass shards. B. Mg/(Mg+Fe2+

tot+Mn) vs Al diagram showing biotite composition of the analyzed tephra. The 
gray field indicates the composition of the volcanic ash layers in the P1 allomember of the Pisco Formation. C. Cl/K vs. 
Ca/K diagram built on irradiation-produced 38Ar/39Ar and 37Ar/39Ar ratios. The black circle indicates isochemical steps 7 and 
8 used for calculating the final age. D. Age spectrum of the dated tephra. The dashed line indicates steps 7 and 8, i.e., the 
steps that better approximates the Ar release from the unaltered biotite.
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with the lowest Ca/K, steps 7 and 8, since the stoichi-
ometry of biotite does not admit the presence of Ca. 
This final age is 9.78 ± 0.08 Ma (Fig. 4C, D) (Supple-
ment Material, Appendix 3). The final age estimate is 
given with a 2σ uncertainty, which takes into account 
different sources of uncertainty. 

5	 Discussion
5.1	� Age and stratigraphic architecture of 

the Pisco Formation in the Ica River 
Valley

In the Ica River Valley, the Pisco Formation crops out 
as a gently dipping monocline, onlapping on the base-
ment towards the NNE (Di Celma et al. 2022), defin-
ing a paleo-basin deepening towards the SSW. 

The P0 sequence displays a pronounced wedge-
like geometry, showing a maximum thickness of ~40 
m at Cerro las Tres Piramides and ~55.5 m at Cerro 
Tiza, thinning towards Cerro la Bruja where it is not 
present. While in the Ullujaya area its thickness de-
creases northeastward likely due to progressive onlap 
and loss of successively younger beds at the base (Di 
Celma et al. 2017), in the area of Cerro Tiza erosion at 
the top can be inferred from satellite images and bi-
ostratigraphic data.

Significant lateral facies changes occur within P0, 
following the south-southwestward paleo-basin deep-
ening: fine- to very coarse-grained, cross-stratified, 
macrofossil-rich nearshore calcarenites occur in the 
Cerro Submarino-Ullujaya area (Di Celma et al. 2017), 
fine-grained siltstones lacking microfossils are present 
southwestward at Cerros la Mama y la Hija, whereas 
fine-grained offshore diatomaceous siltstones domi-
nate the southernmost outcrops at Cerro Tiza.

The fossil content reflects such facies changes: the 
microfossil-barren calcarenites contain mollusks and 
barnacles, while the diatomaceous siltstones display 
abundant diatoms and silicoflagellates. 

Dating the P0 sequence had thus far been impeded 
by the coastal nature of the sediments, the absence of 
microfossils, and the lack of datable ash layers. The 

age of P0 was thus only constrained by strontium iso-
tope stratigraphy on barnacle and oyster shells and 
shark teeth to 14.7–12.6 Ma at Cerro Submarino (Bo-
sio et al. 2020b, 2022). The identification of a diato-
maceous succession at Cerro Tiza has enabled the use 
of biostratigraphic markers.

Based on the presence of Denticulopsis hyalina 
(0–16 m abs) and the occurrence of Denticulopsis si-
monsenii (7–41 m abs) and Koizumia adaroi (7–39 m 
abs), the lower 16 m are constrained between 14.2 and 
13.1 Ma; this age is supported by the occurrence of 
Crucidenticula punctata (14.5–55 m abs), Cruciden-
ticula nicobarica, rarer Thalassiosira perispinosa and 
Th. praeyabei and other species that have a longer 
range.

Among silicoflagellates, the presence of Cannopi-
lus associated with multi-windowed Stephanocha 
speculum is suggestive of the Cannopilus schulzii sub-
zone (~18 – ~13.5 Ma), even if their range can be also 
younger. Notably, 4-sided silicoflagellates with 
strongly bent sides and displaying both cruxoid (e.g., 
Distephanopsis slavnicii) and dictyochid (e.g., Dictyo-
cha subarctios) features are reported from a distinct 
interval within the diatomaceous P0 and are not docu-
mented elsewhere in the Pisco Formation. 

The upper part of the P0 section (16–55.5 m abs) is 
constrained to be older than 12.9 Ma by the presence 
of Coscinodiscus lewisianus, a few specimens of 
which occur up to the top of the section, even if the 
presence of Crucidenticula nicobarica (LO 12.3 Ma) 
and C. punctata (LO 11.4 Ma) could support poten-
tially younger ages at the top. Among silicoflagellates, 
the occurrence of Corbisema triacantha is notewor-
thy: the few recorded individuals represent the final 
occurrences of this long-ranging species, widely pre-
sent in the older strata of the Pisco Basin, before its 
global extinction at ~11.2 Ma.

Overall, the P0 sequence is almost completely con-
tained in the Coscinodiscus lewisianus low-latitude 
diatom zone, or in the upper part of Denticulopsis hya-
lina and in the Crucidenticula nicobarica North-Pa-
cific mid-latitude zones. It belongs to the Corbisema 
triacantha silicoflagellate tropical-subtropical zone 

Fig. 5. Diatoms: 1–4) Denticulopsis hyalina: 1, common form; 2, elongated form; 3, slightly tilted; 4, girdle view of 2 com-
plete individuals; 5) D. simonsenii; 6–10) D. vulgaris, 7, normal form; 8, with slightly curved sides; 9, short form; 10, girdle 
view; 10, slightly tilted; 11) D. vulgaris–D. praekatayamae transitional form, with curved sides; 12, 13) Lithodesmium 
californicum; 14, 15) L. reynoldsii, 16–18) Lithodesmium cf. minusculum, with strongly curved sides; 19) Lithodesmium cf. 
californicum.
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and in particular it likely falls within the Cannopilus 
schulzii sub-zone, due to the common abundance of 
Cannopilus spp.and Stephanocha speculum var. hemi-
sphaerica and the absence of Dictyocha stauracantha 
whose first occurrence marks the base of the nominal 
sub-zone.

Recent work by DeVries et al. (2021) described 
P0-correlative members of the Pisco Formation in the 
Laberinto area. Their diatom assemblages have sev-
eral species in common with our PNC section (D. hya-
lina, D. simonsenii, C. nicobarica, C. punctata, C. 
lewisianus, A. ingens, Th. praeyabei, Th. perispinosa, 
A. octonarius, C. triacantha). They also found coastal 
age-diagnostic species of Delphineis (D. angustata, D. 
biseriata, D. penelliptica) that agree with a nearshore 
setting for their fine-to coarse-grained sandstones. The 
lack of Delphineis in our samples and the scarce pres-
ence of other coastal taxa (Actinoptychus, Gram-
matophora, Paralia, Rhaphoneis and Stephanopyxis) 
likely indicate a slightly deeper setting for the Cerro 
Tiza P0 sediment succession. The other species men-
tioned by DeVries et al. (2021) (Actinoptychus minu-
tus, A. vulgaris, Azpeitia nodulifera, A. vetustissima, 
Cavitatus jouseana, Cestodiscus kugleri, C. pulchel-
lus, Coscinodiscus gigas, Denticulopsis lauta, 
Hemiaulus polymorphus, Nitzschia aff. N. denticu-
loides, Rhizosolenia miocenica, Stephanopyxis 
schenckii, Thalassiosira flexosa, Th. leptopus, Th. mi-
oplicata, Th. tappanae) were not recorded along our 
section at Cerro Tiza.

Additionally, our P0 samples display frequent oc-
currences of Denticulopsis vulgaris, which has not 
been mentioned from the Laberinto area (but see Sup-
plement Material, Appendix 1). It is worth noting that 
the first occurrence of D. vulgaris is time-transgres-
sive (13.5 Ma in the North Pacific to ~10.0 Ma in the 
equatorial Pacific, Yanagisawa & Akiba 1990) and the 
species first appears in our section along with Denticu-
lopsis simonsenii (FO 14.5 in the North Pacific, but 
13.6 in the equatorial Pacific), as confirmed by SEM 
analyses, therefore possibly pre-dating its own North 
Pacific occurrence. 

Overall, our estimate for the age of the P0 sequence 
at Cerro Tiza (from 14.2 to 12.9 Ma) is closely similar 
to that obtained by means of SIS (Bosio et al. 2020b, 
2022) and for the P0 correlative strata at Laberinto 
(14.4–12.8 Ma, DeVries et al. 2021). Uncertainty re-
mains on the first occurrence of D. simonsenii,which 
is time-transgressive at different latitudes (14.5 Ma in 
the North Pacific, 13.6 Ma in the equatorial Pacific) 
and of D. vulgaris which is still loosely constrained. A 
slightly different age of P0 in the two localities is in 
any case to be expected, given the time-transgressive 
nature of the basal layers of the stratigraphic se-
quences.

The geometry of the P1 sequence is similar to that 
of P0: it becomes progressively thicker towards the 
southwest, ranging from 42 m at Cerro la Bruja (Bosio 
et al. 2019, Di Celma et al. 2022) to 66 m at Cerros la 
Mama y la Hija (Bosio et al. 2020a), 95 m at Cerros 
Cadenas de los Zanjones and > 230 m at Cerro Tiza, 
the latter lacking its upper portion due to late erosion 
after the final uplift. 

The P1 stratal unit also displays significant facies 
changes, ranging from nearshore bioclastic-rich mi-
crofossil-poor calcarenites at Cerro la Bruja to diato-
maceous siltstones at Cerros la Mama y la Hija to di-
atomites at Cerros Cadenas de los Zanjones and Cerro 
Tiza (Fig. 3). The microfossil content reflects such 
lateral facies changes: diatoms are rare at Cerro la 
Bruja, few to common at Cerros la Mama y la Hija and 
common to abundant at Cerros Cadenas de los Zan-
jones and Cerro Tiza. The latter section also contains 
few to common calcareous nannofossils, that repre-
sent their only record in P1 sediments. Calcareous 
nannofossils were in fact absent elsewhere due to 
missing deposition in nearshore areas or to lack of 
preservation.

The base of the P1 sequence has been previously 
defined at northern localities of the Ica River Valley 
through combined diatom biostratigraphy and abso-
lute tephra dating at Cerro Colorado, Cerro los Quesos 
(Garibodi et al. 2017), Cerros la Mama y la Hija and 
Cerros Cadenas de los Zanjones (Bosio et al. 2020a). 

Fig. 6. Diatoms: 1) Koizumia adaroi; 2–4) K. tatsunokuchiensis, 2, elongated form (broken); 3, girdle view; 4, short form; 
5) Rhaphoneis sp., 6) Thalassionema sp.; 7) Grammatophora sp.; 8, 9) Crucidenticula nicobarica, 10–12) Crucidenticula 
punctata; 13, 14) Delphineis simbirskiana; 15–17) Delphineis sachalinensis; 18) Actinocyclus ellipticus; 19) Actinocyclus 
ingens; 20) Thalassiosira perispinosa; 21) Thalassiosira cf. T. urahoroensis; 22) Coscinodiscus lewisianus; 23) Craspedo-
discus coscinodiscus; 24, 25) Azpeitia salisburyana
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All data converge to indicate a basal age of P1 at 
~9.5 Ma. Although DeVries & Frassinetti (2003) and 
DeVries & Jud (2018) assumed as plausible an age of 
12.5–12 Ma for the basal P1 layers at Cerros la Mama 
y la Hija and the nearby Cerro Yesera de Amara, based 
on the absence of younger species along with the pres-
ence of species whose range is compatible with such 
an old age, they do not record any species that allows 
for an unequivocal constrain. On the contrary, we find 
Lithodesmium reynoldsii at the base of P1 in our sec-
tion at Cerros la Mama y la Hija (MF-D1, 14°36' 
41.3''S; 75°40'21.4''W), indicating that the base of P1 
there is younger than 10 Ma. 

Recent work by DeVries et al. (2021) in the Laber-
into area has described a P1-correlative sequence, 
which they locally referred to as “Mature Formation”, 
that has a diatom assemblage corresponding to the dia-
tom assemblage of P1, with important markers being 
represented by Lithodesmium reynoldsii and Denticu-
lopsis praekatayamae (indicated as D. katayamae, but 
their species concept includes also D. praekatayamae 
as used by Gariboldi et al. 2017). 

At Cerro Tiza, we document the first occurrence of 
L. reynoldsii (FO at 10.0 Ma) at 12 m abs, thus imply-
ing that the base of P1 is indeed (slightly) older than 
10 Ma. Also, the most abundant form of Denticulopsis 
in our lowermost samples (but also at the base of Cer-
ros la Mama y la Hija) is represented by D. vulgaris 
and by a transitional D. vulgaris/D. praekatayamae 
form (Figs 5, 10, 11) that probably precedes the first 
occurrence of typical D. praekatayamae at 9.6 Ma. 

We did not find Denticulopsis dimorpha which in 
turn has been reported by DeVries et al. (2021) from 
the Mature Formation.

Delphineis sachalinensis, indicated as a significant 
component of the Mature Formation, is present with 
variable abundance along our sections of P1. We sepa-
rated the more elongated D. sachalinensis from the 

more oval-shaped Delphineis simbirskiana that co-
occurs in most P1 samples (see Supplement Material, 
Appendix 1 and Fig. 6). Both forms were reported by 
Mertz (1966) from the Pisco Basin (although with dif-
ferent names, see Supplement Material, Appendix 1). 
Among the silicoflagellates, the occurrence of long-
ranging Paramesocena apiculata is noteworthy, as it 
occurs in significant abundances in some samples;  
D. crux is an important marker (LO ~8.0 Ma) that is 
present throughout the succession.

Among the calcareous nannofossils, Reticulofen-
estra pseudoumbilicus (17.95–3.7 Ma) occurs through-
out the Cerro Tiza succession, wherever calcareous 
nannofossils are present. Its occurrence is likely con-
strained below the base of its global interval of ab-
sence (paracme zone or interval of absence from 8.8 to 
7.1 Ma, Backman et al. 2012). 

Finally, CTZ-T324 (9.78 ± 0.08 Ma), collected at 
69 m abs at Cerro Tiza, represents the oldest tephra 
dated so far in the Pisco Formation, as compared to the 
P1 tephra layers dated at Cerro Colorado (CC-T1b: 
9.10 ± 0.04 Ma), at the base of Cerros Cadenas de los 
Zanjones (ZAN-T6: 9.46  ±  0.05  Ma and LA(16): 
9.00 ± 0.02 Ma) and at the Anfiteatro locality (ANF-
T1a: 9.31  ±  0.01  Ma) (Bosio et al. 2020a). Overall, 
diatom biostratigraphy and the dated tephra layer con-
cur in defining the base of P1 at Cerro Tiza to be 
around 10.0 Ma: such an old age defines a progressive 
landward decrease in age of the basal strata of the P1 
sequence, due to the northeastwards pattern of coastal 
onlap.

The age of the top of P1 has been constrained at 
Cerro los Quesos, Cerros Cadenas de los Zanjones and 
Cerros la Mama y la Hija by the last occurrence of D. 
praekatayamae a few meters below the top and by ab-
solute dating of one tephra layer at 8.60  ±  0.11  Ma 
(ZANJ-T3) (Gariboldi et al. 2017, Bosio et al. 2020a, 
Di Celma et al. 2022), with the last occurrence of 

Fig. 7. Diatoms, phytolith and calcareous nannofossils: 1, 2) Actinoptychus sp.; 3) Rhizosolenia sp.; 4) diatom mate, with 
abundant Chaetoceros resting spores and setae; 5) Chaetoceros seta; 6) Diplomenora sp.; 7) Eucampia sp.; 8) bilobate phy-
tolith (cf. Piperno et al. 2006); 9) Discoaster variabilis var. decorus; 10) Reticulofenestra pseudoumbilicus; 11) Coccolithus 
pelagicus; 12) R. haqii; 13) R. perplexa. Scale bar = 10 µm.

Fig. 8. Silicoflagellates: 1–4) Dictyocha pulchella; 5) Dictyocha aspera subsp. clinata; 6–9) Stephanocha speculum: 6, var. 
speculum, 7, var. pentagona; 8, var. bispicata, 9, var. hemisphaerica; 10–12) Cannopilus sp.
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Fig. 10. SEM images of diatoms: 1, 2) Denticulopsis hyalina; 3, 4) D. simonsenii; 5, 6) D. vulgaris; 7, 8) D. vulgaris/ 
D. praekatayamae transitional form.

Fig. 9. Silicoflagellates: 1–4) Distephanopsis crux, 1–2, normal forms; 3, with slightly elongated and rotated apical ring, 4, 
with strongly elongated apical ring; 5) Distephanopsis slavnicii; 6–8) Dictyocha subarctios, 6, normal form, 7, asperoid 
form, 8, medusoid form; 9) Paramesocena apiculata; 10) Bachmannocena diodon var. nodosa; 11, 12) Corbisema triacan-
tha.

L.  reynoldsii (9.0 Ma) being identified a few meters 
below. At Cerro Tiza, L. reynoldsii occurs, although 
scattered, up to 173.5 m abs, thus constraining the 
main part of the section to be between 10.0 Ma and 
9.0 Ma old, as confirmed by the scattered presence of 
Koizumia adaroi (LO 9.0 Ma) up to 208 m abs and by 
the occurrence of K. tatsunokuchiensis (FO 9.1 Ma) a 
few meters above. Rare Denticulopsis simonsenii and 
D. praekatayamae are still present at the top, suggest-
ing that the upper layers of the P1 sequence are locally 
older than 8.6 Ma. Also, the presence of Reticulofen-
estra pseudoumbilicus in the upper layers would fur-
ther constrain the age of the top to prior its interval of 
temporary absence starting at 8.8 Ma. Indeed, the up-
per layers of P1 and the P2 sequence above are lacking 
at Cerro Tiza: they were probably eroded subaerially 
after the final uplift of the basin.

Overall, the P1 sequence is constrained to the up-
per part of the Actinocyclus moronensis and to the 
Thalassiosira yabei low-latitude diatom zones, or in 
the Denticulopsis dimorpha and D. katayamae North-
Pacific mid-latitude zones and belongs to the Dictyo-
cha brevispina silicoflagellate tropical-subtropical 
zone.

The age of the P0-P1 unconformity (12.9  Ma to 
nearly 10 Ma) as recorded at Cerro Tiza (this work) 
and in the Laberinto area (DeVries et al. 2021) corre-
sponds to the major drop in sea-level centered at 
11.7  Ma (Mi-5 of Miller et al. 1991, 1998, as cali-
brated by Boulila et al. 2011) but might also include 
the minor positive oxygen isotope shifts at 12.9  Ma 
(Mi-4) and 10.3 Ma (Mi-6). Extended periods of low 
sea-level would imply a prolonged interval of non-
deposition, as suggested in Di Celma et al. (2018a). 
However, evidence of an ash bed dated through U/Pb 
on zircons at 11.98 Ma at Ladera de Lisson (DeVries 
et al. 2021), approximately 31 km to the south-east of 
our study area and a few km east of the Laberinto area, 
implies a shorter hiatus, and could indicate more ex-

tended deposition cut by major erosional events, as 
discussed by DeVries et al. (2021). Indeed, due to the 
time-transgressive nature of the coastal onlap at the 
base as well as the local extent of erosion at the overly-
ing unconformity, the oldest and youngest sediments 
of a depositional sequence may show age variations 
throughout the basin.

5.2	� Paleoclimatic and Paleoceano-
graphic constraints

During the second half of the Miocene (Fig. 3), the 
Earth’s climate saw a remarkably warm interval (the 
Miocene Climatic Optimum, ca. 17–14 Ma) followed 
by an abrupt cooling (the Middle Miocene Climate 
Transition, ca. 14 Ma) after which the global tempera-
tures remained distinctly colder than they were before 
(Westerhold et al. 2020). These keystone episodes of 
the Earth’s past climate are recorded in the studied 
succession, though in a way that is intimately con-
nected to the geodynamic and oceanographic evolu-
tion of the southeastern Pacific margin. 

Crucially, the latter is now home to the northward-
flowing Humboldt Current, which includes surface 
and subsurface currents that bring deep, cold, nutrient-
rich waters from Antarctica to Peru, thus sustaining 
high levels of productivity along the western coast of 
South America (Penven et al. 2009, Chavez & Messié 
2009, Karstensen & Ulloa 2009). Also known as the 
Peru-Chile Current, the Humboldt Current is thought 
to have begun during the Eocene or Oligocene, fol-
lowing major regional events such as the rise of the 
Andes and the opening of the Drake Passage (Marty et 
al. 1988), but its age and origin still remain poorly 
constrained.

The diatom assemblages of the Middle Miocene P0 
include diatom species that are regarded as typical of 
either the Pacific low latitudes (e.g., Crucidenticula 
spp. and Thalassiosira yabei) or the North Pacific mid 
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Fig. 11. SEM images of diatoms: 1, 2) Denticulopsis hyalina; 3) D. praekatayamae; 4) D. vulgaris/D. praekatayamae tran-
sitional form; 5, 6) D. vulgaris; 7, 8) Denticulopsis simonsenii.

latitudes (e.g., Th. praeyabei and Denticulopsis spp.), 
thus suggesting an influence of cool waters related to 
upwelling, as proposed by DeVries et al. (2021) for the 
P0-correlative strata in the Laberinto area. Indeed, up-
welling is supported by the common presence of 
Thalassionema (mostly T. nitzschioides) and Chaetoc-
eros resting spores throughout the succession, these 
genera being indicative of high nutrient availability. 

The P0 depositional setting was relatively shallow 
at Cerro Tiza, as indicated by the presence of coastal 
diatom genera (Actinoptychus, Grammatophora, 
Paralia, Rhaphoneis and Stephanopyxis) and phyto-
liths, even though the absence of coastal Delphineis is 
probably indicative of slightly deeper conditions com-
pared to those recorded in the Laberinto area.

The invertebrate assemblages that occur in the very 
shallow-water P0 strata exposed at Cerro Submarino 
(Bosio et al. 2020b) include architectonicid, conid and 
cypraeid gastropods, the ficid species Ficus distans, 
and the only coral colony to have ever been found in 
the East Pisco Basin, all of which indicate warm-water 
conditions. The fossil vertebrates from the base of the 
same deposits (Collareta et al. 2021a) also suggest a 
(sub)tropical, marginal-marine setting connected with 
the open ocean.

The diatom markers that are found in P1 are mostly 
mid-latitude North Pacific species, thus suggesting 
distinctly cooler climate conditions for this Tortonian 
unit. Intense upwelling is supported by the presence of 
Thalassionema and of Chaetoceros spores that are 
common to abundant throughout the section. Rare to 
few coastal genera, among which is Delphineis (in-
cluding D. sachalinensis and D. simbirskiana), do also 
occur. The vertebrate fossil record of the P1 sequence 
is also consistent with high productivity in the way it 
features the coexistence of two apex predators (Car-
charocles megalodon and Livyatan melvillei) as well 
as a rich and diverse assemblage of piscivores (among 
which are many taxa of cetaceans, seabirds and sharks) 
(Collareta et al. 2021a). 

Moreover, just like the modern Humboldt Current 
System, the P1 vertebrate food web was based on sar-
dines (Sardinops), which nowadays thrive in the east-
ern boundary upwelling systems (Collareta et al. 2015, 
2017, Lambert et al. 2015). The local disappearance of 

the snaggletooth shark genus Hemipristis at the P0-P1 
passage (Bosio et al. 2020b) also suggests that the 
Pisco waters were cooler during the Tortonian than in 
Middle Miocene times. 

All this paleoecological information and the sedi-
mentological, paleontological and geochemical re-
cords of the underlying rocks (e.g., Dunbar et al. 1990, 
DeVries et al. 2017, Malinverno et al. 2021, Kiel et al. 
2023) converge in indicating an overall cooling trend 
as well as a strengthening of the (proto-)Humboldt 
Current and related coastal upwelling in the (early) 
Late Miocene. 

6	 Conclusions
We documented the earliest phases of deposition of 
the Pisco Formation from the diatomaceous layers of 
the P0 sequence at Cerro Tiza and we constrained the 
age of this stratal package between 14.2 and 12.9 Ma 
through the presence of the diatom species Denticu-
lopsis hyalina, D. simonsenii and Koizumia adaroi in 
the lower layers and Coscinodiscus lewisianus at the 
top. Notably, this age assignment is in good agreement 
with previous age estimates obtained via strontium 
isotope stratigraphy of P0 at 14.7–12.6 Ma in the cen-
tral Ica River Valley and coincides with the age in-
ferred for P0-correlative members of the Pisco Forma-
tion in the southern portion of the Laberinto area. 

We confirm that the base of the P1 sequence is as 
old as 10 Ma in the deeper paleo-setting of Cerro Tiza. 
We also document the occurrence of a transitional 
Denticulopsis vulgaris/D. praekatayamae form, which 
probably precedes both the first occurrence of the typ-
ical D. praekatayamae (FO at 9.6 Ma) and the first oc-
currence of Lithodesmium reynoldsii (FO 10.0  Ma) 
along the section. 

These findings provide better chronological con-
straints to the depositional sequences of the Pisco For-
mation and a better understanding of the basin geom-
etry during the late Early and Middle Miocene. This 
knowledge is crucial for understanding the evolution 
of the rich marine vertebrate fauna of the Pisco Forma-
tion and for unraveling its paleoceanographic context.
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Appendix 1. Taxonomy of the species mentioned in the text.  



Actinocyclus ellipticus Grunow in Van Heurck 1883   



Actinocyclus ingens Rattray 1890    



Actinocyclus octonarius Ehrenberg 1837   



Actinocyclus aff. intersectus sensu Strelnikova et al., 2001   



Actinoptychus marylandicus   



Annellus californicus Tempere in J. Temepre & H. Peragallo 1908   



Bogorovia lancettula (Schrader) Yanagisawa 1995   



Coscinodiscus lewisianus Greville 1866 (26.9-12.9 Ma).   



Coscinodiscus sp. large  



Comment: these large morphologies include C. oculus-iridis and C. asteromphalus  



Crucidenticula nicobarica (Grunow) Akiba & Yanagisawa, 1985   



Crucidenticula punctata (Schrader) Akiba & Yanagisawa 1985   



Delphineis sachalinensis (sensu Schrader) Andrews 1988   



Comment: as described by Schrader (1973, excluding his Plate25-fig. 5) in Late Miocene to middle Pliocene;  



corresponding to D. ischaboensis angusta of Mertz (1966) from the Pisco Basin; as used in Barron (1975, Plate 12-fig.  



3) and Barron and Baldauff (1986, Plate 3-fig. 6).  



Delphineis simbirskiana (Grunow) Barron and Baldauf 1986  



Comment: as described by Grunow in Pantocsek, 1886 as Raphoneis simbirskiana; as used by Barron (1975);   



corresponding to D. ischaboensis linguiformis described by Mertz (1966) in the Pisco Basin,   



Denticulopsis hyalina (Schrader) Simonsen 1979    



Denticulopsis simonsenii Yanagisawa & Akiba 1990    



Denticulopsis praekatayamae Yanagisawa & Akiba 1990   



Denticulopsis vulgaris (Okuno) Yanagisawa and Akiba, 1990   



Comment: it is difficult to separate D. vulgaris from D. praekatayamae under the light microscope, so they were  



tabulated together. Under the SEM we found a common transitional form between D. vulgaris and D. praekatayamae,  



with irregular areolae, as illustrated in our Figures 10, 11.  



Grammatophora sp.   



Koizumia adaroi Yanagisawa 1994    



Koizumia tatsunokuchiensis (Koizumi) Yanagisawa 1994   











Lithodesmium californicum Grunow in Van Heurck 1883  



Comment: similar to L. reynoldsii but with rounded sides, as in Barron (1976)  



Lithodesmium sp. (rounded)  



Comment: small species of Lithodesmium with strongly inflated outline, with rounded sided and apices, similar to L.  



minusculum but predating its known occurrence.  



Lithodesmium reynoldsii Barron 1976   



Nitzschia porteri Frenguelli 1949   



Rossiella paleacea (Grunow in Van Heurck) Desikachary & Maheshwari 1958   



Rouxia naviculoides Scharder 1973   



Thalassiosira perispinosa Tanimura 1996  



Comment: as in Barron et al. (2013)  



Thalassiosira cf. T. urahoroensis Akiba 1985   



Thalassiosira praeyabei Akiba & Yanagisawa 1985   



Thalassiosira yabei (Kanaya) Akiba and Yanagisawa 1985    



   



Silicoflagellates   



Bachmannocena diodon var. nodosa Bukry 1978d   



Cannopilus sp. Haeckel 1887  



Comment: the specimens of P0 remind Cannopilus picassoi of Stradner (1961), but with short or no spines on the apical  



structure.  



Corbisema triacantha (Ehrenberg) Frenguelli 1940    



Dictyocha aspera subsp. clinata Bukry 1975   



Dictyocha pulchella Bukry 1975   



Dictyocha subarctios Ling 1970  



Comment: specimens of Dictyocha with strongly bent sides and fibuloid apical structure occur in 3 subsequent samples  



(PNC19, 21, 22) and are identified as D. subarctios as described by Ling (1970) from the Miocene of the central North  



Pacific and this species concept includes also forms with asperoid and medusoid apical structure; they are associated  



with Distephanopsis slavnicii; see our Figure 9.  



Distephanopsis crux (Ehrenberg) Dumitricӑ 1973  



Comment: different varieties, with more rounded or more elongated apical ring, are recorded, see our Figure 9.  



Distephanopsis slavnicii Jerković 1965  











Comment: several specimens characterised by a nearly square basal ring with strongly bent sides and identified as D.  



slavnicii occur in three subsequent samples (PNC19-21-22). Bukry (1978) describes D. crux var. loeblichii with a  



similar rounded basal ring but with short and equant spines and no pikes (even though pikes are visible in the images).  



However his plate 4-fig. 6 is probably D. slavnicii, as it displays non equant spines, tipically bent sides and visible  



pikes.   



Paramesocena apiculata (Lemmerman) Locker and Martini, 1986   



Comment: described as Mecocena circulus var. apiculata by Lemmerman   



Stephanocha speculum (Stöhr) McCartney and Jordan 2015   



Stephanocha speculum var. bispicata (Bukry 1982) K. McCartney & R.W. Jordan,   



Stephanocha speculum var. hemisphaerica (Ehrenberg 1844) K. McCartney & R.W. Jordan  



Comment: this form includes S. speculum with multi-windowed apical structure, but no significant dome-shaped  



structure as in Cannopilus.  



Stephanocha speculum var. pentagona (Lemmermann 1901) K. McCartney & R.W. Jordan 2015   



Siliceous dinoflagellates   



Actiniscus pentasterias Ehrenberg, 1844   



   



Calcareous nannofossils   



Cyclicargolithus floridanus (Roth & Hay, in Hay et al., 1967) Bukry, 1971   



Calcidiscus leptoporus (Murray & Blackman 1898) Loeblich & Tappan, 1978   



Calcidiscus tropicus (Kamptner, 1955) Varol 1989 sensu Gartner, 1992   



Coccolithus pelagicus (Wallich 1877) Schiller, 1930   



Discoaster variabilis subsp. decorus   



Helicosphaera carteri (Wallich 1877) Kamptner, 1954   



Helicosphaera intermedia Martini, 1965   



Reticulofenestra haqii Backman, 1978   



Reticulofenestra perplexa (Burns 1975) Wise1983   



Reticulofenestra producta (Kamptner 1963) Varol 1989   



Reticulofenestra pseudoumbilicus (Gartner, 1967) Gartner, 1969   



Sphenolithus moriformis (Brönnimann & Stradner, 1960) Bramlette & Wilcoxon, 1967   
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CTZ-ZANJ-MF


						metres			samples			Diatoms			Actinocyclus spp.			A. ellipticus (14-0 Ma)			A. ingens (18.2-7.8)			A. octonarius			Actinocyclus aff. intersectus			Actinoptychus spp.			Actinoptychus marylandicus			Asteromphalus sp.			Azpeitia sp.			Bogorovia sp.			Bogorovia lancettula (12.6-6.3 Ma)			Chaetoceros resting spores			Cocconeissp.			C. lewisianus (26.9-12.9 Ma)			Coscinodiscus sp. 			Craspedodiscus coscinodiscus (17.6-11.4 Ma)			Crucidenticula nicobarica (15.1-12.3 Ma)			Crucidenticula punctata (13.4-11.4 Ma)			Delphineis sachalinensis 			Delphineis simbirskiana 			Denticulopsis hyalina (14.9-13.1 Ma)			Denticulopsis simonsenii (14.5/13.6-8.7 Ma)			Denticulopsis vulgaris/praekatayamae			Eucampia sp.			Fragilariopsis sp.			Grammatophora sp.			Hemiaulus spp.			Koizumia adaroi (14.2-9 Ma)			Koizumia tatsunokuchiensis (9.1-2.6 Ma)			Lithodesmium reynoldsii (10.0-9.0 Ma)			Lithodesmium californicum (13.5-6.8 Ma)			Lithodesmium sp. (round)			Nitzschia sp.			Nitzschia porteri (12.2-7.1 Ma)			Paralia sp.			Pseudotriceratium sp.			Rhizosolenia sp.			Rossiella paleacea (20.9-7.7 Ma)			Rouxia naviculoides (14-2 Ma)			Rouxia sp.			Sceptroneis sp.			Stephanopyxis sp.			Thalassionema sp.			Th. perispinosa (FO 14.9 Ma)			Th. praeyabei (14.5-13 Ma)			Th. yabei (13.5-8.3 Ma)			Thalassiosira spp.			Triceratium sp.						Silicoflagellates			C. triacantha (~36.5-~11.2 Ma)			Bachmannocena diodon var. nodosa			Cannopilus sp.			Dictyocha aspera			Dictyocha pulchella			Dictyocha subarctios			Distephanopsis crux			Distephanopsis slavnicii			Paramesocena apiculata			Stephanocha speculum var. speculum			S. speculum var. pentagona			Stephanocha speculum var. bispicata			S. speculum var. hemisphaerica						Siliceous dinoflagellates			Actiniscus pentasterias			Calcareous nannofossils			C. floridanus (46-12.1 Ma)			C. leptoporus (22.8 Ma - present)			C. tropicus (17.9 - 0.4 Ma)			C. pelagicus (65.4 Ma - present)			Discoaster variabilis decorus (13.5-3.7 Ma)			Discoaster variabilis (9.53-2.49 Ma)			H. carteri (23.1 Ma - Present)			H. intermedia (36.9-3.7 Ma)			R. haqii (22.8-3.7 Ma)			R. perplexa (33.9-5.3 Ma)			R. producta (23-0.8 Ma)			R. pseudoumbilicus (17.95 - 3.7 Ma)			S. moriformis (61.6-3.7 Ma)


			P1			232			CTZ-527			C/mod																											F									R																														VR																																																															F									F												B


						229			CTZ-526			C/mod																																				F																					VR			R									F																																																												F									R												VR															VR															R						R															VR																																				R


						224.5			CTZ-525			C/bad																		R			R															F																					R																														F																																							R			C																					B																																																			F																		VR																		F


						220			CTZ-524			F/mod																		R																		R																					R			VR									R																																																												F																					B																																																			B


						217			CTZ-523			C/mod																		F																		R																					R												R																																																									C			C									VR												B																																																			B


						214			CTZ-521			C/mod																		F																		R																					R												F																		VR																																	VR									F																					VR																																				R															B


						211			CTZ-520			C/mod																		F																					VR																		R			R									R																																																						VR			F			C									VR												VR															X																																				B


						208			CTZ-519			C/mod												VR						R																		R																					R			VR									F															R																		VR																								F			F									VR												R															X						VR									R						R															B


						205			CTZ-518			C/mod																		F																		R																					VR												F																																	VR																								R			C																					R																														R																					B


						202			CTZ-517			C/mod																		C																		R																					R												C																																																												F									R			R									R																														R						R															B


						199			CTZ-516			F/mod																																				R																																	R																																																			R									F																					B																																																			B


						196			CTZ-515			F/mod																		F																		R			VR																		R			R									F																																	VR																					R			R			F																					R																														VR						R															B


						190			CTZ-514			C/mod																		R																		R																																	C																																	VR																		VR									C																					VR															X															VR																		VR			VR																																				VR


						187			CTZ-513			C/mod																																				R																																	F																																																									R			C																					VR																											VR																								B


						184			CTZ-512			C/mod																		F																		R																																																																		VR																											C																					B																																																			B


						181			CTZ-511			C/mod																		R																		R																																																																		VR			VR						R												R			R			C												VR									VR																														R																		R			B


						178			CTZ-510			C/mod																		R																		R																					VR												F																								VR												F						R															F			C																					VR																																				VR															B


						175			CTZ-509			C/mod																		VR																		R																					R												F																								VR												F						F												R						C																					VR																														VR						VR												VR			VR																																				VR


						172			CTZ-508			C/mod																		R																		F																																	F			VR						VR												R															VR						F												R			R			C												F									VR															X																		VR																		B


						169			CTZ-507			C/mod																		R																		F																								VR									F			VR																		R															VR						F												VR			R			C																					VR																																				VR															B


						166			CTZ-506			C/mod																					R																																							R						F			C									VR												VR															VR																								C												F									R																					R									VR						R															B


						163			CTZ-505			F/mod																		VR			VR															R			VR																														R									R																																	R																		C																					B																																																			B


						160			CTZ-504			C/good																					R															F																								R																		VR																																																			A												R									B																																																			B


						157			CTZ-503			C/good																					R															F																								R																																																																		R			C												F									R																																	R																		B


						154			CTZ-501			C/mod																																				F																								R						R			F												R									VR																														R						R			C												R									VR																																				VR															B


						151			CTZ-500			A/good																																																												F						R			F												R									R															R																								C												F									VR																					VR									R																					B


						150.5			CTZ-361			A/good																		R			VR															C									R																								A												VR																								VR						F															VR			A												F									B																																																			B


						146			CTZ-360			F/good																		VR																		F									F												R												VR																																										R																		F												VR									VR															VR															VR																					B


						143			CTZ-359			C/good																																				F									R												R			VR									F									VR												F															F						R																		C												VR									B																																																			B


						140			CTZ-358			C/good																		R																		F									F												R												F																					C																					C																		C												R									VR																														VR																					B


						137			CTZ-357			F/good																		VR																		R																					VR			VR																		VR																											VR						R									VR									F												R									VR												VR																																							B


						134			CTZ-356			A/good			VR															F																		C									VR												R																																	VR															R																								C												R									B						VR																																													B


						131			CTZ-355			A/good																		C																		R																					R			VR									C												R									VR																					F															F			C												C									VR																														R																					F/mod																											F			F						F


						128			CTZ-354			A/good																		F																		F									VR												R			VR									C																					F																					F																		C												R									R																					VR									R																					F/mod												R															R			F						F


						125			CTZ-353			A/good																		R									VR																														VR			VR									C									VR												R												VR			VR						C																		C												VR									B																																																			F/mod												R						R												F						F


						122			CTZ-352			A/good						VR												C																		A																					R			VR									R												R									C															R						F																		A												C									VR																														R																					B


						119			CTZ-351			C/good																		F																		C			VR																		R												R									VR						VR						R																					F															VR			C												F									VR															VR																																				B


						116			CTZ-350			F/good																		R																		F																					VR			VR									VR									VR																											R						VR																		F												R									B																																																			B


						113			CTZ-349			A/good																		F																		C																								VR									A																																	VR			R						F															R			C												F									B																																																			B


						110			CTZ-348			C/good																		R									VR									C									F												VR			VR									R									VR												R															C						R															F			C												R									VR																														VR																					B


						107			CTZ-347			A/good																																				C									VR												VR												F																					VR															VR						F																		A												R									R												VR			R															VR																					R/mod												R																		R						R


						104			CTZ-346			A/good																																				C																					R			R									C												VR			VR						F												R			R						F															VR			C												F									B																																																			B


						101			CTZ-345			A/good			VR			VR												R																		A									F												R												F									R												F																					C															R			A												F									VR															VR															VR																					VR/mod																														VR						VR


						98			CTZ-344			C/good			VR															R																		C																					R			VR									F																					R												VR									C															C			C												VR									B																																																			R/mod												VR																		R						R


						95			CTZ-343			A/good																		R																		C																					R			VR									C																					VR																					F															R			A												F									B																																																			B


						93.5			CTZ-342			A/good						R												R									VR									F																					R												A												VR									F												VR									F																		C												F									R																					VR									VR									VR												B


						92			CTZ-341			A/good																		R																		F																					R			VR									C									VR												F															VR						C															F			C												R									VR															VR																																				B


						90.5			CTZ-340			C/good																		R																		F																					F												VR																					VR															VR						C															VR			C												F									B																																																			B


						89			CTZ-339			C/good																		R			VR															C																					R			VR									F									VR																											VR						C																		C												C			VR						B																																																			B


						87.5			CTZ-338			C/good																		R																		C																					F												R																					VR																					C															VR			C																					B																																																			R/bad																														R						R


						85.5			CTZ-336			C/good						VR												R									VR									C																					R												F									VR												VR															VR						C																		C												F									VR																											VR																								F/mod-bad												R																		F						F


						84.5			CTZ-335			A/good																		R																		A																					R			VR									R									VR			R			VR						F															VR						A																		A												F									B																																																			F/mod												R															R			F						F


						83			CTZ-334			C/good			VR			VR												VR																		C																					R			VR									R												F									C																					C																		C												F			VR						VR																					VR									R			VR																		F/mod																											R			F			R			F


						81.5			CTZ-333			C/good			VR															R																		C			VR																		VR			VR									R												VR									R												VR			R						C																		C												F									VR																														R																					F/mod												R																		F						F


						78.5			CTZ-331			A/good						VR												VR																		F									VR												R			VR									VR									VR												VR															R						F															R			A												F									VR																														R																					B


						77			CTZ-330			A/good																		R																		C																					C			VR									F									VR												F															VR						F																		A												R			VR						B																																																			B


						75.5			CTZ-329			C/good																		R									VR									C									VR												VR			VR									VR									R																																	C									VR									C												R									VR																														VR																					B


						74			CTZ-328			C/good																		C																		F																					R												R									VR												C															F						C																		C												F									VR																														VR																					VR/mod																																				VR


						72.5			CTZ-327			C/good																		R																		F																					R												F																																										F																		C												R									VR												VR			VR															VR																					R/Mod-bad									VR																					R						R


			P1			71			CTZ-326			C/good																		VR																																							VR																					VR																											VR																								C												VR									B																																																			B


						69.5			CTZ-325			C/good																		VR																		C																					R			VR									R																																				VR						F																		C												R									B																																																			F/mod															VR			R									F			F						F


						68			CTZ-323			A/good																		R																		C									F												R			VR									C																																										C																		A																					VR																					VR																														B


						66.5			CTZ-322			A/good																		R						VR												C																					VR												F									VR																											VR						F															VR			A												VR									VR						VR																											VR																		C/mod									VR						R			R												C						C


						65			CTZ-321			A/good																		VR																		F			VR						VR												R			VR									C									VR																											VR						C																		A												VR									VR																																	VR																		F/mod-bad									VR																					F						F


						63.5			CTZ-320			A/good																		R			VR															F																					VR			VR									C															VR																					VR						R																		C												F			R						VR															VR															R			VR																		C/mod									VR																					F						C


						61.5			CTZ-319			A/good			VR															R																		A																					R												A																																										R																		C												F									B																																																			F/mod-bad												F																		F						F


						60.5			CTZ-318			A/good																		R																		C																					F			R									A									VR																																	R																		A												R									B															VR																																				B


						59			CTZ-317			C/good																		R			VR						VR									A									C												R			R									F																																										F																		C												F									B																																																			R/Mod-bad												R												VR												R


						57.5			CTZ-316			C/good																		VR																		C									R												R			VR									R									VR												R																					VR															VR			C												VR									VR																					VR																														C/good												F						R						VR									R			C			VR


						55.5			CTZ-315			A/good			VR															VR																		C			VR																		F			R									C									VR												R																														VR									C												F			VR						VR																														VR																					F/mod																											F			F						F


						54			CTZ-314			C/good																		VR																		A			VR						R												F			R									F									VR												F																														VR						VR			C												R									VR																														VR																					R/mod															R																					F


						52.5			CTZ-313			C/good																		VR																		C																					F			R									F																					F															VR																								C												R									VR															VR																		VR																		C/mod-good												R			R															F						C


						51			CTZ-312			A/good			R			VR												R																		A									R												C			R									C									VR												R																					C															VR			A												VR									VR																											VR			VR			R																		C/mod												F			VR															F						C


						49.5			CTZ-311			A/good																																				C									VR												F			R									A									VR												F												VR																		F									C												C									VR																																	R																		C/mod						R						F															F			C						C


						48			CTZ-310			A/good			R															VR									VR									A									VR												F			R									C																					F												R			VR						A															VR			A												F									R																														VR			VR			VR															C/mod-good												F			R															F						C


						46.5			CTZ-309			A/good																		F									VR									A									R												F			R									C																					R															VR						R																		A												R									VR																														VR			VR																		C/mod												R						R									R			F						C


						45			CTZ-308			A/good																		F									VR									C																					F			R									C												VR									R																					F																		C												F									VR																														R																					C/mod-good																											F			F						C


						43.5			CTZ-307			A/good						VR												R						VR												A									VR												R			R									F									VR												R															VR						F																		A												VR									B																																	VR																		C/mod-good												R																		F						C


						42			CTZ-306			A/good																		F									VR									A																					R			R									C									R			VR									VR												VR									F																		A												R									VR																					VR												VR						VR												C/mod-good															VR												F			R						C


						40.5			CTZ-305			A/good						VR						R						R																		C																								R									F																					R												VR																		VR									A												VR									VR																					VR									VR																					R/mod-good			VR									R						VR									R						R			R


						39			CTZ-304			A/good												R						R																		F																								R									F												R			VR						R												VR			VR																								A												VR									R																											VR			R																					VR/Bad																																				R


						37.5			CTZ-303			A/good						VR												F									VR									C																								R									C												VR			VR						VR												VR			VR															F									C																					R																											VR			R																					B																		VR


						36			CTZ-302			A/good												VR						R									R									C																								R									F															VR						R												VR																											A												VR									R															VR												VR			VR																					B


						34.5			CTZ-301			C/good			VR															F			VR															F			VR												VR									R									F												VR									R												VR																		 VR									C																					VR															VR												VR																								B


						31.5			CTZ-300			C/good			R			VR												F																		C																								R									F									R												R												VR			VR																								C												R									R																					VR									R																					R/mod																		R									VR									R


						30			CTZ-299			A/good			F															F									R									C																																	F																					VR															VR															VR									A												VR									F																														F																					F/mod-bad																																				F


						28.5			CTZ-298			A/good						VR						VR						R			VR															VR																								R									F									VR												VR																																							A												VR									R																					R						VR																								A/mod												F						R												R						C


						27			CTZ-297			A/good						VR												R																		R																																	F												VR			VR						F												VR																		R									A																					R																					R																														C/mod												R																		R						F


						25.5			CTZ-296			A/good																		F																		F																								R									F									R			R			VR						F												VR																		VR									A												R									C																											A																								VR/bad																		R																		VR


						24			CTZ-295			A/good			R			VR												F																		C																								F									C									R			R			VR						C												R																		VR									C												R									R																														R																					C/mod												R						R																		F


						22.5			CTZ-294			A/good																		F																		A																								VR									R									R			VR			VR						C												R																											A																					F																														F																					F/mod																		VR																		F


						21			CTZ-293			C/good			R			VR						R						R			VR															D																																	F									R			R			VR						R												VR																		R									C												R									F																														F																					B


						19.5			CTZ-292			C/good			R															R																		A																								VR									F												VR									R												VR																											C												R									VR															VR																																				B																		R


						18			CTZ-291			A/good			VR			VR						R						R																		C																								R						VR			F									R			R			VR			?			VR												VR			VR																								A												R									R															R						VR									R																					C/bad			VR															F																		C


						16.5			CTZ-290			A/good			R			VR						R						F																		R			R																											R			A												F						?			R																																							A												R									R																														R																					B


						15			CTZ-289			A/good			F			VR						R						F																		C			VR																											R			C									VR			R			R						R																																							A												R									F															VR															F																					R/mod																		F


						13.5			CTZ-288			A/good			R			VR						VR						R																		F																								VR						VR			F									R			R			VR						R												VR			R																								A												R									R															VR															R																					R/mod																		F


						12			CTZ-287			A/good			F			F						R						F			F															C									F												VR			VR						R			C									R			R			R						F												R																		VR									A												F									F															R															F			VR


						12			CTZ-286			A/good			VR									VR						R			VR						VR									R			VR						R																					R			A									VR																																										VR									A												R									F															R						F									R


						10.5			CTZ-285			A/good			VR																																	R			VR																		VR									R			F												VR																								VR																								A												R									VR																					VR


						9			CTZ-284			A/good																		VR																		R																					R			VR									VR																																																												A																					VR																					VR


						7.5			CTZ-283			A/good																		R			R															C									R						VR						F			F						VR			R									R						VR																					R															VR									A												R									R															VR						R									VR


						6			CTZ-282			D/good																		VR			VR															F									VR															VR						VR			R												VR																								VR																					VR			D																					VR																														VR


						4.5			CTZ-281			A/good																		R			VR															F																					R			R						VR																		F																					R																								A												R									VR																																	VR


						3			CTZ-280			A/good			VR																		F															F															VR						C			C						VR			VR									VR						C																																				R									A																					R															R															R


						1.5			CTZ-278			A/good																		R			VR															F															VR						F			F						VR			R															VR																																													A																					VR															R


			P0			-0.5			PNC24-D5			F/mod									R						VR																					F																											F															VR																											F																								C									R												R																					R																		R									VR			B





			P1			67			PNC-26			C/mod																		F																																																			C																																																												C																					VR																																	VR																		C									F																											C


						61			PNC-25			C/mod																		F																		F																																	F																					R																																							C																					VR																											VR						VR																		C									F			F									R						F									C


						59			PNC-24			C/mod																																																												C																		F															R			R																																	C									VR												VR															VR						VR						VR																								R																																				R


			P0			55			PNC-23			C/mod																																										R												F															C									R																											R																								C																					F																					F						VR												R												B


						41			PNC-22			C/mod									R									F									F			VR			VR																		VR			F												R			C									VR															VR						R																														C						VR			R												F																		R			F			R																											B


						40			PNC-21			C/mod																		F																		R			VR												R			F												R			C																								F			R									R									VR															C																					R																		R			VR			R																											B


						39			PNC-19			F/mod												R						R									R									A						F						VR			F			R															C									R						R									F			R			C						R																		F						C			R						R												F			R						F									R			F			R						R									R												B


						23.5			PNC-18			VR/mod																																																			R																																																																																																																																																						B


						16			PNC-17			C/mod									F									R									F									C						R									R			VR									VR			R			C									R						VR									R			R									F																								C						F			R												F			VR						F												R																											R			B


						14.5			PNC-16			C/mod									R																											R																		VR									R			VR			F																																				F												VR												F						R															VR																					VR																														B


						10			PNC-15			F/mod									R																											R															VR												R			VR			F																																				F												VR												F						R															B																																																			B


						7			PNC-14			C/mod									R			VR			VR			R																								R																					C			VR			R															VR												VR																					R			R									C			R			F															B																																																			B


						5.5			PNC-13			C/mod						VR												R																								R									R												C																																	VR																																	C						VR															B																																																			B


			P1						PNC24-D10			A/Mod															F																					F									C												R												F									R						R						F			VR																																				C																																																			R																					R																		R


									PNC24-D9			C/mod																		R			VR															F																					VR			VR									R																																																												c																																																																								B


									PNC24-D8			C/mod																		R																		F																					VR			VR									R									VR						VR																																													C									VR												R															VR																								VR									VR			B


									PNC24-D7			C/mod																		R																		R			R																														R																																				R																								C																					VR																					VR																											VR			B


									PNC24-D6			F/mod																		VR																		R																					R			R									R															R																					R																								C									R												B																																																			B





			P0						CDi-D100			C/mod																		R																		R																											C																																										R																								R																					B


									CDi-D15			C/mod																		VR																		R															R												VR			R			F																																				VR																								R																					R																					VR			R						VR									VR


									PNC24-D4			C/mod															VR			R																		R																											C						F																								VR												F																								C									F												B																																																			B


									PNC24-D3			F/mod									F												R															F															R												F																																										R																								F																					B																																																			B


									PNC24-D2			C/mod									F			VR			VR			F			VR															C															R			R									C			R			F																																				F																					R			C									F												R																																							R												B


									PNC24-D1			B																																																																																																																																																																																																									B





			P1			92			LA15			F/bad																		R									R									R																																																																																										R			R


						88			LA14			R/bad																																																																																																																														R			R


						85			ZANJ-D10			C/mod																		R			VR															R			VR						R															F																		VR																																																R			C																					VR																														VR


						79			LA13			C/mod																		F																		F																					R			R									F			VR																																																						F			C																																																			R			VR			R															B


						76.5			ZANJ-D9			A/good																		R																		F									R															R						F			C									VR																																																VR			C												R									R																																				R


						71			LA12			C/mod			VR															R																																							R			R									F																																																												c									R																											X																																				B


						66.5			ZANJ-D8			A/good			R															F			R						F									F															F									R																														R			R																																	R			C																					F															R															F


						63			LA11			F/mod																		F																		f																																																																																													c																																																																								B


						59.8			ZANJ-D7			C/mod			VR															VR																		F																														R			R																																	R																								VR			C												VR									R															VR												VR			R																					B


						48			LA10			C/bad																																				R																																	F																																																									F			C																																										VR									VR																					B


						46.5			ZANJ-D6			C/mod																		VR																		F			VR						R																					F			F												VR									F																		VR																					F																					VR																														VR																					B


						38			LA7			F/bad																																				F																								R									R																																				VR																								F																																																																								B


						36.5			ZANJ-D4			C/mod																																				F																					R			R						F			F						VR			R												F																		VR																					C												F									R															VR															R																					B


						32			LA6			F/bad																		R																		F																																	F																								VR									VR																											F																																																																					VR			B


						30.7			ZANJ-D3			C/mod			R															F						R												F			VR																					R									F									R						R			R			VR			F									R						R												R						R			C												F									R																											VR			R						VR															B


									LA4			C/mod																		R																		F																								F									C			VR																														VR																		R			R						C									F																											X															R									VR												B


									LA3			C/mod																		R																		C																																	F									VR						R																		R																		VR									C									VR																																																															B


						27.2			ZANJ-D2			C/mod																		VR						VR												A									R												R			F																		VR						R						F												F						R												VR									C												C									R																																	R																		B


						21			LA2			C/mod																		F																		F																					VR												C																					F												VR																																							C																																							VR																					B


						15			ZANJ-D1			C/mod						VR												R						VR												F									R																					C			C									VR			VR									F												VR																											C												R									VR																					VR									VR																					B


						from Chilcatay base


			P1			163.2			UL-D60			B																																																																																																																																																																																																									B


						159			UL-D59			F/mod																					VR															F									R																								R																																	VR																											F																					VR																											VR			VR						VR															B


						151.8			UL-D58			F/mod																		VR																		R			VR						VR																								R																																	VR																											F																					VR															VR																																				B


						141			UL-D57			B																																																																																																																																																						B																																																			B


						128			UL-D56			C/good																		VR																		VR			VR																														C									VR																																																			F												R									B																																																			B


						125			UL-D55			F/mod																																																									F			R						R			R																					VR																														R									F												F									B																																																			B


						121.2			UL-D11			B																																																																																																																																																						B																																																			B


						119			UL-D10			B																																																																																																																																																						B																																																			B


			P0			118.3			UL54			B																																																																																																																																																						B


						86			UL52			B																																																																																																																																																						B


			P1			66.2			MF-D59			R/mod																																				R																																																																											R																		R																					B																																																			B


						65.2			MF-D58			R/mod																																				R																																																																																													R																					B																																																			B


						64.2			MF-D57			C/good			VR															VR																		F																																	VR																																										F															VR			F																					B																																																			B


						63.2			MF-D56			C/good																		F																		C																								VR																		R																																																VR			C												VR									B																																																			B


						61.6			MF-D55			C/good																		R																		A																																	R																		VR																								C																		C												VR									B																																																			B


						60.4			MF-D54			F/mod																																				R																																																																											R																		R																					B																																																			B


						59.4			MF-D53			C/good																		VR																		C			R						A																								R																																										C																		C												C									B																																																			B


						58.4			MF-D52			A/good																		R																		C									A																								R																		VR															VR									C																		C												R									B																																																			B


						64.8			MF-D51			F/mod																																				C			VR																																																																		VR						C															R			C																					B																																																			B


						63.8			MF-D50			C/good																		R																		C																																	VR																																										C															VR			C																					B																																																			B


						62.8			MF-D49			A/good																		C																		A																								VR																		R																																	A															VR			A												F									B																																																			B


			P1			61.8			MF-D48			C/good																		R																		A			VR																														VR																																										A															R			A												VR									B																																																			B


						60.8			MF-D47			B																																																																																																																																																						B																																																			B


						59.8			MF-D46			A/good																		F																		C									A																								R																																										C															VR			C												VR									B																																																			B


						58.4			MF-D45			C/good			VR																																	A									VR																								VR																																										C															VR			C												R									B																																																			B


						58			MF-D44			C/good																		R																		A									R																								F									VR																																	C															VR			A												R									B																																																			B


						57			MF-D43			A/good																		F																		A			VR						R															VR																		VR									F																		VR						F															VR			A												R									B																																																			B


						55.7			MF-D42			C/mod																		F			VR															A			VR																					R																		VR																																	A																		A												VR									B																																																			B


						54.7			MF-D41			C/mod																		R																		F																								VR									VR									VR																																	C															R			C																					B																																																			B


						53.5			MF-D40			C/mod																		F																		A			VR						VR															R																		VR																								R									A																		A												F									B																																																			B


						52.7			MF-D39			C/mod			R									VR						C																		C			VR																					R																		VR																								VR									A															F			A																					B																																																			B


						52			MF-D38			R/mod																																				C																								VR																																																			C																		C																					B																																																			B


						51			MF-D37			F/mod																																				F																																																																											F																		F												VR									B																																																			B


						50			MF-D36			C/mod																		C			VR															A			R						R															F									VR									VR																																	A															R			A												R									B																																																			B


						49			MF-D35			F/mod																		F																		C			R						VR																																																												VR						A															R			C																					B																																																			B


						47.5			MF-D34			R/mod																																																																																																																																																						B																																																			B


						46.5			MF-D33			C/mod																		F																		C			VR																																							VR																																	C																		A												R									B																																																			B


						45.5			MF-D32			F/mod																																				R																								R																																																			F																		R																					B																																																			B


						44.5			MF-D31			F/mod																		F																		C			R																					F																		VR																																	C																		C																					B																																																			B


						43.5			MF-D30			C/mod																		VR																		C																																	R																																				VR						F																		F																					B																																																			B


						42.5			MF-D29			R/mod																																				VR																								VR																		VR																																	F																		F																					B																																																			B


						41.5			MF-D28			R/mod																		VR																																																																																													R																		R																					B																																																			B


						40.5			MF-D27			A/good																		F																		C			VR																														F																																										C															VR			C																					B																																																			B


						39.5			MF-D26			A/good																											VR									C																																	F									VR																																	C															F			C												VR									B																																																			B


						38.5			MF-D25			A/mod																		VR																		A																								VR									R																																										A															VR			A																					B																																																			B


						37.3			MF-D24			A/good																		F																		C																																	C												VR																														C															VR			A												R									B																																																			B


						36.5			MF-D23			A/good																		R																		C									C																								A																																										C															F			C												R									B																																																			B


						35			MF-D22			C/good																																				C			VR																					R									C																																										C																		C												VR									B																																																			B


						34			MF-D21			A/mod																		R									VR									A									F																								F																																				R			VR			A															C			A												R									B																																																			B


						33			MF-D20			D/good			R															F																		A																																	A																					VR												VR									F															F			A												C									B																																																			B


						32			MF-D19			A/mod																		F																		A																																	A																																				VR						C															R			A																					B																																																			B


						31			MF-D18			D/good																		R																		C									F																								C									VR												VR												VR									C																		A												C									B																																																			B


						30			MF-D17			D/good																		C																		C			VR						F																																													VR									VR			VR									R															R			C												R									B																																																			B


						29			MF-D16			D/good																		C																		A																																	R																					R																					F															R			A												R									B																																																			B


						28			MF-D15			D/good			VR															C																		A			VR						C															VR																														R																					C																		A												C			VR						B																																																			B


						27			MF-D14			D/good																		C									VR									A									C																								VR																					VR															VR						A															C			A												R									B																																																			B


						26			MF-D13			D/good			VR															R																		C			R																														VR						VR						VR									VR																					C												VR			VR			A															VR						B																																																			B


						25			MF-D12			D/good																		F																		C			VR																					VR									VR												VR						VR												VR						R						F															F			C												R									B																																																			B


						24			MF-D11			D/good																		R																		A									R															VR									C									VR																														VR			A															VR			A												VR									B																																																			B


						23			MF-D10			A/good																		R									VR									A									R															VR									C									VR			VR																								VR						F															R			A												R									B																																																			B


						22			MF-D9			D/good																																				A																								VR									C									VR			VR									R															R			VR			C															VR			C																					B																																																			B


						21			MF-D8			A/mod																		R																		A																																	C																																										F																		A												R									B																																																			B


						20			MF-D7			D/good																		VR									VR									A									F															VR									A									R			VR									VR															C						C															A			A												VR									B																																																			B


						19			MF-D6			A/good																		F																		A			VR						A																								C									VR																								VR									A															R			A												R									B																																																			B


						17.8			MF-D5			A/mod																		C			R															A									C																								C									VR												VR															R																								A												VR									B																																																			B


						17			MF-D4			C/mod																																				A																								R									VR																																										A																		A																					B																																																			B


						13			MF-D3			D/good																		VR																		A			VR																																							VR																																	C															R			A												VR									B																																																			B


						10			MF-D2			D/good			R															R																		A			R						R															VR									R									R			VR																								C						F															C			A																					B																																																			B


						3.5			MF-D1			A/good																		F																		A									R															R									C																					R																					A																		A																					B																																																			B


			P0						MF-D92			B																																																																																																																																																						B																																																			B


									MF-D62			B																																																																																																																																																						B																																																			B
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Sheet1


			CTZ-T324			VTR-1			VTR-2			VTR-3			VTR-4			VTR-5			VTR-6			VTR-7			VTR-8			VTR-9			VTR-10			VTR-11			VTR-12			mean			SD


			SiO2 (wt%)			71.88			72.73			72.09			72.41			72.87			71.77			72.13			72.57			72.44			72.66			71.61			71.92			72.26			0.41


			TiO2			0.09			0.06			0.02			0.04			0.05			0.11			0.05			0.03			0.05			0.01			0.06			0.13			0.06			0.03


			Al2O3			11.73			12.01			11.57			11.73			12.34			12.49			12.59			12.37			12.18			11.71			12.12			12.31			12.10			0.34


			FeOT			0.39			0.51			0.42			0.56			0.47			0.51			0.52			0.56			0.44			0.38			0.41			0.48			0.47			0.06


			MnO			0.11			0.08			0.08			0.02			0.09			0.13			0.07			0.06			0.08			0.10			0.12			0.12			0.09			0.03


			MgO			0.07			0.05			0.06			0.08			0.07			0.08			0.07			0.07			0.08			0.07			0.04			0.09			0.07			0.01


			CaO			0.51			0.53			0.49			0.50			0.48			0.50			0.54			0.51			0.49			0.47			0.50			0.50			0.50			0.02


			Na2O			3.20			3.29			3.15			3.14			3.27			3.27			3.13			3.24			3.24			3.22			3.15			3.22			3.21			0.06


			K2O			4.50			4.69			4.40			4.68			4.25			4.66			4.38			4.77			4.44			4.28			4.41			4.62			4.51			0.17


			P2O5			0.03			0.03			0.02			0.06			0.03			0.02			0.04			0.03			0.00			0.01			0.06			0.03			0.03			0.02


			Cl			0.08			0.06			0.07			0.07			0.06			0.08			0.06			0.06			0.07			0.08			0.06			0.07			0.07			0.01


			Na2O + K2O			7.70			7.98			7.55			7.82			7.52			7.93			7.51			8.01			7.68			7.50			7.56			7.84			7.72			0.23


			Total			92.59			94.04			92.38			93.29			93.98			93.63			93.58			94.28			93.51			92.99			92.53			93.49			93.36			0.62












Appendix3b_biotite.xlsx

Sheet1


			CTZ-T324			1-1 (core)			1-2 (rim)			2-1			2-2			3-1			3-2			4-1			4-2			5-1			5-2			6-1			6-2			7-1			7-2			8-1			8-2			9-1			9-2			10-1			10-2


			SiO2 (wt%)			36.97			36.29			36.35			37.97			36.52			36.11			36.04			36.37			36.53			36.96			36.71			37.10			35.94			36.05			36.38			36.22			36.37			36.23			36.68			36.47


			TiO2			3.65			3.76			3.81			3.87			3.83			3.84			3.93			3.72			3.95			3.89			3.94			3.84			3.84			3.87			3.85			3.81			3.74			3.84			3.83			3.96


			Al2O3			14.40			14.55			15.03			14.13			13.96			14.13			14.91			14.84			14.79			14.85			15.87			14.60			15.28			15.11			15.31			15.25			15.30			15.22			14.78			14.57


			FeOT			18.99			19.04			19.43			19.14			18.83			18.97			19.44			19.02			19.36			18.99			18.91			19.10			19.09			19.00			19.29			19.18			18.79			18.53			18.99			19.04


			MnO			0.77			0.80			0.77			0.79			0.81			0.78			0.88			0.79			0.83			0.76			0.78			0.71			0.71			0.78			0.78			0.73			0.82			0.74			0.83			0.77


			MgO			10.41			10.95			11.26			10.13			10.81			11.29			11.11			10.94			11.41			11.11			11.11			10.92			11.00			11.07			11.20			11.31			11.16			11.06			11.06			10.73


			CaO			0.16			0.01			0.02			0.05			0.23			0.16			0.03			0.00			0.06			0.04			0.04			0.07			0.02			0.00			0.01			0.03			0.01			0.02			0.02			0.04


			Na2O			0.38			0.39			0.43			0.38			0.39			0.39			0.37			0.42			0.43			0.34			0.34			0.32			0.42			0.40			0.39			0.38			0.45			0.42			0.34			0.37


			K2O			8.27			8.87			8.88			8.59			8.09			8.30			8.90			8.91			8.88			8.96			8.39			8.41			9.01			8.96			8.82			8.93			8.99			8.81			8.81			8.68


			Cl			0.10			0.11			0.11			0.09			0.12			0.08			0.09			0.10			0.12			0.09			0.11			0.10			0.10			0.11			0.11			0.10			0.11			0.10			0.13			0.09


			total			94.09			94.78			96.08			95.15			93.59			94.05			95.71			95.11			96.36			96.00			96.20			95.18			95.41			95.34			96.14			95.94			95.74			94.97			95.47			94.72


			Ions on the basis of 22 oxygens


			Si (apfu)			5.69			5.58			5.52			5.78			5.66			5.58			5.50			5.57			5.53			5.59			5.52			5.65			5.49			5.51			5.51			5.50			5.52			5.54			5.58			5.60


			Ti			0.42			0.43			0.43			0.44			0.45			0.45			0.45			0.43			0.45			0.44			0.45			0.44			0.44			0.44			0.44			0.43			0.43			0.44			0.44			0.46


			Al			2.61			2.64			2.69			2.53			2.55			2.58			2.68			2.68			2.64			2.65			2.81			2.62			2.75			2.72			2.73			2.73			2.74			2.74			2.65			2.64


			Fe			2.44			2.45			2.47			2.44			2.44			2.45			2.48			2.43			2.45			2.40			2.38			2.43			2.44			2.43			2.44			2.44			2.39			2.37			2.42			2.44


			Mn			0.10			0.10			0.10			0.10			0.11			0.10			0.11			0.10			0.11			0.10			0.10			0.09			0.09			0.10			0.10			0.09			0.11			0.10			0.11			0.10


			Mg			2.39			2.51			2.55			2.30			2.50			2.60			2.53			2.50			2.57			2.51			2.49			2.48			2.51			2.52			2.53			2.56			2.53			2.52			2.51			2.45


			Ca			0.03			0.00			0.00			0.01			0.04			0.03			0.01			0.00			0.01			0.01			0.01			0.01			0.00			0.00			0.00			0.01			0.00			0.00			0.00			0.01


			Na			0.11			0.12			0.13			0.11			0.12			0.12			0.11			0.13			0.13			0.10			0.10			0.09			0.12			0.12			0.11			0.11			0.13			0.12			0.10			0.11


			K			1.62			1.74			1.72			1.67			1.60			1.64			1.73			1.74			1.71			1.73			1.61			1.63			1.76			1.75			1.70			1.73			1.74			1.72			1.71			1.70


			Cl			0.03			0.03			0.03			0.02			0.03			0.02			0.02			0.03			0.03			0.02			0.03			0.03			0.02			0.03			0.03			0.03			0.03			0.03			0.03			0.02


			sum			15.45			15.60			15.63			15.40			15.48			15.56			15.63			15.60			15.62			15.55			15.48			15.47			15.63			15.62			15.60			15.62			15.61			15.57			15.56			15.53


			Mg/(Mg+Fe2+tot+Mn)			0.48			0.50			0.50			0.48			0.50			0.50			0.49			0.50			0.50			0.50			0.50			0.50			0.50			0.50			0.50			0.50			0.50			0.51			0.50			0.49


			K+Na+Ca			1.76			1.86			1.85			1.79			1.75			1.78			1.85			1.87			1.85			1.84			1.72			1.74			1.88			1.86			1.82			1.85			1.88			1.84			1.81			1.82
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Sheet1


			CTZ-T324


			Weight = 0.00624 g; J = 0.0004919; [K] = 7.65%; Err. = Error


			Step			T (°C)			40Ar total			Err. 40Ar			40Ar*			39Ar			Err. 39Ar			% 39Ar			38Ar			Err. 38Ar			38ArCl			37Ar			Err. 37Ar			36Ar			Err. 36Ar			Age			Error age			Ca/K			Err. Ca/K			Cl/K			Err. Cl/K			39Ar/40Ar			Err. 39Ar/40Ar			36Ar/40Ar			Err. 36Ar/40Ar


			1			745			2.27E-08			9.74E-12			1.31E-09			9.02E-11			4.15E-13			5.49			2.47E-11			3.43E-14			1.02E-11			2.44E-12			9.63E-14			7.16E-11			1.29E-13			12.89			0.39			0.0526			0.0021			0.0201			0.0001			3.97E-03			1.83E-05			3.16E-03			5.83E-06


			2			818			8.82E-09			3.84E-12			2.88E-09			2.51E-10			4.55E-13			15.29			3.20E-11			4.23E-14			2.55E-11			2.02E-12			9.61E-14			1.99E-11			3.96E-14			10.15			0.05			0.0156			0.0007			0.0181			0.0000			2.84E-02			5.30E-05			2.26E-03			4.59E-06


			3			887			2.72E-09			1.15E-12			1.26E-09			1.10E-10			4.45E-13			6.72			1.32E-11			2.19E-14			1.10E-11			7.75E-13			9.55E-14			4.88E-12			1.34E-14			10.12			0.05			0.0136			0.0017			0.0178			0.0001			4.06E-02			1.65E-04			1.79E-03			4.98E-06


			4			941			2.49E-09			9.17E-13			9.18E-10			7.99E-11			4.44E-13			4.87			9.82E-12			1.72E-14			7.94E-12			6.66E-13			9.55E-14			5.26E-12			1.45E-14			10.16			0.07			0.0162			0.0023			0.0177			0.0002			3.21E-02			1.79E-04			2.11E-03			5.88E-06


			5			1027			3.74E-09			1.65E-12			1.24E-09			1.05E-10			4.74E-13			6.39			1.32E-11			2.19E-14			1.05E-11			7.89E-13			9.55E-14			8.39E-12			1.97E-14			10.44			0.07			0.0146			0.0018			0.0178			0.0001			2.80E-02			1.27E-04			2.24E-03			5.36E-06


			6			1075			3.45E-09			1.54E-12			1.61E-09			1.41E-10			4.46E-13			8.60			1.69E-11			2.46E-14			1.41E-11			9.14E-13			9.57E-14			6.16E-12			1.60E-14			10.10			0.04			0.0126			0.0013			0.0178			0.0001			4.09E-02			1.31E-04			1.79E-03			4.69E-06


			7			1144			7.35E-09			3.25E-12			5.28E-09			4.77E-10			5.68E-13			29.07			5.43E-11			6.23E-14			4.76E-11			1.37E-12			9.56E-14			6.95E-12			1.64E-14			9.78			0.02			0.0056			0.0004			0.0178			0.0000			6.49E-02			8.24E-05			9.45E-04			2.27E-06


			8			1191			5.25E-09			2.51E-12			3.14E-09			2.84E-10			4.58E-13			17.32			3.28E-11			4.24E-14			2.83E-11			9.27E-13			9.56E-14			7.06E-12			1.61E-14			9.79			0.02			0.0063			0.0007			0.0177			0.0000			5.41E-02			9.10E-05			1.34E-03			3.14E-06


			9			1240			2.93E-09			1.24E-12			8.48E-10			7.50E-11			4.43E-13			4.57			9.64E-12			1.68E-14			7.50E-12			6.68E-13			9.55E-14			6.97E-12			1.78E-14			10.01			0.09			0.0173			0.0025			0.0178			0.0002			2.56E-02			1.52E-04			2.38E-03			6.17E-06


			10			1323			2.96E-09			1.06E-12			3.23E-10			2.78E-11			4.42E-13			1.69			4.83E-12			1.11E-14			2.85E-12			5.22E-13			9.53E-14			8.83E-12			2.09E-14			10.27			0.26			0.0364			0.0067			0.0183			0.0005			9.40E-03			1.50E-04			2.98E-03			7.15E-06
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Appendix 3d. Grain-size characterization of the analyzed volcanic ash layer obtained with the Grain Size Analysis Program 



GRADISTAT (Blott & Pye 2001). Grain-size distribution curve of the analyzed tephra. Particle diameter is shown as both 



micrometers (μm) and phi (ϕ). 



  












