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Preface

Resource depletion and environmental problems are challenging the world for its sustainability. The theme of
the International Symposium of Molecular Environmental Soil Science at the Interfaces in the Earth’s Critical
Zone (ISMESS) is of special significance for understanding environmental pollution and global change processes.
The Critical Zone (CZ) is the system of coupled chemical, biological, physical, and geological processes operating
together to support life at the Earth’s surface. Further advance on the frontiers of knowledge on this subject matter
requires scientists to cross disciplines and scales to integrate understanding of processes in the CZ, ranging in
scale from the environmental mineral-organism-humus-water-air interfaces to the impact on the globe and
humankind. These fundamental interactive processes in the CZ have an enormous impact on ecosystem
productivity, services, and integrity, and on human welfare.

Carbon is a major component of soils. Globally, the mass of soil organic carbon is more than that of carbon in
living matter and in the atmosphere combined. However, the CO, emission from the soil to the atmosphere is the
primary mechanism of soil carbon loss. Agricultural practices and land use conversion contribute substantially
(approx. 32%) to the total anthropogenic CO, emission. Soil organo-mineral-microbe interactions affect carbon
turnover and sequestration. Our understanding of the role of mineral colloids in carbon transformation, dynamics,
and sequestration in the environment would contribute to developing innovative management strategies to
minimize its impact on climate change.

The interfacial interactions at the soil-plant(root)-microbe interface (rhizosphere) profoundly affect the
physicochemical and biological processes such as transformation, fate, and toxicity of heavy metals and organic
pollutants. Microbial population in the rhizosphere can be 10~100 times larger than the population in the bulk
soils. Therefore, the rhizosphere is bathed in root exudates and microbial metabolites and the chemistry and
biology at the soil-root interface is governed by biotic (plant roots, microbes) and abiotic (physicochemical
reactions) interactions, and thus differs significantly from those in bulk soil. Little is known about the
physicochemical and biological interfacial interactions in the rhizosphere, especially at the molecular level. The
dynamics, transformations, bioavailability, and toxicity of metal pollutants and anthropogenic organics should be
influenced enormously by the chemistry and biology of the rhizosphere.

Nanoparticles are discrete nanometer (10 m) scale assemblies of atoms. A significant fraction of atoms are
exposed on surfaces rather than contained in the particle interior of nanoparticles. The biogeochemical and
ecological impacts of nanomaterials are some of the fastest growing areas of research today, with not only vital
scientific but also environmental, economic, and societal consequences. Little is known about the distribution,
formation, transformation, structural and surface chemistry of environmental nanoparticles and their
biogeochemical and ecological impacts.

Material cycling and energy flow processes are affected both by abiotic and biotic factors, which affect
ecosystem integrity and the environmental quality. However, there are great knowledge gaps on how and to what
extent the processes are affected by the interfacial interactions of environmental nanoparticles, especially at the
molecular level. The research on this subject matter should, therefore, be an issue of intense interest on a global
scale for years to come.

The objective of this symposium is to provide a forum for the interactions and communication of soil chemists,
mineralogists, microbiologists, and physicists with allied scientists including pure chemists, biologists,
environmental scientists, ecologists, and ecotoxicologists to address the current state-of-the-art on “Molecular
Environmental Soil Science”. The main sessions of the symposium were: 1) The Role of Mineral Colloids in
Carbon Turnover and Sequestration and the Impact on Climate Change; 2) Biogeochemical Interfacial Reactions
and the Transformation, Transport and Fate of Vital and Toxic Elements; 3) Anthropogenic Organics, Crop
Protection and Ecotoxicology; 4) Environmental Nanoparticles: Distribution, Formation, Transformation,
Structural and Surface Chemistry, and Biogeochemical and Ecological Impacts; and 5) Environmental Processes
& Ecosystem Health. Two eminent scientists of the International Union of Pure and Applied Chemistry (IUPAC)
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were invited to serve as Plenary Lecturers (IUPAC Lecturers) and 18 world renowned leading scientists were
invited to give lectures in the 5 sessions of the symposium.

The symposium was held in Zhejiang University, Hangzhou, China on October 10-14, 2009. Zhejiang
University, founded in 1897, is a key comprehensive university whose academic and research endeavors cover
eleven disciplines, namely philosophy, literature, history, education, science, economics, law, management,
engineering, agriculture and medicine. The University now has 112 specialties for undergraduate studies, and it is
entitled to confer masters degrees in 317 programs and doctoral degrees in 283 programs. Under its administration
there are 14 National Key Laboratories, 2 National Engineering Research Centers and 3 National Engineering
Technology Centers. Besides, it has set up 35 national key specialties and 43 post-doctor stations. Soil Science in
Zhejiang University is the National Key Discipline of China.

The participants of this symposium represent five continents: Asian delegates from China, Iran, Pakistan,
Vietnam, D.P.R. Korea and R.O. Korea; European scientists from Austria, Belgium, France, Italy, the UK, Russia
and Spain; Australasian participants from both Australia and New Zealand; delegates from the USA, Canada and
Brazil in the Americas; and representatives from Egypt, Kenya and South Africa on the African continent.

It is the first time to hold such an international symposium in China. The ITUPAC Project Committee has
contributed to funding the symposium under the program for conferences on New Directions in Chemistry. The
Project Committee noted that the Conference identifies, and builds on, the need to view and understand the CZ at
the molecular level. It will provide a novel interface that will facilitate the integration of contributions from
traditionally separate disciplines. It will add a molecular and nanoparticle dimension to a field of endeavor that
has traditionally been viewed on a different scale (dimension). It will identify and focus on emerging challenges
for research that will be predominantly cross-discipline in nature. It will help to secure the appreciation of the
relevance of chemistry to this field that is of utmost importance to sustain humankind. Therefore, it is hoped that
the symposium would lead to identification of gaps in knowledge and as such to provide future research directions
and promote research on soil processes at the interfaces at the molecular level in the Earth’s Critical Zone. It is
expected to advance the frontiers of knowledge on biophysico-chemical processes in soil and related
environmental systems and their biogeochemical and ecological impacts and also to promote education in this
extremely important and challenging area of science for years to come.

The book of proceedings is composed of extended abstracts that present new ideas, methods, findings, and
experiences on the 5 sessions of the symposium. All the extended abstracts have been subject to peer review by
external referees, by International Scientific Committee members of the symposium, and by the editors of the
proceedings. On behalf of the Organizing Committee, we would like to thank members of the International
Scientific Committee and the authors for their invaluable collaboration. Special thanks are extended to our
sponsors: The International Union of Soil Sciences, The International Union of Pure and Applied Chemistry,
Organization for the Prohibition of Chemical Weapons, National Natural Science Foundation of China, Soil
Science Society of China, Y.C. Tang Disciplinary Development Fund, Zhejiang University, Zhejiang Provincial
Natural Science Foundation of China, and Zhejiang Provincial Key Laboratory of Subtropical Soil and Plant
Nutrition. Valuable personal time of Mr. Jianjun Wu, Dr. Yan He, concerning the careful revising, typesetting and
proof-checking of this book is also greatly acknowledged.

Dr. Jianming Xu Dr. Pan Ming Huang
Chair of the Organizing Committee Co-Chair of the Organizing Committee
ISMESS 2009 ISMESS 2009

August 2009
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Advances in the Use of Synchrotron Radiation to Elucidate Environmental Interfacial
Reaction Processes and Mechanisms in the Earth’s Critical Zone

Donald Lewis Sparks*
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Delaware Environmental Institute, University of Delaware, Newark, Delaware 19716, USA.
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Abstract: The employment of bright light sources generated at synchrotrons has greatly advanced our
understanding of important environmental interfacial (mineral/water, mineral/microbe, plant/soil) reaction
processes in the soil, environmental, and geological sciences over the past two decades. This plenary paper will
provide background on principles and types of synchrotron radiation techniques with an emphasis on the use of
synchrotron-based X-ray absorption spectroscopy (XAS), X-ray fluorescence spectroscopy (XRF), X-ray
diffraction (XRD) and microtomography to elucidate speciation of contaminants in heterogeneous soils, surface
precipitation phenomena, mechanisms of rapid redox transformations, microbial transformations on mineral
surfaces, air and terrestrial emanated particulate reactivity and composition, and metal reactivity and speciation in
hyperaccumulator plants.

Keywords: Biogeochemical processes; Environmental interfaces; Molecular scale; Spatial and temporal scales;

Surface spectroscopy

Introduction and Discussion

It has become increasingly recognized that to
accurately predict and model fate/transport, toxicity,
speciation, bioavailability, and risk assessment of
plant nutrients, toxic metals, oxyanions, radionuclides,
and organic chemicals in the Earth’s Critical Zone, we
must have fundamental information at multiple spatial
and temporal scales, and our research efforts much be
multidisciplinary and interdisciplinary. The critical
zone is “the heterogeneous, near surface environment
in which complex interactions involving rock, soil,
water, air and living organisms regulate the natural
habitat and determine the availability of life sustaining
resources” (NRC, 2001). The critical zone is an
interfacial region of mass and energy flux comprising
terrestrial, lacustrine, and marine components of the
continental crust and is one of two primary loci of life

on Earth and for most of human activity. The critical
zone is comprised of an array of spatial scales,
ranging from the atomic to the global, and temporal
scales, ranging from seconds to eons. The physical,
chemical, and biological processes within the critical
zone mediate exchange of mass and energy which is
required for biomass productivity, chemical recycling,
and water storage. The critical zone is the most
heterogeneous and abstruse portion of the entire Earth
(NRC, 2001). If we are going to sustain the planet for
human habitation we must understand the physical,
chemical, and biological processes and reactions in
the critical zone over a range of spatial and temporal
scales (NRC, 2001; Hochella, 2002; Sparks, 2002).
With the advent of state-of-the-art,
analytical techniques, some of which are synchrotron-
based (e.g., X-ray absorption spectroscopy, XAS) one
can elucidate reaction mechanisms at small spatial and

in-situ,
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rapid temporal scales. The use of small scale
techniques in environmental research has resulted in a
multi-disciplinary field of study that environmental
and geoscientists are actively involved in-molecular
environmental science. Molecular environmental
science can be defined as the study of the chemical
and physical forms and distribution of contaminants in
soils, sediments, waste materials, natural waters,
plants, and the atmosphere at the molecular level
(Sparks, 2002). Since the first use of XAS in 1987
(Hayes et al., 1987) to study selenate and selenite
complexation at the goethite/water interface, there
have been a multitude of studies using bulk XAS to
determine sorption mechanisms of metal(loids) and
radionunclides on mineral surfaces over a range of
reaction conditions. With the development of third
and fourth generation light sources that afford brighter
light and greater spatial resolution, scientists are able
to use micro-focused XAS and X-ray fluorescence
(XRF) spectroscopy to determine the speciation,
distribution, and association of contaminants at the
micron scale in heterogeneous soils, biosolids,
particulates, and plants. These techniques, along with
(XRD),
microtomography, and Quick XAS, have opened up

research frontiers in a number of areas that will be

synchrotron-based ~ X-ray  diffraction

covered in this plenary talk including speciation of
contaminants, which is essential for understanding
release mechanisms, spatial resolution, chemical
transformations, toxicity, bioavailability, and ultimate
impacts on human health; mechanisms of microbial
mineral/metal(loid)

mechanisms of rapid redox transformations, air and

transformations at interfaces;

terrestrial emanated particulate reactivity and
composition, and metal uptake and speciation in

hyperaccumulator plants.

Summary and Conclusions

To successfully address and fund the major
research needs in the area of environmental interfacial
biogeochemistry, multidisciplinary and interdisci-
plinary and multifaceted approaches must be carried
out. Geochemists, soil scientists, chemists, physicists,
biologists, ecologists, and engineers must and will
increasingly collaborate. Arguably, one of the major
research leitmotifs in the 21st century will be the
study of biological effects on geochemical reactions
and processes at environmental interfaces in the
This provides us with a unique

opportunity to combine our expertise with that of

critical zone.

molecular biologists. We must also employ an array of
multiple, molecular scale techniques over a range of
temporal scales in combination with macroscopic
approaches and computational modeling to solve
complex scientific questions related to the Earth’s
environment.
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Microbial Role in Global Biogeochemical Cycling of Metals and Metalloids at the Interfaces
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Microorganisms are intimately involved in many
processes of fundamental importance to geology, and
these
minerals, as well as related substances like metalloids,
and metal radionuclides (Gadd et al., 2005; Gadd,
2007). Such processes are involved in bioweathering,

include biotransformations of metals and

mineral dissolution and formation, and soil formation
and development. Integral to all mechanisms are
interactions with metals, and microorganisms are
intimately involved in metal biogeochemistry with a
variety of processes determining mobility, and
bioavailability (Gadd, 2005; 2008). The balance
between metal mobilization and immobilization varies
their
environment, and physico-chemical conditions. Metal

depending on the organisms involved,
mobilization can arise, e.g. from leaching mechanisms,
complexation by metabolites, and methylation where
this results in volatilization.. Immobilization can result
from sorption, transport and intracellular sequestration
or precipitation as a variety of “organic” and inorganic
biominerals, e.g. oxalates (fungi), carbonates,
phosphates and sulfides (Sayer et al., 1999; Burford et
al., 2003, 2006). Sorption can be markedly affected by
the presence of clay minerals, and clay mineral-
biomass aggregates exhibit differing metal binding
characteristics (Morley and Gadd, 1995; Gadd, 2009).
This may be an important soil process as well as in
epi- and endolithic microbial communities that are
ubiquitous and associated with a wide variety of rocks
and minerals (Burford er al., 2003). In addition,
reduction of higher-valency species may effect
mobilization, e.g Mn(IV) to Mn(II), or immobilization,

e.g. Cr(VI) to Cr(III).
Metal-mineral-microbe interactions can be
considered an important topic within the framework of
geomicrobiology, which can simply be defined as the
roles of microbes in geological processes. Key topics
within the

biogeochemical cycling of the elements, mineral

geomicrobiology framework include
formation, mineral degradation (which can include
such subjects as bioweathering and biocorrosion, as
well as processes leading to soil and sediment
of metals,

formation), and the transformations

metalloids and radionuclides. Apart from being
important in natural environments, these processes can
have beneficial or detrimental consequences in a
human context. Bioremediation refers to the
application of biological systems to the clean-up of
organic and inorganic pollution with bacteria and
fungi being the most important organisms in this
context for breakdown, degradation, reclamation or
immobilization of pollutants. In contrast, similar
microbial activities may result in degradation and
spoilage of natural and synthetic materials, rock and
mineral-based building materials, acid mine drainage
with accompanying metal pollution, biocorrosion of
metals, alloys, and related substances, and adverse
effects on radionuclide speciation, mobility and
containment.

Metals exhibit a range of toxicities towards
depending on physico-chemical
factors, speciation etc, and while toxic effects can

microorganisms,

arise from natural processes in the soil, toxic effects

on microbial communities are more commonly
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associated with anthropogenic contamination or
redistribution of toxic metals in aquatic and terrestrial
ecosystems. Such contamination can arise from aerial
and aquatic sources, as well as agricultural practices,
industrial activity, and domestic and industrial wastes.
In some cases, microbial activities can result in
remobilization of metals from other wastes and
transfer into aquatic systems. It is commonly accepted
that toxic metals, and their chemical derivatives,
metalloids, and organometals can have significant
effects on microbial populations and almost every
index of microbial activity can be affected. However,
metal toxicity is greatly affected by the physico-
chemical nature of the environment and the chemical
behaviour of the particular metal species in question.
Despite apparent toxicity, many microorganisms
survive, and flourish in apparently metal-polluted
locations and a variety of mechanisms, both active and
incidental, contribute to tolerance (Gadd and Griffiths,
1978). All mechanisms depend on some change in
metal speciation leading to decreased or increased
mobility. Such metal transformations between soluble
and insoluble phases are also at the heart of metal
biogeochemistry, thus providing a direct link between
Thus,
of microorganisms with metals are

microbial responses and element cycles.
interactions
extremely important and underpin many aspects of
biogeochemistry, geomicrobiology and soil science.

In terrestrial environments, fungi serve as
neglected but important geochemical agents (Gadd,
1993; 1999; 2006; 2007). Fungi promote rock
weathering and contribute to the dissolution of
mineral aggregates in soil through excretion of H',
organic acids and other ligands, or through redox
transformations of mineral constituents. We have
found that the main mechanism of metal mobilization
from insoluble metal minerals is a combination of
acidification and ligand-promoted dissolution: if
oxalic acid is produced the production of metal
oxalates can occur. Fungi can therefore also play an
active or passive role in mineral formation through
precipitation of secondary minerals, e.g. oxalates, and
through the nucleation of crystalline material onto cell
walls that can result in the formation of biogenic
micro-fabrics substrates.  Such

interactions between fungi and minerals are of

within  mineral
importance to biogeochemical cycles including those
of C, N, S and P. We have shown that fungi may play
an important role in the transformation of micro-
(CaCO;3) and dolomite

fabrics in limestone

(CaMg(CO0s),) and have produced direct evidence of
mineralized secondary
carbonates. Experiments have shown that fungi can

fungal filaments with

precipitate calcite (CaCO;) and whewellite (calcium
monohydrate, CaC,0,-H,0). We have
examined elemental profiles of adjacent layers from a

oxalate

sandstone outcrop to find out whether differences in
mineralogical composition influenced fungal and
bacterial diversity. Culture-independent molecular
approaches were used in combination with
geochemical analyses, community-level physiological
profiling and environmental electron
microscopy. A DNA-based community fingerprinting
approach (ARISA: automated ribosomal intergenic

spacer analysis) combined with construction of fungal

scanning

and bacterial rRNA gene clone libraries (internal
transcribed spacer) was used to assess community
structure. Molecular data was combined with X-ray
diffraction and X-ray fluorescence to identify those
chemical properties that influenced community
structure. It was found that sandstone supports a
varied microbial diversity and community ribotype
profiles differed between mineralogically-distinct
sandstones in close proximity to each other (Gleeson
et al., 2005; 2006). Canonical correspondence analysis
(CCA)
ribotypes and particular chemical elements with Al,
Na and Ca appearing to have a considerable impact on

microbial community structure. Such molecular and

illustrated relationships between certain

statistical methods provide a powerful tool for

resolving rock-inhabiting bacterial and fungal
communities, and their relationship to the mineral
nature of the substrate.

Other

bioavailability are important microbially-catalyzed

processes that can determine metal

reactions of the natural sulfur cycle. Chemo-

lithotrophic sulfur/sulfide-oxidizing
bacteria can result in mobilization from polluted soil

matrices, while sulfide production by SRB can result

leaching by

in precipitation of soluble metals as insoluble sulfides,
with other redox transformations also being mediated
by these organisms, e.g. Cr(VI) to Cr(IIl) (Smith and
Gadd, 2000). We have found metals such as Cd, Co,
Cr, Cu, Mn, Ni and Zn can be efficiently leached from
contaminated soils, and removed from solution by
SRB. In addition, SRB can
oxyanions such as selenite to elemental selenium
(Hockin and Gadd, 2003; 2006). We have found that
SRB, growing as a biofilm, can mediate formation of

reduce metalloid

elemental sulfur in the presence of selenite. The
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indirect, enzymatically-mediated coprecipitation of
sulfur and selenium is a generalised ability among
SRB, arising from sulfide biogenesis, and can take
place under low redox conditions and in the dark
(Hockin and Gadd, 2003).

This presentation will detail the above examples of
metal-mineral transformations by microorganisms,
and applied
relevance. For bioremediation, solubilization of metal

and discuss their biogeochemical
contaminants provides a means of removal from soils,
sediments, and solid industrial wastes. Alternatively,
immobilization processes may enable metals to be
transformed in situ and are particularly applicable to
removing metals from aqueous solution. Specific
highlighted examples in this presentation will include
fungal degradation and transformations of copper and
lead-containing minerals, depleted uranium and
uranium oxides, fungal biodeterioration of concrete
(which has implications for storage of radioactive
waste), metal sulfide precipitation and reduction of
metalloid oxyanions to elemental forms by sulfate-
reducing bacteria. The overall aim of the presentation
is to emphasise the important diversity of microbial
roles in biogeochemical cycling and transformations
of metals and related elements in the Earth’s critical
zone.

References

Burford EP, Fomina M, Gadd G (2003) Fungal
involvement in bioweathering and biotransfor-
mation of rocks and minerals. Mineral. Mag. 67:
1127-1155

Burford EP, Hillier S, Gadd GM (2006)
Biomineralization of fungal hyphae with calcite
(CaCO3) and calcium oxalate mono- and dihydrate
in carboniferous limestone microcosms. Geo-
microbiol. J. 23: 599-611

Gadd GM (1993) Interactions of fungi with toxic
metals. New Phytol. 124: 25-60

Gadd GM (1999) Fungal production of citric and
oxalic acid:
physiology and  biogeochemical
Advances in Microb. Physiol. 41: 47-92

Gadd GM (2005) Microorganisms in toxic metal
polluted soils. In: Buscot F, Varma A (eds.),
Microorganisms in Soils: Roles in Genesis and

importance in metal speciation,
processes.

Functions. Springer-Verlag, Berlin, pp. 325-356
Gadd GM (ed.) (2006) Fungi in Biogeochemical
Cycles. Cambridge University Press, Cambridge
Gadd GM (2007) Geomycology: biogeochemical
transformations of rocks, minerals, metals and
radionuclides by fungi, bioweathering and
bioremediation. Mycol. Res. 111: 3-49

Gadd GM (2008) Transformation and mobilization of
metals by microorganisms. In: Violante A, Huang
PM, Gadd GM (eds.),
Processes of Heavy Metals and Metalloids in Soil

Biophysico-chemical

Environments. Wiley, Chichester, pp. 53-96

Gadd GM (2009) Biosorption: critical review of
scientific rationale, environmental importance and
significance for pollution treatment. J. Chem.
Technol. Biot. 84: 13-28

Gadd GM, Griffiths AJ (1978) Microorganisms and
heavy metal toxicity. Microbial. Ecol. 4: 303-317

Gadd GM, Semple K, Lappin-Scott H (eds.), (2005)
Microorganisms in Earth Systems: Advances in
Geomicrobiology. Cambridge University Press,
Cambridge

Gleeson DB, Clipson NJW, Melville K, Gadd GM,
McDermott FP (2005) Mineralogical control of
fungal community structure in a weathered
pegmatitic granite. Microbial. Ecol. 50: 360-368

Gleeson DB, Kennedy NM, Clipson NJW, Melville K,
Gadd GM, McDermott FP (2006) Mineralogical
influences on bacterial community structure on a
weathered pegmatitic granite. Microbial. Ecol. 51:
526-534

Hockin S, Gadd GM (2003) Linked
precipitation of sulfur and

redox-

selenium under
anaerobic conditions by sulfate-reducing bacterial
biofilms. Appl. Environ. Microb. 69: 7063-7072

Hockin S, Gadd GM (2006) Removal of selenate from
sulphate-containing media by sulphate-reducing
bacterial biofilms. Environ. Microb. 8: 816-826

Morley GF, Gadd GM (1995) Sorption of toxic metals
by fungi and clay minerals. Mycol. Res. 99: 1429-
1438

Sayer JA, Cotter-Howells JD, Watson C, Hillier S,
Gadd GM (1999) Lead mineral transformation by
fungi. Curr. Biol. 9: 691-694

Smith WL, Gadd GM (2000) Reduction and
precipitation of chromate by mixed culture
sulphate-reducing bacterial biofilms. J. Appl.

Microb. 88: 983-991






Session 1 The Role of Mineral Colloids in Carbon Turnover and Sequestration and the Impact on Climate Change 11

Soils as Source and Sink of Environmental Carbon Dioxide
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World soils contain 2500 Pg C to 1-m depth,
comprising of 1500 Pg of soil organic C (SOC) and
950 Pg of soil inorganic C (SIC) (Houghton, 2007;
Lal, 2004). Therefore, the soil C pool is 3.1 times
more C than the atmospheric pool (800 Pg and
increasing at the rate of 4.1 Pg C-yr’') and 4.0 times
the biotic pool (620 Pg and decreasing at the rate of
1.6 Pg C-yr™"). The current global C budget comprises
anthropogenic emissions of 8.0 Pg C-yr' from fossil
fuel combustion and cement manufacture, and 1.6 Pg
C-yr' from deforestation, biomass burning and soil
cultivation. Of the total emission of 11.5 Gt C E
(including CO,, CH4 and N,0) in 2000, 14% (1.6 Pg)
were those due to agricultural activities and 18% (2.1
Pg) from land use conversion. Thus, land use and
agriculture contribute about one-third (32%) of total
anthropogenic emissions. Confirmed sinks include
atmospheric absorption of 4.1 Pg C-yr', oceanic
uptake of 2.3 Pg C-yr’, and a land sink of about 1.5
Pg C-yr' (WMO, 2008). Thus, there is an unknown
terrestrial sink of about 1.7 Pg C-yr.

Atmospheric concentration of CO, has increased
from 280 mg-L™" in the pre-industrial era to about 382
mg-L" by volume, or 582 mg-L™" by mass in 2008. In
total, the atmosphere contains approximately 0.01% of
the C present in the atmosphere-ocean-upper earth
crust system (Oelkers and Cole, 2008). World soils
and terrestrial ecosystems have been the source of
atmospheric CO, ever since the dawn of agriculture
about 10,000 years ago, and of CH, since the
domestication of animals and cultivation of rice
paddies about 5,000 years ago (Ruddiman, 2005).
Terrestrial ecosystems (soils and vegetation) may
have contributed as much as 320 Pg C from pre-
historic era to 1850 (Ruddiman, 2005) and about 158
Pg C from 1850 to 2006 (Canadell et al., 2007).

Presently, terrestrial ecosystems and agricultural
activities contribute about 1.6 Pg C as CO, and 3.7 Pg
CE (including CO,, CH4 and N,0) (Koonin, 2008). In
comparison, fossil fuel combustion have contributed
292 Pg C between 1750 and 2002, and is projected to
contribute an additional 200 Pg C between 2003 and
2030 (Holdren, 2008). Therefore, world soils have
been historically a major source of atmospheric CO,.
Most agricultural soils have lost 25% to 75% of their
SOC pool, and the magnitude of loss is more on
severely eroded/degraded than slight or un-degraded
soils.

The process of transfer of atmospheric CO; into
other long-lived pools (geologic, oceanic, terrestrial),
called C sequestration, is widely considered an option
to mitigated the climate change (Broecker, 2008;
Oeclkers et al., 2008; Lal, 2008). Sequestration of CO,
into terrestrial ecosystem (soils, trees) is based on the
natural process of photosynthesis. The terrestrial
biosphere annually photosynthesizes about 120 Pg C
into the biomass. However, almost all of it is returned
back to the atmosphere either through plant respiration
or soil respiration. Yet, global C budget can be
effectively balanced even if merely 8% to 10% of the
photosynthesized C is retained in the biosphere.

Conversion to a restorative land use (perennial
land use such as forest cover, permanent pastures) and
adoption of recommended management practices
(RMPs) on agricultural soils can create a positive soil
C budget. There is a wide range of RMPs, and no one
technology is universally applicable under diverse
soils and ecoregional conditions. Some examples of
RMPs for cropland include no-till farming with crop
residue mulch and cover cropping, use of complex
crop rotations including agroforestry, adoption of
integrated nutrient management (INM) techniques
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including use of biofertilizers (e.g., manure, compost,
biological N fixation, mycorrhizae), application of soil
amendments (e.g., biochar, soil conditioners), and soil
water management (e.g., drip water
harvesting and recycling). Similarly, RMPs for

grazing lands include sowing of improved forage

irrigation,

species, controlled grazing with low stocking rate, fire
management, water conservation, etc.

The rate of SOC sequestration in agricultural soils
is about 0.1 to 1.5 Mg Cha'yr' depending on
climate, soil type, land use and management. The rate
is more in cool and humid than in warm and dry
regions, and more in heavy-textured than light-
textured soils. The potential of C sequestration in
terrestrial ecosystems (soils and trees) is about 3 Pg
C-yr' for the next 25 to 50 years. It is equivalent to a
total drawdown of about 50 mg-L" of atmospheric
CO; (Hansen et al., 2008).

There are numerous co-benefits of C sequestration
in soils. Improvement in soil quality increases use-
efficiency of input and crop yields. Thus, soil C
sequestration is essential to advancing global food
security. Other ancillary benefits include increase in
biodiversity, improvement in quality of natural waters
and decrease in non-point source pollution, and
increase in aesthetic value of ecosystems. Soil C
sequestration, being a cost-effective (McKinsey and
Co., 2008) and a natural process, is a win-win
situation. It is a bridge to the future, until non-C or C-
neutral fuel sources take effect.
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Impacts of Mineral Colloids on the Transformation of Biomolecules and Physical and
Chemical Protection of Soil Organic Carbon
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Abstract: Soil mineral colloids, along with enzymes, have the ability to catalyze the transformation of
biomolecules, which are from biological residues, root exudates, and biological metabolites, to relatively
recalcitrant humic substances (HS). Virtually all HS in a wide range of soils are bound to mineral colloids,
especially short-range ordered (SRO) Al and Fe (oxy) hydroxides because of their large specific surface area, high
density of reactive sites, and surface reactivity. Soil mineral-HS complexes may anchor unstable plant constituents
by various adsorptive forces and/or chemical binding. Highly degradable proteins, for example, may be protected
against rapid biodegradation by their neucleophilic addition to mineralcomplexes. Besides chemical protection,
mineral colloids have the ability to interact with biomolecules and microorganisms to form microaggregates.
Furthermore, organic substances serve as intraicroaggregate binding agents leading to the formation of
macroaggregates through biogenic aggregation processes. The vast majority (90%) of soil organic C (SOC) in
surface soil is located within aggregates. Undecomposed biological materials have turnover times in terms of
years. Turnover times of occluded SOC increase with decreasing aggregate size. SOC in macroaggregates has
turnover times in terms of decades and the turnover times are about centennials for SOC in microaggregates.
Tounover times of chemically protected SOC through binding to mineral surfaces usually approach millennia.
Therefore, mineral colloids play a vital role in governing the transformation and turnover of soil organic matter
and the impact on climate change.

Keywords: Mineral colloids; Biomolecules; Humification; Recalcitrance; Occlusion; Aggregation; Complexation;
Chemical protection

Introduction

The stocks of organic matter in soils results from
the balance between inputs and outputs of SOC within
the below-ground environment. Inputs are primarily
controlled by net primary productivity; outputs are
dominated by the efflux of CO, from the soil surface,
although methane CH, efflux and hydrological leaching
of dissolved organic and inorganic and particulate
organic C compounds can also be important
(Davidson and Janssens, 2006). During the turnover
process of organic C, biomolecules are transformedto
more recalcitrantHS through enzymatic and mineral
catalyzes (Hardie et al., 2009a; Huang and Hardie,

2009). HS and some of the relatively unstable
biological residues, root exudates, and microbial
metabolites may become physically protected in the
interior of soil aggregates. Furthermore, these
biologically derived organic components may become
sorbed onto surfaces of mineral colloids, especially
SRO Al and Fe (oxy) hydroxides, thus chemically
protected. Therefore, the pivotal role of mineral
colloids in the transformation and turnover of SOC
can be addressed in terms of (1) abioticcatalysis of the
transformation of biomolecules to HS, (2) physical
protection through occlusion of SOC in aggregates,
and (3) chemical protection through sorption of SOC
on the surface of mineral colloids.
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Formation of HS

There is a large volume of work documenting the
polycondensation and polymerization of simple
biomolecules (e.g., polyphenols, amino acids, and
sugars), as catalyzed by soil minerals and enzymes,
leading to the formation of HS (Shindo and Huang,
1982; Wang and Huang, 1986; Bollag et al., 1998;
Huang and Hardie, 2009). Because these catalysts are
ubiquitous in soil environments and the substrate
biomolecules are readily available from the
continuous decomposition of biological residues, root
exudates and microbial metabolite, it is certain that
these reactions occur in the natural environment. HS
labile

biomolecules (e.g., polysaccharides and protein).

is relatively recalcitrant compared to
There is ample evidence that the biotic community is
able to degrade any organic matter of natural origin.
Therefore, the recalc-itrance of organic matter is less
important in later stages of decomposition. However,
the HS formed through abiotic and biotic catalyses
would interact with very reactive mineral colloids to
form very stable mineral-humic complexes as
addressed below. It is well established that HS is
largely associated with mineral particles in a wide
range of soils (Huang and Hardie, 2009).

Physical Protection

Nearly 90% of SOC in surface soils is located
within aggregates (Jastraw et al., 1996) with 20% to
40% of SOC in intra-microaggregates (Carter, 1996).
Turnover times of occluded SOC increase with
decreasing aggregate size. Turnover times were about
15 to 50 years for SOC stored in macroaggregates and
100 to 300 years for SOC in microaggregates (Puget
et al., 2000; Six et al., 2000; John et al., 2005). SOC
is stabilized by different aggregate formation
processes, biogenic aggregation in macroaggregates
and physicoch- emical interactions of mineral colloids
with organic substances and microorganisms in
microagreegates. Biogenic aggregation is a relatively
transient process within the active and intermediate
SOC pools and is sensitive to management practices.
Occlusion of SOC within microaggregates, especially

in the <20 um is operative over long time scales
controlled by pedogenic processes (von Liitzow et al.,
2006). Mineral colloids, thus, have a vital role in
influencing the turnover of SOC through the
formation of aggregates.

Chemical Protection

Early experimental evidence such as the work of
Allison et al. (1949) has led many authors (e.g., Tate
and Theng, 1980; Oades et al., 1989) to suggest that
the impact of clays on C stabilization will change as a
function of clay mineralogy. Soil mineral colloids,
especially SRO Al and Fe (oxy)hydroxides have the
ability to complex with SOC (Huang and Hardie,
2009) and control the turnover rate and storage of
SOC (Torn et al., 1997, Rasmussen et al., 2005).
Chemical protection of SOC against decomposition
throughass-ociation with mineral surfaces has
received increasing attention over the past two
decades and has been identified as the most likely
mechanism to achieve centennial and millennial
protection of SOC (Kogel-Knabner et al., 2008).
However, a detailed mechanistic understanding at a
molecular level of why sorption of SOC to soil
minerals decreases decom-position rates of SOC is
lacking. Furthermore, HS, which is formed through
mineral and enzymatic catalyses and sub-sequently
bound to mineral surfaces to form mineral-humic
complexes, may anchor and encapsulate unstable
biomolecules by various adsor-ption processes or
chemical binding (Bollag et al., 1998; Huang and
Hardie, 2009).
associated with HS that cannot be separated

Any Dbiomolecules intimately
effectively by chemical and physical methods may be
considered as humic components (Sutton and Sposito,
2005).

Therefore, many unstable biological constituents
may survive in mineral-humus complexes in the
environment for a significant length of time. Most
recently, it has been shown that mineral catalysisnot
only promotes the formation of HS from biomolecules
but also the genesis of carbonates such as rhodo-
chrosite (MnCOj;) (Hardie et al., 2009b). This
indicates the vital role of mineral catalysis in abiotic
which
contributes to C sequestration in natural environments.

carbonate formation from biomolecules,
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Conclusions

Transformations of biomolecules from biological
residues, root exudates, and microbial metabolites
under enzymatic and mineral catalyses as influenced
by climatic factors and anthropogenic activity are
important processes contributing to the turnover of
SOC. Tissue
biological materials is less important at the late stage

chemistry, 1i.e., recalcitrance of
of decomposition of SOC. Physical protection by
occlusion of SOC in aggregates, which are formed by
interactions of mineral colloids with nonliving organic
matters and microorganisms, accounts for turnover
times of decades and centennials. Chemical protection
by bonding of SOC to mineral surfaces to form
mineral colloid-humus complexes accounts for the
turnover times of millennials. Therefore, pedogenic
processes of mineral weathering transformations
control the strength of bonding and the amount of
SOC stored in the terrestrial ecosystem. It is thus
challenging to understand at a molecular level the
mechanisms of bonding SOC to mineralsurfaces and
how they would govern turnover and stabilization of
SOC. This is
developing innovative land resource management
strategies to sequester C in the terrestrial ecosystem.

of fundamental importance in
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Unravelling the Biogeochemical Cycles of Carbon and Nutrients in Forest Ecosystems:
Innovative Approaches with Advanced Stable Isotope and NMR Techniques as well as Soil
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Abstract: Long-term impacts of global climate change (GCC) and local forest management on important
biogeochemical cycles of carbon (C) and nutrient cycling in the soil-plant ecosystems are complex and difficult to
assess, particularly under gradually and continuously rising atmospheric carbon dixoide concentration [CO,] and
warming in the real world with multiple limiting factors. In this presentation, we highlight the recent
developments and applications of advanced stable isotope, nuclear magnetic resonance (NMR) and bio-molecular
techniques, in an integrated approach with innovative rhizosphere and tree ring methods, for improving our
understanding and management of above- and below-ground C and nutrient cycling processes in forest
ecosystems, particularly in response to GCC and local management practices as well as mitigation / adaptation
strategies. The opportunities and limitations of these techniques for investigating C and nutrient cycling processes
in forest ecosystems are discussed, in the context of both short- and long-term impacts on the above- and below-
ground processes. Improved understanding and knowledge of environmental fingerprints of the biogeochemical
cycles embedded in tree rings can be effectively used to account for long-term forest productivity and C stocks at
local, regional and global scale in response to the future GCC and management options.

Keywords: C and nutrient cycling; Global climate change; Acid deposition; Forest management; Above- and
below-ground processes; Integrated approach; Stable isotope; NMR; Bio-molecular technique; Rhizosphere; Tree
ring growth

of soil that is affected by the root activity of any plant
Global Climate Change and Forest Management species. The rhizosphere is suggested here as the
“hotspot” for plant-soil-microbe interactions the most
chemically and biologically active microsite in soil,

and represents a complex integrated ecosystem. The

Over the last century, atmospheric [CO,] has
increased globally by nearly 30% and temperature by

approximately 0.6 “C, and these trends are projected
to continue more rapidly (Xu and Chen, 2006; Xu et
al., 2009), particularly with more extreme climatic
conditions. The impacts of GCC on future structure,
composition, and C and nutrient cycling in forest
ecosystems deserve particular attention and further
research. Little is known about the impacts of GCC
and forest management on plant-soil-microbe
interactions. Plant-soil-microbe interactions mainly

occur in the rhizosphere, which is defined as the zone

ecology in the underworld, particularly below-ground
processes and their interactions with above-ground
processes, has been highlighted (Science 304, 11 June
2004). There is growing need for improving the
understanding and management of important below-
ground processes. Understanding rhizosphere C and
nutrient cycling processes in relation to rising [CO;]
and temperature is crucial for predicting the response
of forest ecosystems to GCC (Xu and Chen, 2006; Xu
et al., 2009).



