UNIVERSITY OF LEEDS

This is a repository copy of Introducing the soil mineral carbon pump.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/196567/

Version: Accepted Version

Article:
Xiao, K-Q, Zhao, Y, Liang, C et al. (6 more authors) (2023) Introducing the soil mineral
carbon pump. Nature Reviews Earth & Environment, 4. pp. 135-136. ISSN 2662-138X

https://doi.org/10.1038/s43017-023-00396-y

This article is protected by copyright. This is an author produced version of an article
published in Nature Reviews Earth & Environment. Uploaded in accordance with the
publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




OCoOoONOOTULDWN R

Introducing the soil mineral carbon pump
Ke-Qing Xiao Lt Yao Zhao ?, Chao Liang 3 Mingyu Zhao 4 Oliver W. Moore ', Alba Otero-Fariia ’,
Yong-Guan Zhu 3671 Karen Johnson 8, Caroline L. Peacock '

1 School of Earth and Environment, University of Leeds, Leeds, UK

2 State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research
Academy of Environmental Sciences, Beijing, China

3 Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang, China

4 Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing, China

5 Key Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese
Academy of Sciences, Xiamen, China

¢ State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, China

7 Zhejiang Key Laboratory of Urban Environmental Processes and Pollution Control, CAS
Haixi Industrial Technology Innovation Center in Beilun, Ningbo, China

8 School of Engineering and Computing Sciences, Durham University, Durham, UK

fe-mail: k.q.xiao @leeds.ac.uk, ygzhu@rcees.ac.cn

Standfirst Microorganisms and minerals both contribute to organic carbon preservation and
accumulation in soil. The soil microbial carbon pump describes the microbial processes, but a
separate soil mineral carbon pump needs to be acknowledged and investigated.

[H1] Introduction

Soil impacts climate through the sequestration or release of carbon, which is impacted by soil organic
matter formation'. The role of microbes in soil organic carbon (OC) production and sequestration is
described by the soil microbial carbon pump (MCP) concept®. In this model, new organic compounds
are produced through microbial anabolism, and are subsequently stabilized on mineral surfaces and
within soil structures by the entombing effect. Although mineral-organic carbon associations are
traditionally assumed to be protective, emerging evidence suggests these interactions are complicated
and include numerous abiotic reactions not considered in the MCP. Here, we propose a distinct soil
mineral carbon pump (MnCP) that works in parallel to the MCP.

[H1] The soil mineral carbon pump

The MnCP describes how soil minerals enhance the persistence and accumulation of OC. Soil
minerals can transform plant or microorganism-derived labile OC into more stable forms through
processes such as adsorption, occlusion, aggregation, redox reactions, and polymerization (Fig. 1).
Adsorption, occlusion and aggregation can reduce the availability of OC by lowering its concentration
in the dissolved pool, forming organo—minerals that are too large to be ingested by microbes and/or
limiting the functioning of hydrolytic enzymes*. Clay minerals (kaolinite, montmorillonite) and metal
(oxyhydr)oxides (iron oxides, birnessite) can drive polymerization, producing more recalcitrant OC
(ref.?). Furthermore, redox reactions at mineral surfaces drive OC oxidation to CO, and can produce
radicalized OC that can be complexed into larger molecules”.

The MnCP operates in various soil environments, potentially with a key role in OC sequestration
in mineral soils. This pump is sustainable and can operate over long periods: there are abundant clays
and metal (oxyhydr)oxides in soil to associate with labile OC, protecting it from microbial
degradation®. Moreover, fluctuating redox conditions in soil can recycle reactive minerals that
catalyze polymerization®, especially in environments like paddy soils and peatlands.

[H1] Relationship to the soil MCP

The initial adsorption of OC with minerals is usually followed by reactions that are distinct from
those in the soil MCP; these reactions are included in the soil MnCP, as is mineral-catalyzed abiotic
polymerization. However, the MnCP and MCP are not mutually exclusive. As exemplified by the
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entombing effect in the MCP (ref.?), they work synergistically to preserve OC in soil. For example,
redox reactions on OC-minerals interfaces can be either abiotic or biotic’, and the MnCP and MCP
can be coupled through mineral-microbe interactions during minerals dissolution and electron
transfer. Moreover, the extracellular polymeric substances excreted by microorganisms (as part of the
MCP) can strengthen the aggregation of organic matter and minerals via a gluing effect ® (part of the
MnCP) in soil.

[H1] Broader impacts

Minerals can be as important as microorganisms in increasing soil OC persistence and accumulation.
The MnCP highlights this role and provides a framework for research into mineral-OC interactions, at
fine scales and within the broader soil ecosystem. This work is needed to understand the complexity
of soil OC (ref.”), and why some OC persists while other OC does not.

Acknowledging the suite of natural reactions that occur through the MnCP will be especially
helpful in guiding analytical soil research. For example, the ability of minerals to catalyze
polymerization of OC has been mostly found in laboratory settings®, but its occurrence in the soil and
its broader impact on OC structure and persistence are unclear. Polymerization of OC can produce
numerous new and larger molecules that are hard to identify analytically. Therefore, emerging new
techniques (such as FT-ICR-MS, NEXAFS, and Nano—SIMS) should be used and combined to
understand how the MnCP operates under different OC characteristics and mineralogy, and to find
fingerprints of polymerized OC that might be used to identify its production and persistence in soils.
Experimental work to demonstrate that soil mineral-catalyzed polymerization increases OC stability is
also needed.

Interest in enhancing soil carbon sequestration to combat climate change is growing, so it is
increasingly important to understand the mechanisms underlying OC preservation. Fostering and
strengthening the MnCP in soil could be a part of this effort, analogously to enhanced silicate
weathering methods'’, providing another potential tool to stabilize carbon in the soil.
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Fig. 1: The soil mineral and microbial carbon pumps. a| Minerals enhance the persistence and
accumulation of organic carbon in soils in the soil mineral carbon pump (MnCP). Organic substrates
from plants and microorganisms are stabilized via processes such as adsorption, occlusion,
aggregation, redox reaction, and polymerization. b| The microbial carbon pump (MCP) is on the right
for comparison. Panel b is adapted from ref %, Springer Nature Ltd.



