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Dear Dr. Carolina BobFayos,

We thank the editorial board of SOlIL for the opportunit
and quantifying geogenic organic carboninsbish e case of gr ap hi twagimproVeld,¢hankssosthes e d
excellent reviews addressing points we hatlally overlooked, making it more robust and increasing the transferability of

our findings. We will provide again the point to point responses to both the reviews, herefolktoved bythe markeeup

revised manuscript.

On behalf of all authors,

Jeroen H. T. Zethof

All numberingis according the markedp manuscript below



10

15

20

25

30

35

Reviewer 1:

I have read with interest the draft untitled "ldentifying and quantifgieggenic organicarbon in soil§' the
case of graphte". Overall, | have found that the draft is very clBabe published in SOIL, | consider that the
authors should provide a proper descriptioithe soils they used in the study. | have also segathler minor)
concerns andjuestions that have to be answered before | can recommend the publicationcffthis SOIL.

DearReviewer
First of all, we want to thank you for your time reviewing our article, your kind comments and your effort bislpingroving

the work. We will address your concerns and answer your questions, point by point.

9 1 consider that the authors should provide a proper description of the soils they used in the study

Thank you for addressing this important polMe indeed forgothe inclusion of a proper soil description. Hereby the

revised part of the materials and method section:

ATop soil and fresh rock samples from a nearby outecrc
Filabres (37°07'43N, 2°22'30" W / Southern Spain). The area is located in the Nevitadwide complex and contains
DevonianCarboniferous slaty micschist with graphite and garnets crossed by abundant quartz veins (Puigdefabregas et
al., 1996). Carbonates found in thel sample (0.18 % C) originated from pedogenesis and dust deppagithre parent

rock does not contain carbonatésil material was taken from the topso#F@m, without sieving crust) under the grass

tussockMacrochloa tenacissim#& ensure a sulesttial amount of OC was present. The soil itsedfs classified as
Skeletic Leptosol (colluvicaccording tothe World ReferenceBasefor Soil ResourcefWRB, 2014). Additional soil
material was collected from a fiekite near the town of Alboloduy (37°@®" N, 2°36'43" W), hereafter referred to as

AB soil, with similar vegetation and climatic conditions. The lithology consists of feldspathic mica schist (IGME, 1979),
but without natural graphite and with a relative high Ca€@ntent (1.87 % C)The AB soil, classified as Skeletic

Leptosol (WRB, 2014)was also sampled from the topsoil, without sieving crust, under the grass tiscrcichloa

tenacissmaThe soil samples were dr ipedlina3ilieDAC and sieved t

1) Graphitic C can be found in rocks. Depending on P and T conditions experienced by the sediments, we do not get
necessarily pure graphite. | am therefore wondering if the graphite standard material (Merck) is similar to the
graphite found in the soils dewgled in micaschists. | would appreciate to see Raman signatures of the graphites
used in the study. We can also imagihat some graphitic C with lots of defaults may evolved before the final
oxidation stepln this case, such graphitic C would not beaeered in the ROC fraction. Can the authors discuss or
rule out this hypothesis?

It is right that pressure and temperature conditions are important factors determining the degree of graphittmation
literature we have an estimation what the condititaage been for the sampled rock, but the degree of graphitization of

the standard is not provided by the manufacti®Ramananalygs were carried ouseeFigure S1 here belowy, which we
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will include in the revised version to shed light on potential difiees between the standard and natural graphite as found
in the rock and soil sample. As both the graphitic schist and the standard show a highly similar pattern aissiamédod
that they have a similar state of graphitizatibne D1(~1350 cm?), G(~1580 cmt) a n d (~IB20 cnm?) peaks indicated

in FigureS1, can all be attributed to graphitic C, whereby the ratio between the D1 and the sum of all three peaks is a cleat

indication for the degree of graphitizatiddelysacc et al., 2008errari, 2007. For the Standard (Merck) the ratio is 0.20,

while for the graphitic schist we obtained 0.34, which are both indicating well organized carbon (< 0.5, Beysacc et al.,

2003). No peaks are observed around the 1200 and 1500ac1ds, including the soil sanegpwhich would have indicated
the presence of pyrogenic / black carbon compon&atdgzky et al., 2005, Schmidt et al. 200he Gpeak for the soil
sample (calibration 1x oi nci des wi, tahcouldhbe exieéted neaasimple with different cateous

substancedut can also indicate defects in the crystalline graphite structure formed by weathering

We will include the Bxt paragraph to the method section together with the Raman spectra as irSEigure

fiRaman spectra of the soil of calibomt set 1, the standard (Merck) and graphitic schist wecerded using a

Thermo Scientific DXR Smart Rama®pectrometer with 532 nm laser and a power output of 9 mW. Before the

measurement, samples were pressed in aluminium cups. The obtained peakdegeated using Lorentzian profiles
fitting in Origin 2019.

The spectra of the graphite standarelre highly similar to the graphitic schist (Fig. S1 in Supplement). The D1
(~1350cm"), G (~1580cm) and D& ) peaks 6oRldbe attmbuted to graphitic C. The ratio between the D1 and

the sum of all three peakseclear indicatos for the degree of graphitization (Beysacc et al., 2003; Ferrari, 2007). Ratios

of 0.20 for the graphite standard (Merck) and 0.34Herdraphitic schist indicated well organized carbon (< 0.5, Beysacc

et al., 2003) for both samples. Peaks around the 1200 and 150faahs, which would have indicated the presence of

pyrogenic / black carbon components (Sadezky et al., 2005; Schraidt 2002) could not be observed in all samples
including the soil sample (Fig. Sa)p. 22, Line 37 Line 12

Some graphitic C, especially with lots of defects or impurities in its mineral structure, might indeed evolve before the fina

oxidation step of the smart combustion method, resulting in an underestimation of the graphitic C content of the soil as it

is nd taken into the ROC fractioiwWe also hypothesized in the discussion that radicals, relé@sedther minerals by
temperatures of 700°C and higher, might induce graphite evolution under anoxic condliige®9, Line 7-14).
According to the measuremsrwith the smart combustion method about 6% of the total C was lost in samglestof
+ graphite standard (i.e. Calibration set 2), while the Graphitic schist lost 2% of the,tattddCigh the graphite standard
had a higher structural organizatidover ratio, as discussed abovdje will extendine 2833 (page?9) of the discussion
to increase clarity about the loss of graphite before the final oxidation phase and inéigdies é~igure 8c) visualizing

this lossas follow
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AAs shown by Hayhurst and Parmar (1998), very smal/l i

pyrolyse during anoxic conditions at higher temperatueesphitic C of lesser graphitization, might therefore result in a

larger lossf graphitic C during pyrolysis and a greater underestimation of the graphitic C cdratking a closer look

at the measurements of the artificial soil, reveals that a small part of the ghsgfzitéo oxidize under anoxic conditions

(Fig. 8).The neasurement of graphite in quartz, as in calibration set 2, showed that about 6% of Bevasdbst during

the pyrolysis phase, while for tiyggaphiticschist this loss was 2% (Fifc), resulting in an underestimation of tr@phitic

C contentBews etal. (2001) suggested that at temperatures higher thatCy@dicals like H@ and OH might act as
reactant with the pure C. Furthermore, in the method comparison study for recovering differsmttblack C, Roth et

al. (2012) suggested a (relatively) strong catalytic effect of oxides on black C oxidation, which was most predominant in
soi p29lin®@l7-25

2) 20 Pyrogenic C (pyOC) can also resi st pyOG maybegédcovdredu n d e
in the ROC fraction. What would happen if the studied soil contains both graphite and pyOC? It may have been
interesting to add charcoalin the tested mixtures. If the presence of pyOC is a limit to the method, it should be
discussed.

We understand from your question that we did not discuss sufficiently the potential interference of thermally resistant OM
(like pyrogenic T black Q. Therefore we will elaborate more on this topit the discussion section, as showed below
Includingother forms of thermgl resistant C fractions and examine how we could distinguish between them would be a
very interesting topic for further investigation. Nonetheless we can expect, with the current settingspteati@p®

might end up in the ROC fcéion of the smart combustion method.

fiWwhen the sample contaother forms othermally resistant OM or evdnlack C, which arenot pyrolyzed during the

anoxic phase, this C componé&nlikely toend up in thegraphitic Cfractionwith the smart comb@i®n methodEspecially

as most temperature boundaries are empiricddisived (Pallasser et al., 2013; Ussiri et al., 20B4pre-test with

continwous heating under oxic conditions therefore recommenddd assess the humber ofd@ntainingsubstances

presentin the sample by the occurrence of pedksrther studies should focus on temperature boundaries of different

substances in relation to their properties andfseénstancehow graphitic C can be distinguished from other thermally

stable C compuentso p.30, line 6- line 11

3) 10 samples for calibrating a model is definitely a too low number of samples. It would have been highly surprising to
get nice results with such a low number of samples. It may have been interesting to use all the saiegigs to
calibration model s. We canbét exclude that with a n
concentrations, a convincing {IBased model can be designed.
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We agree that more samples could potentially improve the n@d#ie other hand, it is frequently shown in the literature

that the performance of IR spectroscopic models for predicting soil properties increases with sample set homogeneity
(e.g., Grinand et al., 2012), i.e., calibration and validation become moregpndms focussing on samples from similar

or identical sites and soil matrixedere, we like to point out that two representative matrix substances were used as
calibration samples: quartz sand and the soil of interest (soil 1), which was later usdid&ionaThe Rand RMSEP

of the calibrations were quite sufficient¥®.96 and 0.99; RMSEP=0.24 and 0.10). The samples with the unknown
graphite concentrations were of exactly the same matrix (Quartz, soil 1). So, the models we used were very specific i
addition to the high Rand low RMSEP. Since further samples are not available, we calculated a model including both
calibration data sets, soil 1 and quartz. This PLSR model used 3 components &maf &r9& and an RMSEP of 0.24

(Fig. R1). These valug were at the same level as found for the single models (see above). Nevertheless, all models
substantially overestimated the graphite content. Therefore, we do not think that the use of more samples of different
origin would improve the prediction / valition. Against the backdrop of the literatgpecific graphite absorption bands

that have been reported in the literature are only valid for oxidized grapiédjled predictions of the graphite contents

were plausible. We modified the discussiomrespondingly, howevet,if you agree- we do not intend to add ttégure

(here shown as FigR1) to the text:

iThe calibration between infrared spectra and graphit

and 1b) and couldlso be used for a cresalidation (Fig. 5)Although the same substrate materials and similar contents

of graphitic C were used in the validation, the graphite contents were systematicafyenieted. Despite the apparent

quality of the calibrationthis failure could have been caused by the relatively low number of calibration samples. Note
that the use of the two calibration data sets, soil and quartz, in a joint PLSR nd€l.98 and an RMSEP = 0.24; 3

components) did not improve the calibogitinor the prediction accuracy. It cannot be excluded that a higher number of

samples for the calibration could improve the PLSR model and the prediction results. Further, Raman spectroscopy might

be an alternative approach for quantifying graphite ihsamnples (e.g., Sparkes et al., 2013; Jorio and Filho, 2016).
p.26,line 30 - p.27, Line 8
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Figure R1. Prediction plot of the PLSR model using joint dataset ofsoil 1 and quartz.

4) The authors hypothesized that ROC content would match grapbita t ent . |t i s not too f a
the authors try to design a model based on ROC results as they did with IR and TGA results?

Thank you for the suggestion to create a model for correcting the ROC value. We considered this as agetabuie

seen in supplementaRygure S5of the manuscript, the total carbon measwrél the smart combustion method (i.e. the
Soli-TOC devicg is the same as what is obtained by the more accurate elemental analyser. Therefore, the slight
underestimatedraphitic C content resglfromthe differentiation between carbon fractions by the temperatxidation

program and noasa result of the direct output of the sensor. Furthermore, correcting the ROC/graphitic C value using
the calibration set would mn@mprove the graphitic C estimation as a model build with calibration set 1 would result in a
slight overestimation of calibration set 2 (notice slope > 1.00) and vice verdadaessR2 andR3, here below). This
difference in underestimation of the RGraction was attributed to impurities in the graphite and/or presence of radicals,

as discussed in the second paragraph of section 4.3. Especially the presence in radicals will differ from sample to sample

as it depends on the matrix composition, whighuld give the same matrix issue in the model creation as with the FTIR



and TGA methods. Therefore, weggiestkkeepng the ROC content as it is derived by the dewnd clarify this decision
in the method section by adding:

fiThe SoliTOC devicedirectly converts the NDIR signsd C content of the different components, as calibrated with

CaCQ. Creating an additional model to correct the C outmitoducesan additional error in the measurements.

Therefore, we analysed the direct C output, aasured in the ROC fractiomriplicate measurements were averaged,

whereby the average coefficient of variation between replicates wés 2. Pearson correlation test was performed

between the obtained ROC data and calibration setsatoatethe graphte contentmeasuremenidp.24, line 11-17

45
4 ' ® ROC Calibration set 1
3,5 . ® Recalculated ROC Calibration set 1
3 : ‘ ® Recalculated ROC Calibration set 2
2 4, __.-"_‘." =
= [ T P y=0,97x+0,26
3 2 e RZ=1,00
= 15 : o
@ L y =1,00x+0,01
¥ ) 4
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Figure R2. Correction of the ROC values by using a model based on calibration set 1 (graphitic soil with added graphite). In
orange the original measured graphitic C content (ROC) of calibration set 1 is plottedgainst the added graphite. As can be
seen by the linear trend line, the graphitic C content is originally overestimatedA simple correction model was created,
resulting in an exact estimation (Blue), but the same model resulted in an underestimation grfaphitic C in calibration set 2

(Grey, Quartz with added graphite).
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Figure R3. Correction of the ROC values by using a model based on calibration set 2 (Quartz with added graphite). In yellow
the original measured graphitic C content (ROC) of calibrationset 2 is plotted against the added graphite. As can be seen by
the linear trend line, the graphitic C content is originally slightly underestimated. A simple correction model was created,
resulting in an exact estimation (purple), but the same model reseld in an overestimation of graphitic C in calibration set 1

(Green, Quartz with added graphite).

5) 1do not understand the Figure 5. | suggest improving the explanations on this Figure or removing it

We hope thaFigure 5 in the manuscriptvhich summarizes the results of the three tested methods, becomes clearer with

this extendedrigure description:

i Fi gobuQverview of the predicted amount of graphite in the calibration sets (squares/diamonds), artificial soil
(inset, circles/triangle graphitic schist (inset, stars) and AB soil (right pointing triangle) as measured with the

different methodsBlack symbols: graphite prediction by FTIR, model from calibration set 1; Whisphite

prediction withFTIR, calibration set 2; Oranggraphite prediction by TGA, model from calibration set 1; Green:

graphite prediction by TGA, model from calibration set 2; Grey: graphite prediction by smart comtisticirdata

is given in Table 2.0
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Reviewer 2:

This is a very well written manuggt that reports a methods comparison for the identification/

quantification of graphite in soil. The writing is excellent, and the reporting of

results is clear. But the study have a few importa
addressed before | walideem it acceptable for publication.

Dear Reiewer,
First of all, we want to thank you for your time reviewing our article and your effort helping us improving the work. figpllowi

the numbering in your review, we provide answers to your concerns arttbgses

1. The manuscript does not provide sufficient context for focusing exclusively on graphite. The reader might
interpret the current rationale as a narrow justification for using graphite in the experiment. | understand that
graphite may form from n@morphic processedut is the goal of the study to quantify graphite specifically, or
geogenic organic C more broadly? The former seems far too narrow a prospect given the wide range of forms of
geogenic C, and the latter is underdeveloped in the stWdiiout further elaboration, graphite seems a little too
speci fic. Gal vy, Hemi ngway and others are not speci
manuscript), Chan (2017, Themochimica Acta) and others have targeted coal, and thisyés and growing
literature on pyrogenic C in soils. How would the presence of these affect results? Can graphite be distinguished
from other forms of thermally recalcitrant organic C? The authors do well to distinguish between carbonates
(which varieswidely among dolomite, calcite, etc.) and thermally recalcitrant C, but have not adequately
elaborated on graphite versus other forms of geogenic C, let alone pyrogenic C. The distinction between the lattel
two is obvious using 14C, but the issue hesm®sng geogenic C forms.

Yes, youdre right that we want t o .Akaliscasked py foainstpuocea Wssiri etal.c at
(2014), there is a wide continuum of geologically altered organic compounds, whereby a general quantification method seem:
not to be possible as spectral and thermal properties gradually change by the degredfoofation of the organic matter.
Furthermore, Roth et al. (2012) showed for sevielatk @rbon types that there is no ideal method to quantify aH tested
black carbon types, especially in soil environments. As to our knowledge no previouhatudiempted to quantify graphitic
carbon, especially not in a soil environment, it hampers studying carbon dynamics in soils developed on sites with graphite
containing parent materials, as experienced by ourselves. Therefore, wewriterpars of the introduction to pua stronger
focus on graphitic carbon:

fiOrganic C (OC) of geogenic origin, whitlasgained less attention until now, is formed when organic compounds

in sediments undergo coalification or kerogen transformation during diagebkslsr high pressure and appropriate

temperature conditions this process can continue into the formation of graphitiod@igh welcrystallized pure C isarely

producedOohashi et al., 2012; Buseck and Beysacc, 2(&)ox transformations during matarphoses of carbonates leads

also to the formation of highly crystalline graphite (Galvez et al., 201®.t r udi ng hydr ot her mal fl

forms athird source of graphitic C during rock formationhich produceshe purestgraphite crysils (Rumble, 2014). This
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relatively pure and stable form of C is highly chemical inert, although impurities from the parent material increase its chemical
reactivity (Beyssac and Rumble, 2014). Via tectonic processes graphite bearing rocks can resthsiindaea where they

are subjected to physical and chemical weathefihgrefore, graphitic C occurs mainly in rocks from orogenic belts and in

metasedimentary rocks in old cratarsd might be a quite common bedrock for soil developifiémitmann and Mosdorf
2012 Buseck and Beysacc, 2014).

The fate of geogenic graphite under weathering and soil formation has rarely been studied, possibly due to the lack

of methods for determining and quantifying geogenic graphite beyond the background of g@ICRCThere are some
indications that a substantial part of the geogenic graphitic C is actually lost in the pathway from rock weatheringelp (mari

sedimentation (Galy et al., 2008; Clark et al., 201sf)lated naphthalergegrading bacteria from contamted soilproved

to oxidize and degrade graphitic materials, questioning the assumed biological inactivity of graphite (Liu et alln 2015).

recent study, Hemmingway et al. (2018) estimatet 2/3 of the graphitic Gs oxidized during soil formatignstrongly
facilitated by soil microbial activity.p.18, line 13-30

To answer your question if graphite can be distinguished from other forms of thermally recalcitrant organic C, we can
be sure that with smart combustion methiadts current settingss certainly notapable to do sas it lumps all the oxidizable
carbon components that evolve between 400 and 900°C in one fr&ctor=TIR spectroscopy, a valid proof of the existence
of pyrogenic C in the soil samples is not possibte. a clear edence, spectrometric techniques such as e.g. Pyréliedib
lonization Mass Spectrometry (FRIMS) would be necessargs shown in Leue et al. (2018)hich were beyond the scope
of the study

Furthermorewe carried outRaman spectra of the soil of calibration set 1 and graphitic schist samples, as shown in
Figure S1 at the end of this letter. The D1 (~1350%nG (~1580cm) and D6 %) (peaks én@idatedcifFigure S1,
can all be attributed to graphitic C, wheyehe ratio between the D1 and the sum of all three peaks is a clear indication for
the degree of graphitization (Beysacc et al., 2003; Ferrari, 208&)Raman spectra showed no signs of pyrogenic or black
carbon in both the soil sample (FB§L), whichwould have created a peak at 1200'and/or a clear shoulder at 1500tm
(Sadezky, 2005; Schmidt et al., 200R)onetheless it is a good point that care should be taken to distinguish between
pyrogenic/black carbon and the graphitic C. Therefare will include in the discussiogectionmore clarification on this

point:

fiwhen the sample containther forms othermally resistant OM or evdatack C, whicharenot pyrolyzed during the anoxic

phase, this C componeistlikely to end up in thegraphiticC fractionwith the smart combustion methdélspecially as most

temperature boundaries are empiricalgrived (Pallasser et al., 2013; Ussiri et al., 20a4ye-test withcontinubus heating

under oxic conditiondgs therefore recommendénlassess theumber of Ccontainingsubstances presentthe sample by the

occurrence of peak$-urther studies should focus on temperature boundaries of different substances in relation to their

10
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properties andee, for instance, how graphiticd@n be distinguisheddm other thermally stable C componedtg.30, line

6-11

Concerning the mentioned literature, we want to clarify our choice for them hereby

Galy et al. (2008), doi: 10.1126/science.1161408, uses different sediment (samples) to study the origlog€ petro
carbon. They state that part of the graphite, present in the parent material, is no longer present in the downstrean
sediments based on Raman spectra and transmission electron microscopic images, indicating that it has been oxidize
during the erosio/weathering process. Although the degree of graphitization is important for the preservation, as
mainly the lesser graphitized carbon was lost, we considered this reference as a good case study to show that graphi
is somewhere lost (i.e. used) in theatveering process of the parent material, while this has hardly been documented

or studied.

Hemingway et al. (2018), doi: 10.1126/science.aa06463, although thef tileir papeiindicate only lithographic

C, a more detailed description of the lithologl/the study area revealed that they were dealing with graphite
containing metamorphic rocks, whereby the rock contained graphite of different degrees of graphitization. More
detailed information can be found in the supplementary of the Hemingway artiti@ éhe paper of Hilton et al.
(2010),doi.org/10.1016/j.gca.2010.03.004

Ussiri et al. (2014), doi: 10.1016/j.geoderma.2013.09.0Hye made a comprehensive review on the current

available methods and definitions to distinguish geogenic carbon (mainly coal) from other carbon sources, including
inorganic carbon. Theyalsocodse r t hat #fAcoal i ficationdo (i .e. early s
stage of coalification determine their susceptibility for a certain analytic method. They furthermore emphasize that
no standardized method exists to identify and isgpageogenic carbon from other carbon sources in soils. In this
context we used this paper, as, to our knowledge, no other comprehensive discussion on distinguishing of (geogenic

organic and inorganic carbon in soil samples exist.

Thank you for suggestg the paper of Chan et al. (2017), doi: 10.1016/j.tca.2017.02.006, as we were not aware of this

study. However, the software they applied to process their TGA measurements further into the endmembers is not

available to us and could therefore not be teste

2. As a result of the discussion above, and more generally for a method development study, | found the number and range c

materials used too small. Only one grapkstmntaining natural soil and one carbonatentaining natural soil were used for

validation. The artificial soil mixtures were made from one OM source far removed from the natural soil (Germany vs. Spain),
and Aineatd mineral specimens (quartz, muscovite, CaCO3

a reductionst, simplified system for initial testing, the result is only nine samples of one-mated to generate the
calibration. This is a highly undersampled relationshipis is critically important because the authors are right to highlight
matrix effectsput they do not adequately account for these in the design of the calibration/correlationCa@®y3 is not
dolomite or calcite, soil minerals are often interstratified, and graphite likely exists in a megatiated form fused to the
mineral matrix None of these incipient properties of soil are accounted for in the method develbpnadarig the results of

11
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limited value. It is a nice proof of principle, but the study needs to go well beyond this given the current statemitthe. lit
| d e how this study substantially move us further than some of the studies cited within it.
As we are focussing on developing a quantification method for graphite in soil matrix, we started with creatingafamples
pure quartz mixeavith different quantitis of graphiteo test the methods available to us. Tieetstep was proofing that we
could identify/distinguish graphite from other typical present substances in the soil, for which we created the antificial sa
To our opinion OM from a forest flooalthough geographically not close to the natural samples, is still providing a typical
input signal for OM as would be found in rangeland soils from Southern Spain.

Another important carbon component in semiarid soils is carbonate, mostly in the foalaita:. It is true that the
used pure CaCf s notexacty same as mgenic or geogenic calcite, but for the simplified artificial soil and to test the
differentiation betweerarbonates and graphitic C it should be sufficiently simiféie most importat difference should be
visible in the thermal properties, wherebydpgenic carbonates tend to start decomposing at6880C, with the major
decompositiorpeakcoming around 75 (e.g. Apesteguia et al. 2019; Pallaser et al. 20d8)le the purer calté started
with decomposition just above 6T it reached its major decompositipaak around@25°C (Fig. 2 in the manuscript) Note
that we also include an additi onal sdogeni calcittlAtBe FRuesitcan wh i
be seen that there is no difference in predicted graphite between the AB soil and the quartz, both spiked with gragptite stand
This indicates that there is no significant influence of the pedogenic carbonates on the graphite prediction méh the s
combustion method.

In the next step we tested natural soil and graphitic rock. By creating a sample set with differers ahgvaphite
added to the soil, we tested the methods for their ability to quantify graphite. By taking also a carbioseileniit a different
mineral composition (i.e. feldspathic and without garnetsalse tookthe influence of mineralogy on the ability of graphite
guantificationinto accountwhich resulted in thenatrix effect highlighted in the manuscript

In our pant of view, further study is only realistic using smart combustion or a comparable method (lik@EGA
RockEval) as theyprovedto be most promisinglhe alternating between oxic and anoxic conditions during a measurement
is also a not often employed rhed to differentiate between soil carbon compondfas.FTIR it isfrequently shown in the
literature that the performance of IR spectroscopic models for predicting soil properties increases with sample settyomogenei
(e.g., Grinand et al., 2012), i.ealibration and validation become more precisely when focussing on samples from similar or
identical sites and soil matrixeSalculaing a model including both calibration data sets, soil 1 and qtestited in #LSR
model with an R of 0.96 and an RMBP of 0.24 These values werthe same level as found for the single models.
Nevertheless, all models substantially overestimated the graphite co¥eewill highlight this even further in the discussion
(see belovand 29 addition under point)L The use of graphite addition might be most practical for testing quantification of
graphitic C in different mineral matrixes. This should also shed more light on how geogenic C, pyrogenic C and carbonates

could be distinguished from each other.

12
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AThe calibration between infrared spectra and graphit

and 1b) and could also be used for a er@dwlation (Fig. 5)Although the same substrate materials and similar contents

of graphtic C were used in the validation, the graphite contents were systematicalyredated. Despite the apparent

quality of the calibration, this failure could have been caused by the relatively low number of calibration ddoteles.
that the use of thievo calibration data sets, soil and quartz, in a joint PLSR model (R96 and an RMSEP = 0.24; 3

components) did not improve the calibration nor the prediction accutamannot be excluded that a higher number of

samples for the calibration could ingwe the PLSR model and the prediction results. Further, Raman spectroscopy might

be an alternative approach for quantifying graphite in soil samples (e.q., Sparkes et al., 2013; Jorio and Fido, 2016).
p.26, line 2871 p.27, line6

3. The authors iderfied one of the challenges of thermally distinguishing forms of C as the determination of threshold

temperatures. However, the description of how TGA dat a
from the cal i br ae¢sitemperatusedirits for qaantificationt ofi grapHitic C in the calibration sets was
determinedo are not reproduci bl e. These steps may be tF

expert in this field would be unable to verifydaepeat it. More detail is required here. There are also no details provided on
how these data were used in the calibratibime selection of different threshold temperatures somewhat undermines the "smart
combustion™” approach if it cannot be universalpplied.Perhaps there is some elaboration required in the discussion about
how much control over threshold temperature there is available with such an instrument, and whether the DIN methods are
suitable/adequate standards.
We are sorry that the data pessing was not clearly stated. Together with your next point, we have extended and revised our
description of the data processing, which is hopefully now better reprod(ssiglgpoint 4 for suggested revision)

We will emphasize our discussion of théNDmethod to highlight that the smart combustion method is a rather
standardized version of the EGA method and that it should therefore be applied with care as long as the thermal boundarie

between substances are unknown.

fiBecausewe focused in this stly on the ROC component, which significantly correlated with the graphite coatent,
consideationof the other componenteentionedn the DIN19539standard was beyond the scope of this study. Nonetheless,
we found indications that the thermal boundadefined in the DIN19538tandard are not ideal to differentiate between soil

OM and inorganic C (Fig. 8). As most carbonates staretmahpose at temperatures of 85qFoldvari, 2011), it might be

more suitable to increase the level for the TOC compdinemt 400 to 500°COnly whenblack C is present in the sample,

which might oxidize between 375 and 8@0(Roth et al., 2012)this might lead to an overestimation of the TOC content.

Using TGA simultaneously with differential scanning calorimetry, water @3/H,0 flux measurement§.e. evolved gas

analysis Fernandez et al2012)or with the RockEval method focusing on hydrocarbon, £0d CO release (Behar et al.,
2001) could improve the developmenf a more standardized method applicable to soils using combustion elemental

analysers. The overlap between the thermal properties of different C components emphasizes the need to always first consid
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what is present in the sample and what might interfeté tie considered methodolaglefore applyinga fast and
standardized analytic methad 39,.line 297 p. 31, line8

4.1 would argue that since this is such a key/core component of the study, that it deserves its own separate subsection withi
themehods (ie, statistical anal yses). | dm not 100% sure t
difficult to follow precisely how each of the calibrations were generated. But if | read it correctly, the authors apge=ar to
different nethods to generate the calibration curves depending on the quantification method. PLS was used for the FTIR
met hod of guantification, not sure how it was done f or
combusti ono d aetimepentient vaidble shouwdddectearly idehtifiglr esumabl y the fAknow
graphite in the mixture (though this should be verified using total C analyses). The dependent variable should alsg be clearl
identified. Lastly, while the calibrain/regression lines are shown with error envelopes, none of the data points have errors
associated with them. Were the analyses replicated at all? | found on mention of these. Clearly, each of the analytisal metho
has instrument/analytical error assotéa with them. How were these accounted for in the study?

As every method requires its own statistical analysis, we decided to split the statistical analysis section over the differen
method sections. As this seems not to make it clearer, we will stdagections for each method, clearly stating the statistical

analysis conductedrurthermore, we have extended the part of the TGA method to increaseasidtity data processing

fi2.2.1 Statistical analysis of the FTIR spectroscopic data

The partial last squares regression (PLSR) analyses of correlations between the transmission or DRIFarspéotra
graphite contents (014 %) of the samples were performed using R, Version 3.1.1 (R Core Team, 2014) with module PLS

(SIMPLS, crossvalidation: leaveoneout) of Mevik et al. (2018)I'he signal intensities were used as independent variables,

the graphite content as dependditte number of components used in the calibration models followed the lowest predicted

rootmeansquare error (RMSEP) of the sffecdatasets. The scores and loadings were plotted for the two main components
determining most of the variances of the DRIFT spectra. Larger absolute loading values of signal intensities in certain WN
regions imply a greater importance of these WN ferabmulated values of the principal component 1 or 2 displayed in the
scor ep. p2 lod22-36

fi2.3.1 Statistical analysis of the TGA data

TGA measurements were processed and thermal mass loss data obtained via the Proteus Thermal Analysis softwa

(NETZSCH, Hanau, Germanyhitial testing with triplicates revealed that the repeatability error, expressed as coefficient of

variation of the mass loss in areas of interest, was belovwwRasured sample mass data are fitted with the spline function

overthe temperature, with steps ¢fCL Further analyses of the obtained data were conducted using R, Version 3.5.1 (R Core

Team, 2018). Using the module P{M8evik et al, 2018),a model was created for each calibration set to determine the graphite

contentbased on the measured mass change in a certain temperature range and the known graphite addition, using the me

change as independent variatidg.iterating the model creation over the temperature range from 400 to 1075°C with minimum

step of 5°C differece and recording the slope, intercept and RMSEP of each created model, we evaluated the temperature

range describing the graphite content of both the calibration sets most precisely. For this purpose, the RMSEP of these mode
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were used (Fig. S4, s&ippkment),and a single temperature range that fit both calibration sets was deteérpir28l. line
12-25

fi2.4.1 Statistical analysis of the Smart Combustion data

The SoliTOC devicedirectly converts the NDIR signéd C content of the different components, as calibrated with GaCO

Creating an additional model to correct the C output was found, is introducing an additional error in the measurements.

Therefore, we analysed the direct C output, as measured in the R@@hfrBriplicate measurements were averaged, whereby

the average coefficient of variation between replicates wées.247Pearson correlation test was performed between the

obtained ROC data and calibration sets\taluatethe graphite contemheasuremest p. 24, linel1-17

5. The methods chosen for comparison were not especially the best available or most appropriate given the current literature.
I't al most seems as though there was a foregonandthemeed! usi
was to validate these. However, as the authors correctl
of selecting a threshold temperature for distingudoshing
at a minimum uses the same threshold for all samples. The selection of FTIR was intriguing since the presence of interferenc
bands is well documented. | thought there might be a better spectral method (NIR, MIR, Raman, etc.) that would be bette
suited to the task. Similarly, the use of TGA has well documented shortcomings in that mass loss reactions are not all
attributable to organic C combustion/pyrolysis. In fact, the only method that directly quantified carbon in the current study

was t hec ofitsbhwasrtti ond. While the authors discuss the possil
opportunity for using EGA during ramped heatnghi ch is essentially what #fAsmart
combustiono is.

We encountered an analytical problem during oorkwby the standard methods employed for carbon quantification and
recognized the need for the development of a quantitative method to determine graphite in soils. Therefore, we developed
test program with methods available to us to overcome this issuge expect that others might encounter similar problems
(because of the occurrence of graphite containing rocks as the base for soil formation), we decided to share our experienc
with the scientific community.

It is completely right that mass loss ainted by the TGA method are difficult to correlate with organic C, as OM
tends to be chemically heterogeneous. Nonetheless, graphitic C is almost pure C and by using graphite addition tests, w
expected the TGA method to correlate better with the gragbitiontent than with OM content of soil samples.

Smart combustion, in our case with the SIAMC deviceof Elementar companyis indeed not the most flexible
method to explore thermal properties of different carbonaceous substances as provided with most EGA methods. On the oth
hand, the smart combustion method provides a standardizeg seaking the measurement of largempée sets more
feasible We will highlight this further in the discussion section 4.4, as given under point 3.

Concerning the potential suitability of Raman spectroscopy, we added a sentence to the discussion. We want to notic
that NIR and MIR (suggestday the reviewer as suitable for graphite determination) are FTIR techniques. As mentioned in
the methods, we used FTIR spectroscopy in theinfidred wavelengths (21525 pum). Unfortunately, Raman spectroscopy

was not fully available for this study. Netineless we will add thiRamanspectra below for clarification about the degree of

15



10

15

20

25

30

35

40

45

graphitization of thgraphitic schist standard graphitend to show that there were no indications for the presence of pyrogenic

C, as discussed under point Aurthermoe, we will include a few sentences on the potential of Raman spectroscopy for

developing a quantification method:

flAs Raman spectroscopy is suitable to distinguish graphitic C and determine its degree of graphitization, it seems to

be a promising methodNonethelessto use Raman spectrometry for quantification of substances in a soil matrix, further

studies should first focus on standardization of sample preparation, as it has a large influence on the measuredumntensities

baseline determination atitereby the direct quantification of components (Beysacc and Lazzeri, 2012; Sparkes et ab., 2013).

Between B0, line 25-28
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Figure S1. Raman spectra of the graphite standardt]ack), graphitic schist (red) and soil of calibration set 1 (i.e. natural graphite
containing soil,blue). Vertical lines indicate the peaks for amorphous carbon (1342/1339 dinand peaks for graphitic carbon (1575
cmr! standard/schist and 1596 cr for soil of calibration set 1). Indicated are the D1 band (1350 cf), caused by plane defects and

heteroatoms in the carbon structure, G (1580 crfj ,
disordered graphitic lattices.

crystalline

16

car bon

. €.

Plucaused gyr ap hi



10

15

|2o

25

30

| dentifying and quantifying geogenic organic carbon in soils the case
of graphite
Jeroen H.T. Zethof, Martin Leué, Cordula Vogel, Shane W Stone?, Karsten Kalbitz

! Instituteof Soil Science and Site Ecologiechnische Universitat Dresded, 737Tharandt, Germany

2 Leibniz-Centre for Agricultural Landscape Research (ZALF), Research Area 1 Landscape Functioning, Working Group
Hydropedology, Eberswalder Str. 84;15374 Mincheberg, Germany

3 Max-Planck Institute for BiogeochemistidansKnoll-Strale 10, 0774%na, Germany

Correspondence tderoen Zethofjeroen.zethof@tdresden.de

Abstract

A widely overlooked source of carb@@) in the soil environment isrganic carborfOC) of geogenicorigin, e.g. graphite
occurringmostlyin metamorphicocks Appropriate methodare not availabléo quantity graphite and to differentiate it from
other organic and inorganic C sources in sdilsis methodological shortcomirgso complicatesstudies onOC in soils
formed on graphiteontaning bedrockbecause of the unknown contritmn of a very differensoil OC source.

In this studywe examined Fourigransforminfrared (FTIR) spectroscopy, Thermogravimetric analysis (TGA) and
the smart combustion methedor their ability of identifying and quantifyinggraphiticC in soils For thispurpose several
artificial soil samplse with graphite,CaCQ and plant litteras usual C components were createdyraphitic standard was
mixed with pure quartz and a natural doil calibration and validation of the methods over a graphitiange of 0.1 to 4%.
Furthermorerock and soil material froheth-a graphitebearingschistanda schist withoutnaturalgraphitewere used for
methodvalidation

FTIR: As specific signaintensities ofdistinct graphite absorption bands wemgssing, calibrationcould only be
performed on general effects of graphite contents on the energy transmitted through the samples. The use of samples fro
differentmineralorigin yielded significantnatrix effects and hampexithe prediction of geogenic graphite contents in soils.

TGA Thermogravimetric analysivased orchanges in mass loss due differences inthermal stabilitiesare
suggested asusefulmethod forgraphiteidentification although(calcium) carbonate argtaphiticC have a similar thermal
stability. However, the gantitativeestimation of the graphite contentaschallengingas chydroxylation(mass losspf a
wide range of soil minerals occinra similar temperature rareg

Smart combustiarmhe method is &ised on measuring the release of C during a combustion pragrantifiedby a
non-dispersive infrared detector (NDIREing part of a commercial elemental analysdrerebycarbonate andgraphiticC
could beseparatedby switching between oxic and anoxic conditiahsing thermal decompositiorsBampleswere heated to
400°C under oxygen rich conditions, after which further heatimg done under anoxic conditions till 9@ The residual

oxidizable carborfROC), hypothesized to be graphit; was measured by switching back to oxygenic conditions &200
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Test samples showed promising results for quantifying giaghih soils.For the purpose afuantifyinggraphiticC content
in soil samples, smart combumtiwas the most promising method of those who have been examined in thisiswdyer,
caution should be taken with carbonate richssmslincreasing amounts of carbona®ulted in an undesémation of graphitic

C content.

1 Introduction

In the pastlecades, global carb@®) cycling hasgained more and more attentioAs an importantomponentn this cycle,
the soilC reservoirconsistsof many dfferent formsand types of carbonaceoushstanceseachwith uniqueturnover time
and functionsProkably the nost widely studiedand dynamicsoil C componentis fresh organic mattgfOM), derived from
litter input, decaying organismand plant exudategsummarized irBlankinshipet al.,2018). Anotherwell studiedsoil C
componentis inorganicC in the form of carbonatesyhich form an important part of the sa@ pool, especially under arid
climate conditions(Zamanianet al.,2016; Apesteguieet al.,2018. Black C, defined asa broadset of highly condensed
carbonaceousy-products(e.g. soot)and residues (e.g. charcoal) of incomplfetssil fuel and biomass combustjomas
obtainedan increasinginterestduring the past decadéAgarwal and Bucheli, 20110rganic C (OC) of geogenic origin
which hasgained less attention until ngwg formed when m@anic compounds in sediments undergo coalification or kerogen
transformation duringliagenesisUnderhigh pressure andppropriateéemperature conditionsis process can continirgo
theformation ofgraphitic C although weHcrystalized pure C isarely producedOohashiet al.,2012;Buseck and Beysacc,

2014).Redox transformations during metamorphoses of carbonatesalsado the formation of highly crystalline graphite

(Galvez et al., 2013)ntruding hydrothermal fluidsinthear t hés c¢cr ust f o grapkitic@ dusngroak n d

formation_which produceshe purestgraphite crystal§Rumble, 2014)This relativdy pure and stable form of C is highly

chemical inert, although impuritié®om the parent material increasts chemical reactivity (Beyssac and Rumble, 205
tectonicprocessegraphie beaing rocks can reach the eabtisurface wherghey are subjected fohysicaland chemical

weathering Therefore, graphitic C occurs mainly in rocks from orogenicshatid in metasedimentary rocks in old cratons

and might be a quite common bedrock for soil development (Hartmann and Moosdorf, 2012; Buseck and Beysacc, 2014).

-The fate ofthis-geogeniagraphiteunder weathering angbil formation has rarely been studigubssiblydue tothe
lack of methods for determining and quantifying geogenic graphite beyond the backgroundd® §0iC). There are some
indications that a substantial part of tfeogeniaraphiticC is actuallylost in the pathway from rock weathegito(maring

sedimentatior{Galy et al.,2008;Clark et al.,2017).Isolated naphthalenrgegrading bacteria from contaminated soilve

to oxidize and degrade graphitic materials, questioning the assumed biological inactivity of graphite (Liu et akin2815).

recent studyHemmingwayet al.(2018)estimatedhat2/3 of the gaphitic C te-getis oxidized during soil formation, strongl
facilitated by soil microbial activity.
The necessity of identifying and quantifying geoge@ibecomes obvious when considerthg widely used“C

dating method to measure the mean age of substandeseir turnover ratgd rumbore, 2000). A€ is depleted in“C over
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50.000 yeardollowing burial, geogenicC will contain no longef“C and might dilute thé*’C content of younge€ pools
(Rumpel and KégleKnabner, 2011)Although te dilution effectmight be of less importance for tligpool intopsoil,it can

become more importaiin subsoilthis-can-become-more-impeortaas theC gets older and geogen@ might have a more
dominantsharein the totalC pool (Rumpel and KégleKnabner, 2011)If geogenic C cannot be distinguished from the

inoalm soil organic C derived from fresh OMForiastagce, mthed t ur
case of Hemmingwagt al.(2018), theOM in the upper soil layers should have aged for over 20.000 years to explain the
derived“C signa, which is unlikely under the local tropical conditions. Although exact figures are unknown, momnthan

fifth of the global lithologymay potentially contairas-the-potential-of-containingraphiticC (Hartmann and Moosdorf,

2012) This illustrates e necessity to distinguish between the diffe@sburcesge-be-abl orderto study the fate and

residence timén soils
Several quantification methoddased on optical, thermand chemicalproperties,have been established for
identificationand quantification of various C sourc@sobably the most widely applied method is measutimgleasd after

dry combustion. Howevedry combustion is not suitable to differentiate betwatendifferent(in)organicC components

iorand which sheuldthereforehave tobe corrected for or even

removed Several préreatments, like thermal differentiati¢ag. Apesteguiaet al., 2018 or removal by acid fumigation (e.qg.
Harris et al., 2001)n the case of carbonatebave beerestablishedestablishedto—differentiate—between-the—different
carbonaceous-substances

OthermethoedSpectroscopic techniguesuch asouriertransforminfrared (FTIR) spectroscopy in the rridfrared

range (wave lengtha.57 25 um)is-aarewidely usediechnigueo qualify organic and mineral matter in saih terms of its
functional groups (Smith, 1995; Parikhal.,2014). Transmission FTIR yields highly resolved spectra with lglsaparated
absorption peaks, buequiressample dilution. In contrastiffuse reflectance infrared Fourier transform (DRIFT) can be
applied to undiluted soil samples (Reeves,30h particular to determin®C contents of soils (e.g. Reeves et al., 2002;
McCarty et al., 2002) via paal least squares regression (PLSR) (e.g. Janik et al., 1998). For employing FRIER dpectra
are calibrated bdC contents obtained with standard techniques such as dry ceomb{esyy. Vohland et al., 2014).

Mid-infrared spectra from graphite show fatbsorption bands. Among the bands at wave numbers 2200, 1587, 1362,
and 830 cm reperted-by(Friedel and Carsqr{1971), the bands at 1587 and 868cwere attributed to optical lattice
vibrational modes of graphite (Chung 2002) while the other twosaathot be assigned to specific functional gréaps

notbeen-foundTanet al.(2013) reported no prominent peak in FTIR spectra from pure graphite powder. However, in case of
oxidized or impure graphite, a number of infrared absorption bands assigfiedH (3400 crmt), C=0 (1729 cm), phenolic
Ci OH (1220 cmt), Ci O (1052 crt) and aromatic CH (870 cmt) have been reported (Tan et al., 20T3pending on the
graphite C amount and transformation stage it is not clear until now, if they can be definédamples.

Thermal / thermogravimetric anabs(TGA) have been appliedor a long timeto study the mineral components of
soils androcks. For instance, the Roekval method has been developedddrand gas exploratiomvherebymeasuringhe
hydrocarbon, CO and GQroncentratiog-arermeasurecduring by a consecutive pyrolysiand oxidation program under
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constant heatin{Behar et al., 2001More recent thermal anagshavebeenadoptedo study the oxidatie behaviour ofoil
OC, whichmightserve as a proxy for biogeochemical stabibtyhesesubstanceglanteet al.,2009. TheRockEval method
has been successfully applied to charantethe more stable part of OMmaining in the soil after longrm kare fallow
(Barré et al., 2016)0ne of the advantages of TGAtle relatively inexpensiveapproachwith minimal sample preparation
neededo distinguish between different sd@ilcomponentgPlant et al., 2009%ernandez et al.,, 201R;u | er 2 k &t al
Additionally, it is a promising method tdifferentiatebetween the thernlglinstableOM and higlty stable geogeni€, like
coal or graphiteA precondition for quantifying substances with the TGA methalddthethermal propertiesf the substare
of interestareknown, i.e. the temperature limitg which theoxidation/decompositioreactions take placés nouniversally
accepted temperatuttamits currently exist, the methodstill depends on empiridsl derived temperature boundaries to
differentiak andquantfy substancegPallasser et al., 2018)ssiri et al, 2014).

lt-has-been-demenstrated-Bgrrande et al. (2012) demonstratedhat TGA coupledwith differential scanning
calorimetryand evolved gas analysis (&8-0), increase the accuracy of quantifying organic substandegng thermal

analysisEspeciatyn particulat thepresenegletection limitof CaCQ could bedetectedn-smallerquantitieaswithdecreased

compared teonventionall GA sincethe decompositionould bemasked byhe dihydroxylation ofclay) minerals (Fernandez

et al., 2012)The sameprinciple can also be expected for oxidation gfaphitic C, as it takes place abughly the same
temperatureanges asthe (clay) dihydroxylation and CaCGQlecompositior{Hayhurst and Parmar, 199Bewset al.,2001).

Recently,a new method habeen developetlased on experience with TGA measurements, whidefigedin the
DIN 19539standardDIN Standards Committee Water Practiz@16).In short the DIN-standardiefines biologically labile
OM in solid samples, including soils, to be thermally oxidized at temperatures beld@@WCiog), while residual oxidizable
C (ROC) like lignite or soot,and inorganic C (Tleg) are oxidizedrespectivelydecomposd between 400 and 90D
Combustion elemental analysglmsed on ik DIN-standardpffer alsothe possibilityto altenatebetween oxic and anoxic
conditions during a measuremein this method,dubbednamedii s ma r t combustiono, C compc
differentiated on both thermal and oxidizable properfiegheory,graphite asa pureC, will oxidize poorly under anoxic
conditions Hayhurst and Parmar, 1998; Bews et al., 30@Mhile carbonatedo nd requireoxygen to decomposat these
temperaturesContradictory to thgyrolyzing step of OM by th®ock-Eval methodBehar et al., 2001 OM is immedigely
oxidizedin the first heating phaseith the smart combustion methotiherefore, it is less likely that byroducts of OM
pyrolysis end up in the same fraction as graphitic C.

In summary, gaphiic C content in soils tareceived very little attentioasa quantification methots lacking. This
study aims tdest severahvailablemethod for identifying andquantifying graphiic C content ofsoils by examining~ourier
Transform Infrared spectroscopy (FTIR)ermogravimetric analysi§ GA) andthe smart combustion methodEo test the
validity of the above methodsr graphite identification and quantificatiowe analysedboth natural and artificial soils that

included widely present soil C components, i.e. carborzaté<OM
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2 Material and Methods
2.1 Artificial mixtures and soil / rock samples

Top il andfreshrock samplesrom anearbyoutcropwere takerfrom a field sitein Rambla HondaSierra de los Filabres
(37°7'43"N, 2°22'30"W / Southern Spain The area is located in the Nevdéitabride complex and contairi3evonian

Carboniferousslaty micaschistwith graphite and garnets crossed by abundant quartz veins (Puigdefabregas et al., 1996).

Carbonates found in the soil samf0el8 % C) originatedfrom pedogensisanddust depositionas the parent rock does not

contain carbonateSoil material was takefrom the topsoil (€6 cm, without sieving crust) under the grass tusééagrochloa

tenacissiméao ensure a substantial amount of OC was present. The soilweetiassified as Skeletic Leptosol (colluvic)

according tahe WorldReferenceBase forSoil ResourcesWRB, 2014).Additional soil material was collected froafield

sitenear the town of AlbolodufB87°4'9"N, 2°36'43'W), hereaftereferred to ag\B soil, with similar vegetation and (climatic)
conditions The lithology consistsf feldspahic micaschist(IGME, 1979) but without naturalgraphite andvith a much
higher CaC@ content (.87 % C). The AB soil classifed as Skeletic Leptos§WRB, 2014),was also sampled from the

topsoil, without sieving crust, under the grass tusddakrochloa tenacissimaThe soil samplesweredried at 46°C and

sieved taO2 mm.

Furthermorethreeartificial soils werecreatedresembling a simplified version afatural soil sampld=or artificial
soil 1the organidorizonunder deciduous tree species in Tharandter Wald (Saxony, Germaroglleatedas OM substitute.
Muscovite(American Educational, PR00657LD63, aprimarymineralpresentn thecollectedrockand soilsamplegIGME,
1975), wastaken as mineral component agobundin an agate disc millTogether with CaCe(Merck, Darmstadt,PN
1.02066 and graphite standardaterial(Merck, Darmstadt PNL.04206) the componentaeremixed in a pure quartz matrix
(Merck, DarmstadtPN 1.0753§ in the ratio of 1®6 Muscovite, 2.46 OM (=1.0% C), 2.1% CaCQ (=0.25% C) and 0.%%

graphite (=0.9% C). Additionally, the individual components were mixed in quartz in the same concentrAfitificial soil

2 was madevithout carbonatend Atrtificial soil 3 withoutgraphite wherebyconcentrations of the other components were
keptthe-sameonstan(Table 1)

For testing and developing potentiplantitativemethodsthe graphite standardvas used as reference material and
added to soifrom RamblaHonda Gereafteidenoted asalibration set 1) or with pure quartzefeafterdenoteccalibration set
2) asamatrixin differentquantitiesfrom 0.1 to 4 % (Table 1All samples were grundin an agate disc mi(Retsch GmbH,
Haan, Germanyin order to ahieve homogenisation.

Total C content of the different mixtures and samples were measmeédheckedising an elementa&N analyser
(Vario EL Cube Elementay Langenselbold, GermanyBy acidifying samples, using an excess of HCI, the carbonates were
removed. After dryingat 60°C, the differencewith-and-without-acidetween acid and neatid treatment was measuradd
calleddenoted athetotal inorganiaC (TIC). TC and TIC values of the used samples are summarized in TaAllle &sumed

that with dy combustion at 95@ underpure oxygen atmosphere, &llholding components wemdecomposed ooxidized
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and therefore the tot@l content could be measurékhis assumption was later validated by performing TGA temperatures up
to 1100C.

Raman spectra ahe soil of calibration set 1, the standard (Merck) and grapgitiist wergecorded using a

Thermo Scientific DXR Smart Raman Sgremeter, with 532 nm laser and a power output of 9 mW. Before the measurement,

samples were pressed in aluminium cup® dbtained peaks were integrated using Lorentzian profiles fitting in Origin 2019.

The spectra of the graphite standargrahighly similar to the graphitic schidiFig. S1 in Supplement). The D1
(~1350cm), G (~1580cm) and D6 Y peakscouddbe attributed to graphitic C. The ratio between the D1rend

sum of all three pealareclear indicatos for the degree of graphitization (Beysacc et al., 2003; Ferrari, 2007). Ratios of 0.20

for the graphite standard (Merck) and 0.34 for the lgitapschist indicated well organized carbon (< 0.5, Beysacc et al., 2003)

for both samples. Peaks around the 1200 and 156Mamds, which would have indicated the presence of pyrogenic / black

carbon components (Sadezky et al., 2005; Schmidt et 8R) 20uld not be observed in all samplesuding the soil sample

(Fig. S1).

2.2 Fourier Transform Infrared (FTIR) spectroscopy

For transmissioirTIR analyses, 1 mg sample was mixed witmg@Ppotassium bromide (KBr; MercParmstadt3 sample
replicates) finely ground in an agate mortar, and pressed to pellets. The transmission spectra were recorded in a Biorad FT
135 spectrometefBIO-RAD company, Cambridge, USA) as 16-added scans between wave number (WN) 4000 and
400cnt! at a spectral resolution ofchr!. The spectra were corrected against ambient air as background and were converted
to absorption units. For DRIFT analyses, grommdtures of calibration set 1 andw&re poured into standard cups (three
replicates) withat any dilution. TheDRIFT spectra (16 cadded scans, WN 4000 and 400 ¢cmesolution 4 cm) were
corrected for ambient air using a background spectrum of a gold target (99%; Infragold) and were converted tiduitelka

units. All spectra were correctdor CO, absorption of the ambient air between WN 2400 and 2280and smoothed (boxcar

moving average algorithm, factor for transmission spectra: 25, factor for DRIFT spectra: 15) using the softwHRePvdIN

3.4 (Digilab, MA, USA). For each sample@mean spectrum was calculated from the specttaed replicatespectra.

2.2.1 Statistical analysis of the FTIR spectroscopic data

The partial least squares regression (PLSR) analyses of correlations between the transmission or DRIFT spectra and tt
graphite contents (014 %) of the samples were performed using R, Version 3.1.1 (R Core Team, 2014) with module PLS

(SIMPLS, crossvalidation: leaveoneout) of Mevik et al.(2018)_The signal intensities were used as independent variables,

the graphite content as dependditte number of components used in the calibration models followed the lowest predicted

rootmeansquare error (RMSB of the specific datasets. The scores and loadings were plotted for the two main components
determining most of the variances of the DRIFT spectra. Larger absolute loading values of signal intensities in certain WN
regions imply a greater importance bése WN for the cumulated values of the principal component 1 or 2 displayed in the

score plot.
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2.3 Thermogravimetric analysis (TGA)

The TGAswere conducted onS&TA 449 F5 Jupiteanalyse(NETZSCH Hanau, GermanyTherefore 20-40 mg of ample
materialwasplaced inan Al,Os crucible and heated under a constant heating program from ambient f&CMi€i©a ramp
of 20°C minL. First analyss wereconducted under an oxygeich atmospherawith an inflow of 250 miO; min* and 250 ml
N2 min'. Additional testswere done under anoxic conditions whereby the oxygen inflow was dugtwfEen 500 and 850.

The oxygen inflow was restored and the heating program contimidd 100°C.

As carbonates mighihterferein the TGA measuremendf graphiteand high bloride concentrations damages the
equipment, they were removed from the sample usingditefumigation method of Harrées al.(2001) Briefly, about 40 mg
of sample was weighed in a silver foil capsules, moistened to approximately field capacityiarsddmsiccatannder vacuum
conditionswith a beaker 081%HCI andfumigatedfor 24 hours. Afterwards the sample was dried af6Mvernight before

it was transferred tan AkbOj; crucible for analysis.

2.3.1 Statistical analysis of the TGA method

TGA measurements were processed #metrmal mass losslata obtained via the Proteus Thermalalysis software

(NETZSCH Hanau, Germanylnitial testing with triplicates revealed that the repeatability error, expressed as coefficient of

variation of the mss loss in areas of interest, was below R¥¢asured sample mass data are fitted with the spline function

over the temperature, with steps 6€1-Furtheranalygsof the obtained dataereconductedisingR, Version 3.5.1 (R Core

Team, 2018)Using theFitting Linear Modeldunction, models were created from the calibrations ¥¢ith the module PLS
{erossvalidation—leavenne-out}-of (Mevik et al,.{2018),a model was creatddr each calibration séb determine the graphite

content based on the meesd mass change in a certain temperature range and the known graphite addition, using the mass

change as independent varialidg.iterating the model creation over the temperature range from 400 t&CI@®B minimum

step of 5°C differencand recordinghe slope, intercept and RMSEP of each created model, we evaluated the temperature

range describing the graphite content of both the calibration sets most precisely. For this purpose, the RMSEP of these mode

were used (Fig. S4, s&pplement)and a sigle temperature range that fit both calibration sets was determhiedsbst

specific-datasets

2.4 Smart combustion

Smartcombustiondenotes the method based on the DIN19839) standard(DIN Standards Committee Water Practice
2016),wherebysolid C components are separated based on their thermal and oxidizable properties. Smart cowdsistion
conducted with the SelfOC cwe analyser (Ementay Langenselbold, GermahyThe device isequippedwith a non
dispersive infrared detect@IDIR), whichmeasures thdegree of infrared lighibsorbanceausedy CO, concentration in

the measuring ga©-/N2). The NDIRhas-beewascalibrated with CaCe@and additionally CaC®wass used to control and
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calculate a daily standarfdr the measuredotal C contentmeasuredDepending on the expected carbonate and graphite
concentration, 4090 mg of homogenized sample was placed irctheible This was done to make sure thatpeak surface
fitsis well to within-the calibration range without causing unnecekskargepeak aregsvhich might influence the separation

of the peakd substanceduring analysister-on Following the DIN19539 GStandard standard gas stwhing progranof

the SoliTOC cube analysethe sample was first heatémlandheld at400°C for 240 secwhereby thditotal organic carbon
400°Co (TOCu00 was obtainedSubsequentlyhe atmospherevas switchd to inert gasN) and after arquilibration timeof

100 secthe sample was heated to 9G0and feld for 150 sec C releasedduring thispyrolyzing phase islenotedasTIC,
while-it mainly consighgs of carbonateswhich do not need oxygen to decompostter 150 seg the oxygen gas flow was
reintroduced and a thir@ componentthe residual oxidizabl€ (ROC), was measuredt was hypothesized that this ROC

fraction represents graphite.

2.4.1 Statistical analysi®f the Smart Combustion data

The SoliTOC deviceAs-the-devicadirecly converts the NDIR signah-theto C content of the differentomponentsas

calibrated with CaC® Creating an additional model to correct the C outpnirodues an additional error _in the

measurements. Therefore, we analysed the direct C output, as measured in the ROCTiramditate measurements were

averaged, whereby the average coefficient of variation between replicates was Ad@%Bearson correlatiotest was
performed between the obtain&®DC data andcalibration sets tcevaluate—test-how—well-the graphite contentwas

measuretheasurements

3 Result
3.1 Overestimation of graphite contents by FTIR spectroscopy

The PLSR of the calibration set showsttbng rehtions between the transmissibiIR spectra from botbalibration setand

the graphite concentrations when considering samples with4% graphite (Figsla andlb). For DRIFT spectra, the quality
of these calibrations was at the samelléeal. Set 1R? = 0.97, RMSEP = 0.16al. Set 2R2 = 0.98, RMSEP = 0.)2For
calibration set Xbased on natural soifjs well as forcalibration set Zbased on quartzpne main componemt the PLSR
presented most differences in the graphite canaton (Figs.1c andld). This component showed the highest loading values
across the entirmange ofwave numbeswith some exceptions. Foalibration setl, wave numbers with decreased loading
values were found at spectral regions 1077, 1031, 10139934778, 536, 471, and 411 ¢mvhich allcorrespodedto the
prominent absorption bands of theginal soil used as matrixcomprising functional groups from organic and mineral matter
(Hesse et al., 1984; Senesi et al., 2003; Van der MadeBantdéspacher, 1976). Faralibrationset 2 the wave numbers with
the smallest loadings at 1171, 1084, 796, 778, 694, 506, and 45reneunexceptionalhspecific for quartz (Van der Marel
and Beutelspacher, 1976).
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Thecrossvalidationofby the PLSRcalibraton ef-bethealibrationsetsl and 2using spectra from the otheailibration
set, respectivelyshowedyielded linear relatioships, Hhowever;thisrelationship-producedn-overestimation-in-absolute
overestimatedhe graphite contents of ca.52 % C for set 1and1.87% C for set 2(Fig. 5). The graphite content of @36
for the artificial soil was 3.5times overestimated by the PLSR calibration usiag 1 (predicted: 1.75 %) and 3-times
underestimated byalibrationset 2(predicted:0.17 % C). The graphite contents in the graphitic schisis estimated to be
1.91% C by calibration set And 3.71% C by calibration set 2, whictvass+espectivel2-times and 4.8imes higher than
the total C content of the graphitic schist (Table 1)

3.2 Strong matrix dependency ofTGA predictability

First qualitative TGA results revealed overlapping mass loss peaks of graphite angl(E@CZ). Between 750 and 858Q,
the sum of the mass losses of the individual components was smaller than the mass loss of the mixture of these components

Usingthe RMSEP values dhe twocalibration sets o$oil and quartzwith graphite the most useful temperature

rangefor modelling graphite contenvasidentified-Ba ‘ : g j ite-content

by-mass-lossvas-identifiedbetweert80°C and840°C (Fig. S4, in Supplementas-visualized-in-SupplementadyAccording

to PLSR,for both models, created wittalibrationset 1(R? = 100, RMSEP = 0. O)Sandcallbratlon set :{R2 =1.00, RMSEP

= 0.04), predicted graphite content in their respective matrix quitetiveefredi

matrix-wereguite-goed (Fig. 3). Only crossvalidation by predicting graphite content in the other matrix revealed a short
coming of the TGA methoFig. 5). The slopebetween predicted and actual graphite conigestill parallel to the 1:line,

but applyingthe nmodel derived from calibration set 1 on satiritleestimated the graphite content by 1981C (Fig. 5). In
contrastthe graphite content in calibration sevds underestimated by 1.81Cwsingthe modekalibrated withset 2

The graphite content of tletificial soil (0.5 %)and graphitic schist @reestimated using the twealibratedmodels
(kasetFig. 5, inserted detaidnd Table 3. Thecontent ofartificial soil 1 wasoverestimate®.5times (predicted1.70 % C)
using themodelderived from calibration set 2Jsing the modebased on calibration set the prediction of graphite content
yielded negative valugpredicted:-0.19% C). In the additionally usethat-further-stands-outin-Table-2-are-antficial
soils 2 and 3 which were—withoutlid not containrespectively CaC®and Graphite the graphite contentsBeth-were

underestimated with the model based on calibration set 1 (based on soil) and overestimated with the model based on calibratic

set 2 (based on quartzhdependent from the two models, the relative difference between them is in both cases 0.44, which
resembles the actual graphite cont@ime graphite content of the graphitic schist was estimated to b&@Cldccordingto
calibration set 2butthe modekalibrated with set $howedbetterpredictiors. Where the total €ontent of the graphitic rock
was0.84 % C, the modebf calibration set Estimatedh graphite contentfd.64% C (Table 2)

Furthermorethe artificial soilswere used t@xplorewhetherchangingbetween oxic and anoxic conditiodaring
thermal analysisould separate between timass loss peatf CaCQ and graphité most important for potential application
in soils containingboth componentsChanging the atmospheric compositi@sulted in an artificial mass gain whes/l

gas was switched to,Mnd an artificial mass loss when oxygen was reintroduced4)-jgrobably due to changespnessure,
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and therebyaffecting the massreadings.lt should be noted that a constdmgathg programwas used and therefore the
measurement time spansb4ninutes for both peakblonetheless using artificial soil(@ithout CaCQ) andartificial soil 3
(without graphitg revealed thatualitativeseparation between the two mass loss peaks eeesibfe using changes in oxic
conditions.Based oriT GA observation®n some individual componengd simplifiedartificial soil (Fig. 2), it seened best
to useanoxic conditions from 500 till 8560c°C as allOM will be oxidized at 508C€°C and carbonates should be fully
decomposed at 858°C (Fig. 2). Furthermore, the mass loss pdwld already returnetb the baseline after reaching 850
2C°C, indicatingthatthe decomposition of the carbonates was comglétig. 4).

3.3Direct graphite content quantifi ed by smart combustion

First total carbon (TC) measured by the smart combustion method was compared with the TC obtained by dry combustior

using the elemental analyser, atrdly anydifferences were found={g. S5 in the Suppleme®iipp-4). Residual oxidizable

C (ROC) values obtained by the smart combustion method were plotted against the added amount ofrgcatibitation
setqFig.5). The graphite content ralibration set eems to be overestimategl0.26% C. This observatioran be explained
by the fact that thesedsamplesoil for calibration set Tontains an unknown amount of natural graphite, which expéain
constant overestimatioihe content ofjraphitc C of the soilsin calibration set 2s slightly underestimated, especially with
higher graphite concentratiofBig. 5 and Table 2)

Heanbe-seemTable2that-fThe graphite content of tregtificial soil 1wasslightly underestimatediTable 2) 0.40
% ROCfor theartificial soil 1and0.46% ROC for theartificial soil 2, where-it sheuld-have-besmmpared to the real contents
of 0.50 %. Artificial soil 3 revealedneasurd 0.00% ROC as there was also no graphite in this sariple graphitic schist
had0.79% ROC, which was very similato the total C of the rocKTable 1and 3. Furthermorethe AB soil spiked with
graphite, agn additionalsample without natural graphibeit with a high CaCexontent (1.8P6 C), the-AB-soilspiked-with
graphite;showed a similar underestimationasserved with the calibration sampl&$g. 5).

TheROC results for thaatural graphiticoil, alsousedfor calibration set Aind-was-alsspiked with CaCgrevealed
adownward trend of measured ROC content with increasing amounts of added @a8(30.0 to 2.5% added Gown to
0.01 % ROC absolut@ig. 6) This observation was also evident when taking into accounfethehich-the- ROC-results-are
givenin-Fig—6-Altheugh-_dilution of the sample byhe addition ofCaCQ was-taken-into-accound-downward-trend-of

hsolut@ observed with-increasina-amountsadiled » (from-0-0-t02.5%

added-Candexplairedng at least parts of the underestimation of graphite in this sample (Fig. 5).

4 Discussion
4.1 Matrix effects and the lack in specific &sorption bands hamper graphite quantification via FTIR spectroscopy

The calibration between infrared spectra and graphite contents of the calibesigielsled promising results (Figs. dad

1b) and could alsbe usd for a crosssalidation (Fig. 5. Hew
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seiL-). Although the same substrate materials and similar contents of graphitic C were used in the validation, the graphite

contents were systematically oyaedicted. Despite the apparent quality of the calibration, this failure could have been caused

by the reitively low number of calibration samples. Note that the use of the two calibration data sets, soil and quartz, in a joint

PLSR model (R= 0.96 and an RMSEP = 0.24; 3 components) did not improve the calibration nor the prediction accuracy. It

cannot be exduded that a higher number of samples for the calibration could improve the PLSR model and the prediction

results. Further, Raman spectroscopy might be an alternative approach for quantifying graphite in soil samples (e.g., Sparke
et al., 2013; Jorio aniilho, 2016).
The loading values revealed that the relationships used for the PLSR calibrationl¢Fagsl 1) could not be

attributed to absorption bandgraphitereported in literature such as wave numbers 2200, 1587, 1362, and 8@eriadel
and Carson, 1971) or 3400, 1729, 1220, 1052 and 87b(dan et al., 2013). These wave number positions did not match
with the absorption bands of the spectra obtained &alibration set 1 and, Zhegraphitic schisand theartificial soil 1 (Fig.
7). The only exception is WN 3400 ciywhich is mainly caused byi® of free or adsorbed water and is the specific for
graphite.

The height of the loading values across broad spectral regions, i.e. across the entire wave number range in case of tf
soil samples, hints on effects of the general optical conditions withisatimgles. The transmission, itkee energy throughput
in the sample pellet (transmissiéTIR) or thereflectance othe sample surfaceDRIFT), seemdo bea measure for the
amount of graphite added rather than specific graphite signal intensities the calibration setsin addition—but
transmission/reflectiomharacteristics are highly influenced by the mineral composition of a sa@Ggherally, hcreasing
graphite concentrationsased decreasing transmission over the entire spectral kalnigh is a characteristiof the mineral
compostion due to increasing proportions of primary absorption (Kortim, 1969; Hesse et al., 1984). This assumption is
underlined by the fact that calibration was not possitite both calibration setsvhen using baselireorrected spectra,

because baseline correxticompensated thadescribeceffect of decreasing transmissiower the entire wave number range

with increasing graphite content. In additiorRIBT measurements of pure, iwndiluted graphite material (not shown) did

not reveal any prominent absorptibands. Note that specific graphite absorption barathave beeneported in the literature
areonly valid for oxidized graphite Wwere @ O and C=0 groups have been formed to a certain eifiantet al., 2013)hile

FTIR spectroscopy may be feasibde €ietermining oxidized or impure graphite, it was found not usefuliirtasewhere an
oxidization or impurenes®f the used graphite material obviously did not appEarther, the mentioned potential signal
intensities would occur in the same spectasiges as compared to signals from SOM functional groups, thus hampering a
guantification of graphite in soil sampl&onsequently, the lack specificabsorption bands resettin a strong dependency

of the calibration and validation quality on the gd@matrix, i.e. its main mineral component. This matrix effestillustrated

by the incapability of the PLSR models to predict the graphite contents aftifigial soil 1 or graphitic schist (Figo and

Table 2.
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4.2 Strong matrix effects did not alow using TGA as a universal quantification methd

In recentwork, the TGA methodhasbeen tested and further developed for differentiphistween carbonates a@€ / OM
(e.g.Apesteguieet al.,2018). First analysis of individual components in a quanrdtrix revealed that graphite has a similar
thermal stability as carbonatéSig. 2) andoverlapin the thermal region whemehydroxylationof various minerals takes
place fFoldvari, 2011 fFerrgadez et al.2012. As shown inFig. S2 and S3 in the Supplentsupp—4anddiscussed byther
studies complete removal of carbonates from soil sanfygl@cid fumigatioris difficult andmight affect furtheiquantitative
estimatiors. For graphite, estimatigrassoughtfor-graphite,via TGA becanes challenging athe acidaffects the thermal
stability of other soil constituentand makes the sample hygroscoffigarwal and Bucheli, 201JApesteguia et al., 2018).

Additionally, samplegrinding in an agate disk millkepresenhg common homogenization processedfor small sample
a mo u nt ef mg),Intadilccesome changes in thermogravimetric patterns for some minerglsnicasbut makes it also
more fAreacti v dhiswdultl mehn tBat mass I&Opkdks for minetdds the used muscoviteanappear
sharper anat lowertemperaturesn comparison with nogroundmaterials

The best temperaturangego relate mass loss to the amount of added graphite was bet8@¢&hatd 80°C. For
calibration set Zpure quartz matrixa lower temperatur@ange) would also be able to predict the graphite confam.-3
Fig. S4 in Supplemehtwhich-indicates-aindicatinginterferencegin the soil matridxof calibration set 1The bestemperature

rangewas in line with the observation that the mass lesak of graphite spans a large rafigig. 2), most likely a result of
the slow oxidation ofhis pure C Other studies founthatgraphite in a (fluid) sand beadready oxidizedlowly under oxygen
rich conditionsattemperatures below 670 accelerahg at higher temperaturgblayhurst et al., 1998; Bews et al., 2001).

Validation of the created moddi®m the two calibration setevealed that interference with other soil components
required anindividual calibration for every sample set of specific (enad) composition (Fig. 5As show in this studyfresh
but giound muscovite dehydroxylates betwe@®0 and 100TC (Fig. 2), which influencedhetotal mass loss measured in this
temperature rang®therpresentminor) minerals, likechlorites (500-860°C) or apatites (200-1400°C), might alsoincrease
the biasby influencing mass loss (Foldvéri, 2QMdnsuaadet al.,2017). This observatiorcould explain why themodel of
calibrationset 1 usingthe soilspikedwith graphite showed a good predictability of the graphite content irgtaphitic schist
as mineral compositiois higHy similar betweerthese two sampld§ig. 5 and Table P

Roth et al. (2012) suggested that the use of anoxic conditions / a pyrolyzingdpiiagemeasuremenhight be
useful to differentiate between wood and bl&kKAccording to oulgas switcing experiment with the TGAit is at least
usefulapproacho differentiate betweegraphite andCaCQ (Fig. 4). Due to the artificial mass gain/loss induced by switching
the gases during thmeasuremenexactemperatureanges fodeveloping a quantitative method could not be establigked.
no universallyaccepted temperature limits for the quantification of TOIC, or other carbonaceous substances gkistbest
temperature rangdsr switching between oxic and anoxic conditi@ms difficult to defingPallasser et al., 2013; Ussiri et al.,
2014).For instance accordingto the DIN19539- standard TOC isdefined aghe oxidizableC at maximum of 406€°C.
Others showed that 1/5 or even 1/3 of the TOC is not oxidized &ct@0(Pallasser et al., 201Schiedung et al., 201 7or
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theartificial soilin our study agmperature limit of 400C°C seems to b&o lowto oxidize allOM, as indicated by the TGA
in Fig. 2, and thereforghe pyrolyzing phase was set3%00°C°C. To obtain a clear peak for the graphite oxidation, it is
important that the other substances, i.e. Ca@€ already decomposed. In ttase of thartificial soil, it was found that at

850=C°C all CaCQ wasdecomposed and a clear peak for graphite was formed umstatalishing thexic conditions(Fig.

4). With higher CaCQ levels or dolomitic carbonates, a higher temperature might be needed to create a clear separation

between the substances (Foldvari, 2011).

TGA seemed to ba good methodo identify different organic components of samples and thus can be used as

complematal technique to othemethods for (organicC content estimationfFor high graphi content with neggible

amounts of dhydroxylatingminerals antbr decomposing carbonateBGA might bea useful meod to quantify graphite

4.3Minor effect by CaCOs and radicals ondirect graphite quantification using smart combustion

With the TGA methodt wasalready shown that qualitative differentiation between carbonates and graphite was possible by

changing between oxic and anoxic conditialising heating of the sampl&ig. 4). Using the SohTOC device, a direct
measurement of the releasgédould beachievedduringthe heating/gas changingrogram which correspond very closely to
the amount of (added) graphite (Figand Table R The fact that the SoliTOC device measured almost the same TC values

as the elemental analys@fig. S5 in SupplemeSupp-4); supported the idethat a direct comparison between the ROC
fraction and (added) graphite contenpassible
As show by Hayhurst and Parmar (1998gry smallimpurities in the graphite can caussmallpart of the graphite

to pyrolyseduring anoxic conditions at hightemperaturesGraptitic C of lesser graphitizatiomight therefore result in a

larger loss of graptic C during pyrolysis and a greater underestimation of the graphitic C corakirig a closer look at the

measurements of the artificial saiéveals that a small part of the graplstertedbeganto oxidize under anoxic conditions

(Fig. 8). The measurement of graphite in quartzdese forcalibration set 2, showed that about 6% of the tGtalas lost

during the pyrolysis phase, while for the graphitic schist this loss was 2%8¢Figesulting in a smalinderestimation of the

graphiticC contentBewset al.(2001) suggested thateimperaturesigher than 700€°C, radicals like HQ and OH might

act as reactant with the pute Furthermorejn the method comparisastudyfor recovering different black C typeRpth et
al. (2012) suggesd a(relativdy) strongcatalytic effecof oxides on blaclC oxidation which was most predominantsoils.
These ideas arealsosupportedy our observation thaartificial soil 2 vithout CaCQ) measured higheROC valueg0.06%
more C absolutedhan artificial soil 1 (with CaCQ, Table2) Also in the carbonateich AB soil the added graphitavas
underestimatetly 7% (Fig.5). Furthermoregraphitic Cwas underestimated with increasing Ca@ontent (Fig6). The 7
% underestimation by the AB soilhich contains B7 % C-CaCQ, coincidal with ROC underestimation of the calibration
soil with 2%C-CaCQ addition.

When the soitontainsmore thermdy resistantOM, whichis not oxidizable at 40C and can be 1/2of the OM
(Schiedung et al., 20107 the questiomises if this fractionis pyrolyzedwith-during heating under anoxic conditions or if it is

takenaspart ofthe ROC fractionvhen oxygen isgainavailable The TGA method showed that not @M has been oxidized

29



10

15

20

at400°C (Fig. 2). Taking a closer look on the smart combustion measurement of the artificial soib2tgupérticularlyits

fresh OM component(Fig. 8), revealeda small peak fored upon heating the sample above 200This peak represents

which-is only a few percentf the total OC, buh cleatty indicaisen -thatnet100%-of theOM was oxidizedncompletelyat
400°C. Although this study focuses on the ROC comporiéigt pointit-might be importamivhenconsideing the TOGgoand
TIC fractions of the smart combustionethod.

When asample contamother forms othermally resistant OM or evdstack C, whicharenot pyrolyzed during the

anoxic phase, this C componeésiikely to end up in thegraphitic Cfraction with the smart combustion methdgspecially

as most temperature boundaries are empirickdhwed (Pallasser et al., 2013; Ussiri et al., 20agéyetest with continous

heating under oxic conditionss therefore recommendémassess the number ofd®ntainingsubstances presentthe sample

by the occurrence of peakaurther studies should focus on temperature boundaries of different substance® mteetheir

properties and se#r instance howgraphitic C can be distinguished from other thermally stable C components.
Although thehermal boundarie®r the differentC fractionsaregiven in theDIN19539 (GS)standardare debatable
(Ussiri et al., 2014Schiedunget al., 2017), we showed that tROC fraction corresponded closely to traphitic Ccontent.

Through thesmart combustion methodraphitic Ccould be differentiated from ¢hotherC components irsoil matrix and

guantifiedsatisfactoity as indicated byhe offset in the calibration with graphite estimatiorthe artificial/spiked samples.

4.4 Potential for combining methods

Comparing the ability of the examined methods on predicting graphite content, it becommatERIR overestimated, TGA
was highly variable and smart combustion wasost accuratén predicting the graphite content (Fig. Bn interesting
observatiorwasthe similar predicted graphite content in calibrationlsey both theFTIR and TGA methodsspeciallyas
FTIR is based on spectral properties and TGAhmthermal stability of the graphitét haspreviouslybeen suggested to

combine FTIR and TGA systems to rapidly characterize the soil OM (Demyan et al., 2013). Oxidation of graphite upon heating
could result in specific infraregbsorptiorbands (Tan et al., 2013yhich nevertheless would still be superimposed by SOM
specific bands in natural soil samples. As discussed by Demyan et al. (2013), not only the availableubaigerthe heating

rate has an important effect on the charring of OM and thereby oheitreal and spectral properties of the studied material.

As Raman spectroscopyssitableto distinguish graphitic C and determine its degree of graphitization, it seems to

be a promising method. Nonethelggs use Raman speciwopyfor quantification ® substances in a soil matrix, further

studies should first focus on standardization of sample preparation, as it has a large influence on the measuredumntensities

baseline determination and thereby the direct quantification of components (Beysheezard 2012; Sparkes et al., 2013).

AltheughBecausave focused in this study on the ROC component, which significantly correl@tethe graphite
contenta consideationngthe of other componentaientonedin the DIN19539standardvas beyond the spe of this study
Nonethelesswe foundindications that the thermal boundaries definethenDIN19539standard are not idetd differentiate
betweersoil OM and inorganic C (Fig. 8As most carbonates start to decompose at temperatures°@f @siddvari, 2011)
it might be more suitable to increase the level for the TOC compénoemt400to 500C. Only when blackC, which might
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oxidize between 375 and 540(Roth et al., 2012)s present in the samplihis might lead to an overestimationtbé TOC
content—_Using TGA simultaneouly with differential scanning calorimetrysaterandCO,/H,0 flux measurement§i.e.
evolved gas analysisas—previoushsuggested-tiernandez et ak2012) or with the RockEval method focusing on
hydrocarbon, C@and CO release (Behar et al., 2Q0dguldimprovethe developmenfibof a more standardized method

applicable to soilsusing combustion elemental analysefdie overlap between the thermal properties of different C
componentemphasizethe needo always-firstconsidemvhat-ispreserh thepotentialas well as possible interferences with

thesampleand-what-mightinterfere-with-tltonsideredppliedmethodologybefore applying a fast and standardized analytic

method

5 Conclusion

Three widely sed methods were examined for theitential toquantify graphitic C content in soil sample€alibrations

between midnfrared transmission as well as DRIFT spectra and graphite contents afefietd samples are principally

possible via PLSR. Howevethese calibrations depend on general effects of graphite contents on the energy transmitted

through the samples rather than on signal intensities of specific graphite absorption bands. The use of samples ftom differer

origins yield strong matrix effectand hampers the prediction of geodgemraphite contents in soilhermogravimetric
analysis of the samples revealed that suitability of thistis-a-usefuljualitative methodoref identifying graphitic Cin soll
samples, although care should be taken for carbonates as theydianfar thermal stability. Quantitative estimation of the

graphite content seems challenging as dihydroxylation of several soil minerals occur at similar tempestsrg®quring
the calibration with an empirical modekcessaryWith alteration between oxic and anoxic conditiahsing heatingof a

sample,a differentiation between other soil components and graphite could be estallighegplied in thedsing-smart

combustionmethod Further quantification of the releas€lduring the gas changing heating prograsvealed a close

correspondence between the measured ROC and original graphite cément©of the examinedmethods, the smart
combustion methogerformsbest in differentiating betweegraphite andother soil components anithereby also in

guantifyinggraphitic Cin soil samples

Author contribution

ML contributed the FTIR part to the article, including analysis of the daih editing the paper
CV contributed by suggesting and evaluating testupeind bycommening on and edihg the paper
SS contributed by providing measurements with the-BOIC devicetechnical assistan@nd editing the paper

KK contributed by suggesting and evaluating $estip and bycommening on and eding the paper

31



10

15

20

25

30

Competing interests

The authors declare that thkave no conflict of interest.

Acknowledgements

We thankManuela Unger and Gisela Ciesielski the laboratory assistane@d the (anonymous) reviewers for their helpful

input_We also want to thank Johannartinann and the Leibnimstituie (Dresden) for providing the Raman speciiais

study was financially supported by the Deutsche Forschungsgemeinschaft (DFG), Bommy;ender grantKA1737/13
1 fExtracellular polymeric substances and aggregate stabifioww microorganisms affect soil erosion by watand LE
3177/12 "Quantification of smalkcale physicochemical and microbiological properties of intact macrcquofaces in
structured soils"and byEur opean Research Council ( ERC) (progltaenme gtahte E u
695101 ARadiocarbon constraints for model s of C cyclinq

benchmak i ngo .

References

Agarwal, T. and Bucheli, T. D.: Adaptation, validation and application of the citeenmal oxidation method to quantify
black carbon in soil€Environmental pollution, 159(2), 53238, doi: 10.1016/j.envpol.2010.10.012, 2011

ApesteguiaM., Plante, A. F. anifirto, |.: Methods assessment for organic and inorganic carbon quantification in calcareous
soils of the Mediterranean region. Geoderma regional, 228380i: 10.1016/j.geodrs.2017.12.002018

Barré, P., Plante, A. F., Cécillon,, Lutfalla, S., Baudin, F., Bernard, €hristensenB.T., Eglin, T., Fernandez, J.M., Houot,
S.,Katterer T., Le Guillou, C., Macdonald, A., van Oort, F. and ChenuT@8e energetic and chemical signatures of persistent
soil organic matter. Biogeoemistry, 130(12), 1-12, d0i:10.1007/s1053816-02460, 2016

Behar, F., Beaumont, V. afenteado, H. D. BRockEval 6 technology: performances and developments. Oil & Gas Science
and Technology, 56(2), 111134,doi.org/10.2516/0gst:2001013001.

Bews,l. M., Hayhust, A. N., Richardson, S. M. afihylor, S. G. The order, Arrhenius parameters, and mechanism of the
reaction between gaseous oxygen and solid carbon. Combustion and Flame2)1281245 doi: 10.1016/S0010
2180(00)00194, 2001

Beyssac, Oand Rumble, D.Graphitic carbon: a ubiquitous, diverse, and useful geomatEt&hents, 10(6), 41820, doi:
10.2113/gselements.10.6.4D14.

Blankinship, J. C., Berhe, A. A,, Crow, S. E., Druhan, J. L., Heckman, K. A., Keiluweit, Mreba®, C.R., MariSpiotta,

E., Plante A.F., Rasmussen, C., Schadel, C., Schimel, J.P., Sierra, C.A., Thompson, A., Wagai, R., WieateSéh&del,

C.. Improving understanding of soil organic matter dynamics by triangulating theories, measureménispdats.
Biogeochemistry, 140(1),-13, doi: 10.1007/s105381804782, 2018.

32



10

15

20

25

30

Clark, K. E., Hilton, R. G., West, A. J., Robles Caceres, A., Grocke, D. R., Marthews, T. R., ReRgukpAsner, G. P.,
New, M. and Malhi, Y.Erosion of organic carbon fnothe Andes and its effects on ecosystem carbon dioxide balauceal

of Geophysical ResearcBiogeosciences, 122(3), 44%9,doi: 10.1002/2016JG003613017.

Chung., D.D.L.Review Graphie. J. Mat. Sci. 37, 1475489, doi:10.1023/A:10149153®002.

Demyan, M. S., Rasche, F., Schitt, M., Smirnova, N., Schubmd&Cadisch, G.Combining a coupled FTHEGA system
and in situ DRIFTS for studying soil organic matter in arable soils. Biogeosciences, 10(522&0doi: /10.5194/bgl 0

28972013 2013

DIN Standards Committee Water Practi¢evestigation of solidd Te mper at ur e dependent diffe

(TOCa00, ROC, TIGog. Beuth, Berlin,

Germany. Available athttps://www.din.de/en/gettinpvolved/standards

committees/naw/standards/wheuth:din21:26389886 Tast access: 8 April 2019, 2016

Ferrepdez, J. M., Peltre, C., Craine, J. M. and Plante, Almkproved characterization of soil organic matter by thermal

analysis using CO2/H20 evolved gas analydswironmental science & technology, 46(16), 8®2PR7 doi:

10.1021/es301375@012

Ferrari, A.C.: Raman spectroscopy of graphene and graphite:dBis@lectronphononcoupling, doping and nonadiabatic

effects. Solid State Communications 143i 37 doi: 10.1016/j.ssc.2007.03.052007

Foldvari, M.:Handbook of the thermogravimetric system of minerals and its use in geological practice, Budapgsty,Hun

Geo. Inst. Hungary2011.

Friedel, R.A.andCarlson, G.L.Infrared Spectra of Ground Graphifie Phys. Chem. 75, 1148151, 1971.

Galvez, M. E., Beyssac, O., Martinez, |., Benzerara, K., Chaduteau, C., MalvoisindBlalavieille, J: Graphiteformation

by carbonate reduction during subductiblature Geosciengé(6), 473 doi: 10.1038/NGEQ18272013

Galy, V., Beyssac, O., Frandanord,C. andEglinton, T.: Recycling of graphite during Himalayan erosion: a geological
stabilization of carboim the crist, Science, 322(5903), 94215,doi: 10.1126/science.1161408008.

Harris, D., Horwath, W. RandVan Kessel, C.Acid fumigation of soils to remove carbonates prior to total organic carbon or
carbon13 isotopic analysjsSoil Science SocietyfdAmerica Journal, 65(6), 185B356. doi:10.2136/sssaj2001.182801.

Hartmann, J. anMoosdorf, N: The new global lithological map database GLiM: A representation of rock properties at the
Earth surface. Geochemistry, Geophysics, Geosystems, 186£2)0.1029/2012GC00437@012

Hayhurst, A. N. andParmar, M. S.Does solid carbon burn in oxygen to give the gaseous intermediate CO or produce CO2

directly? Some experiments in a hot bed of sand fluidized by air. Chemical Engineering Science, 53438 4V

10.1016/S0002509(97)00334, 1998

Hemingway, J. D., Hilton, R. G., Hovius, N., Eglinton, T. I., Haghipour, N., WackerChen, MC. andGaly, V. V.
Microbial oxidation of lithospheric organic carbon in rapidly eroding tropical mountais. Saience, 360(6385), 26212,

doi: 10.1126/science.aa06463 , 2018.

Hesse, M., Meier, H. and Zeeh, B.: Spectroscopic methods in organic cheiftistBerman) Georg Thieme, Stuttgart,

Germany, pp. 5674, 1984

33


https://www.din.de/en/getting-involved/standards-committees/naw/standards/wdc-beuth:din21:263898867
https://www.din.de/en/getting-involved/standards-committees/naw/standards/wdc-beuth:din21:263898867

10

15

20

25

30

Instituto Geologico y Minero de&espafiaIGME): Mapa Geologicale Espafid :50000-Hoja Tabernas (Madrid: Ministerio
de Industria y Energia)http://info.igme.es/cartografiadigital/geologica/Magna50Hoja.aspx?language=en&id=14330
accessi14 March2019, 19%.

InstitutoGeologico y Minero d&espaigIGME): Mapa Geologico d&spafid :50000-Hoja Gergal(Madrid: Ministerio de
Industria y Energig)http://info.igme.es/cartografiadigital/geologica/Magna50Hoja.aspx?language=en&id-+$adP8ccess:
14 March2019, 19@.

Janik, L.J., Merry, R.Hand Skjemstad, J.0Can mid infrared diffuse reflectance analysis replace soil extractioust? J.
Exp. Agric. 38, 681694, 1998.

Jorio, A. and A.G.S. FilhoA.G.S: Raman Studies of Carbon Nanostructures. Annual Review of Materials Research-46, 357

382, doi: 10.1146/annurewnatsci0701150321402016

Kortiim, G.: Reflexionsspektroskopie. Springé&erlag, Berlin, 1969.

Kul er 2 k, J. ., Tokarski, D., Demyan, M. S., Mer bach, I
contents of clg, bound water, organic carbon and nitrogen. Geoderma, 314%, 3®i: /10.1016/j.geoderma.2017.12.001
2018

Liu, L., Zhu, C., Fan, M., Chen, C., Huang, Y., Hao, Q.,Yang, J., Warandfun, D: Oxidation and degradation of graphitic
materials by naphthalerdegrading bacteria. Nanoscale, 7(32), 1363828 doi: 10.1039/c5nr02502/2015

McCarty, G.W., Reeves, J.B., Reeves, V.B., Follett, Rufd Kimble, J.M: Mid-Infrared and Neamnfrared Diffuse
Reflectance Spectroscopy for Soil Carbon MeasurerSailtSci. Soc. Am. J. 66, 64646, 2002.

Mevik B. H., Wehrens R. and Liland K. H.: pls: Partial Least Squares and Principal Component RedRgssiage version
2.7-0. https://CRAN.Rproject.org/package=pl2018.

Oohashi, K., Hirose, .T Kobayashi, K. and Shimamoto, The occurrence of graphiteearing fault rocks in the Atotsugawa

fault system, Japan: Origins and implications for fautteeg Journal of Structural Geology, 38, -39. doi:
/10.1016/j.jsg.2011.10.012012.

Pallasser, R., Minasny, B. aridcBratney, A. B: Soil carbon determination by thermogravimetrics. PeerJ, 1deé
10.7717/peerj.62013

Parikh, S. J., Goyne, K. WMargenot, A. J., Mukome, N. D. arld J. CalderonSoil chemical insights provided through
vibrational spectroscopy. Adv. Agron. 126148 doi: 10.1016/B9780-12-8001325.000018, 2014

Plante, A. F., Fernandez, J. M. and Leifeld Application of thermal analysis techniques in soieace. Geoderma, 153(1
2), 1-10,doi: 10.1016/j.geoderma.2009.08.0Z®09

Puigdefabregas, J., Alonso, J.M., Delgado, L., Domingo, F., Cueto,M., Gutiérrez, L., La4zaro, R., Nicolau, J.M., Sanchez, G.,

Solé, A., Vidal, S., Aguilera, C., Bremer, A., Clarks, S. and Incoll, LThe Rambla Honda field site: interactions of soil and

vegetation along a catena in semiarid southeast Spain. In: Brandt, J., Thornes, J.B. (Eds.), Mediterranean Desedification ar

Land use. J.Wiley & sons, Chinchester, England, ppi. 167 1996.

34


https://cran.r-project.org/package=pls

10

15

20

25

30

R Development Core TeanRR: A Language and Environment for Statistical Computing. R Foundation for Statistical

Computing, Vienna, Austria URLhttps://www.Rproject.org/2014

R Development Core TeanRR: A Language and Environment for Statistical Computing. R Foundation for Statistical

Computing, Vienna, Austria URLhttps://www.Rproject.org/2018

Reeves,J.B., McCarty, G. antMimmo, T. The potential of diffuse reflectance spectroscopy for the determination of carbon
inventories in soilsEnviron. Poll. 116, 277284, 2002.

Reeves, J.BMid-infrared diff use reflectance spectroscopy: Is sample dilutioh Kr necessary, and if so, when? Am.
Lab. 35, 2i 25, 2003.

Roth, P. J., Lehndorff, E., Brodowski, S., Bornemann, L., Sar@mezia, L., Gustafsson, Cand Amelung, W:
Differentiation of charcoal, soot and diagenetic carbon in soil: Method comparis@eespeéctives. Organic Geochemistry,
46, 6675, doi: 10.1016/j.orggeochem.2012.01.02212.

Rumble, D: Hydrothermal graphitic carbon. Elements, 10(6),-433 doi: 10.2113/gselements.10.6.42014

Rumpel, C. and Kégeknabner, I: Deep soil organicnatted a key but poorly understood component of terrestrial C cycle.
Plant and soil, 338¢2), 143158, doi: 10.1007/s1110410-03915, 2011

Sadezky, A., Muckenhuber, H., Ghet H., Niessner, R., Pdschl, LRaman microspectroscopy of soot and related

cabonaceous materials: spectral analysis and structural information. Carbon, 43(8)-174231 doi:
10.1016/j.carbon.2005.02.018005

Schiedung, M. , Don, A., Wor del | Dietrich, P., Al c8nt ar s
fractionate soil organic carbon with differing biological stabilities. Journal of Plant Nutrition and Soil Science, 18@€l1), 18

doi: 10.1002/jpIn.201600172017

Schmidt, M. W., Skjemstad, J. O., Jager, Carbon isotope geochemistry and nanomorphology of soil black carbon: Black

chernozemic soils in central Europe originate from ancient biomass burning. Global Biogeochemical Cycles -16¢4); 70
10.1029/2002GB001932002.

Senesi, N. , Riécq) G:aHumimagcids Vh.the first deneration of EUROSO]IGRoderma 116, 32344, doi:
/10.1016/S001:6061(03)001071, 2003

Smith, B.C.: Fundamentals of Fourier Transform Infrared Spectroscopy, CRC press, 1995.

Sparkes, R., Hovius, N., Galy, A., Kumar, R.V., Liu, J.Automatedanalysisof carbonin powderedgeologicaland
environmentabampledy RamanSpectroscopyApplied Spectroscopy 67, 7-788, doi:10.1366/1206826 2013.

Tan, L-L., Ong, W:J., Chai, SP.andMohamed, A.R.Reduced graphene oxidéO2 nanocomposite as a promising visible
light-active photocatalyst for the conversion of carbon dioxide. Nanoscale Letters 30485

Tonsuaadu, K., Gr oang\eidgma, MAA revieR dniheltermeal stability of calcium apatites. Journal of
Thermal Analysis and Calorimetry, 110(2), 6859, doi: 10.1007/s1097-811-1877y, 2011

Trumbore, SAge of soil organic matter and soil respiration: radiocarbon constraints on belowground C dyneohicsc#
Applications, 10(2), 39911, doi: 10.1890/10540761(2000)010[0399:AOSOMA]2.0.CQ;2000.

35


https://www.rproject.org/
https://www.rproject.org/

10

15

20

25

30

Van der Marel, H. WandBeutelspacher, HAtlas of Infrared Spectroscopy of Clay Minerals and their Admixtures. Elsevier,
Amsterdam, The Netherlands, p., 8976

Vohland, M., Ludwig, M., ThielBruhn, S.andLudwig, B.. Determination of soil properties with visible to neand mid
infrared spetoscopy: Effects of spectral variable selectiGeoderma223, 88 96, doi: /10.1016/j.geoderma.2014.01.013
2014

World Reference Base for Soil Resour{@&RB) 2014. IUSS Working Group WRB. International soil classification system

for naming soils and eating legends for soil maps. World Soil Resources Reports No. 106. FAO, Ruide

Ussiri, D. A., Jacinthe, P. A. anidal, R: Methods for determination of coal carbon in reclaimed minesoileview.
Geoderma, 214, 15567,doi: 10.1016/j.geoderma.201®.015 2014

Zamanian, K., Pustovoytov, K. artuzyakov, Y: Pedogenic carbonates: Forms and formation processes:3taetice
Reviews, 157, 417,doi: 10.1016/j.earscirev.2016.03.00316

36



10

15

20

25

‘30

Figure captions

Figure 1: Prediction plots with 95% prediction bands (a, b) and loading plots (c, d) after FTIR analyses of the PLSR calibration set
using soil(calibration set 1)and pure quartz_(calibration set 2)-with graphite concentrations of 0.1/ 4 % added as indicatedin table
1.

Figure 2: Thermogravimetric analysis of artificial soil 1 and its components measured individually. The summation (dastotted,
grey) is the combined mass loss of the individual components.

Figure 3: Prediction plots after thermogravimetric analysis (TGA) of calibration set 1 (squares) and 2 (diamonds95% predictions
band (dotted grey) are displayed besides the linear regression line (blackraphite was added in the concentrations between 0%
and 4.0% graphite as indicated in table 1.

Figure 4: Thermogravimetric analysis of the artificial soils, with one lacking either carbonate (Atrtificial soil 2, green) or gphite
(Artificial soil 3, orange), whereby the oxygen gas supply was cut off during part of the standard heating program (GC Gas
Change). For comparisorthe artificial soil 1 under normal program (without gas change) is also displayed in grey.

Figure 5: Overview of the predicted amount of graphite in the calibration sets (squares/diamonds), artificial soil (inset,
circles/triangle), graphitic schist (inset, stars) and AB soil (right pointing triangle) as measured with the different methodslack
symbols: graphite prediction by FTIR, model from calibration set 1; White: graphite prediction with FTIR, calibration set 2;
Orange: graphite prediction by TGA, model from calibration set 1; Green: graphite prediction by TGA, model from calibration set
2; Grey: graphite prediction by smart combustion: -Exact data isgivenin Table 2.

Figure 6: Residual oxidizable carbon (ROC) as meased with the smart combustion method plotted against the added CaCO
content to soil sample, used for creating calibration set 1.

Figure 7: Transmission spectra of the pure quartz (Calibration set 2, sample 1), quartz + 4 % graphite (Calibration set Zraple
10), soil + 4 % graphite (Calibration set 1, sample 10), artificial soil 1 (0.5 % graphite addedhd graphitic schist. The vertical lines
denote wave numbers for which absorption peaks have been reported in literature (see text).

Figure 8: Examples of smart combustion measurements of the artificial soils (a) and the fresh OM component)(the graphite
standard and graphitic schist (c))- The blue area delineates thentervalpart where O gassis substituted for N2, —and-tThe
temperature program is displayed by the red dashed line. Note that artificial soil 2 (green) is without CaC{and artifical soil 3
(orange) is without graphite.
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2; Grey: graphite prediction by smart combustion.Exact data isgivenin Table 2.
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Figure 6: Residual oxidizable carbon (ROC) as measured with the smart combustion method plotted against the added CaCO

contentto soil sample used for creatingcalibration set1.
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