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ENVIRONMENTAL STUDIES

Acceleration of phosphorus weathering under

warm climates
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The release of phosphorous (P) via chemical weathering is a vital process that regulates the global cycling of
numerous key elements and shapes the size of the Earth’s biosphere. It has long been postulated that global cli-
mate should theoretically play a prominent role in governing P weathering rates. Yet, there is currently a lack of
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direct evidence for this relationship based on empirical data at the global scale. Here, using a compilation of tem-
perature and P content data of global surface soils (0 to 30 cm), we demonstrate that P release does enhance at
high mean annual surface temperatures. We propose that this amplification of nutrient supply with warming is a
critical component of Earth’s natural thermostat, and that this relationship likely caused expanded oceanic anoxia
during past climate warming events. The potential acceleration of phosphorus loss from soils due to anthropo-
genic climate warming may pose threats to agricultural production, terrestrial and marine ecosystems, and alter

marine redox landscapes.

INTRODUCTION

Phosphorus (P) is one of most important building blocks for life, as
it is an essential component for genetic material, adenosine triphos-
phate, and cell membranes. P is also thought to be the ultimate lim-
iting nutrient for marine primary productivity and thus determines
the size of the marine biosphere (1). The dissolution of phosphorus-
bearing minerals (predominantly apatite) during terrestrial silicate
weathering is the single most important source of phosphorus for
terrestrial and marine ecosystems (2, 3). Thus, understanding the rela-
tionships between environment forcings and terrestrial P weathering
intensity is important for our quantitative understanding of the
operation of the globally coupled carbon, phosphorus, and oxy-
gen cycles.

Climate is widely believed to have a notable influence on phos-
phorus weathering based on studies of modern soil P contents (4-6).
As a result, several relationships between temperature and P weath-
ering have been applied in global models to understand the operation
of coupled biogeochemical cycles through Earth history, especially
during past oceanic anoxia and climate warming events (7-10). For
instance, the Arrhenius equation has been used to describe the effect
of temperature on apatite dissolution and P weathering (7). The tem-
perature response of P weathering in previous studies is typically
inferred from the temperature responses of silicate weathering, car-
bonate weathering, and oxidation of organic matter, based on an
assumed theoretical coupling of P weathering with these three
processes (8-10). However, a quantitative understanding of the
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relationship between climate and P weathering based on empirical
data is still lacking.

Here, using a comprehensive compilation of the mean annual
temperature (MAT), chemical index of alteration (CIA), and P con-
tents of global surface soils (0 to 30 cm), we investigate the relation-
ship between climate and P liberation during weathering. We find
that P,O5/TiO, molar ratio of soil is lower under high chemical
weathering intensity associated with warmer temperatures. We fur-
ther quantify the relationship between temperature and P weather-
ing through the incorporation of a global latitudinal temperature
gradient in a mathematical model. The results demonstrate that the
amplification of P weathering under warm climates is likely a key
driver for the development of widespread oceanic anoxia during
climate warming events throughout Earth’s history.

RESULT
A notable decrease in phosphorus content of soils at
temperatures >12°C
A geochemical dataset (n = 14,322; see fig. S1 and Supplementary
Text for data distribution) of the major element concentrations of
global surface soils was newly compiled to calculate the CIA (see
Materials and Methods for a detailed description of the calculation)
(11). Geochemical records show that fresh minerals and rocks (for
example, K-feldspars, plagioclase, granites, granodiorites, and ba-
salts) have CIA values of ~30 to 55 and that CIA values of soils are
very close to 100 in extreme weathering environments (11, 12).
Thus, the degree of chemical weathering was divided into incipient
(CIA = 50 to 60), intermediate (CIA = 60 to 80), and extreme
(CIA > 80) stages (12). For the application of CIA, the tightly clus-
tered data and the overlapped ranges of the element concentration
determined by different analytical techniques (fig. S3), together with
the CaO calibration procedure (see Materials and Methods), suggest
that the results obtained using different analytical techniques are
acceptable for bulk data analysis at the global scale.

The spatial heterogeneity of total P in the 0- to 30-cm layer of
global soils displays an increase with latitude (6). While P is a soluble
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element, titanium (Ti) is a conservative (immobile) element during
chemical weathering (13). As a result, element/Ti ratios are com-
monly used as a proxy for element migration (and release) during
silicate weathering (14, 15). Thus, we propose that spatial variations
in P,0Os/TiO, (phosphorous weathering intensity) offer useful in-
sight into the migration of P in environments with different silicate
weathering intensities. Our results reveal a clear decrease in the mo-
lar ratios of soil P,Os/TiO, with increasing global MAT (Fig. 1A),
with notable changes in the temperature dependence (slope) at
~12°C and 20°C.

Next, we compare our results of phosphorous weathering inten-
sity to that of silicate weathering intensity. On a global scale, our da-
taset also shows that the molar ratios of P,O5/TiO, are high and
relatively stable for CIA = 45 to 80 (the incipient to intermediate
weathering stage) with a slight decrease in the CIA range of 70 to 80,
while the molar ratios gradually decrease following an increase in
CIA in the range of 80 to 100 (Fig. 1B), which is also supported by a
K,O-free CIA (fig. S4). This suggests that P is largely retained in soils
when the silicate weathering intensity is weak or moderate (CIA = 45
to 80), and there is less P retention in soils with high silicate weather-
ing intensity (CIA = 80 to 100). Overall, our data reveals a strong
nonlinear response of phosphorus liberation to temperature under
warmer climates (with an inflection at temperatures ~12°C and
CIA ~80). We assess other factors that may play a role in P mobility
in fig. S5. These are temperature, precipitation, runoff, biome, li-
thology, elevation, and slope. We find that the main regulators of P
mobility are climatic factors (mainly temperature), although the
contribution from nonclimatic factors (e.g., biome, lithology, ele-
vation, and slope) could also be substantial (see Supplementary
Text for potential factors controlling P mobility).

DISCUSSION

Effects of soil pH and clay minerals on phosphorus retention
Soil pH likely plays a crucial role in interacting with the intensity of
silicate weathering (also expressed as CIA) and, in turn, P liberation.
In weathering limited environments with CIA values at <80, there is
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abundant weatherable material available for water-rock interac-
tions (16), due partially to cooler temperatures and a correspond-
ing weak hydrological cycle. In this case, ionic migration during
silicate weathering is weak, resulting in relatively high soil pH and
alkaline soil environment (Fig. 2A). In contrast, areas with high
silicate weathering intensity are characterized by stronger pedogen-
esis with an intensified hydrological cycle, which elevates the delivery
of H' and results in lower pH values (Fig. 2A). Elevated H* concen-
tration promotes mineral dissolution and the leaching of mobile
cations (e.g., Na™, Ca’*, and K*), which ultimately increases the
soil CIA value (17). Fluorapatite [Cas(PO4);F] and carbonate fluor-
apatite [Ca9_54Na0<33Mgo_13(PO4)4.8(CO3)1_2F2<43] dissolution rates
increase prominently with decreasing pH (Fig. 2B) (7, 18). Further-
more, lower soil pH values are observed in regions adorned with
lush vegetation, as their roots, along with mycorrhizal hyphae, se-
crete ample organic acids (17). Notably, the production of organic
acids in soils is influenced by temperature-driven microbial decom-
position of organic matter generated by vegetation (17). In addition,
beyond the influence of climate and the hydrological cycle, the buft-
ering capacity of the bedrock may exert a stabilizing effect on soil
pH. Theoretically, this depends on the precipitation and heat in-
duced by climate. Thus, all else being equal, apatite weathering
would be relatively weak in a more alkaline soil environment, con-
sistent with the observation of relatively higher P,O5/TiO; molar
ratios of global surface soils under CIA < 80 (Fig. 1B). The lower soil
P contents of extreme chemical weathering environments (Fig. 1B)
indicate that apatite removal is enhanced by the integrated effects of
low pH and elevated temperature and runoft. Lower soil pH in the
high weathering intensity environment favors both the desorption
of P from clay minerals such as illite (19) and the dissolution of Al,
Fe, and Ca phosphates (7). In a word, rainfall, temperature, and
availability of fresh material set pH, silicate weathering intensity and
P release.

A decrease in the adsorption capacity of the clay mineral assem-
blage (change in relative abundance of different clay species) could
be another reason for elevated phosphorus weathering under high
temperature (>12°C) and high CIA (>80). The mineralogical data
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Fig. 1. The relationship between P,05/TiO,, MAT, and CIA of global surface soil samples (after removal of samples with CIA < 45). (A) MAT data are extracted from
gridded weather and climate data that documented in the WorldClim database (https://worldclim.org/). These data represent averages for the period spanning 1970 to
2000. (B) CIA =100 x Al;03/(Al,03 + Na,O + CaO* + K;0) (molar ratio), where CaO* represents the amount of CaO incorporated exclusively within the silicate fraction (77).
Box plots (width of 3°C or 3 CIA units), containing the minimum score, lower quartile, median, upper quartile, and maximum score, depict the P,Os/TiO, molar ratio of
global surface soils (0 to 30 cm). The red curve illustrates locally weighted scatterplot smoothing of the raw data.
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Fig. 2. The mechanism for P loss under warm climatic conditions. (A) pH versus CIA for global surface soils (the data are sourced from https://doi.org/10.3334/ORN-
LDAAC/1247, and the red curve is a locally weighted scatterplot smoothing of the raw data). (B) Experimentally determined pH control on fluorapatite and carbonate
fluorapatite dissolution rates at 25°C and 1 atm (7). The solid line represents the best fit and the shaded region represents the 95% confidence interval. (C) CIA versus
mineralogy of clay-sized particles in global surface soils (the data are sourced from https://doi.org/10.1594/PANGAEA.868929. Refer to fig. S6 for data plot with 1o error).
The content (wt % clay) means the proportion of each clay mineral group in the total clay content of the soil. (D) Adsorption capacity of myo-inositol hexakisphosphate
(CeH158024P¢) and inorganic phosphate (KH,PO,) onto different clay minerals and gibbsite (20).

from global surface soils shows that illite is abundant in the soil clay
fraction when CIA is <80, but kaolinite is more abundant when CIA
is >80 (Fig. 2C). Illite has been demonstrated to have a higher ad-
sorption capacity for myo-inositol hexakisphosphate (an organic
phosphate) and inorganic phosphate compared to kaolinite (Fig. 2D)
(20). In sum, soil pH and changes in the adsorption capacity of the
clay mineral assemblage (for instance, due to warming) may operate
together to trigger the decrease in soil P content in warmer environ-
ments with extreme weathering.

A conceptual model can further explain the above-mentioned
reorganization of soil P pools under various weathering regimes
(Fig. 3). For the incipient to intermediate weathering stage (Fig. 3A;
CIA < 80 and relatively higher pH), sluggish apatite weathering due
to elevated soil pH yields a relatively small quantity of H,PO,~ and
HPO42_ in soil solution, of which a substantial fraction is absorbed by
illite and Fe/Al oxides, or synchronously precipitates to Al, Fe, Ca
phosphates. Here, a relatively small quantity of P in soil solution is
transformed to organic P. This is supported by the fact that a decrease
of soil total P concentration is associated with an increase in organic
P/apatite P ratio in the semi-arid and humid climatic conditions
around the globe (fig. S7) (21). Consequently, a small fraction of soil
solution and organic P is moved to watersheds by limited runoff un-
der a weak hydrological cycle and cold conditions, with the majority
of P locked in soils. Conversely, when the pH of surface soil is lower
under extreme weathering intensity (CIA > 80) (Fig. 3B), abundant
H,PO,~ and HPO,*" in soil solution is sourced from the intensive
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weathering of primary apatite and dissolution of Al, Fe, and Ca phos-
phates, but only a smaller fraction of the total P liberated from weath-
ering is bound to secondary clay (linked to a higher kaolinite/illite
ratio). Ultimately, warming-induced intensification of the hydrologi-
cal cycle in extreme weathering conditions should cause multiple
mechanisms for the release of H,PO,~ and HPO,>~ from soils to the
watershed (22) and the ocean. Overall, the primary apatite, the ad-
sorbed P by clay minerals, and the total soil P content decrease under
the humid and warm environment. Therefore, assuming that all other
environmental factors remain equal (e.g., uplift, and erosion), the
phosphorus weathering flux is greater at higher temperatures.

Accelerated phosphorus weathering as a driver of oceanic
anoxic events

To estimate changes to P weathering flux under anthropogenic cli-
mate warming, we determine the relationship between global MAT
(GMAT) and P weathering flux based on the data-driven relation-
ships observed in this study and the modern latitudinal distribu-
tions of temperature and land area (see Materials and Methods for a
more detailed description). The relationship between P weathering
flux and GMAT determined in this study is nonlinear (Fig. 4A and
fig. S16). We find notable differences between our expression derived
based on a large dataset (Fig. 4A) to the theoretical relationships ad-
opted in previous global biogeochemical models (Fig. 4B). The cal-
culated P weathering flux is slightly less responsive to temperature
than those of the LOSCAR and COPSE models (8, 9), determined
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Fig. 3. A schematic diagram for soil phosphorus cycling under various weathering stages. The symbols “+" and “—" show the increases and decreases of the fluxes
and reservoirs, respectively. (A) Incipient to intermediate weathering stage, with CIA < 80 (or MAT <12°C) and high soil pH. (B) Extreme weathering stage, with CIA > 80

(or MAT >12°C) and low soil pH.

based on a global activation energy approach, in the GMAT range of
17° to 20°C. However, our expression increases rapidly in the GMAT
range of 20° to 23°C, due to the more complete loss of P at high
chemical weathering intensity, which decouples P weathering flux
from the weathering of silicates and carbonates. This decoupling ef-
fect is clearest when comparing to the SCION model, which has a
spatial representation of weathering rates and is arguably therefore
much more accurate than COPSE or LOSCAR. The SCION P weath-
ering flux (based predominantly on silicate weathering) tracks the
data-driven approach here until a GMAT of about 18°C, after which
the new approach shows a much more rapid increase in P weathering
flux than is predicted in the model.

Our results support the notion that enhanced P weathering flux
could be the main driver for oceanic anoxic events (OAEs) during
the Phanerozoic (9, 23-26). On the basis of the method described
above, we have also calculated the likely shift in P weathering flux
during key OAEs of the Mesozoic and Cenozoic (Fig. 4C). The lati-
tudinal distributions of land area during each of these periods are
calculated based on the Gplates tectonic reconstructions (27, 28).
The latitudinal distribution of temperature under each GMAT is
interpolated using the results from (29). The shifts in GMAT during
each of these events are from (30) and the references therein (table S1).
The model results show that P weathering flux increases 17% + 10%
(26), 20% + 8% (26), 33% + 11% (26), and 51% + 17% (20) for
OAEla, OAE2, PETM, and the TOAE, respectively. In particular, our
results show that P weathering flux may have increased by 93% +20%
(20) during the Permian-Triassic mass extinction (PT), which is like-
ly sufficient to explain the extent of anoxia during this event (fig. S17)
(23, 26, 31). Overall, while driving anoxia, accelerated P weathering
flux under warming could give rise to strong negative feedback on
climate due to its positive effects on primary productivity and or-
ganic matter burial (1, 7, 10). This is also supported by a sensitivity
experiment for PT event (fig. S18), which shows that accelerated P
weathering flux could ultimately consume a considerable amount of
CO; from the atmosphere in a timescale of several million years, re-
sulting in a 1° to 2°C reduction in GMAT (fig. S18).

The potential acceleration of phosphorus loss from soils under
ongoing anthropogenic driven climate warming may pose threats to
agricultural production globally. Such an effect has been observed in
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modern tropical and subtropics regions. In these regions, soils are
typically highly weathered (32), resulting in widespread P limitation
(33) and corresponding requirements for P fertilizer use (34). Thus,
to maintain agricultural production under warmer climates, it may
be necessary to increase P fertilizer use in some areas. Moreover, ac-
celerated transfer of P from soils to the ocean not only generates P
limitation for terrestrial ecosystems but also, along with anthropo-
genic P pollution, boosts marine primary productivity and microbial
respiration, increasing the extent of ocean deoxygenation, with po-
tential impacts on marine ecosystems and fisheries. For instance, the
works of Watson et al. (35) predicted that double P weathering flux
could lead to severe global ocean deoxygenation on the timeframe of
~1000 years.

MATERIALS AND METHODS

Data compilation

A geochemical dataset (n = 14,322, fig. S1) of the major element
concentrations of global surface soils (0 to 30 cm) is compiled from
peer-reviewed papers and publicly available reports based on the
three criteria. (i) Locations of surface soils that are far (above 10 km)
away from industries and villages. (ii) All selected published actual
data was determined by chemical analysis and/or instrumental
analysis, including x-ray fluorescence (XRF), atomic absorption
spectroscopy (AAS), inductively coupled plasma-atomic emission
spectrometry (ICP-AES), inductively coupled plasma optical emis-
sion spectrometer (ICP-OES), and ICP mass spectrometer. In addi-
tion, the disc technique and/or wet chemical dissolution methods
(e.g., aqua regia, H,SO4-HNO3-HF mixtures, and HNO3-HF mix-
tures) were used in these measurements. (iii) We rejected data with
missing values for Al, Ca, Na, or K. A full reference list of the geo-
chemical dataset is provided in the Supplementary Materials (data
S1). The geochemical dataset consists of all Al, Ca, Na, and K ele-
ment concentrations, as well as all or parts of the Si, Fe, Mg, Ti, Mn,
and P element concentrations. This dataset differs from the global
compilation of modern sediment dataset in the work of Deng et al.
(32), which was mainly from estuaries at the catchment scale,
whereas the data points in our dataset are from global surface soils.
However, there is a clear positive correlation between climatic factor
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modern GMAT = 15°C) as a function of global MAT (GMAT, °C) under modern conditions. The Monte Carlo calculation is done through sampling P,0s/TiO, from a 16 window
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conditions determined in this study with expressions adopted in previous models. Lines with different activation energy (E,) values (kcal mol™") are calculated using the
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this calculation. PT, Permian-Triassic mass extinction event; TOAE, Toarcian oceanic anoxic event; OAE1a, Aptian oceanic anoxic event; OAE2, Cenomanian-Turonian oce-
anic anoxic event; PETM, Paleocene-Eocene Thermal Maximum; PL, relative to present level.
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(temperature) and CIA values, which is similar to the findings of
Deng et al. (fig. S2) (32).

The collected data for the elemental concentrations of Al, K, Na,
and P from global surface soils (fig. S3) shows a tightly clustered dis-
tribution, and the ranges in element concentrations for Al, Na, K,
and P determined by different methods, namely, ICP-AES (n=9203),
XRF (n = 2505), and AAS (n = 1667), are overlapped. This suggests
that the results obtained using different analytical techniques are
acceptable for bulk data analysis on a global scale.

Chemical weathering index

The CIA (11) directly indicates the leaching of mobile cations (e.g.,
Na't, Ca?*, and K) relative to more stable elements (e.g. AP
within soils or sediments. It assumes that the dissolution of plagio-
clase and potassium feldspar and the concomitant formation of clay
minerals (e.g., kaolinite) are the dominant process during chemi-
cal weathering (II). It is calculated as: CIA = 100 X ALOs/
(ALLO3 + Na,O + CaO* + K,0) (molar ratio), where CaO* must be
the amount of CaO incorporated exclusively within the silicate
fraction. Therefore, the content of CaO was evaluated and calibrat-
ed to CaO* using the calibration procedure described by (36) with
an assumption that molar CaO/Na,O ratio of the silicate fraction is
less than or equal to 1. The greatest discrepancies occurring for the
CIA values of 60 to 80 is up to ~3 units, which is much smaller than
the variability caused by each forcing factor (such as climate, rock
type, tectonic activity, diagenesis, and grain-size effects) and can be
averaged out across a large scale (16, 32). High CIA values indicate
the intensive leaching of mobile cations from fresh regolith, when
the degree of chemical weathering is extreme (CIA > 80). Con-
versely, low values correspond to incipient chemical weathering
(CIA = 50 to 60).

Calculation of the relationship between temperature and P
weathering flux

To predict the potential changes in global P weathering flux under
anthropogenic climate warming, we calculate the relationship be-
tween global mean surface temperature and P weathering flux based
on the relationship between MAT and P weathering intensity ob-
served in this study and the latitudinal distributions of temperature
at certain GMAT, as well as the modern latitudinal distribution of
land area. Therefore, global P weathering flux (P,,) is calculated as

18
Py= Y A#fo [fuar (GMAT)] +D

i=1

(1)

where D represents the denudation rate, fyar; is the MAT at latitude
band i under certain GMAT (fig. S8), fpw mar is the relationship be-
tween P release for given amounts of denudated materials and MAT
observed in this study (see fig. S9 for the used relationship), and A; is
the proportion of the land area at each latitude band i (fig. S10). The
land area is divided into 18 bands by latitude with a band width of
5°C (e.g., 0° to 5°C of both hemispheres are combined into the same
band). The range of GMAT for this calculation is 15° to 23°C. The
calculated flux of P weathering is calibrated to the modern value (i.e.,
with a GMAT of 15°C). We have used a Monte Carlo sampling ap-
proach for the calculation of Fig. 4A, through sampling the 1o error
(0.02) in the calculated mean P,05/TiO; at each temperature using a
normal distribution. The fpy, mar is calculated from the relationship
between soil P contents and MAT using the following equation
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2

£ _ [P20s P,05
PMAT T TiO, |, | TIO, | yar

P,0, | . o P05
2= | is the initial 2= ratio of the un-weathered parent
TiO, |; TiO,

rocks,which is 0.33 based on the P,O5/TiO, at the CIA range of 45 to

50 (Fig. 1B). [?j—gﬁ] VAT ,P}zigj ratio of the soils for a given MAT. See

the Supplementary Materials for further discussion on Eq. 1.

We have also plotted the relationship between GMAT and P
weathering flux used in the previous global biogeochemical models
for deep time. In these models, the Arrhenius equation has typi-
cally been used to calculate the relationship between GMAT and P
weathering flux (7)

where [

isthe

3)

~(str-)
— R+GMAT  RsT
P, = ij0 ke \Re +To

where Py, 1y is the flux of P weathering at certain reference tempera-
ture (To), E, the activation energy, and R the universal gas constant.

On the basis of the method described above, we have also calcu-
lated the shift in global P weathering flux during the most promi-
nent OAEs (PT, TOAE, OAE1la, OAE2, and PETM) of the Mesozoic
and Cenozoic (Fig. 4C) through the application of the shifts in land
area and temperature distributions across latitude gradients during
each of these periods (figs. S11 and S12). The latitudinal distribu-
tions of land area during each of these periods are calculated based
on the Gplates tectonic reconstructions (27, 28). The latitudinal dis-
tribution of temperature under each GMAT is interpolated using
the results from (29). The shifts in GMAT during each of these
events are from (30) and the references therein (table S1). In par-
ticular, a GMAT shift of 11° to 13°C was inferred for the PT event
based on the 8° to 10°C temperature increase in the tropic zone (37,
38) and the latitudinal distribution of temperature (29). The esti-
mates for the changes in P weathering flux during OAEs are likely
conservative as they do not include the enhancement of P weather-
ing flux due to the exposure of fresh basalt for weathering during
these events [e.g., (39) and references therein].

In this calculation, the denudation rate was kept constant, as no
clear relationship exists between erosion and temperature (40). This
is also supported by our data compilation, which shows no clear
global relationship between erosion/denudation rate and tempera-
ture (fig. S13; further discussion in Supplementary Text). Overall,
this premise enables the use of variations in P,O5/TiO; of soils to
track P weathering rate or flux on a global scale (see Supplementary
Text for further discussion). In addition, the erosion/denudation rate
is likely primarily controlled by topography (41), which distributes
approximately randomly around the globe (for data source, refer to Global
Mountain Explorer 2.0 at https://rmgsc.cr.usgs.gov/gme/gme.shtml,
and the topography during periods of geological history is poorly
known. To further verify the validity of our model, we have also
calculated the relationship between climate and silicate weathering
using a previous relationship between CIA and MAT (fig. S14) (32)
as well as a method similar to the above calculation, with the results
shown in fig. S15. The calculated results (based on the Arrhenius
equation) show that the strength of climate control on silicate
weathering is equivalent to an E, value of ~18 k] mol™". This com-
pares well with a recent estimate (42) of 22 + 3 kJ mol ™!, which thus
supports the validity of our method.
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