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GY 112 Lecture Notes 
Proterozoic Glaciations 

 
Lecture Goals: 
A) Glaciations: What happens and why 
B) Proterozoic glaciations 
C) Snowball Earth– the most up to date info 
 

Textbook reference: Levin 7th edition (2003) Chapter 7; Levin 8th edition (2006), Chapter 9 
 
A) Why Glaciations 
Well, that is a good question. Geologists think that they understand why glaciations 
occurred in the “recent past” (i.e., the last few million years), but there is a lot of 
speculation about why it occurred earlier in the Phanerozoic and the Proterozoic. First 
let’s state some obvious facts. 
 
Conditions have to be pretty cold for glaciations to occur. Cold temperatures occur in 
mountainous areas due to the altitude effect (a drop of 3 degrees C for every 1000 m of 
elevation), and the result is localized or alpine glaciers. Alpine glaciers occur in valleys 
between mountains around the world (they are also called valley glaciers) and even 
occur in tropical latitudes if the mountain ranges are high enough. 
 

This type of glaciation is 
impressive, but is not all 
that important to the world 
as a whole. The really 
impressive glaciations 
occur when temperatures 
across the planet decrease 
to the point where glaciers 
begin to grow at low 
elevations in high latitude 
areas (e.g., near the poles). 
We presently live at a time 
where there are significant 
continental glaciers on 
Antarctica and Greenland 
(see image to left from 

http://badc.nerc.ac.uk/community/highlighted_sites_old/satim/Greenland-landsat.jpg), but in the not 
too-distant pass, the glaciers covered much, much larger regions. We will talk more about 
these “recent” glaciations in an upcoming lecture, but it is worthwhile at this time to 
address the major effects. As ice builds up on a continent, the volume of sea water 
deceases and sea level will drop around the world. This is known as a eustatic sea level 
fall. At the same time, the stable isotopic composition of the sea water will change (refer 
to Lecture 9) and the seas will become more saline (slightly). As ice melts, the volume of 
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fresh water flowing into the oceans increases and changes back to “normal conditions” 
and we experience a eustatic sea level rise.  
 
The reasons why continental glaciers advance and retreat have been considered for well 
over 100 years. Most geologists believe that the Earth undergoes many changes that 
ultimately affect the climate of our planet. By themselves, no one “effect” is probably 
sufficient to induce a glaciation, but collectively, they could. The flipping between 
icehouse conditions (times when there is continental ice at the poles) and greenhouse 
conditions (when there is no continental ice at the poles) is still pretty much a mystery. 
However, we have a pretty good handle on why glacial ice advances and retreats during 
icehouse conditions. Times of maximum continental glacier advance are considered 
glacial periods (do not confuse this period with geological time periods!) and  times 
when the ice has retreated are called interglacial periods. We are currently in an 
interglacial period right now. 
 
So what ultimately affects and/or controls glaciations? The first variable is the 
composition of atmospheric gases. Greenhouse gases like CO2 and CH4 trap heat near the 
Earth’s surface and might ultimately warm the climate up if they increase in abundance 
(kind of like today). In fact, the most recent warm interval of time that occurred in the 
Cretaceous period of the Mesozoic Era (no polar ice anywhere, temperate conditions at 
the poles, very high sea level etc.) has been attributed to a greenhouse effect.  
 
The relative position of the continents is also important for glaciations. Continental 
glaciers could not form unless there were continents at a suitable latitude (e.g., near the 
poles). In the past, continents were frequently concentrated along the equator and in this 
position, continental glaciers could not have formed unless it was really, really cold 

(more about this later). Past glaciations are 
usually centered on continents at straddled 
one of the poles. 
 
As I mentioned before, we don’t really 
know why the Earth shifts from 
greenhouse to icehouse conditions, but 
there is considerable evidence explaining 
why there are shifts from glacial to 
interglacial periods during icehouse 
conditions.  
 
Milutin Milankovitch, a Serbian 
astrophysicist, determined that the Earth’s 
orbit went through several variations or 
cycles that were likely to affect the planets 
world-wide climate (see image to left from 
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http://deschutes.gso.uri.edu/~rutherfo/milankovitch.html). They were: 
 
1) Eccentricity (variations in the shape of the Earth’s orbit); 100,000 year oscillation 
2) Obliquity (variations in the tilt of the Earth’s axis); 41,000 year cycle 
3) Precession (the change in the direction of the Earth's axis of rotation or “wobble”); 
21,000 year cycle. 

 
There has been considerable 
published work that shows well 
developed sedimentary pulses 
corresponding to these cycles 
(particularly the obliquity cycle). 
Even I, your humble instructor has 
had a paper or two published on this 
topic. And frankly, if I could see the 
cyclicity in sedimentary rocks, than 
it must be pretty blatant stuff. The 
argument goes like this: when the 
majority of orbital changes tend 
toward cooling (e.g., the Earth’s 
“tilt” increases), then the Earth will 
cool off (or warm up) resulting in a 
world-wide climatic shift and 
ultimately a sea level change (see 
diagram to left). The 3 types of 
cycles are collectively called 
Milankovitch cycles and they are 
thought to be responsible for the 
interglacial-glacial pulses that 
characterize the Pliocene and 

Pleistocene epochs of the Cenozoic. These ideas are really well supported by stable 
isotope geochemistry (refer to the Stable Isotopes web lecture for additional info). The 
cycles identified through variation in oxygen isotopic signatures of planktonic 
foraminifera almost perfectly match the cycles predicted mathematically through 
Milankovitch theory. This is as close as you can get to a smoking gun in science. 
 
Before we leave this introduction to glaciations, it would be a good idea to mention what 
these thick glaciers did when they advanced and retreated across the continents. Simply 
put, they removed a lot of material and deposited it elsewhere. Some of the continental 
glaciers exceeded 4 km in thickness, so when they advanced, they scrapped well down 
into the bedrock. The types of landforms generated include hanging valleys, arêtes and 
U-shaped valleys. As the ice sheet moved forward, it either ran over top or bulldozed any 
sediment or rock it encountered. The sediment produced/moved in this manner was 
poorly sorted and ranged in size from clay-sized particles (crushed and ground up rock) 
to boulder-sized particles. The mixture of sediment that you get from these drastically 
different particle sizes is called till and about the only way you can get it is through the 
action of glaciers. The deposits formed via this process are varied (including several 
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different types of moraines, as pictured to the 
left in an image of an Alpine Glacier from 
http://www.uwsp.edu/geo/faculty/ritter). 
 
When glaciers melt, they don’t actually move 
back toward where they came from (that’s what 
retreating implies), they simply melt faster than 
they retreat. The vast amount of water produced 
reworks the till and other poorly sorted material 

into thick deposits of well sorted glacio-fluvial  sediment called outwash or stratified 
drift. All of these sediment types can be found in several different glacial morphological 
features on the planet today (e.g., eskers, drumlins, moraines etc). We can’t really 
recognize these features in the past (they erode away to easily), but the rocks produced by 
glaciers can be preserved, and it is this that allows us to identify glacial events in the rock 
record. 
 
B) Proterozoic Glaciations  
Continental glaciations like the one that took place a mere 18,000 years ago cause 
widespread changes in the deposition of sediment. In the first place, sea level can drop 
significantly (over 150 m is possible), and coastal sedimentary environments like beaches 
and deltas shift seaward. The glaciers themselves are also responsible for much 
sedimentation. As mentioned above, when glacial ice moves over land, it literally 
bulldozes detritus consisting of poorly sorted rock and sediment and soil in front of it. 
The resulting is till and the rock formed from the lithification of till is called tillite (or 
diamictite). The presence of tillite in the rock record is usually regarded as good 
evidence of glacial activity.  

 
Tillites were deposited over large parts of the Earth’s continental land masses in two 
intervals of the Proterozoic. The first was deposited during the Paleoproterozoic 
(approximately 2.6 to 2.1 GA) over portions of North America (southern Ontario in 
Canada), Europe, India and Africa. The second occurred during the Neoproterozoic (850-
600 MA).   
 
The Paleoproterozoic glaciation is difficult to time exactly because it is a terrestrial 
sedimentary deposit and does not contain any datable materials; however, the tillites are 
constrained in their age by the granites they overlay (2.6 GA), and the igneous dikes that 
cut through them (2.1 GA). Paleoproterozoic tillites of southern Ontario comprise part of 
the Gowganda Formation and are classic in many ways. As a matter of fact, your 
humble instructor had a chance to appreciate them directly while a student at McMaster 
University in the early 1980’s. Our undergraduate field school was located near Sudbury 
and we spend many a fine spring day examining dropstones (rocks released from 
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icebergs that drop down and distort layered sediment in marine environments), and 
scratched and striated boulders in the tillites. The sample I collected from the Gowganda 
Formation was one of the first rocks that I ever collected as a “geologist”. It was also one 
of the first rocks that my mother “borrowed” for her rock garden. 
 
The Gowganda tillites provide clear evidence of a major glaciation in the early 
Proterozoic and some refer to it as the Huronian Glaciation. The Neoproterozic event is 
known as the Varangian Glaciation and seems to have involved at least 4 distinct 
advances and retreats of glacial ice. The last one (600 Ma) may have been the grand-
daddy of all glaciations. As most text books state, tillites of this age are found on all 
continents with the exception of Antarctica, including those that lay near the equator. 
Many geologists have concluded that world temperatures must have been much colder 
than anything experienced before or after this time period. Several geologists have also 
suggested that the Earth may have experienced true icehouse conditions. They contend 
that sea water over much of the globe was frozen and in some areas (the poles?), the 
oceans may have been frozen right down to the bedrock. If this did occur (and not 
everyone believes that it did), we are lucky to have liquid water on our planet today. 
Frozen oceans and frozen land masses would have greatly increased the amount of 
sunlight reflected back to space (i.e., the Earth’s albedo would greatly increase), and 
world temperatures would have plummeted even more. Computer models of an icehouse 
Earth suggest that once formed, the Earth could never warm up again.  
 
Skeptics to the icehouse Earth hypothesis point out that other rocks do occur in the 
Neoproterozic besides tillites, including a lot of tropical sedimentary rocks. Like tillites, 
these rocks appear to be distributed all over the globe. There is clearly something stuffed 
up with the Neoproterozoic, or at least with our interpretation of the rocks formed during 
this time. Maybe the glaciations across the planet did not occur at the same time. 
Remember, there is an error with radiometric dating. The older the rocks you are dating, 
the greater the error. Perhaps one continent experienced a glaciation 500 KA or 1 MA 
before the next. This is plenty of time for an advance and retreat of glacial ice (we’ve 
experienced a couple full blown glaciations during the past million years in the 
Quaternary), but we could not adequately resolve this difference in radiometric dates. 
However, even if this were the case, and the Earth was characterized by severe climatic 
belts like today back in the Neoproterozoic, it still could not explain the juxtapositioning 
of tropical and glaciated continental areas unless plate motion was much faster in the 
past. A plate moving 50 cm per year (about 10 times faster than today) would move 500 
km over a million years. This might just do it. Then again, maybe we are just pain wrong 
about the origin of some of these “tillites”. The Neoproterozoic glaciation offers plenty of 
opportunities for quality graduate research projects should you be tempted to major in 
geology. 
 
C) Recent developments: The Snowball Earth controversy 
The idea of Neoproterozic glaciations is not new (it was around since at least the early 
1960’s), but this topic has really taken on a life of it’s own over the last 5 or so years. 
Several very good geologists concluded only a few years ago that the Earth must have 
been darn near frozen solid during several periods in the Neoproterozoic given the 
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distribution of tillites around the world. Since that time, geologists have been scouring 
the Earth looking for rocks of a suitable age to sort out what actually happened. The 
target age of their enquiry is 750 to 580 MA. Most of what I’m about to tell you I got 
from a good internet article (it’s actually a Scientific American article). If you want to 
read the article yourself (advised), then go here: 
 

http://www.sciam.com/2000/0100issue/0100hoffman.html 
 
An even better article from the journal Terra Nova  can be found here: 
 

http://www.eps.harvard.edu/people/faculty/hoffman/TerraNova.PDF 
 
The senior author of the papers (Paul Hoffman) and his colleagues like Daniel Schrag 
envision a world encased in ice for millions of years at a time. Ice more than 1 km thick 
covered the Earth’s oceans at the equator and the resulting albedo drove temperatures 
down to -50° C. That’s 50 degrees below zero which is darn cold (-58°F). In some places, 
were the temperature to reach -78° C  (not entirely unreasonable under the circumstances) 
carbon dioxide snow may have 
mixed with water snow!. They 
call this scenario the Snowball 
Earth. I was so impressed with 
this idea, that I actually went on 
a field trip with Paul Hoffman to 
Namibia in 2002 (see photo to 
right). 
 
 
Glacial drop stones directly overlain by 
“tropical limestone” in western 
Namibia. Paul Hoffman for scale 
 
 
One of the most important things about the Snowball Earth hypothesis is the implications 
to living organisms that were around at the time. Freezing the oceans would have been 

bad and many life forms 
(prokaryotes and eukaryotes alike) 
would have been driven to 
extinction. As it turns out, there were 
several extinctions around this time 
frame (see the Proterozoic fossils 
lecture). 
 
 
Proterozoic strata in Namibia. This area has 
been one of the most important regions for 
the development of the  “Snowball Earth” 
hypothesis 
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Close up of glacial 
deposits in Namibia 
 
 
 
 
 
 
 
 
 
If you are going to propose runaway icehouse conditions, you’d better have a means by 
which to warm things up again. Hoffman and Schrag do. They have observed that the 
glacial deposits are overlain by limestone. They infer that the limestones were deposited 
in warm water. Of this I am now convinced. While it is true that lots of limestone is today 
produced in cold water, the rocks in Namibia contain a lot of aragonite crystals that look 
like they formed inorganically and very rapidly from (very warm) water. Isotopic data 
suggests a temperature of formation in water as hot as +50° C; That’s 50 degrees above 
zero or 122°F! If so, at least part of the ocean could be described as really hot bath water.  
 
So how do you flip back and forth from extreme to extreme? The answer has got to be 
CO2. If you recall, when we were last discussing CO2, we were outlining how this gas 
was being scrubbed out of the oceans and the atmosphere by cyanobacteria (refer to the 
Archean life and evolution of the early atmosphere web lectures). CO2 was going to make 
sugar via photosynthesis and as CO2 was drawn out of ocean water, more was added to 
the oceans from the atmosphere (i.e., the carbon cycle). When you cover up the oceans 
with a thick layer of ice, this exchange no longer occurs. The volcanoes were still 
belching out gases and the suggestion is that over time, CO2 would again start to add to 
the Earth’s atmosphere. This I also believe. CO2 is constantly scrubbed out of the 
atmosphere by rain, forms acids that react with rocks and minerals to form CO3

2- and is 
dumped in the oceans where it ultimately is used to form CaCO3. Without rain and rock 
reactions, the CO2 would simply build up in the atmosphere. Little by little, temperatures 
would start to rise due to the subtle increase in CO2 (the greenhouse effect). Any pockets 
of frozen CO2 that might have formed would also evaporate possibly giving a sudden jolt 
of atmospheric CO2 and pushing the Earth further into green house conditions. Within a 
few decades (note: this is decades NOT hundreds or thousands or millions of years), the 
ice would rapidly melt, the albedo would drop and the planet would warm even more. 
Computer models suggest that the warming itself might also have gotten out of hand. One 
model suggests temperatures exceeding +50° C which agrees with Hoffmann and 
Schrag’s estimated based on isotopic data. Much of the CO2 in the atmosphere would 
react with rocks producing  CO3

2-  that would runoff via rivers to the seas. This in turn 
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would produce a sudden (bordering on geologically instantaneous) pulse of inorganically 
precipitated CaCO3 (aragonite?) that would get deposited directly on top of the glacially 
produced rocks. Hoffman and Schrag argue therefore, that atmospheric CO2 was being 
scrubbed out of the atmosphere and that the proof of this are the limestone cap rocks that 
are found atop the glacial deposits. Wow! These guys have it all figured out. 
 
He is something else to consider. If this hot-cold oscillation is correct (see next 
paragraph), only the heartiest of life forms could have survived. Only those life forms 
that were capable of moving to more hospitable niches, or which could better regulate 
their internal metabolisms would live to see another day. When we get to the Cambrian 
explosion we will talk about the potential causes of the “sudden” evolution of numerous 
new phyla. No one knows why it occurred, but it would really be satisfying (in a 
catastrophic way!) if we owed our very existence to a series of world-wide disasters.  
 
I should inform you a bit about some recent developments concerning the Snowball Earth 
hypothesis. Geologists have now divided themselves solidly into two basic camps: (1) for 
the hypothesis and (2) against it. I consider myself more for it than against it, but many 
geologists (some considerably better than I) are adamantly against it. The current 
discussion about the Snowball hypothesis is the most active topic in geology today. 
Papers are being produced daily that argue in favor of the hypothesis, whereas others 
argue against it. I was at a conference where the Snowball Earth was a theme session in 
2002 and thought that fist fights were going to break out! You gotta love this stuff. I 
suspect that the early days of plate tectonic theory (late 1950’s, early 1960’s) was like 
this. Stay tuned folks. Eventually the gathering piles of evidence will either start to favor 
the Snowball Earth hypothesis or start to disfavor it. You are witnessing the process of 
science in progress. 
 

 
Important terms/concepts from today’s lecture 
(Google any terms that you are not familiar with)  

 
glaciations 

valley/alpine glacier 
continental glacier 

eustatic sea level rise/fall 
green house 

icehouse 
glacial/interglacial periods 

Milankovitch (the man) 
Milankovitch cycles 

eccentricity 
obliquity/tilt 
precession 

outwash/stratified drift 
Till 

Tillite 
Diamictite 

Gowganda Formation 

Dropstones 
Striations (glacial) 

Huronian Glaciation 
Varangian Glaciation 

albedo 
Snowball Earth 
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