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Abstract 
 

Selecting proper methods of data modelling is crucial 

in geosciences, as effective data visualization enables 

better understanding of complex geological 

phenomena: processes, structure and dynamics. 

Various approaches of the data analysis by R 

language include both traditional methods of linear 

charts and other approaches to data visualization: 

ternaries, circular and radar charts. Using ternaries for 

triple correlations between variable can be seen in 

applied geological analysis which proves it to be 

important method for data modelling.  
Visualizing geological variables by ternaries enables 

to highlight correlation between variables in a 

triangle, how data are dependent and affected. In this 

study, several geologic, tectonic and geomorphic 

variables, such as sediment thickness, tectonic plates, 

volcanic areas, steepness and depths, were tested 

using R based modelling in {ggtern} library. Other 

graphs include radar charts and circular diagrams. 

Visualizing attributes as a triple component 

correlation by ternaries gives a better insight to the 

geological factors. Traditional techniques for 

visualization of pairwise linear correlations are not 

sufficient to show triple variations. Ternaries 

approach identifies data correlations by triple factors. 

Additional graphical models include circular and 

Euler-Venn diagrams of quantitative and qualitative 

geospatial data modelling. The study is supported by 

7 R code listings and 9 figures. 
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1. Introduction 

 

1.1. Background 
 The scope of the current paper is 

visualization of the ternary models by means of the 

open source {ggtern} library of R programming 

developed and documented in described in (Hamilton, 

2018). The paper aimed at testing and using library 

{ggtern}, an extension of ggplot2 R package 

(Wickham, 2009) in marine geological research for 

plotting correlations between geological factors: 

submarine sediment thickness, data distribution 

around volcanic zones and geomorphological 

parameters (slope steepness and aspect).  
 Ternary diagram is an important way of data 

visualization and modelling in applied geology and 

geosciences. Ternaries visualize a triple component 

correlation between the factors constituting a certain 

system representing them as triangular plots. Each 

side of the ternary diagrams corresponds to an 

individual factor or variable of the system.  
 Plotting ternaries is not as trivial as linear or 

curve plots showing dependancies between the 

variables. However, the majority of the research on 

the statistical modelling focus on more common 

representation of the data. Therefore, a certain 

attention should be given to the question of 

application of {ggtern} library to plot ternary 

diagrams for geological modelling.  
 

1.2. Research Aim 

 Understanding factors affecting geological 

structure of the oceanic trench are crucial for 

modelling geological variables for exploration 

resources. There are various approaches of data 

analysis aimed to study factors that may affect trench 

formation (e.g., Lemenkova, 2018b, 2019b).  

 A particular case study area of this research 

is Mariana Trench, and oceanic trench located in the 

west Pacific Ocean. The trench was cross-sectioned 

by the 25 profiles and in the points of the transecting 

the geological samples were recorded in a table. The 

table was processed by R libraries described below. 

Additionally, auxiliary plots were plotted by R 
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language libraries {fmsb}, {circlize}, {venn} and 

{ggplt2} visualizing radar charts, circular bar plots 

and Euler-Venn diagrams. All graphics aimed to 

show relationships in the geological variables. 

 

1.3. Research Problem 

 Several studies report using ternary diagrams 

for visualizing triple correlations between the factors: 

(Fuhrman, Lindsley, 1988; Cosby et al., 1984; 

Markert etal., 2017). The importance of using 

ternaries in geology and soil studies depend on multi-

variance dependancies of the factors that present the 

interplay of their correlation. For example, soil 

studies often use the percentages of the organic 

matter, clay and sand constituting soil structure.  

Intersection between the first and second variables 

and then adding the third variable depending on the 

first two show complex connections between the 

components of a geological or soil systems.  

 

Listing 1. 
 Due to the importance of the ternaries for the 

Earth sciences, graphical representation of ternaries 

has been developed in other statistical programs and 

languages, such as Matlab (Sandrock, 2016), Python 

(Harper, 2015; Rossum, 2011), and certain attempts 

for spread sheets integration were done by Excel 

(Marshall, 1996). However, the functionality 

provided by R language developed by (Wilkinson, 

2005) significantly exceeds previous attempts both in 

terms of flexibility of data manipulation and graphical 

aesthetics (R Development Core Team, 2014).  

 The case study of the current data set is 

analysis of the marine geological factors of the 

Mariana Trench, a hadal deep-sea trench located in 

the west Pacific Ocean, that has a complex 

geomorphology and is well known for the deepest 

place on the Earth, the Challenger (Nakanishi and 

Hashimoto, 2011). A research aim of this study is to 

visualize the connections between multiple factors 

affecting the geomorphology of the trench: geology, 

geomorphology, bathymetry by means of ternaries 

and auxiliary plots (circular, radar charts, Euler-Venn 

diagrams showing logical connections). 
 

2. Materials and Methods 

 

        The methodology includes using statistical 

algorithms by R programming language for plotting 

five types of the graphical visualization of geological 

data: ternary, that is the main aim of this research, and 

auxiliary plots, such as radar charts, circular plots and 

Euler-Venn logical diagrams.  
The programming codes used for data modelling and 

graphical plotting are provided below. First step 

consists in computing a QQ (that is, quantile-quantile) 

plot. The QQ plot is a probability graph, which is a 

statistical method for comparing two probability 

distributions by visualizing their quantiles against 

each other (Figure 1). On the QQ plot we can see the 

depths values on Y axe and theoretical quantiles on 

the X axe (Figure 1).  The offset between the line of 

the bathymetric measurements and the points of the 

samples shows that the mean of the sampling data 

varies. The R listing for the QQ plot (Figure 1) is as 

follows in 4 (four) steps 48 lines of R code: Listing 1. 

Listing 2 
The next step is the main part of the study, that 

consists in computing and visualizing triangular 

diagrams displaying the proportion of the three 

geological variables that sum together to a constant. 

Comparing to other statistical methods and 
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approaches, ternaries are notable for having a 

triangular coordinate system where the edges of the 

triangles are the axes showing variables. 

 Listing 3. 
The importance of ternaries consists in the approach 

of the simultaneous comparison of three variables, so 

that their impacts can be notable for changing 

conditions. Triangular or diagonal way of data 

visualization can be seen on correlation matrices (e.g., 

Lemenkova, 2018a; Lemenkova, 2019a).The 

programming R code for the ternary diagrams was 

modified after the package documented codes in 

‘ggtern’ library (Hamilton 2018), an extension to 

ggplot2 (Wickham). The workflow is presented as 

follows in 3 (three) steps. Step 1 presented in Code 

listing 2 illustrates generating data frame and reading 

in initial data from the .csv table into the R 

environment.  
Step 2 presented in Code listing 3 (lines 14-58 for the 

ternary diagrams code) produces two variants of the 

ternaries: by morphology classes and tectonic plates. 

Step 3 illustrates a case for Figure 3, that is, 

correlation between geological factors: ‘Tectonic 

Plate’, ‘Igneous Volcanos’ and ‘Slopes Angle’. Step 3 

was repeated for the plots illustrated on figure 2, 4, 5 

and 6, respectively, by changing the names of the 

columns in the programming code as illustrated in 

Code listing 4. The ternaries are visualized in 

barycentric coordinates that represent triples of 

variables corresponding to the center masses placed at 

the vertices of a reference triangle  (Bottema, 1982). 

Therefore, the dependence of the variables 1, 2 and 3 

can be visually compared as a triple. The third part of 

the research consisted in plotting radar charts that are 

another statistical approach, different from the classic 

linear charts showing regression or correlation lines 

(Lemenkova, 2019d): circular diagrams.  

Listing 4. 
Comparing to the traditional linear charts, radar charts 

represent a 2D chart of multivariate data comparison. 

Radar charts assign each variable an axis and plot the 

data as a multi-polygonal shape on the axes. In this 

study, radar chart shows the distribution of the 

samples by 25 bathymetric cross-section profiles. For 

example, we can see that profiles 5 and 6 have the 

least data, while profiles 19 to 24 are comparable 

(Figure 7).  The radar chart (Figure 7) was plotted 

using R code by {fmsb} library in 7 (seven) steps 42 

lines: Listing 5. 
Radar charts is a useful approach to visualize a series 

of the multivariate quantitative observation samples. 

In such a case, each sample is represented by a 

polygon, so that one can see how the data overlap, if 

there are outliers among the variables and in which 

direction they correlate (Figure 7). Another approach 

to visualize data in non-traditional, non-linear way, is 

circular plot. Circular plots are visually round-shaped 

and show data distributed as strips with data points 

plotted along the unit circle. The length of each strip 

shows the value of the data (Figure 8). For 
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comparison, rainbow color palette was applied to 

better distinguish neighbor bins. 

 

Listing 5. 
The range of the circle is divided into a 25 bins 

representing profiles (Figure 8).   

Listing 6. 
The length of each color strip shows the value: in this 

case, it is the degree slope gradient steepness 

changing by profiles. Thus, the samples are stacked in 

the bins of strips corresponding to the number of 

observations in each. The code for plotting circular 

diagram (Figure 8) was written by libraries 

{tidyverse} and {circlize} in 4 steps 41 lines, Listing 

6. Final step of the data visualization consists in using 

Euler-Venn diagrams (Figure 9) as an approach to 

visualize logical relationships between the geologic 

variables.  
Listing 7. 

The Euler-Venn diagrams were selected as an 

additional method of data visualization in this study, 

because, unlike linear statistical charts, they are 

suitable for highlighting complex hierarchies and 

overlapping relationships between the variables. The 

R listing used for plotting Euler-Venn diagram 

(Figure 10) was written using libraries in 2 steps, 3 

cases 29 lines of the R code listing 7.  
 

3. Results 

 

The conceptual ideas of the statistical analysis for 

data science were derived from he existing works 

(Myers, and Well, 2003; Cielen et al., 2012) applied 

by R language.  
 

3.1. Quantiles (QQ) plots  
The Quantile-Quantile (QQ) plots (Figure 1) were 

plotted to visualize that the data can be approximated 

by a statistical distribution. The QQ is normally 

distributed.  the horizontal and vertical axes of a QQ-

plot visualize quantiles: X axe show theoretical 

quantiles, while Y axe show samples quantiles 

(showing depths in meters). The depths were derived 

from the observation points across 25 cross-section 

profiles digitized in a GIS project. 
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Figure 1. 
The profiles cross Mariana Trench, an ocean hadal 

trench with complex geological and geomorphic 

settings. The QQ-plot shows (Figure 1) that the 

bathymetric data distribution (depth ranges) conform 

well enough to the normal distribution. Figure 1 is 

displaying probability of the normally distribution of 

a dataset of the observation samples of 25 cross-

section bathymetric profiles.  
The deviation between the theoretical quantiles and 

the normal distribution slightly increase in the lower 

left tail of the normal distribution, as shown on the 

graph. The discrepancy is also noticeable in the right 

tail of the normal distribution shown on Figure 1. 
 

3.2. Ternary diagrams for geological modelling 
Ternary diagrams displaying the correlation between 

sediment thickness, igneous volcanic areas and slope 

angles are shown on Figure 2. Here the dependance 

between the sediment thickness and volcanic 

activities in the study area can be seen as notable 

correlation. Figure 3 is displaying correlation between 

the geomorphic variables such as slope angles, 

sediment thickness and igneous volcanic areas 

(closeness of their location in meters towards the 

trench axis). Ternary diagrams were plotted (Figures 

2-6) to show the triple correlation of several 

geological and geomorphic factors factors across four 

tectonic plates.  
The observed factors include slope morphology 

classes, tectonics, igneous volcanic areas, aspect 

degree, slope angle, sediment thickness.  
Figure 2. 

Three dimensions of the ternary the diagram 

demonstrate complex relationship between the 

variables of the geological data set (Figure 2), which 

gives deeper insight into the triple dependancies 

between the factors rather than lines as in the standard 

diagrams. Figure 2 shows that the increase of the 

sediment thickness (starting from 0 to 100%) in the 

given sample points goes along with increase of the 

location of the igneous volcanic zones.  

Figure 3. 
Figure 3 shows the relationship of the three factors of 

the triangle constituting 100%. Geometry determines 

the shortest distances from the sampling point of the 

igneous volcanic zones, sediment thickness and slope 

angles to each of these three sides of the triangle, 

respectively.  
Figure 4 is displaying correlation between the slope 

angles, aspect degree and maximal depths by 

observation samples in the Mariana Trench. 
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Figure 4. 
Figure 5 is displaying correlation between the slope 

angles, maximal depths and aspect degree. In this 

case, the correlation between the volcanic activity and 

activation of the sedimentation rates is explained in 

the specialized reports on geology and volcanology 

(Chadwick et al., 2018; Contreras-Reyes et al., 2011).   

Figure 5. 
Figure 4 and Figure 5 show dependancies between the 

geology and bathymetry, and between bathymetry and 

geomorphology, respectively. Figure 6 shows rather 

complex sample data distribution by four tectonic 

plates: Mariana, Caroline, Pacific and the Philippine 

Sea plate highlighted in colors. Tectonics and 

volcanism in the study area show the dependence 

between the variables while geomorphology, that is 

slope structure, is more affected by the bathymetric 

settings of the trench: depths in the observation 

samples. Figure 6 shows correlation between the 

slope angles, tectonics and igneous volcanic areas 

highlighting geologic and geomorphic settings.  
Figure 6. 

The advantages of using a ternary plot for visualizing 

geological relationships is that three variables are 

conveniently plotted in a two-dimensional graph 

showing geological variables: sediment thickness, 

volcanism and slope steepness of the ocean trench. 

Ternaries shown on Figures 2 to 6 enabled to 

visualize correlation between the factors showing 

trips correlation between the categories. 
 

3.3. Radar charts for data distribution 
Radar chart (Figure 7) was visualized in this study 

with aim at detailed analysis of the tectonics by 

bathymetric profiles.  

Figure 7. 
Radar chart is displaying distribution of the 

observation samples by tectonic plates in a circular 

way. Line colors: ‘green’ –  Mariana plate; ‘black’ – 

Philippine Sea plate; ‘blue’ – Caroline plate; ‘red’ – 

Pacific plate). Mariana Trench crosses four tectonic 

plates. The radar charts plotted using R library 

{fmsb} (Nakazawa, 2018), enabled to analyze data 

distribution by four tectonic plates.  
As can be seen from the Figure 7, the cross-section 

profiles Nr. 5 and 6 are the shortest with only few 

observation points. Profile Nr. 7, crossing middle part 

of the trench, has sampling points mostly located on 

the Pacific tectonic plate while profiles 19-24 

demonstrate homogeneous data distribution with 
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sample points mostly located on the Caroline plate 

(SW part). Radar chart enabled to visualize depth 

distribution by tectonic plates in a graphic 

representative way (Figure 7) and thus, to analyze 

geospatial parameters in relation with tectonic plates. 
 

3.4. Circular bar plot for quantitative analysis 
Circular plot (Figure 8) visualizes depth distribution 

and slope angle values using R code described in 

Methodology chapter derived from (Gu, 2018).  

 

Figure 8. 
The length of the stripe in a circle corresponds to the 

degree of the slope in a particular profile, that is, the 

most steep profiles have the longest strip on the 

circle. Here one can see the variations of the 

steepness in the slope degree by profiles, e.g.  profiles 

Nr. 6 (lime green color) has the highest steepness, 

which is caused by the geomorphic structure of the 

slope. On the contrary, profiles Nr. 25-22 (located 

close to the inner circle, colored ‘red’ to ‘magenta’) 

have the least values of the slope angles. This 

visualization helps to analyze distribution of the 

geomorphological parameters by slope degree, which 

in turn, depends on the geological factors: underlying 

rock types and location close to the fault areas in the 

collision of the tectonic slabs.  
 

3.5. Euler-Venn diagram for qualitative analysis 
Euler-Venn diagram enables to comparing crossings 

between such categories as tectonic by four plates, 

slopes and geomorphology. Upon analysis of the 

possible combinations, intersections and similarities 

between the categories, the diagram was visualized as 

the relationship between the factors (Figure 9). 

Plotted Euler-Venn diagram derived algorithms and 

code developed by Duşa (2013). The area of the 

overlapping shapes is proportional to the number of 

crossing elements in a diagram, which is useful for 

explaining complex hierarchies and overlapping 

definitions (Thiem and Duşa, 2013).  

Figure 9. 
With the case of factors affecting trench 

geomorphology, Euler-Venn diagram (Figure 9) was 

plotted by code given in the Methodology chapter. It 

shows logical relationships between variables of the 

data sets: tectonics, sediment thickness; geometric 

properties of the trench: slope angle, aspect class, hill 

shade group class derived as quantitative values from 

GIS; morphology; volcanism and depth values.  
 

4. Conclusion 

 

        Nowadays, data processing by the machine 

learning algorithms is a crucial part of the geological 

information pool (Roberts, et al., 2018). The specific 

domain of the geology implies operating with big data 

due to the massive data sets taken as samples during 

geologic expeditions or observations recorded from 

the marine scientific cruises. Therefore, the value of 

the big data automatically modeled and processed by 

the machine is indisputable. Data analysis in marine 

and terrestrial geology can be performed through a 

variety of computer based approaches using existing 
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methodologies of the statistics and mathematics  

(Davis, 1990; Rossetier, 2017; Brownlee, 1965; 

Bulmer, 1979; Gauger et al., 2007; Lemenkova, 

2019g; Kuhn et al., 2006). Processing large data sets 

by programming is a valuable approach of knowledge 

extraction in geosciences, due to the precision of the 

machine algorithms. Machine-generated geodata are a 

major resource for the Earth observation.  
Current paper demonstrated data modelling and 

visualization by R programming aimed at visualizing 

correlations between the factors and variables with a 

particular focus on ternary plotting using available 

techniques (Hamilton, & Ferry, 2018;  Mulcahy, 

2012), as well as additional plotting of circular 

diagrams for modelling data distribution. Better 

understanding of the correlations and factors affecting 

structure and functioning of the geological bodies in 

general, and marine geological structure, such as 

ocean trenches, in particular, enables to take a deeper 

insights into the processes, geological drivers and 

environmental effects.  
 Besides R language, there are various 

approaches for the data analysis, modelling and 

visualization in marine geology, e.g. Python language 

(Lin, 2008; Lemenkova, 2019c), Gretl statistical 

package (Lemenkova, 2019e), SPSS Statistics 

(Lemenkova, 2019f), ArcGIS (Klaučo et al., 2013a, 

Klaučo et al., 2013b, Suetova et al., 2005a; Suetova et 

al., 2005b; Klaučo et al., 2014; Lemenkova et al., 

2012; Klaučo et al., 2017), Autotrace digitizer for 

data processing aimed at bathymetric mapping 

(Schenke and Lemenkova, 2008). Among them, R 

language is notable for its functionality and 

reputability. A high-level programming language, R 

enables to perform all kind of the statistical data 

analysis, supported by a variety of algorithms in R 

packages. Effectiveness of R specifically consists in 

the advanced scientific statistical data analysis 

(Lemenkova, 2018c). Complex syntax with scripting 

approach flexibility of data processing (big tables, 

data frames). Using R language for data analysis in 

marine geology gives the power functionality to 

operate with large data sets.  
 As demonstrated in this paper, R language is 

an effective sophisticated tool enabling to operate 

with data frameworks created from the csv tables 

containing observation samples. It furthermore 

demonstrated the conceptual idea that rapidly 

developing new technologies of the programming 

languages and embedded statistical algorithms, with a 

case study of R libraries, can be successfully applied 

for the geological data modelling. 
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