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Abstract 20 

 21 

Along the Peruvian coast, the sedimentary succession of the East Pisco Basin is exposed in the Ica Desert. At 22 

Cerro Los Quesos, laterally continuous dolomite layers characterize the diatomaceous sediments of the P2 23 

sequence of the Miocene Pisco Formation, where a large number of marine vertebrates are exceptionally 24 

preserved, many enclosed in dolomite nodules. In this work, cemented layers from this sequence were 25 

described and sampled for petrographic, chemical, microscopic and isotopic analyses. Dolomite occurs in 26 

continuous 10-50 cm thick well cemented layers, formed by sediment of different nature: biogenic, 27 
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terrigenous, volcanoclastic, and phosphatic. The underlying sediments exhibit a yellow layer with sparse 28 

dolomite crystals, a black layer with abundant Mn-oxides, and a reddish layer rich in Fe-oxides, indicating 29 

redox-related fronts. Two generations of cement can be recognized: an early diagenetic crypto-30 

microcrystalline one, and a sparry one, filling the large cavities. As observed in both thin sections and on 31 

broken surfaces, crypto-microcrystalline dolomite also fills the inner spaces of the diatom areolae 32 

replicating their finest ultrastructure, such as foramina and cribra and replace calcite shells of foraminifera. 33 

δ18O and δ13C values from the crypto-microcrystalline dolomite of two layers, selected based on the 34 

absence of other carbonate phases (e.g. calcite) and the lack of sparry cement, are in agreement with those 35 

reported for the Peru margin and fall in the fields of either sulphate-reduction or methanogenesis.  36 

All the data point to dolomite precipitation associated with low-temperature early diagenesis that typically 37 

occurs in upwelling settings, where high surface water productivity is responsible for high rates of organic 38 

carbon flux to the sea bottom and for the cyclical oxygen depletion at the bottom. Such conditions also 39 

promote high abundances of marine vertebrates and the exceptional preservation of their skeletons in the 40 

sediments. 41 
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 46 

 47 

1. Introduction  48 

 49 

Microbially driven chemical reactions, such as sulphate reduction, anaerobic oxidation of methane and 50 

methanogenesis, promote the precipitation of authigenic carbonates within marine sediments by 51 

increasing the alkalinity of pore water (Loyd and Smirnoff, 2022; Muramiya et al., 2020). These chemical 52 

pathways commonly occur in the early diagenetic phases of organic rich sediments and, as a consequence, 53 

authigenic carbonates are a common feature in sedimentary successions from upwelling zones (Baker and 54 
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Burns, 1985). In particular, dolomite concretions are known from extant settings like the Peru Margin 55 

(Meister et al., 2006), the California margin (Pisciotto and Mahoney, 1981), the Gulf of California (Kelts and 56 

McKenzie, 1982), the Bering Sea (Hein et al., 1979), the Northeastern United States (Deuser, 1970), the Red 57 

Sea (Supko et al., 1974), the west Pacific (Matsumoto and Iijima, 1980), offshore Oregon (Russel et al., 58 

1967), offshore Mexico (Wada et al., 1982), the Japan Sea (Matsumoto, 1992; Party, 1990); the Namibia 59 

margin (Pufahl and Wefer, 2001), Kau Bay Indonesia (Middelburg et al., 1990) and the Cariaco Basin 60 

(Friedman and Murata, 1979).  61 

A widespread development of high-productivity oceanographic settings is well documented from circum-62 

Pacific Neogene outcrops, like the Monterey Formation, California (Bramlette, 1964; Compton, 1988b; 63 

Murata et al., 1969), the Borbon and Villingota formations in N and S Ecuador, respectively (Hasson and 64 

Fischer, 1986; Ortega et al., 1982) the Zapallal Formation in North Peru (Caldas et al., 1980; Cheney et al., 65 

1979), the Onnagawa Formation in Japan (Pisciotto and Mahoney, 1981), the Miocene Pohang Basin, SW 66 

East Sea (Khim et al., 2007), rock outcrops in Japan (Muramiya et al., 2020; Sawamura and Uemura, 1973; 67 

Watanabe, 1970), Kamchatka (Grechin, 1976) and the Pisco Formation that is the object of this work 68 

(DeVries, 1998; Dunbar et al., 1990). Other significant dolomite-bearing outcrops are the Tripoli Formation, 69 

Italy (McKenzie et al., 1980), the Ordovician Cloridorme Formation, Quebec (Hesse et al., 2004); the 70 

Mancos shale, Piceance Basin, Colorado (Dale et al., 2014) and the Kimmeridge Clay (Irwin et al., 1977). 71 

 72 

Dolomite formation has been linked to microbially-related geochemical processes that occur within the 73 

sediment column as a response to high contents of organic matter and oxygen depletion (e.g. Baker and 74 

Burns, 1985; Kelts and McKenzie, 1982; Pisciotto and Mahoney, 1981). A calcareous sediment is not 75 

required for the precipitation of dolomite, but the presence of calcite or aragonite appears to greatly 76 

enhance dolomite precipitation by providing an additional source of Ca and carbonate ions (Compton, 77 

1988a). 78 

In most cases, dolomite precipitates at shallow burial depth (a few meters below the sediment-water 79 

interface) and thus in the very early phases of diagenesis (Bernoulli and Gunzenhauser, 2001; Meister et al., 80 

2008; Meister et al., 2011; Meister et al., 2013; Meister et al., 2007; Meister et al., 2006; Muramiya et al., 81 
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2020). As such, dolomite authigenesis greatly influences taphonomic processes: early cementation by 82 

dolomite may reduce compression during burial (e.g. Muramiya et al., 2020) and favour the preservation of 83 

moulds and casts that might have otherwise been lost during the late stage of diagenesis (e.g. Bosio et al., 84 

2021b). Furthermore, since dolomite precipitation is related to chemical reactions involving organic matter, 85 

it often starts around the remnants of organisms favouring their preservation (Allison, 1988; Gariboldi et 86 

al., 2015; McCoy et al., 2015), even though small skeletons can be well-preserved also in the absence of a 87 

dolomite nodule (Gioncada et al., 2018a). 88 

The early precipitation of authigenic dolomite is essentially controlled by two main factors: the amount of 89 

organic matter within the sediment and the supply rate of Ca and Mg to the zone where dolomite is being 90 

precipitated (Bialik et al., 2018; Muramiya et al., 2020). These in turn are mainly controlled by primary 91 

production and by the sedimentation rate of non-organic particles and their nature (i.e. type of particles 92 

and grain size). Both factors are largely influenced by climatic and environmental processes leading to an 93 

extremely complex relationship between preservation and climatic variations along organic-rich continental 94 

margins.  95 

The complex interplay that exists between dolomite authigenesis, climatic cycles and preservation is well 96 

displayed along the Peruvian margin, where the occurrence of authigenic dolomite has been observed both 97 

in off-shore Plio-Pleistocene sediments (Meister et al., 2008; Meister et al., 2006) and on-land Cenozoic 98 

successions (Dunbar et al., 1990; Marty et al., 1988). The focus of this work is the Miocene Pisco Formation, 99 

a diatomite-rich succession hosting a world-known fossil Lagerstätte, characterised by a large number of 100 

marine vertebrates with exceptional preservation (e.g. Bosio et al., 2021b; Boskovic et al., 2021; Collareta 101 

et al., 2021; Esperante et al., 2015). Investigation of these fossils with a detailed measurement of sediment 102 

sections focused on the localities of Cerro Los Quesos and Cerro Colorado (Bianucci et al., 2016a; Bianucci 103 

et al., 2016b; Di Celma et al., 2016a; Di Celma et al., 2016b), allowed to place all fossils in a robust 104 

stratigraphic context and to unravel distribution patterns. Here we focus on the upper stratigraphic portion 105 

of the Pisco Formation exposed at Cerro Los Quesos, defined as Member F (Di Celma et al., 2016a), and 106 

characterised by the occurrence of a high frequency of dolomite-cemented layers. Such interval of the Pisco 107 

Formation also features increased concentration of marine vertebrate skeletons of large cetacean 108 
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mysticetes, as compared to the underlying strata (Bianucci et al., 2016a; Di Celma et al., 2016a). Some of 109 

such skeletons are enclosed in dolomite nodules, which were the focus of a specific study linking cetacean 110 

remains with the induction of early-diagenetic dolomite precipitation in nodules around the carcasses 111 

(Gariboldi et al., 2015). 112 

Here, we concentrate on the laterally-continuous dolomite layers, that are recurrent and regularly-spaced 113 

along this stratigraphic portion of the Pisco Formation. The aims of this work are to: i) describe such layers 114 

and define the processes involved in their formation; ii) unravel the causal relationship with the high 115 

concentrations of marine vertebrate fossils; iii) identify the reasons for a possible relation with periodic 116 

environmental change. 117 

 118 

 119 

2. Geological Setting 120 

 121 

The East Pisco Basin is one of the forearc basins of the Peruvian margin and its sedimentary fill is widely 122 

exposed in the coastal desert between the town of Pisco and Nazca (Dunbar et al., 1990; Léon et al., 2008; 123 

Thornburg and Kulm, 1981) (Figure 1a, b). 124 

The sedimentation in the East Pisco Basin started in the middle Eocene, with the deposition of the Paracas 125 

Formation, followed by the Otuma Formation (Coletti et al., 2019; DeVries, 1998; DeVries  et al., 2017; 126 

Dunbar et al., 1990) up to the terminal Eocene (Malinverno et al., 2021). After a prolonged gap, the 127 

sedimentation continued in the late Oligocene (DeVries  and Jud, 2019) / early Miocene (Di Celma et al., 128 

2018b) with the deposition of the Chilcatay Formation and subsequently from middle Miocene to Pliocene 129 

with the Pisco Formation (DeVries, 1998; Di Celma et al., 2017; Dunbar et al., 1990). During the latest 130 

Pliocene, the basin was inverted and uplifted, following the subduction of the aseismic Nazca Ridge 131 

beneath the South American plate (Hsu, 1992; Macharé and Ortlieb, 1992; Saillard et al., 2011). 132 

 133 

As defined in the Rio Ica valley, south of the town of Ica, the middle-late Miocene Pisco Formation is 134 

composed of three depositional sequences, named P0, P1, P2, separated by unconformities (Di Celma et al., 135 
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2017) (Figure 1c). These basin-wide unconformities represent erosional surfaces formed during subaerial 136 

exposure and the following transgression and have been associated to globally-recognised eustatic 137 

variations (Di Celma et al., 2018a). 138 

All the sequences of the Pisco Formation are formed by a coarse base, typically consisting of a boulder layer 139 

and condensed sediments including phosphorites, shark teeth, bone fragments, barnacles and oysters, 140 

passing to a sand layer and grading upwards into a silty interval of variable thickness. The latter can be 141 

mostly terrigenous, as in P0, or containing a varying contribution of terrigenous fraction and diatomites, as 142 

in P1 and P2. Tephra layers are frequent along the sequences and provided valuable age determinations 143 

(e.g. Bosio et al., 2020b).  144 

Carbonate-cemented layers are frequent in all the sequences of the Pisco Formation. The cements are 145 

typically constituted by calcite in P0 (Bosio et al., 2020a) and dolomite in the P1 and P2 sequences (Dunbar 146 

et al., 1990; Marty, 1989). Dolomite cements also occur around the fossil skeletons of large vertebrates, 147 

forming more or less developed nodules, and their formation has been linked to the peculiar diagenetic 148 

environment surrounding the decomposing carcasses (Gariboldi et al., 2015). 149 

For mapping purposes, strata of the P1 and P2 sequences of the Pisco Formation exposed at Cerro Los 150 

Quesos (Figure 1b, d) have been subdivided in informal members, or sediment intervals defined by peculiar 151 

and well-recognizable lithological features (e.g. a tephra layer with a peculiar colour or distinctive 152 

structures, a prominent dolomite layer with a peculiar colour or thickness or forming a prominent bench 153 

along the slope). There, the upper member of P2, named Member F by Di Celma et al. (2016a), is 154 

characterised by an exceptional abundance of dolomite-cemented layers and large vertebrate fossils 155 

(Bianucci et al., 2016a) (Figure 2). 156 

Dolomite layers have been previously described from the East Pisco Basin (Di Celma et al., 2016a; Marty et 157 

al., 1988; Marty, 1989), but a thorough characterisation and explanation of such layers is still lacking. 158 

 159 

3. Materials and Methods 160 

 161 

3.1 Field work and sampling 162 
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 163 

The stratigraphy of the Pisco Formation, with definition of the lithostratigraphic markers separating the 164 

informal members, from A to F, has been described at Cerro Los Quesos by Di Celma et al. (2016a) and 165 

subsequently correlated over the western side of the Ica Valley (Bosio et al., 2018; Di Celma et al., 2017). 166 

Following this stratigraphy, in 2018 we sampled 14 cemented layers from Member F, at the top of the P2 167 

sequence (Figure 2). 168 

Each cemented layer was described, sampled with a hammer, labelled “QUE-“, and numbered in ascending 169 

order from the base towards the top of Member F. For thick (> 20 cm) layers, additional subsamples were 170 

collected and named “bis”, “tris”, “quadris” samples, from the top of the layer downward. The partly-171 

cemented and non-cemented underlying sediments were also subsampled and named following this 172 

scheme. The stratigraphic orientation was marked on each sample with a black marker on each lithified and 173 

semi-lithified sample. 174 

 175 

3.2 Thin sections, smear slides and sieving 176 

 177 

All cemented samples were cut perpendicular to the bedding plane in the laboratories of the University of 178 

Milano-Bicocca. One half of each sample was used for the preparation of thin sections, the other half was 179 

sampled for X-ray diffraction (XRD), X-ray fluorescence (XRF) and stable isotope analyses.  180 

Non-lithified samples were prepared as standard smear slides for the determination of the sediment nature 181 

and composition. Twenty two thin sections and twelve smear slides were analysed under the optical 182 

polarised light microscope at different magnifications to characterise the nature of the sediment particles, 183 

fine-scale structures and different generations of cement. 184 

In addition, twenty un-lithified samples collected during previous field work campaigns (CLQ samples, 185 

(Gariboldi et al., 2017) were sieved with a mesh of 125 m in order to check for the presence of 186 

foraminifera. 187 

 188 

3.3 XRD and XRF analyses 189 
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 190 

Samples of the cemented layers were drilled with a Dremel drill to obtain enough material for XRD and XRF 191 

analyses. For loose sediments, a portion of sample was directly sub-sampled. Each sample was then 192 

powdered in an agate mortar. 193 

 194 

XRD analyses were performed with a X’Pert PRO PANalytical Diffractometer, in parafocalizing Bragg-195 

Brentano θ-θ geometry, with Spinner PW3064 sample holder, under the following conditions: angular 196 

interval 5°-80° 2θ, step 0.017° 2θ; scan step time: 30 s; X-radiation Cu Kα1 = 1.5406Å; X-beam power 40 kV; 197 

current intensity of the filament 40 mA. The Sample holder was a silicium lamina, cut to avoid peaks in the 198 

measurement area (Si zero background), to allow measurements of <1g powders. 199 

Quantitative phase analysis was performed with the PANalytical High-Score Plus software, that allows the 200 

comparison between the measured and standard I/2θ profile, with pure standard from ICSD PDF2 201 

databank. 202 

The d-spacing of the main dolomite peak (104) (d104) on the XRD pattern was used to calculate the excess 203 

Ca in the dolomite (Goldsmith and Graf, 1958), following the equation of Lumsden (1979):  204 

mol% CaCO3 = 333.33 x d104-911.99 205 

The relative intensities of the (015) and (110) dolomite peaks measured on the XRD patterns were used to 206 

estimate the degree of ordering of the dolomite crystal lattice, following Füctbauer and Goldschmidt 207 

(1965), with I (015) / I (110) increasing with increasing ordering. 208 

 209 

XRF analyses were performed with a Panalytical Epsilon 3XL spectrometer, having a metal-ceramic small 210 

window (50 m) X-ray tube, Rhodium anode with power up to 9 W, tension from 4 to 50 kV in 0.01 kV 211 

steps, current from 1 to 1000  µA in 1 µA steps. MCA multichannel analyser with 4096 channels allows 212 

simultaneous counting of all elements in the sample. The detector is a Si “Drift Chamber” semiconductor 213 

with Peltier double-stage cooling and a Be ultrathin (8 m) window. The measured energetic range is in the 214 

range 0.9-30 keV, with a resolution of 135 eV at 5.9keV/1000cps, with a maximum of 200.000 cps per 215 

element. 216 
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The analyses have been performed under 6 different instrumental conditions, to allow investigation of the 217 

whole energetic field from the full set of elements, in order to optimize the quantitative analysis. The 218 

obtained data have been analysed with an Epsilon 3 Software, using the Omnian-standardless model. 219 

The Loss On Ignition (LOI) was determined for each sample after burning at 1000°C for 4 hours 220 

 221 

The biogenic (non-lithogenic) Si has been calculated using the Si/Al ratio in the continental crust from 222 

Rudnick and Gao (2014) as follows: : Sibio = Simeas – (Almeas *Sicc/Alcc), considering that Al in the marine 223 

sedimentation is of terrigenous origin. Similarly, the continental crust Ca/Al and Mg/Al ratios have been 224 

used to calculate the non-lithogenic Ca and Mg. 225 

 226 

 227 

3.4 SEM-EDS analyses 228 

 229 

Selected thin sections (samples QUE-53 and QUE-58) and freshly broken surfaces (samples QUE-53, 53bis 230 

QUE-52bis, QUE-50, QUE-49) were sputter-coated with carbon and chromium respectively and analysed 231 

under the Scanning Electron Miscoscope (SEM) ZEISS FEG Gemini 500 at the Microscope Lab Facility of the 232 

University of Milano-Bicocca. Secondary electron mode allowed to observe the morphology and 233 

microstructures and backscattering mode allowed to identify different components and cements based on 234 

their density-related backscattering response. Semi-quantitative EDS analyses (10kV, working distance 235 

7mm) were performed on selected spots to characterise the chemical composition of the dolomite cement 236 

and associated authigenic minerals and on selected areas of the samples, in order to produce 237 

compositional maps.  238 

 239 

3.5 Raman spectroscopy 240 

 241 
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Raman spectroscopic analyses were performed on four selected samples (QUE-50bis, QUE-53, QUE-55bis, 242 

QUE-58), with the aim of verifying the composition of the dolomite cement and to check the presence of 243 

carbonate polymorphs.  244 

All micro-Raman spectra were obtained with a μ-Raman, inVia Renishaw™ combined with a Leica 245 

stereomicroscope (magnification 5×-20×-50×-100×) and a motorized x–y stage, at the Department of Earth 246 

and Environmental Sciences, University of Milano-Bicocca. The detector has a spectral resolution of ±0.5 247 

cm−1, in the spectral range between 150 and 1900 cm−1. The apparatus is equipped with two laser sources 248 

with two fixed wavelengths: 532 and 785 nm. Calibration was made using an integrated internal standard 249 

of Silicon wafer before each experimental session, calibrated at 520.7 cm-1. The Raman spectra were 250 

measured by centring the spectral range on 1090 cm−1 and using the 532 nm laser. The magnification for all 251 

the samples was regulated between 20× and 100× depending on the area analysed. The laser power was 252 

controlled in order to avoid heating effects and thermal degradation of organic matter. Identification of 253 

different minerals was performed comparing the unknown spectra applying an in-house library created 254 

using well studied samples with different composition (Borromeo et al., 2018) and using references from 255 

the literature (Rividi et al., 2010). 256 

Hyperspectral mapping was performed to enhance structural changes in the carbonates that are related to 257 

different degree of crystallinity of various generation of cements. 225 spectra, with an accumulation time 258 

of 1 second and 100% laser, were collected at each point of a regular grid of 2 micron, analysing a 259 

rectangular area of 20x55 m2. 260 

 261 

 262 

3.6 Stable isotopes 263 

 264 

Stable isotope analyses on the dolomite cement were performed on two dolomite layers (QUE-50 and QUE-265 

55). These two samples were selected following the above analyses, based on the absence of other 266 

carbonate phases (e.g. calcite) and the lack of biogenic particles (e.g. foraminifera and diatom frustules) 267 

forming cavities with secondary dolomite precipitation. The composition of these two samples is 268 
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dominated by well sorted terrigenous material with one generation of micritic dolomite cement filling the 269 

intergranular spaces.  270 

Powdered samples for stable isotopes were drilled with a Dremel drill in 2 replicas at 4 different depths 271 

within each layer, for a total of 16 drill points. The analyses were performed using a Gas Bench II (Thermo 272 

Scientific) coupled to a Delta XP IRMS (Finnigan) at the Institute of Geosciences and Earth Resources at the 273 

Italian National Research Council (IGG-CNR) in Pisa. Dolomite powdered samples of ca.0.15 mg were 274 

dissolved in H3PO4 for 5 h at 70 °C. All the results were reported relative to VPDB international standard. 275 

Sample results were corrected using the international standard NBS-18 and a set of three internal 276 

standards, previously calibrated using the international standards NBS-18 and NBS-19 and by laboratory 277 

intercomparisons. Analytical uncertainty for both δ18O and δ13C measurements was ±0.1‰. 278 

 279 

4. Results 280 

 281 

4.1 Field observations 282 

 283 

The cemented layers of Member F of the Pisco Formation crop out along the upper part of the hills of Cerro 284 

Los Quesos where they are dissected by small-displacement normal faults. Different drgrees of resistancxe 285 

to erosion result in a stair-stepped pattern with cemented layers often forming benches along the slope. 286 

The most prominent layers are laterally-continuous for kilometres (Figure 1) and have been used as marker 287 

beds for local correlation (Di Celma et al., 2016a).  288 

Cemented layers are 10 to 50 cm thick; they are massive and sometimes fractured and range from 289 

white/grey to yellowish to reddish in colour (Figure 2). They often show evidence of millimetre-scale 290 

laminations. Most layers are underlain by a poorly-cemented interval of various thickness (10-30 cm) which 291 

often shows an evident colour banding of yellowish and/or reddish sediment. A millimetre-thick black layer 292 

is usually present between the yellow and reddish interval. 293 
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One layer (QUE-56, Figure 2d) is formed by discrete nodules having persistent lateral continuity. Each 294 

nodule is about 40 cm long and 20 cm thick, showing a distinct banding, from centre to edge: a cemented 295 

yellowish inner core, a thin black layer and a reddish outer indurated layer. 296 

One layer (QUE-49) is 10 cm thin and scaly, brownish in colour and shows evidence of millimetre-scale 297 

lamination.  298 

 299 

 300 

4.2 Sediment composition 301 

 302 

4.2.1 Sediment embedded in dolomite layers 303 

 304 

The different cemented layers display a variable composition of the sediment, due to different proportions 305 

of biogenic and terrigenous grains. The sediment composition can be similar throughout the nodule or 306 

variable along its thickness. Based on petrographic, mineralogical and geochemical data we recognised the 307 

following compositional types. 308 

Biogenic: abundant diatoms, benthic foraminifera and rare planktonic foraminifera (Figure 3). In samples of 309 

biogenic composition, diatoms are usually dispersed in finer sediment, often represented by intact 310 

frustules, and randomly-oriented (QUE-51, 52bis, 53, 54, 56 and 56bis, 57quadris, 58, 60) but sometimes 311 

they are organized in “thickets” of intact frustules (QUE-58, Figure 3d). In some samples, diatoms are only 312 

represented by single valves (QUE-49 and QUE-53quadris) or by valve fragments (QUE-60bis, 59tris, 58tris, 313 

52tris), the latter situation typically occurring in the less consolidated intervals (Figure 4d). Foraminifera are 314 

rarely preserved with their calcite shell; in most cases they are replaced by dolomite, or they are poorly-315 

preserved and appear as ghost-like outlines. Most of the recognizable taxa belong to the genera Bolivina, 316 

Fursenkoina, Nonionella and Valvulineria, along with unidentified small rotaliids and rare planktonic 317 

foraminifera (Figure 5). Diatoms are commonly preserved with their original opaline composition although 318 

in a few cases they are dissolved and represented by inner dolomite molds. 319 
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Biogenic-terrigenous: in these samples, diatoms are scarce and dispersed among the silicoclastic grains 320 

(samples 47, 52, 55tris, 57, 59). The latter are dominated by quartz and can include plagioclase, illite, 321 

clinochlore, clay and amorphous (i.e. non-crystalline) material (Table S1). 322 

Terrigenous: the sediment is dominated by grains of quartz, plagioclase, clinochlore and illite (QUE 55) 323 

(Table S1) with no biogenic material. 324 

Volcanoclastic: volcanic glass shards are the dominant component of these layers. This sediment type can 325 

make up the whole cemented layer (e.g. QUE-50, Figure 4a) or can be identified as thin ash sub-layers (e.g. 326 

within sample QUE-53 and QUE-57). 327 

Other: in one interval of a dolomite layer, the sediment components mainly consist of phosphorite grains 328 

(QUE-58, Figure 4g,h), that sparsely occur also in the overlying interval (Figure 4f). 329 

 330 

4.2.2 Sediment in-between dolomite layers 331 

 332 

Sediment samples from member F at the Cerro Los Quesos locality were analysed by Gariboldi et al. (2017) 333 

for biostratigraphic purposes.  334 

These sediments are mainly composed of silt, with abundant diatoms and variable terrigenous 335 

contribution, and with interbedded tephra layers. No foraminifera were detected from these samples after 336 

sieving nor foraminifera fragments were detected in smear slides. 337 

Sediment samples collected below each dolomite layer reflect the mineral composition of the overlying 338 

dolomite layers (e.g. terrigenous layers below cemented terrigenous layer; biosiliceous layer below 339 

cemented biosiliceous layer) (Table S1). They typically contain abundant Fe oxides (Table S1) that give the 340 

sediment a typical reddish colour. A millimetre-thick Mn layer occurs above the reddish Fe-rich layer in 341 

most sediments just below the cemented layers (e.g. QUE-58, QUE-54bis) and are visible as Mn spikes in 342 

the compositional plot (Figure 6 and Table S1). Some samples below the dolomite nodules are slightly 343 

cemented by dolomite (QUE-60bis, QUE-58bis, QUE-57bis, QUE-54bis, QUE-51tris-quadris, QUE-50tris) or 344 

by gypsum/anhydrite (QUE-59tris, QUE-58tris, QUE-57tris, QUE53-quadris-cinquis, QUE-52tris, QUE-345 

51cinquis, QUE-50quadris, QUE-48quadris), while some un-cemented samples contain sparse dolomite 346 
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crystals (60bis, 54bis). No dolomite is present in sediments well below the nodule (57tris-57quadris and 347 

53quadris-cinquis) and the intercalated sediment layers. 348 

 349 

The major element composition of all cemented layers in Member F, together with some of the non-350 

cemented inter-dolomite layers, reflects the variable biogenic-terrigenous contribution to the 351 

sedimentation (Figure 6). The Sibio/Al ratio reflects the amount of the fraction of diatom-related biogenic 352 

silica which is rather high throughout the analised sediment section; the non-terrigenous Mg, taken as 353 

representative of the abundance of dolomite cement, and non-terrigenous Ca show the same pattern, 354 

indicating that Ca is mostly related to dolomite (apart from CLQ-56 where the cement is dominated by 355 

gypsum/anhydrite with limited dolomite contribution).  356 

 357 

 358 

4.3 Composition, texture and fabric of the cement 359 

 360 

The cement that fills the pore spaces is made of dolomite in the majority of layers (Table S1). One exception 361 

is represented by gypsum/anhydrite cement associated with other minor sulphate minerals (glauberite, 362 

bassanite, QUE-56). Sulphate minerals (QUE-57 tris, QUE-51) and halite (QUE-60, 57, 56, 54, 52, 51, 50) can 363 

also be present as a minor component along with dolomite in the other samples. 364 

A silica cement is sometimes observed filling voids lined by dolomite (QUE-52bis) and silica in excess of that 365 

combined with Al2O3 in siliciclastic sediments is present in one sample that is cemented by Si (e.g. QUE-49). 366 

In the dolomite-cemented layers, two generations of cement are observed: a micro-cryptocrystalline one 367 

that fills in the intergranular spaces and a sparry one, that fills in the cavities of microfossils. Dolomite also 368 

replaced the calcite of foraminifera tests in most samples. 369 

The micro-cryptocrystalline dolomite cement filling the intergranular spaces shows in most cases a clotted 370 

texture (Figure 3, 4), with crystals a few m in size, sometimes alternated with layers of larger (10 m) 371 

euhedral rhomboedric crystals (QUE-59).  372 
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As observed in both thin sections and on freshly-broken surfaces of the samples, dolomite also fills in the 373 

inner space of the diatom areolae, replicating their finest ultrastructure, like the foramen (Figure 7d, Figure 374 

8d,e,f) and the cribrum (Figure 7d,f). When the diatom valve is lost due to dissolution, the molds replicate 375 

these ultrastructures (Figure 7a,e; Figure 8a,b,d,e).  376 

Iron hydroxides (low crystalline goethite) are finely interspersed in the micro-cryptocrystalline cement: they 377 

are either scattered throughout the dolomite layer or concentrated in domains. The amount of Fe is 378 

variable in the different nodules (Table S1), defining the nodule colour that ranges from yellowish to red. 379 

EDS analyses show that the carbonate phase is Fe-bearing. On the other hand, Raman analyses performed 380 

on single grains within the nodules, indicate that colourless dolomite peaks at 1097 cm-1 (Figure 9), 381 

suggesting pure dolomite (Rividi et al., 2010), while yellowish dolomite peaks at 1096 cm-1 indicating a 382 

slightly higher content of iron, probably gained during oxidation and displays Raman fluorescence, probably 383 

created by the presence of organic matter. A relatively low degree of structural order is also suggested by 384 

the wider peaks detected in the Raman spectra of such crypto-crystalline cement. 385 

Analysis of the characteristic XRD peaks of dolomite allowed characterising it in terms of excess Ca and 386 

structural ordering. Measurements on the XRD pattern (Table S1) show a position of the (104) peak at a 387 

mean d-value of 2.896 0.005 Å, indicating a variable mol % content of CaCO3 of 53.2  1.6 % based on the 388 

equation of (Lumsden, 1979). The ratio of the superlattice ordering peak at (015) to the (110) ordering peak 389 

is 0.41 0.1 (Figure 10), as typical of crypto- to microcrystalline dolomite (Andreeva et al., 2011) with an 390 

intermediate degree of structural order and typical of high molar % of CaCO3 (Füctbauer and Goldschmidt, 391 

1965).  392 

The dolomite cement filling the larger cavities of diatom and foraminifera shells and the cavities within two 393 

adjacent diatom frustules (e.g. Figure 3a, d) displays a mosaic structure made of large (10-20 m) spathic 394 

crystals (Figure 9e). Raman spectroscopy allowed to identify its composition as pure dolomite, with the 395 

main vibrational mode at 1097 cm-1. These large spathic crystals are associated to narrow and intense 396 

peaks, indicating a high degree of crystallinity, that decreases towards the rim, but higher the yellowish 397 

micro-cryptocristalline cement outside (Figure 9g). 398 
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The cavities of diatoms and foraminifera are often paved with carbonaceous material and Fe hydroxides: 399 

the latter could represent the remnants of pyrite framboids (e.g. QUE-53 bis, figure 9d) that formed during 400 

early diagenesis before the precipitation of the large spathic crystals.  401 

 402 

4.4 Stable isotopes from dolomite layers 403 

 404 

The results from the two selected layers (Table S2, Figure 11) show that 18OVPDB values range from 2.9 to 405 

3.4 ‰ with no significant variation within and between the samples, while 13C values of the two analysed 406 

samples fall in two clusters of either positive (QUE-50, tephra) or negative values (QUE-55, terrigenous). 407 

13C variations along each nodule show a slightly decreasing trend from the top to the bottom of each 408 

dolomite layer, changing from averages of 8.10 ‰ in QUE-50 to 6.95 ‰ in QUE-50 bis and from -3.15 ‰ in 409 

QUE-55 to -8.53 ‰ in QUE-55bis. 410 

 411 

5. Discussion 412 

 413 

5.1 Dolomite precipitation in organic-rich dysoxic sediments 414 

The precipitation of authigenic dolomite during early diagenesis has been related to microbial processes 415 

occurring in organic-rich, oxygen-depleted sediments like those that commonly occur in coastal upwelling 416 

settings promoting high productivity and the development of an oxygen minimum zone (OMZ), like the 417 

submerged Peru margin (Meister et al., 2006), offshore California and the California peninsula (Pisciotto 418 

and Mahoney, 1981), Gulf of California (Kelts and McKenzie, 1982; Pisciotto and Mahoney, 1981), Japan 419 

Sea (Matsumoto, 1992), Namibia margin (Pufahl and Wefer, 2001), Cariaco Basin (Friedman and Murata, 420 

1979). Dolomite from such settings is defined as an organic or anoxic dolomite (Baker and Burns, 1985; 421 

Baker and Kastner, 1981; Kulm et al., 1984). In oxygen-depleted conditions, organic matter degradation 422 

occurs through anaerobic microbial processes involving oxygen-containing compounds, in order of 423 

decreasing energy production for mole of organic carbon oxidised: Mn oxides, nitrate, Fe oxides, sulphate 424 
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(Froelich et al., 1979). Indeed, low sulphate concentration, obtained through sulphate reduction, was early 425 

recognised as a prerequisite for the precipitation of dolomite, as the presence of sulphate inhibits dolomite 426 

precipitation (Baker and Kastner, 1981). Laboratory experiments also showed the important role of 427 

microbial sulphate reduction in the precipitation of dolomite (Bontognali et al., 2014; Jinhua et al., 2013; 428 

Petrash et al., 2017; Van Lith et al., 2003; Vasconcelos et al., 1995; Warthmann et al., 2000). In anoxic 429 

environments, organic matter degradation continues with bacterial fermentation and methanogenesis, that 430 

use CO2 as electron acceptor (Coleman, 1993; Irwin et al., 1977). 431 

 432 

Oxygen-depleted to anoxic condition at the seafloor are a common feature along the upwelling-driven high 433 

productivity setting of the Peruvian and Chilean continental shelf between 50- and 500-meters depth 434 

(Böning et al., 2004; Emeis et al., 1991; Gallardo, 1977). Seasonal shifts from well-oxygenated to oxygen-435 

depleted or even anoxic conditions occur close to our study area, in the Paracas Bay, which belongs to the 436 

offshore portion of the Pisco Basin (Aguirre-Velarde et al., 2019). 437 

Several elements indicate high primary productivity during the deposition of Member F of the P2 438 

depositional sequence of the Pisco Formation. The presence of diatomites and the original biological 439 

abundance of the Fossil-Lagerstätte suggest high nutrient availability. The common occurrence within the 440 

nodules of foraminiferal genera like Bolivina, Fursenkoina, Nonionella, and Valvulineria, that can thrive in 441 

dysoxic (off Peru, Kulm et al., 1984; Resig et al., 1990) and anoxic conditions (Santa Barbara Basin, off 442 

California, Ohkushi et al., 2013) supports high-productivity, abundance of organic matter and reduced 443 

oxygen availability within the sediment, as also shown for the anoxic deposits of the Miocene Monterey 444 

Formation (Behl, 1999). 445 

Iron oxides deriving from pyrite are a good proxy for bottom water anoxic or dysoxic conditions (Wilkin and 446 

Barnes, 1996). Although we did not perform systematic measurements, Fe oxides in some dolomite layers 447 

are framboid in shape and few m in size (Figure 9a,c), possibly suggesting suboxic-anoxic bottom water 448 

conditions at the time of sediment deposition, as for the anoxic layers of the Chilcatay Formation  (Bianucci 449 

et al., 2018)  In contrast, they consist of large (> 10 m) framboids, variable in size, in the lower part of 450 

some nodules and in the sediment below (Figure 9b,d), pointing to post-depositional oxygen consumption 451 
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during diagenesis and the formation of pyrite within the sediments at geochemical interfaces, as observed 452 

for the Monterey Formation (Shimmield and Price, 1984). Such layers of high Fe concentration are 453 

characterised by a distinct reddish colour and are overlain in most case by a Mn-rich band, resulting Mn/Al 454 

spikes in XRF analyses, explained by the high Mn solubility in the reduced porewater, with precipitation of 455 

Mn oxides at the redox or alkalinity boundary, in a general low oxygen environment. Peak concentrations 456 

of Fe and Mn oxides along the sediment sequence thus form a yellow-black-red sequence below the 457 

dolomite nodules, similar to the YBR sequence described by Gariboldi et al. (2015) around the nodules 458 

surrounding the carcasses of large vertebrates in the P2 strata, where Fe and Mn layers mark the boundary 459 

of the nodule at geochemical interfaces. 460 

Overall, dolomite formation is thus linked to low and variable oxygen concentrations in the bottom waters, 461 

as also postulated by Bosio et al. (2021a) and microbial activity related to the abundance of organic matter. 462 

Early diagenesis is supported by the preservation of foraminifera only in the dolomite layers and not in the 463 

interlayered sediments, suggesting an important role of dolomite cement in carbonate preservation, with 464 

carbonate loss due to dissolution in non-cemented strata, as reported for mollusc taxa (Bosio et al., 2021a; 465 

Gioncada et al., 2018b).  466 

 467 

5.2 Isotopic constrain on the diagenetic environment  468 

 469 

Stable isotopes of carbon and oxygen are well known paleoceanographic proxies to reconstruct primary 470 

changes in the global carbon cycle and in the global temperature and ice volume on land. However, within 471 

authigenic minerals like organic dolomites, they are useful recorders of the diagenetic environment in 472 

terms of pathways of organic matter degradation and burial depth, respectively (Curtis et al., 1972; Irwin et 473 

al., 1977). 474 

Dolomite can form simultaneously at several different depths or at different times within the same interval 475 

(Garrison and Graham, 1984), and its 13C signature reflects the isotopic composition of the pore-fluid 476 

formed within different anaerobic metabolic reaction zones along the sediment sequence (Claypool and 477 

Kaplan, 1974; Curtis et al., 1972; Irwin et al., 1977) under mechanisms that allow increase in pore-water 478 
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alkalinity. From the top downward, sulphate reduction produces light-C values, with particularly low values 479 

related to anaerobic methane oxidation (Meister et al., 2007; Moore et al., 2004); microbial fermentation 480 

processes with methane production give high-C values even though negative values are reported from 481 

modern sediments in the methanogenic zone (e.g. Raiswell and Fisher, 2000), while thermocatalytic 482 

decarboxylation that occurs at greater burial depth produces low-C values (Irwin et al., 1977; Mozley and 483 

Burns, 1993; Pisciotto and Mahoney, 1981).  484 

Both positive and negative 13C values are documented from recent and past dolomite layers (Figure 11 485 

and references therein). Along the Peru margin (Trujillo and Salaverry basins), Meister et al. (2007) and 486 

Meister et al. (2008) document variable 13C values, pointing to dolomite precipitating at the sulphate-487 

methane transition (SMT) zone, and incorporating values from both the sulphate reduction and the 488 

methanogenic zone. Our data from the two layers display either positive or negative 13C values, with a 489 

slight gradient within each layer, suggesting a rather stable diagenetic environment, related to either the 490 

methanogenic or the sulphate reduction zone, respectively.  491 

 492 

The 18O values in diagenetic carbonates reflect the isotopic composition of pore-water bicarbonate and 493 

the temperature of carbonate formation. Although several attempts have been done to reconstruct the 494 

dolomite formation temperature from several settings (e.g. Monterey Formation, Garrison and Graham, 495 

1984; Kushnir and Kastner, 1984; Mertz, 1984; Pisciotto and Mahoney, 1981), such estimates are hampered 496 

by the lack of constrain on pore-water 18O and have been addressed using clumped isotopes (Loyd et al., 497 

2012). Trends in 18O within layers were interpreted as tracking the changing burial depth (or changing 498 

isotopic value of the pore-fluids, Kelts and McKenzie, 1982; Kushnir and Kastner, 1984; Mertz, 1984; 499 

Pisciotto and Mahoney, 1981). 18OVPDB values in our samples, ranging from 2.9 to 3.4 ‰, are close to those 500 

of dolomites from the sediment sequence of the Peru margin (Lima, Trujillo and Progresso basins, Kulm et 501 

al., 1984); Trujillo and Salaverry basins, Meister et al., 2008). Such values are consistent with dolomite 502 

formation during early diagenesis at shallow burial depth, reflecting bottom water temperature that is 503 

similar to the values found by Meister et al. (2008) in Pliocene dolomites that are warmer (lower values) 504 
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than those of cold (higher values) Pleistocene layers, the latter corresponding with reconstructed bottom 505 

temperature 5-10°C lower than the present-day (Meister et al., 2008). 506 

 507 

5.3 Dolomite genesis in the Pisco Formation: sedimentation rates, dolomite composition and periodicity 508 

 509 

The formation of dolomite nodules or layers within high productivity settings, typically related to coastal 510 

upwelling, is usually associated with high rates of sediment accumulation (Table 1 and references therein). 511 

For the Miocene Pisco Formation, average sedimentation rates of 0.16-0.32 mm/y (160-320 m/Myr) were 512 

estimated for the P2 depositional sequence across members C-F (Gariboldi et al., 2017), although 513 

sedimentation rates can be locally one order of magnitude higher (Gariboldi et al., in preparation). 514 

Assuming a linear sedimentation rate for this interval, the 54 m thick sediment succession of member F 515 

studied in this work would correspond to 168-337 kyr, a.g. an average of 252 kyr. Seventeen cemented 516 

layers were recognised along this portion of Member F, of which 12 dolomite layers were sampled and 517 

studied in this work. Vertical spacing between dolomite layers ranges between 1 and 5 m (Figure 2), thus 518 

on average every 4-23 ky. 519 

Regular spacing of authigenic dolomite layers is a characteristic in most dolomite-bearing settings: in the 520 

Monterey Formation, dolomite layers occur every 3-5 meters (Mertz, 1984); in recent settings in the Gulf of 521 

California, they occur every 20 m in the upper 350 m of Quaternary sediment unit, every 5-10 m below, due 522 

to increasing compaction with depth (Kelts and McKenzie, 1984); in the Trujillo and Salaverry Basins off 523 

Peru 13 single layers (or 8 couplets of multiple layers close together) are regularly-spaced in the top 84 524 

meters at the dolomite-rich site in last 780 ky (Meister et al., 2008). The thickness of dolomite layers is 525 

similar to those found in other settings (10-50 cm up to 1.3 m offshore California, Pisciotto and Mahoney, 526 

1981, 30-40 cm in the Gulf of California, Kelts and McKenzie, 1984, 2-5 cm off Peru, Meister et al., 2008), 527 

and all layers display a gradual decrease in the degree of cementation downwards, down to the non-528 

cemented sediment. 529 

 530 
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Sedimentation rates are known to control the preservation of organic carbon and the extent of oxygen and 531 

sulphate diffusion in the sediment from the overlying sediment-water interface (Pisciotto and Mahoney, 532 

1981). Slow sedimentation rates allow more complete oxidation of organic matter, also through sulphate 533 

reduction, leaving a light-C signature in the bicarbonate (as in the calcareous phosphatic facies of the 534 

Monterey Formation, Kablanov et al., 1984); Tripoli Formation, Kelts and McKenzie, 1984; Truillo Basin off 535 

Peru, Kulm et al., 1984), while high sedimentation rates inhibit the diffusion of oxygen and sulphate from 536 

the overlying sea-water and allow a higher preservation of organic carbon and a transition to the 537 

methanogenic zone, leaving a signature of heavy-C in the bicarbonate (as in the siliceous and silicoclastic 538 

facies of the Monterey Formation, Kablanov et al., 1984; Gulf of California, Kelts and McKenzie, 1982; Lima 539 

and Progresso Basins off Peru, Kulm et al., 1984). 540 

Sedimentation rates were also correlated with the dolomite stoichiometry, with low (46-52%) or high (52-541 

58%) % mol CaCO3 under high and low sediment accumulation rates, respectively in the basins off Peru 542 

(Kulm et al., 1984). In the dolomite layers of the P2 sequence analysed here, molar % CaCO3 ranges from 543 

49.5 to 58% and is rather consistent within each layer, but no significant correlation was found between 544 

the sediment nature (biogenic vs. terrigenous) and CaCO3 % in dolomite, suggesting a more complex 545 

control. The two dolomite layers analysed for 13C provide some insight, although our sample selection 546 

might have biased our potential of interpreting the diagenetic environment. QUE-55 dolomite (terrigenous) 547 

shows high (53-56%) mol % CaCO3 and negative 13C values, suggesting dolomite formation under 548 

conditions of sulphate reduction and low sedimentation rates; in contrast, QUE-50 dolomite (tephra) shows 549 

relatively low (50-51%) mol % CaCO3 and positive 13C values, suggestive of dolomite precipitating under in 550 

the methanogenic zone under high sedimentation rates. 551 

 552 

5.4 A model for the genesis of recurrent and laterally-continuous dolomite layers of the Pisco Formation 553 

 554 

Oxygen and sulphate penetration in the sub-bottom and geochemical gradients in sub-oxic to anoxic 555 

sediments are recognised as major control factors for the development of microbial metabolic reactions 556 

that increase pore-water alkalinity thus promoting dolomite precipitation.  557 
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In sediment sequences from high-productivity basins, massive vs. laminated intervals are linked to oxic vs. 558 

anoxic conditions at the sea bottom, respectivey (Monterey Formation, Kelts and McKenzie, 1984; Santa 559 

Barbara Basin, Kenneth and Baldauff, 1994; Ohkushi et al., 2013). These alternations are caused by glacial-560 

interglacial changes that control ocean productivity, ventilation of intermediate waters entering the basin, 561 

or sea level-related exchanges with the open ocean through a sill.  562 

For the Sechura Basin, Peru, Marty (1989) proposed changes in the OMZ related to sea level changes that 563 

control the rate of exchange of the basin with the open ocean: high sea level would correspond with the 564 

development of the OMZ, due to the entrance of nutrient-rich upwelled waters in the basin, while low sea 565 

level would corresponds with low productivity and oxygenated waters. 566 

Along the modern Peruvian shelf, the SMT is recognised as the main interval of dolomite precipitation 567 

(Blättler et al., 2015; Contreras et al., 2013; Meister et al., 2013), corresponding to minima in the Ca and Mg 568 

concentration, maxima in alkalinity in sediment pore-waters, peak microbial concentrations and high 569 

concentration of archaeol, a biomarker of anaerobic methane oxidising Archaea (Meister et al., 2008; 570 

Meister et al., 2007; Meister et al., 2006). Cyclically-recurring dolomite layers are thus interpreted as due to 571 

the periodic migration of the SMT up to 20 m at 100 ky glacial-interglacial scale, controlled by changes in 572 

organic carbon flux: high sedimentation rates of organic matter during interglacials lead to a quick 573 

consumption of sulphates and thus induce an upward shift of the SMT, that remains high for long enough 574 

into glacial intervals, to allow dolomite precipitation, while the SMT slowly shifts downward during glacials 575 

(Contreras et al., 2013; Meister et al., 2008) when dolomite layers precipitate, as supported by glacial 18O 576 

values in Pleistocene dolomite layers. 577 

In the P2 sequence of the Pisco Formation, the cyclical recurrence of dolomite layers corresponds to a 578 

shorter time scale (4-23ky), which would point to precessional rather than eccentricity forcing. Although 579 

changes in sea-level are supposedly of small intensity in the late Miocene (Miller et al., 2020), these 580 

relatively small variations might have caused relevant variation in primary production in the East Pisco 581 

Basin, by affecting the overall upwelling dynamics along the Peruvian shelf as well as the water exchange 582 

between the silled Pisco Basin and the open ocean, leading to relevant changes in bottom water 583 

oxygenation and in the input of terrigenous material, controlled by wind and/or precipitation patterns on 584 
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the coast. Although the glacial/interglacial model proposed by Contreras et al. (2013) and Meister et al. 585 

(2008) suggests a long time is required for thick dolomite layers to precipitate, recent studies in modern 586 

environments demonstrate that carbonate concretions can be precipitated in weeks to months (Muramiya 587 

et al., 2020; Yoshida et al., 2015), thus allowing a shorter time-scale oscillation to effectively control the 588 

genesis of authigenic dolomite layers.  589 

An early diagenetic precipitation of dolomites of Member F is supported by several lines of evidence: a) as 590 

compared to the non-cemented sediments, dolomite layers preserve un-deformed diatoms and non-591 

dissolved foraminifera, indicating its role in preventing compaction and carbonate dissolution; b) the 592 

cement occupies a large volume of the layer, suggesting precipitation before significant compaction 593 

(Marshall and Pirrie, 2013); c) all dolomites are characterised by an intermediate degree of crystal ordering 594 

(Figure 10) as typical of crypto-microcrystalline dolomite (Andreeva et al., 2011; Baldermann et al., 2015; 595 

Füctbauer and Goldschmidt, 1965); d) dolomite has low Fe content (Figure 9h) and no ankerite is present, 596 

the latter suggesting a wide range of diagenetic environments, from methanogenic to catagenic (Krajewsky 597 

and Wozny, 2009); e) at least for the two layers analysed for stable isotopes, dolomite precipitation seems 598 

to be constrained either in the methanogenic zone or in the sulphate reduction zone, suggesting a rapid 599 

formation. 600 

The distribution pattern of dolomite layers of the P2 sequence corresponds with the maximum density of 601 

fossil skeletons of large marine vertebrates (Figure 6a), which are also found concentrated along specific 602 

layers, and in an overall increase of biogenic silica (Figure 6b), as also found in P2 sediments from a nearby 603 

area (Quispe et al., 2021). The cyclical fluctuations in primary productivity could then be responsible for 604 

both the high abundance of marine vertebrates and their preservation under sub-oxic conditions that also 605 

create the favourable geochemical environment for the precipitation of dolomite layers.  606 

 607 

Conclusions 608 

Dolomite layers from Member F of the Miocene Pisco Formation exposed at Cerro Los Quesos are 609 

characterised by biogenic-terrigenous and more rarely volcanic sediment with micro-cryptocrystalline 610 
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dolomite cement. Dolomite has low Fe content and fills the intergranular spaces of the sediments, 611 

displaying a clotted texture. As compared to non-cemented intervals, dolomite layers preserve undeformed 612 

diatoms and replaced foraminifera, suggesting an early precipitation of the cement before significant 613 

sediment compaction. Relatively high molar % Ca content and an intermediate degree of crystal ordering of 614 

dolomites support the evidence of an early diagenesis. Stable isotope data indicate that dolomite formed, 615 

at least for the analysed layers, either in the sulphate reduction or in the methanogenic zone, close to the 616 

SMT, confirming the important role of organic matter fluxes to the sea bottom in creating the anaerobic 617 

diagenetic conditions for microbial activities that increase pore-water alkalinity thus promoting carbonate 618 

precipitation. The presence of dysoxic-anoxic conditions at the sea bottom is supported by the presence of 619 

foraminifera species that nowadays typically thrive at the OMZ and by the presence of small Fe iron oxides 620 

that indicate anoxia in bottom waters and not just within the sediments. 621 

A total of 15 dolomite layers were deposited in 225 ky, with variable spacing ranging from 1 to 5 m, 622 

indicating an average periodicity of 4-23 ky and suggesting a possible role of precessional forcing in 623 

changing the bottom water conditions. As sea-level fluctuations were likely small, climatic forcing probably 624 

caused fluctuations in upwelling strength and in primary productivity which in turn controlled both the 625 

trophic chain and the amount of organic carbon flux to the sea bottom (i.e. bottom oxygenation). As 626 

Member F of the Pisco Formation represents the interval of the Cerro Los Quesos sequence with the 627 

highest recurrence of dolomite layers and the highest density of large marine vertebrate fossils, we suggest 628 

that the same mechanism promoting the high abundance of marine vertebrate fossils is also responsible for 629 

their exceptional preservation in fluctuating sub-oxic and anoxic conditions, which create the suitable 630 

diagenetic environment for dolomite precipitation. 631 

 632 

Figure and table captions 633 

 634 

Figure 1: A, Location of the East Pisco Basin along the coast of Peru; B, satellite view of the East Pisco Basin 635 

outcrops, with detail of Cerro Los Quesos (CLQ), from Google Earth; C, Stratigraphy of the Pisco Formation 636 
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(P0, P1, P2 ) on top of the Chilcatay Formation (modified from Di Celma et al., 2016a); D, Geological map of 637 

the upper portion of Cerro Los Quesos (modified from Di Celma et al., 2016a) and location of the sampled 638 

dolomite intervals.  639 

FULL PAGE 640 

 641 

Figure 2: a, stratigraphic section of Member F of the Pisco Formation (modified from Di Celma et al., 2016a) 642 

with location of the sampled dolomite layers; b, panoramic view of the dolomite layers on the eastern side 643 

of Cerro Los Quesos (arrow points to a car for scale); c, QUE-58 dolomite layer; d, QUE-56 nodular layer; e, 644 

detail of the red and yellow intervals below the QUE-53 layer; f, g, panoramic and detailed view of the QUE-645 

52 layer; h, detail of the surface of the QUE-55 dolomite layer (Pajaro marker bed of Di Celma et al., 2016a); 646 

i, detail of QUE-50 dolomite layer (Manos marker bed of Di Celma et al., 2016a) with ash layers on top and 647 

bottom; j, k, panoramic and detailed view of the QUE-47 layer (Lagarto marker bed of Di Celma et al., 648 

2016a). 649 

FULL PAGE 650 

 651 

Figure 3: Components of the dolomite layers from thin sections: A, diatom frustules, filled with sparry 652 

dolomite and embedded in micritic dolomite (reflected light, QUE-56); B, diatom frustules and foraminifera 653 

filled with sparry dolomite and embedded in micritic dolomite (transmitted light, QUE-51tris); C, detail of 654 

diatom frustules and foraminifer filled with sparry dolomite and embedded in micritic dolomite 655 

(transmitted light, QUE-60); D, diatom thickets in micritic dolomite (transmitted light, QUE-58); E, 656 

concentration interval with abundant small and large diatoms in micritic dolomite (transmitted light, QUE-657 

53); F, highly compressed diatom frustules in chert (transmitted light, QUE-49); G, diatom frustules in girdle 658 

or valve view, filled with sparry dolomite, in micritic dolomite with abundant Fe-oxides (SEM-BSE, QUE-53); 659 

h, cross section of a benthic foraminifer, with dolomitized wall, internally-coated with Fe-oxides, filled with 660 

sparry dolomite and embedded in micritic dolomite (SEM-BSE, QUE-53). 661 

FULL PAGE 662 

 663 
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Figure 4: Components of the dolomite layers from thin sections and components of loose sediment below 664 

dolomite layers. A, volcanic glass in micritic dolomite (transmitted light, QUE-50bis); B, sparse glass shards 665 

in micritic dolomite, with Fe-oxides (transmitted light, QUE-53bis); C, terrigenous material and large Fe-666 

oxides in loose sediment below the nodule (transmitted light, QUE-57bis); D, diatoms and diatom 667 

fragments in loose sediment below the nodule (transmitted light, QUE-59tris); E, diatomitic sediment with 668 

large Coscinodiscus; F, sparse phosphorite nodules with biogenic (diatoms and foraminifera) component in 669 

micritic dolomite (transmitted light, QUE-58); layer of phosphate nodules embedded in Mn-oxide 670 

(transmitted light, QUE-58); detail of the phosphate nodules (SEM-BSE, QUE-58). 671 

FULL PAGE 672 

 673 

Figure 5: Foraminifera from selected dolomite layers. A-E, different species of Bolivinitidae in axial cut (A-D) 674 

and perpendicular cut (E): protoconch position is indicated with a white arrow. F-I, rotaliids (affinity to 675 

genera Noniolella or Valvulineria) in axial cut (F-H) and perpendicular cut (I); j, likely planktonic foram, with 676 

spines indicated by the white arrow. 677 

2 COLUMNS 678 

 679 

Figure 6: A, stratigraphic column as in Figure 2 with abundance of large cetacean skeletons and associated 680 

chemostratigraphic log though the cemented layers: biogenic silica/Al (non-lithogenic silica obtained by Si 681 

normalization to crustal Si/Al) and dolomite-related Mg/Al (non-lithogenic Mg obtained by normalization co 682 

crustal Mg/Al). 683 

FULL PAGE 684 

 685 

Figure 7: detail of the broken surface of dolomite layers under the SEM-secondary electrons. A, diatoms 686 

preserved as dolomite internal molds of the frustule, with molds of the areolae sometimes visible (QUE-53); 687 

B, strongly altered diatom frustules in chert (QUE-49); C, detail of the inner surface of a centric diatom 688 

(Coscinodiscus?), with well preserved ridges among the areole, only locally infilled with dolomite showing 689 

the foramen on the inner side (QUE-52bis); D, detail of the ultrastructure of a diatom valve, with well 690 
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preserved ridges (r), cribrum (c) and foramina (f), with visible dolomite molds of the areolae (ad) and of the 691 

cribrum (cd) (QUE-52bis); E, sparry dolomite inner mold of a diatom frustule (Stephanopyxis?), with partly-692 

preserved dolomite molds of the areolae (ad) of the original non-preserved valve, embedded in micritic 693 

dolomite (QUE-53); F, detail of a diatom valve surface, with bullate areolae: foramina (f) partly filled with 694 

dolomite rhomboera, dolomite mold of the areolae (ad) with filling of the cribra (c) which are only partially 695 

preserved (QUE-52bis); G, center: inner surface of a diatom valve (Coscinodiscus) with well preserved 696 

cribrum (c); right: dolomite inner mold of a diatom valve (Stephanopyxix) showing the print of the cribrum 697 

(c) of the inner valve surface partly surrounded by the original valve, showing well preserved ridges of the 698 

areolae, partly filled by dolomite (ad) (QUE-60); H, detail of the cribra in G, partly filled with dolomite. 699 

FULL PAGE 700 

 701 

Figure 8: SEM-secondary electron images from broken surfaces of dolomite layers and EDS element 702 

mapping. A, inner valve of Actynoptychus sp. with B, detail of the cribra and their dolomite filling, C, spatial 703 

distribution of Mg, Si, Ca showing remnants of silica of the valve fragment and on the surface of the cribra 704 

and the dolomite molds of the areolae (QUE-52bis); D, molds of the areole of a diatom valve, lacking the 705 

opal ridges, E, detail of the dolomite molds and F, spatial distribution of Mg, Si, Ca, Fe showing the dolomite 706 

molds and remnants of silica on the surface of the areola surrounding the foramen (QUE53); G, cross 707 

section of a diatom frustule in the dolomite layer, H, detail of the lower valve and I, spatial distribution of 708 

Mg, Si, Ca showing sparry dolomite filling the diatom frustule, the surrounding microcrystalline dolomite 709 

and dolomite molds of the areolae, within the original silica microstructure preserving the ridges and the 710 

cribrum (QUE-60). 711 

FULL PAGE, HORIZONTAL 712 

 713 

Figure 9: Microscopic image of diatom (A) and foraminifer (B) cross section through reflected light, and the 714 

same diatom (C, E) and foraminifer (D, F) through SEM-BSE from sample QUE-53; G, Different degree of 715 

crystallinity of the different generations of dolomite; H, Position of the diagnostic vibrational modes for 716 

dolomite in sample QUE-53. H, I EDS spectra from QUE-53 dolomite. 717 
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FULL PAGE 718 

 719 

Figure 10: Plot of molar % CaCO3 in dolomite vs. degree of crystal ordering, expressed as the ratio of the 720 

relative intensities of the (015) and (110) dolomite peaks, compared to reference values of Andreeva et al. 721 

(2011), Baldermann et al. (2015), Füctbauer and Goldschmidt (1965). 722 

1 COLUMN 723 

 724 

Figure 11: 18O and 13C values from two selected dolomite samples, QUE-50 and QUE-55, compared to 725 

samples from the Monterey Formation (Kablanov et al., 1984; Kastner et al., 1984; Kelts and McKenzie, 726 

1982; Kushnir and Kastner, 1984; Loyd et al., 2012; Mertz, 1984; Murata et al., 1969; Pisciotto and 727 

Mahoney, 1981), Tripoli Formation (Kelts and McKenzie, 1984) and recent to Pleistocene dolomites from: 728 

Gulf of California (Kelts and McKenzie, 1982), Cariaco Basin (Friedman and Murata, 1979), Namibian margin 729 

(Pufahl and Wefer, 2001), Peru Margin (Kulm et al., 1984; Meister et al., 2007), southern Bering Sea 730 

(Wehrmann et al., 2016). When necessary, conversion of 18O from SMOW to PDB was done through the 731 

formula of Allan and Wiggins (1993). 732 

1.5 COLUMN 733 

 734 

 735 

Table 1: Sedimentation rates of important recent and past upwelling settings (Friedman and Murata, 1979; 736 

Lambert et al., 2019; Lambert et al., 2017; Malinverno et al., 2021; Marty, 1989; Schrader, 1982; Skilbeck 737 

and Fink, 2006; Suess and Von Huene, 1988; Wefer et al., 1998). 738 

 739 

Supplementary table 1. Photographs and characteristic features of the analysed dolomite layers.  740 

 741 

Supplementary table 2: Values of measured 18O and 13C vs. PDB values in dolomite layers. 742 
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Site Time

Sedimentation rate 

(mm/y)

Sedimentation rate 

(m/My) Reference

Cariaco Basin Recent 0.5 mm/y 500 m/My

off West Africa Recent 0.6 mm/y 600 m/My Wefer et al., 1998

Monterey Formation Miocene 0.75 mm/y 750 m/My Friedman and Murata, 1979

Gulf of California Pleistocene 1.25 mm/y 1250 m/My Schrader, 1982

off Peru middle-early Holocene 0.04-0.06 mm/y 40-60 m/My Skilbeck and Fink, 2006

off Peru basal Holocene 0.3 mm/y 300 m/My Skilbeck and Fink, 2006

off Peru late Holocene 0.7-1 mm/yr 700-1000 m/My Skilbeck and Fink, 2006

off Peru post LGM early deglacial 2.6 mm/y 2650 m/My Skilbeck and Fink, 2006

West Pisco Basin Quaternary 0.16 mm/y 160 m/My Suess and Von Huene, 1988

Paracas Formation (East Pisco Basin, Medialuna) middle-late Eocene 0.01-0.02 mm/y 10-20 m/My Lambert et al., 2017; 2019

Paracas Formation (East Pisco Basin, Ica River Valley) middle-late Eocene 0.017-0.024 mm/y 17-24 m/My Malinverno et al., 2021

Otuma Fomation (East Pisco Basin, Ica River Valley) late Eocene 0.14-0.17 mm/y 140-170 m/My Malinverno et al., 2021

Paracas and Otuma Formations (East Pisco Basin) middle-late Eoocene 0.78 mm/y 780 m/My Marty, 1989

Pisco Formation, P2 (East Pisco Basin) Miocene 0.16-0.32 mm/y 160-320 m/My Gariboldi et al., 2017
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