
Dear Editor, 

 

Thank you for your decision to reconsider our publication (egusphere-2024-3281) after major 
revisions. We greatly appreciated the comments of both reviewers, and we have taken the 
opportunity to take onboard these reviewer insights and believe that the manuscript is now 
greatly improved and hope that you find it suitable for publication. 

 

In the following pages, we outline the reviewer comments and our responses. We hope that this 
will provide a transparent and clear account of all the revisions made. We also include a 
separate file with a cleaned final revised manuscript, and a tracked changes version.  

 

In the following pages, line number references are for the final revised manuscript (clean 
version). 

 

Please do not hesitate to contact me if you require any further information/clarifications. 

 

Yours sincerely,  

Alex Houston on behalf of the authors   

 

 

Reviewer 1 

We thank the reviewer for their review of our manuscript. We appreciate the constructive 
feedback and the opportunity to improve this manuscript. We welcome the comment that the 
topic of this manuscript is an interesting and underexplored area of research. In this response 
letter we will address the key points of the review, and outline how we adopted them into our 
revised manuscript. We note that due to the changes requested, much of our results and 
discussion have been rewritten. 

1. Primary R(P)O literature and context 

 There exists a rich literature of ramped (pyrolysis) oxidation studies dating back to 
Rosenheim et al. (2008) Geochem. Geophys. Geosys. that is largely ignored here. While I 
understand the primary focus of this manuscript is on saltmarsh soils, it is important to 
place this within the broader context thermal analyses, particularly when introducing the 
RO instrument (e.g., L76- 85, L109-125). This body of literature consists, for example, of 
studies related to:  

(i) instrument design and underlying theory (e.g., Rosenheim et al. 2008 Geochem. 
Geophys. Geosys.; should be cited on L78 rather than Garnett et al. 2023);  

(ii) blank assessment (e.g., Hemingway et al. 2017 Radiocarbon, which is cited here 
but in a different context; Fernandez et al. 2014 Anal. Chem., etc.);  



(iii) interpretive framework with respect to thermal activation energies and various 
OC sources (e.g., Hemingway et al. 2017 Biogeosciences, Hemingway et al. 2018 
Science);  

(iv) data compilations, particularly as they relate to mechanisms of OC 
preservation such as organo-mineral interactions (e.g., Hemingway et al. 2019 
Nature, Cui et al. 2022 Science Advances.  

There is admittedly some self-citation in this list, but my overall point here is that many of 
the studies that first described and developed the framework for such thermal oxdation 
instrumentation is ignored in the present study. 

We agree with the reviewer’s comment that there was insufficient citing of the primary ramped 
(pyrolysis) oxidation (R(P)O) literature in the original manuscript and thank them for sharing a list 
of potential sources to include. This issue stems from an attempt to keep the manuscript concise, 
however, we acknowledge that this has resulted in some of the primary RO literature being 
excluded or not covered in sufficient detail. We have covered these more extensively in the 
revised manuscript. 

L22-L56: “Ramped oxidation (RO) and ramped pyrolysis oxidation (RPO) have been used to 
estimate the thermal reactivity and biological turnover time of soil and sediment OC (Hemingway 
et al., 2017b; Plante et al., 2011; Rosenheim et al., 2008). RO and RPO involve measuring the 
quantity of CO2 evolved as a sample is increasingly heated at a constant rate in an atmosphere 
containing oxygen (e.g., Plante et al., 2011; Stoner et al., 2023), or other gases, typically Helium 
(RPO: e.g., Hemingway et al., 2017a; Rosenheim et al., 2008). The temperature at which CO2 is 
thermally-evolved is related to the activation energy required to thermally decompose C 
(Hemingway et al., 2017b), which is also an estimate of the energy required for biological 
degradation of OC (Peltre et al., 2013; Plante et al., 2013). CO2 evolved at low temperatures is 
deemed to be from soil OC pools with a greater thermal lability than CO2 evolved at higher 
temperatures (Peltre et al., 2013; Rosenheim et al., 2008). OC thermal reactivity pools can be 
examined by collecting the evolved CO2 from set temperature ranges with distinct thermal 
reactivities and measuring the 14C (age) and 13C content (Rosenheim et al., 2008), which can then 
be related to the activation energy required to thermally decompose those C sources 
(Hemingway et al., 2017b).  

The 14C content of the thermal reactivity pools provides insight into the turnover time of each pool, 
with past research showing that the oldest soil organic matter (OM) (most depleted 14C content) 
tends to dominate the most thermally recalcitrant fractions (Bao et al., 2019b; Plante et al., 2013; 
Stoner et al., 2023). Similar results have been found for saltmarsh soils (Luk et al., 2021). Young 
OC, which can be autochthonous or allochthonous (Van de Broek et al., 2018), has been found to 
turnover at a faster rate than old OC in saltmarsh soils (Komada et al., 2022; Van de Broek et al., 
2018), implying that young OC may tend to be more thermally labile than old OC for saltmarsh 
soils.  

The 13C content of the thermal reactivity pools can also provide insight as to whether the source 
of OC has an influence on turnover time. Previous work has found that the 13C content of evolved 
CO2 tends to be more enriched at higher temperatures due to greater contributions from 13C-
enriched, degraded/microbially derived OC (Luk et al., 2021; Sanderman and Grandy, 2020; 
Stoner et al., 2023). Similarly, comparisons of the isotopic composition of thermally-defined OC 
pools to their chemical properties have found that thermally labile OC is derived from mostly 
lipids and polysaccharides, whereas OC with a higher thermal recalcitrance is derived from a 
greater proportion of phenolic and aromatic compounds (Sanderman and Grandy, 2020). The 
thermal reactivity of soil and sediment OC is also influenced by the formation of organo-mineral 
complexes, which can physically and chemically stabilise OC (Bianchi et al., 2024; Hemingway 



et al., 2019). Mineral-associations can increase the energy required for decomposition and have 
been found to increase thermal recalcitrance and to slow turnover times of soil and sediment OC 
(Hemingway et al., 2019; Stoner et al., 2023).” 

2. RO data analysis and interpretation  

Perhaps more importantly, the current manuscript takes an overly simplistic approach to 
data analysis and interpretation---particularly, the authors simply “bin” data into 
temperature windows (i.e., 150-325 °C, 325-425 °C, 425-500 °C, 500-650 °C, and 650-800 °C) 
and further bin these into “labile” (i.e., 150-425 °C) and “recalictrant” (i.e., 425-650 °C) 
fractions to perform all analyses and interpretations. This is not robust. This becomes 
apparently when the authors attempt to perform regressions using these “bins” on the x 
axis despite the fact that they are not evenly distributed along temperature (see point 6, 
below).  

Furthermore, the authors normalize all thermograms to maximum peak size within a given 
thermogram (i.e., such that the y axis scales from 0 to 1, inclusive) and perform regression 
analyses on these normalized bins. This is again not robust since, for example, one sample 
could contain a tall-but-narrow peak that may not be a large contributor in terms of overall 
area (and thus fraction of total OC content). Rather, to be properly compared, all 
thermograms should be normalized such that the integral under each is equal to unity.  

Forunately for the authors, there exists a well-established data anlaysis pipeline for the 
quantiative interpretation and comparison of RO data, as described in Hemingway et al. 
(2017) Biogeoscineces and easily implemented using the “rampedpyrox” Python package. 
In this framework, thermograms are converted to activation energy, E, distributions, p(E), 
and RO 14C activities and d13C values are plotted vs. the weighted-mean E value for a 
given fraction. This approach allows for direct comparison between samples and datasets, 
and it has the added benefit of providing a continuous x axis for interpreting isotopic trends 
with increasing thermal recalcitrance (e.g., as is attempted in the current manuscript’s 
Figs. 2-3). Additionally, placing these data within an activation energy framework 
significantly simplifies and strengthens many discussion points, for example those made 
throughout Section 4.2. For example, one can determine thermogram bredth using p(E) 
width, sE, which allows for easy comparison of the 3 importance of thermal recalcitrance 
between samples (as is currently done in a somewhat “clunky” manner beginning on L231).  

I therefore strongly recommend that the authors interpret their data in an activation energy 
context, rather than as temperature “bins” as is currently done. Doing so will significantly 
improve data interpretation and will lead to more quantitative and robust trends. 

We initially understood that the rampedpyrox model would not be suitable for our samples as 
they have not been decarbonated which is stated as a requirement (Hemingway et al., 2017b). 
Therefore, we proceeded with inferring thermal reactivity from temperature in the submitted 
manuscript.  

Hemingway et al., 2017b; P3: “the presence of carbonate will result in thermograms that cannot 
be accurately described by the model presented here, and we therefore argue in favor of acid 
treatment when using the RPO instrument to determine reaction energetics of carbonate-
containing samples.” 

We agree with the reviewer’s suggestion that the calculation of activation energies could improve 
the analysis and interpretation of data in this manuscript. Following receipt of this review we 
contacted the reviewer to enquire if the ‘rampedpyrox’ model was suitable for our samples, after 
all. Despite the published guidance (Hemingway et al., 2017b), the reviewer has confirmed that 
the method is suitable because of the low amount of carbonates in our samples. We have 



therefore implemented the ‘rampedpyrox’ model for analysis and presentation of the 
thermograms and in the revised manuscript. We do not use the ‘rampedpyrox’ model for 
presentation of our isotope data as it applies a blank correction to 14C which is not relevant to the 
analytical set-up for this study (Garnett et al., 2023), and the 13C values generated varied 
significantly from our IRMS measured values (these are presented in Table A2 in the appendix to 
the revised manuscript). 

L157-167: “Continuous activation energy distributions were modelled from thermograms using 
the ‘rampedpyrox’ package in Python V3.8 (Hemingway, 2016; Hemingway et al., 2017b). The 
rampedpyrox model calculates mean activation energies (μE) and the standard deviation of 
activation energy (σE), which is a measure of the heterogeneity of bond strength, for each 
temperature fraction which CO2 was collected from. Mean μE, σE and activation energy 
distribution (p (o,E)) are also calculated for each sample using the rampedpyrox model. We do 
not use the rampedpyrox model for calculation of isotope values as it applies a blank correction 
to 14C (Hemingway et al., 2017a, b) which is not relevant to the analytical set-up for this study 
(Garnett et al., 2023), and the 13C values generated varied significantly from our IRMS measured 
values (Table A2). Further data analysis and visualisation of thermograms and isotopic data was 
undertaken using RStudio V4.2.2 (R Core Team, 2022).” 

Regarding the normalisation of thermograms to maximum peak size, this is simply to aid visual 
comparison of the curves between the samples. The regressions were not based on the 
normalised curves, but on the volume of CO2 evolved over the defined temperature intervals. We 
retain this approach in the updated Figures 1 (L170) and 2 (L194) in the revised manuscript. 

The figures used in the results section of the original manuscript have been updated in the revised 
manuscript. The regressions presented in the initial manuscript have been removed from the 
revised version. 

Due to the change in our data analysis approach, much of the results (L168-239) and discussion 
(L240-472) sections have been rewritten. 

3. Analysis and measurement detail  

Significantly more detail on the analytical setup and sample preparation is necessary. For 
example, the reader should be able to easily determine: sample masses, carrier gas 
composition and flow rate (the authors state “stream of high purity oxygen” on L113, but I 
seriously doubt it is pure O2), CO2 masses needed for each 14C and 13C measurement, 
calculated isntrument blank contribution, etc. All of these details need to be listed and 
described in order for the reader to be able to trust and interpret any results.  

A published paper verifying the RO methodology used in this manuscript already exists (Garnett 
et al., 2023) and is cited in the original submission of this manuscript. We have added the 
required details such as carrier gas composition, sample masses, and flow rate to the methods 
section of the revised manuscript.  

L101-109: “The samples were sent to the NEIF Radiocarbon Laboratory for RO, which is described 
in Garnett et al. (2023). The RO procedure involved two stages, a first combustion to determine 
the relationship between the rate of CO2 evolution and temperature (thermogram), and a second 
combustion where evolved sample gases were collected across defined temperature ranges, for 
subsequent isotope analysis. For the first combustion, ca. 200 mg of dried and homogenized 
sample material was weighed into a quartz vial which was inset into a quartz combustion tube, 
which was subsequently placed into a furnace set initially to room temperature. The furnace was 
progressively heated at a constant rate of 5°C per minute to 800°C in a stream of high purity 
oxygen (N5.5, BOC, UK).” 



We have also added detail on the required CO2 mass for isotope measurement to the revised 
manuscript. 

L121-128: “For each sample, the required mass of material to evolve sufficient CO2 (> 3 mL) for 
14C measurement was calculated based on the thermogram. A new sub-set from the original 
dried and homogenised sample was then re-run following the RO procedure outlined above, but 
instead of venting to atmosphere, after its measurement the evolved CO2 was collected into foil 
gas bags based on the defined temperature ranges. CO2 was collected for 13C analysis from 650-
800 °C, but sufficient CO2 was evolved for 14C analysis from this thermal fraction for only one 
sample (T1 0.5 cm, Table A1) and we do not consider this fraction further because it is likely 
dominated by carbonates and not relevant to the purpose of this study.” 

Additionally, the reader has to wait until Section 4.3 (L296) before learning that samples 
have not be decarbonated prior to RO analysis! This is a major oversight, as this is critically 
important information for the reader to have when interpreting data. Relatedly, how do the 
authors account for the potential of Inorganic Carbon (IC) to begin to combust at ~550 °C, 
as has been shown in e.g., Hemingway et al. (2017) Radiocarbon? Such a phenomenon 
would lead to an OC/IC admixture at higher temperature fractions, which could be an 
alternative mechanism to explain increasing δ13 C value with increasing temperature (c.f., 
microbial decomposition, which is proposed as the mechanism on L284). Overall, the 
authors need to be much more clear about their sample handling procedures (particulalry 
lack of decarbonation), and they need to thoroughly and honestly discuss how these 
procedures may impact their results and interpretation. Currently, I see none of this in the 
manuscript.  

The decision to not remove carbonates from our samples was taken to avoid the potential loss of 
carbon from labile fractions during acid treatment (Bao et al., 2019). Importantly, we note that in 
Hemingway et al. (2017b), acid treatment of samples prior to RO resulted in a shift of 0.04 Fm 14C. 
This could shift a sample from having a pre-bomb 14C content to a post-bomb 14C content, or vice-
versa. A similar shift in 14C content for our samples could seriously impact the interpretations in 
our study, and our ability to compare the 14C content of the CO2 respired from the incubation 
experiments (Houston et al., 2024) to the 14C content of the CO2 evolved during the RO procedure. 
This is a crucial component of this work.  

We have added detail on the treatment of these samples to the methods section of the revised 
manuscript to avoid confusing future readers. 

L94-100: “Unlike most RO and RPO studies (e.g., Hemingway et al., 2017b), we did not remove 
carbonates from our samples. Acid treatment, which is required to remove carbonates from 
samples has been demonstrated to result in losses from the labile OC fraction (Bao et al., 2019a). 
A loss of labile OC for our samples could seriously impact the interpretations in our study, and 
our ability to compare the 14C content of the CO2 respired from bulk (untreated) soils in the 
incubation experiments (Houston et al., 2024b) to the 14C content of the RO thermal fractions.” 

We have also reported the inorganic carbon (IC) content of the bulk soil samples in the revised 
supplementary information (Table A3) and added detail on the potential for IC to be evolved as 
CO2 from 550 °C to our discussion section in the revised manuscript. 

L247-271: “The first three RO temperature fractions (150-325°C, 325-425°C, 425-500°C) were 
derived solely from OC sources, as IC begins to breakdown from ca. 550°C (Hemingway et al., 
2017b). CO2 from the 500-650°C and 650-800°C fractions may, however, have been evolved from 
a mix of OC and IC sources. The IC contents of the studied soils (0.11-0.48%) were low relative to 
OC contents (4.18-7.71%), and IC makes only 1.95-10.48% of the total soil C pool for these 
samples (Table A3). Wider μE ranges (mean activation energy of each thermal fraction) and 



increased bond strength diversity (σE) compared to the first three RO fractions (Table 4) may have 
been caused by non-first order decomposition of carbonates (a form of IC) from 550 °C, as first 
order decomposition kinetics are a requirement for the rampedpyrox model (Hemingway et al., 
2017b). Hemingway (pers. comm. 16/01/2025) confirmed that due to the low amounts of 
carbonates in these samples (Table A3) that it would be appropriate to calculate activation 
energies using the rampedpyrox model. 

IC could have been removed from our saltmarsh soil samples to allow complete analysis of the 
soil OC pool, and many R(P)O studies have taken this approach (Bao et al., 2019b; Hemingway et 
al., 2017b; Luk et al., 2021; Stoner et al., 2023; Williams and Rosenheim, 2015). However, our 
samples have low IC contents (Table A3), and acid-treatment, which is required to remove IC from 
samples, can cause losses of labile OC (Bao et al., 2019a). Indeed, in Hemingway et al. (2017), 
acid treatment of samples prior to RO resulted in a shift of 4 % Modern 14C, which could change 
one of our samples from having a pre-bomb 14C content to a post-bomb 14C content, or vice-
versa. A similar shift in 14C content for our samples could seriously impact the interpretations in 
our study, and our ability to compare the 14C content of the CO2 respired from bulk (untreated) 
soils in the incubation experiments (Houston et al., 2024) to the 14C content of the RO fractions. 
The soils in the incubation experiments were also not decarbonated as the acid-treatment would 
have affected soil respiration processes and made the results incomparable to in-situ soil 
degradation processes (Houston et al., 2024b).” 

Finally, a small point, but the authors state that IRMS-derived δ13C data were, “used to 
normalise the 14C results to a δ13C of -25 ‰ to correct for isotopic fractionation” (L123). Is 
this really true? If so, that is a major break from typical procedure, which is to use the AMS-
derived 13C/ 12 C ratio for correction, as this includes any internal fractionation (e.g., 
during ionization). 

It is incorrect to state that using δ13C values (determined using isotope ratio mass spectrometry 
(IRMS) from an aliquot of the sample CO2) to normalise 14C results represents a major break from 
typical procedure. Use of IRMS δ13C values for normalising AMS data is clearly supported in 
several key AMS methods papers (Donahue et al., 1990; McNichol et al., 2001) and while online 
AMS 13C measurements can be advantageous particularly for small samples (Santos et al., 2007), 
many labs employ IRMS values for normalisation (McIntyre et al., 2017) and quality assurance 
results show that the method is clearly reliable (Ascough et al., 2024). 

4. Data validation and verification  

Similar to the above point, I find several data validation and verification metrics missing. For 
example, what are the bulk sample %OC, %OC, pMC, and δ13C values? How well do the 
authors’ RO results reconstruct these bulk values? That is, if the authors take a 
weightedaverage of their RO fractions, are they able to reproduce the bulk values within 
statistical uncertainty? These types of “sanity check” metrics are quite important and, 
without them, I find it very difficult to assess the robustness and validity of the reported RO 
data. Again, fortunately for the authors, there exists a well-established and -documented 
pipeline for performing these types of sanity checks, and it is easily implemented using the 
“rampedpyrox” python package.  

The RO samples are sub-sets of those analysed in Houston et al. (2024), where the bulk sample 
%OC, %IC, pMC, and δ13C values are all reported (Houston et al., 2024). To aid comparison for 
readers, we have added these into the supplementary material in the revised manuscript (Table 
A3).  

We cannot calculate mass balances for the RO and bulk soil isotopic contents, as the latter were 
acid-treated, while the former were not, so any comparisons would not be robust.  



As stated earlier in this response letter, we do not use the rampedpyrox model for our isotope 
data. 

L162-166: “We do not use the rampedpyrox model for calculation of isotope values as it applies 
a blank correction to 14C (Hemingway et al., 2017a, b) which is not relevant to the analytical set-
up for this study (Garnett et al., 2023), and the 13C values generated varied significantly from our 
IRMS measured values (Table A2).” 

Finally, another small(ish) point, but the authors suggest 13C fractionation as a possible 
reason for increasing δ13C values with increasing combustion temperatures (L289-291). We 
actually show in the cited paper that fractionation is not an important factor and likely only 
shifts results by ≤ 1 ‰ (Hemingway et al. 2017 Radiocarbon). Rather, the authors could 
consider mechanisms such as different macro-molecular compounds (e.g., lipids vs. 
carbohydrates) combusting at different temperature ranges or the importance of organo-
mineral interactions for some compound classes. Furthermore, as mentioned above, the 
possibility of carbonate contribution as low as ~550 °C needs to be addressed here, as this 
would result in a similar δ13C trend for the medium- to high-temperature fractions. 

We welcome the reviewer’s point about the potential (or lack thereof) for 13C fractionation during 
the RO procedure. The isotopic fractionation correction by the ‘rampedpyrox’ model corrected 
our δ¹³C signatures by 1-6 ‰, so we used our IRMS measured signatures instead, which we note 
in the new ‘data analysis’ section of the revised manuscript. 

L165-169: “We do not use the rampedpyrox model for calculation of isotope values as it applies 
a blank correction to 14C (Hemingway et al., 2017a, b) which is not relevant to the analytical set-
up for this study (Garnett et al., 2023), and the 13C values generated varied significantly from our 
IRMS measured values (Table A2).” 

We have added more detail to our discussion for the potential for different C sources to combust 
at different temperatures (including IC). However, 14C is the main focus of this manuscript 
(comparison of 14C content of respired CO2 from incubation experiments and 14C content of 
thermal reactivity fractions). 

L305-328: “13C-RO increased sequentially with the thermal fractions (Fig. 2), due to greater 
contributions from relatively 13C-enriched C sources from the higher temperature thermal 
fractions. The 13C-RO contents of the 150-650 °C fractions were each typical of OC sources (Leng 
and Lewis, 2017), whereas the 13C-RO contents of the 650-800 °C fraction were mostly typical of 
at least a partial contribution from an IC source, with the exception of T2 5.5 cm and T3 5.5 cm 
(Table 2) (Brand et al., 2014; Ramnarine et al., 2012). As IC can begin to evolve from 550 °C, it is 
possible that a mix of OC and IC sources was present in the 500-650 °C thermal fractions. 

As 13C-RO increased with temperature (Fig. 2, Table 2), 13C-enriched OC had a greater thermal 
recalcitrance than 13C-depleted OC for these samples. Previous work has demonstrated that >80 
% of the OC accumulating at Skinflats saltmarsh is autochthonous/terrestrial in origin (Miller et 
al., 2023), with limited contributions from marine OC. The thermally recalcitrant OC was 
potentially composed of a greater amount of OC which has undergone microbial decomposition 
as this process tends to enrich the degraded OC in 13C (Boström et al., 2007; Etcheverría et al., 
2009; Luk et al., 2021; Sanderman and Grandy, 2020; Soldatova et al., 2024; Stoner et al., 2023). 
The thermally recalcitrant OC may instead/also have been composed of more different OM 
compounds (e.g., lignins, aromatics) than the more thermally labile OC (e.g., carbohydrates, 
lipids) (Sanderman and Grandy, 2020). It is also possible that methodological artefacts, such as 
kinetic fractionation, influenced the 13C-RO contents. Kinetic fractionation is explained by 
different carbon isotopes evolving as CO2 from the soil sample at different rates during the 
ramped heating (Hemingway et al., 2017a). Kinetic fractionation would cause the 13C content of 



the evolved CO2 to increase linearly with temperature (Hemingway et al., 2017a), and we cannot 
rule out this artefact. Hemingway et al. (2017a) determined that kinetic fractionation was not an 
important factor in their RPO procedure, but we used a different set-up (described in Garnett et 
al., 2023).” 

5. Concepts and terminology 

There are several instances throughout the manuscript where I find the terms “labile” and 
“recalcitrant” to be conflated with “bioavailable” (e.g., L62: “It is therefore assumed that old 
OC is mostly composed of recalcitrant (low reactivity) components, whereas young OC 
contains a greater proportion of labile (reactive) components; L78: “The energy required to 
thermally-evolve CO2 is expected to be related to the energy required for biological 
degradation of OC, with CO2 evolved at low temperatures deemed to be from more reactive 
soil OC pools than CO2 evolved at higher temperatures”; L203: “implying that the reactivity 
of soil OC decreases with increasing temperature”, L205: “low-temperature CO2 peak as 
relatively ‘labile’ and the higher temperature CO2 peak as ‘recalcitrant’ OC pools”, etc.).  

It is clear that the authors know the difference between these concepts, but the language of 
the current manuscript is sloppy in a way that that could easily lead to reader conflusion. I 
strongly suggest the authors only refer explicitly to thermal lability and thermal 
recalcitrance---as this is what their RO instrument is directly measuring. Then, any 
relationship to OC bioavailability or turnover time can be inferred or interpreted, particularly 
using 14C activities. However, it is important to clearly articulate that increased thermal 
recalictrance need not correlate with biological turnover times---the former is merely an 
analytical tool to parse apart complex OC mixtures, while the latter is the true metric of 
interest in the environment.  

We have improved our terminology usage in the revised manuscript and thank the reviewer for 
their suggested terms of “thermal recalcitrance” and “thermal lability” which we have used when 
referring to the thermal reactivity of the OC pools. We have kept the use of “bioavailable OC” 
when referring to the CO2 respired from the incubation experiments.  

We agree with the reviewer that it is important to highlight to the reader that thermal reactivity 
does not have to correlate with biological turnover times. This was one of the motivations for 
undertaking this work as much previous work has been undertaken on the ‘reactivity’ of 
soil/sediment OC but there has been limited work comparing this to ‘bioavailable’ carbon under 
set environmental conditions. 

L365-370: “As the biological turnover time of OC depends on the prevailing environmental 
conditions as well as thermal reactivity (Schmidt et al., 2011), the isotopic composition of the 
most biologically- and thermally-reactive saltmarsh soil OC pools may not be the same. To 
determine if this is the case, or not, we compared the isotopic composition of the RO thermal 
reactivity fractions to the isotopic composition of the CO2 that was evolved biologically during 
incubations of equivalent samples (Houston et al., 2024b) (Fig. 1).” 

Similarly, at some points in the manuscript the authors report their 14C activities as 
traditional 14C years before present (L265, L276) and interpret them within the context of 
paleoclimatic events (e.g., deglaciation). This is very dangerous. The 14C age in years BP of 
any complex OC mixture is meaningless, as this is simply the weighted average of all 
compounds contained within this mixture. Thus, any correspondence between, say, the 14C 
age of a given RO thermal fraction and the deglaciation is pure coincidence---it does not 
mean that all (or even any) OC compounds that are represented in said RO fraction were 
formed at that time. I strongly suggest the authors remove this interpretation. 



We take on board the reviewer’s comments on not using 14C ‘ages’. We had included this to 
provide context to the most 14C-depleted samples and to highlight the potential for 14C-dead 
contributions but that they aren’t necessary to achieve these low 14C contents for the region. 
However, we have removed this interpretation from the revised manuscript to avoid inappropriate 
reporting of complex OC mixtures.  

I have several comments and suggestions related to the figures and interpretations thereof:  

We have replaced each of the figures from the original manuscript in the revised version based 
on your comments below, and the revised data analysis. 

Fig. 1: I suggest using something besides color to distinguish 14C activities---previous 
studies have included overlaid bar plots or scatter plots, which convey this information 
much more clearly. For example, when I printed the manuscript in black and white, I could 
not distinguish the 14C colors at all. Also, looking at the thermogram, it is clearly evident 
that carbonate is present in the T1 0.5cm sample, but this is only mentioned much later in 
the manuscript (Section 4.2) and not at all addressed in the figure itself. Finally, strictly 
speaking, the gray region does not “indicate values outside of the CO2 collection range (150-
800 °C)”, as the gray region also includes the range 650-800 °C for all but one sample.  

We have replaced Figure 1 with a new plot (also Figure 1, L170) showing the thermograms as red 
lines normalised to peak CO2. The 14C content of the RO thermal fractions is displayed as bars, 
and the 14C content of the CO2 respired from the incubation experiments as dashed green lines. 
We believe that this is a much clearer approach. In the revised manuscript, we also have Figure 2 
(L193) which shows the same information but for RO-13C.  

Fig. 2 + Fig. 3: Here, the authors are plotting RO isotope results vs. an x axis that is equally 
spaced temperature fraction means despite the fact that said temperature fractions are not 
equally spaced. Thus, any regression functional forms have no meaning (i.e., these are not, 
in fact, exponential and linear, respectively, if the x axis were to show temperature in a 
proper, continuous form). This needs to be fixed. Again, fortunately for the authors, there 
exists an 5 entire interpretative framework based on thermal activation energy distributions, 
p(E), as well as a python package that makes this possible with very few lines of code.  

In the revised manuscript, we have replaced all figures and removed all regressions. As stated 
earlier in this reply, we do not compare isotope data to activation energies. 

Additionally, by plotting all tempererature fractions as box-and-whisker plots, the reader 
loses significant information for a given sample. That is, there is no way to know, for 
example, which point in the 150-800 °C bin corresponds to the same sample in the 325-425 
°C bin. By doing this, the authors are inherently reverting to the mean values across all 
samples for a given temperature bin, which loses nuance and information (and may be 
incorrect depending on how OC is distributed whithin each temperature fraction for 
different samples). I strongly suggest instead plotting each sample as a line in 14C / δ13C 
vs. temperature (or, better, activation energy) space so that the reader can follow trends for 
any given sample.  

Figures 1 and 2 (see above) in the revised manuscript plot the isotope data against temperature 
for each sample individually.  

Additionally, for Fig. 3, the authors simply omit the 650-800 °C data. Only later in the 
discussion did I realize this is because the authors attribute these enriched values to 
carbonate contribution. However, there is no mention of this in the figure---a seemingly 
dishonest omission. I strongly suggest the authors include these data in the figure---they are 
valid data after all---and describe why they behave differently from the rest.  



The omission of the 650-800 °C RO fraction was to compare the OC pools. However, we strongly 
disagree with the reviewer that this was a dishonest omission as the δ13C for the 650-800 °C RO 
fraction were reported in Table 2 of the original manuscript, directly below this figure.   

This accusation of dishonesty, whether “seemingly dishonest” or not, is in direct conflict with this 
journal’s code of conduct for reviewers, which state, “reviewers…should never include personal 
criticism of an author in a manuscript review.” We therefore object to the use of this language in 
the review.  

In the revised manuscript, we plot all five RO thermal fractions for 13C analysis (Figure 2) and the 
first four temperatures for 14C analysis (Figure 1). We only have one 14C measurement from the 
650-800 °C RO fraction which we report in the appendix (Table A1), as it is not robust to gain 
insights from only one sample. 

Finally, there are several instances where statements and interpretations seem to be in 
direct conflict (e.g., L132-135: “There were no significant trends with depth … Visually, for 
both T1 and T3 the size of the second major peak…”; similarly repeated on L210-211). Either 
the size of the peaks changes between samples, or it doesn’t---if it is statistically 
insignificant, then any visual differences are moot and should not be interpreted. However, 
I suspect some of this statistical insnignificance is due to the particular method that the 
authors normalized their thermograms (see above comment). 

We have removed all discussion of statistically insignificant trends from the revised manuscript 
and focus our discussion on comparison of the isotope contents of the RO thermal fractions. 

 

Reviewer 2 

We thank Reviewer 2 for their constructive and helpful comments on our manuscript, and for 
their highlighting of the importance and novelty of this research: 

“This is an important piece of work investigating the reactivity of saltmarsh soil organic carbon. 
The study found that 14C-depleted (older) carbon evolved from higher temperature ramped 
oxidation fractions, indicating that older carbon dominates the thermally recalcitrant fractions. 
The work does progress the field and offers new insights into our understanding of the 
composition of this important carbon sink.”  

Below, we outline our response to each of their specific comments raised. 

The use of the term “pre-aged” (especially in the abstract) is ambiguous and should be 
clarified to the reader without needing to go back to Houston et al (2024). 

In the interpretation of 14C measurements, ‘age’ usually reflects when the carbon is 
fixed/isolated from the atmosphere, so all OC stored in saltmarsh soils can be considered 
‘aged’ compared to the contemporary atmosphere. In the revised manuscript we now use ‘aged’ 
to refer to OC depleted compared to the contemporary atmosphere. 

In the methods section there should be a sub section on data analysis. What programmes 
were used, how was the data treated? 

We have added a ‘data analysis’ section to the revised manuscript. In the original version of this 
manuscript all data analysis and visualisation of thermograms and isotopic data was 
undertaken using RStudio V4.2.2. In the revised manuscript, we have used Python V3.8 to 
implement the ‘rampedpyrox’ package (Hemingway, 2016; Hemingway et al., 2017b) to 
calculate activation energy distributions for our samples from the time-temperature 
thermograms, as requested by Reviewer 1. 



L157-167: “Continuous activation energy distributions were modelled from thermograms using 
the ‘rampedpyrox’ package in Python V3.8 (Hemingway, 2016; Hemingway et al., 2017b). The 
rampedpyrox model calculates mean activation energies (μE) and the standard deviation of 
activation energy (σE), which is a measure of the heterogeneity of bond strength, for each 
temperature fraction which CO2 was collected from. Mean μE, σE and activation energy 
distribution (p (o,E)) are also calculated for each sample using the rampedpyrox model. We do 
not use the rampedpyrox model for calculation of isotope values as it applies a blank correction 
to 14C (Hemingway et al., 2017a, b) which is not relevant to the analytical set-up for this study 
(Garnett et al., 2023), and the 13C values generated varied significantly from our IRMS measured 
values (Table A2). Further data analysis and visualisation of thermograms and isotopic data was 
undertaken using RStudio V4.2.2 (R Core Team, 2022).” 

Also Line 105-106.  “the deepest sample from each core being the deepest retrieved 
sample” – does this mean that the depth to refusal at this site is 20cm? 

No, in this study we used a golf-hole corer and it’s length is 20 cm. The depth to refusal at this 
site is >20 cm (see Miller et al., 2023), and variable across the site. In the revised manuscript we 
have added an explicit statement about the length of the coring device at the appropriate point 
in the text and this adds the necessary clarification. 

L85-89: “Briefly, the cores were split into 1 cm thick slices as follows: core T1 (0-1 cm, 5-6 cm, 
and 18-19 cm); T2 (0-1 cm, 5-6 cm, and 15-16 cm), and T3 (0-1 cm, 5-6 cm, and 19-20 cm) (with 
the deepest sample from each core being the deepest retrieved sample from the 20 cm length 
of the corer. On the occasions when a full core was not retrieved, the deepest retrieved soil was 
used).” 

As regards the results section – the main query is the categorical approach to representing 
the data in Figure 2 and Figure 3 and using the exponential and linear regression 
(respectively). The categorical approach can stand alone without the regressions, however 
if using regressions then the x axis should be represented as a continuous variable. Please 
consider revising this. 

In the revised manuscript we have removed all regressions and instead use the categorical 
approach to comparing isotope data for the thermal fractions (Figures 1 and 2, L170 and L193, 
respectively). 

In terms of the two tables in the main body of the manuscript -is it possible to graphically 
represent some of this data? I think much like the graphical abstract, there is scope to 
conceptualize the data in diagrammatic form to increase the impact of the findings. 

The data from these two tables was presented in the original version of the manuscript in 
Figures 2 and 3, and in the revised manuscript Figures 1 (L170) and 2 (L193). In the revised 
manuscript we have improved our data visualisation to increase the impact and clarity of our 
findings.  

Is there data or any published work on the carbon accumulation rates at this site? How do 
the authors think the findings of this study would integrate with C org accumulation rate 
data. 

Yes, there are published carbon (C) accumulation rates for this site (Miller et al., 2023a; 
Smeaton et al., 2024). Compared to other Scottish and UK saltmarshes, Skinflats has relatively 
high C accumulation rates (see Miller et al., 2023; Smeaton et al., 2024). We have added detail 
on the implications of this to our discussion section. 

L335-356: “Compared to other UK saltmarshes, Skinflats has relatively high C accumulation 
rates (Miller et al., 2023; Smeaton et al., 2024). Depleted 14C contents of the OC accumulating at 



the Skinflats saltmarsh (Houston et al., 2024b) imply that a proportion of the OC being buried may 
already have been aged at the time of deposition on the marsh surface, as the marsh formed in 
the 1930’s (Miller et al., 2023). The combination of high carbon accumulation rates and depleted 
soil 14C contents implies that the Skinflats saltmarsh accumulates a high proportion of old, most 
likely allochthonous OC. Some of the aged, allochthonous OC may have undergone significant 
microbial processing and degradation prior to its accumulation in the saltmarsh soil. As the OM 
is degraded, and the energetically favourable components are consumed, the resulting OM 
becomes increasingly thermally recalcitrant (Luk et al., 2021; Sanderman and Grandy, 2020; 
Soldatova et al., 2024). The accumulation of a high proportion of degraded OC on the Skinflats 
saltmarsh may therefore explain the lack of observed change in the isotopic composition of the 
soil OC pools with depth.  

Not all old OC is degraded or thermally recalcitrant, and our results show that the Skinflats 
saltmarsh is also a store of old (14C-depleted), thermally labile OC (Fig. 1). Old OC can be 
thermally labile if it ‘ages’ (is stored) in an environment with low decomposition rates, e.g., a 
peatland (Dean et al., 2023), prior to transport and accumulation into the saltmarsh. There are 
extensive peatlands in the Skinflats catchment, many of which are degrading (Lilly et al., 2012). 
Regardless of the age and degradation state of the OC deposited onto the marsh surface, as it 
gets buried it will undergo a degree of microbial processing and degradation in the saltmarsh soil 
(Luk et al., 2021), but that process is potentially less prevalent at Skinflats than saltmarshes 
accumulating younger, less degraded OC.” 

As these samples are taken from the lower shore of the saltmarsh site can the authors 
speculate on how the results could vary with proximity to the terrestrial border and the 
greater proportion of organic carbon from autochthonous sources? 

We have added detail on this to the revised manuscript discussion. 

 L455-466: “The samples used for this study were from the low marsh zone only, but it is likely that 
the thermal reactivity of the Skinflats saltmarsh soil C will vary spatially across the marsh, as the 
proportion of OC sources has been shown to be variable across saltmarshes (Middelburg et al., 
1997). Given our findings that old (14C-depleted) OC has greater thermal recalcitrance than young 
(14C-enriched) OC (Fig. 1), we anticipate that higher marsh zones, which typically have greater 
proportions of autochthonous OC than lower marsh zones (Spohn et al., 2013), would contain a 
greater proportion of thermally labile OC. However, it is important to recognise that some of the 
young (14C-enriched), autochthonous OC in saltmarsh soils can also be thermally recalcitrant. As 
well as marsh zonation, we expect that the proportion of OC sources (and associated mix of 
thermal reactivities) would also vary with proximity to marsh creeks which redistribute 
autochthonous and allochthonous C across the saltmarsh habitat (Middelburg et al., 1997; Reed 
et al., 1999).” 

The abstract concludes with a sentence on how this study has relevance for saltmarsh 
management and therefore I expected a portion of the discussion to focus on this but I 
found this was just briefly mentioned at the end of the discussion and conclusion sections. 
I think greater discussion of the practical implications that the findings may have is 
necessary. 

We welcome the reviewer’s encouragement to expand on the implications of our results and 
have added an ‘implications’ section to the discussion in the revised manuscript. 

L414-472: “Our results show that aged (presumed allochthonous), thermally labile OC stored in 
saltmarsh soils remains vulnerable to loss to the atmosphere upon habitat drainage. Saltmarsh 
soils usually exist in low-oxygen, tidally-inundated conditions which slow decomposition of OC 
(Chapman et al., 2019), but many saltmarshes globally have been drained (and their soils 



subsequently oxidised) to convert them for land uses such as housing developments and 
agriculture (Bromberg and Bertness, 2005; Campbell et al., 2022; Morris et al., 2012). In the Forth 
Estuary, where the Skinflats saltmarsh is located, as much as 50% of the intertidal area has been 
converted to agricultural land since 1600, often involving the drainage of saltmarshes (Hansom 
and McGlashan, 2008).  

Protecting saltmarshes from degradation following drainage is listed as an eligible activity for 
generating carbon credits for blue carbon ecosystem (BCE) projects (VERRA, 2023) and there is 
significant potential for climate mitigation by avoided emissions from protecting vulnerable 
stocks of soil OC in BCEs (Goldstein et al., 2020; Griscom et al., 2017; Kwan et al., 2025; Sasmito 
et al., 2025). Similarly, the re-creation of saltmarsh habitat through managed realignment 
(rewetting by tidal inundation) of historic saltmarsh habitats which were previously reclaimed for 
land use purposes (e.g., agriculture) could reduce (and possible reverse) the emissions of aged 
OC to the atmosphere, both locally to Skinflats, and globally.  

The evidence for the respiration of thermally labile, allochthonous OC from saltmarsh soils in a 
drainage degradation scenario demonstrates that at least this fraction of allochthonous OC 
should be counted as additional in carbon crediting projects and National GHG Inventories. 
Because allochthonous OC can account for up to 90 % of saltmarsh soil carbon (Komada et al., 
2022), the inclusion of allochthonous OC (or even a fraction of it) would significantly increase the 
climate mitigation awarded to blue carbon projects (as carbon credits, or contributions to 
National GHG Inventories) (Houston et al., 2024a).  

As the bioavailable OC respired in the experiments of Houston et al. (2024b) was (in most cases) 
from a predominantly thermally labile OC pool, and 14C-RO decreased (C became older) with 
increasing temperature (thermal recalcitrance), RO measurements could be useful for 
characterising the turnover times of OC pools for saltmarsh soils exposed to oxic conditions 
(drainage degradation scenario). The use of thermally defined OC pools to characterize OC 
turnover times for saltmarsh soils would require a modelling advancement to constrain 
degradation rates and residence times. Such efforts are not within the scope of this study but 
could inform additionality/permanence in these saltmarsh systems. Experimentally defined 
turnover times of OC thermal reactivity pools could, for example, provide a more robust approach 
than inclusion/exclusion of allochthonous OC from saltmarsh ‘blue carbon’ projects (Houston et 
al., 2024a). 

Further research is needed to determine if the relationship between biological and thermal lability 
exists for different degradation scenarios such as nutrient enrichment, as OC turnover time 
depends on the environmental conditions as well as the thermal lability of the OC pools. 
Similarly, these experiments would need to be replicated for a wider range of saltmarshes (high 
and low latitude saltmarshes, different typologies), as there are likely to be differences in OC 
turnover in different systems. 

The samples used for this study were from the low marsh zone only, but it is likely that the thermal 
reactivity of the Skinflats saltmarsh soil C will vary spatially across the marsh, as the proportion 
of OC sources has been shown to be variable across saltmarshes (Middelburg et al., 1997). Given 
our findings that old (14C-depleted) OC has greater thermal recalcitrance than young (14C-
enriched) OC (Fig. 1), we anticipate that higher marsh zones, which typically have greater 
proportions of autochthonous OC than lower marsh zones (Spohn et al., 2013), would contain a 
greater proportion of thermally labile OC. However, it is important to recognise that some of the 
young (14C-enriched), autochthonous OC in saltmarsh soils can also be thermally recalcitrant. As 
well as marsh zonation, we expect that the proportion of OC sources (and associated mix of 
thermal reactivities) would also vary with proximity to marsh creeks which redistribute 
autochthonous and allochthonous C across the saltmarsh habitat (Middelburg et al., 1997; Reed 



et al., 1999). In previously published work we showed that Skinflats accumulates OC of a much 
greater ‘age’ (depleted soil 14C contents) than two other saltmarshes in Scotland (Houston et al., 
2024b).  

In this paper we have determined that age (14C-content) is related to the thermal recalcitrance of 
saltmarsh soil OC. We therefore speculate that sites accumulating younger OC would have more 
thermally labile soil OC than sites accumulating older OC, like Skinflats, with wider implications 
for the risks to these vulnerable stores of soil carbon from human disturbances.” 

We have also adjusted our conclusion section to better convey the impact of our findings. 

L474-487: “This is the first study on saltmarsh soils to employ the ramped oxidation method. We 
show that old (14C-depleted) carbon dominates the thermally recalcitrant OC pools. The 
thermally labile OC pools are also aged (14C-depleted) compared to the contemporary 
atmosphere but are younger than the thermally recalcitrant OC pools. These results highlight the 
role of saltmarshes as mixed stores of both old, thermally recalcitrant OC, as well as younger, 
thermally labile OC.  

We present the first comparison of the bioavailability (CO2 evolved from incubation experiments; 
Houston et al., 2024)) and the thermal reactivity (RO) of saltmarsh soil OC. We show that aged, 
allochthonous CO2 evolved from saltmarsh soils exposed to oxic conditions (Houston et al., 
2024b) are from a predominantly thermally labile OC pool. As saltmarsh soils exist mostly in low 
oxygen, waterlogged conditions, management interventions to limit their exposure to elevated 
oxygen availability may protect and conserve these stores of thermally labile OC and provide a 
climate abatement service. Therefore, we recommend that thermally labile allochthonous OC 
stored in saltmarsh soils should be counted as additional in some carbon crediting projects and 
National GHG Inventories.” 

 

Yours sincerely, 

Alex Houston (on behalf of all authors). 
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