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A typology of causal models for plate tectonics:
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Forty-seven fifth grade students (40 group-tested and 7 individually interviewed) read a text describing
plate tectonics. At four points they drew diagrams of the spatial, causal, and dynamic processes inside
the earth. These diagrams along with students’ corresponding explanations, think-aloud protocols (for
those individually interviewed), and answers to inference questions were analysed in order to charac-
terize students’ models of the interior of the earth, and models of its causal and dynamic processes.
Types and characteristics of models, and reasoning associated with them are presented. Additionally,
data from two exemplary students are presented as case studies. One student has considerable mis-
understandings regarding both her understanding of the spatial layout of the interior of the earth and its
causal mechanisms. The second student is more typical in terms of his initial models, but makes large
gains in revising his understanding about the causal and dynamic processes inside the earth. In both
cases, data are used to infer how each student used their diagrams as artefacts for externalizing knowl-
edge, inference making, and model-revision.

Introduction

In a previous study (Gobert and Clement 1999) it was found that having students
generate diagrams during their reading of a text about plate tectonics was better at
promoting students’ post-text conceptual understanding of the spatial, causal, and
dynamic features of the domain compared to generating summaries while reading
the text or simply reading the text only (control). Although the diagram group
outperformed the summary group on post-text performance, the summaries (gen-
erated by the summary group) during the reading of the text contained more
semantic information than did the diagrams (generated by the diagram group).
These data were interpreted in accordance with current literature on constructing
mental models from textual information sources (Johnson-Laird 1983, Kintsch
1998, Schmalhofer 1998) as follows. For the summary group, because the media
was the same (i.e. they were reading and generating text), they were able to rely on
a rote memory of the textual material in order to generate their summaries. For the
diagram group, on the other hand, the task of generating diagrams was a higher-
level task which required them to do additional processing on the textual material
they had read in order to generate their diagrams. Thus, the cognitive processing
of the textual materials and interaction of the text with the learning tasks, i.e. either
diagram-drawing or summary-writing, are reflected in each groups’ performance
on the post-text assessment and the intermittent tasks during students’ reading of
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2 J. D. GOBERT

the text. More specifically, the summary group’s summaries generated during
their reading of the text contained a great deal of content-related information
which was processed on a rote level, as evidenced by their resulting mental models
which were not as rich as those in the diagram group. The diagram groups’ dia-
grams contained less content-related information due to the difficulty of generat-
ing diagrams from text, but their resulting mental models were richer and allowed
greater inference-making as evidenced by their superior scores on the post-text
(see Gobert and Clement 1999 for a more thorough explanation of these findings).
In extending the findings of Gobert and Clement (1999), the purposes of the
present study were to: identify and characterize the different types of models held
by middle schools students about the inside of the earth and of the causal and
dynamic mechanisms involved in plate tectonics, and to characterize the nature of
the reasoning associated with these models. Additionally, since it was found that
drawing diagrams promoted a richer understanding of the domain compared to
generating summaries (Gobert and Clement 1999), this research was conducted in
order to identify the learning gains and inferences afforded when students con-
struct diagrams for learning and use these diagrams to support model revision.

Domain studied

The present research addresses students’ models and model construction processes
central to learning a middle school science domain, namely plate tectonics. The
research draws on current findings from research on causal models (White 1993,
Schauble et al. 1991, Raghavan and Glaser 1995), model-based teaching and learn-
ing (Gilbert, S. 1991, Gilbert, J. 1993); model revising (Clement 1989, 1993,
Stewart and Hafner 1991); diagram generation and comprehension (Gobert
1994; Gobert and Frederiksen 1988; Kindfield 1993; Larkin and Simon 1987,
Lowe 1989, 1993), the integration of text and diagrams (Hegarty and Just 1993),
and text comprehension (van Dijk and Kintsch 1983, Kintsch 1998). Findings
about both students’ causal models and model-based learning should be applicable
to other science domains involving convection (e. g., other earth science topics and
weather systems), other science topics at the middle school level (e. g., photosynth-
esis, properties of matter, heat and temperature, day/night cycle, seasonal change,
planetary motion, and density), as well as scientific reasoning in general (Clement
1993).

Plate tectonics, representative of a difficult middle school science topic, was
chosen for the domain of study because of the important role that model building
and causal reasoning play in understanding the hidden, explanatory mechanisms,
i.e. convection, underlying continental drift, earthquakes, volcanoes, mountain
formation, and sea floor spreading. Briefly, the theory of plate tectonics, which
offers a unified explanation of the past, present, and future geographic distribution
of the earth’s landmasses and oceans (Bencloski and Heyl 1985) proposes that the
outer layer of the earth (the crust) is broken up into slabs (the plates) which move
on the partially molten layer of the earth (the mantle) due to the slow convective
movement of hot magma in the mantle (Feather et al. 1995, Plummer and
McGeary 1996). This topic is typically covered in the fifth or sixth grade and
then again in the eighth or ninth grade (MEGOSE 1991, Massachusetts
Department of Education 1996).
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A TYPOLOGY OF CASUAL FOR PLATE TECTONICS 3

Plate tectonics is difficult to learn for many reasons: (1) the earth’s internal
layers and unobserved processes, e. g., convection, are outside our direct experi-
ence (Ault 1984, Gobert and Clement 1994, 1999); (2) the size scale is difficult for
children to understand (Ault 1984); (3) the time scale of geological processes is
difficult for people to conceptualize since it surpasses our reference of a human
lifetime (Jacobi et al. 1996); and (4) it involves the comprehension and integration
of several different types of information, namely, spatial, causal, and dynamic
information (Gobert and Clement 1994, 1999).

It is important to note that the goal in this program of research is to facilitate
students’ understanding of simplified, qualitative models of plate tectonics. As
such, issues like whether radioactive decay in the mantle acts, in part, as a heat
source in addition to the earth’s core (Feather et al. 1995) are not addressed. Also,
the physics involved in convection is not addressed. It is assumed that the models
that students develop through instructional interventions such as those in the
present study will scaffold further model revision and knowledge integration in
later years when plate tectonics is addressed again in high school (MEGOSE 1991,
Massachusetts Department of Education 1996), at which point more conceptually-
difficult aspects of the domain can be addressed.

Previous research on earth science

Plate tectonics falls under the larger domain of Earth Science. More generally, the
topic of learning in Earth Science has not been well studied, particularly when
compared to students’ learning and conceptions in the physical sciences (Stofflett
1994). The lack of research on learning in the Earth Sciences is likely due to the
fact that in the past, it has received much less emphasis than the Physical and Life
Sciences. Now however, the National Science Education Standards (National
Committee Science on Science Education Standards and Assessment 1996) are
recognizing Earth Science as a necessary and important component of science
training across elementary, middle, and high school levels and considered equiva-
lent in importance to training in the Life and Physical sciences (AAAS 1989,
1993).

Of the studies that have been carried out in the domain of earth science, some
of the sub-topics and concepts that have been addressed are: the earth as a cosmic
body (Vosniadou and Brewer 1992, Nussbaum 1979, Nussbaum and Novak 1976,
Sneider and Pulos 1983); knowledge of rock-cycle processes (Stofflett 1994); con-
ceptions of earth and space as it relates to seasons and phases of the moon, (Schoon
1992, Bisard et al. 1994); sea floor dynamics (Bencloski and Heyl 1985); knowledge
of the earth’s gravitational field (Arnold et al. 1995); mountain formation
(Muthukrishna, et al. 1993); modelling to promote understanding of subtopics
of earth science including the geosphere, hydrosphere, atmosphere, and biosphere
(Tallon and Audet 1999); and environmental problem-solving (Pin et al. 1995).

One study directly relevant to the present research is that by Ross and Shuell
(1993) who investigated children from kindergarten through sixth grade regarding
their beliefs about the characteristics and causes of earthquakes. Regarding their
cause, the majority of children answered that they didn’t know. Idiosyncratic
responses included: that the core gets too hot and hits the surface of the earth;
the earth is letting out air like a sneeze; and that earthquakes are caused by the
wind, thunder and rain, or by mountains. Asked about what happens below the
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surface when there is an earthquake, again, a large proportion of the children
answered that they did not know. Incorrect responses included: that roots under-
ground pop; the plants might get ‘screwed up’ because the seeds would jiggle
around; and that the earth has too much energy just like children who need to
get rid of it. The responses to these questions not only indicate a lack of knowledge
regarding the underlying processes of plate tectonics responsible for earthquakes,
but also indicate difficulties in understanding the size scale of the earth, as was also
found by Ault (1994). It is also important to note that misconceptions regarding
earthquakes are not just found in children; for example, Bezzi (1989) found that
1/3 of secondary students interviewed from an area with considerable seismic
activity thought that the occurrence of earthquakes was related to the occurrence
of volcanoes. Furthermore, Turner et al. (1986) found that of 1450 adults inter-
viewed from southern California, many held the misconception that earthquakes
could be predicted by ‘earthquake weather’. Thus, in the case of understanding
plate tectonics, as with other science domains as well, it is not likely that children’s
views become more scientifically accurate as they mature. This further necessitates
the need to identify the nature of students’ pre-instruction models of plate tec-
tonics, and design instructional strategies and tools to promote conceptual change
towards more scientifically accurate models.

Method

Purpose

The purpose of this study was to identify and characterize the different types of
models held by middle schools students about the inside of the earth and of the
causal and dynamic processes involved in plate tectonics, and characterize the
types of reasoning associated with these models. Additionally, this research was
conducted in order to identify the learning gains and inferences afforded when
students construct diagrams for learning and use these diagrams to support model
revision.

Subjects

The data upon which this research is based was drawn from two classroom-based
studies (n = 40) and additional students (n = 7) who were interviewed individu-
ally. All students were drawn from fifth grade classes in a rural town in
Massachusetts; they ranged in age from 10-12 years. The students who were
individually interviewed volunteered to participate in the study after an intro-
duction to the research given by the interviewer; they were paid $5.00 per hour
for their participation.

Procedure

For the students who were interviewed on an individual basis; the interviews were
approximately 45 minutes to 1 hour in length. T'wo video cameras and an audio-
video mixer were used: one videocamera was embedded in the ceiling which
recorded the student’s drawings as they were generated in real time; the second
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A TYPOLOGY OF CASUAL FOR PLATE TECTONICS 5

video camera recorded all interaction between the interviewer and the student. For
those who were group-tested, one class period was used (approximately 45 min-
utes), all data was in the form of paper and pencil, thus, no videotaping was done.

Students were given a short text describing plate tectonics (the full text is
given in the appendix); at four intermittent points in the text, the students were
given a prompt in the text that they would be requested to draw a diagram of what
they had read after each of the four respective sections of text. These prompts
provided an orienting task for the students while they were reading. Providing
orienting tasks is a commonly used strategy in text comprehension research in
order to focus learners’ goals when reading (Schmalhofer and Glavanov 1986,
Schmalhofer 1998). In the present study, informing students before each section
of text that they would be subsequently asked to draw diagrams may have lead
them to focus on specific features of the text that fostered their diagram-drawing
activities and their mental model construction (Gobert 1997, Gobert and Clement
1999). It is important to note that students were not permitted to look back at the
text in order to draw their diagrams; thus students’ drawings are reflections of the
mental models they formed on the basis of reading the text and remembering
relevant information in order to draw diagrams. (For more detail on the interaction
between text processing and diagramming, see Gobert 1997 or Gobert and
Clement 1999).

The four diagram tasks requested during students’ reading of the text were
ordered as follows:

Thinking back to what you just read, ...

(1) ... draw a picture of the different layers of the earth.

(2) ... draw a picture of the movement in the different layers of the earth.

(3) ... draw a picture of the movement in the different layers of the earth when
mountains ave being formed.

(4) ... draw a picture of the movement in the different layers of the earth when

volcanoes are erupting.

Post-text assessment

After the students had finished reading the text and drawing their diagrams, they
were asked questions about the domain to which they provided verbal responses;
again, all verbalizations (for the students who were individually interviewed) were
recorded via the videocameras (as described earlier). For the students who were
group tested (n =40) their responses to these items were done on paper. The
questions were of several different formats including multiple choice, short
answer, and explanation questions; additionally, diagrams were provided to the
students for specific questions, and two diagrams to be drawn by the student again
were requested. All items were designed to assess either knowledge of spatial/static
aspects of the domain or causal/dynamic aspects of the domain. Examples of
questions assessing spatial/static knowledge are: ‘Where is the thinnest part of
the crust?’, ‘If the continents were all together, would the rest of the earth be
water?’, as well as spatial features of diagrams depicting volcanic eruption and
sea floor spreading. Examples of questions assessing causal/dynamic knowledge
are’, the movement in the crust of the earth is caused by... ?’, ‘Rock from the floor
of the Atlantic Ocean tests to be younger than rock from the middle of the North
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6 J. D. GOBERT

American Continent because. ... ’, and causal and dynamic features of diagrams
depicting volcanic eruption and sea floor spreading (drawn during the post-text
assessment).

All told, the data in this study on which students’ mental models and reasoning
(Gyselinck and Tardieu 1994) were examined are: their diagrams, think aloud
protocols generated while drawing, verbal and/or written explanations accom-
panying their diagrams, and answers to the post-text assessment items. In the
two case studies presented, the items of the post-text assessment were used to
further investigate the types of inferences and reasoning each student was able
to make on the basis of his or her models, as well as to test for consistency between
each student’s models and their respective answers to questions about the domain.

Tutoring to promote model revision

For the students who were individually interviewed (7 =7), each student was
given tutoring in order to remediate their misconceptions and promote model
revision. Since this was done on an individual basis, the type of tutoring depended
on the nature of the student’s models. In the two case studies presented, the
tutoring given to each of these two students is outlined in the Results section.

Coding of students’ diagrams

Propositional analysis (Frederiksen 1988) was conducted on the source text, allow-
ing for the identification of all the semantic information given in the textual infor-
mation source. From this analysis, four coding schemes were developed (one of
each of the four diagramming tasks) to evaluate the spatial, causal and dynamic
knowledge expressed in students’ diagrams, text written on their diagrams, and
corresponding think aloud protocols. Since the coding scheme is based upon
semantic information as expressed via diagrams or textual/verbal descriptions,
the coding schemes can be used to score verbal comments and or textual annota-
tions made to the diagrams. An example of this coding for task 4 (volcanic erup-
tion) is shown in table 1. The instructions for its corresponding diagram task were
as follows: “T'hinking back to what you just read, draw a picture of the movement
in the different layers of the earth when volcanoes are erupting. Include and label
all the information about these layers that you can.’

Results

A. Types of models identified

Based on protocol analyses (Ericsson and Simon 1980) of students’ interview data
and detailed analyses of their diagrams as well as data from the classroom studies
(Gobert 1997, Gobert and Clement 1999), two types of student models of the
spatial layout of the inside of the earth were identified at this age level; five
types of student models of the causal and dynamic mechanisms inside the earth
have been identified at this age level.
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A TYPOLOGY OF CASUAL FOR PLATE TECTONICS 7

Table 1. Coding protocol for diagrams of volcanic eruption.

Spatial/Static Components Score
crust:

LOCATION: on surface 1 point

PART: plates 2 points
mantle:

PART: magma 2 points

LOCATION: below crust 1 point
magma:

ATTRIBUTE: hot 1 point

ATTRIBUTE: liquid 1 point
core:

LOCATION: center of earth 1 point

ATTRIBUTE: hot mass 1 point

10 points

Causal/Dynamic Components

heated core (label ‘hot’ is acceptable) 2 points

currents are shown 2 points

heat ‘rises’ from core to mantle 2 points

heat currents push on plates 2 points

plates move apart 2 points

magma rises from mantle (not from core) 2 points

magma rises above surface 2 points

14 points

Models of the inside of the earth

There were two types of models identified regarding students’ conceptions of the
inside of the earth: spatially incorrect models and spatially correct models. These
are referred to as T'ype 0 and 1, respectively. A diagrammatic example of each type
of model is shown in table 2a. The percentage of each type of model observed in
the data was 10.6% and 89.4%, respectively. A description of each of these types of
models is shown in table 2b.

Models of the causal and dynamic processes inside the earth: the case of
volcanic evuption

Models of the causal and dynamic processes inside the earth are those which were
generated in response to the diagram task for volcanic eruption. The data from this
task was chosen to examine students’ models of the causal and dynamic processes
inside the earth because students’ models of volcanic eruption were, in most cases,
the most detailed for the four diagramming tasks. This may be due to students
having more prior knowledge about volcanic eruption than other plate tectonic-
related phenomena.

Although the models are described as categories (1a, 1b, 2, or 3), they can be
thought of as a continuum with Type la and 1b reflecting models with only heat-
related or movement-elated causal mechanisms, respectively, to Type 3 models
reflecting the most sophisticated model (observed at this age level) which include
multiple heat- and movement-related mechanisms. An integrated model of vol-
canic eruption refers to one in which students have integrated their spatial model
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Table 2b. Types of models of the inside of the earth and their charac-
teristics (n = 47).

Type of Model Characteristics Frequency  Percentage
TYPE 0 Spatially Incorrect Spatial layout of interior 5 10.6%
Models is not correct; few inferences
afforded on this type of model
TYPE 1 Spatially Correct Spatial layout of interior 42 89.4%
Models is correct

of the earth with a number of heat-related mechanisms (i.e. heated core, convec-
tion currents, and currents pushing on plates) and movement-related mechanisms
(plates moving apart, magma rising from mantle, and magma rising above the
surface) into a rich causal model. It is assumed that from these rich causal models,
inferencing can be done about the causal and dynamic processes in other plate
tectonic phenomena. A canonical model (and coding protocol) of the components
involved in volcanic eruption are shown in table 1. A diagrammatic example of
each type of model of the causal and dynamic processes inside the earth when
volcanoes are erupting is shown in table 3a. A summary table of their character-
istics and the frequency with which these were observed in the data are provided in
table 3b; a more detailed description of their characteristics can be found in table 4.

Table 3b summarizes the types of models of the causal and dynamic processes
inside the earth during volcanic eruption, their characteristics, and the frequency
with which each of these were observed in the data [this table is based on indi-
vidual interviews with seven students as well as data from two classroom studies,
n = 40, as described fully in Gobert 1997 and Gobert and Clement 1999)]. The
percentage of each type of model observed was 4.25%, 61.7%, 29.8%, and 4.25%,
respectively. It can be seen that the local models which include movement-related
mechanisms only (T'ype 1b) are the most frequently observed type of model at this
age level.
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B. Students’ models: Barriers to deeper understanding or artefacts for
model-revision and reasoning

In the next section two cases studies are described; each was selected as an exemp-
lary case of model-based reasoning using diagrams as artefacts for inference and
model-revision. From these data it is suggested that models, once constructed, can
either serve as a barrier for further understanding, or alternatively, support and
facilitate integration and inference-making. Each will be addressed in turn.

Student 1: Models as a barrier to deeper understanding

The first case presented is one in which the student does not have a correct ‘con-
centric circle model’ of the inside layers of the earth and she perseveres with this
model in all her diagrams.1 Furthermore, it is argued that until her model of the
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10 J. D. GOBERT

Table 3b. Types of models of the causal and dynamic mechanisms in
volcanic eruption (n = 47).

Type of Model Characteristics Frequency Percentage
TYPE 1a Local ‘Heat’ Heat-related mechanism(s) only; 2 4.25%
Models No movement-related
mechanisms as causal
TYPE 1b Local ‘Movement’” Movement-related 29 61.7%
Models mechanism(s) only;
No heat as causal
TYPE 2 Mixed Models Few movement- and heat-related 14 29.8%

mechanisms; Notion(s) of heat
and pressure

TYPE 3 Integrated Models Movement- and heat-related 2 4.25%
mechanisms;Includes heat as a
causal agent

Table 4. Characteristics of models of causal and dynamic mechanisms
in volcanic eruption.

TYPE 1la: These models are simplistic, ‘LLocal Models’ involving heat as the only causal
mechanism involved in volcanic eruption. The critical feature of Level 1a models is that
they do not include any movement-related mechanisms involved in volcanic eruption
(mantle or magma movement, plate movement, crust movement/breakage, etc.). These
local, heat-only models are infrequently observed at this age group because most children
by this age have prior knowledge about volcanoes which includes, at least, magma (‘lava’)
rising above the surface (a movement-related mechanism). Thus, students’ models are more
likely to fall into the Type 1b classification, namely, Local, movement-only models.

TYPE 1b: These models are simplistic, ‘L.ocal Models’ involving movement-related
mechanisms as the only type of causal mechanisms used to describe and depict the causal
and dynamic processes in volcanic eruption. Thus, heat is not seen as causal in these models.
The inclusion of ‘magma rising’ as a movement-related causal mechanism is one which is
frequently included in students’ models of this type.

TYPE 2: Type 2 models are classified as ‘Mixed Models’ and are more sophisticated than
Type 1a or 1b because they include both classes of causal mechanisms, i.e., both heat- and
movement-related mechanisms, but these models are not very elaborate in that they do not
include all of either type of causal mechanism. Students who hold these models lack an
understanding of how and why convection currents form which then push on the plates, and
as such, their models are not well integrated in terms of the heat-related and movement-
related mechanisms included.

TYPE 3: Type 3 models are ‘Integrated Models’ which are well-integrated and include
many heat-related and movement-related mechanisms. In these models there is some
understanding of heat as a causal agent in causing the currents to form, some
understanding of convection in the mantle, and the heat currents as a causal agent in
pushing on the mantle and plates. Understanding reflected in models such as these have
been achieved by some students at this age level in which students were given tutoring,
particularly on the topic of convection (Gobert and Clement,1994).
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A TYPOLOGY OF CASUAL FOR PLATE TECTONICS 11

spatial arrangement of the inside layers of the earth is remediated to reflect the
earth’s layers as concentric circles, she will not be able to use her model of the
inside of the earth to engage in model-building and inferencing about the causal
and dynamic processes involved in plate tectonics.

Student 1’s first diagram (figure 1) reflects a Type 0, spatially incorrect model
in which she has depicted the core at the bottom rather than in the centre of the
earth. In this case, the student has not formed a rich mental model of the internal
layers of the earth, which reflects the correct spatial arrangement of the layers.
Rather, it appears as though she has interpreted parts of the text literally because
she has not depicted the mantle as a concentric circle around the core, rather, she
has depicted the mantle ‘under’ the crust and the core ‘under’ the mantle. The
section of the text which immediately preceded her drawing of figure 1 reads (the
relevant sections of text which refer to the spatial layout of the earth’s layers are
italicized; the full text can be found in Appendix A):

The inside of the earth is made up of three different layers. If you could drill through
the earth, the first layer you would drill through is the crust, which is 96 miles thick in
some places. The continents we see and live on are only part of the crust. In other
places, the crust dips down underwater to form the sea bed. The crust is divided into
moving sections called plates. Some continents are made up of more than one plate.
Under the crust is the second layer called the mantle. 1t is a layer made up of very thick
liquid called magma. At the centre of the earth’s interior is the core which is very hot.

It is hypothesized that spatially incorrect models such as this cannot support
inferencing by means of perceptual cues such as spatial adjacency (Larkin and
Simon 1987). Thus, her model of the inside of the earth as depicted in figure 1
cannot support knowledge integration and inferencing which is needed in order to
understand the causal and dynamic processes inside the earth (figure 2).

As can be seen in her second diagram (figure 2) which requested that she
depicts ‘... the movement and processes of the layers of the earth’, she perseveres
with her non-concentric model of the layers of the earth: she depicts the core at the
bottom, rather than at the centre of the earth; the mantle layer is on top of the core,
rather than surrounding it; and the plates are not embedded in the crust as they
should be. Additionally, this figure does not include magma as liquid layer inside
the mantle. Here again, it is likely that she has interpreted the text literally. In the
section of text which immediately preceded her drawing (figure 2) the text reads
(relevant sections are italicized):

Remember that the crust is divided into sections called plates. Each plate can be
thought of as a sheet of rock, riding on top of the mantle. As mentioned before, the
core of the earth is very hot. This heat creates currents that rise up through the mantle.
When these currents get near the top of the mantle, they push on the plates, and force the

plates to move in many divections. As the mantle moves, the plates move with it. Since the
continents are part of the plates, the continents move too.

In figure 2 (and in figure 1) because her diagram does not depict the mantle layer
surrounding the core and the crust surrounding the mantle as concentric circles,
this figure cannot support reasoning by means of perceptual cues about how the
heated core acts as a heat source for the magma which causes convection currents
to form which then push on the plates. Thus, her diagrams at this point serve as a
barrier for further understanding about the causal mechanisms responsible for
plate tectonic-relate phenomena.
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12 J. D. GOBERT

In her third diagram (figure 3) which requested that she draw a diagram to
depict ‘... the different layers of the earth when mountains form’, she has repli-
cated a portion of her two previous diagrams. This model, as depicted in figure 3,
is a local, movement-only model (described in table 3b) which includes plate
movement as the only causal mechanism. Here she has included the crust with
the plates embedded in it, and a mountain ‘floating’ above the crust. Again, it
appears that she has understood the text literally; for example, her diagram depicts
the plates on top of each other. The text immediately preceding this figure reads as
follows:

When two plates are forced together, mountains can form. As the plates are
forced together, the edges may be arched like a deck of cards being squeezed
from both sides. Ewventually one plate moves under the other plate. As the plates
continue to move together, the crust is slowly bent and crumpled, and mountains
are formed. While the rock may rise only a quarter of an inch per year, over millions
of years it can form very high mountains. The Himalayan Mountains are the
best example; they were formed when the plate of India collided with the plate of
Southern Asia.

In her final diagram which depicts volcanic eruption (figure 4), she has again
depicted the core at the bottom of the earth with the mantle on top of the core
rather than surrounding it, and the crust on top of the mantle rather than sur-
rounding it. As in her second diagram (depicting the movement and processes
inside the earth), she has not included magma within the mantle, nor did she depict
magma rising above the surface of the earth. She has drawn a vertical line, which
divides the volcanic mountain in half. Perhaps this is intended to represent cracks
in plates as taken literally from the text. The portion of the text, which immedi-
ately preceded her diagram, reads:

Volcanoes occur mostly along, or very near, the edges of plates. This is because it is at the
edges where most of the stress and cracks occur. One way that volcanoes can form is when
the plates move apart. As they move apart, hot liquid magma from the mantle rises up
above the surface to form volcanoes.

Again, her diagram, as depicted, can not support reasoning about how convection
currents form in the mantle, nor how magma currents push on the plates and rise
above the surface to cause volcanic eruption. Thus, her understanding of the causal
mechanisms underlying volcanic eruption is limited to her model, which includes
no causal mechanisms.

Post-text Assessment for student 1

As previously stated in the method section, a post-text assessment was done after
students finished reading and generating their diagrams. Specific answers from
Student 1’s post-text assessment were selected to investigate the types of infer-
ences the student was able to make on the basis of her models, as well as to test for
consistency between her models and answers to questions about the domain. Here
the data is discussed with respect to this student’s understanding of the spatial/
static features of the inside of the earth, and the causal/dynamic processes of plate
tectonics. Each will be addressed in turn.
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Understanding of the spatial arrangement of the inside of the earth

On the post-text assessment, when given a multiple-choice question asking “Where
is the thinnest part of the crust?’, she circled (incorrectly) ‘land at sea level’. From
her answer to this question, it appears that she does not understand that the earth’s
crust dips under the ocean to form the seabed. From this response, as well as her
poor, spatially incorrect diagram of the inside of earth (figure 1), it appears that
this student has a poor understanding of the earth, both the spatial arrangement of
the interior, as well as the three-dimensional nature of the exterior of the earth’s
crust.

When asked to draw a diagram depicting what happens to the layers of the
earth when volcanoes erupt (this item was asked again in the post-text assessment),
she drew figure 10. The spatial arrangement of the layers in this diagram are
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incorrect: the core, mantle and crust are on top of each other, rather than depicted
as concentric circles. This is consistent with her figure 4 drawn during her reading
of the text; the only difference between figure 4 and figure 10 is that in the latter,
she has included a ‘channel’ for the heat to move up through the earth. Again,
figure 10 reflects her literal understanding of the text, as the mantle ‘under’ the
crust and the core ‘under’ the mantle.

When asked to draw a diagram depicting what happens to the layers of the
earth when the sea floor spreads, she drew figure 11. This figure is not at all
informative because it does not include the interior layers of the earth.

Understanding of the causal and dynamic of the processes in plate
tectonics

When asked ‘Name three occurrences which suggest that the plates in the earth are
still moving’. She replied that she did not know. Her response to this item again
reifies her poor understanding of how the causal mechanisms inside the earth are
responsible for geological phenomena on the earth’s surface.

When asked ‘movement in the crust of the earth is caused by...’, she circled
‘Heat in the core.” This is only partly correct since it does not include any move-
ment-related mechanisms as causal in plate tectonics. Her response to this item is
consistent with her figure 2 (during reading of the text) which depicts a local heat-
only model of the processes inside the earth. It is also consistent with her diagram
depicting volcanic eruption drawn during post-text assessment (figure 10 shown
above) which includes heat ‘rising’ from the core, but no plate movement as a
causal mechanism responsible for volcanic eruption.

When asked ‘The sea floor gets bigger over time because. ..’, she circled “The
tide washes up earth from the bottom of the ocean’. This misconception, which
was also elicited in other students who participated in this study, indicates a lack of
understanding of the causal mechanisms responsible for sea floor spreading. Her
response to this question is also compatible with her diagram depicting sea floor
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spreading (figure 11) since it includes no causality about how or why the sea floor
spreads (in fact her figure 11 does not include the inside of the earth at all). Her
lack of understanding about how the sea floor spreads is also reflected in her
response to the question, ‘Rock from the floor of the Atlantic Ocean tests to be
younger than rock from the middle of the North American continent because. ...’;
to this she responded that she did not know. The finding that her model of sea
floor spreading does not include any correct causal mechanisms (not even heat-
related mechanisms as do her other models) may indicate that she does not under-
stand that sea floor spreading is another example of plate tectonic phenomena even
though this sub topic was presented along with mountain formation and volcanic
eruption in the text.

When asked ‘How did India get to fit into Asia?’, she replied that she did not
know. This is compatible with her poor understanding of mountain formation as
depicted in figure 3. It is interesting that she did not use her ‘understanding’ of
plate movement as depicted in figure 3 to answer this question about mountain
formation. It is likely that she did not have knowledge that the Himalayas were
formed due to continental plate movement. It is also possible that she is very
unsure of her conceptions. All told, these data reflect her poor understanding of
the causal mechanisms involved in plate tectonics.

Tutoring used to promote model-revision

At this point the interviewer attempted to see if she could help the student revise
her spatial model of the earth since she believed that if the student had a correct
spatial model of the layers of the earth depicted as concentric circles, she would be
better able to use this model to make inferences about the causal and dynamic
processes involved in plate tectonics. The first strategy tried here was to allow her
to re-read the first section of the text, “T’he layers of the earth’. After she re-read
the first section of the text, she drew figure 1, time 2 which again depicts the core
at the bottom of the earth, the mantle on top of the core, and the crust on top of the
mantle; the plates are not embedded in the crust, and there is no magma in the
mantle layer. This diagram includes what appears to be a channel coming up from
the core and ending on the earth’s surface.

Since she did not revise her model substantially based on a second reading of
the text, the interviewer then described the inside layers of the earth as an onion
cut in half creating concentric circles and drew a cross-section of the earth with the
core at the centre, the mantle layer surrounding the core, and the crustal layer
surrounding the mantle. The interviewer asked if the student could see how her
diagram and the interviewer’s diagram differed; she replied, ‘Yes’. The interviewer
then asked her to draw another diagram to depict movement and processes inside
the earth. She drew figure 2, time 2 and added circular lines of magma in the
mantle layer. When the interviewer asked her how her original diagram (figure 2)
and this one differed, she replied that she had ‘... forgotten the liquid’ in her
original diagram. This newer diagram (figure 2, time 2) is a significant advance
over her previous drawing of the movement and processes in the earth (figure 2)
because it depicts the core in the centre of the earth and includes magma in the
mantle layer. The inclusion of both of these features provides a visual model from
which she could reason and make inferences. As previously stated, it is argued that
this type of model is a necessary condition for reasoning about the causal and
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dynamic processes in plate tectonics. In particular, it is argued that a correct
concentric model is a necessary condition for reasoning about how convection
currents form and how currents of magma cause movement of crustal plates.

Next the interviewer requested that she draw another diagram to depict moun-
tain formation. Her diagram, figure 3, time 2, appears to be a synthetic model
(Vosniadou and Brewer 1992) of her original model (figure 3) and her newer model
in that it depicts the core close to the bottom of the earth (as in her original model)
but has the mantle layer surrounding the core. In her description of this, she said
that ‘the heat heats up the liquid’. Here she has revised her original mountain
formation model to include the notion that the core acts as a heat source on the
liquid magma. This is a significant advance over her original model because she is
beginning to understand multiple causal mechanisms involved in plate tectonics.

Lastly, the interviewer requested that the student draw another diagram of
volcanic eruption. This model (figure 4, time 2) is a significant advance over her
original volcano model (figure 4) as well as that generated during the post-text
assessment (figure 10) for many reasons. First, it depicts the core at the centre of
the earth, the mantle is surrounding the core, and magma is contained in the
mantle layer. As such, her new model (figure 4, time 2) includes a spatially correct
model of the inside of the earth. Additionally, she drew arrows to indicate plate
movement, also an advance over her two previous volcano models (figure 4 and 10)
in terms of including plate movement as a causal mechanism involved in volcanic
eruption.

At this point, the student’s understanding of the domain appears to be better
than that which was reflected in her original diagrams (figure 1-4). In terms of the
classification scheme in table 3b, this student now has a ‘mixed model’ of the
causal mechanisms responsible for volcanic eruption since she has included both
heat-related and movement-related mechanisms in her model (figure 4, time 2).

Student 2: Models as tools for model-revision and reasoning

In the second case study, it is shown how spatially correct models can serve as
useful tools for reasoning (Kindfield 1993) about the causal and dynamic mechan-
isms inside the earth and how partially correct models can serve as useful tools for
progressive model building.

In Student 2’s first diagram depicting the layers of the earth (figure 1), a
spatially correct model of the interior layers of the earth is depicted. (In actuality,
the crustal layer is proportionately much thinner than the student has depicted
here but for the purposes of this research and grade level, this is not a grave error
in that it does not limit the nature of the inferences afforded). He has annotated his
diagram with text (unsolicited by the interviewer) which reads “The core is very
hot and is mostly molten lava, it goes through the core, mantle and out the crust’.
This statement does not reflect a complete understanding of volcanic eruption but
as the following analysis will demonstrate, he is able to use his spatially correct
model to make inferences as he proceeds through the text and diagramming tasks.
Since the textual information that he added to his diagram was not contained in the
section of the text that he read before he generated his diagram, one can assume
that this student has some prior knowledge of volcanoes.
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Student 1: figure 1, time 2 Student 1: figure 2, time 2

During his reading of the next section of text ‘Movement in the layers of the
earth’, he made a meta-level comment about how he might depict the plates as
moving. He said, ‘I was just wondering how you might draw the movement of the
plates’. This is anecdotal evidence that the diagramming prompts in the text may
have influenced some students to attend to specific features of the text that would
be useful in producing their diagrams (see Gobert and Clement 1999 for more
discussion on this aspect of the research). After he finished reading this section of
text, he drew a diagram to depict the causal and dynamic processes inside the earth
(figure 2). While he drew he said, “The currents form here, push on the mantle so
that the mantle moves and makes the crust move, and the plates will move if the
mantle and crust moves, and if they overlap, they make an earthquake’.
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The diagram and his corresponding protocol (above) indicate that he has a
fairly good understanding of the movement-related mechanisms underlying plate
tectonics, but he does not appear to understand the heat-related mechanisms
involved in plate tectonics. More specifically, he does not appear to understand
why or how the currents form (i.e. that the core acts as a heat source in causing
convection currents to form). As such, his model as depicted in figure 2 is a mixed
model (T'ype 2) as described in table 3b because although it includes multiple
movement-related mechanisms, it only includes the presence of currents as a
heat-related causal mechanism. At this point the interviewer asked if he knew
what was causing the currents to form. He responded, ‘I think its when the core
gets too much pressure and if it didn’t have earthquakes and volcanoes, it might
explode’. This validates the assumption that the student did not understand how
heat from the core was causal in heating the magma.

The student’s third diagram depicts mountain formation (figure 3) and he has
included ‘force’ in his diagram. His protocol (below) demonstrates that he has
notions of pressure and force. It is important to note that although some of his
assumptions are not correct (e.g., lava building up in the core and getting ‘pres-
surized’), he appears to be trying to integrate what he is understanding from the
text with his prior knowledge of heat and pressure. This is an example of how
intuitive conceptions are rich, effective starting points for instruction (Clement
et al. 1989). Below is an excerpt of our conversation:

Student: The plates on top of the crust, when they are forced together, they form a
mountain. ... the mantle that is making the force so that mountains are
formed when the two plates, I guess that those lines are force, and the
force is coming from the mantle.

Interviewer: Why is there force coming from the mantle?

Student: Because maybe before it came from the core and then it went to the mantle
and stayed there and then that got too pressurized. It has to let it go, it
probably came form the core. ... I think that most of the movement of the
earth comes from the core because the lava builds up that in there and
there’s too much pressure in it so it has to let out all the pressure and it
will go through the core and go through the crust and let it out on the plates.

In his fourth diagram, which depicts volcanic eruption (figure 4), the student has
drawn a local, movement only model of volcanic eruption. The only causal
mechanisms that are included are magma rising from the mantle and magma rising
above the surface. At this point, the interviewer attempted to see if the student
could integrate some of his intuitions about pressure into his model in order to
achieve a more causally sophisticated model of volcanic eruption. He generates the
notion of heat ‘rising’ and develops a more causally sophisticated understanding of
volcanic eruption. Important to note is the interesting inference he makes about
the magma being hot based on a visual cue of spatial adjacency between the core
and the mantle and his prior knowledge of heat ‘rising’. Excerpts from our con-
versation are as follows:

Student: I’m drawing, this is coming from the mantle and then the magma is going

up and then its coming through the volcano and its coming out of the
volcano.

Interviewer: So why is the magma rising?
Student: I’m not sure.

Interviewer: Any ideas?
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Student: Because heat rises, the magma is really hot and so it would go up, and basically

any way that you face from the mantle is up and that’s why it goes up (good
spatial reasoning).

Interviewer: Let’s pursue that idea a little bit — why is the magma hot?

Student: Because the magma is a hot liquid and the core is really hot and the mantle is

right near the core. .. (excellent inference using his diagram and prior knowl-
edge)

Post-text Assessment

For the next part of the analysis, specific items of Student 2’s post-text assessment
were selected to investigate the types of inferences the student was able to make on
the basis of his models, as well as to test for consistency between his models and
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answers to questions about the domain. Here, the data is discussed with respect to
the student’s understanding of the spatial/static features of the inside of the earth,
and the causal and dynamic processes involved in plate tectonics. Each will be
addressed in turn.

Understanding of the spatial arrangement of the inside of the earth

When given a multiple-choice question asking ‘Where is the thinnest part of the
crust?’ he circled (correctly) ‘at the ocean floor’. This response indicates that he
has a good three-dimensional representation of the earth’s crust. Additionally, his
spatially correct models of the earth (figures 1—4, and 10), indicate that this student
has a good understanding of the inside layers of the earth. His correct spatial
understanding is also reflected in his answer to the following question, ‘Plates
moving apart causes...’; here he circled both b and c: ‘causes volcanoes’, and
:causes other plates to move together’. His answer to this question also reflects
excellent spatial reasoning, i. e. that plates moving will cause others to move. Few
students in this study were able to answer this question correctly.

Understanding of the causal and dynamic of the processes in plate
tectonics

When asked ‘Name three occurrences which suggest that the plates in the earth are
still moving’, he responded, ‘... the continents are still moving apart about 4
inches per year; there are earthquakes, and there are volcanoes. ’ All of these are
correct, and as such, reflect a good understanding of the effects of plate tectonics
on the earth’s surface.

Other indicators of this student’s understanding of the causal and dynamic
mechanisms involved in plate tectonics are his figures 10 and 11 and their corre-
sponding protocols. In both cases, the diagrams reflect local, movement-only
models, compatible with his diagram (figure 4). More specifically, when asked
to draw a diagram of volcanic eruption during the post-text assessment
(figure 10), he said:

Well, right now I’m drawing the layers. ... . and this is the volcano and this is the
currents coming up from the mantle up through the crust and out ...

When asked to draw a diagram to depict sea floor spreading, he drew figure 11.
While he drew he said:

Right now I'm drawing the sea level, and here’s the bottom of the sea, say that this is
one plate and this is another, and when the ocean floor gets bigger because the plates
are moving. .. [’'m going to say that this is where they started and then they move to
here because the plates have moved because that’s the section of the plates and then
the currents fill up the gaps in the plates and then it makes the other plates move.

From this protocol, it is unclear whether this student has a full understanding of
what causes the plates in the sea floor to move, i.e. there is no heat as causal in this
model, but he appears to understand the relevant movement-related mechanisms,
i.e. that magma rises into a gap and fills in the sea floor. There is some consistency
between his model of the causal and dynamic processes inside the earth (figure 2,

FIRST PROOFS iz/Journals/Sed/Sed-0447.3d LC Ref: INT. J. OF SCIENCE EDUCATION (SED) Paper no. 100447 Page No. 20 Keyword



FIRST PROOFS

A TYPOLOGY OF CASUAL FOR PLATE TECTONICS 21

Ly
%

<l

Student 2: figure 10, time 1 Student 2: figure 11, time 1

above) and his model of sea floor spreading (figure 11) in that both include
multiple movement-related mechanisms, which are well integrated into a causal
chain.

Model Revision

At this point in the interview, we revisited the diagrams, which this student drew
during his reading of the text. In each case, the interviewer asked him if there was
anything that he wished to add to his diagrams. For figure 1, he added nothing but
said, ‘It isn’t supposed to be the core. .. the mantle gives the volcanoes magma not
lava, and it’s not from the core. ’ The student here corrected the text which he had
annotated to his first diagram, namely that the magma (not lava) comes from the
mantle layer, not the core.

For his second diagram the interviewer asked if there was anything that he
wanted to add to his diagram to show the movement in the different layers of the
earth. He replied, ‘I’m not really sure how they move besides the currents and how
the crust and plates move apart or together. > At this point the interviewer gave
him the relevant section of text to read again. Excerpts from our conversation after
he had re-read the text are as follows:

Student: The heat rises up through the mantle from the core so that should be there,
‘cuz it comes from the core and it goes to the mantle and creates currents
from the mantle up to the crust so that would cause an earthquake or a
volcano. When the current gets to the top of the plates it pushes on the
plates, it forces the plates to move in many directions.

Interviewer: Do you understand that? Does that seem reasonable to you that the
currents push on the plates?

Student: Yeah, it’s sort of like currents on the water because they push on things in
the water. They would push on the plates and they would either go together or apart
or in any direction

Interviewer: So ... can you explain to me clearly knowing what you do about how the
plates move?
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Student: When the currents get to the top of the plates, it will make the plates move in
a lot of directions and that movement from the core, it gives heat to the mantle and the
mantle would start off the currents in the mantle and then it would go to the crust, and
would come out in the crust as an earthquake or a volcano ... It’s sort of like a relay,
the core to the mantle and the mantle to the crust!

From this excerpt, it appears that the student has revised his model of movement
and processes in the earth to include more heat-related mechanisms, (which was
what was lacking in his original, figure 2). More specifically, he has now integrated
into his model the notion that it is the heat from the core, which causes currents to
form in the mantle, etc. As such, his model reflects a greater number of causal
mechanisms. Furthermore, his description of the causal processes into a concise
causal chain and his analogy of this process as a relay suggests that he understands
the causal mechanisms as a causal system.

The interviewer then asked if there was anything that he wanted to add to his
diagram depicting mountain formation (figure 3). He did not significantly revise
his diagram. He was confused during this part of the interview about how the
currents could be ‘strong enough to push on the plates and cause them to move’
(this is a common difficulty with this age level). Excerpts from our conversation
are as follows:

Student: They’re being squeezed from both sides, from the left and the right.
Interviewer: But why are they being pushed?

Student: the force is, but it doesn’t say. .. .

Interviewer: Remember when we read about plate movement and what causes it,
when the mantle heats up, the magma heats up, and it causes the mantle
to move, it’s like this layer that’s wiggling and jiggling and the plates are on
top of it and it causes the plates to move too, right? Do you think that that
can cause the plates to move in the way that mountains are formed?

Student: If the mantle is wiggly like Jell-O think that it’s not strong enough to push
the plates together to make a mountain, it’s the mantle that forms the
mountain.

Interviewer: How?

Student: By pushing the plates together, but I don’t know ... if it’s currents or if it’s
just the mantle moving around.

Tutoring to promote model revision

At this point the interviewer drew the student a visual analogical model of a boiling
pot of water and macaroni on a stove. Together we compared the core to the
element on the stove, the mantle to the pot, the magma to the water, and the plates
to the macaroni. The interviewer described, in brief, how the water was hotter
where it was closer to the element and less hot near the top of the surface of the
water, and that the difference in the two temperatures and densities caused the
hotter water to ‘rise’ and the less hot water to ‘sink’. Further, the interviewer
explained that the rising and sinking pattern was called convection and that this
also happens within the mantle layer (Gobert and Clement 1994 presents addi-
tional data to demonstrate the efficacy of this visual analogy).

After this tutorial, we returned to his post-text diagram of volcanic eruption
(figure 10), the interviewer asked if there was anything that he would like to add to
it. He revised his diagram to include currents rising up through the mantle and
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pushing on the plates of the crust. In his revised diagram (figure 10, time 2), the
currents, as depicted, are not contained within the mantle layer, rather they are
directly below the crustal plates. This could be due to the fact that he did not fully
understand the relative thickness of the layers (excerpts from his transcript con-
firmed this) and if the interviewer had helped him to revise him model regarding
the relative thickness of the layers, that he would not have depicted the currents in
the crustal layer. Excerpts from our conversation are as follows:

Student: Yeah the heat would cause, from the core, since it was so hot, would push
against the mantle, and then the mantle would have the magma go up and it
would come up in a volcano.

Interviewer: So what’s happening with the plates?
Student: The plates are moving apart.
Interviewer: Why are they moving apart?

Interviewer: Because the magma is hitting right here (he points to section on the top
of the mantle), it comes back down and keeps on hitting it, so that forms a
gap and then if there is a gap, then the magma comes up and goes through
the volcano.

From the student’s transcript, it appears that he has a better understanding of what
causes volcanic eruption and that he has some understanding that there is convec-
tion in the mantle, and that it is caused by heat from the core. As such, his revised
model (figure 10, time 2) is categorized as an Integrated Model (as described in
table 3b) because it includes both heat- and movement-related mechanisms, and
includes heat as a causal agent in forming the convection currents. As previously
said, the goal of this program of research is to promote the development of sim-
plified, qualitative models of plate tectonics. This student’s model, especially when
taking into account that he is in fifth grade, is a good, qualitative model of the
causal and dynamic mechanisms involved in plate tectonics.

Student 2: figure 10, time 2
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Discussion

Focus on diagram-drawing rather than diagram presentation

The focus of the present research, diagram drawing, is in direct contrast to many
studies, which simply present diagrams to students. In the latter type of studies,
diagrams are given to students as adjunct sources of information to text, which is
considered to carry the principal informational burden. The assumption is that the
presence of the diagram should facilitate learning. More recently however, studies
have demonstrated that there are problems associated with this. First, students
often don’t know how to search through diagrams in a systematic fashion in order
to understand complex information (Gobert 1994, Lowe 1989), nor do they know
what information is important (Anzai 1991). Additionally, scientific diagrams
usually have domain-specific symbol systems which students are not skilled at
interpreting (Gobert 1994, Hill 1988). Lastly, simply presenting diagrams to
students puts them in a passive role as learners (Gobert and Clement 1999).
From an applied perspective, this is deeply problematic because it does not pro-
mote the development of rich mental models from which inferences can be made
(Lowe 1993), thereby defeating one of the main goals of science education. From a
theoretical perspective, simply presenting diagrams to students is antithetical with
both constructivist theories of learning (cf., von Glasersfeld 1987, 1995) and with
current emphasis in science education on students’ active model building (White
1993, Frederiksen et al. in press, Raghavan and Glaser 1995, Penner et al. 1997,
Linn and Muilenberg 1996, Keys 1997). For these reasons, the present research
employed active diagram construction as a means to promote model building and
model revision.

Student-generated diagrams: Contributions to basic research and science
education

These data on diagram generation are important in terms of what they can tell us
about the cognitive processes used in constructing and making inferences from
diagrams, and as such are important to basic research on cognition. Findings from
these data are compatible with previous research in this area, namely, that drawing
diagrams provides a means to externalize knowledge, thereby freeing up cognitive
resources for inference-making (Kindfield 1993). In terms of contributions that
these data make to science education, it is argued that detailed, systematic analyses
of students’ diagram drawing and their corresponding think aloud protocols pro-
vide fine-grained methodological tools which can be used to: evaluate students’
pre-instructional models (Glynn 1997), trace conceptual change over time, par-
ticularly if multiple drawings are generated (as in the present study), and test for
the robustness of students’ models.

Types of models observed

Two types of models of the inside of the earth were identified: spatially incorrect
models, such as in Student 1’s case, in which the spatial arrangement of the layers
is not correct; and spatially correct models, such as Student 2’s case, in which the
inside of the earth is depicted as concentric circles. The proportions of each type of
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model observed in the data were 10.6% and 89.4%, respectively. At this age level, it
is not surprising that the large proportion of students who participated in this
research held spatially correct models of the inside of the earth. This is likely
due to prior knowledge that students obtained from diagrams in books, the
media, etc. It is possible that a greater proportion of younger students hold
spatially incorrect models; however, this was not the focus of the present study.
In terms of the spatially incorrect models observed, it is important to note that
Student 1’s model differed from the other models which were also classified as
spatially incorrect; that is, of the 5 spatially incorrect models observed, each dif-
fered in terms of the spatial arrangement of the layers. Further research is needed
in order to more fully understand the origin of these various types of spatially
incorrect models.

Four types of models of the causal and dynamic processes involved in volcanic
eruption were identified, ranging from local models including heat-related
mechanisms only, local models including movement-related mechanisms only,
mixed models including some heat- and movement-related mechanisms, and inte-
grated models (the most sophisticated type of model observed at this age level)
which include some understanding that heat acts as a causal agent in causing the
formation of convection currents which then push on the plates and cause crustal
movement/breakage. The proportions of each type of model in this category were
4.25%, 61.7%, 29.8%, and 4.25%, respectively. In terms of the relative proportions
of these types of models, again, local heat-only models were observed very infre-
quently and these models tended to include the notion that heat only was respon-
sible for plate tectonic phenomena but with no knowledge of how heat was causal.
As such, these models are very simplistic but are effective points for instruction, as
evidenced by the substantial gains made by Student 1. The highest proportion of
models observed were Type 1b, local movement-only models, which included, in
most cases, the idea that in volcanic eruption, magma rises above the surface. It is
likely that the high proportion of models observed in this category is due to prior
knowledge that students have from the media. This type of model is also very
simplistic but partially correct and as data from Student 2’s model building indi-
cates, students’ rich prior knowledge about magma rising presents an effective
starting point for instruction. Probing questions such as ‘Why does the magma
rise?’ may facilitate progressive model building by engaging the student to seek to
integrate his or her prior knowledge. The third category, Mixed models, which
include notions of heat and pressure as well as magma movement as causal
mechanisms in volcanic eruption, were the second largest category observed in
these data. These models are interesting in that they have many correct causal
mechanisms included in them. Given the proportion of these in the data (29.8%), it
is reasonable to assume that many students at this grade level could achieve at least
this level of understanding if engaged in instructional tasks which promoted
model-building such as the tasks in the present study. Research in which students
generate their models and then pose questions to each other about their models in
the planning stages (Gobert 1999), and it is hypothesized that if students engage
in problem-posing in which they address questions such as “‘Why is the magma
rising? and What causes the magma to be hot?, etc., that they will be able to
progressively refine their models to include both heat-related and movement-
related causal mechanisms. Previous research has shown that diagrams can serve
as cognitive artefacts and that these can mediate conversations between individuals

FIRST PROOFS iz/Journals/Sed/Sed-0447.3d LC Ref: INT. J. OF SCIENCE EDUCATION (SED) Paper no. 100447 Page No. 25 Keyword



26 J. D. GOBERT

(Pea et al. 1993). In terms of the students who were classified as having integrated
models, it is important to note that they were classified so on the basis of individual
interviews in which they were given a tutorial of a visual analogical model of a pot
of boiling water on a stove. No integrated models were observed on the basis of the
reading and diagramming tasks alone; however, the visual analogy which was used
in these tutorials helped students to understand how convection currents were
formed in the mantle and how these currents pushed on the plates. These data
suggest that visual analogical models, such as the one used in the tutorials in the
present study, might be used successfully in classroom instruction in order to
promote deep learning.

Reasoning with spatially incorrect models: the case of
Student 1

On the basis of Student 1’s diagrams generated during her reading of the text
(figures 1—4) as well as her responses to questions during the post-text assessment,
student 1 had a flawed understanding of the spatial layout of the layers inside the
earth, that is, a spatially incorrect model of the inside of the earth (a Type 0 model
as described in table 2b). She also held a very rudimentary model, i.e. a local, heat-
only model of the causal and dynamic mechanisms involved in plate tectonics (a
Type 1b model as described in table 3b). These models appeared to reflect a very
literal interpretation of the text.

It is hypothesized that her flawed model of the arrangement of the layers of the
earth (figure 1 — core depicted at the bottom of the earth) could not support further
model building about the causal and dynamic processes inside the earth because all
of visual cues that are needed to understand the earth as a causal system were
missing in her models. More specifically, her original, non-concentric earth model
(figure 1) could not support inference-making by means of perceptual cues about
the causal mechanisms and processes inside the earth (figure 2), and how these
mechanisms cause mountain formation (figure 3) and volcanic eruption (figure 4).
The lack of viability of her original models was further evidenced by her responses
to post-text assessment items.

Regarding Student 1’s model revision, it is important to note that once she was
able to correctly depict the earth with the core at the centre and revised her
diagrams to include magma in the mantle layer (figure 2, time 2), she was better
able to use this model to reason about the causal mechanisms underlying mountain
formation (figure 3, time 2) and volcanic eruption (figure 4, time 2). From this, it
appears that having a correct model of the spatial layout of the earth is a necessary
(but not sufficient) condition for understanding the causal and dynamic processes
involved in plate tectonics because with a model which depicts the layers of the
earth as concentric circles with the magma-filled layer surrounding the hot core it
is easier to visualize and understand how the core acts as a heat source for the
magma. Once students have understood the causal chain or attributive cluster
(Brown 1993, 1995) that the core is a heat source for the mantle, it is then easier
to address instructionally how convection currents form in the mantle, and how
currents push on the plates, both of which are necessary to understand how plate
tectonics accounts for crustal activity such as mountain formation, volcanic erup-
tion, and sea floor spreading.
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After her model revision, student 1’s model of the causal and dynamic
processes inside the earth can be described as a ‘Mixed’ model because it includes
both heat- and movement-related mechanisms (figure 4, time 2). Thus, in terms
of conceptual gains made, this student has made considerable progress in
understanding the spatial arrangement of the layers of the earth in that she now
understands that the layers are not depicted as piled on top of one another (as in
her first diagram). Conceptual gains were also made in her understanding of
the causal mechanisms involved in plate tectonics from her original model
(figure 2) which included heat as the only causal mechanism to her final model
of volcanic eruption (figure 4, time 2) which included both heat-related and
movement-related causal mechanisms. It is likely that her understanding of heat
as causal provided an important source of knowledge that was used in further
developing her understanding of the causal mechanisms inside the earth. As
such, the notion that there is heat in the core of the earth, which is relevant
prior knowledge which many students have, is a usable anchor for conceptual
change (Clement et al. 1989). It is also important to note that without feedback
from the student’s drawings, a teacher might not have detected what was
blocking the student’s understanding of the domain. Thus, this is an example of
how students’ diagrams can be used to diagnose misconceptions, and an
example of how misconceptions, if they are not remediated, can adversely effect
understanding.

Reasoning with spatially correct models: the case of Student 2

Student 2 was chosen as a case study to be described for two reasons. First, his
pre-instruction model of the inside of the earth, i.e. a spatially correct model, is
representative of the majority of students who participated in this research.
Similarly, many of his pre-instruction models of the causal and dynamic processes
inside the earth are local, movement-only models (figure 2, 4, 10, and 11), also
representative of the majority of students who participated in this research.’
Secondly, this student was chosen to describe in depth because of the ways in
which he used his relevant prior knowledge of heat, pressure, and force as well as
visual cues from his diagrams to revise his models.

After a brief tutorial in which the interviewer drew a visual analogy of a
boiling pot of water on the stove, the student was able to better integrate his
prior knowledge with his models in order to substantially revise his models,
and thus, his understanding of the domain. The student constructed his
understanding based on his prior knowledge of heat, pressure, and force, what
he had learned from the text, inferences made on the basis of his own diagrams, and
the visual analogy. In sum, he progressively revised his local, movement-only
models to his final, Integrated model, which includes multiple heat- and
movement-related mechanisms as well as the notion of the core acting as a
causal agent in forming the convection currents. It is hypothesized that having
a spatially correct model of the interior layers of the earth, as in the case of
this student, facilitates inference-making by means of perceptual cues such
as spatial adjacency (Larkin and Simon 1987) which then promotes model
revision.
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Models as coherent frameworks versus knowledge in pieces

Using a combination of qualitative and quantitative measures, these data demon-
strate that there are a small number of well-defined models, which are held by
students at this age level regarding the causal mechanisms involved in plate tec-
tonics. Furthermore, there was a large degree of correspondence between students’
diagrams, their corresponding explanations, and their answers to inference ques-
tions. Similar findings were reported by Vosniadou (Vosniadou and Brewer 1992).
In Vosniadou’s research, she has interpreted the commonality of the models
observed and the correspondence between students’ models and answers to infer-
ence questions as evidence that conceptual knowledge in the domain of astronomy
is theory-like rather than fragmented and unconnected, as others have suggested
(di Sessa 1985, 1993). Although data from the present study can be used to argue
for a theory-like view of students’ knowledge, a cautionary note is included. The
present data suggest that students are using their models consistently in order to
reason about plate tectonic-related phenomena, however, it is possible that they
did so because they understood that the various phenomena addressed were all
examples of plate tectonic-related phenomena. In fact, the text, which was used in
the study, was written explicitly to promote this. It is possible, that if the text had
not made these explicit connections, that the students may have reasoned in a
manner more similar to a ‘knowledge in pieces’ fashion, that is, not attributing
the same causal mechanisms to the various plate tectonic-related phenomena
addressed. This study was not designed to address the knowledge in pieces versus
knowledge in theories debate; however, empirical studies could be conducted in
order to address the models as theories versus knowledge in pieces debate.

A comment on prior knowledge and epistemology

The prior knowledge and inference strategies which particular students bring to
bear on the tasks in the present study can be thought of as part of a student’s
conceptual ecology (Toulmin 1976). Another aspect of a student’s conceptual
ecology which is likely important to their model construction and model revision
is their epistemology of scientific models, i.e. their understanding of the nature and
purpose of scientific models. Although students’ epistemologies were not
addressed in the present work, it has been argued elsewhere that this is an import-
ant component to be addressed in students’ model construction and model revision
(Grosslight et al. 1991, Gobert and Discenna 1997, Schwarz and White 1999).
Moreover, it has been shown that students with a more sophisticated understand-
ing of the nature and purpose of models are better able to make inferences from
their models, once constructed (Gobert and Discenna 1997); findings consistent
with studies of the effects of epistemology on the integration of textual material
(Rukavina 1991, Rukavina and Daneman 1996) and studies on the effects of epis-
temology on the integration of scientific principles (Songer and Linn 1993).
Further research is necessary and is planned in order to address the relationship
between the nature of students’ understanding of scientific models and how this
influences their model building (Gobert 1999). It is hoped that this will provide
further insight into both the nature of students’ science learning as well as how this
might be addressed pedagogically in science teaching.
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Conclusions

In the existing literature, questions have been raised as to whether students can be
taught to produce diagrams from which rich inferences can be drawn (Anzai 1991),
and whether students can make inferences form their own diagrams, once con-
structed (Schwartz 1993). Results from these studies suggest that young students
can construct rich mental models of complex causal and dynamic systems, which
they can then use to make inferences. These data also suggest that developing rich
integrated causal models may be facilitated when models are constructed by the
learner beginning with the static components first followed by increasingly com-
plex models involving causal and dynamic information.

This research utilizes student-constructed modelling tasks and progressive
model revision in order to promote deep learning of subject-matter material, as
well as promote the development of modelling skills required in science learning
and in scientific reasoning in general. In doing so, it examines both the process and
product of science learning, and focuses on model construction as a very important
process skill and an integral part of science learning and science literacy (Linn and
Muilenberg 1996, Penner et al. 1997). This approach to science education empha-
sizes diagrams as important tools for model-construction and reasoning as opposed
to the more conventional use of diagrams as merely illustrations of science con-
cepts.
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APPENDIX A: The text and diagramming tasks: What causes
the continents to move?

Scientists have shown that the pattern of the continents has changed over time. They believe
that at one time all of the continents were close together and formed one very large con-
tinent, called Pangaea. Scientists estimate that about 200 million years ago, Pangaea started
to break into several pieces. Since that time the pieces have slowly drifted apart. These
pieces have become the continents that we see today. The continents continue to move about
three-quarters of an inch to 4 inches per year. These paragraphs explain how the change
from one big piece of land to several continents happened.

The layers of the earth

NOTE: After this paragraph you will be asked to draw a picture (on the next page)
of the different layers of the earth.

The inside of the earth is made up of three different layers. If you could drill through
the earth, the first layer you would drill through is the crust, which is 96 miles thick in some
places. The continents we see and live on are only part of the crust. In other places, the crust
dips down underwater to form the seabed. The crust is divided into moving sections called
plates. Some continents are made up of more than one plate.

Under the crust is the second layer called the mantle. It is a layer made up of very
thick liquid called magma.

At the centre of the earth’s interior is the core, which is very hot.

Please go on to the next page.
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(D1) Draw a picture of the different layers of the earth. Include and label all the information
about these layers that you can.
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Movement in the layers of the earth

NOTE: After this paragraph you will be asked to draw a picture (on the next page)
of the movement and processes in the layers of the earth.

Remember that the crust is divided into sections called plates. Each plate can be
thought of as a sheet of rock, riding on top of the mantle.

As mentioned before, the core of the earth is very hot. This heat creates currents that
rise up through the mantle. When these currents get near the top of the mantle, they push on
the plates, and force the plates to move in many directions. As the mantle moves, the plates
move with it. Since the continents are part of the plates, the continents move too.

Please go on to the next page.
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(D2) Draw a picture of the movement and processes in the different layers of the earth.
Include and label all the information about these layers that you can.
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How movement causes: mountains, volcanoes, and sea floor spreading.
How mountains form

NOTE: After this paragraph you will be asked to draw a picture of mountain for-
mation.

When two plates are forced together, mountains can form. As the plates are forced
together, the edges may be arched like a deck of cards being squeezed from both sides.
Eventually one plate moves under the other plate. As the plates continue to move together,
the crust is slowly bent and crumpled, and mountains are formed. While the rock may rise
only a quarter of an inch per year, over millions of years it can form very high mountains.
The Himalayan Mountains are the best example; they were formed when the plate of India
collided with the plate of Southern Asia.

Please go on to the next page.
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(D3) Draw a picture of the movement and processes in the different layers of the earth when
mountains are being formed. Include and label all the information about these layers that

you can.
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How volcanoes form

NOTE: After this paragraph you will be asked to draw a picture of volcanic erup-
tion.

Volcanoes occur mostly along, or very near, the edges of plates. This is because the edges are
where most of the stress and cracks occur.

One way that volcanoes can form is when the plates move apart. As the currents of hot
magma push on the plates, they move apart. Hot liquid magma from the mantle then rises
up above the surface to form volcanoes.

Please go on to the next page.
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(D4) Draw a picture of the movement and processes in the different layers of the earth when
volcanoes are erupting. Include and label all the information about these layers that you can.

FIRST PROOFS iz/Journals/Sed/Sed-0447.3d LC Ref: INT. J. OF SCIENCE EDUCATION (SED) Paper no. 100447 Page No. 40 Keyword



A TYPOLOGY OF CASUAL FOR PLATE TECTONICS 41

Why the Atlantic Ocean is getting wider

Since North America is still moving away from Europe, the Atlantic Ocean is getting
wider! This is how it happens.

There are two plates, which reach under the Atlantic Ocean. The place where these two
plates meet runs right down the middle of the ocean floor, from north to south. Over time,
the hot currents in the mantle causes these plates to move further apart; the magma then
rises up through the crack and fills in the resulting gap in the ocean floor. As the magma
cools down it forms rock, which becomes a new part of the ocean floor. This is how the
ocean floor gets bigger over time.
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Abstract

Geology is a complex, semantically rich domain involving the interpretation of geological
maps as external visualizations. Geological maps are complex in particular because 3-
dimensional features must be inferred from 2-dimensional representations depicted by
differing line types and weights. Modeling building, as an internal mental activity, is also
required in order to achieve deep understanding of textual materials in geology, of
geological maps, as well as in understanding complex causal processes, €.g., convection,
underlying geological phenomena. Using literature from Cognitive Psychology, a
framework for teaching and learning with visualizations in Plate Tectonics is given as an
example of one difficult topic in Geology which involves the understanding of

visualizations. Based on previous work in students’ conceptions in Geology, three studies



of students’ conceptions and cognition in plate tectonics were designed. These studies
highlight the importance of progressive model-building as a good pedagogical approach, as
well as examine the efficacy of different learning tasks as strategies to promote model-
building on the part of learners.

Keywords: learning with diagrams, model-building, learning in Plate Tectonics



Introduction

Geology is a complex domain which requires interpreting and reasoning with visualizations
that are semantically-rich (Frederiksen & Breuleux, 1988). More specifically, the
visualizations referred to herein are external visualizations, e.g., graphics, maps, diagrams,
models, simulations, etc. These are distinguished from internal visualizations, i.e., internal
mental constructs or mental models, used in reasoning (Johnson-Laird, 1985). (More on
the role of mental models later in the paper). Furthermore, the visualizations of interest
here are semantically-rich representations which involve complex, domain-specific symbol
systems and as such are distinguished from iconic visual representations, e.g., a stop sign,
which do not require a deep, conceptual knowledge base. Thus, the comprehension of and
reasoning with semantically-rich visualizations is much more complex (Gobert, 1994).
Because of the complexity involved in understanding geological maps, Geology is an

excellent domain in which to think about the human cognition underlying visualizations.

In general, comprehending or interpreting complex visualizations is difficult because all the
information is presented to the learner simultaneously in contrast to textual information
sources in which the information follows the structure of the text (Larkin & Simon, 1987).
For more details on the information-processing ramifications of these differences, see
Gobert, 2005 (in press). In the case of graphics in geology, another level of complexity is
added because 3-dimensional information is represented in 2-dimensional form. Thus, in

order to understand a terrain from a geological map for example, learners must be able to



make inferences about 3-dimensional features from 2-dimensional information depicted by
differing line types and hierarchies of pen weights. This is a complex and non-trivial task
similar to understanding a building as a 3-dimensional entity from it plans which depict this

information in 2-dimensions in architectural plans (Gobert, 1994, 1999).

In unpacking the learning processes from visualizations in Geology, the literature from
Cognitive Science provides an excellent framework for both research and teaching with

visualizations. The next sections of this paper are dedicated to this goal.

Cognitive science literature as a framework for research and teaching with

visualizations in Geology

In thinking about learning processes for visualization, learning is viewed as an active and
constructive process. This view of learning is largely due to a seminal paper entitled
"Levels of processing: A framework for memory research" (Craik & Lockhart, 1972;
Lockhart & Craik, 1990) which introduced the notion that the nature of the learner's
processing of the stimulus material largely determines the learner's memory representations
for that material. The levels of processing framework was originally developed for text
materials, but the framework has been subsequently shown to be applicable with visual
stimuli, including faces (Bower & Karlin, 1974) and cartoon figures (Bower, Karlin, &
Dueck, 1975), as well as complex conceptual visual stimuli such as those found in chess

(Lane & Robertson, 1979) and architecture (Akin, 1978, 1979; Gobert, 1989, 1994, 1999).



Expert-novice literature. A great deal of what is known about visual information
processing has come from the expert-novice literature both in terms of how domain-related
information is stored and chunked in human memory and the ways in which information
processing is directed by prior domain knowledge. Differences between experts and
novices have been studied in many, diverse domains including computer programming
(Adelson, 1981, 1984; McKeithen, Reitman, Reuter & Hirtle, 1981), algebra (Lewis, 1981),
physics (e.g., Chi, Feltovich & Glaser, 1981; Chi, Glaser & Rees, 1982’ Larkin et al, 1980),
and medicine (Frankel Tal, 1992; Groen & Patel, 1988; Patel & Groen, 1986; Patel et al,
1990; Patel et al, 1984). Bereiter and Scardamalia (1993) and Ericsson and Smith (1990)

provide a good review of this literature.

In terms of previous research on expertise, relatively few of the studies deal with visual
information sources (compared to the total number of expertise studies conducted). Some
of these studies include research in the following domains: chess (Chase & Simon, 1973;
deGroot, 1965, 1946/1978), Go (Reitman, J., 1976), gomoku (Eisenstadt & Kareev, 1975),
bridge (Charness, 1979), radiology (Lesgold, et al., 1988; Myles-Worsley, Johnston, &
Simons, 1988), geographical map reading (Ormrod et al., 1986; Gilhooly et al., 1988;
Thorndyke & Stasz, 1980), topographical map reading (Chang et al., 1985); architecture
(Akin, 1979; Chase & Chi, 1981; Gobert, 1989; 1994), electronics (Egan & Schwartz,

1979), and engineering (Vicente, 1991, 1992; Bedard, 1993).



In terms of expertise studies in semantically-rich domains like geology, a few studies have
been conducted. Egan and Schwartz (1979) used a recall task to examine differences in
chunking of information from electronic circuit diagrams between novices and experts in
electronics. In addition to recalling larger chunks, skilled electricians related some of the
chunks together and used their conceptual knowledge of the function of the various circuits
in order to structure their recall. Furthermore, it was suggested that their knowledge
organization was attributable to the functional units they had identified during their initial

learning of the circuit diagram.

Ormrod, Ormrod, Wagner, and McCallin (1986) used faculty from geography, educational
psychology, and sociology in order to examine their respective abilities to learn and recall
two maps: a logical one (based on geographical principles), and an illogical one (the
elements were randomly placed). Geographers, having a great deal of knowledge about
map features, were hypothesized to use their domain knowledge to organize the map
features in a meaningful way. Educational psychologists were chosen for their knowledge
related to memory and learning principles. A control group of sociologists was also added.
Results for the logical map showed that the best performance was attained by geographers,
followed by educational psychologists; however, in the case of the illogical map, the recall
of all three groups of subjects was equally low. Thus, the geographers, being "map
experts", applied principles from their domain in order to learn the chosen map; educational
psychologists, whose recall was greater than the sociologists, applied principles from their

domain, e.g., memory and learning strategies in order to learn the map. Similarly, in the



case of topographic map reading (Chang et al., 1985; Gilhooly et al., 1988; Eastman, 1985)
experts were found to have better comprehension of relative heights of the terrain depicted
in the map. Search strategies identified by eye-tracking showed that they attended to the
highest and lowest points depicted (implicitly) in the map in order to fully understand the

terrain (Chang et al., 1985).

In studies conducted in architecture, experts were found to represent their knowledge in
hierarchical structures made up of spatial chunks (Akin, 1979; 1986; Chase & Chi, 1981)
and that the nature of the learning processes employed affected the resulting conceptual
representations (Akin, 1979; 1986). In a study involving the understanding of a building
from its plans, experts were found to better understand the building as a 3-dimensional
entity compared to their less expert counterparts and that experts also employed more
sophisticated search strategies in that they were both more systematic and 3-dimensional
compared to sub-experts. Again, the resulting understanding of the building in both groups

was found to reflect their initial knowledge acquisition strategies (Gobert, 1994; 1999).

Important in all of these studies is the finding that experts used knowledge acquisition
strategies for learning from visualizations that are highly related to required task
performance in their respective domain. Thus, in each case, skills for acquiring knowledge
from visual information sources have evolved through experience and are especially
adapted for performance in their respective domain. This domain-specific prior knowledge

used in acquiring knowledge from visual information sources are referred to as schemata



(Brewer & Nakamura, 1984; Schank & Abelson, 1977; Rumelhart & Norman, 1975) which

provide perceptual and cognitive structures that influence the amount and manner in which

information is acquired and encoded in memory such that experts can process domain-
specific material to a deeper level these prior knowledge schemata also account for the
superior recall and inference-making evidenced by experts when they are working in their

domains of expertise (Chang, Lenzen, & Antes, 1985; Gilhooly et al., 1988; Head, 1984).

Approaches to eliciting deep processing of visual information sources. Deep processing of
information is a necessary requirement for conceptual understanding, and thus, much of the
research which is carried out in cognitive science and education has higher level learning as
its goal. One approach to eliciting deeper processing is providing students with orienting
tasks (cf., Craik & Lockhart, 1972; Schmalhofer & Glavanov, 1986). Orienting tasks are
instructions given to learners as part of the task in order to structure the learners’
knowledge acquisition and processing. Orienting tasks for processing target material have
significant effects on learning for both simple (Schulman, 1971) and complex textual
material (cf., Schmalhofer & Glavanov, 1986). Results from studies using orienting tasks
have shown that the beneficial effects on learning are greatest when the learner's attention is
brought to features of the target material which would not be attended to otherwise, or
when orienting tasks lead learners to engage in methods of learning which they would not

use spontaneously, particularly learners lacking specific domain-knowledge (Mayer, 1989).



Implications for understanding visual information sources from text comprehension. As
previously mentioned, information about objects or processes may be presented in either
visual or textual form. Although the comprehension processes for textual information
sources is fairly well understood (Frederiksen et al, 1988; Kintsch, 1988), very little is
know about the comprehension processes for visual information sources. Briefly, models
of text comprehension propose that understanding a text is a stratified process in which the
semantic information presented in a text is represented by the learner in several levels. The
comprehension process also inference-making from the information explicitly represented
in the text by the learner (Frederiksen, Bracewell, Breuleux, & Renaud, 1989; Frederiksen
& Breuleux, 1988; Kintsch, 1986, 1988; vanDijk & Kintsch, 1983). The three levels of
representation hypothesized are (Frederiksen, Bracewell, Breuleux, & Renaud, 1989;
Frederiksen & Breuleux, 1988; Kintsch, 1986, 1988; vanDijk & Kintsch, 1983):

(a) the linguistic/syntactic level which reflects the syntactic structure of the text and
word/morpheme sequences upon which the syntactic parsing is performed.

(b) the propositional level which reflects the semantic information presented in the
information source. The propositional level is regarded as an intermediate semantic level
of representation, and

(c) the conceptual level which refers to a higher -level of semantic representation also
called situation models (Kintsch, 1988) or mental models (Johnson-Laird, 1985) and are

postulated to be the way in which information is represented in long-term memory.



Using these theories of comprehension, methods for coding learners’ understanding have
been developed (Frederiksen, 1975, 1986; Frederiksen, Bracewell, Breuleux, & Renaud,
1989) and can be successfully used to code the conceptual information contained in a
textual/linguistic information source as well as to code learners’ understanding of various
types of information sources, including visualizations which expressed in natural language,
such as think aloud protocols from learners. For example, Frederiksen's propositional
model has been used to represent the understanding of complex semantic information in:
chemical equations (Kubes, 1988; Frederiksen & Renaud, 1989), algebraic expressions
(Frederiksen & Renaud, 1989), a text describing plate tectonics (Gobert & Clement, 1999),
think aloud protocols about architectural plans (Gobert & Frederiksen, 1988; Gobert, 1989),
and think aloud protocols about electronics diagrams (Bedard, 1993). Thus, in terms of
semantically-rich visualizations, the working hypothesis here is that similar cognitive
processes used in the comprehension of textual material also should operate in the
comprehension of graphic information sources (Gobert, 1994). (It is important to note that
there are likely modality-specific levels of representation also required in the

comprehension of visual information sources).

In two of the studies presented herein, text is used as a learning source, thus, the text
comprehension model and methods of coding are appropriate for these data. Levels 2 and
3, the propositional level and resulting conceptual representation (both described above),
are the levels of representation we are concerned with for the purposes of this research. As

predicted by the comprehension model, simple recall and recognition tasks are best
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supported by the representation of the propositional information contained in the text, i.e.
level 2. Inference-making and reasoning tasks, reflecting higher-level understanding, are
best supported by representations which reflect higher level, more integrated
representations, i.e., situation models or mental models (Johnson-Laird, 1985), level 3

(described above).

Model-based teaching & learning as a framework for learning with visualizations in
Science. Compatible with the text comprehension framework above (but at a more general
level of description) is a framework called Model-based teaching and learning (Gobert &
Buckley, 2000) which underlies much of the student conception work on model-based

reasoning in Science Education.

Model-based learning and teaching is a theory about science learning based on a synthesis
of research in Cognitive Psychology (including text comprehension) and Science Education
(Gobert & Buckley, 2000). In model-based teaching and learning, it is assumed that
learners construct mental models, i.e., internal visualizations, of phenomena in response to
a particular learning task (assuming the task has engaged the learner); these are thought to
be in the mind’s eye and used in mental imagery and to solve problems whereby people
read off their mental model (Johnson-Laird, 1985). In learning science, the model that is
constructed integrates pieces of information about the spatial structure of the object, the
causal mechanisms involved in the process under inquiry, and other relevant features of the

process. Reasoning with the model may instantiate evaluation of the model, leading to its
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revision or elaboration; model revision involves modifying parts of an existing model so
that is better explains a given system. Model-based reasoning requires modeling skills to
understand representations, generate predictions and explanations, transform knowledge

from one representation to another, as well as analyze data and solve problems.

Types Knowledge and Models in Plate Tectonics.

In thinking about Geology from a pedagogical point of view, it is productive to identify the
types of knowledge one needs in order to understand geological phenomena. A useful
approach to thinking about Plate Tectonics was framed as a part of earlier work (Gobert,
2000) in which propositional analysis (Frederiksen, 1985) was conducted on an explanatory
text about Plate Tectonics. (Propositional analysis is a method of semantic analysis by
which the smallest units of meaning are identified and then a semantic network model is
constructed which allows the experimenter to evaluate the learner's knowledge about the
text, and in turn, assess the types and respective amounts of knowledge which the learner
has acquired either from the text or on the basis of inferences on the text.) Here, three types
of knowledge were derived (it is likely that these apply to other sub-domains of Geology as
well): spatial knowledge, i.e., the spatial structure of a geological object; in the case of
Plate Tectonics, the inside structure of the earth, causal knowledge, i.c., causal
mechanisms underlying Plate tectonic phenomena, e.g., convection currents, and temporal
knowledge, i.e., knowledge about the time scale of different geological phenomena

(continental drift versus volcanic eruption). Thus, in teaching Plate Tectonics, it is
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reasonable to assume that breaking down the conceptual knowledge into these types would
elicit deep learning. Additionally, in deciding on the order of presentation of conceptual
knowledge, we used a progressive model-building approach in which simpler conceptual
knowledge provides conceptual leverage for more complex types of knowledge. The
pedagogical strategy of progressive model-building has been shown to be successful for
supporting students’ learning in physics in which simpler models of density and force
addition provided conceptual leverage for understanding buoyancy (Raghavan & Glaser,
1995). Additionally this approach has been successful for electricity (White & Frederiksen,
1990) and Newtonian Mechanics (White, 1993) in which students learn a series of causally
more complex models. In the studies to be presented later in this paper, we used this
progressive model-building approach in which we first had students think about the spatial
structure of the earth, then we engaged them in thinking about causal and dynamic
processes inside the earth, lastly, we engaged them in thinking about two plate tectonic-
related phenomena, namely mountain formation and volcanic eruption, as two real-world

examples of plate tectonic phenomena.

Science education work on student conceptions in Geology. The topic of learning in Earth
Science has not been well studied, particularly when compared to students’ learning and
conceptions in the physical sciences (Stofflett, 1994). The lack of research on learning in
the Earth Sciences is likely due to the fact that in the past, it has received much less
emphasis than the Physical and Life Sciences in national and state curricular standards.

Now however, the National Science Education Standards (1996) are recognizing Earth

13



Science as a necessary and important component of science training across elementary,
middle, and high school levels and considered equivalent in importance to training in the

Life and Physical sciences (AAAS, 1989, 1993).

The importance of learning in this domain is reflected in a number of more recent projects
on Earth Science covering both teacher professional development projects (cf., Mayer,
Fortner, & Hoyt, 1995) and student cognition projects including: knowledge of the causes
for earthquakes (Ross & Shuell, 1993; Bezzi, 1989; Turner, Nigg, and Daz, 1986),
mountain formation (Muthukrishna et al, 1993), knowledge of the earth as a cosmic body
(Vosniadou & Brewer, 1992, Nussbaum, 1979, Nussbaum & Novak, 1976; Sneider &
Pulos, 1983), knowledge of rock-cycle processes (Stofflett, 1994), conceptions of earth and
space as it relates to seasons and phases of the moon, (Schoon, 1992; Bisard et al, 1994),
conceptions of sea floor dynamics (Bencloski and Heyl, 1985), knowledge of the earth’s
gravitational field (Arnold, Sarge, and Worrall, 1995), and knowledge of the scale of the
earth (Ault, 1994). There are also some recent programs of research that utilize
visualizations in Plate Tectonics for student learning, including the Visual earth project

(www.tercworks.terc.edu), the Science Odyssey project

(www.pbs.org/wgbh/aso/tryit/tectonics), the Visualizing Earth project

(www.visearth.ucsd.edu), and the Princeton Earth Physics Project, a high school and

college-based project which uses an array of seismographs for the study of earthquakes

(http://lasker.princeton.edu). However, none of these existing programs (to our

knowledge) seeks to address the plate tectonics in an integrated fashion; that is, some
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emphasize sea floor spreading, earthquakes, volcanoes, etc., but none integrate all types of
plate tectonic phenomena. Additionally, none of these explicitly emphasize active model

building on the part of the students.

Plate Tectonics as a sub-domain of study. As previously mentioned, Plate Tectonics is an
excellent domain in which to investigate students’ model-based learning because of the
plethora of models, (i.e., external visualizations) used in Geology and the important role
that model building, (as an internal mental activity) plays in understanding geological
phenomena of hidden mechanisms, e.g., convection underlying continental drift,

earthquakes, volcanoes, mountain formation, and sea floor spreading.

Plate tectonics, which is typically covered in fifth or sixth grade and then again in eighth or
ninth grade is representative of a difficult school science topic. It is difficult to learn for
many reasons: 1) the earth’s internal layers are outside our direct experience, 2) the size
scale and the unobserved processes, e.g., convection, are difficult to understand (Ault,
1984; Gobert & Clement, 1994; 1999), 3) the time scale of geological processes is difficult
for people to conceptualize since it surpasses our reference of a human lifetime (Jacobi et
al., 1996), and 4) it involves the comprehension and integration of several different types

of information, such as, spatial, causal, and dynamic (Gobert & Clement, 1994; 1999).

Research on Fostering Students’ Models and Reasoning in Plate Tectonics. Previous

research addressing model-based learning in plate tectonics include: the effects of a
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multimedia environment, CSILE (Scardamalia & Bereiter, 1991), on students’ graphical
and causal explanations of continental drift (Gobert & Coleman, 1993); learning difficulties
encountered in this domain (Gobert & Clement, 1994); the nature of students’ pre-
instruction models and associated causal reasoning (Gobert, 2000); the benefits of student-
generated diagrams versus summaries (Gobert & Clement, 1999); the influence of students’
epistemologies of models on learning in this domain (Gobert & Discenna, 1997); and
students’ on-line collaboration about plate tectonics (mtv.concord.org; Gobert, 1998;
Gobert & Pallant, 2004). Research most relevant to the topic of model-based learning in

Earth Science are reviewed briefly in turn.

Previous Research, Study 1: Students’ pre-instruction models and learning

difficulties.

Gobert and Clement (1994) investigated fifth grade students’ pre-instruction models of
plate tectonics by conducting one-on-one interviews with children. Students’ diagrams and
think aloud protocols (Ericsson & Simon, 1980) were examined as a reflection of their
mental models. Three main difficulties were identified in students’ model construction
processes: (1) problems with setting up a correct static model of the layers, (2) difficulty
understanding causal and dynamic information (e.g., heat as causal in forming convection
currents, or currents causing plate movement), and (3) difficulties with the integration of
several different types of knowledge including causal and dynamic knowledge into a causal

chain in order to build an integrated mental model of the system.
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Based on protocol analyses of middle school students’ diagrams and interview data
(Ericsson & Simon, 1980) as well as data from classroom research (Gobert & Clement,
1994; 1999), two types of student models of the inside of the earth were identified at this
age level (see figure 1 and table 1 below). These models (below) were drawn in response

to the prompt, “Draw a diagram of the different layers of the earth”.

Insert figure 1 and table 1 here

Based again on protocol analyses of middle school students’ diagrams and interview data
(Ericsson & Simon, 1980) as well as data from classroom research (Gobert & Clement,
1994; 1999), four types of student models of the inside of the earth were identified at this
age level (see figure 2 and table 2 below). These models were drawn in response to the
prompt, “Draw a diagram to depict what happens in the different layers of the earth when a
volcano erupts”. The models (below) are on a continuum from Type 1a and 1b reflecting
models with only heat-related mechanisms and movement-related mechanisms,
respectively, as the primary causal mechanisms responsible for volcanic eruption to Type 3
models which integrate multiple heat-related and movement-related causal mechanisms
thus, reflecting the most sophisticated model observed at this age level. An integrated
model in the case of volcanic eruption, for example, refers to one in which students have
integrated their spatial model of the earth with a number of causal and dynamic
mechanisms (i.e., core as a heat source, convection currents pushing on plates, plates

moving apart, and magma rising above the surface). It is assumed that from these rich
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causal models, inferences can be made about the causal mechanisms involved in other plate
tectonic phenomena, e.g., sea floor spreading, etc.

Insert figure 2 and table 2 here

Model-Based Reasoning afforded by different types of models. Further analyses of
students’ models and think aloud protocols (Gobert, 2000) were used to demonstrate that if
the student correctly depicts (i.e., understands) the layers of the earth in a spatial layout of
concentric circles, then they are better able to revise this model to include (and understand)
the causal and dynamic processes in the earth. If, alternatively, the student has a spatially
incorrect model of the earth, this model will need to be revised before the model will
support reasoning and inference-making by means of perceptual cues such as spatial
adjacency (Larkin & Simon, 1987), e.g., one student (see Gobert, 2000) had a spatially
incorrect model of the earth (such as Type O in Figure 1) which could not support the
understanding of convection currents. By contrast, it was also shown that spatially correct
models can serve as tools for reasoning (Kindfield, 1993) and model revision, e.g., another
student who had a spatially correct model of the interior of the earth (such as Type 1 in
Figure 1) made the correct inference that because the core was hot and the mantle was
beside the core, the core acts as a heat source for the magma (see Gobert, 2000). (It is
important to note that the goal in this program of research is to facilitate students’
understanding of plate tectonics by means of qualitative, simplified models. As such,
issues like whether radioactive decay in the mantle acts, in part, as a heat source in addition

to the earth's core are not addressed in middle school but can be addressed in high school.)
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Previous Research, Study 2. Promoting model-based learning: diagramming versus

summarizing as an orienting task for deep science learning.

Based on the analyses from Study 1 it was hypothesized that understanding of the different
types of information in this domain (i.e., spatial, causal/dynamic), as well as model
construction is facilitated by diagram-based learning elicited in a progressive model-
building order. This hypothesis was also based on previous research that has shown that
diagrams both permit inferences based on perceptual cues such as spatial adjacency (Larkin
& Simon, 1987) and explicitly indicate structural relationships (Schwartz, 1993) which are

difficult from textual representations.

We tested empirically the efficacy of two different orienting tasks, namely, student-
generated diagrams versus student-generated summaries as means to foster the
development of rich, integrated models like the Type 3 models achieved in Study 1
described above. More specifically, here we investigated whether the task of constructing
diagrams while reading would promote the development of richer causal models when

compared to the task of generating summaries.

Two groups of students were asked to either construct diagrams or summaries at four

specific points during their reading of a text describing plate tectonics; a control group who

read the text only was also included. After students had read the text, they were given a
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written post-test that assessed both spatial/static knowledge and causal/dynamic knowledge.
There were two sets of data generated: the intermediate data (diagrams or summaries)
which reflect students’ understanding of the text, and a set of post-test data, which reflect
students’ higher-level conceptual understanding of the domain. In accordance with the text
comprehension model underlying this research (van Dijk & Kintsch, 1983), simple recall
and recognition tasks are best supported by a memory for the text itself, i.e., a text-base of
the propositional knowledge contained in the text whereas, higher-level inference tasks are
best supported by higher level, more integrated representations, i.e., situation models
(Kintsch, 1988) made on the basis of the text plus inferences made on the text. In
accordance with this theory, it is assumed that the understanding that the students exhibit
on the post-test is due to an interaction of the processing induced by the orienting task
(presented to the students before the relevant paragraphs) of either diagram-drawing or

summarizing with the processing of the main passage itself.

Analysis of summaries and diagrams as intermediate representations. An overall manova
on the semantic content comparing the summaries and diagrams on each of the four
intermediate tasks revealed statistically significant differences favoring the summary group
(F=5.718, p=.001). (Since the coding scheme is based on semantic information
regardless of medium, the coding scheme can be applied to either summaries or diagrams
(Gobert, 2000). In terms of these findings, the intermediate representations, the summary
group outperformed the diagram group, i.e., the summaries contained more semantic

information than did the diagrams (see Gobert & Clement, 1999 for details on these data).
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Analysis of post-test scores as mental model representations. A manova of the post-test
revealed significant differences between the three groups (diagram, summary, control) for
both the understanding of spatial information (F =4.38, p< .05) as well as the understanding
of causal/dynamic information (F=4.31, p<.05). Thus, in terms of the students’ resulting
conceptual understanding, the diagram group outperformed the summary group and
there were no significant differences found between the summary group and the control

group (see Gobert & Clement, 1999 for details on these data).

This “discrepancy” between the findings for the intermediate tasks (summary group
>diagram group) and the post-test (diagram group >summary group) was interpreted as
follows. For the summary group, because the media was the same (textual information
source and textual summarization task), they were able to rely on rote memory of what they
had just read in order to produce their summaries, as evidenced by the inclusion of more
semantic information than the diagram group on the intermediate tasks. However, the
summarization task, because it only elicited only rote processing of the text, did not
promote inferencing or mental model construction, as evidenced by poorer performance on
the post-test than the diagram group. For the diagram group, these data suggest that
constructing diagrams as part of the reading task required the students re-represent their
knowledge into a diagrammatic format, and that they could not solely rely on rote memory
of the text to do this, as evidenced by lower scores on the intermediate tasks. More

specifically, diagramming required inferences in order to restructure what they read into
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diagrammatic representations, and this processing lead to an advantage in terms of the
resulting conceptual understanding. These findings are consistent with van Dijk and
Kintsch’s (1983) theory of text comprehension, as well as studies which have shown that
learner’s representations of material can be altered by changing their goals for learning

(Schmalhofer & Glavanov, 1986).

However, an empirical question remained as to whether a different orienting task would
elicit a deeper processing of the text compared to diagramming as an orienting task. A
study which utilized a higher-level orienting task (higher level than summarizing) during
reading would test the hypothesis whether it was the diagrammatic medium in particular or
inferencing in general which was supporting mental model construction and higher-level

reasoning yielded by those in the diagram condition in Study 2.

Study 3: The Effects of Diagramming versus Explaining on Text-based

Representations and Mental Models.

Here, constructing diagrams as an orienting task during reading was compared to
constructing explanations during reading. The choice of explanation as an orienting task
was influenced by work which has shown that knowledge integration in science can be
facilitated by providing an explanation to others (Coleman, 1992, 1995), as well as by
providing self-explanations (Chi et al, 1994). Chi and her colleagues have suggested,

although not empirically demonstrated, that explanation-based activities are likely to
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promote the same type of inferences as diagram-drawing. Thus, in this study we sought to
test out whether it was the “translation” of the textual information into diagrammatic
representations which influenced students’ conceptual gains yielded on the post-test from
Study 2 (above) or whether a higher level orienting task might elicit deep levels of

processing and inference-making and thus higher conceptual understanding on the post-test.

Subjects. Two classes of grade five students participated. The students ranged in age from
10 to 12 years. Students were drawn from a small town in western Massachusetts, more
specifically, from the same school and teacher, as in Study 2, thus it is reasonable to

assume that they represent the same demographic.

Procedure. Students were given a short text (about 2 pages) about Plate Tectonics. One
group was asked to draw diagrams at specific points during the text, and one group was
asked to write explanations at the same points during the text. The prompts to draw or
explain were given prior to each section of the text. For example, “After this paragraph,
you will be asked to draw a diagram of the different layers of the earth”. Thus it is assumed
that the students’ processing of the text interacts with the orienting task that the students

were given.

For both groups the orienting tasks were requested in order of increasing difficulty, as in

Study 2 (above), to promote progressive model-building. The instructions given to the

subjects were as follows:
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Explanation 3) "After this paragraph you will be asked to explain what happens in the
different layers of the earth when mountains are formed. Include all the information about
these layers that you can so that a friend who had never heard of this could learn about it."
OR

Diagram 3) " After this paragraph you will be asked to draw a picture of the different
layers of the earth when mountains are formed. Include and label all the information about

these layers that you can so that a friend who had never heard of this could learn about it."

The orienting tasks were requested of the groups were: 1) depict/explain the different
layers of the earth; 2) depict/ explain the causal processes which are occurring in these
layers; and 3) depict/explain what happens in the layers of the earth when mountains are

formed.

Coding of data. Coding schemes were developed for each of the three orienting tasks; the
scheme was used to code the diagrams and explanations for the inclusion of propositional
information from the text source. More information about this type of coding scheme can
be found in Gobert (2000). Using these data, the two groups were compared in terms of the
semantic information contained in their explanations and diagrams during their reading of

the text, as in Study 2; again, these data reflect their intermediate representations of the text.
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The two groups were compared on their post-test, i.e., their resulting conceptual
representations for the spatial as well as causal and dynamic aspects of the domain; again,
this reflects their resulting conceptual understanding of the text plus inferences made on the

text, i.e., their mental models.

Results

Analysis of explanations and diagrams as intermediate representations. For the comparison
of the semantic information contained in explanations and diagrams which were generated
during the students’ reading of the text, a Manova yielded no statistically significant
differences between the two groups (F=1.31, p=.283 (Wilks); n.sig.). See the table below

for the univariate Fs and the means.

Insert table 3 here

Analysis of post-test data. A Manova was performed with both spatial and causal dynamic
understanding entered as variables. No statistically significant differences were obtained at
either the multivariate [F = 1.89, p=.162; n. sig.] or univariate level for either the measure
of the spatial layers of the earth [F=1.05, p=.310; n. sig.], or the causal and dynamic
processes involved in plate tectonics [F = .075, p=.785; n. sig.]. See Tables 4 and 5 for
means and standard deviations.

Insert tables 4 & 5 here
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Summary of results from Study 3. The explanations and diagrams that were constructed
during students reading of the text contained approximately similar amounts of semantic
information. In terms of the resulting conceptual representations, both groups also scored
equally well in terms of their understanding of both the spatial layout of the layers of the

earth as well as the causal and dynamic processes in the layers.

Discussion and Conclusions

In this paper relevant literature from Cognitive Science and Science Education are
presented as a framework for thinking about learning and teaching with semantically rich-
visualizations, such as those used in the Geology. Specifically, studies addressing expertise
in learning with visually-complex representations are presented, as well as are findings
about how to elicit deep processing of visually complex representations. Models of text
comprehension are briefly described as framework for thinking about the comprehension of
semantically-rich visualizations. Propositional analysis, derived from models of text
comprehension, is briefly described in terms of how it can be used to systematically code
learners’ understanding on the basis of their think aloud protocols, diagrams, or written text
(i.e., summaries or explanations). Lastly, model-based learning and teaching is described
as a theoretical synthesis of cognitive psychology and science education; this framework,
applied in the present studies, underlies (either explicitly or implicitly) much of the research

on students’ conceptions and conceptual change in science.
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Regarding research on learning with visualizations, three studies are presented. Study 1 is
an example of the types of mental models students hold; the reasoning associated with
different types of mental models is described elsewhere (Gobert, 2000). This study makes
a contribution to the literature since the types of models that students hold at this age level
provide insight into why learning in this domain is difficult. Also, these models represent
the pre-instruction conceptions that students bring to instruction in Plate Tectonics, thus,

these findings have pedagogical implications for teaching Plate Tectonics.

Studies 2 and 3 employ methodologies from Cognitive Science i.e., the comprehension
framework, and the semantic analysis that was applied to students’ articulated models (i.e.,
their diagrams) and to their summaries and/or explanations. The data from Study 2
demonstrated the superior effects of diagramming over summarizing at intermittent points
during reading as means to promote deep processing of textual material. These findings
were interpreted as the diagramming orienting task as having a representational advantage
over the summary task since the diagramming task provided affordances for both
developing better mental models of the domain, and using these models, once constructed,
as inference-making devices (Kindfield, 1993/1994). A follow-up study, Study3, was
conducted in order to test whether it was the visual medium of diagramming or inferencing
in general that was driving the superior learning exhibited by the diagram group in Study 2.
In this study, explanation was chosen as an orienting task (versus diagramming) as means
to promote deep processing of the text since explaining requires a higher-level of

processing than does summarizing (Chi et al, 1994; Coleman, 1992). The data here yielded
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interesting results, i.e., no differences were observed between the two groups on either their
intermediate representations (as measured by the semantic information contained in their
diagrams versus explanations) or their resulting understanding (as measured by the post-
test). From these data, it is suggested that both types of orienting tasks, diagramming and
generating explanations elicited deep processing on the part of the students. For example, it
is possible that those in the explanation condition, i.e., who knew they were going to
generate explanations at specific points in the text, were developing mental models in order
think deeply about the information needed in their explanation, and thus, the processing
affordances are similar to those who were in the diagram condition. However, based on
these data, we can only speculate about the modality-specific versus modality-general
processing mechanisms. Research is currently underway in order to examine possible
reading time differences for the different orienting task conditions, namely, summarization,
explanation, and diagramming (Gobert, 2002) in order to try to empirically tease out
possible differences. If processing differences are found across these varying orienting
tasks, these data will be used to infer the interaction between the nature of the orienting
task, the modality-specific as well as the modality-general processes employed in
constructing and revising mental models, and the processing of the text itself. Lastly, these
data will contribute to the cognitive science literature in terms of processing differences and
affordances for learning in the different information modes; these data contribute to Science

Education in terms of the implications for instruction with these information modes.
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ABSTRACT

Educational research findings suggest that instructors
can foster the growth of thinking skills and ﬁ)romote
science literacy by incorporating active learning
strategies into the classroom. Active learning occurs
when instructors build learner participation into classes.
Learning in large, general education Earth Science
classes was evaluated using formative assessment
exercises conducted by students in groups. Bloom’'s
taxonomy of cognitive development was used as a guide
to identify critical thinking skills (com]}q)rehension,
apilication, analysis, synthesis, evaluation) that could be
linked to specific assessment methods such as
conceptests, Venn diagrams, image analysis, concept
maps, open-ended questions, and evaluation rubrics.
Two instructors conducted a series of analyses on sample
classes taught with traditional lecture and inquiry-based
learning methods. Qualitative and quantitative analyses
show that such methods are preferred by students,
improve student retention, produce no decrease in
content knowledge, promote deeper understanding of
course material, and increase logical thinking skills.

Keywords: active learning, inquiry-based learning,
assessment, Bloom's taxonomy

INTRODUCTION

Several studies have emphasized the need to improve
science literacy among non-science majors (American
Geophysical Union, 1994; National Science Foundation,
1996, National Research Council, 1997) and college
instructors have consistently ranked student intellectual
development as a primary teaching goal (Angelo and
Cross, 1993; Trice and Dey, 1997; Figure 1). Teachers can
meet these complementary goals by, focusing on
remedies that make content relevant to the intended
audience, increasing student-student interaction in class,
and encouraging conceptual understanding rather than
rote memorization of facts (Chickering and Gamson,
1987; Tobias, 1990, 1992; Angelo, 1993; Astin, 1993). Such
objectives can be realized by the combination of two
teaching strategies, active learning and inquiry-based
learning (Siebert and McIntosh, 2001). Active learning
occurs when instructors build learner participation
directly into classes using exercises that aslg students to
apply newly acquired knowledge to solve problems that
may range from a single multiple-choice question to a
class-length project (Silberman, 1996). Inquiry-based
learning introduces elements of scientific inquiry into
active learning exercises. Teachin<ig strategies that
promote inquiry-based learning (Allard and Barman,
1994; Mazur, 1997) emphasize higher-level thinking
processes such as making observations, posin

questions, analyzing data, making predictions, an
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communicating ideas 1996, National
Research Council, 2000).

This paper describes a variety of learning strategies
that may be adopted in introductory geology courses to
encourage the development of higher-order thinking
skills. We assume the reader has no prior experience in
active learning methods and provide directions for
implementing these techniques in the classroom. We
discuss six hierarchical levels of student learning and
link them to examples of appropriate assessment tools
that were used successfully in several sections of a
general education Earth Science course taught by two
instructors at the University of Akron. These teaching
strategies have been evaluated qualitatively using peer
reviews, student written evaluations and semi-
structured student interviews; and quantitatively by
measuring improvements in student retention, exam
scores, and scores on a logical thinking assessment
instrument.

TEACHING, LEARNING AND ASSESSMENT

Teaching faculty consistently rank the development of
higher-order thinking skills ahead of other teaching
goals (Angelo and Cross, 1993). Unfortunately, large
numbers of students in introductory courses frequently
find themselves in an educational setting where learning
is reduced to low level intellectual skills of listening and
recording information that will be memorized for a
multiple choice exam (Pinet, 1995; Prothero, 2000;
McManus, 2002). Students familiar with high school
experiential learning strategies allied with the national
science standards will be unaccustomed to lecture
delivery, especially in large-class settings (Collins, 1997).
Content-driven coursework that can be efficiently
graded by multiple-choice tests has proven ineffective in
promoting deep student understanding of basic science
concepts (Tobias, 1990). Furthermore, it can have a
negative impact on student attitudes about science, even
among majors (Allard and Barman, 1994; Gibbons, 1994;
Sundberg et al., 1994; De Caprariis, 1997). As a result,
such courses are usually poor recruiting and retention
tools. In many institutions, pre-service teachers make up
a significant proportion of introductory science courses.
Teachers in K-12 schools not only learn what they will
teach in these classes, but are also exposed to teaching
models by their instructors (Collins, 1997). Finally,
general education science courses represent an
important opportunity for students to develop the
critical thinking skills that are essential for success in
college.

In recent years, college science instructors have
attempted to encourage in-class learning by utilizing
teaching methods that promote collaborative, active
learning during lecture periods (Macdonald and
Korinek, 1995; Ebert-May et al., 1997, Mazur, 1997,
Reynolds and Peacock, 1998; Murck, 1999; Crouch and
Mazur, 2001, Wyckoff, 2001). Student interaction
through collaborative learning is a key determinant of
student performance (Bykerk-Kauffman, 1995; Lord,
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Learning Tool (Assessment Method)
Bloom’s . . Concep- Venn Image Concept | Open-ended | Evaluation
Taxonomy Learning Skill test Diagram Analysis Map Question Rubric
memorization
Knowledge and recall
i(éﬁggi understanding ° ° ° . ° .
- using R R R . R R
Application knowledge
Analvsis taking apart . . . . .
y information
. reorganizing . R R
Synthesis information
Evaluation . making e .
judgements

Table 1. Formative assessment methods and Bloom’s taxonomy.

Bl Community Colleges

@ Four-Year College/University

Score

Work and
Career
Preparation

Liberal Arts
and Academic
Values

Basic
Academic
Success

Personal
Development

Higher-order
Thinking

Discipline-
specific
Knowledge

Teaching Goals

Figure 1. Relative scores on the Teaching Goals
Inventory (Angelo and Cross, 1993). Instructors at
both community colleges and four-year institutions
ranked the development of higher-order thinking
skills ahead of other teaching goals. n = 1873 for
community colleges; n = 951 for four-year colleges
and universities.

2001). The benefits of active learning and inquiry-based
teaching methods can be seen in improvements in
student attitudes about science (Gibbons, 1994;
Ebert-May et al., 1997; Reynolds and Peacock, 1998) and
increases in standardized test scores (Mazur, 1997; Hake,
1998).

I)nstructors typically assess learning by having
students complete an exam following several weeks of
lectures (McManus, 2002). This is a form of summative
evaluation that comes at the end of a course of study,
often too late to correct mistakes or identify gaps in
comprehension. In contrast, formative assessment
methods can be used to identify learning problems
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during the presentation of information while there is an
og{portunity to recognize and correct misconceptions.
The use of formative assessment can transform a
traditional passive lecture into an active learnin,
experience, as it requires that students provide feedbacl%
on their ongoing learning, thus giving the instructor an
opportunity to highlight concepts that require additional
explanation. For formative assessment to be effective, we
must find questions to ask that will engage students and
provide answers that can be wused to signal
understanding or confusion. Furthermore, we can link
these assessment tools to different learning skills to
nurture cognitive development.

A FRAMEWORK FOR LEARNING

Over forty years ago, Benjamin Bloom and several
co-workers created a taxonomy of educational objectives
that continues to provide a useful structure for
organizing learning exercises and assessment ex-
periences at all levels of education (Bloom et al., 1956;
Anderson and Sosniak, 1994; Anderson and Krathwohl,
2001). Bloom’s taxonomy divided cognitive learning into
six levels (Table 1), from lower-level thinking skills such
as memorization to higher order thinking that involves
the evaluation of information. The taxonomy has been
used by instructors in geology courses to guide the
development of questions that address a full range of
cognitive skills (Fuhrman, 1996, Nuhfer, 1996). Each
taxonomy level is described briefly below and examples
of specific questions linked to each level are presented.

Knowledge - Answers to knowledge questions indicate
if a student knows and can recall specific information.
Examples of questions that assess knowledge are some
types of multiple choice questions, true/false questions,

efinitions, matching questions, or lists. Questions that
ask students to define, identify, list, or name are often
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Figure 2. An application question would ask students
to use the laws of superposition, cross cutting
relationships, and original horizontality to determine
the order of events for the labeled features in the
idealized figure above.

“knowledge” questions. The following are knowledge
questions.

K1. Which of the following is an igneous rock?

a) limestone  b) granite c)slate d)coal

K2. List the names of three major plates.

Multiple choice, true/false, and matching questions
require that students recognize information stored in
memory. Listing or fill-in-the-blank questions require
that a student is able to remember specific information,
as the questions themselves do not provide the answer
choice.

Comprehension - Responses to comprehension
questions report information or observations. Students
must possess some basic knowledge of the subject to
correctly answer these questions. Comprehension
questions can fall into several categories and require
students to convert, summarize, classify, infer, compare,
or explain information. Examples of questions might
include the following:

Cl. Draw a diagram that shows the relationships
between the principal components of the Earth
system.

C2. View the motion picture Dante’s Peak and
summarize the principal geological concepts
presented in the movie.

C3. Take four pictures or samples of igneous rocks and
sort them into volcanic and plutonic rock types.

C4. Fill in the blank to complete the analogy.

McConnell et al. - Assessment and Active Learning

The yolk s to the egg as the is to Earth.

C5. Contrast the floor of the Atlantic Ocean with the
shape of a bathtub.

C6. Predict what would happen to sea level if it were to
rain continuously worldwide.

Application - Application involves applying rules or
principles to new situations, using known procedures to
solve problems, or demonstrating how to do something.
Questions that ask students to solve a problem using a
known equation or to select a procedure to complete a
new task would be considered application questions. An
examples of an application question follows:

Apl. Use the Erinciples of superposition, cross cutting
relationships, ~ and original horizontali to
determine the order of formation of labeled
features in Figure 2.

Analysis - Answers to analysis questions may give
directions, make commentaries, scrutinize data, éxplain
how something works, or distinguish fact from opinion.
Analysis requires that students break information into
component parts to 1.c1ent1f?_1 its organization. Students
are expected to find links Dbetween data and
interpretations and to discover which material is
relevant to a task and which is extraneous. Questions
that ask students to diagram, illustrate, outline or
subdivide would be considered analysis questions, for
example:

Anl. Identify the hypothesis, observations, and

conclusions in an assigned research report.

An2. Read a newspaper editorial and determine if it was
written from a pro-environment or pro-
development perspective.

Synthesis - Synthesis combines a series of parts into a
greater whole."Good answers to synthesis questions may
predict the outcome for a_particular event and may
mvolve making fgenerahzatlons and developing a “big
picture” view of a phenomenon or feature. Questions
ma;i ask students to create multiple hypotheses to
explain a phenomenon, to develop a pldn to solve a
Eroblem or to devise a procedure to accomplish a task.

xamples of synthesis questions might Include the
following:

S1. How would you change building codes or zoning
regulations in regions of volcanic activity to protect
people and property?

52. Plan an experiment to test if a landfill is polluting
water from a nearby well.

Evaluation - Responses to evaluation questions use
evidence and scientific reasoning to make judgments
about facts, data, opinions or research results. Good
answers require students to analyze and synthesize
information” and _clarify ideas, Evaluation questions
might ask a student t6 appraise, criticize, justify, or
supl'port an idea or concept. Examples of  poténtial
evaluation questions could include:

E1. Where is the greatest danger from an eruption of Mt.
Shasta? Explain why.
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Students’ to

Figure 3.
questions are collated and tabulated wusing a
classroom communication system. The system
consists of transmitters (front left) that send signals
to one or more receivers (center right) linked to a
computer projection system.

responses conceptest

E2. What is the most cost-efficient way to protect
residents in a drainage basin from future flooding?

ASSESSMENT OF LEARNING

This section describes six methods of formative
assessment aimed at recognizing and correcting
misconceptions during lecture. Such learning tools can
be assigned as in-class exercises or used by students
outside of class in preparation for exams (Nuhfer,
1996). The assessment methods described below are
keyed to Bloom’s taxonomy in Table 1.

Conceot Tests - Conceptests were developed as part of
the peer instruction technique used to teach physics
(Mazur, 1997). This teaching method has been widely
used in physics courses at a range of institutions (Hake,
1998) and has been successfully adopted by faculty in a
variety of other disciplines (e.g., chemistry, biology,
astronomy; Crouch and Mazur, 2001). Peer instruction
divides class time between short lectures and conceptual
multiple- choice questions. Conceptest questions are
designed to evaluate student understanding of the basic
concepts behind the lecture material. Conceptests are
not simple content-based multiple-choice (conceptest)
questions that rely on the student re-reading their lecture
notes or memorizing a fact or definition. Instead, these
questions are designed to assess student understandin,
of the principal concepts underlying the lecture material.
Conceptests generally correspond to the comprehension
level of Bloom’s taxonomy but may also be suitable for
application questions (Table 1).

Students were given 30-60 seconds to consider a
conceptest question and to chose an answer. We had
previously provided large lettered answer cards that
they would use to indicate their selection. This technique
has been replaced by the use of an electronic personal
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Figure 4. Venn diagrams can be used to compare and
contrast the characteristics of related features.
Students may be asked to complete a diagram in
preparation for class, following a short reading
assignment in class, or using lecture notes.
Alternatively, students may be asked to locate a list
of features in the correct place on the diagram.

response system (Figure 3) that registers student answers
and generates a histogram of responses. This method has
the advantage of providing students with a visual
display of answers for the class while keeping individual
answers anonymous. Furthermore, the technology
provides students with the option of declaring their level
of confidence in their answer choice. Following their
initial answer, students are given 1-2 minutes to discuss
the reasons for their choice with their neighbors (peer
instruction) in pairs or small groups before voting again.
This process usually results in an increase in the number
of correct answers and an increase in student confidence
in their answer choices (Mazur, 1997). Finally, a group
spokesperson may be given an opportunity to provide a
brief explanation of the group’s answer and/or the
instructor may clarify or expand on the correct response.

Venn Diagrams - Venn diagrams are a graphical method
for comparing and contrasting features or phenomena.
Such diagrams represent an opportunity for students to
identify the characteristics of classification systems or to
analyze the key components of complex sets of
geological features. For example, students may be
provided descriptions of the geological characteristics of
two volcanoes and asked to compare and contrast their
features using a Venn diagram (Figure 4). The use of
Venn  diagrams may  involve  knowledge,
comprehension, application, and analysis levels of
Bloom’s taxonomy (Table 1). Examples of other possible
comparisons are, igneous vs. sedimentary vs.
metamorphic rocks, hurricanes vs. tornadoes, and
divergent vs. convergent plate boundaries. Instructors
may choose to provide a numbered list of characteristics
that could then be placed in the correct locations on a
labeled diagram. Tﬁis assistance reduces the analysis
aspect of the exercise, as students would not be
identifying key components themselves. Such an
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Figure 5. A simple concept map that illustrates the
relationship between the elements of the scientific
method. One potential scoring scheme would award 5
points per hierarchical level (5 levels present); 1 point
for each reasonable linking phrase between adjacent
points (12 links). Using this scheme the concept map
would earn 37 points.
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comprehension category.
IMAGE ANALYSIS

Image analysis is a form of slide observation (Reynolds
and Peacock, 1998) where students are shown a
photograph, map, or diagram and asked to make
observations and interpretations. These types of
exercises are an excellent way to begin a class as the
immediatelfl engage the student in the topic at hand.
Image analysis involves knowledge, comprehension,
application, and analysis levels of Bloom’s taxonomy.
Under certain circumstances exercises may also require
students to synthesize and evaluate information.
Readers are referred to Reynolds and Peacock (1998) for
a thorough discussion of tKis technique.

CONCEPT MAPS

A concept maF is a graphical representation of a
student’s knowledge about a topic (Zeilik et al., 1997).
Concept ma]}:s are pictorial essays, a method of
illustrating the principal concepts of a lesson, and
include supporting information that indicates how a
student has organized his/her ideas. Concept maps
present a “big picture” view of a student’s
understanding of a topic. Good concgpt maps force their
creators to challenge their own understanding and to
build a strong foundation for information that follows. A
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poorly constructed map allows a reviewer to quickly
identify gaps in logic or comprehension. Concept maps
will vary from person to person, no two are alike. They
allow for creative thinking in their construction.
Concept maps have two principal components: 1.
Terms or concepts - often presented in boxes; 2.

Directional links (arrows) and linking phrases
(prepositions) - that connect the terms %Fi ure 5).
Concept maps identify the relationships between

components and therefore correspond to synthesis in
Bloom'’s taxonomy (Table 1). The number of levels in a
concept map can be readily counted. The terms are
joined by logical linking phrases appropriate for the
topic. The maps can be readily evaluated as good,
average, or poor to speed assessment. Alternatively, one
can construct a formal scoring scheme (see caption,
Figure 5).

Open-Ended Questions - Open-ended or divergent
questions do not necessarily have a specific correct
answer. Such questions can be written by the instructor
to involve almost all levels of Bloom’s taxonomy
(Freedman, 1994). The creation of questions can serve as
a method for promoting critical thinking among
students. King (1995) used a series of generic question
stems (Table 2) to prompt students to generate questions
related to lecture and reading assignments. The question
stems can be matched to specitic levels of Bloom’'s
taxonomy (Table 2). Student-generated questions could
be used for self-examination, to assess comprehension of
reading assignments, or in peer questioning exercises
(King, 1995).

A form of open-ended question known as a minute
paper is one of the most commonly utilized assessment
methods in large classes. A minute paper is a short
informal writing assignment that requires little time to
complete and can be assessed easily (Angelo and Cross,
1993; Macdonald and Korinek, 1995, Murck,
1999). Students may be given literally one minute or a
few minutes longer to complete the writing assignments.
Minute papers can be used to determine whether
students have grasped the key idea(s) presented during
lecture. The papers may focus specifically on an
important concept that students should understand but
more commonly are the students’ responses to the
general question “What is the most important thing we
discussed today?” This question challenges students to
evaluate the lecture material and identifies whether they
can discriminate between critical and routine
information. Another technique known as a Muddiest
Point exercise may start with the question, “What was
the most confusing idea (muddiest point) presented in
today’s lecture?” (Angelo and Cross, 1993). Rather than
asking students what they know, the focus may instead
be on concepts they don’t understand.

Assessment of answers following an in-class
minute-paper or muddiest point exercise will indicate if
student perceptions of lecture material corresponded to
the instructor’s lecture goals. Common misconceptions
or gaps in comprehension should be addressed at the
start of the next class period. Prompt feedback is a
hallmark of good teaching (Chickering and Gamson,
1987; Angelo, 1993).

Evaluation Rubrics - Rubrics are used widely within

society. When you complete a questionnaire that asks
you to judge the quality of service in a restaurant you are
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Bloom’s Taxonomy Question Stems
Knowledge What is...?
What would happen if...?
Comprehension What does...illustrate about...?
What is analogous to...?
o How could...be used to...?
Application )
What is another example of...?
How does...affect...?
Analysis What are the differences (similarities) between...?
What causes...?
i What is a possible solution for the problem of...?
Synthesis
How does...relate to what we learned before about...?
Why is...important?
Evalution What is the best...and why?
Do you agree/disagree that...?

Table 2. Critical thinking question stems, modified from King (1995).

Factors

Low Risk (1 pt) | Intermediate Risk (2pts) High Risk (3 pts)

Proximity to fault

far (>200 km) moderate (50-200 km) close (<50 km)

Table 3. Template for earthquake risk evaluation rubric.

Factors

Low Risk (1 pt) | Intermediate Risk (2pts) High Risk (3 pts)

Proximity to fault far (>200 km) moderate (50-200 km) close (<50 km)
Timeeiiﬁizhaasl’iénajor years decades centuries
Earthquake magnitude | small (<magnitude 4) moderate (magnitude 4-5) high (>magnitude 6)
Substrate bedrock rock and sediment mix sediment

Utilization of building
codes

all buildings built to | building codes only partially g1
code or retrofitted enforced no building codes

Table 4. Completed earthquake risk evaluation rubric. The values (distances, elevations, slopes) in the above
example are arbitrary and are only intended to give an example of how quantitative data may be incorporated

into a rubric.
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haormes built since 1980s.

Pomeroy:
Older industrial center of the county; founded 1280 and buit on floodplain Most recent
sediments of the Mona River: transpartation center for commercial barge trafic | fault
on river and truck traffic on highway; population 50,000, movements:
Iron Hills: Hill= fault:
Q1d mining towm 1992 quake
founded 1850 now magnitude 5
catersto hikers
Clcean and climhers Calarmity faul:
faul hecause of 1957 quake
[ran Hills surraunding magnitude 6.4
= mauntains;
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Facific granite bedrock; 1896 quake
Ocean population 20,000 intensity ¥

Cunstable it Dunstahle:
Cﬁ'gmﬁﬁ’ County offices here, founded 1935,
I recent growth in last decade as several
I I Bl Harb computer companies buit nes factories;
A Sy city underlain by mix of hedrock and
sediment; population 60,000,
Bell Harbor

Scenic coastal fishing cormmunity built on rocky cliffs overlooking ocean; population swelled in last
feny decades to 100,000 asit became a popular retirement destination; new hospitals and retirement

Figure 6. This idealized map of a county in California was used in the earthquake risk scoring rubric exercise.
Students were asked to rank the four cities on this map in order of degree of risk of damage following a future

earthquake.

using a rubric. When students judge the qualit{; of
teaching in a college class they often use a type of rubric.
The relative scores on individual questions can be used
to identify potential areas for improvement.

Scoring rubrics have traditionally been used by
educators as assessment tools for student writing
exercises. Rubrics provide a scoring scheme that can be
keyed to specific performance goals and are especially
useful for tasks where scoring could be subjective. The
instructor compares each assignment with the standard
of the rubric, ensuring a consistent scoring method.
Rather than having students use an existing scoring
rubric, we asked them to create their own rubrics for the
purpose of evaluating specific geological situations. We
termed these learning tools evaluation rubrics to
differentiate  them from the typical scoring
rubric. Evaluation rubrics can involve all levels of
Bloom’s taxonomy (Table 1).

In this assessment method, students are required to
generate their own rubrics. For example, students might
create a rubric to assess the risk of an earthquake
affecting a city (Tables 3, 4). We used two types of
rubrics: 1. Rubrics with three scoring levels (Table 4); or,
2. Rubrics that required respondents to rank factors in
order of significance.

Evaluation rubrics begin with a description of a
specific situation. For example, the following
instructions were given to students during a discussion
of earthquakes. %tudents were asked to read the
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instructions and complete a partially finished rubric
(Table 3).

Following graduation you get a job working
for a county planning task force in California.
The task force must examine the setting of
several different cities and identify which is at
§reatest risk for future earth(téuake damages
rom movements on known faults. You are
given the assignment to create an evaluation
rubric to assess factors that will influence the
risk of potential damage from a future
earthquake. The city that scores the highest
using the rubric will receive additional county
funds to protect key structures from
earthquake damage.

Rubrics may be presented with one factor already
identified to illustrate the scoring scheme. The quality of
the student responses can be determined by the factors
that are identified and the discrimination of the scoring
methods (Table 4). A good rubric will identify several
relevant factors and describe what constitutes a high or
low score for each factor.

Students may be asked to distinguish which factor is
the most important under the circumstances of the
exercise. The score for this factor may be doubled. This
requires making a judgment on the relative significance
of the chosen factors. The final stage of a rubric exercise
requires students to use their rubric in a hypothetical
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situation. For example, students who had completed the
earthquake risk rubric (Table 4) could be given
information on the geology and characteristics of four
cities (Figure 6) and asked to rank the cities in order of
greatest to least risk of damage from a future earthquake.

ASSESSMENT OF TEACHING

The assessment methods described above have been
used in several sections of an Earth Science course taught
by two instructors (McConnell, Steer) over the last two
years. Course enrollment ranged from 140-180 students

er section. The majority (60-70%) of students were

reshmen. The classes were taught in large auditorium-
style classrooms with fixed seats facing a projection
screen. Both instructors projected lecture materials using
presentation programs such as Powerpoint, and ha
access to on-line materials through classroom internet
connections.

The University of Akron is a large (22,000 students),
open enrollment, state institution in northeast Ohio. The
majority of students commute to class from surrounding
communities. Students in an equivalent introductory
ﬁeology course report that they work an average of 25

ours per week outside the University. Approximately a
third of incoming freshmen do not return for the
subsequent fall semester (UA Factbook, 2001). The
student populations in Earth Science exhibit a broad
range of skill levels. Students entering the University in
Fall 2000 had an average ACT score of 20 and an average
high-school GPA of 2.76. Fifty-eight percent of incoming
students completed the college preparatory curriculum,
in comparison to an average of 71% for the thirteen
principal universities in Ohio (UA Factbook, 2001).

Most of the class sections discussed herein were
offered in 50-minute blocks taught three-days a week at
consistent times. Students were organized into informal
groups made up of nearby students or permanent formal
groups assigned by the instructor in all sections that
employed active learning. Ideal group size was four
students but groups varied from two to five students
depending on attendance. For the purposes of this paper
we will divide the classes into two types:

Traditional classes that followed a passive lecture
format that did not involve groups and did not
incorporate inquiry-based or active learning
exercises during class;

Inquiry-based learninlg< (IBL) sections that
involved students working in groups, and the
incorporation of active learning methods during
lectures.

The contrast between these learning environments
compares with teaching-centered and learning-centered
classroom models (McManus, 2002). Steer gradually
increased the degree of IBL material in his courses from
only traditional lecture in early sections to incorporating
daily exercises in the most recent versions of the course.
During this investigation McConnell taught two
consecutive sections using traditional methods in the
first lecture and IBL techniques in the later class. One
instructor (McConnell) has taught the course for twelve
years whereas the other (Steer) was in his third year of
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teaching. Material for both classes was divided into ten
modules composed of three or four lectures each. The
instructors shared many resources and identified
common goals for the course, but did not necessarily use
the same classroom materials or exercises.

Exams were either identical between sections or
varied by a few questions due to slifght differences in
choice of material covered or pacing of the class sections.
Exams were divided into three parts; knowledge
questions, comprehension questions, and analysis
questions. Equal numbers of knowledge and com-
prehension questions in a multiple-choice format were
included on each exam and accounted for 80-90% of the
total exam score. The remainder of the exam grade was
from analysis questions that took several forms such as
creating or completing concept maps, interpreting map
data, open-ended questions, or drawing diagrams.
Grading in the courses involved a combination of exam
scores, homework assignments, and in-class exercises.
Exams accounted for between 50-70% of the total course

grade.

Peer Reviews of Teaching Methods - A colleague from
the College of Education (Owens) visited the Earth
Science classes on numerous occasions and collected
field notes to record instructors” and students” behaviors.
Table 5 compares and contrasts the classroom
environments for the traditional and IBL sections of the
course. In both the traditional and IBL classes students
sat in %roups of two to four people prior to the start of
class. Students in the traditional class sat quietly or
talked in hushed tones, in contrast, students in the
inquiry class chatted among themselves and organized
their group for the day’s activities.

In the traditional class, the instructor did most of the
talking about the topic of the day. Approximately 5% of
the students participated when asked to give examples of
phenomena or to respond to a question. Students paid
attention but were passive receivers of the information.
There was also some lecture in the IBL class, but it was
often used to give instructions, to make transitions
between one activity and the next, or to summarize the
day’s lesson. Students worked in groups to discuss and
write responses to open-ended questions. During this
time the noise level in the class increased dramatically,
but a visitor listening to conversations would have
discovered that students stayed on task. Conversations
were peppered by technical terms but were
characterized by less formal language and student
idioms. After the group work ended, volunteer
spokespersons were asked to report their groups’
answers to the whole class. Frequently the students
voted to decide a “best answer” as a way to come to an
overall consensus. Sometimes the instructor presented a
summary or asked the students to draw a concept map of
the principal ideas of the lesson as a way to communicate
their understanding.

The contrast in the methods was obvious to the
College of Education observer. In the traditional class,
only a handful of students participated in the discussion,
whereas in the inquiry class, a substantial majority of
students was actively engaged in class activities through
group discussions. Essentially each class covered the
same material, but the student involvement was much
richer in the inquiry class.
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Figure 7. Student retention, the proportion of
students present for the first exam who completed
the last exam, was greater for the IBL classes than in
traditional lecture classes. Gray bars for traditional
lecture classes taught by Steer and McConnell black
bars for inquiry-based learning classes.

Traditional Inquiry-based Learning

Passive students Active students

Quiet Noisy

Instructor-focused Student-focused

Information from
instructor to student and
student to student

Information from
instructor to student

Students as individuals Student collaboration

Supportive learning
environment

Competitive learning
environment

Limited assessment Multiple assessment

opportunities opportunities
Rigid setting (lack of Mobile environment for
mobility) instructor and student

Table 5. Traditional vs. IBL classroom

characteristics.

McConnell et al. - Assessment and Active Learning

STUDENT EVALUATIONS

The majority of student comments on the IBL teaching
methods were positive. Written comments in student
evaluations from McConnell’s Fall 2000 IBL class were
examined for references to in-class exercises. Forty-three
students mentioned the exercises, 79% of the references
were positive. Sample comments are included below.

... truthfully, this is the only class I made myself
go to because it helped me learn in a more
relaxed, interesting way.

The strongest part of the class is the Cigroup work.
It helps you think about and understand the
material.

The groups were an excellent learning tool.
Students teaching students is the best way for
them to learn!

Even the seemingly negative comments can sometimes
be interpreted with a positive spin:

The in-class assignments were not clear...and we
were expected to figure everything out for
ourselves. The basic and overall outlook should
be taught to understand Earth Science not to walk
out as a scientist.

The answers should have been cut and dry and
not up to our imagination.

STUDENT INTERVIEWS
Several students were randoml selected for
semi-structured interviews that ci]iscussed course

procedures in both traditional and IBL sections. All
interviews were conducted by an assistant professor or
graduate student from the College of Education.
Students from all grade levels (A to F) were selected, but
in at least one class, no “A” students were interviewed.
Students reported that although they were initially
skeptical, they preferred that the instructor chose to
assign working groups and that thgy enjoyed getting to
meet new people. They stated that the group
arrangement took away the impersonal feeling of a large
class, provided an opportunity to participate, gave
students a peer to explain the material, and let them hear
the opinions of others. Most students preferred the
activities to a traditional lecture class.

Student comments on the use of the electronic
personal response system (Figure 3) to answer
conceptest questions were universally positive. Using it
gave the students an opportunity to test their
understanding of course material, let them discuss their
answers with others, and added vitality and interest.
Students identified a strong link between class activities,
the homework, and the tests. Responses to the question,
“On a scale from 1 (take any other course but this) to 10
(don’t miss this course), what number would you give
this course?” ranged from 5 to 10 with 7 being the most
common rating. Students enjoyed the participation
resulting from the group work, admitted that they
increased their knowledge, and would recommend the
course to their peers.

Student Retention - We measured student retention by

counting the number of students present for the first and
last exams. Data from Steer’s classes (Figure 7) showed a
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Figure 8. Average score on multiple-choice and
interpretation questions on exams for traditional
lecture (gray) and inquiry-based classes (black) taught
by the same instructor during fall 2000. Average
score was 2% higher for IBL section on
multiple-choice questions even though this section
received less time on content during each class
period. Scores for interpretation questions were 7%
higher in the inquiry-based section. Note: we
attribute the relatively low scores on the
multiple-choice questions to our first attempt at
generating large numbers of the more challenging
comprehension questions. Average scores in
subsequent classes have increased by approximately
10%.

14% increase over previous years in the proportion of
students who remained for the last exam as he added
more IBL exercises to the course. McConnell had 8%
greater retention in the IBL section in comparison to the
traditional class (Figure 7) taught the same semester.

Exam Scores - Ensuring sufficient content coverage
is a concern for many instructors when considering
alternative teaching methods (Gold, 1988; Angelo, 1993;
Ege et al., 1997). The traditional and IBL sections of
McConnell’s course took the same exams. Students in the
IBL class slightly outperformed the traditional class on
all four exams despite less direct content coverage
during lecture in the IBL section (Figure 8). A more

significant  discrepancy was identified in the
interpretation  questions. = Twelve  short-answer
interpretation questions that involved analysis,

synthesis, or evaluation were distributed over the four
exams. The average score on the on these questions was
7% greater in the IBL section (Figure 8).

GALT -The Group Assessment of Logical Thinking test
(GALT; Roadrangka et al., 1982) is an assessment
instrument that measures logical thinking skills.
Higher-order thinking skills require mastery of logical
operations such as proportional reasoning, controlling
variables, robabilistic  reasoning, combinational
analysis, and correlational reasoning (Roadrangka et al.,
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1982). The abbreviated form of the GALT survey
contains twelve illustrated questions, a pair for each of
the five logical operations listed above and another two
that evaluate conservation. All questions, except those
dealing with combinations, are presented in a
multiple-choice format where students must select an
appropriate answer (four choices) and the justification
for the answer (four choices). The answer is considered
wrong unless both choices are correct. The combination
questions require that students identify potential
groupings of different objects. Student GALT scores
ranged from 1-12.

The GALT is a valid and reliable instrument for
measuring logical thinkin% in student populations from
sixth grade through college and consistently yields
higher scores with increasing grade level (Roadrangka et
al., 1982; Bitner, 1991; Mattheis et al., 1992). Furthermore,
higher GALT scores correlate with other measures of
academic achievement such as grades, SAT scores, and
grade point average (Bunce and Hutchinson, 1993; Nicoll
and Francisco, 2001). The GALT instrument was
administered as a pre- and post-test to two IBL sections
in Fall 2001. Both IBL sections showed a statistically
significant 6.3% improvement in average GALT scores
over the length of the semester. The same instrument
showed no change in score for two traditional-format
sections of Earth Science taught by different instructors.

SUMMARY

A variety of learning strategies were incorporated into
large, introductory Earth Science courses for non-majors.
A traditional lecture course was converted into an active
learning environment through the incorporation of
formative assessment methods matched to different
levels of cognitive development. Such a conversion can
be readily accomplished through a combination of short
lecture segments and group assessment exercises.
Improvements in student achievement on exams,
retention in courses, and logical thinking skills were
documented. A majority of students viewed the active
learning methods positively.
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Abstract (148 words; 250 allowed)

Assessment of learning in entry-level college science courses is of interest to a wide variety of
faculty, administrators, and policy-makers. The question of student preparedness for college
instruction, as well as the effect of instruction on student ideas, has prompted a wide range of
qualitative and quantitative studies across disciplines. In the geosciences, faculty are just
beginning to become aware of the importance of conceptual change in instruction. The
development of the Geoscience Concept Inventory (GCI) and application to the study of learning
in entry-level geoscience courses provides a common framework from which faculty can
evaluate learning and teaching effectiveness. In a study of 43 courses and 2500 students, we find
that students are entering geoscience courses with alternative conceptions, and in many cases are
leaving the classroom with these alternative ideas intact. We find no relationship between self-

reported teaching style and learning as measured by the GCIL.

Keywords: Education-Science, Education-Undergraduate, Geoscience-Teaching and

Curriculum, Assessment

INTRODUCTION

Learning is the goal of all instruction. Accurate assessment of learning is an important first
step in determining the links between learning and teaching, and ultimately in developing
instructional approaches that are effective and transferable to other classrooms and institutions.
Some disciplines, primarily physics and math, have made significant headway into unraveling
the complex relationships between learning and teaching, often through the application of

learning research pioneered by people like Piaget and Driver (e.g., Redish, 1994). Ultimately



these efforts strive to determine how people learn, factors that can influence learning, and
innovations to the teaching environment that can improve learning for all participants.
Significant effort has been made to disseminate effective teaching methods for use in college
level geosciences courses (e.g., Digital Library for Earth System Education), although
quantitative assessment research documenting this effectiveness has been slower to evolve.
Quantitative assessment instruments for college classrooms have been used in a variety of
scientific disciplines, particularly for the evaluation of attitudes or conceptual understanding
(e.g., Hestenes et al., 1992; Zeilik et al., 1999; Libarkin, 2001; Yeo and Zadnick, 2001; Anderson
et al., 2002). The development of the Geoscience Concept Inventory (GCI) is a first step in
determining how entry-level college courses are affecting our students and in identifying factors
that influence learning. The GCl is a set of conceptually based questions geared towards
fundamental concepts in the Earth Sciences, including foundational concepts in physics and
chemistry. The GCI was developed over a two-year period; to date, 73 questions have been
evaluated and validated using item analysis techniques from both classical test theory and item
response theory, particularly Rasch analysis (Libarkin and Anderson, in preparation). We report
here on the analyses of pre- and post-test results from 29 GCI questions administered to ~2500
students enrolled 43 courses across the United States. These GCI questions covered concepts

related to geologic time, plate tectonics, and the Earth’s interior.

Previous Research
Assessment of learning in the geosciences has traditionally focused on K-12 students, with
studies of college students or other adults only recently emerging (DeLaughter et al., 1998;

Trend, 2000; Libarkin, 2001; Libarkin et al., in press; Dahl et al., in press). Qualitative studies



are concentrated outside of the U.S. (e.g., Happs, 1984; Marques and Thompson, 1997; Trend,
2000; Dodick and Orion, 2003), with those of American students focusing primarily on pre-
college populations (Schoon, 1992; Gobert and Clement, 1999; Gobert, 2000). Existing
quantitative studies have dealt with attitudes (Libarkin, 2001), visualization (e.g. Hall-Wallace
and McAuliffe, 2002), and logical thinking skills (McConnell et al., 2003). Quantitative study of
student conceptual understanding in the geosciences lags far behind other disciplines.

The development of the Force Concept Inventory (FCI; Hestenes et al., 1992) in the early
1990’s dramatically changed the way physicists viewed teaching and learning in college level
physics courses. A sharp increase in studies related to conceptual change in college-level physics
(see Kurdziel and Libarkin, 2001 for a discussion) has led to significant changes in physics
instruction, as well as a new perspective of the importance of physics education research in
academic physics (e.g., Gonzales-Espada, 2003). Subsequent development of quantitative
instruments in other disciplines followed, including development in biology (Anderson, 2002),
physics (Yeo and Zadnick, 2001), astronomy (Zeilik et al., 1999), and now, the geosciences

(Libarkin and Anderson, in preparation).

METHODS
Design and Procedure

The GCI was developed over several years, with item generation and validation based upon a
variety of qualitative and quantitative data (Libarkin et al., in press; Libarkin and Anderson, in
preparation). Determination of reliability and validity of test items evolved through qualitative
means, such as validation by experts in geosciences and education, and through quantitative

evaluation of student test data. Test data were analyzed using classical test theory approaches,



particularly item analysis, and through item response theory using simple Rasch models. The
Rasch analysis resulted in development of a test scale that allows scaling of raw test scores to
more meaningful scaled scores, and also provided information on item discrimination. One test
question (of 29 original questions) was removed from the analysis based upon gender
discrimination in both the pre- and post-test data. Although several questions were modified
between the pre- and post-test administration based upon analytical results and expert feedback,
the ordering of these questions on the Rasch scale did not change significantly, and we
concluded that item revision did not dramatically impact our ability to compare pre- and post-test
results (Libarkin and Anderson, in preparation).

The 29 GCI questions were distributed as two test versions of 20 questions each, with 11
common questions and 9 version-specific questions. Tests were randomly distributed to courses,
with each version administered to roughly half of the students. One institution administered the
test via computer and used only one version; one course from this institution also post-tested
with the same version. Analysis of test data from all institutions indicated that the two versions
were of similar difficulty, producing nearly identical Rasch scaling functions for conversion of
raw to scaled scores.

GClI data were collected in Fall 2002 from 43 courses at 32 institutions located in 22 states
across the U.S. (Fig. 1; map of U.S. with institutions marked). Tested courses were introductory
level, and included physical geology, oceanography, environmental science, historical geology,
and specialty topic courses. Faculty from 21 public and six private four-year institutions, four
community colleges or two-year institutions, and one tribal college participated (Table 1).
Individual classes ranged from nine to 210 students, with most courses falling between 35 and 75

students. 2500 students were pre-tested at the beginning of the Fall 2002 semester, and a subset



of 1295 students from 30 courses were post-tested at the end of the semester. In addition,
matched pre- and post-test results from 930 individual students were obtained and compared.
Instructors of post-tested courses used a variety of teaching methods including lecture,
demonstration, whole class discussions, small group activities, laboratory exercises, and
technology. Each instructor in the study provided their estimated breakdown of the time spent
on each of these instructional strategies, and we have made an initial comparison that relates
teaching style to changes in pre- to post-test results on the GCI. Teaching approaches varied
greatly, such that the reported percentage of class time devoted to lecture ranged from 0-100%,
demonstration ranged from 0-30%, small group work ranged from 0-50%, lab exercises ranged
from 0-60%, and use of technology ranged from 0-100%. Faculty self-reporting of teaching
approaches is probably less accurate than direct classroom observation (e.g., Johnson and

Roellke, 1999), although our large data set prohibited direct observation of all studied courses.

Data Analysis

Developers of multiple-choice instruments for higher education generally perform classical
item analysis on test results (e.g., Hestenes et al., 1992; Anderson et al., 2002). Item analysis is
primarily used to observe the statistical characteristics of particular questions and determine
which items are appropriate for inclusion on a final instrument. Classical Test Theory generally
drives most item analysis, with focus on item difficulty and item discrimination, and thus item
characteristics are tied closely to the population sampled. Item Response Theory (IRT), an
alternative item analysis technique, assumes that the characteristics of a specific item are
independent of the ability of the test subjects. IRT at its foundations is the study of test and item

scores based upon assumed relationships between the trait being studied (i.e. conceptual



understanding of geosciences) and item responses. Most researchers would agree that items on
any test are generally not of equal difficulty, and in fact most published concept tests report
"item difficulty”, defined by the % of participants answering a specific item correctly. For
example, Anderson et al. (2002) present a 20-item test on natural selection, with item difficulties
ranging from 13-77%. In addition, discriminability reported for these items suggests a strong
correlation between the difficulty of items and the overall score achieved by a student. This
suggests, then, that some items are easier to answer than others. Because difficulty ranges so
widely on this and most concept tests, the question of linearity must be addressed. Linearity
implies that conceptual understanding is linearly correlated with raw test scores; a student
answering 1/3 of items correctly has exactly half the understanding of a student answering 2/3
correctly.

Equivalent changes in raw score for multiple students may not translate to equivalent
changes in conceptual understanding. Item response theory implies that not all test items are
created equal, and some items will be more difficult than others. Rather than calculate a raw test
score that simply reflects the number of “correct” responses, IRT allows for score scaling that
more accurately reflects the difficulty of a given set of test items. Using a statistically calculated
IRT scale to offset the assumption of scale linearity allows the determination of test scores that
more accurately reflect “understanding”. All raw GClI test results were scaled on a 0-100% scale
based upon a simple IRT approach (Rasch analysis), following the methodology presented by
Libarkin and Anderson (in preparation). The relationship between raw score and scaled Rasch

score, as fit by the statistical package JMP, is approximately:

S=39+4+9R-0.71R2 + 0.025R3 (1)



where S is the scaled score on a 0-100% scale and R is the raw score on a 19-item GCIL
Pre- and post-test results were then compared using simple t-tests; this comparison was
conducted for the entire population of students as well as sub-groups categorized from
demographic or course information. All t-tests were two-tailed and based upon p<0.05, with

some courses passing at the p<0.001 level.

RESULTS and DISCUSSION

These data provide a unique opportunity to evaluate the pre-course conceptual frameworks of
students enrolled in geoscience courses nationwide. In addition, evaluation of test data relative to
course factors such as class size, institutional type, and faculty instructional approaches provides
insight into the effectiveness of entry-level geoscience courses nationwide. Finally, preliminary
evaluation of these data indicates that some ideas are stable across instruction, suggesting a until
now unknown entrenchment of ideas (Anderson and Libarkin, 2003).

Overall, students found the test difficult, with nearly identical pre-test means of 41.5+12 (43
courses; n=2493students) and 42.2+12 (for the 29 courses post-testing, where course 41 could
not be included; n=1498 students). The post-test results suggest that the population of post-
testing students experienced minimal learning over the course of the semester, with a mean of
45.8+13 (n=1295 students; Fig. 2a). Results are most illuminating when pre and post-test scores
are matched for individual students; in this case, 930 pre- and post-tests were matched. The pre-
test mean for students with matched post-tests (n=930 students; 43+11) is similar to all pre-tests;

the matched post-test mean is also similar to overall results (47+12). With the exception of one



course containing 9 students, students on average were familiar with only half of the conceptions
covered by this test after completing these courses.
Comparison of matched pre- and post-tests (Fig. 2b) indicates that statistically significant

improvement occurred on the post-tests, as shown on a paired, two-tailed t-test (tgar = 1.96 < teri¢

=12.1). Analysis of sub-population effects indicates that students with low pre-tests (<40%, n =

388) dominate this effect, with a pre-test mean for this group of 32+7 and a post-test mean of
41+10, and extreme significance on a t-test (tsae = 1.96 < tepi =15). Students with intermediate
scores (40-60%, n = 489 students) exhibited a minimal change in GCI score, with a pre-test mean
of 48+5, a post-test of 50+10, and minimal significance on a t-test ((tgar = 1.96 < teq =3.5).

Students pre-testing >60% (n = 52 students) exhibited no change in pre- to post-test scores
(average score on both tests was 67%). These data suggest that students with minimal knowledge
at the beginning of an entry-level geology course are leaving with increased conceptual
understanding, while students with intermediate and advanced understanding are leaving, as a
population, with mixed effects. Those students with pre-test scores that are higher than their
post-test scores may be using instruction to reinforce non-scientific conceptions. Interview data
supports this hypothesis, suggesting that some students apply instruction in one area of
geosciences to other areas. For example, the notion of Pangea is used by students to describe the
Earth’s surface at many different times in the past (Libarkin et al., in press); students reinforce
this idea by explaining that plate tectonics causes the continents to move. Further evaluation of

the underlying causes of decreasing or increasing GCI scores is needed.

Example courses



Three courses have been chosen as representative samples of the courses tested. These
include courses from different types of institutions, as well as courses of differing size that
reflect the instructional strategies reported by participating faculty. Of the thirty post-tested
courses, only 8 showed significance on a t-test. Overall raw scores indicate that the average
student gained one question on the post-test, moving from 8 correct questions to 9 out of 19.

Course 19 is a representative small course taught at a public school in the south. The
instructor of this course reported using traditional lecture and laboratory pedagogical approaches,
with some alternative methods. The pre-course GCI average was 47+13 (n=11), with a post-test
score of 43+13 (n=9; Fig. 3a). Eight students were matched on pre- and post-tests; analysis of
these matched tests indicates static GCI scores (Fig. 3b). This suggests that student conceptions
of the content covered by the GCI questions used in this study did not change as a result of
instruction.

Course 3 is a representative intermediate course taught at a public school in the mid-west.
The instructor of this course reported a predominantly lecture and in-class discussion approach to
teaching. The pre-course GCI average was 46+12 (n=42), with a post-test score of 49+13 (n=38;
Fig. 4a). Matched pre- and post-tests for 28 students indicates that nearly all students
experienced conceptual gain after instruction (Fig. 4b). Gains were between one and two
questions per student.

Course 12 is a representative large course taught at a public institution in the north-central
U.S. The instructor of this course reported lecturing 100% of the time, using a traditional
approach. The pre-course GCI average was 38+11 (n=190), with a post-test score of 42+12
(n=183; Fig. 5a); the pre-course average for this class was much lower than the small and

intermediate courses shown here. 135 students had matching pre- and post-tests; analysis of these
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matched tests indicates that course effects varied, although the majority of students experienced
static or positive gains (Fig. 5b). As with the overall study population (Fig. 2), those students
who entered the course with pre-tests less than 40% experienced statistically significant positive

gains.

Entrenchment of ideas

The student population retained several alternative ideas over the course of the semester, with
remarkably consistent results across institutions (Anderson and Libarkin, 2003; Table 3). The
extreme persistence of some ideas suggests that current approaches to instruction, either
traditional or alternative, may not be adequate for engendering conceptual change. In particular,
students have a poor idea of the scale of geologic time, the occurrence of events in geologic
history, and the specifics of absolute age dating. Not surprisingly, students also ascribe a Pangea-
like supercontinent to many different times in the past, including the time of Earth’s formation,
and as noted here, at the appearance of humans. Although entry-level geoscience textbooks
universally discuss the Theory of Plate Tectonics and most faculty spend significant time on this
topic, most students are exiting courses with a poor understanding of the location of tectonic
plates. Previous research utilizing qualitative approaches is in agreement with these data

(Libarkin et al., in press).

CONCLUSION AND IMPLICATIONS
The diverse data set collected in this study allows for a unique glimpse into entry-level
geoscience courses being taught nationwide. Most notably, students are entering these courses

with prior experiences in Earth Science and alternative conceptions about geologic phenomena.
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Post-instructional gains in understanding at the college level are generally small, with most
students exiting courses with conceptions similar to those held prior to instruction. As an
exception, those students entering college geoscience courses with little familiarity or significant
misconceptions (and, thus, low GClI test scores) experience significant gain across all courses
and institutions, regardless of instructional approaches. This is similar to findings in physics
tesed with the FCI (Pollock, 2004) and with student attitudes (Libarkin, 2001); most likely, these
students are simply “catching up” with their peers.

Although the geoscience community has spent significant time and energy developing and
disseminating alternative instructional strategies for use in college-level classrooms, the limited
conceptual gain experienced by students suggests that a different curriculum-development
approach is warranted. In particular, the effects of curriculum and pedagogy on student
conceptual understanding, as well as the mechanisms for conceptual change in college-level
geosciences, need to be studied in detail. Qualitative and quantitative research approaches have
the potential to unravel the complex relationships between teaching and learning, and
implementation of research approaches into the curriculum development-testing-dissemination
cycle may result in significant modification in the way faculty view entry-level instruction.
Certainly, further research in all realms of conceptual change in the geosciences is needed, with

potential benefits to students and faculty alike.
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Table 1. Sample size, recruitment, and institutional setting.

Institutional Tvpe Number of Number of Course size
yp schools courses (n students)
Four-year public 21 31 11 to 190
Four-year private 6 6 13t0 91
Two-year community 4 6 15 to 82
college
Two-year tribal 1 1 9
college
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Table 2. Courses participating in GCI testing in Fall 2002.

Institution | Course |Pre-test| Post-test Course Type Instructional Methods
and Type Code (n) (n) (%)
L D IC A T |LAB

A, Public 1 69 25 Physical Geology 70 | 30 X
A, Public 2 38 26 Historical Geology 100
B, Public 3 42 38 Geology 50 [ <10 | 30 | <10 |<I10
C, Public 4 24 23 Physical Geology 60 [ 30 | <10 X
D, Public 5 81 67 Marine Science 50 50
E, Public 6 29 25  |Physical Geology 50 | <10 | <10 | 50 |<10
F, Public 7-1 57* 36 |Geology 80 | <10 | <10 X
G, Public 7-2 16  |Geology-online 100 | X
H, Public, 2-yr 8 28 25  |Physical Geology 60 | <10 [ <10 <10 X
H, Public, 2-yr 9 21 13 Physical Geology 60 | <10 [ <10 <10 X
I, Public 10 86 39 Unknown
J, Public 11 108 85 Physical Geology 80 20
K, Public 12 190 183  |Earth Science 100
L, Public 13 129 107  |Physical Geology 60 [ <10 | <10 X
M, Private 14 13 -— - -— -— -— — — —
N, Public 15 40 -— - -— -— -— — — —
O, Private 16 58 — — — — — — — —
P, Public 17 15 16  |Physical Geology 60 <10 X
P, Public 18 120 75  |Unknown
P, Public 19 11 9 Historical Geology 60 [ <10 | <10 <10 X
Q, Navajo, 2-yr 20 9 6 Historical Geology 50 [ 30 | <10 <10 X
R, Public 21 67 57 Earth Systems 80 <10 | <10 X
S, Public 22 50 54 Geology for Engineers 60 [ <10 | <20 15 X
T, Public 23 18 17 Geology of National Parks | 90 | <10 | <10 <10 X
U, Public, 2-yr 24 82 56 Physical Geology 65 | 15 10 10 | X
V, Private 25 91 -— - -— -— -— — — —
W, Private 26 54 -— - -— -— -— — — —
X, Public 27 59 -— - -— -— -— — — —
Y, Private 28-1 37* 19 Earth History 70 10 5 15
Y, Private 28-2 14 |Oceanography 70 | 5 5 20 | X
Z, Private 29 24 22 |Geology and Environment | 45 [ 10 40 5 X
AA, Public 30 69 - - - - - - - -
BB, Public 31 31 22 |Oceanography 45 5 15 25 | 10 | X
CC, Public, 2-yr 32 24 - - R [— - RE e -
DD, Public, 2-yr 33 39 — — — — - - - o
EE, Public 34 18 - - S — - U [ -
FF, Public 35 75 55 Unknown — | --- - - — | -
FF, Public 36 41 32 Unknown - - - - - X
GG, Public, 2-yr 37 15 13 Hydrogeology 9 | 10 X
HH, Public 38 21 —- — — | - - I .
IL, Public 39 97 - - R [— - RE e -
17, Public 40 128
KK, Public 41%* 269 120  |Physical Geology i M --- St e
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*Pre-test results for courses 7-1 and 7-2 and courses 28-1 and 28-2 were combined.

**Course 41 was actually three courses that tested students via computer; pre-test results were

not distinguishable by course, although only one course post-tested. L = lecture; D =
demonstrations; IC = in-class discussions; A = small group activities; T = technology

Table 3. Prevalent ideas and persistence after instruction.

through geologic time.

Topic Conception* Prior to After
p p Instruction instruction
Analyses of fossils, rock
Techniques for layers, or carbon are the 78% 72%
Calculating Earth’s Age most accurate means for (n=1377) (n =669)
calculating the Earth's age
The Earth’s surface is not
Location of Tectonic pl?[zst?tli:g‘[f();llif: ;zi(::rsn;re 56% 46%
Plates located beneath the Earth's (n=2483) (n=1287)
surface.
Earth’s surface when A Sl\?vi{cenc}?l?;ziztﬁeé{[sted 52% 47%
humans appeared appeared on Earth. (n=2470) (n=1284)
Simple, one-celled
Life at Earth’s formation | organisms existed when the (nigfél) (ni?;%é 6)
Earth first formed - -
Appearance of dinosaurs ex]ijsltrelzcr)lsciu;‘f)glirﬁai?\?a 37% 40%
pp y (n=1089) (n=604)

*Students in the study population who did not exhibit these conceptions often held other

alternative conceptions.
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Figure 1. Map of the continental United States. Numbers indicate number of institutions in each

state participating in this study.

Figure 2. a) Distribution of scaled scores for all pre- (n = 2493 students) and post-tests (n = 1295
students). The lowest individual score was 0; the highest was 100. b) Matched pre and post-tests
for individuals. The gray line represents the zone of no change; points falling along this line
represent identical pre- and post-test scores. Points falling above the line indicate an increase in
score from pre- to post-test and points falling below the line indicate a decrease from pre- to

post-test.

Figure 3. Course 19. a) Pre (n = 11) and post (n = 9) course distributions. Notice that the post-
course distribution has shifted to the left, suggesting either 1) a decrease in conceptual
understanding for some students; or 2) the two students who did not post-test were high scorers
on the pre-test. b) 8 students had pre- and post-tests that could be matched. Notice that test

scores do not change significantly for most individuals.

Figure 4. Course 3. a) Pre (n = 42) and post (n =38) course distributions. Notice that the post-
course distribution has shifted to the right, suggesting an increase in conceptual understanding
for some students. As with most courses, students with the poorest performance on the pre-test
experienced learning as measured by this test. b) 28 students had pre- and post-tests that could be
matched. Notice that the majority of students experienced an increase in test score at the end of

the semester.
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Figure 5. Course 12. a) Sample population is large enough to ascertain that distribution of pre (n
= 190) and post (n = 183) course scores are both normal. Notice that the post-course distribution
has shifted to the right, suggesting an increase in conceptual understanding for some students. As
with most courses, students with the poorest performance on the pre-test experienced learning as
measured by this test. b) 135 students had pre- and post-tests that could be matched. Notice that
the effect of this course on individual students is mixed, although almost all low-performing

students experienced significant gains.
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Figure 4
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STUDENT ENGAGEMENT QUESTIONNAIRE

To what extent do the following behaviors, thoughts, and feelings describe
you, in this course. Please rate each of them on the following scale:

10.

11.
12.
13.

14.

5 = very characteristic of me

4 = characteristic of me

3 = moderately characteristic of me
2 = not really characteristic of me

1 = not at all characteristic of me

__ Raising my hand in class

__ Participating actively in small group discussions

__ Asking questions when I don't understand the instructor
___ Doing all the homework problems

__ Coming to class every day

Going to the professor’s office hours to review assignments or tests, or to

ask questions

Thinking about the course between class meetings
Finding ways to make the course interesting to me

Taking good notes in class

Looking over class notes between classes to make sure I understand the
material

Really desiring to learn the material

Being confident that I can learn and do well in the class

Putting forth effort

Being organized



15. Getting a good grade

16. __ Doing well on the tests

17. __ Staying up on the readings

18. __ Having fun in class

19. _  Helping fellow students

20. _ Making sure to study on a regular basis

21. _ Finding ways to make the course material relevant to my life
22. _ Applying course material to my life

23. __ Listening carefully in class

[Source: Handelsman, M. M., Briggs, W. L., Sullivan, N., & Towler, A. (2005). A measure of
college student course engagement. Journal of Educational Research, 98, 184-191.]
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