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INTRODUCTION
Defined as the vertical expanse from unweathered
bedrock to the top of all vegetation, the critical
zone (CZ) is the primary habitat for terrestrial life
(Anderson et al., 2007). As such, the CZ demands
extensive interdisciplinary research to better understand the abiotic-biotic interactions of surficial
environments. The component of the CZ central
to geology is termed regolith and consists of weathered bedrock and soil, or the weathering profile,
and is heavily dependent on rock type, elevation,
climate, and time (Birkeland et al., 2003; Anderson
et al., 2007). Consequently, the nature of regolith is
spatially heterogeneous. Mountainous settings, such
as the Colorado Front Range, provide environments
in which all four variables can fluctuate widely; rock
type and elevation can vary widely on the scale of
meters, climate on the scale of kilometers, and adjacent deposits can differ in age by thousands of years
due to recent gravity-driven processes.
Data obtained from regolith of such terrain can thus
be used to make estimates about ages of Quaternary
deposits in various depositional settings, estimates
of long-term stability of landscapes, and inferences
about past climatic change (Birkeland et al., 2003).
Indeed, studies of Front Range regolith have been
undertaken (Netoff, 1977; Birkeland et al., 2003;
Dethier and Lazarus, 2006), but have tended to be
regional in scope. Though useful for comparing
regolith properties across the adjacent environments of the Front Range, such broad large-scale
research is not useful for studying variations on the
sub-kilometer scale within individual catchments.
To supplement available regional-scale data, this

study aims to determine and compare the relative
ages, stabilities, and climatic histories of three sites
of exposed regolith within Betasso catchment of
the Front Range of Colorado through the analysis
of select physical and chemical properties and clay
mineralogy.

GEOGRAPHIC, GEOLOGIC, AND
CLIMATIC SETTING
Flanked by Bummer’s Rock and the Boulder Filtration Plant, Betasso catchment is located within
Boulder Creek canyon some 9.5 km west of Boulder
and is thus underlain by 1.65 Ga granodiorite uplifted 50-70 Ma during the Laramide Orogeny (Fig.
1; Dethier and Lazarus, 2006). Since uplift, bedrock
in the area has been weathered and eroded primarily
through gravity and fluvial processes; valley glaciers
advanced repeatedly from alpine areas to fill tributary valleys of the Front Range during the Pleistocene, but till deposits indicate those advances did
not descend to the elevations of Betasso (Dethier
and Lazarus, 2006). As a result, Betasso catchment
is mantled by regolith composed of soil, saprolite,
oxidized bedrock, and colluvium of unknown age
(Anderson et al., 2006; Dethier and Lazarus, 2006).
The approximate area of Betasso catchment is 1 km2
and elevations range from 5880 m to 6640 m (Fig.
1). Much of this relief is accounted for at the bottom
and middle portions of the basin, whereas the top is
composed of relatively flat rolling hills. Nearly mirroring the topography, the lower areas of the catchment are sparsely forested by lodgepole pines and
upper zones by grassland vegetation. Mean annual
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temperature and precipitation at Betasso are about
10°C and 50 cm, respectively, thus qualifying its climate as cool-temperate/semi-arid (Chamley, 1989;
Dethier and Lazarus, 2006). In addition, estimates
of yearly runoff average 10 cm (Dethier and Lazarus,
2006). It should be noted, however, that regional
evidence provided by Leonard (1989) and Thompson (1991) suggests that the Pleistocene climate of
the Betasso area was likely cooler by 8-12°C, wetter,
and more variable than the current climate.

tively coupled plasma-mass spectroscopy (ICP-MS)
to determine the concentrations of rare earth and
refractory elements. Prior to these analyses, the
splits were ignited at 1000°C so that the total organic
content of each sample lost on ignition (LOI) could
be found.
Analysis for citrate-bicarbonate-dithionite (CBD)
extractable iron was conducted on the second batch
of sample splits to determine total free iron concentrations. The procedure used was that of Jackson
(1979) and required the use of atomic absorption
spectroscopy (AA). Results were recorded in ppm
and converted to mass percent of the sample splits.
Finally, the third set of <2 mm sample splits was
analyzed to determine the identities and relative
abundances of the clay minerals present using X-ray
diffraction (XRD) techniques described by Moore
and Reynolds (1997) and Hillier (2003). To facilitate
this, the samples were chemically treated to remove
organic materials and iron oxides, centrifuged to
remove the clay-sized fraction (<2 µm), and oriented on glass slides using the Millipore® filter transfer
method. It should be noted that only samples from
which ample amounts of clay material could be extracted were analyzed and, because techniques other
than XRD were not used to analyze the clay-sized
material, the identities of the clay minerals were not
specified beyond the family level.

Figure 1: GIS image of Betasso catchment. Sites 1, 2, and 3 correspond to the locations of focused study for this project.

METHODS
Three work sites of laterally extensive weathering
profiles were selected (Fig. 1) to help measure the
spatial variability of the regolith within Betasso
catchment. At each site at least one vertical profile was described in detail following the advice of
Birkeland (1999). Samples were collected from each
discernable horizon or lithology with a 250 mL tube
where the substrates allowed so that the field densities, and thus relative stabilities, of those samples
could be measured. For clarity, saprolite was differentiated from colluvial parent material.

In addition to the three sample splits mentioned
above, two samples (KN-09 and KN-27 in Tables 1
and 2) of the laterally extensive, buried, organic-rich
A horizon (horizon Ab in Fig. 2A) of site 1 were
14
C dated and calibrated to determine the timing of
burial. The analyses were carried out by BETA Analytic following the removal of roots and a number of
acid washes.

Following field work, three splits of the <2 mm fraction of each sample were made. The first split was
analyzed at Acme Labs using inductively coupled
plasma (ICP) to determine the total abundances of
total oxides and several minor elements and induc-

Included in Table 1 is a sample catalogue that indicates the sites, profiles, and horizons from which the
samples were taken, as well as their depths below the
surface, dry Munsell colors, and densities. Also in-

RESULTS
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cluded in Table 1 is a brief set
of notes about each Betasso
study site.
Figure 2 contains outcrop
photographs of the deepest
regolith profiles at each site
and the depths to the boundaries of their respective horizons. From this figure, one
can see that site 1 (Fig. 2A) is
composed of a well-developed
buried soil and a modern one,
both of which possess thick,
colluvial C horizons. Similarly, it can be seen that site 2
(Fig. 2B and Fig. 2C) is made
of a thick and crumbly saprolite blanketed by a clay-rich
illuvial B horizon and an A
horizon with abundant aplite clasts. Finally, the deeply
oxidized saprolite, aplite-rich

Table 1: Sample catalogues and profile descriptions for each study site of Betasso catchment.

Figure 2: Outcrop photographs of regolith profiles of each study site within Betasso catchment (A) Outcrop photograph of profile
1D; (B) Profile 2A; (C) Profile 2B, about 20 m to the SSW of profile 2A; (D) Profile 3A.
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colluvial C horizon, and poorly developed A horizon of site 3 become evident through observation of
Figure 2D. Most, but not all, horizons at each site
were composed of roughly 30% gravel.
Plots of chemical data highly relevant to the study
of soils are given in Figure 3. Namely, Figure 3A is a
plot of the CBD extractable iron/Fe2O3 ratio (a proxy
for soil development) of each sample vs. sample
depth and Figure 3B is a plot of sample P2O5 vs.
sample CBD extractable iron.
The relative abundances of the Betasso catchment
clay minerals are given in Table 2. As stated above,
the identities of the clay minerals present were not
specified beyond the family level. Also, due to peak
overlap and the very small peak intensities of the
mixed-layer minerals mica-vermiculite and micasmectite, these minerals could not be quantitatively
analyzed and were consequently excluded from the
quantitative results.
Figure 3: Plots of selected chemical data pertinent to the study
of weathering profiles: (A) Plot of %CBD extractable Fe/%Fe2O3
ratio (a proxy for soil development) vs. depth, broken up by site;
(B) Plot of %P2O5 vs. %CBD extractable Fe.

Finally, the 14C ages of non-root organic material
from samples KN-09 and KN-27 were found to be
8640 ka (calibrated from 9000 ka) and 8420 ka (cali-

Table 2: XRD determined relative abundances of clay minerals identified from Betasso catchment regolith profile samples. Samples
KN-16, KN-18, and KN-26 did not yield enough clay-sized material to be analyzed.
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brated from 8530 ka), respectively. The average of
these ages is 8530 ka and is taken to be the timing of
burial of horizons Ab, Bb, and Cb at site 1.

DISCUSSION
Field and 14C Data
Since each study site possesses weathering profiles
with unique arrangements of stratal components,
each site appears to have a unique history of regolith development. To begin, site 1 is composed of
soils over and buried by thick colluvial deposits.
The presences of an oxidized saprolite boulder, a
lens of rounded aplite cobbles, and abundant other
gravelly material in theses colluvial C horizons suggest that they are composed of saprolitic material
transported by fluvial processes from upslope and
likely products of a wetter climate than exists today.
This climatic interpretation is supported by timing of burial of the A horizon between the colluvial
deposits determined through 14C age dating; an age
of 8530 ka places the Ab soil horizon in the early
Holocene when the local climate was likely more in
line with that of the wetter and more variable Pleistocene climate (Leonard, 1989; Thompson, 1991).
Furthermore, the prismatic joints and clay films
of the Bb horizon, as well as the organic-rich Ab
horizon, suggest that thousands of years of stability
existed at site 1 between colluvial deposits, pushing
the buried colluvial deposit fully within the Pleistocene (Chamley, 1989; Birkeland, 1999). The lack of
structure of the modern A and B horizons hint that
either it has been unstable for some time, possibly
due to gravity-driven or seasonal fluvial processes,
or the modern horizons are very young as a result of
erosion by an unrecorded mass movement.
Contrary to site 1, site 2 regolith profiles do not contain any colluvial deposits, but are composed of A
and B soil horizons directly on top of in-situ granodiorite-derived saprolite. In addition to this deficiency of transported material, the dark B horizons
of profiles 2A and 2B (Fig. 2) and the presence of
abundant illuviated clay in those horizons imply that
site 2 has been relatively stable for an extend amount
of time, possibly for thousands of years (Birkeland,

1999). Though, it should be noted, the reddish color
of the B horizon of profile 2A implies that it is older
than its counterpart at profile 2B, which is yellowish
(Birkeland, 1999). One possible explanation for this
discrepancy is that the A and B horizons of profile
2B were preferentially eroded while those of profile
2A remained in place at some point in the Holocene
due to fluvial and/or gravity-driven processes. The
existence of abundant rounded aplite clasts in the A
horizons, dissimilar to the characteristics of the B
horizon, hint at ongoing downslope transportation
of material at site 2. However, such downhill movement would likely be restricted to the A horizons due
to the greater densities of the B horizons and saprolites below.
Finally, site 3 weathering profiles are composed of
soils overlying both colluvial material and in-situ
saprolite. Given the deeply oxidized nature of the
saprolite base of the site 3 profiles, it seems likely that
the substrate was exposed to large quantities of water
at some point in the past. This may be explained, as
may be the manganese seam above the saprolite, by
the fact that gulley in which site 3 is located appears
to have been formed by a pipeline failure of the filtration plant upslope. Like site 1, the colluvial C horizons of site 3 possess many rounded aplite cobbles
and suggest water induced downslope movements.
Since no distinct modern A or B soil horizons exist at
this lower catchment site, the soil is either relatively
young or seasonally disturbed by fluvial and gravity mechanisms. If the former is true, the supposed
pipeline break may be to blame. If the latter is true,
site 3 may again be similar to site 1. However, since
site 1 presents discrete A and B horizons, its modern
soil is interpreted to be older (Birkeland, 1999).
Chemical Data
As is evident in Figure 3, the non-mineralic components of the Betasso samples of greatest interest were
CBD extractable iron, total iron, and phosphorous.
Both measures of iron were of great concern because the ratio of CBD extractable iron to total iron
is a great proxy of soil development and relative age
(Pope, 2000). Figure 3A indicates that the samples
with the greatest CBD extractable iron to total iron
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ratios were those from the buried horizons of site A
followed by the B horizons of site 2, the AC horizons of site 3, and the modern soil horizons of site 1.
Minus the modern horizons of site 1, these results
support the relative age interpretations based on
field observations above.

prevailing temperate/semi-arid climate (Brady, 1974;
Moore and Reynolds, 1997). Therefore, the presence
of quantifiable amounts of smectite in the Ab and Bb
horizons of site 1 provide another line of evidence
that the late Pleistocene/early Holocene climate was
wetter than that of today.

Another reason CBD extractable iron was of interest in this study was its well-established ability to
adsorb phosphorous (Fig. 3B). Phosphorous is
important because it is essential to all forms of life
and is typically the limiting factor on the growth of
plant communities (Brady, 1974; Birkeland, 1999).
Consequently, higher quantities of CBD extractable
iron are predicted to correlate with higher quantities
of phosphorous available to plant life. However, as
shown in Figure 3B, this positive relationship does
not exist for the samples collected from Betasso
catchment. Rather, it may be the case that the available phosphorous is preferentially being removed
from horizons with abundant free iron and its accumulation in those horizons are muted (Brady, 1974).

CONCLUSIONS

Clay Mineral Data
Per Netoff (1977), the most abundant clay minerals expected to be produced through the weathering of granodiorite in Boulder Creek canyon are
illite, mixed-layer illite-smectite, vermiculite, and
mixed-layer mica-vermiculite. However, the results
presented in Table 2 do not agree with these predictions; all Betasso samples possess large relative
abundances of kaolinite and most contain at least
some discrete smectite. Despite this disagreement,
the results of Table 2 agree with the general predictions of Chamley (1989) based on the cool and temperate climate of the Betasso area and those of Brady
(1974) for granodiorite parent material.
As for trends in semi-quantitative clay mineralogy
at each of the work sites, smectite concentrations
generally decrease and those of kaolin increase as
one moves up a given weathering profile. In fact,
smectite is not found in any modern A horizons and
only in one modern B horizon. Such trends suggest that the former is unstable near the surface and
readily converts to the latter, likely a result of the

To supplement research concerning variations
in regolith age, stability, and climatic histories in
adjacent environments of the Front Range of Colorado, this project set out to determine and compare
such characteristics of three sites of exposed regolith within Betasso catchment through the analysis
of select physical and chemical properties and clay
mineralogy. Field observations clearly indicate that
the regolith profiles of each site have experienced
unique histories. Since they are weakly-developed,
the modern soils at sites 1 and 3 appear to be relatively young or seasonally disturbed by fluvial- and/
or gravity-driven processes. Contrarily, the soils at
site 2 are well-developed modern soils and are likely
thousands of years old. The presence of an 8530 ka
buried soil at site 1 indicates that a period of relative
stability existed in the early Holocene and the thick
colluvial deposits that bracket it indicate that a wetter climate than persists today was present.
Using the ratio of CBD extractable iron to Fe2O3 of
each sample as a proxy of the degree of development
of the samples’ respective horizons, the interpreted
relative ages of soils at each site were verified, with
the buried soil of site 1 being the oldest and most
well-developed. Finally, the presence of abundant
kaolin and illitic materials in the clay-fractions of
modern A and B soil horizons at each site reflect
the current temperate/semi-arid climate, though the
presence of discrete and quantifiable smectite in the
buried soil horizons of site 1 provide another line
of evidence that the climate of the late Pleistocene/
early Holocene was wetter.
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