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Geodynamic seawater-sediment
porewater evolution of the east
central Atlantic Paleogene ocean
margin revealed by U-Pb dating
of sedimentary phosphates

Jérémie Aubineau **, Fleurice Parat?, Ernest Chi Fru?,
Radouan EI Bamiki®, Olivia Mauguin *, Fabien Baron*,
Marc Poujol ® and Michel Séranne *

*Géosciences Montpellier, Université de Montpellier, CNRS UMR 5243, Montpellier, France, *Center of
Geobiology and Geochemistry, School of Earth and Ocean Sciences, College of Physical Sciences and
Engineering, Cardiff University, Cardiff, United Kingdom, *Mohammed VI Polytechnic University
Geology and Sustainable Mining, Ben Guerir, Morocco, *IC2MP, Université de Poitiers, CNRS UMR
7285, Poitiers, France, °Univ Rennes, CNRS, Géosciences Rennes, UMR 6118, Rennes, France

Emerging evidence suggests that U-Pb and Lu-Hf ages of sedimentary apatite
group minerals are often younger than their biostratigraphic ages. However,
U-Pb dating of exquisitely preserved carbonate uorapatite (CFA) is rare. The
Upper Cretaceous/Paleogene marine sedimentary rocks of the Moroccan High
Atlas host phosphate-rich sediments bracketed by calcareous nannofossil
Zones (NP4-NP9) of late Danian to Thanetian age. Here, we use a laser-
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to
decipher whether CFA minerals are suitable for U-Pb chronostratigraphy and
whether they can reveal the sedimentary and seawater history from which they
formed. U-Pb dating of the CFA grains yields ages 0f 42.9 + 1.3 Ma (MSWD =2.3)
and 35.7 £ 2.8 Ma (MSWD = 1.3) from three distinct phosphate-rich beds,
being >15 million years younger than the expected biostratigraphic age.
Combined scanning electron microscopy, X-ray diffraction, and infrared
spectroscopy analyses, associate the Mg-rich clay minerals sepiolite and
palygorskite, with micro-CFA crystals, while LA-ICP-MS trace element, rare
earth element, and yttrium content for primary CFA grains, collectively point to
long-term early diagenetic adsorption from oxygenated seawater-dominated
porewater uids. Authigenic clay minerals display a seawater-like pattern, with
negligible U concentrations suggesting limited clay mineral in  uence on U-Pb
dating of the CFA crystals. Considering the absence of extensive post-
depositional alteration, we propose that because of their large surface area,
the um-sized CFA crystallites facilitated real-time surface adsorption and
desorption of elements and diffusion processes. These conditions generated
long-term open system connection of sediments with overlying seawater,
enabling continuous U-Pb exchange for 15 —25 Myr after phosphate
precipitation. The data suggest that system closure was potentially
associated with sediment lithi cation and the Atlas orogeny, pointing to
stable oxygenation of shallow marine waters along the eastern passive
margin of the central Atlantic Ocean in the Paleogene.
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1 Introduction in the western Mesetagure ). Further deposits exist along the
Moroccan High Atlas (MHA). Although mineralogical,
Sedimentary apatite group minerals, hosted in marine sedimentological, sequence stratigraphy, and biostratigraphic
phosphorus (P)-rich rocks (i.e., phosphorites), form in zones investigations have been previously conducted on the MHA
underlying strong upwelling currents-@limi, 199§. In such deposits Gheerbrant et al., 1998aoudi, 2004 Tabuce et al.,
nutrient-rich  environments, high biological productivity 2005 Knidiri et al., 2014El Bamiki et al., 2090they however
promotes an increaseux of sinking organic-bound P to the remain largely unexplored.
sediments. Multiple pathways lead to P burial; P is either Authigenic sedimentary apatite [GEPO,)s(OH,F,Cl}] in
organically bound if organic matter escapes remineralization marine environments is predominantly composed of carbonate
or inorganically bound to Fe and Mn oxyhydroxides phases uorapatite (CFA}HCayo.xyNaMgy(POs)e-ACOs3),(Fo.aF>]
(Ruttenberg, 2003in oxygenated environments, undergoing (McClellan, 198)) In equilibrium with seawater, CFA-hosted
reductive dissolution in anoxic sediments to liberate P into COs* content varies between 5 and 8 wtl¥%a{han, 198)i The
porewaters. In contrast, P is dominantly preserved in accommodating chemical structure of apatite minerals allows
authigenic apatite minerals, which are essentially fueled by 1)easy incorporation of major and trace elements in the crystal
the release of organic-bound P during organic matter lattice (e.g/Nathan, 198)i For example, a mean concentration of
remineralization and 2) the hydrolysis of intracellular 120 ppm has been recorded for U in phosphoritessChuler,
microbial polyphosphate reserveSc(iulz and Schulz, 2005 1980, critical for U-Pb geochronology. Approaches for U-Pb
Diaz et al., 2003 Authigenic P-rich phases precipitate from dating of fossils, using biogenic hydroxyapatite, range from
highly supersaturated porewater conditions containing dissolvedsituand ssion track techniques to solution methoédsio and
phosphate of up to 400mol.L* (Krajewski et al., 1994 Terada, 1999Romer, 2001Sano et al., 200Balter et al., 2008

immediately below the water-sediment interface. Jolivet et al., 200Bassett et al., 201G&reene et al., 201Bochin-
High levels of supersaturation with respect to apatite, which Banaga et al., 20p1
controls nucleation rate, likely explain the large number of nano- Regardless of the dating techniques, it is worthy of mention

to micro-metric crystals, beirgll® per cn?in phosphate peloids  that the U-Pb dates obtained from fossil bones and teeth are often
(Krajewski et al., 1994 Pristine phosphate layers, younger and interpreted to rect -recoil effect and diagenetic
containing <10wt.% BOs (Pufahl and Groat, 20)7 alteration (e.g.Balter et al., 200&reene et al., 2018&oenig
synsedimentary apatite minerals in varying proportions, et al., 2012Romer, 200)L Controlled by both surface area and
accumulate during the initial step of phosphorite formation, volume of the phosphate crystallitesiecoil may generate a loss
as long as microbially mediated processes promote of daughter isotopes out of the apatite structurerfier, 200;1
supersaturation with respect to apatite. In addition to Balter et al.,, 2008 vyielding unconstrained, younger
biological stimulation of phosphate precipitation,situ storm chronostratigraphic ages. Besides, diagenesis may be the locus
and bottom water currents may repeatedly winnow primary of protracted interactions between fossil material amils,
phosphate sediments, allowing phosphorites witt8 wt.% resetting the U-Pb radiometric systersréene et al., 2018
P,Os (Glenn et al., 1994to substantially accumulaté-dlimi, Rochin-Bafaga et al., 2021
1996 Filippelli, 201iPufahl and Groat, 20)./Depending on the The presence of sigrdant amounts of common lead in the
strength, duration, and frequency of hydrodynamic agents, crystal lattice of apatite minerals is also a concérac{irane
winnowing, reworking, and transport processes contribute to etal., 201}t Consequently, Phanerozoic sedimentary apatite may
the enrichment of P in phosphorite®(fahl and Groat, 20).7 have low radiogenic Pb/common Pb ratios, leading to large age
Thus, continental shelves and epeiric seas are preferred settingsncertainties. Furthermore, recent studiesrositu U-Pb dating
for the formation of large phosphate deposits due to prevailing of sedimentary phosphorites have barely constrained the
hydrodynamic conditions that enable P enrichmentiahl and chronostratigraphy of phosphate-bearing seridslijar et al.,
Groat, 201Y. 2018 Soares et al., 261@'Sullivan et al., 2031 Few of the

The phosphogenic event that occurred in the South Tethyan studies cited above have integrated reliable screening techniques
province of North Africa and the Middle East, during the late to identify diagenetic processes responsible for open system
Cretaceous and the Paleogene, led to the accumulation of thdéehavior in the samples analyzed by U-Pb method (e.g.,
largest known phosphate deposit on Earthuighl and Groat, Greene et al., 20).80verall, linking U-Pb phosphate ages to
2017 Baioumy and Farouk, 2027and references therein). the age of deposition is yet to be determined. The exquisite
Notably, Morocco hosts more than 70% of the warld preservation of the Moroccan sedimentary apatite group
phosphate reservesaiinski, 20)0n thin tabular beds mined minerals (e.g.Aubineau et al., 2022Zo0smidis et al., 2013
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FIGURE 1

Geological map and lithostratigraphic column. (A) Simpli ed geological map and structural units of Morocco. The red arrow indicates the

studied Amizmiz section, 31°1209 N, 08°14 08 W. Geological map adopted from ( Hollard et al., 1985) and the gureis modi ed from Aubineau etal.
(2022). (B) Stratigraphic framework of the Amizmiz phosphate-bearing series. The  gure is modi ed from El Bamiki et al. (2020). (C) Detailed
lithostratigraphic column of the maximum ooding zone showing the sampled P-rich horizons. This interval results from a sedimentary
condensation. Key nannofossil Zones are in black in b and ¢ panels. NP: Paleogene Zonation.

Kocsis et al., 20)/offers a unique opportunity for distinguishing 2 Geological background ofthe
primary geochemical and geochronological signals from artefacts\lOroccan H igh Atlas
associated potential post-depositional changes, to gain better
insights on their impact on U-Pb dating of phosphorites. The Atlas domain, extending from the Atlantic coast to
In this study, we explorim situ U-Pb CFA dating by laser  Tunisia, is weakly shortened, intracontinental fold belts that
ablation inductively coupled plasma mass spectrometry (LA- formed as a direct consequence of the Cenozoic African-
ICP-MS) to obtain precise cbnostratigraphic ages for Eurasian convergenceMichard et al., 2003 The Atlas
sedimentary  phosphate rocks relative to their structural zone, comprising the ENE-trending High Atlas and
biostratigraphic sedimeaty age. By constraining the NE-trending Middle Atlas Mountain belts in Moroccoyst
precise chronostratigraphy of the Paleogene MHA developed as an intracontinental basin related to the Central
phosphate sequence, we aimed to enhance stratigraphidtlantic rifting during the TriassicHrizon de Lamotte et al.,
correlations between the MHA and various phosphate 2009. The following thermal subsidence promoted the
deposits in Morocco and the South Tethyan province. The accumulation of km-thick, Mesozoic marine sedimentary
ndings  provide new insights on prevailing successionstE(louz et al., 2003 Then, the Atlas recorded a
paleoenvironmental condins, paleogeographic and basin inversion possibly initiated in the late Cretaceous during
geodynamic evolution of the eastern Atlantic passive the Alpine orogeny, which resulted in the lowering of thermal
margin on the Moroccan coast during the Paleogene. subsidencethus of sediment depositieras well as the
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subsequent deformation and uplift of the Atlasic rocks during the Based on biostratigraphic data, the MHA phosphate series
Neogenekllouz et al., 20QFrizon de Lamotte et al., 2008 he extends from late Cretaceous to Lutetiagméerbrantetal., 1993
convergence-induced deformation remained weakly expressed abuce et al., 209and references therein). Notably, selachian
by a slowing down of the post-rift thermal subsidence during the fauna and planktonic foraminifera have helped to constrain the
Paleocene, which allowed sediments to accumulate in a shallovbiostratigraphy of the phosphate sequence. Nonetheless,
platform within the MHA domain El Bamiki et al., 2090 diachronous facies are likely in the MHA, which has raised
Although the timing of inversion events is uncertain, the concerns about these biostratigraphic agesBamiki, 2020
deformation led to the formation of sigrdant relief Frizon El Bamiki et al., 2090 Moreover, organic carbon isotope
de Lamotte et al., 200Brizon de Lamotte et al., 200Despite compositions do not support the occurrence of Lutetian rocks
the continuous plate convergence, the deformation wasinthe phosphate series of the western Meseta donvainget al.,
discontinuous with two main tectonic episodes of shortening 2019. Nevertheless, a recent study of calcareous namao
and uplift in the middle to late Eocene and late Miocene-Pliocene allowed rening of the biostratigraphy in the lower to middle
(Frizon de Lamotte et al., 200&izon de Lamotte et al., 2009  part of the Amizmiz sequence since some calcareous nannofossils
The MHA is notably composed of a wide variety of provide reliable biohorizong( Bamiki et al., 2090Indeed, the
phosphate facies that have been related to both autocyclicLowest Occurrences ofoweius pertusugcorrelated to the
including wave and storm winnowing, and tectono-eustatic foraminiferous NP4 Zone), Fasciculithus tympaniformis
allocyclic processe&|(Bamiki et al., 2090 The investigated (NP5 Zone),Heliolithus kleinpelliiNP6 Zone), andDiscoaster
Amizmiz section of the MHA consists of sedimentary rocks multiradiatus(NP9 Zone) collectively indicate a late Danian to
deposited during a second order relative sea-level ciztle ( Thanetian age of the main phosphate interval of the Amizmiz
Bamiki et al., 2020 Most of the MHA sediments have been sedimentary sequencel(Bamiki et al., 2090
affected by km-size wave-length synclineszpn de Lamotte In contrast, the upper part of the Amizmiz sequence is still
etal., 2008 The sedimentary series starts with Upper Cretaceouspoorly constrained. The sedimentation rate in the Amizmiz area
rocks that are dominated by continental sediments containing can be approximately determined between the calcareous
red ne-grained siliciclastic beds and yellowish lacustrine nannofossil biohorizons that are well correlated to the
carbonates followed by a marine carbonate sequence. Thdoraminiferous NP4 to NP9 zones. Although subject to
subsequent subaerial exposure, caused by the large regressioglatively large uncertainties, a low sedimentation rate of
occurring during the late Cretaceous in the MHA domain, has ~20 m/Myr was estimated. In this study, we have targeted
karsti ed and eroded the Maastrichtian rocks in the Amizmiz granular phosphate sediments for U-Pb dating due to their
area Chellai et al., 199%| Bamiki et al., 2090 The Danian- relevant stratigraphic positions, representing the maximum
Selandian rocks, deposited during a sea-level rise event, areooding event Kigures 1B, EI Bamiki et al, 2030
dominated by shallow-water, bioclastic carbonates interbeddedConsidering the nannmra determination at this spea
with thin layers of granular phosphates that mainly consist of stratigraphic emplacement (Foraminiferous NP4-NP6 Zones),
winnowed and reworked phosphates in the Amizmiz area ( a late Danian to early Thanetian age is, thus, expected.
Bamiki et al., 2020 The overlying carbonates, deposited in the
outer platform, are capped by a hardground surface, which is
interpreted as reecting the maximum bathymetry likely near the 3 Samples and methods
Selandian-Thanetian transitior-igure 1G EI Bamiki et al.,
2020). This key marker is considered as a major stratigraphic 3.1 Sampling and sample preparation
surface that allows regional correlations in the MHA domain. In
the wake of the maximumooding, the phosphogenic window In the Amizmiz areaigure 14, three fresh, unweathered
moved offshore of the outer carbonate platform in the western samples (designated as AMZ8, AMZ9, and AMZ13) were
MHA domain (including the Amizmiz area). The net collected from the interval recting the regional-scale
consequence is that large accumulations of pristine andmaximum bathymetry immediately above the hardground
winnowed phosphates were deposited. The phosphatesurface igures 1B,CEl Bamiki et al., 2090 Specically,
sediments are typically crumbly. Overlying marls, marine AMZ8 and AMZ9 samples are stratigraphically separated by
carbonates, and continental sediments marked the progressivéess than 0.5 m, while AMZ13 is ~5 m stratigraphically above.
sea level fall in the MHA domain during the Eocene. Typical Polished slab sections (from standard 2.5 cm-diameter mounts)
LutetianThersitedimestones overly the phosphate series in the for each sample were prepared for petrographic observations and
western Meseta block and MHA domaiacujo, 197) but are in situ geochemical analyses using standard rock-polishing
eroded in the western MHA due to the following Atlasic, laboratory procedures at IC2MP, University of Poitiers.
orogenic deformationE| Bamiki et al., 2090 The Neogene  Portions of identical rock pieces were crushed and milled in
molassic sediments unconformably rest on the Upper agate mortar without using water for bulk mineralogical
Cretaceous/Paleogene sedimentary sequence. investigations.
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3.2 Analytical methods

Scanning  electron  microscopyPetrographic  and
mineralogical examination of carbon-coated, polished slab
sections and rock slabs were performed using a FEI Quantg
200 FEG SEM equipped with an Oxford Instruments energy
dispersive X-ray spectrometer (EDX) at MEA platform,
University of Montpellier. Samples were imaged in secondary
electron (SE) and backscattered electron (BSE) manjesrated
under a low vacuum at an accelerating voltage 13&V, 1 nA
beam current, and a working distance of 10 mto investigate
the crystal size and morphology of minerals as well as textural
relationships.

X-Ray Diffraction Whole-rock powder and2 um clay
mineral fraction of all samples were analyzed with XRD to
characterize the mineralogy of MHA phosphorites. XRD
patterns were acquired with a Bruker D8 ADVANCE
diffractometer (CuK radiation) operating at 40kV and
40mA at RRXG platform, University of Montpellier. The
extraction protocol for thec2 um clay fraction as well as XRD
analytical conditions are provided fBupplementary Methad
Bruker Eva software was used for indexing of peaks and the XRD
patterns compared with reference dafxi(dley and Brown,
1980.

Fourier transform infrared spectroscoftye<2 pum fraction
of AMZ8, AMZ9, and AMZ13 samples were further analyzed by
the Fourier transform infrared (FTIR) spectroscopy at IC2MP,
University of Poitiers. The study of OH-bending and OH-
stretching  vibration zones in middle infrared
(MIR—400-4,000 cm?) is of deep interest for characterizing
clay minerals Karmer, 1974 Madejova et al., 201 MIR
spectra were acquired using a Nicolet iS50 FTIR spectromete
equipped with a potassium bromide (KBr) beamsplitter and a
DTGS KBr detector. Spectra were obtained in transmission mode
from KBr pellets; each spectrum is an accumulation of 100 scans
acquired at 4 cntresolution. KBr pellets are a mixture of 1 mg of
sample and 149 mg of KBr that was pressed for 5 min at 8 kbar
and dried overnight in an oven at 120

In situ major and trace element compositidQeantitative
major and volatile element concentrations of phosphate minerals|
were measured using a CAMECA SX-100 electron microprobe

FIGURE 2

Tera-Wasserburg concordia diagrams for U-Pb dating of CFA

in the Moroccan High Atlas. (A) AMZ13 sample. (B) AMZ9 (green)
and AMZ8 (blue) samples. Black lines represent unanchored
discordias. Following the Pb model of Stacey and Kramers
(1975) red dashed-lines represent anchored discordias that were
calculated with an initial ( 2°”Ph/?°°Pb), ratio of 0.839,
corresponding to an emplacement age of ~60 Myr. Un  lled
ellipses were excluded from age calculations. Ellipses and errors
are reported at 2 . MSWD: Mean Squared Weighted deviation.

equipped with wavelength dispersive spectrometers at MAGE!
platform, University of Montpellier. The analysis of all samples

was performed to geochemically characterize the phosphate

composition and determine Ca abundances for LA-ICP-MS
internal  standardization. Electron probe microanalyses
(EPMA) were performed with an acceleration voltage of
15kV, 20nA beam current, and a ~1pum focused beam.
Additional information on the EPMA methodology and
detection limits are detailed imupplementary Metho@nd
Supplementary Table S1Furthermore, trace element
concentrations were determined by LA-ICP-MS using a
ThermoFinnigan Element XR ICP-MS coupled with a Geolas

Frontiers in Earth Science 05

platform housing a 193nm Compex 102 laser from
LambdaPhysik at AETE platform (OSU-OREME), University
of Montpellier. The laser beam was characterized by a 62J.cm
energy density, 6 Hz repetition rate, and 50 um spot size. LA-
ICP-MS analyses were calibrated with NIST standard reference
materiel 612 values€arce et al., 199BIR-1G standard was
used as external standard. Data processing and reduction are
detailed inSupplementary Method A-ICP-MS standard values
and their corresponding standard deviation \nd detection
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limits are reported inSupplementary Table SRPA-ICP-MS
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value of 0.839 (upper intercept) calculated for an age of 60 Ma

measurements were realized close to the EPMA areas tdi.e., the expected age for the deposition of MHA phosphorites).
carefully screen any possible weathering and diageneticThe resulting lower intercepts of anchored discordia dates of
in uences, using rare earth elements and yttrium (REEY)50.2 + 1.4 Ma (MSWD = 9.1) and 56.7 + 2.1 Ma (MSWD = 7)

geochemistry Supplementary Method for methods of
calculation).

U-Pb analysesAMZ8, AMZ9, and AMZ13 samples were

were inferred for the AMZ8-AMZ9 and AMZ13 samples,
respectively. The MSWD of these anchored discordias are
rather large %7), which makes the corresponding lower

investigated for U-Pb geochronology on sedimentary apatite,intercept dates unreliable. Importantly, the U-Pb isotope

using a LA-ICP-MS at the GeOHeLiS analytical platform,

values of phosphate grains show wellted isochrons with a

University of Rennes. Detailed instrumental conditions of the lack of signicant scattering Higure 3, suggesting that age
U-Pb LA-ICP-MS analyses and analytical set-up are provided in constraints are robust. Nonetheless, the U-Pb dates are up

Supplementary Table SOur data are originally uncorrected for
common Pb due to the isobaric interference betw@&b and
204g. More information about the analytical protocol can be
found in Pochon et al. (2016)The primary apatite reference
material used was Madagascar apatite standafe\ et al.,
2014 473.5 £ 0.7 Ma), while Durang®I¢Dowell et al., 2005
31.44 + 0.18 Ma) and McCluré&¢hoene and Bowring, 2006

to >15 Myr younger than the known late Danian to early
Thanetian biostratigraphic ages (Foraminiferous NP4-NP6
Zones;Figure 1 El Bamiki et al., 20901t is possible that the
U-Pb ages of the MHA phosphorites are not related to the age of
phosphate precipitation. We therefore screened for potential
environmental controls and post-depositional processes that
may have inuenced the validity of the U-Pb dates.

523.51 + 2.09 Ma) apatite reference materials were analyzed as

unknown to control reproducibility. The latter yieldédPb-
corrected ages of 31.8 + 0.3 Mha=(36) and 528.9 + 3.3 MaE
30), respectivelySupplementary Figure Ys1lsotopic data of
apatite standards, at 2 con dence, are presented in
Supplementary Table S4Finally, petrographic images of
studied samples are provided with all positions if situ
geochemical analysesupplementary Figure 52

4 Sedimentary phosphate dating

5 Weathering and diagenetic
screening

5.1 Nanoscale intergrowths between clay
and phosphate minerals

Petrographic observations usually allow a better
understanding of rock texture and mineral paragenetic
relationships with indications of diagenetic alterations, if any
(e.g.Middleton et al., 2003 SEM examinations reveal that the

We analyzed up to 30 phosphate grains for each of three MHA phosphorites commonly consist of rounded and elongated

MHA phosphorites. All U-Pb LA-ICP-MS data with
corresponding 2 uncertainties are reported iBupplementary
Table S5and plotted in Tera-Wasserburg diagrams using
IsoplotR (igure ) (Vermeesch, 20)3

phosphate peloids embedded in a clayey makiiy.(es 3AC,
4A). Concavo-convex contacts between phosphate grains suggest
a weak to moderate mechanical compaction((res 3A, R Clay

minerals are squeezed into pore between phosphate grains, which

Mean U concentrations of the investigated samples, 58.6 £suggests that their formation predates compactiegife 35.

5.7ppm (1,n=15),45.1+ 6.8 ppm(= 12), 42.7 + 9.6 pprm(=
13) for AMZ8, AMZ9, and AMZ13, respectivelyu(pplementary
Table Sj fall within the acceptable range suitable for U-Pb

dating. A total of 108 U-Pb LA-ICP-MS measurements were dolomite

Rhombohedral dolomite, euhedral calcite crystals, and minor
detrital grains, including quartz and titanium oxides, also
compose the matrix Higure 3Q. In contrast to calcite,

crystals exhibit partial dissolution features

conducted, all producing discordant results. The samples equally(Figure 3. Finally, the interior of broken peloids shows high

displayed a high proportion of common Pb witAPb°Pb

porosity occasionallylled by clay particles, as suggested by the

values ranging from 0.534 to 0.674, 0.697 to 0.766, and 0.579 tpresence of O, Si, Mg, and Al elements through EDX analysis

0.681 for AMZ8, AMZ9, and AMZ13, respectivelyiqure 3.
Isotopic data for AMZ8 and AMZ9 plot along the same discordia,
with a lower intercept date of 42.9 + 1.3 Ma (MSWD = 2.3)
(Figure 2% and 35.7 + 2.8 Ma (MSWD = 1.3) for AMZ13
(Figure 2A. Using an initial **Pbf°Pb composition
estimated from the crustal Pb evolution modelSsficey and
Kramers (1975) a common Pb correction on the Tera-
Wasserburg diagrams was also applied as signt amounts

of common Pb are hosted in the MHA CFA. The modelled
common Pb value was therefore anchored tG°@®bF°Pb),

Frontiers in Earth Science 06

(Figure 30 Supplementary Figure SRA

The P-rich grains measure 365 + 147 pm, (1= 50) in size
without irregular and discontinuous phosphate layers, suggesting
poorly transported phosphorites and supporting their
accumulation by arin situ winnowing environment Rufahl
and Grimm, 200% Micrometric sphere-like crystallites with
an average diameter of 0.53 + 0.17 pm, (1 = 40) form the
peloids Figures 4BD). Numerous pits are observed at the peloid
surface, draped by a clay coating. Moreover, the clay matrix is
characterized by unoriented phyllosilicateers and fan-shaped
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FIGURE 3

SEM images in back-scattered electron mode of Amizmiz phosphorites from the Moroccan High Atlas.  (A) The phosphate grains are embedded

in a dominantly clayey matrix in association with carbonate minerals. The P-rich grains experienced a weak to moderate degree of compaction as
shown by the concavo-convex grain contacts (green arrows). (B) The clayey matrix is squeezed between phosphate peloids due to mechanical
compaction (arrows). (C) Large and irregular phosphate peloid with numerous inclusions of quartz and fragmented shells. Orange and white

arrows indicate traces left by in situ geochemical measurements and secondary dissolution features of rhombohedral dolomite, respectively. (D)
Close up of image (C). Micrometric phosphate crystallites surrounded by a thin clayey structure within the peloid (arrows).

ber bundlesKigures 4B,E)Fwhich are typical morphologies of  phosphogenesis. Although the U-Pb measurements were
sepiolite [Siz030Mgg(OH)4(OH)4-8H,0] and palygorskite performed on large phosphate peloids, our microscopic
[SigO20(Mg2AlL)(OH)2(OHy) 4-4H,0O] minerals Knidiri et al., observations reveal that the U-Pb dates may also incorporate
2014 Kadir et al., 2016 Fiber particles have a micrometric a mixed signal, caused by the unavoidable presence of nm-sized
length and a width of less than 0.2 pmdures 4E - The EDX phyllosilicates that were introduced through highly porous
spectrum of bers mainly consists of Si and Mg with little Aland  spaces that existed between the phosphate crystallites.

Fe, consistent with the suggested presence of Mg-rich clay

minerals such as sepiolite and palygorskiteipplementary

Figure S3) Considering that both brous minerals can 5.2 Weak burial diagenesis

appear together at the crystallite scale, morphological

distinctions between sepiolite and palygorskite are, however, The CQ? content of CQ? -rich uorapatite may also serve

dif cult at this magnication. Platy particles are also as a good indicator of post-depositional alteratidfc{rthur,
recognized in the matrix, which could be indicative of 197§McClellan, 198McClellan and Van Kauwenbergh, 1991
smectite-like swelling clays-ifure 4f. The association of  Besides, the assemblage of clay minerals in sedimentary deposits,
smectite, sepiolite, and palygorskite has already been observed mainly used as proxies for uid-rock interactions,
(Daoudi et al., 20Q%Buarez and Garcia-Romero, 2048idiri paleoclimatic, paleoenvironmental, and thermal diagenetic
et al., 2014Kadir et al., 201)6 The apparent clay coating texture events in sedimentary rocks of Eastisurface \(leunier, 2005

on the MHA phosphate peloids and as porling point to Wilson, 2013 Aubineau et al., 20)1Therefore, the integrated
authigenic  rather than detrital origin, postdating study of phosphate and clay mineralogy should provide pertinent
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FIGURE 4

SEM images in secondary electron mode of Amizmiz phosphorites from the Moroccan High Atlas.  (A) Rounded to slightly elongated phosphate
peloids enclosedina nely laminated matrix (arrows). (B)Broken phosphate grain that consists of densely packed crystallites. (C) The peloid surface is
splotchy and occasionally draped by clayey layers (arrow). (D) Close up of image (C). High density of sphere-like phosphate crystallites intertwined
with a clayey material lling the porosity. (E)Close up of image (B). Fan-shaped ber bundle typical of sepiolite/palygorskite clay minerals.
Arrows show the sphere-like phosphate crystallites. (F) Nm- to um-long sepiolite/palygorskite bers (purple arrows) in association with platy
phyllosilicates (orange arrow) like smectite minerals.

information on secondary weathering and diagenetic history of compared to uorapatite, which suggests substitutions of

the Amizmiz rock sequence. COy? for PO within CFA ( f

Bulk XRD mineralogical data show that the MHA ). Using an empirical equation between the £0O
phosphorites are mainly composed of CFA as the main concentration and the difference id ( 2 ) of the (004) and
phosphate mineral with varying clay minerals, quartz, calcite, (410) CFA reections ¢ Ythe estimated C&
and dolomite occurring in relatively small proportions contents of CFA in the MHA phosphate deposits<3) range
( JAThe (211) and (300) strong from 8.03 to 8.36 wt.% + 0.5 %dble 3
re ections of CFA are shifted towards highet 2alues ). It should be noted that the presence of dolomite does not
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TABLE 1 XRD re ections and estimated CO 3* contents (wt.%) for the Amizmiz phosphorites. The carbonate concentration (wt.%) in CFA grains is

calculated as 10.643x *  52.512x + 56.986 where x stands for 2 (g04—_410) ( ).
Area Height Sample (410) (004) (410) (004) 2 COs*
(m) A A 2 2 content
Amizmiz 52.8 AMZ13 1.76150 1.72321 51.863 53.105 1.241 8.20
48.1 AMZ9 1.76215 1.72363 51.843 53.091 1.248 8.03
47.6 AMZ8 1.76180 1.72368 51.854 53.089 1.235 8.36
FIGURE 5
XRD patterns of the <2 pm clay fraction of Amizmiz phosphorites. Oriented preparations after airdrying (black lines) and glycolation (red lines).
Sepiolite (Sep); Palygorskite (Paly) illite/mica (I/M); quartz (Q); carbonate uorapatite (CFA); calcite (Ca).

overestimate the C® concentration of CFAA ¥ The position of their main reections slightly varies
). The clay-sized fraction of oriented preparations consists from one sample to another, which is explained by heterogeneous
mainly of trioctahedral sepiolite and dioctahedral palygorskite Mg and Al contents in these mineralsi( f

clays £ ). Sepiolite is dened by peaks at ~12.06 A, 7.47 A, JL3Both sepiolite and palygorskite
4.46 A, 3.72 A, and 3.36 A, while palygorskite is characterized byslightly expand to 0.2 and 0.1 A, respectively, after saturation
a strong peak at ~10.52 A as well as minoetions at ~6.48 A,  with ethylene glycol K ), which results from minute
5.39A, 4.46 A, 3.68 A, and ~3.24 An( 7 internal penetration of ethylene glycol into the channel of
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these brous clays\{Vilson, 201}. In addition, swelling clays and
mica are occasionally present in small amount.

FTIR analyses of the MHA clay-sized fraction were
performed to further characterize the clay mineralogy in the
OH-bending and  OH-stretching  vibration  regions
(Supplementary Figure :5'he OH bending bands, occurring
at 443, 651 and 696 cf indicative of lattice, SFO, and

Mgz—OH vibrations, respectively S(pplementary Figure
S5A, reveal the presence of trioctahedral Mg clay minerals.
On the other hand, the 512 cfabsorption band is attributed
to SHO-YAI bending vibrations of dioctahedral Al clay
minerals. Other spectra bands in the OH-bending region are

10.3389/feart.2022.997008

times since the climate was warivi(son, 201} Specically,
these brous clay minerals precipitate from alkaline pH 8 to
9 and from saline waters with high Si and Mg activitiésfver
and Beck, 1977Besides, increasing burial temperatsE)0C)
during diagenesis leads to transformation of sepiolite-
palygorskite \(Veaver and Beck, 19/7Depending on the
morphology of bers, sepiolite and palygorskite may
crystallize by direct chemical precipitation from evaporitic
lake or supersaturated interstitial waters and by dissolution/
recrystallization processes of a smectitic precur§ors(n,
2013 Knidiri et al., 2014

The absence of widespread swelling clays abrbus

dominated by the signature of phosphate minerals (568, 578, andsepiolite-palygorskite growing on platy smectite suggests that

604 cm?), dolomite (712 cnt), and quartz (776 and 797 ci
(Farmer, 1974Comodi and Liu, 2000Madejova et al., 2011
Furthermore, the OH stretching region shows one trioctahedral
Mg clay mineral absorption band at 3,680 énre ecting the

Mgs—OH vibrations, while two dioctahedral Al phyllosilicates
bands at 3,613 and 3,621 ¢nare due to Al.—OH vibrations
(Supplementary Figure SpB

The OH stretching band at ~3,560 clmis attributed to

FE'Mg-OH or 2Fé—OH vibrations {Vilson, 201} A
slight shift of this band towards higher or lower frequencies
may represent substitutions of¥=éor Mg in octahedral layers.
Finally, the ~3,400 crhbroad band is related to the presence of
bound water molecules in phyllosilicatesVi(son, 201}
Considering the small contributions of swelling clays and
micas in the MHA phosphorites=(gure 9, vibrational bands
of trioctahedral clay structure, more intense in AMZ8 spectrum,
are mainly related to sepiolite (Mg-rich clay), while dioctahedral
clay structure vibrational bands are diagnostic of palygorskite Al-
and Mg-rich clay. FTIR analyses point to an absence of
distinguished features of other clay minerals, supporting
XRD data.

Primary CFA are dened by a relatively uniform C®
content, from 5 to 8wt.%, recting the equilibrium with
seawater or porewaters in connection with the overlying water
column (Nathan, 198t Low-temperature alteration, including
weathering and diagenesis can lead to a sigmt CFA
decarbonation through time, resulting from the metastability
of CFA with respect to uorapatite Chien and Black, 1976
McClellan and Van Kauwenbergh, 199Unaltered CFA from
the Gantour basin, about 100 km northward of the studied
section, contain on average 7.42 = 0.74 wt.% 1f1= 5) of
CO#? (Aubineau et al., 2032which is similar to our measured
CO4? concentrations. Moreover, the XRD patterns and MIR

the transformation of smectite to sepiolite-palygorskite was not
the dominant mechanism in the Amizmiz phosphorites.
Secondary partial dissolution of rhombohedric dolomitic
crystals could have resulted from changes in physiochemical
conditions of the environments, which would have favored
subsequent sepiolite and palygorskite precipitatioregver
and Beck, 1977Akbulut and Kadir, 2003Kadir et al., 201)7
Considering the low amount of dolomite in the Amizmiz
samples, it is unlikely that all sepiolite-palygorskite-hosted Mg
derived from the dissolution of dolomite. Rather, sepiolite and
palygorskite chemically precipitated under supersaturated
conditions. Importantly, the preservation of sepiolite and
palygorskite, together with unaltered CFA, suggest that the
Amizmiz sediments have undergone negligible diagenetic
modi cations.

5.3 Seawater-in uenced chemical
environments

While the composition of the major elements of phosphate
grains has been used to document the chemistry of overlying
seawater and porewaters of sedimegts(in et al., 19§8arvis
et al.,, 1994 Pufahl and Grimm, 20Q3Arning et al., 2009
Aubineau et al., 2032 REEY in phosphate sediments are
reliable tracers of paleo-oceanographic environments and
post-depositional processes that affect sedimentary rock
sequences (e.gReynard et al., 1999Morad and Felitsyn,
2001 Shields and Stille, 200Kidder et al., 2003Garnit et al.,
2012 Kocsis et al., 201Bumiste et al., 201@hmad et al., 2020
Yang et al., 202Baioumy and Farouk, 202¥aletich et al.,
2022). We studied the major and trace element geochemistry of
the phosphate and clay minerals to decipher whether elemental

spectra, together with SEM observations revealed the occurrenceomposition could ascertain the chemical environments from

of both sepiolite and palygorskite in the MHA phosphorites.
Sepiolite and palygorskite authigenesis typically occur in
lacustrine and lagoonal environments under semi-arid/arid
and evaporitic climatic conditionsS{nger and Galan, 1984

which they formed.

5.3.1 Major element distribution in CFA peloids
The EPMA of the CFA grains show mixed chemical

The formation of sepiolite-palygorskite has also been recorded incompositions between apatite and Mg-rich and Mg-poor clay
coastal marine environments during late Cretaceous to Eocenaninerals Gupplementary Figure SSupplementary Table }1
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FIGURE 6

Average PAAS-normalized REEY values of Amizmiz phosphorites from the Moroccan High Atlas (blue, green, and purple lines) compared with

the average REE¥%y spectrum of modern seawater ( Alibo and Nozalki, 1999; black line), recent marine phosphorites ( Lumisie etal., 2019; red line) and
unaltered Cambrian phosphorite (I1X-25, Shields and Stille, 2007; orange line). Seawater-like patterns in the Amizmiz samples are preserved with no
MREE arching. Data from this study and [.umiste et al. (2019) were collected by LA-ICP-MS, while Shields and Stillés (2001) and Alibo and
Nozaki's (1999) values come from bulk ICP-MS analyses. PAAS values are from Taylor and McLennan (1985).

Consequently, the average structural formulae of CFA cannot bestrong diagenetic iruence. Moreover, (Sm/Y&)and (Sm/Pryy
calculated. Quantitative major element mapping of the MHA ratios plot on the HREE enrichecld (Figure 74. Specically,
phosphorites reveal homogeneous Ca andafRd thus CQ* (Sm/Ybxyaveraged 0.79 £ 0.12, 0.77 + 0.07, and 0.62 + 0.05 for
composition of the CFA grainsS(ipplementary Figure 7 the AMZ8, AMZ9, and AMZ13, respectively, with corresponding
Accessory minerals like sdles are absent within the CFA averaged (Sm/Pgyratios of 1.33 + 0.09, 1.29 + 0.06, and 1.28 +
peloids. Combined, these observations indicate uniform rate of0.04, respectively. The (Ce/Gg{ys. (Pr/Pr*yy diagram shows
organic matter remineralization and stable organic carbon exportthat the samples display true negative Ce anomaédligsie 7,

at the water-sediment interface during phosphogenesis, resultingaken to re ect oxygenated seawater and porewater conditions.
in negligible local increase in alkalinity and porewater anoxic/ A positive La anomaly, causing apparent negative Ce
sul dic conditions Pufahl and Grimm, 20GZrning et al., 2009 anomaly, is sometimes observed in a few AMZ8 and

Aubineau et al., 2032 AMZ9 grains. Importantly, the lack of strong correlations
between (Ce/Ce%) and (Dy/Smyyn in the MHA samples
5.3.2 REEY distribution in CFA grains indicates that the negative Ce anomalies were not controlled

The LA-ICP-MS results and corresponding REEY-based by diagenetic uids (Figure 7Q (Shields and Stille, 2001
proxies are presented iBupplementary Table S€ompared However, a (La/Yk) vs. (La/Smyy plot suggests a weak or
to unaltered modern and ancient phosphorites, PAAS- ‘early diagenetic adsorption of REE by the CFA grains cannot be
normalized REEY patterns (hereafter referred to as BREY ruled out (Figure 70 Reynard et al., 19%9(La/Yb)y ratios,
of MHA CFA are relatively similarHgure 6 Supplementary ranging from 0.63 to 0.98, are slightly higher than those of
Figure SR The uniformity of all REE¥\ patterns hints uptake of ~ modern seawater, while (La/SgQ)ratios, between 0.85 and
REEY from a geochemically unifornuid. On the other hand, 1.57, are similar ghields and Stille, 2001The MHA CFA
the MHA P-rich peloids are characterized by higher RGEY peloids display uniform and slightly positive Eu and Gd
contents than the recent Namibian apatite grains and Cambrian anomalies with (Eu/Eu), values of 1.23 + 0.04, 1.18 + 0.05,
phosphorites. Further, REEY distribution in the MHA CFA and 1.25+ 0.06 as well as (Gd/Ggljyalues 0f 1.30 + 0.03, 1.26 +
grains are depleted in LRErelative to HREEy, they contain 0.04, and 1.31 £ 0.04 for the AMZ8, AMZ9 and AMZ13 samples,
negative Ce anomalies, slight positive Gd anomalies, and high YfespectivelyKigure ¢ Supplementary Figure SBupplementary
Ho ratios, characteristics pronounced for a seawater sourcelable Sk Strong positive Eu anomalies?)), usually promoted
(Bolhar et al., 20G%and references therein). by high-temperature hydrothermalixes $200C) (Bolhar et al.,

None of the CFA grains display th®ell-shapet!t MREE 2004 Planavsky et al., 20),@@re not observed in our samples. A
enrichment pattern Kigure 6 Supplementary Figure 8  Gd enrichment relative to the neighboring Eu and Tb rather
diagnostic of intensive diagenetic REE scavenginhglds and implies a seawater origirD¢ Baar et al., 19%50n the other
Stille, 200). Similarly, the mean bell-shaped index, which hand, Gd enrichment could simply reveal differences in surface
assesses the degree of middle REE enrichment, is 1.12 + 0.08pmplexation compared with Eu and Thi(n et al., 199). The
1.08 + 0.05, and 0.99 + 0.04 for the AMZ8, AMZ9, and average Y/Ho ratios of the AMZ8, AMZ9, and AMZ13 samples
AMZ13 samples, respectively, consistent with the absence ofre 49.56 + 3.51, 49.18 + 3.37, and 54.98 + 3.54, respectively
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FIGURE 7

REEY cross-plots highlighting the effect of both depositional setting and diagenesis. Mean REEY gy value (n = 22, 1) of unaltered, Plio-
Quaternay Namibian phosphorites is shown by the red square ( Lumiste et al., 2019). (A) (Sm/Yb)sy vs. (Sm/Prky, after Garnit et al. (2012), Light (La to
Nd), Middle (Sm to Dy), and Heavy (Ho to Lu) REE referred to as LREE, MREE, and HREE, respectivelB) Ce anomaly vs. Pr anomaly, after Bau and
Dulski (1996). Field (1) no La and Ce anomalies; Fields lla and |lb: apparent negative and positive Ce caused by positive and negative La anomaly,
respectively; Fields Illa and llIb: true positive and negative Ce anomaly, respectively. (C) Ce anomaly vs. (Dy/Sm)sy, after Shields and Stille (2001) (D)
(La/Yb)sn Vs. (La/Sm)y, after Reynard etal. (1999) (E)Y/Ho vs. Zr, after Bolhar et al. (2004). (F)Y anomaly vs. (La/Nd)y, after Shields and Stille (2001)
PAAS values are fromTaylor and MclLennan (1985).

(Figure 7B, which is above the typical seawater ratio of 44 three peloids Kigure 7f. Y anomalies have average values of
(Bolhar et al., 2004 Such high Y/Ho values rect the lower 1.85+0.15,1.84+0.15, and 2.11 + 0.14, while (LafiNderage

af nity of Y towards metal oxides in oxygenated seawater (  values are 1.32+0.18, 1.14 + 0.15, and 1.54 + 0.12 for the AMZ8,
et al., 199/Planavsky et al., 20).0'he absence of mixing trend  AMZ9, and AMZ13 samples, respectively. Y anomaly and (La/
towards Y/Ho molar ratio of ~26, characterizing the terrestrial Nd)sy values are expected to increase during weathering due to
rocks @olhar et al., 2004indicates that the CFA-hosted REEY the lanthanide tetrad effecBfu et al., 199¢ resulting in the
concentrations are unlikely to be sourced from clay minerals or preferential retention of the more stable La, Gd, and Y elements.
Fe-Mn oxyhydroxides during early diagenesis. Similarly, Y/Ho Also, diagenesis lowers the La content and reduces the Y anomaly
values do not correlate with Zr in the MHA CFA peloids (Shields and Stille, 20))which is not observed in our samples.
(Figure 7B, suggesting no siliciclastic detrital irence on the In light of these considerations, we interpret the observed
REEY composition of CFA peloids. Finally, (Yi{fand (La/ REE Y distribution in the MHA CFA peloids to record a weak
Nd)snratios plot within the seawatekeld, with the exception of  or ‘early diagenetic adsorption from oxic to suboxic, seawater-
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could result from lower adsorption rates andrafy for REEY
and U from seawater relative to the phosphate minerals
(Valsami-Jones et al.,, 1998rueman and Tuross, 2002
Moldoveanu and Papangelakis, 20Xainhikrishnan et al.,
2022. Thus, if clay mineral-hosted uranium had contributed
to the U-Pb date estimates, this irence would have been weak.

6 Understanding the U-Pb CFA dating

U-Pb ages of the MHA phosphorites, which are by far
younger than the expected late Danian to early Thanetian
biostratigraphic ages, do not obviously record phosphate
precipitation at the water-sediment interface. Therefore, our
studied samples were subjected to closer scrutiny. The loss of
U decay products is unlikely as most of our U-Pb LA-ICP-MS
data are aligned along robust discordias.

FIGURE 8 o The petrographic, mineralogical, and geochemical screens
REEY\ patterns of Amizmiz samples from the Moroccan o . . .

High Atlas. Data comparisons between CFA peloids (average reveal the presence of sepiolite/palygorskite clay minerals in close
values) and clay matrix. REE¥y patterns of clay minerals are not association with the phosphate material; both inside and outside,
strongly different from those of CFA grains. However, values . . . . .
are. at least, ten times lower. PAAS values are from T ay10r 41 precipitated from high alkaline-saline seawater under hot arid
McLennan (1985). climatic conditions, following either storm and bottom current

wash-over transport to the inner platform or sea-level fall. The
morphology of phosphate peloids, however, excludes the
in uence of signicant hydrodynamic transport. The precise
dominated pore uids with a limited effect of detrital material. timing of clay formation after phosphogenesis remains
The absence of MREE enrichment precludes extensitatér uncertain, but would have occurred when the speci
diagenetic recrystallizatioR ¢ynard et al., 199and in uence of chemical conditions for sepiolite-palygorskite authigenesis
anoxic porewaters-aley et al., 20G4<ocsis et al., 2009The were met. The depositional environment in the Amizmiz
removal of non-tetrad REE is not shown by our dataset, which sequence becoming shallower during the late Paleocene to
supports no post-depositional weathering uence. High early Eocene, together with global warming events at that time
hydrothermal activity, attributed to strong Ewenrichment, (Zachos et al., 20))Icould have been suitable for precipitation of
is not recorded by the CFA grains. Thus, the RE&Xatterns sepiolite-palygorskite. Thus, the Mg-rich phyllosilicates in the
mirror near-pristine marine composition, implying that post- late Danian-early Thanetian phosphorites would have
depositional alterations on the U-Pb geochronometer were crystallized from supersaturated interstitial conditions several

unlikely. million years €5 Myr) after phosphate formation. High porosity
in phosphate peloids\Méand et al., 203;8_Lumiste et al., 2039
5.3.3 Trace element distribution in clay minerals Aubineau et al., 2032could not have prevented circulation of

LA-ICP-MS analyses of the clay matrix were also conducted uids between CFA crystallites. Considering the lower amount of
to decipher whether phyllosilicates could have strongly clays compared to CFA within the analyzed LA-ICP-MS
in uenced the U-Pb chronometrys(pplementary Table %7 volumes, together with low clay-hosted U contents, these Mg-
Detrital clay material usually has at PAAS-normalized REEY  rich phyllosilicates are, however, unlikely touence the U-Pb
pattern with no anomaly diagnostic of marine environments dating. Overall, the reported U-Pb dates do not record the clay
(Tostevin et al., 20)6 REEYy patterns of the MHA clay authigenesis.
minerals are similar to those of the CFA grairgg(re §, REEY are usually released from organic and oxyhydroxide
although their REEY, contents are much lower by up to particulates  through redox-driven organic matter

10-fold, implying that the clay matrix formed from seawater- remineralization and reductive dissolution of oxyhydroxides in
dominated pore uids. Alternatively, the presence of CFA sedimentsiarvis etal., 199/REEY in porewaters may be either
crystallites in the matrix Higures 3AC, 4E,f could have incorporated into the crystal lattice at the time of apatite
overprinted clay REEY patterns. Importantly, the U precipitation or absorbed onto their surface sites during early
concentrations of clays average 3.11 + 1.77 ppn¥ (12), diagenesisHeynard et al., 19)9Rates of REEY uptake into
which is radically smaller than those of CFA grains (49.35 + bioapatite are presumably fast on geological
10.33 ppmn = 40). The observed composition in clay minerals timescales,<1®years {rueman and Tuross, 20pZohn,
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2009, which implies that the REEY composition of phosphate investigation suggest that trace elements uptake may have not
minerals mirrors that of the medium in which they precipitate been limited to the rst hundreds of thousands of years.

within the next hundreds of thousands of years. As long as typical ~ Similarly, Lu-Hf dating of bioapatite have yielded robust but
seawater-like REE)| pattern is preserved, REEYpatterns of younger ages>30Ma than the expected biostratigraphic
phosphate minerals are therefore interpreted teot ambient depositional agesKfcsis et al., 20iHerwartz et al., 2011
seawater-dominated poreuids during early diagenesis. In 2019, which is thought to result from the speci apatite
addition, REEY enrichments in phosphorites is time- crystallite size facilitating adsorption, desorption and diffusion
independent Figure 6 Reynard et al., 199Baioumy and processes and thus long-term open system behavior (e.g.,
Farouk, 202p and controlled by the REEY composition of Herwartz et al.,, 20)3 Open system behavior over a
seawater, redox-controlled mechanisms during early prolonged timescale would have caused a REE uptake over

diagenesis, burial, or post-depositional processé&sAithur millions of years in fossils<Qcsis et al., 20i®erwartz et al.,
and Walsh, 1985Haley et al., 20Q4Lécuyer et al., 2004 2011, 2013, perturbing the Lu-Hf systenf.rueman and Tuross
Kocsis et al., 2009 (2002) suggested that the rapid iing of pore spaces and
Also, the REEY\ compositions of the MHA samples are intercrystalline porosity by mineral authigenesis would
strongly enriched by several orders of magnitused) with probably prevent diffusion of elements at the crystallite

respect to seawater, which may point to long-term interactions surface of apatite minerals. In other words, closure of the
with seawater-dominated porewaters. Based on the REEVYinter- and intragranular porosity would have lowered the
geochemistry from this study, adsorption mechanism would P-rich crystallites-porewater interactions during diagenesis,
have been the dominant process of REEY uptake onto thewhich, in turn, would have likely protected crystallite surfaces
MHA CFA crystallite surfaces, resulting in a slight from further exchange. The inherent porous structures of CFA
fractionation of (La/Yhjy ratios compared to seawater. The peloids andetal., 2038 umiste et al., 20)9together with the
degree of adsorption may have controlled differences of REEYcrumbly MHA phosphate rocks, denote that the clay authigenesis
patterns and concentrations in phosphoritése(nard et al., alone, occurring rapidly after phosphogenesis on the geological
1999, explaining the slight heterogeneity of MHA RERY  timescale, would have not been siént to decrease both the
patterns relative to trends observed for unaltered phosphoritespore spaces and intercrystalline porosity in the MHA
of different ages. Combined to adsorption, diffusion of REEY phosphorites. We, thus, hypothesized that the pm-sized MHA
takes place in phosphate biominerals as a consequence of th€FA crystallites would have had the ability to chemically re-
large surface to volume ratio of the um-sized phosphate crystalsequilibrate with ambient medium upon long-term interactions
(Millard and Hedges, 1998ohn, 200$. As we have shown, such  with seawater-dominateduids.
tiny crystallites characterized the MHA phosphate peloids.
Furthermore, diffusion models predict homogeneous REEY
concentrations in phosphate mineralsii{ard and Hedges, [/ Signi cance of U-Pb ages of
1996 Kohn, 200%. There are no signcant differences in sedimentary CFA
REEY concentrations from the edge to the core of the MHA
phosphate peloids, with the exception of one sample Radiometric U-Pb LA-ICP-MS dating of Phanerozoic
(Supplementary Table J;@vhich likely indicates the presence phosphorites are scarce and not well unconstrairiddlr(ar
of open system diffusion and re-equilibration with seawater- etal., 20180'Sullivan et al., 20)lprobably because sedimentary
dominated porewaters for extended intervals. apatite group minerals may be subject to alteration that could
Because adsorption, desorption and diffusion processes affedead to diagenetic addition and loss of U and radiogenic daughter
the distribution of REEY on the crystallite surfaces, it is isotopes (e.gBalter et al., 200&Romer, 200)L
reasonable to assume that a wide range of less immobile Robust U-Pb dating associated with primary CFA grains and
elements (e.g., U) would have behaved similarly. Besides, theeawater-like REEY patterns in the MHA granular
crystallographic position of U in sedimentary CFA is uncertain. phosphorites are clearly unique data. While phosphate peloids
U may be incorporated in the CFA lattice or adsorbed onto the rapidly form as little as few years after nucleatienr(ett et al.,
crystallite surfaceslgrvis et al., 1994Combined, this raises 1989, intense adsorption and diffusion processes would have
questions on the effectiveness of the U-Pb chronometer tosigni cantly delayed the closed system behavior. Such
precisely deduce the age of sedimentary phosphateconsiderations are particularly important because the MHA
precipitation, especially where minute phosphate crystals arephosphate grains were continuoushushed by seawater-
present. If the U-Pb chronometry represents ages of dominated uids, which would have accounted for desorption
phosphate precipitation, the CFA crystallites should behave asof old bound U into the phosphorites as new U atoms from
a closed system over time, with U uptake limited to the time of porewaters would have replaced the older ones. Th2518lyr
CFA formation. However, our U-Pb dating and geochemical time gap between biostratigraphic and chronological ages

Frontiers in Earth Science 14 frontiersin.org



Aubineau et al. 10.3389/feart.2022.997008

corresponds to a long-term open system behavior that needs tamargin of the central Atlantic Ocean remained opened and in
be taken with caution when interpreting geochemical data. stable connection with oxygenated seawater for at least 15 Myr
To our knowledge, two geological events could have inhibited after the Paleogene phosphogenic events. In the Amizmiz
the phosphate-porewater interactions. First, occlusion of porecarbonates and marls, these redox conditions of seawater are
spaces and intercrystalline porosity by mineral precipitation further supported by the presence of abund&htlassinoides
combined with rock compaction, resulting in sediment galleries that reect burrow ventilation and oxygen uptake by
lithi cation, may have helped to lock the U-Pb system. animals £l Bamiki, 202DEl Bamiki et al., 2090
Overall, lithi cation partly depends on sedimentation rates
that are often low in phosphogenesis zones, estimated for
example to be<20 m/Myr in the Peru Margin Burnett et al., 8 Conclusion
198§ Filippelli, 199 and consistent with the estimated
sedimentation rates for the Amizmiz phosphate series.  This study does not support the application of U-Pb CFA
Consequently, a low sedimentation rate would have possiblydating to constrain the chronostratigrahy of sedimentary
ampli ed the long-term open system behavior of the MHA CFA phosphate rock sequences. The data however suggest that
crystallites. Moreover, in northwest Africa, thest stage of when combined with geochemical screening of CFA grains
shortening and uplift of the Atlas domain possibly occurred and the surrounding matrix and cement composition, U-Pb
during the middle to late Eocenkgl{chard et al., 20G&rizon de dating of CFA grains can be used to reconstruct the
Lamotte et al., 2009which is in good agreement with our U-Pb  geodynamic and redox evolution of seawater as well as
dates of 42.9 + 1.3 Ma (AMZ8 and AMZ9) and 35.7 + 2.8 Ma shallow sediment porewateruids, long after deposition.
(AMZ13). Therefore, the U-Pb ages of CFA could have recordedThis is attributed to the fact that the intrinsic feature of the
the beginning of the Atlas uplift. This would have drained the nm- to um-sized crystallites of sedimentary apatite group
basin, preserving the recorded open system interaction ofminerals allows etient adsorption and diffusion to take

seawater with the shallow water sediments beforal place. This behavior enables real-time recording of seawater-
disconnection from seawater. Both litbation and Atlas sediment history, long after deposition of the CFA minerals, the
orogeny may also have concurrently occurred. drawback being that past events are erased. Therefore, it is

Regardless of the cause that led to CFA crystallites assuming anpossible to predict the exaseawater conditions under
closed system behavior, the REEY compositions of the MHAwhich the grains initially formed. Importantly, extensive or
CFA escaped overprinting by post-depositional processes afteflaté’ diagenetic alteration is not required to explain the
phosphate precipitation, indicating that the origin of interstitial observed time gap. Nonetheless, important information can
pore uids was unchanged. Oxic to suboxic seawater-dominatedbe retrieved, including the age of closed system behavior and
porewaters were predominant until the system was closed bythus of the processes responsible for it. Considering the low
either lithi cation or drainage associated with the Atlas orogeny. sedimentation rate in upwellingelated phosphogenic areas, a
In spite of evidence for temporal occurrences of lagoonal to further question is whether U-Pb dating of sedimentary CFA
deltaic sedimentation in the aftermath of Thanetian in the MHA peloids in non-upwelling, continental margin environments
(ElBamikietal., 2090 uids with strong seawater characteristics under high sedimentation rate (e.guttenberg and Berner,
would have continuously percolated to the underlying 1999, yields the expected stratagrhic age. Alternatively,
phosphate-rich sediments, until detive continentalization larger CFA crystallite sizes should be targeted for U-Pb
during the middle to late Eocene orogenic uplift. If true, the dating (Herwartz et al., 20)3
inferred U-Pb ages might be pointing to the early stages of the  The open system behavior of um CFA crystallites, as
Atlas orogeny, marked by the uplifting of sediments and suggested by our results, limits the use of phosphorite-hosted
permanent termination of the exposure of the MHA grains to REEY as paleoseawater proxies for paleoceanographic,
seawater. taphonomic, and paleoenvironmental reconstructions. If

The sedimentary thickness corresponding to a minimum sedimentary CFA behaves as closed system millions of years
time lapse of 15 Myr between biostratigraphic and chronological after precipitation, REEY will be inherited from diachronous
ages can be approximately estimated in the Amizmiz sequenceseawater-connectediuids. Petrography, mineralogy, and trace
With the available biostratigraphic data, it approximates at leastelement geochemistry have barely helped to decipher how long
100 m but could be twice as thick, which implies extensive the open system behavior lasted in this study. In contrast, because
percolated uids from seawater. In modern environments, the the U-Pb geochronometer for CFA grains is shown to be useful in
microbially in uenced conversion of smectite to illite is possibly constraining the extent of U-Pb exchange in sedimentary
promoted by K-bearing seawateuids percolating down to  phosphate-rich environments, it is proposed as a geodynamic
700 m below the seaor through terrigenous turbidites and and seawater-sediment porewateid chronometer capable of
mudstones Kim et al.,, 201 We, thus, propose that a recording real-time events long after sediment deposition, as a
shallow marine sediments platform on the eastern passivefunction of system closure time.
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