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ABSTRACT

Phosphorite deposits form through phosphogenesis, a mechanism of diffusion and concentration of interstitial
phosphate in sediments leading to Ca-phosphate mineral precipitation in a favorable sedimentary regime at the
seafloor. Stretching along the Peruvian coast, the East Pisco Basin is known to host phosphorite beds of Miocene
age. In this study, we investigate the petrographic, mineralogical and chemical composition of the Miocene
phosphorite layers of the East Pisco Basin, and discuss the phosphogenetic mechanism(s) and sedimentary dy-
namics that led to the genesis and accumulation of P-rich deposits. Phosphorite samples were collected from
layers overlaying stratigraphic unconformities within the Pisco Formation and subsequently analyzed through
multiple methods: optical microscopy, XRD, XRF, SEM-EDS, EPMA, ICP-MS and LA-ICP-MS. Our results indicate
that these layers consist of phosphatic clasts and nodules along with dolomite clasts, basement boulders, shark
teeth, mollusk molds and vertebrate bone fragments. The P-rich clasts are mainly composed of phosphatic
intraclasts and small phosphatic nodules. They occur associated with minor amounts of dolomite clasts coated by
Fe-oxyhydroxides and laminites. Clasts and nodules are cemented by both early and late diagenetic cements,
such as dolomite, calcite, silica, gypsum/anhydrite and baryte. Our observations suggest that the Pisco phos-
phorite deposits are transgressive lags laying on ravinement surfaces. They formed just below the sediment-water
boundary during the early transgression phases, when the porewaters were enriched in phosphorus due to the
abundance of organic-rich sediments and the microbial activity, as typical of upwelling settings. These deposits
formed in shallow marine conditions, characterized by high biological productivity and low net sedimentation
rates, with suboxic conditions at and beneath the sediment-water interface. The concentration of phosphate-
coated clasts was then favored by a sedimentary condensation mechanism of dynamic bypassing. Overall, this
study provides new insights into the genesis of phosphorite layers in the East Pisco Basin and highlights the
importance of understanding the complex interplay between authigenic and sedimentological processes in the
formation of these economically and geologically relevant sedimentary rocks.

1. Introduction

Interest in the study of phosphorites and the genesis of phosphatic
deposits rose during the 1930s due to a rapid rise of the importance of

Phosphorites, or phosphate rocks, are sedimentary deposits with
high phosphorus (P, in the form of phosphate) concentrations (Filippelli,
2011). These deposits form via phosphogenesis, i.e., a mechanism of
diffusion and concentration of interstitial phosphate in sediments, which
in appropriate redox and pH conditions leads to the precipitation of
authigenic Ca-phosphate minerals (Follmi, 1996).

phosphate rocks as industrial raw materials. In fact, from the late 19th
century onward, the use of processed phosphatic mineral as fertilizers
has grown continuously to become a worldwide agricultural practice
during the Green Revolution, such that agriculture is now dependent on
artificial fertilizers (Cordell et al., 2009). Nowadays, phosphate rocks
are included in the 2023 EU list of Critical Raw Materials, based on their
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economic importance and supply risk (Grohol and Veeh, 2023).

Today, with the increasing demand of Rare Earth Elements (REEs)
for modern technologies, phosphorite deposits are gaining further eco-
nomic significance due also to their ability of concentrating considerable
amounts of these elements. According to Emsbo et al. (2015), phos-
phorites might be considered as a primary source of REEs, one that has
the potential to account for the global REE supply shortage.

Past and present phosphogenesis has been reported from all over the
world (Cook and Shergold, 1986; Notholt et al., 1989; Burnett and Riggs,
1990; Glenn et al., 1994; Baturin and Bezrukov, 1979; Baturin, 1982;
Cook and Shergold (1986); Notholt et al. (1989); Burnett and Riggs
(1990); Glenn et al. (1994); Follmi, 1996, 2016; Pufahl and Groat,
2016). Zones of present-day formation of phosphate-rich sediments and
phosphorites are mostly located in coastal upwelling areas, but some
occur in nearshore and deltaic environments (Follmi, 1996). Today,
phosphogenesis is reported from along the Pacific American coasts (in
Baja California and from Chile to Peru in the southern hemisphere),
along the Atlantic African coasts (in Namibia and South Africa), in the
Arabic Sea (western coasts of India) and along the eastern Australian
coast. Several other Quaternary deposits are also known (e.g., from
California, Florida, the northwestern coasts of the Iberian Peninsula and
Africa, and New Zealand), however with no indications of ongoing
phosphogenesis (Baturin, 1982; Cullen and Burnett, 1986; Follmi, 1996,
2016). Ancient phosphorites are widely distributed worldwide and
known to span chronostratigraphically from the Precambrian to the
Quaternary (Baturin and Bezrukov, 1979; Sheldon, 1981; Papineau,
2010).

Along the Peru-Chile margin, the economic and scientific interest in
phosphate deposits has sparked investigations especially from the 1970s
onwards (Zen, 1959; Veeh et al., 1973; Manheim et al., 1975; Burnett,
1977, 1980; Burnett and Veeh, 1977; Suess, 1981; Burnett et al., 1982,
1983; McArthur, 1983; Frohlich et al., 1983, 1988; Baker and Burnett,
1988; Glenn and Arthur, 1988; Piper et al., 1988; Garrison and Kastner,
1990; Glenn, 1990; Arning et al., 2009a,b; Jaisi and Blake, 2010; Cos-
midis et al., 2013; Bruggmann et al., 2022). More recently, researches
also focused on Cenozoic Peruvian onshore basins (Gallarday, 2009;
Bech et al., 2010; Zegarra and Canales, 2013; Castaneda and Rivera,
2016). The first record of Miocene Peruvian phosphate deposits was
reported by Lisson (1898) precisely in the Ocucaje area (Ica Province)
from the East Pisco Basin. Later, MacDonald (1956) and Cheney et al.
(1979) described phosphorite deposits from the Sechura Basin. These
phosphate deposits are marine in origin and mainly constituted by
pellets formed by well-sorted sand-sized grains of fluorhydroxycar-
bonate apatite (Cheney et al., 1979). They lay on erosive basal surfaces
cutting through the underlying diatomites (Cheney et al., 1979). In the
forearc basins, the ODP Leg 112 coring campaign revealed the occur-
rence of phosphatic materials at six sites on the shelf and upper slope off
Peru (Garrison and Kastner, 1990). Three different types of phosphates
were recognized, namely, F-phosphates (i.e., friable, light-colored
micronodules), D-phosphates (i.e., dark, dense phosphates), and
P-phosphates (i.e., phosphatic sands) (Garrison, 1992). These sites
recorded phosphate deposition starting from the Middle Miocene on-
ward, with higher phosphate abundances being observed in the Pliocene
and (especially) Quaternary sediments, which probably reflects the
higher frequency of fluctuations of the physico-chemical conditions
controlling phosphate formation during pronounced glacial/interglacial
cycles. Onshore, in the East Pisco Basin, firstly Lisson (1898) and later
Gallarday (2009) reported on the occurrence of phosphate deposits in
the desert near Ocucaje, as also mentioned by Zegarra and Canales
(2013). Gallarday (2009) provided petrographic and geochemical data
on these deposits, which are described as characterized by terrigenous
material and phosphate nodules with a P05 content around 17%. In
addition, Castaneda and Rivera (2016) studied the microscopical and
chemical composition of Miocene phosphorites from both the Pisco and
Sechura basins. They classified these phosphorites in three main phos-
phatic facies based on an economic approach: thus, oolitic phosphorites
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are found in both the Pisco and Sechura basins, intraclastic phosphorite
only occur in Sechura Basin, and phosphatic nodules and conglomerates
are only found in the East Pisco Basin. Their studies suggest that the
Pisco and Sechura phosphorites are similar in chemistry (e.g., by dis-
playing a chlorine deficiency) and that apatite is diagenetically formed
as a direct chemical precipitate. However, a comprehensive investiga-
tion aimed at understanding the processes and the sedimentological
conditions that led to phosphogenesis and phosphorite accumulation in
the East Pisco Basin is still lacking. This gap is addressed here by char-
acterizing previously undocumented, laterally extensive layers of
phosphorite deposits occurring in the Pisco Formation.

In the East Pisco Basin, the largely Miocene Pisco Formation is
known for its exceptional paleontological content (e.g., Esperante et al.,
2015; Bosio et al., 2021a; Bianucci and Collareta, 2022). The Pisco
Formation consists of several unconformity-bounded units, at the base of
which phosphorite deposits occur (Di Celma et al., 2017). These basal
lags are characterized by pebble-to boulder-size lithic clasts, pebble-size
phosphate nodules, cobble-size dolomitic clasts featuring bivalve bor-
ings, shark teeth, and bone fragments (Di Celma et al., 2017). Due to its
well-defined stratigraphic, sedimentary and paleoenvironmental
context, the East Pisco Basin is ideally suited for reconstructing the
depositional regime and the chemical-physical conditions in which
shallow-marine authigenic phosphates formed during early trans-
gression. Unraveling the sedimentological processes involved in the
phosphogenesis, as well as comprehending the sedimentological sig-
nificance of the P-rich intervals, is of particular interest for under-
standing how phosphorites formed in the past as well as for supporting
the exploration of these relevant resources, especially along the Peru-
vian coast.

2. Geological setting and basin stratigraphy

The Peruvian convergent margin is predominantly erosive rather
than accretionary (e.g., Clift and Vannucchi, 2004; Noda, 2016). Its
forearc basin system shows distinct cross-margin segmentation and is
further divided by the Outer Shelf High, a northwest-trending structural
high point of the Precambrian-Paleozoic basement. As a result, the
system is organized into an inner and an outer series of elongated,
trench-parallel basins (Thornburg and Kulm, 1981; Kulm et al., 1982)
(Fig. 1a). Nowadays, the forearc region immediately landward of where
the aseismic Nazca Ridge impinges on the continental margin comprises
the onshore inner East Pisco Basin (EPB) and the poorly known offshore
West Pisco Basin (WPB). These two basins are separated from each other
by the uplifted Coastal Cordillera structural high, which represents the
subaerial prolongation of the Outer Shelf High (Romero et al., 2013).
The subsidence and uplift history of this pair of forearc basins reflects
the dynamic interaction between the subducting and overriding plates
along the Peruvian convergent margin (von Huene and Suess, 1988;
Herbozo et al., 2020), thus revealing several stages of deformation at
varying temporal and spatial scales (e.g., Viveen and Schlunegger,
2018).

The stratigraphy of the sedimentary fill of the EPB comprises two
tectonostratigraphic packages, namely, the P and N megasequences,
which are separated by a regionally traceable unconformity marking a
major phase of basin development (Di Celma et al., 2022). The sedi-
mentation on the basement began at least during middle Eocene times
(Coletti et al., 2019; Malinverno et al., 2021) and continued in the late
Eocene and early Oligocene with the deposition of the Paracas and
Otuma formations of the P megasequence. During this time interval, a
single forearc Pisco basin existed; its configuration changed during the
(late?) Oligocene, when the basin underwent a prolonged period of
subaerial exposure and its central part was uplifted to form the
trench-parallel, normal-fault-bounded Coastal Cordillera structural
high, thus giving birth to the double forearc basin comprising the EPB
and the WPB (Di Celma et al., 2022). By the earliest Miocene, basal
subduction erosion and thinning of the overriding plate resulted in



G. Bosio et al.

Marine and Petroleum Geology 167 (2024) 106941

Fig. 1. Geographic and geological framework. a) Location of the East Pisco Basin along the Peruvian coast; b) Stratigraphy of the Pisco Formation (PO, P1, P2) on top
of the Chilcatay Formation (modified after Di Celma et al., 2018a); ¢) Simplified geological map of the exposures of the Pisco Formation investigated in the Ocucaje
area (modified after Bosio et al., 2021a) and sampling locations; d) Stratigraphic scheme of the East Pisco Basin fill along the Ica River with the stratigraphic position

of the volcanic ash layers (modified after Di Celma et al. (2019).

renewed subsidence and marine transgression over the basin (Clift and
Hartley, 2007; Herbozo et al., 2020). As such, marine sedimentation
resumed in the present-day EPB with the deposition of the Lower
Miocene Chilcatay Formation and the Middle to uppermost Miocene, or
possibly Pliocene, Pisco Formation of the N megasequence.
Stratigraphic analyses of the Chilcatay and Pisco sediments exposed
astride the Ica River valley revealed multiple internal stratal surfaces
that led to the identification of three high-order sequences both in the
Chilcatay Formation (namely, Ct0, Ct1 and Ct2; Di Celma et al., 2018b,
2019; DeVries et al., 2021; Bosio et al., 2022) and in the Pisco Formation
(namely, PO, P1 and P2; Di Celma et al., 2016a, b, 2017, 2018a; Col-
lareta et al., 2021a) (Fig. 1b-d). The oldest sequence in the Chilcatay
Formation (Ct0) spans the earliest Miocene, between ca. 22 Ma and 20
Ma (DeVries et al., 2021; Bosio et al., 2022), whereas the Ctl and Ct2
strata date back to between 19.2 and 18.0 Ma, with the age of the base of
Ct2 being constrained between 18.4 and 18.1 Ma (Bianucci et al., 2018;
Di Celma et al., 2018b; Lambert et al., 2018; Bosio et al., 2020b, 2020c,

2022). In the study area, the deposition of PO and P1 took place between
14.7-12.6 Ma and 9.5-8.6 Ma, respectively, whereas the age of P2 is
constrained to 8.4 and > 6.71 Ma (Gariboldi et al., 2017; Bosio et al.,
2020b, 2020c, 2022).

In the Pisco Formation, the bounding unconformities at the base of
PO, P1 and P2 have been named PE0.0, PE0.1 and PEO.2, respectively
(Fig. 1c and d). These surfaces record abrupt seaward shifts in facies and
are commonly demarcated by a Glossifungites Ichnofacies dominated by
Thalassinoides excavated into a semiconsolidated (firmground) substrate
and Gastrochaenolites borings in a hardground substrate (Di Celma et al.,
2017). The overlying strata were deposited within a lower shoreface to
offshore setting, being arranged in a deepening-upward, transgressive
trend in which downdip facies associations step up over updip facies
associations (Di Celma et al., 2022). In particular, the bounding dis-
continuities are covered by coarse-grained transgressive lags up to 0.4 m
thick. These lags are overlain by moderately to highly bioturbated,
sand-rich lower shoreface units that transition into either offshore
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massive siltstones in PO or gray-white diatomaceous mudstones
featuring subordinate amounts of volcanic ash layers, thin sandstone
beds and dolomitized mudstone horizons in P1 and P2. Phosphorite
layers can be observed not only in the Pisco Formation but also along the
older unconformities of the EPB, such as the three basal unconformities
of the Ct0, Ctl and Ct2 sequences of the Chilcatay Formation (namely,
CE0.0, CEO0.1 and CE0.2) (Di Celma et al., 2022).

3. Analytical methods

Phosphorite bulk samples were collected from the basal lags of the
three sequences of the Pisco Formation at the localities of Cerro Sub-
marino, Cerro Yesera de Amara, Los dos Cerritos, Cerros la Mama y la
Hija, and an as-yet unnamed small hill located just north of Cerro la
Mama y la Hija (14°35'47.50"S - 75°41'32.40"W), which is informally
referred to herein as Cerro Innominado (see Table 1; Fig. 1c). Ten
samples were subjected to different petrographic and geochemical an-
alyses. They were selected to be representative of the lateral variability
observed macroscopically in the field at different localities (Table 1).
Following a first macroscopic description and selection aimed at rep-
resenting the facies variability, bulk samples were crushed and milled in
agate jars, and subsequently prepared for mineralogical and geochem-
ical analysis. Mineralogical analyses were performed by means of X-Ray
Diffraction (XRD) through an X'Pert PRO PANalytical Diffractometer in
parafocalizing Bragg-Brentano 0-0 geometry with a Spinner PW3064
sample holder at the Universita degli Studi di Milano-Bicocca under the
same analytical conditions as described in Malinverno et al. (2023).
Major element chemical composition analyses were carried out via
X-Ray Fluorescence (XRF) with an ARL 9400 XP + Sequential X-Ray
Fluorescence Spectrometer at the Universita di Pisa. Loss on Ignition
(LOI) was determined at 950 °C. Trace element analysis was performed
by means of Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
on bulk samples with a PerkinElmer NexION 300x Spectrometer at the
Universita di Pisa. About 50-60 mg of each powdered sample was dis-
solved in a mixture of HF and HNO3 on a hot plate at ~170 °C in a
screw-top perfluoroalkoxy (PFA) vessel. Ultrapure Milli-Q water was
used for diluting the solution. A procedural blank and 3 references
samples underwent the same procedure. The geochemical references
materials RGM-1 (Rhyolite Glass Mountain) (Govindaraju, 1994) and
WS-E (Whin Sill Dolerite) (Govindaraju, 1994) were used to verify the
accuracy of the analysis, whereas BE-N (alkali basalt) (Govindaraju,
1980) was used to calibrate the equipment. A solution containing °*Rh,
187Re and 2°°Bi was added to the unknown, blank and reference samples
as the internal standard.

Phosphorite samples were sub-sampled for performing petrographic
and microanalytical investigations. Following the selection of the most
representative samples, 9 polished thin sections of different types of
components were prepared in the laboratories of TS Lab & Geoservices
in Pisa. Thin sections were observed through the Nikon Eclipse LV 100N
POL and BK-POL optical polarizing microscopes at the Universita degli
Studi di Milano-Bicocca in both transmitted and reflected light for
describing the texture of the layers, the internal structure of the

Marine and Petroleum Geology 167 (2024) 106941

phosphate nodules, and the petrography of all the components.

Four thin sections representative of the occurrences of phosphate
minerals were then carbon-coated for Scanning Electron Microscopy
(SEM) and Energy-Dispersive X-ray Spectroscopy (EDS), and subse-
quently studied using a Zeiss FEG Gemini 500 at the Microscope Lab
Facility of the Universita degli Studi di Milano-Bicocca. Semi-quantita-
tive EDS analyses (10 kV, working distance 7 mm) were performed on
selected spots. These analyses allowed for investigating the fine struc-
ture of the components of the phosphorite layers, as well as the char-
acterization of the diagenetic cements. In order to obtain quantitative
chemical data on the phosphate minerals, Electron Probe Micro-Analysis
(EPMA) was performed at the Dipartimento di Scienze della Terra
“Ardito Desio”, Universita di Milano, using a JEOL JXA-8200 Super-
Probe, with operating conditions of 15 kV, a beam current of 5 nA, and a
beam diameter of 3 pm. Halogens were analyzed first. The EPMA in-
strument is equipped with five wavelength-dispersive spectrometers
(WDS) with a range of LiF, PET and TAP crystals, and one additional EDS
detector. The instrument was internally calibrated using mineral stan-
dards and metals of natural and synthetic origin, including: grossular (Si
Ka, Ca Ka, Al Ka); omphacite (Na Ka); forsterite (Mg Ka); fayalite (Fe
Ka); ilmenite (Ti Ka); orthoclase (K Ka); rhodonite (Mn Ka); pure metal
Cr (Cr Ka); apatite (P Ka); hornblende (F Ka); scapolite (Cl Ka); and
celestine (S Ka). Raw element data were ZAF-corrected using a phi-rho-Z
analysis program, and corrected element contents were converted to
oxide contents in weight percent (wt%) assuming stoichiometry.

Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-
ICP-MS) was carried out through an Analyte Excite 193 nm ArF excimer
laser microprobe system equipped with an HelEx II volume sample
chamber (Teledyne Photon Machines), coupled with a single-collector
quadrupole ICP-MS (iCAP RQ; Thermo-Fisher Scientific) at the
Geochemistry, Geochronology and Isotope Geology laboratory of the
Dipartimento di Scienze della Terra “Ardito Desio”, Universita di
Milano. The NIST SRM 612 synthetic glass and **Ca measured with
EPMA were used as external and internal standards, respectively.
Quality control of the analyses was achieved by analyzing the USGS
reference basalt glass BCR-2G together with the unknown. Precision was
better than 5% and accuracy was within 2c. A laser fluence of 2 J/cm?
and a repetition rate of 10 Hz were set for the unknown. The laser spot
size was set to 50 pm, to minimize the limits of detection. The He flow
rate was set to 0.5 L/min in the sample chamber and to 0.25 L/min in the
HelEx II cup. Each analysis consisted of the acquisition of 40 s of
background signal, about 60 s of laser signal, and 20 s of wash-out time.

4. Results
4.1. Field data

Phosphorite layers in the Pisco Formation were observed from
several localities in the Ica River area. From north-west to south-east,
they were identified at Cerro Colorado, Cerro Los Quesos, Cerro
Cadena de los Zanjones, Ullujaya, Cerro Submarino, Cerro Yesera de
Amara, Los dos Cerritos, Cerros la Mama y la Hija and Cerro Innominado

Table 1
List of the analyzed samples with sample localities, corresponding unconformities and type of analyses.
Samples Locality Unconformity OM XRD XRF SEM EPMA ICP-MS LA-ICP-MS
SUB-1 Cerro Submarino PE0.0 X X X X X X X
SUB-1-bis Cerro Submarino PE0.0 X
YA-SOT Cerro Yesera de Amara PEO.1 X X X
YADA-F1 Cerro Yesera de Amara PE0.0 X
YADA-F2 Cerro Yesera de Amara PEO.1 X X X
IN-F3 Cerro Innominado PE0.2 X X
FOSF-1a Los Dos Cerritos PE0.0 X X
FOSF-1b Los Dos Cerritos PE0.0 X X
MH-3 Cerros la Mama y la Hija PE0.2 X X
MH-6 Cerros la Mama y la Hija PE0.2 X X X X
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(see Fig. 1c). They overlie the unconformity surfaces at the base of each
sequence of the Pisco Formation, namely PE0.0, PEO.1 and PE0.2
(Fig. 1c and d).

In the field, phosphorite layers display a patchy distribution, with
variable thicknesses and content. They range in thickness from a few cm
up to ca. 40 cm, and are usually poorly sorted, clast-supported, and
devoid of any appreciable vertical grading (Fig. 2a-f). The components,
which consist of reworked and autochthonous early diagenetic products,
are set in a scarce, poorly cemented sandy matrix and include granule-to
pebble-sized phosphate clasts (Fig. 2a—c), cobble-sized dolomite clasts
displaying bivalve borings (Gastrochaenolites) (Fig. 2d), dolomite inter-
nal molds of gastropods and articulated bivalves (Fig. 2e), shark teeth
(Fig. 2e), polished marine vertebrate bone fragments, and partially ar-
ticulated skeletal elements of marine mammals. Phosphate clasts are
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brownish in color and range in shape from subrounded to well-rounded,
with a low to high sphericity. They can be mixed with pebble-to large
boulder-sized igneous clasts, whose occurrence represents the most
common lithological expression of the sequence boundaries in the EPB
(e.g., Di Celma et al., 2018a: Fig. 3a).

Phosphorites typically lay on a sharp, irregular surface demarcated
by a Glossifungites Ichnofacies burrowed into the underlying diatomite-
siltstone firmground. This ichnofacies is generally comprised of com-
mon Thalassinoides (Fig. 2¢) and Gyrolithes; Gastrochaenolites traces are
also present, being typically developed on both sides of large dolomite
clasts (Fig. 2d).

Fig. 2. Field outcrops of phosphorite layers from different unconformity surfaces, showing details of the facies variations. a) Detailed view of closely-packed
phosphate granules and pebbles in dolomitized matrix laying on siltite - PE0.0 at Ullujaya; b) 20-cm thick layer of phosphate pebbles in dolomitized matrix
lying on diatomite - PE0.0 at Los dos Cerritos; ¢) 5-10 cm thick layer of phosphate pebbles and phosphate filling of Thalassinodes burrows (yellow arrows) into
underlying diatomite firmground - PE0.1 at Cerro Yesera de Amara; d) detail of decimetric-sized diatomite hardground pebble with Trypanites ichnofacies (yellow
arrows) on both sides and phosphorite filling the perforations - PE0.2 at Cerro Colorado; e) detail of phosphate granules-pebbles with mollusk dolomite molds and a
shark tooth (yellow arrows) - PE0.2 at Cerro Innominado; f) 25 cm thick layer of phosphate granules and pebbles with dolomite clasts - PE0.2 at Cerro Innominado.
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Fig. 3. Photomicrographs and SEM images of the phosphorite layer components. a) Poorly sorted, subrounded to well-rounded phosphatic and dolomite clasts
showing a low to high sphericity, and a rounded bone fragment under transmitted plane-polarized light. Sample SUB-1-bis at the base of the PO sequence at Cerro
Submarino. b) Poorly sorted, subrounded to well-rounded phosphatic and dolomite clasts showing a low to high sphericity and a probable tooth fragment under
transmitted plane-polarized light. Sample MH-6 at the base of the P2 sequence at Cerros la Mama y la Hija. ¢) Poorly sorted, subrounded to well-rounded phosphatic
and dolomite clasts showing a low to high sphericity under transmitted plane-polarized light. Sample MH-6 at the base of the P2 sequence at Cerros la Mama y la Hija.
d) BSE image of phosphatic clasts composed of detrital minerals and foraminifera cemented by fluorapatite, and small nodules with a phosphate and a feldspar crystal
in the core. Sample MH-6 at the base of the P2 sequence at Cerros la Mama y la Hija. e) BSE image of phosphatic clasts composed of detrital minerals cemented by
fluorapatite, well-rounded bone fragments and small nodules with a feldspar crystal in the core. Cements are composed of silica, gypsum and baryte. Sample MH-6 at
the base of the P2 sequence at Cerros la Mama y la Hija. f) Rounded bone fragments of marine vertebrates exhibiting compact and cancellous bone tissues under
reflected light. Sample MH-6 at the base of the P2 sequence at Cerros la Mama y la Hija. g) Marine vertebrate bone fragment with the typical reddish color due to Fe-
oxyhydroxides under transmitted plane-polarized light. Sample YADA-F1 at the base of PO sequence at Cerro Yesera de Amara. h) Bryozoan specimen under
transmitted plane-polarized light. Sample YA-SOT at the base of the P1 sequence at Cerro Yasera de Amara. Mineral abbreviations following Whitney and
Evans (2010).
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Fig. 4. Photomicrographs and SEM images of the phosphorite layer components. a) BSE image of a dolomite-cemented clast that exhibits a Fe-oxyhydroxide coating.
Sample SUB-1 at the base of the PO sequence at Cerro Submarino. b) Close-up of a dolomite-cemented clast that exhibits a Fe-oxyhydroxide coating (BSE image). Note
the rhombohedral dolomite crystal. Sample SUB-1 at the base of the PO sequence at Cerro Submarino. ¢) A phosphatic clast under transmitted plane-polarized light,
exhibiting burrows with phosphatic laminites similar to those described by Berndmeyer et al. (2012). Sample IN-F3 at the base of the P2 sequence at Cerro Inno-
minado. d) Close-up of one burrow in the phosphate clast under transmitted plane-polarized light. Sample IN-F3 at the base of the P2 sequence at Cerro Innominado.
e) Close-up of a laminite in a burrow under reflected light. Sample IN-F3 at the base of the P2 sequence at Cerro Innominado. f) Small nodules with single crystals at
the core and a fluorapatite coating forming a bigger phosphatic clast under reflected light. Sample MH-6 at the base of the P2 sequence at Cerros la Mama y la Hija. g)
BSE image of a phosphate nodule with a feldspar at the core and a fluorapatite coating. Sample SUB-1 at the base of the PO sequence at Cerro Submarino. Mineral
abbreviations following Whitney and Evans (2010).
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Fig. 5. Photomicrographs and SEM images of the phosphorite layer cements. a) Dolomite clasts in dolomite cement with rhombohedral crystals under reflected light.
Sample SUB-1 at the base of the PO sequence at Cerro Submarino. b) Dolomite clasts in dolomite cement with rhombohedral crystals under reflected light. Sample
SUB-1 at the base of the PO sequence at Cerro Submarino. ¢) BSE image of a rhombohedral dolomite crystal. Sample SUB-1 at the base of the PO sequence at Cerro
Submarino. d) BSE image of an echinoderm spine substituted by silica cement in a calcite cemented surrounding sediment. Sample YA-SOT at the base of the P1
sequence at Cerro Yesera de Amara. e) BSE image of a fluorapatite fragment in a mixed gypsum and dolomite cement. Note the big rhombohedral dolomite crystal.
Sample SUB-1 at the base of the PO sequence at Cerro Submarino. f) BSE image of a close-up of a framboidal Fe-oxyhydroxide, ghost of a pyrite framboid, in the
dolomite cement. Sample YA-SOT at the base of the P1 sequence at Cerro Yesera de Amara. g) BSE image of baryte crystals in a silica and calcite cement surrounding
phosphatic clasts. Sample MH-6 at the base of the P2 sequence at Cerros la Mama y la Hija. h) BSE image of baryte crystals in a silica and calcite cement surrounding
phosphate- and dolomite-cemented clasts. Sample MH-6 at the base of the P2 sequence at Cerros la Mama y la Hija. Abbreviations following Whitney and

Evans (2010).

4.2. Mineralogy and petrography

The component clasts of the phosphorite layers are tens of micro-
meters to few centimeters in diameter, with a subrounded to well-
rounded morphology and a low to high sphericity (Fig. 3a—c). They

can be differentiated into two main types: phosphatic clasts (mainly
consisting of Ca-phosphate minerals) and dolomite-cemented clasts
(Fig. 3a—e, 4a, b). Both types may host detrital minerals (e.g., feldspar,
quartz) and rare fossil shells, such as foraminifera and diatoms (Fig. 3d
and e). Bone fragments are usually common in these layers and look
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Table 2

XRD results showing the main mineral phases. Sample SUB-1-bis from PE0.0 at
Cerro Submarino; sample YA-SOT: from PEO.1 at Cerro Yasera de Amara; sample
IN-F3 from PEO.2 at Cerro Innominado. Values are reported in wt%.

Stratigraphic position PE0.0 PEO.1 PE0.2
Sample SUB-1 YA-SOT IN-F3
quartz 25.3 8.5 5.0
plagioclase 17.1 27.6 19.8
dolomite 135 10.9 6.9
hydroxyapatite/fluorapatite 13.3 3.9 10.9
calcite 12.1 18.8 49.5
gypsum 11.1 17.4 7.9
stilbite 7.6 4.7 -
montmorillonite - 4.4 -
illite/muscovite - 3.8 -

polished (Fig. 3f and g), which suggests some degree of mechanical
abrasion. In one sample, YA-SOT, encrusting bryozoan remains were
also found within the phosphatic layer at the base of the P1 sequence at
Cerro Yesera de Amara (Fig. 3h).

Clasts often exhibit a thin Fe-oxyhydroxide coating that is clearly
visible in SEM-BSE images as a bright rim (Fig. 4a and b). In one case
(sample IN-F3 from the base of the P2 sequence at Cerro Innominado),
phosphatic clasts show burrows coated by laminites (Fig. 4c-e) as
described by Arning et al. (2009a) in the recent Peruvian phosphorites.
They can also exhibit bioerosion in the form of borings.

Small phosphatic nodules are common. They include a core made of
a single particle (such as feldspar or quartz) or bone fragment, and a
phosphatic coating made of concentric layers (Fig. 4f and g), similar to
the redox-aggregated grains (RA grains) described by Pufahl and Grimm
(2003). In one case, these small nodules are part of a bigger phosphatic
clast coated by phosphatic laminite (Fig. 4f).

Phosphatic and dolomite clasts, small nodules and bone fragments
are bound together by different types of cements, namely dolomite,
silica, calcite and gypsum/anhydrite (Fig. 5). Large rhombohedral
crystals of dolomite are commonly distributed in the cemented phos-
phorite layers (Fig. 5a—c). Besides of dolomite, the main cements are
silica and calcite, usually found together (Fig. 5d-g, h). Along the edges
of clasts and filling voids, gypsum/anhydrite crystals also occur
(Fig. 5e). Framboidal Fe-oxyhydroxides, usually coating phosphate-
and/or dolomite-cemented clasts, are also found scattered within the
cement (Fig. 5f). In addition, baryte is present in the form of both
pervasive cement and big euhedral crystals (Fig. 5g and h).
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XRD results of three analyzed samples representing the three phos-
phorite layers above the PE0.0, PEO.1 and PEO.2 unconformities,
respectively, indicate a similar mineralogical composition, with variable
proportions of the components (see Table 2). Plagioclase and quartz
represent the main detrital components of the layer, ranging in abun-
dance between 17.1-27.6 wt% and 5.0-25.3 wt%, respectively
(Table 2). Calcite, occurring both as fossil shell fragments and cement,
displays high abundance variations (from 12.1 to 49.5 wt%) (Table 2).
Dolomite ranges between 6.9 and 13.5 wt%, whereas the Ca-phosphate
minerals (hydroxyapatite/fluorapatite) range from 3.9 to 13.3 wt%
(including the apatite cement and bone fragments) (Table 2). Ca-sulfate
minerals are represented by gypsum, which is present in all the samples,
with abundance ranging between 7.9 and 17.4 wt% (Table 2). Other less
abundant minerals include zeolites (stilbite) and phyllosilicates (mont-
morillonite and illite/muscovite) (Table 2).

4.3. Geochemistry

4.3.1. Bulk rock geochemistry

The major element chemical composition of the phosphatic beds can
be presented in terms of the wt% proportions between the components
P,05+Ca0 + Nay0, SiO2+Aly03+Ko0 and FeyO3+MgO (Fig. 6a). Our
chemical data are in overall agreement with previously published ones
from the same region (Castaneda and Rivera, 2016), although the
samples from the present work are relatively poorer in SiOs.
+Al;03+K30 compared with most previous analyses, which may indi-
cate a lesser abundance of terrigenous materials. In more detail, silica
content is ca. 23 to 25 wt%, with a minimum value of ca. 14 wt% for
sample SUB-1 (Table 3). CaO and P05 contents range between 26 and
36 wt% and between 3 and 10 wt%, respectively. Iron content, reported
as FeyOgstot, is around 4 wt% in all samples. The LOI (Loss On Ignition) is
about 25-26% in all the samples, except for the MH-3 sample where it is
12%. For what concerns the CaO/P50s ratio, the ratio is around 3 for the
phosphatic layer at the base of P2, while that at the base of PO displays a
higher CaO/P,0s ratio (Table 3). The high value of the CaO/P50s ratio
and the correlation between CaO and Sr suggests that the CaO content is
due to the presence of carbonates (calcite and dolomite), as e.g. in
cements.

4.3.2. In situ major and minor element analysis
The major element composition of phosphate minerals determined
by EPMA microanalysis on phosphatic clasts and nodules plots towards

Fig. 6. Chemical composition of phosphorite beds in ternary diagrams with apexes P (P;05+Ca0O-+Na0) — S (SiO2+Al,03+K20) — F (Fe;03+MgO). a) Bulk rock
composition of the Pisco phosphorites analyzed in this work, compared with previous data. b) EPMA chemical composition of the Ca-phosphate in phosphatic clasts

and bone fragments in the Pisco phosphorites (data from this work).
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Table 3

XRF analyses of four phosphorite samples. SUB-1 is from PE0.0 at Cerro Sub-
marino. FOSF-1 is from PE0.0 at Cerro Submarino. MH-3 is from PE0.2 at Cerros
la Mama y la Hija. Values are reported in wt%. L.O.I. = Loss On Ignition.

Stratigraphic position PE0.0 PE0.0 PE0.0 PE0.2
Sample SUB-1 FOSF-1a FOSF-1b MH-3
SiO2 13.62 23.37 24.52 25.29
TiO, 0.30 0.30 0.24 0.38
Al,03 3.09 4.94 5.19 5.67
Fey03 4.57 3.92 4.00 3.91
MnO 0.14 0.14 0.14 0.21
MgO 6.90 9.27 8.52 5.10
CaO 36.42 26.16 26.00 31.88
Nay0 1.73 1.47 1.61 3.94
K20 0.51 0.92 0.92 0.89
P,05 6.73 3.41 3.65 10.30
sum 74.01 73.90 74.79 87.57
LO.L 25.99 26.10 25.21 12.43

the P-apex of the P2Os+Ca0O+Nay0 vs Si02+Alp03+Ko0 vs Fea03+MgO
diagram (Fig. 6b). While the fossil bone fragments composition plots
right on the P apex, the phosphatic clasts may contain up to about 20%
of Si05+Al;03+K50. Similar results were found for recent Peruvian
phosphorites by Glenn and Arthur (1988), who suggested abundant
submicrometric terrigenous mineral inclusions, which could not be
excluded during the analysis. This is also made evident by the very
variable silica content as resulting from the EPMA analysis (Table 4; see
Supplementary Table S1 for the entire dataset).

The composition of the phosphate corresponds to fluorapatite, with
an average CaO content of about 41-47 wt%, an average P»O5 content of
ca. 27 wt% and an average F content of 3 wt% in the three phosphatic
layers (Table 3). Analyses on fossil bones reveal an average CaO content
of about 51-53 wt%, an average P,O5 content between 25 and 28 wt%
and an average F content of 3-4 wt% (Table 3), similar to the “type 3b”
bones of Bosio et al. (2021c¢), i.e., bones that have been subjected to a
prolonged apatite recrystallization, resulting in a dark amber color and a
moderate hardness.

4.3.3. Rare earth element composition and redox-sensitive elements

The XREE content of the Pisco phosphorite layers is low, being
41-65 ppm for the bulk rock analysis, while the LREE/HREE ratios are
poorly variable, with La/Yb around 11 for the bulk rock analysis
(Table 5).

Table 4
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Table 5
Trace element chemical composition of phosphorite bulk samples, obtained by
means of ICP-MS.

Stratigraphic position PEO0.0 PEO0.0 PE0.0 PE0.2
Sample SUB-1 FOSF-1a FOSF-1b MH-3
Li 7.71 12.51 12.57 15.11
Be 0.72 1.03 1.02 1.36
\Y 74.84 92.55 92.46 75.61
Cr 44.82 62.86 60.54 48.76
Co 4.19 3.27 3.14 6.76
Ni 39.96 26.31 26.06 31.51
Cu 13.69 11.91 12.94 21.53
Zn 19.46 48.15 51.09 55.09
Ga 3.56 5.03 4.91 6.34
Rb 23.36 35.66 35.29 34.83
Sr 1002 687 675 925
Y 17.15 18.52 18.72 21.91
Zr 29.60 41.43 40.50 52.51
Nb 2.14 3.03 2.89 4.25
Mo 16.81 12.38 12.07 35.42
Cs 1.35 1.88 1.84 1.76
Ba 143 2762 2476 242
La 10.19 13.57 12.87 13.77
Ce 15.20 22.24 21.09 25.01
Pr 1.78 2.71 2.61 3.05
Nd 6.92 10.46 10.13 11.68
Sm 1.31 1.99 1.95 2.21
Eu 0.32 0.54 0.53 0.55
Gd 1.46 2.05 2.07 2.27
Tb 0.22 0.29 0.31 0.35
Dy 1.45 1.86 1.93 2.15
Ho 0.34 0.41 0.43 0.47
Er 1.05 1.27 1.31 1.46
Tm 0.16 0.18 0.19 0.21
Yb 0.95 1.17 1.20 1.27
Lu 0.16 0.19 0.19 0.21
Hf 0.66 1.01 1.01 1.12
Ta 0.16 0.22 0.21 0.30
Pb 8.86 5.22 5.25 7.56
Th 2.60 3.81 3.72 4.24
U 61.53 35.32 32.74 52.16
Sc 4.47 6.21 6.40 7.09

The content of redox-sensitive elements is also rather constant, with
U contents of 33-62 ppm, Cu contents of 12-22 ppm, and Ni contents of
26-40 ppm (Table 5). The Ba content is high and variable (140-2800
ppm), probably due to the variable presence of late baryte. Sr

Mean, number of analyses (in brackets) and standard deviation (SD) of the Electron Probe Microanalysis (EPMA) of the phosphorite clasts and bones of the samples
YADA-F2, SUB-1 and MH-6 from the phosphorite layers at Cerro Yesera de Amara, Cerro Submarino and Cerros la Mama y la Hija, respectively. Values are reported in

wit%.

PEO.1 PEO.1 PE0.0 PE0.0 PE0.2 PE0.2

YADA-F2 YADA-F2 bones SUB-1 SUB-1 bones MH-6 MH-6 bones

Mean [58] SD Mean [4] SD Mean [13] SD Mean [8] SD Mean [39] SD Mean [8] SD
SiO, 13.40 11.35 0.03 0.02 6.76 2.93 0.10 0.09 7.95 5.52 0.43 0.45
TiO2 0.23 0.69 0.01 0.02 0.41 0.98 0.02 0.03 0.12 0.19 0.02 0.02
Al,03 3.60 2.22 0.02 0.01 1.03 0.58 0.01 0.01 1.92 1.45 0.05 0.02
FeO 3.06 3.73 0.14 0.02 3.13 1.53 0.23 0.15 3.07 2.87 0.54 0.58
MnO 0.03 0.04 0.02 0.02 0.02 0.02 0.01 0.01 0.03 0.04 0.03 0.02
MgO 1.16 0.50 0.85 0.03 1.04 0.35 0.29 0.09 0.81 0.28 0.22 0.02
CaO 40.83 9.13 50.74 2.47 46.62 2.67 53.15 2.41 45.03 4.50 50.79 1.77
Na,O 0.79 0.23 1.33 0.04 0.94 0.11 1.04 0.12 0.95 0.24 0.93 0.05
K0 0.55 0.33 0.03 0.01 0.25 0.20 0.01 0.00 0.36 0.30 0.02 0.01
SrO 0.11 0.09 0.28 0.06 0.19 0.08 0.23 0.06 0.20 0.13 0.17 0.11
P,0s 26.60 6.09 28.25 1.56 27.39 2.32 25.17 2.00 27.42 2.43 26.80 2.24
SO3 1.05 0.34 2.29 0.09 1.81 0.44 2.31 0.29 1.53 0.40 2.10 0.24
F 3.20 0.87 3.81 0.09 3.54 0.48 3.71 0.37 3.22 0.58 3.41 0.13
Cl 0.08 0.07 0.08 0.01 0.12 0.07 0.08 0.01 0.04 0.02 0.04 0.01
Cry03 0.02 0.02 0.02 0.01 0.02 0.03 0.01 0.02 0.03 0.03 0.02 0.02
BaO 0.02 0.03 0.73 0.87 0.02 0.03 0.01 0.01 0.02 0.03 0.04 0.03
Total 94.73 3.92 88.63 1.28 93.29 3.21 86.36 2.09 92.70 3.77 85.59 3.23
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Fig. 7. REE diagrams showing the results by means of LA-ICP-MS. a) ZREE box and whiskers diagram for each sample, compared to ZREE determined in fossil bone
fragments. b) REE patterns for phosphatic clasts of the SUB-1, YADA-2 and MH-6 samples, from PE0.0, PE0.1 and PEO.2, respectively. All data are normalized to the
PAAS. ¢) (Ce/Ce*)gn Vs (Pr/Pr*)gy diagram with fields after Bau and Dulski (1996). Note that most of the points fall in the field I (neither Cegy nor Lagy anomaly) and

in the field ITa (positive Lagy anomaly, no Cegy anomaly).

abundances fall within the 675-1000 ppm range.
The in-situ trace element analysis on phosphatic minerals in phos-
phorite nodules and cements result in XREE up to 1300 ppm, with a

Fig. 8. (La/Yb)y vs (La/Sm)y of the analyzed phosphorites and fossil bones
compared to the field of seawater. Paths produced by processes acting in early
and protracted diagenesis and recrystallization are also indicated (Alibo and
Nozaki, 1999; Reynard and Balter, 2014).

mean value of 250 ppm (Table S2). The REE total content is higher in the
phosphatic clasts than in the fossil bone fragments (Fig. 7a). The REE
and Y patterns normalized to PAAS are rather similar in the different
samples, scarcely fractionated and with positive Y anomaly (Fig. 7b).
The Ce anomaly can be evaluated to be negligible, considering the Ce/
Ce* vs Pr/Pr* diagram as suggested by Bau and Dulski (1996) (Fig. 7c).
The bone fragments display a lower LREE/HREE and a REE pattern
that is closer to that of seawater compared to the phosphatic material. In
the La/Yb vs. La/Sm diagram, the phosphatic material exhibits higher
LREE compared to the bone materials, which in turn partially overlap
with the seawater values. The enrichment in La causes part of the bone
analyses to display a higher La/Sm compared to seawater (Fig. 8).

5. The origin of Pisco phosphorites
5.1. Phosphogenetic mechanism

The Peru-Chile margin is regarded as one of the most significant
areas of marine phosphogenesis, considering both modern and ancient
environments. Since the 1970s, several lines of evidence have been
brought to demonstrate that phosphogenesis still occurs today in this
region, including U-series dating on phosphorite nodules (Veeh et al.,
1973; Baturin et al., 1976; Burnett and Veeh, 1977), the replacement of
the calcium carbonate shells of benthic foraminifera by phosphates
(Manheim et al., 1975), the occurrence of extant diatom species within
the phosphorite nodules (Baturin et al., 1976), and 875r/80Sr values that
match that of modern marine seawater (McArthur et al., 1990).

In the East Pisco Basin, onshore phosphorite deposits can be found in
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the Ica Desert area, near Ocucaje, as first reported by Lisson (1898) and
recently by Gallarday (2009), Zegarra and Canales (2013), and Casta-
neda and Rivera (2016). These deposits indicate that phosphogenesis
has occurred in this region since the geological past. Our field obser-
vations suggests that the Ica Desert phosphorites concentrate in trans-
gressive lags mantling each stratigraphic unconformity of the
sedimentary succession throughout the Miocene and possibly earlier. In
this work, we analyzed phosphorite deposits of the Miocene Pisco For-
mation, found on the stratigraphic unconformities PE0.0, PE0.1, and
PEQ.2. In these heterogeneous deposits, the dolomite and hydrox-
yapatite/fluorapatite occur along with calcite and other minerals typical
of terrigenous components, which probably come from the sediment
particles. In addition, gypsum/anhydrite and clay minerals are also
found. The phosphates occur as authigenic phosphate intraclasts and
small nodules, shark teeth, and marine vertebrate bone fragments. All
the analyzed authigenic phosphates are composed of fluorapatite and
have mean P05 and F contents of ca. 27 wt% and 3 wt%, respectively.
This is concordant with the Holocene phosphorites sampled from the sea
floor off the coasts of Peru and Chile by Burnett (1977) who analyzed
phosphate clasts, phosphatic ovules and other allogenic components and
reported that the major phosphate component is a fluorine-rich variety
of apatite. The major element compositional data are in overall agree-
ment with the chemical data that have previously been recorded from
the region (Castaneda and Rivera, 2016), but our new samples seem to
be relatively poor in silica, alumina and alkali with respect to most of the
previous analyses, thus indicating a lower involvement of terrigenous
materials. The higher CaO/P50s, in turn, indicates a higher fraction of
calcite and dolomite cement. Considering the lateral variability of the
phosphorite layers in the Ica River valley, it is possible that the observed
differences are due to local specificities of the sampling sites.

In the Pisco samples, REE patterns in phosphate intraclasts and
nodules indicate an early diagenetic imprint and suboxic conditions
(Figs. 7 and 8), which in turn suggest an early precipitation within the
sediment. All the detected authigenic minerals formed originally at and
just beneath the seafloor, close to the sediment-water interface, which is
the main locus of phosphogenesis (Follmi, 1996). In good agreement
with Burnett (1977), our results support the notion that apatite pre-
cipitates out of solution rather than replacing previously existing ma-
terials: in fact, no carbonate material (e.g., foraminifera shells) has ever
been found replaced by phosphate minerals in our samples. In this sense,
Burnett et al. (1982) argued that nodule growth rates, together with
other considerations, suggest a precipitation from the sediment inter-
stitial waters rather than from bottom waters. To support this, Glenn and
Arthur (1988) hypothesized a precipitation of CFA (carbonate--
fluorapatite) from the porewaters within the upper few tens of centi-
meters of the sediments with a periodic sediment winnowing that
maintains these structures close the sediment-water interface. In addi-
tion, Pufahl and Grimm (2003) identified the zone of active phosphate
precipitation (i.e., the zone of phosphogenesis, or ZOP) with the up-
permost 5-20 cm of the sediment column, thus confirming the phos-
phate precipitation in porewaters.

Three main mechanisms and sources contribute to the rise of the
phosphorous concentration in porewater and thus lead to phospho-
genesis, namely: i) the microbial degradation of buried organic matter,
which liberates P; ii) the redox-driven phosphate desorption from iron
and manganese oxyhydroxides settling from the oxygenated water col-
umn; and iii) the polyphosphate metabolism of large polyphosphate-
accumulating sulfide-oxidizing bacteria (Follmi, 1996; Arning et al.,
2009a; Cosmidis et al., 2013). In the East Pisco Basin, the mechanisms i)
and iii) are the main processes that lead to the phosphogenesis, as
supported by our results as well as by previous works. In particular,
Suess (1981) and Froelich et al. (1988) highlighted the role of the
dissolution of fish debris at the seafloor in the Peruvian modern sedi-
ments. As initially proposed by Kazakov (1937), and later confirmed by
different studies investigating the relationship between nutrient-rich
water and authigenic phosphates (Ruttenberg and Berner, 1993;
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Slomp et al., 2002; Reynaud and James, 2012; Auer et al., 2016; Coletti
et al., 2017), a strong connection can be found between phosphogenesis
and upwelling, especially along the Peru-Chile continental margin (e.g.,
Baturin et al., 1976). As also observed by Follmi (1996), for modern
phosphorite formation in regions characterized by intense primary
productivity, such as the Peruvian margin, organic matter decomposi-
tion is probably more relevant than iron and manganese redox cycles.
During Miocene times, when the Pisco Formation sediments were
deposited, the Peruvian margin was characterized by a complex
ecosystem driven by upwelling and abundant schooling fishes that may
record an early phase of the modern Humboldt Current Ecosystem
(Collareta et al., 2021b), with frequent deposition of volcanic ashes that
could increase nutrient availability (Gao et al., 2018; Bosio et al., 2019).
A high level of primary productivity may have supported a high flux of
organic matter towards the seafloor. Phosphorous can be liberated
through the degradation of organic matter shortly below the
sediment-water boundary, where the low oxygen conditions and high P
concentration could favor the precipitation of Ca-phosphate and, with
increasing alkalinity caused by sulfate reduction, primary dolomite, as
testified by the observation of dolomite layers with phosphatic nodules
in the Pisco Formation (Malinverno et al., 2023: Fig. 4f-h).

Focusing on the third mechanism, in one of our samples (i.e., IN-F3)
phosphatic laminites were observed in the cavities of phosphate intra-
clasts. They can be interpreted as hardgrounds, as in the Miocene
Monterey Formation that crops out along the coast of California between
Los Angeles and San Francisco (Berndmeyer et al., 2012). Similarities
between the Monterey and Pisco formations have already been high-
lighted in the past, first and foremost with respect to their marine
vertebrate fossil contents, diatom-rich deposits and dolomite layers (e.
g., Marty et al., 1987; Marty, 1989; Dunbar et al., 1990; Malinverno
et al., 2023). Regarding the laminites within the inner phosphate cav-
ities, the latter offer calm and relatively undisturbed settings, even
under quite dynamic conditions. This environment facilitated the un-
interrupted growth of phosphatic laminite over prolonged periods,
interrupted only by occasional sediment influx that affected the growth
of laminites by diluting the P concentration (Berndmeyer et al., 2012).
The occurrence of laminites in Peruvian phosphate sediments has been
reported also by Arning et al. (2009a, b) and interpreted as the evidence
of bacterial activity involved in the phosphogenetic process (as formerly
speculated by Froelich et al., 1988). Arning et al. (2009a, b) suggested
that the autochthonous phosphatic laminites are the result of the activity
of both sulfate-reducing bacteria and sulfide-oxidizing bacteria such as
Thioploca, Beggiatoa and Thiomargarita (e.g., Gallardo, 1977; Ferdelman
etal., 1997; Jorgensen and Gallardo, 1999; Suits and Arthur, 2000; Zopfi
et al., 2008; Bailey et al., 2013; Dela Pierre et al., 2015; Smrzka et al.
2024), and the same could be hypothesize with respect to our samples.
The combined activity of closely associated sulfide-oxidizing bacteria,
known to be capable of liberating phosphate, and sulfate-reducing
bacteria have the potential to drive phosphogenesis in marine sedi-
ments below high productivity zones (Arning et al., 2007, 2009a). The
degradation of organic matter by sulfate-reducing bacteria has the po-
tential to liberate in the porewaters the phosphorus needed for phos-
phogenesis (Soudry and Lewy, 1988; Schulz and Schulz, 2005;
Al-Bassam and Halodova, 2018). This process may have acted in phos-
phogenic settings over the last 600 million years at least (Bailey et al.,
2013; Smrzka et al., 2024). If the presence sulfide-oxidizing bacteria
such as Thioploca (which occurs abundantly in the modern Peruvian
shelf) has only been hypothesized with respect to the Miocene Pisco
embayment (Bosio et al., 2021b), and now testified by the presence of
laminites in Miocene phosphorite deposits, that of sulfate-reducing
bacteria is widely attested in the Miocene record of the East Pisco
Basin (Gariboldi et al., 2015; Bosio et al., 2021a, 2021b; Malinverno
et al., 2023). In our samples, sulfate-reducing bacterial activity is sup-
ported by the presence of framboidal Fe-oxyhydroxides interpreted as
“pyrite ghosts”, also reported by Glenn and Arthur (1988) and Cosmidis
et al. (2013), who suggest pyrite biomorphs to be an evidence of a
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Fig. 9. Schematic representation of the transgressive sedimentary regime during phosphorite accumulation by dynamic bypassing. In the Pisco Formation, the
phosphorite-rich concentrations lie along distinctive discontinuity surfaces identified as transgressive ravinement surfaces by independent physical stratigraphic
evidence. a) Idealized nearshore profile during transgression characterized by the co-existence of: i) an onshore, presumably foreshore to upper shoreface envi-
ronment of erosional ravinement (Zecchin et al., 2019), recording a period of erosion and omission evidenced by a Glossifungites Ichnofacies (firmground). In this
setting, skeletal material, dolomite and basement pebbles and cobbles were exhumed from the underlying strata and reworked; ii) a lower shoreface area charac-
terized by regimes of low net rates of siliciclastic accumulation resulting from alternating deposition of sediment increments and erosional winnowing of the seafloor
(i.e., dynamic sediment bypass), generating the multiple-event, base-of-cycle phosphorite-rich concentration; iii) a deeper area serving as a sink for bypassed
sediment where net depositional rates are positive and sedimentary dynamic is not able to produce phosphate-rich hiatal concentrations. b, ¢), In the central portion
of the nearshore profile (black square in “a”), relatively thin (decimeter-scale) depositional increments develop a zone of active phosphate precipitation (ZOP) at very
shallow burial levels in either oxic or anoxic/suboxic conditions at the seafloor. d) In this setting, however, depositional increments fail to accumulate permanently
and are balanced or nearly balanced by episodes of erosion that winnowed, reworked and telescoped short-term phosphorite concentrations into a major basal layer.
Evidence of bioerosion on phosphatic grains aligns with the notion that, following concentration, they resided at the seafloor for some time before reburial.
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microbial activity in the phosphorite crusts of the Peruvian shelf. The
precipitation of apatite rather than calcium carbonates tends to be
favored in reducing, neutral or slightly acidic waters (Coleman, 1985;
Berndmeyer et al., 2012). The REE patterns and redox-sensitive element
composition in the Pisco samples confirm the precipitation of phos-
phorites under suboxic conditions in the porewaters showing a negli-
gible Ce anomaly, while displaying an early diagenetic imprint that
enriched the phosphate in REE (Figs. 7 and 8) following Bau and Dulski
(1996) and Haley et al. (2004).

Four main types of authigenic phosphorite grains can be identified in
the deposits analyzed in this work, namely: i) relatively common
phosphate nodules with a single nucleus surrounded by fluorapatite,
similar to the redox-aggregated grains (RA grains) described by Pufahl
and Grimm (2003); ii) abundant phosphate intraclasts, with terrigenous
particles and rare microfossils cemented by fluorapatite; iii) rare phos-
phate intraclasts formed by small fluorapatite nodules and coated by
phosphatic laminite; iv) rare phosphate intraclasts with burrows coated
by phosphatic laminites, similar to those described by Arning et al.
(2009a) and by Berndmeyer et al. (2012). As for the first such type, i.e.
fluorapatite nodules with a single nucleus, Pufahl and Grimm (2003)
hypothesized that RA grains may have been produced by apatite pre-
cipitation within the ZOP as a consequence of changes in porewater
redox conditions. This process does not necessitate exhumation and
reburial of grains into the ZOP, but instead only requires a variable flux
of organic carbon to the seafloor (Fig. 9). On the contrary, for the other
phosphorite grain types (i.e. the phosphate intraclasts), multiple epi-
sodes of phosphatization, exhumation, and erosion should be hypothe-
sized (Pufahl and Grimm, 2003) (see Chapter below). Moreover, the
grains of the third and fourth type (i.e., those formed by small phosphate
nodules or presenting burrows with laminite) evoke multiple phases of
phosphogenesis and reworking on the seafloor (see Fig. 9).

Besides the phosphate grains, dolomite-cemented intraclasts — which
often display borings —dolomite internal molds of gastropods and arti-
culated bivalves are also found in the Pisco phosphorite deposits. In the
East Pisco Basin, and especially in the Pisco Formation, dolomite is
commonly found in different settings: surrounding fossil vertebrate re-
mains and filling their internal cavities (Gariboldi et al., 2015); forming
internal, external and compound molds of invertebrate shells (Bosio
et al., 2021a); and forming laterally-continuous horizons that at least in
one case cemented small phosphate nodules (Malinverno et al., 2023).
Dolomite precipitation is linked to early diagenesis at low temperatures,
being commonly observed in upwelling settings, where high primary
productivity leads to substantial organic carbon flux to the seafloor, thus
contributing to cyclical oxygen depletion at the bottom (Baker and
Burns, 1985; Petrash et al., 2017). Dolomite formed in the bacterial
sulfate reduction and methanogenesis zones at depths just below those
at which phosphogenesis occurred (Glenn and Arthur, 1988), where the
increase of alkalinity (due to high concentrations of HCO3) may prevent
further precipitation of fluorapatite while favoring dolomite formation.
High concentrations of dissolved sulfate in seawater inhibit dolomite
formation (Baker and Kastner, 1981), while microbially-mediated sul-
fate reduction effectively decreases the inhibitory effect of sulfate ions
while simultaneously leading to an increase in alkalinity and primary
dolomite precipitation (e.g., Compton, 1988). Thus, microbial activity at
the seafloor plays a major role in controlling both phosphate and dolo-
mite precipitation during the early diagenesis, hence the formation of
Ca-phosphate and dolomite nodules in close spatial relationship yet in
distinct geochemical environments.

5.2. Sedimentary regime

The heterogeneous composition of the Pisco phosphorite-rich de-
posits and the nature of the erosional surfaces on which they lay suggest
multiple phases of phosphogenesis and erosional events in a shallow-
marine depositional setting characterized by low net rates of sediment
accumulation. Garrison and Kastner (1990) associated carbonate
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fluorapatite precipitation on the shelf and upper slope off Peru with
early diagenesis, erosion, exhumation, reburial and re-phosphatization
processes, associated with changing energy conditions.

According to Pufahl and Grimm (2003), phosphate grains formation
requires a long residence time just below the sediment-water interface: if
the sedimentation rate is excessively high, grains undergo rapid burial
and are consequently displaced from the ZOP. Therefore, long residence
times near the sediment-water interface as well as periods of strati-
graphic condensation are necessary. Low sedimentation rates and
repeated reworking of the seafloor facilitate phosphogenesis by allowing
for the buildup of porewater phosphate (Follmi et al., 1991). According
to Glenn and Arthur (1988) and Glenn et al. (1994), periodic sediment
reorganization (e.g., via bioturbation, current winnowing of
fine-grained sediment, and mass wasting) plays an important role both
in concentrating phosphate grains and in maintaining nodules and crusts
at critical depth levels in the sediment. An important reworking in the
form of gravity flows is hypothesized by Follmi et al. (2008) for the
Oligocene to Miocene phosphate rich-sediments in Malta and
south-eastern Sicily.

In our study, the intimate association of phosphate- and dolomite-
cemented intraclasts, shark teeth, polished bone fragments, pebble-to
boulder-size basement clasts, mollusk shell molds and clasts exhibiting
bivalve borings is suggestive of concentration of phosphate clasts during
periods of low net sedimentation. For this reason, the Pisco phosphorite
deposits would fall within the “condensed phosphates” class of Follmi
(1996, 2016), in which multiple stages of phosphogenesis are inter-
rupted by episodes of winnowing and reworking (Saltzman, 2003). The
presence of intraclasts suggests substrate reworking or winnowing by
storms, episodic undercurrents, or shallow-water currents (Garrison and
Kastner, 1990; Garzanti, 1993; Pufahl and Grimm, 2003; Pufahl et al.,
2003). However, the texture of the Pisco phosphorite layers indicates
condensation under a regime of dynamic bypassing rather than com-
plete sediment starvation (Kidwell, 1989), where repeated cycles of
deposition of sediment increments and winnowing of finer grains
concentrated different generations of phosphatic clasts and other com-
ponents (Fig. 9). Following Kidwell (1989), during condensation by
dynamic bypassing clasts and shells are not necessarily exposed to
destructive agents continuously. Exposure may be only brief and
episodic, alternating with relatively prolonged periods of burial below
the surficial zone of traction and active bioturbation (Kidwell, 1989).

Discrete phosphorite beds can form at shallow burial levels during
early transgression phases (Marshall-Neill and Ruffell, 2004; Rismyhr
etal., 2018) at times when the porewaters are enriched in phosphate due
to the presence of organic-rich sediments, as typical of upwelling set-
tings (Salama et al., 2015). In particular, the recognition of a Glossi-
fungites Ichnofacies dominated by Thalassinoides, Gyrolithes and
Gastrochaenolites filled by phosphorite elements records unconformities
associated with abrupt seaward shifts in facies (Pemberton et al., 2004;
MacEachern et al., 1992). These unconformities are interpreted as
polygenetic surfaces that formed by subaerial erosion during sea-level
lowstands and were subsequently modified during erosional trans-
gression (Di Celma et al., 2022) (Fig. 9).

In the Pisco Formation, phosphorite-rich concentrations are found
along distinctive discontinuity surfaces, which have been identified as
transgressive ravinement surfaces based on independent physical strat-
igraphic evidence. In Fig. 9a, an idealized Pisco nearshore profile is
drawn. During transgression, this nearshore setting is characterized by
the co-existence of three environmental scenarios: i) an onshore, pre-
sumably foreshore to upper shoreface domain of erosional ravinement
(Zecchin et al., 2019); ii) a lower shoreface area characterized by re-
gimes of low net rates of siliciclastic accumulation; and iii) a deeper
domain serving as a sink for bypassed sediment. The first such envi-
ronment documents a period of erosion and omission indicated by the
presence of a Glossifungites Ichnofacies, which in turn suggests the
development of a firmground. Here, skeletal material, dolomite con-
cretions, and basement pebbles and cobbles are unearthed from the
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underlying strata and reworked. The lower shoreface zone is charac-
terized by alternating deposition of sediment increments and erosional
winnowing of the seafloor, known as dynamic sediment bypass (Kidwell,
1989), which leads to the accumulation of phosphorite-rich concentra-
tions at the base of each cycle. In the deeper area, positive net deposi-
tional rates prevail, and the sedimentary dynamics do not yield
phosphate-rich hiatus concentrations. Fig. 9b and 9c provide a focus
on the central portion of the nearshore profile (black square in Fig. 9a).
Within this zone, thin depositional increments, typically on a decimeter
scale, give rise to a zone of active phosphate precipitation (ZOP) at
extremely shallow burial depths. Nevertheless, in this context, deposi-
tional increments do not accumulate permanently. Instead, they are
offset or nearly offset by episodes of erosion that winnow, rework, and
telescope short-term phosphorite concentrations into a major basal layer
(Fig. 9d). In summary, multiple phases of extensive Ca-phosphate pre-
cipitation alternated with erosional phases of winnowing at the base of
the Pisco Formation depositional sequences during early transgressions.
These repeated cycles of deposition and erosion allowed for increasing
the concentration of intraclasts and other components in concurrence
with primary phosphogenetic grains at the ravinement surface during
the very early phase of transgression (Fig. 9). As the transgression pro-
ceeded and the water-depth increased, the net sedimentation rate
became too high for dynamic bypassing to be effective and the ravine-
ment surface and the overlying phosphate-rich hiatal interval were
definitively buried. Phosphate and dolomite precipitation continued
within the directly overlying sediment, but in the absence of an efficient
concentration mechanism, its products were probably “diluted” into the
accumulating sediment, as testified by the sparse yet frequent occur-
rence of dolomite and subordinately phosphorite nodules within the
sediment (Malinverno et al., 2023).

Finally, post-depositional cementation then occurred. Our results
suggest that all the components of the Pisco phosphorite deposits were
finally cemented by dolomite, calcite, silica, gypsum/anhydrite and
baryte cements that precipitated during subsequent stages of early and
late diagenesis.

6. Conclusions

This work sheds light on the genesis of Miocene phosphorite layers in
the East Pisco Basin. Typically, phosphorites lie on a sharp and irregular
erosional surface interpreted as a wave-ravinement surface demarcated
by a substrate-controlled Glossifungites Ichnofacies at the base of distinct
depositional sequences. They appear as a variable mixture of pebble-to
boulder-size basement crystalline clasts, granule-to pebble-size phos-
phatic clasts and nodules, cobble-sized dolomite clasts featuring bivalve
borings, shark teeth, internal molds of gastropods and articulated bi-
valves, polished marine vertebrate bone fragments, and partially artic-
ulated skeletons of marine mammals. The phosphatic clasts and nodules
are made of detrital crystals or fossil fragments encased in fluorapatite.
Dolomite-cemented clasts are also present, which are usually coated by
Fe-oxyhydroxides. The mineralogical, geochemical and textural re-
lationships point to deposition in a shallow-marine environment marked
by elevated biological productivity and low sedimentation rates, with
phosphogenesis occurring just below the water-sediment interface in
suboxic conditions, in close relationship with microbial activity and
primary dolomite precipitation. Owing to their heterogeneous nature
and their occurrence in association with erosional surfaces, the Pisco
phosphorite deposits are inferred to have accumulated under multiple
phases of phosphogenesis and erosional events of the seafloor due to the
action of waves and storm-related flows, low net deposition due to
sediment bypass during shoreface retreat and physico-chemical condi-
tions favoring their development. This study not only enhances our
understanding of the genesis of phosphorite layer in the East Pisco Basin,
but also underscores the intricate interplay among the processes
beneath. Hopefully, such insights will contribute to deciphering the
geological significance of these sedimentary rocks and informing for
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