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Abstract
Granitic regolith, developed in the Boulder Creek catchment and adjacent areas, records a history of deep weathering, some of
which may predate Quaternary time. Field and well-log measurements of weathering, chemical denudation and rates of erosion
derived from 10Be cosmogenic radionuclide (CRN) data help to quantify rates of landscape change in the post-orogenic Rocky
Mountains. The density of oxidized, fractured bedrock ranges from 2.7 to about 2.2 g cm! 3, saprolite and grus have densities between
~2.0 and 1.8 g cm! 3, and 30 soil samples averaged 1.6 F 0.2 g cm! 3. Highly weathered regolith in ~540 wells averages ~3.3 m thick,
mean depth to bedrock in 1661 wells is ~7 m, and the weathered thickness exceeds 10 m in relatively large local areas east of the late
Pleistocene glacial limit. Thickness of regolith shows no simple relationship to rock type or structure, local slope, or distance from
channels. Catchments in the vicinity of the Boulder Creek have an average CRN erosion rate of 2.2 F 0.7 cm kyr! 1 for the past 10,000
to 40,000 yr. Annual losses of cations and SiO2 vary from about 2 to 5 g m! 2 over a runoff range of 10 to nearly 160 cm.
Using measured rates in simple box models shows that if a substantial fraction of void space is created by volume expansion in
the weathering rock materials, ~7 m of weathered rock materials could form in as little as 230 kyr. If density loss results mainly
from chemical denudation and some volume expansion, however, the same weathering profile would take N1340 kyr to form.
Rates of erosion measured by CRN could be balanced by the rate of soil formation from saprolite if the annual solute loss from soil
is 2.0 g m! 2 and 70% of the density decrease from saprolite to grus and soil results from strain. Saprolite, however, forms from
oxidized bedrock at a far slower rate and rates of saprolite formation cannot balance soil and grus losses to erosion. The zone of
thick weathered regolith is likely an eroding relict landscape. The undulating surface marked by relatively low relief and tors is not
literally a topographic surface of Eocene, Oligocene or Miocene age unless it was covered with deposits that were removed in
Pliocene or Quaternary time.
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1. Introduction
Weathering slowly prepares rock materials for erosion by landscape-sculpting processes such as creep,
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sheetflow or glacial plucking. In some environments,
rates of rock weathering and erosion are in balance
(Heimseth et al., 1997; Anderson et al., 2002). Measurement interval is significant, however, particularly where
bedrock uplift and rates of weathering are slow (Sequeira
Braga et al., 2002) and processes such as glaciation are
episodic. Where bedrock is covered by a thick mantle of
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weathered materials, rates of weathering either must
exceed rates of erosion and transport or must have
exceeded them sometime in the past and the landscape
may be, in part, relict (Schoenbohm et al., 2004).
Regolith in the Boulder Creek catchment and adjacent areas (Fig. 1) consists of rock materials formed by
in situ weathering of bedrock and glacial drift and
records a history of deep weathering, a balance between
erosion and rates of weathering, and glacial erosion and
deposition in Quaternary time. Front Range glaciated
valleys become headward-cutting canyons downvalley
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and intersect a narrow strip of deeply weathered, lowrelief terrain. The canyons link the glaciated terrain to
the west with the piedmont to the east and deepen to
N 300 m near the range front (Birkeland et al., 2003).
Weathered rock material, derived from granitic and
high-grade metamorphic rock, consists of soil, grus
and saprolite over a meters-thick zone of oxidized but
less-chemically altered rock. This paper reports the
thickness and degree of weathering of regolith in a 6quadrangle area in and near the Boulder Creek catchment, focusing mainly on granitic rocks and high-grade

Fig. 1. Map showing location of the Boulder Creek and Middle Boulder Creek catchments, catchment, and other places noted in the text. Stippled
areas were glaciated in late Pleistocene time (Madole et al., 1999). Inset of Colorado shows study area.
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metasediments east of the glaciated areas. We also
report measurements of weathering west of the glacial
limit and use rates of chemical denudation and erosion
derived from cosmogenic radionuclides (CRN)
throughout the area to help quantify rates of weathering
in the post-orogenic Rocky Mountains.
2. Materials
Bedrock in and near the Boulder Creek catchment
includes N 1.7 Ga Proterozoic gneisses and metasediments, Proterozoic granitic rocks of the 1.65 Ga Boulder Creek and 1.4 Ga Silver Plume batholiths and early
Tertiary intrusive rocks of intermediate to silicic composition (Gable, 1980). Major primary and secondary
minerals of the batholithic rocks, gneisses and metasediments include quartz, microcline, plagioclase, biotite,
hornblende and mixed-layer smectite–illite, vermiculite, chlorite, and minor kaolinite and X-ray amorphous
material (Table 1). Regolith derived from and overlying
bedrock includes weathered materials (soil, grus, saprolite, and oxidized bedrock) and variably weathered
colluvium and alluvium in the eastern part of the area.
To the west, regolith consists of glacial drift (mainly till
and outwash), locally fractured and oxidized bedrock,
talus and an extensive suite of Holocene periglacial and
glacial deposits in subalpine and alpine areas.
Table 1
Summary of the primary and secondary minerals associated with
types of Front Range rock
Rock type

Primary minerals

Secondary minerals3

Boulder Creek
Granodiorite1

Plagioclase
(An30?)—40.5%
Quartz—25%
Potassium
feldspar—16.1%
Biotite—13.6%
Hornblende—2.1%
Oligoclase
(An27)—26.5%
Quartz—30%
Potassium
feldspar—32.5%
Biotite—7%

Mixed-layer
smectite–illite
Vermiculite
Hydrobiotite

Silver Plume
granite2

Glacial drift
and saprolitec

Sodic plagioclase
Quartz
Potassium feldspar
Biotite
Hornblende
Opaques

1
2
3

Mixed-layer
smectite–illite
Vermiculite
Kaolinite
X-ray amorphous
material
Mixed-layer
smectite–illite
Vermiculite

Gable, 1980, p. 20.
Braddock and Cole, 1990.
Netoff, 1977; Clow et al., 1997; Birkeland et al., 2003.

In field measurements and sampling, we classified
(Fig. 2) weathered, progressively less dense rock materials as oxidized, fractured bedrock, saprolite, weathered saprolite, grus, soil and organic soil (see Birkeland,
1999), guided by field criteria from Clayton et al.
(1979). Highly weathered materials, such as saprolite
and weathered saprolite, form by isovolumetric weathering, are mainly cohesive in outcrop, and are noted by
local drillers as bochre,Q bsoft-brown graniteQ and a
variety of related terms. Grus has the texture, cohesion
and void space of gravelly sand, but locally retains
some structure inherited from underlying saprolite.
Our classification is best applied at roadcuts where all
the categories are exposed, but classification is more
ambiguous where soil and some grus have been eroded
and where sheeting or local lithologic variations are
pronounced. Boulder Creek Granodiorite, for example,
tends to weather to saprolite and weathered saprolite,
whereas outcrops of regolith derived from Silver Plume
granite commonly expose saprolite and grus, but little
weathered saprolite.
3. Climate and geologic history
Climate and vegetation vary with elevation and distance east of the Continental Divide. Mean annual
precipitation and temperature ranges from N 100 cm
and ! 4 8C near the range crest to 46 cm and 11 8C
near Boulder. Annual runoff ranges from about 150 cm
in the upper Green Lakes basin (S. of Niwot Ridge; Fig.
1) to about 10 cm near Boulder (Barry, 1973). The
piedmont near Boulder is warm and dry with grassland
vegetation. Vegetation cover, mainly evergreen forest,
increases westward into the mountains, where tundra is
common above about 3450 m (Birkeland et al., 2003).
Valley glaciers advanced repeatedly from alpine
areas during cooler and wetter periods in Pleistocene
time, partially filling tributary valleys of Boulder, Lefthand and St. Vrain Creeks and terminating near the
present Peak-to-Peak highway (Fig. 1). Compared to
present, late Pleistocene climate was 8 to 12 8C cooler
and perhaps wetter on average (Leonard, 1989). Pliocene and early Pleistocene climate cannot be inferred
from local records but regional evidence suggests that a
shift to wetter and more variable climates occurred after
mid-Miocene time (Thompson, 1991).
4. Quantifying rates of weathering
Several geomorphic techniques have been used to
estimate the time required to develop deep weathering
profiles, such as using dated deposits or weathering
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Fig. 2. Sketch showing weathering terms used in this paper and the relationship to Clayton weathering criteria (Clayton et al., 1979) and
terminology used in drillers’ logs.

rates measured over relatively short time periods. The
minimum time required to form a weathered zone on
granitic rocks can be estimated using weathering criteria such as the depth of oxidation and degree of grussification of bdatedQ glacial and alluvial deposits from the
Front Range area (see Birkeland et al., 2003; Dethier et
al., 2003). Rates of weathering are likely to be faster in
relatively porous and permeable materials than in regolith derived from bedrock. Glacial drift of Pinedale
age, c. 30 to 12 ka, is slightly oxidized and contains
mainly fresh granitic clasts in the vicinity of Nederland.
Till of Bull Lake age, perhaps ~150 ka, is oxidized to
depths of 1 to 2 m near Nederland, and contains 10% to
30% rotted granitic clasts. Forty percent of the granitic
clasts are rotted in the B horizon and oxidation extends
more than 3 m in soil developed in till of unknown, but
pre-Bull Lake age (Madole, 1976). Red, clay-rich soils,
exposed at one location near Ward, may be as old as
500 kyr and contain some unweathered clasts (Birkeland et al., 2003).
Some local stratigraphic evidence implies that thick
weathered profiles took more than 0.5 Myr and less
than 5 to 10 Myr to develop. Along the Middle Branch
of Boulder Creek, several low-gradient midslope areas,
100 to 160 m above the creek have been identified as

floors of Miocene paleovalleys (Scott and Taylor,
1986). Cuts in these areas, notably near the Betasso
Water Filtration Plant (Fig. 3), expose granodiorite
weathered to grus and saprolite, but no remaining evidence of fluvial deposits. Schildgen et al. (2002) estimated the late Pleistocene rate of incision of Middle
Boulder Creek as 15 cm kyr! 1. If the weathered zone in
the Betasso area developed after it was isolated by
downcutting, the minimum age of the zone is ~0.6 to
1.1 Ma. If Scott and Taylor’s (1986) bMioceneQ assignment is correct, however, the profile may integrate the
effects of weathering and erosion over a period of 5 to
10 Myr, the maximum age.
Dissolved products of regolith weathering are transported by surface water out of Front Range catchments,
providing a means of quantifying chemical denudation
and measuring rates of weathering rates. Quantifying
net solute losses from weathering requires values for
dissolved load and flux, as well as long-term monitoring of precipitation and dustfall chemistry, all of which
are available in the Front Range area (cf. Clow et al.,
1997; Clow and Sueker, 2000; Murphy et al., 2003).
These data suggest that ~1 to 5 g m! 2 of dissolved
cations and silica are removed annually from weathering rock materials, producing density decreases

388

D.P. Dethier, E.D. Lazarus / Geomorphology 75 (2006) 384–399

Fig. 3. Digital elevation model showing locations of weathering measurements, well logs and sites sampled for 10Be-based rates of erosion. Four
samples plotted at the margin of the map are located ~10 km outside the map border. Ruled pattern shows late Eocene erosion surface of Scott and
Taylor (1986). A = Allenspark; B = Betasso Water Plant area; N = Nederland; W = Ward.

reflected in weathering profiles and helping prepare the
landscape for erosion and surface lowering. Solute
losses from the soil zone, the weathered mantle and
near the interface with fresh rock are considered in
more detail below.
5. Methods
Well data and field measurements were compiled
and evaluated with GIS techniques to portray the
depth, degree of weathering and density of weathered
rock material, and then combined with surface water
chemistry to estimate weathering rates in a 940 km2

area west of Boulder, CO (Fig. 3). We collected well
data from paper records on file at the Colorado Department of Water Resources (Denver), entering every interpretable record from the Allens Park, Eldorado
Springs, Gold Hill, Nederland, Tungsten, and Ward
quadrangles according to registration number and quarter-section location. Most logs provided the 1/4 of 1/4
location for a well within a section, whereas some
specified well location more precisely. The maximum
probable location error for any well in the dataset is the
area of a 1/16 section (approximately 0.16 km2). We
recorded the thickness of overburden, alluvium, highly
weathered regolith, and the total weathered thickness,
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depth to fresh bedrock, total well depth, and drillers’
notes for 1872 wells. We then digitized well locations
on digital topographic quadrangles in ArcMap, creating
a single point-shapefile, and joined the well data to the
attribute table of the shapefile. Well measurements are
comprehensive, but do not represent a random sample
of the entire area. We have no information from some
areas served by municipal water systems (ex. Nederland) and from protected lands managed by Federal,
State or County agencies and we have little subsurface
information from subalpine and alpine zones that form
the western margin of the study area.
The field characterization scheme of Clayton et al.
(1979) was followed to evaluate the weathering of
outcrops and roadcuts (see also Fig. 2), where 1 is
bunweathered rock,Q 4 is bmoderately weatheredQ and
bulk density = 2.2 g cm! 3 and 7 is bvery well weatheredQ and feldspars have altered to clay and bulk density = 1.8 g cm! 3. We used the scheme to characterize
weathering in the upper two m of roadcuts and at sites
along selected trails and ridges (Fig. 3). Where roadcuts
were longer than about 100 m, we divided them into
segments and recorded average values for each segment. The area sampled extends further west and less
far to the north and south than the area covered by well
data.
At about 30 sites we used an electronic balance to
measure the density of soil and grus samples collected
using either a 4-cm diameter coring tube or the excavation method. Organic soil samples were O+ A horizons. Soil samples were collected mainly from B or
BC horizons, but locally contained rootlets and some
A-horizon material. We collected samples of saprolite
and other cohesive materials for analysis in the laboratory, where we measured the density of paraffin-coated
samples. All samples were oven dried for 24 h at 80 8C
and field-moist densities were recalculated to oven-dry
values.
Thin sections were cut from fresh bedrock and from
samples of weathered rock materials to help characterize mineral alteration. To measure chemical denudation
rates in the area, we compiled chemical and discharge
data for surface and selected groundwater samples from
U.S. Geological Survey files (waterdata.usgs.gov/co/
nwis) and additional published and unpublished
sources.
The 10Be content of quartz, separated from 16 samples of alluvium, were used to estimate rates of erosion
over the past ~3 " 104 years for small catchments (0.1
to 30 km2) developed in granitic rocks in and near the
study area (Dethier et al., 2002). With one exception,
sample catchments had not been glaciated and were
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chosen to minimize anthropogenic influences such as
mining or roads. Samples were collected from on and
near the surface of low relief (Fig. 3) in areas draining
quartz-rich granite, granodiorite and gneiss. Alluvial
samples were dried and sieved and quartz from the
200 to 800 Am fraction was separated, cleaned, dissolved and its 10Be content measured using techniques
described by Bierman et al. (2003). Dose rates were
corrected to the study catchments, using measured latitude and area–altitude distributions.
6. Data
6.1. Observations of rock weathering in the vicinity of
the Boulder Creek catchment
Field and laboratory observations suggest that
weathering of bedrock and surficial deposits in the
Front Range occurs slowly and reflects at least local
influence of rock type, fracture density, and access to
moisture. Except in unglaciated interfluve areas, such
as Niwot Ridge (Fig. 1), exposed bedrock and surficial
deposits are fresh or mainly fresh west of the glacial
limit. East of the glacial limit, regolith is oxidized to
depths of 3 to 10 m except in and near deep master
drainages such as Middle Boulder Creek. Field observations in deep roadcuts show that the degree of oxidation and other weathering features decrease
downward except near some fault zones and in the
heavily fractured, altered zones of the Colorado Mineral
Belt (Lovering and Goddard, 1950). In these areas,
near-surface weathering is a subtle overprint on pervasively oxidized, locally hydrothermally altered zones
that extend beneath the deepest surface cuts.
Soils include A and B horizons, are locally tens of
centimeters thick, and are produced from rock debris in
various stages of weathering, eolian materials and variable amounts of organic matter. Beneath the soil, oxidation and granular disintegration of joint-bounded
blocks and clasts proceed inward from external surfaces
and internal fractures (Isherwood and Street, 1976;
Clayton et al., 1979), resulting in decimeter to metersthick zones of grus, saprolite and oxidized, fractured
bedrock (Fig. 4). Sheeting is common near the surface,
particularly in the Silver Plume Granite, whereas nearvertical fractures dominate at depth. Field observations
suggest that in many exposures the degree of weathering is controlled by local fracture density. In some
areas, local differences in weathering appear to be
related to rock type, particularly to the amount of
readily weathered biotite. In many areas, however,
local variations in the style and degree of weathering
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Fig. 4. Composite image of a deeply weathered roadcut south of Allenspark, Colorado; Clayton weathering values (ex. C1) are plotted on the image.

are not obviously associated with fractures, lithology or
current position in the landscape.
Oxidation of iron and the weathering and expansion
of biotite are clearly associated with grussification in
some rocks of the Boulder Creek Granodiorite (Wahlstrom, 1948; Isherwood and Street, 1976), the Sherman
Granite (Eggler et al., 1969) and similar rocks in the
Sierra Nevada (Wahrhaftig, 1965) and elsewhere in the
western USA (see Clayton et al., 1979). Thin sections
of weathered samples show that as weathering progresses, biotite flakes change color and flare along
boundaries with other minerals and biotite becomes
interlayered with bhydrobiotiteQ (Isherwood and Street,
1976) or other alteration products. Thin-section and Xray diffraction (XRD) analysis and water chemistry,
however, reflect additional chemical weathering reactions. Plagioclase is progressively more weathered and
microcracks become more clay-filled as fresh rock
weathers to grus. High Ca / Na ratios and Sr isotopes
in some Front Range weathering solutions suggest the
dissolution of calcite in eolian dust and possibly of
trace calcite or other Ca-rich minerals in bedrock (cf.
Clow et al., 1997). The X-ray diffraction (XRD) data of
several authors (cf. Clow et al., 1997; Murphy et al.,
2003) indicate neoformation of small amounts of clays
such as kaolinite. Substantial amounts of dissolved
silica in surface and groundwater may record these
mineral weathering reactions or dissolution of amorphous Al–Si complexes. Microcline and quartz appear
bfreshQ in the samples we examined. These observations suggest that strain recorded by decreased density
in weathering granitic regolith may derive from silicate
hydrolysis involving several minerals, as well as from
physical expansion.

6.2. Field measurements of weathering
Field measurements of weathering intensity along
roads and ridges, generalized using inverse-distance
weighted (IDW) interpolation, highlight glaciated vs.
unglaciated areas (Fig. 5). The interpolated data do not
distinguish different rock types nor, at the scale of
measurement, unglaciated ridges above glaciated
valleys nor canyons incised into unweathered rock.
Within the glacial and periglacial zone, field observations show that erosion has stripped the weathered
regolith in valley areas west of the glacial limit, but
weathered bedrock and unconsolidated deposits
(Madole, 1982) persist locally between glaciated
valleys at elevations as high as 3500 m. The clipped
IDW pattern suggests, as do field observations and well
records, that highly weathered regolith is preserved in
the vicinity of the glacial limit. Because the Clayton
values east of the glaciated area are based mainly on
roadcut measurements, they underestimate the degree
of weathering in the flatter, soil and grus-surfaced areas
between roadcuts. Clayton values at 72 sites glaciated
during Pinedale time were between 1 and 2. Average
Clayton values are 3.3 F 1.3 (moderately weathered) at
498 sites east of the glacial limit. Our observations
show that depths to fresh or moderately oxidized bedrock generally are 2 to 5 m in areas of average Clayton
values.
6.3. Weathering depth from well records
The thickness of regolith (bdepth to bedrockQ of
drilling logs) and highly weathered regolith (bsoft
brown graniteQ; bochreQ) is greatest east of the glacial
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Fig. 5. Map showing the degree of bedrock weathering in the vicinity of the Boulder Creek catchment evaluated using Clayton field criteria,
interpolated using inverse distance weighted techniques, and draped over a 10 m DEM mosaic. Late Pleistocene glacial extent (Madole et al., 1999)
is in stippled pattern. Measurement sites are shown as bullets.

margin and in interfluve areas. Well records demonstrate that glacial drift, mainly gravelly alluvium and
glacial outwash, is thinner than 30 m in each of the
valleys we sampled and generally less than 11 m. Till
was not reported from many well logs (n = 30), but
depth to bedrock, including 1 to 2 m of alluvium or
colluvium, was mainly b 10 m.
East of the glaciated area, our clipped IDW of
regolith thickness shows no simple relationship to
rock type or structure, local slope, or distance from
channels (Fig. 6). The weathered zone bcasedQ by
drillers in ~1640 wells is mainly weathered regolith
and colluvium derived from weathered rock outcrops.
The mean depth to fresh bedrock (bgrey graniteQ) in
this area is ~7 m, but the weathered thickness exceeds
10 m (Fig. 7) in relatively large local areas and weathered regolith thickness locally exceeds 30 m. Highly
weathered regolith N 2 m thick, presumably saprolite,

weathered saprolite and grus, was reported in ~540
wells; in these wells thickness values averaged ~3.3
m (Table 2). Patterns of thicker and thinner weathered
regolith do not appear to reflect proximity to the
Pleistocene glacial limit; some of the thickest weathered regolith is preserved within 1 km of the glacial
limit. Thickness is not simply related to the berosion
surfaceQ of Scott and Taylor (1986) and other authors
(see Bradley, 1987), nor to underlying bedrock type as
defined by the Colorado geologic map (Green, 1992).
Our sampling is most complete in areas underlain by
Boulder Creek Granodiorite, Silver Plume granite and
the metasedimentary rocks intruded by these rocks.
Weak but statistically significant relationships suggest
that regolith derived from bedrock is thicker in areas of
flatter slopes and thinner near drainages, but these
variables dexplainT b 5% of the variance in regolith
thickness.
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Fig. 6. Map summarizing weathered regolith thickness (depth to fresh bedrock) in the vicinity of the Boulder Creek catchment, interpolated using
inverse distance weighted techniques, and draped over a 10 m DEM mosaic. Blue line shows late Pleistocene glacial extent (Madole et al., 1999).
Locations are shown as bullets.

6.4. Bulk density values
The density of rock materials in the study area
progressively decreases as fresh rock oxidizes, weathers
to saprolite, weathered saprolite and grus, and mixes

with organic and eolian material to form soil (Fig. 8).
Measured densities likely overestimate in situ values
for cohesive materials because our sampling does not
account for open fractures or voids and some compaction occurs during sampling. Fresh bedrock samples
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Fig. 7. Graphs summarizing the thickness of regolith inferred from well logs. (a) alluvium and glacial deposits; (b) weathered regolith, for wells
drilled in bedrock; and (c) highly weathered regolith for wells drilled in bedrock.

give density values of about 2.7 g cm! 3. Oxidized,
fractured bedrock has densities that range from 2.7 to
about 2.2 g cm! 3, and densities of saprolite and weathered saprolite range from about 2.4 to 1.6 g cm! 3,
respectively, for samples from the Boulder Creek
grandiorite and the Silver Plume granite. We have
combined the categories of saprolite and weathered
saprolite on Fig. 8 and for calculation purposes. Grus
samples have a mean density of 1.8 g cm! 3, but show
considerable variation. The average density value for
30 shallow samples of B and BC horizons was 1.6 F 0.2
g cm! 3, whereas the densities of several samples of
organic soil horizons were ~1 g cm! 3. Shallower (~10
cm) soil samples generally had lower densities than
deeper (~30 cm) samples; densities of soil developed
Table 2
Summary of weathering and regolith thickness measurements grouped
by type of bedrock
Rock type1

Number
of wells

Mean thickness
of highly
weathered
regolith F 1r m

Boulder Creek
Granodiorite
Biotite gneiss
and schist
Silver Plume
Granite
Glacial drift,
U. Pleistocene
Felsic and
hornblende
gneisses
Quartzite and
mica schist
Water bodies2

1053

2.4 F 4.1

7.2 F 9.7

257

2.3 F 3.7

7.8 F 8.1

231

5.4 F 7.2

6.8 F 7.7

35

2.1 F 3.5

9.6 F 13.8

30

3.3 F 5.8

5.4 F 6.7

19

2.4 F 3.2

5.9 F 5.7

16

1.9 F 1.7

5.2 F 8.5

1

Mean depth
to fresh
bedrock F 1r m

Colorado State Geologic Map (Green, 1992).
Classification from Green (1992); wells located adjacent to
reservoirs.
2

from granite, granodiorite and metasediments did not
differ significantly. In the discussion below, we aggregate grus and soil, based on similar densities.
6.5. Rates of erosion based on cosmogenic
radionuclides
Rates of erosion, calculated from the cosmogenic
radionuclide (CRN) content of alluvial sediment and
published values, suggest that upland areas of the Front
Range and nearby surface of local relief are eroding at
rates of 1 to 4 cm kyr! 1. Regional and local rates from
granitic and high-grade metamorphic rocks measure
erosion over the past 20,000 to 40,000 yr and, thus,
integrate glacial and nonglacial rates. Rates of erosion
range from 1.4 to 4.6 cm kyr! 1 and average 2.5 F 0.8
cm kyr! 1 for 21 samples collected from small basins in
the granitic and high-grade metamorphic terrain of the
Front Range in northern Colorado and southern Wyoming (Dethier et al., 2002). Excluding a sample from an
active alpine talus slope, catchments in the vicinity of
the Boulder Creek and St. Vrain drainages (Fig. 3) give
an average rate of erosion of 2.2 F 0.7 cm kyr! 1
(N = 16). Rates of erosion are positively but weakly
correlated with catchment slope and other measures of
relief. Local rates, calculated from gently sloping summit surfaces in Front Range alpine areas, are ~1.0 cm
kyr! 1 (Small et al., 1997), whereas we measured values
of 1.7 and 3.0 cm kyr! 1 from small, steep catchments
incised into the slopes of Niwot Ridge. Initial analysis
of samples from a 7-m thick CRN profile in Front
Range saprolite (NE of Nederland, Fig. 3) indicates a
long-term rate of erosion of ~3 cm kyr! 1 (Dethier and
Bierman unpublished data, 2004), based on production
from spallation and muon reactions. Measured rates of
erosion, thus, are substantially lower than the 15 cm
kyr! 1 rate of incision calculated for Front Range
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such as the soil, as well as from mineral weathering
beneath the soil.
7. Discussion

Fig. 8. Values of bulk density for bedrock, weathered regolith and soil
samples, Boulder Creek catchment. Number of samples shown in
parentheses; error bars are F1r.

tributaries such as Middle Boulder Creek, which has cut
a narrow, deep canyon in resistant rock of the Boulder
Creek Granodiorite.
6.6. Denudation rates calculated from solution
chemistry
Chemistry and discharge measurements for tributaries of the South Platte River, including Coal Creek (Fig.
9), several branches of Boulder, St. Vrain and Lefthand
Creeks and long-term measurements from alpine catchments near the Continental Divide (for instance Clow
and Sueker, 2000; Caine, 2001) allow us to assess rates
of chemical denudation from this part of the Front
Range (Table 3). Measured chemical denudation has
not been corrected for precipitation and dustfall additions and, thus, provides an upper limit for solutes
released by rock weathering. Annual losses of cations,
mainly Ca and Na, and SiO2, range from about 2 to 5.5
g m! 2 over a runoff range from 10 to N150 cm from
small to large, bare-rock to forested middle-elevation
catchments. Losses of cations + silica increase with runoff, but the correlation is not strong (r 2 = 0.33); lithology and local flow pathways may also be important for
small catchments (Campbell et al., 1995). Ca is the
main cation removed in solution (SiO2 N Ca N Na, Mg
and K) and the Ca / Na molar ratio exceeds 1.0 in runoff
from most catchments despite the abundance of sodic
plagioclase in the bedrock. Detailed, short-term studies
in alpine and subalpine catchments (cf. Campbell et al.,
1995; Meixner et al., 2000) show that solutes are
derived from reactions in near-surface environments

Our measurements, compilation of weathering data
and previous studies of Front Range weathering provide a basis for calculating rates of regolith formation
and removal and allow us to frame a series of interrelated geomorphic questions. Does chemical weathering
contribute significantly to the progressive decreases in
density as granitic rock changes to saprolite, grus, and
soil? Are rates of weathering measured on dated geomorphic surfaces, such as moraines (Birkeland et al.,
2003), consistent with rates derived from measurement
of chemical denudation or CRN-derived rates of erosion? The thickness and patchy distribution of weathered regolith suggests that the area of low relief in the
Boulder Creek catchment could be a relict feature
dating from pre-Pleistocene time (Isherwood and Street,
1976). Is the deeply weathered regolith east of the
glacial limit at a steady state, or is it mainly a relict
landscape that is eroding in climate typical of the late
Quaternary and under the influence of headward-cutting streams?
We would like to estimate the rates at which rock
materials weather and erode in the vicinity of the
Boulder Creek catchment. Field measurements and
the thickness of weathered regolith derived from well
logs provide comprehensive data for the thickness and

Fig. 9. Example of discharge/concentration relationships for Ca and
SiO2 used to calculate chemical denudation, Coal Creek catchment
near Plainview, Front Range. C Ca = 15 " Q (! 0.096), R 2 = 0.26;
C SiO2 = 12 " Q (! 0.0053), R 2 = 0.017.
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Table 3
Rates of chemical denudation calculated for selected alpine and forested catchments, Colorado Front Range

Arikaree1
Navajo1
Green Lake51
Green Lake41
Lake Albion inlet1
Lake Albion spillway1
Lake Albion1
Green Lake1
Martinelli1
Saddle Stream1
Andrews Creek2
Icy Brook2
Loch Vale2
Fern Creek2
Boulder Brook2
Spruce Creek2
Fall River2
N. St. Vrain2
Big Thompson2
Lefthand Creek at
Altona3
S. St. Vrain Creek
above Lyons3
N. St. Vrain Creek
above Lyons3
St. Vrain Creek at
Lyons3
Coal Creek near
Plainview3
1
2
3

Site
Area
elevation km2
m

Runoff Ca
Ca / Na Mg
Na
K
SiO2
Sum (cations
cm
g m! 2 yr! 1 mol
g m! 2 yr! 1 g m! 2 yr! 1 g m! 2 yr! 1 g m! 2 yr! 1 plus SiO2)
g m! 2 yr! 1

3780
3680
3620
3550
3350
3350
3345
3425
3450
3430
3551
3579
3555
3172
3517
3262
3364
3435
3195
1712

0.1
0.4
1.4
2.2
3.6
5.0
5.5
0.5
0.1
0.3
1.8
3.3
6.6
7.8
9.9
13.2
62.8
85.0
104.4
136.3

367.0
149.6
105.1
91.6
100.0
58.2
67.0
14.0
102.7
21.7
83.0
66.0
62.0
71.0
22.0
55.0
27.0
45.0
35.0
22.7

1.59
1.07
1.22
1.32
1.20
1.36
1.81
0.92
1.17
0.43
0.85
0.77
0.72
0.89
0.33
0.74
0.49
0.76
0.55
1.35

2.87
1.96
2.92
2.79
2.60
2.54
2.33
4.12
1.65
1.53
1.59
1.93
1.81
1.31
0.48
1.29
1.07
1.11
1.10
1.55

0.15
0.12
0.13
0.17
0.15
0.15
0.20
0.05
0.12
0.05
0.26
0.22
0.24
0.36
0.16
0.25
0.28
0.31
0.28
0.29

0.32
0.32
0.24
0.27
0.27
0.31
0.45
0.13
0.41
0.16
0.31
0.23
0.23
0.39
0.39
0.33
0.26
0.39
0.29
0.50

0.35
0.23
0.20
0.23
0.18
0.16
0.19
0.05
0.17
0.07
0.10
0.08
0.10
0.11
0.06
0.09
0.09
0.09
0.10
0.12

2.80
3.17
2.24
2.67
2.67
1.52
3.03
1.01
3.67
2.03
1.49
0.71
1.15
1.92
2.20
1.68
1.25
2.08
1.34
1.21

5.21
4.90
4.02
4.67
4.47
3.50
5.68
2.16
5.54
2.73
3.01
2.01
2.44
3.68
3.15
3.09
2.36
3.62
2.56
3.47

1633

213.2

23.9

1.28

1.58

0.23

0.47

0.11

1.55

3.64

1845

278.9

28.9

0.85

1.10

0.13

0.44

0.11

2.03

3.56

1613

557.9

20.5

0.92

1.20

0.19

0.44

0.02

1.31

2.89

1994

40.0

10.2

1.20

0.58

0.30

1.19

0.12

1.19

4.01

From N. Caine, University of Colorado, unpublished data for the Green Lakes basin. Records represent ~20 yr of monitoring.
Compiled from studies in Loch Vale and nearby basins by Clow and Sueker (2000).
Calculated from U.S. Geological Survey records of water quality and discharge (http://waterdata.usgs.gov/co/nwis/).

density of weathered materials (Table 2 and Fig. 8).
Contemporary rates of chemical denudation mainly are
between 2.5 and 5 g m! 2 yr! 1 and CRN-based erosion
of 1 to 4 cm kyr! 1 integrates rates of the past 104 to
5 " 104 yr. Chemical denudation does not directly lower
the surface of the granitic landscape, but conditions it
for surface erosion and creep by decreasing density
directly and by contributing to strain resulting from
physical expansion of weathered rock to grus and
soil. Our data do not allow us to estimate directly the
density decrease produced by microfractures, voids
created as biotite transforms to mixed layer smectite–
illite (Isherwood and Street, 1976), and other processes
that strain weathering rock materials. Isherwood and
Street observed that plagioclase and microcline were
weathered in their samples. They suggested that the
~12% to 25% density decrease they measured from
bedrock to grus in the Boulder Creek Granodiorite
resulted from biotite expansion. Other reactions, how-

ever, must also be significant. For example, transformation of biotite to mixed layer smectite–illite
consumes silica and calcium (Clow et al., 1997), so
Ca, Na and silica removed in solution from Front
Range catchments must derive from the weathering of
plagioclase and other minerals such as hornblende.
We constructed a simple box model for bedrock and
regolith weathering for the area east of the glacial limit
(Fig. 10a), using mean values for thickness, density and
probable elemental flux. Two types of uncertainty limit
precise calculations of rates using this model: estimating the chemical flux from each layer and assessing the
importance of void space produced by bphysicalQ
weathering. Studies from alpine and subalpine catchments in the Front Range area suggest that N 50% of the
solutes removed by surface water originate in the soil
zone, where low pH and the relative abundance of
soluble eolian particles (e.g., calcite) contribute to
chemical denudation (Campbell et al., 1995). At
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Fig. 10. Box model for bedrock and regolith weathering and surface erosion. (a) chemical gains and losses from weathering regolith; (b) dependence
of grus + soil production rates from saprolite on solute loss and the proportion of density decrease attributed to physical expansion; (c) estimated
rates of surface lowering, in cm kyr! 1, for different layers in the model, assuming the solute losses of panel a and that 90% to 40% of the density
decrease was because of physical expansion.

lower elevations in areas of thicker regolith, solutes
likely originate from the soil and from chemical reactions deeper in the weathering zone. Denudation rates
from the Coal Creek catchment (Table 3), which
includes no alpine zone, and the high levels of dissolved constituents at low flow for other catchments
suggest that reactions in the weathered regolith are
significant (Murphy et al., 2003).
The rate at which bedrock transforms into oxidized
bedrock and then to saprolite and weathered saprolite,
grus and soil is critically dependent on the amount of
strain produced by volume expansion in the weathering
rock materials and the amount of erosion. Consider the
conversion of saprolite into grus + soil, assuming no
surface erosion. Solute loss in this process is likely to
be in the range of 0.5 to 2.0 g m! 2 yr! 1, and the
percent of density decrease produced by physical expansion could range from 10% to 90%. Fig. 10b suggests the wide range of possible rates of production that
result from these two variables. Only at the upper end
of both these ranges, however, could rates of grus + soil
formation from saprolite approach measured rates of
erosion.
As an additional illustration of the box-model approach, we calculate the rate that each layer in the

weathered zone forms from the layer below, assuming
no surface erosion. If we constrain the contribution of
physical expansion to void space to between 90% and
40%, oxidizing and decreasing the density of 4 m of
bedrock by ~6% could take between 120 and 720 kyr,
assuming solute loss of 0.5 g m! 2 yr! 1 from this
alteration (Fig. 10c). This rate is equivalent to moving
the oxidized boundary down between 0.6 to 3.3 cm
kyr! 1. Forming 1.6 m of saprolite from oxidized bedrock could take between 90 and 530 kyr, equivalent to
forming saprolite at a rate of 0.3 to 1.6 cm kyr! 1, using
the same range of void space assumptions and a solute
loss of 1.0 g m! 2 yr! 1. Finally, converting saprolite
into 1.6 m of grus + soil would take between 25 and 100
kyr, assuming a solute loss of 2.0 g m! 2 yr! 1 and that
between 90% and 60% of the density decrease was due
to physical creation of void space in this biologically
active zone. This rate is equivalent to forming grus +
soil at 1.6 to 6.4 cm kyr! 1. Assuming that a substantial
amount of void space is created by volume expansion
and that losses to erosion are negligible permits formation of ~7 m of weathered rock materials from bedrock
in as little as 230 kyr. If density loss depends more
completely on chemical denudation, formation could
take N 1340 kyr.
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Cosmogenic radionuclide measurements, however,
show that erosion is lowering surfaces in the small
nonglaciated catchments of the Front Range at rate of
about 2.5 cm kyr! 1. Short-term measurements from
alpine areas in the Front Range (Bovis and Thorn,
1981) suggest that local rates of erosion could be an
order of magnitude higher. If solute loss from the soil is
2.0 g m! 2 yr! 1(~50% of the total solute loss) and 70%
of the density decrease from saprolite to grus and soil
results from physical strain, erosion could be balanced
by formation of grus + soil from saprolite (Fig. 10b), as
Riebe et al. (2001) assume for Sierran catchments. If
solute losses are lower or physical expansion smaller,
late Quaternary rates of erosion will exceed rates of
grus + soil formation. Our best estimates also suggest
that saprolite forms from oxidized bedrock at a far
slower rate (0.3 to 1.6 cm kyr! 1) and that soil and
grus losses to erosion cannot be maintained by rates of
saprolite formation. None of these calculations provide
unique solutions, but they do suggest that CRN-based
rates of erosion probably are higher than the rate at
which bedrock weathers to regolith in this area.
Rates of erosion calculated from 10Be values are
equivalent to 2–2.5 m of erosion in 100,000 yr and
are similar to rates reported from granitic rocks of the
Idaho batholith (Kirchner et al., 2001) and for nonorogenic mountain ranges that receive moderate
amounts of precipitation (Matmon et al., 2003). If
calculated rates of erosion are correct, then the 2-m
thick A/Bt/B soils with partially grussified clasts
btypicalQ of Bull Lake-age deposits (Birkeland et al.,
2003) must represent locally stable parts of the landscape or be younger than the ~150 ka age of the
deposit; we favor the former.
7.1. Erosion surface?
The undulating surface marked by relatively low
relief and tors (Fig. 3) cannot literally be a topographic surface of Eocene, Oligocene or Miocene age unless
it was covered with deposits that were removed in
Pliocene or Quaternary time, as may be the case with
the Sherman surface in the vicinity of the bGangplankQ
in southern Wyoming (Evanoff, 1990). CRN measurements from small catchments on and near the lowrelief area and limited values from tors suggest that
rates of erosion equivalent to 10–40 m Ma! 1 have
characterized at least the past 10–40 kyr. At such
rates, surface lowering since early Pliocene time
would be in the range of 50–200 m. Thick zones of
weathered regolith may argue for locally slow erosion
or suggest that even thicker regolith was once present.
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Modern areas of low slope could be subparallel to
topography that formed in middle Tertiary time in this
part of the Front Range (Wahlstrom, 1947; Steven et
al., 1997) but cannot be those topographic surfaces
unless they were exhumed in the past few million
years.
8. Conclusions
! Granitic rocks in the vicinity of the Boulder Creek
catchment, Front Range, decrease in density from
about 2.7 to 1.6 g cm! 3 as they oxidize and weather
to saprolite, grus and soil. Weathered regolith in
~1640 bedrock wells averages 7 m thick, but thicknesses exceed 10 m in relatively large local areas.
The thickness of weathered regolith derived from
bedrock shows no simple relationship to local rock
type, slope or proximity to late Pleistocene glacial
margins. Glacial and alluvial deposits are b 10 m
thick in most areas, but locally as thick as 30 m
along Middle Boulder Creek.
! Box-model calculations suggest that with no erosion,
forming ~7 m of weathered regolith from bedrock
probably takes N 230 kyr and may take N 1340 kyr,
depending on the relative contribution of chemical
and physical weathering to density decrease.
! Areas of thick weathered regolith probably are
eroding in the present climate. Measured CRN
rates of erosion of 2–2.5 cm kyr! 1 might be balanced by the formation of grus + soil from saprolite,
but saprolite forms from oxidized bedrock at a
slower rate (0.3 to 1.6 cm kyr! 1), insufficient to
balance erosion. Well-developed soils containing
partially grussified clasts probably represent locally
stable parts of the landscape.
! Modern areas of low slope could be subparallel to
surfaces that formed in middle Tertiary time in this
part of the Front Range but cannot be those topographic surfaces unless they were exhumed in the
past few million years.
! More precise estimates of weathering processes and
rates in the granitic rocks of the Front Range will
require detailed chemical analysis of weathered
rocks and field-based measurements of solute origin.
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