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ABSTRACT

Phosphorus, an essential element for all forms of life, is recognized as the ultimate limiting nutrient controlling
marine primary production over geological timescales. Phosphorites, which are the most phosphorus-rich
sedimentary deposits, therefore serve as a valuable archive for reconstructing past marine phosphorus cycling.
However, the origin of ancient phosphorites—whether their occurrences reflect changes in the global seawater
nutrient inventory or are instead tied to local depositional conditions—remains debated. To shed light on this
question, we examined the Permian Phosphoria Formation, a phosphorus-rich sequence deposited along western
Pangaea. While previous models attribute extensive phosphogenesis to open ocean upwelling along a continental
margin as in modern analogs, trace element concentration data suggest that Phosphoria environments were
instead (semi)-restricted. Notably, bulk sediments exhibit exceptionally high 5!°N values (> +15%o). This may
result from NHj volatilization, implying unique local water mass chemistry with elevated pH and alkalinity.
Alkaline conditions, further enhanced by vigorous evaporation, could have promoted phosphate accumulation in
the water column. We propose an alternating redox model to explain the observed pattern of phosphate
enrichment in the sediments. Our study highlights the importance of local factors—specifically alkalinity,
evaporation, and basin restriction—in driving phosphogenesis in the Phosphoria Formation, with implications
for other phosphorus-rich successions in deep time. These insights may help illuminate the temporal clustering of
phosphorites in the geologic record, specifically during the early and late stages of the Proterozoic.

1. Introduction

these, phosphorites—exceptionally P-rich sedimentary rocks (i.e., rich
in phosphate minerals such as apatite)—stand out as an end-member

Phosphorus (P), an essential nutrient, is widely considered to control
the rate of primary productivity in the oceans over geological timescales
(Tyrrell, 1999). Consequently, the evolution of the marine P cycle may
have played a key role in shaping ocean-atmosphere oxygen levels,
alongside major episodes of biospheric innovation and radiation
throughout Earth’s four-billion-year history (Reinhard et al., 2017).
Reconstructing past marine P cycling is therefore critical and often relies
on geochemical signatures preserved in ancient sedimentary rocks,
including fine-grained siliciclastic sediments (Reinhard et al., 2017) and
chemical precipitates such as banded iron formations (Bjerrum and
Canfield, 2002) and carbonate rocks (Ingalls et al., 2022). Among

archive of past P cycling.

Phosphorites are P-rich sedimentary rocks that are often defined by a
threshold P content (e.g., 18 wt% P20s; Glenn et al., 1994); here we use
the term more generally to refer to sedimentary rocks with at least
several wt% P20s. Phosphorites are commonly interbedded with shales,
limestones, dolomites, and cherts, and display a variety of sedimentary
textures, such as peloids, ooids, and clasts. Despite forming in a range of
lithological settings, they share some consistent characteristics. Phos-
phorite deposition is frequently linked to shallow (Bushinski, 1964),
sediment-starved environments (Follmi, 2016)—at least during the
primary precipitation of apatite, although phosphatic particles can be
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re-worked and transported to deeper settings (Follmi et al., 1992).
Phosphorus-rich rocks are also commonly found in association with
stromatolites within the same stratigraphic successions (e.g., Southgate,
1980), and with evaporitic deposits within the same depositional basins
(Hite, 1978). Additionally, detailed examinations of modern phospho-
rites suggest that their formation is influenced by sea-level fluctuations,
with maximum P enrichment typically occurring during marine trans-
gressions (Pufahl and Groat, 2017). This pattern aligns with the
commonly observed association between P enrichment and carbonate
hardgrounds (Christ et al., 2015).

Despite these known sedimentological relationships, the deposi-
tional environments that gave rise to ancient phosphorites remain
poorly constrained, leaving open debates about the dominant controls
on phosphorite prevalence through Earth history. Specifically, some
have argued that phosphorite occurrences reflect changes in the global
seawater nutrient inventory (Papineau et al., 2010), while others have
highlighted the importance of local depositional conditions (Filippelli
and Delaney, 1992). In the geological record, phosphorites are glob-
ally distributed during two notable intervals: the Paleoproterozoic and
the Neoproterozoic-Cambrian transition. Both periods were marked by
tectonic reorganization (i.e., supercontinent breakup) and global
biogeochemical perturbations, particularly in the oxygen and carbon
cycles (reviewed in Papineau et al., 2010). This temporal coincidence
has led authors to infer potential cause-and-effect relationships between
widespread phosphogenesis and the coeval Earth-system changes. For
example, some models link the formation of Paleoproterozoic phos-
phorites to intensified continental weathering and the resulting increase
in P flux to the oceans—an input that may have stimulated marine
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primary productivity, enhanced organic carbon burial, and ultimately
contributed to atmospheric oxygenation (Papineau et al., 2010). How-
ever, some P-rich sedimentary successions in Earth history exhibit
anomalous geochemical signatures—such as unusually heavy nitrogen
6N (e.g., Papineau et al., 2009; Keighley, 2015) and inorganic carbon
(613C) isotopic ratios (e.g., Papineau et al., 2013) —that are difficult to
reconcile with global marine signals. The anomalies suggest that phos-
phorite formation in these cases may have been driven by localized
water mass chemistry within hydrologically restricted basins, rather
than by secular changes in global marine nutrient levels.

Recently, a growing body of studies indicate that elevated 5'°N
values in ancient rocks (as noted above) may reflect high pH and alka-
linity (carbonate-rich) in local aquatic environments (e.g., Stiieken
et al., 2015, 2020; Velazquez et al., 2025). Such conditions, analogous
to those in modern alkaline systems, are known to promote phosphate
(PO?{) accumulation via titration of calcium (Ca) from the water column
via calcium carbonate precipitation, which leaves apatite undersatu-
rated even at millimolar-range PO3" concentrations (Toner and Catling,
2020; Haas et al., 2025). If the accumulated water-column PO%’ reser-
voir were subject to rapid precipitation (e.g., following an influx of Ca or
drop in alkalinity that would promote apatite crystallization), this could
lead to P enrichment in sediments. Based on this framework, we hy-
pothesize that many phosphate deposits in the geological past could
have been associated with hydrologically restricted settings, where
phosphogenesis was primarily controlled by local factors such as
elevated alkalinity. For instance, the Eocene Green River Formation,
which was deposited in evaporitic lakes, contains co-occurring alkali
minerals (i.e., trona and nahcolite), elevated 515N signatures, and
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episodic P enrichments (Collister and Hays, 1973; Keighley, 2015;
Lowenstein et al., 2017), consistent with this hypothesis.

To evaluate the applicability of this model—that phosphorus en-
richments are primarily governed by local depositional conditions—to
more ancient, massive phosphate deposits, we focus on the Permian
Phosphoria Formation, which is a P-rich sedimentary sequence depos-
ited within a subtropical epicontinental sea (the “Phosphoria Sea™)
along the western margin of Pangaea (Fig. 1A). This unit represents one
of the world’s largest known phosphatic rock resources, containing an
estimated five to six times the total amount of P present in today’s
oceans (Sheldon, 1989). In the P-rich beds, peloids and coated grains (i.
e., francolite) are the dominant components of the facies and are
interpreted to have formed through authigenic phosphogenesis
(Matheson and Frank, 2020). Some granular phosphorites may reflect
reworking; however, these P-rich rocks are generally considered to
represent in situ precipitation, as indicated by their poor sorting
(Matheson and Frank, 2020). Notably, this extensive P-rich system has
no direct modern depositional analog and the cause of the extensive
phosphogenesis remains elusive. Most models propose an upwelling
system along the western margin of Pangaea, invoking cold,
nutrient-rich deep waters, analogous to modern settings such as the
Peruvian shelf margin (e.g., McKelvey et al., 1959; Hein et al., 2004).
These models implicitly assume that the depositional environments
were well connected to the coeval open ocean. However, the Phosphoria
Sea was at least partially isolated from the open Panthalassa Ocean by a
remnant of the Antler Highland (Geslin et al., 1998), and bordered to the
east by arid, highly evaporative sabkha environments (Fig. 1B, see more
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details in Section 2). These conditions suggest that the P-rich sequence
may instead reflect deposition in a semi-restricted setting, where local
factors could have played a significant, if not dominant, role in
phosphogenesis.

Here, we examine one drill core (Lakeridge) from western Wyoming
and two outcrop sections (Montpelier and Hoback) located near the
Idaho-Wyoming boundary (Fig. 1B). Specifically, the Lakeridge core
captures a nearly continuous succession of the Phosphoria Formation. In
contrast, the two outcrop sections are less complete but still capture the
representative P-rich intervals. We employ bulk nitrogen isotopes
(8'°Npuix)—an emerging proxy for reconstructing aqueous pH and, by
extension, alkalinity in ancient environments—to test the potential link
between phosphorus enrichment and alkalinity. Combined with major
and trace element analyses, this approach allows us to constrain the
hydrological and chemical characteristics of the Phosphoria Basin.
While our focus is on the Phosphoria Formation, the insights from this
study extend to phosphogenesis in other P-rich sequences throughout
Earth history, particularly those deposited during the Paleoproterozoic
and the Neoproterozoic-Cambrian transition. Our study also has impli-
cations for astrobiology. Phosphorus is an essential component of
information-encoding polymers and plays critical roles in cell structure
and metabolism; it is therefore considered central to the origin of life on
Earth and potentially on other habitable worlds (Westheimer, 1987).
Identifying environmental conditions that sustain aqueous P availability
is thus crucial. Our results extend prior work (e.g., Toner and Catling,
2020) which suggests that localized, alkaline environments may repre-
sent one such setting.

@ this study

(A) Lakeridge core
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modern marine
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Fig. 2. Nitrogen isotope and phosphorus concentration data of the studied sections. (A) Lakeridge core. Some P,Os concentration data are from Perkins et al. (2003).
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2. Geological background and materials

The well-known Phosphoria Formation was deposited over a vast
area of the present day western United States, spanning approximately
350,000 km? across Idaho, Wyoming, Montana, Utah, and Nevada (Hein
et al., 2004; Fig. 1B). It comprises diverse lithologies, including phos-
phorites, cherts, and organic-rich mudstones (Fig. 1C and 2A), with
P-rich beds primarily concentrated in the Meade Peak and Retort
members (Fig. 2A). Overall, this succession was deposited on a
low-gradient, westward-facing carbonate ramp (<200 m; Perkins et al.,
2003), with phosphogenesis taking place both in basinal settings and
shallower, inner-ramp environments (Fig. 1C; reviewed in Hein et al.,
2004). Two depositional age models have been proposed: one con-
straining sedimentation from the latest Kungurian to the end of the
Wordian (Wardlaw, 2015), and another extending deposition to the
Permian-Triassic boundary (Davydov et al., 2018). In addition to the
Phosphoria Formation, other sedimentary sequences also accumulated
in the Phosphoria Sea, including shallow-marine siliciclastics (sand-
stones of the Shedhorn Formation) shed from the Milk River Uplift to the
north, carbonates (the Park City Formation) and evaporitic deposits (the
Goose Egg Formation) that are located in the desert to the east (Fig. 1B,
C; reviewed in Hein et al., 2004). Although each formation was depos-
ited primarily within specific portions of the basin, tongues of some
units extend considerable distances (McKelvey et al., 1959). For
instance, carbonate- and evaporite-dominated deposits in the eastern
basin occasionally contain tongues of the Phosphoria Formation
(Fig. 1C).

The Lakeridge core (~90 m) was recovered from General Petro-
leum’s Lakeridge No. 43-19-G well in Sublette County, Wyoming
(western United States, Fig. 1B). Now archived at the U.S. Geological
Survey core repository in Lakewood, Colorado, this core captures a
nearly complete and unweathered succession of Middle-Late Permian
strata. Within it, the Phosphoria Formation intertongues with carbonate
rocks of the Park City Formation (Fig. 1C). The Phosphoria Formation is
divided into two depositional sequences. The lower sequence,
comprising the Meade Peak phosphatic shale and Rex Chert Members, is
generally considered to lie unconformably on the sandy carbonates of
the Grandeur Tongue of the Park City Formation (Fig. 2A). The
carbonate-rich Franson Member of the Park City Formation—as a
basinward-projecting tongue—overlies the lower Phosphoria sequence
(Fig. 1C). Above the carbonates lies the upper Phosphoria sequence,
consisting of the Retort phosphatic shale and Tosi Chert Members, which
is further overlain by the carbonate-rich Ervay Member of the Park City
Formation (Fig. 2A). Several intervals of carbonate-rich quartz sand,
referred to as the Shedhorn Sandstone, are also present within the
Lakeridge core (Fig. 2A). Further details are provided in Perkins et al.
(2003). In addition to the core, we also collected samples from two
outcrop sections near the Idaho-Wyoming border: Montpelier, ID (~10
m) and Hoback Junction, WY (~14 m) (Fig. 1B). These sections capture
the Retort Member and the Meade Peak Member of the Phosphoria
Formation, respectively (Fig. 2B, C). In terms of sedimentary environ-
ments, previous studies suggest that the Lakeridge core represents a mid-
to inner-ramp depositional setting that might have been influenced by
storm-induced wave-base turbulence (Perkins et al., 2003). The Mont-
pelier and Hoback sections, situated in close proximity to the Lakeridge
core, are interpreted to record similar depositional environments,
although the Montpelier section appears to have been slightly more
distal from sediment sources.

3. Methods

Any visible veins or weathered surfaces were removed from samples
with a water-cooled rock saw, and the remaining portions were
hammered or cut into small pieces and thoroughly rinsed with deionized
(DI) water. Next, a shatterbox with an alumina (ceramic) puck was used
to produce homogenized powders. All N isotopic analyses (bulk and
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kerogen-bound) were performed at the University of Washington. For
bulk 5'°N analyses, the rock powders were decarbonated via two
treatments with 2 M HCI at 60 °C overnight. The residues were then
rinsed three times with 18 megaohm DI water and dried in an oven.
Following this, the sample powders were weighed into tin capsules (8 x
5 mm) and analyzed with a Costech ECS 4010 Elemental Analyzer
coupled to a Thermo MAT253 Isotope Ratio Mass Spectrometer. Isotopic
ratios are expressed as 8 = (Rsample/Rstandard — 1) x 1000, where R is the
ratio of >N/*N (reported as 5!°N). Nitrogen isotope data are reported
relative to air as the isotopic standard. Sample data were cast on the
615Nair scale via two-point calibration using in-house standards (two
glutamic acids and dried salmon powder; Kipp et al., 2018) that are
calibrated to the international reference materials USGS40 and USGS41.
Replicate analyses of USGS Green River Shale (SGR-1) were used to
demonstrate analytical reproducibility, particularly at the high end of
the 8°N scale, yielding an average value of §'°N = +18.1 + 0.5%0).

Kerogen isolation was performed as in Kipp et al. (2018). Homoge-
nized rock powders were weighed into fluoropolymer bottles and
treated with 50% v/v (~15 M) hydrofluoric acid (HF) overnight in a
shaking water bath at 55 °C. The resulting solutions were centrifuged
and the supernatant (containing dissolved silicate phases) was decanted.
The residual phase was treated with 62.5 g H3BO3 dissolved in 50% HF
to produce BF3 to remove residual fluoride phases formed by excess HF.
Samples were centrifuged, the supernatant again decanted, and the
samples were rinsed three times with DI-H»0. The kerogen was trans-
ferred to a glass vial in DI-HO and freeze-dried to remove moisture
prior to analysis. Kerogen isotopic analyses followed the same protocol
as bulk samples. Aliquots of kerogen were analyzed for C/H ratios on a
CEC 440HA Elemental Analyzer in the Marine Analytical Laboratory at
University of California Santa Barbara.

Major and trace element concentrations were determined via X-ray
fluorescence (XRF) and ICP-MS, respectively at ALS Geochemistry, and
also compiled from Perkins et al. (2003) for the Lakeridge Core. Ce
anomalies (Ce/Ce*gy) and Pr anomalies (Pr/Pr*gy) are calculated here
based on their relative enrichments or depletions (normalized to the
Post-Archean Australian Shale—PAAS) compared with neighboring
REEs: Ce/Ce*sN = CesN X NCISN/(F’I‘SN)2 and PI‘/PI‘*SN = PI‘SN/(O.SCESN +
0.5Ndg).

4. Results

The Lakeridge drill core contains multiple P-enriched horizons,
reaching 25-30% P50Os, primarily within the Meade Peak and Retort
members (Fig. 2A). From the base of the core, 615Nbu1k values increase
gradually over ~10 m, from about +8%o to a maximum of +19%o, and
then remain generally elevated. Toward the base of the Shedhorn
Sandstone (at ~35 m depth), values decline slightly to ~+10%o
(Fig. 2A). In the upper portion of the core, §'°Npyx shows a second
increasing trend, from ~+11%o to a peak of +18%o within the Retort
Member, and then remains generally high (Fig. 2A). Overall, relatively
elevated 8'°Npy values coincide with intervals of maximum P enrich-
ment. Additionally, 615Nbu1k from the two outcrop sections, Montpelier
and Hoback, are consistently high, with mean values of +21.2 + 0.7%o
and +15.5 + 1.4%o, respectively (Fig. 2B, C). For all the three locations,
the total nitrogen (TN) content broadly covaries with the corresponding
total organic carbon (TOC) concentration (Fig. S1A), implying that the
majority of nitrogen is derived from marine organic matter, despite
subsequent remineralization in the water column and during early
diagenesis following burial.

In addition to bulk 8'°N measurements, we analyzed nitrogen con-
centrations and isotope ratios of kerogen-bound N (615Nkemgm) in six
representative samples—five from the Lakeridge core and one from the
outcrop (Hoback). Their carbon-to-nitrogen (C/N) and carbon-to-
hydrogen (C/H) molar ratios range from 38.6 to 59.1 and 1.9 to 2.4,
respectively (Table S1). The 615Nkemgen values closely match the corre-
sponding 615Nbu1k values to within 0.2-0.9%. except for one sample
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(Table S1).

We also measured trace element concentrations in samples from the
Lakeridge drill core. Several samples from the lowermost interval show
elevated molybdenum (Mo) contents, reaching up to ~160 ppm,
whereas the remaining samples display comparatively low concentra-
tions, with an average of 8.7 + 8.8 ppm (Fig. 3). Uranium (U) concen-
trations are notably higher (50-100 ppm; Fig. 3) in samples enriched in
phosphorus (P205 >20 wt%), consistent with the role of apatite as an
important U sink (Altschuler et al., 1958). In contrast, P-poor samples
contain low U concentrations, averaging 6.9 & 7.7 ppm (Fig. 3). The five
phosphorite samples (P,Os >20 wt%) also exhibit pronounced
shale-normalized (SN) negative cerium anomalies (Ce/Ce*sy), with an
average of 0.24 + 0.04 (Fig. 4). The full dataset is provided in the
Supplementary Data.

5. Discussion
5.1. Hydrological and chemical characteristics of the Phosphoria Basin

We first aim to characterize the hydrological and chemical properties
of the Phosphoria Basin. Most samples from the Lakeridge drill core
contain relatively low iron concentrations (<0.5%), which precludes the
use of iron speciation as a reliable proxy for reconstructing water-
column chemistry (Raiswell et al, 2018). Instead, we focus on
redox-sensitive trace metals and TOC concentrations to infer the
first-order redox conditions within the basin. The burial rates of both
trace metals and organic carbon are typically elevated in sediments
deposited beneath reducing and/or euxinic (sulfide-rich) bottom waters
compared to those underlying well-oxygenated seawater (e.g., Bennett
and Canfield, 2020). As a result, their enrichments archived in ancient
rocks can provide insights into the local (and potentially global) marine
redox dynamics (e.g., Sahoo e al., 2023).

Our drill core samples are generally characterized by relatively low
TOC (<1.0 wt%) and muted concentrations of redox-sensitive trace
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metals (Mo and U), except in the lower portion of the section and in P-
rich samples for U specifically (Fig. 3). This pattern suggests that most
sediments were deposited beneath oxic to non-euxinic reducing bottom
waters (Bennett and Canfield, 2020), consistent with the generally low
organic carbon/total phosphorus ratios (Corg/P) observed in our samples
(Fig. S2) (Algeo and Ingall, 2007). By contrast, several samples from the
lower part of the section (at ~10 m height) exhibit markedly higher Mo
concentrations relative to the rest of the succession (Fig. 3). Unlike many
other trace metals, Mo sequestration is highly sensitive to euxinic con-
ditions, where removal from seawater is strongly enhanced relative to
both oxygenated and non-euxinic reducing environments (Scott and
Lyons, 2012). The substantially elevated Mo concentrations observed
in several samples (note that these are not the P-rich samples, which
were instead tied to well-ventilated conditions, see Section 5.3) there-
fore suggest intervals of at least transient euxinia within the Phosphoria
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Basin.

In sulfide-rich settings, sedimentary Mo/TOC ratios can be further
used to constrain hydrological conditions, specifically the degree of
water-mass restriction. Detailed studies on modern restricted basins
show that increasing restriction is closely correlated with systematically
lower Mo/TOC ratios recorded in sediments (Algeo and Lyons, 2006).
Two processes lead to these muted values in highly restricted settings
(<10 for the Black Sea and Framvaren Fjord): (1) rapid Mo drawdown
from the water column, and (2) limited seawater renewal from the open
ocean, which would otherwise replenish the basin’s Mo reservoir. In
general, our samples from the euxinic interval exhibit relatively low
Mo/TOC ratios (<30), comparable to those of the modern Cariaco Basin
(25 £ 5), and lower than those of the euxinic settings that are more
connected to the modern ocean (45 + 5 for Saanich Inlet) (Algeo and
Lyons, 2006). Assuming a similar marine Mo inventory in the Permian
ocean as today (Dahl et al., 2010), this would suggest that the Phos-
phoria Basin was at least semi-restricted, with limited connection with
the global ocean along its western margin. Such hydrological restriction
is consistent with the paleogeographic configuration of the Phosphoria
Sea, which was partially separated from the Panthalassa Ocean by the
remnant Antler Highland (Geslin et al., 1998). Further support comes
from strontium isotope data from carbonates within the Phosphoria
Formation (8Sr/%0Sr = 0.7076-0.7086), which are more radiogenic
than the coeval isotopic composition of the global ocean (87Sr/%%sr =
0.7068-0.7070) (Hill et al., 2024), thus reflecting local continental
weathering signatures and reinforcing the argument that the Phosphoria
Basin was indeed somewhat restricted.

Moreover, multiple lines of evidence indicate that water masses
within the Phosphoria Basin were more saline than normal seawater.
First, dolomites and extensive evaporite deposits—including anhydrite
and halite—occur within the Phosphoria Basin and adjacent basins to
the east (Fig. 1B; Stephens and Carroll, 1999; Hein et al., 2004). These
facies formed contemporaneously with the P-rich successions of the
Phosphoria Formation, suggesting that the phosphogenesis also took
place under arid, highly evaporative, and saline conditions. Climate
simulations are consistent with this inference, indicating that the
western margin of Pangaea experienced low precipitation during the
Middle-Late Permian (Li et al., 2022). In addition to the evidence above,
available geochemical data further corroborate such conditions. Oxygen
isotope compositions from the coeval phosphorites record elevated
shallow-water temperatures of 34-37 °C (Hiatt and Budd, 2001), while
the contemporaneous landward carbonates (dolomites) display rela-
tively high oxygen isotopic values [0 = +(4-5)%c], which are typical
of evaporative conditions (Pommer and Sarg, 2018). Moreover, elevated
concentrations of gammacerane reported from the Phosphoria Forma-
tion provide additional support for salinity stratification and the
development of hypersaline waters within the basin (Stephens and
Carroll, 1999).

5.2. Elevated alkalinity and its role in phosphate buildup in the water
column

Interestingly, we find exceptionally high 8'°Nyp,p values (>+15%o) in
both drill core and outcrop samples (Fig. 2). These values are markedly
higher than the global average for modern marine sediments (+5%o;
Tesdal et al., 2013) and other Permian strata (+(4-6)%o; Algeo et al.,
2014). Before evaluating possible environmental drivers of this trend,
we first consider the potential effects of metamorphic overprinting on
the nitrogen isotope compositions recorded in these ancient rocks.
Numerous studies have shown that thermal alteration can elevate 5'°N
and C/N values in both bulk rocks and the associated kerogen. The
extent of the enrichment increases with metamorphic grade and arises
from the preferential loss of 14N (reviewed in Stiieken et al., 2016, see
references therein). In our samples, generally low kerogen C/N ratios
(40-60 mol/mol; Table S1), together with the absence of a correlation
between bulk C/N ratios and SlsNbulk values (Fig. S1B), argue against
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significant metamorphic alteration. Similarly, C/H ratios of kerogen are
a widely used proxy for assessing thermal maturation of biomass, since
hydrogen is preferentially lost relative to carbon even at sub-greenschist
grades (Hayes et al., 1983). The kerogen in our samples yields C/H ratios
of ~2 (Table S1), consistent with a low metamorphic grade equivalent to
the prehnite—pumpellyite facies (Hayes et al., 1983). Moreover, the lack
of a positive correlation between C/H ratios and 515Nkemgen further
corroborates relatively low thermal maturity (Fig. S1C). Under such
low-grade conditions, bulk rock 8'°N values are typically enriched by
<1%o (Stiieken et al., 2017). Therefore, the exceptionally high 5'°N
values archived in our samples most likely represent primary
geochemical signatures.

Several mechanisms could be responsible for the elevated nitrogen
isotope compositions observed in our samples. We first consider deni-
trification (reduction of dissolved NOj3 to gaseous N»), a process that is
associated with large isotopic fractionation between product and reac-
tant (€ = Sproduct — Sreactant = —5 to —30%o) (reviewed in Stiieken et al.,
2016) and is thought to play the dominant role in setting the modern
marine N isotope mass balance. Although sediments deposited in mod-
ern oxygen deficient zones are tied to enhanced denitrification and often
exhibit relatively high 5'°N, values exceeding +15%o are rare (Tesdal
et al., 2013). Additionally, our phosphorite samples yield remarkably
negative Ce anomalies (Fig. 4), indicating well-ventilated water-column
conditions (see Section 5.3, Tostevin, 2021). Such conditions would
seem to be inconsistent with the widespread anoxia required to sustain
high degrees of denitrification. Moreover, elevated salinity—such as
that inferred for the Phosphoria Basin—can inhibit microbial nitrogen
metabolisms, specifically nitrification and denitrification (e.g., Tino
et al., 2025). Taken together, these factors indicate that denitrification
alone may not be sufficient to explain the elevated §!°N values.

We next consider partial nitrification (e & —1 to —25%o; reviewed in
Stiieken et al., 2016) and partial ammonium (NHZ) assimilation (¢ ~ —4
to —27%o; reviewed in Stiieken et al., 2016). Both processes generate
isotopically light products (nitrate or biomass), leaving behind residual
NHZ enriched in '°N that could be assimilated elsewhere within the
same basin. If these mechanisms dominated, we would expect pro-
nounced isotopic heterogeneity, expressed as a wide range of 5°N
values in the sedimentary record. However, our samples yield consis-
tently high nitrogen isotope compositions through time and across sites,
thus ruling out these pathways.

We argue that a more parsimonious explanation for our data is
volatilization of ammonia (NH3) from the water column into the at-
mosphere. This process imparts a large isotope fractionation (e ~ —42%o
at 25 °C, Li et al., 2012), leading to a uniform 15N-enriched pool of re-
sidual NHj that can be subsequently assimilated into biomass. For this
mechanism to operate, NHimust dissociate to H and NHj in the water
column. The yield of this reaction is governed by its pKa (the acid
dissociation constant), which is 9.2 under standard temperature and
pressure. Consequently, elevated 5!°N values (>+10%o) in sediments
can be interpreted as a diagnostic signal of high pH—and thus elevated
alkalinity—a relationship documented in both modern and ancient
alkaline lake systems (e.g., Stiieken et al., 2015, 2020; Velazquez et al.,
2025). We note that there is not necessarily a single threshold pH value
at which 8'°N would become enriched, since NHs already comprises a
few percent abundance at pH ~ 8. As discussed further below, the
presence of a large NHj reservoir appears consistent with the hydro-
logical and chemical conditions of the basin. Such a reservoir could have
developed under both anoxic conditions (beneath a steep and shallow
chemocline) and more oxygenated waters, provided salinity was high
enough to inhibit microbial nitrification. The subsequent conversion of
NHJ to NH3z would require relatively high pH—conditions that have
important implications for P accumulation in the water column.

Modern alkaline lakes are notable for their high dissolved P levels, in
stark contrast to the widespread P scarcity typical of most natural wa-
ters. This enrichment occurs because, in carbonate-rich environments,
calcium is preferentially sequestered into carbonate minerals, thereby
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inhibiting apatite precipitation as a major sink for PO3". Consequently,
dissolved PO3 can build up to exceptionally high
concentrations—sometimes exceeding 10 mM (Toner and Catling, 2020;
Haas et al., 2025). By analogy, we propose that elevated alkalinity in the
Phosphoria Basin promoted PO3 accumulation in the water column, a
process that may have directly contributed to phosphogenesis (episodic
P drawdown into sediments) in the Phosphoria Formation. This is sup-
ported by the observation that higher §!°N values—and thus more
elevated alkalinity—generally coincide with intervals of greater P
enrichment, particularly in the Lakeridge drill core (Fig. 2A). Beyond the
role of alkalinity, evaporation would have further facilitated PO}
enrichment in the water bodies.

It is noteworthy that sodium-rich carbonate minerals (e.g., trona and
nahcolite) are absent from our samples. These evaporite minerals are
common in modern alkaline lakes and are occasionally observed in
ancient systems with elevated pH (Keighley, 2015; Lowenstein et al.,
2017). However, their extreme solubility and concomitant low preser-
vation potential make them rare in deep-time records. Thus, their
absence does not preclude the possibility of elevated pH in ancient
aqueous systems. That said, the pH of the Phosphoria Basin was perhaps
only moderately elevated relative to the coeval global ocean, given that
the basin—though somewhat restricted—still received a moderate
amount of seawater influx from the open ocean (see discussion below).
Importantly, exceptionally high pH and alkalinity are not required to
generate high nitrogen isotopic ratios in the NHZ pool. In relatively
shallow settings (<200 m) such as the Phosphoria Sea, mixing between
the water column and atmosphere (e.g., during seasonal overturning)
would have enhanced NH3 degassing, leaving the residual NHj isoto-
pically enriched. A similar mechanism has been invoked for loss of
isotopically light volatile HoS from the non-marine Green River For-
mation, which led to isotopic enrichment of the residual sulfate reservoir
(Crémiere et al., 2024; we also note that the Green River Formation
exhibits elevated §'°N up to +20%o (Collister and Hays, 1973), consis-
tent with NHj volatilization). In addition, intermittently anoxic
conditions—indicated by trace metal enrichments and TOC concentra-
tions (see Section 5.1)—would have promoted NHJ buildup, facilitating
NHj loss. Even during intervals with widespread oxic conditions (see
Section 5.3), elevated salinity would have suppressed microbial nitrifi-
cation (e.g., Tino et al., 2025), perhaps allowing NHJ to accumulate in
the water column. Collectively, these factors likely contributed to both
the generation and preservation of the elevated §!°N signatures.

One remaining question concerns the sources of alkalinity in the
Phosphoria Basin. Evaporation of seawater alone cannot account for
elevated alkalinity (Tosca and Tutolo, 2023), suggesting additional in-
puts. It is noteworthy that the Phosphoria Basin was bordered by the
Milk River Uplift and the Ancestral Front Range (Fig. 1B), both of which
are partly comprised of Precambrian basement rocks (igneous and
metamorphic; Kluth and Coney, 1981; Shepard and Bartow, 1986).
Weathering of these rocks, followed by riverine input, could have
contributed to elevated alkalinity in the basin. Another potential source
is the Antler Highland to the west (Fig. 1B), which contains mafic to
intermediate rocks (basalt and andesite) emplaced by regional thrust
faulting, although the timing of this emplacement remains uncertain
(Late Permian to Early Triassic; Crafford, 2008). Additionally, inflows of
carbonate-rich groundwater may have further enhanced basin
alkalinity.

Next, we consider the source of P to the Phosphoria Basin. One
possibility is enhanced continental runoff during this period. However,
multiple studies suggest that terrestrial weathering intensity has
remained relatively constant over geologic timescales, except during
intervals of significant climatic perturbation (Lipp et al., 2021; Dzombak
and Sheldon, 2022). This makes a dominant continental source of P less
likely. Alternatively, an established framework of sequence stratigraphy
indicates that the P-rich intervals of the Phosphoria Formation (the
Retort and Meade Peak members) coincide with marine transgressions
(Fig. 3) (Hiatt, 1997), a pattern also observed in many other ancient
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phosphorites (Pufahl and Groat, 2017). We therefore propose that in-
cursions of open-ocean seawater replenished PO3 in the basin, despite
its semi-restricted nature. This is consistent with previous suggestions
that upwelling from a nutrient-rich deep water source constituted the
primary supply of P to the Phosphoria Formation (e.g., Hiatt, 1997;
reviewed in Hein et al., 2004). Fossil evidence, namely the presence of
cool-water brachiopods and conodonts, further supports periodic ma-
rine upwelling (Wardlaw, 2015).

Beyond these observations, we also examine trace metal patterns
using the framework developed by Sweere et al. (2016). This approach
distinguishes between two marine end-members: open-marine settings
along continental margins and hydrographically restricted marginal
basins. Notably, our samples (shales from the Meade Peak and Retort
Members) are plotted within the “open/upwelling” field rather than the
“restricted” field (Fig. S3). This pattern is consistent with a semi-isolated
basin that intermittently received inputs of upwelled seawater from the
coeval open ocean, rather than a fully restricted system analogous to the
modern Black Sea, an interpretation that we consider unlikely. A caveat,
however, is that the modern calibration dataset of Sweere et al. (2016)
does not include an epeiric sea analogous to the Phosphoria Sea, which
may limit the precision with which basin conditions can be constrained.
Nevertheless, the available stratigraphic, paleontological, and
geochemical evidence is mutually consistent in supporting intermittent
exchange with the open ocean. Thus, while we emphasize the (semi-)
restricted nature of the Phosphoria Basin, we argue that P was supplied
to the basin from an external marine upwelling source, which was key to
sustaining the P flux needed to fuel deposition of such a large phosphate
deposit.

5.3. A “Phase-switch” model for phosphogenesis in the sediments

We also measured rare earth element (REE) concentrations in
phosphorite samples from the Lakeridge drill core. The distribution of
REEs in chemical precipitates can potentially provide a valuable
fingerprint of the marine chemistry at the time of deposition (e.g.,
Tostevin et al., 2016; reviewed in Tostevin, 2021; Zhao et al., 2021). To
achieve this goal, the first critical step is assessing potential diagenetic
overprinting on the REE patterns. In general, the REE distributions of
our samples exhibit a seawater-like rather than a flat or bell-shaped (i.e.,
middle REE-enriched) pattern (Fig. 4), suggesting diagenetic alteration
and detrital contamination did not obscure the primary geochemical
signals (Reynard et al., 1999; Zhao et al., 2021). This is further sup-
ported by the lack of a positive correlation between aluminum contents
and total REE concentrations, which rules out significant detrital input
(Fig. S4). Notably, our P-rich samples are characterized by significant
negative Ce anomalies (Fig. 4), consistent with previous studies focusing
on the Phosphoria Formation (e.g., Piper, 2001). In addition to the bulk
rocks, data from specific mineral fractions—carbonate and apatite
separated through sequential leaching (Hill et al., 2024)—also reveal
distinct negative Ce anomalies (Fig. S5). It is noteworthy that these
signatures could also arise from anomalous lanthanum (La) enrichment
rather than true Ce depletion (Bau and Dulski, 1996). To distinguish
these two scenarios, we followed the method of Bau and Dulski (1996)
and detected shale-normalized positive praseodymium anomalies
(Pr/Pr¥gy) in our samples (Fig. S6). This confirms that the observed data
reflect genuine negative Ce anomalies.

Cerium anomalies can shed light on local water column redox dy-
namics in Earth’s deep past (e.g., Tostevin et al., 2016). Owing to its
distinctive redox behavior, Ce(IlI) can be oxidized to insoluble Ce(IV)
under oxygenated conditions. The resulting Ce(IV) is preferentially
removed from solution as discrete oxide particles relative to the other
REEs. This oxidation is commonly catalyzed on the surfaces of Mn
(oxyhydr)oxides, where Ce oxides tend to accumulate. As a result, oxic
settings become depleted in Ce and exhibit a negative Ce anomaly
(Ce/Ce*gy <0.9). In contrast, under low-oxygen conditions, Mn (oxy-
hydr)oxides undergo reductive dissolution, releasing previously
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sequestered Ce back into the water column. Thus, reducing water col-
umns typically lack a negative Ce anomaly and may even display a
positive anomaly (reviewed in Tostevin, 2021, see references therein).
Given these constraints, we infer that the studied phosphorites were
deposited under an oxygenated water column. This interpretation is
supported by their general association with relatively low TOC con-
centrations (Fig. S7), and consistent with fossil records of abundant
ichnofauna and benthic fauna (Marshall, 2025). By contrast, samples
with low P contents are characterized by elevated TOC concentrations
(Fig. S7), which may point to deposition under anoxic conditions.

We now synthesize the available lines of evidence discussed above.
In terms of its physical characteristics, the Phosphoria Basin was marked
by intense evaporation (as indicated by mineralogical features),
elevated salinity (as indicated by evaporite occurrences, isotopic sig-
natures, and biomarker evidence), and hydrological semi-restriction
from the coeval open ocean (as indicated by sedimentological and
trace metal constraints). Chemically, the basin was characterized by
elevated alkalinity (as inferred from high 8'°N values) and dynamic
redox conditions (as indicated by TOC, trace metal, and REE abundance
data) that generally fluctuated between oxic and non-sulfidic reducing
states. In addition, the basin episodically received PO} derived from
marine upwelling in the open ocean. A key unresolved question is how
this P inventory was transferred from the water column to the sediment
and ultimately contributed to the extensive phosphate deposits of the
Phosphoria Formation.

We propose a two-stage “phase-switch” model that integrates the
diverse lines of evidence presented above into a coherent framework for
phosphogenesis. The first stage is characterized by PO3 buildup in the
water column and relatively limited P burial in sediments. During pe-
riods of marine transgression, substantial PO3 was supplied through
upwelling from the open ocean into this (semi-)restricted basin.
Elevated alkalinity, combined with evaporative concentration and Fe
(ID-poor conditions (as indicated by low iron contents in the sedi-
ments; note that ferruginous conditions could promote phosphate
sequestration; Derry, 2015), collectively enhanced PO3 accumulation in
the water column. Additionally, the relatively low Ca®* concentration of
Permian seawater, as inferred from diverse records including carbonate
mineralogy (Sandberg, 1983), fluid inclusions (Lowenstein et al., 2001),
and Ca isotopes in evaporites (Blattler and Higgins, 2014), may have
further favored PO3" enrichment in the Phosphoria Sea. This is because
apatite is a primary sink for POZ, and under alkaline conditions dis-
solved Ca%" would have first been sequestered in carbonate minerals, as
discussed above. Elevated nutrient availability (i.e., P), in turn, fostered
high productivity, marine anoxia, and enhanced organic matter burial
(Fig. 5A). With the exception of the lowermost interval showing elevated
Mo concentrations (see Section 5.1), the water column was likely
oxygen-deficient but not strongly sulfidic. Under these conditions, P was
gradually sequestered along with organic matter, rather than being
recycled back into the water column as would be expected in euxinic
settings (Ingall and Jahnke, 1994). This interpretation is consistent with
the generally low Coy/P ratios observed in our samples (Fig. S2). As
organic-bound P continued to settle and become buried, PO3" concen-
trations in the water column—and thus primary productivity—would
have declined, resulting in a more ventilated water column (the sec-
ond stage; Fig. 5B). At the same time, P bound to previously buried
organic matter could have been recycled (i.e., aerobic degradation) and
precipitated as apatite within sediments. A key remaining question
concerns the source of calcium (Ca) necessary for apatite formation.
Based on the observation that certain P-rich intervals overlie carbonate
layers (Fig. 3), we propose that some Ca in the porewaters may have
been derived from partial dissolution of pre-existing carbonates, driven
by pH decreases associated with the aerobic degradation of organic
matter. An additional source of Ca could have been influxes of Ca-rich
groundwater, which is plausible given that the studied sections are
located relatively close to the eastern landmass (Fig. 1).

Interestingly, the carbonate fraction of the phosphorites exhibits
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Fig. 5. Schematic representation of the evolution of marine chemistry, nitrogen
and phosphorus cycling within the Phosphoria Basin. (A) The first stage with
PO3 buildup in the anoxic water column and relatively limited P burial in
sediments. (B) The second stage with PO3" depletion in the oxic water column
and P enrichments (phosphogenesis) in sediments. ALK = alkalinity.

relatively negative carbon isotope values (ranging from —3.1%o to
—10.8%0) (reviewed in Hein et al., 2004, see references therein),
consistent with incorporation of authigenic carbon derived at least in
part from the decay and recycling of buried organic matter. These ob-
servations support our proposed “phase-switch” scenario for phospho-
genesis, which would be further facilitated by low detrital input, as
reflected in muted aluminum contents in our samples (see data in Sup-
plementary Data). In sum, our two-stage redox model helps explain the
episodic nature of P enrichment in the studied sediments and may be
applicable to other ancient P-rich successions. Notably, available data
indicate that many phosphorite horizons are indeed associated with
relatively low organic contents (Ilyin, 1998), congruent with the pre-
dictions of our model.

6. Concluding remarks

Taken together, our study underscores the importance of local
factors—specifically alkalinity, evaporation, and basin restriction—in
driving phosphogenesis within the Phosphoria Formation. These new
insights may also be extended to other P-rich sedimentary sequences in
Earth’s history, particularly those of the Paleoproterozoic and Neo-
proterozoic, both of which are marked by extensive phosphatic deposits
(Papineau et al., 2010). Notably, these intervals coincided with episodes
of supercontinent breakup, which created numerous rift basins with
variable connectivity to the open ocean. Weathering of surrounding
mafic rocks could have supplied solutes that drove distinctive basin
chemistries, namely elevated alkalinity. Thus, our model, which em-
phasizes the role of local controls, may help explain the temporal clus-
tering of phosphorites in the geologic record. If so, it would imply that
phosphorite occurrence is more closely related to Earth’s tectonic evo-
lution (e.g., the development of rift basins with locally alkaline
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conditions) than to marine nutrient inventory. Further work on Pre-
cambrian phosphorites can test this hypothesis. We note, for instance,
that elevated 5'°N (> +20%o) in shales of the phosphorite-containing
Paleoproterozoic Jhamarkotra Formation (Papineau et al.,, 2009)
might similarly reflect high alkalinity in the Aravalli Epeiric Sea.

Beyond Earth history, our findings also carry implications for
astrobiology. As a fundamental component of cell membranes, genetic
material, and cellular energy transfer molecules, P is central to the origin
and evolution of life (Westheimer, 1987), yet in most modern environ-
ments it is a limiting nutrient. Our results demonstrate that under spe-
cific local conditions—even in the midst of the productive Phanerozoic
biosphere—bioavailable PO3 can accumulate in aqueous environments,
thus providing insights into the environments that may have favored
availability of P during life’s emergence on Earth (Toner and Catling,
2020) and potentially on other habitable worlds.
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