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Abstract. To build confidence in the efficacy of soil carbon (C) crediting programs, precise quantification of soil organic
carbon C (SOC) is critical. Detecting a true change in SOC after a management shift has occurred, specifically in agricultural
lands, is difficult as it requires robust soil sampling and soil processing procedures. Informative and meaningful comparisons
across spatial and temporal time scales can only be made with reliable soil C measurements and estimates, which begin on the
ground and in soil testing facilities. To gauge soil C measurement inter-variability, we conducted a blind external service

laboratory comparison across eight laboratories selected based on status and involvement in SOC data curation used to inform

C market exchanges, which could include demonstration projects, model validation and project verification
activitiesguantification—for-C-markets. Further, tFo better understand how soil processing procedures and quantification
methods commonly used in soil testing laboratories affect soil C concentration measurements, we designed an internal

experiment assessing the individual effect of several alternative procedures (i.e., sieving, fine grinding, and drying) and
quantification methods on total (TC), inorganic (SIC), and organic (SOC) soil C concentration estimates. We analyzed 12
different agricultural soils using 11 procedures that varied either in the sieving, fine grinding, drying, or quantification step.
We found that a mechanical grinder, the most commonly used method for sieving in service laboratories, did not effectively
remove coarse materials (i.e., roots and rocks), thus resulted in higher variability and significantly different C concentration
measurements from the other sieving procedures (i.e., 8 + 2 mm, 4 mm, and 2 mm with rolling pin). A finer grind generally
resulted in a lower coefficient of variance where the finest grind to < 125 um had the lowest coefficient of variance, followed
by the < 250 um grind, and lastly the < 2000 pum grind. Not drying soils in an oven {at-105-°C}-prior to elemental analysis on
average resulted in a relative-difference-6f-3.5 % lower TC, and 5 % lower SOC relative to samples dried at 105 °C, due to

inadequate removal of moisture. Compared to the reference method used in our study where % TC was quantified by dry

combustion on an elemental analyzer, % SIC was measured using a pressure transducer, and % SOC was calculated by the
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difference of % TC and % SIC, predictions of all three soil properties (% TC, % SIC, % SOC) using Fourier Transformed
Infrared Spectroscopy (FTIR) were in high agreement (R?= 0.97, 0.99, 0.90, respectively). For % SOC, quantification by loss
on ignition had a relatively low coefficient of variance (5.42 + 3.06 %) but the least agreement (R? = 0.83) with the reference

method. We suggestconclude that sieving to < 2 mm with a mortar & pestle or rolling pin to remove coarse materials, drying

soils at 105 °C, and fine grinding soils prior to elemental analysis wiHare required to improve accuracy and precision of soil

C measurements. Moreover, we show promising results using FTIR spectroscopy coupled with predictive modeling for
estimating % TC, % SIC, and % SOC.

1 Introduction

The potential for carbon (C) sequestration in agricultural soils as an effective climate change mitigation strategy has
boosted interest in management practices that increase carbon dioxide (CO,) capture through photosynthesis and its transfer
into soil organic matter while also enhancing overall soil health (Bossio et al., 2020). Reliably determining whether shifts in
management affect soil organic C (SOC) requires robust sampling, processing, and quantification methods due to the
heterogeneous nature of soil. Moreover, changes in SOC are small relative to the standing SOC stocks, making accurate and
precise quantification of SOC critical, which requires both reliable bulk density measurements and soil C concentration data.
This is especially important now given the expansion of incentives to offset CO, emissions through purchasing soil C credits
(von Unger & Emmer, 2018).

The push to incentivize improved soil management is generally seen as positive but the accuracy and precision of the
data that underpin C markets is unresolved (Oldfield-etal-20220Idfield et al., 2024). Quantifying changes in SOC stocks by

direct sampling requires rigorous approaches, from how samples are collected in the field to laboratory processing and analysis.

Major sources of error determining changes in SOC from baseline measurements are the sampling design and location for

resampling (Rawlins et al., 2009). For this reason, Currenthy-research focus surrounds uncertainty produced from the soil

sampling design (i.e., sampling density) and method, or on the Measurement, Monitoring, Reporting, and Verification
(MMRYV) protocols (Oldfield et al., 2022), but not specifically on the soil processing methods. Yet, for reproducibility and
comparability of SOC stocks across spatial and temporal scales, sample preparation is considered the-first-and-one of the most
important quantification steps (Theocharopoulos et al., 2004). The variability produced due to soil processing alone has yet to
be explored and often goes without scrutiny in C quantification protocols such as those for market applications. Reducing
variability and developing clear guidance on soil processing best practices can improve MMRYV approaches and credibility of
C market programs, policy, corporate sustainability efforts, and overall climate progress. Additionally, these same data
underpin the calibration and verification of soil biogeochemical models used to predict how changes in management affect
SOC dynamics, making it more imperative that we use the best approach to obtain accurate SOC data across soil testing

laboratories worldwide.



65

70

75

80

85

90

Soil testing labs can elect to participate in guality assurance and quality control (QA/QC) certification programs that

promote their data as high quality. For example, the North American Proficiency Testing (NAPT) Program is offered in the
United States (U.S.), with over 130 NAPT certified labs. seil-and/orplant-testing—facitities—Participating labs are sent soil

samples either quarterly or biannually and the data generated by each lab is subjected to a blind and double-blind statistical

evaluation. Values within +/- 2.5 times the median absolute deviation (MAD) units of the median (S890 North American

Proficiency Testing program oversight committee, 2020) are considered acceptable. Fo-gain-certificationHowever, labs are
receive soil sent-sois-that-arealready-simiarly processed and-finehy-groundusing the same methods. Hence, the precision of
the quantification method (i.e., instrumentation) being used to measure soil C is the sole focus of the testing and certification.

There is no focus on soil processing, thus no evaluation of how soil C data can vary across laboratories due to differences in
their soil processing methods.

n-Typically, in generalresearch laboratories, soil analyses are “conventionally” performed on soils passed through a

2 mm sieve (Bernoux & Cerri, 2005) with large (> 2 mm) coarse materials like rocks and roots removed since they are not

considered part of the fine soil (Brady and Weil, 1996) and affect soil C estimates if left in the sample. Fine plant materials

that are larger than 2 mm but still pass through a 2 mm sieve are often hand-picked using tweezers. Processing soils involves

breaking soil aggregates at natural planes of weakness (Arshad et al., 1997) using hand manipulation as a gentle approach
during sieving (e.g., Clement and Williams, 1958; Diaz-Zorita et al., 2002). However, because this process is time consuming
and cropland soils often have low coarse material content, in soil testing facilities processing protocols for the assessment of
cropland soil fertility have typically not included careful aggregate breaking and sieving to remove coarse materials. Compared
to conventionally managed agricuttural-croplandsfields, agrieuttural-croplands managed using a regenerative practice, like the

addition of certain perennial crops (i.e., alfalfa), typically have more coarse materials deeper in the soil profile as more root

biomass is incorporated at depth (Fan et al., 2016). Additionally, grasslands are a main target of soil C programs and their soils
often have abundant and deep root content as well as gravel (Bai and Cotrufo, 2024).Thus, coarse-materials-are-more-abundant

in-deeper-soHs-in—regenerative-agricultural-lands-that-include-cover-or-perennial-crops-and-grasses—thus-it’s important to

consider how coarse materials in these soils may affect C estimation.

Variation in sieving approaches exists, from hand sieving methods where soils are either sieved fresh (i.e., field moist)
to 8 mm initially and then 2 mm sieved once air-dried (Mosier et al. 2021), sieved air-dried through a 4 mm sieve (Syswerda
et al., 2011), or sieved using a customized rolling pin to break up aggregates to pass through a 2 mm sieve (Soil Survey Staff,
2022). Coarse materials (i.e., roots, aboveground litter, and rocks) should be removed and quantified at each sieving phase.
Most soil processing methods include a step to sieve air-dried bulk soil and commercial service soil testing labs often utilize a
mechanical flail or disk grinder (Garcia et al., 2022) to increase throughput over hand sieving. Based on a survey of 51 soil
testing labs, we found that over 70 % use some type of mechanical grinder to sieve (Supplementary-Supplemental Table S1).
This is achieved by pouring air-dried bulk soil into a grinder cavity powered by electricity with stainless steel flailers (or

something similar) to break soil aggregates before passing through a 2 mm screen. The material that passes through the 2 mm
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screen is considered fine soil and utilized for analyses. It is possible that not all soil falls through the 2 mm sieve on the first
pass and, because of the destructive nature of the mechanical grinder, that some coarse material is broken up enough to then
pass through the sieve. While some labs may only pass the soil through once, others may pass it through several times to ensure
all aggregates are broken but there is no standardized procedure that outlines how many times the soils should be processed

with mechanical grinders and how coarse materials are considered.

Subsequent soil processing steps and the specific C quantification approach may all potentially affect the final soil C
concentration measurement or estimate. After sieving, soil samples can be finely ground to improve homogenization or left
unground. If using a mechanical grinder, it’s typical that soils are considered ground, but given this is to <2 mm only, it may
be inadequate in terms of homogenization. As C is estimated on a small subsample (e.g., less than a gram) its homogenization
at smaller scales than 2 mm may be critical to obtaining a representative value. Additionally, soil C is measured as a
concentration, i.e. per unit of soil mass, therefore the presence of water in soil will affect soil mass, diluting C concentration
estimates. To further remove moisture from air-dried samples, soils can be oven-dried, but the temperature used varies between
45 °C and 105 °C (Supplementary Table S2). Some labs apply a moisture correction based on residual moisture if the soils are

not oven-dried but in other cases labs neither oven-dry nor apply a moisture correction.

After processing, soil samples are measured for C content via one of three common methods: (1) dry combustion in
an elemental analyzer (EA; Nelson & Sommers, 1996), where the soil sample is combusted under a flow of O, at a temperature
of 950-1100_°C, converting all C in the soil to CO; that is then quantified by a Thermoconductivity detector (TCD; Bisultti et
al., 2004); (2) loss on ignition (Storer, 1984) where soil is heated to 360_°C or higher to oxidize the organic matter in the soil
which is calculated by the sample mass difference before and after heat treatment, and % SOC is obtained using a conversion
factor; (3) Fourier-transformed infrared spectroscopy (FTIR) (Reeves, 2010; Goydaragh et al., 2021) where samples are

scanned in the mid-infrared region to produce spectra and fed into a model that produces a defined soil C estimate.

For typical midwestern U.S. soils with neutral to basic pH, C may also be present in inorganic forms (i.e., carbonates)

requiring the further separation of total C (TC) into soil inorganic (SIC) and organic C (SOC). Thus, all soils with pH at or
greater than 6.95 (Soil Survey Staff, 2022) should be tested for the presence of SIC or treated as if SIC is present. The test for
SIC is commonly performed by applying an acid solution to the soil sample and confirming whether the sample has carbonates
based on effervescence (i.e., fizz test), as the acidity converts the carbonates to CO,. After a positive fizz test, soil C requires
the quantification of both SOC and SIC, whose sum makes TC. This is commonly done in one of two ways: (1) SOC is
quantified by fumigating soils with acid (Harris, 2001) to remove the SIC and running samples on the EA for the estimation
of % SOC, after which SIC is estimated by subtracting SOC from TC measured on a corresponding unfumigated sample; (2)
SIC is quantified using a pressure transducer (Sherrod et al., 2002) that measures the pressure of the CO, released by the
reaction of applied HCI and calcium carbonate (CaCOs3) from the sample, then SOC is calculated by subtracting SIC from TC

measured on an EA. Since one or the other (SOC or SIC) entity is calculated rather than directly measured, both estimates are

4
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inaccurate if the measured data are not accurate. Additionally, accurately measuring either SOC or SIC becomes more difficult
on the high end of the SIC concentration spectrum (McClelland et al., 2022; Stanley et al., 2023). Differences in SOC and SIC
quantification methodologies have been explored (Bowman et al., 2002; Sleutel et al., 2007; McCarty et al., 2010; Farmer et
al., 2014; Wang et al., 2012; Apesteguia et al., 2018; Leogrande et al., 2021) and can have large impacts on calculated SOC.
However, to our knowledge, there are no studies that directly compare the different sieving, grinding, and drying steps of soil
processing, and final measurement methods for their potential impact on TC, SOC and SIC quantification in an extensive and

factorial design.

To understand how alternative soil processing procedures and quantification methods affect soil C estimates, we
designed an experiment to assess the individual effect of common alternative approaches for sieving, grinding, drying and
quantification methods described above for TC, SIC, and SOC concentrations, applied to 12 diverse agricultural soils. In
addition, we conducted a blind external service laboratory comparison, sending subsamples to eight popular commercial labs

that provide soil carbon estimation.

We expected that sieving, fine grinding, and drying would all affect soil C data. We hypothesized that the 8 + 2 mm
sieve method would have the lowest variability because it would remove the most coarse material. We expected higher SOC
concentrations where coarse materials left in the soil were organic (e.g., roots) as they would add to the total C, and lower SOC
concentrations where coarse materials left in the soil were rocks, as they would add to the soil mass. We expected soils that
were not finely ground would have higher variability for lack of homogenization, and that protocols which did not oven-dry
the sample would produce more variable and lower % C values. Lastly, we expected that loss on ignition would perform worse
than the other quantification methods for SOC and that FTIR would be a viable alternative, specifically for predicting % SIC.
For the external laboratory comparison, we expected that there would be some variability among laboratories, but that data
would be within a reasonable range (e.g., values within +/- 2.5 times the median-absolute-deviatien{MAD} units of the median

890-North-American-ProficiencyTFesting-program-oversight-committee 20200 by NAPT standards) since laboratories were

selected based on status and involvement in SOC quantification for carbon markets.

2 Materials & Methods
2.1 Soils and service laboratory comparison

Soils were selected from 12 agricultural sites in central U.S.A to represent a range of textures, SOC concentrations,

presence and proportion of SIC, and coarse material (i.e., plant and rock) contents (Table 1). The pH was determined using a

1:1 ratio of soil to deionized water. Texture was determined after shaking 40 g of soil in 5 % sodium hexametaphosphate

solution for 18 hours, wet sieving sand > 53 pm, and using a hydrometer to determine silt and clay content. Texture classes

were defined according to the soil texture calculator created by the Natural Resources Conservation Service U.S. Department

of Agriculture.
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Table 1: Properties and state and county of sampling for the 12 agricultural soils used for this study. Soils are identified by
capital letters.-euthned-by locationpH-and-texture with-%t Concentrations of total € carbon (% TC), %-soil organic carbon
(% SOC) and %-soil inorganic carbon (% SIC) measuredare reported as averages + standard deviations (n=5)-and-reperted-as
he-reference-at-Colorado-State-University (n=5.standard-deviation-tn-parentheses). Proportions of rock and plant materials
wasere categorized using-thereference-sieving-method(Fig—1)-whereas low (falls-below the 25 % quartile-range), medium
falls-(in the 25 % - 75 % interquartilerange), and high falls-(above the 75 % quartile). All data reported were obtained using

the refence protocol (Fig. 1)-range. Soils sent to the external laboratories for soil carbon analyses are indicated with an asterisk

(*). Not applicable (NA) for % SIC indicates no presence of SIC in the soil. Fhe-seil-types-selected-from-our-study-outlined-by

SGHBH plant
LDH et 0sc0C | 0pSlC | Sinie Cetany ceels | metesal
A 585 | chvrloam 28 052 | lewm Feyetie saodivmn | sodin
c*x | 656 | sandy-clayloam 131 NA | Wyoriing | Albany high Fredicm
D* | 758 | clayloam 0.85 0.86 | Colorade | Otero medium | low
E 5.25 | siltloam 110 NA | Colorado | KitCarson | medium | medium
E 5.2 | leam 1.07 NA | Colorade | Phillips high medium
G 675 | sandy-loam 138 NA | Colorade | KitCarson | medium | high
1 6.78 | loam 141 NA | Hlinois Mereer low medium
i 6-1 | silty-clay-loam 3.30 NA | towa Seott low low
K 7.24 | loam 233 017 | towa Jasper medium | low
L 753 | leam 255 043 | lowa Jasper medium | low
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pH plant
Soil | 1:1 Texture % TC % SOC % SIC State County rocks material
A 6.88 clay loam 4.26 £ 3.58 + 0.68 + lowa Fayette | medium medium
0.3 0.28 0.04
B* 7.43 | silty clay loam 311+ 255+ 0.56 + Colorado Delta medium high
0.36 0.45 0.11
Cc* 6.56 | sandy clay loam 131+ 131+ NA Wyoming | Albany high medium
0.09 0.09
D* 7.58 clay loam 1.7 + 0.85 + 0.86 Colorado Otero low low
0.06 0.05 0.02
E 5.25 silt loam 11+ 1.10+ NA Colorado Kit medium medium
0.05 0.05
Carson
E 5.2 loam 1.07 £ 1.07+ NA Colorado Phillips high medium
0.05 0.05
G 6.75 sandy loam 1.38 1.38 + NA Colorado Kit medium high
0.08 0.08
Carson
H* 7.56 silt loam 7.21 2.34 £ 4.86 Kansas Riley high high
0.04 0.45 0.42
1 6.78 loam 141+ 141+ NA Ilinois Mercer low medium
0.1 0.10
J* 6.1 | silty clay loam 3.3+ 3.30 NA lowa Scott low low
0.16 0.16
K 7.24 loam 25+ 2.33 + 017+ lowa Jasper medium low
0.19 0.19 0.01
L 7.53 loam 2.98 + 2.55+ 0.43 lowa Jasper medium medium
0.29 0.26 0.09
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Land cover at these sites includes cropland, pasture, rangeland, and tall grass prairie. To collect a relatively uniform

sample and avoid a strong influence of spatial heterogeneity, soils were collected by spade from a small area, roughly 50 cm

x 50 cm. The intention of this sampling procedure was not to obtain a sample that represented the field site or a large area (e.g.

on the hectare scale), rather enly-to collect enough soil with unique (relative to other sites) and uniform properties (within the
collected soil) to use for the laboratory procedure comparison. Seis-were-collected-by-spade-from-roughlya-50-cm-x-50-em
area-down-to-15-cm-and-transported-to-thelabOnce in the lab, soils were prompthy-forstorage-stored in a 4 °C refrigerator until
further use. Each field moist soil was homogenized to the best of our ability. WWhile-itis- impessible-to-eliminate variability due
to-heterogeneity-across-subsamples-andrephicates\We -we-sought to minimize its-contributionvariability by spreading the entire
sample out on kraft paper,
and-flipping the soil over itself twice Janer—te%eueenenéen—\.was#}en%eueeted—and collecting soil from various parts of the

kraft paper from-differentplaces-on-the-butcherpaperto ensure representative subsamples. The kraft paper used had no water-
soluble C. Further, we subsampled for all replicates, including those sent to external laboratories and those retained at CSU

for the protocol comparison in the same way to minimize differences across laboratories {e-g—between CSU-and-external-labs;
see-Fig—2)and methods due selehy-to inherent soil heterogeneity.

A subset of soils was selected for the external service laboratory comparison (soils B, C, D, H, and J; Table 1), with

the aim of capturing a broad range of coarse material contents, soil textures, and SOC and SIC concentrations while balancing
costs. For soils B, C, D and J, a subsample of each homogenized field moist soil was further separated into two subsamples:
(1) a subsample that was air-dried and (2) a subsample that was maintained field moist at 4 °C. These two subsamples (from
here on referred to as air-dried or field moist) from each soil were sent to the eight external service laboratories. For soil H,
we sent an air-dried sample only as we did not have enough soil to include a field moist sample. The processing and
quantification methods used by each external laboratory are described, to the best of our knowledge, after reviewing the

standard operating procedures and communicating directly with lab personnel, in Supplemental Table S2.

2.2 Experimental design for testing soil processing and carbon quantification protocols

To test the effect of sieving, grinding, drying and final quantification methods on estimates of TC, SIC, and SOC
concentrations, we processed and analyzed the 12 soils described in Table 1 following eleven different protocols (Fable-2Fig.
1).

Each protocol was replicated five times per soil for all 12 soils. We considered the methods used in the Soil Innovation

Laboratory at Colorado State University (CSU) as the reference (R) where all protocols deviated from R for one step to enable

the evaluation of the effect of each individual step on the estimation of TC, SIC and SOC concentrations.
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2.3 Soil processing

To test the effect of sieving, each field moist soil was homogenized and split into five representative replicates as
described above. The replicates from each soil were further split into one batch that was air-dried, and one batch maintained
moist at 4 °C. The latter was processed according to the POR sieving protocol (Fable-2Fig.1), by passing field moist soil
through an 8 mm sieve to remove coarse material. A 25-30 g subsample was dried at 105 °C to calculate soil moisture and the
remaining soil was air-dried. Once air-dried, all soil was passed through a 2 mm sieve to remove additional coarse materials
not considered soil (> 2 mm): any aggregates remaining on the sieve were gently broken with a mortar and pestle until they
could pass through the sieve. All coarse materials were dried at 60 °C and weighed. Soils from the air-dried batch were split
into three representative subsamples to test alternative sieving methods P1S1, P2S2, and P3S3 (summarized in Fable2Fig. 1).
The P1S1 soils were passed through a 4 mm sieve, following a protocol used by the Kellogg Biological Station at Michigan
State University (i.e., in Syswerda et al., 2011), removing any coarse materials larger than 4 mm, gently breaking aggregate
structures using the same method as POR (mortar and pestle) until all soil passed through. The P2S2 soils were processed using
a rolling pin, following a modified protocol utilized by the Kellogg Soil Survey Laboratory (Soil Survey Staff, 2022). Soils

were first poured over the 2 mm sieve and coarse fragments remaining on the sieve were removed.
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PROCESSING QUANTIFICATION

Sieving  Grinding  Drying Total C sSIC S0C
@Smm + roller MEER Fizz
@ L 2mm I p table o ﬁﬂ\ BUEL] + pr 25l
= 105°C
Sieve 1 roller 105°¢ EA i EA - PT
feve - table +PT '
. roller 5 Fizz
Sieve 2 . - table 105°C A +PT EA - PT
Sieve 3 mechanical 105°C EA Fizz EA-PT
oy §3 grinder +PT
ball mill 8
Grind 1 fnm * 105°C EA fu EA - PT

Grind 2

8 no o i
;IIII'Il‘"lII+ 105°C EA flé_lr EA - PT

8mm + roller
2mm table

Fizz
+PT

G1
8mm + roller air Fizz
Dry 2 o 2mm table EA +PT EA - PT

Dry1 EA EA-PT

Quant 1

8mm + roller °

e /T 105°¢ EA TC - AF AF
2mm table :

8mm + o

TFable-2Figure 1: The internalprocedural -variations for sieving, grinding, drying, and quantification methods seil-processing

and-quantification-of %-total carbon (Total C), %-soil inorganic carbon (SIC), and %-soil organic carbon (SOC) concentrations.

where-each-procedure-is-abbreviated-using-P-and-assigned-a-number-(i-e-P0)-Sieving variations included Po-the Reference

Quant 2

Quant 3

(R; 8 + 2 mm), P1-S1 (4 mm), P2-S2 (2 mm with rolling pin), and P3-S3 (mechanical grinder). Grinding variations include P9
R (roller table grind to < 250 pm), P4-G1 (ball mill to < 125 pm), and G2 (no grind; (< 2000 pum). Drying variations include
PO-R (105 °C), P&-D1 (60 °C), and P7-D2 (air-dried only). For the quantification of % TC, dry combustion by elemental
analyzer (POR; EA) and Fourier transformed infrared spectroscopy (P8Q1; FTIR) were tested. Quantification for % SIC was

10
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tested using a pressure transducer (PTR; POPT), FTIR (P8Q1), and acid fumigation (P9Q2; AF) where %-SIC is calculated by
subtracting %FS-SOC from ~TC (EA with no AF) %-SOGCafterEA. SOC quantification procedures included subtracting SIC
(PT) from TC (EA) concentrations (R), FTIR (Q1), AF (Q2), and loss on ignition (Q3; LOI) where mass loss was based on
soils dried at 105 °C prior to the muffle furnace (*).Quantification-of %-SOC-was-tested-using-EA-PT(RPO)}FHR(P8);-AF

— Fi indi Drvi % TC % SIC % SOC
Sieving me gnnding ying determination determination determination
(PO) 8mm fresh + 2mm .
Mona): AR ey Roller table to  Oven EA Fizz test + OC =TC-IC
Coasse debis, soots and garvel cemoved <250 um @105°C Pressure transducer  (both quantified)
(P1) air-drv + 4mm \
Mortarand pestl.e to break aggregates. (PS) FTIR FTIR FTIR
Coarse debsis, roots and gravel removed (‘PG) @600(:
(P4) Ball mill
(P'?) el 2 = .’_Lﬂﬂ Lo 120 }uu Ll /) j n¥a Y T\_-\J\.,—l\_. IlLiU uuuigdduu
Roller pin to break agoregates. . "
Cou:e debuis, zmots and gravel removed . (both quantxﬁed) 9 EA
(P7) None
(P5) None
(P3) au-dry + gunder (P10) None None LOI

No initial removal of coarse
debuzis, roots and gravel

Aggregates left on the sieve were gently crushed on butcherkraft paper with the rolling pin until all soil passed through the
sieve. The P3S3 soils were processed using a DC-5 Dynacrush mechanical flail grinder which breaks soil aggregates in a
chamber using stainless-steel flailers and allows soil to fall through a 2 mm screen as aggregates are broken. The whole sample
was poured into the cavity for the first pass. Large coarse fragments left on the 2 mm screen were removed and contents (i.e.,
aggregates) remaining on the screen were passed through again. This process was repeated three times. Soil aggregates that
did not get crushed to pass through the 2 mm screen were collected and quantified separately from coarse materials. All coarse
material for P1S1, P2S2, and P3S3 methods were air-dried and weighed. Soil samples processed according to the POR, P1S1,
P2S2 sieving procedures were finely ground and dried at 105 °C. P3S3 soils were considered “ground” by the Dynacrush as
is standard procedure and were dried at 105 °C. Thus, the P3S3 is the only tested protocol which differed from POR for two

steps, sieving and grinding, as the mechanical grinding method substitutes them both.

11



250

255

260

265

270

275

280

Soils were defined as having high, medium, or low rock or plant contents (Table 1) according to the amount of coarse

material removed using the 8 + 2 mm (RPOR) sieving procedure_ and the boxplot function in RStudio. The categories were based

on the interquartile ranges where plant or rock proportion by mass less than the 25" percentile was classified as low, medium
fell in the interquartile range (between the 25™ and 75" percentile), and high was proportion by mass greater than the 75™
percentile.

To test the effect of fine grinding, soils which had all been sieved and dried according to the POR procedure were
either pulverized using a roller table with three metal bars (POR; Arnold and Schepers, 2004) for 18 hours until soils were <
250 pum, a ball mill (Planetary Mill Pulverisette 5; P4G1) for 2 minutes, pulverizing soils to < 125 pum or not ground (P5G2)
beyond the 2 mm sieve (< 2000 um). To test the effect of drying soils at different temperatures, soils sieved and puhverized
finely ground according to the POR procedure were dried in the oven at 105 °C (POR), at 60 °C (R6D1), or left to air-dry
(P7D2).

All soils from the POR to PZD2 processing protocols were analyzed for % TC, % SIC and % SOC according to the
POR method described below, so that their comparisons could specifically test the effects of the methodological step for which
they differed on soil C values.

2.4 Soil analyses

To assess soil C quantification methods, soils that had been sieved according to the POR procedure were analyzed
using methods P8Q1, PSQ2 and P10Q3 (summarized in Fable2Fig. 1). POR soils were analyzed for % TC by dry combustion
(Nelson & Sommers, 1996) on an elemental analyzer (EA) -Elementarvariec I SOTORE cube-Germany)-for % SIC by pressure
transducer (modified from Sherrod et al., 2002), and % SOC was calculated by subtracting % SIC from % TC._The dry

combustion method (R; EA) is considered the most accurate method for total C quantification (Yeomans & Bremner, 2008)

so it is often used as a reference (Leong & Tanner, 1999; Bisutti et al., 2004) against other gquantification methods. SIC

concentration was determined using the pressure transducer as the R method because, in our experience, it is a more efficient

and cost-effective way to quantify SIC compared to acid fumigation (TC — SOC) where soil samples must be analyzed twice

on the EA. -For P90Q2, % TC was first measured on the EA, % SOC was measured on the EA after acid fumigation to remove
carbonates (Harris et al., 2001) and SIC was calculated by subtracting % SOC from % TC. The P8Q1 method used FTIR to
predict TC, SIC, and SOC concentration, following the analytical procedure described below. For the Qlis method, we tested
four different grinding approaches that produced different sample particle sizes (no grind to < 2000 um, roller table grind to <
250 pm for 18 hours, roller table grind to < 180 um for 48 hours, and ball mill pulverization to < 125 um) as the effect of soil
particle size may play a lesser role on FTIR accuracy than previously reported (Sanderman et al., 2023). The results of variation
in particle size are reported in Supplemental Figure S1. The test suggested that the < 180 um grind was sufficient for FTIR

scanning-and-we-used-that for-the-comparison-of P8, -to-the-other-guantification-metheds:which was also the particle size of
the samples used to build the NRCS-KSSL spectral library (Seybold et al., 2019) used in this study. Thus, we compared the

Q1 <180 um protocol to the other quantification methods. Lastly, for the PA0Q3 method, % SOC was estimated using loss on
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ignition (LOI), following Storer (1984). Briefly, soil (10 g) was heated to 360 °C for 2 hours in a muffle furnace to oxidize

organic matter. The difference in mass was calculated on soils dried at 105 °C and then equated to the organic matter content

and a conversion factor of 0.58 (Pribyl, 2010) was used to estimate % SOC.

2.5 Analytical procedure
2.5.1 Quantification of carbon by elemental analyzer

We used an Elementar-vario ISOTOPE cube elemental analyzer (Elementar, Germany) housed at the Soil Innovation

Laboratory at Colorado State University to measure % TC and % SOC after acid fumigation_for the Q2 procedure only. The

EA was drift corrected every day before measurement, using an acetanilide standard (Sigma Aldrich) with 71.09 % C in three
replicates. Following the three acetanilide standards, three replicates of an internal soil standard, with % TC comparable to the
samples, were run to ensure data reliability. The mass of soil used was related to its % TC where approximately 30 mg of
sample was used for low % TC soils and 10 mg was used for soils considered to have medium % TC. The internal standard
and a duplicate sample were run every 10 samples to continuously check for drift. The manufacturer reports a precision of <

0.1 % TC, and we observed an average standard deviation of 0.04 % TC across all soil standards run in this data set.

2.5.2 Fourier transformed infrared spectroscopy

Samples were scanned in the mid-infrared region as described by Leuthold et al. (2024). For the analyses, roughly 40
mm?3 of sample was pressed down using a metal rod to fill a 6 mm well in a 96 well plate. This ensured an even surface as soil
was scanned 32 times at a resolution of 4 cm* from 7500 to 600 cm-! on a Bruker VERTEX 70/HTS-XT Bruker INVENIO-
R FT-IR (Bruker Optics Inc., Billerica, MA, USA). A gold background efgetd-was scanned before every sample to correct

for potential fluctuations and interference of CO, and H,O. Samples were scanned in quadruplicate and then analyzed for

similarity. The first scan of each sample was considered the reference, and the scans were accepted when similarity passed
with a correlation of 0.996 or higher for the other three scans, otherwise all four scans were repeated. For predicting % TC, %
SIC, and % SOC, calibration models were built using the USDA NRCS National Soil Survey Center-Kellogg Soil Survey
(NSSC-KSSL) spectral library coupled with partial least squares regression in the OPUS software (OPUS version 8.5, Bruker

Optik GmbH 2020) as described in detail by Seybold et al. (2019). The calibration models were developed separately by soil

property and geographical region-{i-e—the state of Colorado{CO)} was-used-as-the boundary-formaking predictions-With-so

collected-in- CO). -Spectra were trimmed to the mid-infrared region from 4000 to 600 cm* and calibration spectra were mean

centered with redundancies removed using principal component analysis and outliers removed based on ANOVA of residuals

in OPUS. Details for the geographical boundaries, spectral pre-processing, R2, and root mean square error of prediction for




2.6 Data analysis

320 All statistical analyses were performed in RStudio version 4.3.1 (R Core Team, 2024). Linear mixed models were
used (Ime4 package; Bates et al., 2015), with soil and procedure as interacting fixed effects and soil replicate as a random
effect, to compare % TC, % SOC, % SIC, and % coarse material (plant and rocks) across procedures. A log-transformation
was utilized to fulfill the assumptions of normality and equal variance except for % plant material and rocks where a square
root transformation was used to accommodate values of 0. The coefficient of variance (CV) was calculated by sd/mean*100

325 for each soil*procedure combination and then averaged over soil for each procedure. Simple linear models were used to test
the effect of procedure on CV. Pairwise comparisons were made using the emmeans (Lenth, 20242) package with a Tukey

adjustment. Differences with a p-value < 0.05 were considered significant.

3 Results

330 3.1 External lab comparisons of soil carbon analyses
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Externalservice labsprovided-valuesfor % TC % SIC,and %-SOC--Within a given lab, reported values for the same
soil (sent either as air-dried or field moist) varied by up to 4.62 % TC, 4.06 % SIC, and 1.45 % SOC. forthe-same-soil-{sent

340

v-(Fig. 2%; Supplemental Table S3S4). Lab 11l
and Lab 1V both reported absolute differences of nearly 2 % less TC in the field moist sample than in the air-dried sample of
soil B. Lab 111 reported a much higher % SOC value in the air-dried sample (4.07 % SOC) than the field moist sample (2.62

% SOC) from soil B, a soil with 12 % soil moisture and high root material (Table 1). However, in some cases, labs reported

345 the same or similar values either air-dried or field moist. For example, Lab VII, reports no difference in % SOC while Lab |
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350

only detected a 0.01 % difference between the air-dried and field moist samples sent from soil B. Lab VI reported differences

of < 0.1 % TC for all soils while Lab | reported differences in SOC of < 0.1 % for all soils between the air-dried and fresh

subsamples sent (Fig. 2).
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Figure 2: The distribution of total carbon (TC; panel a) soil inorganic carbon (SIC; panel b) and soil organic carbon

(SOC; panel c) concentrations from eight service soil testing laboratories and our reference method Celerado-State-University

(CSU/Reference). Box plots report the median, first and third guartiles for values from all soils analyzed at service soil testing

laboratories (brown boxplot; field moist and air-dried combined for soils B, C, D, and J; n=16) and by the CSU/reference

method (grey boxplot; n=5). Whiskers extend to the upper and lower data point that are within 1.5 times the interquartile range.
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One sample from soil H was sent to each lab (n=8). For descriptions of the soil properties, CSU/Reference method and methods
used by the external service soil testing laboratories Rrefer to Table 1, fora-deseription-of-the-sots—Figure 1 1 forReference
S methods—andand Supplemental Table S2, respectively-for-external-service-soi-testinglaboratory-methods.

Differences also occurred in estimates across labs (Fig. 12). Even in soil with lower % TC (i.e., soils C and D) where
less variability occurred generally, we still observed notable differences in % SOC where Lab VI reported 1.46 % SOC and
Lab VIII reported 0.40 % SOC for soil D. We observed an extreme outlier of 4.12 % SIC from the air-dried sample of soil J
reported by Lab I1, a 118-fold difference than the average across all other labs of 0.035 (+ 0.016) % SIC. For soil H, we could
not make comparisons of air-dried vs. field moist soil C data since we only sent an air-dried sample. However, the range across
laboratories for % SIC at soil H is remarkable. We observed an average of 3.72 (+ 1.83) % SIC across all labs for soil H where
Lab 11 reports 0.07 % SIC while Lab IV reports 5.5 % SIC (Fig. £2). The distributions of % SIC data were tighter for soils
with lower % TC but we still observed considerable distributions for soil D looking at % SIC where Lab VI reports 0.06 %
SIC while Lab 1V reports 1.41 % SIC (Fig. 12). Overall, variability in C measurements between labs and within the

CSU/reference method was highest for soils B and H.

3.2 Assessment of the effect of soil processing procedures on soil carbon measurements
3.2.1 Effects of sieving on soil carbon measurements

The amount of coarse material removed from the soil samples was dependent on the procedure used for sieving, as
expected. Overall, sieving by mechanical grinder (P3S3) removed less plant material than the other procedures, especially in
soils characterized by a higher proportion of plant material by mass (Table 1; Fig. 23). There were no differences in % plant
material removed for the soils defined as having low plant material between any of the sieving procedures. In soils with
medium plant material, the mechanical grinder (P3S3) removed less plant material than the 8+2 mm sieve (POR) and 4 mm
sieve (P1S1) in four and three out of five-six soils, respectively. The 8 + 2 mm (POR) and 4 mm (P1S1) sieving procedures
removed significantly more plant material than the mechanical grinder (P3S3) in all soils defined as having high plant material
while the 2 mm sieve with rolling pin (R2S2) removed more in two thirds of the high plant soils (Supplemental Table S54).
Averaged across soils, the 8 + 2 mm (POR), 4 mm (RP1S1), and 2 mm rolling pin (P2S2) sieving procedures removed 69 %, 66
%, and 59 % more plant material than the mechanical grinder (P3S3). The 2 mm sieve with rolling pin (P252) removed less
plant material than the 8 + 2 mm sieve (POR) in three out of five-six soils with medium plant material and one third of soils

with high plant material.
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Figure 3: A stacked bar graph illustrating the proportion of coarse material removed from the total soil mass with

four different sieving procedures: R (8 + 2 mm), S1 (4 mm), S2 (2 mm with rolling pin), and S3 (mechanical grinder) described

in Figure 1. Stacked bars represent the mean (+ standard error; n=5) of coarse material identified as plant (top; green) or rock

(base; beige). Letters refer to soils as described in Table 1. Panel a (top) includes soils with lessow coarse material (up to 1%

on average), and Panel b (bottom) includes soils with more than 1% coarse material
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There was a significant interaction of soil and procedure for the effect of sieving on rock removal (Supplemental

Table S4S5). We observed no differences in rock removal based on sieving procedure in any of the soils with low rock content.
However, in soils with medium rocks the mechanical grinder (P3S3) removed less than the 8 + 2 mm (RPOR) and 2 mm with
rolling pin (P2S2) sieve in three out of seven-six soils and one third of soils considered to have high rock content. In the soil

415 with the highest rock content (H), all sieving procedures removed more rock than the 4 mm (P1S1) sieving procedure.
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Moreover, sieving only to 4 mm (P1S1) removed less rock than sieving to 8 + 2 mm (POR) in two out of seven-six soils with

medium rock content. Howey

An interaction of sieving procedure and soil (Supplemental Table S5S6) revealed that in a quarter of the soils, the

mechanical grinder (P3S3) resulted in a lower % TC than the 8 + 2 mm (POR) and 4 mm (P1S1) sieving procedures. Compared

to a-the 4-2 mm sieve with rolling pin (P1S2), the mechanical grinder (P3S3) had a lower % TC in two out of twelve soils.

There were no significant differences in % TC between the 8 + 2 mm, 4 mm, and 2 mm with reHer-rolling pin sieving
procedures for any of the soils (Fig—4Supplemental Fig. S2 & Table S6). For % TC, the 2 mm sieve with rolling pin (P252)
had a lower CV on average compared to the mechanical grinder (p=0.033; Supplemental Fig. 5S3). Sieving procedure had a

significant impact on % SIC (p=0.011) but there was no interaction between sieving procedure and soil (Supplemental Table

S6).
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Figure 4: The difference (A) in % soil organic carbon (SOC) compared to the reference (R) mean value for all sieving

procedures including R as described in Figure 1. Box plots report the median, first and third quartiles. Whiskers extend to the

upper and lower data point that are within 1.5 times the interquartile range. Letters indicate the different soils, as described in

435 Table 1, which are arranged on the x-axis by proportion of rock material removed with the R sieving procedure.

There was a significant difference in % SIC between the 8 + 2 mm (POR) and 2 mm with rolling pin (P2S2) sieve
(p=0.007), with a higher % SIC in the 2 mm with rolling pin (P2S2) than the 8 + 2 mm (POR) (Supplemental Fig. S254 &
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Table S7). There was a significant main effect of sieving procedure on % SOC but no interaction with soil where we observed
the mechanical grinding procedure (P3S3) significantly differing from the 8 + 2 mm (p=0.003; Fig. 4), 4 mm (p=0.002), and
2 mm with rolling pin (p=0.016) sieving procedures (Supplemental Fig—S3-& Table S87). Overall, the mechanical grinding
procedure was associated with a lower % SOC estimate. There were no significant differences in CV between any of the
sieving procedures for % SIC or % SOC (Supplemental Fig. 5S3) though the CV of % SOC for the mechanical grinder was
1.4 - 1.5 times higher than that of the other sieving procedures taken together.

3.2.2 Effects of fine grinding on soil carbon measurements

There was a significant interaction between soil and fine grinding procedure on % TC (Supplemental Table S5S6).
The no fine grinding procedure (R5G2) resulted in significantly lower % TC compared to the roller table grind (PSR) in one
third of the soils and higher % TC in one out of twelve soils. Differences in % TC between the ball mill (R4G1) and no fine
grind (P5G2) were observed in two out of twelve soils, where ball mill (P4G1) resulted in both higher and lower % TC. When
the ball mill grind (P4G1) was compared to the roller table grind (POR), % TC was lower in five out of twelve soils
(Supplemental Fig. S4-S5 & Table S65). The ball mill method had a lower CV for % TC than both the roller table (POR;
p=0.043) and no fine grind (P5G2; p=0.003). Fine grinding had no effect on % SIC nor CV for % SIC (Fig-5:-Supplemental
Table S6S7). A quarter of the soils ground on the roller table (RSR) had significantly higher % SOC than the ball mill (P4G1)
and no fine grind procedures (P5G2). In one of twelve soils, the roller table grind (PGR) and no fine grind (P5G2) procedures
resulted in lower % SOC than the ball mill grind (Supplemental Fig—S5-&-Table S7). We observed differences in the %-CV
of % SOC where the ball mill grind (P4G1) had a lower CV than both the roller table grind (P8R; p=0.006) and no fine grind
(P5G2; p=0.001) (Fig. 5).
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Figure 5: The distribution of the coefficient of variance (CV) across all soils (n=12) for each of the three grinding

procedures tested, as described in Figure 1. Box plots report the median, first and third quartiles. Whiskers extend to the upper

and lower data point that are within 1.5 times the interquartile range. Black dots represent the mean CV % SOC.
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The drying temperature prior to elemental analysis by dry combustion had a main effect on % TC, % SIC, and %

SOC (Supplemental Tables S5--S6, & S7, & S8). Air-dried soils (P7ZD2) had significantly lower % TC than soils dried at 105

475

drying at 105 °C (p=0.002) and lower SIC than air-drying (p=0.039).

25

°C (POR; p=0.010) and 60 °C (RP6D1; p=0.048) (Supplemental Fig. S6). Drying soils at 60 °C resulted in higher SIC than
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485 Differences in % SOC were only observed when comparing POR to P7D2 where air-drying resulted in lower % SOC overall
(p < 0.001; Supplemental-Fig. S76). The CVs of % TC, SOC, and SIC averaged across soils were unaffected by drying
temperature (Fig-5Supplemental Fig. S3).
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3.3 Assessment of the effect of quantification method on soil carbon measurements

| We compared several different quantification methods to the POR procedure where % C concentrations were
measured by dry combustion in an elemental analyzer (EA) for % TC, by pressure transducer (PT) for % SIC, and by EA-PT
for calculating % SOC. All three soil properties (% TC, % SIC, and % SOC) were predicted using FTIR spectroscopy. The

|495 FTIR (P8QL1) predicted values had high linear correlations with measured values from the POR method for % TC, % SIC, and
% SOC. Calculating % SIC by subtracting % SOC measured by EA after acid fumigation (AF) from % TC correlated well
with the PT method. The loss on ignition (LOI; P100Q3) method had the poorest correlation while the AF (P2Q2) method
correlated better to the POR % SOC measurements by EA-PT (or just by EA in the case of soils without SIC) for % SOC (Fig.
6). All regressions were significant at p < 0.001. Pairwise comparisons of the average CVs showed no significant differences

|500 for % TC (p=0.5214), % SIC (p=0.217), or % SOC (p=0.18) across quantification methods.-(Fig-5)-
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4 Discussion

4.1 High variability in soil carbon measurements provided by service laboratories
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Commercial service labs, including the labs we used for our external lab comparison, are commonly used to quantify
sei-GSOC for C market applications, including demonstration projects, model validation and project verification activities
(Smith et al., 2020). Given the large variation in soil C we report for the same soil, sometimes even within the same lab when
two subsamples were sent, the fact that C market applications rely on these C data is very concerning. We observed the largest
distribution for % SOC in the B and H soils using the CSU/-reference methods (Fig. 2 & 4), which both fall under the high

plant material category and have SIC (Table 1). The distribution of % SOC across the external labs was also largest in soils B

and H, confirming the expectation that more SIC and a larger proportion of plant and rock material will contribute to higher

variability in SOC data. Within CSU, we speculate that the higher variability in % SOC in soil H was due to the measured

values for % SIC using the pressure transducer since % TC variability is very low and % SOC is calculated by % TC - % SIC.

We corroborate past findings that accurate C quantification is made more difficult with the presence of inorganic C, particularly
at higher SIC concentrations (Stanley et al., 2023; McClelland et al., 2022). The higher variability in soil B within-GSUby the
CSU/reference method is most likely due to substantial amounts of fine root (irrigated pasture) and some SIC. As the interest

of soil C markets extends to cropping systems with higher root biomass and grasses (Bomgardner & Erickson, 2021), for

accurate C measurement it becomes paramount that plant material is being removed from soils. However, even careful sieving

cannot remove all fine roots as many roots will pass through the 2 mm sieve and contribute to higher variability if not

adequately removed. In soils with a high density of fine root material, extra time to pick out roots using tweezers may be
necessary.-aceurate-C-measurement

itis-importantto-pointoutthat For all soils fwehe observed a much larger distribution of soil C values across the external labs
ismuch-largerinall-sels-compared to across the CSU/Reference values (Fig. 2), despite the soils having been homogenized
from the field the same way for subsampling. Given that the external labs use a variety of processing methods, most of which

utilize a mechanical grinder and do not fine grind (Supplemental Table S2), we attribute a larger spread in % SOC across the

external labs in part to the processing methods used but also due to the lack of consistency in the methods generally. Moreover,

if applying the standards used by the NAPT for the acceptable range of values at +/- 2.5 times the MAD units from the median

(S890 North American Proficiency Testing program oversight committee, 2020), we observed that, across all sites and

laboratories (including CSU), 8 %, 15 %, and 28 % of observations were outside the acceptable range for % TC, % SIC, and

% SOC, respectively. We-Again, this result points attribute-this-to differences in the soil processing methodologies affecting
soil C estimates as most of the labs used in this study are NAPT certified and as previously mentioned, soils analyzed for an
NAPT certification are processed in the same way.
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Our findings contradict a previous inter-lab comparison study where researchers found that SOC data was agreeable

between three laboratories with high correlation (Bowman et al. 2002). However, for that study, soils were sent to USDA-ARS
affiliated laboratories and the samples had been pre-processed, air-dried to pass through a 2 mm sieve before shipment, finely
ground by the participating laboratories before elemental analysis, and analyzed on the same type of EA (Bowman et al., 2002).
We recommend that users of service laboratories at a minimum request information about the soil processing methods.
However, a more effective strategy would be to standardize soil processing methods across labs based on our suggestions
below. Moreover, labs should be using a reliable instrument (e.g. have a NAPT certification) to quantify TC and SOC if using
acid fumigation. In our study, it is highly likely that Lab Il inadvertently swapped the sample from soil H and the air-dried
sample from soil J. Since an external client would most likely not have internal analyses for comparison, we treated the data
from Lab Il as it was reported by the lab. Ideally, laboratories should run blind duplicate samples and include a posteriori
verification to ensure that samples are not switched for accurate reporting of the data to their clients, however given the

significant added expense this would entail, improved sample tracking systems may be a more feasible solution.

4.2 Importance of sieving, grinding, and oven drying for reliable soil carbon measurements

4.2.1 Sieving

We found clear evidence that sieving soils to 2 mm after mechanical grinding of coarse materials (P3S3), produced
different and more variable soil C data than the 8 mm + 2 mm (P8R), 4 mm (RP1S1), and rolling pin + 2 mm (RP2S2) sieving
procedures (Fig. 3-&44 and Supplemental Fig. S3; Supplemental Tables S65 & S8%). Mechanical grinders are commonly used

to sieve and grind soils at commercial labs (Garcia et al., 2022) because they significantly accelerate soil processing time,
reducing total costs of analyses (Supplemental Fig. S8S7). But the speed and cost reductions come with a price of increased
variability and what appears to be lower accuracy since the data differed from the other three sieving procedures. Surprisingly,
we did not observe a higher % TC or % SOC in soils with high plant material for the sieving procedures that removed less

plant material. We suspect it’s-it is because soils with high plant material also had high or medium rock proportions (Table 1),
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with the two opposable sources (i.e., higher for plant residues and lower for rock presence) of error possibly cancelling each
other out. Yet, it is not safe to assume this would always be the case, and if less rocky soils had been selected the failure to
remove plant material would likely have led to misleadingly high C measurements.

We did observe lower % TC and % SOC values using the mechanical grinder (P3S3) procedure in soils with either
high or medium rock content (Table 1; Fig. 4; Supplemental Fig. S3S2). This result indicates that the presence of rock, larger
than 4 mm specifically, has more impact on C data than the remainder of plant material. We speculate this is because the mass
of rock (i.e., the proportion relative to the soil), is greater than that of remaining plant material. Hence, crushing large rocks
instead of sieving them out of the soil sample dilutes the concentration of TC and SOC due to the additional mass from the
rock remaining. Although the higher time commitment to remove coarse materials by sieving increases cost, our results show

the benefit of removing coarse material, which is that it produces more accurate and precise results. There are machines

available that automate the sieving step of soil processing, but we chose not to include an automated sieving machine as one

of our sieving treatments because none of the labs we surveyed use one and we have found them to be less efficient on soils

with higher clay. However, it may be worthwhile to test the effectiveness of various automated sieving machines in future

studies for their potential to increase throughput. Hewever—asAs soil sampling and analysis demand grows to meet the

requirements of various policy and market-based programs, the additional time and cost may become even more prohibitive,
unless there is greater value placed on standardization of lab procedures and/or program-wide requirements to follow best
practices. Increased throughput and capacity via expansion and streamlining of soil laboratories could also help to lower costs
of rigorous soil processing and reliable soil C quantification.

If the goal is to obtain accurate whole soil C concentration data, our results suggest that the 2 mm sieve using a rolling
pin (P2S2) is a sieving method that performs comparably to the 8 + 2 mm (RPSBR) method in terms of accuracy and precision
but at a reduced time and cost (Supplemental Fig. S8S7). Although the 4 mm sieve (P1S1) method did not significantly differ
in C data compared to the 8 + 2 mm (POR) and 2 mm with rolling pin (P25S2) sieving methods, we do not suggest this method
be included as a standard procedure because it does not remove coarse rocks from soils (Fig. 23) and there is potential impact
of not removing rocks between 2-4 mm in size that we did not adequately test with our range of agricultural soils. Additionally,
our study was not designed to test soil preprocessing protocols’ effects on soil bulk density determination. However, accurate
bulk density measurement requires the removal and quantification of rocks and coarse fragments (Rytterr, 2012).

If the goal is to quantify soil C stocks using both C concentration and bulk density, we recommend the 8 + 2 mm
(PBR) sieving method be used to ensure that sufficient coarse material is being removed to inform a more accurate soil mass.
This is especially advisable in rocky soil types. However, because we observed that the 2 mm with rolling pin (P2S2) sieve
removed as much rock material but less plant material than the 8 + 2 mm (PSR), we would need to scale this difference up to
determine if not removing as much plant material would make enough difference in the soil mass to affect bulk density. Given
that root material is so light in mass, we anticipate the 2 mm with rolling pin (P2S2) method could be a reliable method for

bulk density measurements. Future studies should test this expectation.
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4.2.2 Grinding

Our study demonstrated that fine grinding increases the precision of soil C measurements, as we saw on average the
highest CV in the procedure where soil samples were not finely ground (P5G2) and a significantly lower CV for samples
pulverized by ball mill to < 125 pum (P4G1; Fig. 5). The roller table grind (PSR), although not statistically different from the
no fine grind method, did result in a lower overall CV for % TC, % SIC, and % SOC, averaging across soils, suggesting that
both approaches of fine grinding over no fine grind after 2 mm (2000 um) sieving, improve precision. This corroborates the
findings of Cihacek & Jaconson (2007) who observed less variability of C data in soils ground to 150 um by two to six-fold
when compared to soils only ground to 2000 pum. Given the high costs of ball mills and their very slow throughput, cheaper
and higher throughput methods which reach a particle size of <250 um, such as the roller table (Arnold and Schepers, 2004),
are recommended to increase sample homogenization, thus improve precision. Given that we used approximately 10 to 30 mgs
of sample for elemental analysis and Cihacek & Jaconson (2007) used around 150 mg, future research should test the effects
of fine grinding using EAs that require more sample mass (i.e., 1000 mg or more), as the level of grinding may not be as
important. Cihacek & Jaconson (2007) also found that with a coarser grind, medium textured soils had higher total and SOC
compared to the soils ground to either 250 or 150 um. However, our results are more similar to Dias et al. (2010) who found
no differences in C concentration data between soils ground to < 2000 um and soils ground to < 150 um because our results

for the effect of fine grinding on C measurements are unclear.

4.2.3 Drying

We found no published studies that test the effect of drying temperature on C concentration data in soil using dry
combustion by EA. We show that omitting oven drying leads to biased C measurements, with air-dried soils analyzed on the
EA having lower % C compared to oven-dried soils, driven by the presence of moisture and its impact on sample mass
(Supplemental-Fig. S6 & S#Supplemental Fig. S6). Additionally, our finding provides evidence that volatilization of SOC is

not detected in soils with < 3.6 % SOC when dried at 105 °C. The potential for SOC volatilization is a valid concern but the

only study we found to test for OC volatilization prior to dry combustion corroborates our finding where there was no evidence

of volatile OC loss in marine sediments dried at 110 °C and finely ground (Mills and Quinn, 1979). Additionally, we did not

observe a significant effect of drying temperature on % N concentration (p=0.201; Supplemental Fig. S8). We cannot exclude

the possibility that C volatilization would not occur in soils with higher-SOC values higher than 3.6%. When {fanalysing soils

with higher SOC, using a moisture correction may be preferable to oven drying the sample at 105 °C prior to EA. It is worth

noting that our study was conducted in Colorado, with a relatively low humidity of 52 % on average annually (World Data
Center of Meteorology, 2024) in the Denver-metro area. Oven-drying soil samples prior to EA analyses is likely even more
impactful in laboratories in more moist environments. It is well documented that texture and organic matter (OM) affect soil
moisture retention (Amooh & Bonsu, 2015; Lal, 2020). Even after air-drying, soils on a texture and OM combination gradient

can vary in % moisture from 0.54 - 5.22 (Wang et al., 2011). Given we did not find a statistically significant interaction of
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drying and soil in our model, our results suggest that the effect of drying procedure on final SOC quantification does not vary

significantly with texture or OM level. We therefore
interaction-of drying-and-soi-se-suggest that air-dried soils, generally, will result in the underestimation of % C as calculated
as the mass fraction per unit of dry soil (Popleau et al., 2015). Drying had no effect on precision (CV; Supplemental FFig.

5S3) in our study which did not align with our hypothesis, indicating that soil moisture was homogeneously distributed across
the soil mass in our soils. As we tested the effect of oven drying only on 2 mm sieved and ground soils, we cannot exclude the
possibility that higher variability on soil C values would be observed in air-dry soils which had not been carefully sieved and

ground.

4.3 Methods for soil carbon detection

metheds-We found a strong correlation between the FTIR predicted % TC (P8Q1; Fig. 6) and directly measured % TC using
the EA (POR). Additionally, the FTIR spectroscopy approach performed well for % SOC predictions. Others have found similar

efficacy of this approach (Zimmermann et al., 2007; Kamau-Rewe et al., 2011). For example, a recent agronomic trial reported
high correlation (R?= 0.99) between FTIR-predicted SOC and SOC measured in a laboratory on all samples using mean values
(Sanderman et al., 2020). The level of fine grinding needed to obtain the most accurate and precise data from FTIR

spectroscopy is unclear as results have been contradictory (Wijewardane et al., 2021; Sanderman et al., 2023). However

Sanderman et al. (2023) showed that the level of grinding did not matter if the models were built from soils that were ground

to the same particle size. This observation was confirmed by our work, as we observed that grinding to < 180 um, which is the

particle size of the NRCS-KSSL spectral library (Seybold et al., 2019) we used to build our FTIR models, was sufficient to

obtain reliable predictions. In our study, FTIR predictions were affected by the particle size after grinding for % SIC and %

SOC, but not for % TC (Supplemental Fig. S1). The FTIR spectroscopy method may thus be a good alternative to EA as it is

both reliable and more time and cost efficient. It is worth noting that we obtained accurate results for the FTIR method because

we used the same protocols and the same instrumentation for scanning our soils as was used to build the NRCS-KSSL library.

Building models using samples processed differently or analysed using different instruments may have produced different

results.

We found that correlations of % SOC when compared to the POR method were generally less agreeable (i.e., lower
R?) than for % TC or % SIC, although still high. Loss on ignition (LOI; P10Q3) was the least agreeable to POR % SOC,
generally underestimating % SOC. However, LOI still showed high precision, with an average CV that was lower than the
EA-PT method (POR), FTIR (P8Q1), and acid fumigation (AF; PSQ2) (Fig-5-&6Supplemental Fig. S3). #s-It is important to

note that LOI was performed on the 8+2 mm sieved soil (P8R) where coarse material was diligently removed. If LOI was used

to quantify SOC from soil samples sieved using a mechanical grinder, for example, the CV may be higher. Further, we were

consistent with how we employed the LOI method. The more specific deviations in methods common to LOI-based approaches
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can vary in important ways such as time of exposure to high heat and final temperature, which would impact the final numbers.
An inter-lab comparison study published in 2001 found a “laboratory-specific pattern in the results” whereby ten labs used
their own method rather than a standardized LOI method (Heiri et al., 2001).

Based on our study, we suggest that FTIR is a more precise method for SIC quantification than acid fumigation (AF;
P9Q2). Although the % SIC calculated by FTIR (P8Q1) and EA-AF (PSQ2) correlated similarly to the pressure transducer
method (POR), the relative CV for FTIR was 70 % lower than that of EA-AF (Supplemental FFig. 5S3). These results indicate
that calculating % SIC as % TC - % SOC (P2Q2) is not as precise as quantifying % SIC directly using either predictions via

FTIR or using a pressure transducer. As mentioned above, the accuracy of the FTIR method depends on the correspondence

in terms of protocols and instrumentation between the samples analysed and those used to build the library (Safanelli et al.

2023). It is thus recommended that laboratories intending to use the FTIR method apply the same protocols used to build the

library they intend to use for their prediction models. Most importantly, it’s crucial that testing for presence of SIC is

incorporated into the standard operating procedures for soil processing in all soil testing labs, and that accurate quantification
of SIC is carried out where its presence is detected. By not guantifying-accounting for the inorganic C in calcareous soil, labs

are overestimating true % SOC.

4.4 Implications of our study

Our findings have important implications for how soil C data are gathered and used, including in policy and market
sampling, to either calculate the number of credits directly or to inform the use of models to estimate soil C sequestration
(Zelikova et al. 2021, Oldfield et al. 2022). The variation in soil C estimates based on soil mass or bulk density estimation
(Raffeld et al., 2024) and lab processing procedures observed in this study may be greater than the rates of soil C accrual
measured based on the implementation of certain agricultural management practices. For example, the largest variation of %
SOC measurements across all soil processing and quantification protocols was found for soil H using the mechanical grinding
(P23S3) sieving procedure. Assuming a bulk density of 1 g cm®, this procedure (P3S3, soil H) resulted in a standard deviation
(+.15.0 Mg_C ha) that was 50 % of the mean average SOC stock (27.9 Mg_C ha'). For the external lab comparison, Lab III,
soil B had the largest variation in % SOC measurements. Again, assuming a bulk density of 1 g cm, this lab produced a
standard deviation (+ 15.4 Mg.C ha™t) that was 30 % of the mean average SOC stock (50.2 Mg_C ha) between the two samples
measured. The ability to detect SOC stock changes with such high error in measured data presents difficulty with average SOC
sequestration rates in agriculture of 0.3 Mg_C hayr ! (Sanderman et al 2010, Poeplau & Don 2015). Large errors associated
with soil C data can also result in a gross over or underestimation of SOC. This is especially dangerous if these inaccurate data
are used to calibrate models as models may then misrepresent fundamental processes and perform poorly. Moreover, large
error indicates a lack of precision which can lead to a flawed assessment of change since a measurement may be more or less
biased than a measurement taken previously (e.g., 3 years prior). Not only would this cause inaccurate assessments of GHG
emissions reductions or removals but could also preclude scientific understanding of what practices work to improve soil C

sequestration and soil health, generally. Variation in soil C measurements based on methodological differences that are not
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accounted for in current protocols matters not only for agricultural producers, but also for other stakeholders who need to have
confidence in soil C quantification to incentivize certain management approaches for climate mitigation. Quantifying changes
in SOC stocks is challenging for a variety of reasons, but collecting robust data starts at the ground level with how soils are
collected in the field (Minasny et al., 2017) and how those soil samples are processed, as our study demonstrates.
Implementation of rigorous, standardized soil processing methods across commercial service laboratories will go a long way
towards more accurate and precise soil C quantification and building confidence in soil C measurement, monitoring, reporting,
and verification schemes.

We suggest a set of standards and guidelines to be adopted for soil processing and quantification of SOC. Sieving is
one of the most important soil processing procedures and we suggest one of two methods be implemented to reduce variation
and increase accuracy: (1) hand-sieve fresh soil through an 8 mm sieve, air-dry the sample, and then sieve the whole sample
or a representative subsample through a 2 mm sieve using a mortar and pestle to gently break aggregates, as described in
Mosier et al. (2021) or (2) air-dry the bulk soil and then sieve soil through a 2 mm sieve using the rolling pin method as
described by the NRCS methodology (Soil Survey Staff, 2022) to gently break aggregates. Once sieved, soil should be finely
ground to decrease variability across subsamples using a ball mill or roller table, which serves as an efficient alternative.
Drying soils at 105 °*C for 24 hours before analysis on the EA is strongly recommended to avoid underestimation of SOC
caused by the effect of moisture on sample mass. While there have been concerns reported about using 105 °C drying
temperature for % N quantification, we did not observe a significant effect of drying temperature on % N concentration

(p=0.201; Supplemental Fig. S6S8). We recommend the use of FTIR spectroscopy, with the caveats illustrated above and those

discussed by Safanelli et al (2023), particularly for SIC quantification as this method performed better than acid fumigation.

Finally, we do not recommend LOI to measure % SOC and instead recommend the continued use of EA-PT (PER), potentially

benchmarking the use of FTIR spectroscopy as an additional method for SOC quantification.
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