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A B S T R A C T

Geological observations can be made on multiple scales, including micro- (e.g. thin section), meso- (e.g. hand-
sized to outcrop) and macro- (e.g. outcrop and larger) scales. Types of meso-scale samples include, but are not
limited to, rocks (including drill cores), minerals, and fossils. The spatial relationship among samples paired
with physical (e.g. granulometric composition, density, roughness) and chemical (e.g. mineralogical and isotopic
composition) properties can aid in interpreting geological settings, such as paleo-environmental and forma-
tional conditions as well as geomorphological history. Field samples are collected along traverses in the area of
interest based on characteristic representativeness of a region, predetermined rate of sampling, and/or
uniqueness. The location of a sample can provide relative context in seeking out additional key samples.
Beyond labelling and recording of geospatial coordinates for samples, further analysis of physical and chemical
properties may be conducted in the field and laboratory. The main motivation for this paper is to present a
workflow for the digital preservation of samples (via 3D laser scanning) paired with the development of cyber
infrastructure, which offers geoscientists and engineers the opportunity to access an increasingly diverse
worldwide collection of digital Earth materials. This paper describes a Web-based graphical user interface
developed using Web AppBuilder for ArcGIS for digitized meso-scale 3D scans of geological samples to be
viewed alongside the macro-scale environment. Over 100 samples of virtual rocks, minerals and fossils populate
the developed geological database and are linked explicitly with their associated attributes, characteristic
properties, and location. Applications of this new Web-based geological visualization paradigm in the
geosciences demonstrate the utility of such a tool in an age of increasing global data sharing.

1. Introduction

Geological interpretation and comprehension is optimally achieved with
first hand access and exposure to data and Earth materials. However,
spatio-temporal observable geological processes and materials that are
directly observable by humans are narrow relative to the entire scale across
which geological processes and Earth materials occur. Additionally, there
are many scenarios where immediate access to meso-scale ( <m) and
macro-scale ( > km) data is unattainable. This is particularly evident in
educational environments where field visits are cost-prohibitive and in
cases where field sites of interest are located in remote areas. Hence, there
is a need for tools in geology that overcome these obstacles, which in part
motivated this research. In addition, there has been growing interest in the
applicability of unifying data to reduce subjectivity and bias while present-
ing information in a comprehensible manner for various users (Sivarajah
et al., 2014). It should be noted that the digitization of Earth materials is
emphasized here over observable geological processes.

In this paper, the intersection of geovisualization and 3D acquisi-
tion is explored. Geovisualization itself involves the intersection
between information visualization and scientific visualization, where
geospatial information is communicated in ways that emphasize
knowledge construction through interaction (MacEachren and Kraak,
1997). Some relevant tools and techniques have been introduced thus
far through interdisciplinary literature. MacEachren et al. (2004)
present an overview of geovisualization, focusing on its functions: task
types, user types, and interaction level. As a result of the interdisci-
plinary nature of the field, literature tends to limit scopes and a
universal framework for understanding how geovisualization works
across the spectrum has not been formally codified (Çöltekin et al.,
2016). Examples of direct geovisualization applications include asses-
sing mineral resources with a 3D visualization system (Qiu et al., 2015)
and geotechnical site investigation (Yeniceli and Ozcelik, 2016). Other
examples include exploring how volume graphics and big data are used
in geological interpretation (Byers and Woo, 2015) and advancing field
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techniques (Whitmeyer et al., 2010; Jordan and Napier, 2016).
Approaches using open source and common software, such as Google
Earth and Microsoft Excel, are being developed to promote accessibility
and further collective technical advancement in this realm (Blenkinsop,
2012). Literature widely focuses on macro-scale applications using
LiDAR. As we approach the meso-scale part of the spatial spectrum,
new challenges arise. The British Geological Survey has compiled a
database of type specimen fossils (British Geological Survey, 2016) and
De Paor (2016) explored research similar to this which involves
georeferencing “virtual rocks” using Google Earth. 3D digital geological
samples have been used to monitor the effect of changes in rock
microstructure on the permeability by measuring flow through the
samples, which can be repeated virtually infinitely through the use of a
3D printer (Head and Vanorio, 2016). All of these relevant efforts in
geovisualization have contributed to a paradigm shift that has been
years in the making.

3D data acquisition can be achieved in a number of ways such as
optical/photogrammetry, radar, thermal, structure from motion, and
acoustic techniques (Westoby et al., 2012; Zlatanova, 2008). This
research focuses on acquisition by laser scanning, where a directed
laser takes distance measurements. Non-contact laser scanning is
achieved through time-of-flight, phase-shift, or triangulation. In
time-of-flight systems, the length of time for the laser to hit a target
and reflect back to a sensor is used to calculate the distance the laser
travelled given the known speed of light. In phase-based systems, a
laser emits multiple phases and uses phase-shift of the return to
determine distance from the scanner. In triangulation, a source emits a
laser at a given angle and the laser's location is detected by a sensor.
The angle, location, and known baseline distance between source and
sensor are used to determine the laser's position in 3D space.
Triangulation systems are well suited for range images with smaller
scanner-target distances, and are thus useful in digitizing meso-scale
hand samples as demonstrated herein.

Desktop 3D acquisition technology has recently become more
accessible to a wider demographic, and has seen an increasing number
of practical applications (see for example Khoshelham and Elberink,
2012) including, glaciology and bathymetry studies (Mankoff and
Russo, 2013) and granulometric analysis in sedimentology (Chávez
et al., 2014). Laser scanners capable of capturing data at high
resolutions have been used to estimate geological surface roughness
(Mills and Fotopoulos, 2013) and point clouds captured by other
means have been used to detect anisotropic features on rock surfaces
(Baker et al., 2008). 3D scanning technology has also seen applications
in morphometric analysis of archeological artifacts (Lin et al., 2010)
and rock art (Domingo et al., 2013). Some paleontologists have
embraced scanning technology as a non-invasive method of preserving
samples (Bates et al., 2010; Contessi and Fanti, 2012; Fanti et al.,
2013). It has been asserted that the development of a 3D digital
database system would greatly benefit paleontology and archeology by
allowing faster and more cost-effective digital transfer of samples
(Bates et al., 2010; Betts et al., 2011), which would also have great
implications for analysis and museum conservation practices
(Kuzminsky and Gardiner, 2012).

With the rapid development of these databases containing vast
amounts of information, it is important to develop tools concurrently
that are capable of reading, manipulating, and presenting these data in
a comprehensible platform, which in fact is the focus of this paper.
Students of geology can find abstract concepts of Earth systems models
difficult to understand (King, 2008) and entry into science, technology,
engineering and mathematics (STEM) fields tends to favour those who
are more proficient in spatial abilities (Uttal and Cohen, 2012). Though
domain specificity of transferrable skills has been observed regarding
visuospatial abilities (Sims and Mayer, 2002), relevant training can be
used to augment these abilities to higher levels (Sanchez, 2012).

This paper addresses contextualization of 3D meso-scale samples
through blending macro-scale geological and geophysical images. Well-

established practices in image blending are rooted in digital composit-
ing, involving the combination of several images' components into a
single image (Porter and Duff, 1984). Various types of blending, such
as linear interpolation and opacity modification, are common ap-
proaches. Disciplines utilizing and developing data and image blending
techniques range from medicine (e.g. Cai and Sakas, 1999) to
geological exploration (Kovesi et al., 2014) and visualization ap-
proaches, such as this work.

The main objectives of this paper are (i) the development of a
digital 3D library storage protocol featuring direct import, export, and
editing compatibility with ArcGIS, (ii) the development of a “bringing
the field to you” experience in which 3D digitally scanned Earth
samples are placed within geological and geographical context via a
georeferencing protocol within 2D and 3D ArcGIS environments, and
(iii) the ability to incorporate data from various internal and external
sources, allowing for a customized search experience. The developed
tools are based on the following five principles of 3D visualization,
namely (i) to provide multiple representations and descriptions, (ii)
make linked referential connections visible, (iii) present the dynamic
and interactive nature of geology, (iv) promote the transformations
between 2D and 3D, and (v) reduce cognitive load by making
information explicit and integrated (adapted from Wu and Shah
(2004)).

2. Methodology

The proposed approach and realization of these data visualization
techniques is achieved through the use of three platforms, namely
ArcGIS Online, Web AppBuilder for ArcGIS (Developer Edition) v1.3,
and ArcGIS API for Javascript v3.15. Using these platforms and tools
allow for effective data management, customization of widgets and
themes, and a unified interface that is ideal for multi-scale visualiza-
tion. Three main sections describe and demonstrate the developed
tools, namely (1) meso-scale sample acquisition and digitization, (2)
custom widget development, and (3) two case studies illustrating
widget utility.

2.1. Meso-scale sample acquisition and digitization

Earth and rock samples collected during field expeditions serve to
advance the geological understanding of regions of interest and
facilitate interpretation. The metadata required for each sample
depend on the objectives of the expedition and overall project. In a
recent US Geological Survey (USGS) report on the Geologic Collections
Management System (USGS, 2015), the minimum requirements for a
collected sample to be retained include a unique identifier (ID) and
geographic coordinates. Newer samples require additional information,
such as the date of collection. Field geologists have used digital
workflows for several decades. A recent effort to facilitate discussion
among field-based geologists and computer scientists specializing in
databases is the Earth-Centered Communication for
Cyberinfrastructure (EC3) project (Mookerjee et al., 2015). Fig. 1
summarizes the different types of metadata that were identified as
useful for geoscientists to capture as part of a standard workflow both
in the field and laboratory settings. For more detailed lists, refer to
Mookerjee et al. (2015).

The development of virtually linked and networked databases for
samples can be augmented through the use of digitization of samples.
Other techniques for digitization exist as was briefly mentioned in the
introduction. The storage and management of such a vast collection of
physical rock samples and metadata is an enormous undertaking. 3D
scanning of the meso-scale samples may be conducted for preservation
and in order to perform further scientific/numerical analyses. The
achievable data quality and ease of using laser scanning technology
lends itself to this particular application as is demonstrated below. The
3D scanning process is summarized in Fig. 2. Hand samples used in
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this study include rocks, minerals, and fossils and were scanned using
the NextEngine™ 3D Desktop Laser Scanner (NextEngine, 2015).
Specifications for the scanner can be seen in Table 1. Laser triangula-
tion was used to capture a point cloud in a ‘range image’. These images
were ‘trimmed’ to remove any undesired portions. Sets of range images
were collected and auto-aligned synchronously with photographic
colour (i.e. texture) images. Individual range images and sets were
then registered, or aligned, to a common 3D coordinate system (e.g.
algorithms by Besl and McKay (1992), Chen and Medioni (1991),
Zhang (1994)). Scanner software compensated for line-of-sight error
(Bernardini and Rushmeier, 2002; Polo and Felicísimo, 2012). A final
model of the scan was created in which the target's geometry and
topology was reconstructed into a unified non-redundant surface.
Throughout the process, texture (i.e. colour) values were registered to
the geometry of the scan model through simultaneously captured
colour images, where each point of the model point cloud was assigned

a colour value (e.g. RGB). The colour values were mixed to get a
representative depiction of the object. For more detail on the 3D model
acquisition methodology see Bernardini and Rushmeier (2002). Colour
can be a useful property in determining mineralogical composition of a
sample. Its use as a diagnostic feature should be supported by other
rock properties (e.g. crystal form, density, roughness, Moh's hardness,
etc.), though the simple acquisition through texture mapping can be
helpful in a first pass assessment of composition if no other properties
are available.

Over 100 samples of rocks, minerals, and fossils were scanned to
populate a database of virtual geological samples. A scan for a full
model through the entire 3D model acquisition methodology can take
between 20 and 40 min, depending on sample complexity and chosen
point density. 3D model file size is typically on the scale of tens of
megabytes, however there are numerous techniques available for file
compression and cloud storage to mitigate this. Examples of 3D models
of scanned samples can be seen in Fig. 3. The image on the left is an
untextured core sample from a limestone quarry. Untextured here
refers to the point cloud of the 3D sample without colour information,
i.e. no coregistered RGB values. Cores are used in geotechnical
disciplines for rock mass characterization by testing unconfined
compressive strength (UCS). Documenting these samples digitally in
this manner allows for sample-destructive laboratory procedures and
the ability to compare different samples before and after testing (e.g.
Head and Vanorio, 2016). The image on the right is of a granite sample
from Skye, Scotland (from the Queen's University Rock and Mineral
Museum Petrographic Collection). The sample is granite, which is
defined as being composed of predominantly potassium feldspar,
plagioclase feldspar, quartz, and also including biotite and/or amphi-
bole. Granite is comparatively impervious and rigid, and has many
geotechnical properties that make it favourable from a strength and
stability perspective.

Each virtual sample in the prototype geological database is linked
explicitly with its associated attributes, characteristic properties, and
the geographic location of its origin. The spatial relationship among
characteristics of scanned samples can be viewed in a macro-scale (e.g.,
GIS) environment as georeferenced features on a digital map.

Fig. 1. Summary of metadata and data often collected by field geologists, adapted from Mookerjee et al. (2015).

Fig. 2. Constructing a full 3D mesh model from several overlapping range scans including geometry and texture.

Table 1
Specifications for the NextEngine 3D Desktop Laser Scanner (NextEngine, 2015).

Hardware
Unit

dimensions
224×91×277 mm, 3.2 kg

Acquisition
System

NextEngine proprietary MultiStripe Laser Triangulation

Laser Twin arrays of four, Class 1 M, 10 mW solid state lasers,
λ=650 nm

Sensor/Camera Twin 5.0 Megapixel CMOS image sensors
Photo surface Optically synchronous 7-colour surface capture
Photo lighting Built-in whitelight
AutoDrive Automatically controlled target platform, high precision,

9.1 kg max
Performance
Target size No limit, can align multiple scans together
Target field size Macro mode, 130×97 mm; wide mode, 343×257 mm
Capture

density
Up to 41 K points/cm2 (macro mode), 4.5 K points/cm2 (wide
mode)

Texture density 500 DPI (macro mode), 200 DPI (wide mode)
Point accuracy ± 0.127 mm (macro mode), ± 0.381 (wide mode)
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2.2. Custom widget development

In order to render the relationship between samples and their
geographic locations on the Earth, two custom widgets were developed.
The first widget focuses on the meso-scale, which is defined as hand-
sized to outcrop size, and the second widget focuses on the macro-scale,
which is defined as outcrop to larger size. The widgets are written in

JavaScript and use the ArcGIS JavaScript API to communicate with the
GIS components of the Web App.

The first widget's interface in the Custom Web App environment
with its location highlighted as a selected point on the map can be seen
in Fig. 4 and is based on the notion that the link between multi-scale
observations should be facilitated through visual representation. This
widget's main purpose is to show each 3D model linked with its

Fig. 3. Examples of 3D models of digitized geological samples from the developed virtual geological database, (a) shows an untextured piece of geotechnical core from a quarry in
Bowmanville, Ontario, Canada, and (b) shows a granite sample collected in Skye, Scotland.

Fig. 4. 3D viewer widget along with the map interface for a case study in the Scottish highlands near where the Cuillin and Red Hills meet. This particular sample is an andesite
porphyry. The location of the samples can be seen as points on the map. Style options can display the model in the following ways: point cloud, wireframe, flat, smoothed, or textured.
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specified location on the Web App interface. In addition to showing a
textured 3D model in the widget window, the user has the option to
view the model as a non-textured point cloud and non-textured mesh
as some geometric features can be less discernible when textured. The
geologic hand sample shown in Fig. 4 is an andesite porphyry found
close to where the Cuillin and Red Hills meet with basic extrusive rocks
(Stephenson and Merritt, 2006). This geology is the result of a volcanic
centre that was active during the Tertiary (ca. 70 Ma) at the proto-
Atlantic rift (Evans et al., 2009). Andesites typically have a composition
between rhyolite and basalt, and the porphyrytic texture evident in the
sample is likely indicative of two-stages of cooling.

In addition to contextualized viewing and visual interpretation of
meso-scale hand samples, visualization techniques may be applied to
smaller scale datasets that arise from regional or global surveys of
geophysical and geodetic data. Examples include magnetic, gravita-
tional, radiometric, and spectral remotely sensed geophysical data.
Here, magnetic (total magnetic intensity in nanoteslas, nT), gravity
(Bouguer anomaly in milliGals, mGal), and topography (elevation in
metres above sea level, m) datasets of the Sudbury region in Ontario,
Canada, were viewed in the interactive interface. All datasets use
grayscale legends, with darker pixels corresponding to lower values and
lighter pixels corresponding to higher values for each data type's

respective units. Kovesi et al. (2014) have explored the concept of
multi-image blending of similar geophysical datasets through the
weighting of each image's influence on a final image. In contrast, this
study approaches the concept differently by varying, if defined, the
opacity of the data which allows for simultaneous visualization of the
underlying basemap in the Web App. Blending presents an opportunity
to view multiple datasets simultaneously and to assess how they
correspond in an interactive and visual manner in an ArcGIS Web
App (which is a new utility for this platform). The geophysical and
geodetic data used in this paper are summarized in Table 2 and the
widget interface is introduced in Fig. 5 with elevation shown at full
visibility. The blending widget interface is also shown. An example that
demonstrates how the blending works follows.

The application of this visualization technique is useful in viewing
how layers relate to one another and to the underlying landscape. This
relationship serves to improve the understanding of spatial relation-
ships among geophysical and geodetic data. Practical applications can
reveal relationships among datasets visually and intuitively for a user,
which may lead to interpreting possible geological relationships in the
region given the geometry of these trends. For datasets used for ore
body exploration, such as total magnetic intensity and Bouguer
anomaly, potential ore bodies may be revealed by synthesizing the
corresponding value intensities and geometric relationships, as illu-
strated in Case Study 2.

The blending widget can be modified based on the number and
which layers are to be blended. The widget's interface includes a section
called the blending area. This can be seen in Fig. 6. The opacity of
selected layers is modifiable based on the cursor's position within the
blending area relative to the origin in the top left corner of the square.
The three blending area configurations are shown in Fig. 7 along with
corresponding equations that show how the opacity value is calculated.

The equations below show how opacity values are calculated for the
blending areas seen in Fig. 7 as follows:

α
h

h
=X

cursor

tot (1)

Table 2
Data sources for the macro-scale geophysical and geodetic images (USGS, 2000; OGS,
2011a, 2011b).

Feature Source and Source
Filename

Original Original Resolution
Datum

Digital Elevation
Model (m)

USGS; SRTM
n46_w081_1arc_v3

WGS84 30 m×30 m

Total Magnetic
Intensity
(nT)

OGS; ONMAGONL from
GDS1036

NAD27 200 m×200 m

Bouguer Gravity
(mGal)

OGS; ONGRAVITY from
GD1036

NAD27 1000 m×1000 m

Fig. 5. Geophysical and geodetic maps of Sudbury, Ontario, Canada. Tile Layers brought into a Custom Web App where the blending widget can be used to change the opacity values
and “blend” the images. Digital elevation is shown with darker cells referring to lower elevation.
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where, αx is opacity of layer X in configurations (a) and (b), αy is the
opacity of layer Y in configuration (b), hcursor is the cursor's vertical
distance relative to the origin and total height, htot, of the blending
area, and wcursor is the cursor's horizontal distance relative to the
origin and total width, wtot, of the blending area. The opacity of layers
X, Y, and Z in configuration (c) are based on the same relationship of
the cursor's position relative to each endmember position.
Configuration (c) shows some examples of key barycentric coordinates
with opacity values given.

The following example in Fig. 8(a)–(f) shows how the blending
widget interface works for a two layer blend, with each subfigure
including the cursor's position in the blending area and the corre-
sponding images with adjusted opacity. The example is again of the
Sudbury region and looks at the magnetic and topographic datasets.
The example follows the progression of full opacity of both images (a),
transitioning to full visibility of the magnetic layer (b)–(c), to a mix
between the magnetic and topographic layers (d)–(e), to full visibility
of the topographic layer (f).

Combining the ArcGIS Online platforms with 2D and 3D visualiza-
tion tools results in an interactive and intuitive interface for interacting

with digitized meso-scale geological samples and macro-scale geophy-
sical and geodetic data. Viewing datasets using the described widgets
allows for a variety of applications. Two case studies that show further
practical applications in geology are presented below.

3. Case study 1: 3D sample viewer

Kingston, Ontario, Canada, and the surrounding regional geology is
dominantly composed of Precambrian age basement rocks along a
northwest-southeast trending ridge known as the Frontenac Axis with
Paleozoic sedimentary rocks flanking on either side. During the
Grenville orogeny 1100 million years ago, limestone, sandstone, and
mud-sandstones were metamorphosed into marble, quartzite, and
gneissic rocks, respectively, of the granulite facies. Contemporaneous
volcanism resulted in plutonic bodies of basic, granitic, and syenitic
rocks, and diabase and porphyritic andesitic dykes (Hewitt, 1964). The
mountains from this orogenic event were eroded over the following 500
million years (Greggs and Gorman, 1976; Wynne-Edwards, 1967),
followed by unconformably laying Cambro-Ordovician siltstones, sand-
stones, limestones, and dolostones (Kirwan, 1963; Armstrong and
Dodge, 2007).

A sample found within the Kingston region was scanned and placed
within geological and geographic context. The sample, along with

Fig. 6. The widget interface for blending geophysical and geodetic images. The user has the option to select the number of layers to be blended and to select which layers to blend and
view. The blending area interface corresponds to Fig. 7(a)–(c) with respect to the number of layers selected.

Fig. 7. Interfaces for the blending area, (a) is for one layer, where the vertical axis represents the opacity of the chosen layer, (b) is for two layers, where each axis represents the opacity
of the layers, and (c) is for three layers where opacity is calculated based on the cursor's barycentric coordinates. There are some keys coordinates labelled.
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Fig. 8. A depiction of blending of total magnetic intensity data (TMI, nT), and a digital elevation model (DEM, m). (a) Shows almost full opacity of both layers. The blending is activated
when the cursor clicks on the blending area. (b)–(c) shows the magnetic layer transitioning towards full visibility. (d) Shows complete mixing of the two layers. (e) Shows equal mixing of
both layers, however they both have 0.5 opacity and the basemap can be seen. (f) Shows topography as fully visible and the magnetic layer at full opacity.

Fig. 9. The 3D viewing widget and Web App. The sample appears after its point is clicked within the map. The sample can be rotated, zoomed in and out from for further inspection.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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associated attributes, is exemplary of a number of features associated
with the local geology and how it fits into the geological evolution of
North America based on metamorphic petrological history and struc-
tural history. Fig. 9 shows the sample and its location with respect to
the city of Kingston. The sample is found in the mylonite zone outcrop
on Perth Road north of Kingston (specifically at 44°27′52″N and
76°29′29″W - see popup). The sample shows gneissic banding high-
lighted in red. The sample contain minerals that are indicative of a low
grade metamorphism formational environment. Mylonitization oc-
curred after the severe regional metamorphism and regional gneissos-
ity had peaked. The intense mylonitization occurs in the paragneiss
unit and has an irregular distribution and width of anastomosing
bands. The foliation strikes northeast and has a steeply-plunging
extension lineation found on the mylonitic foliation planes
(Ermanovics, 1967). The sample in the 3D viewer in several orienta-
tions can be seen in Fig. 10. The gneissic banding is highlighted with
the red line in the first view. For further details on the geology, see
Harvey (2016).

The described geology of the area includes a few of the properties
that are inherently part of the sample and deduced from visual
interpretation of it in the online viewer. It is exemplary of the mylonitic
rock structures in the area, providing insight to the geological
paleoenvironment formational model that describes it in a certain
point in time. Virtually accessing and visualizing this outcrop by proxy
as well as other locations worldwide could allow for analogues and
comparisons to other geological areas.

4. Case study 2: multi-modal geophysical and geodetic image
blending

This case study looks at the Sudbury Structure in Ontario, Canada.
It is composed of three main components which are (1) the Sudbury
Basin consisting of Precambrian sediments and volcanics, (2) the
Sudbury Igneous Complex (SIC), which is a lopolitic structure sur-
rounding the basin, and (3) a surrounding zone of brecciated footwall
rocks. This region has historically been and continues to be of great
economic interest for the Canadian mining and resources industry as
some of the world's largest Ni-Cu-PGE magmatic sulphide deposits
occur in host rocks at or near the base of the SIC (Rousell and Card,
2009). The structure is widely believed to have formed as a result of a
meteorite impact during the Paleoproterozoic era and subsequent
orogenic events causing deformation to the north-east trending ellipse
shape at surface. Major ore minerals in the SIC and associated physical
properties are listed in Table 3.

The case study shows how the blending widget of the online Web
App can be used to find similarities among different types of datasets.
Here, total magnetic intensity (TMI, nT), elevation (m), and Bouguer
gravity (mGal) datasets are uploaded into the Web App. Each end-
member is located at a vertex of the blending ternary diagram, and the
visibility weighting is shown underneath the blending area. For each
dataset image, darker cells indicate lower intensity values and lighter
cells indicate higher intensity values, all with respect to each dataset's
units and each dataset's maximum and minimum values. Fig. 11 shows
each of the endmembers labelled, where each is at full visibility (i.e.
opacity =0). The red circle depicts the ellipse shape of the Sudbury
Structure at surface.

The crater shape can be seen in the elevation endmember, where a
dark oval shape is visible. This is where impact would have occurred.
This oval shape can also be seen in both the magnetic and gravity
endmembers. Additionally, a strong magnetic anomaly is visible along
the southern rim, which coexists in plan view with a higher gravity
anomaly signal. Magnetic and gravity anomalies coexisting can be

Fig. 10. Paragneiss sample from the Perth Road mylonitic outcrop. Note the intense anastomosing fold bands within the sample, highlighted in the first view in red. Scale information is
shown for the first depiction.

Table 3
Three important ore minerals in the Sudbury Structure region (including formulas,
specific gravities (unitless), and relative magnetic susceptibilities).

Mineral Formula Specific Gravity Magnetism

pyrrhotite Fe1−xS (x=0–0.2) 4.58–4.65 strong
pentlandite (Fe,Ni)9S8 4.6–5 non-magnetic
chalcopyrite CuFeS2 4.1–4.3 magnetic after heating

A.S. Harvey et al. Computers & Geosciences 103 (2017) 152–163

159



indicative of mineralizations of economic resources. The specific
gravity of crustal rocks is averaged to be approximately 2.75, which
is lower in comparison to the aforementioned major ore minerals. The
presence of high density minerals would result in a high gravity reading

compared to surrounding host rocks. Pyrrhotite is strongly magnetic
relative to generally non-magnetic typical crustal rocks. Fig. 12 shows
the gravity and magnetic datasets viewed simultaneously. Along the
southern rim of the SIC, higher magnetic and gravity values can be

Fig. 11. Three geophysical/geodetic datasets used in Case Study 2. Top: elevation (m), Middle: total magnetic intensity (nT), Bottom: Bouguer gravity (mGal). Red ellipse: the Sudbury
Structure seen at surface, which is visible for each dataset. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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seeing, implying that minerals that have strong signatures for this type
of geophysical response coexist here. This offers an opportunity to
easily view and visually interpret the datasets together, whereas a
traditional approach may require more steps to view each aspect
separately, and possibility even non-digitally.

The interactive blender helps a user to view rapidly all three end-
members and simultaneously viewmore than one layer dynamically. In this
case study, layer opacity is modified to change how the layer is viewed. This
is in contrast to Kovesi et al. (2014), who used proportions to change the
weighting of an image. In the present case, opacities are used such that
interaction and visibility of the underlying basemap is possible for further
contextualization. The ellipse shape is visible in all three, which is beneficial
to characterize the region geophysically, understand the geological history,
and explore possible economic resources. Fig. 13 shows all three layers at
the same opacity (visibility=0.3). Static images do not fully convey the

effectiveness of the tool, as it has been designed to be dynamic and
interactive, though similar overlying trends can be seen among the images.

In contrast to the coexisting magnetic and gravity signals in the
southern portion of the SIC, the Temagami magnetic anomaly is distinct
with regards to other portions of the magnetic map. While gravity signals
are higher in this region, it is clear that there are other regions on the
map with higher gravity values, not evident for the Temagami anomaly,
which covers a large area and has a high magnetic signal. The Temagami
area, however, has not seen the mining activity that the Sudbury
Structure has. Fig. 14 compares the magnetic and gravity images.

The widget allows for maintaining the user's focus on data trends
and images and offers the ability to quickly compare heterogeneous
datasets that may correlate, adding to the geologist's toolbox of
approaches for interpretation of samples and their surrounding
geology.

Fig. 12. Magnetic and gravity datasets both at opacity=0.5. Elevation is not visible in this figure based on the cursor's position in the blending widget. Red ellipse shows an area where
total magnetic intensity and Bouguer gravity have higher values and overlay. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 13. Three geophysical/geodetic datasets viewed simultaneously; each with a visibility of 0.3. This allows for contextualization of the data within the underlying basemap.
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5. Discussion of results

It is acknowledged that direct interaction with geological samples
offers advantages over digital methods in assessing various diagnostic
features required for full comprehension in geology. The range at which
humans can directly observe geological phenomena is narrow and the
unification and abstraction of multi-scale data and different types of
data into a common platform presents an opportunity to ease cognitive
load in the user comprehension of associated complexities. These
visualization tools can aid in augmenting user comprehension of spatial
relationships and offer flexibility in database exploration, visualization,
management, and archiving in a well-known GIS environment.

The physical storage space required for physical samples, as
indicated by the USGS Geological Collections Management System, is
substantial and the tools presented above can supplement physical
archiving requirements and reduce strain on the system as a whole.
Additionally, once samples are digitally archived and available as 3D
models worldwide, researchers, educators, and field geologists can have
immediate access to an enormous database. Paleogeographic environ-
ments are often presented as general models of formation (noting that
all models are representations with bias and uncertainty). Formational
analogues for geological settings may exist elsewhere in the world. In
the future, with a highly populated database, accessing these samples
rapidly and digitally can facilitate important decisions (i.e., phase one
site investigation).

The infrastructure to hold the 3D files would be considerably
smaller than that of physical samples. However, large 3D file sizes
may not be suitable for immediate download upon opening of the Web
App. A select-and-download interface from a database may suit the
Web App well, as accessing cloud storage could take up time when
loading each sample in contrast to loading each sample from a user's
machine. Regardless of how long the 3D file takes to load, they are
immediately responsive in the 3D viewer window, allowing for quick
visual interpretation.

Every case of geological investigation is different requiring various
sets of data in the assessment process. The two widgets developed and
described in this paper are examples of useful applications that can see
applicability in a variety of geological investigations. The common
platform-modular approach to multi-scale visualization in geoscience
offers a high degree of flexibility and universality in the research and
education communities. This allows for a balance between visual
conceptualization (e.g. of 3D photorealistic hand samples) and ab-
stracted 2D analytical techniques.

6. Conclusions

This paper demonstrates the utility of intersecting 3D acquisition
and geovisualization for geological data at multiple scales. A database
of virtual geological samples was populated using a data acquisition

procedure for meso-scale geological hand samples of rocks, minerals,
and fossils. These samples were brought into an online GIS environ-
ment to view their georeferenced locations and to provide geospatial
context for users. This was done by building a widget for an ArcGIS
Web App allowing 3D samples to be selected via their basemap macro-
scale features for viewing. A case study showed these as foundational
components for a globally accessible database of virtual geological
samples. A second widget was built to simultaneously view hetero-
geneous geophysical datasets through blending. This approach was not
previously available for this platform and was implemented to provide
further geological context for the multi-scale synthesis of datasets
permissible in this interface. While tools presented in this paper
emphasize visualization, the opportunity to utilize the widgets and
3D samples for quantitative analysis is possible and is the focus of
future work.
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