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ARTICLE INFO ABSTRACT

Editor: Hailiang Dong Phosphorus (P) is an essential element for life, and the oceanic P cycle is closely coupled with the global carbon
and oxygen cycles via the role of P as a limiting nutrient. Since P has only one stable isotope, tracking the P cycle
through geological history is challenging. However, phosphate oxygen isotopes (8180p) represent a valuable tool
for deciphering various P-related reactions, such as intracellular P turnover and enzymatic P regeneration, and
have been successfully applied to modern soils and marine sediments. The marine P cycle prior to the Neo-
proterozoic Era remains controversial due to the scarcity of phosphorite and large uncertainties in estimating
seawater phosphate levels. Here, we present 6180p of carbonate fluorapatite (CFA) from the Mesoproterozoic
Gaoyuzhuang and Xiamaling Formations in North China. Despite considerable uncertainties, the derived
authigenic 6180p values are markedly lower than those from modern sites with similar depth and latitude, which
imply a warmer climate during the Mesoproterozoic Era compared to the present day. Based on thermodynamic
calculations of saturation state with respect to CFA, we suggest that the elevated temperatures could have
hindered P authigenesis, partially accounting for the general absence of phosphorite in contemporaneous
successions.
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also provide considerable amounts of P (Syverson et al., 2021). The
dominant sink for seawater P is deposition and burial in marine sedi-

1. Introduction

Phosphorus (P) plays wide-ranging roles in cell structure and func-
tion and is required for the growth of all organisms. Phosphorus avail-
ability can affect rates of photosynthesis, a process through which
oxygen is produced and newly fixed carbon is sequestered from the at-
mosphere into the deep oceans. Therefore, the P cycle is important in
regulating the global biogeochemical cycles of carbon and oxygen (e.g.,
Van Cappellen and Ingall, 1996; Algeo and Ingall, 2007; Walton et al.,
2023). In general, marine phosphate levels are controlled by the inter-
play between P sources and sinks. Terrestrial weathering is the primary
agent for transporting P into the modern oceans, while in anoxic set-
tings, as for Precambrian oceans, alteration of submarine basalts may

* Corresponding author.
E-mail address: sczhang@petrochina.com.cn (S. Zhang).

https://doi.org/10.1016/j.chemgeo.2023.121831

ments, and when P is strongly enriched (P2O5 > 15-20 wt%), deposits
are known as phosphorite. Strikingly, phosphorite intermittently
occurred during the Phanerozoic Eon, but is remarkably rare before the
Neoproterozoic Era, with the only exception of the Paleoproterozoic
phosphogenesis event (Papineau, 2010).

The paucity of phosphorite and the generally low P abundance in
shales from the Archean Eon and the Mesoproterozoic Era have spawned
the idea that marine P reservoirs were much smaller when compared
with the Neoproterozoic (Reinhard et al., 2017; Planavsky et al., 2023).
Limited P availability during the Archean Eon is consistent with re-
constructions based on P/Fe ratios in iron oxides (Bjerrum and Canfield,
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Fig. 1. Geological map of North China (a) and stratigraphic columns of the Gaoyuzhuang and Xiamaling Formations (b). Locations of the studied drill cores are
marked as red dots. Age data sources: Li et al., 2010; Zhang et al., 2015; Tian et al., 2020. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

2002; Jones et al., 2015). It is speculated that under predominately
ferruginous conditions, P could have been effectively removed from
seawater via the formation of ferrous phosphate minerals (e.g., viv-
ianite), and co-precipitation or adsorption with iron-bearing particles,
leading to a severe P crisis with high C/P ratios in marine biomass
(Reinhard et al., 2017).

In contrast, other evidence has pointed to abundant P in Precambrian
oceans. For examples, measurements of carbonate-associated phosphate
suggested that dissolved P in Archean oceans were 4-12 times higher
than today (Ingalls et al., 2022; but see Crockford and Halevy, 2022 for
an alternative interpretation). The direct precipitation of apatite from
Archean hydrothermal vents would require 5-50 times higher P con-
centrations in the deep waters relative to the modern (Rasmussen et al.,
2021). Furthermore, an integrated study of Mesoproterozoic-aged sed-
iments revealed no enhanced P removal under ferruginous conditions
compared to oxic and euxinic counterparts (Canfield et al., 2020),
weakening the role of ferruginous sediments as a significant P sink.

A critical constraint in quantifying the ancient P cycle is a lack of
inherent tracer. Since P has only one stable isotope (3113), it cannot be
used to monitor P systematics in a similar manner to other essential
elements. Alternatively, most P in marine systems is tightly bound to
oxygen, permitting the analysis of oxygen stable isotopes (61801,) as a
valuable complement for tracking the P cycle (e.g., Longinelli and Nuti,
1968; Colman et al., 2005; Blake et al., 2010; McLaughlin et al., 2013).
The P—O bound in dissolved phosphate does not exchange oxygen with
ambient fluid under abiotic conditions at Earth’s surface temperature
and pH ranges (Chang et al., 2021). However, significant exchange of
oxygen isotopes between phosphate and water occurs through enzy-
matic activity when P is decomposed from organic matter or when P is
cycled intracellularly (Davies et al., 2014). In the latter case, the bio-
logical turnover of P drives phosphate to approach oxygen isotope
equilibrium with surrounding medium at the temperature of the reac-
tion. The major enzyme that catalyzes this process is inorganic pyro-
phosphatase, a ubiquitous enzyme found in all life forms (Blake et al.,
2005).

Apatite, a major P host in sediments, was proved to possess negligible
fractionation (~1%. VSMOW) in SISOP between aqueous- and solid-
phase phosphate (Liang and Blake, 2007), which can therefore be used
as a carrier of ancient 6180P signatures. If the dissolved phosphate from
which the apatite is precipitated is in equilibrium with the ambient

water, the slsop of apatite should reflect its formation temperature. This
oxygen isotope thermometry can be written as (Lécuyer et al., 2013):

T =1174+9.5-(4.5+0.43) x (5'°0,-8"°0.,) €8]
where T denotes the temperature in degrees Celsius and §'%0,, is the
oxygen isotopes of water.

Phosphate oxygen isotopes of apatite preserved in modern soils and
sediments have been utilized to reconstruct temperatures, with results
both in equilibrium and disequilibrium with waters (Shemesh et al.,
1988; Jaisi and Blake, 2010; Tamburini et al., 2012; Zhao et al., 2021).
Exploring the application of 5180p to geological archives is a worthwhile
endeavor. Here, we report apatite clusters from the Mesoproterozoic
Gaoyuzhuang (~1.57 Ga) and Xiamaling (~1.4 Ga) Formations in North
China. Through 6180p analysis, we attempt to estimate Mesoproterozoic
pore water temperatures and discuss their impact on P authigenesis,
which might explain the general absence of phosphorite during the
Mesoproterozoic Era.

2. Geological setting and samples

Thick Proterozoic successions were developed on the North China
Craton. The Yanshan-Liaoxi (Yanliao) Basin in particular has a well-
established Proterozoic stratigraphy that offers a solid foundation for
geochemical investigation (Fig. 1a; Zhai et al., 2014; Li et al., 2019). The
Changzhougou Formation, the oldest of the Proterozoic sediment
package in the Yanliao Basin, is made up of conglomerates and sand-
stones, representing littoral deposition with fluvial and alluvial in-
fluences. The overlying Chuanlinggou Formation consists of sandstones
and mudstones, which were deposited during basin deepening. These
siliciclastics pass into dolostones of the Tuanshanzi Formation, indica-
tive of shallow marine carbonate platform environment. Moving up-
ward, abundant volcanoclastics characterize the Dahongyu Formation.

The Gaoyuzhuang Formation, the beginning of the Jixian System, is
typified by thick-bedded stromatolitic dolostones, while subordinate
Mn-bearing dolostones and shales occur in the lower and middle por-
tions of this formation. It is believed that the widespread distribution of
the Gaoyuzhuang carbonates marks a transition from active to passive
margin setting (Qu et al., 2014). The Yangzhuang Formation, composed
of muddy dolostones, is interpreted to have been deposited in inter- and
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Fig. 2. SEM images of apatite preserved in the Gaoyuzhuang and Xiamaling Formations. Ap, apatite; OM, organic matter. See text for details.

super-tidal zones, giving way to monotonous dolostones of the
Wumishan Formation, and black shales of the Hongshuizhuang Forma-
tion through relative sea level rise. Subsequent shoaling resulted in the
deposition of the Tieling carbonates and the flourishing of stromatolites.
Sediments overlying the Tieling Formation are conglomerates and
sandstones of the Xiamling Formation, finning upward into siltstones
and shales (Meng et al., 2011; Wang et al., 2017).

Our samples are shales of the Gaoyuzhuang and Xiamaling Forma-
tions (Fig. 1b). In recent years, great progress has been made in the
chronostratigraphy of these two formations. Tuff layers in the middle of
the Gaoyuzhuang Formation have zircon U—Pb ages of 1582 + 12 (Tian
et al.,, 2020), 1560 + 5, and 1559 + 12 Ma (Li et al., 2010). The
Xiamaling Formation, which was once assigned to the Neoproterozoic
Era, is now firmly established as Mesoproterozoic with zircon U—Pb
ages of 1392.2 + 1.0, 1384.3 £ 1.4 (Zhang et al., 2015), 1380 + 36,
1379 + 12 (Suetal., 2008),1372 £ 18 (Su et al., 2010), 1370 £ 11 (Gao
et al., 2008b), 1368 + 12 (Gao et al., 2007), and 1366 + 9 Ma (Gao
et al., 2008a). Paleomagnetism place the North China Craton at low-
latitude during the Mesoproterozoic Era (Zhang et al., 2012, 2021).
Drill cores capturing the Gaoyuzhuang and Xiamaling rocks were
recovered in the Kuancheng and Xiahuayuan areas, respectively. The
lack of storm wave imprint in the selected shales suggests a water depth
of >100-200 m (Stow et al., 2001). Detailed descriptions of sedimen-
tology and chemostratigraphy are given elsewhere (Wang et al., 2017;
Ye et al., 2021, 2023).

3. Methods

Thin sections were employed for mineralogical observations with a
Thermo Fisher Scientific Apreo scanning electron microscope (SEM) at
the Key Laboratory of Petroleum Geochemistry, China National Petro-
leum Corporation. This instrument is equipped with a Bruker XFlash
6-30 energy dispersive spectrometer (EDS) for elemental composition
determination. To improve conductivity, sample was coated with gold

before analysis. Backscattered electron images and SEM-EDS data were
collected under high vacuum conditions (10 kV and 0.8 nA).

Major elements were acquired at the Analytical Laboratory of Beijing
Research Institute of Uranium Geology, China National Nuclear Cor-
poration. In brief, fused discs were prepared in a crucible (95% Pt-5%
Au) with 0.7 g of sample, 5.9 g of flux (LipB407-LiF-NH4NOs3), and 1 mL
of LiBr, and then melted under 1150-1250 °C for 10-15 min. The discs
were analyzed by a PANalytical Axios™* wavelength dispersive X-ray
fluorescence spectrometer. The analytical precision given by replicate
tests of shale standards and samples was better than 2%.

Samples enriched in P from the Gaoyuzhuang and Xiamaling For-
mations were selected for 6180P determination. Phosphate purification
was conducted at the College of Ocean and Earth Sciences, Xiamen
University, according to the method of Chen et al. (2015) and Lei et al.
(2020). Specifically, the sample was extracted with 1 M HCl for 16 h and
the supernate was separated from the residue by centrifugation. An
aliquot of the supernate was measured for P content by a Thermo Fisher
Scientific X Series 2 inductively coupled plasma-mass spectrometer at
the Guizhou Tongwei Analytical Technology Co., Ltd. Magnesium-
induced co-precipitation was employed to obtain phosphate. The pre-
cipitate was re-dissolved with 10 M HNO3 and purified by precipitation
of phosphate as ammonium phosphomolybdate and magnesium
ammonium phosphate. After re-dissolution, the solution was treated
with cation (AG 50 W-X8, BIO-RAD) first and then anion resins (AG 1-
X8, BIO-RAD) to remove interfering ions. Phosphate adsorbed on the
anion resin was eluted with 0.2 M NaHCOs. Residual carbonate was
removed by adding 7 M HNOj and purging with Ny. The purified
phosphate was converted to AgsPO4 by ammonia volatilization.

Phosphate oxygen isotope ratios were analyzed by a high-
temperature conversion-isotope ratio mass spectrometry (Flash EA
1112 Series, Delta V Advantage, Thermo Fisher Scientific) and reported
relative to the VSMOW standard. The measured 6180p compositions
were calibrated by the IAEA-601 benzoic acid (§'0,, = 23.14%o) and the
B2207 silver phosphate (8180p = 21.7%o, Elemental Microanalysis). The
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Fig. 3. SEM-EDS results. (a) A typical EDS spectra of apatite. (b-c) EDS maps showing the close association between apatite and organic matter.
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Fig. 4. Geochemical profiles of the Gaoyuzhuang and Xiamaling Formations. Note that the dots represent the P contents and §'%0, of the HCl-extractable pool,

encompassing both detrital and authigenic (open squares) components.

analytical reproducibility was better than 0.3%.. Parallel SISOP analysis
was conducted at the Institute of Geographic Sciences and Natural Re-
sources Research, Chinese Academy of Sciences after the method of Tian
et al. (2016). Replicate determinations between the two laboratories
agreed within 0.6%o.

4. Results

SEM-EDS analysis reveals the presence of carbonate fluorapatite
(CFA) spheroids (~5 pm) in all the examined samples, while in organic-
rich laminae CFA often occurs as clustered aggregates (Figs. 2 and 3).
The CFA spheroids are not single crystal but consist of tiny apatite
particles exhibiting radial features (Fig. 2d-f). The centers of these
spheroids are filled with smaller apatite grains (Fig. 2f), sometimes with
organic matter (Figs. 2 and 3). Elemental mapping suggests a close
relationship between CFA and organic matter. The former is identified
by the co-enrichment of Ca and P, while the latter is characterized by
carbon enrichment (Fig. 3). However, dispersed CFA globules without
clear evidence of organic matter are also observed (Fig. 2c). Geochem-
ical results show that the selected samples are generally enriched in P (P
= 0.07-0.42 wt%,; Fig. 4) compared to other Mesoproterozoic sediments
(P = ~0.03 wt%, the Mesoproterozoic median in the database of Pla-
navsky et al., 2023; Fig. 5). The HCl-extractable 6180P compositions of
the Gaoyuzhuang and Xiamaling Formations range from 13.0%o to
16.1%o0 and 10.1%o to 15.9%o, respectively, with no obvious stratigraphic
variation (Fig. 4; Table S1). Notably, these values, together with a
compilation of 6180p data from P-bearing rocks, help define an
increasing trend in 6180p with decreasing ages (Fig. 5a; Table S2).

5. Discussion
5.1. Authigenic phosphate oxygen isotope compositions

Since the HCl-extractable P pool (Pyc)) represents a mixture of
authigenic and detrital P, a lithogenic correction is required to deter-
mine the 6180p of the authigenic fraction (8180auth). The Slsoamh can be
estimated by the following mass balance equations:

8" O = (Prcr x 8" Onct — Paer X 8" 0yer) / (Prict — P 2

Pde! = (P/Al) (3)

det X Alsample
where 580y and 51804 denote the HCl-extractable and detrital 6180p
values, respectively, Py is the P content extracted by 1 M HCI, Py is
the detrital P abundance, Alsample Stands for the bulk Al content in our
samples, and (P/Al)q4e; signifies the detrital background.

We evaluate 5'80g4e by compiling published igneous apatite 6180p
compositions (average = 5.3 £ 2.3%o; Table S3; Conway and Taylor,
1969; Mizota et al., 1992; Tichomirowa et al., 2006; Broom-Fendley
etal., 2016; Bruand et al., 2019; Sun et al., 2020; Smith et al., 2021). We
note that local inputs of P with higher SISOdet are plausible due to
sedimentary CFA recycling. In general, a higher 8'®0gc; leads to more
18O-depletation of 6180auth and correspondingly a warmer temperature
when 880, was in equilibrium with the ambient solution.

Based on the upper continental crust (UCC) composition (Rudnick
and Gao, 2014) and the assumption that reactive P makes up 35% of the
total P in UCC, the ratio of (P/Al)4er Was estimated to be 0.005 (Canfield
et al., 2020). The reactive P flux of 35% is the mean of the percentage
(25-45%) believed to be associated with riverine particulates (Rutten-
berg, 2014). The calculated detrital P pool accounts for a small portion
of the entire sedimentary P pool (mostly <20%), which is consistent
with sequential extractions of marine sediments (Algeo and Ingall, 2007;
Jaisi and Blake, 2010). We stress that our mass balance calculation
represents a very rough approximation of 5'80auth. If the true Pge; con-
centration is greater than our estimate, the calculated 5'80,uth would be
lower than the actual value, and vice versa.

5.2. Constraining Mesoproterozoic marine temperatures

Studies on modern oceans and sediments showed that CFA pre-
cipitations take place in the water column or near the sediment-water
interface (e.g., Faul et al., 2005; Ruttenberg, 2014). SEM images of our
samples reveal deflections of organic-rich or clay laminae around the
margins of CFA as well as the co-occurrence of CFA and organic mate-
rials (Figs. 2 and 3), indicating an early diagenetic origin for CFA.
Indeed, the early diagenetic formation of CFA has been inferred to be
mediated by bacteria, which can not only release phosphate into pore
waters through the breakdown of polyphosphate (Schulz and Schulz,
2005; Goldhammer et al., 2010) but also serve as templates for crystal
nucleation (Cosmidis et al., 2013). The tiny CFA spheroids in the studied
successions differ from large-sized euhedral apatite prisms (>100 pm) or
vein fillings observed in magmatic or metamorphic systems (Bruand
etal., 2019). Moreover, the Xiamaling Formation in the studied area has
only experienced a low degree of thermal maturity based on pyrolysis
analysis (Zhang et al., 2015). It is thus possible to use the 5180 ther-
mometer to constrain the temperature of pore water from which the CFA
was precipitated.

To assess Mesoproterozoic marine temperatures, we start by
considering the seawater 5'20,,, a key parameter controlling pore water
618OW. The 618Ow of seawater has been an intense and ongoing debate,
arguing for either a stable slsow (Muehlenbachs, 1998) or a secular
6180w variation over time (Jaffrés et al., 2007). Two 6180w compositions
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that are relatively close to the age of our samples have been reported.
One is from the ~2.4 Ga Vetreny belt rocks (880w = —1.7%0; Zakharov
and Bindeman, 2019) and the other is from the ~760 Ma Bou Azzer
ophiolite (6180W = —1.33%o; Hodel et al., 2018). Therefore, we can as-
sume a Mesoproterozoic 5'%0, range of —1.7%0 to —1.33%., which
aligns with the oxygen-flux modelling of Herwartz et al. (2021). How-
ever, a 8'%0,, reconstruction based on signatures preserved in iron ox-
ides indicated that the 5'%0,, of Mesoproterozoic oceans could be as low
as —8%o (Galili et al., 2019). Since we see no unique way to validate
these estimates, both values are utilized in subsequent calculations.
Diagenetic processes, such as sulfate reduction and clay dewatering,
can drive pore water §'%0,, away from seawater 5!%0,, (Loyd et al.,
2012). We evaluate the diagenetic influence by comparing the studied
formations with sediments of the Peruvian oxygen minimum zone
(OMZ), where active phosphogenesis and high flux of organic burial
were detected (Ruttenberg, 2014). The depositional environment of the
Xiamaling Formation is particularly similar to the Peruvian margin, as it
has been demonstrated to record a Mesoproterozoic OMZ (Zhang et al.,

2016; Wang et al., 2017). Investigations on the Peruvian pore waters
revealed a 5'80,, deviation of ~0.5%o during early diagenesis (Kastner
et al., 1990; Meister et al., 2008), which represents potential diagenetic
alterations that need to be included in our calculation.

Lastly, a 6180P in equilibrium with pore water 530, should be
determined. The §'80,,, values range from 13.8%o to 19.1%o in the
Gaoyuzhuang Formation and from 10.7%oc to 18.9%o in the Xiamaling
Formation (Fig. 4). These variations could be attributed to either tem-
perature shift during CFA precipitation or fractionation that occurred
via the hydrolysis of organic P compounds. Laboratory studies have
shown that the enzymatic degradation of organic P is accompanied by
incorporation of one or two oxygen atoms from water with kinetic
isotope effects, producing 6180p lower than the equilibrium composition
(Liang and Blake, 2006, 2009; von Sperber et al., 2014). Given the close
relationship between CFA and organic matter in our samples, organic P
hydrolysis could have played an important role in both forming CFA and
disrupting the 6180p equilibrium. We use the largest 80, to repre-
sent the equilibrium signal. Combing this value with Eq. (1) and pore
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water 880, of —1.7%o to —1.33%o0 (& 0.5%0) yields a temperature of
25.2 + 8.2 °C for the Mesoproterozoic seafloor (Monte Carlo method).
On the other hand, applying a 5'%0,, of —8 =+ 0.5%o would result in
unrealistic temperature (—3.9 + 9.2 °C). It is noteworthy that pore
water 6180p of dissolved phosphate from the Peruvian sediments could
be 0-2%o0 lower than the equilibrium ratio due to the superposition of
biological P turnover and organic P degradation (Zhao et al., 2021).
Hence, even with the highest 5'80au¢h, OUT approach may still lead to a
slight overestimation of the Mesoproterozoic temperatures.

To compare the obtained temperatures with those of the modern, we
plot our data along with the §'80,, from the Peruvian margin (Fig. 5a;
Jaisi and Blake, 2010). As mentioned above, Our samples exhibit
striking resemblances to sediments beneath the Peruvian OMZ in terms
of location (low-latitude), water depth (>100-200 m), and sediment
properties (enriched in P and organic matter). While these values can
deviate from the isotopic equilibrium, the significant difference between
the 61803mh of modern and Mesoproterozoic apatite conceivably indi-
cate a warmer condition during the Mesoproterozoic Era. Such an
interpretation would be consistent with evidence indicating high levels
of atmospheric carbon dioxide or other greenhouse gases at that time
(Kaufman and Xiao, 2003; Kah and Riding, 2007; Liu et al., 2019).

5.3. Implications for the phosphorite paucity

An enigmatic feature of Mesoproterozoic successions is the sup-
pression of phosphogenesis (Fig. 5). Previous research attributes this
phenomenon to a small P reservoir and the prevalence of anoxic states in
coeval oceans (Reinhard et al., 2017). Theoretically, the precipitation of
CFA occurs when pore water becomes supersaturated with respect to its
phosphate precursors, a process largely controlled by ion concentrations
and environmental factors such as temperature and pH (Jahnke, 1984;
Van Cappellen and Berner, 1991; Zhao et al., 2020; Brady et al., 2022).
Our study of 5'80,uth allows us to evaluate the temperature impact on P
authigenesis. In the following, we utilize the PHREEQC program to
calculate the saturation index (SI) for CFA under varying temperatures:

SI = log(TAP/K) @]

where IAP is the ion activity product, K is the solubility product. SI >
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0 denotes supersaturation of the solution with respect to CFA, while SI <
0 represents unsaturation. The larger the SI, the more CFA will be
precipitated.

As illustrated in Fig. 6, the SI declines with rising temperature. An
increase in pore water temperature of 10 °C will induce a reduction in SI
by approximately one unit, corresponding to an order of magnitude
decrease in the degree of supersaturation. It is plausible that the warm
Mesoproterozoic oceans could have contributed to the scarcity of
phosphorite by hindering CFA precipitation, especially under a P-
limited marine system. Notably, the temperature-control on CFA
authigenesis may have also played a role in modulating the P cycle
during the Phanerozoic Eon. For instance, anomalously high ratios of
organic carbon to total P preserved in sediments of the Cretaceous
oceanic anoxic events were suggested to be caused by high temperatures
and consequently low rates of CFA precipitation (Papadomanolaki et al.,
2022), a conclusion align with our findings.

6. Conclusions and future directions

Authigenic CFA spheroids are observed in the Gaoyuzhuang and
Xiamaling samples, but the bulk P abundances are lower compared to
their Phanerozoic counterparts. The calculated 580 values likely
indicate a warm climate during the Mesoproterozoic Era. Based on
thermodynamic calculations, we propose that the elevated temperatures
could have inhabited CFA authigenesis, partially accounting for the
scarcity of phosphorite in coeval strata. However, further validation of
this idea and more nuanced investigations are still warranted. Many
types of sediment remain unexplored, and the Mesoproterozoic 5180amh
data are sparse relative to the Phanerozoic record. Refinement of
580, could be achieved through sequential extraction or in situ
microscale analysis. Additionally, the emerging field of triple oxygen
isotopes offers a promising avenue for gaining deeper insights into P
dynamics. Such studies hold potential not only to enhance our under-
standing of the P cycle, but also to shed light on the interplay between P
availability and life evolution.
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