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Abstract 

 Little is known about the Longs Peak and Glacier Gorge Glaciers, located in the Front 

Range in Rocky Mountain National Park, because, as of this thesis, they had yet to be studied. 

An understanding of the degree to which these glaciers shaped the landscape around them and 

what kind of climate could have created these glaciers was the goal of the thesis. I calculate the 

rate of backwearing of the glacier headwall in order to document the influence of these glaciers 

on the surrounding alpine landscape. I also created 1D models of the glaciers using Matlab to 

estimate a range of temperatures and snowfall to constrain the possible climates responsible for 

extension of Longs Peak and Glacier Gorge glaciers to their maximum Last Glacial Maximum 

(LGM) extents.  

Introduction 

 The mountains of the Front Range looked and felt considerably different 20,000 years 

ago, with a cooler climate fueling vast glaciers that cleaved the landscape. Only small scraps of 

these glaciers persist to this day, but their footprints remain as topographical testaments to what 

they once were. By studying the moraines these glaciers created, it is possible to determine not 

only the extent and erosional power of these glaciers, but the climate required for them to reach 

their peak during the Last Glacial Maximum (LGM).  

 This thesis focuses on the Longs Peak and Glacier Gorge Glaciers in Rocky Mountain 

National Park. I set out with the goal of creating a 1D model for each glacier by using a range of 

possible temperature and amounts of precipitation that could create the climate necessary for the 

existence of these glaciers. I also intended to clarify the rate of erosion required to build up their 

moraines during the Pinedale Glaciation (the local name for the LGM), and the amount of 
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backwearing of the headwalls that erosion would create. These goals were set in order to gain a 

better understanding of how different the climate would have had to be 20,000 years ago in order 

to have produced the Longs Peak and Glacier Gorge Glaciers. They were also laid out to 

facilitate a better understanding of how glaciers like Longs Peak and Glacier Gorge could shape 

the landscapes in which they exist, in hopes of finding an explanation of why the Front Range 

looks the way it does.  

Background 

The glaciers that reached their maximum extent in the Rocky Mountains during the LGM 

are members of what is known as the Pinedale Glaciation. The term ‘Pinedale Glaciation’ refers 

to “the time and the deposits of the last extensive glaciation…in the Rocky Mountain region” 

(Benson, 2005). This means that the Longs Peak Glacier and Glacier Gorge Glacier are both part 

of the Pinedale Glaciation. The LGM represents the last time when glaciers “reached their 

maximum extent” (Benson, 2005).  

Figure 1 is an image of a modern glacier in Norway. Pinedale Glaciers, like Longs Peak Glacier and Glacier Gorge 

Glacier, could have looked similar to this glacier. Image from Svartisen Subglacial Observatory website. 
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Anatomy of a Glacier 

Before discussing further the meat of this thesis, it is necessary to understand common 

glacial terminology and how it relates to the purpose of the thesis. First, it is important to 

understand what exactly comprises a glacier. “A glacier is a natural 

accumulation of ice that is in motion due to its own weight and the slope 

of its surface” (Anderson 2011, pg. 214), describes the generalities of a 

glacier, but there is more to a glacier than this. A glacier can be broken up 

into three components, as shown in Figure 2: the accumulation zone, the 

ELA, and the ablation zone. The accumulation zone is the region “where 

it snows more in winter than it melts in the summer” (Anderson 2011, pg. 

214), and thus represents where there is a net accumulation of snow over 

time. This is where the mass balance of the glacier is positive. Mass 

balance refers to the amount of snow, and the depth of snowmelt 

experienced by a glacier over a year, the sum of which controls the net gain of ice. The ablation 

zone is where there is a net loss of ice, and where the mass balance of the glacier is negative. The 

ELA, or equilibrium line altitude, is the location on a glacier where “the net mass balance is zero 

– where accumulation is equal to ablation” (Leonard, 1989). The ELA separates the 

accumulation and ablation zones. Figure 2 also graphically depicts the plan view of a glacier, and 

the flow direction of ice and moraine material from the head of the glacier to its terminus. 

There are two main categories of glaciers, polar and temperate glaciers. The glaciers that 

existed in Colorado during the Pinedale Glaciation were temperate glaciers. A temperate glacier 

is one in which “mean annual temperature is very close to the pressure-melting point of ice, all 

the way” (Anderson 2011, pg. 214) to the base of the glacier. This “allows the ice to slide along 

Figure 2 is an illustration of a 

glacier with its components, 

courtesy of Anderson 2011. 
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the bed” (Anderson 2011, pg. 215), and allows glaciers to move sediment down valley where it 

can be deposited as moraines around the glacier margins. A glacier has concave up-valley 

contours above the ELA, and convex contours below it. This allows sediment that falls on the 

head of the glacier, or the accumulation zone, to be transported away from the head walls and 

down to the ablation zone. The ELA marks the region where a glacier moves from convex to 

concave, and is the location where lateral moraines begin. Lateral moraines start at the ELA 

because the “vertical component of the [ice] trajectory is upward in the ablation zone” (Anderson 

2011, pg. 219) and this trajectory transports debris to the sides of the glacier. The start of lateral 

moraines can be a useful tool in determining the ELA of extinct glaciers, and were helpful when 

starting to measure the moraine length necessary for my calculations of headwall erosion rates.  

Calculating headwall erosion rates and the 

amount of headwall retreat would not have been 

possible without the presence of Longs Peak and 

Glacier Gorge Glaciers’ lateral and terminal 

moraines. A lateral moraine can be found along the 

edges of a glacier, typically beginning at the ELA. A 

glacier’s terminal moraine marks its farthest extent, 

or its past terminus. The rocks that make up lateral 

moraines arrive on glacial margins through hillslope 

processes, such as landslides, avalanches, or 

individual rockfall events. The lateral and terminal 

moraines of Longs Peak and Glacier Gorge Glaciers 

can be seen in Figure 3, which also demonstrates the 

Figure 3 shows the terminal 

moraines of Longs Peak 

Glacier (top) and Glacier 

Gorge Glacier (bottom). Image 

created by Selena K. Neale. 
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variability of terminal moraines. The terminal moraines for these glaciers do not fit the simple 

horseshoe-shaped mapview of a moraine shown in Figure 2, but demonstrate how Nature is 

usually messier.  

Movement at a Glacial Pace 

 In order for sediment to be transported to the sides and terminus of a glacier, the glacier 

itself must be moving. “The velocity of ice [is] a function of [its] height above the bedrock-ice 

interface, or the bed of the glacier” (Anderson 2011, pg. 220), and is also controlled by the 

rheology of the ice relating stress to the spatial 

gradient of velocity in the vertical direction. 

The primary kind of stress applicable to the 

movement of glaciers is shear stress. Shear 

stress is the component of the overlying 

material that acts parallel to the bed and is 

divided by the cross-sectional area of the 

weight of the column of material above it. 

Normal stress is that which is normal to the surface. These two kinds of stress are demonstrated 

in Figure 4, with the column representing ice sitting on a sloped surface. As long as the density 

of the material is uniform, then stress will increase linearly with depth into the material until it 

reaches a maximum at the bed. The other governor of the movement of glaciers is the rheology 

of ice, or the way ice responds to the shear stress applied to it by its own weight. Application of a 

shear stress results in a shear strain rate that “is equivalent to the velocity gradient in the 

direction of shear” (Anderson 2011, pg. 221). This means that this strain rate can be seen in the 

Figure 4 depicts a column of moving ice and the 

forces acting upon it. Courtesy of Anderson 2011. 
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vertical gradient of the material’s horizontal velocity. Together, the shear stress and rheology of 

the ice result in internal deformation that moves glacial ice downslope.  

Radionuclide Dating 

 Radionuclide dating answers the question of how to determine the timing of geological 

events, such as the beginning of the LGM or when a glacier reaches its maximum. Radionuclide 

dating includes cosmogenic and organic-based dating techniques, which use nuclides of different 

elements to determine the age of landforms and the rocks and sediment contained within them.  

14C dating, a method of organic-based radionuclide dating, was the method used by Benson et al. 

(2004) to determine when the LGM began. Radiocarbon dating compares the ratio of 14C to 12C, 

which is the amount of 
14C in a sample to the amount of 12C in the atmosphere (Ramsey, 2009). 

14C is not only the heaviest isotope of carbon, but is also radioactive. 14C is produced in the upper 

atmosphere and oxidizes into 14CO2, which disperses through the atmosphere and mixes with 

12CO2 and 13CO2. Plants then use this carbon dioxide in photosynthesis, which means these 

plants, and anything that consumes them, will have the same ratio of 14C / 12C in the atmosphere 

(Ramsey, 2009). Benson et al. (2004) utilized this ratio when they dated a sample of interbedded 

diamicton, peat, and lacustrine sediments exposed at Mary Jane in the Fraser River Valley, CO 

when a ski lift was being constructed. A “thin, discontinuous bed of lake sediment with an age of 

30.1 +/- 1.2 14C” (Benson et al., 2004) ka, or thousand years, before the present was found at the 

Mary Jane site, and represents the time at which the Pinedale Glaciation began.  

Cosmogenic radionuclide dating requires “cosmogenic nuclides [to] build-up predictably 

with time in minerals exposed to cosmic rays” (Ivy-Ochs & Kober, 2008). This then requires 

rocks and sediments to have uninterrupted exposure to cosmic rays from the point at which they 

are exposed at the surface, which could occur due to processes like exhumation or retreat of ice, 
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to when samples are collected for dating. As long as the rocks and sediments are exposed at or 

very near the surface, “cosmogenic nuclides are produced…due to reactions induced by cosmic 

rays” (Ivy-Ochs & Kober, 2008). This interaction between cosmic rays and the elements in rocks 

and sediments produces a wide range of nuclides that can be used for dating purposes, and 

allows almost every mineral to be dated and analyzed. Figure 5 demonstrates the many uses for 

cosmogenic radionuclide dating, including for glacial chronologies. When a sample is taken, the 

concentration of a particular 

nuclide is measured, which allows 

the exposure age to be determined 

(Ivy-Ochs & Kober, 2008).  

The nuclide of particular 

interest in dating glacial moraines, 

and thus the time at which Pinedale 

Glaciers reached their maximum, is 

10Be. Young et al. (2011) took 

samples from the Clear Creek moraine in Colorado and tested them for concentrations of 10Be. 

They found the moraine to have an age of 19.3 ka. Young et al. (2011) also took moraine 

samples from the Pine Creek Valley range, also in Colorado, and found this moraine had an 

average age of 22.4 +/- 1.4 ka. A team of geoscientists in Oregon took moraine samples around 

Wallowa Lake, OR, and tested them for 10Be concentrations. The results of their work showed 

that those moraines had a mean age of 21.3 +/- 0.4 ka (Licciardi et al., 2004). Ward et al. (2009) 

took samples from the moraines of Middle Boulder Creek Valley and other sites in northern 

Colorado and found these moraines to have ages of approximately 20 ka.  What this range of 

Figure 5 is a schematic diagram showing the various landforms that can be 

dated, and approaches for using cosmogenic nuclides to address question of 

timing and rates of landscape change (Ivy-Ochs & Kober, 2008). From 

Surface Exposure Dating with Cosmogenic Nuclides, Ivy-Ochs & Kober 

(2008). 
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times demonstrates is that exactly when Pinedale glaciers reached their maximum is not as 

clearly defined as when the Pinedale Glaciation began. Due to this, I elected to use the times of 

22, 21, 20, and 19 ka as possible times at which Longs Peak and Glacier Gorge glaciers could 

have reached their maximum. This time range was then used in my calculations of headwall 

erosion to demonstrate how headwall erosion could vary given in this time span. These times of 

possible glacier maximums will be used in conjunction with the 30 ka commencement of the 

Pinedale Glaciation to come up with the time term used in the headwall erosion rate calculations. 

Determining Paleoclimate 

 In order to create a 1D model of Longs Peak and Glacier Gorge Glaciers, it is important 

to understand how the climate of the Front Range has changed between the LGM and the 

present. The major question here is how much cooler it was during the LGM, and if the amount 

of snowfall was different than the present. Two methods of determining paleoclimate will be 

detailed here, namely comparison of modern climate at paleo-ELA’s to the climate of modern 

glaciers at their ELAs and fluctuations in the timberline 

between the LGM and the present.  

 As has been previously stated, the equilibrium line of 

a glacier represents where the mass balance of the glacier is 

zero – it separates the accumulation and ablation zones. 

Because mass balance is equally controlled by accumulation 

and ablation, there cannot be a single climatic factor, such as 

summer temperature or amount of winter precipitation, which 

alone determines the location of the ELA. Leonard (1989) 

found that two factors are the principal controls on ELA 

Figure 6 shows winter accumulation versus 

summer mean temperatures at equilibrium 

lines of 32 modern glaciers across the 

world. Graphic is from Leonard (1989) and 

data are modified from Loewe (1971) and 

Sutherland (1984). 
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position for temperate glaciers: winter precipitation and summer temperature. Figure 6 shows a 

series of ELAs for certain summer temperatures and winter precipitation, and demonstrates that 

an envelope of possible combinations of temperature and precipitation exists within which 

glaciers can be found in the present. Figure 6 further “provides an approximation of conditions 

which must have occurred at equilibrium lines of late Pleistocene glaciers” (Leonard, 1989), but 

it cannot be said exactly where in the climatic envelope a Pleistocene glacier would have fallen. 

However, comparing the envelope to modern conditions at Pleistocene ELAs can give some 

indication of the magnitude of climate change since the late Pleistocene (Leonard, 1989). 

Leonard (1989) used a series of equations to model modern climate conditions at Pleistocene 

equilibrium lines throughout the Colorado Rocky Mountains, and found that mean summer 

temperatures ranged from 7.7 to 11.2 oC and calculated winter accumulation ranged from 35 to 

60 cm. In order to translate these temperature and precipitation conditions into the range of 

modern day glaciers, Leonard (1989) devised a computer program “which allowed a series of 

iterations of temperature and accumulation changes to compensate for the effect of temperature 

change on [the] length of the accumulation season” (Leonard, 1989). Assuming no change in the 

amount and distribution of precipitation, the summer temperature would need to decrease by at 

least 8.7 oC, while winter accumulation needed to increase by 

58%. He also found that if precipitation during the Pleistocene 

were double that of the present, then a summer temperature 

decrease of 6.3 oC would have been necessary for Pinedale 

glaciers to reach their maximum positions (Leonard, 1989). 

Figure 7 shows the combinations of winter precipitation and 

summer temperature depression found by Leonard (1989)’s 

Figure 7 shows the combination of 
precipitation, winter accumulation, and 

summer temperature change combinations 

that could have sustained late Pleistocene 
glaciers in Colorado. Image and description 

come from Leonard (1989). 
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computer model. Leonard’s (1989) analysis provides two possible interpretations shown in 

Figure 7. It is possible “that late Pleistocene climate in the Rockies was both substantially colder 

and somewhat drier than the present” (Leonard, 1989) with the temperature depressed by 

approximately 10 oC with at least a 75% reduction in precipitation. Or, temperature was 

depressed by 8.7 oC with little difference in precipitation compared to modern times (Leonard, 

1989). Either scenario could create the kind of climate necessary to maintain glaciers in the Front 

Range during the Pinedale Glaciation. 

 Using timberline fluctuations to determine paleoclimates requires three assumptions: the 

position of the upper timberline is controlled primarily by summer temperature, the lower forest 

border is limited by soil moisture, which is related to seasonal precipitation, and modern lapse 

rates can be used to estimate past climatic changes (Fall, 1997). During the Pinedale Glaciation, 

subalpine conifer pollen and microfossils were found at 2750 m, but were absent at elevations 

above 3150 m, suggesting that the upper timberline lay between 300 and 700 m below its 

modern limit (Fall, 2009). This implies that climate during the LGM where subalpine conifer 

pollen and microfossils were found must have been similar to modern climate conditions at 3050 

m, where subalpine conifers are found today. For this to be the case, mean summer temperatures 

would have needed to decrease by 2.1 oC with an increase in precipitation of 7 cm compared to 

modern precipitation amounts (Fall, 1997). Based on subalpine conifer pollen and microfossils 

and the remnants of other tree species found throughout western Colorado, Fall (1997) states that 

the mean summer temperature would need to be 5 oC cooler and precipitation as much as 16 cm 

higher than modern times in order to cause the maximum treeline depression of 700 m during the 

LGM. 
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 The different results of these two approaches to estimating paleo-climate demonstrate 

that there is a broad range of temperatures and amounts of precipitation that could create the 

LGM climate necessary for the Longs Peak and Glacier Gorge glaciers to grow to their 

maximum extent. The intent of showing the broad range of possible temperatures and 

precipitation amounts is to familiarize the reader with the approach I will be taking to determine 

possible LGM Front Range climate. I use the data presented above, in particular that in Figure 7, 

as a starting point for modeling possible combinations of temperature and precipitation necessary 

for the Longs Peak and Glacier Gorge glaciers to reach their LGM terminal moraines.   

Method 

 Terminal moraines consist of sediment that is transported from the head of the glacier to 

its terminus. As a glacier eats away at its headwall, the headwall oversteepens and causes rocks 

to rain down onto the glacier. This process of erosion is termed ‘headwall erosion’ and is the 

mechanism by which the rocks that make up terminal moraines are produced. A primary 

question posed by this thesis is what degree of headwall erosion rates would be necessary to 

produce the Longs Peak and Glacier Gorge glaciers’ terminal moraines. To answer this question, 

I needed to find the length and height of the glaciers’ headwalls, the length of their moraines, the 

cross-sectional area of the moraines, and the length of time that the glaciers spent at their 

maximum extent. I used Google Earth to measure the length and heights of each glacier’s 

headwall, and the length and cross-sectional area of their moraines. Based on the research of 

Benson et al., (2004), Young et al. (2011), Licciardi et al., (2004), and Ward et al. (2009), I 

estimated that the duration of the Longs Peak and Glacier Gorge glaciers occupation of their 

maximum extents in the LGM ranged between 8,000 and 11,000 years. Because of this time 

range, I chose to do separate calculations for headwall erosion rate using the following values for 

t: 8,000 years, 9,000 years, 10,000 years, and 11,000 years. 
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The following equation governs headwall erosion rates: 

�̇� =  
𝑉

𝐿 ∗ 𝐻 ∗ 𝑡
 

where Ė is headwall erosion rate, V is volume of the moraine, L is length of the headwall, H is 

average height of the headwall, and t is the duration of the occupation of its moraine belt.  

To calculate the volume of a moraine, it is necessary to know the height and width of the 

moraine. These values will give the cross-sectional area of the moraine. The areas of the moraine 

lobes are then each 

multiplied by one half of 

the length of the moraine 

to obtain the volume of 

the moraine. Figure 8 

shows the cross-sections 

used in this calculation to 

find the area of the 

moraines. When the volume of the moraine is divided by the sum of the headwall length, height, 

and occupation time, the result is the headwall erosion rate. The average headwall erosion rate 

for Longs Peak glacier is 1.99 mm/yr, and for Glacier Gorge glacier is 6.35 mm/yr. The range of 

headwall erosion rates calculated for the four time lengths and the numeric values used in the 

calculations can be found in Table 1, in the Appendix.  

These calculated headwall erosion rates represent maximum rates for several reasons, 

including: some moraine material could be from the bed of the glacier, the cross-section of the 

moraine could include some bedrock material, and the length and height of the headwall could 

overstate the extent of the glacier head. If the length and height of the headwall were understated, 

Figure 8: Cross-sections used to find the height and width of the glaciers’ 

moraines. The top cross-section is from Glacier Gorge’s moraine, and the 

bottom is Longs Peak’s moraine. The sum of the areas above the black 

lines is the area used in headwall erosion rate calculations. Image created 

by Selena K. Neale. 
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then it is possible that the headwall erosion rates could instead be closer to a minimum value 

than a maximum. While I attempted to measure the length and height in Google Earth where it 

appeared the glaciers existed, it is possible my estimate did not match reality. Figure 9 

graphically shows the headwall lengths and heights as well as the moraine lengths used in these 

calculations. Knowing that areas of rough terrain were likely not covered by glacial ice during 

the LGM, I kept my length line along the apparent divide between smooth and rough 

topography. I then drew heights from the length line to the top of the mountains in which the 

glaciers existed. If my length lines were too high or too low, then my height values would be too 

short or too long, respectively. These reasons also represent possible sources of error that can 

drive the headwall erosion rates higher or lower than they actually were.  

 If the headwall erosion rate equation is tweaked slightly, the amount of headwall retreat 

the glacier caused can be determined. By removing the element of time, the equation gives the 

amount of headwall retreat. 

𝑃𝐵 =  
𝑉

𝐿∗𝐻
   

 The variables in the equation remain the same as for headwall erosion rate. When the data 

for Longs Peak and Glacier Gorge glaciers are input into the headwall retreat equation, they 

Figure 9: Longs Peak Glacier profile with headwall length and heights and moraine length is shown on the left, and Glacier 

Gorge Glacier profile with headwall length and heights and moraine length is shown on the right. The moraine length is blue, 

headwall length is black, and the headwall heights are in red. This figure shows the simplicity of Longs Peak Glacier profile and 

the complexity of the Glacier Gorge Glacier profile. Image created by Selena K. Neale. 
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result in 18 m for Longs Peak glacier and 60 m for Glacier Gorge glacier. The amount of 

headwall retreat does not change with varying time, and instead represents the amount of 

headwall retreat that occurred during the 8,000 to 11,000 time span of glacier and moraine 

growth. These backwearing values likely represent the maximum possible amount of headwall 

retreat, for the same reasons as the headwall erosion rates also are likely the maximum rates of 

erosion.  

Model 

 Gaining a better understanding of the LGM climate necessary for Longs Peak and Glacier 

Gorge Glaciers to reach their maximums required use of a modeling software, in this case 

Matlab. The code used to create the plots seen in Figure 10 involves a multi-step process to 

compute the mass balance of the glacier at regular time intervals during a given length of time. 

First, a profile of each glacier’s valley profile was created using Google Earth, which then was 

converted into a simple x-z data table. This data was interpolated into an xz-profile that became 

the base of the glacier. In Figure 10, this is represented by the black line beneath the lines 

depicting glacier profiles. For Longs Peak glacier, this was a simple process because the head of 

the glacier has a roughly circuluar shape and is the only region that feeds the body of the glacier. 

The body of the glacier, while slightly curved, is basically a straight shot to the terminal moraine. 

This allowed for a simple profile to be created, one ideal for the kind of 1D model the program is 

best suited to handle. This was not the case with Glacier Gorge glacier, however. Glacier Gorge 

glacier has a major contributing area with four smaller fingers that join the glacier body as it 

progresses towards the moraine. This results in a much more complex profile, one difficult to 

represent in a single dimension, and so not ideal for the progam to run. In an attempt to 

counteract this complex profile, I adjusted the width and and length scale, or where the width of 

the glacier is most variable, in order to take into account the irregularity of Glacier Gorge glacier. 
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Figure 9 demonstrates the complexity of Glacier Gorge glacier, and the simplicity of Longs Peak 

Glacier. 

The mass balance of the glacier is controlled by the amount of precipitation that falls onto 

the glacier and the amount of that snow which melts in the summer. The program uses the max 

amount of snow allowed to fall over a certain distance starting at a particular elevation to  

calculate the winter snow pattern portion of the mass balance. For each time interval that the 

program calculates mass balance, it does a series of ice dynamics calculations to find ice 

thickness. For these glaciers, the elevation used was 3000 m and the distance overwhich snow 

fell was 700 m. The max amount of snowfall at an elevation of 3000 m was one of the two 

components allowed to vary when working to get the glacier to reach its maximum extent. The 

mean annual temperature at the elevation where snow falls governs how much snow melts in the 

summer. This temperature was the other component that was allowed to vary. This relationship 

between snow fall and melt allows the program to calculate the location of the ELA at each 

perscribed time interval. To get the time interval, a time window had to be set. The window 

needed to be long enough for the glacier to reach a steady-state and stop growing. When the 

glacier reaches its steady-state, its terminus had to be at the location of its terminal moraine. For 

Longs Peak and Glacier Gorge Glaciers, this was 6 km and 12 km, respectively. The time 

window for Longs Peak Glacier to reach its steady-state was 1000 years, and it was 2000 years 

for Glacier Gorge Glacier. The time interval was a fraction of the time window, small enough so 

that changes in the glacier’s volume and length could be clearly seen as it grew towards its 

terminal moraine. Longs Peak Glacier had an interval of ten years, and Glacier Gorge Glacier 

had one of 40 years. This means that for every ten years until the 1000 year mark was reached, 

the program calculated the mass balance and ELA of the Longs Peak Glacier. The program  
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Figure 10 shows 1D representations of Longs Peak Glacier (top) and Glacier Gorge Glacier (bottom), created using Matlab. 

The image on the left is the thickness and extent of ice of the glacier at its steady-state maximum. The image on the right shows 

the mass balance of the glacier at its steady state, with the dashed line demonstrating the glacier’s ELA. Images created by 

Selena K. Neale. 
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calculated the mass balance and ELA of Glacier Gorge Glacier every 40 years until the 2000 

year mark was reached. The program was run for each glacier at 0.5 oC intervals from 0 oC to -10 

oC, with whatever snowfall amount value would cause the glacier to reach its steady-state at its 

terminal moraine. Figure 10 shows the end results of the program for Longs Peak Glacier and 

Glacier Gorge Glacier. The lines spanning the glacier’s profile, visible in Figure 10, represent the 

glacier’s thickness and extent at each 10 or 40 year time interval, and their accumulation at 6 km 

or 12 km demonstrates the glacier reaching its steady state at its terminal moraine. The figure to 

the right of the glacier profile shows the two components of mass balance, and how their sum 

creates the ELA. The red line is snow melt derived from the mean annual temperature at 3000 m, 

and the blue line is amount of snow fall in winter at 3000 m. Where these values cancel each 

other out, the mass balance becomes zero and is the location of the ELA.  

Discussion 

 Erosion rates are typically less than 1 mm/yr (Lal, 1991), so when a rate exceeds this 

value, interest in the 

effects of that higher rate 

is immediate. Longs Peak 

glacier’s average 

headwall erosion rate of 

1.99 mm/yr hints that this 

glacier is shaping its 

landscape at a rate far 

faster than the standard 

combination of physical 

and chemical weathering. 

Figure 11: The effects of headwall retreat are clearly shown in this image of Longs Peak 

and Glacier Gorge Glaciers. Image created by Selena K. Neale. 
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The same can be said for Glacier Gorge glacier, as its average headwall erosion rate of 6.35 

mm/yr practically screams out that this glacier was a major geomorphological force while it 

existed. Figure 11 encapsulates the degree to which these glaciers have shaped their landscape. 

Where once smooth mountain slopes existed, these glaciers have gnawed deeply into the sides of 

the mountains, and left behind long, jagged incisions as testimony to their brief existences.  As 

shown in Figure 11, the appearance of this mountain range before glaciers gouged out swaths of 

rock can be envisioned by extended the smooth lines of the mountain across the uneven and 

receded sections. As Longs Peak glacier’s headwall erosion rate was lower, it caused less 

headwall retreat into the mountain, and carved out only a small area in the LGM. Glacier Gorge 

glacier, on the other hand, had a much higher headwall erosion rate and a correspondingly 

greater amount of headwall retreat. This is apparent when looking at Figure 11 because Glacier 

Gorge glacier has a vast footprint stamped into the mountains, with many individual fingers 

feeding into the main glacial valley. While the amount of headwall erosion done by Longs Peak 

and Glacier Gorge Glaciers is greater than the average rate of 1 mm/yr, the 18 m and 60 m 

amounts of headwall retreat represent the most recent work done by these glaciers. This 18 m 

and 60 m, when combined with similar amounts of headwall retreat done by glaciers during the 

10-20 other glacial periods in recent geological history, are responsible for this altered landscape 

that will last for many thousands to millions of years into the future.  

 It is clear that glaciers are powerful geological forces. But what is not as readily apparent 

is degree to which the climate during the LGM was different than that experienced today. By 

using Matlab to find the amount of precipitation and temperatures necessary for Longs Peak and 

Glacier Gorge glaciers to reach their maximum extent, data were gathered that demonstrated a 

possible range of LGM climates. Figure 12 shows the climate range in which Longs Peak glacier 
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could have formed. It is not possible to draw a definite conclusion regarding what exactly the 

LGM climate was like, based on this data, but Figure 12 demonstrates that the LGM was likely 

somewhere within the blue curve. As discussed in the Background section, temperature between 
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Figure 12 shows the possible range of climate experienced by Longs Peak Glacier. Image created by Selena K. Neale. 
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Figure 13 shows the possible climate range experienced by Glacier Gorge Glacier. Image created by Selena K. Neale.  
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the LGM and present was depressed somewhere between 2 oC and 9 oC, with either an increase 

in precipitation or with precipitation amounts similar to modern times. Modern precipitation in 

Rocky Mountain National Park ranges between approximately 60 and 75 cm, according to the 

National Park Services website, and so slight to moderate increases in precipitation during the 

LGM are plausible, given Figure 12 and 13. Figure 12 shows that either combination of 

temperature and precipitation, or anything in between, could explain the presence and extent of 

Longs Peak glacier. Figure 13 shows the relationship between temperature and precipitation 

found for Glacier Gorge glacier, with the major difference between the Glacier Gorge glacier and 

Longs Peak glacier plots being Glacier Gorge glacier’s need for greater amounts of precipitation 

at warmer temperatures. While the glaciers require similar amounts of precipitation at the coldest 

temperatures modeled, Glacier Gorge glacier soon requires more precipitation than Longs Peak 

glacier as temperatures warm towards 0 oC. This could be for a number of reasons, most notably: 

Glacier Gorge glacier has a bigger collection area, it is closer to the Continental Divide and thus 

could get a greater amount of snow blow-over than Longs Peak glacier, and Glacier Gorge 

glacier has bitten deeply to the south, towards Longs Peak glacier, and could be stealing snow 

that would otherwise go to Longs Peak glacier. Figures 12 and 13 establish potential climate 

envelopes for two glaciers that sit right next to each other in the Front Range. And while they 

would have experienced the same broad climate conditions, the need for different amounts of 

precipitation reflect that local variations in conditions exist.  

 By merging these two data sets, it becomes possible to present a range of possible LGM 

climates for this portion of the Front Range. Figure 14 combines Figures 12 and 13. The 

locations where the two data sets overlap represent the range of temperature and precipitation 
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amounts that could have produced both Longs Peak and Glacier Gorge glaciers, perhaps better 

constraining the climate of the LGM. As the average temperature at 3000 m is approximately 2 

°C, according to the National Park Services’ website, it is reasonable to surmise that a likely 

window of LGM temperatures ranges between -2 °C and -9 °C. This likely range is a combination 

of possible temperature depressions proposed by Leonard (1989) and Fall (1991) and the results 

of the 1D models.  While it is not possible to state which of the overlapping points was the LGM 

climate, this data supports the work of other scientists and furthers the understanding of what 

climate during the LGM could have been like. 

 Conclusions 

It is undeniable that Pinedale glaciers like Longs Peak and Glacier Gorge glaciers have 

significantly altered the Front Range landscape. The high headwall erosion rates of Longs Peak 

and Glacier Gorge glaciers, compared to the world average of significantly less than 1 mm/yr, 
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Figure 14: Where the two data sets overlap is the range of possible temperature and amount of precipitation which combine form 

possible LGM climates experienced by the two glaciers. The box shows the most likely combinations of temperature and 

precipitation. Image created by Selena K. Neale. 
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demonstrate the incredible ability of glaciers to shape a landscape in tens of thousands to barely 

one million years, a geologically miniscule length of time. As a result of these high headwall 

erosion rates and the related amounts of headwall retreat, the Front Range’s unique topography 

of mountains with smooth upward sides and deeply bitten leeward sides was created over the 

course of 10 to 20 glacial periods, where rates of headwall erosion and amount of retreat were 

likely similar in magnitude. By using modeling software to find a range of possible temperatures 

and amounts of precipitation that could have not only created these glaciers, but allowed them to 

grow to their furthest extent, it is possible to further clarify what the climate during the LGM 

could have been like. While no definitive conclusion can be drawn from the models of Longs 

Peak and Glacier Gorge glaciers, the results of the models support the findings of other 

scientists. It is reasonable that temperatures were likely depressed by something between 2°C and 

9°C between the LGM and the present. It is also likely that precipitation amounts were similar to 

the present, or there was a slight increase in the overall amount of precipitation which fell on the 

Front Range 20,000 years ago. The work done in thesis is by no means a comprehensive study of 

the Longs Peak and Glacier Gorge glaciers, but instead represents a starting point for future 

research and the opportunity to learn more about these never before studied glaciers. 
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Appendix 

 

Longs Peak Glacier Headwall Erosion/Headwall retreat Calculations Data: 

Moraine Volume (m3) Length of Headwall (m) Height of Headwall (m) 

5.14 x 108 6414 312 

 

Glacier Gorge Glacier Headwall Erosion/Headwall retreat Calculations Data: 

Moraine Volume (m3) Length of Headwall (m) Height of Headwall (m) 

1.32 x 108 5469 405 

 

Headwall Erosion Rates: 

Longs Peak Glacier (mm/yr) Glacier Gorge Glacier (mm/yr) 

2.33 7.40 

2.08 6.63 

1.87 5.97 

1.70 5.42 

 

Longs Peak Glacier Temperature, Precipitation, and ELA Values: 

Temperature (oC) Precipitation ELA (m) 

0 3.3 3350 

-0.5 3 3350 

-1 2.7 3300 

-1.5 2.4 3350 

-2 2.1 3300 

-2.5 1.8 3350 

-3 1.6 3300 

-3.5 1.5 3350 

-4 1.25 3300 

-4.5 1 3300 

-5 1 3250 

-5.5 0.75 3300 

-6 0.6 3300 

-6.5 0.45 3300 

-7 0.35 3300 

-7.5 0.25 3300 

-8 0.2 3250 

-8.5 0.2 3200 

-9 0.2 3150 

-9.5 0.18 3100 

-10 0.17 3050 

 

 

 



Pinedale Glaciation at Longs Peak and Glacier Gorge Selena K. Neale 

 

25 

 

Glacier Gorge Temperature, Precipitation, and ELA Values: 

Temperature (oC) Precipitation ELA (m) 

0 5.65 3125 

-0.5 5.17 3125 

-1 4.7 3125 

-1.5 4.25 3125 

-2 3.835 3125 

-2.5 3.45 3125 

-3 3.1 3125 

-4 2.35 3125 

-4.5 2.06 3100 

-5 1.82 3100 

-5.5 1.57 3100 

-6 1.35 3100 

-6.5 1.16 3100 

-7 0.985 3075 

-7.5 0.855 3050 

-8 0.685 3050 

-8.5 0.56 3025 

-9 0.445 3010 

-9.5 0.36 3000 

-10 0.275 3000 

-4 2.35 3125 

 

Matlab Figures: 

 

 

 

Figure A1: These graphs show position of ELA, position of glacier terminus, and volume of ice from time zero to the end of the 

simulation. Longs Peak Glacier is on the left, and Glacier Gorge Glacier is on the right. 
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Figure A2: These graphs show the how the lateral extent of Longs Peak (left) and Glacier Gorge (right) Glaciers over time. 
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