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Abstract. Fractional crystallization and mineralogy are foundational yet challenging topics in undergraduate geoscience
education. The M&M’s® magma chamber lab is a widely used hands-on activity to illustrate these concepts, but students often
focus on procedural tasks over conceptual understanding. To address this, Magma Pop, a serious educational game, was
developed for a third-year volcanology course at the University of Canterbury, New Zealand. The game reinforces key concepts
such as mineral formulae, the role of fractional crystallization, and the relationship between temperature and magma
composition through interactive, visual gameplay. In this paper, we document the iterative development of Magma Pop and
aim to emphasize the role of games in advancing geoscience pedagogy and highlight how Magma Pop can be used in a

geoscience curriculum.

1 Introduction: Purposes and Learning Goalsl

Geoscience education at tertiary level traditionally teaches in a format of lectures, hands on practical laboratories, and
fieldwork (e.g. Dohaney et al., 2012). Volcanology and igneous petrology lecturers need increasingly more diverse pedagogies
to embrace teaching computational skills and utilise virtual environments (e.g. Jolley et al., 2023; Dohaney et al.,2023). Game-
based learning is becoming increasingly prevalent in higher education as it fosters critical thinking and creative problem-
solving and ensures cognitive development and social learning (Kleinman et al., 2021; Pivec, 2007). Educational or serious
games are interactive digital applications that go beyond entertainment and incorporate educational, informational, or training

objectives as the goal of the game (Laamarti, Mohamad and Abdulmotaleb, 2014).

Locally situated serious games are handy for understanding geological processes (such as earthquakes, volcanic
eruptions) as they enable learners to understand complex topics and decision-making that can translate into real-world
preparedness (Arnold et al., 2013; Mani et al., 2016). For example, the serious game St. Vincent's Volcano aims to enable
people of all ages to recognize the signs of an eruption and what to do if such situations arise in the Caribbean Island of St.
Vincent (Mani et al., 2016). Another game, Earth Girl Volcano (Kerlow et al., 2020), targets regions around the Ring of Fire,

such as the Philippines, Indonesia, and Vanuatu. Earth Girl volcano allows players to prepare for emergency evacuations and
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respond during volcanic hazards, providing a platform for informal learning about volcanic risk, disaster management, and
preparedness. Games based in places of volcanic activity can simulate elements of decision-making and provide insights into
understanding potential risks. The use of serious games as a pedagogical tool builds on this momentum, however, their use is
relatively new in geoscience education (e.g. McGowan and Alcott 2022) and their potential is just beginning to be explored

for a range of concepts and topics.

Fractional crystallization and mineral chemistry are foundational concepts in geoscience degree programs but remain
challenging for all students to grasp (Wirth, 2003). Minerals with specific chemical compositions crystallize from magma to
form igneous rocks over a range of temperatures in a sequence that is known as the Bowen’s Reaction Series. As the minerals
sequentially crystallize within a cooling magma chamber, the remaining melt changes chemical composition, a process known
as fractional crystallization. Students often struggle to fully understand Bowen’s Reaction Series and fractional crystallization
process (Wirth, 2003). To overcome this, Karl Wirth designed the M&M’s® magma chamber lab activity at Macalester
College to provide students with a hands-on activity to aid with the understanding of the fractional crystallization process. By
the end of the M&M’s® lab, students are expected to explain how the chemistry of minerals and remaining melt changes as
crystallization proceeds (i.e., as the magma chamber cools). In the context of this paper, the M&M’s® lab is part of an
intermediate-level undergraduate course on volcanology and magmatic systems at the University of Canterbury in New
Zealand. In this course, students examine the nature, origin, and interpretation of igneous rocks and mineral assemblages and

the magmatic processes that have produced these materials.

During the M&M’s® lab students work in groups and calculate changes in the chemistry of the minerals being
removed and the remaining melt that occur as the magma gradually cools over time using different coloured M&M’s® (Wirth,
2013). Major elements in the magma are generally expressed as oxides and each major element (silicon (Si), titanium (Ti),
aluminium (Al), iron (Fe), magnesium (Mg), calcium (Ca), sodium (Na) potassium (K)) is represented by different coloured
M&M’s®. During the lab exercise, students model the process of crystallizing a magma chamber in a series of steps, simulating
changes in the chemistry of the minerals removed and the remaining liquid that occur as the magma gradually cools and
solidifies over time. However, over the years, the course instructors noticed that students become too focused on filling in the
excel spreadsheet and counting M&M’s® rather than grappling with the conceptual aspects and implications of fractional
crystallization. Therefore, Magma Pop was developed to keep track of the major element oxide percentages and reinforce the

conceptual and knowledge goals of the M&M’s® magma chamber lab using a serious game.

Magma Pop was thus created with the intention of supporting the hands-on M&M’s® lab and providing students with
the ability to visualize fractional crystallization concepts and practice mineral formulae. Magma Pop aims to improve students’
(1) knowledge of mineral formula, (2) understanding of the role of fractional crystallization in generating igneous rock
compositions, and (3) understanding of the interplay between temperature and composition of solid solution minerals,
crystallization, and residual magmas. The game also reduces the cognitive load of counting M&M’s® and filling in the

spreadsheet (Schnotz & Kiirschner, 2007). .
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2 Resource and Implementation: Game Description Magma Pop v.1

Magma Pop requires no prior experience and can be played on a PC with a mouse. The first two levels of Magma Pop are
designed to re-enforce the learning of mineral formulae by repetition. The first level of Magma Pop v.1 is called “The Magma
Neophyte” (Fig. 1.) and has three sublevels. In this level, students practice different mineral formulae by generating specific
minerals at each sublevel (forsterite, fayalite and diopside at level 1-1; anorthite, albite, diopside at level 1-2 and quartz,

ilmenite and magnetite at level 1-3).

Q Magma Pop = X

K g The Magma Neophyte *

The Magma Dealer i

(e e e The Magma Magnate e v s

Figure 1: Home screen of Magma Pop v.1 which shows the three levels—the Magma Neophyte, the Magma Dealer and the Magma
Magnate.

The gameplay screen (Fig. 2.) represents a magma chamber filled with various elements (ions), Si, Ti, Al, Fe, Mg,
Ca, Na and K like in the M&M’s® lab, and additionally oxygen (O) to be able to complete the formulae. To create particular
minerals, players must select the specific ions in its chemical formula. For example, to make the mineral forsterite, players
must select two Mg, one Si and four O ions. After the mineral is successfully created it sinks to the bottom of the magma
chamber simulating the process of gravitational settling. The minerals to be collected for each level are listed in an objective
panel (on the bottom left corner of the gameplay screen) and the mineral formulae are available on the formula panel (at the

bottom right corner of the gameplay screen; see Fig 2).



MElements commonly present in the )
Bmagma represented as ions such as Si,

Al, Ca, Fe, K, O in the magma chamber.
0 U H Al :

Objective panel listing Formula
various minerals that

[Otivine]

WIEROTEE players must collect { / Mg, Si 0,

Ooutof5 ( § For §1 0,
0

m ' (L
Ca Mg Si; 0,

[Plagiociasa]

Ooutof5 \ J Ca Al, §i, 0,

Home button, that takes players back to the main screen; [} ¢
f X Star button toggles the level’s objectives Panel on or off e

ODo o (A )

Figure 2: The magma neophyte screen where players have to collect specific number of minerals by combining the
85 different constituent elements (ions) that are present within the magma chamber. The formula panel on the right helps
players with the mineral formula. The various text boxes highlight the features of the game screen.

Every time a level is loaded, the magma chamber receives a fresh set of 200 element (ions) that are generated based
on the level design. Each level has three green icons located at the bottom of the screen (Fig 2). The Home button (on the left
bottom corner of the screen) takes players back to the Level Select screen. The Formula button on the right (i.e., button with

90 with hexagons) shows the list of mineral formulae that players are required to create during gameplay. Players can then
scroll through this list to look up the mineral formula that needs to be made (as listed in the objective window located on the
bottom left side of the gameplay screen). The Star button on the left toggles the level’s Objectives Panel on or off. When
players collect all the minerals that are listed in the Objectives Panel, the panel turns green, and players can proceed to the

next level. Upon completion of the three sublevels, Level 2 of the game, called “The Magma Dealer” is unlocked (Fig 1).
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Figure 3. Magma Dealer (Level 2) of Magma Pop v.1.

The Magma Dealer level differs from the Magma Neophyte in that there is a temperature panel and the objectives
keep changing as the temperature drops (i.e., an increasing number of minerals need to be crystallized). This leads to the
increasingly rapid nature of the game play (as described by the students, see Section 4.2, Challenges with Pacing and Cognitive
Load). In this level oxygen is ignored and players are required to combine only the right constituent cations (i.e. Si, Ti, Al
etc.) to form the minerals listed in the objective panel. In addition, the element gold (Au) and compound water (H,O) are added
to the constituents of the magma chamber to emphasize the behaviour of “incompatible elements” during fractional
crystallization. Au and H>O are not used in any crystallizing mineral—i.e. they remain incompatible during the fractional
crystallization. As crystallization advances, the concentrations of Au and H-O in the remaining melt become increasingly high,
ultimately enriching late-stage melts or fluids. In this way, Au acts as an analogue for ore-forming trace elements that can
reach economically significant concentrations in evolved magmas, while H,O exemplifies volatile enrichment in evolved
magmas, affecting melt viscosity, mineral stability, and promoting more explosive eruptive behavior. In Figure 3, we note that
when the temperature bar on the right side is at 1376°C, the objective (for stage 1) is to crystallize forsterite and more minerals
are added to the objective panel as the temperature continues to drop. The Objectives panel on the bottom left shows the
minerals that need to be created by matching different ions. Players can look up the mineral formulae by scrolling through the
Formula panel at the bottom right corner of the screen. Once ions have been matched correctly, the specific mineral is formed.

Importantly for learning compositional changes, a panel box at the bottom right corner shows the changing concentration of
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the magma chamber because of the crystallization process (Fig. 3). In this level, the mineral formula list is no longer available,
and players are required to remember them to make progress while keeping pace with the changing temperatures.

3 Methodology: Evaluation & Research objectives

This research focused on the use of a serious game, Magma Pop, in undergraduate geology classrooms. The research

specifically aims to-

(a) Document the iterative process of game development in designing Magma Pop, highlighting how feedback and revisions
shaped the final product;

(b) Outline specific geoscience concepts and cognitive skills that Magma Pop can enhance in undergraduate geology
classrooms—particularly mechanistic understanding of fractional crystallization, meaningful application of Bowen’s
Reaction Series, and improved recall of mineral formulae; and

(c) Explore how Magma Pop enhances or reinforces learning when used alongside the original hands-on M&M’s® fractional

crystallization lab.

3.1 Lab context

M&M’s® fractional crystallization lab and Magma Pop playtesting: This hands-on activity uses color-coded
M&M’s® candies—or a digital equivalent—to simulate magmatic differentiation by fractional crystallization. Students
physically remove “crystals” in iterative steps, collect data on changing melt composition, and analyze trends using Excel and
chemical plots. The exercise combines conceptual understanding of Bowen’s Reaction Series and geochemical evolution with

practical skills in data analysis, visualization, and mineral classification.

We play-tested Magma Pop v.1 at the University of Canterbury in July 2020 after they had completed the hands-on
M&M’s® lab on fractional crystallization. Ethical approval was obtained from the Human Ethics Committee at the University
of Canterbury prior to conducting this study. The playtest was announced through multiple channels, such as lectures prior to
lab sessions, prior lab sessions and on the university’s learning management platform. The information sheets and consent
forms were handed out to the students prior to the lab sessions and collected prior to the playtesting. Both play-test sessions
took place in a computer room normally used for regular computer lab sessions with approximately 25 students and three
teachers in the room. This evaluation of Magma Pop v.1 involved two different areas, i.e., user experience with the game, and
its efficacy as a learning tool. In this paper, we describe the efficacy of Magma Pop as a learning tool. Prior to the playtesting
in the geology classroom, we also conducted a feedback session with 10—12 volcanology experts to identify potential bugs in

the game and see if there were any glitches that affected gameplay.
3.2 Methods and Data collection

Magma Pop was pre-installed on lab computers, and before the lab sessions, participants were also asked to fill out a

multiple-choice concept question on fractional crystallization. The game was then explained to the class, and students were
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asked to play the game on the computers for 30 minutes during which researchers evaluated the user experience with the game
(reported in Hoermann et al., 2022). To support evaluation of the user experience with the game, four researchers observed the
gameplay while students played Magma Pop and took notes on bugs encountered, or the questions that the students had while
navigating the game play screen. Prior to the playtesting session, students had completed the traditional M&M’s® lab using
coloured M&Ms to calculate the process of fractional crystallization. We also asked the students to fill out the multiple-choice
concept question before and after the play-testing session to understand if Magma Pop was meeting its intended learning goals.

The concept question had six possible correct statements and one incorrect statement (Table 1).

Multiple-choice question

When K-feldspar is crystallizing

a. the amount of SiO» increases in the melt

b. the likelihood of an eruption increases

c. valuable mineralization is likely

d. the temperature interval should be 1000-1050 °C

e. the amount of K in the crystals (cumulate) increases
f

the amount of Al in the melt increases.

g. Kin the melt is increasing/decreasing (circle the correct one)

Table 1: Concept question which has six possible correct statements and one incorrect statement administered to students after

completion of the M&M’s® lab (before playing Magma Pop) and after they played Magma Pop.
p playing Mag P y play g p

To further understand how the game was received by the students we conducted five focus group sessions. In total,
27 students participated in these sessions to discuss their experience of using Magma Pop and the discussions were guided by

the following discussion questions:

e How did Magma Pop allow you to use geology concepts?

e  What were the challenging aspects of Magma Pop? Did this challenge or other challenges lead to learning?
¢ Did you learn any new geology concepts while playing Magma Pop?

e Did Magma Pop affect your understanding of the M&M’s® Magma Chamber lab?

e  What were some aspects of game design that worked well/didn’t work well.
4. Findings

4.1 Evaluations through the concept question

The concept question (Table 1) was a multiple-choice question with six possible correct statements and one incorrect
statement. Of the seven statements, option (g), highlighting the behavior of K in the melt when K-feldspar is crystallizing, can

demonstrate a higher level of understanding in students. In total, 41 students returned the completed concept question after



completion of the M&M’s® lab (before playing Magma Pop) and after playing Magma Pop. Findings from the concept
question (summarized in Fig. 4) indicate that there was no increase in conceptual learning after using Magma Pop and/or our

survey design instrument was not an appropriate way to assess this.
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Figure 4: Responses to the multiple-choice concept question.
4.2 Evaluation through Focus group
175 During the focus group sessions, students shared a range of responses that highlighted both the strengths and areas

for development in the Magma Pop game. Several clear themes emerged from their feedback, reflecting on the pedagogical
potential and experiential challenges of the game. These themes are described below along with some student quotes that

support them.

180 Learning Through Visual and Interactive Representation: One of the most prominent findings was that students found
Magma Pop to be a compelling and visually effective tool for learning about melt composition and crystallization processes.
Participants consistently remarked on the clarity of the game’s visual metaphor, such as how “the crystals drop to the bottom
once they crystallize,” which served as “a good visual representation of the melt changing in composition.” The interactive
nature of the game helped reinforce learning, with one participant noting, “I felt like it really, if I kept playing it, I would get

185 to remembering more formulas than I had differently.”
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Enhancing Learning Through Multimodal Design in Magma Pop: Magma Pop can support multiple learning modalities,
enriching player comprehension by layering visual, verbal, and interactive cues. One group emphasized the desire for the game
to be “brighter” or include “a pop-up, sort of explaining more of the calculation side of things” highlighting the need for
combined visual and verbal cues to make the content more accessible. Another participant suggested that “a character that
says, oh, this is what happens next” would make the experience feel “more personal”, moving beyond static instruction boxes
and fostering deeper learner connection. The game’s vivid visuals and bright design can draw players’ attention, while optional
explanatory pop-ups articulate the calculation logic in clear language. Adding a character who narrates “this is what happens

next” transforms passive instruction boxes into personal, spoken guidance, enhancing engagement.

Enhancing Reflection and Learning Retention: Several students proposed that Magma Pop could be improved by
incorporating reflective moments throughout gameplay. One suggestion included using prompts between different phases of
the gameplay: “a pop-up that comes up and asks you to drag and drop the formulas in a multi-choice thing for each of the
minerals to confirm learning from the previous round rather than, you know, the student who’s just been sitting there on the

cheat sheet.” This type of intervention can consolidate learning and reduce passive gameplay.

Challenges with Pacing and Cognitive Load: While the fast pace of the game added excitement, many participants reported
difficulties in processing information due to rapid progression through levels. One student explained, “I was going too fast
when you get to level three... and you didn’t have time to finish that stage completely.” Others echoed this sentiment, describing
that in the timed levels, “you didn’t really have time to think about anything,” which detracted from their ability to engage
with the educational content, including important features like the “composition sort of chart down in the bottom corner” which

went largely unnoticed.

Suggestions for Gameplay Improvements: During these focus groups, students offered practical suggestions to improve both
user experience and learning outcomes. Many emphasized the need for the mineral formula panel to remain visible throughout
gameplay, and for better guidance in early levels. For instance, one student remarked, “it might also be nice to know that, in
the second level, you’re not going to get the formulas,” which can prompt players to review earlier content more thoroughly.
Additionally, incorporating differentiated visuals—such as representing ions or crystals with “different sizes”—and adding

characters to personalize the game were recurrent themes.

5. Iterative game development and Magma Pop v.2 and v.3

Considering the lack of intended conceptual learning gains (Fig. 5.) and the feedback from the focus group sessions
described above, there were improvements needed if the game was to achieve the conceptual learning intended by the
instructors. One element of feedback from the student focus group (for Magma Pop v.1) was that the gameplay progressed

“too rapidly” for the players to take note of the changing composition of the magma as different minerals were crystallizing.

9
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While students filled out the concept question after completing the hands-on M&M’s® lab (and before and after game play),
the findings indicate that there was a need to include explicit aspects that would allow students to make connections between
changing composition and gameplay. A possible reason for the lack of significant learning gains is that although it was a
multiple-choice question with multiple correct answers, this was not clearly stated on the question sheet. As a result, some
students may have selected only the answers they were most familiar with (based on their understanding from the hands-on
M&M’s® lab), rather than all correct options. Instructors also noted that students tend to gravitate toward answers related to
silicon (Si), a topic emphasized in lectures, regardless of its relevance to the specific context of the game. This tendency may
have introduced bias and failed to capture shifts in student understanding brought about by gameplay.

Consequently, the question may not have been an effective standalone tool for diagnosing misconceptions or
measuring nuanced conceptual shifts. This misalignment between the game mechanics, user experience, and learning
assessment suggests that elements of Magma Pop v.1’s design may have inadvertently negated some of its educational
potential. In particular, the lack of built-in mechanisms for reflection and explanation—such as visual or interactive prompts
to slow down and analyse changing melt compositions—meant that players often proceeded through levels without
consolidating their understanding. The focus group feedback also revealed a desire for more consistent access to formula
panels, clearer indications of conceptual transitions, and scaffolded opportunities to revisit earlier levels for reinforcement.
Most students in the focus group suggested that a tutorial level with some specific character could enhance the audio-visual
appeal of the game and enhance its meaningfulness.

Keeping this in mind, a tutorial level titled “Magma Academy” was introduced in Magma Pop v.2 where an animated
character introduced the gameplay and critical conceptual learning to the players (Fig. 6). This character explained key aspects
of the game’s objectives, navigated players through initial actions, and provided conceptual explanations to support the
transition from visual gameplay to scientific understanding (see Fig. 5). This character-driven tutorial was designed to foster
cognitive engagement and reduce the initial learning curve. In response to the user feedback several additional changes were
implemented in Magma Pop v.2 to further support student learning. For example, the mineral formula panel, which had
previously appeared only intermittently, was made persistently visible across all levels, ensuring that students could reference
it at any point during gameplay. This change directly addressed earlier feedback indicating that the panel often disappeared
too quickly or was missed all together during time-constrained stages. Additionally, a point system was introduced to provide
clearer performance feedback and encourage replayability. By linking point accumulation to correct decision-making and
attention to mineral formation processes, the updated system aimed to reinforce learning outcomes through gamified
reinforcement. The other two gameplay levels were re-named “Crystal Collector” and “Crystal Builder” to be reflective of the
game related objectives.

Magma Pop v.2 was used in the UC volcanology classrooms in 2021, but no playtest was conducted after students
had completed the traditional M&M’s® lab. Instead, we used this opportunity to fix any existing bugs and streamline the
gameplay so that it aligned with the intended learning goals of the M&M’s® lab. No additional changes were made to address

10
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the feedback related to changing magma composition that indicated that students were unable to track the changes in

concentration as crystallization progressed as the game progressed too rapidly (as referenced in Fig. 2).

Welcome to the Tutorial Level!

) Ah 500, you're the new blood joining our mining camp! Welcome to
. the camp, kid. Name's Cooper. Peaple call me "Lucky Cooper”. | Formula

A Mg, Si 0,

Fe, Si O,

M eamgsio,

" Ca Al 8, 0,

Figure 5: The tutorial level in Magma Pop v.2 where a character Rua introduces the gameplay and workspace to the players.
While Magma Pop v.2 addressed several issues raised in the initial round of focus group feedback particularly in
terms of enhancing user engagement through audiovisual elements and guided instruction, it did not fully respond to concerns
regarding the tracking of magma composition changes during crystallization. Students consistently reported that the pace of
the game, especially in the more advanced levels, made it difficult to observe and reflect on how the magma’s chemical
composition evolved as different minerals crystallized out of the melt (in contrast to the M&M’s® lab which afforded the
students an opportunity see minerals of similar colours crystallizing out at each step). This limited the students’ ability to
engage with one of the core scientific concepts the game was intended to reinforce: the principles of fractional crystallization
and dynamic melt evolution. There was thus a need to align the gameplay more closely to the M&M’s® lab. To bridge this
gap, it was essential that the game not only visually simulate changing melt chemistry but also explicitly articulate these

compositional changes in a way that supports learning and complements classroom instruction.

In response, our team implemented several key updates in Magma Pop v.3 designed to enhance conceptual clarity and improve
instructional alignment. First, a significantly expanded tutorial level, retaining the name “Magma Academy”, was introduced.
Unlike earlier iterations, this version of the tutorial included dedicated instruction for both Level 1 (“Magma Collector”) and

Level 2 (“Magma Crystallizer”), allowing players to build familiarity with game mechanics while simultaneously being

11
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introduced to the relevant scientific objectives of each stage. By clearly delineating how each phase of the game related to the
processes of magma collection and crystallization, the tutorial aimed to support students in making stronger connections
between gameplay and geologic principles.The Magma Dealer level is replaced by Magma Crystallizer - where students
explore how chemistry changes as magma cools and minerals crystallize, i.e., exploring how the magma composition changes
from basic, intermediate towards felsic (e.g., Fig 7).

Second, the home screen was updated to include game objectives, giving players an overview of the conceptual
learning goals they should aim to achieve during gameplay (see Fig. 6). This change was motivated by the recognition that
students needed more upfront guidance on what to focus on as they navigated through different levels. Clearly stating the
objectives provided an additional scaffold, reinforcing the scientific themes at the heart of the gameplay and helping students

better anticipate the kinds of decisions and observations they would need to make.

Magma Academy Magma Crystallizer

Learn how to form minerals from ions in the game Learn the chemistry changes that occur as magma cools and
crystallizes

Mineral Collector ‘ Magma Magnate

Learn common mineral formula and practice forming minerals
from magma cations

Manage your own geothermal plant!

Figure 6: The different levels of Magma Pop v.3. Magma Academy with the two tutorials for Mineral Collector (Level 1 of gameplay)
and Magma Crystallizer (Level 2 of gameplay). The Magma Magnate development is in progress.

Although the gameplay mechanics in Magma Pop v.3 still progressed at a relatively rapid pace, these structural and
instructional enhancements were designed to address the previous version’s shortcoming—namely, the lack of clear, accessible
information about how the magma composition was changing in real time. By providing more contextual framing and

conceptual guidance at key points in the user journey, Magma Pop v.3 represented a meaningful step toward ensuring that the

12



game functioned not only as an engaging activity but also as an effective tool for reinforcing the concepts of fractional
crystallization.
295
Furthermore, to make the connection between change in magma composition (based on % of SiO; in the remaining
magma) as fractional crystallization progressed more explicit, the gameplay screen was labelled to indicate the different magma
types such as intermediate, silicic etc. (Fig. 7). To further ensure that students were making the links between the changing
temperature and mineral crystallization, the Magma Crystallizer tutorial has built-in quizzes with graphs (Fig. 8) depicting the
300 variation of different elemental oxides (that are represented by the cations, and also depicted as bars in Magma Pop gameplay).
To get insights on how Magma Pop v.3 could support student learning, this time instead of focus group sessions, five-minute

individual interviews were conducted with students.
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Figure 7: The gameplay screen for level 2 tutorial with the specific type of magma composition

13



310

315

320

325

110, (wt

%

\

ALD, (wt
—

FeO (wt
o

MgO (wr*

T T

CaO (wr
yd
s
0
LY

$10, (wt%)

Figure 8: Changes in various element oxides appear as a popup during game play that help scaffold the link between changing
chemical composition of the magma and fractional crystallization. This in part supports the lab questions that students have to
discuss as part of the M&M’s® lab.

6. Evaluations with Students for Magma Pop v.3

The primary objective of this evaluation was to capture conceptual shifts in students’ understanding of geological
processes because of gameplay. To investigate these conceptual changes, five-minute semi-structured interviews were
conducted individually with each student before and after they played Magma Pop v.3. These interviews were designed to
elicit students’ current understanding of key geoscience concepts featured in the game, such as magma viscosity, volcanic
eruption styles, and plate tectonics. The semi-structured format allowed for consistency in core questions while also providing
flexibility to probe student responses in greater depth, enabling the researcher to identify nuanced shifts in understanding. The
sample consisted of around 15 undergraduate students who volunteered to participate in the evaluation during a scheduled lab
session.

6.1 Methodology for analysis

All the 5-minute interviews—conducted both before and after students played Magma Po—were audio-recorded and
transcribed. All these interviews were conducted after students had completed the M&M’s® lab. To ensure accuracy and
context, the lead researcher (SS) did a manual review against the original audio to correct misheard phrases and incorporated
annotations such as tone, pauses, or other cues that could inform interpretation. We then analyzed the interviews to identify

emergent themes both in the pre-Magma Pop interviews and the post-Magma Pop interviews. For example, in the pre-Magma
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Pop interviews several students discussed the benefit of additional support, such as visual aids, to better understand the
chemistry of the changing magma and the overall steps involved in fractional crystallization and the need for remembering the
details of the Bowen Reaction Series and mineral formulae. Similarly, in the post-Magma Pop interviews, students often
describe the usefulness of Magma Pop in visualizing and understanding fractional crystallization concepts, and the benefits of
the repetition of chemical formulae in Magma Pop. We then used selective coding to integrate the most salient themes into a
coherent narrative, supported with illustrative quotes from participants (Strauss and Corbin, 1990). The selective codes along
with some supporting quotes from students are described in the next section. Overall, our analysis suggests shifts in students’
conceptual understanding of fractional crystallization after engaging with Magma Pop. We also recognized that the M&M’s®
lab led to some understanding of basic fractional crystallization concepts even before the students engaged with Magma Pop.
While students entered the activity with a general grasp of foundational principles, their post-activity reflections suggest a
marked improvement in depth of understanding, confidence with terminology, and application of knowledge to more nuanced
geochemical processes.

From General Recognition to improved Mechanistic Clarity

Before using Magma Pop (i,e., after the M&M’s® lab), most students could describe the general sequence of mineral formation
(e.g., “olivine crystallizes first, then pyroxene”) and understood that compatible ions are removed from the melt early.
However, their explanations were typically surficial, with little reference to the underlying reasons why specific ions crystallize
earlier or how this influences the evolution of the melt. As one student explained, “Compatible elements [ions] fractionate or
crystallize from the liquid melt... the incompatible elements [ions] end up staying in the melt because they don’t like forming
into anything”. After engaging with the simulation, students demonstrated a more nuanced understanding of the dynamic
nature of the removal ions and its impact on magma chemistry. Their responses showed increased clarity around patterns of
ion depletion and enrichment and how these changes affect subsequent mineral formation. For example, one student shared,
“I noticed how olivine formed first and changed the melt... so there’s less iron later. That makes sense now.” This shift suggests
that Magma Pop supported students in moving beyond memorization, helping them develop a mechanistic understanding of

crystallization sequences and the causal relationships that govern magmatic processes.

From Memorization of Bowen’s Reaction Series to improved Visual Integration

Before using Magma Pop, students frequently referred to Bowen’s Reaction Series but struggled to apply it to practical course
tasks such as lab data analysis or geochemical modeling. While they were familiar with the general order of mineral
crystallization, connecting this framework to quantitative or unfamiliar contexts proved challenging. As one student noted,
“I'm pretty confident with Bowen’s reaction series in general, but learning this part of the course and incorporating it with
Bowens is a bit of a struggle...”. After completing the Magma Pop activity, student feedback indicated a stronger integration
of visual and conceptual learning. The simulation’s interactive design helped students observe the Bowen’s Reaction Series in
action, reinforcing both the sequence of mineral formation and its chemical consequences. As one student shared, “It just

reinforced the fact that this is what usually happens within a magma chamber,” while another remarked, ‘“Playing the game
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did help me clarify those questions I had in mind.” This suggests a shift from rote memorization to experiential understanding,

enabling students to better visualize and apply Bowen’s Reaction Series within dynamic magmatic systems.

From Uncertainty to Reinforced Recall of Mineral Formulae

Before using Magma Pop, many students consistently struggled with recalling accurate mineral formulae, even though they
could often name the minerals themselves. This challenge was especially pronounced under pressure or when dealing with less
familiar minerals. One student admitted, “I think my mineral formula memorization could use a little bit of work...”. After
using the simulation, many students reported that the game’s repetitive mechanics—specifically, selecting ions to build mineral
structures—helped reinforce the composition of minerals and improved their ability to recall formulae. The interactive format
supported both pattern recognition and memory retention. As one student noted, “Having to choose all your different elements
[ions] and remembering the numbers... I’'m very much someone that will not remember the chemical composition otherwise.”
This change underscores how active engagement through gameplay can enhance retrieval fluency, an essential skill for success

in exams and practical applications.

7. Conclusions: Complementarity with the M&M’s® Lab

This paper describes the design and development of a serious game Magma Pop to support an undergraduate geology
classroom and teach concepts related to fractional crystallization in combination with traditional labs. Various changes were
made considering the feedback and game evaluations. For example, a tutorial was added in the Magma Academy (Magma Pop
v.2) and was streamlined with quizzes on compositional changes (Magma Pop v.3). Similarly, a character Rua was added (in
Magma Pop v.2 and v.3) to introduce gameplay. Another change that was made was to keep the formula panel in all levels
(Magma Pop v.2 and v.3). In the later versions of the game, a point system was added, and graphs were added to the tutorial
level (Magma Pop v.3). A summary of the various changes introduced in the different versions of Magma Pop is summarized
in Table 2. Overall, our findings indicate that a serious game like Magma Pop can scaffold hands-on lab activities like the
M&M’s® lab to enhance an understanding of fractional crystallization processes. Magma Pop provides dynamic visualization
that complements the M&M’s® lab’s quantitative data collection. Where the lab emphasizes data trends (such as change in
the concentration of the various element oxides with increasing fractional crystallization), the game offers real-time conceptual
feedback and pattern reinforcement. The game’s ion-mineral matching practice builds formula recall fluency that can then
transfer to the stoichiometric and spreadsheet analysis required in the M&M’s® lab activity.

We found that the combination of the M&M’s® lab and Magma Pop enabled students to move from a descriptive
understanding of fractional crystallization to a mechanistic insight aided by the visualization of fractional crystallization
through Magma Pop. Students not only stated the order of mineral formation but could also articulate why compatible ions
like Fe are removed early and how that reshapes the evolving melt. We also found that students transitioned from memorizing

Bowen’s Reaction Series as abstract sequence to visually integrated, applied knowledge (i.e. changing composition of the
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magma). Lastly, the game’s design drove reinforced recall of mineral formulae. By selecting ions and building minerals

through repeated gameplay, students internalized compositions more effectively gaining confidence even under exam

conditions or with unfamiliar minerals.

Magma Pop v.1 Magma Pop v.2 Magma Pop v.3

Feedback/Findings

Adding tutorials can be useful Tutorial added in the Magma | Tutorial streamlined with quizzes on how magma
Academy chemistry and oxide composition changes as

fractional crystallization progresses as depicted

in Figure 8

Introduce character and pop-up

messages

Rua introduces gameplay

Rua continues to be in this version of Magma

Pop to introduce gameplay.

Mineral formula panel should remain

throughout gameplay

The formula panel present in all

levels.

Formula panel continues to be present in all

levels

Leader board can be added

Point system introduced

Students collect points during game play and
must collect all minerals appearing in the

objective panel as the magma cools.

Difficult to note changes in magma
composition during crystallization as

gameplay was very fast

Graphs added to tutorial level; compositions

added to level 2 of the gameplay (see Figure 8).

Table 2: Summary of various features of Magma Pop introduced in the different versions of the game.

Game Availability At the time of writing, the public can play Magma Pop v.3 online using modern internet browsers (e.g., Google

Chrome or any chromium browsers) at https://pocatella.itch.io/magmapop-webgl?secret=sEOX2k52zHgetDsDTeY 1SV77I.
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