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A B S T R A C T

Owing to their isolated oceanic setting, atoll-type carbonates are well suited for documenting carbonate de-
position and diagenesis in oceanic environments away from continental influence. The atoll-type Dalnegorsk
limestone (Taukha Terrane, Russian Far East), deposited in the gigantic but poorly-documented Panthalassa
Ocean, preserves a complete record of the diagenetic evolution of an Upper Triassic system, out of the Tethyan
domain. To study the diagenesis of this carbonate system, we developed a novel analytical workflow, combining
cathodoluminescence petrography with high-resolution analyses of environmental proxies in calcitic cements
(δ18O, δ13C, REEY, trace and minor/major elements) and in situ U–Pb dating of calcite cements to precisely
reconstruct the chronology of the diagenetic events. We combined these lines of evidence to establish a model of
atoll evolution, from deposition to dismantling, based on 10 identified diagenetic episodes. The Dalnegorsk
limestone records emergence at the Norian-Rhaetian transition, marked by meteoric and evaporitic cements,
followed by dismantling of the atoll edges after drawning in the Early Jurassic. Neomorphism of calcitic shells
occurred at the onset of calcitic sea conditions during the Toarcian-Bajocian. The limestone was thoroughly
cemented during the Middle/Late Jurassic, and accreted within the Taukha Terrane during the Late Jurassic/
Early Cretaceous. Accretion resulted in fracturing, brecciation, and recrystallisation of the Dalnegorsk limestone.
This model is potentially applicable to any similar atoll system, irrespective of age. The evidence presented here
extends our knowledge of Late Triassic environments in the Panthalassa Ocean, and more generally, our un-
derstandingg of mid-oceanic limestone formation and evolution.

1. Introduction

The Triassic, extending between two of the five main biosphere
crises (the end-Permian and end-Triassic mass extinctions), is a key
period for understanding the response of the biosphere to major mass
extinction events. In this context, shallow-water carbonate systems,
which are known to be locations where life thrives, are of particular
interest. These systems contain excellent archives of marine life evo-
lution through time. Due to their particular sensitivity to external for-
cing on depositional conditions, they are also excellent records of cli-
matic, eustatic and geodynamic change. During the Late Triassic,
numerous shallow-water carbonate platforms, both attached and iso-
lated, developed in the Tethyan realm (Bernecker, 2005; Buser et al.,
1982; Flügel, 1982; Gale et al., 2015; Gattolin et al., 2015; Jin et al.,
2018; Krystyn et al., 2009; Martindale et al., 2014; Schäfer and
Senowbari-Daryan, 1982; Tomašových, 2004). In the Panthalassean

realm, Upper Triassic shallow-water carbonates are represented by
atoll-type and attached systems, spread across the huge ocean (Fig. 1),
and later accreted in the circum-Pacific region (Chablais et al.,
2010a,b,c, 2011; Basilone, 2020; Heerwagen and Martini, 2018, 2020;
Khalil et al., 2018; Onoue et al., 2009; Onoue and Stanley, 2008;
Peybernes et al., 2015, 2016a,b, 2020 accepted; Peyrotty et al.,
2020a,b; Rigaud et al., 2010, 2012, 2013b, 2013a, 2015b, 2015a, 2016;
Rigaud and Martini, 2016; Sano et al., 2012; Senowbari-Daryan et al.,
2010). Detailed diagenetic investigations of such Upper Triassic car-
bonate systems can inform our understanding of processes and condi-
tions of carbonate deposition, and of the environmental changes that
influence the evolution of carbonate platforms through time. To un-
derstand the Late Triassic evolution of carbonate systems and the re-
covery of marine ecosystems after mass-extinction events, diagenetic
investigation is necessary. Earlier diagenetic studies of Upper Triassic
carbonates from the Tethys Ocean mainly focused on the morphological
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and isotopic characterisation of early cements (Blendinger, 2001;
Mazzullo et al., 1990; Satterley et al., 1994; Tobia, 2018; Zakharov
et al., 2000), as well as on isotopic stratigraphy (Jin et al., 2018;
McRoberts et al., 1997; Muttoni et al., 2014; Sun et al., 2019). How-
ever, Upper Triassic shallow-water limestones from the Panthalassa
Ocean remain unstudied from a diagenetic point of view. Thanks to
their good preservation and their well-studied sedimentology and
biostratigraphy (Peyrotty et al., 2020a), Norian atoll-type carbonates
from the Dalnegorsk area (Russian Far East) present excellent oppor-
tunities for understanding the depositional conditions in the gigantic
Panthalassa Ocean during the Late Triassic. Since the Dalnegorsk
limestone was an isolated system, very similar to other past and present
atolls (Bellwood et al., 2012; Chablais et al., 2010b; Courgeon et al.,
2016; Dickinson, 2009; Kiessling and Flügel, 2000; Nakazawa, 2001;
Peybernes et al., 2016b; Prat et al., 2016), reconstructing its post-de-
positional history is also of major importance for the global under-
standing of such systems. The main goal of this study is to reconstruct
the succession of diagenetic phases and related precipitation environ-
ments in the Dalnegorsk limestone, in order to establish a complete
history of this carbonate system. It does this by using a pioneer di-
agenetic workflow based on a multiproxy geochemical approach: each
carbonate cement phase recognised in the paragenetic sequence was
characterised through high-resolution in-situ geochemical analyses:
secondary ion mass spectrometry (SIMS) for stable isotopes (δ18O and
δ13C); and inductively-coupled plasma mass spectrometry (ICP-MS),
coupled with Laser Ablation (LA) for trace, ultra-trace and minor/major
elements. In-situ U–Pb dating of carbonate cements was also included in

the workflow to date each diagenetic episode and greatly enhance the
accuracy of the study. Up to now, no equally detailed diagenetic
workflow has been reported in the literature. However, similar very
promising studies, combining various lines of geochemical evidence to
reconstruct diagenetic environments, have been conducted on both
ancient and active carbonate systems (Andrieu et al., 2018; Brandstätter
et al., 2018; Della Porta et al., 2015; Deng et al., 2017; Franchi et al.,
2016; Jones, 2019; Khelen et al., 2019; Laveuf et al., 2012; Lawrence
et al., 2006; Li et al., 2017; Osborne et al., 2014; Shukla and Sharma,
2018; Skinner et al., 2019; Smrzka et al., 2019; Tanaka et al., 2003;
Tobia, 2018; Tostevin et al., 2016; Webb et al., 2019). These works
provide invaluable context for this study. The reconstructed history of
the Dalnegorsk limestone, from deposition to accretion, can serve as
reference for the evolution of equivalent atoll carbonate systems, fossil
or active.

2. Study area and geological setting

The study area is located in the Sikhote-Alin orogenic belt (Russian
Far East), a collage of various terranes attached to the eastern margin of
Asia during the Palaeozoic and the Mesozoic (Malinovsky et al., 2006).
This complex geological province contains the Taukha Terrane, a late
Tithonian-Hauterivian accretionary prism that borders the Japan Sea,
abutting the Zhouravlevka-Amur turbidite basin to the west, and the
Kema island arc to the north (Kemkin et al., 1997; Kemkin, 2012,
Fig. 2). The Taukha Terrane, characterised by various allochthonous
marine deposits, subduction mélange and terrigenous deposits of

Fig. 1. Paleogeographic reconstruction at 220 Ma (Norian) after the Panalesis model; Robinson projection. Figure after Bucur et al. (2020). Paleo-position of the
Dalnegorsk limestone (Far East Russia) corresponds to the locality n°1 (red arrow). Other localities represent shallow-water carbonates from Panthalassa Ocean,
studied in the REEFCADE project to R.M. at the University of Geneva (Switzerland): 2. Shikoku Island (Japan); 3. Yukon (Canada); 4. Idaho (USA); 5. Oregon (USA);
6. California (USA); 7. Baja California Sur (Mexico); 8. Nevada (USA); 9. Sonora (Mexico). Present-day coast-lines (green) are shown for information only. The
boundary between continental (grey) and oceanic (white) lithosphere corresponds to the continent-ocean boundary and not to the paleoshore-line. See Bucur et al.
(2020 accepted) for precisions of the Panalesis plate tectonic model. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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continental margin affinity, is divided into three tectono-stratigraphic
units, namely, the Erdagou Unit, the Grobousha Unit, and the Skalis-
torechenka Unit (Fig. 2) (Kemkin et al., 1999; Khanchuk et al., 2016).
The Gorbousha tectonic unit comprises chert, siltstone, sandstone, and

the Dalnegorsk limestone (Bragin and Krylov, 2002; Kemkin et al.,
2016): 11 limestone outcrops, affiliated to the same carbonate system,
situated within a few kilometres of the Dalnegorsk city (Peyrotty et al.,
2020a) (Fig. 2; 3). This limestone is also locally associated with high-Ti

Fig. 2. General geological map of the southeast part of the Sikhote-Alin orogenic belt, combined with a section of the Taukha terrane and tectono-stratigraphic
complexes. The Dalnegorsk limestone is located in the North-East of the terrane and belongs to the Gorbousha tectonic unit. Bd: Badzhal Terrane, Bu: Bureya Terrane,
Ke: Kema Terrane, Kh: Khabarovsk Terrane, Kha: Khanka Terrane, Km: Kiselevka-Manoma Terrane, Nb: Nadanhada-Bikin Terrane, Sm: Samarka Terrane, Sr:
Sergeevka Terrane, Zr-A: Zhuravlevka Terrane. Modified after Kemkin and Kemkina (2014).

G. Peyrotty, et al. Marine and Petroleum Geology 120 (2020) 104520

3



alkaline basalt, interpreted as palaeoguyot fragments (Khanchuk et al.,
1989). The Dalnegorsk limestone is part of an atoll-type system of
Norian age, developed in the Panthalassa Ocean (Fig. 1) (Kemkin et al.,
1997; Peyrotty et al., 2020a), and later accreted in the southern part of
the Sikhote-Alin orogenic belt (Russian Far East, Fig. 2). As a result of
the accretion process, in the studied area, the above lithologies occur in
tectonic contact, as an extensive mélange consistent with the ocean
plate stratigraphy model proposed by Wakita and Metcalfe (2005).
Detailed information about the study area (outcrop names, thickness,
GPS coordinates) are provided by Peyrotty et al. (2020a).

3. Sampling

In the course of accretion, the Dalnegorsk limestone became locally
subjected to intense tectonic stresses and high temperature, related to
local igneous activity and/or burial. In addition, the atoll system was

dismantled when it became incorporated into the accretionary prism: as
a result, it occurs as tectonized slabs or mélange (Fig. 4A and B) and not
as a continuous outcrop. The Dalnegorsk limestone thus comprises
isolated outcrops of mostly recrystallised limestone, of various sizes and
without lateral continuity (Peyrotty et al., 2020a) (Fig. 3). Due to tec-
tonic deformation, sampled blocks lack bedding or any sign of strati-
graphic polarity. Stratigraphic and/or facies-related sampling were thus
impossible. Age-targeted sampling was also impossible, since all Dal-
negorsk outcrops are of the same age (Norian, based on of foraminifera
fauna: Peyrotty et al., 2020a). Consequently, the sample selection for
this study was based solely on the preservation of diagenetic features. In
total, 146 petrographic thin sections from 11 different outcrops were
investigated with optical and cathodoluminescence microscopy in order
to identify the diagenetic features. The best-preserved and most re-
presentative samples for each diagenetic event were selected for in situ
geochemical analysis. The analyzed sample set comprised nine thin

Fig. 3. Location and size of the Dalnegorsk limestone's outcrops. The samples used for this study come from the outcrops marked in red which present the best
preservation of the studied diagenetic features. GPS coordinates are available in Peyrotty et al., 2020a, 2020b). Maps credits: D-Maps, OpenStreetMap. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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sections from four different sites (Table 1; Fig. 3): seven thin sections
from the Verkhnii-Rudnik and Sakharnaya areas (Mountain and Quarry
outcrops); and two recrystallised samples from the Karyernaya and
Partizansky areas, for comparison with the well-preserved samples. The
four samples from the Verkhnii-Rudnik area are open-lagoon and reefal
facies, whereas the two samples from Sakharnaya Mountain are open-
lagoon facies (see Peyrotty et al., 2020a for microfacies description).
The single selected sample from the Sakharnaya Quarry is a carbonate
breccia from a mélange deposit.

4. Methods

Combined with sedimentological analysis (Peyrotty et al., 2020a),
cathodoluminescence observations, and consideration of global en-
vironmental change (i.e. sea-level change, climate evolution, biosphere
crises, etc.), geochemistry is a powerful tool for inferring the conditions
of precipitation of carbonate cements. Moreover, given that cements of
similar morphology and luminescence can precipitate in very different
environmental conditions, geochemical characterisation of carbonate
cements is indispensable to depict the cements in terms of depositional
environments. δ18O and δ13C ratios of carbonate cements are indeed

Fig. 4. Early and late breccias from the Dalnegorsk limestone. A. Polygenic breccia made of carbonate clasts (light grey) and mudstone (dark parts). B. Polygenic
breccia made of carbonate clasts associated with chert, sandstone and mudstone. C. Early carbonate breccia composed of angular clasts of various size. D. Late
carbonate breccia, often difficult to distinguish from early breccias. E. Close up view (thin section) of C. Angular reefal and peri-reefal clasts (some pointed by yellow
arrows) cemented by sparry calcite (red arrows). F. Close up view (thin section) of D. Angular to sub-angular lagoonal clasts of various size (some pointed by yellow
arrows) cemented by sparry calcite (red arrows). See Peyrotty et al. (2020a, 2020b) for the microfacies and sedimentological description. Scale bars: E, F 2.5 mm. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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useful for differentiating between conditions of cement precipitation
(vadose, phreatic, open marine, burial, recrystallisation, etc.: Andrieu
et al., 2018; Brigaud et al., 2009; Gross, 1964; Swart, 2015); 18O and
13C isotope analysis is, therefore, essential for a diagenetic study.
Moreover, trace, ultra-trace and minor/major elements (in this study:
Fe, Mn, Ca, Mg, and rare earth elements + yttrium: REEY) are proxies
of redox conditions, detrital input, and diagenetic alteration (Brand and
Veizer, 1980; Brandstätter et al., 2018; Della Porta et al., 2015;
Lawrence et al., 2006; Li et al., 2017; Liu et al., 2019; Skinner et al.,
2019; Smrzka et al., 2019; Swart, 2015; Tostevin et al., 2016). With the
development of high-resolution analytical tools, REEY have been ex-
plored extensively as environmental proxies in the past decade (Della
Porta et al., 2015; Lawrence et al., 2006; Tostevin et al., 2016), and
their reliability has been adequately demonstrated. In this work, evi-
dence from trace, ultra-trace and major/minor elements is combined
with stable isotope results to refine our interpretations. One of the main
uncertainties in any diagenetic study is the absolute chronology of di-
agenetic events. We use in situ U–Pb dating of calcite cements to esti-
mate the age of each cementation phase. The combination of all these
lines of evidence permits us to establish a high-resolution, coherent
diagenetic history of the Dalnegorsk limestone. Due to the intense
fracturing and random recrystallisation of the Dalnegorsk limestone
(Peyrotty et al., 2020a), bulk analyses or microdrilling are not appro-
priate: these methods are applicable only on very well-preserved sam-
ples, and/or on cement deposits that are large enough to be hand-
sampled.

4.1. Cathodoluminescence petrography

146 uncovered and polished thin sections (40 μm thick), from 11
Dalnegorsk limestone outcrops (Fig. 3), were prepared for optical and
cathodoluminescence (CL) petrography. CL petrography was conducted
at the Department of Earth Science, University of Geneva, Switzerland,
using an optical cold cathodoluminescence system (Cathodyne, by
NewTec Scientific) with beam conditions of 8–12 kV at 180–200 μA,
mounted on an OlympusBX41 microscope. Through microscopic ex-
amination (optical and CL) of all samples, a paragenetic sequence was
established, based on the superposition or overlap of diagenetic fea-
tures. The selection of the nine samples for in situ geochemical analysis
was based on the visible preservation (no recrystallisation or overlap of
several diagenetic phases) and size (large enough for geochemical
analyses) of the targeted cements.

4.2. Stable isotope measurements

Carbon and oxygen isotopes were measured at the Centre de
Recherches Pétrographiques et Géochimiques (CRPG) in Nancy, France,
using an IMS-1280 SIMS, built by CAMECA. This method is not widely
used for sedimentological and diagenetic analyses of carbonates, and
only a few very specific studies have previously used it (Allison et al.,
2007; Andrieu et al., 2018; Brodie et al., 2018; Cox et al., 2010; Rollion-
Bard et al., 2007; Vincent et al., 2017; Warter and Müller, 2017). Nine
thin sections (Table 1) were cut to fit the sample carrier, gold-coated,
and analyzed. The analytical method is detailed by Rollion-Bard et al.
(2007). The impact zone of the primary ion beam is approximately
20 μm in diameter and 1 μm in depth. A calcite crystal (CCcigA: in-
house standard of the CRPG) with δ18O value of 18.94 ± 0.14‰ (2σ)
SMOW (Standard Mean Ocean Water) and δ13C value of 1.04 ± 0.10‰
(2σ) PDB (Pee Dee Belemnite) was used for calibration (Pfister et al.,
2018). δ18O and δ13C were expressed as per-mil deviation from the PDB
standard. For oxygen isotope measurements, the conversion from
SMOW to PDB values was made using the Morse and Mackenzie (1990)
equation (δ18OSMOW = 1.03086 × δ18OPDB + 30.86). The 2σ error
range varies from 0.17‰ to 0.32‰ for oxygen isotopes, and from
0.38‰ to 1.31‰ for carbon isotopes. Fourteen transects were mea-
sured (one or two per thin section, depending on the targeted cement),
each one comprising side-by-side analyses of oxygen and carbon iso-
topes (Fig. 5A and B, Fig. S1, supplementary material). In total, 122
couples of measurements were made, with a total of 244 points. The
compilation of stable isotope measurements is available in the supple-
mentary data (Table S2).

4.3. REEY, trace, and minor/major element analyses

These analyses were made directly on seven thin sections after de-
tailed screening of the calcite cements with CL microscopy. Images of
each thin section under reflected light, natural light and CL, and the
Chromium 2.1 software, were used to identify areas of interest, and to
locate measurement points on samples in the laser ablation system
chamber. REEY and other element analyses were performed at the
Géosciences Paris Sud (GEOPS) laboratory of the University Paris-
Saclay, France, using a 193 nm Photon Machines (TELEDYNE) laser
coupled to a Thermo Scientific™ High-Resolution (HR) ICP-MS
ELEMENT XR (ThermoFisher Scientific). Each analysis included initial
30 s background and 30 s sample data acquisition intervals. The laser-

Table 1
Synthesis of the performed measurements depending on each analyzed cement, grain or matrix.

Sampling Area Sample Grain, matrix or cement REEY, trace and minor/major elements measurments U/Pb dating Stable isotopes analyzes

Verknhii-Rudnik GP-130 Blocky Cement (BC) Yes No Yes
GP-138 Fibrous isopachous Cement (FC) Yes Yes Yes

Zoned Dogtooth Cement (ZDC) Yes Yes Yes
Blocky Cement (BC) Yes Yes Yes

GP-141 Zoned Dogtooth Cement (ZDC) Yes Yes Yes
Blocky cement (BC) Yes Yes Yes

GP-151 Peloids No No Yes
Blocky Cement (BC) No No Yes

Sakharnaya GP-171 Breccia calcite Yes No Yes
GP-172-B Zoned dogtooth Cement (ZDC) Yes Yes Yes

Blocky Cement (BC) Yes Yes Yes
GP-179-A Dogtooth Cement (DC) Yes No Yes

Shell neomorphism Yes Yes Yes
Blocky Cement (BC) Yes No Yes

Partizansky GP-185-A Ooids (cores and edges) Yes No Yes
Fibrous isopachous Cement (FC) No No Yes
Blocky cement (BC) Yes No Yes

Karyernaya GP-210 Micrite No No Yes
Recristallized foraminifers shells No No Yes
Recristallized megalodontids shells No No Yes
Blocky cement (BC) No No Yes
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induced aerosol was carried by helium from the sample cell to a mixing
funnel, where the sample and helium were mixed with 0.950–1 l min−1

argon to stabilize the aerosol input to the plasma. The HR-ICP-MS signal
strength was tuned for maximum sensitivity while keeping Th/U be-
tween 0.97 and 1.03, and ThO/Th below 0.3 on NIST612. The mea-
sured isotopes were as follows: 24Mg, 27Al, 31P, 43Ca, 55Mn, 56Fe, 88Sr,
89Y, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy,
165Ho, 166Er, 169Tm, 172Yb, 175Lu, 208Pb, 232Th, and 238U. Elemental

concentrations were calibrated using the NIST612 glass reference, and
the MACS-3 carbonate pellet (USGS) as a secondary reference. The laser
beam diameter for unknown calcite and MACS-3 reference calcite was
110 μm. Unknown calcite was ablated at a frequency of 8 Hz and a
fluence of 4 J cm−2. NIST612 glass reference materials (37.38 ppm U
and 38.57 ppm Pb) were ablated at a frequency of 10 Hz, a fluence of
6.25 J cm−2, and a beam size of 40 μm. Calcite MACS-3 was ablated at
a frequency of 10 Hz, a fluence of 1 J cm−2, and a beam size of 110 μm.

Fig. 5. Natural light and cathodoluminescence pictures of the analyzed cements and the related points of analyzes. A. Impact points of LA-ICPMS measurements
made on the sample GP-138 (see also Fig. S1, supplementary material for other examples). B. Impact points of SIMS measurements made on the sample GP-138 (see
also Fig. S1, supplementary material for other examples). C. Cathodoluminescence image of A. and example of SIMS and LA-ICPMS measurements made on the
sample GP-138. The smallest dots correspond to SIMS measurements of oxygen and carbon isotopes. Biggest dots represent LA-ICPMS analyzes for traces ele-
ments + REEY and U–Pb dating. D. Cathodoluminescence image of B. and close-up view of the SIMS transect and the related analyzed cements. E. Dissolved
foraminifers (involutinids, originally made of aragonite) in Sakharnaya area, filled by the dogtooth cement and the blocky cement. D. Overview of the 2 early
cementation stages observed in Verkhnii-Rudnik area. Note that ZDC present the exact same luminescence and morphology in Sakharnaya and Verkhnii-Rudnik
areas. BC: Blocky Cement; FC: Fibrous Cement; ZDC: Zoned Dogtooth Cement; MC: Mosaic Cement; DC: Dogtooth Cement. Scale bars: B, E 200 μm; A, C, F 500 μm.
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Measurements were made in sequences of nine spots on reference ma-
terials (five NIST612, four MACS-3), 10 spots on unknown calcite, four
spots on reference materials (two NIST612, two MACS-3), 10 spots on
unknown calcite, etc., ending with nine spots on reference material
(four MACS-3, five NIST612). Data were acquired in fully automated
mode overnight, in two sequences of ca. 125 analyses, for about 6 h, on
December 19, 2018 and June 03, 2019. Data were reduced in Iolite©
using the ‘Trace Elements’ data reduction scheme (Paton et al., 2011).
The NIST612 glass was used as the primary reference for correcting the
baseline, time-dependent drift of sensitivity, and mass discrimination.
43Ca was used as an internal standard, to account for variations in
ablation yield, with an assumed calcite CaO content of 52.75 wt%
(Andrieu et al., 2018), lower than the content of CaO in pure calcite
(56.08 wt%). The values of REEY, trace and minor/major elements
(shale-normalised) are expressed in ppm. For the MACS-3 (USGS) car-
bonate reference material, pellets of pressed calcite powder, the relative
deviations of REE were generally within 20%. MACS-3 is hetero-
geneous, and fragments were dislodged during ablation (Lazartigues
et al., 2014). In a recent review of MACS-3, Jochum et al. (2019)
proposed a better sample preparation method to produce a new calcite
reference. In this study, the concentrations of REE and Y were nor-
malised to Post-Archean Australian Shales [(REEY)SN] (McLennan,
1989). La, Ce, Eu, and Gd anomalies were calculated geometrically, in
the manner described by Lawrence et al. (2006):

La/La* = [La/(Pr × (Pr/Nd)2]SN

Ce/Ce* = [Ce/(Pr × (Pr/Nd)]SN

Eu/Eu* = [Eu/(Sm2 × Tb)1/3]SN

Gd/Gd* = [Gd/(Tb2 × Sm)1/3]SN

4.4. U–Pb dating

U and Pb measurements were performed on four well-preserved
calcite samples with U and Pb concentration sufficient for isotopic
analysis: (1) GP-138 (n = 61); (2) GP-141 (n = 39); (3) GP-172-B
(n = 41); and (4) GP-179-A (n = 32) (Table 1). The U–Pb analytical
and data-processing methods are detailed in the supplementary mate-
rial (Text S1, Table S1). U–Pb laser ablation analysis was done at the
Géosciences Paris Sud (GEOPS) laboratory of the University Paris-Sa-
clay, France, using a 193 nm Photon Machines (TELEDYNE) laser
coupled to a Thermo Scientific™ HR-ICP-MS ELEMENT XR (Thermo-
Fisher Scientific). The glass reference material NIST614 (0.823 ppm U
and 2.32 ppm Pb: Jochum et al., 2011) and the calcite reference ma-
terial from the Walnut Canyon Permian Reef Complex (WC-1: Roberts
et al., 2017) were used as standards. Measurements were reduced using
Iolite®. Ages were determined from Tera-Wasserburg lower intercepts
using free regressions Isoplot (Ludwig, 2012). Ages are quoted at 2σ
and include propagation of systematic and analytical uncertainties.

5. Results

A total of 10 diagenetic episodes, including seven phases of calcite
cement, were identified for the 11 Dalnegorsk limestone outcrops
(Fig. 3; 5). The characteristics of each cement phase (cement mor-
phology and cathodoluminescence; δ18O and δ13C; U–Pb age; REEY;
trace and minor/major elements), as well as the inferred environment
of precipitation, are detailed in Table 2. Only median values of the
isotopic data are cited in the text. The mean and standard deviation
values (Table 2) were also taken into consideration for our environ-
mental interpretation. The δ18O and δ13C values are presented in Table
S2 (supplementary data). Trace, ultra-trace and minor/major elements
and associated analytical errors, and U–Pb age estimates are presented
in Tables S3 and S4, respectively (supplementary data). The resolved
diagenetic events (from early to late) are as follows:

5.1. Micritisation and mosaic cement (MC)

In the Dalnegorsk limestone, total or partial micritisation of the
great majority of grains has been recognised as syndepositional
(Peyrotty et al., 2020a). A mosaic cement (MC, Fig. 5E) occurs ex-
clusively in open-lagoon facies, where it fills intergranular space. This
cement is characterised by dark, non-luminescent, anhedral crystals of
regular micrite size (30–50 μm). MC is very rare in the studied samples,
as it has been almost completely dissolved. Due to analytical limitations
(small size of cement crystals; poor preservation), micritised grains and
MC were not subjected to in situ geochemical analysis and dating. Mi-
critisation and MC were followed by an event of pervasive dissolution,
that partially removed skeletal grains (mouldic dissolution) and MC.

5.2. Mouldic dissolution

The great majority of skeletal grains (foraminifera, bivalves, corals,
sponges) in the Dalnegorsk limestone were originally composed of
aragonite; as such, they are not preserved. Mouldic dissolution was one
of the very first events that affected the Dalnegorsk carbonate system,
and was probably linked to a very early diagenetic episode. The
Verkhnii-Rudnik area is characterised by reefal and open-lagoon facies
(outer atoll setting), whereas the Sakharnaya area is dominated by la-
goon and open lagoon facies (inner atoll setting) (Peyrotty et al.,
2020a). The fill of skeletal moulds differs between the two areas: in the
Verkhnii-Rudnik area, moulds are filled with the following succession
of cements: (1) isopachous fibrous cement (FC) (Fig. 5C, D, F; 6 A); (2)
anisopachous zoned dogtooth cement (ZDC) (Fig. 5D, F; 6 A); (3) blocky
cement (BC) (Fig. 5C and D; 6 A). In most samples from this area, an
important event occurred before the precipitation of BC: formation of
carbonate breccia (early breccia) (Fig. 4C, E; 7 A), that were subse-
quently cemented by BC. In the Sakharnaya area, mould fill comprises
the following succession: (1) anisopachous dogtooth cement (DC)
(Fig. 5E); (2) anisopachous ZDC (Fig. 5D, F; 6 A); (3) BC (Fig. 5E). Based
on cement chronology, morphology and luminescence, ZDC and BC
from both areas, are inferred to have formed during the same diagenetic
events.

5.3. Fibrous cement

Fibrous cement (FC), observed only in the Verkhnii-Rudnik area
(outer atoll), consists of cloudy, non-luminescent calcitic fibres,
100–200 μm long and 10–20 μm wide (Fig. 5D, F). These fibres are
characterised by negative δ18O values, ranging between −7.2‰ and
−2.5‰ (median = −4.9‰; n = 9), and δ13C values ranging from
−3.8‰ and +3.5‰ (median = +0.5‰; n = 6, Fig. 7). Trace and
other elements in FC are as follows (median values; n = 5):
Mg = 3290 ppm; Al = 5.31 ppm; Mn = 7.9 ppm; Fe = 260 ppm; and
Sr = 163.6 ppm. The total REE concentration is very low: between 0.01
and 0.03 ppm. FC is marked by a notable negative Ce anomaly (Fig. 8;
9 B) and a strong negative Gd anomaly (Fig. 8; 10 A). These anomalies
occur only in this cement type. As shown in Fig. 9B, FC presents a
significant positive La anomaly (median value = 8.76; n = 4), much
higher than the La signal in other cement phases. These REE signals are
good markers of differentiation between cements, and suggest a non-
marine origin of the FC. In the sample successfully dated by U–Pb (GP-
138), the average U concentration is 0.11 ppm and the average Pb
concentration is 0.12 ppm (Table S4, supplementary data). The age of
FC in sample GP-138 is 238 ± 52 Ma (Fig. 11A). Since the Dalnegorsk
limestone was deposited in the Norian (based on biostratigraphy:
Peyrotty et al., 2020a), between 227 and 208.5 Ma (ICC, v2019/05;
Cohen et al., 2013), the maximum age of any cement is 227 Ma
(Fig. 12). Consequently, the possible age of FC is between 227 and
186 Ma (Norian to Pliensbachian)
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5.4. Dogtooth cement

Dogtooth cement (DC) was observed only in the Sakharnaya area
(inner atoll). It is characterised by non-luminescent, anisopachous,
prismatic crystals of variable length (between 50 and 200 μm along the
longest axis: Fig. 5E). Based on cementation sequence defined in cath-
odoluminescence, DC is interpreted to be synchronous to the FC (which
is observed only in the outer part of the atoll), but is characterised by
very different geochemical values. DC is the only cement type with
positive δ18O values, between +1.3‰ and +2.2‰

(median =+1.7‰; n = 3). Its δ13C values range between −3.0‰ and
+2.5‰ (median = −0.3‰; n = 3). The Fe concentration is very high
(3100 ppm; n = 1: Fig. 9B). The concentration of other elements is as
follows (n = 1): Mg = 364 ppm; Al = 24 ppm; Mn = 12.90 ppm; and
Sr = 309 ppm. The total REE concentration is 0.1 ppm (n = 1). DC is
also distinguished by a slightly positive Eu anomaly (Fig. 8; 10 B) and a
Ce anomaly close to 1 (no anomaly) (Fig. 8; 9 B). The geochemical
difference between DC and its broadly contemporaneous FC is also
manifested in the Y/Ho (mass ratio) and Nd/Yb (shale-normalised ratio,
calculated to monitor LREE depletion), which are lower and higher in

Fig. 6. Natural light and cathodoluminescence pictures of the diagenetic events and analyzed cements. A. Early carbonate breccia cemented by blocky cement. Note
the presence of ZDC and FC on the angular clasts. B. Bivalve shell neomorphism. Note the growth lines partially preserved on the close-up view (top left of the image).
C. Late carbonate breccia cemented by thick isopachous (white arrows) and blocky luminescent (yellow arrow) cements (breccia calcite). D. Recrystallised oolitic
grainstone from Karyernaya area. Note that the grains are almost not distinguishable under cathodoluminescence given the homogenization due to recrystallisation.
E. Recrystallised and intensely fractured lagoonal facies. F. Cathodoluminescence view of E. Note the numerous fracturation phases, represented by different
luminescences. BC: Blocky Cement; FC: Fibrous Cement; ZDC: Zoned Dogtooth Cement. Scale bar: 500 μm. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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DC, respectively (Fig. 9A).

5.5. Zoned dogtooth cement

ZDC makes up the second cementation phase, succeeding DC and FC
in the Sakharnaya and Verkhnii-Rudnik areas, respectively. ZDC is
characterised by subhedral, non-luminescent, anisopachous crystals,
marked by several thin, highly luminescent zonations (Fig. 5D) in-
dicating brief, punctuated changes in the composition of pore water.
Crystal size is very variable, but always exceeds 50 μm, and can reach
up to 300 μm along the longest axis. Where it follows the FC, no clear
boundary is visible between the two cements (Fig. 5D, F). In the
Verkhnii-Rudnik area, the δ18O values are between −0.5‰ and
−5.5‰ (median = −4.1‰, n = 6), and the δ13C values are between
+0.8‰ and +4.0‰ (median = 1.1‰; n = 6). In the Sakharnaya area
(inner atoll), the δ13C signal is similar to that in the Verkhnii-Rudnik
area (median = +1.4‰; n = 4), but the δ18O values are higher
(median = −1.4‰; n 4). Trace and other element concentrations in
ZDC are similar between the two areas. Their median concentrations in
the Verkhnii-Rudnik area (n = 13) are as follows: Mg = 2590 ppm;
Al = 1.16 ppm; Mn= 7.32 ppm; Fe = 94.9 ppm; and Sr = 128 ppm. In
the Sakharnaya area (n = 4), the trace and other element concentra-
tions are: Mg = 3550 ppm; Al = 1.88 ppm; Mn = 12.64 ppm;
Fe = 220.50 ppm; and Sr = 146.05 ppm. In both areas, the sum of REE
is very low (median concentration of 0.01 ppm). In addition to the
isotopic values, differences between the two areas are also highlighted
by the Ce anomalies (Fig. 8; 9 B): ZDC from the Verknhii-Rudnik area is
marked by a strong negative Ce anomaly, whereas ZDC from the Sa-
kharnaya area presents no notable anomaly (Ce/Ce* close to 1). The
average concentration of U is 0.12 ppm, and the average concentration
of Pb is 0.07 ppm for GP-138; 0.61 ppm (U) and 0.23 ppm (Pb) for
GP172; and 0.26 ppm (U) and 0.25 ppm (Pb) for GP141 (Table S4,
supplementary data). The ZDC dated from GP-138 and GP-172-B re-
turned similar ages: 205 Ma (±13 and ± 20 Ma, respectively) (Fig. 11).
These ages are consistent with an early occurrence of this diagenetic
event (Norian to Pliensbachian) and confirm that the precipitation of
ZDC was broadly contemporaneous in the Verkhnii-Rudnik and Sa-
kharnaya areas. Evidently, different kinds of pore waters, of different
isotopic and REE composition, circulated in different parts of the car-
bonate system at the same time.

A further age estimate for ZDC, obtained from Sample GP-141 (from
the Verkhnii-Rudnik area), is 247 ± 30 Ma, which is slightly older than
GP-138 and GP-172-B. The deposition of the Dalnegorsk limestone took
place in the Norian (227–208.5 Ma; ICC, v2019/05; Cohen et al., 2013);
locally, in the Early to Middle Norian (Peyrotty et al., 2020a). The
Norian age estimate for a second-generation (i.e. post-FC) cement ob-
tained from sample GP-141, therefore, is incompatible with post-
depositional cementation. Therefore, to constrain the time of ZDC ce-
mentation, we rely on the age estimates obtained from GP-138 and GP-
172-B, which dating uncertainties notwithstanding, are compatible
with an age younger than that of the FC (Fig. 12).

5.6. Early brecciation

The Dalnegorsk limestone contains carbonate breccia (Fig. 4C, E),
with angular limestone clasts of various sizes cemented with a unique
BC (see Section 5-8). This early carbonate breccia has not been ob-
served in the Sakharnaya area; therefore, it probably formed in the
outer parts of the atoll system (Verkhnii-Rudnik area). Its formation
directly followed the precipitation of ZDC, as ZDC fragments occur in
breccia clasts (Fig. 6A). Therefore, brecciation took place at an early
stage in the diagenetic history. Such monogenic breccias can indeed
occur on the edges of a carbonate platform during dismantling and
collapse, after drowning and before accretion (Onoue and Stanley,
2008; Peybernes et al., 2020; accepted; Sano & Kanmera, 1991et a) (see
Section 6-1-6).

5.7. Shell neomorphism

Neomorphism of carbonate shells can occur at different stages in the
diagenetic continuum, depending mainly on the original shell miner-
alogy (aragonite, high-Mg calcite, low-Mg calcite). As the majority of
the Dalnegorsk limestone bioclasts were made of aragonite (as most
Upper Triassic marine shells), and were entirely dissolved during early
diagenesis (see above), shell neomorphs (Fig. 6B) are very rare. Geo-
chemical proxies and U–Pb dating are very useful for constraining the
environmental conditions of neomorphism. In the Dalnegorsk lime-
stone, neomorphism is characterised by dark, non-luminescent, mosaic
cement. Cement crystals are of various anhedral shapes, ranging from
50 to 500 μm along the longest axis, and locally marked by the original
growth lines of the shell (Fig. 6B). Neomorphic calcite is characterised
by slightly negative δ18O (median = −2.3‰; n = 3) and δ13C
(median = −3.4‰; n = 3). Trace and other elements are present at
the following median concentrations (n = 4): Mg = 4740 ppm;
Al = 7.18 ppm; Mn = 12.60 ppm; Fe = 220.50 ppm; and
Sr = 296 ppm. The sum of REE is 0.2 ppm (median; n = 4). REE are
characterised by a positive Ce anomaly (Fig. 9B). Both the overall REE
pattern (Fig. 8) and the Nd/Yb and Y/Ho ratios (Fig. 9A) are similar to
those in DC. In the successfully dated sample of neomorphic calcite (GP-
179-A, from inner setting), the average U concentration is 3.90 ppm,
and the average Pb concentration is 0.13 ppm (Table S4, supplementary
data). Shell neomorphism is, therefore, dated at 175 ± 5.7 Ma (Toar-
cian-Bajocian) (Fig. 13A).

5.8. Blocky cement

BC, characterised by poorly to high luminescent mosaics or drusy
crystals of various sizes (from 100 to 500 μm along the longest axis),
occurs in both the Verkhnii-Rudnik and Sakharnaya areas. This cement
seals the remaining porosity in both areas, and closes voids created by
the early brecciation event at the edges of the atoll (Verkhnii-Rudnik
area). In that area, breccia clasts are cemented with BC (Fig. 6A), de-
monstrating that this cement postdated the early brecciation event. In
the Verkhnii-Rudnik area, δ18O values in BC are between −7.0‰ and
−2.0‰ (median = −4.6‰; n = 23), and δ13C results range from
−4.0‰ to +4.0‰ (median = +2.7‰; n = 23). In the Sakharnaya
area, δ18O and δ13C values are close to 0 (with slightly positive δ13C and
slightly negative δ18O). Median concentrations of trace and other ele-
ments are as follows: (Verkhnii-Rudnik area; n = 14) Mg = 1752 ppm;
Al = 0.52 ppm; Mn = 10.50 ppm; Fe = 108 ppm; and
Sr = 233.55 ppm; and (Sakharnaya; n = 9) Mg = 2560 ppm;
Al = 4 ppm; Mn = 17.60 ppm; Fe = 183 ppm; and Sr = 203 ppm. BC
from both areas is characterised by a seawater-like REEY pattern
(Fig. 8), defined by a negative Ce anomaly (Fig. 9B), a positive La
anomaly (Fig. 10B), a high Y/Ho ratio (Fig. 9A) and LREE depletion
(see Nd/Yb ratio: Fig. 9A). Moreover, BC from the Verkhnii-Rudnik and
Sakharnaya areas has the same total REE concentration (median values
of 0.01: Fig. 10A), but different Eu anomalies (Fig. 10B). The BC ce-
mentation event gave the youngest U–Pb age estimates. In the three
samples successfully dated by U–Pb, the average U concentration is
0.08 ppm, 0.11 ppm, and 0.45 ppm, and the average Pb concentration
is 0.06 ppm, 0.40 ppm, and 0.19 ppm for GP138, GP141, and GP-172 B,
respectively (Table S4, supplementary data). The age estimate from
sample GP-138 (220 ± 72 Ma, Fig. 12; 14) has the largest error in the
dataset. We thus rely on the ages obtained from GP-141 (164 ± 16 Ma)
and GP-172-B (152 ± 20 Ma) (Fig. 13) to date the deposition of BC. The
overlap of these two ages gives a possible age of deposition between
172 and 148 Ma (Aalenian to Tithonian). Samples GP-172-B and GP-
141 were derived from two different outcrops, with different original
positions within the carbonate system (inner and out part, respec-
tively). BC may have precipitated at the same time, or diachronously in
different parts of the Dalnegorsk limestone.
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5.9. Late brecciation and breccia calcite

In accretionary complexes, the formation of mélanges like the one
that the atoll-type Dalnegorsk limestone is part of, can occur directly in
the trench (Fig. 4A), or during accretion, as the carbonate system be-
comes incorporated in the accretionary prism (Fig. 4B) (Peybernes

et al., 2020, accepted; Sano and Kanmera, 1991; Ueda et al., 2018;
Wakita and Metcalfe, 2005). During the accretion process, limestone
blocks can be dismantled, thus forming carbonate breccia (late carbo-
nate breccia) (Fig. 4D, F), which are locally cemented by calcite
(breccia calcite: Fig. 6C, Sample GP-171). These are often difficult to
distinguish from early carbonate breccia (Fig. 4) based on field and

Fig. 7. Box plots of carbon and oxygen isotopic data for Verkhnii-Rudnik and Sakharnaya areas. A. δ18O (‰ PDB) of the different cement stages. B. δ13C (‰ PDB) of
the different cement stages. FC: Fibrous cement; ZDC: Zoned Dogtooth Cement. BC: Blocky Cement; DC: Dogtooth Cement. RT: Rhaetian values in Tethys Ocean (based on
Korte et al., 2005).
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microscopic evidence alone. Alongside cement morphology, distinct
geochemical signatures in calcitic cements of late carbonate breccia
(breccia calcite; sample GP-171: Fig. 6C) and early carbonate breccia
(cemented by BC) can therefore define criteria for geochemical differ-
entiation between these morphologically similar, but genetically dis-
tinct lithologies. Indeed, these two breccia cements (BC and breccia
calcite) present very different geochemical signals and different mor-
phology and luminescence characteristics. Breccia calcite consists of
dark-orange, scalenohedral/dogtooth, non-luminescent crystals
(100–500 μm along the longest axis), followed by a later phase of light-
orange, poorly luminescent, drusy-blocky crystals (size of 100–500 μm
on the longest axis) (Fig. 6C). No geochemical variation between the
two phases of cementation (scalenohedral and drusy-blocky) was ob-
served, and the isotopic ratios and elemental values are representative
of both fabrics of a single cement phase. Breccia calcite is characterised
by negative isotopic ratios, with δ18O between −8.2‰ and −4.0‰
(median = −5.6‰; n = 10) and δ13C from −2.5‰ to +0.1‰
(median = −1.4‰; n = 10). Median concentration of trace and other
elements is as follows (n = 15): Mg = 2506 ppm; Al = 30.90 ppm;
Mn = 139.10 ppm; Fe = 594 ppm; and Sr = 126.10 ppm. The con-
centrations of Fe, Al, and Mn are notably higher than those of other
cement phases. The REE pattern is not seawater-like (Fig. 8), and the
REEY results are characterised by a strong positive Lu anomaly, a strong
positive Gd anomaly (Fig. 8), a positive Ce anomaly (Fig. 9B), and a
high Y/Ho ratio (Fig. 9A).

5.10. Recrystallisation and fracturing

The Dalnegorsk limestone was accreted on the Taukha Terrane in
the late Tithonian-Hauterivian. During the accretion process, the car-
bonates were subjected to a high pressure and temperature, resulting in
very poor preservation of facies. For the most part, the Dalnegorsk
limestone was strongly recrystallised, and intensely fractured, with
numerous large fractures filled with calcite of variable luminescence,
intersecting all previous cement phases (Fig. 6D, E, F). Samples GP-210
and GP-185 were interpreted as strongly recrystallised during accre-
tion, based on their cathodoluminescence characteristics (homogenous
luminescence, with no distinction between grains, cement, and matrix).
These samples were thus analyzed to serve as a reference for assessing
whether a sample is well-preserved or recrystallised. Their δ18O values
are between −4.8‰ and −16.5‰, with a median value of −11.0‰
(n = 37). However, the δ13C signal differs greatly between the two
samples. In GP-210, δ13C (median = −0.4‰; n = 27) is slightly de-
pleted compared to common sea-water. GP-185 is characterised by

highly negative δ13C values, between −59.0‰ and −41.4‰
(median = −44.2‰; n = 10). REEY, trace and minor/major elements
were measured only for GP-185. Median trace and other element con-
centrations are as follows (n = 15): Mg = 2820 ppm; Al = 4.22 ppm;
Mn = 11.60 ppm; Fe = 325.5 ppm; and Sr = 388.50 ppm. The total
REEY concentration is close to 1 ppm (median, n = 10) (Fig. 10A), and
presents a low LREE depletion, characterised by a high Nd/Yb ratio
(Fig. 9A) and a low Y/Ho ratio, close to 55.

6. Discussion

6.1. Characterisation of diagenetic events

As the Dalnegorsk limestone has been subjected to relatively high
tectonic stress and temperature during accretion, original geochemical
signals were not expected to have been preserved. Yet, the geochemical
results obtained in this study are consistent with original precipitation,
and are interpreted as unaltered by diagenesis. Moreover, these signals
are constrained by comparison with those from recrystallised limestone
from the Karyernaya and Partizansky areas (Fig. 3). This work shows
that, despite the strong impact of the accretion process, accreted
limestone can be locally well-preserved; thus, it can contain precious
proxies of environmental conditions in ancient oceans. All analyzed
samples are characterised by a very low REE concentration (Fig. 8;
10 A). Since REE come mainly from atmospheric dust and continental
run-off (Elderfield and Greaves, 1982), the low REE concentration in
the Dalnegorsk limestone confirms that the Dalnegorsk atoll was iso-
lated in the Panthalassa Ocean. A seawater-like REEY signal is defined
by a positive La anomaly, a negative Ce anomaly, light REE (LREE)
depletion, a positive Y anomaly, and high Y/Ho ratio (Della Porta et al.,
2015; Tostevin et al., 2016). These parameters are, therefore, key for
differentiating between marine and non-marine cement phases in this
work. Korte et al. (2005) δ18O and δ13C isotopic results (measured on
brachiopod shells) are used for comparison with the Tethyan Ocean
(Fig. 7). Since the Dalnegorsk limestone facies (coral bioherms and
oolitic shoals, among others: Peyrotty et al., 2020a) are indicative of a
warm tropical depositional environment, we assume that the tem-
perature of the ocean surface water during the Norian/Rhaetian was
relatively high. Indeed, the Late Triassic is marked by a globally con-
tinuous, homogeneously warm climate (Preto et al., 2010), consistent
with tropical water temperature close to, or higher than, 30 °C. These
conditions could result in negative δ18O values in early shallow-marine
cements precipitated at that time. Here, we present the main stages in
the diagenetic history of the Dalnegorsk limestone, reconstructed from

Fig. 8. Plots of the REE distribution based on the mean values for each analyzed cement. FC: Fibrous cement; DC: Dogtooth Cement; ZDC(VR): Zoned Dogtooth Cement
from Verkhnii-Rudnik area. ZDC (S): Zoned Dogtooth Cement from Saharnaya area. BC (VR): Blocky Cement from Verkhnii-Rudnik area; BC (S): Blocky Cement from
Sakharnaya area.
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geochemical characterisation and environmental interpretation of its
diagenetic features (Table 2). The identified stages, from deposition to
complete lithification, are summarised visually in Fig. 14. The diage-
netic history of the Dalnegorsk limestone is synthesised in Section 6-2
and Fig. 15.

6.1.1. Early mouldic dissolution due to emergence (stage 2, Fig. 14)
In the Dalnegorsk limestone, skeletal moulds are filled with FC, DC,

and ZDC, dated from Norian to Early Jurassic, suggesting that the dis-
solution of predominantly aragonitic skeletal grains occurred very
early, probably during the Norian (Stage 2, Fig. 14). Syndepositional

dissolution of aragonite by the oxidation of organic matter is generally
evoked to explain early aragonite leaching (Frank et al., 2011; James
et al., 2005; Janiszewska et al., 2018). Since the Triassic was a period of
aragonitic sea, with a Mg/Ca ratio of about 3–4, aragonite dissolution
was possibly associated with meteoric water circulation, probably
during emergence of the Dalnegorsk atoll (Stage 2, Fig. 14). Although
vadose cements or palaeokarstic features have not been identified in the
Dalnegorsk limestone, probably due to sampling bias and the poor ac-
cessibility of its outcrops (Peyrotty et al., 2020a), such features are
well-reported from analogous and synchronous carbonate systems from
the Panthalassa (Peybernes et al., 2020, accepted) and Tethys Oceans

Fig. 9. A. Plots of the Nd/Yb versus Y/Ho ratios (median values). B. Plots of the Cerium anomaly versus the Fe content (median values). FC: Fibrous cement; DC:
Dogtooth Cement; ZDC(VR): Zoned Dogtooth Cement from Verkhnii-Rudnik area. ZDC (S): Zoned Dogtooth Cement from Sakharnaya area. BC (VR): Blocky Cement from
Verkhnii-Rudnik area; BC (S): Blocky Cement from Sakharnaya area.
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(Berra and Jadoul, 1996; Ciarapica, 2007; Haas, 2004; Juhász et al.,
1995). This evidence suggests that the Norian event that affected the
Dalnegorsk limestone was probably global.

6.1.2. Meteoric fibrous cement (FC) (stage 3, Fig. 14)
Morphology, luminescence, and isotopic values of the FC (Stage 3,

Fig. 14) are marked by 18O depletion, suggesting precipitation under
meteoric influence between the Norian and the Pliensbachian. Like-
wise, δ13C in FC is characterised by significant variation from positive
to negative values, which may reflect the influence of various pore
waters (marine, with positive δ13C values, or meteoric, depleted in 13C

due to the influence of organic-rich soil; Godet et al., 2016). Such δ13C
values can be reasonably expected in the meteoric phreatic environ-
ment within an atoll. Moreover, FC precipitation directly succeeded a
widespread event of mouldic dissolution (Stage 2), which was probably
linked to emergence and incursion of meteoric water into the carbonate
system. The negative Ce anomaly suggests an oxic environment
(Smrzka et al., 2019), consistent with a mixed, marine-freshwater (or
meteoric) phreatic setting. The strong negative Gd anomaly (Fig. 8;
10 A), observed only in this cement and inconsistent with a seawater
signal (Della Porta et al., 2015; Tostevin et al., 2016), further supports
the non-marine origin of the FC. This conclusion is also confirmed by

Fig. 10. A. Plots of the REE sum content versus Gadolinium anomaly (median values). B. Plots of the Cerium versus Lanthanum anomalies (median values). ZDC(VR):
Zoned Dogtooth Cement from Verkhnii-Rudnik area. FC: Fibrous cement; DC: Dogtooth Cement; ZDC (S): Zoned Dogtooth Cement from Sakharnaya area. BC (VR): Blocky
Cement from Verkhnii-Rudnik area; BC (S): Blocky Cement from Sakharnaya area.
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Fig. 11. Tera-Wasserburg diagrams of the dated cements. A. Fibrous Cement (FC) dated at 238 ± 52 Ma on the sample GP-138. B. Zoned Dogtooth Cement (ZDC)
dated at 205± 13 Ma on the sample GP-141. C. Zoned Dogtooth Cement (ZDC) dated at 247± 30 Ma on the sample GP-141. D. Zoned Dogtooth Cement (ZDC) dated
at 205 ± 20 Ma on the sample GP-172-B.

Fig. 12. Possible stratigraphic extension of each dated cement defined by their absolute ages and the analytical error. Note that the cements cannot be older than the
age of the deposit, defined as Norian based on biostratigraphy (Peyrotty et al. (2020a, 2020b). FC: Fibrous cement; ZDC: Zoned Dogtooth Cement; BC: Blocky Cement.
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the strong positive La anomaly, which is uncommon in seawater signals
and markedly different from other samples.

6.1.3. Dogtooth cement, deposited under high evaporation rate (stage 3,
Fig. 14)

The positive δ18O values obtained from the DC (Stage 3, Fig. 14)
correspond to an evaporitic environment, where fluids were slightly
depleted in 16O due to the latter's preferential evaporation relative to
18O (Keeling, 1995). Moreover, this cement is markedly enriched in Fe
(3100 ppm: Fig. 9B), perhaps due to the concentration of Fe in a re-
stricted and anoxic environment, consistent with evaporitic conditions
of precipitation. The slightly positive Eu anomaly (Fig. 8; 10 B) and a Ce
anomaly close to 1, characteristic of the DC, could both indicate a re-
ducing environment (Swart, 2015). Since the FC and DC are interpreted
as broadly contemporaneous, but precipitated in different diagenetic
settings of the same carbonate system (meteoric phreatic and restricted,
respectively), differences in REEY concentration between the two ce-
ments are essential to record and characterize for REEY-based en-
vironmental interpretations. These differences are highlighted by the Y/
Ho and Nd/Yb ratios (proxies for oxygenated waters), which are lower
and higher, respectively, for the DC (Fig. 9A).

6.1.4. Zoned dogtooth cement of variable origin (stage 4, Fig. 14)
Dogtooth cements can occur in various diagenetic environments,

including both early marine and meteoric phreatic settings (Durlet and
Loreau, 1996; Andrieu et al., 2018). Geochemical measurements are
thus essential to distinguish between these two settings. δ18O values
from ZDC (Stage 4, Fig. 14) in the Verkhnii-Rudnik area (outer atoll)
may reflect mainly a signal from meteoric or warm marine water. δ18O
values may indeed suggest that, when the Verkhnii-Rudnik ZDC was
precipitating, the parent fluid was still influenced by meteoric water.
However, the isotopic values of the ZDC are different from those from
FC of meteoric origin: the ZDC is characterised by less negative δ18O
values, and only slightly positive δ13C values, more typical of a

seawater signal. Moreover, ZDC from the Verkhnii-Rudnik area shows a
negative Ce anomaly and a positive La anomaly, which is associated
with LREE depletion (low Nd/Yb ratio), and is characteristic of sea-
water signals (Lawrence et al., 2006; Tostevin et al., 2016). ZDC from
the Verkhnii-Rudnik area could thus be affected by meteoric fluids
(Stage 4, Fig. 14) while precipitated under marine conditions, possibly
indicating that the edge of the atoll was still below sea level, or
emergent periodically, due to tidal variations. In the Sakharnaya area
(inner atoll), the isotopic values of ZDC record a marine signal, with
slightly positive δ13C (median = +1.4‰; n = 4) and higher δ18O
(median = −1.4‰; n = 4), typical of seawater influence. The Ce/Ce*
ratio in Sakharnaya is close to 1, possibly consistent with anoxic con-
ditions (although the absence of a Ce anomaly is not necessarily linked
to redox conditions: Tostevin et al., 2016). In both areas, ZDC pre-
cipitated from Norian to Pliensbachian. This is the same age estimate as
that for FC, indicating that ZDC precipitated directly after FC, perhaps
without a cementation hiatus also marked by the absence of clear
boundary between the two cements.

6.1.5. Shell neomorphism at the onset of calcitic sea (stage 5, Fig. 14)
As suggested by Sandberg and Hudson (1983), growth lines of

aragonitic shells can be preserved after rapid early neomorphism to
calcite. However, the age obtained for shell neomorphism in the Dal-
negorsk limestone (Stage 5, Fig. 14) is about 30 million years younger
than the age of deposition; therefore it confirms late neomorphism with
partial preservation of the original shell structure. Neomorphosed shells
are inferred to have been of high-magnesium calcite (HMC) composi-
tion (Hardie, 1996; Porter, 2010; Stanley, 2006); therefore, some of
them survived the early mouldic dissolution event that removed the
aragonitic bioclasts. This can explain the selective neomorphism that
occurred in Early-Middle Jurassic. REEY results in neomorphic calcite
tend to values similar to those in DC, with a positive Ce anomaly
(Fig. 9B), a similar REE pattern (Fig. 8), and identical Nd/Yb and Y/Ho
ratios (Fig. 9A). These parameters appear to indicate that neomorphism

Fig. 13. Tera-Wasserburg diagrams of the dated cements. A. Shell neomorphism dated at 175 ± 5,7 Ma on the sample GP-179-A. B. Blocky Cement (BC) dated at
220 ± 72 Ma on the sample GP-138. C. Blocky Cement (BC) dated at 164 ± 16 Ma on the sample GP-141. D. Blocky Cement dated at 152 ± 20 Ma on the sample GP-
172-B.
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occurred in an anoxic environment. However, neomorphism is dated to
the Toarcian-Bajocian, during the transition between aragonitic to
calcitic sea (Dickson, 2002). This may suggest that shell neomorphism
was linked to this change in seawater chemistry; therefore, it was

possibly associated with active seawater circulation in the limestone
system. The slightly negative δ18O and δ13C values in neomorphic
calcite could indeed suggest neomorphism took place in marine water.
Nevertheless, a late diagenetic influence cannot be excluded, as we

Fig. 14. Speculative model of evolution of the Dalnegorsk limestone, from its deposit to its dismantling and collapse after the drowning and before the accretion.
Facies zonation are based on the sedimentological study of Peyrotty et al. (2020a, 2020b. The presented model relies on the cathodoluminescence observations and
geochemical interpretations as well as absolute ages of cement stages. The colors of the represented cements correspond to their general cathodoluminescence. The
final diagenetic stage of the Dalnegorsk limestone, marked by the formation of the late carbonate breccias, intense fracturation and recrystallisation, is defined by the
incorporation within the Taukha accretionary prism and not represented here. For precise details about this process see Peybernes et al. (2020 accepted), Sano and
Kanmera (1991), Ueda et al. (2018). σ corresponds to the standard deviation. MC: Mosaic Cement; FC: Fibrous cement; DC: Dogtooth Cement; ZDC: Zoned Dogtooth Cement;
BC: Blocky Cement. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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have no environmental information to constrain stable isotopic signals
during the Jurassic (depth, assumed water temperature, etc.).

6.1.6. Early dismantling and late lithification by blocky cement (stages 5
and 6, Fig. 14)

In the Verkhnii-Rudnik area, BC seals both any porosity that re-
mained after earlier cementation stages and the voids created by early
brecciation (Stages 5 and 6, Fig. 14). Such breccia, occurring only on
the edges of carbonate platforms, are interpreted as related to the dis-
mantling of the carbonate system after the cessation of sedimentation.
In oceanic volcanic atolls, tectonic movement can induce the collapse of
the seamount, with normal faulting and related landslides on the bor-
ders of the system (Clare et al., 2018; Courgeon et al., 2016; Basilone,
2009, 2017; Keating, 1998; Montaggioni et al., 2019; Normark et al.,
2008). As a consequence of such tectonic movements, and under the
influence of oceanic currents, (Peyrotty et al., 2020a), the steep flanks
of the Dalnegorsk atoll collapsed after the cessation of sedimentation,
thus forming monogenic carbonate breccia (Stage 5, Fig. 14) (Onoue
and Stanley, 2008; Sano and Kanmera, 1991; Peybernes et al., 2020
accepted). The BC cementing these breccia in the Verkhnii-Rudnik and
Sakharnaya areas has been dated as Aalenian to Tithonian. The date of
this cementation phase confirms that the collapse of the atoll margin
occurred very soon after the cessation of sedimentation, during the
Early Jurassic. Since the Hettangian and the Sinemurian are marked by
numerous sea-level fluctuations (Haq, 2018a), sea-level change may
have also promoted the formation of carbonate breccia through the
impact of waves on the atoll margin. The early age of the BC cementing
these breccia also demonstrates that not all Dalnegorsk limestone
breccia resulted from the accretion process. Some original sedimentary
structures such as these early breccia can still be preserved despite the
incorporation of Dalnegorsk limestone within an accretionary prism. In
the Middle-Late Jurassic, the carbonate system was completely lithified

by BC. BC geochemistry differs between the Sakharnaya and Verkhnii-
Rudnik areas, but its δ18O and δ13C values do not correspond to those
from late blocky cement, related to burial and very high temperature
(Machel et al., 1996; Dale et al., 2014). Instead, stable isotopes appear
to reflect a marine signal and the pore water from which BC was de-
posited could thus be derived from shallow-marine water. Moreover,
the negative δ18O values in the Verkhnii-Rudnik area (external position
in the atoll) are also very similar to the isotopic values of ZDC from the
same area, interpreted as of possible early marine origin. As such, the
δ18O values of BC could also record a warm marine water signal. BC
from both areas is characterised by a seawater-like REEY pattern
(Fig. 8), with a negative Ce anomaly (Fig. 9B), a positive La anomaly
(Fig. 10B), a high Y/Ho ratio (Fig. 9A), and LREE depletion (Nd/Yb
ratio: Fig. 9A). This evidence is also consistent with a marine origin of
the pore fluids from which BC precipitated.

6.1.7. Late brecciation and breccia calcite with incorporation within the
accretionary prism

The late carbonate breccia and its associated cement (breccia cal-
cite) were late events, overprinting all previous events, and occurring
after the complete lithification of the Dalnegorsk limestone. Breccia
calcite is characterised by negative isotopic values (Table 2) consistent
with burial cementation. Moreover, the REEY pattern of breccia calcite
is not seawater-like (Fig. 8), and is characterised by a positive Ce
anomaly (Fig. 8B), and a high Y/Ho ratio (Fig. 9A). Fe, Al, and Mn
concentration is higher than in other cement phases (Fig. 9B; Table S3,
supplementary data), also suggesting that breccia calcite possibly pre-
cipitated in reducing conditions, or was derived from fluids con-
taminated with detrital input. Formed in mid-oceanic environments
with low sedimentation rate, atoll-type carbonates, once drowned, are
not buried under a large pile of sediments until they become accreted.
The Dalnegorsk limestone was consequently not buried before its

Fig. 15. Paragenetic sequence of the Dalnegorsk limestone from its deposit (Norian) to its accretion (late Tithonian-Hauterivian). This sequence relies on all obtained
results, from cathodoluminescence observations to geochemical interpretation, as well as U–Pb dating of cement stages. See text for details.
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accretion. All lines of evidence confirm that the late breccia was formed
during accretion, and was cemented under burial conditions with
breccia calcite, possibly contaminated with detrital input. This con-
trasts with early carbonate breccia cements (BC) precipitated from
marine fluids. These two kinds of carbonate breccia, although of very
different origin (early, due to dismantling; late, due to accretion), are
difficult to distinguish in the field and under microscope. To differ-
entiate between the two, therefore, geochemical evidence is crucial.
This evidence, supplemented with our field and petrographic observa-
tions, establishes a set of complementary criteria for distinguishing
between early and late carbonate breccia (Table 3).

6.1.8. Accretion-related recrystallisation
Based on cathodoluminescence observations, samples GP-210 and

GP-185 were defined as strongly recrystallised due to accretion. As
expected, the δ18O values of these samples are highly negative; there-
fore, they are consistent with a late recrystallisation (Machel et al.,
1996) within the accretionary prism. However, sample GP-210 is
slightly depleted in 13C as compared to common seawater, and does not
appear affected by recrystallisation. By contrast, sample GP-185 has a
strongly negative δ13C value. Such values are only reported from me-
thane-derived carbonates, implying that the limestone this sample was
derived from could have recrystallised in a methane-rich environment
(Aloisi et al., 2002; Argentino et al., 2019; Feng et al., 2010; Jørgensen,
1992; Paull et al., 1992; Roberts and Whelan, 1975; Whiticar, 1999).
The Sr concentration in GP-185 is higher than in any other analyzed
sample, as expected for diagenetically altered carbonates (Clauer et al.,
1989; Cochran et al., 2010). Sample GP-185 is also notable by the
highest REE concentration among all analyzed cements (Fig. 8; 10 A).
This could be in line with the possible methane-rich conditions of re-
crystallisation of this sample. A negative Ce anomaly and a positive La
anomaly, associated with LREE depletion (low Nd/Yb ratio), are char-
acteristic of seawater signals (Lawrence et al., 2006; Tostevin et al.,
2016), thus suggesting a possible marine origin of the pore waters re-
lated to the recrystallisation of GP-185. Further investigation is neces-
sary to identify the origin of this strong 13C depletion and the nature of
the recrystalising fluids. Based on its apparently good preservation in
the field and under cathodoluminescence, sample GP-151 was selected
to analyse the geochemical signal of peloids and BCs (Table 1). How-
ever, the isotopic signal of this sample is similar to that of sample GP-
210 (Table S2, supplementary data), indicating strong recrystallisation.
This signal is the same in peloids and cement, suggesting that the
geochemical footprint of recrystallisation was the same across all
limestone constituents. As for sample GP-210, the δ13C in sample GP-
151 is of marine affinity, and does not show the high negative values
expected from burial recrystallisation (Machel et al., 1996). Likewise,
the most common activator or inhibitor of luminescence, Fe and Mn

content, appears unaffected by recrystallisation, since the original lu-
minescence of each cement seems to be preserved. In an accretionary
prism, we can reasonably expect that fluids of different origin and
temperature (marine, continental, volcanic-related) circulated through
the accreting carbonate. The resulting geochemical changes in carbo-
nate rocks should, therefore, be markedly heterogenous.

6.2. Synthesis of the diagenetic history of dalnegorsk limestone: from
deposition to accretion

In this section, we discuss and synthesise the petrographic and
geochemical evidence and our interpretations in order to articulate a
coherent model of diagenetic evolution of the Dalnegorsk limestone
(Fig. 14). The identified diagenetic features, and their timing, are pre-
sented in Fig. 15. FC, DC, and ZDC precipitated after a widespread
event of mouldic dissolution, possibly linked to oxygenation of organic
matter (Frank et al., 2011; James et al., 2005; Janiszewska et al., 2018).
This may have been caused by the circulation of oxygenated and un-
dersaturated fluids during emergence of the Dalnegorsk atoll. Indeed,
the geochemistry of FC records meteoric influence on the edges on atoll
(Verkhnii-Rudnik area), which is a sign of emergence. DC, synchronous
to FC, on the other hand, precipitated in evaporitic conditions within
the lagoon (Sakharnaya area), typical of a restricted, very shallow,
inner-atoll environment, which is also consistent with emergence of the
edge of the atoll. According to Haq (2018b), a major sea-level drop
(TNo4) occurred during the Norian-Rhaetian transition. This event may
correlate with the emergence of the Dalnegorsk atoll and a deposition
hiatus, and may have triggered pervasive mouldic dissolution in the
limestone (Stage 2, Fig. 14). Continuous sea-level rise during the
Rhaetian was associated with, (1) precipitation of FC and DC in a low
sea-level setting (Stage 3, Fig. 14), and, (2) precipitation of ZDC in
marine conditions, after re-flooding of the Dalnegorsk limestone (Stage
4, Fig. 14). All post-dissolution cements, therefore, precipitated after
208.5 Ma (age of the Norian-Rhaetian transition, consistent with the
U–Pb age estimates for FC and ZDC). The Norian is marked by a further
three notable sea-level cycles (TNo1 to TNo3: Haq, 2018b), but their
amplitude was lower than that of TNo4 (Norian-Rhaetian transition).
Based on the U–Pb age estimates and the geochemical evidence for
probable emergence (meteoric and evaporitic signals), we thus choose
the TNo4 regression as a likely trigger of atoll emergence, cessation of
sedimentation, and precipitation of early cements. DCs and ZDCs,
identified as very early, followed the Norian- Rhaetian regression. The
Early Jurassic was, therefore, marked by the absence of cementation,
and by neomorphism of high-Mg calcitic shells that had survived earlier
mouldic dissolution (Stage 5: Fig. 14). The cessation of cementation in
the Early Jurassic could be due to the dismantling of (external parts of)
the Dalnegorsk atoll, resulting in the formation the early carbonate

Table 3
Differentiation criteria between early (platform dismantling-related) and late (accretion-related) carbonate breccias.

Early carbonate breccia Late carbonate breccia

Fracturation Low to intense Intense
Clasts Angular Angular to subanglar
Associated microfacies Slope and outer part of the platform (reef, \2 peri-reef, oolitic shoals and

open lagoon).
Only the external part of the platform is impacted

Any kind of microfacies. The entire platform can be impacted

Mode of occurrence Within limestone outcrops or associated to mélange deposit Associated to mélange deposit
Cements Poorly luminescent (orange to red) mosaic or drusy crystals Luminescent (bright orange) thick isopachous fringe and drusy crystals
Geochemistry Negative δ18O and positive δ13C values

Sea-water like REE pattern
60 < Y/Ho ratio < 70
Positive Eu anomaly

Negative δ18O and δ13C values
High Fe and Mn
Positive Ce anomaly
Y/Ho ratio > 70
Negative Eu anomaly

Process of formation Collapse/dismantling of the atoll-type carbonate system after its drowning Formation of mélange deposits when the atoll-type carbonate system is
incorporated
within the accretionnary prism
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breccia (Stage 5, Fig. 14), or to the incursion of non-saturated fluids.
Further investigation is necessary to explain the cessation of cementa-
tion. A similar dismantling history during the Early/Middle Jurassic
was also proposed by Peybernes et al. (2020 accepted) for an analogous
carbonate system in the Panthalassa Ocean. Based on geochemical
evidence, BC that seals the remaining porosity precipitated in the
Middle Jurassic, from marine pore fluids (Stage 6: Fig. 14). Our analysis
thus demonstrates that water of various isotopic compositions and
origins circulated in the Dalnegorsk limestone, and precipitated calcite
cements until the Late Jurassic accretion of the limestone. This confirms
that the Dalnegorsk atoll system was not buried under sediment, and
remained in direct contact with oceanic waters above the CCD (Car-
bonate Compensation Depth) throughout the Jurassic. The accretion of
the Dalnegorsk atoll, the final stage in this its evolution, was marked by
the recrystallisation and fracturing of the limestone, the formation of
late carbonate breccia and its cementation with breccia calcite. Since
the complex processes of this accretion phase are not the focus of this
study, this phase is not represented in Fig. 14, but is discussed in detail
elsewhere (Sano and Kanmera, 1991; Ueda et al., 2018; Peybernes et al.,
2020 accepted).

7. Importance of multiproxy diagenetic studies

With the ongoing development of high-resolution analytical tools
that lower the detection thresholds and facilitate measurement in spe-
cific zones of a sample (e.g. parts of a petrographic thin section), the
precision of geochemical data is improving. This enables researchers to
combine complementary geochemical approaches and opens new pos-
sibilities of investigation. As demonstrated in this work, these tools,
requiring a very low amount of analyzed material, enable us to study
poorly-preserved limestone by focusing our analyses on the best-pre-
served areas of a sample, no matter how small. The association of iso-
topic, trace and ultra-trace (REEY) element measurements is crucial for
better constraining the conditions of precipitation of cement phases.
Although poorly explored as proxies for carbonate diagenesis, REEY, as
this study demonstrates, are of major importance. To reconstruct a
coherent diagenetic history of a carbonate system, diagenetic events
can be precisely dated using in situ U–Pb dating.

In order to reconstruct the diagenetic evolution of the Dalnegorsk
limestone, we used a unique workflow, combining all the above
methods. The results presented here are the first of this kind from the
Panthalassa Ocean. As such, they are of key importance for under-
standing aspects of the evolution of this huge ocean during the Late
Triassic. More importantly, the workflow developed in the course of
this work can be deployed in similar diagenetic studies, whatever the
age or type of the investigated carbonate system.

8. Conclusion

This work is the first diagenetic study of an Upper Triassic atoll-type
limestone from the Panthalassa Ocean. It follows a unique workflow,
combining optical and cathodoluminescence petrography with geo-
chemical analyses (LA-ICP-MS and SIMS analyses of 18O and 13C iso-
topes, trace, minor and major elements, REEY) and in situ U–Pb dating
of calcite cements, to resolve, characterize, and date diagenetic events
recorded in the Dalnegorsk limestone (Russian Far East), from its de-
position in the Early Triassic, to its accretion within the Taukha terrane
in the Late Jurassic/Early Cretaceous. U–Pb date estimates were ob-
tained for four generations of cements, from very early (FC and ZDC), to
late (shell neomorphism and BC) diagenetic events. Bringing these lines
of evidence together permits us to resolve the diagenetic evolution of
the Dalnegorsk limestone into 10 diagenetic episodes, including early
emergence and mouldic dissolution during the Norian-Rhaetian tran-
sition, followed by drowning and early dismantling of the carbonate
system, with no cementation until the Middle Jurassic, when the
limestone became completely lithified. Neomorphism of calcitic shells

is inferred to date the onset of the calcitic sea, during the Toarcian-
Bajocian. Late diagenetic events are characterised by accretion-related
features, such as intense fracturing, formation of late carbonate breccia,
and recrystallisation. Geochemical analyses also allow us to differ-
entiate between two types of carbonate breccia, which are similar
macroscopically and microscopically, even though they formed under
very different conditions (atoll dismantling and accretion). Combining
these results, we infer a detailed reconstruction of the diagenetic evo-
lution of the Dalnegorsk limestone across episodes of Mesozoic sea-level
change and tectonic deformation. The analytical methodology and the
evolutionary model presented here can serve as references for the post-
depositional evolution of analogous atoll-type carbonate systems,
modern or fossil.
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