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Abstract: The objective of this study was to compare the results of calcimetric and dry combustion
methods for quantitative estimation of soil total inorganic carbon (TIC). To this aim, 117 soil samples
from three localities in the Mediterranean area (one in Spain and two in Southern Italy), representing
a wide range of total inorganic carbon contents (ranging from 1.9 to 54 g 100g"), were collected. TIC
(expressed as CaCO:s) was quantified using the volumetric calcimeter method, as reference, and dry
combustion in order to find an accurate and rapid method, suitable for different types of soils. The
results revealed a concordance between the two methods compared, as shown by the recovery val-
ues close to one, for the whole data set and for data grouped per experimental site. Specifically, the
dry combustion method showed slightly greater values of TIC compared to volumetric method,
probably due to soil acid pretreatments, in dry combustion, and to an incomplete decomposition of
carbonates that would require more time for removal, in a calcimeter method. Linear regression
equations between the two methods were not affected by different soil types. Overall, our study
demonstrated that the dry combustion was a reliable method and could provide accurate estimates
of TIC in soils with different calcium carbonate content.
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1. Introduction

Soil carbon storage, as the third largest carbon pool in the Earth System, plays an
important role in the global carbon cycle and climate change [1]. In world soils, most of
carbon (C) is present as organic C (OC) in the form of more or less complex and stable
organic compounds originating from plant, animal, and microbial residues. The inorganic
C (IC) portion is mainly present in soils of the arid and semiarid areas, and in the form of
carbonates [2,3].

More than 95% of soil IC is calcium carbonate (CaCOs) solid, which can be classified
as primary or lithogenic (mainly inherited from the parent material), or secondary/pedo-
genic inorganic carbon, newly developed as a result of dissolution and recrystallization
of primary carbonates and other soil forming processes, such as ground water and Ca?*
upward movement and biological activities [4,5].
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Carbonate influences both chemical and physical soil properties and hence fertility
and productivity. It directly affects the soil pH and buffer capacity and promotes the for-
mation of stable aggregates, influencing hydraulic soil properties [6] and erodibility [7].
In addition, recent studies highlighted that the soil total inorganic carbon (TIC) could con-
tribute in sequestering C in the terrestrial ecosystems [8-10]. Monger et al. [8] suggested
that the source of calcium (Ca) is the main factor in CO2 sequestration by soil inorganic
carbon. Lee et al. [10] demonstrated that soil biota plays an important role in the genera-
tion of secondary carbonates, highlighting potentially rapid changes in soil total inorganic
carbon.

The determination of total carbonate in soil is of great interest, due to the role in ter-
restrial ecosystem carbon cycling, especially in arid and semi-arid areas, and to useful
information on soil status, in terms of structure, texture, biological activity, or nutrient
content. Furthermore, the Mediterranean region is characterized by soils containing dif-
ferent types and concentrations of carbonates because limestone and other calcareous
rocks are the parent materials of a large proportion of them. This, added to the xeric mois-
ture regime present in most of the region and irrigation practices, often adopted and
known to alter soil C dynamics, generates optimal conditions for dissolution, leaching and
re-precipitation of carbonates [11]. For this reason, the quantification of inorganic carbon
fractions requires rapid and precise analytical protocols for thorough soil analysis.

There are numerous methods to determine the carbonate content in soils, the most
commonly used procedures involve dissolution of the solid phase carbonates by reaction
with acid. The quantification is commonly achieved by measurement of evolved CO: vol-
umetrically, gravimetrically, manometrically, titrimetrically. Moreover, it may be
achieved quantitatively by measurement of acid consumed during the neutralization re-
action.

The acid neutralization procedure is probably the most commonly used, due to its
simplicity which involves addition of excess acid and back titration with standard base.
Another widely used method is quantitative volumetric procedure, in which volume of
COz evolved is determined following the addition of excess HCl. The pressure-calcimeter
in which increase in pressure is measured at constant temperature, and volume, following
addition of excess acid, provides an alternative procedure for determination of soil car-
bonate. The calcimeter was considered a precise and inexpensive method even though the
precision and accuracy of measurements depended on skill, temperature, uniformity, and
method of adding the acid [12]. This technique is applicable in a straightforward manner
to soils with low organic matter and containing no dolomite and no appreciable quantity
of MnO [13].

The soil TIC quantification can be also achieved by dry combustion procedure with
automated analyzers. This procedure allows both a direct measurement of IC in soils that
are pre-combusted to remove organic matter in an Oz stream [14,15] and an indirect meas-
urement. The methodology for direct measurement of inorganic carbon consists of a com-
bustion at 950 °C of soil samples where organic matter has been previously removed by
combustion in a muffle furnace (tests at 450 °C, 500 °C, and 550 °C for 12 h) [15]. By indirect
measurement, soil total carbon (soil without pretreatment with acid to remove carbonate)
and soil organic carbon (SOC) are separately quantified, then, by subtraction, the TIC con-
tent can be obtained. Although the automated approach is simple, requires a minimum of
equipment, and would provide accurate estimates for TIC, it is not widely used.

Therefore, the aim of this study was to perform a comparative assessment of two key
quantitative methods for TIC determination, the calcimeter (reference method) and dry
combustion methods in order to identify the most accurate method, as well as most suit-
able to be used for soils typical of a Mediterranean environment. A large number of soil
samples was thus collected under different pedologic and management conditions in
Southern Italy and Spain, and analyzed to quantify soil TIC content using the two tech-
niques.
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2. Materials and Methods
2.1. Soil Sampling and Characterization

One hundred and seventeen soil samples were collected from three different sites
within experimental fields: two were at Fasano and Sarno, respectively, in the Apulia and
Campania regions (southern Italy), one in Murcia (Spain). Specifically, sixty-one samples
were collected from a farm in Fasano (40°52'24" N 17°24'35" E, 0 m a.s.1.) and twenty soil
samples were collected from a farm located in Sarno (40°4822" N 14°34'12" E, 14 m a.s.1.).
Thirty-six samples were collected from a 0.5 ha orchard, located in Campotéjar-Murcia
(38°07'18" N; 1°13'15" W).

Soil samples were taken from each experimental plot using a bucket auger and col-
lected from the 0 to 0.20 m layer for Fasano and Murcia, 0-0.30 m layer for Sarno. Sarno
site is an agricultural area dedicated mainly to horticultural crop cultivation (tomato),
with the soil being subject to frequent and intensive tillage. Fasano and Murcia areas are
mostly cropped to tree crops (olive grove and mandarin crop, respectively).

The climate of experimental sites is “accentuated thermo-Mediterranean”, as classi-
fied by UNESCO FAO [16], characterized by rather mild and rainy winters and warm and
dry summer months.

2.2. Laboratory Analyses

Soil characterization was performed by collecting from each site of soil samples taken
with regular auger. The soils were oven dried at 65 °C, crushed, and sieved to pass a mesh
of 2 mm, and then ground to a fine powder (0.5 mm) using an agate ball mill (Fritsch
“pulverisette 6”). In Table 1, the main soil chemical properties are reported. In addition,
all the soil samples were analyzed by the two different methods: (1) the gas volumetric
method by the calcimeter, and (2) the dry combustion method.

Table 1. Main soil chemical properties of the experimental sites: total inorganic carbon (TIC), total
organic carbon (TOC), electrical conductivity (EC), pH, total nitrogen (N).

TIC TOC pH EC N
g CaCO3 100 g™! g 100 g dSm™! g kg
Gas V(?lumetrlc Dry . 1:2.5 soil water 1:2.5 soil water Kjeldahl
calcimeter combustion extract extract
Site
Murcia 53.9 1.9 8.5 0.56 0.96
Fasano 17.5 1.9 8.7 0.23 131
Sarno 19 1.7 7.8 0.27 12
Al 26.0 1.8 8.5 0.34 1.18
data

2.2.1. Calcimeter Method for TIC Estimation

Soil total inorganic C determination with a gas volumetric method was obtained by
a Dietrich-Fruhling calcimeter, quantifying the CO:z evolved in a closed system after HCl
treatment.

CaCO; + 2HCl = H,0 + CO, + CaCl, (1)

Briefly, about 0.5 g of soil reacted with 10 mL of HCI (50%) in a reaction vessel; the
pressure generated by the CO2 evolved from the reaction of acid with carbonates was in-
directly measured and translated into carbonate concentration. The time of reaction for
every sample was almost of 15 min. The equation to obtain the concentration of inorganic
C takes into account the weight of the soil sample, the atmospheric pressure, the ambient
temperature, and the volume of CO: developed from dissolution of carbonates by using a
calibration curve generated with known quantities of analytical-grade calcium carbonate
(CaCOs).
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The calcimeter was chosen as the reference method because it is the most frequently
used in laboratories performing agricultural analysis of soil fertility.

2.2.2. Dry Combustion Method for TIC Estimation

For the dry-combustion procedure a vario TOC select analyzer (Elementar, Hanau,
Germany) was used. The vario TOC select conducts a catalytic combustion by high tem-
peratures in air environment. The samples are burned in the combustion tube with a cop-
per oxide as catalyst at a temperature of 950 °C. The CO: oxidation product is detected by
a non-dispersion infrared (NDIR) detector, which is set to respond to CO:z only, and there-
fore, only the content of carbon could be obtained. An aliquot of 50-100 mg of finely ho-
mogenized soil was weighted on a tin foil and directly analyzed to detect the total carbon
content (TC).

Subsequently, on another soil sample aliquot, the total organic carbon content (TOC)
was detected: about 100 mg of soil was weighted on a silver boat and pre-treated with
HCI (10%) in order to remove inorganic carbon [17], then analyzed on vario TOC.

Total inorganic carbon (TIC) was calculated as the difference between TC and TOC
according to the equation:

TIC (%) = TC (%) — TOC (%) )

Results were expressed multiplying the calcium carbonate concentration by the mass
proportion of C in calcium carbonate (0.12 g C g* CaCOs).

2.3. Statistical Analysis

Soil total inorganic carbon (TIC) data were preliminary analyzed in order to investi-
gate the data distribution, both of the whole data set and of the data grouped per experi-
mental site. To this aim, descriptive statistics were computed. TIC data were then tested
for normality using the Kolmogorov-Smirnov test and for the homogeneity of variance
using Levene’s test (F test).

The relationships between total inorganic carbon, quantified by the two methods,
and the other main chemical properties were examined by Person correlation analysis.

The data obtained with the calcimeter method were considered as a reference and
used to measure the efficiency of the dry combustion method. Then, the recovery (R) of
TIC was obtained by the evaluated method (TICbc) compared with the calcimeter method
(TICcwm), according to the following equation (3):

_ TICp .
TICcy

The linear regression was carried out with values of the calcimeter method (TICcwm)
as independent and those of the dry combustion method as dependent variables: equa-
tions were fitted to the data grouped per experimental site (Murcia, Fasano, Sarno) and to
whole data. When the intercept was not significantly different from zero (HO: a = 0), equa-
tions passing through the origin were computed. Significance of the slopes of the regres-
sion lines was tested for the null hypothesis (HO) b =0. Statistical comparison of regression
coefficients among experimental sites was also performed using analysis of covariance
and contrast analysis. The linear regression equations fitted were:

TICh)c =a+b-TICcy (4)

where a and b are the parameters of the equation; on the other hand, when intercept was
not significant, a line through the origin was fitted (a =0): TICoc="b - TICcwm.

Goodness of fit was evaluated through coefficient of determination (R?) adjusted,
root mean square error (RMSE) and residual prediction deviation (RPD), which was quan-
tified as the ratio between the standard deviation of the observed TICbc values and the
RMSE [18]. The RPD values > 2 were considered excellent, values between 1.4 and 2 were
almost good, and values lower than 1.4 were considered unreliable [19,20].
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Statistical analyses of experimental data were performed using SAS/STAT 9.2 soft-
ware package [21]. Specifically, a test for equal slopes and comparison of regression coef-
ficients were carried out using PROC GLM and CONTRAST statement.

3. Results

The soil texture of Fasano and Murcia was classified as loam and sandy clay loam,
respectively (USDA classification). Sarno site developed over alluvial and volcanoclastic
deposits and soil was typically deep. The texture ranged from sandy-loam to silty-loam
[22].

Table 1 reports the average values of the main chemical soil properties of the three
experimental sites. Murcia soil can be classified as a calcareous soil, due to high levels of
calcium carbonate (CaCOs, 54 g 100 g'), whereas the Sarno site was characterized by a
low carbonate content (about 2 g 100 g) and Fasano showed intermediate values (17.5 g
100 g). Both Murcia and Fasano soils showed a similar average TOC content of about 19
g kg1, whereas in Sarno samples, TOC content was slightly lower than the other two study
sites (16.6 g kg™1). Murcia and Fasano soils were strongly alkaline with pH values ranging
from 8.5 and 8.7, probably due to the higher calcium carbonate content. Finally, Fasano
and Sarno sites presented a good total nitrogen content (1.31 and 1.20 g kg, respectively)
with lower values of soil electrical conductivity (EC) (Table 1).

The correlation coefficients (r) among the soil TIC content quantified by the calcime-
ter (TICcm) and dry combustion (TICoc) methods and the TOC, total N, pH, and EC were
in agreement (Table 2). There were significant negative correlations between TIC and TOC
content, and between TIC and total N content in all studied sites. Moreover, in the three
sites, TIC content was positively correlated with pH values; whereas, the relationship be-
tween TIC and EC value showed discordant results. In fact, a significant inverse correla-
tion was found between TIC content and EC value in Murcia, a positive one in Sarno site,
whereas for Fasano, the correlation resulted not significant (Table 2).

Table 2. Person’s linear coefficients (r) among total inorganic carbon quantified by calcimeter
method (TICcm) and dry combustion method (TICoc) and TOC content, pH, electrical conductivity
(EC), and total nitrogen content (N).

Site Variables TOC (p-Value) pH (p-Value) EC (p-Value) N (p-Value)
Murcia (36) TICcw  —0.75 (<0.0001)  0.53 (0.0008)  -0.56 (0.0004)  —0.62 (<0.0001)
TICoc ~ -0.86 (<0.0001)  0.49 (0.0025) -0.66 (<0.0001) -0.68(<0.0001)

Fasano (61) TICom  —0.77 (<0.0001)  0.26 (0.0447)  —0.07 (0.5709) -0.43 (0.0005)
TICoc  -0.77 (<0.0001)  0.26 (0.0401)  -0.07 (0.5682) —-0.44 (0.0004)

Sarno (20) TICem  -0.81(<0.0001)  0.73 (0.0003)  0.49 (0.0297) -0.78 (<0.0001)
TICoc ~ -0.79 (<0.0001)  0.70(0.0005)  0.53 (0.0156) -0.77 (<0.0001)

TICem  —0.08 (0.4032)  0.27 (0.0033)  0.62 (0.0001)  —0.48 (<0.0001)

All data (117)

TICpc -0.08 (0.385) 0.26 (0.005)  0.63 (<0.0001) -0.48 (<0.0001)

Descriptive statistics for TIC, detected using the calcimeter (TICcm) and dry combus-
tion (TICpc) methods, computed per experimental site, and on the whole dataset, are re-
ported in Table 3. Average TIC content, quantified through calcimeter method, was 26 g
100 g, with mean values ranging from 1.86 g 100 g, in Sarno, to 53.85 g 100 g, in Murcia.

Overall, TIC values, obtained through calcimeter and dry combustion method, var-
ied from 0.35 to 60.06 g 100 g, with a range of 59.71 g 100 g1, and 0.45 to 61.75 g 100 g,
with a range of 61.30 g 100 g, respectively (Figure 1). An ample range of variation was
observed for Fasano samples (from 2.45 to 53.24 g 100 g, range of 50.79 g 100 g), as
shown by the highest values of the coefficient of variation (CV, Table 3).
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Table 3. Descriptive statistics of soil inorganic carbon quantified through volumetric calcimeter
(TICcm) and dry combustion (TICbc) methods per experimental site and on the whole data set (n =
117).

Mean Standard Skewness K-S Test F Test
i iabl R+ Kurtosi

Sites  Variable g CaCO5100 g! Deviation cv s * urtosis (p-Value) (p-Value)

Murcia  TICpc 57.1 3.678  6.445 106 2 0,005 -1479 2365  0.19196 (0.12322) (14109
(36) TICeum 53.9 3094 5745 -1.052 1441  0.17057 (0.2194) (0.708336)
Fasano  TICoc 17.7 12.759  72.281 04 £ 0,009 -0.017  -0.545  0.08443 (0.74528) (0899975
61)  TICcm 175 13121 75099 -0.052  -0.512  0.0837 (0.75456) (0-764699)

TICoc 1.9 0.836  43.834 -1.097 0218  0.17912 (0.48741)

Sarno (20) 1.04 +0.0297 00219207
TICcum 1.9 0.823  44.173 -1.319 0976  0.22525 (0.2255) (0.883081)
Alldata  TICoc 27.1 22.879  84.461 042 0,007 -0.681  -0.490  0.13982 (0.01856) (00526079
(117) " TICewm 26.0 21715 83525 -0.711  -0.411  0.1468 (0.01152) (0.942242)

(*) Skewness, Kurtosis, Normality test (K-S test), and homogeneity of variance test (F test) were determined on the trans-
formed data (LOG base 10 of calcium carbonate data).

The data did not show a normal distribution, according to the Kolmogorov-Smirnov
test, then a logarithmic transformation was carried out. Transformed TICcem and TICoc
values per experimental site exhibited relatively normal distributions, as indicated by the
probability levels of the Kolmogorov—-Smirnov test (Table 3). On the same transformed
data, the F test resulted not significant for all sites and for the whole dataset, proving the
homogeneity of variance.

The average recovery (R) values, obtained for the whole data set and for three exper-
imental sites, were found close to one. In particular, considering the whole data set (n =
117) and three experimental sites (Murcia, Fasano, and Sarno), the average R values were
of 1.045 + 0.0072 (se), 1.060 = 0.0059, 1.036 + 0.0094, and 1.043 + 0.0297, respectively (Table
3).

The overall test for equal slopes indicated that the linear regression equations did not
show significant differences, (P = 0.5019, Table 4). In addition, analyzing the behavior of
the regression slopes by means of contrast analysis, no significant differences were ob-
served among the experimental sites (Table 4). Consequently, the regression lines of three
sites should be parallel among them. This behavior is showed in Figure 2, where linear
regression equations fitted per experimental sites are reported.

Table 4. Results of the overall test of equal slope and of the contrast analysis for regression coeffi-
cient comparison.

DF SS MS F Pr>F

Test for equal slopes 2 0.00102021 0.0005101 0.69 0.5019
Contrast

Murcia x Fasano 1 0.00098492  0.00098492 1.34 0.2496

Fasano x Sarno 1 0.00009119  0.00009119 0.12 0.7254

Murcia x (Fasano and Sarno) 1 0.00000048 0.00000048 0.00 0.9797

The intercepts of regression equations between TIC content obtained by calcimeter
and dry combustion methods, for the whole data set, Fasano and Sarno, were significantly
different from zero (P < 0.05; Table 5), whereas, for Murcia, the intercept did not signifi-
cantly differ from zero. Consequently, for Murcia, the best fit, to relate TICcm and TICoc,
was a linear model passing through the origin with slope of 1.014 + 0.0014 (Table 5).

Finally, the slopes of the regression lines (b) were significantly different from zero for
the three experimental sites and for the whole data set (Table 5, Figure 3).
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Table 5. Parameters of linear regression equations fitted to the data grouped per experimental site and to the whole data

set.
LOG(TICpc) = a + bLOG(TICcwm) LOG(TICpbc) = bLOG(TICcm)
RMS RMS
Site a Se b se  R?dj E RPD b se  R2adj E RPD
.9832 0.09 1.0144
Murcia 0.0540 s 0.172 0353 OS 0.7343 0.0151 1.9404 8** 0.001 0.99990.0149 1.9651
.071 9492 (.01
Fasano 0 2** > 0.012 0 3**9 Og 0.9936 0.025112.4809
91 .
Sarno 0.0323 * 0.013 0 3**9 80 S 5 0.9679 0.0452 5.5784
All  0.0253 0.9935 0.00
data exe  0:006 0.9971 0.030718.5078

* and *** indicate significance at P < 0.05 and <0.0001, respectively; ns indicates not significant. Significant intercept and

slope values are in bold characters.

Murcia Fasano Samo

60 A a4 Ak VYV TY

Ah, s a t

Y savmay basa, ag, YT H ‘

4%4,.% 50, seage LT .
. H

g CaCO; 100g
-
.

HI " ae n‘ e
2 s - .
o LA a? % 4 v

aa’ L] s s 8 % o8 8 8@ 4 T P

A TiCpe ® TICo,

Figure 1. Comparison of soil inorganic carbon content detected by dry combustion (TICbc) and
calcimeter methods (TICcwm), per experimental site. Data set consisted of 117 samples: 36 from Mur-
cia, 61 from Fasano, and 20 from Sarno.

2 a Murcia ©  Fasano O Sarno

--------- Murcia line — Fasano line - Samow
L5 e

g 1
=
g
| 0.5
=]
o
-0.5 g 0 0.5 1 L5 2
]
]
-0.5

LOG(TICcy)

Figure 2. Linear regression between soil total inorganic carbon quantified through calcimeter
(TICcm) and dry combustion (TICbc) methods on the whole data set (n = 117). The fitted equation
is TICpc = 0.99351 TICcm + 0.02531 (R?= 0.9971).
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LOG(TICp)

-0.5

1.5

@ All data

-0.5 LOG(TICqyy)

Figure 3. Linear regression between soil total inorganic carbon quantified through calcimeter
(TICcm) and dry combustion (TICpc) methods on the whole data set (n = 117). The fitted equation
is TICpc = 0.99351 TICcwm + 0.02531 (R?= 0.9971).

4. Discussion

Carbonate is a key component of soils that can affect chemical and physical proper-
ties and consequently fertility. In the present study, Pearson’s coefficient showed signifi-
cant negative correlation between soil total inorganic carbon (TIC) and total organic car-
bon (TOC) content. The relationship between soil TIC and TOC content is not very clear,
in fact there are some studies addressing TIC-TOC relationship, which report inconsistent
findings. Some previous researches are in agreement with our results, highlighting that
the negative relationship between TIC and TOC could likely be due to differences in the
oxidizing conditions induced in the soil by higher total carbonate contents [16,23-27].
Other studies, carried out in arid and semi-arid areas and in irrigated cropland, stated that
TIC is positively correlated with TOC content [28,29]. Probably, higher levels of CaCOs
could be beneficial for TOC stabilization [30,31] because of enhanced formation of soil
aggregates [32]. The discrepancies in the results observed in the TIC-TOC relationship
can be attributed to many factors, including soil properties, climate conditions, and land
management practices, which affect the processes of precipitation and dissolution of car-
bonate, soil organic matter mineralization, etc. [28,29,33]. In particular, Brombin et al. [33]
observed that soil organic carbon content decreased with the age of the pear trees, while
IC showed the opposite trend, probably due to the progressive formation of pedogenic
carbonates and consumption of organic matter (and OC), induced by plant growth that
extracts nutritive elements from soils. Moreover, the relationship between TIC and pH
was significantly positive, in agreement with other researches that highlighted that high
soil pH/salinity were correlated to high levels of TIC, probably owing to high levels of
Ca2/Mg? [34,35].

Since recent studies emphasized that soil inorganic carbon is dynamic and can con-
tribute to CO:z emission, influencing the terrestrial carbon sequestration processes [8,9,36],
the choice of analytical method for TIC determination requests particular attention.

Overall, the results of this study indicated that dry combustion method showed high
concordance with the reference methodology and can be used to assess soil inorganic car-
bon content as an alternative to the calcimeter. TIC values quantified by dry combustion
method were slightly higher than calcimeter values, as highlighted by the R values. These
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results could be probably due to the acid pre-treatment technique of soil prior to analysis
that leads to a destruction of acid-soluble and/or volatile organic carbon [37]. Moreover,
with the calcimeter method, an incomplete decomposition of acid-resistant carbonates
(e.g., dolomite, magnetite, siderite), which request very long times for removal [38], the
evolution of different gas volumes from different carbonates, or the presence of sulfides,
which react to form HzS [39] could interfere with soil TIC quantification.

For the Murcia site, characterized by higher soil inorganic content (54 g 100 g™), the
dry combustion method showed more variability than calcimeter (Table 2), probably be-
cause acid pretreatments of soil samples can have possible effects on soil organic matter
dissolution. In fact, Caria et al. [40] stated that hydrochloric acid in contact with soil can
alter the thermal properties of organic materials and make them less volatile. In addition,
when the acid comes into contact with the small quantity of soil sample with high inor-
ganic C content contained in the tiny silver capsules, a vigorous reaction is generated that
can cause overflow of material and, consequently, losses. This process could affect TOC
and TIC determination. Moreover, the hygroscopic behavior of CaClz produced during
acid pretreatments of soil samples made samples difficult to handle, so small losses of
sample mass may occur during the wrapped phase with tin-foil before the transfer of the
sample to the autosampler. This was also confirmed by the greater variability of TOC val-
ues (data not reported) in Murcia compared with other two sites.

The concordance between the two methods compared was also confirmed by the test
for equal slopes that showed a similar fitting in the different sites investigated. Moreover,
the slopes (b) of the regression lines were significantly different from zero for the three
experimental sites and for the whole data set (Table 5), indicating the significant relation-
ship between the variables under study. Wang et al. [3] employed an elemental analyzer
and a calcimeter for TIC measurements on arid soils in order to examine the relationship
between these methods. They observed that, although not significantly different, the cal-
cimeter slightly underestimated the soil TIC content compared to the automated ele-
mental technique, but they concluded that the two approaches could provide accurate
measurements of soil inorganic carbon for the calcareous soils. Other researches carried
out on soils with a wide range of calcium carbonate contents (0-60 g kg™), comparing
calcimeter with the dry combustion method, confirmed the strong correlation between
these two analytical techniques [11,38]. In particular, Apesteguia et al. [11] found—on a
set of 23 soil samples—that the slope of regression line between calcimeter (reference
methodology) and elemental analysis data was not statistically different from 1, and the
intercept was also not statistically different from 0. Moreover, regarding analytical meth-
ods to determine soil total inorganic carbon, dry combustion is automated and allows a
short time of analysis, consequently, many replicates of the same sample can be per-
formed, increasing the accuracy of the results [17]. Since a large number of samples are
often needed to be analyzed, this method could replace the traditional one with the ad-
vantage to have relatively low cost and high labor efficiency.

5. Conclusions

There is clear evidence that soil inorganic carbon levels can accumulate or be lost at
similar or even greater rates as total organic carbon and that the land use and management
(irrigation practices, grazing management, etc.) could affect the inorganic carbon cycle in
soils. Consequently, the quantification of soil total inorganic carbon is an important meas-
ure and requires accuracy and precision of laboratory analysis. By comparing of volumet-
ric calcimeter method, which is considered the standard analytical method for soil inor-
ganic carbon quantification, and dry combustion, it emerged that the latter method could
provide an accurate estimate of total inorganic carbon in soils with a wide range of cal-
cium carbonate contents (ranging from 1.9 to 54 g 100 g™). In fact, our research showed a
concordance between the results obtained by the two methods, as highlighted by R values
close to 1 for the whole dataset (117) and for data grouped per experimental sites. In ad-
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dition, analyzing the whole dataset, the best fitting of the relationship between TIC quan-
tified through calcimeter, and dry combustion methods, was a linear regression with slope
(b) significantly different to 0. Overall, the dry combustion method could be an effective
alternative to the traditional method, since it allows a short time of analysis, furnishes
more precise results that manually operated determination, and does not require the con-
stant presence of operators. The validation of this method using a broader range of sam-
ples will further demonstrate its robustness for soils from the Mediterranean and other
world regions.
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