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Lithologic Discontinuity Assessment in Soils via 
Portable X-ray Fluorescence Spectrometry and Visible 

Near-Infrared Diffuse Reflectance Spectroscopy

Pedology

Lithologic discontinuity identification can be arduous and erroneous in 
instances where distinct morphological differences between parent materials 
are absent. Often, investigators must wait for laboratory data to help differen-
tiate parent materials via physicochemical properties. This study used visible 
near-infrared diffuse reflectance spectroscopy (VisNIR DRS) and portable 
X-ray fluorescence (PXRF) spectrometry for establishing parent material dif-
ferentia more quickly. Ten pedons containing 135 samples were scanned in 
situ in the United States, Italy, and Hungary, morphologically described by 
trained pedologists, then sampled for standard laboratory characterization. 
Compared with laboratory data and/or morphologically described disconti-
nuities, PXRF data were associated with large, abrupt changes in standardized 
PXRF differences of elements (DEs), noted in data plots as DE maxima and 
minima—areas of likely discontinuity. Standardized VisNIR DRS calculated 
differences (CDs) in reflectance spectra (350–2500 nm) were also associated 
with discontinuities based on CD reflectance maxima and minima. Notably 
within both types of data plots, lithologic discontinuities were not well cap-
tured by the proximal sensors when CD or DE values fell in the data plot 
midsection (i.e., not at maxima or minima within the data plots). Across the 
pedons evaluated, PXRF was more useful for detecting discontinuities than 
VisNIR DRS. Summarily, PXRF showed good alignment with morphologi-
cally established discontinuities in eight out of 10 pedons, while VisNIR DRS 
showed good alignment in only five pedons. Both PXRF and VisNIR DRS pro-
vided useful information for lithologic discontinuity recognition, especially in 
soils with nondescript morphology.

Abbreviations: CD, calculated difference; DE, difference of elements; EC, electrical 
conductivity; LD, lithologic discontinuity; PCA, principal component analysis; PXRF, 
portable X-ray fluorescence; SOM, soil organic matter; VisNIR DRS, visible near-infrared 
diffuse reflectance spectroscopy.

Lithologic discontinuities (LDs) are defined as zones within the pedo-strati-
graphic column representing a change in lithology, sediment type, or parent 
material (Soil Science Society of America, 2014). The formation of LDs can 

be by geologic depositional processes before pedogenesis, deposition (e.g., new sedi-
ment addition) during soil formation, weathering, vertical or lateral translocations, 
or bioturbation (Phillips and Lorz, 2008; Schaetzl and Thompson, 2015). In some 
cases, LDs are marked by changes in soil texture, coarse fragment content, soil organ-
ic C, or other physicochemical parameters (Schaetzl, 1998). If the aforementioned 
features are present, morphological establishment of the LDs is relatively straightfor-
ward to the trained pedologist. However, many instances exist where LDs are nonde-
script and cannot be easily surmised. In fact, many pedologists concede that LDs are 
often difficult to recognize in the field due to a lack of clear morphological expres-
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sion (e.g., Price et al., 1975; Soil Survey Staff, 1993). For example, 
in northeastern Wisconsin and the Upper Peninsula of Michigan, 
Schaetzl and Luehmann (2013) noted that pedoturbation could 
effectively mix loess with the underlying sandy glacial sediment in 
zones up to 50 cm thick. This emphasizes the fact that many LDs 
have boundaries that are not abrupt. Thus, pedologists are left to 
field identify suspected LDs using data they can obtain from the 
soil profile, collect samples, and await the results of physicochemi-
cal laboratory analyses in support of their suppositions. Given the 
depth and breadth of experience of most pedologists, their field 
conclusions on soil physicochemical properties, soil profile pedo-
genesis, and suspected LDs are remarkably accurate; yet at times 
even such talented professionals find themselves in need of confir-
matory laboratory analyses. Such laboratory data typically involve 
the skeletal, immobile fraction of soils. Grain size analysis may be 
evaluated independently (e.g., sand, silt, and clay) or as ratios of 
sand/silt, coarse sand/fine gravel fractions, quartz/feldspar ratios, 
and elemental composition or mineralogy (Foss and Rust, 1968; 
Raad and Protz, 1971; Schaetzl, 1998; Price et al., 1975; Habecker 
et al., 1990). While these techniques are generally effective, they 
require laboratory analysis without the ability to provide pedolo-
gists with the necessary data while evaluating pedons in the field. 
However, the advent of field-portable, proximal sensors (e.g., por-
table X-ray fluorescence [PXRF] spectrometry and visible near in-
frared diffuse reflectance spectroscopy [VisNIR DRS]) offers new 
means of investigation in situ and provides field soil scientists with 
on-site quantitative data (McLaren et al., 2012; Hartemink and 
Minasny, 2014). Importantly, these approaches offer advantages 
over traditional laboratory analyses such as nondestruction, speed, 
and low operating cost.

Portable X-ray fluorescence utilizes fluorescent emission 
spectra given off by elements bombarded by low-power X-rays 
(10–40 kV). The wavelength (energy) of the emitted spectra are 
characteristic of unique elements present in a sample, whereas 
emission intensity gives an indication of elemental abundance. 
Conversely, VisNIR DRS involves the use of reflected light in the 
350- to 2500-nm range. Reflectance spectra are parsed into dis-
creet intervals (e.g., 2–10 nm) to construct reflectance profiles, 
which are then statistically compared with other quantitative soil 
parameter data. Various soil parameters are uniquely associated 
with combinations of specific reflectance spectra (Chakraborty 
et al., 2010). Comprehensive overviews of PXRF, VisNIR DRS, 
and their potential synthesis in soil analyses have been offered by 
Weindorf et al. (2014) and Horta et al. (2015).

Previously, PXRF and VisNIR DRS have been indepen-
dently used to successfully predict a wide range of soil physico-
chemical properties, including organic C (Morgan et al., 2009; 
Chakraborty et al., 2013), gypsum content (Weindorf et al., 
2009, 2013a), salinity (Swanhart et al., 2014), pH (Sharma et 
al., 2014), texture (Zhu et al., 2011), cation exchange capac-
ity (Sharma et al., 2015), diagnostic subsurface horizons and 
features (Weindorf et al., 2012c), moisture (Zhu et al., 2010), 
and organic and inorganic pollutants (Weindorf et al., 2012a, 
2013b; Chakraborty et al., 2010; Paulette et al., 2015). Most im-

portantly, Weindorf et al. (2012b) showed that PXRF could be 
used for enhanced soil horizonation whereby horizons could be 
differentiated using elemental data from PXRF in soil profiles 
where morphological differentia were unremarkable. Applied to 
the present study, VisNIR DRS models have another advantage 
in that they should be able to better detect irregular decreases 
in organic C content with depth—an established approach for 
recognizing buried soils and potential discontinuities.

Although each of these techniques has successfully pre-
dicted soil physicochemical properties independently, the latest 
research has investigated the synthesis of data from these two ap-
proaches for enhanced predictive model performance. For exam-
ple, a fused PXRF–VisNIR DRS approach was used to provide 
optimized predictive models of soil salinity in playas of West 
Texas (Aldabaa et al., 2015), total C and total N in soils (Wang et 
al., 2015), and hydrocarbon quantification in contaminated soils 
(Chakraborty et al., 2015). In all three studies, performance of 
the fused PXRF–VisNIR DRS predictive models outperformed 
the models that utilized only a singular proximal sensor.

Given the success of VisNIR DRS and PXRF at predicting 
numerous soil physicochemical properties, evaluation of their use 
for field identification of LDs in soils appears timely. If proven 
successful, it would offer pedologists a rapid, quantifiable means 
of determining LDs in situ, especially in nondescript soils where 
no morphological differences present themselves and in instances 
where mixing between two parent materials produces a gradual or 
diffuse boundary between materials. As such, the objective of this 
research was to compare soil LDs established by traditional mor-
phological field description with physicochemical data produced 
through standard laboratory characterization with that of proxi-
mally sensed PXRF and VisNIR DRS data. Our goal was to re-
late the data sets to determine the effectiveness of PXRF–VisNIR 
DRS in establishing LD boundaries. We hypothesized that both 
PXRF and VisNIR DRS would successfully differentiate parent 
materials in situ, allowing LD identification.

MATERIALS AND METHODS
General Occurrence and Features

In an effort to test the effectiveness of this approach on a 
wide variety of LDs, samples of 10 pedons were collected in West 
Texas (TX) (n = 5), Italy (IT) (n = 2), and Hungary (HU) (n = 
3). Collectively, the pedons consisted of 135 samples collected at 
fixed depths. The coordinates of samples from 10 locations and 
their taxonomic classification are given in Table 1.

In Texas, sampling was conducted in Cochran and Terry 
counties in Major Land Resource Area 77C: Southern High 
Plains—Southern Part. The area is found on an expansive level 
plateau characterized by an ustic moisture regime (405–560 mm 
of precipitation) that borders on aridic, with a thermic tempera-
ture regime (13–17°C) (Soil Survey Staff, 2006). Soils of the 
area are largely derived from aeolian deposits of the Blackwater 
Draw Formation of Pleistocene age, with some alluvium and la-
custrine sediments associated with shallow playas and ephemeral 
streams (Soil Survey Staff, 2006).
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In Italy, soils were sampled at two different sites: 
Valleremita and Gallignano. The former developed on layers 
of detritus known as grèzes litées, which formed during the last 
glaciation (Würm) by slopes composed of layers of well-sorted 
angular stones originated by frost shattering and displaced by 
snowmelt. Along the central part of the Apennines chain, large 
areas are covered by this type of layered deposits made of shat-
tered limestone fragments of different dimensions immersed in 
a silty matrix. The soil moisture regime is udic (945 mm of pre-
cipitation) and the temperature regime is mesic (12.6°C) (Soil 
Survey Staff, 2010). Gallignano soils developed from finely 
ground marine sediments that consisted of lithologic units 
with pelitic-arenaceous or arenaceous-pelitic composition, all 
containing carbonates. The soil is characterized by an ustic 
moisture regime (780 mm) that borders on udic and a mesic 
temperature regime (13.6°C) (Soil Survey Staff, 2010).

In Hungary, all sampled soils were located in north-central 
Hungary and developed from Pleistocene loess. The compo-
sition of the loess varies in the Carpathian Basin according to 
the major distance sources and local sources of aeolian sedi-
ments (Horváth, 2001). Pedon HU-2 was located close to the 
pediment of the Matra Hills, which served as the local source 
of fine particles from weathered andesitic material (Horváth et 
al., 2005). Pedons HU-4 and HU-5 were influenced by local 
coarser sandy sources of older Tertiary deposits eroded to the 
surface (Stefanovits, 1963). Profile HU-2 developed in a stable 
plateau position under natural grass vegetation. Pedons HU-4 
and HU-5 experienced more erosion and translocations of sur-
face materials during the late Pleistocene and the Holocene. 
The natural vegetation in the Holocene was forest. The annual 
precipitation at the sites is between 450 and 550 mm, the mois-
ture and temperature regimes being ustic and mesic, respectively 
(Michéli et al., 2006).

Pedons from Texas were collected utilizing a hydraulic 
probe (Giddings Probe). Pedons from Italy were collected from 
exposed road cuts or erosional escarpments. In Hungary, pedons 
were sampled from soil pits opened with a backhoe. At each 
location, the evaluated area (of both the excavation walls and 
cores) was scraped clean with a knife, then scanned with proxi-
mal sensors in 10-cm increments (e.g., 0–10, 10–20 cm, and so 
on) in situ in a manner consistent with Weindorf et al. (2012b). 
Texas field scanning included both PXRF and VisNIR DRS, 
while Italian and Hungarian field scanning used only PXRF 
due to logistical limitations relative to international transport 
of equipment. After scanning, morphological field evaluation 
(Schoeneberger et al., 2002) was used to determine the suspected 
depth of LDs. Field notes were made and profiles were photo-
graphed (Fig. 1). Soils were sampled in 10-cm increments to co-
incide with the aforementioned proximal scanning depths, thus 
avoiding any bias associated with morphologically established 
LD boundaries. Samples were sealed in plastic bags and sent to 
the Texas Tech University pedology laboratory for further char-
acterization. Samples collected in Italy and Hungary were dried 
and crushed before shipment to Texas Tech University.

Soil Characterization
In the laboratory, all dried samples were ground to pass a 

2-mm sieve, then subjected to standard soil characterization. 
Particle-size analysis was accomplished via hydrometer, with clay 
readings at 1440 min using a Model 152-H hydrometer and the 
method of Gee and Bauder (1986) and sand determined gravi-
metrically after wet sieving at 53 mm. Soil pH and electrical con-

Table 1. Geographic coordinates and taxonomic classification of soils 
evaluated for lithologic discontinuities in Texas, Italy, and Hungary.

Site Latitude Longitude Taxonomic classification†

TX-1 33.68 N 102.94 W Ustic Epiaquert

TX-2 33.69 N 103.02 W Aridic Paleustalf

TX-3 33.02 N 102.35 W Aridic Ustifluvent

TX-4 33.15 N 102.11 W
Aeric Halaquept/ 

Torrifluventic Haplustept

TX-5 33.26 N 102.20 W Aridic Ustifluvent

IT-2 (Valleremita) 43.29 N 12.87 E Eutric Humustept

IT-3 (Gallignano) 43.56 N 13.43 E Typic Eutrudept

HU-2 47.69 N 19.62 E Typic Haplustoll

HU-4 47.59 N 19.37 E Ultic Haplustalf

HU-5 47.59 N 19.37 E Ultic Haplustalf
† Soil Survey Staff, 2010, 2015.

Fig. 1. Photographs of sampled pedons in (a) Texas (TX-5), (b) Italy (IT-
2), and (c) Hungary (HU-4). Field-suspected lithologic discontinuities 
are marked with a dot. Depth measurements on tape measures are 
in centimeters.
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ductivity (EC) were determined via saturated paste after 24-h 
equilibration using an Accumet XL20 pH/conductivity meter 
(Salinity Laboratory Staff, 1954; Soil Survey Staff, 2004). Soil 
organic matter (SOM) was determined according to Nelson and 
Sommers (1996) after 8 h of ashing at 400°C to minimize dehy-
droxilation of the mineral soil. Calcium carbonate content was 
determined on the TX pedon samples via a pressure calcimeter 
(Sherrod et al., 2002). Pedons from Italy and Hungary were sub-
jected to total C and total N analyses using Dumas method high-
temperature combustion on a LECO TruSpec CN analyzer (Soil 
Survey Staff, 2014a).

Portable X-ray Fluorescence Spectrometry
Each sample was subjected to PXRF scanning with a DP-

6000 Delta Premium PXRF (Olympus) with deference to 
USEPA Method 6200 (USEPA, 2007). The instrument features 
an Rh X-ray tube operated at 10 to 40 kV with an integrated 
large-area silicon drift detector (165 eV). Before scanning, 
the instrument was calibrated with a 316 alloy calibration clip 
tightly fitted over the aperture. Scanning was conducted in Soil 
Mode (three beam), which is capable of detecting the following 
suite of elements: V, Cr, Fe, Co, Ni, Cu, Zn, Hg, As, Se, Pb, Rb, 
Sr, Zr, Mo, Ag, Cd, Sn, Sb, Ti, Mn, P, S, Cl, K, and Ca; each 
sample was then scanned a second time using Geochem Mode 
(two beam) to measure Mg. Scanning in Soil and Geochem 
modes was conducted at 30 s per beam. Geochem and Soil 
mode scans were both done in duplicate, with the spectrom-
eter repositioned between each scan. Data were then averaged 
between scans to obtain a mean of elemental data for each soil 
sample evaluated. The performance of the PXRF was checked 
via scanning NIST-certified soil samples; results for one of those 
(NIST 2710a– Montana I soil) were (PXRF reported/NIST 
certified [recovery]: K, 24,376/21,700 mg kg-1 [1.12]; Ca, 
8998/9640 mg kg-1 [0.93]; Ti, 3415/3110 mg kg-1 [1.10]; 
Mn, 2189/2140 mg kg-1 [1.02]; Fe, 47,055/43,200 mg kg-1 
[1.09]; Cu, 3346/3420 mg kg-1 [0.98]; Zn, 4236/4180 mg kg-1 
[1.01]; As, 1538/1540 mg kg-1 [1.00]; Sr, 259/255 mg kg–1 
[1.02]; Ba, 691/792 mg kg–1 [0.87]; Pb, 5476/5520 mg kg–1 
[0.99]. Given that Weindorf et al. (2012b) reported that PXRF 
scans conducted under field, laboratory, or monolith conditions 
achieved almost the same results and the influence of moisture 
was <20% on PXRF data is nominal (Melquiades et al., 2011; 
Piorek, 1998), only field-moist scans were used for this study. All 
field-moist samples evaluated as part of this study were, in fact, 
quite dry.

Visible Near-Infrared Diffuse Reflectance 
Spectroscopy and Spectral Pretreatment

All soil samples were scanned using a PSR-3500 portable 
VisNIR DRS spectroradiometer (Spectral Evolution, USA) 
with a spectral range of 350 to 2500 nm. The spectroradiometer 
had a 2-nm sampling interval and a spectral resolution of 3.5, 
10, and 7 nm from 350 to 1000, 1500, and 2100 nm, respec-
tively. Scanning was accomplished using a contact probe with a 

5 W built-in halogen light source. Samples were dried, ground, 
and scanned at room temperature in the laboratory, evenly dis-
tributed in an opaque polypropylene sample holder and scanned 
from the top with the contact probe connected to the PSR-3500 
with a metal-clad fiber optic cable. Full contact with the sample 
was guaranteed to avoid outside interference. Each sample was 
scanned four times, rotating the sample 90° between scans. The 
four scans were then used to obtain an average spectral curve. 
Each individual scan was an average of 10 internal scans over 
1.5 s. White referencing of the detector (after each sample) was 
accomplished using a 12.7- by 12.7-cm NIST traceable radiance 
calibration panel. This prevents fluctuating downwelling irradi-
ance from saturating the detector.

Raw reflectance spectra were processed using R version 
2.11.0 (R Development Core Team, 2008) with custom R rou-
tines following Chakraborty et al. (2015). These routines in-
volved (i) a parabolic splice to correct for “gaps” between detec-
tors, (ii) averaging replicate spectra, and (iii) fitting a weighted 
(inverse measurement variance) smoothing spline to each spec-
trum, with direct extraction of smoothed reflectance at 10-nm 
intervals. The present study used Savitzky–Golay first-derivative 
spectra with a first-order polynomial across a 10-band window 
for subsequent spectral analysis. Mathematical pretreatment of 
the spectra reduced model error, with pretreatment transforma-
tion implemented in the UnscramblerX 10.3 software (CAMO 
Software Inc.).

Development of Hypothetical 
Discontinuity Indices

A soil horizon is a layer of soil or soil material approximately 
parallel to the land surface and differing from adjacent genetically 
related layers in physical, chemical, and biological properties or 
characteristics such as color, structure, texture, consistency, kinds 
and number of organisms present, or degree of acidity or alkalin-
ity (Soil Science Society of America, 2014). The differentiation 
of soil horizons is critical for the understanding and classifica-
tion of soil because horizon formation is a function of a variety 
of physical, chemical, geological, and biological processes associ-
ated with the landscape and climate over long time periods (Soil 
Survey Staff, 1993, 1999; Schaetzl and Thompson, 2015). The 
process of field horizonation is, to some extent, a subjective ap-
proximation of soil features by field soil scientists. Soil scientists 
use all the tools available to differentiate soil horizons and estab-
lish minimal within-horizon variability, considering a variety of 
soil properties simultaneously. As such, significant variations in 
soil properties should occur between horizons in a given pedon. 
Obviously, the most important part of horizonation is the iden-
tification of differences between soil horizons (i.e., what makes a 
given horizon sufficiently different from adjacent horizons above 
or below, justifying its differentiation as a unique horizon?). As 
such, for purposes of this research, three different discontinuity 
indices (differences in laboratory analyses, PXRF-determined 
elements, and VisNIR-determined spectra) were used as quan-
titative metrics for differentiating one soil horizon from another.
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In this study, we followed the general methodology set 
forth by Weindorf et al. (2012b), here summarized as follows. 
Principal component analysis (PCA) was used to establish the 
degree of horizon differentiation using data collected from scan-
ning layers and various other soil variables as the key compo-
nents of the data matrix. Essentially, orthogonal transformation 
was utilized in PCA to change a set of observations of possibly 
correlated variables into linearly uncorrelated variables known as 
principal components (PCs). Jolliffe (1986) noted that doing so 
diminishes the chance that correlated variables are continually 
considered in variance calculations. This procedure results in the 
establishment of new coordinates, termed loadings, to represent 
the principal component data set variances.

In the present study, pH, EC, fractions of sand, silt, and 
clay, and SOM were determined for each depth of each pedon; 
the data from such analyses were then used for PCA. For each 
evaluated depth, the principal components of the laboratory 
analysis results were extracted in the matrix of correlation utiliz-
ing a minimum retained eigenvalue of 1, 25 maximum iterations, 
and a convergence level of 0.001, again following Weindorf et al. 
(2012b). The differences in laboratory analysis (DLAs) between 
soil layers were established via PCA (Weindorf et al., 2012b):

( )2

( 1)1
DLA

F
n i n ini

L L−=
= −∑  [1]

where DLAn represents the difference in laboratory analyses of 
layer n to the layer above, n − 1; F is the total number of sig-
nificant principal components obtained in the PCA; and Li(n−1) 
and Lin are the PC scores of layers n and n − 1 on the ith princi-
pal component, respectively.

As Weindorf et al. (2012b) noted, because scaling of vari-
ables directly impacts PCA, the original laboratory data can be 
standardized into the same scale for each pedon as divided by 
the averages of the variables before PCA. Because the original 
soil property data were placed into the same scale and the prin-
cipal components routinely accounted for 90% of the variances 
observed, the differences between data points of the principal 
components represents the variability of the original data set. As 
such, when any soil variable is considered, the calculated differ-
ence increases accordingly.

As mentioned above, a range of soil features is generally 
used by field surveyors during the process of horizon description, 
including soil color, texture, and structure, which are essentially 
affected by the physical and chemical composition of the soil. 
For example, besides SOM and water content, Fe and Mn are 
the primary coloring agents for many soils. Several soil variables 
including pH, silt/clay fraction, SOM, oxides and hydroxides, 
and microorganisms are documented as factors influencing the 
content and behavior of trace elements (Kabata-Pendias and 
Pendias, 2001). While elemental variability has not traditionally 
been used for horizon differentiation, it represents quantifiable 
chemical differences within the soil and a viable parameter for 
unique horizon recognition. Portable X-ray fluorescence scan-
ning provides quantifiable data on a large number of macro 

and trace elements. Thus, the abundance of a single element or 
several elements within a given pedon can be considered jointly 
with other factors when assigning horizon boundaries. As such, 
differences of elements (DEs), as determined by PXRF, between 
horizons were calculated (Weindorf et al., 2012b):

( )2

( 1)1
DE

F
n i n ini

L L−=
= −∑  [2]

where DEn is the difference of elemental contents of the layer n to 
the layer above, n − 1. Likewise, changes in elemental abundance 
within the pedon cause an increase in the DEs between soil lay-
ers. Considering both the elemental precision level of the PXRF 
and the elemental ranges found by PXRF within the profiles, the 
contents of 15 elements (K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Rb, 
Sr, Zr, Ba, and Pb) were selected for PCA in this study, but only 
elements with a measured quantity more than 10 times greater 
than their reported PXRF errors were selected for use.

Finally, in the same manner, the calculated differences 
(CDs) of VisNIR DRS reflectance values between soil layers 
were established via PCA (adapted from Weindorf et al., 2012b):

( )2

( 1)1
VisNIR differences

F
n i n ini

L L−=
= −∑  [3]

Equations [2] and [3] are fundamentally the same as Eq. [1], 
except the PXRF readings of elemental contents and VisNIR 
DRS reflectance values were used as the matrix for PCA in 
Eq. [2] and [3], respectively. Notably, because SOM is a key 
factor in horizon differentiation, we considered only a subset 
(1700–2500 nm) of the total VisNIR DRS range, which has 
been proven as the most informative region for SOM (Sudduth 
and Hummel, 1993). All statistical analyses were executed in 
XL Stat 2014 (Addinsoft).

RESULTS AND DISCUSSION
Field and Laboratory Assessment

Results of our laboratory analyses are presented in 
Supplementary Table S1. Analyses of some samples from Italy 
and Hungary were not possible due to the limited sample quan-
tity available after shipment.

Texas
Most of the Texas soils had sandy soil textures, often sandy 

loam. Site TX-1 consisted of shallow playa lacustrine sediments 
with overlying sandy aeolian sediments, thus establishing the 
lithologic discontinuity. Laboratory data showed a doubling 
of SOM concentration at a depth of 30 to 40 cm (1.00%) vs. 
the overlying horizon (0.50%). Similarly, clay content increased 
from 22 to 35% at that boundary, causing soil texture to shift 
from sandy clay loam to sandy clay. However, an even more pro-
nounced shift in soil properties was observed at a depth of 60 to 
70 cm, where clay content increased dramatically (42%) relative 
to the overlying horizon (28%); the textural class of the former 
is clay while the latter is sandy clay loam. Such laboratory data 
align well with field morphological evidence of a discontinuity, 
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only one of which was noted in situ at 55 cm (Supplementary 
Table S1).

By contrast, field investigation identified two possible 
discontinuities at Site TX-2 (at depths of 33 and 77 cm). The 
soil was mapped as an Amarillo fine sandy loam, which is often 
buried to various thicknesses by soil material that has eroded by 
wind from the adjacent dunes mantled by Drake soils (Aridic 
Calciustepts). Laboratory data supported the two suspected dis-
continuities owing to a doubling of SOM (0.20 to 0.51%) at 33 
cm and an abrupt reduction at 77 cm (0.52 to 0.18%). Similarly, 
at these same depths, clay content changed from 17 to 28 and 36 
to 23%, respectively.

Site TX-3 consisted of a Quaternary alluvial sandy loam 
soil in a shallow draw covered by aeolian influence from Midessa 
(Aridic Calciustept) and Posey (Calcidic Paleustalf ) sandy loam 
soils in surrounding upland positions (Soil Survey Staff, 2015). 
While similar taxonomically, Drake and Midessa soils differ in 
their CaCO3 equivalent in calcic horizons, the former having 
<40% (Soil Survey Staff, 2015). In situ evaluation of the pedon 
suggested a discontinuity at 90 cm. Laboratory data detected 
physicochemical differences at the same depth but also a smaller 
possible discontinuity at 50 cm reflected by a sudden doubling 
of SOM (0.15 to 0.34%) and modest increases in EC and clay 
content relative to overlying horizons, all of which showed steady 
decreases. However, laboratory data showed that  the lower dis-
continuity boundary would be more aptly placed at 100 cm, 
where differences in SOM and clay were more apparent. It is 
fair to note that many of the parameters evaluated as part of this 
study have the ability to translocate within a given soil profile 
(e.g., clay, SOM, salts, CaCO3). However, such translocation 
tends to decrease rapidly with depth in areas under moisture-
limited semiarid climates.

Site TX-4 was in a low topographic position, with sand and 
sandy loam soil but with surficial inputs from soil material derived 
from Tokio (Calcidic Haplustalf ) sandy loam soil in somewhat 
higher topographic positions (Soil Survey Staff, 2015). Similar 
to TX-3, the depth of the discontinuity noted in situ could be 
adjusted downward by ?15 cm to correspond with laboratory 
data. An in situ discontinuity depth of 35 cm was proposed, but 
laboratory data showed pronounced, abrupt differences in physi-
cochemical properties at 50 cm, where SOM doubled, CaCO3 
doubled, clay increased 10%, and texture shifted from loamy 
sand to sandy clay loam. Notably, some translocated materials 
within a given soil profile may be deposited above or below the 
actual discontinuity owing to differential hydraulic conductiv-
ity affected by shifting soil texture or other factors. For example, 
Weindorf et al. (2010) discussed the impact of hydraulic discon-
tinuity on the formation of placic horizons in Louisiana. Thus, 
the location of the actual discontinuity must be considered care-
fully in the context of accumulations or physicochemical differ-
entia that may occur either slightly above or below the actual LD.

Site TX-5 was similar to TX-3, featuring aeolian deposits of 
sandy loam soil with inputs from nearby Midessa and Tokio soils. 
Here, the laboratory data supported discontinuity establishment 

in the same location as the in situ morphological assessment (52 
cm) (Supplementary Table S1). At this depth, SOM increased 
by 1.5-fold, clay content doubled, and increases in salinity and 
CaCO3 were observed relative to overlying horizons. While 
many of these features may initially be considered part of nor-
mal subsoil pedogenesis through illuvial processes, the compel-
ling parameter is the SOM concentration. Subsoil increases in 
SOM alone may lead evaluators to consider this as a buried soil. 
However, when considered simultaneously with other physi-
cochemical factors showing pronounced differences, lithologic 
discontinuity recognition is reasonable, possibly in conjunction 
with being buried.

Italy
Pedon IT-2 (Valleremita) occurred on a very steep, forest-

ed hillslope (?55% slope) and featured multiple discontinui-
ties as colluvium from differential sources. Morphological field 
description indicated discontinuities at 61, 86, 116, and 143 
cm. Laboratory data were variable across horizons, with some 
trends noted, although not as obviously as some other pedons. 
Specifically, there was a trend of decreasing SOM from the sur-
face (18.12%) to a depth of 90 to 100 cm (0.66%)—a boundary 
that probably coincides with the second suspected discontinu-
ity at 86 cm. Soil organic matter increased again to a depth of 
130 to 140 cm (2.46%), coinciding with the fourth suspected 
discontinuity. Less profound differences were observed at 61 cm, 
with sand and silt contents increasing 3 to 4% while clay content 
decreased by 7%. Few remarkable changes were detected in the 
laboratory data at 116 cm, suggesting that the field notation may 
be in error (a suggestion later refuted by proximally sensed data).

In situ, Pedon IT-3 (Gallignano) was suspected of having 
a discontinuity at 41 cm as colluvium over residuum. However, 
laboratory data not only discounted this suspected discontinuity, 
they identified a likely alternate deeper in the profile. While no 
remarkable differences in laboratory data were noted at 41 cm, 
laboratory data indicated a clear shift at 110 to 120 cm where, 
relative to the overlying horizon, the texture shifted from loam to 
sandy loam, sand content increased 21%, silt content decreased 
15%, and SOM dipped to 0.25% (the lowest in the entire profile) 
before increasing again with the next lower horizon. This one 
single depth (110–120 cm) also represented the highest salinity 
(352 mS m-1) of any depth below 30 cm.

Hungary
Three pedons were evaluated in Hungary, each showing 

differential expression of possible discontinuities. In situ, Pedon 
HU-2 showed a strong calcic horizon at 100 cm, an area where 
a suspected discontinuity occurred. However, high levels of 
CaCO3 accumulation may also have been due to normal pedo-
genesis, casting doubt on this initial supposition. Laboratory 
data clearly showed a doubling of C (1.3 to 2.9%) at the 100-cm 
boundary. Also, clay content decreased ?4% relative to the over-
lying horizon—a modest decrease, but one that also changes the 
soil textural class from silty clay loam to silt loam. Interestingly, 
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at the 110- to 120-cm depth, SOM reached a minimum of 0.58% 
before steadily increasing below that with depth. Thus, the in-
crease in SOM deep in the profile gives an indication that a dis-
continuity in this area may be warranted as opposed to simple 
pedogenic carbonate accumulation.

In situ evaluation of Pedon HU-4 indicated two possible 
discontinuities: 90 and 146 cm (loess over lacustrine sediments). 
Both suspected discontinuities were clearly observable in the 
laboratory data. Relative to the overlying horizon, the SOM 
doubled (0.32 to 0.60%) and EC tripled (107 to 382 µS m-1) 
at 90 cm. At 140 to 150 cm, sand content decreased by 22%, 
silt content increased by 16%, and C content went from 2.35 
to 4.07% relative to the overlying horizon. A third discontinu-
ity was clearly evident in the laboratory data, although elusive 
during field description. At 110 to 120 cm, the soil texture was 
silt loam and C was 6.30%. Both overlying and underlying hori-
zons were sandy loam, while the C content was 0.34% above and 
3.89% below.

Pedon HU-5 showed evidence of a discontinuity at 80 cm 
in situ. Although debatable as to the exact depth at which the 
discontinuity started, laboratory data clearly showed a dramatic 
shift in physicochemical properties from 80 to 110 cm. Except 
for the surface horizon (probably impacted by soil pit spoil), 
the upper part of the profile was acidic (4.1–4.8) and showed 
a steady increase in clay content from sandy loam (14% clay), to 
sandy clay loam (23–31% clay), to clay (40% clay) with depth. At 
90 cm, however, the clay content began to decrease, silt content 
began to increase, and C levels increased by as much as 20-fold. 
While the silt content can be linked to calcic horizon formation, 
this does not explain the rapid decrease in sand content (68% in 
the upper part of the profile, decreasing to 22% by 100 cm). At 
80 to 90 cm, SOM was also the highest of any horizon (0.91%) 
in this profile except for the surface horizon. As such, disconti-
nuity status in this profile is likely.

Proximal Sensor Approaches
In discussing the ability of PXRF and VisNIR DRS to elu-

cidate differences in profile parent material origin, the 10 evalu-
ated pedons were qualitatively grouped into classes of good, 
fair, and poor for both PXRF and VisNIR DRS. Notably, these 
classes were comparing the field-determined LDs with PXRF 
and VisNIR data. Often, laboratory characterization data were 
useful in helping to explain why PXRF and VisNIR data plots 
performed the way they did in Fig. 2, 3, and 4. “Good” matches 
between the data sets indicated that proximal sensor data aligned 
well with field-described LDs; that is, plot maxima and minima 
generally occurred within ?5 cm of the field-described discon-
tinuity, with most discontinuities within a given pedon meeting 
this criterion. “Fair” matches between the data sets indicated 
that proximal sensor data somewhat aligned with field-described 
LDs. For example, the data sets identified LDs at approximately 
the same depths, but proximal sensor data suggested that a given 
LD might be more appropriately placed 10 to 20 cm higher or 
lower than the field-described LDs. Furthermore, “fair” matches 

could contain a mix of multiple LD plot alignments, some of 
which were “good” while others were “poor.” “Poor” matches 
between the data sets indicated almost no relation between field-
described LDs and proximal sensor data. Often, this was ex-
pressed as nondescript plots with no maxima or minima, or plots 
where field-described LDs were >20 to 30 cm from proximal 
sensor maxima or minima. In some instances, laboratory data 
and/or field-suspected discontinuities aligned with PXRF and 
VisNIR DRS predictive plots. But in other instances, wide dis-
crepancy was found. Weindorf et al. (2012b, 2014) outlined the 
rationale for such differences with regard to PXRF as follows: (i) 
PXRF data align well with traditional morphological horizons, 
(ii) PXRF reveals more horizons than traditional morphologi-
cal descriptions due to differences in elemental concentrations 
imperceptible to the human eye, and/or (iii) PXRF reveals fewer 
horizons than morphological descriptions based on differences 
undetectable to the PXRF (e.g., differences in soil structure, root-
ing, bulk density, soil organic C). Although VisNIR DRS should 
reasonably be able to detect differences in organic C (Morgan et 
al., 2009) (and by extension perhaps even differences in rooting 
density), soil characteristics such as bulk density, soil structure, 
and consistence probably remain elusive to these two proximal 
sensors. However, those characteristics seldom form the sole ba-
sis for LD designation. Nonetheless, we do not advocate the sole 
use of proximal sensors for LD establishment. Rather, we suggest 
that such sensors can provide useful quantitative elemental and 
spectral data that can be used to complement traditional mor-
phological description, especially in instances where the bound-
aries of LDs are morphologically nondescript.

PXRF Assessment
With regard to PXRF analysis of discontinuity assessment, 

eight pedons qualitatively showed good alignment with labora-
tory- and/or field-established discontinuities; two pedons were 
fair. In most instances, PXRF discontinuities were marked by 
either maximum or minimum DE values evaluated on a pedon 
by pedon basis (Fig. 2). In some cases, these maximum and mini-
mum values were helpful in adjusting the depth of the labora-
tory- or field-determined discontinuity where clear trends were 
observed.

Pedons TX-1 and TX-2 showed fair alignment, while TX-
3, TX-4, and TX-5 showed good alignment. In TX-1, the field-
suspected discontinuity at 55 cm was nondetectable by PXRF; 
these results were supported by laboratory data. However, labo-
ratory data pointed to a discontinuity at 60 to 70 cm, and at 70 
cm, PXRF DEs reached a minimum, suggesting a possible dis-
continuity. At TX-2, a field-suspected discontinuity at 33 cm 
aligned well with a PXRF DE maximum and laboratory data. 
However, the second field-suspected discontinuity at 77 cm was 
not well represented by PXRF DEs. Here, the DE trend line was 
moving steadily downward but not near a maximum or mini-
mum value. As such, the PXRF DE minimum was not achieved 
until 90 cm, a considerable departure from laboratory and field 
data. However, laboratory data aligned well with the PXRF DE 
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minimum at 90 cm, showing maximum sand content, minimum 
clay content, and minimum subsoil SOM at this same depth (Fig. 
3) and suggesting that the field-identified discontinuity might be 
more aptly lowered from 77 to 90 cm. The remaining Texas pe-
dons showed strong alignment between PXRF and laboratory 
and field discontinuity locations. At TX-3, a minimum PXRF 
DE was found at 90 cm, very near the field and laboratory sus-
pected discontinuity. Portable X-ray fluorescence provides some 
support for evaluating a possible second discontinuity at ?60 
cm, where laboratory data showed some indications of a discon-
tinuity and PXRF DEs were maximized. At TX-4, the PXRF 
DE minimum at 30 cm aligned well with a field discontinuity 
suspected at 35 cm, and a laboratory-suspected discontinuity at 
50 cm was reflected strongly by a PXRF DE maximum at that 
same depth. Finally, a PXRF minimum DE at 52 cm in TX-5 
aligned well with both laboratory and field data in support of a 
discontinuity at that depth.

Of all the pedons evaluated, Pedon IT-2 was the most 
complex, with four different field-suspected discontinuities. 
Somewhat surprisingly, PXRF did an excellent job at noting 
these, showing wide swings in DE maxima and minima accord-
ingly. Field-suspected discontinuities were set at 61, 86, 116, 
and 143 cm. At 60 to 70 cm, PXRF DEs were minimum, but 
by 80 to 90 cm they had shifted to maximum, aligning perfectly 
with both field and laboratory data. At 116 cm, laboratory data 
were marginal in supporting a field-suspected discontinuity, but 
PXRF reached a DE minimum in perfect unison with the field 
depth. For the lowest discontinuity, laboratory data suggested 
that moving the depth slightly higher in the profile might be ap-
propriate. However, a PXRF DE minimum suggested that the 
field assessment was accurate and should be left unchanged. For 
Pedon IT-3, PXRF data indicated that the suspected field dis-
continuity at 41 cm should be moved slightly higher in the pro-
file, as a DE maximum was achieved at ?25 cm. Although not 
noted in the field, a suspected laboratory-identified discontinu-
ity at ?110 to 120 cm was well supported by a PXRF DE mini-
mum achieved at that same depth. Here, both laboratory data 
and PXRF were compelling in identifying something different 
in the soil substrate that was not visually detectable.

All three Hungarian pedons showed good alignment be-
tween PXRF and laboratory and field data. Pedon HU-2 had 
a field-suspected discontinuity at 100 cm. However, laboratory 
data suggested that it would be more appropriately moved deep-
er to 110 to 120 cm (noted by the green dashed line in Fig. 3). A 
PXRF DE minimum was reached at ?115 cm, a depth at which 
maximum silt, minimum clay, and near-minimum subsoil SOM 
levels were achieved (Fig. 3). Pedon HU-4 had field-suspected 
discontinuities at 90 and 146 cm. The former was well captured 
by a PXRF DE minimum, while the latter was not well captured 
by PXRF; the DE trend line was still decreasing at that depth. 
While not evident in the field, laboratory data showed a possible 
discontinuity at 110 to 120 cm, a depth clearly captured by a 
PXRF DE maximum at ?110 cm. Finally, Pedon HU-5 showed 
a maximum PXRF DE at ?83 cm, clearly reflective of both labo-
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ratory and field discontinuity placement at 80 cm. Here, the clay 
reached a maximum and subsoil SOM was near its maximum as 
well; both declined sharply below this depth.

The plots shown in Fig. 3 lead to an important question: 
should morphological or laboratory-based data take precedence 
in assigning a discontinuity in soils? While both are important, 
the physicochemical laboratory-based data are often elevated in 
stature owing to their quantitative limits rather than qualitative 
measures used by morphological description. If nothing else, this 
research has illustrated instances where laboratory and morpho-
logical data do not precisely align in establishing discontinuities. 
However, PXRF has repeatedly shown a propensity to reflect 
quantitative differences in soil physicochemical properties as il-
lustrated by laboratory characterization data.

VisNIR DRS Assessment
For VisNIR DRS analysis of discontinuity assessment, five 

pedons qualitatively showed good alignment with laboratory- 
and/or field-established discontinuities, three pedons were fair, 
and two were poor. Similar to the PXRF DE differential, VisNIR 
DRS-identified discontinuities were marked by either maxima 
or minima in calculated spectral differences (Fig. 4). Recall that 
VisNIR DRS is especially sensitive to organic C within soils; 
thus, deference will be paid to how calculated differences (CDs) 
aligned with SOM content.

The Texas pedons were among the weakest in showing 
VisNIR DRS-indicated discontinuities, with one good, two fair, 
and two poor results. Pedon TX-1 showed a decreased CD at 
the suspected field discontinuity (55 cm), qualifying it for fair 
matching, but it did not align well with maximum and minimum 
CDs in the pedon. Even worse, TX-2 field-suspected disconti-
nuities occurred on actively sloped CDs, again not reflective of 
CD maxima and minima. Pedon TX-3 was the best of the Texas 
pedons, with a CD minimum at ?85 to 95 cm, aligning nicely 
with a field-identified discontinuity at 90 cm. Pedon TX-4 had a 
near-minimum CD at 35 cm, but VisNIR DRS data showed that 
it might be more appropriately placed slightly deeper at ?45 cm. 
At this same depth, a PXRF DE maximum further supported the 
idea of abrupt changes in soil properties at this depth. A possible 
discontinuity in Pedon TX-5 was among the worst identified by 
VisNIR DRS. While PXRF was highly capable of noting chang-
es in the profile at 55 cm, VisNIR DRS showed a broad, low CD 
spread with no remarkable spikes at that depth. A large CD peak 
was noted at ?100 cm, probably reflecting the ?5 to 10% in-
crease in CaCO3 present at that depth relative to the underly-
ing and overlying horizons, which should logically affect spectral 
reflectance as a feature of color. However, other laboratory data 
were unremarkable at this depth and the increase in CaCO3 is 
probably simply pedogenic.

The Italian pedons were among the best characterized by 
VisNIR DRS. Pedon IT-2 had clear and compelling CD max-
ima and minima at each of the field-identified discontinuities. 
Similarly, Pedon IT-3 reached a CD minimum at ?45 cm, align-
ing nicely with the field-identified discontinuity. Furthermore, a 

laboratory-suspected discontinuity at ?115 cm was well identi-
fied in the VisNIR DRS data as a CD maximum.

The Hungarian pedons were generally well described by 
VisNIR DRS, with two pedons showing good and one showing 
fair alignment with field-identified discontinuities. For Pedon 
HU-2, a field-suspected discontinuity at 100 cm was clearly 
marked by a CD minimum in the VisNIR DRS data. Pedon 
HU-4 was fair in its assessment, showing a clear CD minimum 
at one field discontinuity (90 cm) but rather unremarkable CD 
features at the second field discontinuity (146 cm). Somewhat 
surprisingly, one of the compelling features of the second dis-
continuity was a sharp increase in organic C, yet VisNIR DRS 
seemed unable to capture this in the subsoil pedon CD. Pedon 
HU-5 showed better alignment, with a VisNIR DRS CD mini-
mum aligning well with a field-described discontinuity at 80 cm.

Application of VisNIR DRS and PXRF 
in Discontinuity Evaluation

In conducting this research, PXRF was noted to be slightly 
better at discontinuity assessment than VisNIR DRS (Table 2). 
Shifts in soil mineralogical composition are more likely to be 
adeptly quantified as elemental differences rather than altera-
tions in reflectance spectra. This is not to say that reflectance 
spectra are useless in this regard; rather, both techniques can be 
used as complimentary approaches. In some instances, VisNIR 
DRS will have capabilities to sense differential levels of organ-
ic C in soils—a parameter imperceptible to PXRF directly. In 
other instances, PXRF and VisNIR DRS can dualistically elu-
cidate differences in a soil profile. For example, in areas with a 
pronounced calcic horizon, PXRF will sense higher levels of Ca, 
while VisNIR DRS will detect greater spectral reflectance ow-
ing to a lighter soil color. What remains to be interpreted by the 
analyst is whether such differences represent natural pedogenic 
accumulations (e.g., illuviated clay, CACO3, gypsum) or a true 
indicator of a lithologic discontinuity. In fact, one important 
parameter to be considered is whether the soils being evaluated 
should be classified as buried soils. In this case, the irregular de-
crease in organic C with depth (Soil Survey Staff, 2014b) should 
be considered more strongly than other factors, for example for 
alluvial soils subject to flooding in low-lying areas.

One of the more important conclusions identified by the 
present study is the concept that relative maxima and minima in 
either DEs or CDs of PXRF or VisNIR DRS data, respectively, 
can be important indicators of possible changes in soil parent 
material. In some instances, these depths are easily reflected in 
traditional morphological description or laboratory data, but in 
other areas, they are less visually remarkable. In essence, the max-
ima and minima for the proximal sensors presented here provide 
analysts with ancillary information that can warrant more care-
ful evaluation of certain depths or boundaries within the soil, 
whether visually perceptible or not.

In summary, we conclude that the data afforded by the use 
of PXRF and VisNIR DRS offer pedologists unique insights 
into predicted differences between soil horizons—differences 
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that may be indicative of lithologic discontinuities. We do not 
advocate the strict use of proximal sensors in the establishment 
of discontinuities, absent laboratory and morphological data. 
However, these instruments provide pedologists with another 
data stream, quickly and easily acquired in situ, that can help 
identify areas of lithologic discontinuity within a given pedon, 
whether visually observable or not. Collectively, these proximal 
sensors can detect depth changes in both organic and inorganic 
soil constituents, many of which may align with changes in par-
ent material. Hence, the method may offer insight into the pres-
ence of discontinuities that may not normally have been detected 
in the field.

CONCLUSIONS
This research evaluated the use of PXRF spectrometry and 

VisNIR DRS for identification of lithologic discontinuities in 
soils. Ten pedons consisting of 135 sampled depths from three 
different countries were scanned with both proximal sensors, 
and the data were then compared with both standard laborato-
ry-generated soil characterization data as well as morphological 
descriptive data noted in situ. Results showed that large, abrupt 
changes in standardized PXRF DEs often successfully identi-
fied discontinuities (whether suggested by laboratory data or 
morphological description) appearing in the data plots as DE 
maxima and minima. Similarly, standardized VisNIR DRS 
CDs in reflectance spectra (350–2500 nm) identified discon-
tinuities based on CD reflectance maxima and minima. With 
both types of data plots, discontinuities were not well captured 
by the proximal sensors when CD or DE values fell in the 
data plot midsection. Across the 10 pedons evaluated, PXRF 
appeared to show slightly better detection of discontinuities 
relative to VisNIR DRS. However, VisNIR DRS also showed 
dexterity in identifying differences in certain pedons not well 
captured by PXRF. We recommend the integrated use of proxi-
mal sensors in conjunction with laboratory data and morpho-
logical evaluation of lithologic discontinuities in soil profiles. 

The proximal data are quickly and easily acquired in situ and 
can provide quantitative differentia in support of discontinuity 
recognition both in instances where morphological and labora-
tory data indicate differences but also in instances where differ-
ences are morphologically nondescript.
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