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Using adapted primary science literature to enhance argumentation and
reasoning skills in middle school students

Abstract

Adapted primary literature is literature adapted from primary scientific literature for the purpose of using it
with school age students. The process begins with teachers finding an appropriate primary scientific
literature article, written by scientists for scientists, and rewriting the article to meet the reading level and
understanding of the students being taught. In the newly created article, a teacher focuses only on the
part of the original article that is important to the students learning and the writer may add background
information, graphics, or edit existing graphics to make them more student friendly. The goal of this
project is to create guidelines for the creation of adapted primary literature articles, to use those
guidelines to create adapted primary literature, and to then incorporate these articles into storylines.
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Abstract

Adapted primary literature is literature adapted from primary scientific literature for the
purpose of using it with school age students. The process begins with teachers finding an
appropriate primary scientific literature article, written by scientists for scientists, and rewriting
the article to meet the reading level and understanding of the students being taught. In the newly
created article, a teacher focuses only on the part of the original article that is important to the
students learning and the writer may add background information, graphics, or edit existing
graphics to make them more student friendly. The goal of this project is to create guidelines for
the creation of adapted primary literature articles, to use those guidelines to create adapted

primary literature, and to then incorporate these articles into storylines.
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Chapter 1

Introduction

Students in today’s world must be able to deal with mass amounts of information,
comprehend that information, and evaluate it for its usefulness and effectiveness in their day to
day lives (Benson, 2002). For this reason, learning to read and reading to learn should be a
featured practice throughout schooling. Routines need to be put into place that teach students to
gather information from text, question their findings for relevance, and decide how and if it
relates to the material they are studying (GreenLeaf et al., 2013). However, students are often not
directly taught the skills or strategies needed to decode nonfiction text or the data in it; in fact,
students themselves often have misconceptions about their abilities to read and write text
effectively, especially in science (Penney et al., 2003). Many students put too much weight on
the misconceptions that they already “know” and believe that their ability to convey information
through writing is better than it actually is. This misperception within students becomes even
more problematic when it is coupled with an inaccurate view of what science actually is. Most
students believe science is just a passing of knowledge from one generation to the next (Ebbers,
2002). When students believe science is just a body of factual knowledge, exploration into topics
becomes moot and the learning becomes stale. This is because students no longer feel the need to
explore topics in science, but rather look up any answer they may wonder about. To continue to
make growth in the fields of science students need to be excited and feel like there are new

things that need to be found and contributed to the existing body of work.

One way students learn about existing scientific information is through reading scientific

texts and articles. Science reading is a daring and complex task that often changes depending on
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the subject being read (Penney et al., 2003). Reading becomes more relevant as students begin
learning about more complex science topics. Students not only need to be able to read the
science text but critically engage with it in order to best understand the information being
presented. Scientific literacy not only depends on comprehension but also on a student’s ability
to take a stance on the literature as well as use the new knowledge with other situations and
world views (Phillips & Norris, 1999). This goes beyond basic understanding. As future world
citizens, the goal of scientific reading should be for each student to use their new knowledge and
apply it to the world around them. This could take place in a wide array of settings and situations
from using physics ideas around your home to participating in an argument about a socio
scientific topic. Students have to see the big picture to be successful in this information rich

world (Benson, 2002).

To help ensure our students develop useable science knowledge and the skills to apply that
knowledge to everyday situations, non-traditional modes of instruction are needed. Research
provides guidance in this area. For example, student understanding of the target science concepts
is enhanced if during the reading of this rich science information, students practice making
predictions and supporting claims with evidence, both skills important in scientific practices
(Pegg & Adams, 2012). Students can be learning these skills in all classes, but particularly in the

science classroom.

As a precursor to the newly released Next Generation Science Standards (NGSS), a new
insight for science education was advanced, titled, “A New Vision for Science Education.” In
that document, it was stated science education should involve less of students reading textbooks
and answering end of the chapter questions and more of students reading multiple sources,

including science-related magazine and journal articles and web-based resources; students
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developing summaries of information. This document also states teachers in today’s science
classrooms should do less posing of questions with a single correct answer and should be
presenting students with more opportunities to discuss open-ended questions focusing on the

strength of evidence used to generate and support claims (National Research Council, 2015).

Adapted Primary Literature

One way of developing the skills needed for reading in science and thinking critically
about what is being read is through the use of primary scientific research articles (Benson, 2002)
and for younger students Adapted Primary Literature (APL). Primary scientific research articles
are written for scientist by scientists. In order to understand the reading, the reader would first
need to have a deep knowledge and understanding of the field. While the NGSS stress the
importance of presenting students with a variety of sources for scientific information, expecting
our K-12 students to read and understand the direct writing of scientists is not possible. The
writing is simply too complex. One way to address this problem is through Adapted Primary
Literature (APL). APL involves changing scientific articles and making them more kid friendly.
The adapted articles still maintain their essential questions, the data collected, the research that
took place, and results. However, the wording is changed and simplified to meet the
developmental level of the younger readers (Dunkak, 2010). APL allows students to have access
and understanding of what real scientists are doing and allows them to use that information to
make connections to their class work and the world they live in. APL is still considered to be a
primary source of literature. Because of the importance of communication in all forms in our
society, (Baram-Tsabari & Yarden, 2005) using primary research may aid students in becoming

more scientifically aware and more critical of the information they are reading.
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Graphic Organizers as a Reading Strategy

Simply adapting scientific research articles to fit the reading level of students is not
enough. In order to best use APL, students need to be provided with reading strategies to help
them better interact with and understand the text. Throughout the literature researchers such as
Norris and Phillips (2003) point out the difficulty students have in interpreting scientific text. For
example, in a study of high school students using APL, teachers invoked active learning
strategies to help students better interact with the text in hopes of creating more connections
between the written science and the application of that science. It was found that these active
strategies were not enough and students still needed help and guidance in the areas of
comprehension and application (Falk et al., 2008). The need for strategies to aid student
understanding of scientific text is critical in today’s science classrooms. Often time teachers
expect students to be able to read scientific text by the time they leave elementary school, but
most students still struggle (Norris & Phillips, 2003). Research supports the benefits to student
understanding that occurs when students use reading strategies, like graphic organizers, while
working with scientific texts. The use of these strategies prompt students to use prior knowledge
and helps them monitor their own comprehension (Radcliffe et al., 2004). Therefore, a critical
component of successfully using APL is including established strategies to assist students in

understanding the text. For this study, that strategy will be the use of graphic organizers.

Graphic organizers are visual and graphic displays that help show the relationship
between terms, facts, ideas or links between information and ideas. They are often referred to as
concept maps, story maps, or advanced organizers. There is strong evidence to support that
graphic organizers can help with improving comprehension and vocabulary (Hall & Strangman,

2008; Kester Phillips et al., 2008).
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Reasoning and Argumentation

When switching to the Next Generation Science Standards the amount of topics per grade
was reduced in order to let teachers focus less on the sum of details and giving more time for
students to engage in investigation and argumentation to achieve deeper understanding of the
ideas presented to them (NGSS, 2013). NGSS (2013) states, “In science, reasoning and argument
based on evidence are essential in identifying the best explanation for a natural phenomenon.”
This idea gives students the chance to fill the shoes of a scientist and participate in the kind of
experiments and debates a real scientist would participate in, but at their level. However in order
for reasoning and argumentation to occur students need to have a body of evidence and
knowledge about the topic and must have developed skills in scientifically valid ways of arguing

(Osborne et al., 2004).

Using graphic organizers, in conjunction with argumentation, students will be better able
to comprehend the material they are reading. This is critical when it comes to using this new
information in an argument or in reasoning because students need to have enough experience
with the content to use it to make connections to common elements others in the argument are
making (von Aufschnaiter et al., 2008). Beyond being able to use information from a text,
students have to be taught how to argue. Teachers have to help students learn how to understand
and use argumentation in scientifically valid ways in the classroom (Osborne et al., 2004). This
means giving students tools to aid in argumentation, setting class norms and boundaries, and

providing examples for how evidence students have collected can aid in their argument.
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Purpose of this Project

There are three goals to this Creative Component. Given the fact that there is no readily
available source of Adapted Primary Literature teachers can select appropriate articles from, the
first goal of this project is to develop a list of guidelines for use in creating Adapted Primary
Literature. The second goal is to use those guidelines to develop sets of APL pieces to be used in
my middle school science classrooms. The third goal is to create storylines that incorporate APL
to teach students scientific topics in the middle school classroom. There is currently very little
information about the use of APL in the middle school setting. Research that has been completed

focuses on high school science classrooms and college level courses.
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Chapter 2

Literature Review

Primary Literature

Primary literature is an authentic genre of science communication written by scientists for
scientist to communicate research (Dunkak, 2010; Falk & Yarden, 2009). It helps close the gap
between public knowledge and scientific inquiry by giving rationale for research, showing the
structure of scientific communication, and helping develop the reader’s ability to critically assess

the information (Baram-Tsabari & Yarden, 2005).

For a novice reader, primary literature may be hard to read and understand because of
the professional language used, details some readers may have never been exposed to, and/or its
lack of being reader friendly (Baram-Tsabari & Yarden, 2005; Dunkak, 2010; Yarden et al.,
2001). Because of these difficulties, students struggle to make inferences about the primary

literature and to understand the ideas the literature presents (Phillips & Norris, 1999).

Even with its challenges, there are several benefits to using primary literature in a science
classroom. First, primary literature helps students understand the nature of science. Primary
literature exposes students to authentic inquiry done by real scientists (Muench, 2000). By
introducing students to this research, they will better understand why research is performed, in
addition to how it is performed. Secondly, students show more interest in research articles than
other traditional texts. This is credited to their application to the real world and to the idea that
the topics appear to be more interesting to students (Falk et al., 2008). Finally, primary literature
can give teachers content specific articles that not only appeal to students but contain parts of the

scientific method, which we are often trying to integrate into students scientific practices
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(Muench, 2000). Because of the benefits primary literature has, it is vital to find a way to bridge
the gap between level of reading difficulty and the developmental levels of our students. In order
to use these sources in a school setting, the information would need to be changed in order to
better aid students in comprehension. This change comes in the form of Adapted Primary

Literature (APL).

Adapted Primary Literature

APL is primary literature that keeps its original scientific form but is written in a way that
can be understood by students (Phillips & Norris, 2009). The adapted piece keeps structural
characteristics of primary literature but adapts vocabulary and wording to the comprehension
level of the students it is intended for (Falk & Yarden, 2009; Yarden et al., 2001). Adaptations of
the primary literature may also have information added to better highlight the relevance of the
work completed and its importance. This more clearly shows students how this work affected the
scientific community and the body of information already known. It may also give students more

background on the subject (Yarden et al., 2001).

Schools, and teachers in them, have to move past simply assigning reading and, instead,
assign reading students can interact with as well as question (Falk et al., 2008). Textbooks were
traditionally thought of as the only way a student would get information. The information a
textbook contained held more credibility then even firsthand experience (Penney et al., 2003).
After a reading, teachers would ask questions and hear responses to what the students had
learned. This could be the only interactions students had with the content. APL changes this and
turns text into a tool for argumentation (Yarden, Norris, & Phillips, 2015). This gives the teacher
an opportunity to have students develop a claim, justify it with data and evidence, and then argue

the claim with others to build on their ideas or to change their thinking.
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APL is an authentic scientific practice because most scientific information is acquired
through the thoughts and experiences of other scientists (Falk & Yarden, 2009). Students are not
only using a common scientific practice, but APL also aids students in developing skills that
future citizens and decision makers should possess (Baram-Tsabari & Yarden, 2005). These
skills include process thinking, problem solving, communicating, perfecting language skills, and

learning independently (Benson, 2002).

The way students process information can vary greatly. By using scientific articles
students can learn the process and steps a scientist uses in research methods while also being
exposed to how another person plans an experiment. A study done in a Canadian high school
looked at the use of APL in the classroom (Falk & Yarden, 2009). By using APL, students were
exposed to current research (Yarden et al., 2001). This, coupled with the use of research
practices, showed an increase of scientific behavior by students in the classroom. Students began
to act like scientists by critically thinking about information and deliberating about their
arguments. This behavior was enhanced more when students had a chance to interact with new
information and then were exposed to APL. This practice allowed for more connections to be
made between students and scientists (Falk & Yarden, 2009). The researchers found students
who used APL showed better inquiry skills than those who were not exposed. The student’s
ability to critically think and apply information grew more among students who read APL than
for those reading secondary texts. APL allowed students to build a better understanding of the
scientific process compared to those who simply read secondary literature (Baram-Tsabari &

Yarden, 2005).

APL has shortcomings as well. The first is the small focus of each article. This can limit

the academic knowledge of students (Yarden et al., 2001). Topics in each article can be narrow
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in focus and can lead to students struggling to understand the how the information affects the
larger topic at hand. Second, when students read text they tend to give it more credit than the
author intended (Phillips & Norris, 1999); meaning that students place too much importance on
smaller less important details. This could lead students to draw incorrect assumptions about an
article due to focusing on less important details. This is one of the reasons it is important to
incorporate reading strategies in this process. It has been shown that when the teacher uses flow
charts, graphic organizers, and slides, those tools help minimize student challenges in

understanding the reading (Falk et al., 2008).

Another problem with APL is the lack of knowledge and skill teachers have in creating it.
Currently, there is no database of APL articles for teachers to draw upon. Teachers, themselves,
must find the original primary literature and adapt it for their classes. However, there has been
some discussion on how to successfully implement this form of primary literature into
classrooms. By teachers creating their own primary literature, the material can be transformed

into something specific for the content they are teaching and the students in their classrooms.

Creating Adapted Primary Literature

How primary literature is adapted is important for its success in the classroom. First, the
information in the selected article must match the academic class objectives. This ensures
students learn the intended information and makes it easier for them to apply it to the current
activity. Secondly, when starting the use of APL with a particular group of students, simple
articles are best. These articles will be easy to visualize. Visualization is important because it
allows students to imagine what is happening and to make connections to science they have seen.
Complex articles should be built up to as students gain more experience with APL (Muench,

2000). Next, methods sections within the APL articles should be modified to a developmentally
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appropriate level. This is a good place to include references to prior knowledge students should
be building onto or to add an explanation of information that is coming up in the article (Falk et
al., 2008). Lastly, the classroom teacher should choose a scientific paper with a bold conclusion.
This will appeal to students and stimulate critical thinking and creative thought (Muench, 2000).
Although these are all good ideas, they are by no means simplistic. The amount of work required
to create APL can be overwhelming. This could be one of the many reasons most teachers

continue to use textbooks and trade books.

Graphic Organizers

The ability to read scientific text is a skill students are expected to possess when they
leave elementary school, when in reality most readers continue to struggle with reading scientific
writing as they progress through middle school and high school (Phillips & Norris, 2009). One
explanation for this difficulty is due to a lack of distinction between reading to learn information
verses learning to read (Benson, 2002). Forgetting how complex a task reading is, many middle
school teachers assume their students are effective readers (Penney et al., 2003). To be an
effective reader, students need to be able to relate the new information to existing knowledge
(Yore & Shymansky, 1991). In science, there may be times when that information does not exist
within the child’s schema. Without adequate prior knowledge students tend to employ survival
tactics and simply memorize information with little to no understanding (Yore & Shymansky,
1991). This could make it challenging for them to recall the information later and to apply that
information to new situations. Even if a student has the background knowledge required to read
the information, it may not be possible for the students to effectively make important
connections (Muench, 2000). Also, while reading science texts, students often struggle to

identify important ideas and relate them to their current background knowledge (Pegg & Adams,
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2012). These are some of the reasons teaching reading strategies specific for science may be

helpful to students.

Incorporating reading strategies into a classroom has been found to aid students in terms
of the amount of information understood from their readings (Yarden et al., 2001). Explicit
reading strategies prompt students to engage their prior knowledge and monitor their
comprehension independently (Radcliffe et al., 2004). This can help students construct meaning,
which would not happen without the access and evaluation of previous knowledge (Benson,
2002). With this prior knowledge, students can make inferences with the available evidence in a
more effective manner (Phillips & Norris, 1999). The use of these strategies does not come
overnight. Teaching reading strategies takes time to develop in a classroom (Radcliffe et al.,

2004).

To incorporate content literature strategies into a classroom routine, requires a shift in
instructional patterns and in the amount of time given for each task. One recommendation for a
versatile reading strategy is the utilization of graphic organizers. Graphic organizers are visual
and graphic displays designed to help show the relationship between terms, facts, and ideas.
They are often referred to as concept maps or story maps (Hall & Strangman, 2008). Graphic
organizers have been found to be effective in the science classroom (Lovitt & Horton, 1994).
They can be modified to fit the content being taught, and can help both struggling and successful
student populations (Lovitt & Horton, 1994). When creating a graphic organizer teachers must
think about the content being covered, the organizational patterns used by the author and the

amount of space needed for students (Fisher, 2001).
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When beginning the use of graphic organizers the text should be organized clearly
(Fisher, 2001). The organization of the text will make the graphic organizer easier to fill out and
more user friendly. This fits in well with the use of APL articles and their use of headings and
subheadings to organize data. A struggle many teachers tend to forget is the importance of
providing students with opportunities to practice using graphic organizers. The less experience
students have using graphic organizers, the more time it will take to successfully incorporate
those strategies into the classroom. Practice time will need to be built into the instructional plan
for students to become familiar with this kind of note taking. Scaffolding graphic organizers is
important. As progress continues, more information can be left off the graphic organizers for
students to fill in. This allows for some creativity of the user and will aid in active learning

(Fisher, 2001).

Graphic Organizers Layout

The layout and implementation of graphic organizers aids in the readers abilities to
understand information within a reading. Graphic organizers use spatial formats to convey
concepts and relationships (Robinson & Kiewra, 1995). This means the way information is laid
out and presented in graphic organizers can affect the way the user reads and understands the
information within each APL article. These organizers are visual and spatial displays that make
relationships between the information more obvious to the reader allowing them to relate these
facts more easily to other content (Gajria et al., 2007). These spatial displays have another
benefit. The form of graphic organizers requires minimal computation or deciphering by the
learner; because they require less effort in understanding relationships, students can spend more

time discovering relationships and connections among concepts (Robinson & Kiewra, 1995).
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Research on Graphic Organizers

Researchers were interested in studying the use of graphic organizers in intermediate and
secondary students with learning disabilities. The students were taught science content with the
use of graphic organizers. Students interacted with the content, were taught how to use a specific
graphic organizer, and then applied their learned content to the organizer. This research showed
graphic organizers are an effective tool for increasing student understanding in science. Students
who use graphic organizers are often more effective at the initial acquisition of information and
the retention of science knowledge. Students also showed better inferencing abilities, which is a
higher order thinking skill (Dexter et al., 2011). This is important because the use of vocabulary
and higher order thinking critical in science is important for learners at all levels. By helping
students add to previous knowledge, graphic organizers can help each child make more
meaningful connections to material.

In a study of the effects of graphic organizers on learning from text, Smith and Jones
(1995) examined one hundred and eleven undergraduate educational psychology students. In this
study the students were broken into three groups and each was given a different means by which
to study. The different approaches studied were text only, text and an outline, and text and a
graphic organizer. These three groups were then divided in half and part of them were given the
assessment immediately while the other half had a two-day delay. The study showed students
who used graphic organizers learned more and could make better relationship connections than
the students who did not use the graphic organizers. This continued to hold true when the same
students who used graphic organizers were compared to those who used outlines as a way to
record information. In the same study, information was analyzed to see if graphic organizers

aided in helping students retain information for longer periods of time. Compared to their
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textbook only counterparts, those who used a graphic organizer still scored higher when the test

was delayed.

Reasoning

The Science and Engineering Practices of argumentation and using evidence are talked
about often in the NGSS; Practice 7, “Engaging in an Argument from Evidence.” NGSS stresses
that reasoning is an important part of argumentation and that the actions of using argumentation
and evidence with reasoning is critical for students to participate in, in order to understand and
explain natural phenomena (National Research Council, 2013). Science curriculums in NGSS
classrooms must involve students in active investigations of scientific phenomena in order to
promote students levels of reasoning and conceptual understanding (Hardy et al., 2010).
However, despite the fact that students are actively engaged in data collection, many find it
challenging to actually use the data generated to explain their reasoning and ideas with evidence
(McNeill & Martin, 2011). This means that even with active participation in scientific
investigation, students are still struggling to meet the NGSS standard of “engaging in argument
from evidence,” and providing reasoning to support and connect those ideas.

There is a growing importance to educate students and citizens about what scientist know
and why it is believed (Driver & Driver, 1996). This requires a new focus on how evidence is
used in science and what criteria is used to select evidence (Osborne et al., 2004). This includes
the idea that it is important to know why something is wrong just as much as why it is correct.
Explaining why something is incorrect is a way to deepen understanding (Osborn et al., 2017).
Having a deep understanding of the material is important when it comes to reasoning. Students
cannot reason at a high level if the task and information is unfamiliar to them (von Aufschnaiter

et al., 2008). Students become more familiar with the information and tasks when they are forced
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to use evidence to explain their ideas. Using evidence in a constructive argument is one way
students can build understanding of the information.

Teachers can create a realistic learning task for students by having them construct
arguments (Kelly & Bazerman, 2003). An argument is the evaluation of different ideas in order
to reason and draw a conclusion (Voss & Means, 1991). Constructing a sound argument involves
using evidence, which is not an easy task. Students need guidance and support as they learn the
skills involved in evidence-based argumentation. When students use evidence to support their
thinking it also helps the teacher by providing an indication of how well their students know the
material and what concepts they can apply effectively (Mcneill & Krajcik, n.d.). To help scaffold
the process of using evidence to support student ideas, writing prompts or writing frames may
help. These are support tools that provide clues and ideas about what is needed in an effective
argument (Osborne et al., 2004). Writing frames can help students learn to think independently
with no peer input and can help encourage them to use data and other evidence in their ideas
(Dawson & Venville, 2010). When teachers are using writing frames designed to help students
use evidence to support their arguments they need to make sure:

1) The frame is explicit- Make sure students know to use claim, evidence and reasoning and
do not assume-each student knows what those mean.

2) Mode and critique explanations- Give examples of what a strong verses weak answer
looks like and provide reasoning as to why each was given the specific score.

3) Provide a rational for creating explanations- Show how this could be used to persuade
others in a time of disagreement or argumentation.

4) Connect to an everyday explanation- Pointing out everyday connections can help students

build on prior knowledge.
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5) Provide feedback- Use a common rubric that has been explained to students so feedback

can be provided in a timely, consistent manner (McNeill & Krajcik, 2007).

Creating and using writing prompts has been found to help students better explain their ideas.
Once these have been done students can use their answers to think about their reasoning and can
turn them into valid claims and evidence. This is especially true if writing prompts are open
ended and are designed to elicit justification from the writer (Osborne et al., 2004).

Using reasoning enables people to exchange ideas and makes communication more
advantageous. This is important because reasonings main function is argumentation. Because of
argumentation, reasoning has evolved and has made human communication more effective. This
is because argumentation allows people to share their claims and makes the listener assess the

argument for quality of ideas.

Argumentation in Learning

Argumentation happens when people criticize the reasoning or evidence of another
because of different opinions. The purpose of argumentation is to allow people to contest
competing claims and come to an agreement about how they know something. This could lead to
better models or create new questions about the existing claim in question (Osborn et al., 2017).
The nature of the argumentation process varies depending on the participants. For example,
scientist engage in argument to develop and improve their scientific knowledge, while the public
uses it to engage in debate and to decide on the value and reliability of evidence. Both of these
examples are ways people learn about other ideas, make connections to what they already know,
and possibly change their way of thinking. (von Aufschnaiter et al., 2008).

In pre-NGSS classrooms, science was thought of as simply a body of knowledge to be

learned by students (National Resource Council, 2015). There was little opportunity to actively
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engage with scientific ideas. NGSS is designed to move science teaching away from the idea of
science as a compilation of facts. In the NGSS classroom, teachers must create opportunities for
students to participate in scientific practices, like argumentation. Skills in these practices will
help equip students to make informed decisions about the validity of information (Kind &
Osborne, 2017). Argumentation allows students to think more deeply about the science by
engaging them in processes such as weighing risks and benefits, posing questions, evaluating the
integrity of evidence, and making decisions based on evidence (Dawson & Venville, 2010).
These skills are important in argumentation because in science multiple explanations are
competing against each other and often one of the competing ideas is the students pre-existing,
flawed idea (Osborn et al., 2017). In order to be good at argumentation students must develop a
strong understanding that evidence and claims are different, that claims can be falsified, and that
evidence can and should be used to override claims (Hardy et al., 2010).

An argument consists of claims, evidence, and reasoning. A claim is what the person is
arguing for and is an assertion or conclusion addressing the original question. Evidence is what is
used to support the claim. Evidence is typically some kind of scientific data and can emerge from
investigations, observation, and/or reading material. Reasoning is what links the claim and
evidence together and shows why the data provided is evidence to support the claim being
defended (McNeill & Krajcik, 2007; Osborn et al., 2017). Effective skills in argumentation must
include all three of these components, each supporting the other.

Integrating argumentation into teaching and learning of science requires a shift in the way
science is taught (Sampson & Clark, 2009). This change has a positive impact on student
thinking and can help elicit previous knowledge from students and get them thinking at high

levels of abstraction (von Aufschnaiter et al., 2008). As stated, this does not come without
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change in the classroom. Argumentation is student-centered, but teacher dependent. Teachers
must help children develop the ability to understand and practice scientifically valid ways of
arguing while also teaching how to recognize the limitations of this process (Osborne et al.,
2004). Increases in student argumentation skills have been linked to several classroom practices.
These practices include the use of evidence and reasoning in a classroom incorporated with
talking, listening, and reflecting. Students in an argumentation-based classroom also take a clear
position, justify their claims with evidence, and construct an argument regularly. During
classroom argumentation the teacher’s main role is to facilitate and to encourage reflections and
the development of counterarguments. The practices of the teacher during argumentation are the
most important (Dawson & Venville, 2010); aiding in facilitating and developing arguments is
where students are going to develop reasoning skills and these connections through reasoning is
where knowledge is built.

Part of being an effective teacher when facilitating argumentation also means looking at
not only the view of the topic within the science world, but also understanding how students’
common sense and previous knowledge fit into each science topic. In many cases their previous
knowledge and understanding is likely to be flawed (Sadler et al., 2013). Understanding student
misconceptions can enhance the teacher’s abilities to facilitate effective argumentation. When
planning lessons centering around the process of argumentation, teachers must consider student
skills. Dawson and Venville conducted a study using tenth graders and discovered if students are
not comfortable or familiar with the process of using evidence and scientific knowledge, they
may be reluctant to participate in argumentation (Dawson & Venville, 2010).

A number of studies have shed some light on the process of introducing students to the

process of argumentation. Sampson and Clark asked 168 high school chemistry students to
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participate in a complex task that required them to engage in argumentation. Their findings
concluded that one way to help students transition into a more argument-based classroom is to
encourage collaboration to solve problems. Collaboration helps improve what students learn
about scientific argumentation because it is engaging them in a task where multiple perspectives
have to be evaluated and explained (Sampson & Clark, 2009). As students learn to use the
process of argumentation, it is important to establish classroom norms and expectations for group
argumentation and persuasion. To create these norms, Osborn suggests having a full discussion
about what is important in large and small group classroom discussion. Students may need a
starting spot on what these norms look like and what is expected from them while participating.
(Osborn et al., 2017). Common norms that should be standard in every room include and a
straightforward place to start is:

1) Equal participation

2) Respect to all

3) All should be able to see and hear the speaker
These practices help to ensure all voices are heard. Establishing and maintaining a safe
environment for students to express their ideas is a critical component in establishing an effective
argumentation classroom. Osborn sites the importance of not only establishing safe environment
rules, but not tolerating breaking of these rules (Osborn et al., 2017). Some of the difficulties
students face engaging in argumentation stem from a fear of offending their peers (Kuhn et al.,
2010). For this reason, it is important for students to agree with the norms the class has
established for argumentation. One way to help this process is for students to generate these
argumentation rules. This will create more of a class by-in for the process. Once norms have

been established, they should be consistently modeled, practiced, and revisited often. Practicing
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of norms could mean acting them out, making a class rubric, or creating a class book showing
and explaining the classroom norms (Osborn et al., 2017).

To summarize, when students are exposed to the process of argumentation conceptual
understanding is more likely to occur (von Aufschnaiter et al., 2008). Changing one’s ideas and
thinking is not as likely to occur without the opportunity to justify and support the ideas
(Osborne et al., 2004). Therefore, argumentation is important in science teaching. To scaffold
opportunities for students to become skilled in the process of argumentation, students must be
taught how to use claims, evidence and reasoning. This involves presenting both good and bad
ways of arguing, creating classroom norms, and ensuring a safe environment for argumentation
is always present to ensure students feel safe sharing in front of peers. Then, when provided the

time and opportunity students will see the importance in argumentation (Osborn et al., 2017).

NGSS Scientific and Engineering Practices

The Next Generation Science Standards (NGSS) were completed in April of 2013.
According to Pruitt (2014), these standards were designed to give all students a deeper
understanding of a smaller number of disciplinary ideas. Students display mastery of these
concepts using science and engineering practices and crosscutting concepts across disciplines.
Science and Engineering Practices (SEPs) expect students to define problems and design
solutions with scientific information (Pruitt, 2014), and can be done through argumentation and
reasoning. These practices engage students in ways scientific knowledge is developed and gives
them experiences with a wide range of approaches used to model, investigate, and explain the
world (National Research Council, 2012). With ways of developing scientific knowledge in
mind, the vision for these SEPs is to show students evidence and have them be able to apply that

evidence to show mastery of the content (Pruitt, 2014). Applying evidence to ideas is reasoning.
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When this is coupled with comparing ideas with the ideas of other students, argumentation can
occur. This new vision emphasized to schools that students should be actively involved in their
science programs, through the use of investigations and 21 century skills, (Bybee, 2011) like

argumentation and reasoning.

No matter the grade of students, the goal of the SEPs is for students to learn how to use
evidence to create a logical explanation for events (Bybee, 2011). For students to accomplish
these goals, they need practice. Practice aids students in understanding why scientists know
existing information and how they build reliable knowledge (Osborne, 2014). Within the NGSS,
there are eight SEPs that help teachers see mastery in their students. This study will be focusing
on the SEP: “Obtaining, Evaluating, and Communicating Information.” This standard should be
mastered within the sixth-eighth grade years and includes these specific skills (NGSS Lead

States, 2013).

- “Critically read scientific texts adapted for classroom use to determine the central
ideas and/or obtain scientific and/or technical information to describe patterns in
and/or evidence about the natural and designed world(s).

- Integrate qualitative and/or quantitative scientific and/or technical information in
written text with that contained media and visual displays to clarify claims and
findings.

- Gather, read, and synthesize information from multiple sources and assess the
credibility, accuracy, and possible bias of each publication and methods used and
describe how they are supported or not supported by evidence.

- Evaluate data, hypothesis, and/or conclusions in scientific texts in light of competing

information or accounts.
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- Communicate scientific and/or technical information (e.g. about a proposed object,
tool, process system) in writing and/or through oral presentation (NGSS Lead States,

2013, pg. 15).”

By infusing this SEP and its elements into a science classroom, students will engage in all
forms of scientific communication. Communication is imperative in science and happens through
both oral and written language (Bybee, 2011). The ability to read, interpret, and produce
scientific text is a core idea of science (NGSS Lead States, 2013; Osborne, 2014). However, all
students must become critical readers of the text. This includes using information and data to
identify errors, knowing the difference between observation and inferences, understanding the
differences between a claim and the evidence used to support or refute the claim, and

distinguishing between arguments and explanation (NGSS Lead States, 2013).

To develop deep understanding, science students need to apply their knowledge using the
critical skills previously mentioned through practice. In order for students to have valuable
practice with these ideas, the practice experiences provided must help students develop a deeper
understanding of the ideas, be effective in developing knowledge about the idea, and give a an

authentic picture of the scientific process (Osborne, 2014).

NGSS Storylines

NGSS storylines are a way to visually represent the essential components of science
units. Storylines outline sequences of lessons that are driven by an essential question developed
around a given phenomenon. The goal in developing a storyline is to develop an instructional
sequence by outlining a series of activities constructed to lead students to be able to explain and

understand the target phenomena (NextGen Science Storylines Teacher Handbook, 2019).
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Storyline are important for teachers and students when implementing NGSS because they help to
make the connection between what is being learned and why. When a teacher creates lesson
plans, they know how ideas will come together to help students understand a topic, however
these ideas are not communicated to students. With the use of storylines, students are involved in
the planning of a lesson sequence; by posing questions. Consequently, they understand how the
content will help answer their questions. The teacher can then use student questions to help
scaffold their learning of new material (What Are Storylines?, n.d.). The benefit to creating these
storylines is that students are better able to follow each lesson they take part in and can use
information from previous lessons to help them better understand what they are currently
learning. The sequence of the activities and introduction of the scientific ideas within a storyline
are key to how students will develop and connect ideas to each other throughout the unit (Lipsitz
et al., 2017). While developing storylines teachers must do three things: unpack Disciplinary
Core Ideas (DCI’s), choose an anchoring phenomena, and appropriately sequence the lessons (Lo
et al., 2014). The standards DClIs, Science and Engineering Practices (SEPs), and Crosscutting
Concepts (CCCs) should be examined and used to describe what students will be doing during

each lesson.

By looking at DCIs, SEPs, and CCCs and using them in a storyline, it ensures that the
common ideas running through each lesson and allows students the ability and opportunity to
explain phenomena. The CCCs and SEPs mentioned in the Performance Expectation do not have
to be the only used in your storyline. Instead, select others to incorporate to enhance lessons
more and allow students to interact best with the content being presented (Krajcik et al., 2014).

DCI’s were created to give educators specifics on what science and engineering content

to teach at each grade level and as a guide for how science should look in their classroom
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(National Research Council, 2013). Teachers must use the DCI’s and Performance Expectations
together in order to break down topics into small lesson topics students will be able to interact
with and draw conclusions from (Cisterna et al., 2018). The process of breaking down standards
into these smaller teachable topics is called unpacking.

Unpacking is an important process when teaching the NGSS standards because it ensures
that the intent of the standard is truly understood by the readers (Workosky, 2017). When
unpacking a standard is complete a teacher will have generated ideas about what the students
should know at the end of the storyline and have information on previously learned information
they can use to engage students and make connections to from previous science experienced (Lo
etal., 2014).

Once a teacher has unpacked a standard and understands what a student should know to
have mastered its content, a unit phenomenon needs to be chosen. A phenomenon is a specific
observable event that occurs under specific conditions. It needs to be investigable and students
should be able to ask and discover answers about it (“Using Storylines to Structure NGSS
Units,” 2019). When choosing a phenomena teacher should consider:

- Will this authentically engage students?

- Will it lead students to incorporate SEPs, CCCs, and DCIs?

- Can it drive a lesson and not just be a hook?

- Can it be observed?

- Isitaccessible to all students (Using Phenomena in NGSS, 2016)
Last, teacher should sequence their lessons. In the past materials have been presented in a way
that expects students to understand the relationship between science ideas. This way of

presenting information makes sense to scientists and others in the field, but does not help
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students make connections between information (NextGen Science Storylines Teacher
Handbook, 2019). Instead, teachers need to anticipate questions students would have about their
chosen phenomena, and design a sequence of lessons that will allow them to answer these
questions and build upon this information each lesson after (Lo et al., 2014). Storylines should be
used by teachers and students to guide learning over time to answer questions about the given
phenomena. Storylines are a way to engage students by answering their questions and developing

ideas about their current views (NextGen Science Storylines Teacher Handbook, 2019)

Theoretical Framework

One of the goals of this curriculum is to enable students to make connections between old
and new knowledge and to use those connections in the science classroom to increase learning.
For this reason, the theoretical framework of this study will focus on a constructivist view. The
constructivist theory can take many forms in the classroom, but no matter the form, student are
asked to build new knowledge on information they already possesses. Students use this
knowledge and the interactions they have with new information to build new meaning and
understanding (Richardson, 2005). An article by Bodner (1986) makes the connections that
teaching and learning are not one in the same. We can teach children and do a great job at it, but
many students may walk away with little new knowledge on the topic. In order for students to
create new knowledge and keep it, learners need multiple opportunities to interact with it. These
different opportunities should be diverse and allow students to fit this information into the
complicated way they see reality in their minds. The constructivist theory asks teachers to not

directly teach but to become facilitators of learning (Bodner, 1986).

The constructivist theory is relevant to this project because of the actions and connections

| am asking students to make. Through the use of graphic organizer, students will be building
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and creating new schema in their minds. The job of the graphic organizer is to help students
make connections between what they already know and what the text is saying. Graphic

organizers will sever as a way for the students to organize and merge old and new ideas.

Another connection to the Constructivist Theory in this study is its connection to APL.
APL transforms scientific literature into an appropriate language for the learner. This relates to
the Constructivist Theories idea of the Zone of Proximal Development (ZPD). The ZDP is a
level of learning individual to each student. It is the area where a student can take new
information, and accommodate and assimilate that information into their existing schema of
knowledge (Nyikos & Hashimoto, 1997). By transforming the scientific literature into grade
level appropriate material, APL and the use of graphic organizers enables students to assimilate
real scientific studies into their current levels of understanding; this is the whole idea of the

constructivist theory.

The final connection | will make to the Constructivist Theory and this project is the use
of the Next Generation Science Standards (NGSS) SEPs. The eight SEPs are the same in all
grades. However, the elements within each SEP grow in depth from year to year (National
Research Council, 2012). By creating standards like this, NGSS has better enabled teachers to
create lessons within the ZDP of their students. Engaging students at the appropriate cognitive
level will improve their learning and understanding of science (Osborne, 2014). Another benefit
of meeting students’ at their cognitive level is the increased ability to analyze data appropriately.
Using data and literature that challenges a student’s cognitive ideas gives them the opportunity to
be critical thinkers. This will help them to answer questions like how scientists know information

about science and how they can be certain it’s it is true (Osborne, 2014).



Using Adapted Primary Science Literature to Enhance Argumentation and Reasoning 28

Chapter 3

Overview of Writing Adapted Primary Literature (APL)

Choosing an Article

When turning Primary Scientific Literature into APL it is important to keep the original
structure of the writing (Yarden et al., 2015). As a teacher is writing, each article should be adapted
to fit the needs and ability levels of the students being served; tailoring the rewritten article for the
individual classroom (Koomen et al., 2016). When writing APL, there are several steps to take and
a lot of information to keep in mind. The first step is selecting an article, which is by far the longest
and most critical part of the APL development process. It is important to choose Primary Scientific
Literature and the article should have the following qualities: be argumentative in nature, include
evidence and reasoning to support a conclusion, have an organized structure, and present science
as uncertain (Yarden et al., 2015b). Once an article has met these criteria it should be further
examined on its content. The APL creator will want to determine if these seven criteria are met

with the chosen article:

- Complements relevant curriculum

- Aids in your instructional sequence

- Establishes the credibility of the source

- The material can be matched to aid students in the use of their prior knowledge

- The research approach is simple to follow

- Visuals of some kind are present, can be found or developed to aid in understanding

- The content will engage students (Yarden et al., 2015).
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If these criteria are present or can be achieved the selected article is a good candidate to be turned
into APL. Once the article has been selected the rewriting can begin. When writing an APL article
each of the following components must be addressed: Title, Introduction, Methods, Results, and
Discussion. Before | could begin choosing articles for my APL articles I identified the standard |

would be addressing through their use. The standards I identified was:

MS-ESS2-3: Analyze and interpret data on the distribution of fossils and rocks,
continental shapes, and seafloor structures to provide evidence of the past plate motions

(NGSS Lead States, 2013).

When beginning to look for PSL articles to help meet this standard, | first took into
consideration the evidence I already knew existed about how the earth is moving and changing.
From there, | choose topics I thought would engage students in argumentation and would require
use of reasoning skills, both of which are necessary when choosing an APL article. Once I had
chosen my topics, | began to look for articles with these qualities that also fit the curriculum, had
simple research approaches, appropriate visuals, and could be modified to fit student’s prior
knowledge. The following is how two of those articles were adapted to best fit the needs of the
students being served. Each section begins with general information about how to best adapt
each section of a PSL article to an APL article and how those changes help students better
understand what they are reading about and make connections to the material. Then an example

is given from too different APL articles to illustrate how this process was followed.

Title
In a scientific paper the title holds one of the most important jobs; catching the readers’

attention. The title should provide appropriate information so the reader can decide whether or
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not they would be interested in reading the article (Koomen et al., 2016). However, in PSL the
title can often contain terms unfamiliar to students. When that is the case, the title should be
modified to eliminate or replace unfamiliar terms with more student friendly vocabulary (Yarden
et al., 2015). This allows the title to be more user friendly, but still shares the main points of the

article, as the original authors intended.

Adapting the Primary Literature Title for the APL article Mesosaurus Article.
Because of the professional language of the title, it was in the best interest of the intended APL
reader to modify it. When modifying a title for an APL article it is important to try and keep the
essence of what the title is conveying, while eliminating any confusing or technical terms
(Yarden et al., 2015). When looking at the title it seemed most important to keep the information
that related to what the study was trying to answer. This meant keeping the name of the reptile

and information about the data being collected about it.

Figure 1
Comparison of Title Section of PSL and APL Mesosaurus Article
Original Title Modified Title
Optimal swimming speed estimates in the Swimming speed estimates for the
Early Permian mesosaurid Mesosaurus Mesosaurus.
tenuidens (Gervais 1865) from Uruguay
(Villamil et al., 2016)

Adapting Primary Literature Title for the Rock Comparison Article. When adapting
the article Test of Continental Drift by Comparison of Radiometric Ages (Hurley et al., 1967), the
modification of the title was a bit different than the other articles. Throughout the Exploring the
Earth’s Surface unit students are using these articles as evidence to determine whether continental
drift or plate tectonics is the better model for explaining why the continents moved. Because the

title for this particular paper implies one of these models as being correct, when changing the title,
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the words “continental drift” were omitted. This was done as to not give an additional hint to the
students about how this evidence supports their ideas. Instead, using the information from the
article students formed their own ideas about how this data relates to both continental drift and

plate tectonics.

Figure 2
Comparison of Title Section of PSL and APL Rock Comparison Article
Original Article APL Article
“Test of Continental Drift by Comparison of | “Comparison of Rock Samples on South
Radiometric Ages (Hurley et al., 1967).” American and Africa Show Similarities.”

Introduction

Introductions in traditional PSL articles are responsible for reviewing the previous
research on the topic written about (Koomen et al., 2016), providing reasoning for why the
article is being written (Yarden et al., 2015), and stating the questions the researchers are trying
to answer through their work (Koomen et al., 2016; Yarden et al., 2015). These features are
important to keep in an APL article as long as the content can be explained in a way that matches
student’s prior knowledge and reading level. If the introduction cannot be modified from its
original text to make sense to students, information should be added that gives students the basic

background knowledge needed to understand the material (Yarden et al., 2015).

Adapting Introduction Section for the Mesosaurus Article. When adapting the
introduction section of Optimal Swimming Speed Estimates in the Early Permian Mesosaurid
Mesosaurus Tenuidens (Gervais 1865) from Uruguay (Villamil et al., 2016), much of the
information was omitted or scaled down to very basic terms and ideas. This is because the students
who will be using this information do not have the prior knowledge to understand these concepts

and by including this information, students could get lost in the unfamiliar terms and ideas (Yarden
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etal., 2015). Instead, the focus is on the prior knowledge of the animal of study and what is already

known about it.

Figure 3
Comparison of the Introduction Section of PSL and APL Mesosaurus Article

Original Article APL Article
“These vertebrates are characterised by their | “Mesosaurus are the oldest known fully
elongated skulls, numerous long and slender | aquatic reptiles. They are characterized by
teeth, paddle-like limbs and greatly thickened | long skulls, long and slender teeth, paddle
(pachyostotic) trunk ribs (Villamil et al., like limbs, and a very thick abdominal
2016).” region.”
“In this article, we use a biomechanical model | “The following research focused on the
developed by Motani (2002) to estimate, for | question of: How fast and how far can the
the first time, the optimal swimming speed in | Mesosaurus swim?”’
the Early Permian mesosaurid Mesosaurus
tenuidens (Villamil et al., 2016).”

Adapting the Introduction Section for the Rock Comparison Article. Much like the
first article, the introduction was reduced to information that was needed to understand the research
important to the students. Information about where the rocks were tested, what about them were
being tested, and that the testing took place to determine age were mentioned. This information is
important for students because it explains why the research is being done and that multiple

scientists and universities are taking part in the research, however some wording was simplified.

Figure 4
Comparison of the Introduction Section of PSL and APL Rock Comparison Article
Original Article APL Article
“A collaborative program of radiometric age | “Scientists at the University of San Paulo and
determination has been started between the Massachusetts Institute of Technology

geochronology laboratories at the University | (MIT) worked together to analyze rock
of San Paulo and the Massachusetts Institute | samples from the continents of South
of Technology (Hurley et al., 1967).” America and Africa.”
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Methods

In a scientific article the methods section has the job of providing detail about the
experiment and how it was preformed (Koomen et al., 2016; Yarden et al., 2015). However,
when writing APL articles this type of detail is typically omitted. Instead, the main ideas of the
methods are used to help the reader understand how the experiment was performed. Unlike in
PSL, often times a graphic may accompany the methods sections (Yarden et al., 2015). This
graphic should help students better understand how the experiment is preformed or help explain
an unfamiliar part of the experiment. If there is no graphic, which is usually the case in PSL
articles, a suitable one should be found or created to accompany the methods section. This
graphic should help add meaning to what you are describing in your methods section or should

explain parts of the methods of the experiment in greater detail.

Adapting Methods Section for the Mesosaurus Article. In the Villamil et al. article, the
methods section gave great detail and description about the mathematical formulas used, as well
as the computer program that generated the model. Although these are both important things to
understand took place during the experiment, the formulas and detailed computer information were
omitted from the APL because this information was not essential to student understanding. The
methods section was thus considerably shortened for the APL article to include a short overview
of the experiment. The resulting APL methods briefly section explains how scientists came up
with the computer models and what they used to do so, then states that a mathematical formula

was used along with this computer model to determine the animals speed.
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Figure 5

Comparison of Methods Section of PSL and APL Mesosaurus Article

Original Article

APL Article

“To calculate the optimal swimming speed,
we had first to estimate body mass and
surface by generating a skeletal reconstruction
using several articulated and almost complete
mesosaur skeletons, some of which preserve
the approximate surface of the soft tissues
(see Figure 1 and SOM). We also used very
well-preserved isolated bones belonging to
individuals at various inferred ontogenetic
stages (Villamil et al., 2016).”

“In order to calculate the speed of this extinct
animal, some completed Mesosaurus fossils
were used. These fossils were so well
preserved that even some of the soft tissue,
like muscle and skin could be seen. Using
these fossils, along with the weight and
dimensions of other fossils found in the South
American area, a fairly accurate computer
model could be generated.”

Adapting Methods Section for the Rock Comparison Article. Originally, this article did

not have a methods section. The information found here was part of the introduction section in the

PSL. For the APL article, this information was made into its own section to place an emphasis on

how the research was completed. When this information was included with the introduction, it

seemed to lose some of its importance and did not stand out. As its own section, students are

looking at a smaller amount of information, allowing them to make more sense of what they are

reading and to see the importance of the process of the research that was completed.

Figure 6

Created Methods Section from Rock Comparison Article

Methods

similar ages and chemical composition.

All basement rock samples were collected and tested for the same elements, to provide information about
their similarities. Tests were carried out in San Paulo and at MIT. Rock samples were collected, tested,
and plotted on a map in order to determine the age and location compared to other samples collected.
Regions of each continent were picked because they would be directly across from each other if the
continents were to fit together. Rocks that were found in these spots were tested and found to have
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Figure 7
APL Article Swimming Speed Estimates for the Mesosaurus

Swimming speed estimates for the Mesosaurus

Introduction:

Mesosaurus are the oldest known fully aguatic reptiles. They are characterized by long skulls,
long and slender teeth, paddle like limbs, and a very thick abdominal region. Research has
recorded information about their swimming habits, how the species reproduces, and what they
eat. However, little is kmown about how fast they
swim_ The following research focused on the
guestion of. How fast and how far can the
Mesosaurus swim?

Method:

In order to calculate the speed of this extinct
animal. some completed Mesosaurus fossils were
used. These fossils were so well preserved that
even some of the soft lissue, like muscle and skin
could be seen. Using these fossils, along with the
weight and dimenzions of other fossils found in the
South American area, a fairly accurate computer
model could be generated. Once this model was created, complex math fermulas were used to
determing how fast the Mosasaurs could move.

Results:

The computer
models showed that
the Mesosaurus
could swim short distances for 1.5 - 1.86 meters per second. Compared to other extinct repliles
the Mosasaur is a relatively slow swimmer.

Discussion:

The Mesosaurus had less time to adapt (change over time) and this could have been some of
the reason for its slow swimming abilities. Because these animals could not swim very fast,
scientists can assume that they could also not swim very far in one swimming session. More
evidence to support their ideas is the shape of the animal's body. The way their skeleton is
designed restricts their movement and makes their bodies rather stifi. This could be another
cause for their slower movements (Villamil et al, 2018)

Willamil, J., Demarco, P M., Maneghsl, M., 5 . E., Jones, W, Rinderknecht, A, Laurin, M., & Fifi

Historical Biology, 25(T), 963-571. mpsuidol ong/10. 1080008817963.2015.1073018

Adapting or Adding Pictures and Graphics. Once Swimming Speed Estimates for the
Mesosaurus was written, visuals were added to help enhance student’s interaction with the article.
The goal of the pictures in this APL article was to give students an idea of what the fossils of the
Mesosaurus looked like, as well as the computer-generated model that was used in the methods
section. These pictures were part of the original PSL article. By including these pictures students
can connect what they are reading to the parts of the scientific information that was used to perform

the experiment.

Results
Koomen, Weaver, Blair, and Oberhauser (2016 pg. 873) state, “The results give you a
blow-by-blow description of what the authors found, with the details and statistics that allow

them to make a claim.” The results may have graphs with captions that explain them and labels
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that are clear, so the graph can be easily identified. The results section of the PSL may also
include findings that are not critical to understanding the main topic and/or that require students
to have additional prior knowledge in order to understand. This information would be omitted in
APL (Yarden et al., 2015). In the APL article the results that answer the research questions are
present, as well as any pictures, diagrams or charts that can help better explain the results.

Information and data unrelated to the research question, as omitted from the APL.

Adapting the Results Section for the Mesosaurus Article. When rewriting the results
section for an APL article it is important to omit findings that are not relevant to your students
learning (Yarden et al., 2015). This will help cut out distractions for what you want students to
know once they have finished the articles. In the process of adapting the result section about
Mesosaurus swimming speed, information about water salinity appearing in the PSL was omitted,
because it did not pertain to the information students needed to know to successfully understand
the information. The rest of the results were simply reworded to make the article more accessible

to a younger audience.
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Figure 8
Comparison of Results Section of PSL and APL Mesosaurus Article
Original Article APL Article
“The optimal swimming speed estimated “The computer models showed that the
ranges from 0.15 to 0.86 m/s under both Mosasaur could swim short distances for 1.5 -
normal salinity (5% salinity, p = 1020 kg/ m3 | 1.86 meters per second. Compared to other
) and hypersaline conditions (39% salinity, extinct reptiles, the Mesosaurus is a relatively

p = 1278 kg/m3), considering A values from | slow swimmer.”
0.2 to 2.8 (Table 1). The interval of potential
salinity conditions likely covers the range of
values that plausibly occurred in the
environment of Mesosaurus tenuidens (see
Pifieiro, Ramos, Goso, Scarabino, and Laurin,
2012). Comparison with swimming speed
estimates for other extinct reptiles and
measured for extant aquatic reptiles shows
that mesosaurs were relatively slow
swimmers (Villamil et al., 2016).”

Adapting the Data Collection Section for the Rock Comparison Article. Unlike the
previous article, the data collected in Tests of Continental Drift by Comparison of Radiometric
Ages, was presented in the PSL article in the map that can be found in Figure 9. Because this map
had information that was not important to the students learning, it was recreated and presented as
shown in Figure 10. The recreated map shows the same data points that are in Figure 9, taking into
account the location of the data, as well as the age of the samples collected. The new map leaves
off lines and graphing squares that can distract students from the information that needs to be the
focus. The newly created map in Figure 9 also has labeled continents, which was missing from the

original map.

As part of NGSSs’ Science and Engineering Practices, students are asked to analyze and
interpret data (NGSS Lead States, 2013). So, using the data that scientists used from the PSL
article and the chart that was given in Figure Ten, students were asked to interpret this data and

draw conclusions based on what they noticed. Once students had analyzed the APL data and
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discussed their ideas with their peers, the class moved on to read the conclusion of the APL

article.
Figure 9
Original Map from PSL Rock Comparison Article
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Figure 10

Modified Map Use in APL Rock Comparison Article and Data Table for Students
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Discussion and Conclusions

In traditional PSL articles the discussion and/or conclusion section gives the reader a
complete picture of what happened in the study. This section explains the results and refers back
to information in the introduction to help readers make a better connection (Koomen et al., 2016;
Yarden et al., 2015). In an APL article this information is typically accompanied by additional
information to help students connect material to their prior knowledge of the topic, much like the

introduction (Yarden et al., 2015).

Adapting the Discussion Section for the Mesosaurus Article. While writing the

discussion section for the Mesosaurus article (Villamil et al., 2016), there was no need to include
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information about the math behind the experiment because it had been omitted in the previous
sections of the PSL. Instead, focus was placed on the speed of the Mesosaurus and how that data
connects to the distance it could swim at one time. This focus was important because this evidence
was intended to help students make a connection that the fossils found on both continents could
not have been present as the result of the Mesosaurus swimming across the ocean. It could only be
explained by the continents, at one point, being next to each other. That explanation is the most

logical explanation for why the fossils are found in both places.

Figure 11
Comparison of Discussion Section of PSL and APL Mesosaurus Article
Original Article APL Article
“Mesosaurids presumably had much less “The Mesosaurus had less time to adapt

evolutionary time to adapt to the aquatic
environment than Mesozoic aquatic reptiles,
which may also explain the relatively low
inferred swimming speeds. Some Mesozoic
marine reptiles show conspicuous

(change over time) and this could have been
some of the reason for its slow swimming
abilities. Because these animals could not
swim very fast, scientists can assume that
they could also not swim very far in one

morphological adaptations for fast aquatic
locomotion (e.g. most ichthyosaurs), which
are not present in Mesosaurus(Villamil et al.,
2016).”

swimming session.”

Adapting the Conclusion Section for the Rock Comparison Article. Much like the
introduction section, there are several areas of the conclusion that were omitted from the APL
because the information presented in the PSL was not relevant to the content that was important
for students. The conclusion in the PSL article laid out the authors thinking in a numbered list.
Based on what was included in the PSL article most of these bullets were not of importance,
therefore this bulleted list format was not followed in developing the APL. Instead, the information
was summarized into several sentences much like the discussion section from the other APL
articles. However, an additional change was made to the conclusion. Hurley et.al. (1967) state,

“The evidence reported here supports the hypothesis of continental drift.” Because this directly
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tells students what theory scientists were supporting at this time, the statement was omitted from

the conclusion, so students could use this evidence to draw and support their own conclusion and

not have them given to them by the articles.

Figure 12
Comparison of Discussion Section of PSL and APL Rock Comparison Article

Original Article

APL Article

1)

2)

3)

4)

5)

The Distribution of age values obtained by
potassium- argon determinations and whole-
rock rubidium-strontium determinations
appears to be almost identical for West
African rocks of the pervasive Eburnean
Orogenic Cycle and basement rocks at the
opposite locations in South America.

There is also a close correlation with respect
to potassium argon age determinations on
total-rock samples, and the extent to which
these two sets of values differ, between
rocks of the Pan- African Orogenic Cycle in
Brazil, where these two groups of rocks lie
opposite each other in the two continents.
When Africa and South America are “fitted
together,” the sharply defined boundary
between Eburnea and the Pan-African age
provinces in West Africa strikes directly
toward the corresponding age boundary in
northeast Brazil.

The transition from the 550 million- year
Pan African age province to the 2000
million- year age province in the Congo
Craton in Cameroun- Gabon is matched in
the rocks near the corresponding part of the
east coast of Brazil. However, the
geological and age data are insufficient to
do more then suggest the possibility of
another age- boundary correlation here.

The evidence reported here supports the
hypothesis of continental drift (Hurley et al.,
1967).

Through data collection it is evident that
the same aged rocks appear to be
identical on both continents and in
locations that would match up if the
continents were together. This evidence
supports the idea that the two continents
used to be connected.
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Summary of the Adapted Process

Figure 13 provides a summary of how to change each part of PSL into APL. Each section
of the PSL is described and how it should be changed for APL is also mentioned. When
changing a PSL article to APL it is important to remember that creating these articles should be
specific to the students being taught. When modifying each section, specifically the introduction,
methods, and discussion/conclusion keep in mind the prior knowledge of the students. It is
important to include information in these sections that help students build knowledge of the topic
and scaffold students to help them understand the information that is being presented in the
article. This can also be done by adding, modifying, or creating images and graphics to give

students visuals of what the article is explaining.
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Figure 13

Adapting Primary Scientific Literature Summary Table

Article Section

Primary Literature Format

APL Format

Title

Includes professional
language not known to
students

Should be slightly modified
to eliminate professional
language, but keep original
essence

Introduction

Attracts readers and moves

from general ideas to more

specific (questions and/ or
hypothesis)

Rewritten to build on
knowledge of students.
Should include any
information not in students’
schema alreadly.

Methods

Gives details about
methodology, materials,
subjects and procedures used

The methods of the
experiment are described
while the rest is omitted

Graphics and Images

Images may not be present or
may be too complicated for
student understanding.

Change, create, or explain
images to better help students
understand methods and
experiment.

Results

Described findings

Is kept in adapted article
ONLY if results are
important to student work.

Discussion/Conclusion

Gives meaning to results

Meaning of results is put into
student friendly language that
matches their prior
knowledge.

(Yarden et al., 2015)

42
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NGSS Storylines Incorporating Adapted Primary Literature

Figure 14
Graphic Organizer Used by Students to Keep Track of Evidence
Connecting Words:
Support: The evidence provides some grounds for thinking the model is accurate.

Irrelevant: The evidence provides no grounds for thinking the model is accurate or inaccurate.
Contradict: The evidence provides some grounds for thinking the model is inaccurate.

Evidence Goodness Rating Shrinking Earth Continental Drift

1. GRACE Satellites

Evidence Quality i . o . .
Quality Support / Irrelevant / Contradict Support / Irrelevant/ Contradict

Bad 0 1 2 3 4 5 Good

2. Mountain Ranges

Evidence Quality . .
Q i Support / Irrelevant / Contradict Support / Irrelevant/ Contradict

Bad 0 1 2 3 4 5 Good

3. Radioactive Heating

Evidence Quality i . L . . .
Q . Support / Irrelevant / Contradict Support / Irrelevant/ Contradict

Bad 0 1 2 3 4 5 Good

4. Earth Thoughts Blog

Evidence Quality
Quality Support / Irrelevant / Contradict Support / Irrelevant / Contradict

Bad 0 1 2 3 4 5 Good

(Rinehart et al., 2014)

In order to help ensure that teachers are incorporating three dimensions of the NGSS into
each lesson that is presented, NGSS came up with the idea of lesson storylines (Nordine et al.,
2019; What Are Storylines?, n.d.). The purpose of the storyline is to use student driven questions
to evaluate a phenomenon and to help students come up with answers to a question or a problem
(NextGen Science Storylines Teacher Handbook, 2019; Nordine et al., 2019). Storylines can be
written in a variety of ways, but their focus is to ensure that each lesson is focusing on answering
a question related to the phenomena, using crosscutting concepts and disciplinary core ideas in
the process.

These storylines were created to incorporate the written APL articles into three-
dimensional learning. Exploring Earth’s Surface unit focuses on three scientific models about

how the earth has changed through time. The models are shrinking earth, continental drift, and
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plate tectonics. Students will be introduced to these three models and will use the APL articles,
along with other activities in the unit, to determine which model is accurate. As students
complete each activity and read each APL article, they will fill out a graphic organizer. This
organizer helps students make connections between the activities they are completing and the
models they are analyzing. At two points during the unit students will write an argument
choosing which model they most support. They will use the evidence from the activities and the
APL articles to support their claim. Writing this argument is their summative assessment, as it
allows students to demonstrate mastery of the content through application of the information
they have gathered and asks them to use that evidence in argumentation.

Phenomena. When creating a storyline, a unit phenomena is chosen to work towards
understanding throughout the lessons. | chose a phenomenon about fossils of Mesosaurus being
found on the continents of both Africa and South America. | chose this as my unit phenomena for
two reasons. First, students are interested in extinct species, especially dinosaurs, so | knew it
would hold their interest. Secondly, I chose this phenomenon, because it related to one of the APL
articles that the students would be reading. This would allow them to make connections and draw
conclusions directly about our unit phenomena and engage them in understanding how the fossils

of the Mesosaurus got to be an ocean apart from one another.

Lesson Sequence. The lessons and activities for this unit are sequenced in a way to help
students use all evidence to help prove which model of thinking is most correct. Students will
begin by comparing the models of continental drift and shrinking earth. The next lessons focus on
students reading APL articles. They then engage in discussion and argumentation in small groups
over the ideas and evidence from these articles. This process is designed to present students with

information from which they eventually choose the correct model. Students will then write their
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first argument about which model they think is correct, using evidence from the activities and APL
articles they have read. After the first argument has been written a whole class discussion follows
about the evidence and it is revealed which is the most correct model and why. This is done because
for the second part of the unit students will be comparing the models for continental drift and plate
tectonics, so to move on and be successful, students need to know why continental drift is more
correct when compared to the shrinking earth model. After the first argument the lessons follow a

similar pattern but are now comparing plate tectonics and continental drift.

Figure 15-17 show the storyline for the unit Exploring Earth’s Surface. Each lesson
shows the lesson level question, the SEPs and CCCs, and what the students should leave the
lesson being able to explain or do. The activity description shows the DCIs in blue and the CCCs

in pink. By labeling these in the lesson description it ensures that they are included in all lessons.

The order of the lessons and information is planned so that students are introduced to two
models. Then, students are given APL articles, demonstrations, or activities that act as evidence
about each model and are asked to decide if the evidence supports, is irrelevant, or refutes each
of the models. After the evidence is presented students were asked to write an argument about
which model they most support and why. After the argument was written, students were involved
in a class discussion where the evidence was discussed, and the correct model was identified.
Students then went through a similar set of lessons comparing the final two models before

writing a final argument.
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Figure 15
Exploring the Earth’s Surface Storyline Number One
[ Name: Betsy Lomus

| Topic: Earth Science- Plate Tectoeics [ Losson o Ut Pranomens:

904 0 far apart? e i St of & e oot
Grade Level: 6 o ton S eret Corararey
- - Activity Description w/ inclusion Y
o [ |, [*=S55 522 | [ mawtuesos
~ o C -2
\/ v
szl Students anatyze and interpret 2 ("Students will be able to
H Are the continents moving? | === | models looking for patierns and | e | @xplain what the model of
reasoning for how simiar fossils shrinking earth and
ended up on different sides of continental drift and compare
the ocean \ _and contrast them
~
How are continents g ouin. - e Students will have created a

model explaining the patlerns seen
of plants and animals of the same | ==
spocies on dilerent contents and

hypothesis 10 explain their
moving (day 2)?

_s

sea Mo on top of mountains .
| Students analyze and (" There have been several )
! | interpret data of different = 2 :‘L ;‘&“ﬂ‘m&m
Which models
| ety @ e | models using APL to collect move. The idea of continental
evidence to determine drift i currently the best model
patiems of how the continents K
3 '} move. ( : \
! Is continental dnft the real Students analyze and Students will be able to
1 deal? interpret models about the compare and contrast
=P | changing earth coliecting =P | continental drift and
N R A _Plate tectonics. )
pattormns botween
models.
Note: SEP = Science and Engineering Practices CCC = Crosscutting Concepts
NGSSF through this Storyine MS-ESS2-3. Analyze and inforpeot data on the distribution of fossds and
rocks, continental shapes, and seafloor structures to provide evidence of the past plate motions.
Figure 16
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Figure 17
Exploring the Earth’s Surface Storyline Number Three
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Chapter 4

Reflection

Overall, I found this APL based unit to be very successful in my classroom. Success for
students during this project was seen in the form of increased engagement, students successfully
using evidence in argumentation, and each student building new knowledge around the ideas of
Plate Tectonics. First, students took an interest in the articles they were reading. The content was
interesting to them and this led to interesting conversations between them about the evidence
they were reading about. It was great to see engagement from all students and to hear ideas and
comments from all students. After reading the APL article, “Comparison of Rock Samples on
South American and Africa Show Similarities” students said things like, “Rocks can’t just move
that far part on their own.” Another APL article student’s read disproved the idea of continental
drift, by disproving how the continents are moving. After reading the article, students were so
curious about how people could believe such a thing, and would say things like, “How could
they even collect evidence to show that this idea is true.” It was on the students minds for days

and the article was brough up in conversations and in students written arguments often.

Next, | saw much better arguments from students. By “better” I mean students were using
information they had collected from the articles and although not always accurate | saw
improvement in their ability to use reasoning to connect their claim of which model is correct to
their evidence. For example, when talking about the swimming speed estimates for the
Mesosaurus APL article some of the students decided the evidence presented in the article
supported both models. In previous conversations the students would not state why this is true,

but during this conversation | would hear things from groups like, “It shows that the continents
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must have been next to each other because the dinosaur cannot swim across the ocean.” Other
students would say this and then also add, “but this evidence doesn’t rule a model out because it

doesn’t tell us anything about how the continents moved.”

Last, in conversations with students and through listening to their table conversations, it
was evident that they had learned and understood the differences between the three models used
in this series of lessons. Students were also able to use evidence to articulate why Plate Tectonics
was the better model. Students would identify that the way the Continental Drift model explains
how the continents moved was incorrect as evidence to support their claims. Students who chose
the incorrect model were most commonly focused on the current evidence and did not refer back
to evidence collected earlier in the unit. Other students had decided that the evidence presented
to them did not support a model, when in fact it did. Even with explanation of material and
demonstrations of the methods of the articles, some of these students would not change their

minds.

While | did not measure the effects of the different components of this unit on student
learning, | attribute all of these growths to the use of APL. Creating and using these articles
made the material more interesting, accessible, and relevant to students. The APL articles gave
students access to evidence that was presented in a compelling, understandable fashion. This
increased student engagement in the lessons and helped them to achieve and better understand

what they were learning about.

Project Revisions
Although engagement was high during the Exploring the Earth’s Surface unit, there are

several areas of weakness that need to be improved upon. Shortcomings of this unit include a
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lack of hands on activities and the length of the unit. First, throughout the unit students
completed only two hands on activities and labs. Although these two activities help to solidify
ideas students later read about in the APL readings, students could have benefited from more
activities like this. Having some sort of hands on activity or demonstration to accompany the
articles could help students better understand what they are reading and help them to better
identify how the APL evidence related to the models they are choosing from. Along with helping
students better understand the relationships between evidence and models having something to
physically do could help with focus. This could help with the restlessness of the students in the
last few days of the unit. Classes, while interested in the material, where wanting more hands-on

activities during their lessons.

Secondly, this unit ended up taking a bit longer to complete then I anticipated. I attribute
this to several things. First, it was the first time this unit was taught at our school, so we were
unsure how long it would take students to complete certain activities. In addition, the arguments
students wrote throughout the unit continued to improve as they gained experience, but that also
meant it took them a lot of time to write their arguments. This wasn’t something we had planned
for and ended up adding two additional days to our unit time. Last, the amount of reading we had
students complete and discuss was quite intensive. When planning revisions, it would be
interesting to try and complete the unit taking out two or three pieces of evidence. This would
help narrow the information students had to work with, but it would also shorten the unit by a
day or more. Another option would be to replace one of the APL articles with a hands-on lab. |
think that this change in the unit would help bolster engagement as the unit progresses and it
would benefit students who learn better by manipulation then by reading and discussing. As |

will talk about in Professional Growth, | want to continue to use APL in all units that make up
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my school year. So, by replacing one APL article in this unit, students will still have the

opportunity to bolster their skills to use evidence to support their arguments.

Professional Growth and Future Direction

Through this project, | have learned so much about how students learn through reading,
the gaps that are present when reading nonfiction texts, and the importance of scientific reading
in the learning and understanding of the scientific process. All of these things have impacted my
classroom and have shown me the importance of incorporating the use of nonfiction reading
strategies, like graphic organizers, to help students better understand and interact with new
scientific content. This knowledge and the creation of APL for my classroom has allowed me to
engage students in topics that may otherwise seem irrelevant to them. Also I continue to learn
and grow as a teacher as these are all strategies and ideas | will continue to use and build upon in
order to create scientific content that is relevant, engaging, and meets the needs of the diverse

group of students I serve.

As | continue to grow as a professional, | want to create more APL articles to fit other
areas of study in my science classroom. Using APL in my classroom will continue to challenge
me and my students to think and use scientific principles every day. Creating APL also helps me
as a teacher continue to learn about current and relevant scientific discoveries that can then be
used to help students learn about how science is still changing, and how new discoveries are
being made in all areas of the field. I want to show students that science is more than just
learning about things happened in history but is something that is relevant and is affecting our

world every day.
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ABSTRACT

Mesosaurid biology has been subject of continuous debate since the first description of Mesosaurus
tenuldens by Paul Gervals in 1867. Controversy surrounds thelr environmental and feeding proferences, Most
studies suggested that mesosaurids were marine reptiles and perhaps piscivorous pradators, Nonetheless,
recent work suggoests that thay inhabited a salty, eventually hypersaline shallow epicontinental sea and
that pygocephalomorph crustaceans were thelr preferred food item. Here, we present results of the
first blomechanical study about optimal swimming capabilities In Mesosaurus temuidens, which along
with the comparative analysis of the limb morphology support the hypothesis that these animals wore
slow swimmers living in shallow waters. The study is based on the revision of several almost complete
mesosaurid specimens and isolated, well-preserved bones housed in palacontological collections in
Uruguay, Brazil, France and Germany. We studied the relative size and proportions of the bones, as well as
their morphology and anatomical position to produce a three-dimensional reconstruction of the original
appearance of an undamaged, complete skeleton. Our results suggest a fairly low optimal swimming speed
for maesosaurids, which is consistent with capture of faifly slow pray like pygocephalomorphs, possitbly by
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filter-feeding, rather than by active pursult of fast proy.

Introduction

‘The Early Permian mesosaurids, which have a Gondwanan dis-
tribution, are the oldest known fully aquatic amniotes (Modesto
2006, Pineiro 2006; Canoville and Laurin 2000; Pineiro, Ferigolo,
Ramos, et al. 2012). These verlebrates are characterised by their
elongated skulls, numerous long and slender teeth, paddle-like
limbs and greatly thickened (pachyostotic) trunk ribs (Gervais
1865; MacGregor 1908; Oelofsen and Aratjo 1987, among oth-
ers). A recent study suggests that they inhabited hypersaline
water bodies where biodiversity was particularly low (Pifieiro,
Ramos, et al. 2012). The recent discovery of an isolated fossil
embryo and a pregnant female {Pifietro, Ferigolo, Meneghel, et al.
2012) suggests that mesosaurs were viviparous or ovoviviparous.
Studies of gastric contents and coprolites (Raimundo-Silva and
Ferigolo 2000; Pifieiro, Ramos, et al. 2012), along with exami-
nation of the tooth microstructure (Pretto et al. 2014), suggest
that mesosaurids ate mostly pygocephalomorph crustaceans.
Some authors have suggested that these early amniotes were
probably anguilliform swimmers (Braun and Reif 1985; Carroll
1985; Houssaye 2009, 2013); however, little Is known about their
swimming capabilities and prey capture strategies.

Swimming speed provides important information for under-
standing the behaviour of extinct taxa. Two important charac-
teristics of swimming speed are the critical swimming speed,
which is the maximum speed that can be sustained, and the opti-
mal swimming speed, which minimises the energy required to
move the body for a unit of length (Motani 2002), Despile the
importance of swimming speed Lo understand behaviour, studies
estimating swimming speeds among extinet vertebrates, and par-
ticularly reptiles, are scarce. Massare (1988) developed a method
that provides a rough estimate of swimming speed through
simple morphometric variables such as body width (without
limbs) and length, Although this model is useful, the calculation
errors made during the conceplion of Massare's (1988) inference
maodel (Motani 2002) and, to a lesser extent, some assumplions
and simplifications of body shape may lead to an overestima-
tion of the inferred speeds. Furthermore, the model estimates
critical swimming speed, bul that parameler also depends on
critical metabolic rate, which is difficult to ascertain for extinct
animals. The first quantitative inference models for metabolic
rate have been developed recently (e.g. Montes et al. 2007) and
Motani (2002) proposed several modifications that improved
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substantially the accuracy of Massare’s model. Firstly, Motani’s
model estimates optimal instead of critical swimming speed,
which can be calculated without previous knowledge about crit-
ical metabolic rate. However, Motani (2002) improved inference
of metabolic rates, through a double logarithmic plot with 95%
prediction bands, based on published data of reptile metabolic
rates. Also, he introduced a correcting factor to compensate for
errors in the estimated values of the model’s constants, but the
estimation of body mass and surface area was not calculated by
approximated geometric shapes, a problem that makes Massare’s
model fail to account for taxonomic differences in general body
shape, making comparisons between species unrealistic ( Motani
2002). Instead, Motani (2002) used Paleomass (Motani 2001), a
programme that allows the estimation of surface area and body
mass from orthogonal views.

Recently, numerous studies have focused in solving several
biomechanical aspects of swimming through computational sim-
ulations (Lauder 2010; Tytell et al. 2010; Bergmann and lollo
2011; Tokic and Yue 2012). However, due to the uncertainties
related to energetics and hydrodynamics of extinct animals, com-
putational simulations do not necessarily improve the accuracy
of estimates.

In this article, we use a biomechanical model developed by
Motani (2002) to estimate, for the first time, the optimal swim-
ming speed in the Early Permian mesosaurid Mesosaurus ten-
uidens (Gervais 1865). We also discuss the results provided by

(4715
Hia

comparative anatomical and physiological approaches based on
the study of almost complete mesosaur specimens and a recon-
structed 3D skeleton of a young adult individual.

Materials and methods

To calculate the optimal swimming speed, we had first to estimate
body mass and surface by generating a skeletal reconstruction
using several articulated and almost complete mesosaur skele-
tons, some of which preserve the approximate surface of the soft
tissues (see Figure 1 and SOM). We also used very well-preserved
isolated bones belonging to individuals at various inferred
ontogenetic stages. Reliable bone measurements and proportions
allowed the development of a fairly accurate three-dimensional
restoration of the skeleton using modelling clay. The specimens
studied are housed in palacontological collections of the Fac-
ultad de Ciencias, Montevideo, Uruguay (FC-DPV), Museu de
Ciéncias Naturais, Fundagio Zoobotanica do Rio Grande do Sul
(MCN-PV), Porto Alegre, Brazil, Instituto de Geociencias, sector
de Paleontologia of the Sdo Paulo University (GP-2E), Sio Paulo,
Brazil; Muséum National d'Histoire Naturelle (MNHN), Paris,
France, and from the Senckenberg Institute (SMF-R), Frankfurt,
Germany. The revision of these skeletons allowed knowing the
almost exact number of cervical (12 or 13), dorsal (21), sacral
(2) and caudal (60-65) vertebrae and the length of these verte-
bral segments, as well as the proportions of the head and neck
with respect to the dorsal segment and the total length of the

Figure 1, Best specimerns of Mesoraurus fermukiens used in thes study. (A) SMF-R 4712, () SMF-R 4524 part and counterpart; {C) FC-DPV 2314 2 juvende specimen from
the Early Permian Mangrullo Formation of Uruguay. (D) and (E) GP-2E 5767 and 5647, respectively, adult specimens from the Early Permian rati Formation of Brazil (F) A
Juvenile specimen from the Eardy Permian irati Formation of Brazil. Scale bars: A, 8, D, E: 20 man; C and F: 10 mm.
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Figure 2. Three-dimensional reconstruction of the skeleton of a young adult Mesosaurus tenwidens performed by Pablo Nufez. Anstomical advice from Graciela Pifieiro

and Melitts Meneghel

()
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Figure 3, A. Mesosaur theee-dimensionsl model used 1o calculate the swimming speed (A), Mesossur lateral and dorsal silhouettes obtained by drawing dieectly from
pictures of the reconstructed three-damensional skeleton that was measured to provide the moded (B)-(C)

skeleton, including the long tail. These data were useful to pro
duce the first known tridimensional skeletal reconstruction
of Mesosaurus tenuidens (a young adult) (Figure 2) based on
comparative anatomo-osteological studies of different meso
saurid specimens, along with silhouettes of the body (Figure 3)
that improved the accuracy of the measurements taken for
the calculation of surface arca and mass. Estimates of surface
arca and volume were calculated using the model proposed by
Motani (2001), where the body is represented by the sum of
super-elliptical sections (see Figure 3(A)). The equations given by
Motani (2001) were used, except for the perimeter equation,
where there is an exponent error. Instead of this equation, &
numerical approximation of the perimeter was used (see SOM
for the subroutine used and explanations about the error)

[he optimal swimming speed (U ) was calculated under the
application of the model developed by Motani (2002) as

Uge = (_

where ¢, represents the hydrodynamic efficiency of the swim
ming mode, considered as 0.51, which represents the mean of
the values proposed for axial undulatory swimming (Taylor 1952;
Gillis 1996, 1997; Tytell et al. 2010). £, is the acrobic efficiency of
the muscle, considered to be 0.20 following Massare (1988). Mb
is the basal metabolic rate, in Watts, It is estimated using equation

o

3, presented below. p is the water density; 4 is the general correc
tion factor of the cquation, mlcrpwlcd as the ratio between the
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active and passive drag (Hind and Gurney 1997). §is the surface
area of the body and C, is the drag coefficient, obtained from

€, =G [1+15W /L)Y + (W /L)| (2)

where W and L are the maximum diameter and length of the
specimen, respectively, and C, is the skin friction component
of the drag, considered here as an interval between 0.005 and
0.01 that represents a transition from a smooth-turbulent line
(C, = 0.005) to a fully rough one (C, =0.01) (Hoerner 1965).
M, (basal metabolic rate) is estimated as
M, = 0.140m"** . 10°7 (3)

where m is the mass and Pl is half the width of the prediction
interval for metabolic rate, which varies with the mass as
2185
Pl =0.430[l.0| 4 1.04 - 107*(log (m) + 0.585) ]

‘The inclusion of 4 in Equation (1) is subject to debate because of
the lack of theoretical support of this parameter (Motani 2005),
50 a more basic form of Equation (1) could be

£,E M, .
Yo ™ (os»sr-‘.) )

Therefore, different 4 values, and also Equation (1°), were used
in order to evaluate the effects of the use of 4 in the optimal

swimming speed estimates. For some of our estimates, 4 values
proposed by Motani (2002) for several Mesozoic marine reptiles
were used. We also calculated 4 by the ratio between active and
passive drag (Hind and Gurney 1997) following the equations for
active and passive drag proposed by Takagi et al. (1999). Finally,
U,mdﬂemunedunngiqumon(l ) (Table 1).

Results
The optimal swimming speed estimated ranges from 0.15 to
0.86 m/s under both normal salinity (5% salinity, p = 1020 kg/
m’) and hypersaline conditions (39% salinity, p = 1278 kg/m”),
considering 4 values from 0.2 to 2.8 (Table 1). The interval of
potential salinity conditions likely covers the range of values that
plausibly occurred in the environment of Mesosaurus tenuidens
(see Pificiro, Ramos, Goso, Scarabino, and Laurin, 2012).
Comparison with swimming speed estimates for other extinct
reptiles and measured for extant aquatic reptiles shows that
mesosaurs were relatively slow swimmers (Table 2).

Discussion

Except for £ = 0,20, the different values of 4 that were used here
seem not to affect dramatically the swimming speed
calculated in both normal and hypersalinity conditions { Table 1).
If 4 is a constant related with the swimming mode, as Hind and
Gumey (1997) suggested, the value of 0.20 indicated by Motani
(2002) for ichthyosaurs is probably unrealistic for Mesosaurus,
given the morphaological differences between these two taxa that

Table 1, Parameter vadues of Motani's (2002) model and optimal swimming speed estimates for the Mesosaurus tenuidens 30 reconstruction (see SOM for the specimens
used) considening several ) values and water density (p) for normad marine and hypersaline conditicns.

L (m) Sim’) Vim') m (kg) C, Pl M, (w) U, (mve) p (kg/m") A Source
0826 01015 000089 09065  (0.00512-001024) 04328  (00478-0.3505)  (0.21-Q51) 1020 1
(@.17-041) 19 Motani (2002)
10.22-055) 082  Motani (2002)
10.15-0.36) bT This study
10.36-0.88) 020  Motani (2002)
0826 01015 0.00089 1135 (000S12-001024) 04331 (00572-0.4200)  (0.21-0.51) 1278 1
10.17-0.41) 19 Motani 2002)
10.22-0.54) 082  Motani (2002)
10.15-0.36) Py This Study
10.35-0.86) 020  Motani (2002)

Notes: TL: total kength; 5: surface; V. volume; o mass; - drag coefficient; Pi prediction intervals for bl

rates; M

lic rate; U, g speed;
p: denmsity of the watesr; A correction factor, Vcimdﬂ:iVm €, Pland M, nhwchmmmmmmﬂuhmwnmm

*Lambda values calculated following the eq

Mxmwmaquwrmnuum

Table 2, Optimal swimming speed of extant and extingt (1) aquatic reptiles compiled from the Merature.

Taxon u s TANGE (mvs) v e verage {m/s) TL (m) Source
Ichthyosauriat

Stenopterygin 038-11) 0.65 [0A45-2.40) Motani| 2002}
Mosasauridee?

Plateconpus {0.26-0.55) 038 a0 Motani (2002
Plesiosauroideat

Plesiosourus {034-0.71) 0.49 104 Motani 2002}
Cryprochdus {0.35-0.70) 051 a0 Motani 2002}
Phosauroideat

Rhomateosawus {0.33-0.69) 048 i Motan| 2002)
Extant aguatic reptiles

Crocodyfus porotus {0.25-0.51) 04 0.36-098) Elsworth et al. (2003)
Amblyrhynchus crystatus 0.45* 045 097 Sartholomew et al. (1976)
Mesosauriat

Mesosaurus tenuidens 0.15-0.55)* 035 06 This study

Note: U_, opﬂﬂul wmmmgwﬂ. to'dlmwh
*Speed & from one
~u,, mmnmmonmuwmmham
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imply different swimming modes (Braun and Reif 1985; Car-
roll 1985; Massare 1988; Motani 2005). Therefore, considering
the values used by Motani (2002), it is more plausible that 4
ranged between 1.9 and 0.82, values that were suggested for less
efficient swimmers than ichthyosaurs, as mesosaurs probably
were, and particularly 4 = 1.9 is probably the most adequate
value, considering that is the one that Motani (2002) used for
axial undulatory (anguilliforms) swimmers. However, Schultz
and Webb (2002) suggested that drag of a self-propelled body
should be 3-5 times greater than the theoretical drag. If theo-
retical drag can be treated as a passive drag, this implies 4 values
markedly higher than those indicated by Motani (2002). In this
sense, the mesosaur’s specific 4 calculated from active and passive
drag (Takagi et al. 1999) (4 = 2.8) is the only value that reflects
the relationship between active and passive drag that has been
proposed by Schultz and Webb (2002), and therefore, it has a
stronger theoretical support than the other values proposed in
the literature. However, given that the equations proposed by
Takagi et al. (1999) were proposed for human swimmers and
these were not validated in other animals, this estimation of 4
should be considered tentative.

Considering both seawater and hypersaline density conditions,
and 4 values of 1.9 and 2.8, the optimal swimming speed from
0.15 10 0.41 m/s estimated for an adult (Total length = 0.826 m) of
Mesosaurus tenuidens is very close to the range of extant reptiles
performing anguilliform swimming,. Therefore, our results seem
to be congruent with the anguilliform mode of swimming previ-
ously suggested for mesosaurids (Braun and Reif 1985; Carroll
1985; Houssaye 2009, 2013). Comparisons with Mesozoic marine
reptiles (Table 2) show that the optimal swimming speed range
of Mesosaurus tenuidens is very close to that of Platecarpus, and
relatively lower than plesiosaurids and pliosaurids, but contrast
markedly with ichthyosaur speed. However, differences in size
between these taxa are evident and should be taken into account.

Taking into account the pachyosteosclerotic ribs and verte-
brae present in Mesosaurus (Houssaye 2009), the mass estimated
under hypersaline water density is probably more realistic than
that estimated under seawater density, inasmuch as our estimates
of mass are based on volume. However, this approach is valid
only if the water density remained sufficiently constant through
time for the additional density attributed to salinity to constitute
a selective pressure that drove bone histology to a fairly extreme
pachyosteosclerosis, If water density did not remain constant,
mass should be estimated independently from water density. In
this alternative scenario, changes in water density would have
affected only drag and we would expect a speed decrease in
hypersaline conditions. Moreover, Equation (1) is more sensi-
tive to changes in mass than changes in drag, because metabolic
rates vary potentially with mass (see Equation (3)). However, p
(density) atfects speed linearly and it is weakly related with the
drag coeflicient through Reynolds number. Therefore, it is possi-
ble that even considering an equal mass for both normal murine
und hypersaline conditions, Equation (1) fails to reflect the real
effects of water density on swimming speed. As we estimate met-
abolic rates through mass, and pachyosteoclerosis increases it,
metabolic rates inc according to the formula, However,
pachyosteosclerosis does not imply higher metabolic rates; on the
contrary, pachyosteosclerotic (or simply osteosclerotic) taxa are
typically slow swimmery, and hence, their metabolic rate should
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Figure 4. Anstomical
showing the suggested posture of the front- and hindimbs while swimming at its
optimal speed. Outline from flesh-in skeleton-based reconstruction performed by
PaleoArtist Roman Yevseyey foll ical advice by Graciela Pifiewo and
Melitta Meneghel

ton of M idens in its

9

not be especially high. Moreover, it must be noted that the mass,
volume and surface of the legs are not considered in the model
due the mathematical complexity that this involves, so the drag
that they produced is not included. During swimming, the limbs
are commonly positioned to the sides of the body; therefore,
their contribution to drag is probably low (Figure 4). The posi-
tion of the limbs suggested for mesosaurids during swimming is
anatomically plausible. It is also observed among extant aquatic
reptiles, such as marine iguanas, water monitors and crocodiles.

Recently, Toki¢ and Yue (2012) used an expression to estimate
the skin friction component of the drag (C) that shows a discrete
jump when transitioning from laminar to turbulent regime at
Re = 5.0x 10", The use of this expression at transitional Reyn-
olds numbers as we have for Mesosaurus teunuidens swimming
at the speed reported for marine iguanas would be inadequate.
Also, this equation yields only approximate results because C,
also depends on the texture of the skin (Burdak et al. 1986). How-
ever, the equations suggested in the literature for estimating skin
friction with roughness introduces additional parameters that
are unknown for mesosaur skin (see Hoerner 1965), increasing
even more the uncertainties linked with the model. Alternatively,
based on Hoerner (1965), we use a range of C, that represent a
transition from a smooth-turbulent line (C’ = 0.005) to a fully
rough one ((." = 0.01). The relation between (." and U.‘_ shows
that the effect of different skin friction coefficients on swimming
speed s relatively weak, so the Motani’s model (Motani 2002)
is not particularly sensitive to changes in the skin friction drag
(see SOM Figure 3).

Mesossurids presumably had much less evolutionary time
to adapt to the aquatic environment than Mesozoic aquatic rep-
tiles, which may also explain the relative low inferred swimming
speeds. Some Mesozoic marine reptiles show conspicuous mor-
phological adaptations for fast aquatic locomotion (e.g, most ich-
thyosaurs), which are not present in Mesosaurus. Even so, most
Mesozoic aquatic reptiles were probably not much faster than
Mesosaurus, Therefore, both morphology and the inferred speed
of Mesosaurus tenuidens suggest fairly low sustained swimming,
In addition, the anguilliform mode of swimming p
proposed for mesosaurids (Braun and Reif 1985; Carroll 1985,
Houssaye 2009, 2013) implies that maximal efficiency occurs at
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lower optimal swimming speeds than carangiform swimmers
(Tytell et al. 2010). The anguilliform mode of swimming char-
acterises most of the extant aquatic or semi-aquatic reptiles,
and it has been suggested for some crocodilians (e.g. Fish 1984;
but see Houssaye 2013), marine iguanas and water monitors in
which propulsion occurs through axial undulatory movements
that involve mostly the long and strong tail. Anguilliform swim-
ming has been interpreted as a low-efficient mode of swimming
(Fish 1984), but recently Tytell et al. (2010) have pointed out that
anguilliform swimmers are more efficient than carangiform ones
at low swimming speed.

Among undulatory swimmers, high optimal swimming speeds
are generally observed in carangiform swimmers, which unlike
anguilliform ones tend to minimise the motion in the anterior
part of the body (Tytell et al. 2010). Carangiform swimmers com-
monly present (a) deep, high aspect ratio tail, (b) narrow caudal
base, and a (c) streamlined, (d) deep body, with the maximum
depth situated about the middle of the body (Magnussen 1978;
Weihs and Webb 1983; Massare 1988). These morphological char-
acters are present in most ichthyosaurs, which were interpreted as
pursuit predators that reached (in the case of Stenopterygius, for
instance) an optimal swimming speed of 1.1 m/s, and were prob-
ably the fastest aquatic reptiles that ever existed (Massare 1988).
Even though an anguilliform mode of swimming (Braun and Reif
1985; Carroll 1985; Houssaye 2009, 2013) seems to be the best
option for small animals not fully adapted to the open marine
environments, the anatomical construction of the axial skeleton
of Mesosaurus tenuidens would have constrained lateral, undula-
tory movements of the body as dorsal vertebrae are firmly joined
to each other, lack intercentra and display almost horizontal zyga-
pophyses (Modesto 1996; personal observation), Having also a
well-developed pachyosteosclerotic ribcage and no differentiated
lumbar region, mesosaurs had a rather stiff trunk. Moreover, the
presence of accessory articulation structures (zyganthrum and
zygosphene) (Romer 1956; Carroll 1985; Pifieiro 2004) reduces
the allowed movement between vertebrae and increases the
stiffness, particularly of the dorsal region, which can be seen in
most of the articulated partial or complete skeletons preserved
(Modesto 1996; personal observation, see Figure 1), Therefore,
we assume that the tail provided most of the thrust and velocity
control involved in swimming, the waves starting in the pelvic
region and progressing to the tip of the somewhat compressed
tail. During swimming, the forelimbs were disposed along the
sides of the chest while the hind limbs were situated parallel to
the tail, in a horizontal plane or with the plantar surface towards
the tail in a streamlined position, It is also possible that the feet
may have occasionally contributed some propulsion. Steering
was accomplished cither with the webbed feet or by turning their
heads and necks sideways in a moderate curve or both, in addi-
tion to involving the tail. Thus, considering this axial structure,
which reduces substantially the axial movements of the anterior
part of the body, and the inferred participation of the tail as the
main propulsion organ, the mesosaur type of swimming shows
some differences from the basic anguilliform pattern and may
more properly be considered as sub-anguilliform.

Swimming speed constrains the mode of prey capture, The
low optimal swimming speed range observed in extant croco-
dylians, freshwater turtles and some teleosts, and the fact that

these taxa are ambush predators, suggest that slow swimmers
often adopt that predatory strategy (Hulse 1974; Pooley and
Gans 1976; Diana 1980; Schaller and Crawshaw 1982; Daven-
port et al. 1984 Fish 1984; Sidis and Gasith 1985; Pooley 1989;
Harper and Blake 1991; Elsworth et al. 2003). Plesiosaurids and
Mesozoic crocodyliforms were presumably ambush predators
because of their relatively low optimal swimming speeds, as
that of extant crocodylians (Fish 1984). However, mesosaurs
may not have been ambush predators because their prey were
slow (see below).

The presence of a high and long tail in mesosaurids and the
absence of extremely modified, fin-like appendicular elements,
as well as the low optimal swimming speed estimated and the
anguilliform (or sub-anguilliform) mode of swimming that has
been inferred for Mesosaurus, support the idea that this early
aquatic amniote would not have been a pursuit predator. Given
that mesosaurids seem to have eaten mostly small pygoceph-
alomorph crustaceans, they would needed have to swim fast
to catch their prey (Pifieiro, Ramos, et al. 2012; Ramos 2015)
(Figure 5). Here, we assume that pygocephalomorphs swam no
faster than extant crustaceans of similar body shape, namely
freshwater shrimps and marine peracarids. At body sizes sim-
ilar to those of the Mangrullo pygocephalomorphs most often
found in gastric contents and coprolites of Mesasaurus tenuidens
(3-20 mm total body length) (Ramos 2015), these taxa develop
maximum sustained swimming speeds of about 0.12 m/s (Cowles
and Childress 1988). The lateral orientation of mesosaurid teeth
(Pifciro, Ferigolo, Ramos, et al. 2012; Pretto et al. 2014) suggests
that they captured pygocephalomorphs, perhaps individually,
as argued by Modesto (2006), or by a filter-feeding mechanism,
possibly depending on the size of the prey (see Figure 5 for a
recreation of the trophic structure of the mesosaur commu-
nity), There are no extant analogues among aquatic reptiles, but
mesosaurid locomotion may be compared with that of Ambly-
rhynchus cristatus, a marine (coastal) squamate that does not
need to swim very fast because it is herbivorous (Shepherd and
Hawkes 2005).

‘The optimal swimming speed estimated here represents only
a rough (although the only available) estimate of the locomotor
capabilities of Mesosaurus tenuidens, and hence, the resulting
values should be interpreted accordingly. Several studies have
demonstrated that temperature influences swimming speed in
reptiles (Elsworth et al, 2003) through an influence over the met-
abolic rate and muscle activity, and therefore, over the energy
available for locomotion (Bennett 1982, 1990, 1994; Elsworth
et al. 2003). Although the speed variation due to temperature
is partially provided by the use of a metabolic rate range in
the model, the way in which temperature affected the optimal
swimming speed in an extinct taxon is difficult to assess. Given
these additional sources of uncertainty (and those mentioned
above, linked to the model), the range of optimal swimming
speed for Mesosaurus tenuidens may be broader than estimated
here. Even considering the relatively warm temperate and arid
climate suggested for southern Gondwana after the end of the
Late Carboniferous glaciation and for the beginning of the Per-
mian (Chumakov and Zharkov 2002), temperature-dependent
variations in mesosaurid swimming speed were unlikely to reach
values in the range of active pursuit predators,
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Figure 5. Skeleton-based Me-like anatomical reconstruction of Mesosaurus lenwidens, feeding at its aguatic ervieonment. Other andmals depicted are pygocephalomorph
crustaceans, the main prey of mesosawrs. Reconstruction made following anatomical advice by Graciela Pidewo and performed by PalecArtist Amin Khaleghparast,
Colored by Christian Masnaghettl, The fleshed-in reconstnuctions were made by outining the shape of the body from the reconstructed 3D skeleton and also from
spedmens that preserve a shouette of the soft tssues
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Swimming speed estimates for the Mesosaurus

Introduction:

Mesosaurus are the oldest known fully aquatic reptiles. They are characterized by long skulls,
long and slender teeth, paddle like limbs, and a very thick abdominal region. Research has
recorded information about their swimming habits, how the species reproduces, and what they
eat. However, little is known about how fast they
swim. The following research focused on the
guestion of: How fast and how far can the
Mesosaurus swim?

(©)

Method:

In order to calculate the speed of this extinct
animal, some completed Mesosaurus fossils were
used. These fossils were so well preserved that
even some of the soft tissue, like muscle and skin
could be seen. Using these fossils, along with the weight and dimensions of other fossils found
in the South American area, a fairly accurate computer model could be generated. Once this
model was created, complex math formulas were used to determine how fast the Mosasaurs
could move.

Results:
8. W‘“ L The computer models showed that the
WW‘ Mesosaurus could swim short distances for 1.5
1 - 1.86 meters per second. Compared to other
extinct reptiles, the Mosasaur is a relatively
Figure 2. Te-dimensiona rconstnucion o theskelton of a young adult Mesoseurus tenuidens pecomed by Pl N Aatomicaladie rom GucaPieie. —— G|OQWY SWiMM e

and Melitta Meneghel

Discussion:

The Mesosaurus had less time to adapt (change over time) and this could have been some of
the reason for its slow swimming abilities. Because these animals could not swim very fast,
scientists can assume that they could also not swim very far in one swimming session. More
evidence to support their ideas is the shape of the animal's body. The way their skeleton is
designed restricts their movement and makes their bodies rather stiff. This could be another
cause for their slower movements.

This paper is an adaptation based upon: Villamil, J., Demarco, P. N., Meneghel, M., Blanco, R. E., Jones, W., Rinderknecht, A., Laurin, M., & Pifieiro, G. (2016). Optimal
swimming speed estimates in the Early Permian mesosaures Mesosaurus tenuidens (Gervais 1865) from Uruguay. Historical Biology, 28(7), 963-971.
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Appendix B: Primary Scientific Literature and Adapted Primary Literature
for Rock Comparison Article

4 August 1967, Volume 157, Number 3788

Test of Continental Drift by
Comparison of Radiometric Ages

A pre-drift reconstruction shows matching geologic
age provinces in West Africa and Northern Brazil.

P. M. Hurley, F. F. M. de Almeida, G. C. Melcher,
U, G. Cordani, J. R. Rand, K. Kawashita,
P. Vandoros, W, H. Pinson, Ir,, H, W. Fairbaim

A collaborutive program  of radio-
metric  age determination has  been
started between geochronology labora-
tories at the University of Sio Paulo
and  the Massachuseits Instituie of
Technology., This article is a progress
report on  two  investigations  which
were presented separately at the meet-
ings of the Geological Society of
America in November 1966 (1), Many
individuals and instinnions in several
countries (2} are assisting in the col-
lection of samples and geological field
work. Detailed reports covering the
diferent  regions will bhe published
separately.

West Afriea I8 divided dominantly
into two major age provinces, with
potassium-grgon  and  rubidium-stronti-
um age determinations generally in the
range 2000 million years in Ghana, the
Ivory Coast, and regions 10 the west
and in the range 550 million years in
the enstern part of Dahomey, Nigeria,
and regions o the cast. The sharp
boundary between these provinces ap-
pears to head southwestward from a
point near Accrn (Fig. 1) and, had
Alrien and South Amerien been lo-
gether at the time the houndary was
formed, would have entered Brazil just
enst of Sfo Luis on the north coast,
The first ohjective of our investigs-
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tion  was, therefore, w look for this
age boundary near Sio Luis and, if
it were found, to see whether the age
provinces on either side of it matched
those in West Adrica. About 150 age
analyses made to date show that these
three correlations exist, giving evidence
in support of the hypothesis that the
continenis were at one time joined 1o-
gether,

Analytical Results and  Discussion
of Precambrian Geochronology

It wos planned that both potassium-
argon and whole-rock rubidium-stron-
tium uge measurements should be made
on the same samples, where possible,
in order w provide mdded information
on the history of the basement rocks.
The potassium-argon analyses were
carried out in the S50 Paule labors-
tory (X)) recently established under the
guidance of 1. H. Reynolds, and were
restricted  to Brazilian  samples. The
whaole-rock  rubidium-strontium  anal-
yags were carrled out in the MLT.
lahoratory on samples from Africa and
from Brazil and other South American
countries (4. In metamorphic terraing
it is generally not feasible to use the
lsochron  method of  determining an

SCIENCE

initial  8Srd7/5r%  ratio, except in a
rough way (5). The error in the age
equation due 1o the uncertainty in this
ratio is minimized by selecting the few
samples with highest rubidium-stronti-
um ratios from a much larger collec-
tion of samples takem in the field. In
some instances—for example, in the
case of basement drill-core samples—
this is not possible, and we have re-
sorted to presentation of the data as
plots rather than as actual age wvalues.
Only by plotting numerous samples in
the manner suggested hy Micolaysen (4)
can an age estimate be made and eval-
vated in such cases. Im general, the
rubidium-strontium age determinations
on whole rock are somewhat greater
than the potassivm-argon  determina-
tions on mica, a difference representing
roughly the spread between the time of
closure of the rock syatem as a whole
w migrations of components and the
time of closure of the mineral systems
within the rock., Both wvalues may be
used in geological correlations of the
kind aviempted here, with the under-
standing that the age values obizined
by the two metheds will not be the
sami, and that the dillerence s an im-
portant added source of information,
Geological  and  geochronological
studies in Hrazil and West Alfrica are
widely reported in the literature (sec
7=12). Apge data are presented in Figs.
| and 2, wherein the continents are
shown fitted rogether according 1o the
reconstruction of Bullard er af, (13).
The West African (Guinean) shield
s dominsted by two periods of oro-
genie activity which have resulted in
pervasive new or overprinted age values
in the two major groupings: 2000(=)
and 350{=} million years. The firs
of these periods was discovered by
Bonhomme (9), who gave the name
Eburncan to the orogeny, which was
based on age measurements made in
Gihana and the Ivory Coast Republic.

The Massschusets Instheie  of  Technology,
Cambridge, and the Uslversity of Sk Pauls,
Bko  Prubo, Wrozll, collaboraed in 1the  abudy
described in ikly ariicle.  Drs.  Hurley, Rand.
Tiomon, snd  Fairbaben are sfblineed whh  the
A pssachosetta Insiliie of Techmolosgy; Dre do
Almeida,  Melsher, Cordanl, Keswashita, sl
WVamloros., with the Unlversity of $Sa Paulo
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Most of Bonhomme's measurements
were made on separated micas, but
a few whole-rock rubidium-strontium
measurements, together with subse-
quent analyses by Vachette (11), sub-
stantiated the primary nature of the
orogenic activity. Locally, ages in the
2900-million-year range are sometimes
found, particularly in Liberia and re-
gions to the west, and these may rep-
resent an earlier orogeny.

The second age group, 550(%) mil-
lion years, was developed in Nigeria
and neighboring territories, in part
through the investigations of N. J.
Snelling and others of the British Over-
scas Surveys and in part by various
other geochronologists, It has been
found that this period of metamor-
phism and orogenesis has affected a
large part of the entire continent of
Africa, and it is now Kknown as the

Pan-Afncan Urogenic Cycle (12). The
rather sharp boundary between these
age provinces coincides with the over-
thrust zone extending from southeast
Ghana northeastward through Togo,
Dahomey, and Upper Volta (Fig. 1,
heavy dashed line),

The results of age determinations
for West Africa are summarized sche-
matically in Fig. 1. The compilation
includes all of the rubidium-strontium
and potassium-argon measurements we
have been able to find in the litera-
ture, plus about 30 new whole-rock
rubidium-strontium measurements from
the M.LT. laboratory,

The Guayana Shield of northern
South America has been partially
mapped and dated in Venezuela and
parts of the Guianas, Its possible ex-
tension into Brazil is suggested by the
new age measurements. The north-

Fig. 2. (right). Age measurements for
Africa made by Bonhomme (9), Vachette
(11), and others (7) and including new
age values reported in this article; the
rubidium-strontium  determinations were
recalculated on the basis of Rb™\ = 1.39
X 107%/yr, The values for Brazil are ages
determined in the study discussed. The
dashed lines are structural trends; the solid
lines (except for continental margins) are
geologic boundaries either taken from the
literature (7=10) or unpublished (see 2).
Dating techniques: (®) rubidium-stron-
tium, whole rock; (O) rubidium-strontium,
mineral; () potassinm-argon; (+) other.
Minerals: (W) whole rock; (b) biotite;
(m) muscovite; (/) lepidolite; (f) potassium-
feldspar; (h) hornblende; (na) sodium am-
phibole,

central part of the Guayana Shield
in Venezuela is generally underlain by
an east-northeast-striking belt of gneiss-
es (/4) known as the Imataca Com-
plex. Younger and lower-grade meta-

6002200 my
10002 200 my
20002300 my
27002 300my

STRUCTURAL TRENDS

Fig. 1. West Africa and South America shown fitted together according to the recomstruction of Bullard ef al. (1), In West
Africa the 2000-million-year Eburnean age province (solid circles) adjoins the S50-million-year Pun-African age province (open
circles); the boundary between them Is shown by the heavy dashed line. If Africa and South America were once jolned together,
thisx line would have entered Brazil near Sio Luls. The age measurements for Brazil appear to show the same age provinces
ox those in West Africa, with the boundary at the predicted location, There may be a similar correlation between West Africa
and the enst const of Bruzil north of Salvador,
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volcanic and métasedimentary  rock
assemblages are believed 1o be stra-
tigraphically berween the overlying Ro-
raima formation and the Imataca base-
ment. The Roraima has been dated
hy McDougall et al, (15) by the potas-
sium-argon method, with results in the
range 1.6 to 2.1 billion years. An in-
trissive granite in the Imataca has been
dated in the M.LT. lahoratory by V. G.
Posadas; a pood isochron plot of rubid-
ium-strontium  whole-rock  measure-
memts gave an age of 2150 million
years. These ages are matched by a
similar range reported for the Guianas
by MeConnell ef al. (16), Choubert
(17}, and Priem ef al. (18 Thus it
would appear that the pervasive oro-
renic activity in the Guavana Shield
near the northeast coast of South Amer-
ica is within the peneral age range of
the Eburnean orogenic period in West
Africa. The greater ages in western Li-
beria are moatched by the greater age
of the Imataca Complex (3000 mil-
lion wyears) (19) in the northwestern
Guayana Shield.

Figure 2 shows age measuremenis
made to date from northern Brazil,

except for a few measurements made
for regions just off the lower left
corner of the map, The locatlons of
these are shown im Fig. 1. Samples
from northwest of the mouth of the
Amazon River gave an average age of
2200 million vears (rubidium-strontivm
whole-rock analysis) and 1730 (potas-
sium-argen analysis). Southward from
Belém the ages are found to he close
to 2000 million vears by both methods.
These first few determinations on rocks
from this large basement area show
that this part at least was not affected
by the events of 450 to 650 million
vears ago which oecurred so hroadly
in the northeastern part of Brazil
Near the coast, between Belém and
Sdo Luis, the rocks have vielded ages
of arcund 2000 million years by both
methods, The potassium-argon value
of 2470 million vears is subject to a
large experimental error. 'Whole-rock
rubidivm-strontium  data for rocks in
this older range are shown in Fig. 3,
To the south of this old area, at a
locality east of Belém, both potassium-
argon analysis on mica and rubidium-
strontium whole-rock analysis give ages
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of abowut 500 million vears. The local-
ity may be in the younger age prov-
ince o the east, or it may be affected
by some intrusive activity connected
with that province,

Of particular interest is the area near
the town of Sio Luis, A sampling pro-
gram in this region was initiated sole-
Iy becawse the region was on what
would be the direct extension of the
age boundary between the 2000-mil-
lion-year and the 550-million-year age
provinces of West Africa if the two
continents were finted together. It was
interesting 1o find that the same age
boundary appears at almost exactly the
predicted location, The age data from
the basement exposure just south of
Sio Luis are shown in Figs., 2 amd
3. The effect of the boundary is clear:
potassium-argon  age  determinations
are in the range 410 to 640 million
vears, and whaole-rock rubidium-stron-
tium  determinations are still in the
200-million-year range. Slightly Ffur-
ther to the east, the whole-rock age also
has dropped to 6635 million years.

In Fig. 3 are also plotted a group
of whole-rock measurements, made in
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0.980|— 0.728|- SAMPLES FROM -1
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0940 = 0.724~ ARY, FOR -1
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Fig, A, Datn from rubidivm-strontivm whole-rock analyses plotted relative o 2000-million-year ochrons in the S8 Luois ares
and o the west in Brazil, RB¥*x = 139 x 107" /yr. The polnts marked 100 and 100 » were mbldium-rich samples for which
villugs for the RbB™ and radlogenle S0 were divided by 10 and 100, respectively, to bring them onto the scale of the figure.
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the ML.LT. laboratory by IP. Kolbe
(20), on South American metamor-
phic rocks from an area that would
be almost exactly opposite the area
next to the age boundary in Ghana
if the two continents were fitted to-
gether. The correspondence in the
whole-rock rubidium-strontivm age de-
terminations is evident.

The extensiveness of the orogenic
event of 2000 million years ago in
South America is noteworthy., Evi-
dence of its effects are found in the
Guayana Shield, In the coasial region
northwest of Sio Luis and Belém,
and to the southwest near the Tocan-
ting River and, in addition, in the Sio
Francisco Craton north of Salvador on
the east coast and, as reported by Han
(2{), in mnortheastern Argentinag and
southern Uruguay, This event thus
appears to have affected much of the
castern half of the cominent—an area
extending as far south of the Amazon
as it extends to the north. In view
of the wide extension of this age prov-
ince in South America, we propose, to
the many geologists who have found
the orogeny locally and given it local
names, that a new name be adopted—
the Trans-Amazonian Orogenic Cyels.

Eastward from S3o Luis to the east
coast, the basement rocks show ages
typical of the younger Caririan Orog-
eny, as seen in Fig, 2. The age dis-
tribution is similar to that found in
the Pan-African Orogenic Cycle in Mi-
gerin. In general the potassium-argon
determinations on  separated minerals
range from 400 to 600 million years.
The rubidium-strontium whole-rock de-
terminations tend to be slightly high-
er, averaging 640 million years, as scen
in Fig. 4. In Fig. 4, also, are plated
{circles) the whole-rock rubidium-
strontium  measurements  made  on
samples from the Pan-African Orogenic
Cyele in Migerin, which follow a sim-
ilar  640-million-vear isochron. The
poetassium-argon valees for these Mi-
gerian samples averaged close to 500
million years (as determined by N, 1
Snelling). Thus there appears to be an
ilmost gxact correspondence in the two
age groupings (500 million years [lor
potssiem-argon and 640 million yenrs
for  whole-rock  rubldium-strontiom)
for the Caririan and the Pan-African
orogenies in these two locations which
are opposite each other at the point
of the hypothesized junciure,

Age measurements of samples from
Maceid south 1o Salvador (Fig. 2) show
that the activity of the Carirlan Orog-
eny fodes off, leaving ancient gneiss-
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Fig. 4. Caririan Orogeny in Hrazil, to the east of 580 Luis, showing data from
rubldium-strontium whole-rock analyses relative o the 640-million-year isochron. Data
for samples from a comparable region in Nigeria repressnting the Pan-African Orogenic
Cycle nre indicated by circles, for comparison.

ic basement exposures of 2000-mil-
lion-year age overlain or intruded by
rocks which pgive various age values
down to 500 million wyears. At the
corresponding location on the African
side there is a similar transition from
the 500-millicn-year-old rocks in Nige-
ra-Cameroun  to the  2000-million-
yvear-old rocks of the Congo Craton
in Gabon (1), Thus there is the pos-
sibility of another correlation between
the continents In this region (22,

Swmmary amd  Conclusions

1} The distribution of age values ob-
tained by potassium-argon determina-
tions and wholesrock rubidiem-stronti-
um determinations appears o be almost
identical for West African rocks of
the pervasive Eburnean Orogenle Cy-
cle and basement rocks at opposite lo-
cations in South America,

2) There I8 also a close correlatlon,
with respect to potassium-argon age
determinations on  micas, rubidium-
stromtium determinations on total-rock
samples, and the extent o which these
two sets of values differ, between rocks
of the Pan-African Orogenic Cycle
and rocks of the Caririan Orogenic
Cyele in Brazil, where these two groups
of rocks lie opposite each other in the
wo continents.

3) When Africa and South Ameri-

ca are “fited together,” the sharply de-
fined boundsry between the Eburnean
and the Pan-Alrican age provinges in
West Africa strikes directly toward the
corresponding age boundary in north-
cast Brazil.

4) The transition from the 5350-
million-year Pan-African age province
to the 2000-million-year age province
in the Congo Craton in Cameroun-
Gahon is matched in the rocks near the
corrésponding part of the east coasi of
Brazil, However the geological and age
data are insufficient to do more than
suggest the possibility of another age-
boundary correlation here.

5) The evidence reported here sup-
ports  the hypothesis of continental
drift.
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Comparison of Rock Samples on South America and
Africa show Similarities

Introduction

Scientists at the University of San Paulo and the Massachusetts Institute of Technology (MIT) worked
together to analyze rock samples from the continents of South America and Africa. Scientists decided to
compare rocks looking at their compositions. The elements were analyzed to help determine the age of
the rocks.

Methods

All basement rock samples were collected and tested for the same elements, to provide information about
their similarities. Tests were carried out in San Paulo and at MIT. Rock samples were collected, tested,
and plotted on a map in order to determine the age and location compared to other samples collected.
Regions of each continent were picked because they would be directly across from each other if the
continents were to fit together. Rocks that were found in these spots were tested and found to have
similar ages and chemical composition.

Data Collection

Legend:
(@ Youngest Rocks

® Middle-Aged Rocks

¥ Oldest Rocks

South

America Africa

Youngest

Middle- Aged

Oldest

Conclusion

Through data collection it is evident that the same aged rocks appear to be identical on both continents
and in locations that would match up if the continents were together. This evidence supports the idea that
these two continents used to be connected (Hurley et al., 1967).

This paper is an adaptation based upon:
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Appendix C: Primary Scientific Literature and Adapted Primary Literature
for Plate Distribution Article

TAXON VOLUME 19. OCTOBER 1970 pp. 657824

RELATION OF FLORAS OF THE SOUTHERN HEMISPHERE TO
CONTINENTAL DRIFT *

James M. Schopf **

Summary

Anomalous distribution of the Southern Hemisphere floras has long been recognized, and
many explanations have been proposed. The occurrences of plants, modern or fossil, rarely
point to a unique mode of distribution. A synthesis of pertinent information drawn from many
disciplines (geonomy) is required to determine a most probable explanation. Recent studies
of crustal mechanics by geophysicists show that sea-floor spreading can serve as an adequate
mechanism for continental drift and can be important in explaining the distribution of ancient
plants of the Southern Hemisphere.

The Permian Glossopteris flora of southern continents contrasts strikingly with the Permian
flora of the Northern Hemisphere, The identity of the northern flora that was contemporary
with the Glossopteris flora was controversial for many years because of the great degree of
isolation existing between the two floras. The botanical relationships of the glossopterids are
still imperfectly established, particularly with reference to foliage occasionally found in northern
areas or in deposits younger than Permian. Fertile structures of glossopterids seem to provide
the only reliable basis for determining botanical relationship. The Glossopteris flora is, in
general, extremely distinctive and consists taxonomically of a relatively small array of plants
which occurs over an exceptionally large area. It represents an ecologic assemblage with both
climatic and edaphic implications.

A tentative Permian Condwanaland reconstruction is presented that is somewhat more
condensed than other reconstructions; the area thus reconstructed is more likely to have had
a reasonably consistent, seasonal temperate climate in keeping with consistent similarities of
the Glossopteris flora. According to this interpretation, most of the present area of the Indian
Ocean seems to have been occupied by Permian Gondwanaland. The ridges and rises as
recently mapped across the Indian Ocean floor are incompatible with foundered continents
or isthmian links, but they can be interpreted as reflecting an historical sequence in sea-floor
spreading that can account for the present dispersal of Condwana continents,

Introduction

Evident anomalies in plant distribution in continents of the Southern Hemisphere
commonly invite speculation in relation to present-day geography. The best explana-
tions are those given in terms of what is known of the geologic history of this vast
area. Problems of southern plant distribution have been considered by many previous
writers, Seward discussed Gondwana floras as early as 1897, and he returned to
this topic in 1903, in 1924, and in 1929, and many times in between, when he dealt
with more specific topics. In 1934 (p. 737), Seward and Conway came to the
conclusion that “solutions of some of the many problems of plant geography — both
past and present — will be found, not in the raising of foundered continents, but
through the acceptance of the mobility of the earth’s crust, as a factor not merely

* Publication authorized by the Director, U.S, Geological Survey.
** U.S, Geological Survey, Room 1, Orton Hall, Ohio State University, 155 S. Oval Drive,
Columbus, Ohio 43210, U.S.A.
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imagined but substantiated by evidence which, it may be suggzested, will eventually
be provided.”

Birbal Sahni gave a most detailed and very scholarly review of the southern fossil
floras in his Presidential Address to the Asiatic Society of Bengal, in 1926. Shorter,
more concise summaries were presented on other occasions (Sahni 1936, 1937,
1939a). Sahni (1936, p. 323) said: “I see no escape from the conclusion that the
two [floristic] provinces originally lay far apart, north and south of the Tethys,
and have since drifted towards each other.”

In 1940 (p. 244), he suggested: “Under present conditions on the globe it would
be a geographical impossibility for a temperate country to be separated from a
tropical one by a meridional barrier along such a vast front as that from Assam
to Sumatra [a distance of about 2000 miles]. The anomaly disappears if we assume
that the sea which separated the two botanical provinces opened eastward and
connecled the Himalayan geosyncline with the Pacific Ocean, not with the Indian
Ocean to the south, as the present trend of the Arakan Range would suggest.”

In 1929, Du Toit, at the South African Geological Congress, and again in 1933
at the International Geological Congress at Washington, D. C. (published in 1936},
also presented able summaries of his views in favor of continental drift and the
evidence provided by southern iloras. These include some revision of his ideas
enunciated first in 1921 and 1922, which culminated in the book “Our Wandering
Continents,” published in 1937. Many others have also dealt with various aspects
of this topic (see Good 1964, Seward 1931). Particularly well documented reviews
were presented in 1947 and 1949 by Theodor Just. The question was reviewed in
1955 by W. N. Edwards, of the British Museum, who made a serious effort to explain
the southern floras on the basis of stable, not drifting, continents. Most recently,
Dr. Edna P. Plumstead (1965) has reviewed the evidence of vast lateral movements
of the earth’s crust provided by fossil floras in the “Upper Mantle Symposium™ at
New Delhi in 1964,

The problem

Several themes recur in consideration of the anomalous distribution of southern
floras. All students of phytogeography admit there are significant anomalies in plant
distribution in the continents of the Southern Hemisphere. Camp (1947) has presented
a review of evidence largely illustrated by modern planis, and Just (1947) has
reviewed evidence based on fossils, Buchholz (1948) and Florin (1963) have dis-
cussed anomalous distribution of modern and fossil coniferophytes. Geophysicists
suggest that a significant shift of position of the earth’s axis is improbable, and it
seems doubtful in any case that anomalies of plant distribution could be explained
simply by repositioning of the axis of rotation if the present arrangement of land
areas is maintained, Four other types of explanation have been offered to explain
anomalies of distribution: (1) involving sunken land connections; (2) involving
lowered sea level with favorable climatic modifications; (3) involving lateral, sialic-
block displacement, which is commonly called “continental drift”; or (4) involving
rare stochastic means, the catastrophic storm of a million years or any other possible,
but extremely improbable, chain of circumstances.

Another point to keep in mind is that plants, fossil or otherwise, do not come
equipped with vouchers certifying their ancestral mode of transportation. Organisms
are distributed by all available means, One may draw inferences regarding distribu-
tion from occurrences, but it is rare indeed to find occurrences that serve to rule
out more than a single possible means of transport, Indeed, the stochastic hypothesis
is expressly designed to take advantage of the impossibility of proving a negative
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and in nullifying systematic methods of explanation by emphasizing the improbable.
However, the various explanations all depend on similar evidence, and it would be
expecting too much to regard any particular explanation based on observed occur-
rences of plants and animals to be capable of explicit proof. Any explanation of
anomalies of occurrence that depends on only organismal occurrences as evidence
is not likely to provide a unique solution to the problem.

Advances made recently which greatly add to our understanding of the earth
should now be added to prior discussions. These advances ! are chiefly nonbiological,
and thus they serve as an independent means of evaluating paleogeographic inferences
that have been based on biologic evidence and principles. J. Tuzo Wilson (1968a, b)
has recently proposed the term ‘““‘geonomy” to apply to all modern sciences that
relate to our newer understanding of the earth; these include geology, geochemistry,
geophysics, and 1 presume, the paleontological and meteorological disciplines as well.
I greatly sympathize with his emphasis of interdisciplinary synthesis, In this sense,
geonomy plays an important part in indicating the most probable avenues of southern
plant distribution,

The geonomic setting

It is evident that multidisciplinary consideration is essential to any reasonable
evaluation of continental drift. In recent years the subject also has derived support
from rejuvenation of interest in fields of knowledge recognized long ago by Wegener
(assisted in 1966 by republication of a translation of Wegener’s 4th, 1928, edition of
“The origin of continents and oceans”) as well as from new syntheses in seismology,
oceanography, geochronology, geothermometry, and paleomagnetometry. All these
areas of study contribute to the geonomic setting.

Tremendous credit is due to Alfred Wegener who first marshalled a sufficiently
impressive array of geodetic, geophysical, geological, paleontological, biogeographical,
and paleoclimatological evidence about continental drift to bring the subject into
the realm of general consideration which it deserves. Although continental drift was
hotly debated from about 1925 to 1935, interest waned because of the prestige of
its antagonists, because an adequate causal mechanism seemed lacking (but see
Rastall, 1929), and because all man's geographic references generally are organized,
either tacitly or overtly, on the basis of the fixed positions of continents. A new
and entirely independent source of evidence was required to incite further interest
and overcome inertia inherent in an established orthodoxy. This stimulus was
provided, mostly since about 1955, by new developments in the study of rock
magnetism,

Even the term “continental drift” seems less appropriate now than formerly
because at present our conception involves lateral displacement of continental frag-
ments by the agency of mantle convection and sea-floor spreading. The “drift” idea
of sialic masses plowing through and over an inner mantle of sima, which aroused
such widespread earlier skepticism, seems no longer valid. The terms “sialic
transport,” or “continental conveyance,” would seem more appropriate to our under-
standing of the subject. Certainly the vector properties of sea-floor spreading are
not properly described as “drifting.”

The inception of newer ideas which involve sea-floor spreading is difficult to
identify because it has involved so many people. One of the most important break-

1 A recent book that reviews geophysical advances related to continental drift has been
presented by Takeuchi, Uyeda, and Kanamori (1967). A more broadly based discussion is
presented by Holmes (1985),
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throughs was Vening Meinesz' suggestion, published in Holland in 1934, and again
enunciated to an American audience in 1946, that mantle convection might occur.
This idea, however, did not become focused specifically on lateral dislocation prob-
lems until H. W. Menard (1960), Harr:.r Hess (1962), and Robert 5. Dietz (1961)
did so. In retrospect, Holmes' discussion of radicactivity and earth movements, in
1928, may be taken as a landmark leading toward the modern theories of crustal
convection. Orowan (1964) has presented a synthesis of modern ideas according to
principles of physics. The coincidence of the ideas these authors presented has given
important impetus to a doctrine of conveyor-belt mechanics that provides a basis
for explaining the history of sea-floor basins.

COMVECTION CURRENT
FLUNGING NEAR COMTINENT SIALIC CONTINENT CONVEYED BY SIMATIC CONVECTION

MIDDE AN AIDEE

B _,.--__

[ TR MJ b

TaneeLtin Eury /‘

Figure 1. Diagrammatic representations of “conveyor-belt” mechanics operating in the
earth’s mantle, A: Plunging convection current reflected by presence of a submarine trench
such as that east of Japan. B; Rising convection current reflected by presence of midocean
ridge and translation of continental mass with convection movement without formation of
a trench, Note that diagrams differ in scale and that thicknesses are all diagrammatic.

The general idea is illustrated diagrammatically in figure 1, Convection is
visualized, somewhat as shown in figure 1B, as a circulatory movement of the upper
mantle which may transport crustal blocks away from linear areas of upwelling that
form the midocean ridges. Plunge of convection currents occurs at submarine
trenches and seems to be associated with island arcs, such as the Japanese islands
of eastern Asia, as in figure 1A, Needless to say, any attempt at a simple idealistic
representation falls short of actuality, and present interpretation falls far short of an
understanding of the complete convective system. Enough is known to strongly sug-
gest that such a system does exist. In general, the information supports the relative
permanence of continental segments, but not that of their location. It conforms with
observations which indicate that sea floors, in general, lack the very ancient rocks
that are represented in continents. Recent results (Le Pichon 1968, Morgan 1968,
Heirtzler 1968) suggest that movement of sea floor attributable to convection does
not proceed uniformly in geologic time at any given location and that it differs at
any given time at different places. Study of these processes is a most active field of
current geophysical research.

The whole problem of continental conveyance involves an idea, or a model, of the
structure and composition of the earth that goes far back in geologic thinking to
the last century, when Dutton (1889) proposed the term “isostasy”™ that concisely
expressed results of pendulum (gravity) determinations adjacent to the Himalayan
Mountains mass, and to much earlier experiments made by Bouguer during an
expedition to the Andes in 1735, Although in detail the results of gravimetric deter-
minations can be differently interpreted, all agree that they demonstrate differences
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of density in the earth’s crust; aggregations of lighter rock are in isostatic balance
above a denser layer in the earth. In the later part of the 19th century, sufficient
knowledge of the composition of rocks of the earth’s crust had accumulated to show
that a consistent difference existed between rocks of ocean basins and those charac-
teristic of the continents. Suess (1885—1901), in his masterful synthesis, described
these assemblages of rocks of differing density as sial and sima; the continental sial
being of definitely lower density than the oceanic sima. Sial and sima together
constitute the relatively rigid “rind™ or lithosphere of the earth. The crustal line of
distinction between sial and sima was determined by Mohoroviié, in 1909, as shown
by the discontinuity in speed of earthquake shock waves. Seismic records outline
the Mohorovi¢i¢ (= Moho) discontinuity that divides the crust from the mantle of
the earth, At a depth of about 70 km below the mantle, stress is relieved by plastic
flow and at this depth, isostatic compensation is essentially complete. The plastic
zone, or asthenosphere, is that in which convection currents may be most active.
However, no seismic discontinuity is noted at the lower boundary of the lithosphere.

CONTINENTAL OCEANIC

sedimentary focks s lovel
waler
::—--_'T!m sedimant
nsolidafed sediment

(granitic basement) »~  BASALTIC CRUST

R I2km Serpentine?
SIALIC CRUST ,/—

‘ig' Pcridnfih ?

SIMA

LITHOSPHERE

CaT0Km

ASTHENOSPHERE

Figure 2, Differences between continental and oceanic erust of the earth,

The difference between continental and oceanic crust is illustrated in figure 2.
The largely granitic sial beneath continents has a relative density of about 2.7 and
that of the oceanic basaltic crust is about 3.0: the mean relative density of the two
is about 2.8, The relative density of sima may be inferred from knowledge of the
travel time of seismic shock waves as about 3.3 near the Moho, increasing pro-
gressively in the mantle with depth to about 2900 km, suggesting an average relative
density of about 4.5, The density of the core, of course, is greater to account for an
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average density of about 5.5 for the entire earth. The approximately concentric
internal makeup of the earth is of basic importance in relation to many geophysical
and geologic inferences. Surface drilling may some day extend deep emough to
provide verification of the compesition of the upper mantle.

To these ideas a very new one must be added. The midocean ridges have only
recently been mapped, and current studies are still adding data about their charac-
teristics, Vine and Matthews in 1963 first contributed the idea that the midocean
ridges might generate new oceanic crust. This concept has since received important
support from recognition of magnetic reversal bands that are symmetrically developed
on either side of the ridges (see Wilson 1965, Vine and Wilson 1965, Vine 1969,
Heirtzler and others 1968). A similar succession of magnetic reversal layers has been
determined in deep-sea cores, and identified with a paleontological chronology by
Opdvke and others (1966) according to the radiclarian zonation established by Hays
i1965). Cox, Dalrymple, and Doell (1963, 1967) have distinguished specific magnetic
reversal bands by potassium-argon dating, essentially a paleomagnetic time table,
so that age determination of magnetic reversal bands does not depend solely on
paleontologic dating, Other paleomagnetic studies from continental rocks have also
shown evidence that past polarity of given areas differs according to a pattern that
suggests a history of separate lateral continental movements (Runcorn 1962, Irving
1964).

All of these have contributed importantly to present concepts of lateral translation
of sea floor adjacent to midocean ridges at velocities that are now thought to vary,
according to location, from inactive to active with an average of 1 em to more than
15 em per year (Le Pichon 1968). Quite aside and in addition to evidence provided
by paleontology and stratigraphy, there is a great deal of interlocking and inde-
pendent support within the array of diverse geophysical and geological data for the
idea that segments of the sialic crust have occupied different relative positions in
past geologic time.

In the past, some persons believed that the distributional evidence of plants and
animals was sufficiently convincing for them to accept the doctrine of continental
drift even though it then seemed physically inexplicable (Rastall 1929). The modern
doctrine of sea-floor spreading is based on independent sources of evidence that
provide a feasible mechanism that accomplishes much the same distributional effect.

The combination of biological, geological, and geophysical evidence should be
sufficient to convince most skeptics. I do not doubt that in the next few years radar
reflection measurements from the moon will provide an increasing wealth of addi-
tional detail about the relative movement of the sialic masses on the surface of the
earth. | believe the basic concept of sialic transport must enter with increasing
importance into our consideration of the distribution of plants and animals on land
areas of the earth, and into all the basic concepts of geology. It seems to be a well-
supported doctrine second only to the theory of evolution in its impact (Wilson
1968a, b). One of the first effects of this revolutionary doctrine will be an improved
understanding of the relationships of the components of the ancient continent of
Gondwanaland.

The Gondwana province

Gondwanaland has come to mean the Southern Hemisphere continents plus India.
Even staunch antidrifters admit that India has in some mysterious manner been
translated to the north (Florin 1963 ). Gondwanaland thus defined includes a tremen-
dous area roughly equal to half the continental area of the earth (Dietz and Sproll
1966). The ill-defined northern boundary of Gondwanaland is in part outlined by
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an expanded Tethys sea. Across northwest Africa, and possibly across northern South
America, the floristic boundary may have been a seral ecotone determined by climate.

Age relations are of critical importance in treatment of ancient southern floras
because of the vast area involved in Southern Hemisphere geology. This, together
with the unusual scarcity of marine fossiliferous deposits and the occurence of other
distinctive features that differ greatly from deposits of equivalent age in northern
areas, has provided an additional incentive for studying Gondwana fossil plants.

The unusual coincidence of two geologic features led to early recognition of the
Gondwana province. One of them is the late Paleozoic glacial episode and the other
is the southern Glossopteris flora found in beds that overlie the glacial materials.
This coincidence of glacial deposits with Glossopteris-bearing rocks above them is
found with now predictable consistency in India, southern and central Africa,
southern and central South America, Australia (Du Teit 1927}, and Antarctica (Long
1964 ). These areas, together with adjacent continental-type islands, are taken to be
the remnants of the Gondwana continent.

The period of existence of a united Gondwanaland is usually taken as Permian,
225 million to 270 million years before present, although a similar arrangement
must have existed during earlier and slightly later periods. Continuing question
exists about paleogeography during the period prior to that represented by the
glacial deposits. The entire Pennsylvanian period is rarely recognized in all these
southern areas, Morainic deposits resulting from continental glaciation may accu.
mulate irregularly, sometimes very rapidly, and, owing to their singularly different
mode of deposition, may not show marked evidence of unconformity with much
older underlying beds. The evidence of a hiatus below the glacial deposits is hard
to evaluate, but, owing to the extreme contrast between a glacial and a normal
sedimentary regime, the duration of a period of loss of record must be substantial.
Most of the Pennsylvanian seems missing, The older fossil plants of Mississippian
and Devonian age that are found in deposits older than those of glacial origin sug-
gest an earlier and more cosmopolitan flora indicative of a union of Southern and
Northern continental masses, This evidence seems to favor the Pangaea concept of
Wegener rather than the separated Gondwana-Laurasia concept of Du Toit (1937,
p. 305).

The early Mesozoic flora of Gondwana continents is almost as distinctive as the
Permian flora and suggests that the Gondwana floral province was not disrupted
until mid-Mesozoic time. The details of this disruption still deserve much study.
Present geophysical evidence is not entirely clear — the magnetic reversal sequence is
difficult to extrapolate beyond Cenozoic time (Le Pichon 1968). The principle of
crustal mobility seems firmly established, but many details of the Mesozoic chapter
of the story remain to be filled in. From all indications, the Mesozoic history of the
southern continents must have been very exciting.

Botanical evidence

The glossopterids, including the genera Gangamopteris, Glossopieris, Palaeovittaria,
and others, are a major component of the Permian Gondwana flora; other elements
of a less problematic ancestry also are represented. These include a number of
Arthophytes; Noeggerathiopsis, a genus of questionable distinction from Cordaites;
and abundant examples of the wood of Dadoxylon, invariably showing growth rings.
A few Coniferophytes are present in all Gondwana continents, and some of the
fossils are probably allied with ferns. A number of other exceptional plant types
based on stem structure, scale leaves, spores, etc., probably should be associated
with the major taxa mentioned. Poorly preserved examples of the southern lycopods,
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some of early Carboniferous and late Devonian age, were long confused with
northern Sigillaria and Lepidodendron, but they too tend to reflect the degree of
isolation of the Gondwana Permian flora (Edwards 1952, Kriusel 1961, Archangelsky
and De la Sota 1966). Permian representatives of the southern lycopods seem to be
present in all the major Gondwana continental areas except Antarctica. The apparent
absence of the Permian southern lycopods in Antarctica may be evidence that the
Permian Antarctic flora was slightly less diversified than that of other Gondwana
areas, but the flora as a whole is remarkably uniform in composition. The point I
wish to make is that the Glossopteris flora consists of a relatively small assemblage
taxonomically and contrasts in this respect with the much more diversified Permian
assemblages of northern continents,

The period represented by the preglacial hiatus in Gondwanaland seems to have
been a period of great evolutionary advance for the glossopterids. They represent a
rather specialized group of seed plants, still without any clearly defined phyletic
antecedents, Their viable gymnospermous seeds could not have been carried far in
salt water (Florin 1963) and, to this extent, their presence in India and the wide-
spread southern continents greatly favors a hypothesis of broad land connection
such as that implied by the continental drift theory. The glossopterids have been
called pteridosperms (Plumstead 1952), but the basis for this is questionable. T am
more inclined to regard them as having a cordaitean ancestry (Schopf 1968, 1969a),
but the relationship cannot be close. The dichotomous, reticulate-type venation shown
on Glossopteris leaves is very similar to that of Sagenopteris of the Jurassic, and is
similar to that of certain modern ferns. Until the discovery by Plumstead in 1952
of fertile structures on bracts similar to Glossopteris leaves, the glossopterids, in
fact, were regarded as an aberrant type of fern (Arber 1905). It is now clearly
indicated, however, that the glossopterids are seed plants, and, as such, it would
seem that the choice, so far as their ancestry is concerned, is between the cordaiteans
and the pteridosperms, These distinctive southern plants were characteristically
deciduous (Plumstead 1958), and their dissociated remains have rendered wvery
difficult the task of formulating any clear conception of the features of their life
cycle.

The relatively advanced character of the glossopterids is particularly illustrated
by the fact that soon after their abundant deciduous leaves were recognized in the
various Gondwana continents, leading paleobotanists of Western Europe, which
included Morris (1845), Bunbury (1861), de Zigno (1863 ), Carruthers (1872), Schim-
per (1874, p. 660), Saporta (see Saporta and Marion 1885, p. 228), and even McCoy
(1847, p. 310) in Australia, and Hislop (1855, 1861) in India, regarded the plants
as indicative of Jurassic age. Only Dana (1849) and Clarke (1861), who placed
reliance on associated marine fossils in eastern Australia, continued to regard the
glossopterid plants as Paleozoic,

The confusion arose particularly from a mistaken presumption that close relation-
ship existed between Glossopteris and the characteristic Rhaetic and Jurassic genus
Sagenopteris. This mistake, initiated by Brongniart (1828), has since been cleared
up, as it is now known that the common fossils representing Sagenopteris consist
of pinnules of a compound leaf and are allied with quite a different taxonomic
group. However, another genus of associated Gondwana plants, Phyllotheca, ap-
parently has a very long stratigraphic range from Permian to Jurassic, and this
coincidence also contributed to the difficulty, Dr. Ouokar Feistmantel, the great
student of the Gondwana floras, at first tended to follow the precedent of other
European paleobotanists and regard the occurrence of Glossopteris as indicative of,
at least, Mesozoic age (Feistmantel 1876a, b, ¢). This age assignment was vigorously
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protested by members of the Indian Geological Survey, notably by W. T. Blanford
{1876, 1878), who placed great weight on the coordination of all sources of evidence,
notably on the evidence of associated and overlying marine fossils found in strati-
graphic sequence with the glossopterids in Australia.

W. T. Blanford, it will be recalled, was the first to propose a glacial explanation for
the Talchir Boulder Bed, in 1856 (in W. T. Blanford and others). Credit for thiz (at
that time) most remarkable deduction was made clear by Henry F. Blanford, a brother,
in another noteworthy paper in 1875. By that time, contemporary glacial deposits
had also been recognized in South Africa as well as in Australia. Correlation was
found between the Talchir Boulder Bed in India and the Lochinvar glacial deposits
in Australia. The occurrence of Permian marine fossils in the Upper Marine Series
of Australia, in beds above those containing Glossopteris, that matched the plant
fossils found in the Damuda Series in India where marine fossils are mostly lacking,
convinced many of the geologists concerned that reliance could only be placed on
marine fossils for purposes of age determination. A measured, but devastating,
criticism of stratigraphic results based on terrestrial faunas and floras was presented
by W. T. Blanford in his Presidential Address to the Geology Section of the British
Association meeting in Montreal in 1884 (pub. 1885), which has since been part
of the paleobotanical heritage (see also, Sahni 1939b). Of course, no types of fossils
are fully reliable if regarded outside the context of their geologic associations. At
the same time, one must express considerable sympathy with palecbotanists who,
judging only from what they supposed were reliable characters of evolutionary
advancement, assigned the Gondwana Glossopteris assemblage wrongly to the
Mesozoic. Since those early days, Blanford’s interpretation of age relations has
mostly been confirmed. Reluctantly or not, palecbotanists have had to accept the
fact that the major elements of the Glossopteris flora are precocious in organization
and primarily Paleozoic in age. A most important paleobotanical objective still must
be an adequate explanation of the ancestry of the glossopterids,

The degree of floristic isolation is crucial to botanical evidence concerning the
character of Gondwanaland, Actually, the contrast between the northern and the
Gondwana plant assemblages is even more striking than can be evidenced by names
as customarily given in fossil lists, The abundance of glossopterid leaves in many
Gondwana occurrences is not reflected by these lists, but it is a spectacular fact that
must be acknowledged. No one has vet been able to devise a reliable means of
census of individual plants on the basis of dissociated deciduous foliage. Thus,
although isolated examples of leaf fossils in Siberia, now usually assigned to the
genera Glossopteropsis, Zamiopteris, or to Persongia, occur beyond the Gondwana
geographic range, and Linguifolium in New Zealand and Argentina, and Anthro-
phyopsis from Greenland and Australia, have been identified beyond the normal
stratigraphic range, and all of these have at various times been identified with,
and may be allied with, the glossopterids, their occurrence is usually rare and
sporadic. In any name lists in which they are included, they are likely to acquire
more emphasis than they really warrant in most of the actual assemblages of fossils.
Throughout their range of characteristic occurrence, the Permian glossopterids seem
to be indicative of a seasonal, temperate climate.

Glossopteris itself also has been identified from Tertiary (Visiani and Massalongo
1856) (surely mistakenly), from Cretaceous (Trautschold 1871), from Jurassic (see
Delevoryas 1969), and from Rhaetic and Keuper (Upper Triassic) deposits. Al-
though it is difficult to provide an explanation of these rare and exceptional
occurrences, association with other plants of well-established indicator importance
usually has resolved stratigraphic questions, Botanical problems of essential relation-
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ship, however, have not been solved for the glossopterid fossils, It is most difficult
to prove that the genera mentioned are not additional examples of the glossopterid
lineage that transgress the boundaries of Gondwanaland.

The critical definition of the glossopterid alliance, it seems, should be associated
with characters of the fertile structures. Nothing else about the assemblage is so
extremely distinctive. Generally the sporadic and anomalous occurrences of Glosso-
pteris-type leaves do not provide evidence of fertile parts, and associated structures
differ greatly from those known to be related to the Permian glossopterids.
Evidently it is important to consider the proper emphasis to place on dichotomous,
reticulate nervation in definition of the glossopterid taxa. As this character is found
in some ferns (e.g., Elapoglossum ; see Anderson and Crosby 1966), and even occurs
sporadically in Ginkgo (Arnott 1959a, b, Foster 1961), it would seem that this
character by itself, although useful, cannot be relied on generall:,. as a basis for
critical definition of any closely related group of plants. In spite of uncertainties,
hawewzr, the Gﬂndwanaland Permian association of {Hm.w,:teru 15 ertremel:, distine-
tive, and botanical alliance of the forms so identified seems reasonably certain. The
same cannot be said of the few superficially similar examples that occur beyond
the geographic and stratigraphic limits of Gondwanaland.

A Gondwana reconstruction

Now, let us turn to some of the broader aspects of Gondwana paleogeography.
If the Permian glossopterids are a coherent group botanically, they also must signify
a degree of geographic and climatic propinquity. Like many others, | have also con-
sidered the alternatives of paleogeographic reconstruction of Permian Gondwanaland
that would reconcile both paleobiologic and geologic problems. A very crude and
tentative result is shown in figure 3. Some of the considerations leading to this
conclusion are outlined below.

Recent authors have suggested (Scharon and others 1968, 1969, Schopf 1969b, 1970)
that the geologic history of West Antarctica was separate and very different from
that of the East Antarctic shield, so consideration of the ice-bound archipelago of
West Antarctica is omitted here. Probably the Antarctic shield area, as shown, is
the only part of Antarctica that belongs in Permian Gondwanaland. If we presume
that the Antarctic Permian flora represents a colder southernmost part of Gondwana-
land and the Australian flora, a somewhat milder climate similar in the Permian to
that of India, Australia must be shifted counterclockwise around the Antarctic
margin, The illustration differs in this respect from the usual position of Australia
in such reconstructions, The Cambrian limestones of Australia and Antarctica fit
about equally well in either position. However, the limestones of Adelie Land in
Antarctica are more strongly metamorphosed and lack the archaeocvathids for which
the Adelaide Basin of Australia is noted. Well-preserved archaeocyathids occur in
the more central part of Antarctica. The Permian floras of Australia and India,
which appear closer together in this Gondwana reconstruction than in others, show
many similarities, More extensive marine deposits are present in Australia than in
other Gondwana areas, so it seems reasonable to suppose that these areas were in
closer contact with the Permian Tethys Sea. This arrangement also brings the
folded mountains of Antarctica, the Cape of Good Hope, and Argentina into align-
ment. It also provides a connected internal area for a brackish postglacial Permian
sea, one similar to the Baltic, with a marine connection possibly in two areas (Frakes
and Crowell 1968, Minshew 1968). Other features are generally similar to recon-
structions previously presented.

I rl.':gurrr this tentative attempt at Gondwana reconstruction as a suggestion which

666 TAXON voLumEe 19



Using Adapted Primary Science Literature to Enhance Argumentation and Reasoning

.! 7

g By

Figure 3. Tentative reconstruction of Permian positions of Gondwana continents, Dashed
lines = epicontinental seas; stippled area = postglacial lake region; area of the Glossopteris
flora within dotted line. (1) Sierra de la Ventana; (2) Cape Mountains; (3) Pensacola Moun-
tains; (4) Ellsworth Mountains, Abbreviations: Mal, = Malagache (Madagasear): N, Guin. =
New Guinea; Tas. = Tasmania; N, Z. = New Zealand; N, Cal. = New Caledonia. Present
position of the South Pole and major meridians of Antarctica are indicated for purposes of
orientation, The Permian South Pole may have been in the area bevond the bottom of
this figure where a continental shelf (question marks) is anomalously lacking.

should soon be modified in the light of additional information. However, from a
phytogeographic standpoint it seems to have some advantages. It is more compact
in longitudinal aspect (assuming the Permian South Pole somewhere beyond the
bottom margin of the map) than most other similar attempts. This is important if
all the Glossopteris localities are to be considered in a reasonable climatic context.
Growth rings of all the Gondwana fossil woods are comparable and probably provide
the best indication that all are representative of the same seasonal and temperate
climatic zone, The Gondwanaland area also is reduced to something less than 15
million square miles, depending on extent of epicontinental seas and lakes, This
seems important but, even so, the Glossopteris assemblage is still the most extensive,
in terms of area persistently occupied through a long interval of geologic time, of
any narrowly defined ecologic assemblage of land plants yet known,

In this reconstruction I regard the lack of a continental shelf along the western
coast of South America and adjacent parts of Antarctica as anomalous and question-
able (note queries and ambiguous markings on the map!). Other continental margins,
not explained as of rift origin, seem to preserve an indication of a persistent con-
tinental shelf, The Mesozoic history of the Patagonian area is particularly difficult
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to reconstruct, and the only thing we can be sure of is that the present coastal
outlines probably bear little resemblance to those that existed during the Permian.

Relations of Gondwanaland to the Indian Ocean basin

In closing I should like to reflect a moment on the importance of the Indian
Ocean basin for Gondwanaland. There is no other ocean so completely encircled by
relicts of the Gondwana flora, and the history of this basin must be uniquely as-
sociated with the former Gondwana supercontinent. The accompanying illustration
of Indian Ocean submarine topography shown in figure 4 has been simplified and
modified from that recently represented by Heezen and Tharp (1964). On the floor
of this ocean basin is evidence of its long and complex history. In the absence of
other better documented accounts, I tend at the present time to read its history in the
following fashion:

Figure 4. Sea-floor features of the Indian Ocean basin, Modified from
physiographic diagram presented by Heezen and Tharp (1964).
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The Gaussberg-Kerguelen Rise, with Kerguelen Island toward its northen end,
may be the oldest feature and formerly may have connected with the Chagos-Lac-
cadive Ridge adjacent to India. The presence of fossil araucarians on Kerguelen as
discussed by Seward and Conway (1934), suggests its Mesozoic connections. |
presume that Kerguelen occupied a position during the early Tertiary analogous to
that of Iceland of the present time astride a midocean ridge. Initial rifting of
Madagascar from India, without complete separation, may have occurred during
the late Mesozoic (see W. T. Blanford 1896).

I infer that the Antarctic-Indian Ocean Rise, rounding the end of South Africa,
served initially to separate the Antarctic continent from Africa, and that the termina-
tion of this rift-ridge was in the Broken Ridge-Naturaliste Plateau at the southwestern
margin of Australia. The Antarctic-India Ocean Rise is much less seismic than the
mid-Indian Ocean Rise. There is, however, no indication that movement along this
axis has entirely stopped. The earlier Gaussberg-Kerguelen-Chagos-Laccadive Ridge
was broken by development of the Antarctic-Indian Ocean Rise.

The third and most recent system of ridges, with most obvious effects on spreading,
is most prominent. The Carlsberg Ridge has served as the focus of later sea-floor
spreading that moved Madagascar away from India. The mid-Indian Ocean Rise,
which continues the trend of the Carlsherg Ridge, has apparently followed the path
of a transform fault that displaced the older Antarctic-Indian Ocean Ridge, and
continues to mark the course of separation of Australia and Antarctica.

The block consisting of the Antarctic shield (East Antarctica) has continued to
move and has been rotated by the alternate and more or less intermittent interaction
of African, Australian, and Pacific crustal blocks during its Tertiary history. Its
Permian position was to the east and parallel to the line of the Gaussherg-Kerguelen-
Chagos Rise, which also serves to define the former position of Africa. The aggrega-
tion of islands composing West Antarctica continues to be something of a mystery.

A complementary, but poorly understood, southern movement in southeastern Asia
has exaggerated the relief and extent of the transcurrent fault along Ninetyeast
Ridge. The Owen Fracture Zone and the Ninetyeast Ridge appear to be essentially
parallel complementary features (shown at slightly divergent angles owing to the
projection of the map) formed concurrently with the northward movement of India
during the later Tertiary and continuing elevation of the Himalayas,

Whether or not this speculative interpretation is approximately correct, the com-
plex system of Indian Ocean sea-floor features that has been demonstrated by the
International Indian Ocean Expedition and earlier mapping can scarcely be recon-
ciled with any theory involving foundered continents or isthmian links., Also, it
seems most unlikely that all the prominent features of submarine physiography in
the Indian Ocean Basin could have been formed simultaneously. Some features
evidently have been displaced and broken by later episodes of sea-floor spreading.
The mode of explanation I have adopted involving a chronologic sequence of
episodes of sea-floor spreading, in general, must be applicable. Different parts of the
midocean rift system do not necessarily follow the same time schedule or produce
the same effects. Necessarily, any interpretation of the sequence of rifting that can
be called on to explain features of Indian Ocean Basin at the present time must be
advanced very tentatively and held subject to later modification. Future research
should be directed toward a detailed understanding of the complex sequence of
events that gave rise to the present physiographic and geographic arrangement,
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Conclusions

Some paleontologists and biologists have in the past operated freely in postulating
land connections and sunken continents which would tend to explain anomalies of
biologic distribution. Certainly an explanation is essential and, among other ex-
planations, is Wegener's theory of continental drift. However, biological anomalies
of distribution alone did not serve to clearly distinguish between all the various
explanations, and probably they are incapable of doing so.

Geophysical study, particularly of the ocean basins, has now provided an accept-
able mechanism that accounts for rifting and shifting of sialic continents through
geologic time. Thus Seward and Conway’s predication (1934), previously quoted,
seems virtually confirmed.

Speaking of predictions, I should also like to quote an American author. David
White did not believe in continental drift, and he was inclined to favor land bridges
or, as later called, isthmian links. He did, however, in his first published paper
summarize the evidence in favor of Gondwanaland in 1889 (p. 322), which can now
be read in quite a modern context, White said:

“«“
.

. evidence not only proves unquestionably the former connection of the
continents [Africa, India, and Australia], but ... also indicates the strongest
probability of the union having comprised, at one time, one great continent,
over a part of which now lies the Indian ocean.”

This prediction further emphasizes the great weight of evidence from distribution
of fossil plants, which in 1889 was all the evidence there was to go on.

There is now a great deal more evidence that can be taken to suggest that
Gondwanaland truly did in Permian and Triassic time occupy the latitudes and
longitudes of much of the Indian Ocean. It seems evident that the lateral mobility,
of at least the sialic parts of the earth’s crust, now provides a more acceptable
explanation of many anomalies of biologic distribution. However, the recognition
of an acceptable causal mechanism also imposes constraints, Additional tests
regarding geological and geophysical probability of ancient land connections must
be considered, It does not seem at all likely that the sialic areas of the earth ever
were much more extensive, if as great, as they are at present. Never again may land
bridges be erected, or floors of deep oceans so freely elevated, without regard for
the many other branches of geonomic science that are concerned with the history
of our earth,
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Same Plant Fossils found all over the Southern Hemisphere

Introduction

Scientists have been interested in determining a reason for why there are the same kinds of plants on continents
that are thousands of miles away from each other. Scientists have ventured many reasons as to how plants have
moved across continents, many suggesting that the continents are moving.

Plant Evidence

Glossopterids area a major extinct plant group. These plant fossils are present on
the continents of South America, Africa, Madagascar, Indian subcontinent (present h,.,,# V
day India), Antarctica and Australia. Based on research it could not have been
carried by salt water to other places because the seeds would not have been able
to sprout. Plants fossils do not give a mechanism for how they were carried, so
how they were transported so far is unknown.

Photo From:

https://science.howstuffworks.com/life/bota
The Problem ny/10-plants-lost-to-history5.htm

Even though similar plant fossils can be found across the southern hemisphere, scientists have found several
inconsistencies. However, there are several possible explanations for these that need continued explorations. They
are:

1) Land connections that have sunk into the ocean

2) Atime with a lower sea level that could have caused modifications to the climate
Continental drift

3) Rare catastrophic storms
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studying plant fossils alone cannot prove or disprove any
theories. Instead, can only be used as supporting evidence in

TR X ) scientific ideas.
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4 @U Conclusion

L
- Distribution of plant fossils is another piece of evidence that
. could be used to support the idea of continental drift. The
This is a map showing where Glossopterid seed fossils have been located. evidence prESEnted shows how important past plant fossils
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Pacific Ocean

are in helping to determine how our Earth came to its
present state. This is more evidence to support that continents used to be closer together or even one land mass.

This paper is an adaptation of:
Schopf, J. M. (1970). Relation Of Floras of the Southern Hemisphere to Continental Drift. Taxon, 19(5), 657-674

Background information was found from:
Pumphrey, C. (2016, May 11). 10 Plants Lost to History. HowStuffWorks. https://science.howstuffworks.com/life/botany/10-plants-lost-to-
history.htm
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Appendix D Changing of the Earth’s Crust Storylines

Name: Betsy Lemus
Topic: Earth Science- Plate Tectonics F.’:".:B,; el How did 15 fossils
Grade Level: 6
— Le 1 | ti . Activity Description w/ inclusion
E— sson-level questions: of SEP & CCC
s h s
6= Students analyze and interpret 2
i g Are the continents moving? | ====fp | models looking for patterns and
3 reasoning for how similar fossils
. J ended up on different sides of
L1ha ocean.
"~ ~ 4
5 & ) Using data, students will develop a
§¢ How are continents > model explaining the patterns seen
43 moving (day 2)? of plants and animals of the same
\ y species on different contents and
sea life on top of mountains.

Lesson or
Activity 3:

Which models is more
correct?

Lesson or
Activity 4:

|s continental drift the real
deal?

\.

Students analyze and
interpret data of different
—p models using APL to collect
ts

evidence to determine
patterns of how the continen
move.

Students analyze and

interpret models about the
— changing earth collecting

evidence from APL to find

patterns between two
models.

Note: SEP = Science and Engineering Practices CCC = Crosscutting Concepts.
NG S8 Performance Expectations addressed through this Storyline. MS-ESS2-3. Analyze and interpret data on the distribution of fossils and
rocks, continental shapes, and seafloor structures to provide evidence of the past plate motions.

—

|

l

|

—

Lesson or Unit Phenomena:
How did fossils of a lizard get
on two different continents?

What we figured out:

explain what the model of
shrinking earth and
continental drift and compare
\_and contrast them.

(" Students will be able to )

Students will have created a
hypothesis to explain their
ideas.

.

S
4 )

J

(" There have been several
theories through time that may
explain how the continents
move. The idea of continental
drift is currently the best model
\ know to students.

~

S

Students will be able to
compare and contrast
continental drift and
plate tectonics.

-
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Name: Betsy Lemus
Topic: Earth Science- Plate Tectonics Driving Qrssion: How dki mescoeurus lossti L o e
Gl'ade Lw: 6 on two differant continents?
— ) Activity Description w/ inclusion
Lesson-level questions: What we figured out:
— —> of SEP & CCC >
- . ~ v
-4 Student analyze and h (‘Rocks of the same age lay
g z Are the same rocks on > interpret data of rocks and next to each other of the
§ | different continents? continent shape from APL . continents of South America
\. looking for patterns in their and Africa are placed next to
osition. / \_each other. J
s (" Students will look for patterns while ) . ™~
5@ . analyzing data and evidence from The moon’s gravitational pull on
Is the gravity of the m—fp | APL to draw conclusions about if —_—) earth is too \.Eeak to pull P
? pu
moon really that strong? the moon could move land masses continents around the earth
\ \_on earth. y, L ' )
4 4 4 N
LR Can earthquakes move the Using data and patterns found in Lighter ocean crust is pushed
; g co?‘ntinents'? — articles and experiments, w—=P | under the continents and
3 ’ students will create a model that caused both shallow and deep
. shows how oceanic crust is earthquakes.
forced under continental crust. \_ J
.
3 4 ™ (" When liquids are heated
How does liquid move when Students will analyze and they rise to the top of the
Ei heated? q inierpre'[ patterns in the 4 llquld, CQOI. and then sink
movement of liquid when back down in a convenction
heat is applied. \_current.

J

Note: SEP = Science and Engineering Practices CCC = Crosscutting Concepts.
NGSS Performance Expectations addressed through this Storyline. MS-ESS2-3. Analyze and interpret data on the distribution of fossils and
rocks, continental shapes, and seafloor structures to provide evidence of the past plate motions.
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Name: Betsy Lemus
Topic: Earth Science- Plate Techtonics Driving Question: How did Mesosaurus fossils Lesson or Unit Phenomena:How did fossils of a
get so far apart? lizard end up on two different continents?
Grade Level: 6th
_ Activity Description w/ inclusion
ions: What we figured out:
— Lesson-level quastlons. | of SEP & CCC . g
( _ A (" A
£% | Could ancient an ancient Students will analyze and Mesosaur could not swim that
i j | land and sea animal swim ——) | interpret evidence of pastplant | g, | far 3 distance. The species is
across the ocean? and animal life to look for to0 slow of swimmers and do
\ evidence and patterns of
movement by sea. ) kan>t have the endurance. )
s Students will use magnels and writlen Y
= evidence to analyze and interpret data The earth's maagnetic field
5 Does the magnetlc field to model how lava in the ocean can chanaes and lh%l can be seen
tell us anything about g
show the direction of earth’s magnetic —’ when looking at the way harden
our changing earth? field y ng ¢ y
\ crystals point in ocean rocks.
1 ( rComparlng maps and data from ) (" . . .
5 F two sources students will There is a mountain chain
g g |s the ocean floor flat? —’ construct exp]ana[jons to q between South American and
determine if the ocean floor is Africa. These mountains are
. _flat. y spreading. )
" N ( Create an argument from
§ 2 evidence using patterns in Plate tectonics is the better
1 g Which model is the best? =P | datato prove continental drift —p ;‘;ﬁi"fﬁ:gﬁﬁg;&fg""g for
or plate tectonics to be the moving i more accurate
\ \_better model. y 9 : )

Note: SEP = Science and Engineering Practices CCC = Crosscutting Concepts.
NGSS Performance Expectations addressed through this Storyline. MS-ES52-3. Analyze and interpret data on the distribution of fossils and

rocks, continental shapes, and seafloor structures to provide evidence of the past plate motions.
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