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Abstract 
Understanding carbon (C) fluxes released from soil to atmosphere is critical to regulating global 
climate change. Soil minerals play a crucial role in stabilizing C, based on recent studies which 
have found that mineral associated C can be stored in soils for decades to centuries longer than 
non-mineral associated C. We aim to maximize C sequestration via mineral adsorption in soils. 
To achieve this objective, it is important to understand the potential impacts of C stabilization via 
adsorption to mineral surfaces. Particularly, investigating the quantitative impacts of C sorption 
to minerals is novel to understanding and implementing multi-scale biogeochemical processes 
of C stabilization in soils. We will conduct a literature review on potential impacts of C sorption 
to minerals, thereby contributing to the net C storage in soils. Our findings will allow us to 
quantitatively understand soil C changes and durability at molecular and ecosystem scales, 
fulfilling existing scientific gaps in the community as well as interests of sponsors, such as DOE-
BER. 
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Summary 
This project provides insights into the role of minerals on soil carbon (C) storage, sequestration, 
and contribution to the global C cycle. The outcomes of this study demonstrated how mineral 
adsorption processes might enhance C storage in terrestrial ecosystems. We have conducted 
an outline of a manuscript that focuses on the diverge quantification methods of mineral 
associated organic matter (MAOM) pool in soil could lead to an uncertain estimation of global 
mineral associated C stock in models. Meanwhile, we also build up a body of literatures as well 
as a dataset of MAOM-C stock and the fraction of MAOM-C to total soil organic carbon (SOC) 
across different ecosystems from literatures. Along with MAOM pool size data, this dataset also 
includes site metadata, including mean annual temperature (MAT), mean annual precipitation 
(MAP), soil moisture, soil pH, etc. We are continuously building this dataset by synthesize data 
from literatures. Information from this LDRD project will be used to develop a literature review 
manuscript and potential DOE BER proposals. 
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Acronyms and Abbreviations 
soil organic matter (SOM) 
mineral associated organic matter (MAOM) 
carbon (C) 
soil organic carbon (SOC) 
mean annual temperature (MAT) 
mean annual precipitation (MAP) 
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1.0 Introduction 
Understanding carbon (C) fluxes released from soil to atmosphere is critical to regulating global 
climate change. Soil minerals play a crucial role in stabilizing C, based on recent studies which 
have found that mineral associated C can be stored in soils for decades to centuries longer than 
non-mineral associated C (Lützow et al 2006, Mikutta et al. 2019, Schmidt et al. 2011). For 
example, microbial-derived C can be stabilized in soil over years through adsorption to 
amorphous Fe hydroxides (e.g., ferrihydrite), Al oxides, and Ca-bearing minerals (e.g., calcite), 
due to their high surface areas, the prevalence of surface hydroxyl groups, and bridging 
capacities. This project probes the impact of organo-mineral and microbe-mineral interactions 
on C assimilation and protection in soil to guide soil C sequestration. Thus, our findings allow us 
to quantitatively understand the persistent soil C that associates with soil minerals at molecular 
and ecosystem scales, fulfilling existing scientific gaps in the community as well as interests of 
sponsors, such as the U.S. Department of Energy (DOE)-Biological and Environmental 
Research (BER). This effort aligns well with the directorate objectives of PNNL Earth and 
Biological Sciences Directorate (EBSD) on Durable Soil Carbon Storage for Atmospheric 
Carbon Dioxide Removal. 
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2.0 Current understanding of C budget in the MAOM pools 
Second State of the Carbon Cycle Report (SOCCR2) has identified the soil C stock in top 1m 
soil from North American is 400 PgC (Lajtha et al. 2018). Estimates of global soil organic carbon 
(SOC) stocks vary from 684 to 724 Pg in the surface 0.3 m (Batjes 1996), the Intergovernmental 
Panel of Climate Change (IPCC) standard sampling depth (Aalde et al. 2006), and (Sokol et al., 
2019)1462 to 1548 Pg in the top meter and 2,060 ± 220 Pg C to 2 m (Batjes 1996). Diverse C 
inputs result in heterogeneity of the SOM pool. Studies showed both microbial-derived C and 
plant-derived C are major sources of mineral-associated organi matter (MAOM). The formation 
and accumulation of SOC are primarily derived from plant- and microbial C (Angst et al., 2021; 
Ma et al., 2018; Sokol & Bradford, 2019). While the significance of plant residues to SOM 
persistence is well recognized due to the slow cycling of plant debris (e.g., lignin and phenols) 
(Angst et al., 2021; Schmidt et al., 2011), the importance of microbial products and residues 
(hereafter ‘microbial necromass’) in the slowly cycling SOC pool has only recently been 
appreciated (Fan et al., 2021; Kallenbach et al., 2016; Liang et al., 2019; Wang et al., 2021; Wu 
et al., 2023). Microbial necromass contributes to 33-62% of total SOC in various types of 
ecosystems (measured as amino sugars) (Liang et al., 2019; Wang et al., 2021). However, the 
long-term persistence of microbial necromass in the SOM pool depends on the associations 
with soil minerals (Kästner et al. 2021), even though the specific necromass-mineral interactive 
mechanisms are still unclear.  

The estimations of MAOM pool in soils have been largely studied in the last decade. Studies 
showed the proportion of MAOM to total SOM varies significantly, ranging from 25%-90% (Table 
1). The proportion of the MAOM pool varies across different ecosystem types with 60% in forest, 
72% in grassland, and 79% in cropland. Lugato et al (2021) did size fractionation on 400 soils 
and quantified MAOM with a machine learning (ML) approach. The model was then used to 
predict the C and N in the MAOM fraction for the 9,229. The average mineral associated C 
stocks in European grasslands and forest soils varied between 15 and 38 g C kg−1 soil (Figure 
1). 

Table 1. Percentage of Fe-OC to total OC in natural soil and sediment environments. 

Site or ecosystem type Proportion of MAOM to total SOM Methods Reference 
14 Forest soils in the USA 0.6-57.8% (average 37.8%) Dithionite 

extraction 
Zhao et al. 
2016 

4 wetland soils in China 7-91% Size and 
density 

Liu et al. 
2023 

Mangrove soils in the Philippines ∼15 % Dithionite 
extraction 

Dicen et 
al., 2019 

Arable soils in China 6.2–31.2 % 
Agriculture soils – grassland and 
arid 

Dithionite 
extraction 

Wan et al., 
2019 

10 Peatlands in China 1.64–5.94 % Dithionite 
extraction 

Huang et 
al., 2021a 

186 grassland and forest soils in 
European 

25-85% (60% in forest, 72% in 
grassland, 79% in cropland) 

Size Cotrufo et 
al., 2019 

1451 all ecosystem types 65% Size Georgiou 
et al. 2022 

https://doi.org/10.5194/bg-13-4777-2016
https://doi.org/10.5194/bg-13-4777-2016
https://doi.org/10.1016/j.soilbio.2023.109152
https://doi.org/10.1016/j.soilbio.2023.109152
https://doi.org/10.1007/s11368-018-2051-y
https://doi.org/10.1007/s11368-018-2051-y
https://doi.org/10.1016/j.scitotenv.2018.09.233
https://doi.org/10.1016/j.scitotenv.2018.09.233
https://doi.org/10.1016/j.geoderma.2021.114974
https://doi.org/10.1016/j.geoderma.2021.114974
https://www.nature.com/articles/s41561-019-0484-6
https://www.nature.com/articles/s41561-019-0484-6
https://doi.org/10.1038/s41467-022-31540-9
https://doi.org/10.1038/s41467-022-31540-9
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Grasslands    
Tibetan alpine grasslands in 
China 

15.8 ± 12.0 % Dithionite 
extraction 

Fang et 
al., 2019 

Meadow soils in the Qinghai-
Tibetan Plateau 

4.1–25.6 % Dithionite 
extraction 

Mu et al., 
2020 

Sediments    
Marine sediments in Mexican and 
Indian margins, the Southern 
Ocean, the St. Lawrence estuary 
and gulf, and the Black Sea 

21.5 ± 8.6 %  Dithionite 
extraction 

Lalonde et 
al., 2012 

East China Sea sediments 2.77–31.5 % Dithionite 
extraction 

Ma et al., 
2018 

Changjiang estuary sediments in 
China 

7.4 ± 3.5 % Dithionite 
extraction 

Zhao et 
al., 2018 

Wax Lake Delta sediments in the 
USA 

∼15.0 % Dithionite 
extraction 

Shields et 
al., 2016 

Sediments in Eurasian Arctic 
Shelf 

0.5-22% Dithionite 
extraction 

Salvadó et 
al., 2015 

Saanich, Arabian Sea, Mexican 
margin, and St. Lawrence estuary 

25.7–62.6 % Dithionite 
extraction 

Barber et 
al., 2017 

Permafrost     
Permafrost soils in northern 
Alaska  

13.68±2.31 % Dithionite 
extraction 

Joss et al., 
2022 

Permafrost soils in the Qinghai-
Tibetan Plateau 

19.5 ± 12.3 % Dithionite 
extraction 

Mu et al., 
2016 

Discontinuous permafrost region 
in Sweden 

9.9–14.8% Dithionite 
extraction 

Patzner et 
al., 2020 

    

 

Figure 1. a–c, Carbon content (gC kg−1 soil) in POM (a) and MAOM (b), and ratio between 
MAOM carbon and total SOC (c) from Lugato et al (2021). 

https://doi.org/10.1029/2018JG004782
https://doi.org/10.1029/2018JG004782
https://doi.org/10.1016/j.catena.2019.104282
https://doi.org/10.1016/j.catena.2019.104282
https://doi.org/10.1038/nature10855
https://doi.org/10.1038/nature10855
https://doi.org/10.1016/j.jmarsys.2017.10.009
https://doi.org/10.1016/j.jmarsys.2017.10.009
https://doi.org/10.1029/2018JG004649
https://doi.org/10.1029/2018JG004649
https://doi.org/10.1002/2015GL067388
https://doi.org/10.1002/2015GL067388
https://doi.org/10.1002/2015GL066058
https://doi.org/10.1002/2015GL066058
https://doi.org/10.1038/s41598-017-00494-0
https://doi.org/10.1038/s41598-017-00494-0
https://doi.org/10.1016/j.geoderma.2022.115738
https://doi.org/10.1016/j.geoderma.2022.115738
https://doi.org/10.1002/2016GL070071
https://doi.org/10.1002/2016GL070071
https://doi.org/10.1038/s41467-020-20102-6
https://doi.org/10.1038/s41467-020-20102-6
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3.0 Different parameters impact on MAOM pool size 
3.1 Quantification methods 

There are diverse methodologies for quantifying the MAOM pool in soil. Abramoff et al (2021) 
compiled 402 laboratory sorption experiments and quantified, for the first time, the sorption 
capacity of mineral soils to DOC for six soil orders. They find that mid- and low-latitude soils and 
subsoils have a greater capacity to store DOC by sorption compared to high-latitude soils and 
topsoils. The global additional DOC sorption is estimated to be 107 ± 13 Pg C to 1 m depth, 
projecting a 7% increase in the existing total carbon stock.  

Another two major MAOM quantification methods are chemical extraction and size fractionation. 
Chemical extraction includes sodium pyrophosphate, sodium dithionite, oxalate acid, and HCl. 
These solvents target to dissolve specific minerals from soils, thereby releasing OC that 
associates with these minerals. Among these solvents, sodium dithionite has been widely used 
to quantify mineral bound OC in addition to quantify extracted Fe, Al, and other metals (Lalonde 
et al 2012, Zhao et al. 2016). Meanwhile, size fractionation separates the MAOM pool by less 
than 53µm particle size. This approach is easy and high throughput so that can be applied to a 
large number of sample sites. Dithionite extraction could underestimate the MAOM pool as it 
only extracts a portion of minerals from soils but not all, whereas size fractionation most likely 
overestimates the pool as there could be non-mineral bound C within particles less than 53µm. 
These different quantification approaches result in large variations in estimating the MAOM pool 
size in soils. For instance, dithionite extraction estimates about 25% of total SOC as MAOM C, 
whereas size fractionation estimates an average of 65% of total SOC as MAOM C pool. Such 
different estimations on MAOM pool result in diverge projections in continental scale MAOM 
pool. Given the total C stock, we estimated 60-260PgC in the MAOM pool in top 1m soil in North 
America. This diverge estimations on the MAOM pool size will impact on the accuracy of C 
cycling predictions by biogeochemical process-based models.  

3.2 Other factors 

MAOC to reactive Fe ratios (OC:Fe) can indicate the mechanism of Fe-OC interactions. A mass 
ratio over 0.22 is indicative for Fe-OC associations predominantly formed by co-precipitation or 
chelation (Wagai and Mayer, 2007). Below an OC:Fe mass ratio of 0.22, OC is mainly assumed 
to be sorbed onto Fe minerals. Around 86% of the permafrost samples exceed an OC:Fe mass 
ratios of 0.22 (Joss et al. 2022). Other soil parameters, such as the bulk density, pH, 
and moisture content, were correlated with MAOM-C (Mu et al. 2022). Soil with higher pH 
results in higher fraction of MAOM-C, whereas higher soil moisture contents result in lower 
MAOM-C due to high microbial activities and consumption of available C.   
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4.0 Implications and discussion on C cycling modeling 
Ungeneralizable MAOM fractionation approach results in a large uncertainty to the estimation of 
MAOM pool, thereby impacting the estimation of C persistence in soil. Consensus on the 
experimental method of defining MAOM pool is necessary to the soil community. The lab-scale 
quantification of C storage via minerals is applicable to ecosystem scale and global scale. Soil 
mineralogy is a major factor to predict ecosystem-C behavior in terms of microbe-mineral 
interactions and nutrient-mineral interactions. The quantitative data from this project can be 
incorporated into process-based models, such as Earth and Environmental Systems (ESS), 
and/or artificial intelligence and machine learning (AI/ML) based models to improve model 
prediction on C storage by considering organo-mineral protection. 
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5.0 Conclusion 
This project provides insights into the role of minerals on soil carbon (C) storage, sequestration, 
and contribution to the global C cycle. The outcomes of this study demonstrated how mineral 
adsorption processes might enhance C storage in terrestrial ecosystems. We have conducted 
an outline of a manuscript that focuses on the diverge quantification methods of MAOM pool in 
soil could lead to an uncertain estimation of global mineral associated C stock in models. 
Meanwhile, we also build up a body of literatures (Figure 2) as well as a dataset of MAOM-C 
stock and the fraction of MAOM-C to total SOC across different ecosystems from literatures 
(Appendix A). Along with MAOM pool size data, this dataset also includes site metadata, 
including MAT, MAP, soil moisture, soil pH, etc. We are continuously building this dataset by 
synthesize data from literatures. Information from this LDRD project will be used to develop a 
literature review manuscript and potential DOE BER proposals. 

 

 
Figure 2. The list of literatures of quantifying mineral-associated OC in soil. 
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