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Response to reviewers
Reviewer #1
General comments:

The combination of ramped thermal oxidation with 14C determination is a relatively novel approach to study organic matter
fractions of different turnover times. Therefore, it is worth to be published in an international journal. Overall, | have
problems with the presentation of approach and discussion of data. In my view the authors failed to relate their study to
existing knowledge from thermal decomposition studies. This could be overcome by revising the text and involving more
literature. Following this it should be stated clearly which results confirm former findings and which really add to the

existing knowledge.

RESPONSE: We thank the reviewer for constructive feedback and have addressed these overall shortcomings by better

integrating our findings into the relevant literature as detailed in our responses to the specific comments below.
Specific comments:

Ins 5 ff. | miss state of the art and objective in the beginning of abstract. What does “"preliminary" mean in this context? How

is "biologically meaningful” defined in this respect?

RESPONSE: We had used the term “preliminary” because this research has focused on only one soil as it evolved over the
course of a 30 year field trial and therefore we do not know if the results are applicable to other soil types. We had also used
the term because the two pyrolysis techniques are not perfectly aligned resulting in some ambiguity in synthesizing results.
We have replaced the word “preliminary” with “first”. “Biologically meaningful” is the term that has been applied to the
isolation of carbon fractions with distinct turnover times, but we have removed this term in the abstract to avoid having to
further define it within the space constraints of an abstract. Otherwise, we feel that the first sentence clearly states the
objectives of this paper and we disagree that an abstract needs to include a discussion of the state-of-the-art as that is more

appropriate and is included in the introductory material.

In 10: Statement without prove up to here. What is the "activation energy of the fraction"? Not defined so far ...
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RESPONSE: The abstract is a summary of the findings, we disagree that a proof of model fit is necessary to include in the
abstract. Upon re-reading this part of the abstract with the reviewer’s comments in mind, it is clear that this section can be

confusing. We have reworded these two sentences to clarify.

In 35: py-GC/MS data only can show shifts in the composition of volatilized and ionized fraction - not in the bulk chemistry.

Be more precise in descriptions....

RESPONSE: We assume the reviewer is referring to L.15. We clarified with the following edit, ‘shift in the chemistry of

pyrolysis products’.

In 16: "microbial derived" is not a chemical compound class (e.g., polysaccharides and lipids as well can be derived from
microbes, e.g. the latter from microbial cell walls).

RESPONSE: “microbial derived” is an adjective describing the “compounds at middle temperatures” not the compounds
(polysaccharides and lipids) found at low temperatures. We focus a lot of attention in the discussion to the fact that the lipids
are likely of microbial origin yet they are the least thermally stable compounds because these compounds are often found to

dominate the mineral-associated OM fraction in physical fractionation schemes.

Ins 17-20: This appears speculative to me (at least not logically following the previous statements).

RESPONSE: Abstracts often conclude with a broader integrative and forward looking statement that contextualizes the
results of this particular study in the broader field (i.e. why should we care about these findings). We feel within the

constraint of an abstract this sentence is a good summary how we chose to discuss the findings.

Ins 23-24: What is "multifaceted organic chemistries"? In my view there is only the (one) organic chemistry as a scientific

discipline.

RESPONSE: This paraphrasing of our original sentence is not accurate but the reviewer’s comment points out that this
description may not precisely convey the meaning we intended, so we have revised this sentence for clarity. The sentence

now reads: “This spectrum of turnover rates is due to a combination of organic matter composition with varying reactivity,



50

55

60

65

70

75

various degrees of interaction between organic and mineral phases and greatly varying microclimates more or less suited to

microbial activity”.

In 110: How was the temperature set up? How was the transfer from Py-oven to GC capillary? Important: Has cooling &
condensation been avoided? Describe ionization mode (at least briefly). How did you distinguish between protein-derived
and (other) N-bearing compounds?

RESPONSE: At each temperature interval (330, 396, 444, 503, and 735), the sample was pyrolyzed at that temperature for
20 s. We have clarified the text this way, ‘However, in contrast to our previous studies in which we used a single pyrolysis
temperature, here we used a ‘ramp’ or stepped approach by pyrolyzing the same sample at five distinct, sequentially
increasing temperatures (330, 396, 444, 503 and 735 °C; e.g. Hempflig and Schulten, 1990; Buurman et al., 2007; Williams
et al., 2014). Thus, the same sample was pyrolyzed five times corresponding with each of these temperatures.

Once the sample was pyrolyzed at that temperature, pyrolysis product was transferred into the GC injector through a heated
transfer line (200°C), operated in split flow mode (He flow rate of 1.0 ml min-1, split ratio 50:1, 250°C). This process was
repeated for each temperature interval, thus pyrolysis product of one sample was run through the GC/MS 5 times total for
each temperature. The pyrolysis product for each temperature interval did not cool because it was injected into the GC

through the heated transfer line immediately after pyrolysis. We have now more clearly articulated this in the methods.

We have added text to the methods that the separated pyrolysate was ionized in the mass spec at 70 eV in the EI mode with
the source temp held at 200°C. We have used the protein class in a number of papers, beginning with Grandy et al. 2007,
Soil Biology and Biochemistry. This class consists of previously identified pyrolysis products (e.g. pyridines, pyrroles,
indole; Schulten and Schnitzer, 1997, Biology and Fertility of Soils). We have now added the following text to the methods,
‘Proteins include pyridines, pyrroles and indole that have been previously identified as pyrolysis products of proteins
(Schulten and Schnitzer, 1997; Leinweber et al. 2014).”

In 165: | think this is incorrect; compounds cannot dominate a pyrolysis temperature. You mean the compounds released at a

certain temperature.

RESPONSE: We edited this in line with the reviewer’s suggestion.
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Ins 185-190: This in fact is not new: analytical pyrolysis (i.e. the combination of in-source pyrolysis with field ionization
mass spectrometry) has shown this many years ago and for numerous samples (published in many articles and reviews).

RESPONSE: We appreciate the review pointing out that there is existing literature on the topic of soil organic matter
chemistry varying with pyrolysis temperature. The exact statement the reviewer is referring to here is a brief summary of the
integrated 14C and pyrolysis data which we then spend the rest of the discussion detailing. This is in fact new. However, for

the ramped temperature py-gc/ms we have now included the following references in the methods.

Williams, E.K., B.E. Rosenheim, A.P. McNichol, C.A., Masiello. 2014. Charring and non-additive chemical reactions during
ramped pyrolysis: Applications to the characterization of sedimentary and soil organic material. Organic Geochemistry
77:106-114.

Hempflig, E. and H.R. Schulten. 1990. Chemical characterization of the organic matter in forest soils by Curie point

pyrolysis-GC/MS and pyrolysis-field ionization mass spectrometry. Organic Geochemsitry 15:131-145.

Buurman, P., F. Peterse, G.A. Martin. 2007. Soil organic matter chemistry in allophanic soils: a pyrolysis-GC/MS study of a

Costa Rican Andosol catena. European Journal of Soil Science 58.

Ins 194-195: This is unproven statement in my view. Which new insight in detail are you referring to?

RESPONSE: If we only wrote this one sentence, we would completely agree with the reviewer’s sentiment here but the next

three paragraphs expand on this broad statement.

Ins 196-200: All this (esp. thermal lability and possible origin of carbohydrates) in fact is not new but has been published
many times years ago.

RESPONSE: What is new and novel about this study is the integration of the 14C data with the pyrolysis data. That has not
been published on before. We also think the time-series analysis provides an interesting context. We are not making claims
that the pyrolysis data is novel in the sense that we are the first users of it or the ramped approach. Just because an approach
has been used previously, in this case ramp py-gc/ms or ramp py-oxidation, doesn’t mean it should not be used again
especially given the fact that soils varies so greatly in composition and reactivity. We agree that there is some existing
literature of analytical pyrolysis data on soil organic matter and as detailed in a previous response we have incorporated
several of these studies into the discussion section.
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Ins: 205 ff. From these analyses no indication of any association of compounds with minerals can be made. In contrast to
author’s discussion higher temperatures for thermal release may origin from binding to minerals. But whether this or
chemical complexity of rather intact lignin is the reason for the higher activation energy cannot be judged from the present
results. Thus, this discussion should be tuned down or better arguments for the one or the other point of view should be

provided.

RESPONSE: This is a fair critique and we have reworded this paragraph to focus more on the fact that lignin does not

persist in soils and the 14C data supports this notion.
Ln 209: This has been reviewed already in 2000 (Biol Fertil Soils, 30:399-432).

RESPONSE: We appreciate the reminder to revisit this great paper and have now included the Schulten and Leinweber

(2000) paper in our list of references supporting this point.

Page:8 This discussion is misleading by restricting to humic substances fractions and the pyGC/MS technique which is not
the very best for detecting native N-heterocycles. For discussing this issue first carefully study “Advances in understanding
organic nitrogen chemistry in soils using state-of-the-art analytical techniques”. Advances in Agronomy 119 (2013) 83-151

Overall this whole sections is not convincing (only 1 reference for "now considered™).

RESPONSE: Thanks for pointing this out. We’ve attempted to clarify and expand this part of the discussion, and included

several additional references.

In 235: "aromatic" is not an origin but a chemical structure property.

RESPONSE: Correct, thanks for catching this.

Ins 245-254: None of this is a conclusion. It is all summary. Either write true conclusions or omit this whole section

RESPONSE: We have expanded this final paragraph to induce short discussion of important next steps in this line of
research but we agree with the reviewer that a standalone conclusions section is not necessary so we have shifted this

paragraph back to the Discussion section.
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Reviewer #2

General comments: The combination of ramped thermal analysis, radiocarbon analysis, and pyGCMS s an interesting and
innovative multi-technique approach to addressing one of the most important, ongoing scientific questions in the SOM
community. It is worthy of publication, however there are a few areas for improvement. In particular attention needs to be
focused on the correlation between RPO and pyGCMS with regards to reaction artifacts. The discussion is much too brief
and would benefit greatly by referencing this work to more of the existing SOM-thermal analysis studies on chemistry,
thermal decomposition, mineral-association, etc.

RESPONSE: We thank reviewer 2 for the constructive feedback. As detailed below we have tried to address the reviewer’s
concerns about relating the data from the two methods and consistent with reviewer 1’s comments, we have expanded the
discussion section primarily in relation to setting our work in existing literature. We have purposely chosen not to take a
deep dive into range of possible implications for SOM cycling research that our findings may have because this is just an

initial investigation on one soil type.
Specific comments:

Line 26-28: Specify if this is referring to physical and/or chemical fractionation. Define or give examples of the
homogeneous pools. Define the characteristic turnover rates

RESPONSE: We were referring generically to all fractionation schemes and go on to elaborate in the next paragraph. We
have revised this first sentence to define “homogenous pools” to mean “in terms of reactivity, composition or microbial
accessibility depending on the particulars of the study”. “Characteristic turnover rates” has been reworded as “distinct mean

turnover rates”.
Line 79: why only the pasture treatment?

RESPONSE: This was a limited investigation and we chose to focus our limited budget on the trial with the greatest carbon
flow to maximize our chance of “seeing” the bomb spike in 14C propagate through the thermal fractions. This explanation

has been added to this sentence.
Line 82: When was the end of the trial?
RESPONSE: 1996. Sentence revised to include end date.

Line 109-114: The methods need to be clarified. It is unclear how the final temperatures were reached, what happened after
the ramp to 300C? Were samples held at the final temperature? Also, how would the differences in ramp rates and moisture
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content between the pyGC (30K/min) and RPO (5K/min) affect the thermal decomposition and consequently the chemical
composition of evolved species?

RESPONSE: We attempted to clarify this in response to the first reviewer. It seems that the reviewer may be confusing the
pyrolysis temperature targets with the GC temperature ramp. The sample was pyrolyzed at one of the set temperature
intervals for 20 s. Then, the pyrolysis product was transferred to the GC column where the compounds were separated with a
starting temp of 40°C followed by the temperature ramp of 5° C min-1 to 270°C followed by the final ramp (30°C min-1) to

300°C, which was held for an additional 10 min. Hopefully this is now more clear.

Ramp rate has an effect on the formation of combustion/pyrolysis by-products and it should be discussed whether the
products evolving at the same temperatures in the two methods are in fact identical.

Susott, R., 1980. Effect of heating rate on char yield from forest fuels. Research Note, Intermountain Forest and Range
Experiment Station USDA Forest Service INT-295, pp. 1-9.

Broido and Nelson, 1975. Char yield on pyrolysis of cellulose. Combustion and Flame, 24 (1975), pp. 263-268.

RESPONSE: While we are not entirely sure what the reviewer is getting at here. We will respond first to the issue that
pyrolysis at lower temperatures can produce by-products (primarily char) that are then fully decomposed at a higher
temperature. There are multiple lines of evidence that charring is minimal at least in the RPO measurements — first the shape
of the thermogram does not suggest a significant pool of very high activation energy OM (i.e. there is no distinct secondary
peak as seen in some studies of simple compounds such as the Broido and Nelson 1975 reference the reviewer suggested).
Second, the 14C data suggests the highest temperature fraction is the oldest. If there were significant charring of lower

temperature OM then the 14C trend would be obscured by inclusion of this charred but young OM.

The second part of this comment is that the two methods may not be releasing identical compounds in each temperature
interval. This is a potential limitation that we have acknowledged in the manuscript and one of the reasons that we have

considered this a preliminary investigation because this issue is really difficult to both confirm and to rule out entirely.

Line 130: what is the basis for the fast cycling pool rate?

RESPONSE: This was an omission on our part. We have added a description of a simple sensitivity test which was used to
determine Krasi: “Given the limited number of degrees of freedom, we decided not to allow for the simultaneous optimization
of all three parameters. The value for kfast was set at 0.25 yr-1 after performing a simple sensitivity analysis where kfast was
varied from 0.1 to 1.0 yr-1 and fslow and kslow were optimized. This exercise suggested that the overall lowest mean RMSE

across thermal fractions was achieved with kfast = 0.25 yr-1.”
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Line 143 and 196: The effects of isotopic fractionation during thermal decomposition should be included in the discussion.
Or are these values consistent with isotopic differences between compound classes?

Benner, R., Fogel, M.L., Sprague, E.K. and Hodson, R.E., 1987. Depletion of 13C in lignin and its implications for stable
carbon isotope studies. Nature, 329(6141), p.708.

Loader, N.J., Robertson, I. and McCarroll, D., 2003. Comparison of stable carbon isotope ratios in the whole wood, cellulose
and lignin of oak tree-rings. Palaeogeography, Palaeoclimatology, Palaeoecology, 196(3-4), pp.395-407.

RESPONSE: These are a good but very complex points the review raises.

First, isotopic fractionation during thermal decomposition for a complex mixture such as natural organic matter should be
minor — the activation energy of 12C versus 13C of any given compounds would result in a few degree shift in the
temperature peak for that individual compound. Given the wide thermal range of each of our fractions, this small kinetic

effect would not be seen in the 13C data.

Second, it is difficult to compare our results to isotopic differences of different compounds because within each temperature
range, there is a mixture of compounds. Both of the studies the reviewer cites focus on the strong depletion in 13C of lignin
relative to other compounds but lignin is never more than ~10% of any given thermal fraction. Looking through the
literature, palmitic acid is often a few per mil lower than the substrate the microbes were feeding on (Abraham et al. 1998)
but given we do not know what fraction of the total SOM the microbes were feeding on, we do not want to make this a
talking point in this paper. Also it is important to remember that our starting (or bulk) material isn’t fresh plant material but

rather it is a mixture of aged SOM.

Given that this is such a complex topic since we are not talking about transformations of fresh OM, we prefer not to get into

this sort of speculative discussion in this current paper. As such, we have revised line 196 not to mention the 13C data.

Abraham, W. R., Hesse, C., & Pelz, O. (1998). Ratios of carbon isotopes in microbial lipids as an indicator of substrate
usage. Appl. Environ. Microbiol., 64(11), 4202-4209.

Line 162: It would be interesting to see results for the whole soils. Were there compositional differences between years that
might support the changes in MRT? Is there a reason only the mean data is shown?

RESPONSE: Changes in MRT were across the temperature fractions. The 14C model assumes that MRT doesn’t change

with time. The compositional differences were so small between years within each thermal fraction that we decided to just
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present the mean data. The variance about the mean values are given in the text (lines 164-167) and the multivariate plot in

Fig 4b shows the individual years.

Line 198-201: How does the presence of those pyrolysis products affect the calculated MRT of the higher temperature

thermal fractions?

RESPONSE: We may not be understanding the reviewer’s comment but presumably these compounds would have already
been released at low temperatures in the RPO procedure (as they are using Py-GC/MS) and would have no effect on the

MRT of compounds released at higher temperature.

Line 206: The activation energy of lignin (or any other compound class) is not shown or discussed. This could easily be
added and would offer an interesting comparison between the activation energies of the thermal fractions and the
compositional analysis.

Williams, E.K., Rosenheim, B.E., McNichol, A.P. and Masiello, C.A., 2014. Charring and non-additive chemical reactions
during ramped pyrolysis: Applications to the characterization of sedimentary and soil organic material. Organic
geochemistry, 77, pp.106-114.

RESPONSE: The Williams paper presents an excellent example of one of the numerous reasons that comparing thermal
profiles from individual compounds to natural organic matter is potentially problematic. Fig 3 in Williams et al. 2014 shows
cellulose peak at 360 degrees and a lignin peak at 705 but when an apple leaf that is primarily a mix of cellulose,
hemicellulose and lignin is run they get one sharp peak at 440. This finding suggests that the physical structure of a real plant

greatly alters the thermogram.

This comment raises a broader point about interpretation of thermal analysis data in soil and sediment systems is complex
interplay between inherent activation energy of different compounds and bonding between organic-mineral components as

well as organic-organic binding.

Interestingly, in the Williams paper there was only a very minor difference in calculated activation energy between cellulose
and lignin (88 v. 90 kJ/mol) which contrasts with previous values reported in the literature (taken from Williams Table 2)
ranging from 23-361 kJ/mol for lignin and 111-251 kJ/mol for cellulose. Given these large differences across studies, we are

hesitant to compare our Ea values which fall squarely in middle of these ranges.

Line 232-237: This is very important and needs to be discussed in greater detail. It seems that the combined activation
energy of these mineral associated OM and covalent bonds is still smaller than the activation energy of the aromatics
measured during thermal analysis and that this is may not be directly reflected in natural/enzymatic systems.
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RESPONSE: This is an excellent point that the reviewer raises — namely, the SOM community generally considers mineral
associated OM (MAOM) to have a high barrier to decomposition by extracellular enzymes but the thermal data suggests a
lower than average activation energy. This is perhaps a broader critique of thermal analyses measuring something that is not
directly relevant to microbial processes. There is a lot of speculation we can do on this point but we feel that is better left
until we assemble a more comprehensive dataset. In the concluding paragraph we have added a sentence acknowledging this

point and the need for specific follow on research.

Technical comments:

Line 9 and 11: clarify “fraction” to “thermal fraction”.

RESPONSE: We have now tried to be consistent in the use of thermal fraction throughout the MS.

Line 38: “virtually” implies nearly/almost or in effect, replace with computationally, statistically, or digitally?

RESPONSE: “virtually” has been replaced with “mathematically”.

Line 60: insert comma between oldest and most Line 71: change to “comes”. Also this is a run on sentence and should be

split into two.

RESPONSE: Done.

Line 80: why are “Wheat/Pea” capitalized?

RESPONSE: No longer capitalized.

Line 85: I believe this is the first usage of SOC in the paper; it should be defined here or change to SOM? Replace “a” with
“the”.

RESPONSE: SOC is only used twice in the entire paper but SOM is used much more often. We have switched to
consistently using SOM throughout.

Line 146-147: this information should also be in the figure caption.

RESPONSE: Caption has been revised as suggested.
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RESPONSE: Removed.
Lines 174 and 177: there is no “Table C1” or “Table C3”, I assume the authors are referring to Table D1.
RESPONSE: Thanks for catching this error. Corrected.

Figure 1: If the y-axis is simply the normalized CO2 signal, relabel as such and delete the tick labels/numbers for clarity. It is
very hard to differentiate the greys for the sampling years.

RESPONSE: Axis and tick marks revised as suggested. We found it difficult to better differentiate the curves but the point

we make is that they are essentially identical so perhaps the grey scale doesn’t matter.
Figure 2: Explain all missing data in the caption. It may also be helpful to have the bulk soil data in the figures as well.

RESPONSE: Caption has been revised. The bulk data is already in Table 1. We decided not to show it hear because there is

already a lot of overlap for the 13C data around these mean values.
Figure 4: Capitalize the thermal fractions for consistency.
RESPONSE: Revised as suggested.

Figure C1: Panel a and b, the ‘X’ needs to be defined. If representing missing data, why no X in panel i and j? Panel j, are
RPO F5 and slow overlapping?

RESPONSE: Caption was revised so that it is clear the x refers to an outlier. Panels (i) and (j) there was no sample to

measure so we don’t know where to put an x.
Table D1: the shading needs to be defined. Also “source” should be compound class?

RESPONSE: The shading needed to be removed as colour is not allowed in tables. Caption has been revised accordingly.
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Ramped thermal analysis for isolating biologically meaningful soil
organic matter fractions with distinct residence times

Jonathan Sanderman?, A. Stuart Grandy?

L Woods Hole Research Center, Falmouth 02540, USA
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Correspondence to: Jonathan Sanderman (jsanderman@whrc.org)

Abstract. In this work, Me provide a first preliminary-assessment of whether or not ramped thermal oxidation coupled with
determination of the radiocarbon content of the evolved CO; can be used to isolate distinct thermal biclogicathy-meaningful
fractions of SOM along with direct information on the turnover rate of each thermal fraction| Using a 30 year time-series of

[r

d [3S1]: Think about modifying.

soil samples from a well characterized agronomic trial, we found that the incorporation of the bomb-spike in atmospheric
4CO, into thermal thermal-fractions of increasing resistance to thermal decomposition could be successfully modelled. With
increasing temperature, which is proportional to activation energy, activation-energy-of-the-fraction-the mean residence time
of the thermal fractions increased from 10 to 400 years. Importantly, the first four of five thermal fractions appeared to be a

mixture of fast and increasingly slower cycling SOM. To further understand the composition of different thermal fractions,
stepped pyrolysis-gas chromatography-mass spectrometry (py-GC/MS) experiments were performed at five temperatures
ranging from 330 to 735 °C. The py-GC/MS data showed a reproducible shift in the chemistry of pyrolysis products across
the temperature gradient trending from polysaccharides and lipids at low temperature to lignin and microbial-derived
compounds at middle temperatures to aromatic and unknown compounds at the highest temperatures. Integrating the 4C and
Py-GC-MS data suggests the organic compounds, with the exception of aromatic moieties likely derived from wildfire, with
centennial residence times are not more complex but may be protected from pyrolysis, and likely also from biological

mineralization, by interactions with mineral surfaces.

1 Introduction

Soil organic matter (SOM) consists of a spectrum of material from labile, rapidly cycling compounds to mineral-stabilized
molecules that resist degradation for centuries. This spectrum of turnover rates is due to a multifaceted-combination of
organic ehemistries-matter composition with varying reactivity, various degrees of interaction between organic and mineral
phases and greatly varying microclimates more or less suited to microbial activity (Lehmann and Kleber, 2015; Ruamps et
al., 2013; Schmidt et al., 2011). Soil scientists often deal with this complexity by fractionating SOM into what are thought to

be more homogenous pools_in terms of reactivity, composition or microbial accessibility depending on the particulars of the

study (Christensen, 2001; von Litzow et al., 2007). Similarly, soil carbon cycle models typically divide SOM into
conceptual pools with eharacteristie-distinct mean turnover rates (Manzoni and Porporato, 2009). However, empiricists have
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been trying for decades with varying degrees of success to link physically and chemically isolated fractions of SOM to the
conceptual SOM pools in carbon cycle models (Skjemstad et al., 2004; Zimmermann et al., 2007).

Fractionation schemes, employing various physical, chemical, biological or thermal methods, are generally used to reduce
the inherent complexity found in SOM. Both size fractionation and density separation are commonly used to separate
particulate from mineral associated SOM (Elliott and Cambardella, 1991; Golchin et al., 1994; Sollins et al., 2009).
Hydrolysis with strong acid has been shown to isolate SOM that is consistently 100s to 1000s of years older than the bulk
SOM (Paul et al., 2001). Biological fractionation involves the modeling of mass loss or CO; evolution during a laboratory
incubation experiment (Grandy and Robertson, 2007; Schadel et al., 2013). Baldock et al. (2013), recognizing that fire-
derived pryogenic carbon (PyC) has distinct properties from plant or microbial products, combined physical size
fractionation with the use of solid-state *C NMR spectroscopy to virtually-mathematically isolate the PyC fraction from
each size fraction. There are advantages and disadvantages to each of these techniques (Poeplau et al., 2018), but even the
most detailed fractionation schemes are unable to isolate homogenous SOM pools (Jastrow et al., 1996; Sanderman et al.,
2013; Torn et al., 2013) which may be as much a result of methodological issues as the fact that there are multiple pathways
for SOM formation (Cotrufo et al., 2013; Sokol et al., 2019).

Thermal analysis techniques, long used in petrochemical exploration and clay mineralogy, offer a promising alternative or
complement to physical- and chemical-based fractionation methods and are increasingly being applied to studies of SOM
stability and loss (Peltre et al., 2013; Plante et al., 2009; Williams et al., 2018). The basic premise of this suite of tools is that
by slowly heating a sample the energy needed to evolve the carbon at different temperatures, whether that comes from
breaking an organic-organic bond or disrupting an organic-mineral bond or other association, can be quantified and that this
energy yield is somewhat related to the energy requirements for enzymatic degradation of SOM (Williams and Plante, 2018).
While research suggests that more complex organic molecules have higher thermal stability (Lopez-Capel et al., 2005; Yang
et al., 2006), contradictory results have also been reported (Rovira et al., 2008). Several studies have also found good
correlations between thermal stability indices and biological stability (Peltre et al., 2013; Soucémarianadin et al., 2018) and
model-derived stable C pools (Cécillon et al., 2018). However, other studies have found that new carbon preferentially
flowed into more thermally stable fractions (Helfrich et al., 2010; Schiedung et al., 2017) suggesting that the relationship
between thermal stability and SOM cycling concepts may not be straightforward.

A recent advance in thermal analysis is the coupling of a temperature-controlled oven to a vacuum line, termed ramped
pyrolysis-oxidation (RPO), enabling collection of evolved gas at distinct temperature regions for subsequent **C and *C
analysis (Rosenheim et al., 2008). Unlike interpretation of other thermal indices, “C is a direct and powerful tracer of soil
carbon cycling by providing information on the age and turnover rate of an isolated fraction of SOM (Trumbore, 2009;
Trumbore et al., 1996). In the first application of the RPO system to SOM, Plante et al. (2013) found that more thermally
stable fractions also contained the oldest, most “C-depleted carbon.
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In this study, we present the first use of ramped thermal analysis with a time series of soil samples to investigate the carbon
cycling rate of SOM with increasing thermal stability. The use of a multi-decadal time series of soil samples allows for
modeling the uptake of the bomb-spike in atmospheric *CO. due to nuclear weapons testing into SOM fractions in order to
determine the turnover rate of those fractions (Baisden et al., 2013). We further couple the **C-based turnover time estimates
with parallel chemical characterization of similar thermal fractions using a stepped pyrolysis-gas chromatography/mass
spectrometry (py-GC/MS) approach. With the compound specific chemistry data we are aiming to be able to start to explain
possible mechanisms controlling the turnover of the thermal fractions thereby providing new insights into the linkages
between thermal stability, SOM composition and microbial cycling of SOM.

2 Materials and Methods
2.1 Trial and soil description

The soil used in this study come from a long-term agricultural research trial evaluating alternative crop rotations located at
the Waite Research Institute in South Australia (34.967 S, 138.634 E) with a Mediterranean climate where 80% of the 626
mm of average rainfall occurs during the April-October growing season. The soil is classified as a Rhodoxeralf in the USDA
taxonomy (Soil Survey Staff 1999) or a Chromic Luvisol in the WRB taxonomy (IUSS Working Group WRB 2015) with a
fine sandy loam texture in the upper horizons, and a mean pH (H-0) of 5.9 and clay content of 18% for the 0-10 cm layer
(Grace et al., 1995). Full trial history including management records, agronomic performance and soil data have been
reported elsewhere (Grace et al., 1995; Sanderman et al., 2017). These data including monthly climate records can be
accessed from the CSIRO Data Access Portal (doi: 10.4225/08/55E5165EC0D29).

For this study, we have chosen to focus on the permanent pasture treatment_because previous work (Sanderman et al., 2017
found the greatest uptake of the bomb-spike in atmospheric }*CO; in this treatment. This particular trial strip (#29) was under

a wWheat/pPea rotation from 1925 until 1950 but then converted to an improved pasture by sowing a mix of annual rye
grass, subterranean clover and phalaris in 1950 and was then managed consistently with simulated grazing (i.e. hand

mowing) and periodic re-sowing until the end of the trial_in 1996. In April of 1963, 1973, 1983 and 1993 soil samples from

the top 10 cm were collected as a composite of 20 cores taken along the center line of this 90 m long strip trial. Soils were
dried at 40 °C for > 48 hr before being stored in glass jars prior to subsampling in 2015. Previous analyses (Sanderman et al.,
2016, 2017) suggest that SOS-SOM and the proportion in a particulate fraction only varied slightly throughout the 1963-
1993 period (Table 1). The large change in A'“C is due to uptake and loss of the bomb-spike in atmospheric *CO,.

2.2 Ramped pyrolysis oxidation

Ramped pyrolysis oxidation (RPO) was performed using the Dirt Burner, a custom built evolved gas system at the National
Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility, where a sample can be linearly heated under either
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pyrolyzing or oxidizing conditions. The evolved gases are then oxidized to CO2, measured on an in-line infrared gas analyzer
and trapped for subsequent analysis of **C and **C composition. Initial instrument development is described by Rosenheim
et al. (2008) with upgrades described by Plante et al. (2013) (see Hemingway et al. (2017b) for a complete description of
current instrument configuration and operating conditions). In this investigation we operated the Dirt Burner only in
oxidizing mode. It has been demonstrated that the distribution of activation energies and *“C age of thermal fractions for soil
are similar under oxidizing and pyrolysis modes_—{Grant-et-al—in-review)(Grant et al., 2019). The 1973 soil sample was
initially run using a fast ramp (20 ° C min™) where only CO, concentration was recorded. Using an inversion method
(Hemingway et al., 2017a), five distinct thermal fractions were identified from this thermogram with temperature ranges of
100-325, 325-400, 400-445, 445-515 and > 515 ° C (Figure Al). Subsequently, 45 mg of each soil sample were combusted
on the Dirt Burner using a slow temperature ramp (5 ° C min?) and the evolved CO; in each of these five fractions was
cryogenically collected and purified for subsequent analyses. The RPO fractions were then split for **C analysis on a dual-
inlet isotope ratio mass spectrometer (McNichol et al., 1994b) and “C composition via accelerator mass spectrometry after
graphitization (McNichol et al., 1994a). Stable isotope data are expressed in 8'*C notation (%o) relative to Vienna Pee Dee
Belemnite (VPDB) standard. Radiocarbon data, after using *C data to correct for mass dependent fractionation, are reported
from NOSAMS as fraction modern (Fm, where the 1950 atmosphere is assigned a value of 1.0) and subsequently converted

to the geochemical A¥C notation (Stuiver and Polach, 1977) for bomb-spike modeling.

2.3 Pyrolysis gas chromatography-mass spectrometry

We determined the relative percentages and ratios of chemical classes using pyrolysis-mass spectrometry/gas
chromatography (py-GC/MS) using methods described previously (Grandy et al., 2009; Kallenbach et al., 2015; Wickings et
al., 2011). However, in contrast to our previous studies in which we used a single pyrolysis temperature, here we used a
‘ramp’ or stepped approach by pyrolyzing the same sample at five distinct, sequentially increasing temperatures (330, 396,
444, 503 and 735 °C; e.q. Hempflig and Schulten, 1990; Buurman et al., 2007; Williams et al. £014). Thus, the same sample

was pyrolyzed five times corresponding with each of these temperatures. TFhese-temperatures were chosen to correspond
with the temperature ranges from the RPO analysis. -Samples Briefhy—samples-were pyrolyzed at each temperature and
pyrolysis products transferred to a GC where compounds were separated on a 60 m capillary column with a starting
temperature of 40°C followed by a temperature ramp of 5°C min* to 270°C followed by a final ramp (30°C min-1) to
300°C. Compounds were immediately transferred from the GC to an ion trap MS where they were ionized at 70 eV in the EI

mode with the source temp held at 200°C, detected via electron multiplier, and identified using a compound library built

using the National Institute of Standards and Technology (NIST) database and published literature as reported previously

(Grandy et al. 2007; Grandy et al., 2009). Individual compounds were classified by their source as polysaccharide, aromatic,

phenolic, protein, and N-bearing (non-proteins), and unknown. Proteins include pyridines, pyrroles and indole that have been

previously identified as pyrolysis products of proteins (Schulten and Schnitzer, [1997. The compounds that are in the
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unknown category are identified but can be derived in nature or due to pyrolysis from different sources (e.g. both protein and
aromatic).

2.4 Data analysis

The turnover time of each thermal fraction was determined by modeling the incorporation of the bomb-spike in atmospheric
14C0, into each fraction (Baisden et al., 2013). We have applied a steady state soil carbon turnover model to each thermal
fraction where carbon inputs (Cin) are portioned into each model pool proportional to the fractional distribution of carbon in
each pool (freor) With the *C/*2C ratio of the previous year’s atmospheric CO, (data from Currie et al., 2011). Carbon losses
follow first-order kinetics with a characteristic decay rate for each pool (kpeo) and shifts in **C/*2C ratio are also affected by
radioactive decay (A = 1.21 x 10 yr'%). Turnover time (zo0) is simply the inverse of the decay rate for each pool. First, we
assumed that each thermal fraction is a single homogenous pool and solve the turnover model to find a single k value by
minimizing the sum of square errors (SSE) between observed and predicted AXC data for the four years of data (1963, 1973,
1983 and 1993) for that particular thermal fraction. Initial results suggested that most of the thermal fractions could not be
represented as a single homogenous pool, so we then applied a two-pool model by assuming a fixed k for the fast cycling
pool (kest = 0.25 yrt) and allowed the size (fqow) and decay rate (ksiow) 0f the slow cycling pool to vary while minimizing the

SSE between observed and predicted A *C data for each thermal fraction. Given the limited number of degrees of freedom,

we decided not to allow for the simultaneous optimization of all three parameters. The value for ksst was set at 0.25 yr* after [ Formatted: Superscript
performing a simple sensitivity analysis where kg Was varied from 0.1 to 1.0 yr,* and fiow and Ksiow Were optimized. This [Formaned; Font: Italic
:

exercise suggested that the overall lowest mean RMSE across thermal fractions was achieved with ks = 0.25 yr't. Model [Formatted: Font: Italic, Subscript
performance was assessed by calculating the root mean square error (RMSE) between observed and predicted A **C values. [F°"“atted’ Superscript
[Formatted: Font: Italic

The stepped py-GC/MS data are reported as percent relative abundance for each identified compound. We present these data [FWmatted: Font: Italic, Subscript
qualitatively in two ways. First, data from each thermal interval were averaged across years and shifts in the eight major ( Formatted: Font: Itlic
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compound classes are shown. Second, all compounds that averaged > 1% abundance across all 20 samples (4 years x 5 [ ormatted: Tont: “talc, Subscrip
i i X . . . X X [Formatted: Font: Italic

thermal intervals) were included in a non-metric multidimensional scaling analysis (e.g. Grandy et al., 2009) after - -

[Formatted: Font: Italic, Subscript

constructing a resemblance matrix using Euclidean distance from the percent abundance data. [ Formatted: Superscript

3 Results
3.1 RPO results

All samples produced nearly identical thermograms (Figure 1) suggesting that the activation energies assigned to the 1973
sample (Figure Al) are applicable to samples from all four decades. Fractions 2 and 3 contained the greatest proportion of
SOESOM, with the distribution across all five fractions being consistent between across all years (Table B1). Increasing
8%3C values were found from F1 to F3 with little addition increase from F3 to F5 (Figure 2a). A greater incorporation of the
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bomb-spike in *C was found in the lower temperature fractions with no modern carbon seen in the highest temperature
fraction (Figure 2b). There wasn’t enough sample for *3C analysis of F1 or F5 in 1963. Additionally, there was not enough
CO; for *C analysis of F5 in 1963. The AC value for F1 in 1973 is included in Figure 2b but removed from subsequent

bomb-spike modeling.

3.2 Bomb-spike turnover modelling results

A single-pool steady-state model to trace the incorporation of the bomb-spike in atmospheric *CO; into the thermal fractions
indicated that turnover times increased from 37 to 386 years with increasing temperature (Table 2). However, with the
exception of F5 a single-pool model resulted in unacceptably high error with RMSE values ranging from 25 to 45%. for the
other fractions. Visually it was clear that the single pool solution could not capture the dynamics of the increase and
subsequent decrease in AC in F1-F4 (Figure C1). A two-pool model with a fast cycling pool (t = 4 yr) and a variably sized
slower cycling pool was generally able to capture these dynamics with RMSE values below 13.8%o (Table 2). With
increasing activation energy of the thermal fraction, the proportion of fast cycling carbon decreased (Figure 3a) and the
turnover time of the slow cycling fraction increased (Figure 3b).

As an independent first-order check on the reasonableness of MRT results for the thermal fractions, the inventory-weighted
MRT of the bulk soil was 16.5 years matching the results of applying a 3-pool turnover model to the bulk *C data which
varied from 11-20 years depending on the model structure (Sanderman et al., 2017).

3.3 Py-GC/MS results

A total of 172 individual compounds that-were identified in one or more samples. Many of these compounds were a minor
fraction of only a single sample. When these compounds were classified by source, there were sharp differences in the
dominant chemical compound classes released deminating-at each pyrolysis temperature (Figure 4a). Lipids (42.5 £ 2.74 %)

and polysaccharides (42.4 + 2.12 %) were the dominant classes of compounds released atted the lowest pyrolysis

temperature (330 °C). Relative lipid abundance was <10% of the pyrolysis products for all higher temperatures and <1%

relative abundance at the highest pyrolysis temperature (735 °C). Polysaccharides (51.2 + 1.68 %) remained an abundant
component of the pyrolysis products at a pyrolysis temperature of 396 °C and 444 (27.4 %) °C but were <10% relative

abundance at the two highest temperatures. At the fourth temperature level (503 °C), N-bearing compounds, proteins,
phenols, and unknown compounds dominated the chemical signature and were all ~15-20% relative abundance. Phenols
(31.4%) were the most abundant compound class released at the highest temperature (735 °C) while proteins, aromatics and

compounds of unknown origin were all >15% relative abundance.

We identified 23 individual compounds that averaged more than one 1% relative abundance averaged across all samples
(Figure 4b). These 23 compounds collectively represented from about ~70 to 90% of the total sample relative abundance at
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the five different temperatures (Table €3D1). These compounds included three aromatic compounds, one lignin derivative,
one lipid, two nitrogen bearing compounds, two phenols, five polysaccharides, five proteins, and four compounds that fell
into the unknown origin. The most abundant compound was hexadecanoic acid methyl ester (palmitic acid) with a mean
relative abundance across all samples of about 10% but composing 42% of F1 (Table €4D1). The next two most abundant
compounds were both phenols and included phenol and 4-methyl phenol, both increasing with increasing temperature,
followed by the common polysaccharide pyrolysis product furfural, primarily found in the lower temperature fractions.

4 Discussion

While this study has only examined one soil under consistent management over four decades, the combined results from the
modeling of the incorporation of bomb-spike **CO; into thermal fractions and the stepped py-GC/MS analysis here suggest
that evolved gas analyses can be powerful analytical tools for understanding the complexities of SOM cycling. With
increasing activation energy, turnover times increased from decades to centuries (Figure 3) and there was a consistent (i.e.
repeatable across time) strong shift in OM chemistry (Figure 4).

This investigation was partially framed in the context of testing evolved gas analysis as a tool for isolating biologically
meaningful fractions of SOM. The results indicate that each of the five thermal fractions contained unique information. Each
of the thermal fractions represented pools with a diverse mixture of organic materials with **C-based turnover times ranging
from 10 to 400 years. A wide distribution of activation energy (Figure Al) was needed to describe each thermal fraction.
Additionally, a one-pool turnover model could not represent the dynamics of *C in all but the most thermally stable fraction
(Table 3). This finding of heterogeneity within an isolated fraction also plagues other physical and chemical techniques for
isolating carbon fractions (Sanderman et al. 2014; Torn et al. 2013). Here, by combining stable isotope data, **C-based
turnover modeling and compound specific chemical characterization of the thermal fractions, we have found clues as to
reasons for the heterogeneity of SOM within these fractions which provide insights into pathways of SOM formation and

longer-term stabilization.

At the two lowest temperature intervals, where_the 8§°C-values-were-depleted-relative-to-bulk-SOM-and-'“C data suggested
rapid turnover rates; the polysaccharides comprised > 40% of the identified compounds. The dominant polysaccharide
products at the two lowest temperatures included furfural, 3-furaldehyde, and levoglucosenone. Furfural is a pyrolysis
product of hexoses and pentoses as well as uronic acids. The hexoses originate from both plant and microbial residues, while
the pentoses are primarily microbial in origin. Levoglucosenone is a pyrolysis product of neutral sugars such as glucose,
galactose and mannose (Saiz-Jimenez et al., 1979; Saiz-Jimenez and De Leeuw, 1986). These polysaccharides may be part
of partially decomposed residues that dominate the light or particulate fractions of SOM or be part of other soil carbon pools
not strongly protected from thermal degradation by association with minerals. Across all thermal fractions, polysaccharide

abundance was strongly correlated with the proportion of fast cycling carbon in that fraction.
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Identifiable lignin derivatives (e.g. syringol and guaicol) were most abundant in the second and third thermal fractions_but
never constituted more than 10% of either thermal fraction. While the chemical complexity of lignin likely affords some

thermal stability, as suggested by the greater activation energy_than the thermal fraction dominated by polysaccharides, the

C data suggest that lignin is not a particularly persistent compound in this soil. ese-meieties-do-not-appear-to-be-protected

on-by-association—with-minerals—consistent-with-etherThis finding is consistent with past studies

findings that there is little recognizable lignin found in the more stable clay fractions of many soils (Baldock et al., 1997;
Grandy and Neff, 2008; Schulten and Leinweber, 2000), although amounts may vary across different mineral types and
environmental contexts (Kramer et al., 2012).

Besides polysaccharides, hexadecanoic acid methyl ester (palmitic acid) was the other dominate constituent of the lowest
temperature fraction (Table D1). This compound is a major constituent of microbial cell walls, especially fungi, and has been
strongly correlated to both microbial biomass and activity (Zelles et al., 1992). The relative dominance of this lipid at low
pyrolysis temperatures suggests that compared to other compounds it is not protected from degradation by either association
with minerals or chemical complexity. There is a growing body of evidence suggesting that a substantial portion of stable
SOM in many soils is microbial in origin (Kallenbach et al., 2015; Knicker, 2011; Miltner et al., 2012) which could lead to
the misconception that microbial products are inherently more stable than plant-derived compounds. The findings here
suggest that the most abundant lipid that we identified, which is most likely of microbial origin, palmitic acid, is not a very
thermally stable component in soil with a much faster than average MRT. This may arise because these lipids are not
forming direct covalent bonds with mineral surfaces or forming other complexes (e.g. with metal oxides) that could make

them resistant to thermal and biological degradation.

At the third and fourth highest temperatures phenols, proteins and N-bearing compounds became more relatively abundant.
These phenols can originate from degraded lignin monomers but also other aromatics of plant or microbial origin. The
proteins and other N-bearing compounds are important components of mineral-associated N. The presence of heterocyclic N
(e.g. our furans, pyridines and pyrroles) is a common finding of studies using py-GC/MS that-have-been-identified-in-prior
studies—usi lassicalfractionati schniques—for— ie—substances™—(Schulten and Schnitzer, 1997; Leinweber et al.

2014)). Fhepyrrazel ne-pyridines—for ple—are—believed-to-largely-originate—from—microb nd {I/ lenk h} t al

5 5 he formation of humic
substances (Pereira de Assis et al. 2012) as well as the pyrolysis process itself (e.g. Hatcher et [aﬂ 2001; Knicker et al. 2004)
and fire (Gonzélez-Pérez et al. [2004) have been-put forward-asare potential sources of heterocyclic N but there are plant and
microbial inputs that contain also se-sources these are-new-consideredmay be minrer-secondary contributors compared to

microbial synthesis (Leinweber et al. 2014; Paul, 2016). The pyrrazoles and pyridines, for example, are-believed-temay

19

[ Formatted: Superscript

Commented [GS4]: Pereira de Assis, C., Gonzalez-Pérez, J.A.,
de la Rosa, J.M., Jucksch, 1., de S& Mendoga, E., Gonzélez-Vila,
F.J., 2012. Analytical pyrolysis of humic substances from a Latosol
(Typic Hapludox) under different land uses in Minas Gerais, Brazil.
J. Anal. Appl. Pyrol. 93, 120-128.

Commented [GS5]: Hatcher, P.G., Dria, K.J., Kim, S., Frazier,
S.W., 2001. Modern analytical studies of humic substances. Soil Sci.
166, 770-794.

Commented [GS6]: Gonzalez-Pérez, J.A., Gonzalez-Vila, F.J.,
Almendros, G., Knicker, H., 2004. The effect of fire on soil organic
matter—a review. Environ. Int. 30, 855-870.




530

535

540

545

550

largely originate from microbes and [Kallenbach|et al. (2016) found in an artificial soil system with only glucose inputs that a

variety of heterocyclic N compounds can be derived from the pyrolysis of microbial cells.

We have previously found that polysaccharides, proteins and N-bearing compounds are the dominant mineral-associated
chemical fractions (Grandy et al., 2007; Grandy and Neff, 2008) as well as an increasing proportion of these compounds
with soil depth (Rothstein et al., 2018). Anticipating that these same compounds would also dominate the slowest cycling
highest temperature fraction, we_found-were-surprised-te-find that aromatic compounds and compounds from an eempounds
ofaromatic—origin-—or-unknown eriginsource, which included compounds such as toluene, the eleventh most abundant

compound and that may be derived from pyrolyzing aromatics or proteins, were relatively abundant. There have been reports

that pyrolysis of clay fractions can produce matrix effects that inflate the abundance of aromatic compounds (Schulten and
Leinweber, 1993). We have seen no detectable evidence for this in our previous studies, which generally show very low
abundance of aromatics in fine fractions. The relatively low clay content and dominance of illite in our soils also point to
lower potential for matrix effects. More likely, the high relative abundance of stable aromatics, phenols and compounds of
unknown origin can be attributed to the history of fire at this Mediterranean sites. Previous studies at the site indicate that
~30% of the total SOGS-SOM is made up of pyrogenic aromatics (Sanderman et al., 2017).

5-Coenclusions
The findings from this preliminary investigation add to the growing body of literature using evolved gas analysis as a tool for

understanding soil organic matter dynamics. The two unique aspects of this work were using a time series of soil samples to

calculateing the MRT of different thermal fractions and relating these MRTSs to the chemical composition of each fraction.
We found that mean residence time increased with increasing activation energy. Modeling the incorporation of the bomb-
spike in **CO; indicated that the thermal fractions were, except for the most stable fraction, heterogeneous mixtures of fast
and slow cycling SOM. Compound specific analysis demonstrated distinct assemblages of organic compounds were found
with increasing thermal stability. These findings together suggest similar thermal activation energies may not equate to
similar biological accessibility of the same material and care needs to be taken not to over interpret results from thermal

analysis alone. Important follow-up work includes analyzing just the mineral associated OM fraction to better understand

this potential disconnect between thermal and biological stability. By coupling evolved gas analysis with radiocarbon and

compound specific chemical analyses, new insights into the formation, stabilization and fate of SOM may be possible.
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Data availability

Data from the Waite Permanent Rotation Trial are available for download from the CSIRO Data Access Portal (doi:
10.4225/08/55E5165EC0D29). Radiocarbon and py-GC/MS data are given in appendices B and D.
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Table 1. Previously reported organic matter properties measured on the soils used in this study.

Size Fractions!

Adelaide Fractions?

SOC TN AnC 813C
Year (%) (%) C/N (%) (%o) f>50um fesoum froc  fuoc froc
1963 280 025 11.3 16.7 -26.5 0.27 0.73 0.17  0.54 0.29
1973 249 022 112 1324 -26.0 0.24 0.76 0.16 0.55 0.29
1983 248 023 108 1184  -26.4 0.23 0.77 0.15  0.55 0.30
1993 246 024 104 95.6 -26.6 0.23 0.77 0.16 0.55 0.28

Imeasured distribution of SOC into > and < 50 pm size fractions following dispersion and wet
sieving

?predicted distribution into particulate, humus and resistant organic carbon (POC, HOC and ROC)
fractions (Baldock et al. 2013a) using a mid-infrared spectroscopy based predictive model (Baldock
et al. 2013b)
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Table 2. Results from bomb-spike soil carbon turnover modeling.

One-pool Two-pool
Fraction E (kJmol?) <t(yrs) RMSE frast fsow Tfast 7Tsow RMSE
F1 142.0 37.3 286 038 062 40 5616 7.1
F2 155.2 34.1 452 030 070 4.0 6580 13.8
F3 167.5 99.9 271 016 084 40 1972 79
F4 178.1 1324 249 016 084 4.0 2973 53
F5 198.0 386.3 89 000 1.00 40 3904 87
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Figure 1. Proportion of total CO2 evolved with temperature as samples were oxidized with a ramp rate of 5 ° C min-t. Thermal
fractions are shaded with colours corresponding to Figures 2-4 and mean percent of total is given for each fraction.
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Appendix A
750 Following acquisition of an initial thermogram (i.e. the trend of CO; evolution versus increasing temperature) for the 1973
sample, a mathematical inversion method was employed to deconvolve the evolved gas analysis into N number of pools with

distinct activation energy profiles (Hemingway et al. 2017).
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755

Figure Al. Proportion of activation energy (E) found with increasing activation energy. Distribution of E within each RPO
fraction given by shaded regions.

760 Table ALl. Thermal fraction activation energies and distribution (s.d. = standard deviation) based on inversion analysis.

Fraction TO0(°C) E (kJ/mol) s.d.

1 100 141.96 8.21
2 325 155.21 7.76
3 400 167.47 5.98
4 445 178.13 8.00
5 515 197.95 13.24
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Appendix B

Table B1. Ramped oxidation isotope results.

fracof NOSAMS F Fm 81C AuC
Year Fraction total C! accession# modern Error (%o0) (%0)
1963 1 0.08 0S-131571  1.0632 0.0023 n.d. 61.5
2 0.34 0OS-131374  1.0662 0.0021 -27.97 64.5
3 0.30 0S-131504  1.0135 0.0020 -26.49 11.9
4 0.18 0OS-131505  0.9926 0.0021 -26.65 9.0
5 0.10 no sample
1973 1 0.11 0S-131506  0.9754 0.0033 -30.00 -27.3
2 0.41 0S-131375 1.1910 0.0024 -27.08 187.7
3 0.26 0S-131507  1.0793 0.0044 -26.17 76.3
4 0.16 0S-131508 1.0645 0.0021 -25.22 61.5
5 0.07 0S-131574  0.9713 0.0026 -25.53 -31.4
1983 1 0.11 0S-131509 1.1876 0.0026 -29.58 182.9
2 0.37 0S-131376  1.1796 0.0023 -27.43 174.9
3 0.28 0S-131377  1.0777 0.0026 -26.27 73.4
4 0.17 0S-131510  1.0548 0.0022 -25.93 50.6
5 0.07 0S-131573  0.9930 0.0026 -26.39 -11.0
1993 1 0.14 0S-131511 1.1615 0.0024 -28.87 155.5
2 0.36 0S-131378 1.1357 0.0025 -27.17 129.8
3 0.28 0S-131707  1.0473 0.0027 -26.06 41.9
4 0.15 0S-131708 1.0271 0.0020 -25.97 21.8
5 0.07 0OS-131783  0.9732 0.0024 -25.64 -31.8

Iproportion of total pCO: found in each thermal split (i.e. fraction)
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Appendix C

Bomb-spike turnover modeling results for one-pool and two-pool models.
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Figure C1. One-pool (a, c, e, g, i) and two-pool (b, d, f, h, j) solutions to a steady-state soil carbon turnover model for the five
thermal fractions. Southern hemisphere atmospheric record given in the background of each panel. For two-pool solutions the
trend in A¥C are given for the fast and slow pools as well as the overall thermal fraction._The X in panels (a) and (b) refers to the
14C0O2 measurement deemed to be an outlier for purposes of bomb-spike modeling.

37



Appendix D

Table D1. Heat-map-ef-mMost abundant compound classes (mean across years) identified by stepped Py-GC/MS.

Compound Source F1 F2 F3 F4 F5
Phenol, 3,4-dimethyl- Aromatic 0.3 0.8 1.5 2.6 2.0
Fluorene Aromatic 0.0 0.0 0.0 0.3 6.0
Naphthalene Aromatic 0.0 0.0 0.0 0.8 5.0
Phenol, 2-methoxy- (Guaiacol) Lignin 0.9 6.1 54 1.0 0.0
Hexadecanoic acid, methyl ester (Palmitic acid-C16) Lipid 41.5 4.9 3.1 0.4 0.0
Pyrazolo[5,1-c][1,2,4]benzotriazin-8-ol N-Bearing 0.0 1.3 11.7 13.0 1.2
1H-Pyrrole, 3-methyl- N-Bearing 0.0 0.9 1.9 2.5 0.6
Phenol Phenol 1.0 6.9 9.1 10.5 16.7
Phenol, 4-methyl- Phenol 2.1 3.1 6.2 10.3 14.6
Furfural Polysaccharide 16.0 13.4 4.1 0.2 0.0
3-Furaldehyde Polysaccharide 10.2 8.3 0.9 0.0 0.0
Levoglucosenone Polysaccharide 9.0 9.2 1.1 0.0 0.0
Benzofuran, 2,3-dihydro- Polysaccharide 0.9 7.3 6.0 2.2 1.1
Furfural, 5-methyl- Polysaccharide 5.7 7.8 3.1 0.5 0.0
Indole Protein 0.2 2.5 5.0 3.7 4.1
Pyrrole Protein 0.0 1.0 3.3 3.4 0.4
Benzyl nitrile Protein 0.0 0.5 3.0 3.4 0.3
3-Methylindole Protein 0.0 0.4 1.5 2.3 2.8
Styrene Protein 0.0 0.0 0.9 3.6 2.2
Toluene Unknown origin 0.0 0.5 2.2 5.8 59
1,3,5-Cycloheptatriene Unknown origin 0.4 2.8 3.4 0.7 0.0
Phenanthrene Unknown origin 0.1 0.0 0.0 0.1 6.9
Monobenzone Unknown origin 0.0 0.9 2.6 2.2 0.0
% of all compound abundance......................... 88.2 78.4 76.1 69.6 69.7
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