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Abstract. TS1 TS2Accessibility and inclusivity in field geol-
ogy have become increasingly important issues to address in
geoscience education and have long been set aside due to the
tradition of field geology and the laborious task of making
it inclusive to all. Although a popular saying among geolo-5

gists is “the best geologists see the most rocks”, field trips
cost money, time, and are only accessible to those who are
physically able to stay outside for extended periods. With
the availability of 3D block diagrams, an onslaught of vir-
tual learning environments is becoming increasingly viable.10

Strike and dip is at the core of any field geologist’s education
and career; learning and practicing these skills is fundamen-
tal to making geologic maps and understanding the regional
geology of an area.

In this paper, we present the Strike and Dip virtual15

tool (SaD) with the objective of teaching the principles of
strike and dip for geologic mapping to introductory geology
students. We embedded the SaD tool into an introductory
geology course and recruited 147 students to participate in
the study. Participants completed two maps using the SaD20

tool and reported on their experiences through a question-
naire. Students generally perceived the SaD tool positively.
Furthermore, some individual differences among students
proved to be important contributing factors to their experi-
ences and subjective assessments of learning. When control-25

ling for participants’ past experience with similar software,
our results indicate that students highly familiar with navigat-
ing geographical software perceived the virtual environment

of the tool to be significantly more realistic and easier to use
compared with those with lower levels of familiarity. Our re- 30

sults are corroborated by a qualitative assessment of partic-
ipants’ feedback to two open-ended questions, highlighting
both the overall effectiveness of the SaD tool and the effect
of geographical software familiarity on measures of experi-
ence and learning. 35

1 Introduction

1.1 The “field” environment: real, virtual, and
implementation for remote learning

TS3The “field” may be the single most prominent element
defining geosciences. Processes relevant to Earth sciences 40

happen in the field, and their phenomenological traces are
observable in that physical space. Thus, fieldwork and the
educational components of field trips and field camps are
frequently held in the highest regard (Orion and Hofstein,
1994; Elkins and Elkins, 2017; Pyle, 2009; Semken et al., 45

2018). Fieldwork remains a graduation requirement for most
geoscience programs despite increasing concerns that it may
be inaccessible to many students, predominantly from under-
represented groups, as a result of financial, cultural, physical,
and safety barriers. 50

Frequently, physical locations are hard to reach or may be
impossible, dangerous, or too expensive to access (e.g., the
location is on a different continent, in a restricted area, or
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2 N. Bursztyn et al.: Virtual strike and dip – advancing inclusive and accessible field geology

only existed in the past) (Slater, 1999; Bowman and McMa-
han, 2007); moreover, from the spring of 2020 to at least
into the summer of 2021, the global COVID-19 pandemic
has been/will be impeding physical field experiences. Fur-
thermore, recent studies have shown that the field experience5

is not inclusive and may be hindering retention and diver-
sity within geoscience undergraduate programs (Hall et al.,
2004; Giles et al., 2020; Morales et al., 2020). In contrast,
virtual field trips can allow instructors to expose students
to widely accessible, relevant, and authentic learning expe-10

riences independent of time and space (e.g., Stumpf et al.,
2008; Bursztyn et al., 2017; Mead et al., 2019; Klippel et al.,
2020a). Leveraging increasingly accessible high-resolution
computing devices for education has the potential to posi-
tively impact student engagement (Witmer and Singer, 1998;15

IJsselsteijn and Riva, 2003), and efforts to integrate emerg-
ing technology into the classroom to improve undergradu-
ate success in introductory geoscience courses have further
demonstrated the importance of experiential learning exem-
plified best by field trips (Cunningham and Lansiquot, 2019;20

Dolphin et al., 2019; Lansiquot and MacDonald, 2019; Moy-
sey and Lazar, 2019). While there is some positive evidence
that compares actual and virtual field trips (e.g., Klippel et
al., 2019; Marshall et al., 2021), considering fieldwork with-
out the field (i.e., in a virtual environment) is a challenging25

concept for Earth science educators. Consequently, virtual
and remote learning in the geosciences has remained a niche
product, and it required the COVID-19 pandemic to explore
remote learning opportunities for place-based education at
scale and across disciplines. We have seen a dramatic influx30

of efforts (e.g., numerous NAGT workshops; Earth Educa-
tors’ Rendezvous, 2020) and papers since 2020 that detail
the creative ways a community, deprived of their traditional
educational methods, has responded to distancing constraints
and travel bans (e.g., Andrews et al., 2020; Bethune, 2020;35

Madon, 2020; Rotzein et al., 2020, 2021; Sajjadi et al., 2020;
Tibaldi et al., 2020, Whitmeyer and Dordevic, 2021).

Virtual environments, immersive or desktop-based, allow
for the creation of realistic and flexible experiences for (vir-
tual) field trips as well as the learning activities (e.g., mea-40

suring geologic structures and building mental models of
spatial orientation and scale of landscape features) that are
essential to practice on these field trips. Examining digital
twins of outcrops through magnification, collecting samples,
or measuring the stratigraphy are, with recent technologi-45

cal advances, straightforward to realize virtually. Over the
last 4 years, we and others have been building this capac-
ity through combining efficient data collection in the form of
360◦ images, high-resolution images, virtual outcrop mod-
els, and simple measuring tools. What we identified as miss-50

ing are more complex geological tools and pedagogies for
the application and practice of concepts such as strike and
dip. Strike and dip measurements and rock identification are
the fundamental aspects of any geologic map. Taking and
interpreting such field measurements both require physical55

practice and are fundamentally essential for geoscience edu-
cation, but they are generally not covered extensively in vir-
tual environments (see eRock from Cawood and Bond, 2018,
for exceptions). Strike and dip measurements allow students
and professionals alike to interpret structures in the Earth’s 60

crust and reconstruct deformed regional areas. It is through
strike and dip that a geologist understands the regional geol-
ogy from deposition to deformation.

1.2 Why field geology? Spatial reasoning in the
geosciences 65

Students in the geosciences are frequently required to rea-
son about objects or features that occur at spatial scales too
large or small to be directly observed (Gagnier et al., 2017)
or hidden from view (Shipley et al., 2013; Ormand et al.,
2014; Almquist et al., 2018; Zhao and Klippel, 2019; Atit 70

et al., 2020). As a result, faculty frequently describe stu-
dents’ difficulty with spatial visualization as one of the barri-
ers to success in the geosciences (e.g., Barab and Dede, 2007;
Titus and Horsman, 2009; Atit et al., 2020). In particular,
spatial visualization is critical to success in courses such as 75

sedimentology and stratigraphy, structural geology, and field
techniques (Gagnier et al., 2017). Tectonic and sedimentary
processes usually form geo-spatially predictable features, de-
ducible from patterns observed in surface data when one is
capable of visualizing the 3D geometry (Alles and Riggs, 80

2011). Students who possess the spatial visualization abili-
ties necessary to succeed in these courses are also more likely
to continue in the geosciences (Titus and Horsman, 2009).

The development of geological reasoning skills can be
scaffolded by introducing students to a sequence of exer- 85

cises starting with prototypical, accessible, and understand-
able physical locations as well as by introducing more expe-
riential practice opportunities at the lower level prior to the
more challenging applications found in subsequent upper-
level geoscience courses. In many post-secondary institu- 90

tions, the concept of strike and dip as geological measure-
ments is introduced in an introductory physical geology
course. Later, students practice taking these measurements
extensively in a field methods course, apply these methods
through different lenses of geologic interpretation in subse- 95

quent focus courses, and conclude with a capstone summer
field course: Field Camp. Visualizing the 3D forms and struc-
tures of our planet is a critical skill for the geosciences, and
the foundation of this skill lies in a solid understanding of
geological maps and strike and dip measurements. 100

1.3 A place for virtual and immersive technologies in
place-based learning

Place-based learning, such as field trips, combines the prac-
tices found in problem-based learning and experiential learn-
ing to foster a “sense of place” that generates an authentic 105

learning environment, something valued across disciplines
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from social to physical sciences. Virtual environments, es-
pecially immersive virtual environments, allow for the cre-
ation of learning environments grounded in the same learn-
ing theories and pedagogies as place-based education. As-
sociated theories are discussed from different angles such5

as discovery, inquiry, and problem-based learning as well
as experiential learning (Kolb, 2015). The focus of this ar-
ticle is not on learning theories; thus, we do not provide
an in-depth discussion of the different approaches. Similari-
ties of these approaches are grounded in a constructivist per-10

spective on learning (Winn, 1993; Dalgarno, 2002), building
on the power of contextualizing learning through integrat-
ing prior knowledge and experience in addition to the con-
text in which the content is embedded. Bangera and Bron-
well (2014) found that benefits of these approaches include15

the fact that they may offer a more effective and acces-
sible starting point for students, including minority, low-
income, and first-generation college students, and can pro-
vide students with a greater ability to use scientific thinking
in other aspects of their lives. These approaches, in particu-20

lar discovery-based learning, have also been found to be key
to successful STEM (science, technology, engineering, and
mathematics) education (Olson and Riordan, 2012TS4 ).

What role can virtual and immersive technologies play in
discovery-based courses and fostering equity and access to25

STEM education, such as geoscience field trips? The the-
oretical basis for the transformative nature, especially of
immersive technologies for education, is growing rapidly
(Dede, 2009; O’Connor and Domingo, 2017; Liu et al., 2020;
Parong and Mayer, 2020; Wu et al., 2020). Characteristics of30

virtual and immersive technologies lend themselves to real-
ize place-based learning (Semken et al., 2018), experiential
and embodied learning (Johnson-Glenberg, 2018), and de-
signing environments for discovery-based learning. Placing
learners into the real world with a specific problem that is35

relevant to a location provides a more direct connection of
key learning points that students can understand and use to
become more engaged (Powers, 2004; Bursztyn et al., 2020).
Designing virtual environments in which students’ learning
activities are scaffolded by exercises and instruction is at the40

core of discovery-based learning (McComas, 2014). Geolog-
ical processes can sometimes be difficult to visualize during
field trips due to vast spatial and temporal scales – this is one
area in the discipline where immersive virtual reality (iVR)
can offer a distinct advantage. The blending of place-based45

and discovery-based learning, especially in immersive vir-
tual environments allows for the “perceptual blending of the
real and the virtual world with its place-based authenticity”
to enable better learning experiences (Barab and Dede, 2007,
p. 2). The geosciences have long been either explicitly or50

implicitly using experiential, place-based exercises to fos-
ter discovery-based learning in their curriculum through, for
example, field trips (Semken et al., 2018; Atit et al., 2020).
Entering the 2020 field camp season, a crucial component
of most traditional geoscience programs, instructors and stu-55

dents were faced with limited options: no field camp, a lim-
ited and socially distanced field camp, or a virtual field camp.
Here, it is pertinent to channel the virtuality momentum into
constructive, critical, and empirically grounded discussions
of the future and utility of VR for geoscience education. It 60

is important to note that virtual and immersive virtual expe-
riences cannot only be designed to mimic actual field expe-
rience but that they offer opportunities beyond physical re-
ality such as reacting to the learner in real time (Lopes and
Bidarra, 2011; Vandewaetere et al., 2013; Sajjadi et al., 2014; 65

Shute et al., 2016).
This paper presents a virtual Strike and Dip tool (SaD) in a

web-based desktop virtual reality (dVR) environment. In ad-
dition to posing many challenges, the COVID-19 pandemic-
induced transition to primarily online teaching also presented 70

geoscience educators with a new opportunity to improve in-
troductory field-mapping instruction to be more inclusive if
we are able to recreate strike and dip lab experiences through
virtual environments. SaD is an interactive experience cre-
ated for the purpose of guiding students to think spatially for 75

critical geological applications by taking strike and dip mea-
surements from 3D models of geological structures. The SaD
tool mimics an introductory geologic mapping lab where stu-
dents are taught strike and dip measurements using a set
of angled boards with accompanying rock samples staged 80

around a classroom (or open space) to reveal an imagined ge-
ologic structure. We have replicated this experience and tra-
ditional pedagogies in the virtual world with SaD and its se-
ries of digital planes and corresponding virtual rock samples
(high-resolution 3D digital models downloaded from Sketch- 85

fab™). With this tool, students can interactively learn what
strike and dip measurements are, practice the basics of field
mapping using strike and dip, and practice taking measure-
ments using a variety of geological structure types. The SaD
tool mimics geoscience place-based learning experiences and 90

combines them with the flexibility and scalability of dVR.
A small-scale pilot assessment (11 participants) using the
dVR SaD interface and an accompanying mapping assign-
ment was completed in fall 2020 and presented at a work-
shop (Bursztyn et al., 2021). Building on the pilot study, we 95

improved the design iteratively and rolled out SaD as a large-
scale study in a 250-student introductory geoscience class.
Here, we present a more in-depth discussion of SaD, the
newly conducted empirical evaluation and analysis, a crit-
ical discussion of results showing important considerations 100

for the future of virtual geosciences, and our vision for fu-
ture SaD and virtual geoscience toolkit developments.

2 Methods

2.1 The Strike and Dip tool

The representation of 3D geologic structures in 2D form re- 105

quires several standard map notations, the most important of
which are strike and dip measurements. New learners are typ-
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ically introduced to taking strike and dip measurements us-
ing the “right-hand rule” (RHR) convention. There are a few
variations of the RHR, but a commonly used one (and the
one used in this study) is as follows: hold the right hand flat,
with the palm down on the planar geologic feature, thumb5

extended at 90◦ to fingers, and fingers pointing downdip
(Fig. 1). Within the SaD tool, RHR is an optional feature
that can be toggled off or on per user preference. The con-
cept of strike and dip is often challenging to teach to new
learners of geology at the best of times, but the COVID-1910

pandemic presented geoscience educators with a new chal-
lenge: removing the in-person field trip instruction that pro-
vides guided practice in taking strike and dip measurements.
Therefore, what were deemed the fundamental components
of in-person field instruction for learning to measure geologic15

structures – identifying strike and dip planes and manipulat-
ing a compass to determine their orientation in space – were
the primary focus of the SaD tool.

The primary components of the SaD tool are the Compass
Tool and the Small Data Panel/Data Set (Fig. 2a, b). The20

strike and dip data are recorded in the tool in the All Data Sets
panel (Fig. 2b). Users can navigate around a 3D digital envi-
ronment to locations where they can measure the strike and
dip of various slopes (platforms or outcrops). The user can
locate their position via the Mini World Map or full screen25

World Map (Fig. 2c). Once the user is positioned close to the
slope that they would like to measure, they orient the position
and rotation of the compass tool (using the compass control
panel) to correspond to the strike or dip measurements. In
the virtual environment levels, “station locations” are specif-30

ically laid out to correspond to the assignment maps.
There are four different setting levels within the SaD

tool; from least to most challenging, they are bumper cubes,
bumper rocks, cubes, and rocks. The two cubes levels have
field stations set up within the virtual environment as rectan-35

gular planes with a virtual hand sample rock floating above
(Fig. 3a). The cubes levels have very obvious planar surfaces
for taking strike and dip measurements. The two rocks lev-
els have their field stations set up with rectangular planes
draped with rock “skins” that give an appearance closer to40

an outcrop (Fig. 3b). Depending on the complexity of the
rock texture of the skin, the planar surfaces within the rocks
level environments are more challenging to precisely iden-
tify. The two bumper levels have an algorithm that flags the
strike and dip measurements in red if they are greater than45

10 and 5◦ off, respectively. These flags enable self-correction
by the students and facilitate only recording correct measure-
ments in the data display panel.

2.1.1 Participants

A total of 147 undergraduate students (with an average age50

of 19.73) participated in this study. Of this population, 98 stu-
dents self-identified as male, 44 as female, 3 as other, and
2 preferred not to answer. All students were recruited from

an introductory geoscience class (Geosc 001 – Physical Ge-
ology) at The Pennsylvania State University in the fall 2020 55

semester. This class was chosen for the introductory nature of
material taught, including the strike and dip content already
in the course curriculum. The SaD experience was embedded
in this course as a laboratory assignment, and students were
awarded course credit for their participation. In essence, the 60

laboratory was conducted in a context equivalent to the tra-
ditional face-to-face environment.

2.1.2 Procedure

The lab exercise was administered with the help of teaching
assistants (TAs). Following the same procedure as the tradi- 65

tional in-person lab that the SaD dVR experience replaced,
students were assigned pre-lab homework readings. During
the lecture, they were presented the standard introductory
material on geologic maps and mapping, such as how to in-
terpret the geologic rule of v’s, measuring and plotting strike 70

and dip on a map, drawing contacts, and constructing ba-
sic cross sections. Earlier in the semester, students had com-
pleted a geologic mapping exercise from their lab workbooks
for which they were provided strike and dip measurements.
This lab exercise was graded and returned to the students 75

prior to their introduction to the SaD tool for their virtual
field-mapping activity. At the beginning of the SaD lab, stu-
dents were shown an introductory video tutorial demonstrat-
ing how to access and utilize the SaD tool through an on-
line dVR environment. Navigation between “field stations” 80

within the environment using arrow keys and/or the mouse,
proper hand placement for the right-hand rule, measurement
of strike and dip, and using the Mini World Map feature are
all demonstrated within this tutorial video. TAs provided ad-
ditional office hours after the lab session and online video 85

resources (which included a longer comprehensive tutorial
video and written instructions for the SaD tool as well as a
video tutorial on the basics of geologic mapping and drawing
a cross section). Participants in this study used the SaD tool
at the beginner (least challenging) bumper cubes level. 90

As for the traditional in-person lab exercise, the SaD map-
ping activity was completed in a single 3 h lab session and
consisted of two parts, both tasking the students with gather-
ing information (e.g., strike and dip, rock descriptions) with
which to compile a geologic map, legend, cross section, and 95

interpretation of geologic events that formed the area. Stu-
dents were given blank base maps and fill-in-the-blank field
notes to complete as they worked in the virtual environment.
This aspect of the assignment tasked the students with tran-
scribing the data as they would in the real world and prac- 100

tice active mapping. Students were also provided with the
rock identifications for the map areas to reduce the number
of tasks that they had to complete in their single lab session.
The first mapping activity (Map 1) of the assignment was an
optional “practice” map with five rock types, six field sta- 105

tions, and relatively simple geologic relationships to inter-
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Figure 1. A schematic of how one measures strike and dip on an outcrop. (a) Strike and dip are measured on the planar surface of a rock. The
strike represents the line at which the planar rock surface intersects with any horizontal plane. The dip angle is the angle between that dipping
surface and the horizontal plane. Panels (b) and (c) give examples of RHR use in the real world and in the SaD virtual field environment,
respectively.

pret (Fig. 4). The second mapping activity of the assignment
(Map 2) was classified as the “real” map with 15 field stations
and slightly more complex geologic relationships; this is the
map that was evaluated for their grade in this lab assignment.
Grading of the lab exercise included evaluation of (1) the5

map itself, (2) the field notes, (3) the cross section, (4) the
explanation, and (5) the interpretation of geologic events that
formed the area (Fig. 4).

2.2 Assessment measures and analyses

The participants’ experiences and learning with the SaD10

tool were assessed using self-reported questionnaires (Ap-
pendix ATS5 ). All of the questionnaire items are from estab-
lished and validated instruments (summarized and adapted
by Lee et al., 2010; Klingenberg, 2020). As part of the de-
mographic information, participants were asked to report on15

their age, gender, major and minor fields of study, and year
of study. Furthermore, participants were asked to report on
their familiarity with navigating geographical software (such
as ArcGIS) as well as their familiarity with playing computer
games. Direct student learning of geologic mapping con-20

structs (i.e., via lab grades) was not assessed for this study, as
the focus was on the experience of the participants using the
SaD tool for the purpose of learning the basics of geologic
mapping.

2.2.1 Quantitative assessment and analyses25

After interacting with the SaD tool, the experiences (learn-
ing and general) of the participants were measured in light
of representational fidelity, immediacy of control, perceived

usefulness, perceived ease of use, motivation, control and
active learning, reflective thinking, perceived learning effec- 30

tiveness, satisfaction, and self-efficacy (Table 1, see also Ap-
pendix A for the full question list). All constructs were mea-
sured on a scale of 1 to 5, and individual items were averaged
and collapsed into the final construct score.

In order to maintain an unbiased distribution into the 35

low/high categories, cases where a participant scored exactly
the same as the median (3 for geographical software famil-
iarity, and 4 for gaming familiarity) were excluded. Using
this approach 53 participants were identified belonging to the
low-software-familiarity category, 41 to the high-software- 40

familiarity category, 47 to the low-gaming-familiarity cate-
gory, and 66 to the high-gaming-familiarity category. The
experience and learning metrics of participants were com-
pared based on these categories using an independent sam-
ples t test or, alternatively, a Mann–Whitney U test in case 45

of a non-normal distribution.
In addition to geographical software and gaming famil-

iarity, we also explored the effect of gender on the expe-
riences and learning of participants. As such, the experi-
ences and learning metrics of 98 male participants were com- 50

pared with 44 female participants. Two-way analyses of vari-
ance (ANOVA) tests were conducted to explore the interac-
tion effect between geographical software/gaming familiarity
and gender on the measured experience and learning metrics
reported in Table 1. All analyses were performed using IBM 55

SPSS Statistics 22.
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6 N. Bursztyn et al.: Virtual strike and dip – advancing inclusive and accessible field geology

Figure 2. The SaD HUD (heads-up display). The HUD is composed of all the tools visible on screen throughout the program. Each tool can
be toggled on/off depending on user preference. (a) The main HUD shows the Small Data Window, where the user’s most recent strike and
dip measurements are displayed. The Tour Guide allows the user to view the stop at which they are presently located. The Mini World Map
(red outline) shows the user their location in a miniature view. The user may view the compass with more ease using the UI Compass Face
while they are measuring the orientation of the rock with the Compass Tool. The Compass Control Panel is used to position the compass
on the outcrop/board to measure orientation. The Main Menu display allows the user to adjust the speed at which they/the compass move,
the level they are on, and more personalization features. The Info Menu Tab gives brief information about each tool when the user hovers
over them. Finally, the Visibility Display allows the user to toggle on/off each tool. (b) If the user wishes to view their entire strike and dip
log, they can click on the triangle protractor icon (yellow outline). (b) The user can also click on the World Map (red outline) to obtain a
full-screen view of their location in the environment.

2.2.2 Qualitative assessment and analyses

Within the survey, the participants were asked two open-
ended questions about their experiences with the SaD tool:

1. “How was your learning experience using this tool? De-
scribe how you felt about practicing geologic mapping5

in a virtual environment.”

2. “How did your experience using the strike and dip tool
change between the first and second mapping activities?
Explain within the context of the technology (ease of
use, functionality, etc.)”10

Combined with the quantitative analyses, qualitative anal-
yses provide deeper insights into how the SaD tool was per-
ceived by the participants. Based on the structured content
analysis approach proposed by Schreier (2012), two inde-
pendent coders examined the responses of participants and15

inductively generated codes that would capture their content.
The coders reached agreement by grouping and rearrang-
ing the codes into the final schemas (one for each question)
based on the most frequent codes. Inter-rater reliability tests
based on Cohen’s kappa were also conducted for the final- 20

ized results. To further understand these results, we exam-
ined the associations between geographical software famil-
iarity and gaming familiarity groupings (high/low) and each
of the codes using a chi-square test of independence and a
post hoc test with Bonferroni correction (resulting in an ad- 25

justed alpha of 0.0125).

Geosci. Commun., 5, 1–20, 2022 https://doi.org/10.5194/gc-5-1-2022
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Table 1. Metrics from the participant questionnaire and their respective explanations.

Metric Explanation

Representational fidelity1 The degree of realism within the virtual environment.

Immediacy of control1 The ability to change position/direction and manipulate objects within the virtual environment.

Perceived usefulness1 Two metrics for “usability” where (1) usefulness relates to the terms “important”, “relevant”, “useful”, and
Perceived ease of use1 “valuable”, and (2) ease of use relates to the terms “convenient”, “controllable”, “easy”, and “unburdensome”.

Motivation1 Intrinsic interest based on autonomy and competence; within the virtual environment, this is derived from
user control over what is viewed and when it is viewed.

Control and1 Active involvement in the learning process; learners make their own decisions about the pace,
active learning order, and flow of learning activities while completing the task.

Reflective thinking1 The generation of curiosity or confusion about what is seen being used as a catalyst for learning new
concepts by making sense of observations.

Perceived learning Two metrics for “learning” in the affective domain where
effectiveness1 (1) perceived effectiveness relates to generation of understanding, meaning, and interest in the topic, and
Satisfaction1 (2) satisfaction relates to gaining knowledge through the virtual environment, including

appreciation for the learning experience.

Self-efficacy2 The degree of confidence in understanding of the topics practiced through the virtual experience.

1,2 The metrics were derived from 1 Lee et al. (2010) and 2 Klingenberg (2020).

Table 2. Five-point scale survey results.

Metric Mean SD

Representational fidelity 2.96 0.99
Immediacy of control 3.36 1.02
Perceived usefulness 3.25 0.99
Perceived ease of use 3.28 0.8
Motivation 2.95 0.83
Control and active learning 3.33 0.91
Reflective thinking 3.16 0.97
Perceived learning effectiveness 3.11 0.92
Satisfaction 3.12 0.92
Self-efficacy 3.37 0.84

3 Results

3.1 Quantitative analysis

We first looked at the scores for the different measured met-
rics (Table 1) averaged over all participants to analyze the
overall assessment of the SaD tool. The results summarized5

in Table 2 show slightly above-average scores for the repre-
sentational fidelity and motivation metrics as well as well-
above-average scores for immediacy of control, perceived
usefulness, perceived ease of use, control and active learn-
ing, reflective thinking, perceived learning effectiveness, sat-10

isfaction, and self-efficacy. These scores indicate a positive
overall evaluation of the SaD tool, implying that it succeeded
in eliciting a good experience for users and, therefore, can be
considered an effective learning instrument.

As a second step, we were interested in how the experi- 15

ence with the SaD tool was impacted by individual differ-
ences between the participants related to past exposure to
geographical software and video games. The sampled pop-
ulation reported a slightly above-average score for familiar-
ity with navigating geographical software (meanCE2 = 2.86, 20

SD= 1.25) and a well-above-average score for familiarity
with gaming (mean= 3.91, SD= 1.23). The results from the
analyses comparing the survey scores of participants based
on their software and gaming familiarity groupings are re-
ported in Tables 3 and 4 in the following. 25

Our results indicate statistically significant differences
(using a combination of independent samples t tests and
a Mann–Whitney test in the case of non-normal distribu-
tion) for almost all of the metrics in the general and learn-
ing experiences of students grouped by low and high soft- 30

ware familiarity. For representational fidelity, scores of the
high-software-familiarity group were higher than those in
the low-software-familiarity group (mean = 3.46, SD= 0.95
and mean = 2.59, SD= 0.92, respectively; t(92)= 4.461,
p<0.001). For immediacy of control, scores in the high- 35

familiarity group were higher than in the low-familiarity
group (mean = 3.7, SD= 0.89 and mean = 3.21, SD= 1.17,
respectively; t(92)= 2.188, p = 0.026). For perceived use-
fulness, scores in the high-familiarity group were higher than
in the low-familiarity group (mean= 3.56, SD= 1 and mean 40

= 3.01, SD= 1.07, respectively; t(92)= 2.536, p = 0.013).
For perceived ease of use, scores in the high-familiarity
group were higher than in the low-familiarity group (me-
dianCE3 = 3.75 and median = 2.75, respectively; U (Nlow =

53, Nhigh = 41) = 554.500, z=−3.979, p<0.001). For per- 45
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Figure 3. The two main settings: cubes and rocks. Each may be
used with the bumper prefix to allow the user an error-flagging
buffer when measuring platform/outcrop orientation (±10◦ for
strike and 5◦ for dip). Panel (a) shows the level cubes, which repli-
cates the classroom beginner technique of using a platform to prac-
tice taking strike and dip measurements. Panel (b) provides an ex-
ample of the rocks level, which features 3D outcrops.

ceived learning effectiveness, scores in the high-familiarity
group were higher than in the low-familiarity group (mean
= 3.45, SD= 0.82 and mean = 2.95, SD= 0.95, respec-
tively; t(92)= 2.728, p = 0.008). For satisfaction, scores
in the high-familiarity group were higher than in the5

low-familiarity group (mean = 3.4, SD= 0.92 and mean
= 2.9, SD= 0.97, respectively; t(92)= 2.570, p = 0.012).
Lastly, scores for self-efficacy were greater in the high-
familiarity group than in the low-familiarity group (mean =
3.64, SD= 0.83 and mean = 3.16, SD= 0.89, respectively;10

t(91)= 2.651, p = 0.01). For a complete reporting of these
results, refer to Table 3.

A similar trend in the results was observed for students
grouped by gaming familiarity. Our results indicate statis-
tically significant differences (using a combination of inde-15

pendent samples t tests and a Mann–Whitney test in the case
of non-normal distribution) for almost all of the metrics in
the general and learning experiences of students grouped
by low and high gaming familiarity. For representational
fidelity, scores of students belonging to the high-gaming-20

familiarity group were higher than those in the low-gaming-

familiarity group (median = 3.25 and median = 3, respec-
tively; U (Nlow = 47, Nhigh = 66) = 1167.500, z=−2.266,
p = 0.023). For immediacy of control, scores of students be-
longing to the high-gaming-familiarity group were higher 25

than in the low-gaming-familiarity group (median = 3.75
and median = 3, respectively; U (Nlow = 47, Nhigh = 66)
= 959.000, z=−3.467, p = 0.001). For perceived useful-
ness, scores of students belonging to the high-gaming-
familiarity group were higher than in the low-gaming- 30

familiarity group (mean= 3.42, SD= 0.74 and mean= 2.96,
SD= 0.8, respectively; t(111)= 2.483, p<0.05). For per-
ceived ease of use, scores of students belonging to the high-
gaming-familiarity group were higher than the low-gaming-
familiarity group (mean = 3.42, SD= 0.74 and mean = 35

2.95, SD= 0.8, respectively; t(110)= 3.459, p<0.01). For
control and active learning, scores of students belong-
ing to the high-gaming-familiarity group were higher than
the low-gaming-familiarity group (mean = 3.5, SD= 0.85
and mean = 3.12, SD= 0.9, respectively; t(111)= 2.253, 40

p<0.05). For perceived learning effectiveness, scores of
students belonging to the high-gaming-familiarity group
were higher than the low-gaming-familiarity group (median
= 3.43 and median = 3, respectively; U (Nlow = 47, Nhigh =

66) = 1147.000, z=−2.357, p = 0.018). For satisfaction, 45

scores of students belonging to the high-gaming-familiarity
group were higher than the low-gaming-familiarity group
(median = 3.42 and median= 3, respectively; U (Nlow = 47,
Nhigh = 66) = 1122.000, z=−2.504, p = 0.012). Lastly,
for self-efficacy, scores of students belonging to the high- 50

gaming-familiarity group were higher than the low-gaming-
familiarity group (mean = 3.55, SD= 0.78 and mean =
2.86, SD= 0.92, respectively; t(110)= 3.296, p<0.01). For
a complete reporting of these results, refer to Table 4.

With respect to gender, our results indicate that male stu- 55

dents (mean= 3.48, SD= 0.83) reported significantly higher
scores for self-efficacy than female students (mean = 3.12,
SD= 0.85), t(139)= 2.329, p<0.05). No other significant
differences for gender were shown to exist.

Finally, we were interested in investigating the possible in- 60

teractions between geographical software/gaming familiarity
and gender on the experience and learning metrics of partic-
ipants. Two-way ANOVAs were conducted for this inquiry
(see Table 5 for complete results) and revealed no statisti-
cally significant results. 65

Our results indicate that the individual differences among
students in light of their prior familiarity with navigating ge-
ographical software as well as their familiarity with gaming
has a pronounced effect on their experiences. The unveiled
trend indicates that higher familiarity with either geograph- 70

ical software or gaming leads to a significantly better expe-
rience with the SaD tool. Importantly, no effects of gender
or significant interactions between software/game familiarity
and gender on the experience and learning metrics of partic-
ipants were observed. 75
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Figure 4. The before and after examples of Map 1. (a) Students were initially given a blank map with space to fill in the explanation and
cross section. Students were expected to fill in field notes and interpretation of geologic events on a separate piece of paper. Panel (b) shows
a completed map and the accompanying cross section.

3.2 Qualitative analysis

The results from our qualitative analysis of the two open-
ended survey questions are reported in Tables 6 and 7 in
the following. With respect to the first open-ended question,
“How was your learning experience using this tool?”, almost5

18 % of participants reported that the tool was easy to use
whereas nearly 17 % reported that the tool was difficult to
use (Table 6); for example, two contrasting participant com-
ments are as follows: “it was easy to navigate” and “I felt
confused and overwhelmed on the program almost the entire10

time I was using it”. Related to useability, almost 11 % of par-
ticipants indicated that the controls for using the tool are not
intuitive; for example, a participant stated that “it was very
frustrating to try and rotate the compass to the right spot. . . ”.
Another 8 % indicated that the tool had a high and steep15

learning curve, with statements such as “firstly, I thought it
is hard but then I got used to it”. Furthermore, about 12.5 %
of participants had performance issues such as lagging and
crashing, with comments including “it was a little slow, as it
did not respond immediately to my inputs. . . ”.20

Importantly, a little over 15 % of participants reported that
the tool has increased their interest in learning the topic and
22 % reported that they perceived the tool as effective for
learning, whereas only 6 % reported that they did not per-
ceive the tool to be effective for learning. For example, two25

contrasting participant comments about the experience are as
follows: “. . . I felt like I was doing actual work. . . ” and “. . . I

think that an in-person experience would be more effective to
understand strike and dip. . . ”. Related to the latter example,
11 % of participants indicated that they would prefer the real 30

environment to the virtual for learning about this topic.
Finally, our results show that 49 % of the sampled popula-

tion had an overall positive impression of the tool, whereas
only 17 % and 13 % of participants reported an overall nega-
tive or overall mixed impression, respectively. Others did not 35

express clear inclination.
A chi-square test of independence revealed that partic-

ipants with low geographical software familiarity had a
much higher overall negative impression (29.5 %) compared
with those with a high geographical software familiarity 40

(2.85 %), χ2(1, N = 79) = 9.52, p<0.01. The post hoc test
with Bonferroni correction supported the fact that nega-
tive impressions are significantly more common for partic-
ipants in the low-geographical-software-familiarity category
(p<0.01). No other significant differences between the geo- 45

graphical software familiarity categories or game familiarity
categories were observed.

With respect to the second question, “How did your expe-
rience. . . change between. . . mapping activities?”, 62.5 % of
participants reported that their experience improved from the 50

first to the second mapping activity (Table 7). More than half
of those who reported an improvement to their experience ex-
plicitly mentioned that their experience was easier in the sec-
ond mapping activity because of practicing in the first map-

https://doi.org/10.5194/gc-5-1-2022 Geosci. Commun., 5, 1–20, 2022
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Table 3. Results of an independent samples t test comparing students grouped by software familiarity.

Metric Software familiarity N Mean SD P

Representational fidelity
Low 53 2.59 0.92

<0.001∗∗High 41 3.46 0.95
Total 94 2.97 1.02

Immediacy of control
Low 53 3.21 1.17

0.026∗High 41 3.7 0.89
Total 94 3.42 1.08

Perceived usefulness
Low 53 3.01 1.07

0.013∗High 41 3.56 1
Total 94 3.25 1.07

Perceived ease of use
Low 52 2.98 0.76

<0.001∗∗High 41 3.68 0.77
Total 93 3.29 0.84

Motivation
Low 53 2.87 0.88

0.3High 41 3 0.89
Total 94 2.93 0.88

Control and active learning
Low 53 3.2 0.97

0.1High 41 3.56 0.86
Total 94 3.36 0.94

Reflective thinking
Low 53 3 0.99

0.2High 41 3.33 0.84
Total 94 3.19 0.94

Perceived learning effectiveness
Low 53 2.95 0.95

0.008∗∗High 41 3.45 0.82
Total 94 3.17 0.93

Satisfaction
Low 53 2.9 0.97

0.012∗High 41 3.4 0.92
Total 94 3.12 0.97

Self-efficacy
Low 53 3.16 0.89

0.010∗High 40 3.64 0.83
Total 93 3.37 0.89

∗P<0.05. ∗∗P<0.001. Italic text denotes metrics with a non-normal distribution for which a Mann–Whitney test was also
used.

ping activity. About 20 % of participants reported that their
experience remained the same, and 18 % reported that their
experience worsened from the first to the second mapping
activity. From those who reported that their experience wors-
ened, 12.4 % stated that the second mapping activity was5

more difficult and almost 8 % stated that they experienced
more lag in the second mapping activity. A chi-square test of
independence revealed no significant differences between ge-
ographical software familiarity categories or gaming famil-
iarity categories and the codes. In summary, the qualitative10

analysis of the second question indicates that more exposure
to the SaD tool improves the overall experience for users, but
the fact that second activity is more demanding in terms of
required graphic power resulted in more performance issues.

4 Discussion and conclusions 15

Using the SaD tool, an entirely remote introductory field-
mapping exercise was successfully completed by students
during the COVID-19 pandemic. This field-mapping exer-
cise replicated exactly, in the digital world, the tasks the stu-
dents would have normally completed in an in-person lab: 20

measuring strike and dip of staged “outcrops”, using those
data to assemble a map, and interpreting the geologic his-
tory of that “region”. Using traditional aspects in a new way,
this environment not only taught students how to visualize
the orientation of strike and dip on a rock plane but also how 25

to correctly line up a compass using the RHR convention.
It also challenged students to conceptualize and infer over-
all geologic relationships using the measurements that they

Geosci. Commun., 5, 1–20, 2022 https://doi.org/10.5194/gc-5-1-2022
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Table 4. Results of an independent samples t test comparing students grouped by gaming familiarity.

Metric Gaming familiarity N Mean SD P

Representational fidelity
Low 47 2.69 1.06

0.023∗High 66 3.13 0.92
Total 113 2.95 1

Immediacy of control
Low 47 3 1.08

0.001∗∗High 66 3.7 0.86
Total 113 3.4 1

Perceived usefulness
Low 47 2.96 0.8

0.015∗High 66 3.42 0.74
Total 113 3.23 0.98

Perceived ease of use
Low 47 2.95 0.8

0.001∗∗High 65 3.42 0.74
Total 112 3.25 0.8

Motivation
Low 47 2.77 0.92

0.131High 66 3.03 0.81
Total 113 2.92 0.86

Control and active learning
Low 47 3.12 0.9

0.027∗High 66 3.5 0.85
Total 113 3.34 0.89

Reflective thinking
Low 47 2.93 1.1

0.05High 66 3.32 0.9
Total 113 3.15 1.01

Perceived learning effectiveness
Low 47 2.82 0.98

0.018∗High 66 3.27 0.88
Total 113 3.08 0.95

Satisfaction
Low 47 2.86 0.92

0.012∗High 66 3.28 0.89
Total 113 3.1 0.92

Self-efficacy
Low 47 3.01 0.91

0.001∗∗High 65 3.55 0.78
Total 112 3.32 0.88

∗P<0.05. ∗∗P<0.001. Italic text denotes metrics with a non-normal distribution for which a Mann–Whitney test was
also used.

took at each individual 3D outcrop model. From a teaching
perspective, the SaD tool also provides three distinct advan-
tages: (1) the time required to set up a staged beginner map-
ping area is conserved; due to the lower time requirements
of the method, (2) multiple mapping environments can be5

explored by the students (e.g., “practice” Map 1 followed by
“real” Map 2) with different levels of challenge (e.g., bumper
cubes vs. bumper rocks) available to facilitate individualized
learning; and (3) the bumper setting flagging incorrect mea-
surements provides the opportunity for self-correction. In a10

regular face-to-face introductory mapping lab, there is real-
istically only time to set up one staged mapping environment;
during the exercise, the instructor is also trying to assist indi-
vidual students with a wide range of issues from using their
left hand, to holding the compass upside down, to having15

made and mapped several incorrect measurements without
realizing their error. Therefore, SaD dramatically increased
efficient instruction through error flagging alone.

Both quantitative and qualitative results suggest that the
students generally reacted positively to the SaD tool. Further, 20

qualitative results suggest that SaD was an effective learn-
ing instrument for the mapping exercise, as participants re-
ported an increase in understanding of strike and dip from
Map 1 to Map 2. These findings are in agreement with those
from the earlier pilot study (n= 11) using the same software 25

(Bursztyn et al., 2021) and suggest that SaD can be consid-
ered an effective learning instrument. The quantitative results
indicate that students familiar with other geographical soft-
ware or gaming software had a much better experience in
light of representational fidelity, immediacy of control, per- 30
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Table 6. Qualitative analysis results for the open-ended learning experience question.

Code Example
Cohen’s % of % of % of % of % of
kappa total H-SF L-SF H-GF L-GF

Easy to use “. . . It was fun and easy to use all around. . . ” 0.838 17.85 22.85 11.36 21.05 12.82

Difficult to use “I felt confused and overwhelmed on the
program almost the entire time I was using it”

0.968 16.96 5.70 27.27 14.03 17.94

Controls not
intuitive

“. . . I struggled with getting everything in
place each time and it was hard to fix my dip
if I got that wrong. . . ”

0.799 10.71 8.57 13.63 10.52 10.25

Performance
issues

“. . . It was a little slow, as it did not respond
immediately to my inputs. . . ”

1.000 12.50 11.42 20.45 17.54 5.12

Caused high levels
of interest

“. . . I feel like I actually understand what a
strike and dip measurement is. . . ”

0.184 15.17 17.14 9.00 15.78 7.69

Steep learning
curve

“Initially I didn’t know how to use it, so it was
frustrating, but I looked at the short tutorial
and it made it a lot easier”

0.936 8.03 5.71 6.81 8.77 5.12

Prefer the real
environment

“. . . I prefer doing things in real life, than
virtual. . . ”

0.874 11.60 11.42 15.90 15.78 10.25

Perceived as
effective for
learning

“. . . I felt like I was doing actual work. . . ” 0.858 22.32 34.28 15.90 26.30 20.51

Perceived as
not effective
for learning

“. . . was not effective in learning because I
was only able to see one strike dip at a time
and could not figure out how they related to
each other spacially [sic]. . . ”

0.918 6.25 2.85 6.81 0.00 10.25

Overall
impression
positive

“I feel like this helped me visualize and
understand strike and dip and geologic
mapping much better than before”

0.911 49.10 57.14 43.18 50.87 51.28

Overall
impression
negative

“. . . I don’t like this class to begin with, and
I this activity did not make me like this class
any more than before. . . ”

0.934 16.96 2.85 29.50 14.03 20.51

Overall
impression mixed

“It was cool but frustrating” 0.769 13.39 14.30 15.90 17.50 5.12

H-SF: high software familiarity; L-SF: low software familiarity; H-GF: high gaming familiarity; L-GF: low gaming familiarity.

ceived usefulness, perceived ease of use, control and active
learning, perceived learning effectiveness, satisfaction, and
self-efficacy compared with those who were unfamiliar. This
is important, as it suggests that introducing students to virtual
learning environments more frequently will have positive ef-5

fects on their learning experience.
Although the results of the qualitative analysis are valu-

able on their own, when considering the prior individual ex-
periences of users in relation to their open-ended feedback,
interesting themes emerge. When comparing participants in10

the high-geographical-software-familiarity group to those in
the low-geographical-software-familiarity group, we see that
those in the high-familiarity group perceived the tool to be
much easier to use and the controls to be more intuitive. Sim-

ilarly, participants in the high-familiarity group experienced 15

less performance issues and had a less steep learning curve. It
was also the case that participants in this group had a lower
tendency to claim preference for the real environment over
the virtual one, and these participants determined the tool to
be effective for learning at much higher rates than those in 20

the low-familiarity group. The high-geographical-software-
familiarity group reported a much higher overall positive im-
pression and a much lower overall negative impression of
the tool. Finally, a very similar trend is seen when compar-
ing participants of high and low gaming familiarity. Apart 25

from performance issues and the learning curve, in almost all
the other metrics, participants in the high-gaming-familiarity
group reported a much better experience than those in the
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Table 7. Qualitative analysis results for the open-ended experience change across activities question.

Code Example Cohen’s % of % of % of % of % of
kappa total H-SF L-SF H-GF L-GF

Improved “. . . In the second activity I was more used to
it and it was easier to take the
measurements. . . ”

0.911 62.5 68.1 64.2 66.6 66.6

“It became easier for me to use the strike and
dip technique”

Worsened “. . . The second map was harder because
some of them didn’t have strike or dip”

0.845 18 13.6 10.7 13.8 14.8

“. . . The second map ended up lagging and
ran slower and slower the longer I used it”

Same “. . . I noticed no major changes between
mapping activities. . . ”

0.916 20.83 18.1 28.5 19.4 22.2

“It was a poor experience both times. . . ”

low-gaming-familiarity group. The qualitative results align
with the quantitative results, which further strengthens the
conclusion that students with higher geographical software
familiarity and, to some degree, gaming familiarity gained
more both cognitively and psychologically from their SaD5

experience. Our results corroborate observations made in
other experiments evaluating the importance and impact of
prior familiarity with similar software on the experiences and
performance of learners in virtual environments (Bagher et
al., 2021). Importantly, the absence of effects of gender on10

the participants’ experience and learning metrics suggests an
equitable learning experience across gender demographics.

To further explore some of the feedback received through
the open-ended questions, we address comments geared to-
wards issues with usability, fidelity to real-world environ-15

ments, and limitations with software.

4.1 Usability and fidelity to learning mapping in the real
world

Notably, most of the negative comments with the SaD tool
are with regard to lag and frustration of becoming familiar20

with the settings and controls (Tables 5, 6) and not the some-
times confusing aspect of taking and interpreting strike and
dip measurements. Within this lab, the 3D virtual outcrops
presented had easy-to-determine strike planes. Because the
RHR convention was represented with a digital right hand25

that could be manipulated, users could easily determine dip
direction and, therefore, the angle. Furthermore, because par-
ticipants were using the tool with the beginner bumper set-
ting, they were alerted to any incorrect measurements instan-
taneously.30

In the field, without a perfectly staged 3D outcrop, it is
sometimes difficult to determine the true strike of a lithologic
unit; therefore, it is easy to accidentally measure an apparent
plane instead of a true one. Although no “lag time” is asso-
ciated with field mapping (except perhaps prolonged snack 35

breaks), good, easily determinable strike and dip outcrops
are not always abundant. This forces introductory students to
learn and practice strike and dip on outcrops that are overly
complicated for new learners. For example, Appalachian
State University students must travel 1–2 h each way to the 40

Valley and Ridge Province where they learn how to map
in “sedimentary” units that are, in reality, slightly metamor-
phosed metasedimentary rocks which sometimes have slight
foliation or crystallization. Furthermore, the region is heavily
deformed with outcrop–regional sized folds and faults. Find- 45

ing appropriate outcrops for introductory students is difficult,
and those that are found are on steep terrain and, therefore,
not wholly accessible.

Interestingly enough, most of the comments made about
the reactiveness of the controls are variations of comments 50

heard as an instructor from students in the field. For exam-
ple, “Initially I didn’t know how to use it, so it was frus-
trating. . . .” and “. . . At first it was a bit overwhelming, but
with some instruction it became much easier and quicker to
use. . . ”. This is a common comment from students at the 55

end of the semester in a field methods course. Another com-
ment, “It was very frustrating to try and rotate the compass to
the right spot. . . ” or “. . . I struggled with getting everything
in place each time. . . ”, is a staple in regards to placing the
compass when students first get into the field. The comment 60

regarding only seeing one strike and dip measurement at a
time (“. . . was not effective in learning because I was only
able to see one strike dip at a time and could not figure out
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how they related to each other spacially [sic]. . . ”) is also not
an uncommon struggle in the field. Most places do not have
kilometer-long outcrops in which to visualize the structures
of the whole area. One must actively map each individual
strike and dip measurement one at a time, only interpreting5

the structures once there are enough points across the map
to put together the geologic story. Similarly, SaD users may
also view their “map” with the World Map feature (Fig. 2c)
and visualize the region in its entirety. Lastly, the comment
“I felt confused and overwhelmed on the program almost the10

entire time I was using it” is so common in the field that many
instructors address this as a known occurrence, and the state-
ment is frequently countered with some version of “You may
be lost the majority of the time, the key is to recognize when
you are “found” and to fill in the gaps.”15

Despite the participants in this study having never actu-
ally mapped geology before, let alone in a real-world envi-
ronment, there were several confident comments that in per-
son experience would be more effective for learning and al-
leviating confusion than the SaD tool. These comments are20

difficult to address with their “the grass is always greener”
perspective. This type of perspective was seen in a study by
Stumpf et al. (2008), who found that students exposed to an
in-person only field trip claimed preference for the virtual
version whereas students in the virtual field trip group de-25

creed the opposite.
The thought that nothing can compare with a real-world

field trip is predominant among some geologists, but it is one
that is exclusive and unimaginative. With the development
of realistic virtual desktop environments, iVR experiences,30

and platforms like Sketchfab and Open Topography, along
with public access to texture and material designers like Sub-
stance by Adobe, it is becoming more possible and perti-
nent to develop virtual environments that mimic real-world
structures and, therefore, to advance their value for replicat-35

ing place- or discovery-based learning (e.g., O’Connor and
Domingo, 2017; Atit et al., 2020; Nesbit et al., 2020; Parong
and Mayer, 2020; Riquelme et al., 2020; Wu et al., 2020).
With iVR, users can even navigate through and interact with
virtual environments in a very realistic way, which we sug-40

gest is also valuable in discovery-based learning (e.g., Liu et
al., 2020; Parong and Mayer, 2020; Wu et al., 2020; Métois
et al., 2021).

The results of this study point to a mix of positive evalua-
tion and room for improvements of the SaD tool. Considering45

that SaD is still evolving, it is expected to receive comments
related to usability issues from the participants. Such com-
ments can help us better identify the shortcomings of this
tool and plan for future improvements. It is important to em-
phasize that our results also indicate that a high number of50

participants perceived the tool as useful for their learning,
and the overall impression of the tool is positive.

4.2 Limitations and future work

4.2.1 Procedural limitations

For this study, SaD was used in a single lab session follow- 55

ing an earlier workbook-style mapping exercise. Although
all students were assigned the earlier mapping exercise, only
those who completed it had it returned and available for their
reference during the subsequent SaD lab activity. Further-
more, it is unclear how many students, if any, referred back 60

to this exercise for reminders or guidance during the SaD ex-
ercise. Because the SaD lab was administered during a sin-
gle lab session, Map 1 (the practice map) was made optional
to alleviate the pressure of potential time constraints. Con-
sequently, not all students completed the practice map prior 65

to the main assignment (Map 2). The small-scale pilot study
(Bursztyn et al., 2021) built in two work and submission ses-
sions to the exercise with instructor feedback following the
first “practice” mapping activity. We were unable to follow
this procedure due to curriculum scheduling complications 70

for the present study, and this limitation resulted in students
either opting to not complete the first mapping exercise or
completing both with the pressure of time constraints.

Within the dVR experience itself, participants were lim-
ited to using the SaD tool restricted to the beginner bumper 75

cubes setting. With bumper cubes, incorrect measurements
are flagged; however, students do not know why they are
wrong or how to correct themselves. It will be important to
develop the SaD tool to include adaptive interventions such
as individualized embedded hints and mapping guidance that 80

would facilitate the learning experience of beginner mappers
using the bumper settings. In VR environments, it is feasible
to implement adaptive learning strategies, such as adaptive
interventions, hints, and feedback (Peirce and Wade, 2010;
Zaharias et al., 2012), in addition to more dynamic strate- 85

gies in the form of difficulty and learning content adjustments
within the learning experience (Hocine et al., 2014; Streicher
and Smeddinck, 2016). Such strategies can support person-
alized experiences for learners exhibiting different levels of
abilities and competencies in relation to the learning experi- 90

ence. In the case of our bumper settings, adaptive interven-
tions might provide feedback on the nature of the error the
user has made. It will also be important to study the effect of
including such adaptive interventions into the learning envi-
ronment, both on student learning and on user experience. 95

Finally, from an individual differences perspective, the ex-
clusion of ethnicity from the participant questionnaire survey
was an oversight not realized until too late in the procedure
to be corrected. Critically examining individual differences
in the context of the learning experience will continue to be 100

of utmost importance moving forward. Furthermore, in this
study, we did not collect the scores from the student work.
Individual differences are not only important to consider for
the useability of the instrument, but they are also critical to
examine the effect that the tool has on student learning. 105
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4.2.2 Technical limitations

Several students experienced technical difficulties including
their computers crashing, the SaD tool lagging, and diffi-
culty maneuvering within the virtual environment. Between
the pilot study (Bursztyn et al., 2021) and this study, we5

tried to address the lagging concern, knowing that many stu-
dents would not have access to gaming computers with high-
powered video cards. Visual lag can be reduced by minimiz-
ing the complexity of the 3D rock models through reducing
the number of polygons for each 3D model. However, the10

trade-off in this regard is that the 3D models with reduced
polygons will at some point become no longer recognizable
as particular rock types. We have since been exploring other
avenues such as applying detailed texture maps over simpli-
fied geometries. Through the use of programs such as Adobe15

Substance, highly detailed textures can be created that give
the appearance of complex 3D geometry, many of which are
digital twins for diagnostic rock textures. These textures can
then be applied to 3D models with simple geometry (such
as cubes) while retaining the visual appearance and detail of20

highly complex 3D models but without creating lag.

5 Outlook: advancing inclusivity, accessibility, and
realism

Beyond the students’ technical difficulties, we also recognize
that the interaction fidelity of maneuvering in a 2D dVR en-25

vironment representing a complex 3D natural environment is
limited. Navigation within such an environment is complex
and requires training (key combinations, mouse and/or track-
pad to maneuver and position the compass vs. walking up to a
surface and using one’s hands). On the other hand, it has been30

shown that virtual environments, especially developed for
web-based distribution and mobile devices, can remove bar-
riers to accessibility and create a culture of inclusion in geo-
science classrooms (O’Sullivan and Kearney, 2018; Chenrai
and Jitmahantakul, 2019). In recent years, field experiences35

have been critically looked at from different perspectives. To
name some of the prominent challenges: field trips pose trou-
bling accessibility issues excluding students with disabilities
but also students who cannot afford to participate due to time
or financial constraints. Field work is further challenged by40

an increasing awareness of harassment that is happening in
the field, which is often targeting women and minority stu-
dents and faculty who do not conform to the stereotypical
mainstream conceptions of fieldwork, that is, it is a white,
male-dominated domain. Marín-Spiotta et al. (2020) call out45

this issue, comparing it to the “Vegas Rule”, criticizing the
understanding that “what happens in the field, stays in the
field”. For the diversity of students who self-select out of
geoscience programs to avoid the physical and/or emotional
burden of required field-mapping experiences, the promise50

of virtual mapping with digital twin environments such as

provided by SaD may provide a solution that facilitates their
access, safety, and also retention.

In light of the new openness to virtual experiences, it is
essential to critically look at the opportunities (i.e., breaking 55

down long-standing barriers of accessibility and inclusion)
and challenges that remote learning offers to Earth educa-
tors. To establish remote learning opportunities as alterna-
tive pathways in geoscience education, we need tools as well
as empirical studies that critically examine the opportunities, 60

the challenges, and the feasibility of virtual learning experi-
ences. Many studies remain anecdotal (e.g., Marshall et al.,
2021), but it is time to establish research frameworks and to
connect place-based education with established assessments
and practices in virtual and immersive learning (Klippel et 65

al., 2020b; Petersen et al., 2020). Immersive virtual real-
ity (iVR) is inherently a 3D, spatial medium (Maceachren
and Brewer, 2004) and, therefore, offers a natural interface
to all representations of data that, too, are 3D in nature.

The COVID-19 pandemic has imposed an increased need 70

for remote and online education. The infrastructure, however,
to equip every student with a headset to experience iVR was
not in place, nor would it have been feasible with rapid imple-
mentation of massive remote learning and abiding by phys-
ical distancing restrictions. Although our research goals are 75

ultimately to address the advancement of the science of im-
mersive experiences, there are still technological constraints
which we addressed by seizing the opportunity to conduct
an exploratory study with a web-based desktop virtual en-
vironment. We believe that with immersive VR technology 80

becoming widely accessible, we can achieve both accessibil-
ity and natural interactivity. Immersive VR offers 3D-in-3D
interfaces which are ideal for representing the 3D data of ge-
ological structures as well as realizing the 3D interactions
of measuring them (e.g., positioning a compass on a planar 85

surface). The iVR interface of SaD has been developed this
spring, and we intend to leverage this version of the tool to
evaluate place-based learning and 3D interactions within that
environment in the coming fall semester.

Research on virtual learning environments has shown that 90

the immersive, interactive, and 3D nature of iVR can poten-
tially reduce the performance gap between students with high
and low spatial abilities (Simpson et al., 2017; Lages and
Bowman, 2018), which have been shown critical for STEM
education (Newcombe, 2010). Immersive 3D visualizations 95

can demonstrate the extent of landscapes and geological fea-
tures in a form that is beneficial for students to develop spa-
tial thinking, as they closely mirror everyday perceptual ex-
perience (Simpson, 2020). This mirroring capability is im-
portant in the context of the current study where students 100

expressed preference for a more real-world experience. In
addition, current iVR technology allows for the integration
of high-fidelity perceptual information (e.g., position, orien-
tation, shape, size, or motion) and additional abstract infor-
mation (e.g., video, graphs, and text) into a single virtual 105

environment, which would enable the teaching of complex
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geological concepts through understandable visual demon-
strations (Bowman et al., 2003). Such explicit graphical pre-
sentations might act as a “cognitive prosthetic” for students
with lower spatial ability (Mayer and Sims, 1994; Höffler
and Leutner, 2011; Jamieson et al., 2014; Zhao et al., 2020);5

that is, low-ability learners could gain a particular benefit
from accessing an information-rich iVR environment, as they
have difficulty mentally constructing their own representa-
tion when learning about geological features and processes
from the textbook or a traditional field trip alone. This is also10

important for the present study, as it has been shown that low-
spatial-ability learners can benefit more from a desktop VR
application in comparison with high-spatial-ability learners
(Lee et al., 2009). Future empirical evaluations of SaD com-
paring immersive vs. non-immersive instances will include a15

stronger focus on spatial abilities.
The SaD tool continues to be developed and evolve with

each iteration into becoming a more realistic digital twin for
teaching field geology technique. The next steps for this tool
are mapped out and are focused on creating 3D models that20

mirror real-world lithologic features (including, but not lim-
ited to, individual sand grains, identifiable fossils, foliation,
and crystalline textures). As a community, we are ever closer
to creating complete, realistic virtual environments for an in-
clusive and accessible geology field class with world-class25

“outcrops” that mimic those one sees in the classic geology
field camps and trips hosted in the western United States.
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https://sites.psu.edu/virtualfieldtrips/strike-and-dip/ (last access: 29
January 2022) (Masters et al., 2020). Additionally, a devel-30
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