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Abstract

Soil distribution in high mountains reflects the impact of several soil-forming factors. Soil geomorphologists use key

pedological properties to estimate ages of Quaternary deposits of various depositional environments, estimate long-term

stability and instability of landscapes, and make inferences on past climatic change. Once the influence of the soil-forming

factors is known, soils can be used to help interpret some aspects of landscape evolution that otherwise might go

undetected.

The Front Range of Colorado rises from the plains of the Colorado Piedmont at about 1700 m past a widespread, dissected

Tertiary erosion surface between 2300 and 2800 m up to an alpine Continental Divide at 3600 to over 4000 m. Pleistocene

valley glaciers reached the western edge of the erosion surface. Parent rocks are broadly uniform (granitic and gneissic).

Climate varies from 46 cm mean annual precipitation (MAP) and 11 jC mean annual temperature (MAT) in the plains to 102

cm and � 4 jC, respectively, near the range crest. Vegetation follows climate with grassland in the plains, forest in the

mountains, and tundra above 3450 m. Soils reflect the bioclimatic transect from plains to divide: A/Bw or Bt/Bk or K

(grassland) to A/E/Bw or Bt/C (forest) to A/Bw/C (tundra). Corresponding soil pH values decrease from 8 to less than 5 with

increasing elevation. The pedogenic clay minerals dominant in each major vegetation zone are: smectite (grassland),

vermiculite (forest), and 1.0–1.8 nm mixed-layer clays (tundra). Within the lower forested zone, the topographic factor

(aspect) results in more leached, colder soils, with relatively thin O horizons, well-expressed E horizons and Bt horizons

(Alfisols) on N-facing slopes, whereas soils with thicker A horizons, less developed or no E horizons, and Bw or Bt horizons

(Mollisols) are more common on S-facing slopes. The topographic factor in the tundra results in soil patterns as a consequence

of wind-redistributed snow and the amount of time it lingers on the landscape. An important parent material factor is airborne

dust, which results in fine-grained surface horizons and, if infiltrated, contributes to clay accumulation in some Bt horizons.

The time factor is evaluated by soil chronosequence studies of Quaternary deposits in tundra, upper forest, and plains

grassland. Few soils in the study area are >10,000 years old in the tundra, >100,000 years old in the forest, and >2 million

years old in the grassland. Stages of granite weathering vary with distance from the Continental Divide and the best developed

is grus near the sedimentary/granitic rock contact just west of the mountain front. Grus takes a minimum of 100,000 years to

form.
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Some of the relations indicated by the soil map patterns are: (1) parts of the erosion surface have been stable for 100,000

years or more; (2) development of grus near the mountain front could be due in part to pre-Pennsylvanian weathering; (3) a

few soil properties reflect Quaternary paleoclimate; and (4) a correlation between soil development in the canyons and stream

incision rates.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction increase from east to west, and relate well to the soil
Soils can provide information useful to the geo-

morphological interpretation of mountainous terrain.

Their distribution, laterally and vertically, results from

the impact of the soil-forming factors—climate, veg-

etation, topographic setting, parent material, and time

(Jenny, l980; Birkeland, 1999). The altitudinal distri-

bution of soils shows the impact of the climate and

vegetation factors. One of the more important roles of

soils is in helping put surficial deposits of diverse

origins (glacial, fluvial, colluvial, periglacial, etc.—

the parent material factor) into age groups (time

factor). Richmond (1962) did this in his classic work

in the La Sal Mountains of Utah. The topographic

factor needs more study, because if there are marked

differences in soils with topographic setting, one has

to determine if it is due to the time factor or to the

rates of pedological processes.

This paper analyses the relation between soils and

geomorphology in the Front Range of Colorado and

adjacent plains. Birkeland studied the area in a recon-

naissance fashion while taking students on field trips

for the past 35 years. Former students and colleagues

have contributed by their detailed published and

unpublished work on parts of the range and plains.

However, this study—a first approximation of a

coherent soil-geomorphic history of the range—was

facilitated by soil maps and profile descriptions for the

Front Range west of Boulder by the U.S. Department

Agriculture, U.S. Forest Service (2001, and written

communications, 1999, respectively).

There are not many examples of integrating soils

and geomorphology at the scale of a mountain range.

One exception is the work of Tonkin and Basher

(1990) in the Southern Alps of New Zealand. Soil

distribution was well known from extensive mapping,

and they did detailed studies in key basins across the

range. Uplift, precipitation, and erosion rates all
patterns. In the eastern part of the range, mean annual

precipitation (MAP) is relatively low ( < 100 cm),

uplift and erosion slight, and A/Bw/C soil profiles

on transport-limited slopes denote geomorphic stabil-

ity during most of the Holocene. In areas with MAP

between 140 and 200 cm, the soil pattern is complex

and consists of both eroded soils in the upper parts of

the basins and one or more buried soils in the lower

parts. In contrast, in the western part of the range, a

high uplift rate combined with >1000 cm MAP results

in high erosion rates, A/R soil profiles on steep

weathering-limited slopes, and soil residence times

of 100–200 years.

A few of the lessons learned in Southern Alps

apply to the Front Range of Colorado. One is that the

precipitation in the latter area is similar to that of the

drier part of the Southern Alps study area, and the

landscape and soils in the Front Range of Colorado

seem similarly relatively stable. A second is that

basin-wide patterns of soil development seem to

correspond with stream incision rates.
2. Regional setting

The Front Range of Colorado rises abruptly above

the Colorado Piedmont section of the Great Plains

(Fig. 1). This paper focuses on a Colorado Piedmont-

to-Front Range of Colorado transect near the town of

Boulder. The base of the mountain front is between

1700 and 1830 m, and the area west of the front rises

to about 2500 m over a distance of about 6 km.

Farther west are remnants of a dissected Tertiary

erosion surface (Scott and Taylor, 1986; Bradley,

1987). This surface is expressed by accordant ridges

and extensive areas of low-relief terrain that slope

gently upward to the west to about 2750 m over

distances of about 10–20 km. West of the erosion



Fig. 1. Location map showing the Front Range of Colorado, mountain front, and Colorado Piedmont near Boulder, Colorado. Heavy solid lines

near Ward and Nederland indicate the approximate lower limit of Pleistocene glaciation; dotted pattern indicates till and related glacial deposits

(modified from Madole et al., 1998). Gray pattern shows the approximate extent of a Tertiary erosion surface (modified from Scott and Taylor,

1986).
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surface, the mountains rise to the Continental Divide

(3600–4100 m) over distances of about 10–15 km.

Several rivers drain the area. To the south is Coal

Creek, which heads about 28-km east of the Con-

tinental Divide; its headwaters were never glaciated.

To the north, both Boulder and Left Hand Creeks head

just east of the Continental Divide and their upper

reaches were glaciated during the Pleistocene.

Boulder Creek was more extensively glaciated. The

glaciers in both of these drainages terminated at about

2500–2700 m, close to the western edge of the

erosion surface. All of the above creeks flow in

steep-sided canyons; canyon relief is high in the

glaciated mountains, minor near the western edge of

the erosion surface, and increases to a maximum just

west of the mountain front. Maximum relief in the

canyons is Coal Creek, 660 m; Boulder Creek, 840 m;

and Left Hand Creek, 350 m.

There is disagreement regarding the elevation at

which the erosion surface formed—did it form close
to its present elevation, or did it form at a lower

elevation and subsequently been uplifted (Steven et

al., 1997 and references cited therein). Whatever the

case, canyon cutting commenced about 5 my (million

years) ago (Trimble, 1980; Steven et al., 1997).
3. Soil profiles

Soil profiles are composed of various horizons, and

the kind of soil profile varies with the soil-forming

factors (Birkeland, 1999). The surface O and A

horizons are commonly high in organic matter and

have characteristically dark colors. Beneath the O and

(or) A, mostly in acidic forested conditions, is a light

colored E horizon. The color of the latter horizon

indicates that much of the iron released in it has been

translocated to the underlying B horizon. Beneath the

A and (or) E horizons in most environments, given

sufficient time for them to develop, is a B horizon.
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There are several types of B horizons. A Bw horizon

in this area is generally oxidized. An example would

be a parent material of 2.5Y hue alters to a Bw with a

10YR hue. The alteration is due to Fe release during

weathering. Given sufficient time, clay accumulation

is recognizable, and the horizon is designated Bt. The

clay has either infiltrated from overlying horizon(s) or

formed in place. In drier moisture regimes (grasslands

in the plains of this study), soil moisture is insufficient

to leach carbonate from the soil, and it accumulates to

form Bk or K horizons; these horizons form beneath

the Bw or Bt, or can occur as an overprint on the Bt

horizon (e.g., Btk). Six morphological stages in the

development of carbonate horizons are recognized in

the western USA, and the time to attain each stage

varies with climate and the rate of influx of Ca-

enriched dust (Machette, 1985). The first two stages

(I and II) are Bk horizons in which the color of the

non-carbonate material is clearly visible. If carbonate

accumulation is extensive and the carbonate and its

white color dominate the horizon, the horizon is

designated K (stages III through VI). At depth is the

little altered surficial parent material referred to as the

C horizon (Cox if slightly altered and Cu if unaltered).

Rock parent material is designated R, Cr if the rock is

weathered, and Crt if clay has accumulated. Horizons

with evidence of gleying are designated by the letter g

(e.g., Bg). In Canada (Soil Classification Working

Group, 1998), if a particular type of horizon is so
Fig. 2. Vegetation zones and climatic data for a transect from the Contine

Veblen and Lorenz, 1991, Fig. 2, and Barry, 1973, Table 4 and p. 92). E

adjacent elevation ranges represent ecotones between the zones.
weakly developed that it barely meets the criteria for

its recognition, it is followed by the letter j (e.g., Ej or

Btj), a practice we have adopted.
4. Factors of soil formation, Front Range of

Colorado

Jenny (1980) formulated the general soil-forming

equation

Soil ¼ f ðcl; o; r; p; t; . . . ; Þ

where cl is climate, o organisms, primarily vegetation,

r slope or topographic setting, p parent material, t time

over which the soil has formed, and . . . unknown

factors, a common one important to this study is

airborne dust. Each factor has a strong influence on

the resulting soil, and knowledge of these factors can

be used to predict the soil properties at a particular site.

Climate and vegetation vary with altitude in the

study area transect (Fig. 2). The Colorado Piedmont is

warm and dry with grassland vegetation. Westward

into the mountains, the mean annual temperature

progressively decreases, MAP increases, and the veg-

etation varies accordingly. Most of the range is in

forest, except for tundra above about 3450 m.

Bedrock parent material in much of the mountains

consists of a Precambrian core of igneous and high-
ntal Divide to the Colorado Piedmont near Boulder (modified from

levation ranges are typical for the vegetation zones. Gaps between
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grade metamorphic rocks (Lovering and Goddard,

1950; Tweto, 1979; Braddock and Cole, 1990). The

oldest rocks (>1.7 by [billion years] old) are biotite

and hornblende gneiss and schist; these were intruded

by granodiorite (1.7 by) and granite (1.4 by). Small

intrusive bodies of Tertiary age (mainly monzonite

and quartz monzonite) comprise a minor amount of

the igneous rocks. The Colorado Mineral Belt of

Tertiary mineralization trends NE–SW through the

area and intersects the range front north of Boulder;

hydrothermal alteration of the bedrock within this belt

is common. A narrow outcrop of E-dipping sedimen-

tary rocks veneers the front of the range, and shale

commonly underlies the Quaternary fluvial and other

surficial deposits in the plains.

The parent material for most soils discussed here

formed from rocks and surficial deposits high in

feldspar, quartz, biotite, and hornblende. Most of the

deposits are gravelly with a sandy matrix, except for

loess caps that are high in silt.

The ages of the soils throughout the study area can

be estimated from stratigraphic and geochronologic

studies in both the plains and mountains. A well-

expressed suite of river terrace deposits in the plains

(Fig. 3) is dated and correlated by the radiocarbon and

uranium-series methods, association with volcanic ash

of known age, soils, and relative height above streams.

The lower terrace deposits are generally accepted as

having been deposited during the Holocene and the

Pinedale and Bull Lake glaciations (Madole, 1991).
Fig. 3. Diagrammatic cross-section of alluvial units in the Colorado Piedmo

post-Piney Creek, Piney Creek, and pre-Piney Creek alluvial units, Holo

Louviers Alluvium, Late Pleistocene, or late Middle Pleistocene (Bull Lake

age of intercalated Lava Creek B ash, 640 ky; Rocky Flats Alluvium, abo
There is less agreement on the climatic control and the

timing of the older surficial deposits. The oldest

widespread deposit, the Rocky Flats Alluvium, is

about 2 Ma (million years old) (Birkeland et al.,

1996). The older mountain chronosequence is formed

in two widespread deposits—till of the Pinedale gla-

ciation (younger, and associated with marine isotope

stages 2 and 4) and till of the Bull Lake glaciation

(mainly marine isotope stage 6). They are dated and

correlated by the radiocarbon method, cosmogenic

isotope exposure age estimates, soils, and rock-weath-

ering features (Madole,1986; Madole and Shroba,

1979; Madole et al., 1998; Nelson and Shroba, 1998;

Schildgen, 2000). Pertinent local ages are a radio-

carbon age of 23.5 ky (thousand years old) for the

maximum extent of Pinedale ice, and a minimum

cosmogenic isotope exposure age of 122 ky for the

maximum extent of Bull Lake ice. A younger moun-

tain chronosequence is formed in rock-glacier deposits

and in tills deposited by glaciers that re-occupied

cirques after the disappearance of Pinedale ice. The

oldest post-Pinedale till is about 12 ky (possible

Younger Dryas equivalent), and there are at least three

younger Holocene advances. Dating and correlating of

these deposits are by the radiocarbon method, lichen-

ometry, soils, and rock-weathering features (Benedict,

1985; Birkeland et al., 1987; Davis et al., 1992).

There are few data on the influence of topographic

setting on soil development in the study area, as all the

soil chronosequence study sites were on relatively flat
nt near Denver (from Madole, 1991, Fig. 14). Approximate ages are:

cene; Broadway Alluvium, Late Pleistocene (Pinedale glaciation);

glaciation); Slocum Alluvium, 240 ky; Verdos Alluvium, similar to

ut 2 Ma.



P.W. Birkeland et al. / Geomorp334
surfaces. However, catena studies on Holocene and

Pleistocene moraines in other parts of the Rocky

Mountains serve as a model of soil development on

slopes with time (Birkeland, 1999, p. 247). Aspect

influences soil development in the canyons because

they trend E–W, and the bioclimatic zones in the

canyons are strongly influenced by aspect. At any

given elevation, the S-facing slopes are relatively

warm, and the N-facing cool, and these differences

are reflected in the vegetation (Veblen and Lorenz,

1991).
5. General soil distribution, Front Range of

Colorado

The general soil pattern of the study area reflects

the impact of the above soil-forming factors (U.S.

Department Agriculture, Soil Conservation Service,

1975, with changes that correspond with the most

recent Soil Taxonomy, Soil Survey Staff, 1999).

Argiustolls and Paleustolls (A/Bw or Bt/Bk or K/C

profiles) dominate in the plains. The forested moun-

tains are mainly Cryalfs (cold soils with A/E/Bt/C

profiles) at higher elevations and Ustalfs at lower

elevations. Cryepts (cold soils with A/Bw/C profiles)

are above tree line. Soil pH decreases with elevation

from about 8 in the grasslands to 5 and less in the

tundra (Netoff, 1977, written communication 1970;

Birkeland et al., 1987). There are a wide variety of

clay minerals in the soils of the study area. Clays that

are best associated with the overall bioclimate and

geochemical conditions are smectite in the plains,

vermiculite in the forest, and mixed layer 1.0–1.8-

nm clays above tree line (Netoff, 1977; Shroba and

Birkeland, 1983; Birkeland et al., 1987).
6. Soil chronosequences

We have studied soil chronosequences in three

major vegetation zones—the grasslands using mainly

fluvial deposits about 2 Ma and younger, the upper

montane using tills of the Pinedale and Bull Lake

glaciations (about 14–47 and 120–160 ky, respec-

tively; Nelson and Shroba, 1998), and in the alpine

tundra using tills and rock-glacier deposits 12 ky and

younger.
6.1. Grassland soil chronosequence

Birkeland et al. (1996) provide the latest review of

soils in the plains, much of which is based on the

quantitative studies by Machette (1975, 1977, 1985)

and Machette et al. (1976).

A characteristic soil sequence is present through-

out the plains of the study area (Fig. 4); carbonate

has accumulated in many of the soils and the

morphological stages of development of these soils

are from Machette (1985, Table 2). Soils formed in

Holocene deposits (Piney Creek Alluvium and

younger) are A/Cu profiles in the youngest deposit,

and A/Bw/C with or without a Bk in the older

deposits. Overthickened (cumulic) A horizons, due

to pedogenesis keeping pace with floodplain sedi-

mentation, are common. Some of these latter A

horizons are several times thicker than the typical

(noncumulic) A horizons. Soils in Broadway Allu-

vium (Pinedale age) have A/Bw/C profiles on coarse-

grained alluvium, but A/Bt/Bk profiles on fine-

grained (silty) alluvium. Carbonate morphology is

stage I in post-Broadway and younger soils. Mor-

phological differences with grain size are a good

example of the effect of the parent material factor, as

soils formed from the finer-grained (silty) materials

have sufficient primary clay for soil water to redis-

tribute it downward to form a Bt horizon, and the

slight decrease in permeability is sufficient to cause

carbonate to precipitate rather than be carried in

solution through the soil. Soils formed in loess

considered to be the same age as the Broadway

Alluvium also have an A/Bt/Bk profile (Reheis,

1980). Soils formed in Louviers Alluvium (Bull Lake

age) have an A/Bt/Bk profile with stage II– III

carbonate morphology. Soils in older alluvial depos-

its are progressively thicker, redder, more clay rich

(Fig. 5), and display higher stages of carbonate

morphology. The soil in the Rocky Flats Alluvium

(about 2 Ma) is about as clay rich, red (10R in the Bt

horizon), and carbonate rich in the K horizon (94%)

as any soil on Earth (Birkeland, 1999). Machette

(1985) ranks the plains near Boulder as one of

relatively low carbonate influx when compared to

other areas in the western USA. Pre-Broadway

loesses are not present in the study area either

because they were deposited only in areas farther

east (Muhs et al., 1999) or, if deposited, they were

hology 55 (2003) 329–344



Fig. 4. Diagram showing maximum development of soils formed in alluvial units and loess (from Madole, 1991, Fig. 15). Although developed

for the Lafayette area, Colorado (Machette, 1977), these soils are typical of those of the Colorado Piedmont in the Denver–Boulder area. Letters

denote soil horizons.
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locally incorporated into soils on pre-Broadway

deposits (Shroba and Carrara, 1996), or were sub-

sequently eroded.

The Rocky Flats Alluvium has an estimated age of

about 2 Ma, based in large part on landscape position,

minimum-limiting age of younger deposits, and

buried soils (Machette et al., 1976; Birkeland et al.,

1996). The nearby Verdos Alluvium is dated by its

association with the Lava Creek B Ash (0.64 Ma;

redated by Lanphere et al., 2002), and has an A/5YR

Bt/stage III–IV K profile. The period of time between

the deposition of the Verdos Alluvium and the Rocky

Flats Alluvium is locally represented by at least seven

buried soils. Using the morphology of the latter, their

clay and carbonate contents, and the fact that both

normal and reversed magnetic components are present

in these soils, the age of the Rocky Flats is likely to be

about 2 Ma.
6.2. Forest soil chronosequence

The forest chronosequence consists of soils formed

in tills of the Pinedale and Bull Lake glaciations in the

subalpine and upper montane forests, and therefore

spans the last 120–160 ky (thousand years). Rich-

mond (1960) did the early work on soils. In this study,

we draw on the work by Madole (1969), Netoff

(1977), Madole and Shroba (1979), Shroba and Birke-

land (1983), and Madole et al. (1998).

The characteristic soil on till of the Pinedale glaci-

ation has an O and (or) A/Ej or E/Bw or Btj/Cox

profile. Hue of the B horizon is usually 10YR, and

most of the clasts within the soil are unweathered. Clay

content has a maximum content near 10% ( < 2 mm-

size faction) and commonly decreases progressively

with increasing depth. This distribution is thought to

reflect the downward infiltration of airborne dust.



Fig. 5. Plot of clay content ( < 2 mm-size fraction) with depth in

soils of the Colorado Piedmont in the Denver–Boulder area (from

Machette, 1975, and Machette et al., 1976).
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The characteristic soil on till of the Bull Lake

glaciation is an O and (or) A/E/Bt/Cox profile. The

Bt commonly has a 7.5YR hue, clay content reaches a

maximum of 16%, and about 20% of biotite-rich

granitic and gneissic clasts within the soil is weath-

ered to grus. At one locality near Nederland, where

there appears to be superimposed tills of the Pinedale

and Bull Lake glaciations, the buried post-Bull Lake

soil has a morphology similar to the above soil. We

interpret this to mean that the major morphological

features of the post-Bull Lake soil formed prior to the

time when the Pinedale ice was close to its maximum

extent. It is possible that much of this soil develop-

ment occurred during the last interglacial period when

climate over much of North America was warmer than

the present (Muhs et al., 2002).

When one compares the soils younger than about

160 ky in the mountains with those of similar age in

the plains, one sees many similarities in the relative

development of B-horizon properties (e.g., clay con-

tent and color).

6.3. Alpine tundra soil chronosequence

The alpine chronosequence spans the time between

about 0.3 and 12 ky (Mahaney, 1974; Benedict, 1985;

Birkeland et al., 1987). Deposits that are 0.3 ky have a
thin A/Cu profile. Pedogenesis in increasingly older

deposits results in an A/Cox/Cu profile in 2 ky, and an

A/Bw/Cox profile in 3.5 ky with a maximum hue of

10YR. Soil color (chroma and value) is used to

differentiate the Cox horizon from the Bw. The 12-

ky soil has an A/Bw or Bt/Cox profile. The Bt

horizons have a maximum clay content of 14%,

double that of the underlying horizon, and most have

a 7.5YR hue (versus 10YR for the Bw horizons).

Fine-grained material (fine sand and finer) is

prominent in the A horizons of soils 2 ky and older.

It is considered to be an eolian material mixed with

the uppermost part of the underlying till or rock-

glacier deposit. Geochemical data indicate that part

of the fine-grained material is derived from semiarid

basins upwind of the alpine soils (Muhs et al., 1992).

Locally, it has been translocated and produces silt

caps on clasts at depth (Burns, 1980) and contributes

to the clay content in the Bt horizon.

Comparing the alpine and adjacent forest chrono-

sequences, one sees that some 12-ky alpine tundra

soils can be as well, or better, developed than 20-ky

soils at lower elevations in the forest. Several factors

that might help explain this are (1) greater eolian

influx in the alpine, promoting greater availability of

fines, (2) greater soil moisture in parts of the alpine

due to wind redistribution of snow and the potential

for melt-season flushing by large amounts of water

through the soil and possibly (3) greater local dis-

turbance of soils by tree throw in forested areas.

6.4. Soil catena chronosequences

Soil catena (toposequence) studies have not been

undertaken on moraines in the Rocky Mountains of

Colorado, but some have been done in other parts of

the Rocky Mountains and western USA (reviewed by

Birkeland, 1999, chapter 9). A soil catena consists of a

number of soils aligned downslope on one landform

to depict soil morphologies and properties at key

slope positions. If these soils are on moraines of

different ages, they constitute a soil catena chronose-

quence. These studies can provide age estimates for

slopes and slope deposits throughout the Front Range

of Colorado.

Although many of our catena studies were under-

taken in sagebrush terrain in the western USA, Berry

(1987) undertook one in the forested terrain in Idaho.
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In general, the downslope soils have the same overall

profile morphology as those upslope on the nearly flat

moraine crest. In other words, the post-Pinedale soils

have mainly Bw horizons at all slope positions, and

most of the post-Bull Lake soils have Bt horizons at

all slope positions. Downslope changes are least in the

post-Pinedale soils, but in the post-Bull Lake soils,

both the Bt clay content and clay maximum are more

pronounced downslope and pedogenic Fe content

parallels the clay content with depth.

In some catena studies in the western USA, the

summit soil is the least developed of that catena. This

is expected as soil moisture is least in the summit

position. The relative development of some of the

summit soils is so weak that we wondered if their

weak development could be due in part to erosion.

One possible answer came from a post-fire study of a

forested catena in Wild Basin (McMillan, 1990),

about 35 km northwest of Boulder. The summit soil

in burned areas has an A/Cox/Cu profile, whereas the

downslope soils have A/E/Bw/Cox profiles. Erosion,

even on nearly flat surfaces, was widespread in

burned areas and over time could help explain these

contrasting soils with catena positions.

6.5. Application of chronosequence and catena

studies to soils of the Front Range of Colorado

The above soil development relations can be used

to provide a time framework for the development of

soils in the Front Range of Colorado. For example, a

soil with a mainly cumulic A horizon denotes for-

mation during the Holocene. Soils with a well-devel-

oped Bw horizon or a weak Bt horizon suggest

formation over a period of between 10 ky and greater

than 20 ky. Soils with A/brown and sandy loam Bt/

Cox profiles suggest soil development of at least 50

ky and perhaps as long as 150 ky. Finally, soils with

Bt horizons that are red (2.5YR) and have sandy clay

loam texture, or a texture class with even more clay,

denote formation over several 100 ky. Interestingly,

these relations are generally true throughout the

range regardless of elevation. It could be that other

factors locally influence soil development, such as

aspect, but consistently greater degree of soil devel-

opment with stratigraphically older deposits under-

scores the importance of time in pedogenesis in this

area.
7. Soil distribution in the Front Range of Colorado

The U.S. Department Agriculture, U.S. Forest

Service (2001) has prepared soil maps of the study

area at a scale of 1:24,000, following a 3rd-order soil

survey (Soil Survey Division Staff, 1993). These

maps show a general relation between the major soils

and various elements of the landscape (Fig. 6).

Most of the mountainous terrain west of Nederland

and Ward has soils with A/Bw/C and (or) R profiles in

the tundra and O and (or) A/E/Bw/C and (or) R

profiles in the forest. Such profiles are due either to

young deposits (Pinedale age and Holocene tills and

periglacial deposits) or to erosion under the present or

glacial-age climate and vegetation. Rolling bedrock

topography characterizes the unglaciated windswept

tundra between glaciated valleys. Burns and Tonkin

(1982) noted that soils on this undulating topography

form a catena. The key to understanding these soils is

wind redistribution of snow and dust (referred to as

mixed loess when it is incorporated into the under-

lying soil). Both of them are minimal on the topo-

graphic highs and increase in thickness in the lee of

the highs. Hence, soils on the highs are mainly thin

and either lack or have a surface layer of mixed loess.

Greater soil moisture downslope in the lee positions

results in progressively better developed and thicker

soils, as well as a mixed loess surface layer. At the

base of the slope, the soils show signs of poor drain-

age (O/Bg profiles) and the thickest mixed loess,

transported from upslope chiefly during snowmelt.

Fir-spruce tree islands are a common feature in the

tundra, just above tree line. They migrate downwind

at a rate about 1–2 m/0.1 ky (Benedict, 1984).

Holtmeier and Broll (1992) noted that the islands trap

both windblown snow and fine-grained eolian mate-

rial, resulting in underlying soils that are relatively

leached A/Bw/C profiles and have a fine-grained

surface layer. Burns has noted that the B-horizon

hue under these tree islands is 7.5YR versus 10YR

in the surrounding tundra. Only where the tree islands

move slow enough is there sufficient time for E

horizons to form (Benedict, 2000).

Many of the soils on the erosion surface are O and

(or) A/Bt/C and (or) R profiles. These soils are

extensive on wide tracts of the erosion surface. East-

ward, the erosion surface consists of accordant ridges,

and where the ridges are narrow the soils are A/Bw/C



Fig. 6. Schematic perspective diagram showing relations between soils and landscape in the Front Range of Colorado and adjacent Colorado

Piedmont between Boulder and the Continental Divide. Cryolls and Ustolls shown are on S-facing slopes, but Cryalfs and Ustalfs on adjacent

N-facing slopes cannot be shown because of the orientation of the diagram. Cryepts commonly form in the steep terrain west of the erosion

surface; they have A/Bw/C and (or) R profiles (tundra) as well as O and (or) A/E/Bw/C and (or) R (forest) profiles. Cryalfs and Ustalfs

commonly form on the erosion surface east of Ward and Nederland. They have O and (or) A/E/Bt/C and (or) R profiles. Dotted patterns in two

small areas near Ward and Boulder are Cryalfs that have clayey, red (2.5YR hue) Bt horizons. Cryolls and Ustolls commonly form on S-facing

slopes in the canyons incised into the erosion surface; they have A/Ej/Bw/C and (or) R as well as A/Bw/C and (or) R profiles. Ustolls commonly

form in the plains; they have A/Bw/Bk and A/Bt/K profiles. Gray pattern along the mountain front indicates a large area of bedrock that is

locally mantled by surficial deposits and their associated soils. Soil distribution, classification, and horizon designations are modified from maps

(1:24,000 scale) and profile descriptions by the U.S. Department Agriculture, U.S. Forest Service (2001, and written communication, 1999,

respectively).
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and (or) R profiles. Interestingly, these well-developed

soils with Bt horizons remain well expressed adjacent

to areas formerly covered by Pinedale ice. We inter-

pret this to mean that periglacial processes were not of

sufficient intensity or duration to erode these soils. If

this is correct, then these parts of the erosion surface

have been stable for at least 100 ky. On the erosion

surface near Ward (Fig. 6), there is a small area of soil

with a morphology similar to the above, except that

the Bt has a 2.5YR hue and a sandy clay texture.

Comparing this soil with those in the plains suggests

several 100 ky of landscape stability to form such a

soil.

Soils on the N-facing versus S-facing valley sides

(U.S. Department Agriculture, U.S. Forest Service,

2001) provide an opportunity to compare the influ-

ence of aspect on soil development (Fig. 7). In the

tundra, as well as in the subalpine forest, soil maps

show little difference in soil morphology between N-

and S-facing slopes. Most of the above soils are

Cryepts with a similar horizon sequence. Apparently,

the combination of relatively high precipitation and
low temperature negates the effect of aspect. From the

western edge of the erosion surface to the mountain

front, however, N-facing soils are mainly O and (or)

A/E/Bt/Bw/C and (or) R profiles. In contrast, S-facing

soils have A/Ej/Bw/C and (or) R profiles and the A

horizons of these soils are thicker than the O and (or)

A horizons of the N-facing soils. These profile con-

trasts result in Cryalfs on the N-facing slopes and

Cryolls on the S-facing slopes; if temperatures are

frigid at lower elevations, however, the soils are

classified as Ustalfs and Ustolls, respectively. This

contrast in soil-profile development could either be a

function of age (N-facing slope deposits are more

stable and older) or of process (Bt horizons form

faster on N-facing slopes due chiefly to greater

effective soil moisture).

Reconnaissance work by bicycle in many road cuts

along main and mining roads in the mountains indi-

cates that grus development shows a strong relation

with topographic setting and geological history. Clay-

ton et al. (1979) have developed a seven-class classi-

fication of granite weathering. Class 1 is unweathered



Fig. 7. Generalized diagram showing soil profiles on N-facing

versus S-facing slopes in the canyons near Boulder. Each profile is

about 1 m thick. We estimate that S-facing slopes have the cryic–

frigid soil– temperature-regime boundary within the upper montane

vegetation zone. Some N-facing slopes can have a cryic soil –

temperature regime to the mountain front; if warmer at lower

elevations, however, the soil – temperature regime is frigid and the

soils are Ustalfs. Modified from maps and profile descriptions by

the U.S. Department Agriculture, U.S. Forest Service (2001, and

written communication, 1999).
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rock; class 2 is oxidized rock with angular joint–plane

junctions. Classes 3–6 are subdivided on the distinct-

ness and rounding of the joint plane junctions (gone

by class 5, and this is approximately where grus

appears in the weathering sequence) and the ease with

which rock fragments disaggregate (easily disaggre-

gates in class 6). Class 7 exhibits rock fabric, but

chemical weathering is advanced enough to form clay.

The first task is to make sure that hydrothermal

alteration is not confused with surface weathering.

The landscape west of the erosion surface is generally

class 1, especially the part that was covered by Pine-

dale glaciers. Class 2 weathering is common through-
out the rest of the range, suggesting either moderate

erosion or a slow rate of weathering. In contrast, just

west of the contact between the sedimentary rocks and

the igneous–metamorphic complex is a narrow linear

band of rocks with class 4–6 weathering. This could

be due to more intense weathering at the eastern

margin of the range, or weathering association with

the paleosol formed in granodiorite beneath the low-

ermost sedimentary rocks (Fountain Formation of

Permian and Pennsylvanian age), thoroughly studied

by Wahlstrom (1948). Our interpretation of the pale-

osol is that it is mainly a thick section of grus (class 6

maximum) (Birkeland et al., 1996). We suggest that

the linear band of class 4–6 grus is either a lateral

expression of Wahlstrom’s paleosol (grus), or it is

some combination of pre-Fountain weathering of the

granodiorite enhanced by weathering during the Late

Cenozoic. Other areas of thick class 4–6 grus have

escaped erosion over the long-term for a variety of

reasons, one being the low rate of local steam incision.

The higher classes of granite weathering indicate

landscapes that were not rapidly eroded over long

periods of time. We do not know the rate of grus

formation, but we can make an estimate by consider-

ing the condition of boulders in tills. Those in tills of

Pinedale age are generally unweathered, but some in

tills of Bull Lake age are sufficiently weathered to be

class 4–6. Assuming this, grus formation can also

take place in soil formed from rock and that most soils

are a minimum of 1 m thick, a 1-m thick layer of grus

formed from granitic or gneissic bedrock probably

takes a minimum of about 100 ky to form.
8. Some applications of soils of the Front Range of

Colorado

Soils can be used to estimate incision rates of the

canyons that characterize the Front Range of Colo-

rado. One can use the ages of the fluvial terrace

deposits at the mouths of the canyons—many esti-

mated by their associated soils—to estimate incision

rates, and then compare these soils with those on

canyon side slopes. Using the former, Dethier et al.

(2000) calculated an incision rate of 0.04 m/ky in the

plains at the mouth of Boulder Canyon. Schildgen

(2000) and Schildgen and Dethier (2000) used soils to

help guide a radiocarbon and cosmogenic isotope
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dating study within Boulder Canyon; they identified

deposits of Holocene, Pinedale, Bull Lake, and pre-

Bull Lake ages. At a major knickpoint within the

canyon, they calculate an incision rate of 0.15 m/ky.

The contrast between this higher rate and the much

lower rate determined in the plains might be due in

part to the upstream migration of the knickpoint or to

the durability of the bedrock at or near the knickpoint.

Most soils on side slopes in Boulder Canyon seem to

be fairly young, less than 20 ky. This seems fitting as

the side slopes are steep, cliffs are common, and of the

three streams here compared, Boulder Creek has the

highest discharge and was the most extensively gla-

ciated in its headwaters. The next major canyon to the

north, Left Hand, has an incision rate in the plains

near the mountain front of 0.05–0.1 m/ky (range in

values is due to which fluvial deposit is used as a

datum). In Left Hand Canyon, the headwaters were

not extensively glaciated, the canyon side slopes are

more gentle than those in Boulder Canyon, and soils

with Bt horizons on side slopes are more common. A

major canyon south of Boulder Canyon is the ungla-

ciated Coal Creek Canyon, where incision in the

plains at the mountain front is 0.006 m/ky. Soils on

the valley sides near the canyon mouth commonly

have red, clay-rich Bt horizons that suggest they

formed over several 100 ky (Birkeland et al., 1996).

Thus, soils on side slopes of the canyons correspond

with incision rates. Coal Creek has the lowest incision

rate and the oldest soils on side slopes. Boulder Creek

has a high incision rate and the youngest soils on side

slopes. The differences in the development of soils on

side slopes in Boulder Canyon and Left Hand Canyon

could be related to the higher discharge, more exten-

sive glacier activity, and knickpoint migration in the

former.

Veblen and Lorenz (1991) have documented the

great change in vegetation in the Front Range of

Colorado during the last century. Many of the changes

are associated with mining, and the logging and

burning that accompanied the mining. Many slopes

were extensively devegetated. Reconnaissance study

of road cuts along many mining roads in the moun-

tains via bicycle reveals neither widespread extensive

erosion (enough to remove the steady-state A horizons

that take several thousand years to form) nor deposi-

tion (buried soils) in these disturbed areas. These

observations suggest that the mountain slopes outside
of the heavily mined sites did not respond drastically

to perturbations caused by human activities.

Quaternary climate change can be deciphered in

some soils. Shroba and Birkeland (1983) note the

presence of vermiculite and a high degree of illite

(mica) weathering in soils now 100 m above tree line.

Because vermiculite is a forest indicator (Netoff,

1977; Shroba and Birkeland, 1983), these data suggest

a tree line higher than present sometime during the

Holocene. Organo-cutans are dark brown organic

stains that form on the undersides of stones in the

lower part of the B horizon and in the C horizon of

alpine soils that lack excessive snow cover (Burns,

1980; Benedict, 2000, Appendix B). Burns and

Davenport (1988) observe these stains in forested

soils at elevations as low as 2735 m, suggesting that

they formed in alpine soils during glacial-age low-

ering of upper tree line of greater than 700 m. This

interpretation is consistent with pollen data that sug-

gest 500–800 m of tree line lowering during the

Pinedale glaciation (Legg and Baker, 1980; Madole,

1986). Strongly developed E horizons that persist to

the mountain front might partly be a legacy of glacial

climates, and the intact profiles suggest little tree

throw. Finally, Btk horizons are common in the plains;

this mix of carbonate depletion and accumulation in

the same horizon might reflect leaching during glacial

climate and accumulation during interglacial climate,

respectively.

The rate of carbon accumulation and its storage in

soils are important issues in current biogeochemical

cycling studies. These trends are best studied by soil

chronosequence studies. Bockheim et al. (1998) have

taken data from our studies in the Front Range of

Colorado, the Wind River Range of Wyoming, and

the Southern Alps of New Zealand to make compa-

rative accumulation curves for alpine environments.

The New Zealand soils accumulate carbon faster and

reach higher levels of carbon content, and those of the

Front Range of Colorado rank higher on both

accounts than those of the Wind River Range. We

need more of these kinds of data for many other

environments, such as those for the forests of the

Front Range of Colorado.

Soil-profile development can be used to estimate

long-term (20–100 ky) rates of lowering of the

landscape (denudation). A/Bt/C profiles, such as

those associated with the erosion surface, are best
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for placing broad limits on rates of denudation. These

soils take about 100 ky to form and typically the base

of the Bt horizon is close to 1-m depth. Therefore, to

preserve such a profile, denudation had to be much

less than 1 m/100 ky (0.01 m/ky), and perhaps no

more than 0.1 m/100 ky (0.001 m/ky). Those small

areas of soils with red, clay-rich Bt horizons would

have an even lower rate of denudation. Comparing

the latter denudation rate for the erosion surface

(0.001 m/ky) with the incision rate of Boulder

Canyon mentioned earlier (0.04 m/ky) suggests that

relief in Boulder Canyon is increasing. The moun-

tains west of the erosion surface, outside of the areas

covered by Pinedale glaciers, are characterized by O

and (or) A/Bw/C and (or) R soil profiles. One

possible denudation scenario is that these soils

formed in the last 10–20 ky following sufficiently

rapid denudation during the Pinedale glaciation to

have removed the pre-existing soils. Assuming 1-m-

deep profiles, their preservation requires a denudation

rate much less than 0.05–0.1 m/ky, perhaps as low as

0.005–0.01 m/ky. This latter denudation rate is

greater that that estimated for areas characterized by

soils with A/Bt/C profiles because Bw horizons form

more rapidly than Bt horizons. The latter range

agrees with that calculated by Caine (1984; personal

communication in Thorne and Loewenherz, 1987) for

the tundra-covered Green Lakes Valley, just south of

Niwot Ridge.

Niwot Ridge is a broad, gently rolling ridge above

tree line, with a maximum elevation of about 3700 m.

It is characterized by A/Bw/C soil profiles (Burns and

Tonkin, 1982). Solifluction and frost creep have been

active in moving surficial materials downslope during

the Holocene (Benedict,1970). Bovis and Thorn

(1981) measured contemporary erosion on Niwot

Ridge and calculated denudation rates. If we extrap-

olate their rates over a longer time frame, the rate for

the tundra meadow would be 0.01 m/ky (1 m/100 ky),

and that for the dry meadow would be 0.1 m/ky (10

m/100 ky). These high values make us suspect that

these measured rates should not be extrapolated so far

back in time. The previous authors as well as Caine

(1974) used Benedict’s (1970) surface-material trans-

portation rates, most taken at sites that were quite

active, to calculate a denudation rate of 0.01m/ky (1

m/100 ky). All of these rates have problems associ-

ated with them, and one important thing is the
accumulation of wind-blown fines, which produce a

result opposite to that of denudation. In any case, over

long periods of time, the lower of the two rates above

would be compatible with the A/Bw/C soil profiles on

Niwot Ridge, but the higher rate could not have been

sustained for even 10 ky and allow preservation of the

soils.

The above rates of denudation for the mountains

west of the erosion surface (0.005–0.01 m/ky) and for

Niwot Ridge (0.01 m/ky) seem reasonable when

compared with other cosmogenic radionuclide erosion

rates in the nearby Front Range of Colorado. Small et

al. (1997) calculate rates for tors and a large boulder

of 0.007–0.008 m/ky. These dated features are on

summit surfaces above treeline, at 3,575–3,734 m.

The erosion rates for tors should be considered

minimal because they are an low, isolated features

on low-relief terrain. The above rates are lower that

those of Dethier et al. (2002) who determined 0.018–

0.030 m/ky for sediment removed from small (<50

km2), non-glaciated catchment basins on granitic and

gneissic bedrock in the northern Front Range of

Colorado and the Laramie and Medicine Bow Ranges

of southern Wyoming.
9. Summary

Soils reflect the geomorphic setting of the Front

Range of Colorado. The Front Range is an old range,

with canyons cut during the last 5 my. Glaciation

affected the western quarter or third of the range east

of the Continental Divide. MAP doubles from the

plains to the divide and MAT decreases 14 jC over

the same distance; these environmental differences

result in contrasts in soil profiles. Soil chronosequence

studies help identify surfaces and deposits that have

been stable during the Holocene, for about 20, 100,

and several 100 ky in the mountains, and for as long

as about 2 my in the plains. Compared to a tectoni-

cally active range, such as the Southern Alps of New

Zealand, soils in the Front Range of Colorado on

predominately transport-limited slopes indicate that

the latter is geomorphically quite stable, and most

similar to the drier parts of the Southern Alps. Future

work could concentrate on how soil-development

patterns relate to geomorphic activity with elevation

in the Front Range of Colorado (Caine, 1984). Appli-
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cations of soils include (1) helping to estimate stream

incision rates in the canyons; (2) linking the latter to

soil patterns on canyon side slopes following the

model that Tonkin and Basher (1990) developed in

the Southern Alps of New Zealand; (3) assessing

landscape stability following disruption accompany-

ing mining; (4) assessing the effects of Quaternary

paleoclimate on the landscape as well as on soil

development; and (5) estimating long-term denuda-

tion rates.
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