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Conceptual Mobility and Entrenchment in Introductory Geoscience
Courses: New Questions Regarding Physics’ and Chemistry’s Role in
Learning Earth Science Concepts
Steven W. Anderson1 and Julie C. Libarkin2
ABSTRACT
Nationwide pre- and posttesting of introductory courses with the Geoscience Concept Inventory (GCI) shows little gain for
many of its questions. Analysis of more than 3,500 tests shows that 22 of the 73 GCI questions had gains of <0.03, and nearly
half of these focused on basic physics and chemistry. We also discovered through an assessment of nearly 500 matched preand posttests that students were less likely to change answers on basic physics and chemistry questions than they were on
those for the geosciences, with many of the low-gain geoscience questions showing switch rates that were similar to that
expected for guessing. These results also pertain to the high-scoring pretest students, suggesting that little geoscience
conceptual entrenchment occurs for many students enrolled in entry-level courses. Switching rates for physics and chemistry
questions were well below the rates associated with geosciences questions, suggesting greater entrenchment. We suggest that
students may have difficulty settling on a correct geoscience conception because of the shaky, more entrenched supporting
science underpinnings upon which Earth Science ideas are built. These results prompt the following questions: (1) When do
our geology majors learn fundamental science concepts if little learning occurs in the introductory courses? (2) What role does
the introductory course play in this eventual learning? (3) What strategies can be employed in introductory courses to enhance
learning for those students who will only take one college-level geosciences course? We suggest that longitudinal studies of
geosciences majors are needed for periods longer than a semester and that more attention be paid to when conceptual change
occurs for our majors. Ó 2016 National Association of Geoscience Teachers. [DOI: 10.5408/14-017.1]
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INTRODUCTION

course. One area that ranks high in terms of relative
importance for many college-level faculty members is
conceptual understanding. Conceptual understanding implies both a familiarity with content and the ability to apply it
to complex questions, and it constitutes some of the more
advanced thinking skills important in a college-level
education. Over the past 20 years, a number of concept
inventories have been developed for determining conceptual
change in many science and engineering disciplines,
although before 2002, concept inventory development in
the Earth Sciences was virtually nonexistent.
In 2002 and 2003, Libarkin and Anderson (2005)
administered 29-question and 73-question (respectively)
pilot versions of the Geoscience Concept Inventory (GCI v.
1.0; Libarkin et al., 2005; Libarkin and Anderson, 2005) that
has subsequently expanded to include more than 100
validated questions (see Libarkin et al., 2011). To ensure
external validity and the generalizability of the GCI to entrylevel college students nationwide, the 2002 and 2003
administrations of the GCI were completed in 59 courses
at 42 institutions across the U.S. Pretesting of 3,595
introductory geoscience students occurred early in the
academic year, with posttesting of ~1,750 students collected
during the last week of class. At present, the community is
invited to use, comment, and add to the GCI through the
GCI WebCenter (http://gci.lite.msu.edu; Libarkin et al.,
2011).
One interesting trend in the GCI v. 1.0 data that has
received little attention is that nearly one-third of the
questions show limited, no, or negative pre- to posttest
change as a result of college-level instruction across the
population of students tested. In other words, the under-

Classroom instruction affects the intellectual development of students or student populations in various ways.
Student attitudes toward science and scientists, disciplinespecific science content, skill development, and conceptual
understanding are all student variables that may change as a
result of the classroom experience. A reliable measurement
of change for any one of these factors would provide
instructors with useful information for evaluating the
effectiveness of their courses and assessing whether modifications to their instruction are needed. These factors are
difficult to evaluate independently, requiring unique assessment instruments that may or may not exist for most
disciplines. Thus, most studies of the effectiveness of various
educational philosophies and pedagogical approaches rely
heavily on anecdotal evidence or qualitative studies that are
difficult to generalize, with less widespread quantitative data
emerging from use of attitude surveys, concept inventories
(i.e., Libarkin, 2008), or similar instruments.
Instructors may view the relative worth of instructional
outcomes differently, placing greater emphasis on some
outcomes over others depending on their goals for the
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standing of the concepts at the heart of these questions did
not significantly improve over the course of a term or
semester when measured by the GCI in this population.
When measured in individuals, conceptions that do not
change despite instruction are referred to as ‘‘entrenched’’
ideas (Vosniadou and Brewer, 1992) or ‘‘persistent misconceptions’’ (Chi et al., 1994). Here, we investigate which Earth
Science ideas resist conceptual change in individuals and
discuss these in terms of ‘‘conceptual mobility’’ for individual
students. In particular, we wish to discover (1) which
questions show no or little pre- to posttest change for our
entire population of test-takers, (2) whether these questions
fall into any particular groups or categories, and (3) whether
the students show no or little pre- to posttest change
because they were holding firm to incorrect conceptions
(entrenchment) or because they were switching from one
incorrect answer to another (mobility). We find that even
though our test population shows no gain for many
questions, individual Earth Science questions record high
conceptual mobility and little entrenchment as individual
students switch answers over the course of the semester. We
also find that basic low-gain physics and chemistry
questions show less mobility than the geoscience questions,
suggesting that incorrect conceptions are more entrenched
in the science disciplines upon which many geoscience
concepts are scaffolded. We then discuss the implications
this work has for understanding the relationships between
teaching and learning in college-level geoscience classrooms.

BACKGROUND
Quantitatively determining the relationships between
teaching and learning requires the development of valid and
reliable assessment instruments that accurately measure
change. Multiple-choice instruments (concept inventories)
now exist for assessing conceptual understanding in specific
undergraduate science, technology, engineering, and mathematics (STEM) fields, including physics and astronomy
(Hestenes et al., 1992; Zeilik et al., 1999; Yeo and Zadnik,
2001; Lindell and Olsen, 2002), chemistry (Krause et al.,
2004), geoscience (Libarkin et al., 2005; Libarkin and
Anderson, 2007b), and biology and natural selection
(Anderson et al., 2002). Allen (2006), Reed-Rhoads (2008),
and Libarkin (2008) offer reviews of the state of concept
inventory development in STEM disciplines.
Concept Inventory Development—Physics
The physics community pioneered much of the work on
developing concept inventories in the physical sciences.
Halloun and Hestenes (1985a,b) constructed an openresponse exam to measure students’ knowledge of mechanics and gave it to more 1,000 students. From these written
responses, they selected the most common misconceptions
and used them as wrong answers in a multiple-choice test
called the Force Concept Inventory (FCI; Hestenes et al.,
1992). The FCI was easier to administer and grade compared
with open-response items, and it provided access to a large
data set for studying the relationships between teaching and
learning.
Physics professors and graduate students critiqued early
versions of the FCI for clarity. FCI developers also
administered the FCI to 11 graduate students, all of whom

75

received perfect scores, and conducted interviews with 22
introductory students to ensure that students clearly
understood each question and the possible answers. Finally,
exams of 31 A-grade students were analyzed for common
misunderstandings that could be attributed to poor question
design, and none were found. These measures were
implemented to ensure the validity of both the content
(content validity) and the clarity (face validity) of each
question. Kuder-Richardson tests of results from groups of
students examined at different times indicated reliability
coefficients of 0.86–0.89, which Hestenes et al. (1992) cited
as unusually high values indicative of reliable tests. These
pioneering works on mechanics misconceptions inspired a
number of more recent studies on student ideas about
physics (e.g., Thorton and Sokoloff, 1998; Harrison et al.,
1999; Yeo and Zadnik, 2001).
Many researchers have since used FCI data to study
relationships between teaching and learning, including work
focusing on the quantification of student conceptual change.
Hake (1997) proposed that improvement between pretest
and posttest is best expressed as normalized gain g (Hovland
et al., 1949; Gery, 1972), where
g=gain=maximum possible gain
or
g=ð½posttest-½pretestÞ=ð100-½pretestÞ
Thus, if a class averaged 50% on the pretest and 60% on
the posttest, then the class-average normalized gain g =
(60% - 50%)/(100% - 50%) = 0.2. Gain can be expressed
for individual students, performance of a population of
students on an entire exam, or populations on specific
questions. Although gain is not a statistical measure of
effect, it is a useful proxy for considering the influence of
instruction on learning.
The GCI
Libarkin et al. (2005) followed many of the testconstruction protocols used by the creators of the FCI as
they created the GCI v. 1.0. Because of the broad,
interdisciplinary nature of Earth Science, they initially
restricted their study of student ideas to the following
topics: Earth’s interior, Earth’s crust, and geologic time. A
brief questionnaire (Libarkin et al., 2005) was given to 265
students during the 2001–2002 academic year. Student’s
written responses then inspired the development an
interview protocol for studying student misconceptions
Libarkin et al. (2005).
Libarkin et al. (2005) selected sites to ensure demographic variability in their study, including a small, private,
elite school (Harvard University, HU), a small, statesupported liberal arts college (Black Hills State University,
BH), and two large state universities (Indiana University, IU,
and the University of Arizona, UA). Interviewers at each
study site conducted semistructured interviews; protocol
questions guided the initial discussion, and probing questions were used to encourage students to explain responses.
Interviews typically consisted of one to four questions and
were between 0.5 and 1 hour long (Libarkin et al., 2005). In
total, 105 interviews were conducted in 2001 and 2002 (five
at HU, 16 at BH, 82 at IU, and two at UA). Libarkin and
Anderson (2005) then formulated multiple-choice questions
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that used the most common misconceptions from a line of
interview questions as wrong answers (distractors). To
ensure content validity, the questions, correct answers, and
distractors were reviewed by a panel of seven experts and
were revised. The final 29 questions that passed the scrutiny
of this panel became the GCI 2002 pilot.
The GCI 2002 pilot was administered at the beginning of
the fall semester to 2,215 college students in 42 introductorylevel courses (including Physical Geology, Historical Geology, Oceanography, and Environmental Science—see Libarkin and Anderson (2005) for a full list of courses and
instructional methods) at 32 institutions in 19 states (21
public and six private 4-year institutions, four community
colleges, and one tribal college). The pilot was also given to
1,907 students as a semester-end posttest in 30 courses.
Individual course enrollments ranged from nine to 210
students, with most courses falling between 35 and 75
students. Faculty instructors for each of tested courses were
also encouraged to complete and critique the exam, and 21
faculty members participated (Libarkin et al., 2005; Libarkin
and Anderson, 2005). Instructors also provided a self-report
of their estimates of the time spent on each of a variety of
instructional strategies. Teaching approaches varied greatly,
such that the reported percentage of class time devoted to
lecture ranged from 0% to 100%, demonstration ranged
from 0% to 30%, small-group work ranged from 0% to 50%,
lab exercises ranged from 0% to 60%, and use of technology
ranged from 0% to 100%, although faculty self-reporting of
teaching approaches is probably less accurate than direct
classroom observation (e.g., Johnson and Roellke, 1999).
The GCI was expanded in 2003 to a total of 76 questions,
including the 29 questions from the GCI 2002 pilot. The
scope of the exam was broadened to include questions on
basic physics and chemistry, as well as an expansion of Earth
Science topics. Two tests, one with 29 questions and another
with 30 questions, were piloted in 2003 as pre- and posttests.
Each of these tests contained six common items drawn from
the 2002 pilot and 47 new questions divided between the
two exams.
The database for the 76 questions from the 2003 GCI
pilot contained the responses from 3,595 students who took
either the 2002 or the 2003 pilot exams. Individual questions
were answered by as many as 3,595 students and as few as
306 students. The large sample size enabled statistical
validation of the 2003 GCI pilot and allowed for a study of
the relationships between conceptual change and student
demographic data, institution characteristics (type, class size,
and location), and teaching style. Calibration of item
difficulty estimates was performed using Quest software
(Adams and Khoo, 1996), the one-parameter logistic model
for Rasch analysis, and the Mantel-Haenszel approximation
of differential item functioning (DIF) for all 76 questions. Of
the 76 questions on the 2003 pilot, two were phenomonographical and are no longer used for GCI testing. A third
item was removed because of faculty concerns about the
accuracy of the item stem, bringing the total remaining
questions to 73.
To ensure that pre- to posttest scores reflect the degree
to which college students learn, and not the result of a
flawed assessment instrument, the creation of the GCI
involved validity and reliability measures that went beyond
those employed for concept inventory development in other
scientific disciplines (Libarkin and Anderson, 2007a,b). The
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GCI was created through a multistep methodology, combining scale development theory, grounded theory, and item
response theory, incorporating a mixed methods approach
and using advanced psychometric techniques not commonly
employed in developing content-specific assessment instruments (Libarkin et al. 2005; Libarkin and Anderson,
2007a,b).
For example, one of the most important factors in
creating a valid and reliable multiple-choice exam is
ensuring that all potential wrong answers, or distractors,
are attractive alternative answers to some segment of the
test-taking population. If the instrument lacks these
attractive alternative distractors, then students may chose
the correct answer simply because they did not find the
distractors reasonable. To ensure that the wrong answers in
the GCI were all attractive to an introductory college student
population, incorrect answers that appeared multiple times
in the 105 interviews conducted during the early stages of
GCI creation were crafted into distractors. In addition, the
correct answer must be written in language that introductory
students can understand yet pass scrutiny of a panel of
experts. Student interviews were again mined for language
when constructing the correct answer, and then a panel of
geoscience and education professionals commented on
whether it was scientifically accurate (Fig. 1). Another
important factor considered during GCI construction was
determining whether the test was too hard, or too easy, for
this population of students. If the concept inventory is too
difficult, then students may answer most or all questions
incorrectly even though they may have some understanding
of the material. If the concept inventory is too easy, then the
pretest scores may be too high to show additional
improvement on the posttest. Rasch analysis determined
the difficulty of individual items and the test to ensure that
the test was capable of capturing learning when administered to this population of students. Therefore, this
instrument was validated specifically for college students,
not for other learning groups, and the results of studies using
GCI data cannot be reliably extended to noncollege groups.
Specifically, Table I summarizes all validity and reliability
measures that went in the construction of the GCI (from
Libarkin and Anderson, 2007a), ensuring a valid and reliable
tool for measuring pre- to posttest gains in this population of
students.
Entrenched Ideas and Persistent Misconceptions
Earth Science ideas that are resistant to conceptual
change, also referred to as entrenched ideas or persistent
misconceptions, are addressed in a few studies of elementary
school-age children. Vosniadou and Brewer (1992) identified
two dominant entrenched ideas about Earth: that ground is
flat and that all things, including Earth, fall downward.
Gordon (1992a,b) studied conceptual change in a single 6th
grader and found that conceptual change did not occur
quickly, similar to the results discussed by Bruer (1993) and
Gardner (1991). Maria (1997) tracked conceptual change in a
single boy between kindergarten and 2nd grade and found
that it took more than a year for him to restructure an
entrenched conception of gravity despite instruction, consistent with other studies that have found that conceptual
change proceeds at a slow pace (Gardner, 1991; Gordon,
1992a,b; Bruer, 1993).
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FIGURE 1: Sample GCI question. All of the maps used as distractors originated from student drawings constructed
during interviews of 105 students (Libarkin et al., 2005). The correct answer (A) passed scrutiny of a panel of
geoscience and education experts.

METHODS
To identify the degree to which ideas are entrenched in
the geosciences, we first determined which test items
showed no improvement for our pilot-tested population
despite instruction. Although there are several potential
methods for parsing our data to a ‘‘no improvement’’ subset,
we used a simple, straightforward approach and compared
the normalized gain for all 73 test items in the GCI v. 1.0.
One advantage of using normalized gain is that it reveals
both the easy and the difficult test items that show little or
no improvement over the course of instruction. We

considered the concepts tested by these no-, low-, or
negative-gain questions to be potentially entrenched. A lack
of gain may reflect ideas resistant to change (entrenched).
However, students may not be showing any improvement
because they are switching between different incorrect
answers from the pre- to the posttest, thus indicating much
mobility in their thinking and little entrenchment.
To identify which of these low-, no-, or negative-gain
questions truly represent entrenchment, we tallied how
many students chose a particular distractor on the pretest
and compared that number with choices on the posttest
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TABLE I: Validity and reliability measures used in developing the GCI (from Libarkin and Anderson, 2007a).
Validity/Reliability*

Exemplar Question

Example of Method Used for GCI Development

Construct validity

Is there strong support for content of
items?

1) Multimethod: GCI stems and items based upon a large
interview data set (n = 75) and questionnaires (n =
1,000); items developed naturally from data (grounded);
think-aloud interviews with students
2) Multitrait: Each concept covered by multiple questions

Content (face) validity

Do items actually measure conceptions
related to ‘‘geoscience’’?

1) Review of each question by 6–10 geologists or science
educators
2) Review of revised items by 10–21 faculty members for
content and correctness of responses

Criterion validity

Correlation between GCI and other
measures?

1) Trends in quantitative GCI data correlate strongly with
conceptions revealed in qualitative data
2) Preliminary GCI 15-item subtest results show
correlation between subtests

External validity

Are results generalizable to other
populations?

1) Piloting with wide range of students from 49
institutions
2) Calculation of bias relative to gender and/or ethnicity
of subjects via DIF; caution with 4 items suggested by
Mantel-Haenszel DIF approximation

Internal validity

Random sample? Do researcher
expectations or actions bias results?

1) Items reviewed by experts in both geology and
education
2) GCI administered by participating faculty; no
administration bias on the part of GCI developers
3) Rasch scales similar for pre- and posttests, suggesting
that student attrition and changes made to items during
revision do not affect the stability of questions on the
Rasch scale

Reliability (repeatability)

One example: Are test results repeatable?

1) Administration to multiple populations yielded similar
results
2) Classical reliability and Rasch scale stability
3) Internal consistency of items (KR-20) = 0.69
4) Item separation reliability of Rasch scale = 0.99

(Table II). Movement by the group toward, or away from,
one or more distractors would indicate mobility in their
conception, not entrenchment. For those questions that
exhibited no significant movement between incorrect
responses, we looked at the answers of each student to be
certain there was no equal movement between incorrect
distractors that may indicate guessing. We also determined
which general concepts were tested with each question. This
methodology allows us to pinpoint the questions and
associated concepts in which individual students chose a
particular response and stayed with it despite instruction.
To determine whether students are switching their
answers from pre- to posttest, we identified those students
who took the same version both pre- and posttest. We
started with the 2002/2003 database of the 73 GCI v. 1.0
questions and used demographic data to identify all
individuals who took the same version to determine how
their responses changed as a result of instruction. From the
original database of 3,595 students, we found 392 and 102
individuals who completed the same pre- and posttest
version of the 2002 and 2003 GCI pilot, respectively. This left
us with sample sizes ranging from 48 to 392 individuals who
answered the same test items on both pre- and posttests.
Table II shows the question number and gain for all 73 GCI
v. 1.0 questions. Table III shows each of the 22 low-, no-, or
negative-gain questions; a brief description of the concept
tested; the number of students who answered the question

on matching pre- and posttest versions; the normalized gain;
and a comparison of student responses pre- to posttest.

RESULTS
Several results from this study are evident in Table II:
1. The normalized gain for each of the 73 GCI v. 1.0
items ranged from -0.31 to +0.48 for the entire
pilot-tested population, within the range of low to
medium normalized gain as described in Hake
(1997).
2. Of the 73 questions, 22 had normalized gains of 0.03
or less. Although this boundary is arbitrary, the lack
of significant positive change on these questions
suggests that the concepts tested are potentially
entrenched within this test population.
For these 22 low-gain questions, we also tabulated the
number of students who chose each incorrect distractor on
the pre- and posttest and determined whether any systematic
movement toward a particular wrong answer might be
indicative of concept mobility rather than entrenchment.
Table III shows each of the 22 questions and the number of
pre- and posttest responses, as well as the percentage of
students who switched their answers pre- to posttest. We
include a column showing the percentage of students who
answered the question correctly on the pretest but changed
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TABLE II: Gain and statistics for all GCI questions.
Question Number
(Test Version)

Gain

Correct on Posttest

Correct on Pretest

Total Matched Pre- and
Posttest Questions

2003 Q21 (a)

-0.31

16

25

54

2003 Q14 (b)

-0.15

18

22

48

2003 Q17 (b)

-0.14

6

11

48

2003 Q3 (a)

-0.09

17

20

54

2003 Q12 (a)

-0.07

9

12

54

2003 Q29 (b)

-0.06

11

13

48

2003 Q7 (a)

-0.04

2

4

54

2003 Q15 (a)

-0.04

27

28

54

2003 Q24 (a+b)

-0.03

64

65

102

2003 Q8 (b)

-0.02

6

7

48

2003 Q27 (a)

-0.02

2

3

54

2003 Q8 (a)

0.00

4

4

54

2003 Q13 (a)

0.00

33

33

54

2003 Q30 (a)

0.00

7

7

54

2003 Q4 (b)

0.00

7

7

48

2003 Q28 (b)

0.00

20

20

48

2003 Q27 (b)

0.03

13

12

48

2003 Q3 (b)

0.03

17

16

48

2003 Q12 (b)

0.04

23

22

48

2003 Q7 (b)

0.04

3

1

48

2003 Q13 (b)

0.05

28

27

48

2003 Q4 (a)

0.05

18

16

54

2003 Q17 (a)

0.06

5

2

54

2003 Q18 (b)

0.06

17

15

48

2003 Q29 (a)

0.06

24

22

54

2003 Q6 (a)

0.09

13

9

54

2003 Q16 (a)

0.10

9

4

54

2003 Q2 (a+b)

0.12

17

5

102

2003 Q21 (b)

0.13

22

18

48

2003 Q20 (a)

0.14

29

25

54

2003 Q5 (b)

0.14

36

34

48

2003 Q15 (b)

0.15

26

22

48

2003 Q6 (b)

0.16

21

16

48

2003 Q9 (b)

0.16

32

29

48

2003 Q16 (b)

0.16

22

17

48

2003 Q5 (a)

0.19

32

27

54

2003 Q10 (a)

0.19

32

27

54

2003 Q9 (a)

0.20

42

39

54

2003 Q22 (a+b)

0.20

47

33

102

2003 Q10 (b)

0.21

17

9

48

2003 Q25 (a+b)

0.23

33

12

102

2003 Q19 (b)

0.24

23

15

48

2003 Q28 (a)

0.26

29

20

54

2003 Q11 (a)

0.27

30

21

54

2003 Q11 (b)

0.28

35

30

48

79

80
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TABLE II: continued.
Question Number
(Test Version)

Gain

Correct on Posttest

Correct on Pretest

Total Matched Pre- and
Posttest Questions

2003 Q19 (a)

0.28

26

15

54

2003 Q26 (a+b)

0.28

41

17

102

2003 Q23 (a+b)

0.29

72

60

102

2003 Q20 (b)

0.30

29

21

48

2003 Q14 (a)

0.31

36

28

54

2003 Q18 (a)

0.48

38

23

54

2002 Q7 (a+b)

-0.20

53

109

392

2002 Q11 (b)

-0.03

72

75

193

2002 Q20 (a)

-0.01

61

62

199

2002 Q17 (a+b)

0.03

27

15

392

2002 Q5 (a+b)

0.03

142

133

392

2002 Q15 (a+b)

0.06

98

78

392

2002 Q4 (a+b)

0.09

222

205

392

2002 Q6 (a+b)

0.09

242

227

392

2002 Q11 (a)

0.10

40

23

199

2002 Q10 (a)

0.10

78

65

199

2002 Q20 (b)

0.10

57

42

193

2002 Q14 (a)

0.11

115

105

199

2002 Q1 (a+b)

0.12

165

134

392

2002 Q9 (b)

0.15

100

84

193

2002 Q19 (a)

0.16

80

58

199

2002 Q8 (a)

0.18

152

142

199

2002 Q19 (b)

0.19

94

71

193

2002 Q18 (a+b)

0.20

263

231

392

2002 Q16 (a+b)

0.20

228

187

392

2002 Q2 (a+b)

0.20

251

215

392

2002 Q14 (b)

0.22

114

92

193

2002 Q10 (b)

0.24

88

54

193

2002 Q9 (a)

0.27

91

52

199

2002 Q3 (a+b)

0.29

228

160

392

2002 Q13 (a)

0.29

175

165

199

2002 Q12 (a)

0.32

100

54

199

2002 Q12 (b)

0.44

174

159

193

2002 Q13 (b)

0.46

173

156

193

2002 Q8 (b)

0.47

158

127

193

to an incorrect item on the posttest, as well as the difficulty of
each question from Rasch analysis (Libarkin and Anderson,
2007b). If all students were simply guessing, we would see
75% change their answers from pre- to posttest for four-item
multiple-choice questions and 80% change their answers for
five-item questions. We would also expect to see 75%–80%
of the students change from the correct answer on the pretest
(depending on whether the question is four or five items) to
an incorrect posttest response.
When we looked only at the low-gain subset of 22
questions in Table III, we found the following:

1. Of the 22 low-gain questions, nine (40.1%) tested
basic physics and chemistry principles (less than 25%
of all GCI questions, or 17 of 73 questions, were
chemistry and physics); two were related to general
geology principles; three covered Earth size, shape,
or origin; two focused on geologic time; three dealt
with erosion; two covered volcano, tectonics, and
earthquakes topics; and one related to the atmosphere.
2. The highest percentage of answer switching was
87.2% (for a pilot eight-item question on techniques
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TABLE III: Gain and statistics for 22 low-gain questions.

for calculating the age of Earth that allowed for
multiple correct answers).
3. Of the four- and five-item questions that allowed a
single correct answer, the highest percentage of
switching found was 81.5% for a five-item geoscience question on the relationship between mountain
morphology and time.
4. The lowest switching rate for these 22 low-gain
questions was 31.5% on a five-item question dealing
with the difference between gravity and magnetism.
We were also interested in the switching rates for those
students who correctly answered the pretest question—did
they stay with their correct answer on the posttest, or did
they switch as well? We found the following:
1. The highest rate of switching for correct pretesters
was 85.7% for a five-item question on the definition
of a tectonic plate (only one student kept the correct
answer pre- to posttest).
2. The lowest rates of switching for correct pretesters
were on three questions dealing with the size and
shape of Earth, with 24.2% (four-item question,

25.0% (five-item question), and 29.2% (three-item
question) switching.
One trend is that half of the 22 questions had switching
rates that were within 20 percentage points of what would
be expected if the students were guessing, suggesting that
conceptual entrenchment is not occurring with the concepts
at the heart of these questions. However, some questions,
such as the three questions dealing with the size and shape
of Earth, have switching rates that cannot be explained by
guessing alone.
Of interest is that six of the eight physics and chemistry
questions showed the lowest overall switching rates. Only
two groups of questions showed less than 50% of students
switching answers from pre- to posttest; the five physics
questions showed the least overall switching from pre- to
posttest (41.6% of students switched their answers), as did
the three questions on the size and shape of Earth (44.1%
switching). One of the three questions on the size and shape
of Earth had only three items, and less switching through
guessing is expected simply because of fewer choices for that
question. Therefore, only the physics questions appear
anomalous in terms of having a lower percentage of

82

S. W. Anderson and J. C. Libarkin

J. Geosci. Educ. 64, 74–86 (2016)

TABLE III: continued.

switching than did other question subsets, possibly indicating more conceptual entrenchment within the test population.
Finally, we were interested in whether students chose
particular correct or incorrect answers on the posttest items.
In other words, are students moving toward any particular
concept (either correct or incorrect) as a result of instruction
that might indicate some type of conceptual change? We
found that only two questions show a strong move toward
one distractor (more than 2:1 over the next most-chosen
item). The first question of this type asked students to
choose a diagram that best depicted where volcanoes are
located on Earth. This question had a correct answer (a
diagram showing volcanoes along convergent and divergent
margins worldwide) and five additional distractors (one
showing volcanoes along most coastlines, including the
Atlantic; one with volcanoes only along the Atlantic; one
with volcanoes only in warm climates; one with volcanoes
mostly on continents; and one with volcanoes mostly on
islands). For this particular question on volcano distribution,
we found the following:
1. Approximately 70% of all students (n = 267 of 392)
switched their answers pre- to posttest, including
nearly 83% of the correct pretesters.

2. Of the 267 students who switched to a different
answer on the posttest, nearly 45% (119) chose the
answer showing volcanoes along all coastlines,
including the Atlantic. The next most-chosen distractor was the warm-climate option.
The choice of a warm climate option aligns with
interview evidence showing students incorrectly believe that
there is relationship between warm atmospheric temperatures and volcanic eruptions (e.g., Libarkin, 2006), although
we are puzzled by the prevalence of the coastline misconception. Only 19 of the 109 students (17.4%) who answered
the question correctly on the pretest kept the correct answer
on the posttest, and only 33 of the 291 students (11.3%) who
changed their answers chose the correct response option on
the posttest. Similarly, we note a strong move on an item
dealing with the location of cloud formation from the correct
answer (over oceans) to an incorrect one (equator; 10 of the
20 students who answered correctly in the pretest changed
their answer to the equator option on the posttest, and 24 of
the 54 total students chose this option on the posttest). We
do not have interview data, or information from previous
studies, that provide us with a basis for interpreting why
students are moving from a correct answer to that particular
distractor.
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TABLE III: continued.

DISCUSSION
The purpose of this study was to answer the following
questions:
1. How many GCI v. 1.0 questions showed the
potential for conceptual entrenchment by having
little, no, or negative change despite instruction?
2. Did these questions group in any way?
3. Did students show no change as a result of
instruction because they are holding firmly to a
belief (entrenchment) or because they are switching
between conceptions (mobility)?
We found that 22 of the 73 GCI v. 1.0 questions had
gains of <0.03 and that nearly half were basic physics and
chemistry questions. We also discovered that students were
far less likely to change answers on basic physics questions
than they were for the geosciences ones, with many of the
low-gain geoscience questions showing switch rates that
were similar to the rate expected for guessing. In other
words, the geosciences questions showed high conceptual
mobility, whereas the physics conceptions appear to be more
entrenched.
Previous studies have shown that, for many courses,
little significant learning occurs across the test population as

measured by the GCI v. 1.0 pre- to posttesting (Libarkin and
Anderson, 2005), and our study shows that most student
ideas about Earth are highly mobile for the lowest-gain
questions. Although our work identifies these trends, we
cannot at this point explain their origins. Although some
students are undoubtedly guessing, the overall distribution
of chosen distractors cannot be explained by guessing alone.
In particular, physics questions as a group show the least
mobility. These results lead to a number of questions
regarding learning in the geosciences that warrant additional
research.
Nearly half of our low-gain questions deal with basic
physics and chemistry, prompting us to ask: Are students
having difficulty understanding topics in Earth Science
because of shaky supporting science underpinnings upon
which geosciences concepts are built? A similar prevalence
of, for example, gravity misconceptions in students enrolled
in geoscience courses has been documented (Asghar and
Libarkin, 2010). The lower switching rates for the physics
questions suggests less conceptual mobility than for the
geosciences concepts and perhaps a higher level of
entrenchment, potentially preventing students from understanding geosciences concepts that require a solid a physical
science foundation because of the short period over which
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entry-level courses are typically taught. Prior studies on
entrenchment suggest that conceptual change requires
periods longer than typical instruction for learning to occur
(Vosniadou and Brewer, 1992). Little is known about the
time needed for learning concepts built on ideas for which
students do not already have a firm grasp, leading to the
question: Is a semester enough time for students to develop
a more accurate supporting science foundation and use this
foundation to build accurate models of Earth phenomena?
Do we need to pay more attention to basic physical science
concepts in our introductory Earth Science courses, or
require prerequisites, to provide students with a base upon
which to build a solid understanding of Earth Science?
Even students who had highest pretest scores on the
GCI struggled with some of these low-gain questions,
similar to the finding by Libarkin and Anderson (2005) of
insignificant overall gain on the GCI v. 1.0 for the highest
pretesters. This suggests that over the course of a semester,
even the best students have not showed significant learning
as measured by the GCI. Yet, when the GCI is administered
to advanced learners (graduate students and faculty), scores
are high (Libarkin and Anderson, 2005). Clearly, a significant
amount of learning as measured by the GCI is occurring
sometime between the culmination of the introductory
course and the upper- to graduate-level courses. When do
the correct geosciences conceptions take root, what is the
role of the introductory course in this later conceptual
development, and what strategies can be employed in
introductory courses to enhance learning for those students

who will only take one college-level geosciences course?
Can the completion of physics courses by geoscience majors,
which generally occurs after introductory geoscience courses, help explain the gains in conceptual understanding that
advanced students show? Are introductory geoscience
courses necessary for laying a foundation upon which later
learning can take place, or would a student who skipped the
introductory course and entered the curricula at a more
advanced stage learn equally well? Longitudinal studies of
learning as measured by the GCI are critical in establishing a
timeline upon which conceptual change occurs and may
shed light on the role of introductory geoscience courses in
learning and when our advance learners (majors) become
proficient in their content knowledge. These studies should
also inform us as to whether introductory geology courses
are best viewed as a critical component for later advancelevel learning or whether some latitude may be taken in the
topics covered to better serve a general-education population without hurting the later development of our potential
majors.
The geoscience question that students were most likely
to change from a correct answer on the pretest to an
incorrect answer on the posttest focused on the definition of
a tectonic plate (87.5% of correct pretesters changed to
wrong answers on the posttest, more than expected from
guessing alone), and they were least likely to change their
correct pretest answers on the posttest for three questions
that dealt with the size and shape of Earth. We do not have
interview data that sheds light on either of these observa-
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tions, but the plate tectonic question is one of the more
difficult questions on the GCI (Rasch score of 1.83, with only
8.8% of the pretest population answering correctly; Libarkin
and Anderson, 2007b) and the size and shape of Earth are
among the easiest (Rasch scores of -0.42, -0.67, and -1.16,
with more than 40% of pretesters answering correctly). We
speculate that students’ lacking confidence in their understanding of the concepts at the root of difficult questions
may compel them to switch from a correct answer.
Given the mobility that students show with respect to
many Earth Science concepts, determination of the role
and effect that K–12 Earth Science curricula have on
students who eventually end up in our introductory college
courses is warranted. Is it reasonable to send K–12 teachers
into the classroom armed with a single-semester introductory Earth Science course if little learning occurred over
this period? Should K–12 districts that presently teach
Earth Science in 8th or 9th grade, and significantly before
physics and chemistry, rethink the ordering of the various
science courses in their middle school and high school
curricula? Dahl et al. (2005) published data on K–12
teacher interest that ranked plate tectonics last in a list of
Earth Science concepts, clearly different from how many
geologists view what is perhaps the major unifying concept
in our field (e.g., Earth Science Literacy Initiative, http://
www.earthscienceliteracy.org; Dahl et al., 2005). This
illustrates a major disconnect between geology professionals and those responsible for laying a conceptual Earth
Science foundation for eventual college students, and it
demonstrates the challenge geosciences educators face in
conducting research on conceptual understanding that will
inform strategies for bridging this gap between K–12
geoscience preparation and college-level expectations of
learning.
Our study is enhanced by the large number of students
who completed the pre- and posttests. However, a large
sample size also leads to limitations in terms of understanding some of the reasons for the trends that we find in the
data. One of the biggest drawbacks of our study is that we
lack in-depth data on participants’ backgrounds and
demographics because of time constraints during test
administration. We specifically desire additional information
on students’ science preparation in high school, their
knowledge of basic chemistry and physics principles, their
attitudes toward science and scientists that may affect their
ability to learn the material, and their motivation for
enrolling in an introductory Earth Science course. Interviews
of representative students that focus on their pre-college
science background and experiences may be needed to
provide a more complete assessment of the trends outlined
in this study.
Many of the questions and preliminary conclusions
presented here require additional study. The observation
that students with the highest pretest scores show no
significant improvement on the GCI, yet graduate students
and professors have nearly perfect GCI scores, suggests that
learning as measured by the GCI occurs sometime after
completing the introductory course and before graduation
with a geoscience degree. Longitudinal studies that use the
GCI to follow individual students through each stage or
semester of their undergraduate geoscience training should
pinpoint where learning gains occur. We can then assess
whether these gains correspond to the completion of any
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particular geoscience or supporting science courses or
whether there is a slow and steady improvement of scores
as students immerse themselves in the field of study and
have time to blend together their geologic and supporting
science information to form the more complex conceptual
understanding needed to improve on the GCI.
In addition, it may be necessary to incorporate surveys
that assess the affective domain to better understand the role
of motivations and attitudes and how they link to changes in
learning as measured by the GCI. Also, we do not
understand the variation in pretest GCI scores and why
some introductory students have low geoscience understanding, whereas others exhibit a much higher level of
understanding. Did the high pretesters complete specific
geoscience courses in high school, or did they simply have a
better supporting science background before entering
college? Do they have better quantitative backgrounds? Do
they exhibit different levels of motivation and attitudes
toward science? A more in-depth survey of student pretester
backgrounds could shed light on what it takes to properly
prepare students for our college geoscience courses.
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