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Soils in arid and semi-arid regions are strongly affected by the accumulation of carbonates, gypsum and other, more soluble, salts. 
Carbonates and gypsum both have a considerable influence on soil properties, especially the chemical properties of the soil solu-
tion. The development of reliable, fast and inexpensive methods to quantify the amounts of carbonates and gypsum in soil is therefore 
important. Visible and near infrared (vis-NIR) spectroscopy is a non-destructive, rapid and cheap method for measuring several soil 
properties simultaneously. However, research on vis-NIR spectroscopy in quantifying carbonates and gypsum is limited. Therefore, this 
study evaluated the efficiency of vis-NIR spectroscopy in quantifying carbonates and gypsum in surface soils using partial least-squares 
regression (PLSR) compared with standard laboratory methods and compared PLSR with a feature-specific method using continuum 
removal (CR). Carbonates and gypsum in a total of 251 sieved and air-dried topsoil samples from Isfahan Province in central Iran were 
measured by standard laboratory methods and vis-NIR spectroscopy (350–2500 nm wavelength range). In parallel, PLSR and the fea-
ture-specific method based on CR spectra were used to predict carbonates and gypsum. The PLSR model efficiency (E) for carbonates 
and gypsum in the validation set was 0.52 and 0.80, respectively. The PLSR model resulted in better predictions than the feature-specific 
method for both soil properties. Because of the unique absorption features of gypsum, which did not overlap with other soil properties, 
predictions of gypsum resulted in higher E values and lower errors than predictions of carbonates.
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Introduction
Around 40% of the Earth’s terrestrial surface is covered by 
arid and semi-arid ecosystems.1–3 Arid and semi-arid regions 
are characterised by a climate with no or insufficient rainfall 

to sustain agricultural production. The soils in such regions 
are unique and are strongly affected by the accumulation of 
carbonates, gypsum and other, more soluble, salts because 
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relatively little water percolates deep enough to reach the 
groundwater.4 Calcium carbonate and gypsum are the most 
common carbonate and sulfate polymorphs in soils in general 
and are particularly abundant under arid, semi-arid and dry 
subhumid conditions.5

Carbonates are less soluble than gypsum and are there-
fore more resistant to leaching. Consequently, carbonates are 
more widely distributed in soils.6 The gypsum content ranges 
from about 1% to 100%, depending on climate, topography 
and physiography.7,8 Gypsum is found over a wide range of 
temperatures, but most gypsic soils occur in xeric, ustic and 
aridic soil moisture regimes.9 Gypsum usually occurs together 
with calcite and other soluble salts in soils. Carbonates and 
gypsum both have a considerable influence on soil proper-
ties.6 For example, studies on gypsiferous soils have shown 
that a concentration of >10% gypsum significantly interferes 
with soil characteristics such as structure, consistency and 
water-holding capacity. In soils containing 10–25% gypsum, 
the gypsum crystals tend to break the continuity of soil mass, 
while soils with more than 25% gypsum do not provide a good 
medium for plant growth, lack plasticity, cohesion and aggre-
gation, and become completely unstable in water.10

Therefore, it is necessary to quantify accurately the amounts 
of carbonates and gypsum in soil. Development of more 
timely and cost-effective methods for detecting and quanti-
fying carbonates and gypsum in soil with reliable precision is 
consequently important.

There are several methods available for measuring gypsum 
in soil, including the thermogravimetric method, wet chemical 
method, electroconductometric determination, determination 
of sulfate by ion chromatography and semi-quantitative X-ray 
diffraction.11 All these methods have their limitations and 
advantages, but most are associated with large errors.11,12 The 
thermogravimetric and electroconductometric determination 
(standard acetone) methods are mostly commonly used by 
researchers because of their simplicity. The thermogravi-
metric approach is based on the loss of mass when gypsum 
is dehydrated and is recommended when the sample contains 
more than 8% gypsum.13 It can be a good semi-quantita-
tive method but overestimates the gypsum content in many 
soils because other salts present are also dehydrated on 
heating, although to a lesser extent. In the electroconduc-
tometric method, the amount of gypsum dissolved in water 
can be determined by an electrical conductimeter.14,15 Sulfate 
ions from calcium sulfate dissolved in water (soil extract) are 
precipitated with calcium from calcium chloride in acetone. 
The precipitate is completely redissolved in water, and the 
electrical conductivity is measured and transformed to CaSO4 

content using an established relationship.
Soil carbonate is usually quantified by an acid-dissolution 

method involving determination of H+ consumption or Ca (and 
Mg) or CO2 production.16 Alternatively, a dry combustion proce-
dure, based on precombustion of organic matter at 575°C in 
an O2 stream and subsequent combustion of carbonates at 
1000°C and collection of CO2, has been reported.17 Methods 
involving determination of CO2 are generally preferred. The 

CO2 released in acid-dissolution methods can be measured 
gravimetrically,16 titrimetrically,18 manometrically,19 volumetri-
cally,20 spectrophotometrically by infrared spectroscopy or 
by gas chromatography.21 For other methods based on H+ 
consumption that involve reaction with a strong acid, such as 
HCl, back-titration of the unreacted acid is usually used for 
determination. The choice of procedure depends to a large 
extent on the equipment available to the researcher.21

Over the last 20 years, application of visible and near 
infrared (vis-NIR) diffuse reflectance spectroscopy in soil 
science has attracted great attention.22,23 Diffuse reflectance 
spectroscopy (DRS) is non-destructive and inexpensive, and 
information can be easily collected from small quantities of 
sample. Furthermore, DRS can be performed in situ, providing 
information under field conditions and within a short time. 
Many investigations have shown that vis-NIR spectroscopy is 
a useful and reliable method for evaluation of a number of soil 
properties.24–31

Carbonates have spectral features in the vis-NIR spectrum 
at 2300–2350 nm and 2500–2550 nm, owing to combination 
and overtone bands of the CO3 fundamentals.32 The absorption 
features of gypsum occur near 1000, 1200, 1400, 1600, 1740, 
1900 and 2200 nm owing to combinations of O–H stretches and 
H–O–H bending fundamentals, as explained by Hunt et al.33 
While there are some reports estimating calcium carbonate 
in soils by vis-NIR spectroscopy,26,30,34–36 to our knowledge no 
such studies have been performed previously for gypsum.

Quantitative spectral analyses of soil properties using vis-NIR 
spectroscopy require techniques to differentiate the response 
of soil attributes from spectral characteristics. Partial least-
squares regression (PLSR) is currently the most common 
calibration technique used for the prediction of soil properties, 
mainly owing to its robustness.37 PLSR uses the full spectrum 
to establish a linear regression model for predicting soil prop-
erties. For soil properties with well-defined spectral features 
at specific bands, such as clay minerals, methods focusing on 
that specific feature instead of using the full spectrum could 
be an alternative.25,38 The continuum removal (CR) technique 
as a feature-specific method isolates the specific absorption 
features of materials at a specific wavelength, assuming that 
no other material has strong absorption features around this 
specific wavelength.39 Continuum removal, which is known 
as a spectral normalisation method, has been used in soil 
science, mostly on remotely sensed spectra.40 Using reflec-
tance values at specific wavelengths from continuum-removed 
spectra, Viscarra Rossel38 quantified the amounts of kaolinite, 
illite and smectite in surface soils of Australia, while Madeira 
Netto et al.41 applied continuum-removed spectra to map clay 
and calcite content from HYMAP imaging spectro-radiometer 
observations.

Owing to the importance of carbonates and gypsum in soils 
of arid and semi-arid regions, reliable, timely and cost-effi-
cient methods for their detection and quantification need to be 
developed. Despite all the advantages of vis-NIR spectroscopy, 
its use in quantification of carbonates and especially gypsum 
is limited. Therefore, the objectives of this study were: (1) to 
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evaluate the efficiency of vis-NIR spectroscopy in quantifying 
carbonates and gypsum in surface soils using PLSR compared 
with standard laboratory methods; and (2) to compare PLSR 
with the feature-specific method using continuum removal for 
carbonate and gypsum predictions.

Materials and methods
Study area
The study area is located in the Isfahan Province, Central Iran 
(30°42¢–34°27¢N; 49°38¢–55°32¢E) and covers an area of about 
110,000 km2. The elevation ranges from 700 m to 2600 m above 
sea level. The mean annual temperature ranges from about 
10°C to 21°C from west to east, and the mean annual precipi-
tation ranges from 560 mm to 90 mm from west to east. The 
study area is divided into two distinct regions based on climate 
conditions. The eastern, northern and central parts are char-
acterised by an arid climate, and the southern and western 
parts by a subhumid climate (Figure 1).

The soil parent materials in the study area are very variable. 
Based on the geology map,42 quaternary sediments, such as 
clay flats, salt lakes, sand dunes, and silty and clayey deposits, 
cover large parts of Isfahan Province. Limestone, sandstone, 
conglomerate and shale mostly occur in southern and western 
parts. Volcanic rocks occur as a narrow band from north to 
southeast, and metamorphic rocks are prominent soil parent 
materials in a small area located in the northwest of the prov-
ince. Based on clay mineralogical studies, illite, smectite, 
chlorite and palygorskite are major clay minerals in the soils, 
and the mineralogy varies from east to west. Palygorskite is 

the dominant clay mineral in the east, while smectite is abun-
dant in western parts.

Soil sampling
A total of 251 topsoil samples (0–20 cm) were collected using 
random sampling within 20 km × 20 km blocks (Figure 1). 
Samples were selected based on parent material by taking 
one sample from the dominant parent material within each 
grid cell. This ensured that sedimentary, volcanic and meta-
morphic rocks were represented. Each sample consisted of 
five subsamples, which were randomly collected from 2500 m2 
in each grid. All soil samples were air-dried and passed 
through a 2 mm sieve.

Chemical analyses
A back-titration method was performed to measure carbon-
ates in soils by adding a measured excess of HCl solution, 
some of which was neutralised by carbonates in the soil. The 
remaining acid was then titrated with a standardised base, 
so that the amount neutralised by the carbonates could be 
calculated. In brief, 1 g of soil was placed in an Erlenmeyer 
flask, and 10 mL of 1 N HCl was added. The mixture was then 
heated and stirred until all the carbonates were dissolved 
(no more bubbles of CO2 evolved). The unreacted acid in the 
flask was titrated to a phenolphthalein end-point with 0.5 N 
NaOH.43 The oven-drying method was used to measure the 
gypsum content in soils from the arid regions of the study 
area, while the acetone method was used for soils from the 
subhumid regions. With the acetone method, soil gypsum 
was dissolved in a 1:5 soil:water ratio by shaking. Gypsum 
was precipitated from the soil extract by adding acetone. The 
precipitated gypsum was then completely dissolved by adding 
distilled water, and the electrical conductivity of the solu-
tion was measured. The gypsum content was determined by 
comparison with a standard curve relating gypsum content to 
electrical conductivity.15

Spectral measurements
The diffuse reflectance spectra of the samples were recorded 
with a FieldSpec Pro FR scanning instrument (Analytical 
Spectral Devices, Boulder, Colorado). Spectra were collected 
at 1.4–2 nm intervals with a spectral resolution of 3–10 nm. A 
wavelength interval of 1 nm was interpolated to the instrument 
output file. The spectral range covered both the visible and 
near infrared regions, 350–2500 nm. Approximately 30 mL of 
soil was poured into a Petri dish 9 cm in diameter and gently 
flattened. Measurements were made using a bare optic fibre, 
which was assembled together with a 20 W Al-coated halogen 
tungsten light source 7 cm above the soil sample, resulting 
in a field of view of ~7.5 cm2. Each spectrum comprised 100 
averaged subspectra from a rotating sample, covering a 
total sample area of about 50 cm2. Reflectance spectra were 
recorded in relation to an external white panel (Spectralon®, 
http://www.labsphere.com) scanned once every five soil 
samples. Three measurements were saved and, after quality 
control, averaged for each soil sample.

Figure 1. Spatial distribution of the sampling sites within the 
study area in Isfahan Province, Iran. Black and grey circles 
show the arid and subhumid climatic conditions, respectively.
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Prediction of carbonates and gypsum by 
PLSR
Reflectance (R) measurements were transformed to apparent 
absorbance by log 1/R. The first derivative with Savitzki–Golay 
smoothing over 11 data points was used to reduce the effect 
of random noise and improve the calibration model.44 Owing 
to excessive noise, the 350–400 nm range was removed after 
derivation as well as transition domains between sensors 
(965–977 nm and 1783–1796 nm). A principal-component anal-
ysis (PCA) was conducted on the transformed spectra to visu-
alise the data and identify possible spectral outliers.

Vis-NIR spectra were calibrated to carbonate and gypsum 
using PLSR.45 Before making the PLSR calibrations, the 
dataset was randomly split into calibration (n = 170) and vali-
dation sets (n = 81). Leave-one-out cross-validation was used 
to select the optimal number of PLSR factors to be used in 
the model.

The performance of the prediction models with the cross-
validation and independent validation sets was evaluated 
using the coefficient of determination (r2) for linear regres-
sion between predicted and measured values, the model effi-
ciency (E), the root mean squared error (RMSE) and the bias, 
calculated using Equations (1)–(4). The E value indicates the 
proportion of total variance explained by the model (the 1:1 
line) and includes both the relationship between measured 
and predicted values and systematic errors. In Equations (1) 
and (2), y denotes the measured value, ŷ is the predicted value, 
n is the number of samples, and SD is the standard deviation 
of laboratory-measured values for the property in question:
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All spectral analyses, including the calibrations, were carried 
out using the Unscrambler 10.3 software (CAMO, PROCESS, 
AS, Oslo, Norway).

Feature-specific prediction of carbonates 
and gypsum
The feature-specific approach aims to quantify the absorp-
tion of materials at a specific band, assuming that no other 
material has strong absorption features interfering in this 
specific region.39 The continuum is the background absorp-
tion onto which absorption features are superimposed. It can 
be approximated by a straight line joining two local reflec-
tance maxima placed on both shoulders (lmin and lmax) of the 
feature of interest. CR was thus introduced as a function of 
reflectance value R(l) at wavelength l, and its maximum value 
cannot be above 1.39 This method removes the overall variance 
caused by albedo, thus increasing and centring the absorption 
bands and making it possible to compare specific absorption 
features.46

The band depth (BD) of each absorption feature was calcu-
lated for each soil sample by subtracting the continuum-
removed reflectance (CRR) at a particular wavelength (l), 
using the equation BD (l) = 1 – CRR. The abundance (A) of 
carbonates and gypsum in a soil sample was calculated as 
A = BDs/BDR, where BDs is the band depth of the soil sample, 
and BDR is the band depth of the sample with the highest 
amount of carbonate (80%) or gypsum (60%) according to labo-
ratory analyses. Ideally, the reference should have been pure 
carbonate or gypsum, but that was not possible in our study. 
The abundance was therefore adjusted by multiplying A by 0.8 
and 0.6 for carbonate and gypsum, respectively. CRR spectra 
were calculated for all samples using the statistical soft-
ware environment R (R Development Core Team, 2012; http://
www.R-project.org). The accuracy of prediction of carbonates 
and gypsum by the feature-specific method was assessed by 
r2, E, RMSE and bias, similarly to the PLSR models.

Results
Summary of laboratory analyses
Descriptive statistics on carbonate and gypsum analyses in 
calibration and validation sets are presented in Table 1. Both 

Table 1. Descriptive statistics of laboratory analyses for carbonates and gypsum in the calibration and validation sets.

Calibration (n = 170) Validation (n = 81)
Gypsum Carbonates Gypsum Carbonates

Mean 5.1 29.2 6.2 25.1
Median 3.8 25.6 4.4 20.0
Maximum 61.7 80.0 38.8 67.0
Minimum 0.0 0.2 0.0 0.2
SD 7.7 18.0 7.8 17.0
Skewness 4.1 0.5 2.2 0.7
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soil properties vary widely within the study area. The means 
and standard deviations were similar for the calibration and 
validation sets, and the gypsum and carbonate contents in 
the validation set were within the range in the calibration set. 
Consequently, the validation set appeared to be represented 
accurately by the calibration set. The carbonate content in the 
study area was found to follow a normal distribution, whereas 
gypsum was positively skewed, as only some of the samples 
contained substantial amounts of gypsum.

Spectral characteristics of the soils
A score plot of the first and second principal components (PC1 
and PC2) of the first-derivative spectra revealed that together 
they explained 77% of the variance in spectral data (Figure 2). 

The most obvious spectral features of gypsum and carbonates 
are illustrated in Figure 3 using sample spectra high and low 
in gypsum and carbonate content. There were three dominant 
absorption features, near 1400 nm, 1900 nm and 2200 nm, in 
the soil sample without any carbonates or gypsum. These 
were caused by combination and overtone bands related to 
water and hydroxyls at 1400 nm and 1900 nm and Al–OH bonds 
in clay minerals at 2200 nm.32

The vis-NIR spectrum of the soil sample with the highest 
amount of gypsum showed characteristic finger-shaped 
absorption features at 1400–1500 nm, as well as simple 
features at 1100 nm and 1750 nm (Figure 3).33 The features 
in the NIR spectrum typical for gypsic soils are related to the 
di-hydrated gypsum mineral (CaSO4.2H2O). Absorption peaks 
were expected near 1750 nm and also at 1100 nm, 1400 nm and 
1900 nm owing to the combination of O–H stretches, H–O–H 
bending and various overtones.33 A highly pronounced absorp-
tion band near 2338 corresponding to the second overtone of 
the CO3 antisymmetric stretching vibration characterised the 
soil sample with the highest amount of carbonates (Figure 
3).32 For calculating carbonate abundance using the feature-
specific method, 2338 nm was therefore selected. Viscarra 
Rossel et al.25 also used 2338 nm as the spectral feature of 
calcite predictions. Despite the characteristic finger-shaped 
absorption features at 1400–1500 nm, the 1748 nm band 
was selected as the specific absorption feature to identify 
soils with high amounts of gypsum, because no other known 
features interfere in this region. The values of lmin and lmax 
were empirically determined and found to be lmin = 2270 nm 
and lmax = 2375 nm for carbonates and lmin = 1680 nm and lmax 

= 1836 nm for gypsum.

Figure 2. Score plot of the first and second principal compo-
nents of the first-derivative spectra. Bold marking shows soil 
samples with more than 10% gypsum based on laboratory 
analyses.

Figure 3. Finger-shaped absorption feature at 1400–1500 nm and absorption features at 1100 nm and 1750 nm, and a highly pronounced 
absorption peak near 2338 nm, which characterised the soil samples with the highest amount of gypsum and carbonates, respectively, 
in apparent absorbance and CRR vis-NIR spectra. The baseline is shifted between spectra for clarity. Double black lines, grey lines and 
simple black lines indicate the soil sample with the highest level of gypsum (60%), the soil sample with the highest level of carbonates 
(80%) and a soil sample without any carbonates or gypsum, respectively.
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Prediction of carbonate and gypsum 
concentrations using PLSR and feature-
specific estimates
Cross-validation statistics and validation results of the PLSR 
models for carbonates and gypsum in the soils from the study 
area are presented in Table 2 and Figure 4. The PLSR models 
were able to explain 52% and 80% of the variance in carbonate 
and gypsum content, respectively. As can be seen in Figure 
4(b), there was a small gap between samples with a gypsum 
content close to zero and those with more gypsum. These low-
gypsum samples originated from the subhumid region of the 
study area, where the standard acetone method was used for 
gypsum analysis.

In this study, 2338 nm was used as the specific absorption 
feature of calcium carbonate based on the very sharp absorp-
tion features of soils with the highest amounts of calcium 
carbonate in the region (Figure 5). Despite these strong 
absorbance features in soils with carbonates, the feature-
specific method did not prove satisfactory for predicting 
calcium carbonate. In addition to a lack of precision, the bias 
was quite substantial (Table 2). Figure 6 shows CRR spectra 
of soil samples with similar amounts of carbonates (34–41%) 
and high amounts of illite. A peak shift in the soil sample with 
the highest amounts of illite can be clearly distinguished. The 

soil with the highest amounts of chlorite (black line) displayed 
the deepest absorption feature.

Figure 7 illustrates the vis-NIR CRR spectra for five soil 
samples with high amounts of gypsum. Results obtained 

Figure 4. PLSR validation results showing predicted versus measured (a) carbonate and (b) gypsum content.

Table 2. PLSR model parameters for carbonates and gypsum estimation.

Carbonates Gypsum
n.f.a Eb r2 Bias RMSE 

(%)
n.f.a Eb r2 Bias RMSE 

(%)
PLSR
 Cross-validated calibration (n = 170) 7 0.58 0.58 0.29 11.7 2 0.73 0.73 –0.01 4.0
 Validation (n = 81) 7 0.52 0.54 1.2 11.5 2 0.80 0.86 –0.2 3.4
Feature specific
 All samples (n = 251) 0.29 0.35 –3.4 14.9 0.56 0.71 –2.9 5.2
 Validation samples (n = 81) 0.53 0.44 –2.3 13.6 0.60 0.85 –3.0 4.9

aNumber of PLS factors 
bModel efficiency

Figure 5. Diagnostic absorption feature of carbonates 
(2338 nm) in the CRR spectra for the five soils with the highest 
amounts of carbonates.
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using the feature-specific method to predict gypsum in all 
samples are presented in Table 2. The results show that PLSR 
predicted gypsum more accurately than the feature-specific 
method, but the difference was smaller than for carbonate 
(Table 2).

As can be seen in Figure 8, the typical finger-shaped 
absorption features and spectral feature at 1748 nm become 
apparent at about 10% gypsum according to the reference 
method. Owing to uncertainties in the laboratory analysis for 
samples with low-gypsum content, we tested the assumption 
that soils without the finger-shaped features did not contain 
any gypsum by assuming zero gypsum content in these soils. 

A new PLSR with full cross-validation on these data showed 
that E improved from 0.76 to 0.86, and RMSE decreased from 
3.8 to 3.0 (Figure 9).

Discussion
In the study area in arid and subhumid regions of Isfahan, Iran, 
there are different sources of variation, such as climate condi-
tions, geology and elevation. Our PCA analyses showed that 
differences in gypsum content had a major influence on the 
vis-NIR spectra and constituted most of the variation in PC1 
in the PCA analyses.

Other results showed that PLSR was able to predict gypsum 
in the study area accurately, whereas the predictions were 
not very accurate for carbonates. Volkan Bilgili et al.34 and 
Summers et  al.26 reported R2 values of 0.64 and 0.69 for 
calcium carbonate prediction in soils in Turkey and Australia, 
respectively, compared with 0.54 in the present study. The 
better results for carbonate predictions in their studies can 
probably be partly explained by differences in study area size 
and variability, variation in carbonate content and the experi-
mental method used for carbonate measurement. Volkan 
Bilgili et al.34 used a PLSR model to predict calcium carbonate 
in a 32-ha area ha in a semi-arid climate, whereas our study 
site was 110,000 km2 with large climate and geological varia-
tions. Summers et al.26 predicted calcium carbonate in 69 soil 
samples with 0–25.67% calcium carbonate by leave-one-out 
cross-validation, whereas the range of carbonates in our study 
was 0–80%. Moreover, the error of the calcimeter method 
used by Volkan Bilgili et al.34 and Summers et al.26 is less than 

Figure 6. CRR spectra of soil samples with a similar amount of 
carbonates (34–41%) and high amounts of illite. The dotted and 
black lines represent the soils with the highest amount of illite 
and chlorite, respectively.

Figure 8. CRR spectra of soils with different percentages of 
gypsum.

Figure 7. Diagnostic absorption feature of gypsum (1748 nm) 
in the CRR spectra of the five soils with the highest amounts of 
gypsum.
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5%, whereas the error of the acid neutralisation or titration 
method used in the present study is more than 5%. It should 
be mentioned that the most suitable method is selected on the 
basis of precision (accuracy), equipment cost, operating and 
maintenance costs, staff requirements and sensitivity of the 
equipment.47 The acid neutralisation or titration method was 
used in the present study because it needs minimal equip-
ment and is very cheap.

In the feature-specific method, selecting unique absorption 
features for the soil parameters is crucial. This was sufficiently 
achieved for gypsum in the present study, where the strong 
absorption at 1748 nm was only present in soils containing 
gypsum. The very pronounced gypsum features apparent in 
the NIR spectra of gypsic soils from 1000 nm to 2500 nm are 
due to combinations of O–H stretches, H–O–H bending and 
overtones. The fundamental OH stretching and OH deforma-
tion absorption bands are very sharp distinct bands in the mid 
infrared region at 2809 nm, 2924 nm, 5935 nm and 6173 nm.48 
Liu et al.49 have attributed the absorption band at 1748 nm 
to combination modes of (SO4)

2– and H2O vibrations, which 
makes this band unique compared with most other minerals 
commonly occurring in soil.

For carbonates, a highly pronounced absorption peak 
near 2338 nm characterised the soil sample with the highest 
amount of carbonates. White50 reported that the carbonate 
ion displays strong fundamental vibration bands: a stretching 
vibration near 7000 nm and two bending modes near 11,400 nm 
and 14,100 nm. According to Clark et al.,32 combination and 
overtone bands of these CO3 fundamentals occur in the near 
infrared region, with the two strongest appearing near 2300–
2350 nm and 2500–2550 nm. The bands have slightly different 
positions depending on the type of carbonate-containing 
mineral dominating in the soil.51 However, the absorbance 
feature of carbonate at 2338 nm is also similar to the absorp-
tion features of illite and chlorite. Therefore, the absorbance 
at 2338 nm is not solely attributable to carbonates, since the 
presence of different amounts of illite and chlorite affects 

the peak height and slightly changes the peak position. This 
effect was observed in the present study (Figure 6) and prob-
ably contributed to the difficulties in using the feature-specific 
method for predictions of carbonate in the study area with its 
large differences in clay mineralogy.

PLSR obtains information from all parts of the spectrum to 
predict soil properties, so it may not be as sensitive to inter-
fering absorbance features by other minerals as the feature-
specific method. Comparing results obtained using PLSR and 
the feature-specific method demonstrated that PLSR was 
more capable of prediction for the soils of the study area. In 
a previous study, Gomez et al.40 compared the ability of PLSR 
and CR to predict calcium carbonate in the soils of Montpellier 
in France, using the 2341 nm band as the specific feature 
for calcium carbonate. The results showed that the PLSR 
technique was only slightly more accurate than the feature-
specific method for CaCO3 content prediction compared with 
laboratory measurements. They also showed that the most 
important spectral features used by the PLSR, other than 
the feature at 2341 nm, were centred near 500 nm, 600 nm, 
1430 nm, 1900 nm, 2230 nm and 2373 nm. Since these addi-
tional spectral features only slightly increase the prediction 
performance, selecting the PLSR approach in this situation 
can be questionable. This is particularly true because most of 
the added spectral features cannot be well explained, which 
hampers the use of the PLSR relations on a wider area.

Another difference of potential relevance between PLSR 
and the feature-specific method is that the latter relies on 
the representativeness of the chosen reference sample. The 
obvious bias of the feature-specific predictions obtained in 
the present study indicates issues related to this (Table 2). 
In the case of carbonate, there are several different types of 
carbonate within the study area, which undermines the possi-
bility of finding samples representative for all. For gypsum, 
the bias is largely explained by the large number of samples 
with gypsum present according to the reference method, but 
without the specific gypsum features in the spectra. Other 

Figure 9. Full cross-validation in all soil samples with (a) laboratory gypsum data and (b) using the laboratory gypsum data only for 
soils with finger-shaped features and zero for other soils.
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forms of calcium sulfate can also be found in these types of 
soil with different degrees of hydration affecting the OH vibra-
tion spectral features.52

It could be argued that pure minerals should be used 
as reference samples. This would most likely have given 
different results, but the problem with representativeness 
would persist. It can also be expected that spectral features 
will appear different when associated with the soil matrix. 
Lagacherie et  al.53 used the relationship between CaCO3 
and the CR2341, without a pure mineral as reference, when 
estimating calcium carbonate in an 80 km2 catchment in 
southern France using laboratory, field and airborne hyper-
spectral measurements.

Although the calibration models obtained for gypsum in the 
present study were good, there is still room for improvement. 
The results are based on laboratory measurements of gypsum 
with associated uncertainties. Still, as was demonstrated with 
the improved predictions using the finger-shaped features 
as an indication of presence or not of gypsum in the soil, the 
results indicated that vis-NIR might be a more precise method 
for analysing soil gypsum content.

Conclusions
This study showed that both PLSR and a feature-specific 
method based on the continuum-removed spectra were able 
to predict gypsum content in soils with reasonable accuracy. 
Owing to the uniquely finger-shaped and highly pronounced 
absorption features of gypsum, with no overlap with other soil 
properties, prediction of gypsum content was more accurate 
than prediction of carbonate content. In contrast, the absorp-
tion feature used for carbonates was found to be too close to 
illite and chlorite absorption features, and therefore with the 
range of different clay minerals present in the soils studied, 
the prediction of carbonates by vis-NIR spectroscopy lacked 
precision. PLSR performed better than the feature-specific 
method based on the CR spectra for carbonates and gypsum. 
Despite uncertainties in the laboratory analyses of gypsum 
in this study, vis-NIR spectroscopy predicted gypsum in soils 
with good precision. However, more studies are needed on 
different methods of gypsum measurement in the laboratory 
in order to fully understand the ability of vis-NIR spectroscopy 
in gypsum content prediction for soils in arid and semi-arid 
regions.
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