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Abstract

Phosphorus (P) is the ultimate limiting nutrient for primary productivity on
geological timescales, but reconstructing ancient seawater phosphate
concentrations in iron-rich sediments is complicated by post-depositional
transformations that may obscure primary P signatures. Here, we investigate
phosphorus phase partitioning in Late Devonian Ningxiang oolitic ironstones from
South China, using a combined approach integrating sequential chemical
extractions, solid-state 3P nuclear magnetic resonance (SSNMR), and P K-edge
X-ray absorption near-edge structure (XANES) spectroscopy. The ironstones,
composed mainly of hematite, exhibit systematically higher P contents than their
siliciclastic host rocks. Our results reveal pronounced stratigraphic variability in P
phases: Al/Fe-bound P dominates in the Huangjiadeng Formation, whereas
authigenic Ca-phosphates (apatite and carbonate-fluorapatite) prevail in the
overlying Xiejingsi Formation. This transition reflects diagenetic transformation of
primary Fe-P phases under progressively reducing pore-water conditions, followed
by re-precipitation as stable Ca-phosphate minerals. Spectroscopic analyses
reveal that Al-bearing minerals constitute a significant, yet previously
underappreciated, sink for phosphorus. This redistribution of P among Fe-, Al- and
Ca-bound phases challenges the conventional use of bulk P/Fe ratios in

Phanerozoic ironstones as direct proxies for paleo-seawater phosphate

3
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concentrations. Our study demonstrates that coupling XAFS and NMR

spectroscopy with sequential extractions provides a powerful approach to resolve

phosphorus phase partitioning and cycling in ancient marine settings.

Keywords: oolitic ironstone; Devonian; phosphorus phase partitioning; Al-bound P
minerals; oceanic redox conditions; XAFS; XANES; NMR; seawater phosphate
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1. Introduction

Phosphorus (P) is an essential macronutrient for life because of its critical role
in the formation of genetic materials (DNA and RNA), mediating energy transfer
(via ATP), and constructing lipid membranes (e.g., Defforey and Paytan, 2018;
Westheimer, 1987). On geological timescales, phosphorus is widely regarded as
the ultimate limiting nutrient for primary producers (Tyrrell, 1999). Consequently,
the bioavailability of P in the ocean regulated primary productivity, organic carbon
burial, and ultimately oxygen production, across extended intervals of Earth’s
history (Alcott et al., 2022; Bjerrum and Canfield, 2002; Guilbaud et al., 2020;
Planavsky et al., 2010; Reinhard et al., 2017).

In the marine realm, the bioavailability of P is principally controlled by inputs to
the ocean and outputs to sediments (Ruttenberg, 2014). The dominant source of P
is through transport from continents to the ocean via rivers, while the principal P
sinks comprise sedimentary burial in association with organic matter (Pog), iron
minerals (Pre), authigenic minerals (Pauth) and detrital apatite (Pget) (e.9., Paytan
and McLaughlin, 2007; Ruttenberg, 2014). Previous studies have demonstrated
that P sequestration and regeneration are highly redox dependent (e.g., Ingall et al.,
1993; Ingall and Jahnke, 1994). For example, under anoxic conditions, P can be
released through the degradation of organic matter or the reductive dissolution of

Fe (oxyhydr)oxides. This released P may then undergo ‘sink-switching’ to
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authigenic phases, including carbonate fluorapatite (CFA) or vivianite, in addition
to re-adsorption to Fe (oxyhydr)oxides (Jilbert and Slomp, 2013; Ruttenberg and
Berner, 1993; Slomp et al., 1996; Van Cappellen and Ingall, 1994; Xiong et al,,
2019). However, a proportion of the P released during diagenesis may also be
recycled back to the water column, where it may promote further productivity (e.g.,
Ingall and Jahnke, 1994; 1997; Slomp et al., 2002; 2004). This process may be
particularly significant under euxinic water column conditions or under ferruginous
water column conditions where porewaters are sulfidic close to the
sediment-water interface (e.g., Alcott et al., 2022; Qiu et al., 2022).

Understanding the role of diagenesis in controlling P cycling in Fe-rich
chemical sediments is, however, poorly constrained, although previous work has
demonstrated the potential for extensive ‘sink-switching’ in some settings
(Konhauser et al., 2007; Poulton and Canfield, 2006; Schad et al., 2021). However,
our understanding of how diagenesis modifies P phase partitioning in Phanerozoic
ironstones is particularly limited, due to a lack of studies that directly characterize
P phases, rather than simply inferring host phases from bulk ratios.

To address these knowledge gaps, sequential extraction techniques (e.g., the
SEDEX scheme and its modifications; Ruttenberg, 1992; Thompson et al., 2019)
have been widely employed to quantify operationally-defined sedimentary P pools,

greatly advancing our understanding of ancient P cycling (e.g., Guilbaud et al,,
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2020; Qiu et al., 2022; Schobben et al., 2020; Song et al., 2023; Yang et al., 2024).
However, these methods do not directly identify the mineralogical hosts or
bonding environments of P, which are critical for understanding its diagenetic
behaviour. Spectroscopic techniques can overcome this limitation. Specifically,
3P solid-state nuclear magnetic resonance (SSNMR) spectroscopy is a
non-destructive and element-specific technique, which can probe the local
molecular bonding environment around P atoms, thereby enabling inorganic P
phases (e.g., Ca-bound P, Al-bound P) to be distinguished based on unique
chemical shifts (Kar et al.,, 2011; Li et al., 2012; Li et al., 2015; Mason et al., 2011;
Prietzel et al., 2013). Additionally, P K-edge X-ray absorption near edge structure
(XANES) spectroscopy complements SSNMR by detecting Fe-bound P (a phase
that is difficult to detect with SSNMR; Negassa et al., 2010; Kizewski et al., 2011; Li
et al., 2015; Liu et al., 2015). Therefore, the combined application of sequential
chemical extractions and spectroscopic techniques offers a powerful approach to
investigate P phase partitioning in sedimentary rocks.

The Late Devonian Ningxiang-type iron deposits in South China are a prime
example of Phanerozoic ironstones, yet the phase associations and diagenetic
cycling of P within these deposits remain poorly constrained. Here, we integrate
sequential extractions and multi-spectroscopic analyses (XANES and SSNMR) to

resolve phase-specific P distributions in the Ningxiang oolitic ironstones. Our two

7/
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major objectives are: (1) to fully characterize the distribution of P phases and
identify potential diagenetic transformations, and (2) to use comprehensive P
phase association data to assess how phosphorus partitioning in ironstones may
modify the applicability and reliability of bulk geochemical proxies (e.g., P/Fe

ratios) for the reconstruction of ancient seawater phosphate concentrations.

2. Geological background

Oolitic ironstones (OISs) are iron-rich (>15 wt%) chemical sedimentary rocks
that were commonly deposited during the Ordovician-Devonian and
Jurassic-Paleogene (Bekker et al., 2010; Matheson and Pufahl, 2021). Typically,
OIS is primarily composed of Fe- (e.g., hematite) and Si- (e.g., chamosite,
berthierite) coated and cemented grains. The Devonian OIS samples used in this
study were collected from the Huoshaoping area, Hubei Province, South China and
are known as Ningxiang-type ironstones (Fig. 1). Ningxiang OISs are important iron
resources (>3.72 billion tons of iron) that were widely deposited in shore to shelf
environments (Liu et al., 2017; Zhou et al., 2024; Fig. 1). Four ironstone layers
(named Fe,, Fey, Fey and Feyy) occur within siliciclastic-carbonate rocks of the Late
Devonian Huangjiadeng and Xiejingsi formations (Fig. 2). Based on the Late

Devonian chronostratigraphy of China, the Huangjiadeng Formation (Hubei) and its
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equivalent Shetiangiao Formation (Hunan) were deposited during the Frasnian
(383-372 Ma), whereas the Xiejingsi Formation and its equivalent Xikuangshan
Formation were deposited during the Famennian (372-359 Ma) (Qie et al., 2018).
The Huangjiadeng Formation was deposited in a nearshore environment, as
evidenced by its dominant lithology of thick sandstone and mudstone beds, which
commonly contain sedimentary structures such as obligue bedding,
cross-bedding, and ripple marks (Fig. 2; Gan et al., 2021; Ma and Zong, 2010).
Within this formation, Fe, and Fe; occur as thin, discontinuous iron-rich layers
(Figs. 3A, B). The Xiejingsi Formation was deposited in an offshore environment
characterized by a mixture of limestones, oolitic ironstones and shales (Fig. 2; Gan
et al., 2021; Ma and Zong, 2010). The lower Xiejingsi Formation is dominated by
shales, with infrequent layers of quartz sandstones and silty mudstones. The upper
Xigjingsi Formation consists of limestones and marls intermixed with siliciclastic
rocks. Corals, brachiopods and molluscs are more common in the Xiejingsi
Formation than in the Huangjiadeng Formation (Fig. 2C). The Fey; and Feyy layers
developed during deposition of the upper Xiejingsi Formation. The Fe, layer is the
main iron-bearing layer and can be further divided into Fey', Fey? and Feyl

intervals (Figs. 3C-G).



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

3. Materials and Methods
3.1. Sampling

Twenty-one samples were collected, including two OIS samples from Fe,, one
from Fey, and one from Feyy (Fig. 2). The most iron-rich layer, Fey, was precipitated
during transgression and regression cycles, and six samples were collected. In
addition, 11 samples of fine-grained siliciclastic rocks were collected from the
interlayers of these iron-rich layers. The sample naming convention is as follows:
Fe,"-x, where ‘m’ is the main iron-bearing layer, 'n’ is the sub-layer, and X’ is the

sample number.

3.2. Microscopy, XRD and SEM-EDS analysis

The morphology of the oolitic particles was observed by polarizing
microscopy. Mineralogy was analysed via X-ray diffraction (XRD), while
microstructures were analysed by scanning electron microscopy (SEM). XRD (Cu
Ka radiation) data were collected via a Bruker (Germany) D2 Phaser at 10-80° 26
with a step size of 0.2°. We used the powder diffraction files provided in MDI Jade
6.0 software to identify the mineralogy of the crystalline phases in the samples. To
further investigate the elemental distributions of P and Fe, the samples were

analysed via SEM (Sigma 500, Germany) with an energy dispersive spectrometer

(SEM-EDS; Inca Energy 400, Oxford, UK). SEM-EDS elemental mapping was
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performed on carbon-coated samples using an accelerating voltage of 15 kV and a
working distance of approximately 10 mm. Maps were acquired with a pixel
resolution of 2048 x 1536 and a dwell time of 5 ps per pixel, resulting in a total

acquisition time of approximately 15-20 seconds per map.

3.3. Major elements and organic carbon analyses

For total element and total organic carbon (TOC) analyses, samples were
ground into fine powder (<200 mesh) via an agate mortar. Major element
compositions (Ca, Al, P and Fe) were measured at the University of Leeds via
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES,
ThermoFisher iCAP 7400) on ashed samples that were subsequently dissolved
with HF-HNO3-HCIO,4. Replicate major element analyses of the samples via
ICP-OES vyielded relative standard deviations (RSDs) of <2%, and accuracies
greater than 90%, as determined by recovery rates following analyses of Brush
Creek Shale (CBC-1). Before the analysis of TOC, ~0.5 g of sample powder was
treated with 10 ml of 1 M HCI for 12 h to remove carbonate minerals. The samples
were subsequently centrifuged at 10,000 rpm for 5 min before being washed with
ultrapure water three times. TOC concentrations were measured on a Costech ECS
4024 CNHS-O Elemental Combustion Analyser at the Key Laboratory of Surficial

Geochemistry, Nanjing University. Replicate analyses gave RSDs of <2% for each
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sample.

3.4. Phosphorus sequential extractions

The detailed steps for phosphorus sequential extractions are presented in Fig.
S1. The solubility of P, may decrease during burial diagenesis due to
recrystallization, and any recrystallized Pauih that was not extracted by Na acetate
would likely be extracted as part of the detrital apatite pool (comprising igneous
and metamorphic apatite minerals), which we term Pcst (Thompson et al., 2019).
The P phases extracted using sodium acetate and HCI solutions (Pauth, Peryst @and
Porg) Were determined spectrophotometrically via the molybdate-blue method on a
Spectronic GENESYS™ 6 at 880 nm (Murphy and Riley, 1962), with replicate
extractions giving RSDs 0of<5% for all phases (Table S2). The P phases extracted
using citrate-dithionite-bicarbonate, ammonium oxalate and
citrate-dithionite-acetate (Pre1, Pre2 and Pmag) were analysed via ICP-OES due to
colour interference with the molybdate blue method, with replicate extractions
giving RSDs 0f<2% (Table S2). The sum of the sequential P extraction steps (Psum)
was compared to the total P (Pit) content to evaluate the recovery and reliability
of the sequential extraction procedure. As detailed in Table 2, the recovery rates
for the vast majority of samples exceeds 90%, with many surpassing 95%. The sole

exception is sample Fe-2, which exhibits a lower recovery of 69%.
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3.5. 31P solid-state NMR spectroscopy

31P solid-state NMR spectra for sample powders were obtained on a 400 MHz
Bruker AVANCE Il spectrometer at Nanjing University, using an operating
frequency of 161.8 MHz for 31P. A Bruker 4.0 mm HX double resonance probe was
employed for all measurements. All samples were spun at a frequency of 14 kHz in
a 4 mm o.d. ZrO rotor. The 37P single pulse (SP/MAS) spectra were collected with
a 90° pulse of 3 ps, with a 120 s relaxation delay. The 3P chemical shifts were
referenced to an external 85% H3PO4 solution, with hydroxyapatite as a secondary
reference set to Op.371 = 2.65 ppm. Approximately 300-30000 scans were collected

for each sample to achieve a good signal-to-noise ratio.

3.6. Phosphorus K-edge XANES spectroscopy

Phosphorus K-edge XANES analyses were performed at beamline X15B at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory
(Upton, NY), and the Soft X-ray Micro Characterization Beamline (SXRMB) at the
Canadian Light Source, Saskatoon, Canada. At the SXRMB, the peak maximum of
the first derivative spectrum of AIPO4 (berlinite) was set at 2152.9 eV to calibrate
the beamline energy. Further details of the data collection at the SXRMB are

provided elsewhere (Dam et al., 2021). Prior to data collection, homogenized dry
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sediment powder was spread as a thin film in a custom-built sample holder,
comprising an envelope made from a polyethylene membrane (with zero P
background). The incident X-ray energy was calibrated against a standard (e.g.,
fluorapatite). The XANES spectra were collected in fluorescence mode in a He
chamber at room temperature via a multichannel Ge detector. The spectra were
further processed by averaging 25-40 scans to achieve a good signal-to-noise

ratio. Data processing was performed using the ATHENA software package (Ravel

and Newville, 2005).

3.7. Iron K-edge EXAFS spectroscopy

The EXAFS data for the Fe K-edge were acquired at the Beijing Synchrotron
Radiation Facility (BSRF, China). The electron storage ring was operated at 2.5 GeV
with an average beam current of 250 mA. Si (111) was used as the
monochromator. The X-ray energy was calibrated using an iron metal foil, and the
first inflection point in the Fe K-edge was set to 7112 eV. All spectra were collected
in transmission mode at ambient temperature. The averaged spectra were
background-subtracted, normalized, and finally converted to k-space, which was
weighted by k3. The contribution of different Fe phases to total Fe fitting was
calculated via linear combination fitting (LCF) in the k3 weighted x-space (3-12 A"

1) via the ATHENA software package (Ravel and Newville, 2005).
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3.8. Sulfur K-edge XANES spectroscopy

The S K-edge XANES data were recorded in the energy range of 2450-2520 eV
in fluorescence mode by a silicon drift detector (e2v, Chelmsford, UK) at beamline
4B7A, BSRF. For all edge-normalized spectra, the contributions of different S
phases to the total S content were calculated using LCF carried out in the energy
range of 2465-2500 eV via routine LCF in ATHENA (Ravel and Newville, 2005). For
LCF analysis of the mixtures, edge-normalized spectra of pyrite (FeS;) and gypsum

(CaS0,) were used as predictor components.

4. Results
4.1. Petrographic analyses

The Fe, layer, hosted in coarse-grained sandstones, is characterized by quartz
clasts with moderate to poor roundness (Fig. 4A). The ooids in Fe, ranging from
0.2 to 0.5 mm in diameter, exhibit concentric lamination, and their nuclei generally
comprise argillaceous aggregates or quartz clasts (Fig. 4A). No ooids were
observed in Fe;, where iron minerals (hematite) preferentially cement around
quartz grains (Fig. 4B). No fossils were observed in Fe, or Fe;. Moving upwards, the
Fe, layer is hosted within shale and limestone, which is different from the

sandstone host rocks for Fe and Fey (Fig. 2). The ooids in Fey! also exhibit
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294

concentric lamination, with diameters ranging from 0.2 to 0.5 mm (Fig. 4C), and
the nuclei generally consist of quartz clasts (Fig. 4C, 4H). Abundant shallow
marine fossils (e.g., corals, echinoderms and gastropods) were found in Fey’
(Figs. 2C, 3D and 4D). The ooids in the Fey2 and Fey2 layers vary from spheroidal
to elliptical and elongated, and are notably abundant (Fig. 4E, 4H). In addition,
these ooids also exhibit variable diameters, ranging from 0.3-0.5 mm to 0.5-0.8
mm (Fig. 4E, 4H). Fossils in Fey2 are dominated by gastropods, echinoderms,
bryozoans and ostracods (Figs. 2C, 4F). Notably, ooids infill the body cavities of
some fossils (Fig. 4F). Compared with Fey;' (Figs. 2C, 4D), there are no corals and
less detrital materials in Fey? and Fey® (Figs. 2C, 4E and 4H). The Feyy layer is
hosted in limestone beds (Fig. 3H). Ooids in this layer are characterized by
predominant bioclastic nuclei (ostracod fragments) and thin-laminated cortex,
forming their unique amorphous morphology (Fig.4l). It is noteworthy that the ooid
content in Feyy (around 50%) is significantly higher than the other ironstone layers,
and the distribution of ooid grains in Feyy is relatively homogeneous (Fig. 41).

The XRD analyses reveal that these OIS samples are predominantly composed
of hematite, chamosite and quartz (Fig. 5), consistent with previous studies (Liu et
al., 2017; Zhu, 2021). In addition, calcite and apatite were also detected in
ironstone samples from the Fey, and Fe), layers (Fig. 5). However, specific Fe-P

mineral phases were not identified by XRD, likely due to their low concentration (<3

16



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

wt%) and/or poor crystallinity. As determined by SEM-EDS (Fig. 6), major elements
in the OIS sediments are characteristically distributed in concentric laminae. A
coherent distribution pattern of P and Fe was observed in Fe-2 (Fig. 6A), whereas
P occurs synchronously with Ca rather than Fe in Fey3-2 (Fig. 6B). Such an
elemental distribution pattern is consistent with mineralogical results
demonstrating that calcite is present only at trace levels in Fe-2 (0.18 wt%), while
quartz cementation is more prevalent. By contrast, calcite cement was more
frequently observed in Fe and Fey. The combined SEM-EDS and XRD analyses
suggest that the cortex of the ooids in Fe-2 is dominantly composed of hematite
and clay minerals (e.g., chamosite and kaolinite), while the nucleus consists mainly
of quartz or ooid clasts (Fig. 6A). By contrast, the cortex of the ooids in Fe)3-2 is
dominantly composed of hematite and collophane, with quartz grains forming the

nucleus, which is predominantly surrounded by chamosite (Fig. 6B).

4.2. Major element and TOC compositions

The OIS samples have high Fe contents ranging from 10.51 to 56.24 wt%
(35.27 wt% on average), with total P (Ptot) contents ranging from 0.02 to 2.38 wt%
(0.92 wt% on average) (Fig. 7; Table 1). Both Fe and Py, concentrations in the OIS
samples are predominantly higher than average upper continental crust values (Fe

= 3.5 wt%, P = 0.07 wi%; McLennan, 2001). The contents of Al and Ca in the OIS
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samples are highly variable, ranging from 0.83 to 5.69 wt% for Al, and 0.02 to
26.35 wt% for Ca. Notably, even for Fe-2 and Fey3-2, which have the highest Al
contents (>3 wt%), their Al contents are lower than the average upper continental
crust value (8.04 wt%; McLennan, 2001). Ca contents in Fey; and Feyy (13.46 wit%
on average) are considerably higher than those of Fe, and Fe; (0.10 wt% on
average). Notably, Ca contents in Fey-1 and Fe;3-1 are as high as ~26 wit%,
significantly higher than the upper continental crust value (3 wt%; McLennan,
2001).

Fe contents of the interlayer samples range from 1.14 to 10.22 wt% (5.23 wt%
on average), and P contents range from 0.01 to 0.75 wt% (0.19 wt% on average).
Both Fe and P contents in the interlayer samples are lower than those of the OIS
samples, and are closer to those of upper continental crust. The Al and Ca
compositions of the interlayer samples are quite different to those of the OIS
samples, with generally higher Al contents, ranging from 1.68 to 12.11 wt% (8.18
wt% on average), and mostly lower Ca contents, ranging from 0.02 to 7.93 wt%
(1.81 wt% on average), with Ca contents for the interlayer samples being close to
upper continental crust. Generally, samples from the interlayers have lower Ca, Fe
and Pyt contents, but higher Al contents, compared to the OIS samples. Both the
OIS and interlayer samples have low TOC contents, ranging from 0.05 to 0.35 wt%

(Fig. 7; Table 1).
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4.3. P sequential extraction data

The results of the P phase partitioning extractions are summarized in Fig. 8
and Table 2. The Paun and Pcyst concentrations are low in the Huangjiadeng
Formation (26 ppm and 6 ppm on average, respectively) and increase to
significantly higher values in the Xiejingsi Formation (2679 ppm and 2498 ppm on
average). There is also a large difference between the OIS samples and interlayer
samples in terms of Pauth and Pgryst concentrations. Specifically, the Payth and Peryst
contents of the OIS samples (4679 ppm and 4543 ppm on average) are much
higher than those of the interlayer samples (930 ppm and 709 ppm on average) in
the Xigjingsi Formation.

Anomalously high Pg. concentrations are observed in one oolitic OIS sample
(Fe; -2: 911 ppm) and in two interlayer samples (IL-5: 1397 ppm; IL-10: 2598 ppm).
By contrast, OIS samples from the Xiejingsi Formation exhibit relatively low Pge
concentrations (322 ppm on average) despite high total Fe contents (38.3 wit% on
average). In the Huangjiadeng Formation, Pre accounts for more than 47% of total
P in most samples (except Fe-2), whereas in the Xigjingsi Formation, Pre
represents only 2.6-7.7% of total P (average 4.7%). Although the proportion of P
increases to an average of 33.4% in interlayer samples from the Xiejingsi

Formation, it is still lower than samples from the Huangjiadeng Formation. P
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concentrations are also variable but generally low (ranging from 6 to 220 ppm),
except for Fe-2, which shows an exceptionally high value of 3971 ppm (Fig. 8E;
Table 2). P,y accounts for 10.5-80.4% (39.2% on average) of total P in samples
from the Huangjiadeng Formation. Notably, in the Xigjingsi Formation, the
proportion of Pqrg is less than 1% in all OIS samples, but increases to 12.4% in
interlayer samples. Together, these results reveal pronounced lithological
contrasts in P partitioning between formations: Huangjiadeng samples are
dominated by Fe- and organic-bound phosphorus, whereas Xiejingsi samples are

comparatively depleted in both phases, despite high total Fe contents.

4.4. 3P solid-state NMR analysis

31P solid-state NMR can readily distinguish different phosphate phases (e.qg.,
calcium phosphate vs. aluminium phosphate) based on the chemical shifts.
Generally, all calcium phosphate minerals yield chemical shifts at =2 to 3 ppm
(e.g., hydroxyl apatite [HAP, Cas(PQ4)3(OH)], fluorapatite [FAP, CasF(PQy,)s], or
carbonate fluorapatite [CFAP, Cas(P04C03,0H)3sF]), whereas crystalline Al
phosphate and surface precipitates usually generate more negative chemical
shifts, from =10 to —20 ppm, due to shielding of the AlI-O-P bonds (Cade-Menun,
2005; Li et al., 2013). For example, brazilianite [NaAl3(OH)4(P0O4),] yields a peak at

Op31 = —10.2 ppm, wavellite [Al3(OH)3(PO4),] yields a peak at =11 ppm,
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metavariscite [AIPO4-2H,0] yields a peak at —13.2 ppm, variscite [AIPO4-2H,0]
yields a peak at =19 ppm, and phosphate surface precipitates on gibbsite or
kaolinite yield a peak at —=11.5 ppm (Li et al., 2013; Van Emmerik et al., 2007). In
addition, previous NMR studies have revealed inner-sphere phosphate surface
complexes at 6p31 = 0 and —6 ppm on boehmite (Li et al., 2010), 6p-31 = =3 ppm on
y-alumina (Johnson et al., 2002), dp.31 = =6 ppm on amorphous Al(OH); (Lookman
et al., 1994), and 6p31 = —4.5 ppm on gibbsite or kaolinite (Van Emmerik et al.,
2007).

The 3TP chemical shift presented in Fig. 9 increases gradually from negative
(Fe)) to positive (Fey and Fey) values, reflecting the transformation from Al-P to
Ca-P. Due to the relatively lower P contents (Table 1), the signal-to-noise ratios for
Feu'-1, Fey'-2 and Fep-1 are lower than those of the other samples, even after long
scanning times. Similarly, there is no NMR signal for Fe;-1 because of its extremely
low P content (0.02 wt%). A dominant peak at 2.6 ppm is clearly observed for
samples from the Fey and Fey layers which can be assigned to apatite group
minerals. For Fe-1 and Fe-2, negative dominant peaks at =11 and -5 ppm are
observed, corresponding to Al-phosphate and adsorbed inner-sphere phosphate
species on the surface of clay minerals, respectively. Because measuring
Fe-bearing compounds is challenging in NMR analysis, identification of Fe-P

minerals such as vivianite and strengite is unlikely; therefore, P K-edge XANES
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spectra were obtained in the following section to compensate for this limitation.

4.5. Phosphorus K-edge XANES

XANES data were collected for P-containing reference minerals and selected
OIS samples (Fig. 10). We considered numerous naturally occurring P-containing
minerals, laboratory-prepared P adsorption samples, and Fe oxide phases that are
likely present in our samples. The iron phosphate (Fe-P) reference minerals
(amorphous FePQg4, phosphate absorbed on ferrihydrite, and strengite) have similar
post-edge and pre-edge features at 2150 eV (Fig. 10A), due to the presence of Fe3*
in these minerals. Pre-edge features cannot be observed in Fe?* phosphate
minerals (e.g., vivianite), unless they are partially oxidized (Brandes et al., 2007;
Giguet-Covex et al., 2013). In addition, the white line position of the strength of
ferric phosphate minerals is located at a higher energy than that of ferrous
phosphate minerals because of binding to the Fe3* phases. Apatite group minerals
(Ca-P), such as superphosphate, octacalcium phosphate and hydroxyapatite, have
two post-edge resonances between 2161 and 2182 eV, with peaks at 2164 and
2170 eV. In more detail, octacalcium phosphate and hydroxyapatite have a
shoulder peak at 2155 eV, whereas other apatite group minerals do not (Fig. 10A),
probably due to differences in the degree of crystallinity (Ravel and Newville,

2005). The P K-edge XANES spectra for Al-P differ significantly in terms of the
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broad features between 2165 and 2180 eV (Fig. 10A), which reflects a slight
difference in the Al:P stoichiometry.

The spectra of Fe, and Fe; resemble the spectra of the Fe-P and Al-P reference
materials, whereas those of Fey; and Feyy are similar to those of the Ca-P standards
(Fig. 10B). The P K-edge XANES spectra were fitted via a linear least-squares
fitting method (Fig. 10B). The data analysis confirms that Al-P and Fe-P are major
mineral components of Fe and Fe), whereas Ca-P is predominant in Fe;; and Feyy.
Specifically, Al-P and Fe-P are major components of Fe, and Fe; (the sum of Al-P
and Fe-P is ~87% on average, Fig. 10C; Table S1), but their proportions decrease
significantly in Fe;; and Feyy (~34% on average, Fig. 10C; Table S1). Conversely, the
Ca-P contents increase up-section (Fig. 10C), from average values of ~14% for Fe,

and Fey, to 66% for both Fejand Fey (Table S1).

4.6. Iron K-edge EXAFS

Fe K-edge EXAFS was also conducted in this study because P chemistry is
often coupled to Fe in marine sediments, and Fe mineralogy provides useful
information for understanding the transformation of Fe-bearing minerals in
response to anoxia and other environmental conditions, as well as for retaining or
releasing P from deposited sediments (Follmi, 1996). However, the spectra of our

OIS samples are generally similar, especially in the low-K range (Fig. 11B). This
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similarity suggests that these OIS samples likely contain similar types of Fe
minerals. According to Liu et al. (2017), Ningxiang-type iron deposits contain five
major Fe-containing minerals: hematite (Fe;03), magnetite (Fe304), pyrite (FeS,),
siderite (FeCO3) and chamosite ((Fe,Mg)s(Fe,Fe)s[AlSi3z041¢](OH)3). Here, we used
reference spectra of hematite, magnetite, pyrite, siderite and vivianite
(Fe3(P04),-8H,0) to fit the K-edge EXAFS spectra of our samples.

Our results indicate that hematite is the major Fe mineral in all samples (Fig.
11C), accounting for 80-90% of the total Fe (Table S1). The proportion of vivianite
tends to increase from Fe; to Fey (Fig. 11C), accounting for less than 10% in the Fe,
and Fe; OIS layers, but more than 10% in the Fey and Fey layers (Table S1).
Magnetite was detected at a proportion of up to 13% in the Fe; samples, whereas
this phase accounted for no more than 7% in the remaining OIS samples (Table

S1).

4.7. Sulfur K-edge XANES

We also conducted K-edge XANES analyses of S in our samples (Fig. 12). The
white-line peaks of our samples are located mainly at 2471 and 2481 eV,
consistent with signals from pyrite and gypsum, respectively (Fig. 12A). LCF was
conducted to quantify the proportions of pyrite and gypsum (Fig. 12B). We

analysed 10 samples (6 from OIS layers and 4 from interlayers), and the spectra of
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Fe-2, IL-1, Fe-1 and Fey'-2 were not fitted because of the obvious single gypsum
white-line peak. In general, all samples from the Huangjiadeng Formation show a
single peak at 2481 eV (Fer2, IL-1 and Fe;-1), whereas most samples from the
Xiejingsi Formation have an additional peak at 2471 eV (IL-7, IL-9, Fey2-2, Fey3-1,
IL-11 and Fey-1), and the additional peak is stronger in the interlayer samples (IL-7,
IL-9 and IL-11). These spectra indicate that interlayer samples from the Xiejingsi
Formation (IL-7, IL-9 and IL-11) contain a large proportion of pyrite (ranging from
82 to 88%; Fig. 12C; Table S1). By contrast, the OIS samples from the Xiejingsi
Formation (Fey'-1, Fey?-2, Fey3-1, and Few-1) contain a large portion of gypsum
(ranging from 69 to 100%; Fig. 12C; Table S1). Notably, some OIS samples from the
upper Xiejingsi Formation (Fe, 2, Fe;® and Fey) also contain pyrite (proportions
ranging from 9 to 31%; Fig. 12C; Table S1) in addition to gypsum. It should be noted
that the Fe-EXAFS LCF, while useful for identifying major Fe phases (>10%), is less
sensitive to minor phases that may be unequivocally identified by more

element-specific techniques, such as S-XANES.

5. Discussion
5.1. Comparison between chemical extractions and spectroscopic techniques
Both chemical extraction and spectroscopic techniques reveal consistent

stratigraphic variability in phosphorus phase partitioning from the Huangjiadeng
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Formation to the Xiejingsi Formation. As shown in Fig.8 and Table 2, sequential
extraction data show that the proportion of calcium-bound phosphorus (Pca)
increases from a minor component (1.2-36.3%) in the Huangjiadeng Formation, to
the dominant phosphorus pool in the Xiejingsi Formation (accounting for an
average of 73.5% of total extractable P, and reaching 95.6% in oolitic ironstone
samples). Conversely, the importance of iron-bound phosphorus (Pr.) as a sink
diminishes significantly, from often exceeding 47% of the phosphorus pool in the
Huangjiadeng Formation, to a minor role (4.7% on average) in the OIS samples of
the Xigjingsi Formation.

As shown in Fig. 9, negative peaks at —11 and —5 ppm are observed in the
Fe-1 and Fer2 samples by 3P solid-state NMR spectroscopy, which can be
assigned to Al-P signals. 3P solid-state NMR revealed clear peaks at 2.6 ppm in
the spectra of the Fe; and Fey samples, which suggests the presence of Ca-P
minerals (Li et al., 2015). In addition, the detection via P K-edge XANES of a
shoulder peak at 2155 eV in the Fe; and Fey samples (Fig. 10B) indicates that the
specific apatite group mineral host is apatite or carbonate fluorapatite (CFA),
which are the ‘stable’ end products of phosphogenesis and the main phases
responsible for long-term P burial (Anderson et al., 2001; Zhao et al., 2020).
Together, the combined P K-edge XANES and 3P solid-state NMR data indicate

that Al-P and Fe-P are the major P components of the Huangjiadeng Formation,
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whereas Ca-P is the predominant P pool in the Xiejingsi Formation.

One potential problem with evaluating the chemical partitioning of P is that
authigenic CFA (i.e., Pyun) may transform into more highly crystalline apatite (i.e.,
Poyst) during burial diagenesis and metamorphism, thus leading to an
underestimation of the Paun pool but an overestimation of the Pcyst pool
(Thompson et al., 2019). The incomplete transformation of Payin t0 Peyst iS @
common phenomenon in sedimentary systems for several reasons. First, the
transformation of metastable CFA to more stable crystalline apatite is a
dissolution-reprecipitation process (lacumin et al.,, 1996). At low temperatures
characteristic of shallow burial diagenesis, this reaction can be slow (Ruttenberg
et al, 2014; Ruttenberg and Berner, 1993). Second, chemical inhibition by
porewater constituents (e.g., Mg?*) is a well-known inhibitor of apatite
crystallization (Yang et al., 2011), due to adsorption onto the growing surfaces of
apatite crystals, which poisons growth sites and prevents further crystallization.
Third, authigenic phosphate minerals can be encapsulated by other diagenetic
phases, such as iron (oxyhydr)oxides (e.g., hematite) or clay minerals (Pufahl and
Grimm, 2003). This physical coating creates a diffusion barrier, isolating the Pauth
from the porewater and effectively halting any further chemical transformation or
recrystallization.

To examine possible transformation between these two P phases, we consider
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the relationships between Pgyih VS Poryst and Pgyst Vs Al (Fig. S2). There is a strong
positive correlation between the Pauth and Peryst contents (Fig. S2), suggesting that
a higher concentration of Py, may have been transformed to Pgyst When the
primary Pauih content formed during early diagenesis was higher. This is supported
by the lack of correlation between Pcyst and Al (Fig. S2), which suggests additional
formation of Pgyst from the Py pool (Guilbaud et al., 2020). This transformation
probably results in an underestimation of the P41, fraction in our samples.

Our results highlight the advantage of spectroscopic techniques over
traditional chemical extraction in directly identifying distinct phosphorus phases
(e.g., Al-P, Fe-P and Ca-P). Both 3'P solid-state NMR and P K-edge XANES
unambiguously identify Al-P in our samples (Figs. 9, 10). This phase cannot be
resolved by chemical extractions alone. Indeed, it is unclear precisely where this
phase would be dissolved in the chemical extraction scheme, since this would
likely depend on the precise mineralogy of the Al-P phase, whereby some Al-rich
clay minerals may be dissolved by the 1 M HCI extraction (see Raiswell et al.,
1994) that targets P.ys: (Fig. S1), while more resistant phases would not be
expected to be extracted by any of the sequential steps. Our results suggest that
Al-P accounts for a considerable proportion of total P in Fe-1, Fe-2 and Fey-1, at a
level comparable to or even greater than that of Fe-P (Fig. 10C; Table S1). This

finding provides a new perspective to the sedimentary P cycle, demonstrating that
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while Ca-P and Fe-P are commonly considered the dominant authigenic phases
(e.g., Paytan and McLaughlin, 2007; Ruttenberg, 2014), Al-bearing minerals such as
glauconite may also play an important role as additional P hosts (Schobben et al.,
2020).

Compared with the SEDEX extraction method, however, spectroscopic
techniques suffer from an inherent limitation when applied to geological samples
with low elemental concentrations. Either the element or phase of interest must be
enriched, or substantially longer scan times are required. For example, satisfactory
31P NMR spectra typically require P concentrations above ~1000 ppm, whereas
samples with P concentrations <100 ppm may not yield viable results without
weeks or even months of signal accumulation (Li et al., 2015). In our study, the low
P content in Fey-1 generated a relatively poor signal-to-noise ratio even after many
scans, giving a poor comparison between P K-edge XANES and chemical
extraction data (Figs. 8, 10).

Despite their utility for identifying mineralogical host phases, both
spectroscopic techniques and chemical extractions also have limitations when
analysing organic-P phases. The P4 fraction determined by chemical extractions
was not detected via spectroscopy because of the potential overestimation of Py
in the SEDEX extraction alongside spectroscopic limitations for P, detection

(Table 2). The SEDEX method operational defines Py as the phosphorus released
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upon ignition at 550°C followed by HCI extraction. However, this step may also
release phosphorus from non-organic phases, such as crystalline or inner-sphere
complexed Al-bound phosphates that are not fully dissolved in previous extraction
steps (Raiswell et al., 1994; Thompson et al., 2019). In Fe-2, the total P recovery
was less than 70%, suggesting incomplete extraction and potential misassignment
of refractory P phases (e.g., crystalline Al-P) as Poq. This is supported by the
strong Al-P signal detected via 3'P NMR and XANES in this sample. Even if Poyq is
present, its detection via XANES is challenging due to similarity in the X-ray
absorption near-edge structure of organic phosphorus and certain inorganic
phosphates (e.g., phosphate adsorbed on clays or Al minerals). The white-line
positions and post-edge features of organic P often overlap with those of
inorganic phases, making unambiguous identification difficult without
complementary techniques such as 3'P NMR or wet chemical analysis (Li et al.,
2015; Negassa et al., 2010). Moreover, the low concentration of P, relative to

total P in most samples (except Fe-2) further diminishes its spectral contribution.

5.2. Evaluating potential transformation of P phases and lithological controls on
P partitioning
Previous studies have shown that Late Devonian OIS deposits developed

mostly at low to middle paleolatitudes (Fig. 1A), under conditions characterized by
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a warm and humid climate (Van Houten, 1985; Van Houten and Arthur, 1989).
Growing evidence indicates a global expansion of deeply rooted vascular plants
and a significant increase in terrestrial biomass in the Late Devonian (Algeo and
Scheckler, 1998, 2010). The coeval uplift of the Acadian-Eovariscan orogenic belt
increased the exposure of fresh rocks, thus increasing physical and chemical
erosion (Averbuch et al., 2005). These processes collectively suggest intensified
continental weathering during the Late Devonian, leading to elevated terrestrial
fluxes of elements such as phosphorus and iron into the ocean (Baioumy et al,,
2017; Burkhalter, 1995; Diab et al., 2020; Liu et al., 2017; Salama et al., 2014; Van
Houten, 1985; Van Houten and Arthur, 1989). It is also noteworthy that a recent
study of end-Devonian ironstones in South China proposes that a proportion of the
Fe in these ironstones may have been sourced from hydrothermal venting in a
redox-stratified ocean, with Fe?* transported to shelves via storm-induced
upwelling (Lyu et al., 2025). Nevertheless, our dataset reveals a strong positive
correlation between total phosphorus and Fe contents in the OIS samples (R? =
0.81; Fig. S2). This relationship is not observed in the interlayer samples, implying
that Fe exerted a dominant primary control on P sequestration within the OIS
samples.

The formation of oolitic ironstones may be strongly controlled by water depth

(e.g., Hallam and Bradshaw, 1979; Young, 1989). This resulted in a two-stage

31



595

596

597

598

999

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

formation of the Ningxiang ore deposit being proposed in a previous study (Gan et
al, 2021), whereby dissolved Fe?* accumulated under the more reducing
conditions that prevailed during transgressive phases, and this Fe?* was
subsequently oxidized and deposited as Fe (oxyhydr)oxides in shallow, oxic waters
during regressive phases, ultimately forming the oolitic ironstone layers. On the
basis of the evolution of the sedimentary facies and fossil distributions, a broad
scale sea level transgression is indicated through the studied interval (Fig. 2B; Gan
et al., 2021). The minerals forming the ooids are generally tangentially arranged
and concentrically distributed, indicating mobilization in the water column during
formation (Baioumy et al, 2017, Diab et al, 2020; Rahiminejad and
Zand-Moghadam, 2018). Specifically, the abundant detrital material, poor
roundness of the quartz grains and concentric laminated structure indicate that
the Huangjiadeng Formation was deposited in the littoral zone under strongly
hydrodynamic conditions (Figs. 4A, B). The presence of minor brachiopod and
echinoderm fossils, combined with the uniform distribution of ooids and their
minimal evidence of abrasion or breakage (Fig. 4l), all support an interpretation of
deposition in a lower-energy, relatively deeper-water (i.e., more offshore)
environment within the neritic zone of the Xiejingsi Formation.

Our Fe K-edge EXAFS analyses also suggest that iron oxides (dominantly

hematite) are the major Fe minerals in all OIS samples, accounting for>80% of total
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Fe (Fig. 11C; Table S1). In addition, vivianite tends to increase from Fe, to Feyy,
where it accounts for ~20% of the mineral phases in Fey-1, while magnetite is
more common (~13%) in Fer1 and Fe-2 (Fig. 11C; Table S1). The predominant
presence of iron oxides suggests that these OIS samples were most likely
deposited under oxygenated bottom waters, while the appearance of vivianite in
the upper formation indicates relatively more reducing conditions, that likely
developed in pore waters.

Our S K-edge XANES results show a primary CaSO, composition for the
Huangjiadeng samples (Fig. 12; Table S1), indicating deposition in an evaporitic
setting, likely relating to marine regression (e.g., Warren, 2016). This is consistent
with a shallow, nearshore setting that would have been prone to emersion and
evaporation. The S K-edge XANES data show stratigraphic changes from dominant
gypsum (evaporative conditions) in the lower formation, to an increased presence
of pyrite (anoxic conditions) in the upper interlayers. This trend supports a
long-term transgression that gradually led to more persistently submerged and
potentially redox-stratified conditions, within which shorter-term
regression-evaporation cycles occurred. Under periodic restriction and evaporative
conditions during deposition of the Huangjiadeng Formation, thin OIS layers, such
as Fe; and Fej, formed because of less Fe?* recycling to the oxic water column

during sediment reworking (Gan et al., 2021; Liu et al., 2017). By contrast, the host
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rocks of Fey; and Feyy in the Xiejingsi Formation are carbonates, and the ooids are
intact (Figs. 4C-1). Many ostracods and a few brachiopods or echinoderms occur
in these layers (Figs. 4D, F and I). Therefore, it is inferred that Fe), and Fe;y formed
in the neritic zone under weaker hydrodynamic conditions. However, the multiple
cycles of shale-limestone-sandstone-mudstone in the Xigjingsi Formation indicate
shorter-timescale fluctuations in sea level during transgression events (Fig. 2B).
Three sublayers of Fey formed during this period, which is consistent with the
formation of OISs in discontinuous horizons caused by sea level fluctuation
(Burkhalter, 1995).

This two-stage formation model for OISs provides a coherent explanation for
the observed transition from Al/Fe-bound P in the Huangjiadeng Formation to
Ca-bound P in the Xiejingsi Formation (Figs. 6, 8-10). In the first stage, the
pronounced increase in pyrite content from the Huangjiadeng Formation to the
Xiejingsi Formation (Fig. 12C; Table S1) indicates a more reducing diagenetic
environment, likely associated with persistent anoxic porewaters near the
sediment-water interface (e.g., Giblin and Howarth, 1984; Raiswell et al., 1993).
Under such conditions, both Fe?* and phosphate would have accumulated in the
porewaters through organic matter degradation and the reductive dissolution of Fe
(oxyhydr)oxides (Slomp et al., 1996; Ruttenberg and Berner, 1993). In the second

stage, marine regression increased local hydrodynamic energy, promoting
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sediment resuspension and partial oxidation. When the hydrodynamic force
weakened, Fe-P colloids and clay minerals adhered to the surface of the detritus
(as the core of the ooids), forming ooids. In the presence of micromolar dissolved
CaZ* in porewaters, the accumulation of dissolved P led to the precipitation of
calcium phosphate, mainly in the form of CFA (Ruttenberg and Berner, 1993; Fig.
10), giving the high proportions of Ca-P in the OIS samples from the Xiejingsi
Formation.

The Al-P phases may have formed during phosphate diagenesis in these
shallow-marine and shelf deposits, a process observed in ancient marine
sandstones (Rasmussen, 1996; Ruttenberg, 2014), representing an
underappreciated marine P sink. Alternatively, in-situ P uptake by clay minerals
during continental weathering may also have contributed. Our 37P solid-state NMR
data support both possibilities. Sample Fe-1 shows a chemical shift near —11
ppm, consistent with detrital crystalline Al-phosphate (e.g., wavellite or variscite)
derived from terrestrial weathering (Cade-Menun, 2005). By contrast, Fe;-2 exhibits
a less negative shift (~ =5 ppm), indicating a more labile, adsorbed form—likely an
authigenic Al-P phase formed through inner-sphere complexation of phosphate

with AI-OH groups on kaolinite or gibbsite surfaces during early diagenesis (Li et

al., 2013; Van Emmerik et al., 2007).
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5.3. Revisiting the application of the P/Fe proxy in iron-rich sediments

Having established the lithological control on P partitioning, we next examine
its implications for the P/Fe proxy. Bjerrum and Canfield (2002) first proposed the
use of P/Fe ratios in iron-rich sediments to reconstruct ancient marine phosphate
concentrations, operating on the premise that phosphorus was primarily
scavenged by Fe (oxyhydr)oxides. Subsequent laboratory studies refined this proxy
by examining P adsorption onto iron oxides in silica-rich solutions (Konhauser et
al., 2007; Planavsky et al., 2010), as well as in the presence of major seawater
cations such as Ca?* and Mg?* (Jones et al., 2015). However, the reliability of this
proxy depends on the preservation of the primary Fe-P relationship.
Post-depositional transformations—including reductive dissolution of Fe
(oxyhydr)oxides, re-adsorption of released phosphate, and re-precipitation as
authigenic Ca-phosphates—can substantially modify bulk P/Fe ratios (Slomp et al.,
1996; Ruttenberg, 2014; Schad et al., 2021). Consequently, deviations in P/Fe
values may reflect diagenetic redistribution rather than primary seawater
chemistry.

As demonstrated in Section 5.2, extensive diagenetic transformation from Fe-
and Al-bound to Ca-bound phosphorus likely altered the primary Fe-P association
in these OIS samples, raising concerns about the reliability of the P/Fe proxy when

applied to Phanerozoic ironstones. To assess the extent of diagenetic
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modification, we compared bulk P;.;/Fe*100 values (e.g., Planavsky et al., 2010)
with phase-specific P data. A strong correlation between P,y (authigenic Ca-P)
and Py+/Fe*100 (R? = 0.73; Fig. S3) contrasts sharply with the weak relationship
observed between bulk Ca and Pi,t/Fe*100 (R? = 0.10; Fig. S3). This decoupling
reflects the fact that the bulk Ca content is dominated by carbonate minerals (e.g.,
calcite cements and fossil shells) that are not major P hosts. By contrast, P4
records the formation of authigenic Ca-P minerals that incorporate additional P
released during Fe (oxyhydr)oxide transformations. This mechanism may explain
why the Huangjiadeng (2.72) and Xiejingsi (5.07) formations yield markedly higher
Pwt/Fe*100 values relative to coeval marine sediments (e.g., 0.39 in Planavsky et
al., 2010; 0.70 in Leistel et al., 1998).

Our observations also reveal that Al-bearing minerals represent an additional,
previously unaccounted for, P sink. Both crystalline Al-phosphates and adsorbed
Al-P surface complexes contribute appreciably to the total P inventory, particularly
in samples from the lower Huangjiadeng Formation. Such phases may originate
from detrital input or in-situ authigenic precipitation, and their presence introduces
further complexity into bulk P/Fe proxies because they decouple phosphorus
accumulation from Fe (oxyhydr)oxide abundance. Collectively, these results
demonstrate that diagenetic redistribution and multi-phase partitioning may

impact P/Fe ratios in ironstone samples. Reliable reconstructions may thus benefit

37



715

716

717

718

719

720

721

722

723

724

725

726

7127

728

729

730

731

732

733

734

from additional insight afforded by phase-specific quantification of Fe and P
hosts. Hence, application of the P/Fe proxy to Phanerozoic ironstones should be

grounded in mineralogical and phase-specific constraints.

6. Conclusions

We integrated sequential extraction, 31P solid-state NMR, and P K-edge XANES
spectroscopy to quantitatively constrain phosphorus partitioning in Late Devonian
oolitic ironstones. During diagenesis, primary Fe (oxyhydr)oxides were transformed
into hematite and secondary clay minerals, releasing adsorbed phosphorus to
porewaters. A substantial fraction of this mobilized P was subsequently retained
as authigenic apatite or re-adsorbed onto residual Fe (oxyhydr)oxides. The
redistribution of phosphorus phases, driven by variations in water depth,
circulation and porewater redox conditions, exerts a first-order control on bulk P/Fe
ratios. These variations complicate the use of P/Fe as a straightforward proxy for
ancient seawater phosphate concentrations, when applied to Phanerozoic
ironstones. Our results show that Fe-bound phosphorus is not necessarily
dominant even in Fe-rich deposits, and that Al-bearing minerals can constitute an
overlooked sink for sedimentary P. Integrating NMR and XANES with sequential

extractions provides a quantitative, cross-validated framework for resolving P

38



735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

797

752

753

754

phase partitioning and for refiningpaleo-phosphate proxies in iron-rich sediments.
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1024 Fig. 1. Global distribution of oolitic ironstones (OISs) in the Late Devonian. A.
1025 Continental distribution modified from Golonka (2011) and Gan et al. (2021), and
1026 OIS distribution after Van Houten and Arthur (1989); B. Paleogeography and
1027 location of the Huoshaoping OIS in South China (modified from Zhou et al., 2009).
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1034 C. Fossil distribution zones (Gan et al., 2021). Question marks refer to uncertainty

1035 inthe exact position of the boundary between the Frasnian and Famennian.
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Fig. 3. Typical strata of the Huoshaoping iron formations. A. Fe; in the
Huangjiadeng Formation; B. Fe, in the Huangjiadeng Formation; C. Fe;! in the
Xiejingsi Formation; D. Abundant ooids and coral fossils in Fey,'; E. Fe;2 and Fey
in the Xiejingsi Formation; F. Abundant iron ooids in Fey?% G. Abundant brachiopod

fossils in Fey3; H. Fe in the Xiejingsi Formation; . Pyrite in Feyy.
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Fig. 4. Photomicrographs of ooids in the Huoshaoping iron formations. A. Iron

ooids cemented by detrital quartz grains in Fe, (transmittance plane-polarized
light); B. No iron ooids were found in the Fe; iron-bearing sandstones, and hematite
(dark colour) was colloidal in cemented quartz (transmittance cross-polarized
light); C. Iron ooids among quartz grains in Fey' (transmittance plane-polarized
light); D. Echinoderm fossils and calcite cement in Fey! (transmittance
plane-polarized light); E. High density of iron ooids in Fey?2 with diverse
compositions and shapes (reflected light); F. Gastropod fossils and iron ooids in

Fen?, where some iron ooid clasts were found in the gastropod body cavity
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1057

(transmittance plane-polarized light); G. Iron ooid in Fey® (transmittance
cross-polarized light); H. Fossil debris in Fey®, with a high density of iron ooids
(reflected light); I. Iron ooids cemented by calcite in Feyy, with the nuclei composed

of ostracoda bioclasts, and laminae are thin (transmittance plane-polarized light).
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Fig. 5. Xray diffraction patterns of the OIS samples.
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1065 Fig. 6. SEM-EDS mapping images of iron ooids from Fe, (A) and Fey; (B). P and Fe
1066 have similar distribution patterns in Fe-2, whereas P and Ca have similar
1067 distribution patterns in Fey3-2.
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Fig. 7. Chemostratigraphic plots of major elements and TOC contents. P

represents total phosphorus content analysed after bulk sample digestion. Red

datapoints represent ironstones.
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Fig. 8. Chemostratigraphic plots of P phases generated via sequential extraction.
A. Psum content (Psum represents the sum of phosphorus contents analysed via
sequential extraction); B. Authigenic P, comprising authigenic CFA, CaCOs-bound P
and biogenic apatite; C. Crystalline P, including detrital P and some crystalline P
from the transformation of authigenic P; D. Iron-bound P, including iron oxide
bound P, crystalline Fe bound P, and magnetite P; E. Organic P (data for Fe, are

excluded due to the very high Porg content in Fe)).
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Fig. 10. Linear combination fitting results for the bulk P XANES spectra from the
OIS samples. A. Several reference minerals were used for fitting: a. Amorphous
FePO4 (Fe-P), b. Phosphate absorbed on ferrihydrite (Fe-P), c. Strengite (Fe-P), d.
Superphosphate (Ca-P), e. Octacalcium phosphate (Ca-P), f. Hydroxyapatite (Ca-P),
and g. Phosphate absorbed on kaolinite (Al-P). B. Black solid lines represent the P
K-edge X-ray absorption near edge spectra, and the red dashed lines represent the

best fits obtained via linear least-squares fitting.
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1100 Fig. 11. Linear combination fitting results for bulk Fe K-edge EXAFS spectra from
1101 the OIS samples. A. k3 weighted bulk EXAFS spectra for reference Fe compounds
1102 (a-f). a. Hematite (Fe;03); b. Magnetite (Fe30,); c. Pyrite (FeS); d. Siderite (FeCO3);
1103 e. Strengite (FePO42(H,0)); f. Vivianite (Fe3(P0O4),-8H,0); B. Black solid lines
1104 represent the k3 weighted x-spectra, and the red dashed lines represent the best
1105 fits obtained via linear least-squares fitting; C. The percentage of Fe minerals
1106 obtained via Fe K-edge EXAFS.
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Fig. 12. Linear combination fitting results for the bulk S XANES spectra of samples
from different layers. A. Gypsum (a. CaSQ,4) and pyrite (b. FeS,) were used for
fitting; B. Black solid lines represent the S K-edge X-ray absorption near edge
spectra, and the red dashed lines represent the best fits obtained via linear
least-squares fitting. The spectra of Fer-2, IL-1, Fey-1 and Fey'-2 were not fitted
because a single gypsum peak was present in these samples. C. The percentages

of gypsum and pyrite.
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1118 Table 1. Major elements and total organic carbon (TOC) contents.

Sample ID Ca (Wt%) Al (Wt%) Piot (Wt%) Fe (Wt%) TOC (wt%)
Fen-1 26.35 1.24 0.15 14.48 0.07
IL-11 7.93 9.69 0.03 4.99 0.07
Feys-2 9.26 3.88 0.71 42 .93 0.07
Feys-1 26.09 0.83 0.91 20.48 0.07
Fen?-2 14.72 1.15 1.21 43.70 0.09
Fey2-1 9.95 1.59 2.38 56.24 0.06
IL-10 0.87 12.11 0.67 4.65 0.20

IL-9 2.73 11.97 0.75 5.03 0.19
IL-8 0.10 9.55 0.05 2.57 0.35
IL-7 3.85 9.71 0.14 10.22 0.08
IL-6 412 10.79 0.14 0.84 0.08
Fey'-2 9.49 1.66 1.24 39.11 0.11
Fen'-1 2.79 2.29 0.92 91.24 0.09
IL-5 0.08 11.19 0.18 9.37 0.09
IL-4 0.12 8.04 0.10 1.95 0.07
IL-3 0.02 2.04 0.01 1.14 0.05
Fe-1 0.02 2.33 0.02 10.51 0.05
IL-2 0.02 1.68 0.03 8.26 0.06
IL-1 0.03 3.23 0.01 3.56 0.06
Fer2 0.18 5.69 0.72 38.77 0.07

1119
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1120

1121 Table 2. P sequential extraction data for OIS and interlayer samples.

Pauth Peryst Pca (Pppm) Pre Porg Recovery
samplelD - Peum PP (oom)  (ppm)  epm) (pm) (%)

Fen-T 1383 768 499 1267 107 8 92.37
IL-11 301 152 29 181 71 49 95.45
Fey3-2 6257 3756 2153 5909 316 32 88.55
Fen3-1 8504 6002 2223 8225 273 6 93.26
Fey2-2 10682 3734 6624 10358 311 14 88.61
Fey2-1 19575 7745 11162 18907 641 26 82.20
IL-10 6320 2947 627 3574 2598 148 94.63
IL-9 7092 3105 3654 6759 242 91 95.15
IL-8 507 138 27 165 166 177 95.30
IL-7 1245 379 704 1083 102 59 87.64
IL-6 1369 641 565 1206 100 64 94.43
Fey'-2 12109 6310 5445 11755 319 34 97.33
Fen'-1 8469 4436 3691 8127 288 53 91.67
IL-5 1607 34 26 60 1397 150 90.47
IL-4 847 49 37 86 541 220 88.06
IL-3 92 10 0 10 73 10 99.87
Fey-1 236 85 1 86 114 36 99.52
IL-2 248 4 1 5 117 126 92.61
IL-1 124 4 0 4 72 48 99.43
Fe-2 4940 30 28 58 911 3971 68.67

1122 3 P, represents the sum of authigenic and crystalline calcium-bound phosphorus (Pc, =
1123 I:)au’ch t I:)crys’c)-

1124
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1127 Fig. S1. Revised method for the sequential extraction of P from ancient rocks
1128 and modermn iron-rich sediments (Thompson et al., 2019). Pge is the sum of Pge1,
1129 Pmag and Pre2. Peryst includes recrystallized CFA and detrital apatite of igneous

1130 or metamorphic origin.
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Fig. S2. Pearson correlation matrix of P phases and major element contents.
Piwt represents total phosphorus content analysed after bulk sample digestion;
Psum represents the sum of phosphorus contents analysed via sequential

extraction.
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1141 Fig. S3. Plots of bulk Ca content and authigenic calcium-bound phosphorus
1142 (Pauth) Versus Piot/Fe*100 for OIS samples, showing contrasting relationships.
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1146 Table S1. Linear combination fitting results of P K-edge XANES, Fe K-edge

1147 EXAFS, and S K-edge XANES spectra.

The percentages of Ca-P, Fe-P The percentages of Fe minerals The percentages of gypsum

Sarlr[;ple and Al-P via P K-edge XANES obtained via Fe K-edge EXAFS and pyrite via S K-edge XANES
Ca-P Al-P Fe-P Hematite Vivianite Magnetite Gypsum pyrite
Fep-1 66 6 28 80 20 0 69 31
IL-11 / / / / / / 14 86
Fe|||3-2 56 0 44 80 15 Q) / /
Fey3-1 69 0 31 80 13 7/ 01 9
Fey2-2 6/ 0 33 88 12 0 85 15
Fey -1 6/ 0 33 88 12 0 / /
IL-10 / / / / / / / /
IL-9 / / / / / / 18 82
IL-8 / / / / / / / /
IL-/ / / / / / / 12 88
IL-6 / / / / / / / /
Fe|||1-2 68 0 32 83 17 0 / /
Fey'-1 68 0 32 88 12 0 100 0
IL-5 / / / / / / / /
IL-4 / / / / / / / /
IL-3 / / / / / / / /
Fe)-1 13 74 13 90 3) 3) 100 0
|L-2 / / / / / / 100 0
|L-1 / / / / / / / /
Fe-2 18 36 46 87 0 13 100 0
Fei-1 12 37 o1 87 0 13 / /
1148

1149
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quality assessment of the SEDEX procedure.

Table S2. Results of replicate phosphorus sequential extraction analyses for

(III)_p1 rr(?) Repl 1|c:a’[e Repl |2 cate Repl :Ia cate Repl:lcate Repl écate Repl é cate Average RSD
Pre1 2518 2567 2495 2470 2542 2446 2506 1.81
Pauth 2966 3042 2927 2890 3005 2852 2947 2.42
Peryst 630 640 624 619 635 613 627 1.61
Prag 29 29 30 30 30 30 30 1.75
Pre2 64 61 62 63 63 61 62 1.94
Porg 156 142 145 150 153 140 148 4.30
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