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Abstract
A 2D numerical model developed by Plummer and Phillips (20@3)employedo
reconstruct the Middle Boulder Creek (MBC) and North St. Vrain (NSV) paleoglaciers,
of the Colorado Front Range. The models usedo investigate two climatic aspis of
the latePleistocene Pinedale Glaciation (~30,430000 ka): 1. The specific
combinations of temperature and precipitation present in the Front Range that may have
sustained the MBC and NSV glaciers during the Last Glacial Maximum (LGM, ~21 ka),
ard 2. The magnitudes and rates of climate change that drove the Front Range ice
recession following the LGM. The ArcMap 3based model has two components, an
energy/mass balance component that calculates an annual mass balance grid from input
climate datand valley topography, and é&ceflow component that utilizes the mass
balance grid to calculate the glacial flow according to ice flow laws and topography.
After several hundred modgéars, the glacieeaclesa steady state geometry that is in
mass bknce equilibrium with the input climate. Determining the input climate
parameters that sustain a modeled glacier atfreddped extents therefore provides
guantifiedinsight into the regional climate. Modeling of the NSV system did not provide
reliable esults, likely due to issues concerning input modern climate data collected from
secondary sources for use in this study. However, results from modeling the MBC glacier
to its LGM mappeekextentsuggest the glacier méave been sustained with temperature
depressions of 5.0eC, 6.6eC, and 8.6eC, res
factors of 1.5x, 1.0x, and 0.5x, and is agreement ngghilts of earliestudies. The rate of
climate chang&vas determinetdy modeling the MBC glacier to multiple CRélated ice

margin locations associated with the pb&M deglaciation (from Ward et al., 2009),
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and by assessing the temperature changes between intervals assuming a constant
precipitation equal t oantindgia \wayning of ~0l@h&ys mo d e |
from 217 ~18 ka, a slight cooling periqd ~ 0 . @@ glagial stillstand from ~18~16

ka, followed by api d war mi ng o fi 13&%ka. 7Thihifskvgrattempto m ~ 1 6
to quantify Pinedale deglaciatioate oftemperature chang@sthe Rocky Mountainkas

error associated the selected CRN dates (up-%.#Kky), and does not account for

potential changes in precipitation. Despite the potential error, the quantified results

provide appreciablgeneralizednsight into the naturahte of climate change associated

with postLGM deglaciation.
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Chapter 1: Introduction

Abundant geomorphic evidence in the Rocky Mountains indicateshnatimate
has fluctuated duringultiple periods of glaciation during the Quaternafypine
glaciers have lefivell-preserved glacial valleys, cirques, and moraines across the Rocky
Mountains that delineate glacial extents dutimgheight of the last gladigeriod, the
Last Glacial Maxinum (LGM). Modern alpine glaciers respond on ssadétens to
hundreds of years to climate change, making them useful indicators of changing climate
conditions(e.g. Oerlemans et al., 1998; Rat, 1994). Despite widespread evidence of
extensive glaciation in the Rocky Mountains and growing knowlefigeodernglacial
responses to climate change, extracting paleoclimate data from geomorphic evidence of
paleoglacierss difficult.

One approach to resolve issues of determining paleoclistiteough the use of
climate models. Atmospheric general circulation models (AGCMs) have provided
paleoclimate insight into larggcale atmospheric and lasdrface features, but their
resolution is too coarse for detailed analysis of individual algiaeier systems. While
ACGMs assess climate on large regional and global scales, Plummer and Phillips (2003)
developed a coupled makalance and ice flow model that has successfully simulated
modern glaciation in individual drainages in the Sierra NeWatege. The model, which
can provide insights into climate conditions supporting a glacier system, has since been
successfully applied to study multiple paleoglacier systems across the Rocky Mountains

(e.g. Laabs et al., 200Refsnider et al., 2008pies, 2012; Huss, 2012; Jacobsen, 2010).



This study utilizes the Plummer and Phillips (2003) model address two questions
concerning the paleoclimate during the last glacial period. The first of these is to assess
the paleoclimate that could have sustainexhERange glaciers during Last Glacial
Maximum (LGM), which occurred approximately 21,000 years ago. In addition to
extracting potential paleotemperature and paleoprecipitation parameters for two
paleoglaciers at their LGM extents, this study also usilizeP | ummer and Phi | | |
in a rudimentary attempt to assess the rate of climate change during the deglaciation
following the LGM.

The Colorado Front Range has received significant scientific attention during the
past 50 years, which has provided aenplodern climate data, extensive glacial mapping,
and welldocumented glacial chronologies. The accessibility and abundance of climate
and glacial data make the Front Range a prime area to employ the lspofic model.

In addition to abundant dat@ecessary for model inputs, the area has received modeling
attention from other numerical modeling studies which have utilized different modeling
methods (e.g. Duhnforth and Anderson, 2011; Ward et al., 2009; Leonard and McCoy,
1990), providing a way to csscheck modeling approaches and extracted climate data.

This study has the capacity to provide insight into lasgate climate mcesses
occurring during the LGMGlobal climate modeling (e.g. Braconnot et al., 2007)
suggests that the northern Rocky Witains were relatively drier and much colder than
present conditions, while the southern Rocky Mountains were likely significantly wetter
and slightly colder than present conditigiggure J. Proxy studies refleagjlobalclimate
models andurthersuggestthat thetiming of initial deglaciationvariesacross th&orth-

south transeicof the Rocky Mountainsvith maximums slistands in the southern U.S.



Rockiesoccuring at ~21 ka, and at ~1&in the northerrRockies(Figure 2; e.g.
Munroe et al., 2006Thackray et al., 2004; Licciardi and Pierce, 20R8fsnider et al.,
2008;Gosse et al., 1995; Guidoat, 2007;Young et al., 2011)This variability across
the Rocly Mountain region has been attributecato s p e ¢ i fprioxamity t@theg e 0 s
Pacific jet stream, which provides the most precipitation directly along its winter storm
track. Kutzbach and Wght (1985) first suggestdtie jet streamvas di spl aced ~2
latitude south of its current positidoringing increased prgutation to thesouthern
Rocky Mountains The displacement has been attributethe development of lowevel
anti-cyclonic circulation immediately south of the southern margin of the Laurentide ice
sheet, resulting from cooling induced by the Laurenit@ sheefThis study will help
refine climate parameters in the central Rockies,maagprovide insighinto possible
precipitation changes that may be associated tvédisplaced jet stream hypothesis.
The general approach of this study is to zgilthedetailed mapping ajlacial
margns, cosmogenic radionuclide (CR8gted glacial chronologieand modern climate
data available in the Front Rangeupled with Plummer and Philips (2003) glacial
model to reconstruct the Middle Boulder valley and North St. Vrain valley glacial
systems. The paleoglaciereconstructions will yielansight intopossibleLGM climate
parametersand the magnitude of ohiate changeelative topresentonditionsthat
could have resulted in the mapped extent of the LGM glad&tensive CRNdates
available from Middle Boulder Creedalley, from Ward et al. (2009ill further allow
glacial reconstructions at multipledations in time, allowing for a rudimentary
assessment dfierates of climate changeccurring during the po4tGM period of

deglacation



Results from this study will contribute to a larger N@Rded project headed by
Dr. Eric Leonard of Colorado Celje and Dr. Benjamin Laabs of State University of
New York, Geneseo. Thwoaderstudy will compile paleoclimate data extracted from
the modeling of numerous mountain ranges in a rawothth transect in the Rocky
Mountains, and will assess the nature aragjnitude of climate chae on a continental

scale in thdRocky Mountain regionKigure 3.



Figure 1: Paleoclimatic Modeling Intercomparison Project Phase Il (PMIP2) maps of

LGM climate produced by paleotemperature and paleoprecipitattaieling by

Braconnot et al. (2007). The location of the Colorado Front Range is indicated by the red
dot. Figure A shows the mean summer temperatures depressions in degrees Celsius, and
Figure B shows the precipitation conditions in mm/day, both rel&imeodern

conditions. The model suggests the LGM conditions in the Front Range were ~8.5°C
cooler than today and received precipitation approximately equivalent to modern amounts.
Figure modified from Baconnot et al. (2007).
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Figure 2: Cosmogenic razhuclide (CRN) exposure dates for the LGM boulders in the
Rocky Mountain region, indicating the initial glacial retreat period from maximum LGM
extents. Areas glaciated with alpine glaciers are designated dark grey, while the southern
reaches of the Coitteran (CIS) and Laurentide (LIS) ice sheets are designated light grey.
Areas that are part of the ongoing study of LGM glaciation alon¢gsafdnsect by Dr.

Eric Leonard and Dr. Benjamin Laabs are noted in red, with open circles indicating target
studyareas. Range names are abbreviated as follows: GNP = Glacier National Park; AR
= Absaroka Range; EYP = East Yellowstone Plateau; WYP= West Yellowstone Plateau;
SM = Smokey Mountains; WM = Wallowa Mountains; SM = Sawtooth Mountains; TR =
Teton Range; NEUM Northeast Uinta Mountains; SWUM = Southwest Uinta

Mountains; WW = West Wastach Range; SR = Snowy Range; NCCR =bd#irttal

Colorado Rockies; ICCR = Interimentral Colorado Rockies; FR = Colorado Front

Range; SCC = Colorado Sangre de Cristo Range=MBVack Mountains; SJ = San Juan
Mountains; SWCR = Southwest Colorado Rockies; SCNM = New Mexico Sangre de
Cristo Range; SB = Sierra Blanca. Image modified from Mackall, 2011; originally from
Dr. Benjamin Laabs.



Chapter 2: Study Area

Local Setting

This study focuses on two drainages on the eastern slope of the Colorado Front
Range: Middle Boulder Creek (MBC) drainage and the North St. \@eek (NSV)
drainage Figure 3. Each drainage is located on the eastern side @dnénental
Divide, andan alpine glacier occupied eagtrring theLGM Pinedale glacial period he
glaciersfirst developed in cirques near t@entinental Divideand flowed eastward
toward the GreatlRins(Figure 4) Both Middle Boulder Creek drainage and the North
St. Vraindrainage havevell-preserved landforms associated with the Pinedale glaciation,
making them prime study locations for LGM analysis.

The LGM Middle Boulder Creeglacier(MBG) extended 2Bm from three
cirques bordering the Continental Divide, whererimi@atednear NederlandColorado
(Figures 4 and B{Vard et al., 2009)T'he surfaceareaof the LGM MBGis approximately
65 knt and the surface elevatioanged from ~2560 m near the terminus, to ~3750 m at
the northern drainage cirqtieor and 36® m inthe southern drainagés ci r que f | oo
(Porter et al., 1983The MBG is divided into two main drainages separated by &
low-relief, high-elevation plateau. The northern and southern drainages converge 6.5 km
upvalley from the glacier LGM terminus.h& northern drainage extends 10 km upvalley
from the convergence location to one main cirque. The southern drainage extends into
three separate valleys, each approximately 7 km long from the convergence location. At

the point of convergence, ice flowedwvalley in a single path, with some valley



overflow into the present Eldora ski area (Porter et al., 1988gonstruction mapping

by Porter et al. (1983), based early, unpublishefield mapping by R. F. Madole

indicates the glacier was ~300 metere i ck over most of its | eng
basal sheartiess between 0.7 and Dbdrs(Figure §.

There are no modern glaciemsmapped permanent snowfieidshe Middle
Boulder Creek drainage, but just north theresanesralsmallmodernglaciersand
numerous permanent snowfiglclirrently occupying the North Boulder &ak
headwaterg¢Figure 7) TheArapahoand ArikareeGlaciers haveurface areas of 0.24
km? and0.06 knf, respectively. These glaciers are located at high elevationsyeuiml
shaded locations in the norténd eastacing cirques near the Front Range crest. Their
shaded, higtelevationlocations combined with wirtllown snow accumulation allow
these glaciers to exist in the modern clim&attalt and MacPhail, 196Buhnforthand
Anderson 2011).

The bedrock of the upper MBC valley is mostly composed of the 1,6680-Ma
Boulder Creek Granodiorite (Young, 1991; Peterman and Hedge, 1968). Some areas
contain significant felsic gneiss and biotite gneiss, associatbdivei Idaho Springs
Formation dated 1,713 -30 Ma (Young, 1991; Peterman and Hedge, 1968). The lower
reaches of the MBC valleglsocontain areas of Boulder Creek Granodiorite and biotite
gneiss of the Idaho Springs Formatiatihough the majoritpf theterminal valley is
bordered by microline gneiss and hornblende gneiss, also associated with the Idaho
Springs Formation (Gable, 1969).

Quaternary deposits cover the majoritya relief the surfaces in the studyea.

Glacial deposits, including maines, outwash, and till apgevalent deposits covering the



Unitod States
b e CANADA

D_m't.'! SI0, NOAA, U.S. Navy, NGAY GEECO
g 4 b

Image © 2013 TerraMetrics

Figure 3: Google Earth image of Colorado, with the Front Range outlined in yellow. The
two study areas are circled in orange: the North St. Vrain Creek (NSV) study site to the
north, a the Middle Boulder Creek (MBC) study site to the south. Index map courtesy
of mapsof.net



Figure 4: A LGM reconstruction of the Middle Boulder Glacier on hillshade backdrop.
The Continental Divide is represented by the dotted line. The recondtglateer is

outlined in blue within the Middle Boulder Creek valley, with the northern drainage area
labeled MBGND, and the southern drainage area labeled MEXG A glaciated portion

of the Caribou Creek (CC) valley is also included in this study, hragout
northeastward from the northern drainage.
interpretations, which included assessment of field mapping by Madole et al. (1998) and
Ward et al. (2009), in addition to landscape interpretation from lidar.
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Figure 5: A perspective image of the Middle Boulder Creek drainage from Google Earth,
with the reconstructed LGM glacier extent outline in blue. The light green line along the
range crest represents the Continental Divide. Glacier margins representauhé g 6 s
interpretations, which included assessment of field mapping by Madole et al. (1998) and
Ward et al. (2009), in addition to landscape interpretation from lidar.
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