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INTRODUCTION

The critical zone has been defined as the region that 
supports life or more accurately, everything from the 
bedrock contact to the top of the canopy (Anderson 
et al 2007). By considering fractures as assistants to 
erosion, they can be seen as the lowermost exten-
sion of the critical zone.  It is through such erosion 
that the critical zone boundary is able to propagate 
downwards.  In regions of glacial activity, the critical 
zone has often been stripped bare by glacial quar-
rying, thus exposing the bedrock underneath to 
the effects of erosion and weathering.  Green Lakes 
Valley is a glacially carved valley in the Front Range 
of the Rocky Mountains.  Sitting near 3570m, the 
valley serves as the watershed for the City of Boul-
der, Colorado to the east.  

At the head of the valley is the small remnant of 
the once massive Arikaree Glacier that carved into 
the Front Range during the Pinedale Glaciation, 

the last glacial maximum of 20,000 years ago.  The 
long-valley profile of the Green Lakes Valley dis-
plays a series of topographic steps with five shallow 
lakes that serve as the headwaters of North Boulder 
Creek (Fig. 1).   The Pinedale glacial activity ex-
posed a complex fracture system in the bedrock of 
Green Lakes Valley, which is composed of various 
rock types.  Fracture data allows us to interpret the 
influence of rock fracturing on various geomorphic 
processes including the difficulty of glacial quarry-
ing, groundwater movement through bedrock, and 
nutrient supply to vegetation.  Fracture density and 
orientation were measured in order to interpret the 
history of step cutting and profile development in 
the valley.

METHODS

In order to characterize fracturing, I surveyed a total 
of 30 transects in an area of roughly 0.50 km2 that 
exposed four different rock types.  Transects were 

FRACTURE CONTROL OF GLACIAL EROSION WITHIN GREEN 
LAKES VALLEY, FRONT RANGE, COLORADO 

EVEY GANNAWAY: The University of the South   
Research Advisor: Martin Knoll

Figure 1.  A) Aerial view of the topographic step between Green Lakes 3 and 4 indicating transect locations.  B) Geologic map of the 
same area.
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established using a 30-meter tape or laser range-
finder.  Transect lengths ranged from 8.0 to 59.5 m, 
and were placed both parallel and normal to folia-
tion where possible to allow for maximum data 
collection.  Transects were concentrated near the 
topographic step between Greens Lakes 3 and 4 (Fig. 
1) including regions above, within, and below the 
step.  Once transects were surveyed, I measured the 
distance between fractures.  These measurements 
allowed me to calculate the density of fractures 
based on rock type, as well as location in the valley.  
Width, length, and nature of the individual fractures 
were recorded for fractures that extended at least 
one meter to either side of the 30m tape.  Fractures 
were categorized as either major, minor, or trace.  
Field data was then grouped by transect, rock type, 
and location.  Fracture densities were calculated for 
each individual transects and for the four separate 
rock types: biotite gneiss/metasediments, granite, 
latite dike, and monzonite.  Fractures were also clas-
sified by location above, within, or below the topo-
graphic step.  

Additionally, the orientations of the fractures were 
measured along 22 of the 30 transects using a Brun-
ton compass to help determine if certain fracture 
patterns favored glacial quarrying in the step area.  
The orientations were plotted on individual stereo 
nets and rose diagrams for each transect, which 
allowed for a three-dimensional visualization of 
the fracture systems.  The orientations of dominant 
fracture sets were then compiled to create a single 
rose diagram illustrating the intersecting nature of 
the dominant fractures. 

RESULTS

Fracture attributes of the individual transects are 
highlighted by location and rock type in Table 1.  
These attributes include the strike or direction of the 
dominant fracture sets and spacing of the fractures.  
Additional qualitative analyses of the fractures will 
be detailed below.

Transects EGC-1A and EGC-1B are parallel to the 

Table 1. Transects classified by location, rock type, and fracture attributes.

Transect Location Rock Type
Dominant

Direction
Fracture Spacing

1A Biotite Gneiss/Metaseds Primarily 0.00-1.50m

1B Biotite Gneiss/Metaseds Primarily 0.00-1.00m

2 Biotite Gneiss/Metaseds Few fractures (up to 6.00m)

3 Biotite Gneiss/Metaseds Primarily 0.00-1.00m

4 Biotite Gneiss/Metaseds Primarily 0.00-1.00m

5 Biotite Gneiss/Metaseds Primarily 0.55-1.00m

6 Biotite Gneiss/Metaseds Primarily 0.00-1.50m

7 Biotite Gneiss/Metaseds Primarily 0.00-1.00m

8 Biotite Gneiss/Metaseds 45°, 298° Primarily 0.00-1.50m

9 Biotite Gneiss/Metaseds 61°, 351° Primarily 0.00-0.50m

10 Silver Plume Granite 48°, 64° Primarily 0.00-1.00m

11
Silver Plume Granite & 

Biotite Gneiss/Metaseds
280°, 352° Primarily 0.00-1.00m

12
Silver Plume Granite & 

Latite Dike
84°, 351° Primarily 0.00-1.00m

13 Silver Plume Granite 46° Primarily 1.00-1.50m

14 Silver Plume Granite 290°, 313° Few fractures (up to 3.20m)

15 Biotite Gneiss/Metaseds 31° Primarily 0.00-1.00m

16 Silver Plume Granite 82° Almost entirely 0.00-0.50m

17 Silver Plume Granite 8° Almost entirely 0.00-0.50m

18 Silver Plume Granite 63° Almost entirely 0.00-0.50m

19
Silver Plume Granite & 

Biotite Gneiss/Metaseds
82°, 60° Almost entirely 0.00-0.50m

20 Monzonite 79° Primarily 0.00-0.50m

21 Biotite Gneiss/Metaseds 47° Primarily 0.00-0.50m

22 Biotite Gneiss/Metaseds 354° Primarily 0.00-0.50m

23 Biotite Gneiss/Metaseds 337°, 352°, 12° Primarily 0.00-0.50m

24 Biotite Gneiss/Metaseds 315° Primarily 0.00-1.00m

25 Biotite Gneiss/Metaseds Primarily 0.00-1.00m

26 Silver Plume Granite 67° Primarily 0.00-0.50m

27 Silver Plume Granite 64° Primarily 0.00-1.00m

28 Silver Plume Granite 63° Few fractures (up to 3.6m)

29 Silver Plume Granite 25° Primarily 1.00-1.50m

30 Silver Plume Granite 29° Primarily 0.00-1.00m (up to 7.90m)

To the west of 

Green Lakes 4

Below Green Lakes

3

Step at Green 

Lakes 3 and 4

To the west of 

Green Lakes 3

Just above the 

step between 

Green Lakes 3 and 

4

Above the step 

near the edge of 

Green Lakes 4

On the lip of the 

step between 

Green Lakes 3 and 

4

Within the step 

between Green 

Lakes 3 and 4
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foliation in the gneiss.  Several fractures had sub-
stantial width and were significantly weathered.  In 
two locations along transect EGC-1A, a block was 
detached from the outcrop due to intersecting frac-
tures.  Transect EGC-2 is perpendicular to foliation, 
and thus roughly normal to EGC-1A and EGC-1B.  
Transect EGC-3 is also perpendicular to foliation.  
Transect EGC-4 is along an extensive outcrop run-
ning parallel to foliation.  

Transects EGC-5, EGC-6, and EGC-7 are a set 
trending parallel and perpendicular to the folia-
tion of the gneiss.  Transects EGC-8 and EGC-9 
also follow the trend of foliation in the gneiss and 
metasediments.  Qualitative analysis of these tran-
sects indicates an even distribution of major and 
minor fractures.  

Transects EGC-10 through EGC-14 are a series of 
transects mainly in the Silver Plume Granite.  There 
was a rough balance between fractures classified as 
major and minor, with a low number of trace frac-
tures described as well.  

Transects EGC-15 through EGC-19 are within the 
metasediments and Silver Plume Granite; EGC-19 
includes the contact between the two lithologies. 
These transects crossed several sets of closely frac-
tured, roughly parallel joint sets. 

Transect EGC-20 is within a monzonite and is at the 
base of a more minor step between Green Lakes 4 
and 5.  EGC-21 trends parallel to the foliation of the 
metasediments and is found within this step.  There 
appears to be a balance between major and minor 
fractures along both transects. 

Transects EGC-22 and EGC-23 cross metasediments 
and minimal gneisses and are located below Green 
Lakes 3 within a very gradual step in the valley 
profile down to Green Lakes 2.  Along both of these 
transects, minor fractures are more common than 
major fractures.  

Transects EGC-24 through EGC-30 are a series 
of transects that were established from the base of 
Kiowa Peak to the south of the valley north towards 

Niwot Ridge.  Transects cross both gneisses and 
metasediments and the Silver Plume Granite.  EGC-
24 and EGC-25, both entirely within the metasedi-
ments, run parallel and perpendicular to foliation, 
respectively.  EGC-26 through EGC-30 are within 
the Silver Plume Granite. 

The spacing of fractures along all 30 transects in-
dicates a high frequency of closely spaced fractures 
between 0.00 to 0.50m and 0.55 to 1.00m.   As the 
distance between fractures increases beyond 1.00m, 
the frequency decreases gradually along most tran-
sects (Fig.  2).   However, two locations within Green 
Lakes Valley demonstrate a slightly different pat-
tern (Fig.  3).  The transects found within the topo-
graphic step between Green Lakes 3 and 4 include 
EGC-15 through EGC-19.  Along these transects 
were several visibly heavily fractured outcrops, 
which featured fracture spacing of almost only 0.00 
to 0.50m.   The transects found on the lip of the step 
between Green Lakes 3 and 4 include EGC-13 and 
EGC-14 and have distinctly wider fracture spacing.  
Fracture spacing along these transects was primarily 
1.00 to 1.50m, but significantly wider in several loca-
tions.    An additional feature of these transects was 
a general lack of extensive or major fractures. 

The average orientations of dominant fracture sets 
along each transect are detailed in Figure 4.   After 
plotting each transect on an individual stereo net, 

Figure 2.  Fracture density of the 30 total transects (822 mea-
surements were collected).
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rose diagrams were also created.   The dominant 
fracture sets were then compiled in a single rose 
diagram, which featured strikes of 63° and 80° for 
the majority of fractures within Green Lakes Valley 
(Fig.  4).  The extensive intersecting nature of these 
fractures is indicated by the range in strike from 8° 
to 354°. Groupings in the rose diagram were done in 
18° increments and a total of 520 readings were used 
to create the stereo nets and rose diagrams.

DISCUSSION

The complex fracture system as seen in the bedrock 
of Green Lakes Valley has served, and will continue 
to serve, as a control on the erosion of the valley 
profile.   Fracturing of the bedrock by tectonism 
involved with the Laramide Orogeny that uplifted 
the Rocky Mountains has assisted with the glacial 
erosion of Green Lakes Valley.  More recent removal 
of material during glacial quarrying has resulted in 
additional sheet jointing, as well. Not only did the 
fractures assist with past erosion, they will also have 
a profound effect on the present and future erosion 
of the region (Molnar et al., 2007). 

Tectonism that fractures the bedrock is essentially 
a method of disintegration of the rock that serves 
to accelerate the rates of erosion along those planes.  
The fragmented nature of the bedrock in the Front 
Range of the Rocky Mountains has persisted for 
roughly 50 million years.  When the most recent 
period of glaciation on the North American conti-
nent ended 10,000 years before present, a stepped 
topography of Green Lakes Valley was exposed.  The 
fractures allowed the glacier to effectively extract 
bedrock by quarrying processes.  Even a geomorphic 
agent as powerful as a glacier has difficulty eroding 
a zone that has wide fracture spacing (Molnar et al, 
2007). 

Grouping transects first by location and then by 
lithology allowed for the varying fracture densities 
to be assessed in relation to the valley profile.  The 
prominent closely spaced fracture system featured 
in transects EGC-15 through EGC-19, found within 
the step between Green Lakes 3 and 4, confirm the 
assumption that the closer the fractures, the weaker 
the rock strength and, thus the more susceptible the 
bedrock to erosion by a glacier (Selby, 1980).  The 
more evenly balanced collection of narrowly, as well 
as widely spaced fractures (EGC-1A through EGC-
14), corresponds to a lesser amount of glacial ero-
sion, forming the broad bench where Green Lakes 4 
is located.  Transects EGC-24 through EGC-30 have 
a similar balanced fracture density that results in an-
other broad bench where Green Lakes 3 is located. 

Figure 4.  Overall rose diagram detailing the dominant in-
tersecting fracture sets.  230 of the 520 total fractures were 
included to determine only the dominant fracture patterns in 
Green Lakes Valley.

Figure 3.  Sketch demonstrates the fracture spacing differences 
within the step (EGC-15 through 19) and at the lip of the step 
(EGC-13 and 14) between Green Lakes 3 and 4.
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A preliminary evaluation can be made of the impor-
tance of lithology in the fracturing of Green Lakes 
Valley.  The fabric and foliation in certain rock types 
lend themselves to increased fracturing because of 
pre-existing weaknesses along those planes (Manda 
et al., 2007).  Fracture density in the biotite gneiss 
and metasediments was consistently 0.00m-0.50m 
and 0.55m-1.00m, most likely attributable to the 
fabric and foliation of the host rock, but also fea-
tured zones of wider spaced fractures.  In the Silver 
Plume Granite, however, the fracture spacing varied 
by location.  Within the step between Green Lakes 
3 and 4, fracture spacing is limited to primarily 
0.00m-0.50m, but along the lip of that step, fracture 
spacing is generally much wider, up to 3.20m in 
some locations (Fig. 3).  Because the Silver Plume 
Granite lacks a definitive and controlling foliation, 
it is unlikely that the fracture patterns are due to the 
host rock fabric.  Fractures within the monzonite 
intrusion and latite dike were not studied extensively 
enough to determine their influence on fracturing. 
 
The fractures found in the varying bedrock types 
were more than just an effective control of erosion 
during glacial activity.  Even today, the fractures 
continue to provide sites for accelerated erosion due 
to a significant increase in surface area.  Instead of 
purely being an assistant to mechanical erosion, the 
fractures also serve to enhance chemical erosion 
(Molnar et al., 2007).  It is this currently occurring 
form of erosion that provides insight in to the nature 
of the critical zone in Green Lakes Valley. Following 
suit, these fractures will then provide a conduit for 
groundwater flow into the subsurface.  Intersect-
ing fracture systems, as seen in the variable fracture 
orientations, have created a complex interconnected 
bedrock aquifer for increased groundwater flow over 
time due to continued weathering and erosion of 
the critical zone.  The fracture attributes recorded 
during this study, such as spacing, orientation, and 
width, allowed for an initial determination of the 
connectedness of the system (Manda et al., 2008).  
However, only additional study of the fracture at-
tributes will allow a comprehensive statement to be 
made on groundwater flow pathways in the bedrock 
of Green Lakes Valley. 

CONCLUSION

The glacially carved Green Lakes Valley in the Front 
Range of the Rocky Mountains is an extensively 
fractured region due to tectonism associated with 
the Laramide Orogeny.  When the Arikaree Gla-
cier retreated from this region beginning ~20,000 
years ago, a significantly eroded, valley profile was 
exposed.  The fractured and fragmented nature of 
the bedrock allowed for the formation of a series of 
topographic steps, which later became sites for the 
five shallow, glacier-fed Green Lakes.  The significant 
region of closely spaced fractures that was easily 
eroded to form one of these steps is bounded above 
and below by regions featuring a wider variety in 
fracture density that suffered less erosion, and thus 
form a broad, flat valley profile.  The present erosion 
along these fractures will continue the development 
of the critical zone in Green Lakes Valley. 
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