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Abstract

Sedimentary basin-hosted manganese oxides may represent an important yet underexplored source of critical metals. Here
we present a stratigraphic, textural, mineralogical, and compositional characterization of Mn-oxide nodules, coatings,
and veins in the Pisco onshore forearc basin, Peru. The Mn-oxide mineralization is stratabound within marine sandstone,
siltstone, and tuff from the Neogene Chilcatay and Pisco formations. X-ray diffraction and electron microprobe analyses
identify the Mn oxides as cryptomelane (£ hollandite) and todorokite, which cement detrital grains and fossilize biological
remains. Bulk chemical analyses of nodules, coatings, and veins reveal significant cobalt enrichment (mean =0.17 £0.15
wt% Co; up to 0.63 wt% Co), corroborated by electron probe microanalysis of individual Mn oxide phases (mean =0.37
+0.33 wt% Co; up to 2.1 wt% Co). The stratigraphic control, biomorphic replacement, mineralogy, and chemical com-
position collectively indicate a diagenetic origin for the Mn-oxide mineralization. The formation pathway likely involved
organic matter decay or brine-hydrocarbon interactions coupled with Mn and Fe reduction, resulting in metal-enriched
porewaters that circulated along structures and permeable horizons. Subsequent precipitation under oxygenated condi-
tions occurred during late Pliocene uplift and exposure of the East Pisco Basin. This study demonstrates that diagenetic
Mn oxides exposed in onshore basins represent a potential resource for manganese and critical elements such as cobalt.

Introduction et al. 2018; Garcia et al. 2020). Fe-Mn crusts are found on

seamounts, ridges, and uplifts throughout ocean basins (e.g.,

Ferro-manganese-oxide crusts and nodules in the seabed
have gained recognition as potential future resources for
high- and green-tech metals since the 1960s, when John L.
Mero predicted their potential as an essentially endless sup-
ply of Mn, Co, Ni, and Cu (Hein et al. 2000, 2013, 2020;
Hein and Koschinsky 2014; Lusty and Murton 2018; Lusty
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Pacific, Hein et al. 2000; Atlantic, Josso et al. 2019; Benites
et al. 2020; Indian, Banakar et al. 1997; Arctic, Hein et al.
2017; Konstantinova et al. 2017), while Fe-Mn nodules typ-
ically form on sediment-covered abyssal plains at depths of
4,000-6,500 m, particularly where sedimentation rates are
low (< 10 mm kyr~!; Hein and Koschinsky 2014; Hein et al.
2020). Shallow-water (< 100 m) nodules are rare but known
in a few locations such as the Baltic Sea (Hein and Koschin-
sky 2014), the Kara Sea (Vereshchagin et al. 2019; Shulga et
al. 2022), and the Chukchi and East Siberian seas (Baturin
and Dubinchuk 2011).

Fe-Mn crusts primarily form through hydrogenetic pre-
cipitation, whereas nodules may form through either hydro-
genetic or diagenetic processes (Hein et al. 2000; Hein and
Koschinsky 2014). Hydrogenetic precipitation involves
direct oxidation of Mn?* and Fe?* from cold seawater and
subsequent accretion of Mn** and Fe*" oxide colloids onto
rock substrates (crusts) or around a nucleus (nodules).
Hydrogenetic Fe-Mn oxides typically contain Fe-rich ver-
nadite (3-MnQO,) and X-ray amorphous Fe oxyhydroxide
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(feroxyhyte, 6-FeOOH), Mn/Fe ratios near 1, with enrich-
ment in Co (up to 0.38 wt%), Te, Ce, and Pt. In contrast,
diagenetic precipitation occurs from sediment porewater,
which is essentially chemically modified ocean water. It
produces nodules composed of 10 A manganates (buserite,
todorokite, asbolan), 7 A manganates (birnessite), and Fe
oxyhydroxides (goethite and the X-ray amorphous feroxy-
hyte and ferrihydrite) accreted around a hard nucleus. Dia-
genetic nodules typically show high Mn/Fe ratios (> 10) and
high contents of Ni (up to 1.30 wt%), Cu (up to 1.07 wt%),
and Li (up to 311 ppm; Hein et al. 2000; Hein and Koschin-
sky 2014). Finally, hydrothermal Fe-Mn oxide precipitates
in crusts or stratabound mineralization show variable Mn/Fe
and metal contents depending on their geodynamic setting
(Glasby 1988; Josso et al. 2017; Pelleter et al. 2017; Zhou
et al. 2022) with todorokite as the predominant manganese
phase (Hein et al. 2000).

Within the Chilean and Peruvian Exclusive Economic
Zones (EEZ; Fig. 1), significant marine resources of Mn-
oxide nodules have been identified with valuable metal
enrichment. Data compiled by Garcia et al. (2020) and
Toro et al. (2020) reveal Mn nodules in the Chilean EEZ
with notable Co contents (e.g., 0.16-0.53 wt% in southern
Chile at depths of ~ 3,800 - 4,000 m), while those in the Peru
Basin, located 3,000 km offshore at depths of 3,900 -4,300
m, show high Ni (up to 1.30 wt%) and Li (up to 311 ppm;
Glasby 2013; Hein and Koschinsky 2014; Toro et al. 2020).
Although these resources represent significant economic
potential for the region, their exploitation remains challeng-
ing due to persistent political uncertainties and environmen-
tal concerns regarding seabed habitat disruption (Boschen
etal. 2013; Sparenberg 2019; Hein et al. 2020; Cunningham
2022; Helmons et al. 2022; Katona et al. 2022). These chal-
lenges make it likely that accessible onshore resources will
remain critical for meeting mineral demands in the foresee-
able future.

Onshore Mn-oxide mineralization along the Pacific coast
of South America presents an attractive alternative to sea-
floor deposits. In north-central Chile, discoidal, spherical,
and bulbous Mn nodules of diagenetic origin occur within
silty mudstone of the Miocene Bahia Inglesa Formation
(Fig. 1; Achurra et al. 2009). These Mn nodules are com-
posed of todorokite and trace amounts of cryptomelane,
which act as a cement for silicate minerals and siliceous
microorganisms (e.g., diatoms), and contain relatively low
cobalt (< 0.05 wt% Co). Similar onshore manganese nod-
ules occur on the Peruvian coast, particularly in the East
Pisco Basin (Fig. 1). In this region, Bessler (1975) con-
ducted an exploratory study of Mn nodules hosted in diato-
mite horizons of the Pisco Formation (Ica region; 14°22’S,
75°37°W), reporting mean Ni and Co contents of 0.12
wt% and 0.11 wt%, respectively (n= 5). During a routine
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geological field camp with Geology students, we discovered
abundant Mn oxide nodules, veins, and coatings in another
location within the East Pisco Basin—the largely underex-
plored Rio Grande Valley. Building upon Bessler’s (1975)
preliminary findings, we have conducted a comprehensive
study of these Mn oxides to assess their origin and eco-
nomic potential.

Geological setting
Cenozoic forearc basins of the Peruvian margin

The tectonic regime of the Peruvian margin is controlled by
the oblique subduction of the Nazca/Farallon Plate under-
neath the South American Plate along the Peru-Chile Trench
since Cretaceous times (Di Celma et al. 2017). The Nazca
Ridge, a bathymetric high delineated by multiple seamounts
(Casalbore 2018), has been subducted beneath the South
American Plate since at least the end of the middle Miocene
(~ 11.2 Ma) and interacts with the active convergent mar-
gin enhancing tectonic erosion (Hampel 2002; Clift et al.
2003). Another significant geological feature at the latitudes
of the study area is the Nazca Drift System, which extends
from the southwest of the Nazca Ridge to the Peru-Chile
Trench at water depths between 2,090 and 5,330 m above
the abyssal basins of Peru and Chile (Fig. 1). It stands as the
largest abyssal drift system of the Pacific Ocean (Calves et
al. 2022).

Two persistent structural ridges, the Outer Shelf High
and the Upper Slope Rise, have exerted a controlling influ-
ence on the geometry and distribution of Cenozoic forearc
basins along the Peruvian continental margin. These include
the Talara, Sechura, Salaverry, Trujillo, Lima, Pisco,
Mogquegua, and Mollendo basins (Fig. 2A; Thornburg and
Kulm 1981). The Eocene to Pliocene Pisco Basin, which
extends from 13° to 15° S (Leon et al. 2008; Di Celma et
al. 2016; Viveen and Schlunegger 2018), is part of the cen-
tral and southern portions of the Peruvian forearc that were
influenced by the passage of the aseismic Nazca Ridge since
~4-5 Ma (Macharé and Ortlieb 1992; Hampel 2002; Espurt
et al. 2007; George et al. 2022). The Pisco Basin is divided
into two sub-basins, West Pisco and East Pisco, which are
separated by the Outer Shelf High (Fig. 2A; Thornburg and
Kulm 1981; Quispe et al. 2018) probably since the late Oli-
gocene (Ochoa et al. 2021).

The East Pisco Basin, where the study area is located,
corresponds to the onshore portion of the basin (Fig. 2;
Gioncada et al. 2018; Di Celma et al. 2022) and is inter-
preted as a semi-enclosed, shallow embayment (Di Celma
et al. 2016). The sedimentary fill of the East Pisco Basin
is divided into two megasequences by Di Celma et al.
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Fig. 1 Location of (Fe-)Mn oxide nodule fields in the Chilean and
Peruvian Exclusive Economic Zones (EEZ; circles) and onshore
descriptions (stars). Adapted from Garcia et al. (2020) and Toro et al.
(2020). Delimitation of Nazca Ridge and Nazca Drift from Calveés et
al. (2022). Global elevation and bathymetry from the National Centers

for Environmental Information (2022). Abbreviations: RC—Robinson
Crusoe Island; SF—San Félix Island; SA—San Ambrosio Island; RI—
Rapanui Island; SG—Salas y Gémez Island; AS—Alejandro Selkirk
Island
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Fig. 2 Geological framework of the studied Mn oxides in the Chilca-
tay and Pisco formations, East Pisco Basin. A Major Cenozoic forearc
basins along the Peruvian margin. The Coastal Cordillera is traced off-
shore as the Outer Shelf High. Modified from Thornburg and Kulm
(1981) and Ochoa et al. (2021). B Regional geological map of the Rio
Grande Valley (modified from Ledn and Torres 2003). The red rect-
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angle indicates the location of the study area. C Geological map of the
study area indicating the position of samples (labels in white boxes)
and stratigraphic columns (C1, C2, and P1). The geology base map
has been modified from Le6n and Torres (2003) according to our own
field observations. Digital Elevation Model (DEM) provided by the
European Space Agency (2024)
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(2022), namely the megasequence P (Paleogene) and the
megasequence N (Neogene). These megasequences over-
lie a deformed and heterogeneous pre-Cenozoic basement,
which includes Paleozoic to Mesozoic intrusive, Jurassic
volcano-sedimentary, and Proterozoic metamorphic rocks
(Leon et al. 2008; Di Celma et al. 2017). The megasequence
P consists of middle Eocene to lower Oligocene sedimen-
tary successions, including medium- to coarse-grained bio-
clastic sandstone that stratigraphically pass upward into
siltstone. The megasequence N is composed of uppermost
Oligocene to Pliocene bioclastic sandstone and siltstone of
the Chilcatay Formation, and fossiliferous sandstone and
conglomerate, and diatomaceous and tuffaceous siltstone of
the Pisco formation (Dunbar et al. 1990; Ledn et al. 2008;
Di Celma et al. 2022; Malinverno et al. 2025). The clastic
sequences in both the Chilcatay and Pisco formations have
been interpreted as a succession of transgressive deposi-
tional sequences (Di Celma et al. 2018a, b, 2019). The East
Pisco Basin is capped by Quaternary conglomerate depos-
its of the Cafiete Formation (Ledn et al. 2008; Ochoa et al.
2021).

The structural framework of the East Pisco Basin exhib-
its numerous, predominantly NW-oriented normal faults
and rotated blocks associated with grabens and semi-gra-
bens (Macharé 1987; Rustichelli et al. 2016; Viveen and
Schlunegger 2018). The tectonic regime under which the
East Pisco Basin was formed is not totally defined yet.
Some authors state alternating phases of compression and
transtensional tectonics, and prolonged subsidence during
the Paleogene and Neogene, with uplift and compression
occurring during the Quaternary because of the arrival of
the Nazca Ridge (Clift et al. 2003; Ledn et al. 2008; Viveen
and Schlunegger 2018; Di Celma et al. 2022). In contrast,
other authors suggest a continuous compressional regime
from the late Oligocene to the Quaternary associated with
Andean shortening (Quispe et al. 2018; Ochoa et al. 2021).

The Chilcatay and Pisco formations

The studied Mn oxides are hosted by the Chilcatay and
Pisco formations in the East Pisco Basin. The Late Oligo-
cene to Early Miocene Chilcatay Formation (DeVries and
Jud 2018) consists predominantly of basal massive sand-
stone and large boulders of pre-Cenozoic basement rocks,
followed by marine diatomaceous and tuffaceous sandy silt-
stone (Di Celma et al. 2018a). In the study area (i.e., left
side of the Rio Grande Valley, in the surroundings of Cerro
Terrestral), the Chilcatay Formation is only exposed at the
valley sides and bottom, with a variable thickness ranging
from 150 to 320 m (Fig. 2B). In this area, it consists of bio-
turbated and fossiliferous calcareous sandstone interbedded

with coarse-grained sandstone, conglomerate, biogenic
mudstone, and siltstone (Leon et al. 2008).

The Mio-Pliocene Pisco Formation (Ochoa et al. 2021)
is one of the main lithostratigraphic units of the East Pisco
Basin, with a variable thickness between 200 and 1,000
m (Dunbar et al. 1990; Ledn et al. 2008; Di Celma et al.
2018b). This marine formation mainly consists of sand-
stone, siltstone, and diatomite, along with minor amounts
of tuff and dolomite, the latter of which contains an out-
standing collection of vertebrate fossil fauna (Di Celma et
al. 2016; Ochoa et al. 2021; Malinverno et al. 2025). Tuffa-
ceous diatomite and tuff correspond to the Nazca volcanic
event (Di Celma et al. 2016). The Pisco Formation covers
most of the study area (Fig. 2B), where it has a thickness of
370 m and unconformably overlies the Chilcatay Formation
and underlies Quaternary deposits of the Cafiete Formation
(Ledn et al. 2008; Ochoa et al. 2021). Within the study area,
the Pisco Formation consists predominantly of brownish-
to reddish-grey diatomaceous biogenic mudstone interbed-
ded with fine- to coarse-grained sandstone, conglomerate,
fossiliferous beds, tuff, and sporadic dolomite, calcareous
concretions, and phosphatic beds (Leén et al. 2008; Bosio
et al. 2024).

Sampling and analytical methods

This study is based on 65 representative Mn oxide surface
samples including nodules, veins, and coatings collected
from the Rio Grande Valley near the town of Palpa (lca
Region, southern Peru). It should be noted that all geochem-
ical data presented in this study derive from selective sam-
pling of Mn-bearing features (nodules, veins, and crusts)
rather than bulk rock analysis. Samples were specifically
targeted to characterize the nature and composition of the
Mn oxide mineralization itself, not to determine average
grades of the host rock succession. A list of individual hand-
sample descriptions and sampling locations is provided in
the Electronic Supplementary Material (ESM) Table S1.
The location of the samples is illustrated in Fig. 2C. The
stratigraphic position of the Mn-oxide samples under inves-
tigation is contextualized within the framework of three
stratigraphic columns, which have been produced as part of
this research. The stratigraphic columns cover segments of
the Chilcatay (columns C1 and C2) and Pisco (column P1)
formations in the surroundings of Cerro Terrestral and show
in detail the lithology, granulometry, and sedimentary struc-
tures (Fig. 3). The stratigraphic columns, key field pictures,
and descriptions of the different stratigraphic levels, includ-
ing the sampling sites, are provided in ESM.

A complete characterization of the chemical composition
of the Mn oxides was performed at ALS Vancouver using
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the analytical packages ME-XRF26 s and CCP-PKGOL1. The
package ME-XRF26 s is designed for chromite and man-
ganese ores and is suitable for the determination of major
and minor elements in mineralized samples that require a
high dilution digest. The samples were fused with lithium
metaborate flux and then poured into a platinum mold. The
resultant fused disks were analyzed by X-ray fluorescence
(XRF) spectrometry. This method also included LOI calcu-
lation at 1,000 °C. The package CCP-PKGO1 comprises five
methods: (i) major elements by ICP-AES analysis following
a combination of fusion and acid digestion plus LOI calcu-
lation by furnace or thermogravimetric analyzer; (ii) trace
elements by ICP-MS analysis following a combination of
fusion and acid digestion; (iii) total carbon and sulfur by
induction furnace/IR; (iv) base metals by ICP-AES analysis
following a four-acid digestion; and (v) volatile trace ele-
ments by ICP-MS analysis following an aqua-regia diges-
tion. A full dataset of whole-rock chemical compositions of
the analyzed samples is available in ESM Table S2.

The elemental composition of nodules was mapped
through micro-X-ray fluorescence (uXRF) using a Bruker
M4 TORANDO fast mapping instrument at Luled Univer-
sity of Technology, operating under a vacuum of 2 mbar at
50 kV and 600 iA with a rhodium anode tube. Pixels were
achieved via a 50 im step size, and measurements were per-
formed applying a 20 im spot size. The spectral acquisition
and data treatment were both performed using the M4 TOR-
NADO software from Bruker.

The major mineralogy of the Mn oxides was analyzed
through X-ray diffraction (XRD). For XRD analysis, the
samples were crushed and then manually ground in an agate
mortar and pestle to obtain a very fine powdered material
<35 um. The powdered material was pressed using a glass
plate to obtain a flat surface in cylindrical standard sam-
ple holders of 16 mm in diameter and 2.5 mm in height.
XRD data were collected with a Bruker D8 Discover dif-
fractometer in Bragg-Brentano 6/20 geometry of 240 mm
of radius at the Centro de Caracterizacion de Materiales
at PUCP (CAM-PUCP). Scanning from 4 to 80 ° (20) was
performed at a step size of 0.039° and a scan time of 4 s per
step. Nickel filtered Cu Ka radiation (k =1.5418 A) and 40
kV-40 mA conditions were used. The software PANalytical
X’Pert Highscore 2.0.1 was used to subtract the background
of the patterns, detect the peaks, and assign mineral phases
to each peak.

Fourteen polished thick sections and three polished thin
sections were prepared for petrographic and electron probe
microanalysis (EPMA). The petrography was performed
using transmitted and reflected light in a Zeiss Primotech
polarizing microscope. Major and minor element analyses
of Mn-oxide minerals were performed at the Centres Cienti-
fics i Tecnologics de la Universitat de Barcelona (CCiTUB)

using a JEOL JXA- 8230 electron microprobe equipped
with five wavelength-dispersive spectrometer (WDS) detec-
tors. The accelerating voltage was set to 15 kV, with a beam
current of 15 nA, and a beam diameter of 1 pm. The analy-
ses were performed using the following natural and syn-
thetic standards and lines: diopside (Si, Ka), kyanite (Al,
Ka), wollastonite (Ca, Ka), orthoclase (K, Ka), galena (Pb,
Ma), barite (Ba, La; S, Ka), apatite (P, Ka), periclase (Mg,
Ka), albite (Na, Ka), rhodonite (Mn, Ka), hematite (Fe,
Ka), metallic Co (Co, Ka), sphalerite (Zn, Ka), cuprite (Cu,
Ka), bunsenite (Ni, Ka), and rutile (Ti, Ka). The detection
limits (d.l.) for each element were 500 ppm Si, 350 ppm Al
600 ppm Ca, 450 ppm K, 1,500 ppm Pb, 900 ppm S, 1,000
ppm P, 500 ppm Mg, 550 ppm Na, 800 ppm Mn, 700 ppm
Fe, 650 ppm Co, 1,350 ppm Zn, 950 ppm Cu, 725 ppm Ni,
850 ppm Ti, and 1,500 ppm Ba. The chemical composition
of analyzed minerals is reported in ESM Table S3.

Results
Stratigraphic position and facies of Mn oxides

The segments of the Chilcatay and Pisco formations with the
Mn-oxide mineralization are predominantly composed of
clastic material, including interbedded sandstone, siltstone,
and silty clay, as well as more restricted tuff horizons (Fig. 3
and ESM). Additionally, massive gypsum beds are also
present in both formations, with thicknesses ranging from a
few centimeters to ~3 m. Centimeter-scale nodular gypsum
is observed in sandstone layers of the Chilcatay Formation,
while in the studied segment of the Pisco Formation, some
of the gypsum beds change laterally to sandstone. A note-
worthy feature also observed in the stratigraphic column in
the Pisco Formation is the presence of a ~10 m-thick diato-
mite bed with a distinctive bright creamy color at the top
of the sequence. Fibrous gypsum veins, measuring between
1 mm and 20 cm in thickness, crosscut the stratigraphic
series with a predominant NW orientation, while an associ-
ated secondary set of gypsum veins exhibits a NE orienta-
tion. Additionally, specific strata of both formations exhibit
a high fossiliferous content, comprising primarily bivalves,
logs, and ichnofossils. Local oily black stains in some rocks
are potentially linked to liquid hydrocarbon flow.

Mn-oxide mineralization in the Rio Grande Valley occurs
primarily as nodules, concretions, veins, surface coatings,
and less frequently as fossil replacements and massive
lenses (Figs. 4 and 5). Nodules and concretions concentrate
along specific stratigraphic levels of sandstone, siltstone,
and tuff (Figs. 3 and 4B-D). In the Pisco Formation, grape-
shaped composite Mn-oxide nodules hang from sedimen-
tary gypsum bed contacts (Fig. 4E). Nodule abundance
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Fig.4 Field view of the Mn-
oxide mineralization in the Rio
Grande Valley, East Pisco Basin.
A General view of the valley
floor covered by a dark stone
pavement with abundant Mn-
oxide nodules and fragments;
Pisco Formation strata are very
poorly exposed in the hillsides.

B Detail of stone pavement com-
prising cm-scale nodules, concre-
tions, and fragments in the valley
floor and exposure of Chilcatay
Formation strata with in situ Mn
oxide-nodules in the hillside.

C Detail of spherical Mn-oxide
nodules in sandstone of the
Chilcatay Formation. D Detail of
a freshly cut Mn-oxide nod-

ule hosted in sandstone of the
Chilcatay Formation showing
concentric structure. E General
view of an outcrop of the Pisco
Formation consisting of medium-
grained sandstone overlain by

a gypsum bed. “Grape-like”
Mn-oxide concretions are at the
contact between these lithologies.
F A straight gypsum vein pro-
trudes over siltstone bedrock of
the Pisco Formation. G Close-up
of the gypsum vein with accreted
cm-scale Mn-oxide nodules.

H Manganese-oxide nodules

and fragments in a chimney-like
structure. | Botryoidal Mn-oxide
nodules and Mn-oxide veins in
tuff of the Chilcatay Formation.
J Close-up view of the Mn-oxide
veins and botryoidal nodules in
tuff; note also the voids left by
eroded nodules

varies laterally, with concentrations increasing near feeder
structures. Furthermore, manganese-oxide nodules and con-
cretions occur accreted onto or cemented within continu-
ous gypsum veins (< 10 c¢cm thick) that protrude from the
clastic bedrock (Fig. 4F, G). They also accumulate around
chimney-like structures, which in the field appear as small,
circular mounds protruding from the surface and displaying
distinct ochre coloration (Fig. 4H). Fragments of Mn-oxide
nodules in valley bottom stone pavements (see McFadden et
al. 1987; Cooke et al. 2006) create distinctive black surface
colorations (Fig. 4A, B).
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Nodules exhibit diverse morphologies: spheroidal
(Fig. 5A), ellipsoidal (Fig. 5B, F), discoidal (Fig. 5C, D),
or irregular (Fig. 5G). They may form composite bulbous
(Fig. 5C), lobate rod (Fig. 5H), and grape-like aggregates
(Fig. 4E). Sizes range from millimetric micronodules to 15
cm diameter specimens. Nodule surfaces may be botryoidal
with slight luster (Fig. 5C, D), sandy (Fig. 5A), or rough
matt (Fig. 5B). In places, manganese oxides appear as den-
drites as well as small (< 3 mm) dark specks transitioning
to incipient micronodular forms, occurring as fillings and
replacements in white mudstone and siltstone (Fig. 5I).
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Cross-sections of massive Mn-oxide nodules reveal
septarian structures with open or gypsum-filled cracks
(Figs. 5E, 6 and 7A). Freshly cut surfaces show abundant
fine-grained detrital particles embedded in the Mn oxides
(Fig. 7A, B). Some nodules display black Mn-oxide rinds
surrounding ochre sandstone cores (Fig. 4C, D) or dark
brownish sandstone mantles that surround brighter ochre
sandstone cores (Fig. 7A). One sample shows a black Mn-
oxide rind encapsulating an irregular, deformed white sand-
stone core, with thin Mn oxide veinlets traversing the core
to connect opposite sides of the Mn encasement (Fig. 5F).

Mn-oxide coatings form non-continuous, irregular accre-
tions on siltstone, silty clay, and tuffaceous silty clay. Their
surfaces exhibit rough, sandy (Fig. 5K), or smooth textures,
with thicknesses from millimeters to 7 cm. Mn-oxide veins
are massive, continuous structures (1 mm-1.2 cm thick)
forming straight linear arrangements that cut across bed-
ding and protrude from the bedrock (Fig. 4l, J), occasion-
ally transitioning abruptly to nodules. Some veins display
botryoidal surfaces (Fig. 5J).

Rare massive Mn-oxide lenses (< 10 cm thick) form
along contacts between permeable and overlying imperme-
able beds (Fig. 5L). In isolated cases, Mn oxides replace
ichnofossils, as in a 7 cm-thick Mn oxide lens containing
elliptical burrows fossilized by Mn oxides (Fig. 5M). Else-
where, Mn oxides fossilize individual elliptical tunnels (<
20 cm long) featuring small bulges and crests (Fig. 5N).

Element distribution maps

Compositional maps of diametrically cut Mn-oxide nodules
reveal distinct elemental distribution patterns (Figs. 6 and
7). The massive nodule in Fig. 6 shows relatively homoge-
neous Mn content, while Fe, Co, K, and Mg display concen-
tric, oscillatory zoning following the nodule outline. Iron
and K exhibit nearly mimetic distributions with inner man-
tle enrichment relative to the core and depletion in the outer
mantle and rim, whereas Co shows an antithetic pattern.
Magnesium contents remain relatively homogeneous except
for enrichment along a thin (< 1 mm) band in the nodule
mantle. The maps also reveal irregular, discontinuous thin
gypsum infills along growth zones within the nodule.

Figure 7A shows elemental distribution in a nodule com-
prising a black Mn-oxide rind surrounding a Fe-rich, dark
reddish-brown sandstone mantle and a bright ochre sand-
stone core. The Mn-oxide rind is enriched in Co and K, in
addition to Mn, and depleted in Fe and Mg compared to the
sandstone mantle and core. Gypsum occurs along the core-
mantle contact and fills septarian cracks radiating around
the core.

In the branching, lobate-rod aggregate shown in Fig. 7B,
Mn content is relatively homogeneous, while Co and K

contents vary, displaying irregular to botryoidal bands with
antithetic distributions. Gypsum concentrates along the
aggregate edges and internal contacts between individual
nodular forms.

These elemental maps demonstrate that Co distribution
is heterogeneous across nodules of different morpholo-
gies. They also highlight the intimate textural relationship
between Mn oxides and gypsum, with the latter occurring
as crack infills within the nodules.

Microtextures of the Mn oxides

In nodules and concretions, Mn oxides cement detrital
particles with varying porosity—from cement-supported
fabrics with no interparticle porosity (Fig. 8A, B) to high
porosity with minor cement (Fig. 8C). Detrital grains com-
prise mainly angular to sub-angular quartz and plagioclase
(100-200 pum) with minor mica (Fig. 8D). Tuff levels con-
tain curviplanar juvenile glass shards up to 500 pm long
(Fig. 8E). Frequent thin (< 200 um) massive (Fig. 8F, G),
fibrous, microporous, or colloidal (Fig. 8H) Mn-oxide
veinlets cut across the primary nodule mass composed of
detrital particles and Mn oxides cement. Several lines of
evidence suggest a polycyclic nature of Mn mineraliza-
tion within these nodules: (1) incorporation of sub-rounded
fragments containing both Mn-oxides and detrital particles
within intranodular veinlets (Fig. 8F), and (2) multiple
veinlet generations exhibiting clear crosscutting relation-
ships (Fig. 8G). Additionally, Mn oxides commonly replace
biomorphic structures, including diatoms (Figs. 8H, I) and
fibrous microlaminae (Fig. 8A).

Mn-oxide veins show similar microtextures, with Mn
oxides cementing angular to subangular detrital grains
(50-200 pm) with variable porosity occlusion (Fig. 8J).
Massive Mn-oxide domains alternate with microporous
zones (Fig. 8K). Manganese oxides in veins fossilized bio-
morphs including fibrous (vegetal?) microlaminae and dia-
toms (Fig. 8L). Mn-oxide coatings occur either as cement
to detrital particles or as massive layers. The former shows
grain-supported textures with high porosity and minor
cement (Fig. 8M), while the latter forms massive or poorly
porous colloidal fabrics between angular grains (Fig. 8N),
sometimes displaying micro-urchin terminations (Fig. 80).

Major and trace element (bulk) geochemistry

Table 1 summarizes the chemical compositions of Mn oxides
by morphological type. Most samples show high MnO con-
tents (> 34.3 wt%), except for six samples with abundant
sedimentary material (4.85-28.7 wt% MnO). Fe:Os con-
tents are generally lower (< 9.73 wt%) than MnO, with
Mn/Fe ratios ranging from 0.62 to 50.2. Variable contents
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of SiOz, P.Os, CaO, Na:0, Al:Os, and MgO reflect detrital
mineral components. LECO analysis reveals low S (mean
=0.19 wt%, up to 3.75 wt%) and C contents (mean =0.07
wit%, up to 5.29 wt%), with elevated values correlating with
gypsum/anhydrite and carbonate precipitates.

@ Springer

Cobalt contents range from 111 to 6,290 ppm (mean
=1,650 £1,486 [1o] ppm). Other valuable metals occur in
minor amounts: Zn (up to 1,330 ppm, mean =323 +260
ppm), Ni (up to 1,405 ppm, mean =140 +318 ppm), Cu (up
to 496 ppm, mean =137 +£142 ppm), V (up to 736 ppm,
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{ Fig.5 Morphological and textural variations of the Mn-oxide mineral-
ization in the Chilcatay and Pisco formations in the East Pisco Basin.
A Spheroidal nodule with sandy surface [2023-PAL- 13]. B Ellipsoidal
nodule with rough surface [2023-PAL- 34]. C Composite bulbous con-
cretion on fibrous gypsum (white material); individual nodules show
smooth surfaces [2022-PAL- 04]. D Discoidal nodule with smooth,
shiny surface [2022-PAL- 10]. E Cross-sections of diametrically-cut
Mn-oxide nodule with radial septarian cracks concentrating in the
center and reducing their widths toward the outer part of the nodule
(white line) [2022-PAL- 10]. F Complex wrapping of black Mn oxides
around deformed, bright-colored sandstone; note that fragments of Mn
oxides appear within the sandstone core, which is crosscut by thin Mn-
oxide veinlets (arrow) [2023-PAL- 34]. G Irregular nodule of elongate
shape [2023-PAL- 27]. H Branching cluster of lobate rods [2023-
PAL- 36]. | Mn-oxide thin stringers, specks, and incipient micronod-
ules as fillings and replacements in white mudstone [2023-PAL- 11].
J Manganese-oxide vein with botryoidal surface [2022-PAL- 03]. K
Manganese-oxide coating with rough, micro-botryoidal surface [2023-
PAL- 02]. L, M Massive Mn-oxide lens with a thickness of 7 cm with
multiple burrows (arrows) fossilized by Mn oxides on one of its sides
[LA-P12]. N 18-cm-long burrow with an ellipsoidal section and small,
round globe-like bulges (arrows) and crests at one end of the burrow
(arrow) [2023-PAL- 40]

mean =180 216 ppm), Pb (up to 784 ppm, mean =69
+160 ppm), and Mo (up to 432 ppm, mean =39 +125 ppm).
Remaining potentially economic metals (Li, Sc, Cr, Ge, Ga,
In, Te, Bi) show mean values below 25 ppm. Potentially
deleterious elements exhibit variable contents: Cd (up to
>1,000 ppm (i.e., higher than upper detection limit), mean
=120 +£280 ppm), As (up to >250 ppm, mean =142 £81
ppm), T1 (up to >250 ppm, mean =44 + 68 ppm), and Sb (up
to 27 ppm, mean =3 +7 ppm).

REY (lanthanides +Y) contents are generally low (mean
YREY =121 ppm). Individual REE values are typically
<30 ppm, except for Ce (up to 173 ppm, mean =41 ppm).
Yttrium contents reach 67 ppm, with a mean value of 25
ppm. Post-Archean Australian Shale (PAAS)-normalized
REY patterns (Fig. 9) show horizontal to slightly positive
slopes ([La/Sm]ppprsn = 0.3—-1.5, mean =0.6; [Sm/Yb]
paas—N = 0.3-1.1, mean =0.6) with absent to positive Ce
anomalies ([Ce/Ce*] pypg-n = 0.9-5.5, mean =1.4).

Correlation plots reveal strong positive relationships
between SiO: and Al.Os (R? = 0.86; Fig. 10A) and NazO (R?
= 0.80; Fig. 10B), which agrees with the presence of alumi-
nosilicate detrital particles (Fig. 8). SiO: also correlates with
Rb (R?2=0.52), Zr (R*=0.36), and Ge (R?= 0.48; Fig. 10C),
but shows virtually no correlation with K.O (R? = 0.002;
Fig. 10D). MnO correlates with K-O (R = 0.51; Fig. 10E),
suggesting K incorporation in Mn oxides. Poor correla-
tion between BaO and MnO (R? = 0.02; Fig. 10F) indicates
general absence of Ba-Mn oxides (e.g., hollandite). Cobalt
shows moderate correlation with Mn (R? = 0.31; Fig. 10G)
and other trace metals including Pb (R? = 0.58), Bi (R? =
0.60), Te (R*=0.31), and In (R?=0.63; Fig. 10H). REY are
virtually uncorrelated with SiO- (R? = 0.002; Fig. 10C) or

P:0s (R* = 0.012), and weakly correlated with MnO (R? =
0.135), suggesting their primary occurrence in Mn oxides.

Major mineralogy

X-ray diffraction analysis of 47 manganese-oxide samples
from the Chilcatay and Pisco formations indicates predomi-
nance of manganese oxides and silicate minerals including
quartz, plagioclase, mica, and clays (Fig. 11). Additional
detected phases include gypsum, anhydrite, and rare dolo-
mite, which based on textural observations likely represent
chemical precipitates. The identified manganese oxides
include either cryptomelane or hollandite, and todorokite or
buserite. Although these mineral pairs are indistinguishable
by X-ray diffraction patterns (e.g., Burns and Burns 1977,
Pelleter et al. 2017), the EPMA data presented below indi-
cate that buserite is absent.

The results allow classification of the studied samples
into two main mineralogical groups according to the domi-
nant manganese oxide: (i) cryptomelane/hollandite type, and
(ii) todorokite type (Fig. 11). All Mn oxide forming specks
and incipient micronodules in mudstone (samples 2022-
PAL- 14, 2022-PAL- 16/17, 2023-PAL- 09/10, and 2023-
PAL- 44) consistently belong to the todorokite-type group,
as well as two manganese coatings (samples 2022-PAL- 06
and 2023-PAL- 46). The remaining samples yielded similar
XRD patterns consistent with cryptomelane/hollandite.

Mineral geochemistry

Both cryptomelane/hollandite and todorokite type samples
were analyzed by EPMA. Table 2 summarizes the results,
including minimum, maximum, geometric mean, and inter-
quartile range values.

In cryptomelane/hollandite-type samples, Mn-oxide
minerals mainly consist of MnO (49.0-79.5 wt%) and
K20 (1.11-6.62 wt%). Other elements occurring in high
but erratic contents include FeO (< 13.2 wt%), SiO: (<
17.7 wt%), and Al.Os (< 8.50 wt%). These irregular val-
ues may partly reflect mineral admixtures. Elements found
in lesser proportions include Na:O (< 2.57 wt%), P2Os (<
2.50 wt%), TiO: (< 2.30 wt%), MgO (< 1.98 wt%), NiO
(< 0.68 wt%), SOs (< 0.64 wt%), CaO (< 0.63 wt%), ZnO
(< 0.39 wt%), PbO (< 0.25 wt%), and BaO (< 1.17 wt%).
CoO contents range from below detection limit to 2.1 wt%,
with a mean value of 0.38 wt%. The substantially higher
K-0O than BaO values in most analyses indicate predomi-
nance of cryptomelane [K(Mn*",Mn**):O1s] over hollandite
[Ba(Mn*",Mn*")sO1s].

In todorokite-type samples, Mn-oxide materials primar-
ily comprise MnO (45.8-65.5 wt%) and MgO (3.48-5.01
wt%). Minor elements include Al.Os (< 3.90 wt%), CaO (<
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1.70 wt%), Na20 (< 1.49 wt%), BaO (< 1.37 wt%), and K-O
(< 1.07 wt%). High SiO: values (< 19.6 wt%) in some anal-
yses are attributed to mineral admixtures. Elements present
in lesser amounts include P20s (< 0.27 wt%), TiO: (< 0.41
wt%), NiO (< 0.21 wt%), and FeO (< 1.88 wt%). CoO con-
tents range from below detection limit to 2.6 wt%, with a
mean value of 0.19 wt%.

Discussion

Origin of the Mn-oxide mineralization: stratigraphic,
textural, and mineralogical evidence

The stratabound distribution of Mn-oxide nodules and con-
cretions alongside Mn-oxide veins and coatings (Figs. 3 and
4) provide compelling evidence that Mn-rich fluids were
mobilized through different sedimentary levels, ruling out
a hydrogenetic origin (direct precipitation from seawater).
The shallow water environment (Di Celma et al. 2016;
Gioncada et al. 2018; Bosio et al. 2024) and high sedimen-
tation rates (Gariboldi et al. 2017) in the East Pisco Basin
are also inconsistent with environments typical for hydro-
genetic Mn oxide precipitation (cf. Hein and Koschinsky
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Fig. 6 Micro-XRF maps showing the distribution of selected elements in a massive Mn-oxide nodule from the East Pisco Basin [sample
2022-PAL- 04]

2014; Hein et al. 2020). Instead, the evidence strongly sup-
ports that the Mn-oxide veins resulted from focused circula-
tion of Mn-rich fluids along fractures throughout the East
Pisco Basin. The accumulation of Mn-oxide nodules along
gypsum-Mn-oxide veins or around “chimney-like” struc-
tures (Fig. 4H) strongly suggests that veins and other struc-
tures associated with fluid circulation served as feeders for
the formation of nodules and concretions in discharge zones
in permeable sedimentary levels. In cases where permeable
layers are “sealed” by overlying massive gypsum beds, Mn
oxides may form “grape-like” composite concretions hang-
ing from the gypsum base (Fig. 4E), further emphasizing the
stratigraphic control on the mobilization and precipitation
of Mn oxides. The fact that the Mn-oxide mineralization
in nodules and concretions occurs as cement to (bio)clastic
particles (Fig. 8A-F) within primary interparticle porosity
further stresses its secondary origin relative to sedimenta-
tion (Chan 2022).

These observations raise two possible origins of the Mn
oxide mineralization in the East Pisco Basin: diagenetic or
hydrothermal. The nodular growth of Mn oxides is more
characteristic of diagenetic processes rather than hydrother-
mal systems, with the former typically featuring slow, diffu-
sion-controlled precipitation around nucleation sites under
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Mn OXIDE COATING

Fig. 8 Photomicrographs of representative microtextures in Mn-oxide
nodules (A-1), veins (J-L), and coatings (M-O) from the Chilcatay and
Pisco formations in the East Pisco Basin. A Manganese-oxide cement
to detrital particles with low interparticle porosity. Fibrous remnant of
probable vegetal origin (blue arrow) fossilized by Mn oxides [2023-
PAL- 35]. B Close-up of Mn oxides cementing detrital particles in a
cement-supported fabric [2023-PAL- 34]. C Minor Mn-oxide cement
to detrital particles in sample with a high proportion of interparticle
porosity [2023-PAL- 48B]. D Angular detrital particles of quartz, pla-
gioclase, and mica cemented by Mn oxides [2023-PAL- 47]. E Juvenile
glass shards cemented by Mn oxides in tuff [2023-PAL- 36]. F Thin (<
200 pm wide) massive Mn-oxide veinlet cutting across a mass of detri-
tal grains cemented by Mn-oxide cement; several sub-rounded clasts
containing Mn-oxides with detrital material are incorporated within
the massive vein (blue arrow) [2023-PAL- 34]. G Porous and thin
Mn-oxide veinlet (blue arrow) crosscuts a more massive and thicker
Mn-oxide vein [2023-PAL- 43]. H Porous, colloidal Mn-oxide vein
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100 pm

infill; possible siliceous remnants of diatoms are also observed (blue
arrow) [2022-PAL- 04]. | Framboidal organic structure fossilized by
Mn oxides (blue arrow); Mn oxides also occur as a cement of detrital
particles [2022-PAL- 10]. J Massive Mn-oxide cement to detrital par-
ticles with only very local interparticle microporosity [2023-PAL- 38].
K Alternating domains of massive Mn oxides and zones with higher
proportions of detrital grains and porosity [2022-PAL- 03]. L Square
organic structure fossilized by Mn oxides (blue arrow); Mn oxides
also occur as a cement of other detrital particles [2022-PAL- 03]. M
Minor Mn-oxide cement to detrital particles in sample with a high pro-
portion of interparticle porosity [2023-PAL- 02]. N Massive, gel-like
colloidal Mn oxides with only local microporosity [2023-PAL- 19].
O Massive Mn-oxide mineralization with internal botryoidal, gel-like
texture and micro-urchin terminations [2023-PAL- 19]. Abbreviations:
Mca—Mica; Pl—Plagioclase; Qz—Quartz; RL—Reflected light;
TL—Transmitted light
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Fig.9 PAAS-normalized REY 10
patterns of the Mn oxides from
the East Pisco Basin (PAAS val-
ues after McLennan 1989)
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low-temperature conditions (Calvert and Price 1977; Jiang
et al. 2019). In contrast, hydrothermal manganese miner-
alization tends to form dominantly stratiform, crustiform,
or vein-type deposits due to rapid precipitation rates and
higher-energy conditions (Hein et al. 2000; Hein and Kos-
chinsky 2014). The fossilization of bioturbation (Fig. 5M,
N) and organic structures (e.g., diatoms; Fig. 8A, H-I, L) by
Mn oxides is also typical for mineralization of diagenetic
origin (Achurra et al. 2009; Chan 2022). Cryptomelane, the
major Mn mineral identified in Mn-oxide nodules, veins,
and coatings (Fig. 11), can be of diagenetic origin (Vodya-
nitskii et al. 2004) and has been identified in onshore dia-
genetic nodules from the Bahia Inglesa Formation in Chile
(Achurra et al. 2009). Todorokite, which is restricted to Mn
micronodules and two Mn coatings in the studied samples,
is also consistent with a diagenetic origin of the Mn-oxide
mineralization, although it is also common in hydrothermal
Mn oxide deposits (Hein and Koschinsky 2014).

Several processes have been proposed to explain the
genesis of diagenetic Mn oxides in general and of Mn nod-
ules and concretions in particular. These models generally
describe reductive dissolution of Mn and other metals (e.g.,
Ni, Cu, Zn) in the upper part of the sediment column during
organic matter decomposition in early diagenesis (Koschin-
sky et al. 2010). In this process, dissolved Mn accumulates
in the porewater and subsequently reprecipitates when
exposed to oxidizing conditions. However, this relatively
simple diagenetic model cannot adequately explain the
extensive vertical distribution of Mn-oxide mineralization
observed in the East Pisco Basin (spanning 185 m in strati-
graphic column C2; Fig. 3), nor does it account for the com-
pelling evidence of structure-focused fluid flow throughout
the basin.

In Jurassic sandstone from Utah, Chan et al. (2000)
describe the occurrence of Fe and Mn oxides, including
hematite, pyrolusite, manganite, and cryptomelane-hol-
landite, either cementing quartz sand grains in concretions
and stratiform bodies or filling fractures that parallel a major
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structure, the Moab Fault. Chan et al. (2000) propose that
faulting and salt tectonism caused the dissolution of a salt-
cored anticline through interaction with meteoric water.
The resulting saline brines were reduced by reaction with
hydrocarbons, organic acids, or hydrogen sulfide. This
saline, reduced fluid flowed upward through the Moab Fault
and adjacent permeable red sandstone, leaching Fe and
Mn. Upon entering the regional aquifer system, the metal-
charged fluid mixed with shallow, oxygenated groundwater,
triggering precipitation of Fe and Mn oxides within porous
and permeable sandstone beds.

In the East Pisco Basin, Gioncada et al. (2018) docu-
mented scarce Fe and Mn oxides associated with diage-
netic dolomite in and around fossils in the Pisco Formation.
These authors propose that organic matter decay within
shallow-marine, organic-rich sediments, coupled with Mn
and Fe reduction, enriched these elements in sediment pore-
water. Porewater sulfate, acting as an oxidizing agent for
organic matter, led to Fe sulfide formation, evidenced by
abundant ghost framboidal pyrite. The high-Mn/Fe oxides
subsequently precipitated either due to increased alkalinity
resulting from sulfate reduction or from renewed interaction
with oxygenated seawater at the seafloor following organic
matter depletion. In this context, onshore Mn oxides from
the Chilcatay and Pisco formations could be related to the
decomposition of organic matter at the bottom of the shal-
low marine East Pisco basin, as described by Gioncada
et al. (2018). As an alternative to this local-scale process,
regional-scale hydrocarbon migration could have also
played a significant role. Hydrocarbon seepage (Rossello et
al. 2022) and gas chimneys (Calvés et al. 2017) are common
features in the Peruvian forearc basins, for which a high
hydrocarbon potential has long been recognized, includ-
ing the Pisco Basin (Travis et al. 1976; Crouch et al. 1990).
The oily black stains observed in East Pisco Basin rocks
provide direct evidence of liquid hydrocarbon circulation
within the study area. In this line of evidence, saline fluids
derived from local evaporitic basins that formed during the
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sedimentation of the Pisco Formation (Gioncada et al. 2018)
could have become chemically reduced through interaction
with these hydrocarbons, similar to the process proposed by
Chan et al. (2020) for Mn oxides in the Jurassic sandstone
in Utah. Noteworthy, hydrocarbon-related ferromanganese
nodules have been documented in a few offshore continental
margins affected by hydrocarbon-rich fluid venting seepage,
but in general they have received relatively little scientific
attention (see Gonzélez et al. 2009, 2012).

We propose that reduced fluids, whether generated by
in situ organic matter decay or through interaction with
hydrocarbons, migrated through structural pathways and
permeable beds throughout the East Pisco Basin. The fluid
migration pathways were influenced by stratigraphic archi-
tecture, with some permeable beds being “sealed” by overly-
ing massive gypsum layers that acted as stratigraphic traps,
focusing fluid flow laterally. The basin-wide distribution of
Mn oxides—from siltstones of the Chilcatay Formation to
the upper part of the Pisco Formation (considered Pliocene
in age; Ochoa et al. 2021)—indicates that Mn-oxide pre-
cipitation must be Pliocene or younger. We suggest that the
rapid uplift of the East Pisco Basin during the late Pliocene,
triggered by the oblique subduction of the aseismic Nazca
Ridge beneath the South American Plate beginning ca. 4-5
Ma (Macharé and Ortlieb 1992; Hampel 2002; Espurt et al.
2007; George et al. 2022), likely promoted fluid mobiliza-
tion through mechanisms such as decompression or seismic
pumping (cf. Hunt 1996; Eisenlohr et al. 1994). The pre-
cipitation of Mn oxides occurred when these reduced, Mn-
rich fluids subsequently mixed with oxidizing fluids, either
shallow oxygenated seawater (Gioncada et al. 2018) or
groundwater (Chan et al. 2000), completing the geochemi-
cal cycle necessary for Mn-oxide formation throughout the
stratigraphic sequence.

Origin of the Mn-oxide mineralization: geochemical
discrimination diagrams

Different geochemical genetic discrimination plots for Mn-
oxide mineralization have been proposed in the literature
(e.g., Bonatti et al. 1972; Josso et al. 2017; Zawadzki et al.
2022). Bulk and EPMA results from this study are plotted
in some of such diagrams, along with previous analyses of
Mn-oxide nodules from another site within the Pisco For-
mation by Bessler (1975) for comparison (Fig. 12). In the
Fe-Mn-(Cu +Co +Ni) x 10 diagram, the data plot in the
overlapping area of the hydrothermal and early diagenetic
fields (Fig. 12A). Likewise, in the (Fe +Mn)/4 - (Ni +Cu)
x 15 - (Zr +Y +Ce) x 100 diagram, the data plot in the area
of hydrothermal and suboxic diagenetic origins (Fig. 12B).
Therefore, the representation of our data in both diagrams
concurs with the proposed diagenetic origin of the Mn

oxides in the East Pisco Basin, but is inconclusive as to
whether there was hydrothermal imprint.

In the Ce/Ce* vs. (Y/Ho)ppasn diagram, most samples
fall between the hydrogenetic and hydrothermal fields, with
a remarkable dispersion (Fig. 12C). Therefore, this plot
does not provide clear conclusions regarding the origin
of the Mn mineralization. Although hydrogenetic nodules
characteristically exhibit positive Ce anomalies, Ce can
migrate simultaneously to Mn and later be incorporated into
Mn oxides during the reoxidation and precipitation of Mn at
oxic-anoxic interfaces (Zhang et al. 2023).

Metalliferous interest and exploration guidelines

In addition to high manganese (mean =34.7 +12.4 wt%
Mn), the Mn oxide nodules, veins, and crusts from the East
Pisco Basin yield significant cobalt contents, which are up
t0 0.63 wt% Co (mean =0.16 +£0.15 wt% Co) in bulk analy-
ses, and up to 2.08 wt% Co (mean =0.36 £0.33 wt% Co) in
EPMA data (Tables 1 and 2). These values are comparable
to those in hydrogenetic Mn-oxide mineralization from the
Cook Islands-Penrhyn Basin (mean =0.38 wt% Co) and in
mixed (hydrogenetic-hydrothermal)-type Mn-oxide nod-
ules from the Clarion Clipperton Zone and other abyssal
plains (mean =0.24 wt% Co; Hein et al. 1997; Hein and
Koschinsky 2014). In contrast, cobalt values in Mn oxides
from the East Pisco Basin are higher than those in mixed-
type Mn nodule deposits in the Central Indian Ocean Basin
(mean =0.11 wt% Co), and in diagenetic Mn nodules from
the Peru Basin (mean =0.05 wt% Co) according to data
compiled by Hein et al. (2020). Noteworthy, this finding
contrasts with the typically low Co contents of diagenetic
nodules in general (< 0.1 wt%; Hein and Koschinsky 2014).

The reason for the exceptional Co enrichment in the
Mn-oxide mineralization of the East Pisco Basin remains
enigmatic, particularly when compared to Mn-oxide nod-
ules from the nearby Bahia Inglesa Formation in Chile (<
0.05 wt% Co; Achurra et al. 2009). This comparison is espe-
cially intriguing given the numerous similarities between
these deposits: (i) diagenetic Mn oxides including nodules,
(ii) Miocene marine sedimentary host rocks deposited in
restricted environments, and (iii) abundant gypsum/anhy-
drite veins crosscutting the sequence. The marked contrast
in Co contents may reflect differences in depositional set-
tings, including coastal upwelling (Boning et al. 2004) or
distance of deposition of continental-shelf seafloor sedi-
ments from river-dominated continental margins (Lenstra
et al. 2022). Both mechanisms can potentially contribute
trace metals and promote organic matter production through
nutrient availability. It is worth to note that the Pisco For-
mation accumulated within an upwelling-dominated eco-
system, likely representing an early manifestation of what

@ Springer
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{ Fig. 10 Binary correlation plots for selected elements in bulk samples
of Mn-oxide nodules, veins, and coatings. A SiO, vs. Al,O5 (wt%). B
Si0, vs. Na,0 (wt%). C SiO, (wt%) vs. Rb, Zr, REE (ppm) in main
axis, and SiO, (wt%) vs. Ge (ppm) in secondary axis. D SiO, vs. K,O
(Wt%). E MnO vs. K,0 (wt%). F MnO vs. BaO (wt%). G CoO vs.
BaO (wt%). H CoO (wt%) vs. Pb (ppm) in main axis, and CoO (wt%)
vs. In, Bi, Te (ppm) in secondary axis

would evolve into the modern Humboldt current system
(Collareta et al. 2021; Bosio et al. 2024).

An additional or alternative possibility is that differen-
tially deeper fluid circulation throughout the sedimentary
pile and basement rocks may have contributed to the Co
endowment. A conspicuous geographic feature of the study
area is its location above the subducting Nazca Ridge and
at the same latitude as the Nazca Drift System (Figs. 1 and
2A). Calves et al. (2022) suggest that the large volumes of
accumulated sediments and polymetallic material, as well
as excess pore water in the Nazca Drift System, may have
influenced Andean orogenesis and metallogenesis since the
middle-late Miocene. Subduction-derived water circulating
in the forearc domain may have scavenged Co from under-
lying basement rocks, particularly those of mafic compo-
sition in the Coastal Basal Complex beneath the Cenozoic
sedimentary sequence of the East Pisco Basin (Ochoa et
al. 2021). The irregular Co enrichment observed in nod-
ules (Figs. 6 and 7) supports the interpretation that Co-rich
fluid supply was pulsatile, likely involving fluctuating pro-
portions of fluids from different sources or evolutionary
pathways.

It is important to note that the same scenarios proposed
for differential Co enrichment in East Pisco Basin Mn oxides
could equally explain the enrichment in other trace metals
such as Cd, which reaches anomalously high contents in our
samples (120 +280 ppm, with some values exceeding 1,000
ppm) compared to typical marine Mn nodules (1-10 ppm;
Hein et al. 2013). Further investigation is necessary to elu-
cidate the precise origin of the metals and the nature of the
associated mineralizing fluids.

Although Mn oxides in the East Pisco Basin are irregu-
larly distributed along different stratigraphic levels of the
Chilcatay and Pisco formations (Figs. 3 and 4), Mn-bearing
beds are laterally continuous, such that in some cases they
could be followed for more than 300 m along strike. In
addition, the accumulation of Mn-oxide nodule fragments
in the stone pavement is so extensive that it imparts a dark
color to the valley bottoms (Fig. 4A, B). These observa-
tions suggest an attractive volume of Mn-oxide mineraliza-
tion in the study area. However, reliable grade and tonnage
estimates cannot be established at this stage due to insuf-
ficient systematic grid sampling, limited documentation of
full lateral extent, and a sampling approach that targeted
Mn oxides specifically rather than collecting standardized,

fixed-weight samples representing both mineralized mate-
rial and host rock in their natural proportions.

Notwithstanding these uncertainties, our observations
indicate that diagenetic Mn nodules from the East Pisco
Basin represent a novel, previously overlooked cobalt min-
eralization style, suggesting that diagenetic Mn oxides may
constitute prospective targets for this critical metal. These
onshore Co-rich Mn oxide deposits offer an attractive alter-
native to controversial deep-sea mining operations. Key fac-
tors in the genesis of these Mn-oxide deposits—including
high interstitial porosity in juvenile, poorly consolidated
sediments that facilitated Mn-rich fluid circulation and
oxide precipitation as cement—can guide identification of
prospective stratigraphic horizons. Early-stage exploration
strategies should also prioritize the identification of fluid-
migration pathways (fractures and chimneys) that enabled
Mn-rich fluids to enter extensive dynamic flow systems.
Finally, since Mn nodules typically form extensive horizon-
tal fields, satellite imagery can effectively identify prospec-
tive locations through their distinctive darker coloration
relative to surrounding terrain, with eroded zones particu-
larly favorable for accumulating nodule fragments as stone
pavement.

Conclusions

The present study documents the morphological, mineral-
ogical, and compositional variations of Mn oxides in the
Chilcatay and Pisco formations exposed in the onshore
forearc Pisco Basin in Peru. The main conclusions are the
following:

e Manganese oxides occur as nodules and concretions,
veins, and surface coatings that concentrate along par-
ticular sandstone, siltstone, and tuff levels. The litho-
logical and stratigraphic control of the mineralization,
the evidence of focused circulation of Mn-bearing fluids
through fractures and chimney-like structures, the oc-
currence of Mn oxides cementing (bio)clastic particles,
the fossilization of organic components by Mn oxides,
and the crystallization as cryptomelane/hollandite and
todorokite support a diagenetic origin of Mn-oxide
mineralization.

e The Mn-oxide mineralization likely originated from
either organic matter decomposition at the base of the
shallow marine Pisco Basin or from interactions be-
tween brines and hydrocarbons, both processes promot-
ing reductive dissolution of Mn and associated metals.
Subsequently, the reduced, Mn-rich porewater migrated
upward through fractures and discharged laterally along
permeable horizons, particularly where impermeable

@ Springer
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Fig. 11 XRD patterns divided into
mineralogical categories according
to the dominant Mn oxide. Major
peaks are shown as black verti-
cal lines with the corresponding
mineral labels. Peaks at 20 ~9.75°
and ~10.50°, present in some
samples, could not be correlated
with any particular mineral phase.
Abbreviations: Anh—Anhydrite;
Cl—Clay; Cml/Hol—Cryp-
tomelane/Hollandite; Dol—Dolo-
mite; Gp—Gypsum; Mca—Mica;
Pl—Plagioclase; Qz—Quartz;
Tod—Todorokite
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massive gypsum layers created effective hydrological
and redox seals. The rapid uplift of the East Pisco Ba-
sin during the late Pliocene—driven by oblique subduc-
tion of the aseismic Nazca Ridge—may have enhanced
fluid circulation through decompression dewatering or
seismic pumping mechanisms while simultaneously es-
tablishing renewed oxygenated conditions that triggered
precipitation of Mn oxides.
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Efficient Mn-oxide mineralization of diagenetic origin
was enhanced by high interstitial porosity and sub-ver-
tical structures connecting different stratigraphic levels
and enabling the circulation of Mn-rich fluids within an
extensive and dynamic flow system.

The diagenetic manganese oxides from the East Pisco
Basin have up to 0.63 wt% Co and a mean value of
0.17 wt% Co, which compares favorably with some



Mineralium Deposita

AJqigerjal [eo1IsIiels paonpal ajedlpul 03 so1fedl Ul pajuasaid ale s)ynsal ‘Uwi| Uo1a81ap ayl MoJaq |[34 SaSATBUR JO 940G UBY] 3JOW UYIIYM Ul S19SeIep 104

SaN|BA 11W1| UOI1D919P 8A1108dSa. J19U) YIIM PaInisgns alam (‘]'p>) 11| UOIID818p MOJaq Sluawainseaw ‘sanfea (4O1) abues ajinrenbiaiul pue (N9) ueaw 21418W0s6 Jo UoIIeINd[ed 8y) 104

7'0-60 190 71 v€'0 20-€0 ¥2'0 1 p> 20-170 G20 A p> oed
T0-T0 91’0 70 Ip> T0-T0 ST'0 € p> T0-T0 ST'0 € Ip> ‘o1L
10-20 vT°0 120 p> 70-T0 60°0 890 p> 70-T0 0T'0 89°0 p> OIN
- - 1> p> T0-T0 rAN] IT0 p> T0-T0 rAN) IT0 Ip> ond
20-20 6T°0 G20 P> 20-20 IT0 6€°0 p> 20-20 IT0 6€°0 Ip> ouz
10-20 6T°0 97 P> 20-80 8¢'0 12 P> 20-10 L€0 92 P> 00D
20-1'T 750 6T vT°0 T0-¥0 920 el p> 10-50 120 zeT P> 024
0'€5-T'V9 0'8S G'G9 8'GYy G'89-82L G'69 G'6. 0'6Y 99-92. 0'69 §'6. 8'ay OUN
0T-v1 A 6T 8.0 80-6T 2T 97 €20 60-6T 2T 97 €20 0%N
6'€-GV a4 0G g€ 70-TT 090 02C P> ¥0-2T G9'0 0S P> OSIN
- - p> p> 90-2T G8'0 S P> 90-2T €80 o4 P> 0%
- - Ip> p> 20-€0 G20 ST Ip> 20-€0 G20 ST p> oS
- - p> p> 20-20 9T'0 G20 p> 20-20 9T'0 G20 p> 04qd
80-07T 60 TT 18°0 €2 LY ze 99 TT €2- LY 0€ 99 78°0 0%
€1-G7 7T LT 2T T0-20 9T'0 €T P> T0-20 8T0 LT P> (0]:0)
T0-€¢ €L°0 6'€ P> 20-60 o g8 P> 20-60 ev'0 g8 P> to%v
€0-€1T 8T 9'6T P> T0-50 0€0 LT P> 10-90 2€0 9'6T P> 018
Ol NS XVIN NIN 0l N9 XVIN NIN Ol N9 XVIN NI
adA) a1o10po L ad4y aypuerjoy/eueiowodAI) sasAjeue ||V

:UOIIBINBIGOY "%IM Ul passaldxa sanjea (4O1) abuel ajiuenb-1aiul pue ‘(N9) ueaw d13awoab ‘(XA wnwixew ‘(NA) wnwiuiw Buipnjaul ‘SapIxo Ul Uo s1jnsal A3 8yl 40 Alewwns g 9|qeL

pringer

s



Mineralium Deposita

® Bulk geochemistry
@ EPMA
Bessler (1975)

0.25

P
Hydrothgma!

0 0.25 0.50 0.75 1
Mn

/ Mixed hydrogenetic-

0.75 hydrothermal
/ N
) . ) 0.25
Diagenetic Suboxic N
(oxic diagenesis) diagenesis H thermal
\
Metal rich hydrothermal = _efall-ollt, Crusts
1 / 4L = Y = & impregnations. .
0 0.25 0.50 0.75 1
(Fe+Mn)/4
10 4 |C

] ]

4 @ @

| Hydrogenetic

@
§ i @
@
. e ® ®

*;:{ 1 1~ Mixed —# k% =)
Q3 9.
[4}] N s
O ] X

2/
S oy,
’)@ @/}b
% /4

0.1 : T T

0.4 1 5
(Y/Ho)raas-n

hydrogenetic deep-sea nodules. The onshore exposure
of Co-rich Mn oxides represents an unexplored metal
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{ Fig. 12 Genetic discrimination plots for Mn oxides of the East Pisco
Basin. A Ternary Fe - Mn - (Co +Ni +Cu) x 10 plot with compo-
sitional fields after Bonatti et al. (1972) and Zawadzki et al. (2022).
EPMA (this study) and bulk geochemistry data (this study) are plot-
ted along with data by Bessler (1975) for comparison. B Ternary (Ni
+Cu) x 15 - (Fe +Mn)/4 - (Zr +Y +Ce) x 100 plot with compositional
fields after Josso et al. (2017). C Binary Ce/Ce* vs. (Y/Ho)paas.n
genetic discrimination plot for Mn oxides of the East Pisco Basin.
Ce/Ce*=Cepppg.n/(0.5 x Lappagn + 0.5 X Prpaag.n), Where PAAS-N
refers to normalization to PAAS using values of McLennan (1989).
Compositional fields are after Bau et al. (2014)

potential as an alternative to the highly controversial
deep seabed mining.
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