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Figure 1: 3D visualizations to describe the distributions of the detected chemical elements in a soil profile.

Abstract
Soil scientists perform similar types of exploratory analysis repeatedly, such as generating the spatial distribution of chemical
elements. The soil analysis process is time-consuming (may take days or weeks), labor-intensive (involving many people with
different expertise for data collection, measurements, visual representation, and data analysis), and involving various tools
(from traditional software, such as Microsoft Excel, to some complicated packages such as ArcGIS and MatLab). Inspired
by medical scanning, this paper proposes a 3D visual solution, which can be generated via a web interface, allowing Soil
scientists to perform on-the-field analysis. Our visualization prototype, named SoilScanner, supports a full range of interactive
operations, such as ranking, filtering, brushing and linking, and detail on demand. We also demonstrated the usability of our
SoilScanner visualizations on the soil profiles in West Texas, USA, collected via portable X-ray fluorescence spectrometers.

1. Introduction

Recent developments of field portable X-ray fluorescence spec-
trometers (pXRF) offer a rapid and cost-effective and non-invasive
approach to quantify chemical elemental data [RT16]. The increas-
ing adoption of these handheld devices leads to the availability of
large pXRF chemical data to be analyzed. While the pXRF data
availability increases rapidly, the analysis tasks encumber the fur-
ther extensibility of this technique to an even broader scope. Specif-
ically, due to the lack of expertise and the complexity of providing
different visualization solutions for different individuals, manufac-
turers of pXRF devices currently offer limited data visualization
solutions in their proximal sensors [PD19b]. These devices only
provide some basic statistics (simple listing) incorporated into their
device screens. These are mostly tabular format data displays or ba-
sic charts and usually do not scale well with the data sizes. There-

fore, analysts often need to create their own visualizations to suit
their analysis purposes. They need to use traditional software (e.g.,
Microsoft Excel) or some complicated packages (e.g., ArcGIS and
MatLab), or even programming languages (e.g., R or Python) to
create custom visualizations for the analysis tasks.

On the other hand, visualizations offer several benefits for the ex-
ploration and analysis of complex environmental datasets and com-
munication of the results to the public or stakeholders [RSK14].
Therefore, there is a requirement for interdisciplinary collabora-
tion between the data visualization experts (to offer accurate visu-
alizations) and the environmental domain experts (to improve the
understanding and validate the accuracy of the analysis results).
Therefore, in this project, we worked closely with two senior soil
scientists to devise a solution to rapidly analyzing the pXRF avail-
able data.
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2. Related Work

As using pXRF for quantifying the elemental contamination is
rapid, cost-effective, and non-destructive, it has been applied in
many different application domains. It is not possible to extensively
survey all the works related to this domain. Thus, as the purpose of
this paper, we are going to review the several recent works that uti-
lize pXRF devices for collecting data and how the analysts utilize
visualizations to analyze the data or to communicate the results to
the public.

In the environmental assessments, Mukhopadhyay [MCB∗20]
proposed a systematic approach to the analysis of soils using
pXRF for the ecological evaluation. Also, Mukhopadhyay et al.
[MCB∗20] assessed heavy metals and soil organic carbon using
data collected from pXRF devices. In terms of agricultural impacts
on the soil, Liu et al. [LLY∗20] used pXRF to assess the accu-
mulation, sources, and potential ecological risk of potentially toxic
elements in soil under vegetable production systems. In terms of
the impacts of industrialization and population growth to the envi-
ronments, Barbosa et al., [BPT∗20] assessed soil contamination in
automobile scrap yards using pXRF. Also, Clinton et al., [CDS∗19]
used the pXRF technology approach to the identification of trace
metals and potential anthropogenic influences on the historic New
York African Burial Ground population.

Soil quality is also an essential element in agriculture. There-
fore, this technique is also applied to support agricultural activities.
For instance, Alder et al. [APS∗20] used a pXRF device to mea-
sure 1,520 soil samples and used the measured data to assess cop-
per (Cu), zinc (Zn), and cadmium (Cd) concentrations in agricul-
tural soil. Similarly, [AFS∗20] used pXRF technology to evaluate
soil fertility, and Silva et al. [SWP∗20] used pXRF data to predict
soil texture variables (sand, silt, and clay). Besides a large number
of researches in using pXRF devices in the analysis of soils, there
are also works in analyzing lithostratigraphic units (e.g., shales and
limestone). For example, Liu et al. [LSMT20] assessed the mechan-
ical rock properties in tight shale, and Mastalerz et al. [MDAM19]
stated that marine shale and limestone strata were clearly defined
based on pXRF data.

In terms of utilizing the pXRF data, there are two main trends.
The first is to show whether the elements of concerns (e.g., for soil
fertility, assessments of heavy metals, rock properties) appear in
the analyzing units (e.g., soil profiles and lithostratigraphic units)
and how they are distributed (horizontally or vertically) in the
units [LSMT20, MDAM19, MCB∗20, RWT20, LLY∗20, BPT∗20].
The second trend is to use pXRF approach as a low cost, effec-
tive, and non-destructive alternative to the slow, expensive conven-
tional laboratory approaches to predictions of soil chemical proper-
ties [ASW∗20], soil texture [SWP∗20], tropical soil pH and sorp-
tion complex [dSTPF∗20], soil fertility [AFS∗20], and predictions
of Cu, Zn, and Cd Concentrations in soil [APS∗20], to name but a
few.

Regarding the utilization of visual representations, it is interest-
ing that tables are commonly used to report findings. Specifically,
tables appear in all the reviewed works. Also, the commonly used
visualizations are bar charts (e.g., for showing the detected ele-
mental concentration); line graphs, boxplots, and heatmaps (e.g.,

for showing spatial elemental distributions); scatterplots with re-
gression line, and correlogram (e.g., for showing elemental corre-
lations or the correlations between actual and predicted results);
and ternary diagram (e.g., for explaining percentages of clay, sand,
and silt). Also, most of these works use the combination of tradi-
tional software (e.g., Microsoft Excel) and geographic information
software (e.g., ArcGIS and Graphpad Prism) [MCB∗20, CDS∗19]
to analyze and generate their visualizations. Especially in many
works, the analysts need to create their own visualizations using
R programming language [AFS∗20, SWP∗20], Python [APS∗20],
or JavaScript [DPNN20]. Our proposed approach allows non-
professionals to generate the 3D chart of chemical concentrations
without any knowledge of programming languages.

3. Motivations

As discussed in the previous section, the visualizations are lim-
ited, and most of these graphical representations are used to com-
municate the results to the public merely. They lack interactions
to support further analysis and investigation. The use of software
packages and especially programming languages to create differ-
ent visualizations for different analysis purposes is a burden for the
data analysts. On the other hand, many pieces of research in the
literature suggest the beneficial uses of interactive visualizations
for data analysis in various domains, from cybersecurity [PD18],
abnormality detection [PD19a, PNL∗19], to efficient manufactur-
ing [LPND19], to name but a few.

Furthermore, Pham, Dang [PD19b], and Sun et al., [SBD∗20]
recently proposed an interactive visualization approach to analyz-
ing soil profiles. In their works, data visualizers and soil scien-
tists worked closely (as also suggested by Rink et al. [RSK14]) to
discover and validate appropriate visualizations for soil profiling.
These work are most related to ours in the literature, and we are not
claiming to be superior to these work but rather to offer an alterna-
tive or extension to 3D profiling and visualizing soil chemicals via
pXRF. We argue that this application is suitable for adopting 3D
displays since the natures of soil profiling data is 3D [DRST14].

Our 3D approach to soil profiling is inspired by the medical scan-
ning process, such as brain imaging [PWF∗16] and CT/Ultrasound
scanning [GKL∗96], which allows doctors to continuously navi-
gate different cuts of the brain/body. This feature is commonly sup-
ported in 3D-enabled software, such as ParaView [AGL05]. Sim-
ilarly, in soil profile analysis, the soil scientists state that it is es-
sential for them to navigate through vertical and horizontal slices
of a soil profile and visually observe how the elemental distribu-
tions slowly change over the depths and space. The distributions
in 3D help in quantitatively and perceptively differentiate the ele-
mental spatial-distributions rather than merely perceptive cognition
provided 2D approach, e.g., by using colors, as in 2D heatmaps, to
display the values.

For instance, Figure 2 shows a typical soil profile analyzed using
pXRF. From top to down, there are 13 soil horizons to be analyzed
(named ‘A’ to ‘M’ correspondingly). Soil scientists also measure
ten cells at every horizon (named as ‘1’ to ‘10’ from left to right,
respectively) instead of one (as in the conventional approach to soil
horizon analysis). This increment in the number of scanned cells
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per horizon is to improve the accuracy, e.g., by averaging ten cells
to get the elemental contamination at each horizon. In this case,
they often need to scan from top to down to analyze the soil hori-
zons. They also like to scan horizontally to see if the new approach
(scanning ten cells instead of one) improves the analysis results.

Figure 2: The grid layout of a soil profile: Vertically, there are 13
horizons (named as ‘A’ to ‘M’ from top to bottom correspondingly).
Horizontally, there are vertical slices that the soil analysts need to
measure (named as ‘1’ to ‘10’ from left to right, respectively). Each
grid cell is of size 10×10 cm).

4. SoilScanner Stages

Figure 3 shows the main stages in our approach to soil horizon
analysis using pXRF technology. First, the soil scientists collect the
data at a geospatial location (this usually takes one day for the field
trip) and then export the data in the data collection stage (Stage 1).
The collected data is then cleaned and interpolated in the second
stage (Stage 2). From there, the processed data is then imported,
and detected elements are visualized (Stage 3). Finally, SoilScanner
also provides interactive features to assist the analyst in examining
the elemental distributions (Stage 4). Notice that stages 2, 3, and
4 take several days or even weeks since it may involve many peo-
ple with different expertise. Our SoilScanner prototype cuts these

processed to a matter of a few seconds. This also means that hu-
man mistakes in data collection (for example, shooting the pXRF
device to an undesirable position which does not reflect the real
chemical concentrations) can be redone on the field, and therefore,
we can save the researcher efforts to correct the mistakes. The rapid
analysis also offers a means to do in-field analysis of pedological
features using pXRF technology.

Exported data

Data cleaning and interpolations

Visualizations

Interactions

Data collection

Figure 3: SoilScanner schematic overview. There are four main
stages as (1) Data collection, (2) Data cleaning and interpolation,
(3) Visualizations, and (4) Interactions.
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4.1. Data collection

In this stage, the soil scientists excavate and take a digital photo-
graph of a soil profile (or pedon interchangeably in Pedology ter-
minology). They then use strings to lay physical wireframes of size
13× 10 and each cell of size 10× 10cm over the profile. The ana-
lysts then scan each cell of the wired grid with any number of proxi-
mal sensors (e.g., portable X-ray fluorescence, visible near-infrared
spectroscopy) and then import the scanned (elemental) data into the
visualization tool. As mentioned above, this is a time-consuming
process (it may take a one-day field trip of three soil researchers to
collect a single soil profile at a geographic location in West Texas).

4.2. Data processing

The energy-disperse pXRF technology is good at detecting several
chemical elements, but at the same time, it poorly determines sev-
eral other chemical elements. The poor pXRF results for the latter
are often due to their often low concentrations in the soil profile
and also the high instrumental LODs (limit of detection) [GL18].
Therefore, after importing, the data is cleaned to remove the ele-
ments with LODs. Furthermore, outlying elemental information is
statistically calculated and might be removed during the data pro-
cessing process with the user’s discretion [PD19a].

Furthermore, pXRF technology offers a means to do in-field
analysis of pedological features, and opportunities to infer pedo-
logical processes with its ability to provide instant measurements
that can be used to compute weathering indices and elemental ra-
tios designed for these purposes [SCMM16]. Therefore, at this
stage, we automatically compute and add Ruxton Weathering In-
dex defined as SiO2/Al2O3 [Rux68]; Desilication Index defined as
SiO2/(Al2O3 +Fe2O3 +TiO2) [SPS98], and Elemental ratio of el-
ements resistant to weathering, or Stable Index for short defined
as Ti/Zr [May92]. Figure 4 shows the 3D overview of these three
indexes, which have been normalized and color-coded by the cell
values (the soil scientists provide the color scale). There is a digital
photo of the profile that helps to indicate the axes of these scatter-
plots. However, in this figure, the digital photo is removed for space
efficiency. Instead, we add x, y, and z axes for the horizons, verti-
cal slices, and values of the pedological properties correspondingly.
Also, the visualization generation is described in the next section.

Finally, it is not possible to scan every single point in a pedon.
The scanned points are discretely distributed on every cell over the
physical wireframes prepared. Thus, the elemental concentrations
for each element are only available in 13× 10 discrete points, for
each profile. However, the actual natural distributions of the ele-
ments are more or less continuous. Therefore, we interpolate the
data using the Krigging algorithm [VB05]. Krigging is a smooth-
ing method that soil scientists often use to interpolate the data spa-
tially. Specifically, we use spherical Krigging model with σ

2 = 0,
α = 100 for the data interpolation process.

4.3. Visualizations

After the processing stage, our system displays the data in several
different ways. By default, all the detected elements plus the weath-
ering indices and elemental ratios are displayed, as shown in Figure

'
HV
LOL
FD
WLR
Q�
,Q
GH
[�
�'
,�

5,',65

0

/

.

-

,

+

*

)

(

'

&

%

$

��� ��� ���

(OHPHQW�GLVWULEXWLRQV

+
RU
L]
RQ
V

� � � � � � � � � ��

5,

',

65 ���

���

���

9HUWLFDO�VOLFHV

(O
HP

HQ
W�G
LV
WUL
EX
WLR
QV

� � � � � � � � � ��
5,

� � � � � � � � � ��
���

���

���

65

0

/

.

-

,

+

*

)

(

'

&

%

$

��� ��� ���

$O &D &U &X ', )H . 0Q 1E 1L 3E 5E 5, 6 6L 6U 65 7K 7L 9 < =Q =U

5
X[
WR
Q�
:
HD
WK
HU
LQ
J�
,Q
GH
[�
�5
,�

6W
DE
OH
�,Q

GH
[�
�6
5
�

z

x

y

Figure 4: Our 3D scatter views of weathering indexes and ele-
mental ratios for analyzing pedological features (computed directly
from the chemical measurements collected via the pXRF device):
Desilication Index (DI), Elemental ratio of elements resistant to
weather or Stable Index (SR), and Ruxton Weathering Index (RI).
The x, y, and z axes represent the profile horizons, profile vertical
slices, and values of the pedological properties.

1. This visualization provides an overview of 3D distributions of
the elements over the spatial space of the profile. Ranking and or-
dering the chemical elements enable grouping chemicals with sim-
ilar concentration distributions together. This view also provides a
digital photo of the pedon, taken at the data collection stage, in the
background for better correlation of the elemental distributions and
the underlying soil profile.

As discussed previously, the analysts often like to observe the
elemental concentrations across the top-down horizons or left-right
slices. We provide additional views that display elemental distribu-
tions at the specified horizons or vertical slices correspondingly.
Figure 5 shows the concentrations for plant essential elements
(‘Ca’, ‘Cu’, ‘Fe’, ‘K’, ‘Mn’, ‘S’, and ‘Zn’). Specifically, the left
panel shows the vertical distributions of these elements at vertical
slice 5-6, and the right one depicts the horizontal distributions at
the horizon ‘G’ for these elements. Different elements would have
different value ranges and measurement units, and the analyst only
likes to view their relative distributions (from 0 to the maximum
value of an element over the profile as a whole). Therefore, the
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distribution of an element is scaled from 0 to its maximum concen-
tration value, of that element over all the cells in the profile, to [0,
1] range. The color scale goes from the blue for 0 and red for 1.
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Figure 5: Concentrations for plant essential elements (‘Ca’, ‘Cu’,
‘Fe’, ‘K’, ‘Mn’, ‘S’, and ‘Zn’): Vertical distribution at vertical slice
5-6 (left) and horizontal distribution at the horizon ‘G’ (right). The
distribution is scaled from 0 to its maximum value over all the cells
in the profile to [0, 1] range. The color scale, which is provided
by the soil scientists, goes from the blue for 0 and red for 1. The
order and resize options help to assure the front elements do not
hide those in the back at the points of concerns (e.g., the cut point
of the horizontal and vertical lines).

In this case, the line-graph is usually used by soil scientists to
represent the elemental distributions. However, this solution suffers
from cluttering issues when there is a large number of elements.
The often-used solution to tackle this cluttering issue is to separate
individual elements into different charts. However, this approach
faces another obstacle which is the space limitations due to limited
screen sizes. Therefore, we propose to use the elemental step-wise
charts. In this approach, elements are not separated into different
charts but rather shifted for a specified space. Space can be speci-
fied by the analysts, as described in the Interactions section. Once
shifted, using line-graphs would lead to difficulties in recognizing
the base of an individual element (since different elements would
have different bases).

Therefore, instead of line-graphs, we use area-charts for these,
because the solid fill in area-charts helps users to recognize the el-
emental bases [JME10]. The disadvantage of the filled area charts
is that they may hide one another. We resolve this issue by provid-
ing options to order the elements so that the front elements always
have lower values than the ones in the back at the points of concern.
Thus, front elements are not hidden by the ones in the front, at least
at the points of interest (based on ordering options). Furthermore,
users also have an option to resize the chart size in such a way that
it reduces overlapping between elements. The ordering and resize
options are described more in Section 4.4. Via communication with
the soil scientists, they stated that this is a more efficient approach.
This situation also acts as a typical example of how the collabo-
rative approach works [CGM∗17]. Specifically, the soil scientists

provide the requirements, and the data visualizers help in provid-
ing appropriate visualizations for their needs [CAS∗18].

Another frequent requirement from the soil scientists is to have
details and compare two different elements to see their correlation
in a soil profile. Therefore, SoilScanner provides two further de-
tails views at the bottom of the interface for this purpose, as shown
at the bottom of Figure 3. In these two views, besides the 3D dis-
tributions of the selected elements over the whole profile, we also
provide the area-charts to describe the elemental distributions over
the currently selected horizon or vertical slice correspondingly.

4.4. Interactions

SoilScanner is not just merely used for communicating the ana-
lyzed results to the public but also for analyzing the pXRF data.
Therefore we provide menus and interactions to support the anal-
ysis tasks [AES05]. Specifically, Figure 6 shows the main menu
of this application. SoilScanner provides options for the analyst to
select a profile to be analyzed. There are three profiles provided
by the soil scientists, and more profiles can be incorporated on de-
mand. Also, whenever exploring the horizontal or vertical cut (in-
dicated by the gray planes in the main views and the gray lines in
the other views (i.e., area-charts), the analysts would like to have
options to order the examining elements. The options include or-
dering the chemicals by their values (1) at the specific cut point
(the intersection between the horizontal cut plane and vertical cut
plane), (2) by the average of all the values of the element across
the specified horizontal line, or (3) similar to the second option but
for the vertical line. For all these cases, the order is always ascend-
ing, as we are using step-wise area-charts, the elements at the back
should always have higher heights, so they are not hidden by the
ones in the front.

The main views and the two elemental details views (as shown
in Figure 1 and Figure 5, respectively) that are used to compare
the selected elements are both in 3D. Therefore, users can use orbit
controls, which provide zooming, rotating, and panning options,
to view the elemental distributions at different distances/angles. To
quickly get back to the default views, users can use the options at
the bottom of Figure 6 to reset the main views, the details views, or
all the views correspondingly.

Often, pXRF devices can detect about 20 to 23 chemical ele-
ments of concerns. Some others are not detectable due to their con-
centrations are smaller than the LODs of the devices. Displaying
all of the detected elements to the soil scientists, as displayed in
our SoilScanner default interface, would be overwhelmed. There-
fore, at the top of the program, we also list these elements with
corresponding check-boxes. Users can select/deselect individual el-
ements, in case needed, using the provided check-boxes.

Furthermore, soil scientists frequently analyze related elements
of defined packages. A package is a set of elements related to a
specific analysis need. For instance, Figure 7 shows two examples
of packages defined by soil scientists. The first one (on the left) is
the package for ‘plant essential elements’. These elements are of
concern when analyzing the fertility of the soil profile for agricul-
tural purposes. The second one (on the right) are the heavy metals
(those inside the parentheses are ones that might not be detectable
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Figure 6: SoilScanner provides options to select different profiles
to analyze; to order the elements in the main views and the horizon-
tal/vertical distributions views; and to reset the views to the default
arrangements (if the views are changed, e.g., using orbit controls).

by pXRF devices). These heavy metals are essential when scien-
tists analyze environmental issues. Other packages are individual
elements related to the weathering indices or elemental ratios (de-
scribed in Section 4.2) or another higher level package that includes
all these indices and ratios. Using the check-boxes for packages,
users can conveniently toggle the whole group of elements within
each package.
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Figure 7: Two examples for packages of elements: Plant essen-
tial elements (left) and heavy metals (right). They can be se-
lected/deselected individually or by their groups. Those elements
inside the parentheses for heavy metals mean they might not be de-
tectable by the pXRF device.

For the ease of use and convenience for the users, when-
ever possible, we provide direct interactions to the visualiza-
tions [PSCO09]. For instance, there are two planes in the cube with
the background image (at the far right of Figure 1). These planes
represent the horizontal and vertical cut planes at the soil profile
accordingly. The soil analyst can drag these two planes over the
pedon to scan the elemental distributions (as shown in Figure 8).
While scanning, all the elements are ordered in the views (as in
Figure 1 and Figure 5) accordingly by the selected ordering option.
Furthermore, on the details views, there are also gray lines indicat-
ing the current horizontal/vertical scanning positions.

Also, the displays for the elements might be dense or sparse,
depending on the number of chemicals to be analyzed (which can
be adjusted by the users). Therefore, we provide options to resize
the space between elements. Specifically, at the far left of the main
view, as shown in Figure 1, the user drags the blue sphere to com-
press/expand the distances between elements in that view. Simi-
larly, users can use the two blue circles, indicated by the red call-out
in Figure 8, to resize the height of the area-charts for the elemental

Exported data

Data cleaning and interpolations

Visualizations

Data collection

Al Ca

Figure 8: Details views for two individual elements to be compared
(‘Al’ on the left and ‘Ca’ on the right). There are also area charts
above and on the right of each view to show the elemental distribu-
tion at the specified horizon or vertical slice correspondingly.

distributions. Once resized, the step size (distance between the base
of every two elements) is also updated accordingly to distribute the
area-charts evenly in the views.

5. Implementation

SoilScanner is implemented as web-based application using
JavaScript D3.js [BOH11] library and JavaScript 3D library called
three.js [Dan12]. The source codes and the web application of
our visualization are available on our Github project at http:
//idatavisualizationlab.github.io/Soil/soil3d.html.

6. Evaluations

While developing this visualization solution, we followed the ap-
proach proposed in [RSK14] to work closely with two soil scien-
tists: One post-doc researcher and a senior Professor with more
than ten years of experience in analyzing soil horizons and soil pro-
filing with pXRF devices. While the soil scientists help to under-
stand the data and provide domain-specific requirements, the data
visualizers assist in specifying appropriate visualizations for these
requirements. Especially, we do not just merely use the visualiza-
tions to communicate the findings but also use SoilScanner to ana-
lyze the data by providing interactive options for the visualizations.

The process of eliciting the requirements, developing, and val-
idating the results happened iteratively during the development of
this project. We received positive feedback from the soil scientists,
and they also indicated that a tangential adaptation of the aforemen-
tioned approach could be applied to cores extracted from the earth.
The cores would be easier to extract compared to having to exca-
vate the whole large soil pedons, thus leading to a larger amount
of data. Also, we can use 3D visualizations to analyze and intu-
itively visualize different agricultural/environmental issues in more
significant geographic regions. Furthermore, they would also like
us to incorporate machine learning elements in our solution (1) to
suggest personalized and appropriate graphs to the users for the
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underlying data, depending on users profiles and interactions, and
(2) to predict soil or other chemical properties (e.g., soil fertility,
soil texture, lithostratigraphic properties) from pXRF data instead
of having to go through slow and costly laboratory procedures to
quantify these properties.

7. Conclusion and Future work

In this work, we worked closely with soil scientists to elicit com-
mon exploratory tasks in analyzing soil profiles and provide ap-
propriate data visualizations and analysis solutions in a web-based
application called SoilScanner. This solution does not just help to
communicate the soil profile analysis results to the public but also
helps in analyzing tasks by providing a set of built-in calculations
and interactions. Furthermore, a tangential adaptation of this ap-
proach can be applied to cores extracted from the earth for the
analysis in larger geographic areas. Also, in the future, we will add
the features so that the tool can use machine learning techniques to
recommend graphs that are of interest to individual users based on
their context. The context includes user profile, abstraction level,
statistical quantification, and visual types. Finally, machine learn-
ing methods can also be incorporated in this solution to provide
in-field information such as soil or lithostratigraphic features from
the collected pXRF data instead of having to go through lengthy
and expensive laboratory works.
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