
The classic Lake Superior Agate is made up of red and white bands of 
quartz.  They formed in vesicles (gas bubble holes) of the lava that flowed 
out onto the surface of the earth about 1 billion years ago.  Have you found 
an agate?  What did it look like?  Do you collect them?  Where do you 
think it came from? And how did it form?  
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Upon completion of this unit, you should be able to:

● describe several different types of Lake Superior Agates.
● identify on a map where Lake Superior Agates formed.
● identify on a map where Lake Superior Agates are found today and 

explain how they got there.
● explain two different theories on the formation of Lake Superior 

agates.
● identify different structures found in the agates.
● use the evidence (structures) to support one of the theories.

Lake Superior Agate, Scott Wolter, 1999, Outernet Publishing, ISBN: 
1581752067  - An excellent reference book available at bookstores or online. 
http://www.lakesuperioragate.com 

The Other Lake Superior Agate,  John Marshall, 2003, Llao Rock 
Publications, Beaverton, Oregon, ISBN: 0972256822 -  An excellent 
reference book.  There is a pdf version that can be ordered from the author 
by contacting him at:  JDOregon@aol.com  

The Beauty of Banded Agates, Michael Carlson, 2002, Fortification 
Press, Edina, MN, ISBN: 0972189106 – An exploration of agates from 8 
major sites. http://www.agatenodule.com/ 

This unit has been designed for grades 7-8 but can be adapted for other 
levels.

This unit focuses on Earth Systems Understandings 1 and 3.  {Key words: 1= 
beauty & value, 2=stewardship, 3=scientific process, 4=interactions, 5=change through 
time, 6=Earth as a subsystem, 7=careers & hobbies}
http://www.ag.ohio-state.edu/~earthsys/
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Part 1 – Introducing Agates - Where did they form and Where are they 
found? 

Part 2 -  Identifying Lake Superior Agates and their structures

Part 3 -  Formation Theories

Part 4 – Design and Conduct Experiments

Part 5 -  Scientific Debate – Can you support your theory?

This activity might be used as part of a rock and mineral unit.  It could also 
be used to conclude a unit on the scientific method and experimenting.  

The experiments in Part 4 are open ended and student designed.  The main 
thing that the teacher should be looking for is experimental design and 
safety. Is there a variable?  Is there something that can be measured or 
documented for results?  Is the experiment safe and going to be conducted 
under safe conditions?  The interpretation of the results must be looked at 
as clues to the puzzle of agate formation – not as answers or proof. 

You might have students research other types of agates.  Some other agate 
types / names are:  Brazilian, Condor, Dryhead, Fairburn, Mexican, lace 
agate, moss agate, .....

You could have students find and print pictures of agates from the web.

You could ask students to bring in agates they have found.

Use a tumbler and tumble a load of agates.  Tumblers can be loud.  Find a 
location where it will not disturb others.  Do not tumble large agates 
without letting students know that that many collectors prefer the natural 
beauty.

Contents

Teacher Notes

Extensions



Introducing Agates
Agates, pictures of agates, copies Agate Formation – An Introduction that 
students can complete.

Use questions to see how many of your students have agates, collect 
agates, have tumbled agates.  Agate collecting can be a great hobby.  Show 
the students agates.  You can use pictures (printed or projected).  You 
might ask students to bring in some examples that they have found.

Ask students what they know of how they formed and where they come 
from.  

Print out copies of agate articles for the students to read some basic 
information.  Example articles are:

Lake Superior Agates, Minnesota DNR, 2006, 
http://www.dnr.state.mn.us/snapshots/rocks_minerals/lakesuperioragate.html

The Lake Superior Agate:  Digging into  MN Minerals, Minnesota 
DNR,  2006,  http://www.dnr.state.mn.us/education/geology/digging/agate.html

Have students complete the map and answer the questions while you 
discuss the following events that lead to the formation and distribution of 
Lake Superior Agates.
Outline:

1. Mid-continental Rift – 1.2 -1.1 billion years ago.
2. Lava flows out on the surface during rifting.  Hundreds of flows 

pile up over time to a thickness of up to 22,000 feet in some places.
3. The weight of these lava flows cause a depression to form along 

where the rifting took place.  (Think of having liquid flow up and 
pile up on a mattress.  It will sink where the heavy weight get piled 
on.)  Lake Superior sits in part of this depression but it did not exist 
at the time of the rifting.  Lake Superior has only existed as it is 
now since the last glacial ice age (a few thousand years.)

4. As each lava flow spreads out on the surface and cools, gas bubbles 
in the liquid lava get trapped as the lava cools.  These gas bubbles 
are called vesicles. The largest number of vesicles are normally at 
the top of the lava flow.  (Think of a can of soda that you open. The 
bubbles rise to the top.)

5. Hot water (heated by the magma still below the surface) dissolves 
silica from the rock and carries it through fractures in the rock into 
vesicles.  The silica (SiO2) or quartz along with other minerals get 
deposited in the vesicles.  

6. The basalts / lava flows started weathering from the time that the 
rifting stopped (1.1 billion years ago) until glaciation which began 
about 2 million years ago.  During this long time period, the basalt 
was weathered chemically and physically to form soil.  The agates, 
mainly quartz, were left behind because they are resistant to 
weathering.
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7. Glacial lobes advance and melt away from about 2 million years 
ago until about 10,000 years ago.  As the glaciers advance they 
pick up soil and rock and transport it moving it south. They also 
scrape and gouge out the softer rock. Glaciers deposit the rock and 
soil as till, moraine and outwash deposits. 

8. Glaciers that advanced through the rift area are responsible for 
transporting agates as far south as Nebraska.  If you look in glacial 
material that came from what was the rift area, it is possible to find 
Lake Superior agates.

9. The best places to look are where that type of rock is concentrated. 
Gravel pits (with permission), landscape rock (gravel) rocky 
beaches, fields (with rocky soil) and gravel roads are just a few of 
the places to start looking. 

                        



Agate Formation – An Introduction. Name: _________________________

Label the following features and answer the questions.

1. Label the location of the Mid Continental Rift.

2. Draw arrows showing the direction the land surface was moving during the rift.

3.  When did rifting take place? ______________________   For how long? _________________

4.  What happened during the rifting? ________________________________________________

_______________________________________________________________________________

5.  What happened to the land / rock surface after the rifting stopped? _______________________

_______________________________________________________________________________

6. When did glaciation take place?  ___________________Draw a line showing the maximum extent 
of glaciation.  When did the last glaciers melt out of Minnesota? _______________ 

7.  Draw a line outlining the location where Lake Superior agates can be found.

8.  What does this information tell you about Lake Superior agates: ____________________________

__________________________________________________________________________________

__________________________________________________________________________________



Identifying Lake Superior Agates and Their Structures

Pictures of agates and their structures, agates

Hand out the pictures or project the pictures or provide actual agates that 
illustrate different features.  The pictures on the next pages include 
examples with the following features / types of agate.  Discuss each and 
have students write their definitions on the provided handout.  If you print 
out the pictures, have students write down the type of agate or feature 
being illustrated.  Each picture may have more that one label.  Have 
students draw arrows if there is more than one feature illustrated.

1. Fortification Agates – banding that on a complete agate forms a 
complete layer. 

2. Water Level Agates – flat or parallel banding.

3. Moss Agates – crystal structures of other minerals encased in the 
chalcedony.

4. Tube Agate – banding forms around a needle like crystal suspended 
in the silica gel.

5. Sagenite Agate – suspended needle like crystals of another material 
such as rutile in the agate.

6. Ruin Agates / Healed Fractures – agates that have been deformed 
or broken while in the lava and then new solutions heal or seal the 
fractures.

7. Eye Agates -  hemispherical banding on the surface of the agate.

8. Geode – an agate or cavity lined with crystals and a hollow / open 
center.

9. Crypto or micro-crystalline (microscopic) and macro-crystalline 
(visible) structures. 

10. Flow structures – indications of movement of the silica gel while 
forming.
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Agate Types and Features Name: _________________________

Write your own definition of each of the agate types or features as discussed in class.

1. Fortification Agates – 
 

2. Water Level Agates – 

3. Moss Agates – 

4. Tube Agate – 

5. Sagenite Agate – 

6. Ruin Agates / Healed Fractures -

7. Eye Agates -  

8. Geode – 

9. Crypto or micro-crystalline and macro-crystalline structures -

10. Flow structures –

Look at each of the pictures on the following pages.  Try to identify the agate type or feature being 
illustrated.  If more that one type or feature is illustrated, label and use arrows to point out each feature. 
Some of the labels will be used multiple times.



Agate Types and Features Illustrated Name: _________________________________

1. 
_________________________________
_________________________________

Comments/Questions:

2. 
____________________________________
____________________________________

Comments/Questions:

3. 
_________________________________
_________________________________

Comments/Questions:

4. 
____________________________________
____________________________________

Comments/Questions:



  

5. 
 _________________________________
_________________________________

Photo by Scott Wolter

Comments / Questions:

6. 
_________________________________
_________________________________

Photo by Scott Wolter

Comments / Questions:

7. 
 _________________________________
_________________________________

Quartz with rutile inside it.  Which 
formed first?

8. 
 _________________________________
_________________________________

Black outside is basalt.



9. 
 _________________________________
_________________________________

Questions / Comments:

10. 
 _________________________________
_________________________________

Questions / Comments:

11. 
 _________________________________
_________________________________

Questions / Comments:

12. 
 _________________________________
_________________________________

Brazilian Agate – Can we learn anything 
about Lake Superior agates from it?



13. 
 _________________________________
_________________________________

Photo by John D. Marshall
Questions / Comments:

14. 
 _________________________________
_________________________________

Photo by John D. Marshall
Questions / Comments:

15. 
 _________________________________
_________________________________

Photo by John D. Marshall
Questions / Comments:

16. 
 _________________________________
_________________________________

Photo by John D. Marshall
Questions / Comments:



Possible answers for images.  There are other possible answers.

1. Fortification, Moss, Ruin – fracture, crypto-crystalline center

2. Large fortification

3. Eye agates

4. Fortification/Banding. About 3 inches long.  Is this a piece of a 
larger agate or an agate that formed in a vein?

5. Fortification and water level.  Where was the bottom of the vesicle?

6. Fortification / flow channels.

7. Rutile is a mineral.  The metallic crystals grew in the silica solution 
that became the quartz at the same time as the quartz formed.

8. Agate in basalt.  Vesicle is filled in with agate.

9. Bands around outside.  Macro-crystalline center.

10. Tube Agate

11. Water level with banding on top.

12. Brazilian agate with apparent entrance and exit locations.

13. Moss agate

14. Tube Agate

15. Geode – cavity inside another rock.  In this case it is inside an 
agate. Macro-crystals (visible) often form inside.

16. Sagenite agate with banded area and macro-crystalline quartz.

Part 2

Teacher Guide



Agate Formation Theories

Handouts of the two different theories examined in this activity.  (See the 
following pages.)  Scott Wolter and John D. Marshall both contributed 
their articles and pictures.  They have long studied and collected Lake 
Superior Agates.  What do you think of their theories? 

Have the students read the two handouts.  You might want to jigsaw the 
reading so that you can have students explain to another student the theory 
that they read about.

Class discussion:

What are the two basic theories?  

Break down the theory into steps.  What happens first, second and so on. 

What conditions are required for agate formation with each theory? 
(location, materials, temperature, pressure, .....)

How are the theories alike?  

How are they different?

What agate structures can be seen that support each theory?

Are there structures that one or both of the theories has a problem 
explaining?

Part 3
   
                           
Materials

Procedure



Agate Formation – Multiple Solution Theory
By:  Scott Wolter

The multiple solution deposition theory for agates simply means that each band, or banding 
sequence, was laid down one at a time.  The formation of agates begins with an empty gas pocket or 
vesicle that became trapped within cooling lava.  At some point after the lava cooled and hardened 
cracks developed connecting the vesicles and produced a network through which ground-water flow. 
The timing of when the ground-water moved through the lava flows could have been shortly after they 
were deposited or millions of years later.  As water moved through the lava pile silica was dissolved 
from the host rock and carried as a solution into the vesicles.  Silica or cryptocrystalline quartz 
becomes unstable in a high pH environment.  This means ground-water must also have a high pH (>9) 
to dissolve the silica and carry it along.

This photo of a basalt lava flow peppered with marble-sized Lake Superior agates was taken underwater near 
Copper Harbor, Michigan, at approximately 10 foot depth.  Hundreds of 1.1 to 1.2 billion year old lava flows with 
layered or banded silica filled gas pockets (called amygdules) occur along the north and south shores of Lake 
Superior in Minnesota, Wisconsin and the Upper Peninsula of Michigan. 

Once the silica-rich solution enters the vesicle, it fills the cavity which allows a thin layer of fibrous 
quartz called chalcedony to form on the inside surface of the cavity.  This initial layer becomes the first 
band of agate in its formation.  At some point, negative fluid pressure sucks out the solution leaving the 



cavity empty except for the thin layer of agate.  Subsequent events of positive and negative pressure fill 
and empty the cavity.  During each event a layer of chalcedony or agate is deposited that progressively 
fill the vesicle forming the agate.  As the agate fills the cavity, small vents or fill-holes develop that act 
as channels for the solution to move.  Intact fill-holes observed in broken or cut and polished agates 
always extend to the exterior or “husk” of the agate.  This fact is consistent with their origin as 
channels for multiple solutions that progressively formed agates.

This microscopic view shows multiple feeder channels sometimes called fill holes that allowed silica-rich solutions to 
flow into and out of the vesicle during its formation.  These channels always extend to the exterior of the vesicle 
(15X). 

The most telling type of agate that proves the multiple deposition theory is the water-level, onyx 
fortification or parallel-banded variety.  This variety presents compelling evidence for the multiple 
solution deposition model and how fluid pressure impacts agate formation.  The horizontal banding is 
clearly a feature of gravity where some of the silica solution was left to pond on the bottom the vesicle. 
The banding is also continuous traveling around the top of the vesicle and rejoining the horizontal band 
on the other side.  This proves that the void was completely filled before the solution drained or was 
pulled out by negative pressure. (See the picture on the next page.)



The horizontal banding in this one pound water-level Lake Superior agate continues up and around the top of the 
vesicle and rejoins the banding on the opposite side.  This variety of fortification banding illustrates how the silica 
solution first filled the vesicle and then drained away leaving a puddle on the bottom that crystallized into horizontal 
bands. 

The conclusive proof of multiple solution deposition occurs in a special variety of water-level agate 
called mosaic agate.  This feature occurs when a puddle of silica solution ponds at the bottom and as it 
dries out it cracks up into tiny polygons identical to mud-crack patterns.  The angular polygons are 
scattered somewhat by the next way of solution and then entombed within the crystallizing solution. 
Only with the multiple solution deposition mode of formation could this beautiful feature in agates 
occur!  (See the picture on the next page.)



These black, gray and white colored angular polygons appear on the polished bottom side of six ounce Lake 
Superior water-level agate.  The polygons formed when a pond of silica solution at the bottom of a vesicle dried out 
producing shrinkage cracking of the layer.  A later solution flooded the cavity and upon crystallizing locked the 
polygons into this jumbled pattern called mosaic agate.     

                   



Agate Formation – Single Gel Theory
John D. Marshall

Early theorists even found structures in agates that suggested channels that carried water and dissolved 
materials into the forming agate.  The dissolved materials would, they thought, enter the agate forming 
cavity in volcanic rock and, upon drying out, leave a single band around the entire inner surface of the 
agate.  This theory became known to many as the ‘successive wave or multiple deposition’ theory of 
agate formation since each new ‘wave’ of agate forming solution deposited a single band of the new 
agate.

As a boy finding agates in Minnesota I was naturally drawn to the more unusual agates-generally the 
ones without bands.  I had read about, even by the age of eight or ten, the successive wave entrance 
duct theory, but I kept finding agates that did not seem to fit this method of formation.  Many years 
later,  as an adult,  I  would begin to study all  types of agates in microscopic detail.  I  studied Lake 
Superior Agates and other types from around the world.. I paid particular attention to the ‘entrance 
ducts’.   The closer  I  looked the more I  came to  understand that  material  seemed to  have flowed 
outward within these ducts rather than inward.  

Many years  of  making observations,  have led me to  believe  that  banded agates form from single 
masses of a supersaturated gel like material.  Chemical reactions begin from the exterior of what will 
become the banded agate and proceed inward.  These reactions convert the silica gel material into 
bands composed of micro crystals of silica based material that become oriented perpendicular to the 
bands.  



As the bands form inward the cavity becomes pressurized relative to the outside since the structure of 
the forming bands gives up water as it forms.  Newly banded material also requires more space that the 
previous volume of silica gel material.  As the bands form inward the pressure grows until it releases 
itself outward toward the area of lower pressure.  As it does this the newly formed but still plastic outer 
bands deform outward creating exit channels.  Sometimes these exit channels extend all the way to the 
exterior of the agate nodule.  In fact, in some agates a small ‘plug’ of material from the exit channel can 
be seen on the exterior of the agate.  While exit channels can be seen in almost all banded agates, they 
cannot be found in moss agate, sagenite agate, tube agate, or most water level agate. 

Brazilian Agate with escape channel that did not reach the surface.

A common observation of banded agates from around the world including Lake Superior Agates is that 
many have a center of clear crystalline quartz.  The single gel theory of agate formation accounts for 
this  because the mechanism of  band formation and repetition is  thought  to  be controlled by trace 
materials present in the silica gel.  As bands form from the exterior of the agate inward these trace 
materials are depleted until, according to the single silica gel theory, only clear crystalline quartz can 
form.  ( see “The Other Lake Superior Agates” )



Using a single silica gel  model for agate  formation has another great benefit  compared to the old 
theory: It allows us to explain the formation of the many other forms of non-banded agate.  What kind 
of agate is formed in each cavity is based upon the unique set of conditions within that cavity such as 
constituents present, shape of the cavity, and perhaps slightly different temperature and/or pressure.  

The agates give up their story slowly.  



Crystal Experiments – Are you up to the challenge?  
Design an experiment that will help test one of the theories of agate 
formation.

The following is a list of materials that you might want to provide and 
have students design their experiments using these materials. All of the 
chemicals have been used to grow crystals.  The amounts are given as a 
guideline on how much will be used to create a saturated solution in water 
just below the boiling point.  You can bring the water to a boil and then 
turn off the heat.

Cream of tartar (2/3 cup per cup water), alum (2 oz. per cup water) , borax 
(3 tbsp per cup water), salt, sugar, water, clay, walnuts, egg shells, food 
coloring, pectin, jars, hot plate / heat source to dissolve material. 
(Suspended crystals: one carton of pectin, 1 cup water, heat, add sugar 
until saturated, put in sealed jar – do not pour in non dissolved crystals. 
Suspended crystals will grow over the next week or so.)

Discuss the two theories of agate formation.  What are some of the 
characteristics that the theories have in common?  How are the theories 
different?  What are some things about the theories that could be tested in 
order to support one of the theories?  What could be tested that would help 
refute one of the theories?

Divide the class up into groups of 2-4.  Have the groups pick some feature 
of the agate theories that could be tested.  Ask the students to design an 
experiment that they can conduct that will test that feature.

Student groups should write up their experiment for teacher approval. 
Materials in the list above are suggestions.  Students could test crystal size 
and cooling rate.  They could try creating geodes in the walnuts, eggs or 
clay.  They could try creating a solution with impurities (food coloring, 
one of the other materials) and see if banding occurred.  They could try 
having different solutions move through a cavity.  Some of these 
experiments will work better than others.  Some may not generate the 
results wanted.  All experiments must have a variable and some result that 
can be recorded.  (Discuss scientific method.)

After students submit their experiment and get it approved by the teacher, 
they should conduct the experiment and record results.
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Presentations / Debates

Poster board, overheads, computer/projector, markers, ....

Have students prepare a short oral presentation with a visual display.  The 
visual could be part of the presentation or a poster session.

Part 1 of the presentation should explain to the class what their experiment 
tried to test and what the results were for the experiment.   

Part 2 of the presentation should use their experiment and any other 
arguments that they have to support one of the two theories of agate 
formation.  They might also present arguments regarding what the other 
theory can not explain.

After each group presents their results and arguments, a debate can be 
held.  The debate could be a question and answer session.  It could also be 
more involved debate with a moderator that asks each group to explain 
how their theory can explain the different types of agates/features.
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