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e Their constant younger-older age patterns exhibit selective preservation under
intensive organic degradation.

e Their identical modern to younger-older age patterns across depth reveal
organic carbon fixation dynamics.

Key Words :
e Updated pyrolysis technology

e Partition of organic carbon components
e Terrestrial carbon dynamics

ABSTRACT

Terrestrial systems hold twice as much organic carbon (OC) as the atmosphere
and vegetation combined. The long-term stability of this carbon pool influences
ecological resilience and helps mitigate global climate change. Here, we couple an
updated pyrolysis-combustion system with online infrared gas analyzer (IRGA) and
Fourier transform infrared spectroscopy (FTIR) to partition OC into thermally labile,
recalcitrant, and stable fractions, enabling the analysis of their biochemical structures,
origins, and AMS '“C ages. We find that the labile-recalcitrant and stable OC fractions
from fluvial, eolian, and farmland ecosystems consistently exhibit younger-to-older age
patterns over timescales ranging from 10? to 10* year. These trends exhibit a first order
reaction rate temperature dependance as predicted by Arrhenius equation. This pattern
verifies selective preservation of OC compounds by minerals under microbial
respiration. In contrast, labile-recalcitrant and stable OC fractions from rock varnish
and flooding sediments in karst cracks and sinkholes exhibit reverse (older-younger) or
identical age patterns, confirming protection of OC by minerals in the absence of
intensive  respiration. In  high-organic-carbon-stock  ecosystems, thermally
labile-recalcitrant and stable OC fractions yield identical modern ages in the
rhizosphere and younger-to-older age patterns in deeper zones, quantitatively
exemplifying the process by which unprotected OC progressively attaches to

mineral-associated forms. The CO, thermograms from IRGA and the OC functional
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groups from FTIR analysis provide biochemical evidence for assessing the origin of
terrestrial OC compounds, thereby improving our understanding of their age patterns.
We conclude that pyrolysis-combustion technology holds significant potential for

revealing the mechanisms underlying terrestrial OC preservation.

INTRODUCTION

Terrestrial systems hold twice as much organic carbon (OC) as found in the
atmosphere and vegetation combined,' influencing food productivity, soil erosion, and
climate change mitigation. Microbes and enzymes decompose and respire labile OC
compounds (e.g., starch and sugars), into atmosphere,>* whereas structurally and
energetically recalcitrant OC compounds (e.g., lignin and humin) can survive this
process’. However, experimental results suggest that chemical structures alone do not
regulate soil OC stability, turnover times, or preservation dynamics; rather, ecosystem
factors also constrain decomposition rates and protective pathways. For example, soil
microaggregates and pore spaces can shield organic carbon from decomposition, ° and
the low activity of microbes and enzymes in semi-arid bioclimate zones can slow
decomposition rates, whereas high fluxes of dissolved organic carbon can increase OC
content in organo-mineral associations within lower soil horizons. ® To enhance the
storage of carbon in terrestrial ecosystems and to sequester atmospheric CO, for climate
change mitigation, stabilizing biosphere OC is crucial. To date, however, no models
have succeeded in predicting soil OC stability and turnover times across different
bioclimate zones. ’~®
A key challenge in quantifying the stability and turnover times of different OC

components, such as labile and recalcitrant compound groups, for accelerator mass

spectrometry (AMS) “C dating is how to effectively partition these fractions. Wet
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9711 and ramped thermal decomposition under low oxygen flow rates'2™'” are

chemistry
commonly used for this purpose. This approach assumes that more intensive procedures,
stronger chemical doses, and higher temperature pretreatments yield progressively
more recalcitrant organic carbon fractions.'®2° However, these techniques only
marginally or are even incapable of achieving this goal.>?'"28 Although humification
and mineral protection can produce biochemically stable geopolymers that resist

chemical and thermal treatment,’82°

the recycling of stabilized organic carbon can
also fragment and simplify these geopolymers, making them susceptible to such
treatments.''3°73! Consequently, the "recalcitrant" organic carbon components defined
by wet chemistry or low-oxygen combustion become ambiguous, complicating
discussions of terrestrial OC stability and cycling dynamics.® 32733 Here, we interfaced
an updated pyrolysis-combustion devise, originally for conventional '*C dating, 3437
with an online IRGA and gas-phase FTIR for AMS !“C dating of thermally-sensitive
terrestrial OC fractions with biochemical structure information to evaluate the origin
and evolution of terrestrial OC compound stability (Figure S1). This pyrolysis-
combustion device updates currently the popular apparatus of ramped pyrolysis and
low O, content oxidation, known as RPO, technology?%-?7 in that pyrolysis products
(volatile compounds) are purged from the pyrolysis (inner) tube into combustion (outer)
tube by Ar gas via an orifice for instant O, combustion in outer tube (Figure S1). This
design prevents volatile compounds from traveling long distances and interacting with
one another. In addition, the higher Ar gas pressure caused by restricted gas flow at the
tip of the inner tube further inhibits O, backflushing. By partitioning thermally
labile-recalcitrant (O,-free) and stable (with O,) compounds, this approach generates

multiple thermally sensitive CO, aliquots for AMS 4C dating analysis (Figure S1).

Finally, CO, thermograms recorded by the online IRGA and OC functional groups
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identified by FTIR spectra provide biochemical structure information for evaluating the
origin and evolution of these thermal fractions.

Using this novel technology, we investigated a range of terrestrial systems:
current Yellow River deltaic fluvial deposits, western Chinese loessland eolian silt in
semi-arid regions, high-closure volcanic lacustrine sediments, black (mollisol)
farmland in semi-humid Northeast China, and karst rock varnish veneers in subtropical
Southwest China (Figure S2). We further compiled '*C dates from thermally
labile-recalcitrant and stable organic carbon fractions derived from flood deposits in
caves fed by karst cracks and sinkholes, as well as from a critical zone observatory
engineered soil profile in humid central United States and silvergrass farmland soil in
subtropical Japan (Figure S2). Together, these data provide benchmarks for verifying
terrestrial organic carbon preservation dynamics that have previously been observed

only in modeling simulations.

MATERIALS AND METHODS
Sample sites and materials

Terrestrial sediment and soil profiles are collected in Northern Hemisphere
middle latitudes for AMS “C dating on thermally sensitive OC fractions. They include
the current Yellow River deltaic floodplain in east coast of China, loess from western
Chinese Loess Platea, rock varnishes on newly exposed limestone bedrocks in erosive
karst region in SW China, organic-rich mollisol farmland and high-closure lacustrine
in NE China. The '*C dates of thermally sensitive OC fractions of flooding sediment
sequence in caves in karst region from the central USA, high OC stock grassland farms
from S. Japan and engineered soil at the Critical Zone Observatory site from the central

USA are compiled for discussion.
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Yellow River deltaic sediment: A 21 m long core was collected by percussion corer
from current delta near the Bohai Sea coast area at 38°02°N, 118°53” E (Figure 1A).
Subsamples were taken in 0.9-1.0 m, 4.8-4.9 m, 10.2-10.3m, 15.6-15.7 m, 20.9-21m
intervals.

Loess profile: A 13m loess section was sampled from western Chinese Loess Plateau
in Gansu Province at 36°20°47” N, 107°20°54” E. Subsamples were taken in 0.5 m
increments from 3 to 12.5 m depths (Figure 1B).

Rock varnishes: Rock varnish sequence was scraped in 20 cm increments from 1.2m

high limestone rock above sparse bushland surface from the karst Mountain region in

the SW China at 25.5 °N, 105.75 °E (Figure 1C1-C2).

Figure 1. Field views of Yellow River deltaic floodplain, semi-arid western Chinese Loess
Plateau, and warm-humid subtropic karst ecosystems A. Current Yellow River delta. B. A
loess profile from western Chinese Loess Plateau. C1-2. Karst geomorphology and rock varnish
veneers on bedrock surfaces.

Mollisol farmland soil profiles: A total of 16 mollisol samples from 4 farmland
sections in the Jiutai (JT) City areas in NE China by a hand auger. Soil samples were

taken in 20 cm increments from the JT#23, #26, and #32 sites, and 0-20, 37-57, 90-100,

144-164 cm depth intervals from the #28 site. They are located at 44°00'00"N, 125°48’
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00"E for JT #23; at 44°12'00"N, 125°36'00"E for JT#26; at 44°12'00"N, 126°00'00"E

for JT#28; and at 44°24'00"N, 126°12'00"E for JT#32 soil profile (Figure. 2A).

High-closure Mountain Forest volcanic lake sediment: Several frozen cores were
collected from the freezing Lake Sihailongwan (SHLW) in NE China (42°17'24"N,
126°35'51"E, Figure 2B) using a freeze corer (UWITEC GmbH, Austria) in 2022.
These cores were immediately stored in a mobile freezer (—36°C) and transported to
the Institute of Earth Environment, Chinese Academy of Sciences (IEECAS) in Xi’an
for Anthropocene and to Faculty of the Geography at the Beijing Normal University
for OC cycling dynamic studies. They have been stored in a freezer under —20°C and
subsamples were taken in 1 cm increment from 0 to 8.5 cm depths that spins from AD

1950 to AD 2020.

Elevation(m)
e Nligh2657

B Lowd
Z [|—National boundary

120°E

Figure 2. Location of four mollisol farmland sites and the high-closure mountain forest
volcanic lake (Lake Sihailongwan, SHLW). A. Mollisol farmland selected for carbon
cycling studies in Jilin Province, NE China. B. High-closure Mountain Forest volcanic lake
sediment selected for air-born OC cycling studies.

Experimental analysis

Chemical pretreatment: About 2-5g of soil and sediment or 0.5g of rock varnish
samples from different terrestrial ecosystems were pretreated by using hot 2 M HCI at
80°C for 2 hours, rinsed to neutrality using ultra-pure Mili-Q water, oven-dried at 70°C

overnight.
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Thermally sensitive OC fractional characterization: For sediment/soil specimens,
about 0.2-0.5g and for rock varnish specimen 0.01-0.02g rock varnish samples were
weighted and transferred into the inner pyrolysis quartz tube or a small quartz glass
boat in the inner tube (Figure S1A). When combustion furnace reaches to 750°C, Ar
gas is purged into inner tube and O, gas is purged into outer quartz tube, and flow-
control valve is adjusted to maintain total pressure at 1.5 psi with Ar pressure is slightly
greater than O, pressure and Ar gas flows at 80ml/min and O, flows at 50ml/min. Then,
pyrolysis furnace increases temperature from 40°C to 750°C in 35 minutes and ramped
rate is ~20°C/min. The CO, thermogram of thermally labile-recalcitrant OC fraction is
captured by the online IRGA monitored. After pyrolysis process is completed, the
pyrolysis furnace is shut off and wait until it reaches room temperature. This procedure
is repeated for thermally stable OC fraction through replacing Ar gas by O, in the inner
tube. The CO, thermogram of thermally stable OC fraction is captured by the online
IRGA.

Thermally sensitive OC compounds functional group analysis: Repeat the above
procedure with combustion furnace set at 120°C and no O, gas in the outer tube. As
pyrolysis furnace ramps up from 40°C to 750°C, the absorbance bands and intensity are
recorded by the online FTIR spectroscopy (Figure S1A).

Partition of thermally labile-recalcitrant OC fractions by pyrolysis: 1-3g pretreated
and oven dried sediment/soil samples are accurately weighed into the inner tube or
0.05-0.15g of rock varnish samples are weighed in a small quartz boat and insert the
boat into the inner tube. After the pyrolysis-combustion system is evacuated to 1-2
mTorr level, the combustion furnace is switched on. When it reaches to 750°C, the
flow-control valve next to the compound gage is shut off and Ar gas is purged into inner

tube and O, gas is purged into outer tube (Figure S1A). Then, flow-control valve is

8
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adjusted to maintain pressure at 1.5 psi with Ar gas flow rate at 80ml/min and O, flow
rate at 50ml/min with Ar gas pressure is slightly greater than O, pressure. After the
pyrolysis furnace reaches to 750°C and Ar/O, air flows are established, the pyrolysis
furnace is moved to wrap the sample. Pyrolysis can be conducted at 450°C and 750°C
to isolate thermally labile and thermally recalcitrant organic carbon fractions on two
peaks of CO, thermogram, which together constitute the composite labile-recalcitrant
OC fractions of samples on one peak of CO, thermogram. Organic compounds that are
thermally decomposed from samples are carried by Ar gas from inner to outer tubes via
the orifice (Figure S1A), where O, gas at consistent 750°C combusts OC molecules to
CO,. The CO, and other combustion gases pass through a cupric oxide and
copper/silver furnaces at 750°C and a double-loop cold trap for purification,
cryogenically collection, measurement, and storage in glass tubes separately.
Partition of thermally stable fraction by combustion of pyrolysis residue: After the
pyrolysis, the inner quartz tube is filled with O; gas by switching valve to disconnect
Ar and connect O, supplies to combust the pyrolysis residue at 750°C with O, flows of
80 ml/m in the inner and 50 ml/m in the outer tubes. The inert OC fractional CO, with
other combustion gases pass through the cupric oxide and copper furnaces at 750°C and
multiple traps again and is purified cryogenically, measured, and stored in glass tubes
separately.

AMS C dating: A dozen of reference samples was also processed through the
pyrolysis-combustion vacuum system along with studying samples for QA/QC of the
dating analysis, e.g., the NIST Oxalic Acid II, the FIRID wood, IAEA C5 (Two Creek
Forest) wood, and deadwood blanks were processed at the same time. Aliquot of CO,
of thermally sensitive OC fractions is used for graphitization using the in-house

hydrogen-iron reduction method for AMS '“C dating analysis. The AMS measurement
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was conducted at the AMS center in the Institute of the Earth Environment, Chinese
Academy of Science, the Guangzhou Institute of Geochemistry, Chinese Academy of
Science, and Beijing Normal University (BNU). Results were corrected online for
isotopic fractionation according to the conventions of Stuiver and Polach. Sample
preparation backgrounds were subtracted based on the measurements from deadwood
blanks with pMC (percent of modern carbon) values ranging from 0.25-0.30. All 4C

dates were calibrated using the online IntCal20 (Calib 8.2).

RESULTS
Characterization of thermal fractions

The CO, thermogram of thermally labile-recalcitrant fractions, defined by
pyrolysis, and stable fractions, defined by combustion, can be characterized using
Rock-Eval technology.?¥-#! The CO, fluxes released from OC materials during ramped
pyrolysis and combustion in 20 °C/min are comparable to CO, thermograms from
hydrocarbon decomposition, biopolymer cracking, geopolymer cracking, and charred
products obtained by Rock-Eval analysis (Table S1).4>4 Here, we propose that
thermally labile-recalcitrant OC compounds likely derive from ancient
volatile-containing organic carbon (e.g., animal protein residues and petroleum vapors),
while thermally stable OC compounds correspond to elemental carbon. For example,
the thermally stable fraction is dominant in anthracite, whereas the thermally
labile-recalcitrant fraction is overwhelmingly dominant in glycerin, reflecting naturally
formed high- and low-molecular-weight OC compounds, respectively (Figures 3A-B).
Conversely, the CO, thermograms of thermally stable fractions from lignin and fulvic
materials may reflect charred materials originating from labile-recalcitrant fractions

(Figures 3C-D). The identification of thermally stable OC compounds as charred

10

https://mc03.manuscriptcentral.com/innovation-geo

Page 10 of 58



Page 11 of 58

oNOYTULT D WN =

253
254
255

256

257
258

259
1260
261
262
263
264
265
266
267
268
269
270
271
272
273

274

The Innovation Geoscience

materials, naturally formed elemental carbon, or high molecular weight OC compounds,
can be determined through AMS '*C dating analysis. Specifically, overlapping AMS
14C ages between the thermally labile-recalcitrant and stable OC fractions reflect a

common origin, otherwise they reflect different origins.
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Figure 3. The CO, thermogram of selected OC reference materials on ramped
temperatures of pyrolysis-combustion method: Pyrolysis generates thermally labile from
hydrocarbon decomposition and’ biopolymer cracking and thermally recalcitrant from
geopolymer cracking fractions. Combustion of pyrolysis residue generates thermally stable
fractions. A. anthracite; B. glycerin; C. lignin; D. fulvic acid.

14C age patterns to show selective preservation dynamics

The Yellow River course has undergone six large-scale changes, with the most
recent occurring since AD 1850. *¢7*7 AMS '*C dating of current Yellow River deltaic
sediments at depths of 020 m (Figure 1A) provides quantitative data to assess whether
ancient or modern carbon is being sequestered in the coastal region in response to global
changes (Figure 4A).

Notably, the thermally labile-recalcitrant and stable OC fractions are 4,000—
14,000 years older than the AD 1850 reference, while the labile-recalcitrant OC
fractions are approximately 10,000 years younger than the thermally stable fractions

(Table S2). Similarly, in the last glacial loess-paleosol sequence in western Chinese
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Loess Plateau (Figure 1B) thermally labile-recalcitrant fractions are approximately
20,000 years younger than thermally stable OC fractions (Figure 4B & Table S2). These
patterns show that OC in fluvial and eolian systems is selectively preserved by minerals
as a result of intensive erosion, degradation, oxidation, and microbial respiration.
14C age patterns to show mineral protection without microbial respiration

Rock varnish on limestone bedrock surface over karst landscape in subtropical
SW China is an OC-rich veneer, comprising approximately 13%-26% and 29%-49%
OC in two of our study areas, formed by fixation of OC compounds by Fe-Mn minerals
(Figure 1C). As erosion removes soil mass, bedrock becomes exposed, and varnish
layers developed on newly exposed bedrock surfaces. In this context, the thermally
labile-recalcitrant fractions of rock varnish OC yield AMS '*C dates that are older than
those of the thermally stable fractions (Figure 4C & Table S3). Similarly, our previously
obtained thermally labile-recalcitrant’ and thermally stable OC fractions from
flood-induced sediments in caves within the warm-humid karst region of the central
United States yielded identical '*C dates?* with similar trends (Figure 4D & Table S3).
In both cases, the results deviate from those expected on the basis of the Arrhenius
equation. These reversed or identical age patterns imply OC cycling dynamics in which
OC compounds are protected from microbial respiration, weathering, and oxidation by

natural shielding mechanisms (Figures 4C-D).
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Figure 4. AMS '“C age patterns of OC fraction cycling dynamics: A-B. Consistent with the
first-order rate assumption of the Arrhenius equation, thermally stable and labile-recalcitrant
OC fractions yield constant older-younger AMS !“C age patterns indicating selective
preservation dynamics. C-D. Contradicting the first-order reaction rate, as expressed by an
Arrhenius relationship, thermally stable and labile-recalcitrant OC fractions yield reversed
younger-to-older or identical AMS '“C age patterns indicating protective dynamics; For
sampling rock varnish: exposed bedrock base is set as 0 (m). E-F. Identically modern-aged
AMS *C dates of thermally stable and labile-recalcitrant OC fractions in upper profiles and
older-younger age offset patterns in lower profiles, revealing transition from unprotected to
stabilized OC pools. G. AMS '“C dates of thermally labile-recalcitrant and stable fractions
exhibit closely-spaced younger-to-older age offsets up to 10000 years in JT #32 due to erosion
and remains unchanged in JT #28 indicating OC accumulation. H. pMC of thermally labile,
recalcitrant, and stable OC fractions captures atmospheric “C/!>C changes since AD 1950 with
constant younger-to-older age offset. Reversely. in AD 2010 and 2020, thermally labile fraction
is ~5% lower and stable fraction is ~2.5% higher than other fractions.

14C age patterns to show unprotected to organo-mineral transition
Modern and identical AMS '*C dates for thermally stable and labile-recalcitrant

organic carbon fractions near the surface, along with consistent younger-to-older age
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patterns in lower critical zone profiles at the central United States®® and silvergrass
farmland in southern Japan®*®, reveal distinct pools of unprotected and
mineral-protected OC (Figures 4E-F & Table S4). Ecosystems with high biological
productivity produce abundant unprotected SOC in near-surface horizons, where no
measurable microbial respiration-induced age offset is observed between thermally
sensitive OC fractions. As unprotected OC is progressively fixed by minerals at greater
soil depths, age offsets between thermally sensitive fractions emerge, consistent with
recycling of carbon. These '*C age pattern shifts provide valuable insights into how
unprotected organic carbon progressively migrates into organo-mineral associations
across different ecosystems.
14C age patterns to show OC dynamics in heayily cultivated soils

Black mollisol farmland in cool-humid NE China is heavily cultivated (Figure
2A). AMS ¥C dates of thermally labile-recalcitrant and stable OC fractions of four
mollisol profiles in the Jiutai (JT) City District, Jilin Province, show closely spaced
non-modern younger-to-older age patterns (Figure 4G & Table S5). Among four
farmlands, AMS '“C age patterns of JT #32 and #23 profiles reveal severe OC erosion,
indicated by large age increases over intervals of only 10 cm, while profile JT #28
shows remarkable OC accumulation, evidenced by consistent ages throughout the most
soil profile (Figure 4G).
14C age patterns to show OC dynamics in high-closure lacustrine

A high-closure volcanic lake sediment (Figure 2B), located adjacent to the black
farmland profiles in the cool-humid climatic zone, captures Anthropocene
sedimentation history spanning AD 1950-2020 by varve counting and measurements
of 137Cs, 2401239Py, and '2°I anthropogenic radioisotope between 0 and 9 cm depths*®~5!,

The depth of 0-1 cm depth is modeled as AD 2020, while depth of 8.3 cm was modeled
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as AD 1950. **=>' The pMC values of thermally labile, recalcitrant, and stable OC
fractions reflect atmospheric '*C/>C changes since the beginning of the Anthropocene
Epoch, with the exception of AD 2010 + 3 years and AD 2020 * 3 years. Specifically,
in AD 2010, the pMC value of the thermally labile fraction is reversed approximately
5% lower (older) than that of the thermally recalcitrant fraction. In AD 2020, the pMC
value of the thermally stable fraction is reversed approximately 2.5% higher (younger)
than either the thermally labile or recalcitrant fractions (Figure 4H & Table S6). These
results demonstrate that high-resolution AMS *C dates and tracers of OC compounds
in this drainage-free lake within the cool-humid forest ecosystem reveal how selective
preservation mechanisms mainly stabilize different OC fractions over time.
DISCUSSION

To increase the ability of terrestrial ecosystems to store carbon and to sequester
atmospheric CO, for climate change mitigation, both the long-term stability and high
input of biosphere OC are equally important. To date, however, no numerical models
have succeeded in predicting total SOC stability and turnover times,” ® and current
geochemical methods remain marginal—or are even incapable of verifying—different
OC preservation mechanisms.® Our technology, which partitions thermally
labile-recalcitrant and stable OC fractions for AMS '*C dating while providing
biochemical characterization and source origin information, offers benchmarks for
verifying proposed selective and protective OC preservation mechanisms. We find that
consistent with the first-order rate assumption of the Arrhenius equation, thermally
labile-recalcitrant and stable OC fractions yield constantly younger-to-older AMS 4C
age patterns, verifying a selective preservation mechanism by minerals. This age pattern
captures configuration of OC fractions following long and intense microbial respiration.

In one case, AMS !4C age offsets spanning 10*-year ranges in the Yellow River deltaic
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fluvial and western Chinese loessland eolian silt profiles reveal that intensively respired
OC from erosion areas, transported via eolian and fluvial processes, is selectively
preserved to form stabilized OC-mineral associations in the deposition areas. In the
other case, age offsets spanning 10?-3-year ranges in farmland and high-closure
lacustrine sediments indicate in-situ selective preservation mechanisms driven by local
microbial respiration.

A striking observation is that thermally stable and labile-recalcitrant OC
fractions yield random age patterns, including reversed younger-to-older and/or
identical AMS '"C ages. These patterns reflect the configuration of terrestrial OC
compounds with variable or identical origins and without strong signals of microbial
respiration. Such age patterns provide potential benchmarks for verifying OC protective
mechanisms in terrestrial organo-mineral associations. In addition, in high-OC-stock
ecosystems, both thermally labile-recalcitrant and stable fractions yield modern age
signals in the rhizosphere and exhibit progressively larger younger-to-older age offsets
toward deeper zones. These age patterns capture the configuration of terrestrial OC
fractions transitioning from unprotected biopolymers to persistent organo-mineral
associations, demonstrating this important transformative process.

Before asserting that pyrolysis-combustion for AMS 'C dating technology
offers the potential to verify OC cycling mechanisms currently only hypothesized in
modeling studies, we conducted three experiments to reconcile uncertainties and
concerns associated with this approach. The first experiment mixed two end-member
reference materials composed predominantly of labile-recalcitrant or stable OC
compounds with different ages to test whether their AMS '*C dates are regulated by the
dominant OC fractions. We mixed an older international reference materials of humic

acid crystals with overwhelmingly dominant thermally stable fractions and

16

https://mc03.manuscriptcentral.com/innovation-geo

Page 16 of 58



Page 17 of 58

oNOYTULT D WN =

392

393

394

395

396

397

398

399

400
401

402
403
404
405
406
407
408
409
410
411

The Innovation Geoscience

international modern oxalic acid reference material with overwhelmingly dominant
thermally labile compounds. We also mixed an older animal protein residue with
dominant thermally labile-recalcitrant compounds and younger international reference
material of charcoal with dominant thermally stable compounds. AMS '*C dating
results confirm that the pyrolysis-combustion technology partitions labile-recalcitrant
and stable OC fractions reasonably well, without significant transformation of
labile-recalcitrant into stable OC fractions, at least in these two end-member tests
(Table 1 & Figure 5).

R %
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Figure 5. Thermographs of CO, of OC materials with different ages for two end-member
mixture test A. The 3370-year-old SIRI N peat humic acid yields overwhelmed stable (red)
with small amount labile-recalcitrant (black) fractions. B. Modern oxalic acid standard of NIST
4990C yields overwhelmed labile fractions with trace amount recalcitrant and stable OC
compounds. A and B are mixed for AMS !#C dating test by using pyrolysis-combustion
technology. C. The 31770-year-old SIRI J charcoal yields large amount stable and small
amount labile-recalcitrant compounds. D. The 45000-year-old animal protein from a paleolithic
site yields dominant amount labile and small amount recalcitrant and stable organics. C and D
are mixed for test.

Table 1. AMS “C dates of two end member mixture test.

Sample# Wt 14C age +  IntCal20 +
(mg) BP 1o BP 20

SIRI N humic acid 4.19 3370 25 3605 100

NIST OX II acid 3.83 2330 20 -

SIRI J charcoal 2.40 31770 1065 36285 2420

Old animal protein 15.9 45000 1800 47570 3875

Thermally labile-recalcitrant of SIRIN + OX IT -130 40 -

Thermally stable of SIRI N + OX II 3360 40 3590 105

Thermally labile-recalcitrant of SIRI J + animal protein 41100 350 44085 670
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Thermally stable of SIRI J + animal protein 38430 260 42415 220

The second experiment involved analyzing CO, thermograms from pyrolysis
and combustion over a ramped temperature range of 40—750 °C, recorded by our IRGA
device. We observed that the widely used Rock-Eval analysis for characterizing
thermally sensitive OC fractions*®™*!' shares fundamental principles with our
pyrolysis-combustion technology for AMS '*C dating. >*

We directly correlate our thermally labile fractions (< 450°C) and thermally
recalcitrant OC fractions (> 450°C) to Rock-Eval's hydrocarbon-biopolymer and
biopolymer fractions, respectively, and our thermally stable OC fractions to

Rock-Eval's  biopolymer-geopolymer  fractions,*2™*®

Specifically, two CO,
thermograms were obtained from rock varnish OC samples: one sample exhibited the
normal age pattern, with labile-recalcitrant OC fractions younger and stable OC
fractions older over timescales of 10? years, while the other showed a reversed pattern,
with labile-recalcitrant OC fractions older and stable OC fractions younger over
timescales of 10° years (Figure 4C). The CO, thermograms of rock varnish veneer OC
samples exhibiting the normal age pattern reveal that thermally stable compounds
contain a significant amount of charred labile-recalcitrant compounds, suggesting
in-situ respiration on limited OC sources (Figure 6A). In contrast, the CO, thermograms

of samples showing reversed age patterns indicate that thermally stable compounds are

not charred products of labile-recalcitrant fractions (Figure 6B). In this case,
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Figure 6. Origin and evolution of thermally labile-recalcitrant and stable OC compounds
by interface of pyrolysis-combustion and online IRGA and FTIR methods. A and B. The
CO, thermograms of rock varnish at 60 and 100 cm above the bedrock base. C and D. The CO,
thermograms of Anthropocene samples in 0-1cm and 7-8.5 cm depths. E and F. Comparation
of continuous FTIR spectra of 0-1 and 7-8.3 cm sedimentary samples of the Anthropocene
sediments. G and H. Selected FTIR spectra of 0-1 and 7-8.3 cm sedimentary samples of the
Anthropocene sediments at different temperatures.

labile-recalcitrant OC compounds may originate from old hydrocarbons sourced from

deep sediments through karst cracks and sinkholes, while stable OC compounds may

be derived from younger elemental carbon released by local wood burning. Both older
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and younger OC compounds are rapidly fixed by Fe-Mn oxides on the bedrock surface
without significant microbial respiration.

Because the CO, thermograms of the Anthropocene samples from 0—1 cm
(AD 2020) and from 7-8.3 cm (AD 1950) depths in the high-closure lake could not
differentiate the origins of labile and stable OC (Figures 6C-D), we conducted a third
experiment. In this case, we analyzed gas-phase FTIR spectra to identify OC functional
groups>>>* that contribute to the higher pMC value (younger) in thermally stable than
in labile and recalcitrant OC fractions. Comparation of selected FTIR spectra of 0-1
(AD 2020) and 7-8.3 cm (AD 1950) sedimentary samples show that pyrolysis products
vary largely in similar absorbance bands with variable intensities in different
temperature ranges (Figures 6E-F). Absorbance bands in 1900-1450 cm™!, mainly for
the stretching vibrations of aromatics, acids; aldehydes and ketones, 32-33 are observed
with the greater intensities in 0-1 cm sediment especially in 250°C -550°C ranges,
suggesting increasing aromaticity in-AD 2020 sample (Figures 6E-F). Absorbance
bands in 2000-2250 cm™! indicate presence of CO, resulted from pyrolysis degradation
of lignocellulosic structures, °>3 and intensity is lower in 250-550 and higher in 650-
750 °C (Figures. 6G-H). Finally, the absorbance bands at the region in 2850-3030 cm™!
reveal hydrocarbon gas consisting mainly of CH4 due to small amount of methyl,
methylene, and methoxy group decomposition (Figures 6G-H).>23* Results of
increasing aromaticity and high-temperature lignocellulose products in AD 2020

sample reveal that perhaps burning of forest wood with 30-50 years’ life span produces

aerosols causing higher pMC values in the thermally stable OC compounds (Figure 4H).

CONCLUSION
We conclude that this novel technology, combined with Rock-Eval and FTIR

spectra analyses, provides high precision results for verifying terrestrial OC
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preservation mechanisms that are currently known only from modeling simulations. In
fluvial, eolian, and farmland ecosystems, thermally labile-recalcitrant and stable OC
fractions exhibit constantly younger-to-older AMS !4C age patterns across the 10?>—10%*-
year range, exemplifying the selective preservation of OC compounds by minerals
under microbial respiration. In contrast, the same OC fractions from rock varnish and
flood sediments in karst cracks and sinkholes display reversely older-to-younger or
identical '*C age patterns, illustrating the protection of OC compounds by minerals in
the absence of intensive respiration. In high OC-stock ecosystems, these fractions yield
uniformly modern ages in rhizosphere but show younger-to-older age patterns in deeper
zones, reflecting the dynamics of naturally unprotected bio-OC progressively
transforms into OC-mineral associations. The CO, thermograms obtained via the IRGA
and OC functional groups by FTIR analysis provide biochemical evidence to assess
origin of terrestrial OC compounds, thereby improving our understanding of their age
patterns.

These results also show that OC decay dynamics by using this technology
follows the first-order kinetics in the activation energy distribution that is independent
from experimental conditions. Because the Arrhenius equation (k = AeF#RT) that
considers the pre-exponential factor or the Arrhenius factor (A) and the molar activation
energy (Ea) to be temperature independent constants> applies to our works, this
updated technology could provide reliable Ea values for variable OC thermal fractions.
The molar activation energy (Ea) is a proxy for carbon bond strength of OC components,
which regulate their stability in the terrestrial ecosystems.> 2! In future studies, AMS
14C age patterns among thermally sensitive OC fractions can be further compared with
the Ea values not only to identify types but also to quantify terrestrial OC cycling

dynamics.
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Graphical Abstract

Conceptual mechanisms for mineral-particle stabilization of biospheric organic carbon into stable terrestrial carbon pools
Different pathways control degradation, protection, respiration, and carbon flux

Direct protected sequestration under microbial shielding Selective stabilization after intense microbial degradation

‘ Plant litter Mineral-associated High flux Weak Biospheric organic carbon Low flux Strong

and root inputs organic inputs respiration, (labile+stable) respiration

73 P oQe

~ S " inte ‘obial
Labile fraction deg!adallun R ﬁ:ﬂﬂm
{mostly degraded) 5 | }/ 6'4 (har:‘f: dwmde) | carbon pact
g e S .
(partialy degraded) #2 ') ﬁ 2a?e ‘335"?

Burial-driven stabilization following surface adsorption

Stable soil
‘organic
carbon pool

. | stable soil
.'u-‘\ organic

Biospheric organic
carbon

e :

= > !} Pratgtted

oy Ldulemrn a0 ‘ 2 A F b-2nstalilization
(easily e) o%a L > ;

Stable fraction @iy &

| [ntrinsical
’-‘ l;ecalcnm

Suppressed
microbial activity

High organic input

Biospheric Remobilization Re-oxidation Redegradation
organic carbon by water flow Selective

[mlneml assu{:\aled) P fﬂé;/ restabilization
-ﬂ) g “ s
l} e
e ‘M
7
=

an
respi {al;on

S\_Jfac\: adsorption
without protection Shallow soil layer
(0-few cm)

Sron € |

Degradation
during burial OQ‘O [T M -

carbon pool
 molecular product
OOQ release

” L J
! i 1 e Deep subsurface
e *00‘0 F ' (decimeters-meters)
i i ctive stabilization
T
i

L Low respiration | very low flux J

7P i
)& Organic input ;J‘ Microbial degradation JO.J H:0 Qo co: w Mineral adsorption Stable soil organic carbon pool
]

Stable soil
organic

Surface adsorption = Burial degradation - Deep stabilization

Public summary
e The updated pyrolysis system successfully partitions thermally labile and stable
organic carbon fractions.
e Their AMS '*C age patterns demonstrate terrestrial carbon cycling dynamics
that are known only in models.
e Their reverse older-younger/identical age patterns exhibit protective
preservation under weak respiration.
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e Their constant younger-older age patterns exhibit selective preservation under
intensive organic degradation.

e Their identical modern to younger-older age patterns across depth reveal
organic carbon fixation dynamics.

Key Words:

e Updated pyrolysis technology

e Partition of organic carbon components

e Terrestrial carbon dynamics
ABSTRACT

Terrestrial systems hold twice as much organic carbon (OC) as the atmosphere

and vegetation combined. The long-term stability of this carbon pool influences
ecological resilience and helps mitigate global climate change. Here, we couple an
updated pyrolysis-combustion system with online infrared gas analyzer (IRGA) and
Fourier transform infrared spectroscopy (FTIR) to partition OC into thermally labile,
recalcitrant, and stable fractions, enabling the analysis of their biochemical structures,
origins, and AMS !“C ages. We find that the labile-recalcitrant and stable OC fractions
from fluvial, eolian, and farmland ecosystems consistently exhibit younger-to-older age
patterns over timescales ranging from 102 to 10* year. These trends exhibit a first order
reaction rate temperature dependance as predicted by Arrhenius equation. This pattern
verifies selective preservation of OC compounds by minerals under microbial
respiration. In contrast, labile-recalcitrant and stable OC fractions from rock varnish
and flooding sediments in karst cracks and sinkholes exhibit reverse (older-younger) or
identical age patterns, confirming protection of OC by minerals in the absence of
intensive  respiration. In  high-organic-carbon-stock  ecosystems, thermally
labile-recalcitrant and stable OC fractions yield identical modern ages in the
rhizosphere and younger-to-older age patterns in deeper zones, quantitatively
exemplifying the process by which unprotected OC progressively attaches to
mineral-associated forms. The CO, thermograms from IRGA and the OC functional

2

https://mc03.manuscriptcentral.com/innovation-geo



oNOYTULT D WN =

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

The Innovation Geoscience

groups from FTIR analysis provide biochemical evidence for assessing the origin of
terrestrial OC compounds, thereby improving our understanding of their age patterns.
We conclude that pyrolysis-combustion technology holds significant potential for

revealing the mechanisms underlying terrestrial OC preservation.

INTRODUCTION

Terrestrial systems hold twice as much organic carbon (OC) as found in the
atmosphere and vegetation combined!, influencing food productivity, soil erosion, and
climate change mitigation. Microbes and enzymes decompose and respire labile OC
compounds (e.g., starch and sugars), into atmosphere>*, whereas structurally and
energetically recalcitrant OC compounds (e.g., lignin and humin) can survive this
process’. However, experimental results suggest that chemical structures alone do not
regulate soil OC stability, turnover times, or preservation dynamics; rather, ecosystem
factors also constrain decomposition rates and protective pathways. For example, soil
microaggregates and pore spaces can shield organic carbon from decomposition®, and
the low activity of microbes and enzymes in semi-arid bioclimate zones can slow
decomposition rates, whereas high fluxes of dissolved organic carbon can increase OC
content in organo-mineral associations within lower soil horizons®. To enhance the
storage of carbon in terrestrial ecosystems and to sequester atmospheric CO, for climate
change mitigation, stabilizing biosphere OC is crucial. To date, however, no models
have succeeded in predicting soil OC stability and turnover times across different
bioclimate zones’ 8,

A key challenge in quantifying the stability and turnover times of different OC

components, such as labile and recalcitrant compound groups, for accelerator mass

spectrometry (AMS) “C dating is how to effectively partition these fractions. Wet

3
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9711 and ramped thermal decomposition under low oxygen flow rates'2™'” are

chemistry
commonly used for this purpose. This approach assumes that more intensive procedures,
stronger chemical doses, and higher temperature pretreatments yield progressively
more recalcitrant organic carbon fractions'®2°. However, these techniques only
marginally or are even incapable of achieving this goal® >'728, Although humification
and mineral protection can produce biochemically stable geopolymers that resist

chemical and thermal treatment” ~%: 2°

, the recycling of stabilized organic carbon can
also fragment and simplify these geopolymers, making them susceptible to such
treatments'"-3°73!, Consequently, the "recalcitrant" organic carbon components defined
by wet chemistry or low-oxygen combustion become ambiguous, complicating
discussions of terrestrial OC stability and cycling dynamics® 3273, Here, we interfaced
an updated pyrolysis-combustion devise, originally for conventional “C dating34-37,
with an online IRGA and gas-phase FTIR for AMS !“C dating of thermally-sensitive
terrestrial OC fractions with biochemical structure information to evaluate the origin
and evolution of terrestrial OC compound stability (Figure S1). This pyrolysis-
combustion device updates currently the popular apparatus of ramped pyrolysis and
low O, content oxidation, known as RPO, technology?%-?7 in that pyrolysis products
(volatile compounds) are purged from the pyrolysis (inner) tube into combustion (outer)
tube by Ar gas via an orifice for instant O, combustion in outer tube (Figure S1). This
design prevents volatile compounds from traveling long distances and interacting with
one another. In addition, the higher Ar gas pressure caused by restricted gas flow at the
tip of the inner tube further inhibits O, backflushing. By partitioning thermally
labile-recalcitrant (O,-free) and stable (with O,) compounds, this approach generates

multiple thermally sensitive CO, aliquots for AMS 4C dating analysis (Figure S1).

Finally, CO, thermograms recorded by the online IRGA and OC functional groups
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identified by FTIR spectra provide biochemical structure information for evaluating the
origin and evolution of these thermal fractions.

Using this novel technology, we investigated a range of terrestrial systems:
current Yellow River deltaic fluvial deposits, western Chinese loessland eolian silt in
semi-arid regions, high-closure volcanic lacustrine sediments, black (mollisol)
farmland in semi-humid Northeast China, and karst rock varnish veneers in subtropical
Southwest China (Figure S2). We further compiled '“C dates from thermally
labile-recalcitrant and stable organic carbon fractions derived from flood deposits in
caves fed by karst cracks and sinkholes, as well as from a critical zone observatory
engineered soil profile in humid central United States and silvergrass farmland soil in
subtropical Japan (Figure S2). Together, these data provide benchmarks for verifying
terrestrial organic carbon preservation dynamics that have previously been observed

only in modeling simulations.

MATERIALS AND METHODS
Sample sites and materials

Terrestrial sediment and soil profiles are collected in Northern Hemisphere
middle latitudes for AMS “C dating on thermally sensitive OC fractions. They include
the current Yellow River deltaic floodplain in east coast of China, loess from western
Chinese Loess Platea, rock varnishes on newly exposed limestone bedrocks in erosive
karst region in SW China, organic-rich mollisol farmland and high-closure lacustrine
in NE China. The '*C dates of thermally sensitive OC fractions of flooding sediment
sequence in caves in karst region from the central USA, high OC stock grassland farms
from S. Japan and engineered soil at the Critical Zone Observatory site from the central

USA are compiled for discussion.
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Yellow River deltaic sediment: A 21 m long core was collected by percussion corer
from current delta near the Bohai Sea coast area at 38°02°N, 118°53” E (Fig. 1A).
Subsamples were taken in 0.9-1.0 m, 4.8-4.9 m, 10.2-10.3m, 15.6-15.7 m, 20.9-21m
intervals.

Loess profile: A 13m loess section was sampled from western Chinese Loess Plateau
in Gansu Province at 36°20°47” N, 107°20°54” E. Subsamples were taken in 0.5 m
increments from 3 to 12.5 m depths (Fig. 1B).

Rock varnishes: Rock varnish sequence was scraped in 20 cm increments from 1.2m

high limestone rock above sparse bushland surface from the karst Mountain region in

the SW China at 25.5 °N, 105.75 °E (Fig. 1C1-C2).

Figure 1. Field views of Yellow River deltaic floodplain, semi-arid western Chinese Loess
Plateau, and warm-humid subtropic karst ecosystems. A. Current Yellow River delta. B. A
loess profile from western Chinese Loess Plateau. C1-2. Karst geomorphology and rock varnish
veneers on bedrock surfaces.

Mollisol farmland soil profiles: A total of 16 mollisol samples from 4 farmland
sections in the Jiutai (JT) City areas in NE China by a hand auger. Soil samples were
taken in 20 cm increments from the JT#23, #26, and #32 sites, and 0-20, 37-57, 90-100,

144-164 cm depth intervals from the #28 site. They are located at 44°00'00"N, 125°48'
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00"E for JT #23; at 44°12'00"N, 125°36'00"E for JT#26; at 44°12'00"N, 126°00'00"E
for JT#28; and at 44°24'00"N, 126°12'00"E for JT#32 soil profile (Fig. 2A).

High-closure Mountain Forest volcanic lake sediment: Several frozen cores were
collected from the freezing Lake Sihailongwan (SHLW) in NE China (42°17'24"N,
126°35'51"E, Fig. 2B) using a freeze corer (UWITEC GmbH, Austria) in 2022. These
cores were immediately stored in a mobile freezer (—36°C) and transported to the
Institute of Earth Environment, Chinese Academy of Sciences (IEECAS) in Xi’an for
Anthropocene and to Faculty of the Geography at the Beijing Normal University for
OC cycling dynamic studies. They have been stored in a freezer under —20°C and
subsamples were taken in 1 cm increment from 0 to 8.5 cm depths that spins from AD

1950 to AD 2020.

42°17'30°N

£
=)
]
&
<

Elevation(m
o ligh:2657

w0
Pacific ocean | &

129°E T f 126°35'30"E 126°36'0"E 126°36'30"E

Figure 2. Location of four mollisol farmland sites and the high-closure mountain forest
volcanic lake (Lake Sihailongwan, SHLW). A. Mollisol farmland selected for carbon
cycling studies in Jilin Province, NE China. B. High-closure Mountain Forest volcanic lake
sediment selected for air-born OC cycling studies.

Experimental analysis
Chemical pretreatment: About 2-5g of soil and sediment or 0.5g of rock varnish
samples from different terrestrial ecosystems were pretreated by using hot 2 M HCI at

80 °C for 2 hours, rinsed to neutrality using ultra-pure Mili-Q water, oven-dried at 70

°C overnight.
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Thermally sensitive OC fractional characterization: For sediment/soil specimens,
about 0.2-0.5g and for rock varnish specimen 0.01-0.02g rock varnish samples were
weighted and transferred into the inner pyrolysis quartz tube or a small quartz glass
boat in the inner tube (Figure SIA). When combustion furnace reaches to 750 °C, Ar
gas is purged into inner tube and O, gas is purged into outer quartz tube, and flow-
control valve is adjusted to maintain total pressure at 1.5 psi with Ar pressure is slightly
greater than O, pressure and Ar gas flows at 80ml/min and O, flows at 50ml/min. Then,
pyrolysis furnace increases temperature from 40 to 750 °C in 35 minutes and ramped
rate is ~20 °C/min. The CO, thermogram of thermally labile-recalcitrant OC fraction is
captured by the online IRGA monitored. After pyrolysis process is completed, the
pyrolysis furnace is shut off and wait until it reaches room temperature. This procedure
is repeated for thermally stable OC fraction through replacing Ar gas by O, in the inner
tube. The CO, thermogram of thermally stable OC fraction is captured by the online
IRGA.

Thermally sensitive OC compounds functional group analysis: Repeat the above
procedure with combustion furnace set at 120 °C and no O, gas in the outer tube. As
pyrolysis furnace ramps up from 40 to 750 °C, the absorbance bands and intensity are
recorded by the online FTIR spectroscopy (Figure S1A).

Partition of thermally labile-recalcitrant OC fractions by pyrolysis: 1-3g pretreated
and oven dried sediment/soil samples are accurately weighed into the inner tube or
0.05-0.15g of rock varnish samples are weighed in a small quartz boat and insert the
boat into the inner tube. After the pyrolysis-combustion system is evacuated to 1-2
mTorr level, the combustion furnace is switched on. When it reaches to 750 °C, the
flow-control valve next to the compound gage is shut off and Ar gas is purged into inner

tube and O, gas is purged into outer tube (Figure S1A). Then, flow-control valve is

8
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adjusted to maintain pressure at 1.5 psi with Ar gas flow rate at 80ml/min and O, flow
rate at 50ml/min with Ar gas pressure is slightly greater than O, pressure. After the
pyrolysis furnace reaches to 750 °C and Ar/O, air flows are established, the pyrolysis
furnace is moved to wrap the sample. Pyrolysis can be conducted at 450 and 750 °C to
isolate thermally labile and thermally recalcitrant organic carbon fractions on two peaks
of CO, thermogram, which together constitute the composite labile-recalcitrant OC
fractions of samples on one peak of CO, thermogram. Organic compounds that are
thermally decomposed from samples are carried by Ar gas from inner to outer tubes via
the orifice (Figure S1A), where O, gas at consistent 750 °C combusts OC molecules to
CO,. The CO, and other combustion gases pass through a cupric oxide and
copper/silver furnaces at 750 °C and a double-loop cold trap for purification,
cryogenically collection, measurement, and storage in glass tubes separately.
Partition of thermally stable fraction by combustion of pyrolysis residue: After the
pyrolysis, the inner quartz tube is filled with O; gas by switching valve to disconnect
Ar and connect O, supplies to combust the pyrolysis residue at 750°C with O, flows of
80 ml/m in the inner and 50 ml/m in the outer tubes. The inert OC fractional CO, with
other combustion gases pass through the cupric oxide and copper furnaces at 750 °C
and multiple traps again and is purified cryogenically, measured, and stored in glass
tubes separately.

AMS C dating: A dozen of reference samples was also processed through the
pyrolysis-combustion vacuum system along with studying samples for QA/QC of the
dating analysis, e.g., the NIST Oxalic Acid II, the FIRID wood, IAEA C5 (Two Creek
Forest) wood, and deadwood blanks were processed at the same time. Aliquot of CO,
of thermally sensitive OC fractions is used for graphitization using the in-house

hydrogen-iron reduction method for AMS '“C dating analysis. The AMS measurement

9
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was conducted at the AMS center in the Institute of the Earth Environment, Chinese
Academy of Science, the Guangzhou Institute of Geochemistry, Chinese Academy of
Science, and Beijing Normal University (BNU). Results were corrected online for
isotopic fractionation according to the conventions of Stuiver and Polach. Sample
preparation backgrounds were subtracted based on the measurements from deadwood
blanks with pMC (percent of modern carbon) values ranging from 0.25-0.30. All 4C

dates were calibrated using the online IntCal20 (Calib 8.2).

RESULTS
Characterization of thermal fractions

The CO, thermogram of thermally labile-recalcitrant fractions, defined by
pyrolysis, and stable fractions, defined by combustion, can be characterized using
Rock-Eval technology?®4!. The CO, fluxes released from OC materials during ramped
pyrolysis and combustion in 20 °C/min are comparable to CO, thermograms from
hydrocarbon decomposition, biopolymer cracking, geopolymer cracking, and charred
products obtained by Rock-Eval analysis (Table S1)*45. Here, we propose that
thermally labile-recalcitrant OC compounds likely derive from ancient
volatile-containing organic carbon (e.g., animal protein residues and petroleum vapors),
while thermally stable OC compounds correspond to elemental carbon. For example,
the thermally stable fraction is dominant in anthracite, whereas the thermally
labile-recalcitrant fraction is overwhelmingly dominant in glycerin, reflecting naturally
formed high- and low-molecular-weight OC compounds, respectively (Figs. 3A-3B).
Conversely, the CO, thermograms of thermally stable fractions from lignin and fulvic
materials may reflect charred materials originating from labile-recalcitrant fractions

(Figs. 3C-3D). The identification of thermally stable OC compounds as charred
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materials, naturally formed elemental carbon, or high molecular weight OC compounds,
can be determined through AMS '*C dating analysis. Specifically, overlapping AMS
14C ages between the thermally labile-recalcitrant and stable OC fractions reflect a

common origin, otherwise they reflect different origins.
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Figure 3. The CO, thermogram of selected OC reference materials on ramped temperatures of
pyrolysis-combustion method. Pyrolysis generates thermally labile from hydrocarbon
decomposition and biopolymer cracking and thermally recalcitrant from geopolymer cracking
fractions. Combustion of pyrolysis residue generates thermally stable fractions. A. anthracite;
B. glycerin; C. lignin; D. fulvic acid.

14C age patterns to show selective preservation dynamics

The Yellow River course has undergone six large-scale changes, with the most
recent occurring since AD 1850*¢*7, AMS '*C dating of current Yellow River deltaic
sediments at depths of 0-20 m (Fig. 1A) provides quantitative data to assess whether
ancient or modern carbon is being sequestered in the coastal region in response to global
changes (Fig. 4A).

Notably, the thermally labile-recalcitrant and stable OC fractions are 4,000—
14,000 years older than the AD 1850 reference, while the labile-recalcitrant OC
fractions are approximately 10,000 years younger than the thermally stable fractions

(Table S2). Similarly, in the last glacial loess-paleosol sequence in western Chinese
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Loess Plateau (Fig. 1B) thermally labile-recalcitrant fractions are approximately 20,000
years younger than thermally stable OC fractions (Fig. 4B, Table S2). These patterns
show that OC in fluvial and eolian systems is selectively preserved by minerals as a
result of intensive erosion, degradation, oxidation, and microbial respiration.
14C age patterns to show mineral protection without microbial respiration

Rock varnish on limestone bedrock surface over karst landscape in subtropical
SW China is an OC-rich veneer, comprising approximately 13-26% and 29-49% OC in
two of our study areas, formed by fixation of OC compounds by Fe-Mn minerals (Fig.
1C). As erosion removes soil mass, bedrock becomes exposed, and varnish layers
developed on newly exposed bedrock surfaces. In this context, the thermally
labile-recalcitrant fractions of rock varnish OC yield AMS '*C dates that are older than
those of the thermally stable fractions (Fig. 4C, Table S3). Similarly, our previously
obtained thermally labile-recalcitrant’ and thermally stable OC fractions from
flood-induced sediments in caves within the warm-humid karst region of the central
United States yielded identical '*C dates®* with similar trends (Fig. 4D, Table S3). In
both cases, the results deviate from those expected on the basis of the Arrhenius
equation. These reversed or identical age patterns imply OC cycling dynamics in which
OC compounds are protected from microbial respiration, weathering, and oxidation by

natural shielding mechanisms (Figs. 4C-4D).
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Figure 4. AMS '“C age patterns of OC fraction cycling dynamics. A-B. Consistent with the
first-order rate assumption of the Arrhenius equation, thermally stable and labile-recalcitrant
OC fractions yield constant older-younger AMS !“C age patterns indicating selective
preservation dynamics. D-D. Contradicting the first-order reaction rate, as expressed by an
Arrhenius relationship, thermally stable and labile-recalcitrant OC fractions yield reversed
younger-to-older or identical AMS '“C age patterns indicating protective dynamics; For
sampling rock varnish: exposed bedrock base is set as 0 (m). E-F. Identically modern-aged
AMS *C dates of thermally stable and labile-recalcitrant OC fractions in upper profiles and
older-younger age offset patterns in lower profiles, revealing transition from unprotected to
stabilized OC pools. G. AMS '“C dates of thermally labile-recalcitrant and stable fractions
exhibit closely-spaced younger-to-older age offsets up to 10000 years in JT #32 due to erosion
and remains unchanged in JT #28 indicating OC accumulation. F. pMC of thermally labile,
recalcitrant, and stable OC fractions captures atmospheric “C/!>C changes since AD 1950 with
constant younger-to-older age offset. Reversely. in AD 2010 and 2020, thermally labile fraction
is ~5% lower and stable fraction is ~2.5% higher than other fractions.

14C age patterns to show unprotected to organo-mineral transition
Modern and identical AMS '*C dates for thermally stable and labile-recalcitrant

organic carbon fractions near the surface, along with consistent younger-to-older age
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patterns in lower critical zone profiles at the central United States®® and silvergrass
farmland in southern Japan®*®, reveal distinct pools of unprotected and
mineral-protected OC (Figs. 4E-4F, Table S4). Ecosystems with high biological
productivity produce abundant unprotected SOC in near-surface horizons, where no
measurable microbial respiration-induced age offset is observed between thermally
sensitive OC fractions. As unprotected OC is progressively fixed by minerals at greater
soil depths, age offsets between thermally sensitive fractions emerge, consistent with
recycling of carbon. These '*C age pattern shifts provide valuable insights into how
unprotected organic carbon progressively migrates into organo-mineral associations
across different ecosystems.
14C age patterns to show OC dynamics in heayily cultivated soils

Black mollisol farmland in cool-humid NE China is heavily cultivated (Fig. 2A).
AMS C dates of thermally labile-recalcitrant and stable OC fractions of four mollisol
profiles in the Jiutai (JT) City District, Jilin Province, show closely spaced non-modern
younger-to-older age patterns (Fig. 4G, Table S5). Among four farmlands, AMS #C
age patterns of JT #32 and #23 profiles reveal severe OC erosion, indicated by large
age increases over intervals of only 10 cm, while profile JT #28 shows remarkable OC
accumulation, evidenced by consistent ages throughout the most soil profile (Fig. 4G).
14C age patterns to show OC dynamics in high-closure lacustrine

A high-closure volcanic lake sediment (Fig. 2B), located adjacent to the black
farmland profiles in the cool-humid climatic zone, captures Anthropocene
sedimentation history spanning AD 1950-2020 by varve counting and measurements
of 137Cs, 2401239Py, and '2°I anthropogenic radioisotope between 0 and 9 cm depths*®~5!,
The depth of 0-1 cm depth is modeled as AD 2020, while depth of 8.3 cm was modeled

as AD 1950*°7°!, The pMC values of thermally labile, recalcitrant, and stable OC
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fractions reflect atmospheric *C/"2C changes since the beginning of the Anthropocene
Epoch, with the exception of AD 2010 £ 3 years and AD 2020 + 3 years. Specifically,
in AD 2010, the pMC value of the thermally labile fraction is reversed approximately
5% lower (older) than that of the thermally recalcitrant fraction. In AD 2020, the pMC
value of the thermally stable fraction is reversed approximately 2.5% higher (younger)
than either the thermally labile or recalcitrant fractions (Fig. 4H, Table S6). These
results demonstrate that high-resolution AMS '*C dates and tracers of OC compounds
in this drainage-free lake within the cool-humid forest ecosystem reveal how selective
preservation mechanisms mainly stabilize different OC fractions over time.
DISCUSSION

To increase the ability of terrestrial ecosystems to store carbon and to sequester
atmospheric CO,, for climate change mitigation, both the long-term stability and high
input of biosphere OC are equally important. To date, however, no numerical models
have succeeded in predicting total SOC stability and turnover times’ 2, and current
geochemical methods remain marginal—or are even incapable of verifying—different
OC preservation < mechanisms®. Our technology, which partitions thermally
labile-recalcitrant and stable OC fractions for AMS '"“C dating while providing
biochemical characterization and source origin information, offers benchmarks for
verifying proposed selective and protective OC preservation mechanisms. We find that
consistent with the first-order rate assumption of the Arrhenius equation, thermally
labile-recalcitrant and stable OC fractions yield constantly younger-to-older AMS 4C

age patterns, verifying a selective preservation mechanism by minerals. This age pattern

captures configuration of OC fractions following long and intense microbial respiration.

In one case, AMS '“C age offsets spanning 10*-year ranges in the Yellow River deltaic

fluvial and western Chinese loessland eolian silt profiles reveal that intensively respired
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OC from erosion areas, transported via eolian and fluvial processes, is selectively
preserved to form stabilized OC-mineral associations in the deposition areas. In the
other case, age offsets spanning 10?-3-year ranges in farmland and high-closure
lacustrine sediments indicate in-situ selective preservation mechanisms driven by local
microbial respiration.

A striking observation is that thermally stable and labile-recalcitrant OC
fractions yield random age patterns, including reversed younger-to-older and/or
identical AMS '"C ages. These patterns reflect the configuration of terrestrial OC
compounds with variable or identical origins and without strong signals of microbial
respiration. Such age patterns provide potential benchmarks for verifying OC protective
mechanisms in terrestrial organo-mineral associations. In addition, in high-OC-stock
ecosystems, both thermally labile-recalcitrant and stable fractions yield modern age
signals in the rhizosphere and exhibit progressively larger younger-to-older age offsets
toward deeper zones. These age patterns capture the configuration of terrestrial OC
fractions transitioning from unprotected biopolymers to persistent organo-mineral
associations, demonstrating this important transformative process.

Before asserting that pyrolysis-combustion for AMS '*C dating technology
offers the potential to verify OC cycling mechanisms currently only hypothesized in
modeling studies, we conducted three experiments to reconcile uncertainties and
concerns associated with this approach. The first experiment mixed two end-member
reference materials composed predominantly of labile-recalcitrant or stable OC
compounds with different ages to test whether their AMS '*C dates are regulated by the
dominant OC fractions. We mixed an older international reference materials of humic
acid crystals with overwhelmingly dominant thermally stable fractions and

international modern oxalic acid reference material with overwhelmingly dominant
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thermally labile compounds. We also mixed an older animal protein residue with
dominant thermally labile-recalcitrant compounds and younger international reference
material of charcoal with dominant thermally stable compounds. AMS '*C dating
results confirm that the pyrolysis-combustion technology partitions labile-recalcitrant
and stable OC fractions reasonably well, without significant transformation of
labile-recalcitrant into stable OC fractions, at least in these two end-member tests
(Table 1, Fig. 5).
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Figure 5. Thermographs of CO, of OC materials with different ages for two end-member
mixture test. A. The 3370-year-old SIRI N peat humic acid yields overwhelmed stable (red)
with small amount labile-recalcitrant (black) fractions. B. Modern oxalic acid standard of NIST
4990C yields overwhelmed labile fractions with trace amount recalcitrant and stable OC
compounds. A and B are mixed for AMS #C dating test by using pyrolysis-combustion
technology. C. The 31770-year-old SIRI J charcoal yields large amount stable and small
amount labile-recalcitrant compounds. D. The 45000-year-old animal protein from a paleolithic
site yields dominant amount labile and small amount recalcitrant and stable organics. C and D
are mixed for test.
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Table 1. AMS #C dates of two end member mixture test

Sample# Wt 14C age +  IntCal20 +
(mg) BP 1o BP 20

SIRI N humic acid 4.19 3370 25 3605 100

NIST OX II acid 3.83 2330 20 -

SIRI J charcoal 2.40 31770 1065 36285 2420

Old animal protein 15.9 45000 1800 47570 3875

Thermally labile-recalcitrant of SIRIN + OX II -130 40 -

Thermally stable of SIRI N + OX II 3360 40 3590 105

Thermally labile-recalcitrant of SIRI J + animal protein 41100 350 44085 670

Thermally stable of SIRI J + animal protein 38430 260 42415 220
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The second experiment involved analyzing CO, thermograms from pyrolysis
and combustion over a ramped temperature range of 40—750 °C, recorded by our IRGA
device. We observed that the widely used Rock-Eval analysis for characterizing
thermally sensitive OC fractions®®*™*' shares fundamental principles with our
pyrolysis-combustion technology for AMS '*C dating®*.

We directly correlate our thermally labile fractions (<450 °C) and thermally
recalcitrant OC fractions (>450 °C) to Rock-Eval's hydrocarbon-biopolymer and
biopolymer fractions, respectively, and our thermally stable OC fractions to
Rock-Eval's  biopolymer-geopolymer fractions*>™*>.  Specifically, two CO,
thermograms were obtained from rock varnish OC samples: one sample exhibited the
normal age pattern, with labile-recalcitrant OC fractions younger and stable OC
fractions older over timescales of 10? years, while the other showed a reversed pattern,
with labile-recalcitrant OC fractions; older and stable OC fractions younger over
timescales of 10° years (Fig. 4C). The CO, thermograms of rock varnish veneer OC
samples exhibiting the normal age pattern reveal that thermally stable compounds
contain a significant amount of charred labile-recalcitrant compounds, suggesting
in-situ respiration on limited OC sources (Fig. 6A). In contrast, the CO, thermograms

of samples showing reversed age patterns indicate that thermally stable compounds are

not charred products of labile-recalcitrant fractions (Fig. 6B). In this case,
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Figure 6. Origin and evolution of thermally labile-recalcitrant and stable OC compounds by
interface of pyrolysis-combustion and online IRGA and FTIR methods.

labile-recalcitrant OC compounds may originate from old hydrocarbons sourced from

deep sediments through karst cracks and sinkholes, while stable OC compounds may

be derived from younger elemental carbon released by local wood burning. Both older

and younger OC compounds are rapidly fixed by Fe-Mn oxides on the bedrock surface

without significant microbial respiration.

Because the CO, thermograms of the Anthropocene samples from 0-1 cm

(AD 2020) and from 7-8.3 cm (AD 1950) depths in the high-closure lake could not
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differentiate the origins of labile and stable OC (Figs. 6C-6D), we conducted a third
experiment. In this case, we analyzed gas-phase FTIR spectra to identify OC functional
groups>2-* that contribute to the higher pMC value (younger) in thermally stable than
in labile and recalcitrant OC fractions. Comparation of selected FTIR spectra of 0-1
(AD 2020) and 7-8.3 cm (AD 1950) sedimentary samples show that pyrolysis products
vary largely in similar absorbance bands with variable intensities in different
temperature ranges (Figs. 6E-6F). Absorbance bands in 1900-1450 cm™!, mainly for the
stretching vibrations of aromatics, acids, aldehydes and ketones>>>3, are observed with
the greater intensities in 0-1 cm sediment especially in 250-550 °C ranges, suggesting
increasing aromaticity in AD 2020 sample (Figs. 6E-6F). Absorbance bands in 2000—
2250 cm™!' indicate presence of CO, resulted from pyrolysis degradation of
lignocellulosic structures3>>3, and intensity is lower in 250-550 and higher in 650-750
°C (Figs. 6G-6H). Finally, the absorbance bands at the region in 2850-3030 cm™! reveal
hydrocarbon gas consisting mainly of CH, due to small amount of methyl, methylene,
and methoxy group decomposition (Figs. 6G-6H)>2>*, Results of increasing aromaticity
and high-temperature lignocellulose products in AD 2020 sample reveal that perhaps
burning of forest wood with 30-50 years’ life span produces aerosols causing higher
pMC values in the thermally stable OC compounds (Fig. 4H).
CONCLUSION

We conclude that this novel technology, combined with Rock-Eval and FTIR
spectra analyses, provides high precision results for verifying terrestrial OC
preservation mechanisms that are currently known only from modeling simulations. In
fluvial, eolian, and farmland ecosystems, thermally labile-recalcitrant and stable OC
fractions exhibit constantly younger-to-older AMS '4C age patterns across the 10>—10%-

year range, exemplifying the selective preservation of OC compounds by minerals
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under microbial respiration. In contrast, the same OC fractions from rock varnish and
flood sediments in karst cracks and sinkholes display reversely older-to-younger or
identical '“C age patterns, illustrating the protection of OC compounds by minerals in
the absence of intensive respiration. In high OC-stock ecosystems, these fractions yield
uniformly modern ages in rhizosphere but show younger-to-older age patterns in deeper
zones, reflecting the dynamics of naturally unprotected bio-OC progressively
transforms into OC-mineral associations. The CO, thermograms obtained via the IRGA
and OC functional groups by FTIR analysis provide biochemical evidence to assess
origin of terrestrial OC compounds, thereby improving our understanding of their age
patterns.

These results also show that OC decay dynamics by using this technology
follows the first-order kinetics in the activation energy distribution that is independent
from experimental conditions. Because the Arrhenius equation (k = AeF#RT) that
considers the pre-exponential factor or the Arrhenius factor (A) and the molar activation
energy (Ea) to be temperature independent constants> applies to our works, this
updated technology could provide reliable Ea values for variable OC thermal fractions.
The molar activation energy (Ea) is a proxy for carbon bond strength of OC components,
which regulate their stability in the terrestrial ecosystems> 2!, In future studies, AMS
14C age patterns among thermally sensitive OC fractions can be further compared with

the Ea values not only to identify types but also to quantify terrestrial OC cycling

dynamics.
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