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Abstract 

Geology is among the most visual of the sciences, with spatial reasoning taking place at 

various scales and in various contexts.  Among the spatial skills required in introductory college 

geology courses are spatial rotation (rotating objects in one’s mind) and spatial visualization 

(transforming an object in one’s mind). Geologic curricula commonly require students to 

visualize the earth in many ways, such as envisioning landscapes from topographic maps, the 

interaction of layers and topography, and the progressive development of geologic features over 

time. 

To facilitate learning in introductory college geology laboratories, we created two 

geologic modules – Visualizing Topography and Interactive 3D Geologic Blocks.  The modules 

were developed as learning cycles, where students explore first, are then introduced to 

terminology and concepts they have observed, and finally apply their knowledge to different, but 

related problems.  Both modules were built around interactive QuickTime Virtual Reality 

movies, which contain landforms and geologic objects that students can manipulate on the 

computer screen.  The topography module pairs topographic maps with their 3D representations 

on the same screen, to encourage students to visualize two-dimensional maps as three-

dimensional landscapes and to match corresponding features on the map and 3D perspective.   
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The geologic blocks module permits activities that are not possible with normal paper-based 

curricula, such as students being able to interactively rotate, slice into, erode, and fault the 

blocks.  Students can also make the blocks partially transparent to reveal the internal geometry of 

layers, folds, faults, intrusions, and unconformities.  Both modules encourage active participation 

by having students describe, draw, and predict, and both modules conclude with applications that 

require the students to extend and apply key concepts to novel situations. Assessment of the 

modules using control and experimental groups indicate that the modules improved student 

performance on a geospatial test, that general spatial ability can be improved via instruction, and 

that differences in performance between the genders can be eliminated by a semester-long 

laboratory.  
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To go out into the field with a geologist is to witness a type of alchemy,  
as stones are made to speak.  Geologists imaginatively reclaim worlds 

 from the stones they’re trapped in. 

Frodeman (1996) 
 

Introduction 

Geology is arguably the most visual of the sciences.  Visualization by geologists takes 

place at a variety of scales, ranging from the region to the outcrop to the thin section.  Many 

geologists have the ability to mentally transport themselves rapidly from one scale to another, 

using observations at one scale to constrain a problem that arose at another scale.  Observations 

from the outcrop are used to construct a regional geologic framework, which in turn guides what 

features are looked for and recognized at the outcrop (Frodeman, 1996).  Observations at two 

spatially separate outcrops may lead the geologist to visualize a major, regional anticline, along 

with its hidden subsurface geometry, its eroded-away projections into air, and perhaps even a 

causative thrust fault at depth. 

Spatial skills can be challenging for some students, but our experience has shown that 

several education strategies help alleviate these challenges. The first strategy is use of a learning-

cycle approach in introducing new concepts.  A typical learning cycle has three phases (Lawson, 

1995): an exploration phase, a term- and concept-introduction phase, and an application phase. 

In the initial, exploration phase, students have the opportunity to observe and explore concepts 

and phenomena, unencumbered by an overemphasis on technical terms. Once the students have 

personal experience with the topics, the instructor guides students in acquiring meanings of terms 

and understandings of concepts (term and concept introduction). Finally, in the application 

phase, the students apply their new experiences, conceptual knowledge, and terminology to 

different, but related problems.  
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A second strategy is structuring curricula so that students interact with each other and 

have a chance to explore and discuss topics in a non-threatening, peer-to-peer setting 

(Macdonald and Korinek, 1995). Such interactions require students to verbalize their thinking as 

they attempt to solve problems, allowing students to more thoroughly express and explore 

uncertainties and to gain confidence via peer-to-peer feedback, mediated by the instructor. 

Spatial Visualization in Geology 

Practicing geologists engage in many kinds of spatial-visual activities.  Much of classical 

geology is concerned with understanding the distribution, both on the surface and at depth, of 

geologic units, geologic structures, and natural resources.  To help them visualize these 

distributions, geologists have developed various kinds of maps, diagrams, and other graphical 

representations of geologic data (Rudwick, 1976; Davis and Reynolds, 1996).  Geologists use 

these types of illustrations to help them visualize landscapes, surficial and subsurface geology, 

and geologic changes over time. 

Geologists use topographic maps to visualize the shape of the land surface from contours.  

To do this, a geologist must mentally transform the abstract, two-dimensional map, with its 

squiggly contour lines, into a three-dimensional landscape.  Geologists perform a similar spatial 

transformation by visualizing the landscape from a two-dimensional aerial photograph.  In this 

case, geologists use visual clues from the aerial photo, such as shadows, the typical appearance 

of streams and other features, and a mental picture of what the landscape “ought to look like.” 

Geologists rely extensively on geologic maps, which show the types and ages of rock 

units exposed on the surface, as well as faults, folds, and other geologic structures.  Most 

geologic maps incorporate a topographic base map so that geologic features can be referenced to 

their actual elevation and location on the map.  A geologist examining a geologic map will 
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alternately focus on the geology and the topography to construct a mental picture of how the two 

are related.  This mental process is a type of selective focus or disembedding, in which one 

aspect is mentally isolated from a multifaceted context.  Geologists disembed when we look at 

landscapes, outcrops, or thin sections, isolating and focusing on the important aspects and paying 

less attention to the background noise present in every geologic scene. 

From a geologic map, geologists may construct an interpretive geologic cross section or a 

three-dimensional portrayal of the geologic architecture.  Geologists use cross sections to 

visualize the subsurface geology, to reconstruct the geologic history, and to explore for natural 

resources by determining the depth to a specific coal-bearing layer, copper deposit, or oil field.  

This ability to visualize the geometry of rock bodies within the solid, opaque Earth is essential to 

practicing geologists, and has been recognized by visualization researchers as an aptitude, called 

visual penetrative ability (Kali and Orion, 1996).  Beginning geology students have great 

difficulty visually penetrating geologic objects, such as those portrayed on block diagrams.  

Many students simply cannot envision the three-dimensional geometry from the two-dimensional 

clues on the sides and tops of geologic blocks. 

Geologists also construct a sequence of diagrams to illustrate successive geologic 

changes in an area.  Many geologic processes require so much time that humans are not around 

long enough to observe any significant changes in the landscape.  To approach this problem, 

geologists have developed the technique of “trading location for time.”  By this we mean that 

geologists look at several present-day areas and mentally arrange these into a sequence 

interpreted to represent an evolutionary sequence through time.  A narrow deep canyon, for 

example, is interpreted to be a younger phase of landscape development than an area that has 

been eroded down into a series of low, subdued hills.  
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Spatial Visualization in Geology Courses 

One of the main goals of a geology course is to teach students how to visualize geology 

in a way similar to practicing geologists.  When the Laboratory for Introductory Geology at our 

university was redesigned, we decided to restrict the course to those aspects that are most 

important to real geologists and that best exemplify geologic problem solving.  Students now 

learn how to:   

 construct, read, and visualize topographic and geologic maps;  

 visualize geology in the subsurface;  

 visualize and reconstruct past environments from rocks and minerals; 

 reconstruct geologic history from rocks, minerals, and maps; and 

 understand the implications of geology for society. 

Most of the lab was designed to be a situated-learning environment, where learning takes 

place in the context of a large, complex problem.  In this case, we created a virtual world called 

Painted Canyon, which is imaginary but closely modeled after the geology of the Southwest US, 

where our campus is located.  Most student learning about maps, minerals, rocks, geologic 

structures, and reconstructing geologic history is situated in trying to understand the geology of 

Painted Canyon (Figure 1), with a final goal of determining where to site a colony and acquire 

the natural resources needed to build and sustain a colony. This approach is very different than 

that of a traditional lab, where learning about topographic and geologic maps is commonly 

decoupled from study of minerals and rocks, and the map-mineral-rock knowledge is not later 

applied to solve a problem.  
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Figure 1.  Perspective view of Painted Canyon, a virtual 3D world within which student learning 
is situated. 

 

To help students understand and visualize topographic maps, students construct a contour 

map by successively filling with water a plastic box containing a plastic mountain and drawing a 

map of the shoreline at each water level.  After they have used such concrete manipulatives, the 

students interact on the computer with a module entitled Visualizing Topography.  This 

experience is reinforced by having students use topographic maps throughout the semester to 

locate rock and mineral samples and decide which areas have safe slopes for situating a colony. 

To help students better visualize the three-dimensional geometries of geologic structures, 

students interact with another computer-based module entitled Interactive 3D Geologic Blocks.  
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This module helps students explore how geologic structures, such as inclined layers, will 

intersect the top and sides of 3D geologic blocks. 

To help students understand and visualize geologic maps, they construct their own 

geologic map, on a topographic base, from three-dimensional perspectives of Painted Canyon 

(e.g., Figure 1).  To complete this map, students need to (1) recognize how geology and 

topography interact, (2) draw lines on the topographic map that correspond to boundaries 

between geologic units on the perspectives, and (3) reconstruct the order in which the rock units 

and geologic structures were formed.  The students then use this geologic map to construct a 

cross section of the units in the subsurface and to determine the impacts of geology on a colony 

they must site.   

After studying Painted Canyon, students have a chance to apply these skills to several 

interesting and real places in the Southwest.  They use, in an integrative way, topographic maps, 

geologic maps, and rock samples from these places to reconstruct the geologic history.   

The last several weeks of the laboratory are devoted to having students use geologic 

information to solve other geologic problems, such as identifying the source of groundwater 

contamination.  For these exercises, students again use contour maps, but this time of the 

elevation of the water table, to determine the direction of groundwater flow.  Students also go on 

a local field trip to make their own observations in the field and to use a topographic base map to 

construct a geologic map and cross section.  Finally, the students visit the map library to use 

topographic and geologic maps to write a report on the geology of their hometown.  The field 

and library assignments give the students an opportunity to apply what they have learned 

throughout the semester. 
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Visualization Modules in Geology 

The two comprehensive modules, described above, were created to address specific 

learning problems common among introductory geology students.  The purpose of these modules 

was to enhance students’ spatial-visualization skills in the context of real problems presented to 

geologists.  The skills specifically targeted were spatial visualization, spatial orientation, visual 

penetrative ability (Kali and Orion, 1996), and the ability to reconstruct the sequence of geologic 

events. Both modules were constructed using a learning-cycle approach where students explore a 

concept, are introduced to the term or concept discovered during exploration, and then apply the 

concept in a new situation. 

In both modules, virtual 3D objects were created, animated, and rendered using the 

program Bryce (1999) and exported as QuickTime Virtual Reality (QTVR) files.  Bryce uses 

sophisticated rendering techniques, such as ray tracing, to create the illusion of three-dimensional 

objects by using depth perception and varying lighting and shading.  Contour maps of hills, 

valleys, and other real geologic features were draped over digital topography using Bryce, to 

create the appearance of three-dimensional topography while simultaneously showing contour 

lines.   

Movies were created to rotate around various axes depending on the purpose of a 

module’s section.  All QTVR movies were created by rendering image sequences in Bryce and 

importing them into an Apple QTVR object movie.  The layout of images in a QTVR object 

movie is like a grid or matrix (Figure 2), with rows and columns.  In a QTVR object movie, 

clicking and dragging horizontally moves from image to image in a row, whereas clicking and 

dragging vertically moves within a column.  In our case, a row generally consists of images 

depicting a type of motion, such as rotation or slicing, while moving within a column allows 
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further rotations (about another axis) or changing aspects such as shading, rotations, 

transparency, deposition of layers, erosion, and the amount of faulting.  

 

 
Figure 2.  Matrix arrangement of images in a QTVR object movie, where clicking and 
dragging horizontally moves from image to image in a row, whereas clicking and 
dragging vertically moves within a column.  In both rows, the user can slice into a block 
to reveal its internal geometry, but the block is partially transparent in the bottom row. 

Both modules were designed to be interactive, to promote active learning, and to avoid 

mindless screen-turning.  Students progressing through the modules in an active way should  

retain more information and understand more content than would students passively reading a 

series of screens or watching a series of non-interactive animations.  During initial piloting of the 

modules, we quickly discovered that students would stop and read two lines of text, but would be 

more likely to skip the text entirely as its length increased.  As a result, most text in the modules 

was shortened to one or two lines. 
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Worksheets were designed to maximize interactivity by requiring active involvement, 

such as sketching, predicting, and describing.  In addition, students worked in pairs and were 

asked at specific places in the modules to discuss their observations and predictions with one 

another. To encourage such discussion, most questions were open-ended questions or asked 

students to observe, interpret, and draw features they have seen on screen.  The worksheets 

served as a focus of discussion between students. 

Visualizing Topography Module 

The first module, called Visualizing Topography1, focused on the skills required to 

visualize, understand, and use topographic maps and contour lines, such as identifying key 

features, identifying elevation changes, recognizing correspondence between the map and 3D 

perspectives, way-finding, and constructing topographic profiles.  Students’ difficulties arise 

from an inability to understand three-dimensional perspectives depicted by two-dimensional 

representations.  Students were given topographic maps with four unique movie types:  (1) 

controlling the amount of shading in a black and white contour map draped over digital 

topography, (2) rotating colored contour maps draped over landscapes to gain a top view or side 

view, (3) raising and lowering virtual water levels on 3D terrains, and (4) slicing into terrains to 

understand how topographic profiles relate to spacing of contour lines and elevation changes.  

Figures 3, 4, 5, and 6 show a simple hill landscape represented by each mode, respectively.  This 

module was designed to cover three simple landscapes (hill, valley, and cliff) commonly 

encountered when reading and interpreting topographic maps.  These three landscapes were 

presented with the four movie types mentioned above to encourage the visualization of simple 

features in three dimensions.  

                                                 
1 http://reynolds.asu.edu/topo_gallery/intro_title.htm 
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Movies were created to show the three-dimensionality of landscapes.  The shading 

movies, both black and white and colored, were given the appearance of shadows using a proper 

direction of illumination in Bryce (Figures 3b and 4b).  Students could directly compare a flat, 

two-dimensional map with a three-dimensional map to draw a parallel between specific points 

and features on the two maps.  The ability to see valleys and peaks in terms of shade and light 

allows to students to discover the relationship between shapes of contour lines and the 

topographic features they represent.  

The first few pages of the module define the terms topography and topographic maps, 

and provide navigation suggestions.  Then, the module illustrates the different types of movies 

users will see within the module (e.g., movies that play automatically versus those that require 

student action).  This module grouped similar types of movies and visualization issues, so that 

students adapted to each type of movie and became familiar with the way in which each type of 

movie allowed them to inspect the landscape.  This also allowed discussion questions to focus on 

the important aspects depicted by an animation and enabled students to compare and contrast the 

different landscape features (e.g., hill versus valley).  

 

  
Figure 3a. Two-dimensional topographic map 
of a simple hill.   

Figure 3b. Shading movie where users click 
and drag the mouse up and down to increase 
and decrease the amount of shading. 
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Most screens in the module are shown in a split-screen mode where the left half of the 

screen is a topographic map of the landscape being studied and the right half contains one of the 

movies.  Figures 3a and 3b appear on one screen together.  Both images on these split screens 

begin in identical orientations and scales so students can compare the contour lines. As the user 

clicks and drags the mouse upward in the movie on the right, the amount of shading increases as 

the sun angle changes.  Students immediately notice the appearance of hills, valleys, or cliffs, as 

well as high and low elevation points.   

The second type of movies shows colored topographic contours in which the movie 

rotates both vertically and horizontally, providing students with top, side, and oblique views of 

the shaded landscape (Figure 4).  Students are then asked open-ended discussion questions that 

require observation and interpretation.  The questions below represent the types of questions 

asked about a still image of each landscape. 

• Can you now envision what this terrain looks like, based on the map?  

• What is the hill's overall shape?   

• What are some of the finer details of its shape?  

• Is it the same steepness on all sides?   

• Is it aligned in some direction?  
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Figure 4a. Two-dimensional topographic map 
with color-coded elevations.   

Figure 4b. Rotating and shading movie.  
Clicking and dragging the mouse up and down 
rotates vertically while changing the amount of 
shading.  The landscape can be rotated 
horizontally by dragging sideways. 
 

 

After seeing several such movies, students can discuss details in depth and modify any 

answers that were debated or unresolved.   Students are then asked to write, on their worksheet, a 

clear verbal description for someone who has never seen each feature.  They are provided 

suggestions as to how to describe a landscape and ultimately are shown a sample description 

written by a field geologist. 

The next type of movie for visualizing three dimensional features is that of flooding a 

terrain with virtual water (see Figure 5a).  By clicking and dragging vertically in the movie, users 

can raise and lower the virtual water level, which is parallel to the contour lines.  The 

correspondence of the horizontal water plane and a contour reinforces the idea that each contour 

line represents a single elevation.  Also, seeing the interaction of water and terrains helps 

students isolate and visualize basic features within an overall landscape.  This interactive section 

allows students to set the water level at a contour line that might have previously been confusing 

for them.  For example, students that do not understand how closely spaced contour lines can 

represent a cliff can come to understand this concept when they can alter the water level 
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themselves.  After students interact with each feature, they are again asked to describe how the 

water flooded the area, using the questions below:  

• Where does it flood first?  Where does it flood last?   

• What pattern does the water make when it is half way up the slopes?   

  
Figure 5a. Flooding movie.  Users change the 
water level by clicking and dragging up and 
down.   

Figure 5b. Slicing terrains movie.  Users change 
the depth of cut by clicking and dragging up and 
down. 

 

After interacting with several flooding movies, students are asked to verbally describe 

how the land would flood over time.  This verbal description marks the end of the exploration 

phase of a learning cycle.  This is followed by a section of the module that defines contour lines 

and index contours and that represents the term- and concept-introduction phase of the learning 

cycle. 

The last type of movie consists of examining topographic profiles produced when 

students click and drag to slice into the virtual terrain (Figure 5b).  Then, students are shown a 

two-dimensional representation of a landscape with a red line drawn on it and are asked to show 

an elevation profile that corresponds to that path (Figure 6).  Several types of movies (showing 

increasing shading, rotating colored topographic maps, or slicing into terrains) are provided to 

help students determine the correct profile. 
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The computer-based module is followed up by a complex, map-based problem that 

students must solve with their topographic map skills.  Using the contour map of Painted 

Canyon, students must (1) design a road up a hill, ensuring that the road nowhere exceeds a 10% 

grade, or (2) determine the optimal location for an aqueduct to drive a power plant.  This part of 

the module represents the application phase of the learning cycle and guides the student into 

solving a problem with real-world applications.  

 

 

 
 
 

 

Figure 6.  In the application phase of the learning cycle, students are asked to predict what 
profiles across the three featured landscapes would look like if they were to hike along indicated 
paths. 
 

During the course of the module, students have interacted with different types of movies 

(e.g., shading versus flooding) for each type of landscape feature (e.g., hill, valley). We suggest, 

but have not specifically assessed, that having students observe and interact with such multiple 

representations helps students build a more complete mental image of each type of feature.  

Interactive 3D Geologic Blocks Module 

The interactive blocks module focused on developing students’ visual penetrative ability, 

which is essential for the process of reconstructing the structural geometry and geologic history 

of an area.  A crucial step in understanding the geologic history of an area requires the ability to 
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reconstruct the sequence of events from oldest to youngest.  This involves interpreting and 

visualizing the order of different events, such as layer deposition, folding, faulting, and intrusion.  

In nature, many geologic features are buried beneath the surface leaving only partial structures 

on which to base conclusions. The blocks module was designed to help students visualize how 

geologic features exposed on the surface would continue into the subsurface. Animation 

techniques used to accomplish this included the rotation of blocks, making blocks partially 

transparent, slicing into blocks, offsetting faults, eroding the tops and sides of blocks, depositing 

layers, and revealing unconformities.   

The 3D blocks website2 contains the module the students used, as well as links to 

instructional information such as (1) pages that list individual movies to allow instructors and 

students to access movies without entering the module, and (2) links to Word and PDF files of 

the worksheets that accompany the module.  A worksheet was developed for each of the five 

main sections in the module (Figure 7). 

In the introduction to the module, students receive instruction on navigation, examples of 

the different types of movies, and how the faces of blocks will be labeled (front, back, left, right, 

top, and bottom).  After this introduction, students can explore any of five types of geologic 

structures:  layers, folds, faults, intrusions, and unconformities.  Students are informed that the 

topics are easiest to cover in the order presented in the menu (layers, then folds, faults, 

intrusions, and unconformities), but if one section has already been covered or is too simplistic, it 

can easily be skipped.   

 

                                                 
2 http://reynolds.asu.edu/blocks 
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Figure 7.  Layers worksheet used in the blocks module.  Each block in this worksheet is depicted 
exactly as students needed to draw it, such as predicting what a block would look like if it was 
sliced in half.   

 
 

For this module, 3D block models were constructed within Bryce using Boolean 

operations, such as showing a layer only if it was contained within a block.  Boolean subtraction 

allowed one block to slice into another and through any geologic structures.  A master animation 

file contained steps with all the possible depictions, such as rotating the block in 10-degree 

increments, both for an opaque block and a transparent one, hiding each visible face with a white 

plane, and slicing into the block from two sides and the top.  This animation file rendered a 

sequence of 206 images for each geologic block, and these images were then combined in 

various ways into a QTVR matrix.  One-row movies commonly permit the user to rotate a block 

or slice into a static block, whereas multirow movies allow other combinations, such as rotations 

 

 

 

 

 

 

L-1  Sketch L-2  Sketch L-3  Sketch  
 

 

 
  

L-4  Sketch L-5  Sketch L-6  Sketch 
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and changing transparency. This format permits students to interactively control the type and 

speed of changes that occur, allowing students to learn at their optimal rate. 

For each type of geologic structure, the module has movies for different orientations of 

this kind of structure.  For example, the layers part of the module includes layers with horizontal, 

gentle, moderate, steep, and vertical dips.  For each orientation, students are commonly asked to 

make a prediction, such as to predict how the layers continue from visible to hidden faces of the 

block.  Alternatively, students are shown a block with a “cutting plane” intersecting it and are 

asked to sketch how the block would appear if it was cut along this plane (Figure 8c).  The 

purpose of a cutting plane is to cut into a block and understand how features are configured 

within the block.  In various movies, students can cut left to right, right to left, or top to bottom to 

fully understand orientations of features inside the blocks.  Figure 8 shows examples of blocks 

for horizontal layers.  To check their predictions, students have access to various types of 

movies, such as by rotating, changing transparency of, or slicing into a block.   

Online quizzes are integrated into the module at the end of each section so students can 

immediately apply what they have learned and to receive feedback as they proceed.  Quizzes 

include a variety of questions, including multiple choice, sketches, and prediction, closely 

aligned to the types of questions asked throughout each section.  Where possible, feedback is 

given for questions and follow-on movies allow students to verify their own answers.  The last 

question in each quiz asks students to draw a block that would be consistent with a given series 

of geologic events. In the labs, this question certainly elicited the best discussions within teams 

and clearly assessed if students could visualize geologic features and sequence of events. 
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8a. Opaque block with horizontal layers 

students can rotate. 
8b. Same block as 8a that students can rotate 

and change transparency. 

  
8c. Left cutting plane.  Students are instructed 

to cut into the block from left to right.  
8d.  Left cutting plane movie.  The block has 

been cut into 2/3 of the way.   

  
8e. Top cutting plane.  Students can cut into 

the block from top to bottom. 
8f. Top cutting plane movie.  The block has 

been cut into 1/3 of the way.   
 

Figure 8.  Block movies (transparency and cutting) used for the layers section.  The same blocks 
and movies were also used throughout the folds section. 

 

The folds section proceeds exactly as the layers section – with the same progression of 

screens and the same types of movies: rotations, transparency, cutting side to side and top to 

bottom.  Movies are included for horizontal and plunging anticlines and synclines. 

The faults section consists of several subsections: types of faults, faulted layers, and 

faulted folds.  The types-of-faults subsection contains images and movies of dip-slip, strike-slip, 

and oblique-slip faults.  Subsequent movies permit taking a fault-containing block and 
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progressively rotating it, changing transparency, increasing the offset on faults, and eroding into 

the block (Figure 9).  

 

  
9a. Original image of opaque block with 

horizontal syncline folds in faults section. 
9b. Same block as 9a now offset by a strike-

slip fault.   

  
9c. Same block as 9b now made partially 

transparent. 
9d. Same block as 9c now eroded on the front 

right side to make that face even. 
Figure 9. Four blocks showing the progressive types of movies covered in the faults section of 
the blocks module.  These four blocks specifically show a horizontal syncline offset by a left-
lateral strike-slip fault. 
 

The next section of the module covers intrusions.  The main types of movies are 

rotations, changing transparency, and cutting from top to bottom in a block.  These movies are 

intended to help students see that plutons are irregular, whereas dikes and sills are more planar, 

and to understand how the level of erosion influences the map view of each type of intrusion 

(Figure 10).  The questions in this section’s quiz are integrative, focusing on having students 

reconstruct geologic histories from a series of events, including formation of layers, folds, faults, 
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and intrusions.  Students use rotating blocks with complex geologic histories to reconstruct the 

sequence of events in the order in which they must have occurred.   

  
10a. Opaque block containing pluton. 10b. Partially transparent block cut from top to 

reveal pluton. 

  
10c. Partially transparent block of pluton and 

dike. 
10d. Partially transparent block of pluton and 

dike cut from top to reveal intersection. 

  
10e. Partially transparent block of pluton, dike, 

and sill. 
10f. Partially transparent block of pluton, dike, 

and sill, cut from the top. 
Figure 10. Blocks in intrusions section containing progressively more complex subsurface 
features.   
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The last section covers unconformities, in combination with other geologic structures 

seen earlier in the module.  For example, a block might contain faulted folds that were eroded 

and then overlain by new layers.  Students can click and drag the mouse to remove the layers 

above the unconformity and observe the geometry of the underlying structures.  At the end of 

this section, and thus the end of the blocks module, students take an integrated quiz.  Questions 

ask students to reconstruct a geologic history, predict what an unconformity will look like, sketch 

a block for a sequence of events, and interpret geologic events from an image taken in the field 

(Figure 11).  The application phase of the module includes the integrated quiz and having 

students apply their “blocks knowledge” to geologic maps and cross sections for a real area in 

the Southwest. 
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11a. Integrative quiz question asking students 
to place the events (faulting versus intrusion) 

in the order they must have happened.  

11b. Integrative quiz question asking students 
to place the events (faulting versus intrusion) 

in the order they must have happened. 

  
11c. Integrative quiz question asking students 
to place events (tilting of layers, erosion, or 
unconformity) in the order they must have 

happened.   

11d. Field-related question asking students to 
identify the key events that occurred to form 

this feature and the order in which they 
occurred.   

Figure 11. Integrative quiz questions given at the end of the intrusions and unconformities 
sections. 

EVALUATION 

The complete details of the evaluation of the Hidden Earth project have been described in  

separate publications (Piburn et al., 2001; Piburn et al., 2005).  Consequently, we will include 

here only the most important details and results. 

The evaluation was completed in four introductory geology laboratory sections taught 

during a summer session.  Two were scheduled from 7 to 9 a.m. and two from 11 a.m. to 1 p.m.  
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Each section was taught by a different teaching assistant.  One section from each time was 

chosen as a control group, and the other as an experimental group. 

Students were pre-tested with two measures of spatial ability and with a geospatial test 

that was created to match the contents of the introductory laboratory manual.  The experimental 

group experienced the topographic map and geologic block computer modules, while the control 

group did related, non-computer-based exercises.  At the end of the five week summer session, 

students in both the control and the experimental groups were tested again with all three 

instruments.  

Both control and experimental groups improved in their mastery of the laboratory 

material as evidenced by their scores on the geospatial test.  However, there was a significant 

difference between those students who had completed the Hidden Earth modules and those who 

had not, with the performance of the experimental group exceeding that of the control group. 

One indication of the difference between these groups is a comparison of normalized gain 

scores.  Normalized gain is computed by dividing the amount of improvement (post-test minus 

pre-test) by the total room for improvement (total score minus pretest).  Mean gain scores in the 

experimental group were 60%, while those in the control group were only 45%. 

There were also important differences between the performance of males and females in 

the laboratories.  There were significant initial differences between the genders on all 

instruments on the pre-test, with males beginning with higher scores than females.  However, by 

the end of the experiment, scores of the two groups were identical.  When gain scores were 

compared for all students, females improved by 56%, while males only improved by 48%.   

The spatial measures used in this study were the Cube Comparisons Test and the Surface 

Development Test, both taken from the Kit of Factor-Referenced Cognitive Tests published by 



 26

Educational Testing Service (Ekstrom, et. al., 1976).  In the first test, students were asked to 

rotate in their mind a cube with symbols on the sides.  It is a measure of spatial orientation.  In 

the second test, they were asked to fold a planar view of a figure into a three-dimensional figure.  

It is a measure of spatial visualization. 

The Hidden Earth modules had no demonstrable effect on performance on the Cube 

Comparisons Test.  However, there was a significant difference between control and 

experimental groups on the Surface Development Test, with the experimental group improving 

significantly over the control group.  In a regression equation which included both measures, the 

Surface Development Test alone explained a significant portion of the increased performance of 

the experimental group on the geospatial test. 

DISCUSSION 

 
Reform of science education must be predicated on research on learning and teaching materials 

and practices that are developed from that research. 

Geoscience Education Working Group, 1997 

 
This project demonstrates that a curriculum based on interactive visualizations can 

improve spatial ability, lead to improved learning about spatial aspects of geology, and eliminate 

differences in performance between the genders.  To achieve these gains, we began by 

determining what we wanted students to be able to do and redesigning the entire laboratory from 

scratch to emphasize these goals and objectives.  Next, we used results from education and 

cognitive research, along with our experience in such laboratories, to anticipate the spatial 

aspects with which students would have the most difficulty.  We then created a set of innovative, 

computer-based materials, built around interactive QuickTime Virtual Reality movies that 
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portrayed the 3D nature of geology.  We imbedded these visual materials into multimedia-based 

curricula structured as learning cycles, where students explore before receiving formal terms and 

concept explanations.  Each learning cycle culminated in an application of the learned concepts 

and skills to realistic problems.  The materials are available on the web3, have been distributed 

via optical media to colleges and universities from Arizona to Papua New Guinea, and form the 

core of a K-12 curriculum on topographic maps4.  Instructors have the flexibly of using the 

QTVR movies in a fully tested module or as stand-alone visualizations in a lab, web-based, or 

even lecture setting, to suit their own pedagogical objectives and philosophies.   

The effectiveness of these materials has been demonstrated using intact lab sections as 

control and experimental groups.  In this study, students improved their spatial-visualization 

skills (as measured by the surface-development test), but evidently not their spatial-orientation 

abilities.  Spatial visualization is a significant predictor of the amount of spatially related 

geologic content learned, and visualization and prior knowledge had equal power in a regression 

equation in predicting post-instruction geospatial test scores.  This demonstrates the importance 

of spatial ability, especially the ability to transform an image, in the learning of geology.   

Many questions linger about the nature of spatial orientation and visualization and how 

these interact with learning.  Other spatial factors, such as disembedding and visual penetrative 

ability (Kali and Orion, 1996), are extremely important to geologists, but were not directly 

specifically assessed by our study.  We have developed materials that specifically addressed each 

of these abilities, but these have not yet been implemented in a carefully controlled research 

experiment. For example, our geologic block movies, with the ability to make a block partially 

transparent, directly support improvement of visual penetrative ability, but only a few questions 

                                                 
3 http://reynolds.asu.edu 
4 http://www.terc.edu 
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on the geospatial test assess this ability. The entire suite of spatial abilities, with the possible 

exception of spatial orientation, has an important influence on learning in geology courses and 

should be considered when teaching geology and designing geologic curricula. 

In general, technology is expensive and difficult to use, and not clearly superior to more 

traditional methods of instruction.  It is our opinion that the superiority of computer-based 

education only becomes evident in cases where it is not possible to deliver the instruction by any 

other means.  

A case in point is the Visualizing Topography module in this study.  The geology 

department at our university for years has been using the “volcano in a box” laboratory, which 

originated many years ago with the Earth Science Curriculum Project.  However, a wide range of 

landforms which students could explore in the same way is not available.  We are able to render 

virtually any topographic feature in the world into a three-dimensional, manipulable terrain that 

could be flooded with virtual water.  In addition, we have been able to create many new ways for 

students to manipulate these images that are not possible with the physical model. 

The same is true for the geologic blocks module.  A teaching laboratory typically has 

only one or two types of three-dimensional blocks for students’ perusal.  We have been able to 

produce dozens of interactive 3D geologic blocks with an exceptionally wide variety of features.  

These virtual blocks allow students to do things, like making the blocks transparent, that are 

impossible (or at least prohibitively expensive) to do with physical models. 

Our modules illustrate how such computer-based instructional materials may be 

implemented in a constructivist context and assessed in a controlled experiment.  Using the 

modules, students first have the opportunity to observe various images and fully explore the 

interactive movies.  In accordance with constructivist principles, the modules were designed for 



 29

small-group learning, although use by a solitary student is also possible.  The modules ask 

students to create mental representations and discuss these with their partner(s) in their own 

words.  By asking students to describe what they envision, we hope to help students become 

better at using multiple representations and at transforming one type of representation (e.g. a 

mental spatial one) into a different mode of representation (e.g., a verbal one). 

One of the characteristics of science curricula since the reform movement of the 1960’s 

has been their attempt to accurately portray the nature of science.  This was commonly expressed 

as a concern for the structure of the discipline (Bruner, 1960).  Initially, this took form as 

something approximating what is usually described as the “scientific method,” and curricula 

taught students to observe, infer, and test hypotheses.  More recently, science educators have 

recognized significant differences among scientists working under different paradigms, and have 

come to see that there may be many structures of this discipline we call science. 

We have been trying to emphasize what we believe is a structure of the discipline of 

geology that is especially important, and perhaps more so in this case than in other sciences.  

Geologists use time and space to construct theories about the earth.  While the more traditional 

processes of science remain important, they are to some extent subordinated to the temporal-

spatial reasoning that we think is characteristic of geology. 

We believe that instruction should be anchored in authentic contexts and faithful to the 

structure of the geological sciences.  Unfortunately, introductory courses at the college and 

university level are often disconnected collections of topics with no apparent coherence, and the 

tasks given to students in the laboratory bear little resemblance to the work of practicing 

scientists.  We have tried to create a single unifying structure in which we situate instruction.  

Painted Canyon, a computer-generated terrain, is the context within which our students learn 
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geology.  We try to represent the thought process of the geologist through a series of tasks for 

students that are similar to those being undertaken by practicing geologists.   

This study challenges some conventional methods of teaching science.  We suggest that 

students need to be engaged actively in realistic settings that are like those experienced by 

geologists themselves.  Student learning about maps, geologic structures, and other topics should 

be imbedded in a realistic context rather than as a series of unrelated, out-of-context lessons.  

Rather than dealing entirely in verbal forms of learning, student should engage all of their mental 

faculties, including but not limited to spatial visualization. We further suggest that having 

students construct multiple representations of geologic features will allow them to better create 

mental constructs of prototypical features (e.g., hills, valleys, synclines) and employ these to 

solve real geologic problems. 

Finally, engaging in situated activities helps students to develop a set of intellectual skills 

that are demonstrably important to the learning of science and to the practice of geology. And it 

gives them some sense of what it is like to be a geologist.  That, it seems to us, is among the 

most important goals of any course in laboratory science. 
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