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Global turnover of soil mineral-associated
and particulate organic carbon

Zhenghu Zhou 1,2, Chengjie Ren 3 , Chuankuan Wang 1,
Manuel Delgado-Baquerizo 4, Yiqi Luo5, Zhongkui Luo 6, Zhenggang Du1,
Biao Zhu 7, Yuanhe Yang 8, Shuo Jiao 9, Fazhu Zhao 10, Andong Cai 11,
Gaihe Yang3 & Gehong Wei 9

Soil organic carbon (SOC) persistence is predominantly governed by mineral
protection, consequently, soil mineral-associated (MAOC) and particulate
organic carbon (POC) turnovers have different impacts on the vulnerability of
SOC to climate change. Here, we generate the global MAOC and POC maps
using 8341 observations and then infer the turnover times of MAOC and POC
by a data-model integration approach. Global MAOC and POC storages are
975987

964 Pg C (mean with 5% and 95% quantiles) and 330337
323 Pg C, while global

mean MAOC and POC turnover times are 129383
45 yr and 2382

5 yr in the top meter,
respectively. Climate warming-induced acceleration of MAOC and POC
decomposition is greater in subsoil than that in topsoil. Overall, the global atlas
of MAOC and POC turnover, together with the global distributions of MAOC
and POC stocks, provide a benchmark for Earth system models to diagnose
SOC-climate change feedback.

Soil organic carbon (SOC) is the property of terrestrial ecosystems due
to its multi-functionality1. Positive feedback to climate change would
occur if SOC is transferred to the atmosphere by a warming-induced
acceleration of its decomposition2. Recent advances attest that the
persistence of SOC to microbial decomposition is predominantly
controlled by physical accessibility and isolation rather than its bio-
chemical recalcitrance3–6. Separating SOC into mineral-associated
(MAOC) and particulate organic carbon (POC) consequently enables
a more accurate prediction of soil vulnerability to climate change7,8.
Most Earth system models with unmeasurable Century and RothC
carbon pools place low confidence on both spatial-temporal SOC

distribution and projection to climate change9–11. Incorporating the
measurable and biophysically defined MAOC and POC pools into Earth
system models probably is an optimal approach to trace the fate of
SOC under global change12–15 and would be the next generation of soil
carbon cycling model16,17.

The critical drivers and global distributions of MAOC and POC are
not well quantified, and the corresponding data product with high
accuracy is also lacking for modeling community. For example, Geor-
giou et al.18 have created a global map of MAOC but excluding much of
the boreal region with a small dataset (1144 soil observations). Syn-
thesizing 162 soil observations, a recent study suggested that topsoil in
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cold regions was distributed predominantly by more vulnerable POC
rather than by MAOC8. MAOC with simple molecular compounds
persists in soils over hundreds of years and is predominantly protected
by minerals via van der Waals force, hydrogen bond, covalent bond,
complexation, cation bridging, and pore sorption19,20; while POC with
complex molecular compounds persists in soils up to decades relying
on biochemical recalcitrance and aggregate protection7,19. Therefore,
the global distributions of MAOC and POC may be dependent on dif-
ferent factors. SOC storage capacity can be given as the product of
carbon influx and turnover time21. Assessing SOC turnover time can
offer an insight into the SOC dynamics under environmental changes22,
which is estimated via multiple approaches, such as radiocarbon23,
remote sensing24,25, and Earth-system models26. In addition, subsoils
(>20 cm) contain more than half of global SOC stocks27. However, the
uncertainty of the response of SOC to climate warming increases with
soil depth because the mechanisms that control deeper SOC’s turn-
over are still one of the largest challenges for soil carbon cycling28–30.
Although MAOC and POC turnovers have very different impacts on soil
fertility and carbon emission7, the global distributions of MAOC and
POC turnover times across spatial and soil profiles, and their covaria-
tions with climate, topography, vegetation, and edaphic factors have
not been quantified.

Here, we synthesized 8341 soil observations that separate the bulk
SOC into MAOC and POC fractions globally (Supplementary
Fig. 1 and 2). The current datasets spanned broadly along spatial and
climatic gradients: latitude ranged from −63° S to 69° N, longitude
ranged from −155° S to 153° N, mean annual temperature (MAT) ranged
from −9 °C to 29 °C, while mean annual precipitation ranged from
58 mm to 3128 mm. We aimed to produce global maps of MAOC and
POC by a machine learning approach, and to reveal the global spatial
and profile distributions of turnover times of MAOC and POC using a
data-assimilation approach.

We generate the MAOC and POC maps by soil layers of 0–20,
20–40, 40–60, 60–80, and 80–100 cm using random forest model
with high accuracy (R2 > 0.83). Global MAOC and POC storages are
975987

964 Pg C (mean with 5% and 95% quantiles from 100-times boot-
strapping) and 330337

323 Pg C in the top meter, respectively. We also
propose a two-pool model including the measurable MAOC and POC
to infer their turnover times along the soil profile. The global mean

MAOC and POC turnover times in the top meter are 129383
45 yr and 2382

5

yr, respectively. MAT is the most important factor for MAOC and POC
turnovers and their distribution along the soil profile. Climate
warming-induced acceleration of MAOC and POC decomposition is
greater in subsoil than that in topsoil. Our global estimations of the
stocks and turnover times of MAOC and POC would provide a
benchmark for Earth system models to diagnose SOC-climate change
feedback.

Results and Discussion
Global distributions of mineral-associated and particulate
organic carbon
Geographical distributions of MAOC and POC were driven by multiple
climate, topography, vegetation, and edaphic factors (Figs. 1 and 2;
Supplementary Fig. 3). MAT, mean annual precipitation, net primary
productivity, elevation, pH, clay plus silt content, and sampling depth
were the best predictors of MAOC, which explained 83% variance
(Fig. 1). Land cover was also important for the spatial variation of POC,
together with the above factors for MAOC, which explained 84% var-
iance for POC (Fig. 1). As expected, soils with greater carbon inputs
(higher net primary productivity) and lower decomposition rate (lower
MAT) have greater MAOC and POC (Fig. 2). There is controversy over
whether MAOC is saturated31,32. The objectors of the concept of MAOC
saturation suggested that organic matter can bind to other organic
matter bonded to minerals, in unlimited “skyscraper-like” structures31.
Here, the partial dependence plot showed that there was a saturation
relationship between MAOC and net primary productivity (carbon
inputs) considering the multiple covariates (Fig. 2). Therefore, our
global dataset supported the concept of mineral-associated organic
matter saturation.

Both MAOC and POC were higher in acidic soils (Fig. 2) because
microbial activities are generally inhibited by low pH33,34. In addition,
soil pH was the second important predictor for the spatial variation of
MAOC, because soil pH mediates many geochemical processes35.
Especially, carbon sorption onto soil minerals is pH-dependent, and
mineral surfaces become less positive and organic ligands become
more negative at higher pH, which would minimize the carbon sorp-
tion to mineral surfaces14,20,36–38. The mechanisms of SOC stabilization
shift with rising pH from predominantly organo-metal complexation,
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Fig. 1 | The importance of predictors for mineral-associated and particulate
organic carbon. a The importance of predictors for mineral-associated organic
carbon (MAOC). b The importance of predictors for particulate organic carbon
(POC). Two types of importance from random forest algorithms (impurity and

permutation) were first normalized to the interval of [0, 1] according to their
maximum and minimum values. The mean of the normalized importance was then
calculated. MAT mean annual temperature, MAP mean annual precipitation, NPP
net primary productivity. Source data are provided as a Source Data file.
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to association with short-range-order phases, to Ca complexation and
cation bridging with phyllosilicates, increasing soil pH consequently
decreases the accumulation of MAOC38. Soil clay- and silt-size minerals
provide the scaffolds and habitats for MAOC, together with the inha-
bitation of high clay plus silt content on microbial decomposition by
other mechanisms, soil clay plus silt had positive effect on MAOC
(Fig. 2). In addition, soil minerals can protect POC from microbial
decomposition39, and a recent study had provided the visible evidence
that occlusion of organic matter into aggregates and formation of
organo-mineral associations occur concurrently on POC40. Land cover
was important for POC but not for MAOC (Fig. 2 and Supplementary
Fig. 3), implying that the quality of litter may have a weak influence on
the formation of MAOC at a global scale. In addition, POC may be more
sensitive to the conversion of natural land cover types to croplands
than MAOC.

Finally, the 10-fold validation showed that the random forest had
good performance in predicting the global distributions of MAOC and

POC, with R2 of 0.92 and 0.93, respectively (Supplementary Fig. 4). We
generated the MAOC and POC maps by soil layers of 0–20, 20–40,
40–60, 60–80, and 80–100 cm, respectively (Fig. 3; Supplementary
Figs. 5 and 6). POC showed a shallower distribution than MAOC
because POC was more dependent upon carbon inputs than soil
properties (Figs. 1 and 3). We derived a global MAOC storage of 975987

964

Pg C and POC storage of 330337
323 Pg C in the top meter (Fig. 3). Totally,

the global SOC storage is 13061321
1292 Pg C, which is well consistent with

previous estimations from observations (ranged from 504 Pg C to 1849
Pg C)41 and modeled methods (ranged from 510 Pg C to 3040 Pg C)11.

Global turnover of mineral-associated and particulate
organic carbon
Using a proposed two-pool model and a data assimilation approach
(see methods), the global mean MAOC and POC turnover times in the
top meter of soils were estimated as 129383

45 yr and 2382
5 yr, respectively

(Fig. 4). MAT is the most important factor for MAOC and POC
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Fig. 2 | Partial dependences showing the effects of predictors on mineral-
associated and particulate organic carbon. a Partial dependences for mean
annual temperature (MAT). b Partial dependences for mean annual precipitation
(MAP). c Partial dependences for net primary productivity (NPP). d Partial depen-
dences for upper sampling depth. e Partial dependences for bottom sampling

depth. f Partial dependences for clay plus silt content (clay+silt). g Partial depen-
dences for pH. h Partial dependences for elevation. i Partial dependences for land
cover. F forests, GS grasslands and shrublands. Source data are provided as a
Source Data file.
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turnovers (Supplementary Figs. 7 and 8), supporting a previous view-
point that temperature dominates the SOC turnover22,26. Semi-arid, dry
sub-humid, and humid regions had similar turnover-MAT relation-
ships, but differed from the relationship in arid regions (Supplemen-
tary Fig. 8). Therefore, moisture can dominate the turnover in places
that are highly water-limited, such as the long-term turnover times of
MAOC and POC in desert regions (Fig. 4).

The turnover times of MAOC and POC were increased as increased
soil depth (Fig. 4). Referring to the Community Land Model (CLM)42, the
reduced rate of decomposition rate with soil depth in our two-pool
model was regulated by an e-folding depth for carbon turnover. A
greater value of e-folding depth for carbon turnover represents a slower
decrease in decomposition rates with increased soil depth, while a
smaller value of e-folding depth for carbon turnover represents a more
rapid one (see methods). MAT predominately controls the variations of
e-folding depths for MAOC and POC turnovers (Fig. 5). First, cold land
cover (tundra and boral forest) had shallower root distribution than
warm ones (such as (sub)tropical forests and grasslands)43. The absence
of fresh carbon is suggested to be a critical mechanism that prevents the
decomposition in deep soil layers because microbial activity was limited
by an essential source of energy44,45. Second, the slow SOC decom-
position at subsoil could result from a lack of oxygen. Physically, warm
climate would enhance the gaseous diffusivity between subsoil and
atmosphere46, subsoils in (sub)tropical regions consequently had lower
oxygen limitation than that in cold regions. We also found that the
e-folding depth for carbon turnover for POC was about 1.7 times as large
as that of MAOC, indicating that an increase in soil depth had stronger
inhibition on MAOC decomposition than that on POC. The total mineral
surface is one of the most limiting factors influencing SOC bound to soil
minerals. Compared with topsoil, subsoils had a greater carbon
saturation deficit, while a greater carbon saturation deficit not only
increases the stabilization of MAOC but also increases the transfer
efficiency from POC to MAOC47.

Limitations and uncertainties
There are several limitations and uncertainties in the current study.
First, like the limitation for all global synthesis, the soils were sampled
by different methods, time, successional stage, repeatability, and so
on, which would result in uncertainties. Second, the assumption of
steady was suggested to improve the operability of data
assimilation48,49. Although SOC in ecosystems with anthropogenic
disturbance, such as degraded and restored ecosystems, may not be at
a steady state, previous studies have shown that such a disequilibrium
component is minor for SOC pools considering its long turnover
time50,51. However, such an assumption of a steady state indeed intro-
duces uncertainties. Third, the data points in Russia, Canada, and
Africa are relatively small, which may limit the accuracy of our esti-
mates of MAOC and POC in these regions, especially for permafrost in
Russia and Canada, which are rich in SOC.

Despite the above limitations, to our knowledge, we presented
the first global atlas of MAOC and POC turnover times using a big
dataset of 8341 soil observations, together with the global distribu-
tions of MAOC and POC stocks, which provided a benchmark for
Earth system models. Our findings supported that temperature
dominantly controls both storage and turnover times of MAOC and
POC. In addition, the positive effects of MAT on e-folding depths for
both MAOC and POC turnovers imply that climate warming-induced
increase in decomposition was greater in subsoil than that in topsoil.
Therefore, the loss of MAOC and POC in deep soils may have positive
feedback to climate change, it is urgent to prevent the SOC loss from
deep soils.

Methods
Data collection
An extensive literature survey was conducted through the Google
Scholar and China National Knowledge Infrastructure databases until
2024 using keywords of “soil” “mineral-associated” and “carbon”.
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