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Soil evolution and the development of surface and subsurface diagnostic horizons aﬀects hydrologic partitioning
of precipitation to inﬁltration and runoﬀ, and the vegetative carrying capacity of landscapes, all of which aﬀect
rates of hillslope erosion. Rates of erosion, in turn, feedback on soil development by removing or preserving soil
horizons. This coevolution is diﬃcult to investigate because landscape age and initial conditions are often poorly
constrained. In this paper we investigated the coevolution of the soils and hillslope topography by exploiting
diﬀerences in vegetation type and density as a function of slope aspect across a semiarid basaltic cinder cone
chronosequence, spanning cone ages from 1.065 to 1000 kyr, in the San Francisco volcanic ﬁeld (SFVF) of
northern Arizona, USA. We document that soils on south-facing hillslopes exhibit systematically more aeolianderived dust despite having higher rates of erosion. We attribute this to the fact that south-facing slopes likely
had more dust-trapping vegetation cover during the glacial climates that dominated the Quaternary. The higher
dust contents of soils on south-facing slopes was associated with formation of argillic horizons, lower saturated
hydrologic conductivity and increased water holding capacity. Greater water retention, in turn, likely increased
rates of erosion by bioturbation and freeze-thaw-driven creep in a positive feedback. Over time, dust
accumulation at the hillslope point of inﬂection increased with age up to several hundred thousand years,
then decreased with time as the cones degraded by erosion. Data suggest that approximately 200 kyr of time was
required before the soils developed suﬃcient water-holding capacity to drive in situ weathering of the basalt
cinders. These results further demonstrate the importance of feedbacks among soil development, hydrology, and
geomorphology in the evolution of hillslopes.

1. Introduction

controls the relative importance of colluvial processes, which are driven
in part by soil moisture, versus slope-wash/ﬂuvial processes which are
driven by runoﬀ. The relative rates of colluvial and slope-wash/ﬂuvial
sediment transport, in turn, inﬂuences drainage density (Perron et al.,
2008). Pelletier et al. (2013) exploited the elevation/climate gradient of
the Santa Catalina Mountains of Arizona to investigate the relationships
among vegetation cover, soil development, relief, and drainage density.
These authors found that the thicker soils associated with higher
elevations and/or more humid climates tend to increase colluvial
transport rates and decrease drainage density. Numerical models that
explicitly model grain-size variations in soils due to in situ weathering
and/or size-selective transport or deposition predict strong feedbacks
among soil development, hydrology, and geomorphic process rates
(e.g., Heng et al., 2011; Vanwalleghem et al., 2013).
Chronosequences provide a means for investigating how pedogenic,
hydrologic, and geomorphic properties vary through time by using
younger landscapes within the chronosequence as a proxy for how older

1.1. Problem statement and motivation
Understanding the coupled processes and state factors that control
the coevolution of soils and landscapes is central to quantifying Earth
surface change and the development of soil-landscape structure. A key
knowledge gap to understanding this process is the complex interaction
among pedogenic and sediment transport processes that often co-vary
in time and space, making them diﬃcult to disentangle. Here we
address this knowledge gap across a chronosequence of semiarid cinder
cones in northern Arizona, USA that provide a unique opportunity and
well constrained framework to examine these factors simultaneously in
actively eroding landscapes.
Landscape evolution in coupled hillslope-ﬂuvial systems involves
feedbacks among hydrology, soil development, and rates of erosion and
deposition. The partitioning of precipitation into inﬁltration and runoﬀ
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landscapes likely behaved in the past (Huggett, 1998). In steep landscapes, volcanic landforms that can be radiometrically dated provide
perhaps the best type of chronosequence available. Jeﬀerson et al.
(2010), for example, used lava ﬂows in the Oregon Cascades to
demonstrate a transition in hydrologic response between Holocene
and late Pleistocene lava ﬂows, which transmit water primarily through
groundwater, and lava ﬂows > 1 Ma that have developed a suﬃcient
ﬁne-grained soil matrix to transmit most precipitation as runoﬀ, driving
drainage network development and increased runoﬀ in a positive
feedback. Volcanic chronosequences have also been utilized eﬀectively
to quantify soil evolution, that generally includes increases in solum
depth and degree of chemical weathering, e.g., production of Feoxyhydroxides, elemental loss and redistribution, and clay production
and translocation, with increasing landscape age (e.g., Baker et al.,
2010; Beal et al., 2016; Chadwick et al., 1999; Nieuwenhuyse et al.,
2000; Pena-Ramirez et al., 2015; Ziegler et al., 2003). The importance
of aeolian dust deposition as a source of ﬁne-grained soil matrix in
volcanic landscapes has also been emphasized across a wide range of
climates (Graham and Franco-Vizcaino, 1992; Porder et al., 2007; Wells
et al., 1985). Dust deposition can play a particularly important role in
arid and semiarid chronosequences (Harden et al., 1991; McFadden
et al., 1987), with a hypothesized feedback whereby dust accumulation
facilitates greater water holding capacity that enhances physical and
chemical weathering, resulting in a threshold type change in soil
properties as a function of time. In particular, the transition from early
Holocene to late-Pleistocene-aged soils coincides with observed threshold type changes in soil texture and weathering.
Topographic gradient and aspect orientation controls the solar
energy incident on landscapes, which in turn controls local water
balance and vegetative carrying capacity. As such, examining the
correlations among pedogenic, hydrologic, and geomorphic variables
along slope aspect gradients can be an eﬀective means of elucidating
feedback mechanisms (Anderson et al., 2013; Befus et al., 2011;
Hinckley et al., 2014; Molotch et al., 2005; Pelletier et al., 2013;
Perdrial et al., 2014; West et al., 2014). For example, lower evaporation
rates on north-facing slopes in water-limited environments of the U.S.
can increase the carrying capacity for vegetation, thus increasing the
size and/or density of trees with deep roots, thereby inﬂuencing
weathering and fracture development in regolith that, in turn, increases
the water-holding capacity of the regolith in a positive feedback.
McGuire et al. (2014) exploited both age and slope-aspect gradients
to document the importance of paleovegetation on rates of erosion and
deposition on cinder cones from Arizona to Oregon. These authors
documented a systematic decrease in the maximum gradient of
hillslopes on cinder cones with increasing age and decreasing northness, i.e., south-facing slopes of a given age have, on average, lower
maximum slopes indicating higher rates of erosion. These data were, at
ﬁrst, surprising considering that current vegetation cover is higher on
north-facing slopes and the colluvial transport/erosion rates that
dominate hillslope evolution can be expected to be higher in areas of
higher vegetation cover, as more vegetation translates into higher rates
of ﬂoral bioturbation. However, McGuire et al. (2014) noted that, due
to the asymmetric nature of glacial/interglacial transitions, the climate
state most relevant for interpreting the evolution of Pleistocene cinder
cones is the glacial climate. Using paleovegetation modeling, McGuire
et al. (2014) demonstrated that vegetation cover was likely reversed for
the cinder cones in Arizona, i.e., for most of the Quaternary, northfacing slopes were energy-limited and above the upper tree-line,
whereas south-facing slopes exhibited greater vegetation cover/biomass. Therefore, lower slope angles on south-facing slopes could be
attributed to increased rates of bioturbation relative to north-facing
slopes throughout the lifetime of the cones. The primary goal of this
work was to extend the McGuire et al. (2014) study to include data on
soil development and hydrology.
The key hypothesis of this paper, building on McGuire et al. (2014),
is that higher vegetation density and/or canopy height leads to higher

Fig. 1. Schematic diagram of slope-aspect diﬀerences in vegetation cover and soil
development on cinder cones in Arizona. During interglacial periods vegetation cover
and canopy height is greatest on north-facing slopes. Given the correlation between
vegetation cover and dust deposition rates, we infer that dust deposition rates are also
highest on north-facing slopes during interglacials. During glacial conditions the situation
is reversed, with the highest vegetation cover and dust deposition rates on south-facing
slopes. Given that climatic conditions are closest to full-glacial conditions over the
Quaternary, our proposed model predicts that cinder cones of at least 50 kyr in age have
enhanced soil development on south-facing slopes.

dust deposition rates (Fig. 1). We hypothesized that soils on the southfacing slopes of the cinder cones we studied in the San Francisco
volcanic ﬁeld would have higher dust content and lower saturated
hydrologic conductivity (Ksat). Fig. 1A presents a schematic of the
conceptual model underlying our hypothesis. The modern/interglacial
case with highest vegetation cover on north-facing slopes is shown in
Fig. 1A, while Fig. 1B illustrates the inferred vegetation cover during
full-glacial climates. Regional dust transported to the vicinity of the
cone is assumed to be uniform in concentration (shown as gray
background). Higher vegetation cover on south-facing slopes during
the glacial climates that dominated the Quaternary leads to relatively
high dust deposition rates, as fewer of the dust particles that enter the
vegetation canopy can escape. We hypothesized that aeolian deposits
contribute to soil development directly via the addition of ﬁne particles
that are sparse in the parent material, and indirectly via the enhanced
retention of soil water in the matrix made possible by aeolian
deposition. In both mechanisms, aeolian deposition is the rate-limiting
step for soil development.
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All sampled cones were at elevations between 1718 and 2580 m
a.s.l. These elevations span semiarid to subhumid grass and conifer
woodland and ecosystems, with a mean annual temperature range of
10.8 to 6.6 °C and mean annual precipitation ranging from 323 to
558 mm yr− 1 (PRISM climate data; Daly et al., 2002), both of which
scale directly with elevation. Precipitation is seasonal and bimodal,
split roughly evenly between winter months in the form of rain and
snow, and summer months as intense convective thunderstorms
associated with the North American monsoon. The ratio of potential
evapotranspiration (PET; calculated following Thornthwaite and
Mather (1957)) to mean annual precipitation (MAP) indicated the
sampled locations tend towards water limitation, with PET/MAP values
ranging from 0.9 to 2.0; values of PET/MAP > 1 generally reﬂect
water-limited climates, whereas PET/MAP values < 1 indicate energylimited climates (Budyko, 1974). The driest sites included V5703 and
V3036, colloquially referred to as SP and Merriam Craters, with base
elevations of 1930 and 1718 m a.s.l., respectively, whereas the wettest
site was V4624 with a base elevation of 2450 m a.s.l. The relatively dry
vents V5703 and V3036 were predominantly occupied by various
grasses (Poaceae) and sagebrush (Artemisia), progressing to pinyonjuniper woodlands consisting of Pinus edulis and mixed Juniperus
species, to mixed conifer vegetation dominated by ponderosa pine
(Pinus ponderosa) on V4624 (Table 1). Additionally, there was clear
variation in vegetation cover by aspect as observed in the ﬁeld (Table 1)
and from remotely sensed surface greenness, quantiﬁed as the normalized diﬀerence vegetation index (NDVI) (Huete et al., 1994) from
1 m pixel− 1 resolution 4-band NAIP imagery (National Agricultural
Imagery Program). North slopes exhibited NDVI values 10–20% greater
than that observed on south facing slopes (Fig. 3B; McGuire et al.,
2014). All sites were located within mesic soil temperature regimes and
ustic soil moisture regimes according to US Soil Taxonomy (Soil Survey
Staﬀ, 2014).
The modern prevailing wind direction as measured in Flagstaﬀ, AZ
indicates a dominance by winds out of the southwest during most of the
year, with a switch to winds out of the east-northeast during November
and December (based on data archived by the Western Regional
Climate Center at www.wrcc.dri.edu). These data suggest that the
major modern dust sources include the Mojave and Sonoran deserts to
the west and south of the ﬁeld area, with additional contributions from
the Colorado Plateau to the east and north. Recent work modeling last
glacial maximum climate suggests a potential shift to greater preponderance of winds out of the west and north during glacial conditions
following southward shifts in storms tracks and zonal ﬂow (Oster et al.,
2015), thus shifting the potential dominant dust sources.
The sampled cinder cone ages span a large portion of the
Quaternary and thus have experienced a range of paleoclimate variation, with the oldest locations aﬀected by ~13 climate sequences based
on benthic δ18O marine isotope stages (Fig. 3A) (Lisiecki and Raymo,
2005). The benthic record is well correlated to the terrestrial record in
the western U.S. over the last 500 kyr based on the Devil's Hole δ18O
record from Owen's Lake, CA, roughly 550 km to the west of the SFVF
(Winograd et al., 1992). Ice core data indicate that much of the latter
half of the Quaternary was dominated by cooler conditions typical of
glacial and interglacial to glacial transitional periods (Petit et al.,
1999), such that soil forming conditions for soils in the age range of 104
to 106 yrs. were dominated by cooler climate conditions. Local temperature estimates based on ice core derived temperature deviations
indicate that the sampled soils experienced average temperatures over
the duration of their formation ~4 °C cooler than modern mean annual
temperature (see Supplemental documents).
All of the sampled cones were too low for alpine glacier development, and hence experienced glacial period climate conditions, but
were not directly aﬀected by glacial activity. Glacial conditions in this
region were generally cooler and wetter, with a greater fraction of
winter precipitation (Spaulding, 1991; Van Devender and Spaulding,
1979), although there is also evidence for substantial summer rainfall

1.2. Background on the relationship between vegetation cover, dust
deposition rates, and pedogenesis
Here we brieﬂy introduce the physics of dust deposition modeling in
order to demonstrate the linkage between vegetation cover and dust
deposition rates documented in the literature. Atmospheric transport of
dust can be modeled as a combination of turbulent diﬀusion, downwind
advection, and gravitational settling (Smith, 1962) (terms one, two, and
three from left to right in (1) below). The steady-state equation
describing these processes is given by

⎛ ∂ 2c
∂ 2c
∂ 2c ⎞
∂c
∂c
+q
= 0,
K⎜ 2 + 2 + 2⎟ − u
∂y
∂z ⎠
∂x
∂z
⎝ ∂x

(1)

where K is the turbulent diﬀusivity, c is the particle concentration, x is
the downwind distance, y is the crosswind distance, z is the vertical
distance from the ground, u is the mean wind velocity, and q is the
settling velocity (Smith, 1962). Eq. (1) is solved by imposing a massconserving boundary condition at the surface, i.e.

K

∂c
∂z

+ qc (x, y, 0) = pc (x, y, 0) .
z=0

(2)

Fine-particle deposition in Eqs. (1) and (2) is characterized by a
deposition velocity, p, deﬁned as the fraction of the particle concentration just above the ground that undergoes deposition per unit time. The
deposition of relatively coarse particles is dominated by gravitational
settling process characterized by q. Fine particles, in contrast, are
deposited not primarily by gravitational settling but by the trapping of
particles within the dominant roughness elements of the surface. If the
concentration, c, is assumed to be uniform in space, the vertical dust
ﬂux or deposition rate is given by the product of the deposition velocity
and the near-surface concentration: pc(x,y,0). In such cases, variations
in dust deposition rate will scale directly with variations in deposition
velocity, p. Many studies have measured or inferred values for p in
landscapes with diﬀerent vegetation cover (e.g., Giorgi, 1988; Sehmel,
1980). These studies have found that larger canopy height and/or
above-ground biomass leads to larger deposition velocities. For example, Giorgi (1988) found that deposition velocities are approximately
1.5–3 times larger over vegetated surfaces compared to snow, bare
ground, and ocean surfaces, and they depend on vegetation type such
that larger plants have generally higher deposition velocities. Thus,
slopes with greater vegetative cover are more eﬀective at dust capture.
Greater vegetative cover on south aspects during glacial periods that
coincided with periods of increased global dust ﬂuxes (Muhs, 2013)
thus suggests a strong role for paleovegetation and aspect dependent
dust accumulation on soil-landscape evolution.
The objective of this work was therefore to quantify the coevolution
of soils and topography across an age and aspect sequence of semiarid
cinder cones in the Southwest US to directly address how changes in
dust deposition, erosion and soil development interact to control soillandscape evolution.
2. Materials and methods
2.1. Study locations
Sample sites were arrayed across an age sequence of 10 basaltic
cinder cones in the San Francisco Volcanic Field (SFVF) in northern
Arizona, USA near the town of Flagstaﬀ (Fig. 2). The SFVF is located in
northeastern Arizona near the southern edge of the Colorado Plateau
and contains over 600 volcanic vents, including several hundred basalt
cinder cones with a wide range of ages (Hooper and Sheridan, 1998).
The SFVF has been active for 6 Myr (Conway et al., 1998; Settle, 1979)
with the latest eruption (ca. 1120 CE) producing a cinder cone at Sunset
Crater (Moore and Wolfe, 1987). Sampled cinder cone ages spanned
several orders of magnitude, ranging from 1.065 to 1000 kyr (Table 1).
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Fig. 2. Sampled cinder cones in the San Francisco Volcanic Field in northern Arizona, USA. The white box in northern Arizona is the study area with sampled vents identiﬁed on the ﬁner
resolution digital elevation model. Photos represent sampled proﬁles from north and south facing slopes across the age span of sampled cinder cones.

with a rate constant that depends on climate (e.g., Pelletier and Cline,
2007). Therefore, models that are properly calibrated within a particular volcanic ﬁeld can be used to date cinder cones based on their
mean hillslope gradient. For this analysis, we use the numerical model
for cinder cone evolution presented by McGuire et al. (2014), which has
been calibrated for the SFVF. The model represents colluvial sediment
transport as a transport-limited process with a sediment ﬂux given by
the nonlinear-slope-dependent relationship proposed by Roering et al.
(1999). The governing equation is:

during late Quaternary glacial periods based on Colorado Plateau
packrat midden data indicating a relatively widespread distribution of
Pinus edulis over that time period (Coats et al., 2008). Temperatures
during the last glacial maximum for the sampled locations were on the
order of 8 °C cooler than modern (Table 1) based on paleoclimate
estimates generated using the Community Climate System Model
(CCSM4) (Gent et al., 2011) as part of Coupled Model Intercomparison
Project Phase 5 (CMIP5) (Taylor et al., 2012). This is equivalent to
conditions ~1200 m higher in elevation assuming a modern lapse rate
of 6 °C per 1000 m (Anderson et al., 2000). Following McGuire et al.
(2014), glacial paleovegetation coverage was approximated by comparing modern surface greenness relative to that at elevations 1200 m
higher (Fig. 3B). These data indicated the potential for a switch in
vegetation cover by slope aspect during glacial conditions, in that under
cooler, glacial conditions south slopes remained warm enough to
support trees and greater vegetation cover, whereas north slopes were
too cold to support extensive vegetation and were limited to low proﬁle
alpine vegetation.

⎛
⎜
∂z
∇z
= D∇⋅⎜
∂t
⎜1 − ∇z
Sc
⎝

⎞
⎟
,
2⎟
⎟
⎠

( )

(3)

where z represents topographic elevation, t denotes time, D is the
colluvial transport coeﬃcient, and Sc = 1.25 is the critical hillslope
gradient at which the colluvial sediment ﬂux approaches inﬁnity. The
relationship between Sc, soil properties, vegetation, and critical angles
for slope stability are not known but the chosen value of Sc = 1.25 is
the same as that proposed by Roering et al. (1999) for their work in the
Oregon Coast Range. We set D = 4 m2 kyr− 1 following McGuire et al.
(2014), who calibrated this best-ﬁt value for the SFVF through
comparisons between the temporal evolution of model-predicted cinder
cones and cinder cones in the SFVF with known age constraints.
Starting from an idealized initial condition for a recently emplaced
cinder cone, a radially symmetric cone with an interior crater and
hillslope angles of 30°, the model can predict the relationship between
mean cone hillslope gradient and time for cinder cones in the SFVF
(Fig. 4B). Hillslope gradients for cinder cones V3808, V6403, and
V4405 were measured from Digital Elevation Models (DEMs) (10 m pixel− 1) derived from 1/3 arc-second data obtained through the National

2.2. Age constraint, colluvial sediment ﬂux, and erosion rates
2.2.1. Age constraint
Radiometric dating from previous studies (Baski, 1974; Conway
et al., 1998; Holm, 1987; Moore and Wolfe, 1974; Moore and Wolfe,
1987; Mullaney, 1996; Tanaka et al., 1990; Wolfe et al., 1987) provide
age constraints for eight of the studied cinder cones (Table 1). The three
remaining cinder cones were dated using a technique based on cone
morphology, speciﬁcally mean hillslope gradient. As cinder cones
degrade over time, the mean hillslope gradient progressively decreases
in a manner than can be modeled using a nonlinear diﬀusion equation
341
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0.9

1.7

1.4

1.2

1.2

2.0

1.8

1.3

PET/
MAPb

0.0

1.1
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S
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S
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Vitrandic Argiustoll
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Typic Durustept
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US soil taxonomy

Correlated age of original crater deposit that was covered with pyroclastic sheet deposits during the eruption of adjacent Sunset Crater between 1.065 and 1.090 kyr.
Mean annual precipitation (MAP); mean annual temperature (MAT); Ratio of potential evapotranspiration (PET) to mean annual precipitation. Data from the PRISM climate products.
Last glacial maximum mean annual temperature modeled using the CCSM4 global climate model. Data made available by CMIP5 and downloaded from WorldClim - Global Climate Data at: http://www.worldclim.org/.

35.446
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a

35.549
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V3808

35.523
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V3036 (Merriam)
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35.582

V5703 (SP)

35.48
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Latitude
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Table 1
Cinder cone chronosequence site characteristics.
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2.2.2. Colluvial sediment ﬂux and cone erosion rates
Cone geomorphic evolution was modeled using a nonlinear diﬀusion equation (Eq. (3)). Model output includes colluvial sediment ﬂux
and cone erosion rate as a function of time. The model includes a
spatially variable colluvial transport coeﬃcient that varies with northness, deﬁned as the cosine of the slope aspect multiplied by the sine of
the slope angle. The colluvial transport coeﬃcient decreases linearly
with northness, taking on a value of 5.5 m2 kyr− 1 when northness is at
its minimum value of −1 and 2.5 m2 kyr− 1 when northness is at its
maximum value of 1. We varied D with northness rather than aspect
because NDVI (and therefore biomass) increases with northness in the
SFVF and northness is often highly correlated with solar radiation (e.g.,
Molotch et al., 2005; Sexstone and Fassnacht, 2014). The prescribed
relationship between D and northness accounts for a greater timeaveraged rate of ﬂoral bioturbation on south-facing slopes relative to
north-facing slopes throughout the lifetime of the cones.
The northness dependence of colluvial sediment ﬂux and erosion
rates yields asymmetry in cone gradient by aspect, whereby north
facing slopes that have lower colluvial ﬂux and erosion rates maintain
slopes on the order of 3–4° greater than south facing slopes (McGuire
et al., 2014). This aspect asymmetry is reﬂected in cones observed in
the ﬁeld and idealized model cones (Fig. 4A and B).
2.3. Field sampling
Two soil proﬁles were sampled per cinder cone, one on both the
north and south facing slopes (Fig. 2). Soil proﬁles were located
midslope on the cone, on planar landscape positions near the inﬂection
point of the slope gradient. For relatively young cones, on the order of
~0–300 kyr, the top third to half of the cone above the inﬂection point
is erosional and the bottom half to two thirds below the inﬂection point
is depositional, with the entire cone becoming erosional only for
cones > ~1 Myr (Fig. 4B). Thus the slope inﬂection point represents
a transport landscape where colluvial material is ﬂuxed across the
surface, but erosion and landscape lowering are minimal. Sampling
near the inﬂection point we can thus assume that residence time is
roughly equivalent to eruption age.
Field surveys were conducted in May of 2013 and 2014 for the
cones ranging in age from 70 kyr to 1000 kyr. Additional data from
V3822, colloquially named Lenox Crater, was also included to capture
locations with estimated landscape ages of ~1 kyr and 50 kyr. V3822
was sampled on a north-north east facing slope as part of a ﬁeld review
for the USDA Natural Resource Conservation Service soil survey of the
Sunset Crater and Wupatki National Monuments in 2012 (Pedon ID
S2012AZ005001 Sunset Crater in the National Cooperative Soil Survey
database). The upper ~30 cm of this proﬁle is comprised of recent
cinder and tephra erupted from adjacent Sunset Crater between 1.065
and 1.090 kyr, 2 km to the west. This young deposit overlies an older
soil proﬁle on the preexisting cone surface dated to 50 kyr (Moore and
Wolfe, 1987).
Soil pits were excavated to the depth of unweathered cinders and
sampled by soil genetic horizons following standard protocols and soil
morphological and physical properties including color, structure, consistence, root abundance, and rock fragment content described in the
ﬁeld (Schoeneberger et al., 2002). In general, ﬁve horizons per proﬁle
were described resulting in a total of 103 collected samples. A
representative sample of the parent material was collected from the
unweathered cinders at the base of each proﬁle for mineralogical
analyses.
Inﬁltration measurements of selected surfaces and surface horizons
were made in the ﬁeld using a portable tension inﬁltrometer. The total
volume of water that had inﬁltrated the surface was recorded at regular
intervals and used to calculate the saturated hydraulic conductivity
(Ksat) following the methodology of Zhang (1997). Ksat values were
obtained at several depths for most cones, with data presented here for
a common depth of ~10–15 cm.

Fig. 3. The age of sampled cones overlaid with the marine isotope record (a) where
shaded areas indicate glacial climates based on the isotopic signatures taken from Lisiecki
and Raymo (2005). Modern normalized vegetation index values (NDVI) plotted versus
elevation and by aspect (b) (data from McGuire et al., 2014). The cross hatches indicate
the elevation of sampled cinder cones. The data demonstrate that for a given cone
elevation, modern NDVI values are greater on north facing slopes relative to south facing
slopes. The cross hatches in the zone labeled LGM for Last Glacial Maximum, indicate the
hypothesized full glacial climate NDVI values by aspect assuming full glacial mean annual
temperatures on the order ~6 °C cooler than modern that reﬂects an modern elevation
increase of ~ 1000 m based on observed paleovegetation records (e.g., Anderson et al.,
2000).

Elevation Dataset (http://ned.usgs.gov/). We deﬁned the hillslope
gradient for a cinder cone as the mean gradient along a transect from
the crater rim (or cone center if the interior crater is completely eroded)
to the base of the cone. Results obtained from multiple transects were
averaged to compute a mean gradient for each cone. The age for each
cone was taken as the model-predicted time required to reduce the
mean cone hillslope gradient from an assumed initial value of 30° to the
measured value.
A ﬁrst-order estimate of the error associated with the morphologic
dates can be made by determining the change in morphologic age
associated with an error in the measurement of the cone hillslope
gradient. Assuming a 15% error in measuring the mean cone hillslope
gradient from a DEM, as suggested by Hooper and Sheridan (1998), the
estimated error in cinder cone age is taken as the absolute value of the
diﬀerence in age between a cone with the measured hillslope gradient
and that of a cone with a hillslope gradient that diﬀers from the
measured value by 15%. The error estimate varies depending on
whether mean hillslope gradients are assumed to be overestimated or
underestimated by 15%, but the ranges reported in Table 1 represent
the maximum error that would result from these two scenarios. In
addition to these error estimates, the ages for V3808, V6403, and
V4405 can be constrained from magnetic polarity and stratigraphic
records as analyzed by Hooper (1994). Hooper (1994) determined the
age of V3808 to be in the range 130–730 kyr and the ages of V6403 and
V4405 to be between 730 kyr and 2000 kyr so it is unlikely that they
are much younger than their respective morphologic ages of 200, 870
and 1000 kyr.
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Fig. 4. Elevation proﬁles (a) for cinder cones V5703 and V4405 that are dated to 70 and 1000 kyr, respectively, indicating the change in slope by aspect with cinder cone age as measured
in the ﬁeld. Modeled changes (b) in cinder cone morphology that implements greater diﬀusivity on south facing slopes in order to match cone proﬁles observed in the ﬁeld (data based on
McGuire et al., 2014). Modeled changes in colluvial sediment ﬂux versus time (c) for the entire north or south facing slope represented by dashed lines, and the slope inﬂection points
represented by solid lines. Modeled changes in erosion rates versus time (d) for the entire north or south facing slope represented by dashed lines, and the slope inﬂection points
represented by solid lines.

2.4. Laboratory analyses

matter content and texture following Adams (1973).

2.4.1. General soil properties
All soil samples were air dried and sieved to isolate the < 2 mm ﬁne
earth fraction and all soil characterization conducted on this fraction
unless otherwise stated following standard laboratory protocols (Burt,
2004). Soil pH was measured on all samples at weight to volume ratios
of 1:1 (soil: water) solution, 1:1 (soil: 1 M KCl) solution and 1:2 (soil:
0.02 M CaCl2) solution. Soil electrical conductivity (dS cm− 1) was
determined for all samples using a 1:2 (soil:water) extract. Soil organic
matter content was determined by loss on ignition (Konen et al., 2002)
for all collected samples. Samples (20 g) were placed in a furnace at
105 °C for 24 h, weighed and then placed in a muﬄe furnace at 360 °C
for 2 h, with the change in weight as a proxy for organic matter. Dry
color in the laboratory was measured using a Minolta CR-200 handheld
digital chromameter (Minolta Camera Co., Ltd., Osaka, Japan) and
reported in Munsell notation to match those of soil ﬁeld descriptions.
Munsell color was used to calculate a soil redness rating for each
horizon following Torrent et al. (1983) that corresponds directly with
hematite content.
Particle size was determined by laser diﬀraction using a Beckman
Coulter LS 13 320 Laser Diﬀraction Particle Size Analyzer at the
University of Arizona Center for Environmental Physics and
Mineralogy. Following pretreatment to remove organics using NaOCl
adjusted to pH 9.5 and carbonates using Na-acetate adjusted to pH 5.0,
roughly 0.2 and 0.1 g of sample were weighed into tubes and mixed for
24 h with 5 ml of deionized water using a Thermo Scientiﬁc Labquake®
shaker/rotator, followed by the addition of 5 ml of 5% sodium
hexametaphosphate solution for an additional 24 h to ensure dispersion
of soil particles prior to particle size analysis. Laser particle size data
were converted to the equivalent of USDA particle size classiﬁcation.
Bulk density of the ﬁne-earth fraction was estimated based on organic

2.4.2. Soil mineral composition
The mineral composition of bulk soils and parent materials were
identiﬁed by quantitative x-ray diﬀraction (QXRD). Soil samples were
pretreated to remove organic matter (Jackson, 2005) with 100 ml
solution of 6% NaOCl adjusted pH to 9.5 with HCl, rinsed with DI
water, centrifuged, dried and mixed. A known amount of internal
standard (corundum) was added to each sample, to allow quantitative
interpretation of XRD peaks. Samples were ground using a McCrone
Micronizing Mill and prepped for XRD following Eberl (2003). All
sample preparation steps were intended to maximize random orientation and to increase the exposed surface area of the included minerals.
Samples were run as random powder mounts, measured from 5 to 65° 2theta, with a step size of 0.02° 2-theta, with a 3 s dwell time per step,
spinning at 1 revolution per second, and a 1° divergent anti-scatter slit,
10 mm divergent mask, 1° incident anti-scatter slit, 0.6 mm ﬁxed
receiving slit at the University of Arizona Center for Environmental
Physics and Mineralogy using a PANalytical X'Pert PRO-MPD X-ray
diﬀraction system (PANalytical, Almelo, AA, The Netherlands) generating Cu–Kα radiation at an accelerating potential of 45 kV and current
of 40 mA. The resulting diﬀractograms were analyzed using Rietveld
analyses to identify mineral phases and mineral abundance (Moore and
Reynolds, 1997).
2.5. Data analyses
2.5.1. Dust fraction estimation
The relative contribution of dust to the ﬁne earth fraction (fd) was
based on the quartz content of soil (fQs) and dust (fQd) following Porder
et al. (2007). Quartz was not detected by XRD in any of the parent
materials such that any quartz found in the soils was derived from
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Fig. 5. The change in (a) solum depth, (b) maximum redness rating, (c) maximum clay percent, and (d) thickness of horizons with clay ﬁlms versus cinder cone age by aspect. The Lenox
Crater data were included with the north aspects for function ﬁtting.

external aeolian sources. An average value of Colorado Plateau dust
quartz content of 31.4% (Lawrence et al., 2013) was used to determine
the fraction dust of the ﬁne earth fraction for each horizon as:

performed using Spearman correlations.

⎛f ⎞
Qs
fd = ⎜⎜ ⎟⎟ .
f
⎝ Qd ⎠

3. Results
3.1. Colluvial sediment ﬂux and cone erosion rates

(4)

A spatially variable colluvial transport coeﬃcient, as described in
Section 2.2.2, was required to model the north-south cone asymmetry
observed in the ﬁeld (Fig. 4A), with greater diﬀusivity on south facing
slopes relative to north facing slopes (Fig. 4B). This resulted in greater
colluvial sediment ﬂux and erosion rates on south facing slopes, both of
which decreased with time as the average slope angle decreased as a
result of erosion of the upper cone and deposition on the lower cone
and surrounding sediment “skirt” (Fig. 4C and D). Variance in
diﬀusivity with slope aspect was attributed to aspect controls on
modern- and paleovegetation (McGuire et al., 2014). Speciﬁcally,
greater tree cover on south facing slopes during cool, wet glacial
periods drives higher diﬀusivity and colluvial sediment ﬂux due to
increased bioturbation, e.g., tree throw, faunal activity, root growth
and decay. This resulted in a more rapid lowering of the south facing
slope relative to the north slopes, and slope gradients on the order of
3–4° lower on south slopes (Fig. 4A).
Model results indicated that the slope inﬂection point exhibited
greater colluvial sediment ﬂux relative to the average over the entire
slope (Fig. 4C), and also exhibited reduced erosion rates relative to the
slope average (Fig. 4D). Erosion rates at the inﬂection point increased
from −0.013 m kyr− 1 up to a peak of −0.015 m kyr− 1 at ~350 kyr
on the south facing slopes, then slowly decreased to values less than
− 0.010 m kyr− 1 as the cones aged. In contrast, the model indicated
north slope inﬂection points saw a peak erosion rate of
− 0.009 m kyr− 1 at ~ 350 kyr. These data conﬁrmed that the slope
inﬂection points functioned primarily as transport landscape positions,
with material ﬂuxing across that surface, but with minimal landscape

2.5.2. Depth weighted averages and mass per area calculations
General soil characterization properties were summarized by proﬁle
using depth weighted averages that represent the sum of individual
horizon values weighted by the depth of that horizon relative to total
proﬁle depth. Selected soil properties, including clay, silt, and dust
content, were converted from a weight percent (e.g., kg clay kg− 1 soil)
to a mass per area basis [e.g., kg clay m− 2] as:

mi = hi ρs Ci (1 − ηi ) ,

(5)
−2

where mi is the mass of the soil property for horizon i [kg m ], hi is
horizon depth [m], ρs soil bulk density [kg m− 3], Ci is the respective
soil property [kg kg− 1], and ηi is the volumetric coarse fraction content.
The total mass per area (mtotal; kg m− 2) for each proﬁle is thus:

mtotal =

k

∑i =1

mi ,

(6)

where k is the total number of horizons.
2.5.3. Statistical analyses
Depth weighted average and proﬁle mass per area data were
grouped by aspect and means compared using a one-way ANOVA and
unequal variance t-test. Aggregate depth proﬁles of quartz percent were
generated for each aspect using the Algorithms for Quantitative
Pedology (aqp) package in R with the proﬁles aggregated into 10 cm
sections from 0 to 100 cm (Beaudette et al., 2013). Chronofunctions for
speciﬁc soil properties were derived using regression analysis. Comparison of hydraulic conductivity with soil physical properties was
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Means are signiﬁcantly diﬀerent; P < 0.05.

South
South
South
South
South
South
South
South
South

V5703 (SP)
V3036 (Merriam)
V3808
V4708
V5626
V5718
V4624
V6403 (Dog Knob)
V4405

⁎

Aspect

Site ID

(Dog Knob)

North
North
North
North
North
North
North
North
North
North
North

V3822
V3822
V5703
V3036
V3808
V4708
V5626
V5718
V4624
V6403
V4405

(Lenox)
(Lenox)
(SP)
(Merriam)

Aspect

Site ID

70
150
200
220
450
600
660
870
1000
Mean

Age
kyr

1.07
50
70
150
200
220
450
600
660
870
1000
Mean

Age
kyr

0.18
0.45
1.51
1.25
2.12
0.90
1.60
1.72
2.49
1.36 ± 0.75

Structure grade

0.30
0.47
0.80
0.83
0.76
0.84
0.38
0.67
1.66
n.d.
1.84
0.78 ± 0.55

Structure grade

81.8
68.6
55.5
56.3
70.0
68.5
55.9
61.0
53.6
63 ± 9

Coarse fragments
vol%

86.0
81.0
64.7
46.3
79.5
69.4
67.9
74.6
65.7
81.6
66.1
71 ± 11

Coarse fragments
vol%

375
283
139
226
326
266
130
140
135
224 ± 93

EC
dS m− 1

pH 1:1 H2O

7.51
7.79
6.84
7.26
7.06
7.68
7.35
7.25
7.02
7.31 ± 0.31

295
277
411
664
343
166
185
205
136
108
208
272 ± 158

EC
dS m− 1

5.77
6.98
7.31
8.06
7.04
6.96
7.67
7.44
6.99
6.94
6.85
7.09 ± 0.57

pH 1:1 H2O

Table 2
Depth weighted average soil properties by aspect across a semiarid cinder cone chronosequence and means ( ± 1 standard deviation) by aspect.

11.6
6.5
42.9
37.4
33.0
41.8
33.4
23.5
37.9
29.8 ± 4.6

Maximum clay
%

5.5
12.7
23.2
9.5
42.6
33.7
29.9
27.3
36.3
11.6
50.2
25.7 ± 4.2

Maximum clay
%

12.7
4.4
10.3
12.2
7.1
7.3
5.6
8.1
13.3
9.0 ± 3.2⁎

Quartz
%

3.6
5.8
7.5
4.6
3.9
8.3
1.4
3.4
6.7
1.5
5.0
4.7 ± 2.3⁎

Quartz
%

1.90
2.90
1.53
1.22
0.54
n.d.
0.09
0.69
0.16
1.13 ± 1.0

Ksat
10–3 cm s− 1

n.d.
n.d.
1.30
2.00
0.92
2.68
1.73
n.d.
0.13
n.d.
0.86
1.37 ± 0.84

Ksat
10–3 cm s− 1
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(Table 3).
The time and aspect dependent variation in soil properties translated into distinct trends in soil taxonomic classiﬁcation (Table 1). The
majority of soils were classed as Mollisols with Vitrandic Great Groups
based on glass counts of selected ﬁne sand fractions (Soil Survey Staﬀ,
2014). On the cones < 200 kyr, soils were classiﬁed as Vitrandic
Haplustolls on north facing slopes and Vitrandic Hapustepts on south
slopes. South facing soils exhibited argillic horizons from 200 kyr
onward, whereas north facing slopes did not exhibit argillic horizons
until 660 kyr, with taxonomic classiﬁcations of Vitrandic Argiustolls
(Table 1). Most of the vents exhibited Stage I carbonate coatings on
cinders at the contact between soil and parent material. The south
facing soil of 610 kyr V5718 contained a calcic and relatively thin,
~10 cm thick, weakly cemented petrocalcic horizon; however as Soil
Taxonomy is currently organized these did not enter into the taxonomic
name at the Great Group level. The north slope of 870 kyr V6403
contained a weakly cemented duripan, consisting of ~40 cm of cinders
heavily coated with an apparent combination of opaline Si and clay
ﬁlms, leading to its classiﬁcation as a Typic Durustept (Table 1).

lowering due to erosion.

3.2. General soil properties
General soil properties demonstrated clear age and aspect dependent variation (Fig. 5 and Table 2). Solum depth averaged 53–63 cm,
with little variation between slope aspects (Fig. 5A). Solum depth did
vary as a function of time, increasing from < 10 cm to over 60 cm
between 1 and 150 kyr at an average rate of 0.4 cm kyr− 1, followed by
a small, but signiﬁcant, decrease of 0.033 cm kyr− 1 after 200 kyr across
both north and south facing aspects (Fig. 5A). The subsurface of the
north facing slope of V6403 was comprised of cinders cemented with
what appeared to be a combination of opaline silica and clay. Soil
structure grade, where grade is deﬁned as the degree of expression of
the structural unit in units of massive = 0, weak = 1, moderate = 2,
and strong = 3 (Schoeneberger et al., 2002), increased with age, with
similar patterns on both north and south facing slopes and no
signiﬁcant diﬀerences observed by aspect (Table 2). Soil redness
increased signiﬁcantly with age, with a faster rate of increase on north
facing relative to south facing slopes, indicating a faster rate of
pedogenic Fe-oxyhydroxide accumulation on north facing slopes
(Fig. 5B). However, averaged across all soil ages the diﬀerence in
reddening between aspects was not signiﬁcant. Soil pH varied little
between aspects or with cone age, with values ranging between 6.85
and 8.01 (Table 2). The only location outside of this range was the
1.065 kyr soil on V3832 with a pH of 5.77. Electrical conductivity
values were not signiﬁcantly diﬀerent between aspects (Table 2), but
did show a signiﬁcant decrease as a function of time as:
EC = 367 − 0.26 kyr, R2 = 0.36 and P = 0.009.
The maximum clay percent observed in each proﬁle increased with
age up to ~150 kyr, with an initial rapid increase of 0.17% kyr− 1 to
values near 25% after 150 kyr, followed by a modest rate of increase of
0.03% kyr− 1 to a maximum value of ~50% on the north facing slope of
the 1000 kyr V4405 (Fig. 5C). There was no clear separation in
maximum clay content by aspect, with average maximum values of
25.7% ± 4.2 and 29.8% ± 4.6 on north and south aspects, respectively. In contrast, the thickness of horizons with clay ﬁlms present
varied markedly by time and aspect (Fig. 5D). South facing slopes
expressed clay ﬁlms ~400 kyr earlier than north facing slopes, with
~ 40 cm of the proﬁle expressing clay ﬁlms on the 200 kyr south slopes
relative to the ﬁrst appearance of clay ﬁlms on the north aspect of the
610 kyr cone. The thickness of horizons with clay ﬁlms remained more
or less constant on the south facing slopes from 200 kyr to 1000 kyr; the
only exception was on the 610 kyr V5718 that contained both a calcic
and a thin, weakly cemented petrocalcic horizon in the subsurface that
likely masked a certain fraction of clay ﬁlms. In comparison, the north
facing slopes expressed a near doubling in thickness of horizons with
clay ﬁlms from ~40 to 80 cm between 610 kyr and 1000 kyr (Fig. 5D).
Hydraulic conductivity values decreased on both aspects over time from
maximum
values
near
3.0 × 10− 3 cm s− 1
to
values <
1.0 × 10− 3 cm s− 1 between 200 kyr to 1000 kyr (Table 2). Spearman
correlation analysis relative to other soil properties indicated that soil
texture, speciﬁcally silt content, the number of clay ﬁlms and the
thickness of horizons with clay ﬁlms, and soil structure grade were all
signiﬁcantly and negatively correlated with hydraulic conductivity

3.3. Dust contribution to the ﬁne earth fraction
Quartz content generally decreased with depth in soils on north
facing slopes, with a greater percentage of quartz throughout soil
proﬁles on the south facing slopes (Fig. 6A and B). North aspect median
quartz values decreased roughly monotonically with depth from 8%
to < 2% at depths > 80 cm (Fig. 6A). In comparison, median quartz
values on the south facing slopes increased in the subsurface relative to
the surface, with median values between 9.5 and 11.3% from 10 to
60 cm, that remained above 2% down to depths > 80 cm (Fig. 6B).
Quartz values were signiﬁcantly greater on south aspects relative to
north aspects, with values of 4.7 ± 2.3 and 9.0 ± 3.2, respectively
(P = 0.003) (Table 2). The quartz values translated into dust fraction
values of up to 50% in upper soil horizons and < 5% in subsurface
horizons.
The fraction dust values demonstrated substantial variation with
age across both north and south facing slopes (Fig. 7A). Peak average
dust concentrations of 40–42% were observed on the south facing
slopes of V5703, V4708, and V4405 that correspond to ages of 70 kyr,
220 kyr and 1000 kyr. North aspect dust concentrations generally
followed a similar pattern, in particular with peaks at 70 kyr and
220 kyr. Both north and south aspects of 150 kyr V3036 exhibited
relatively low dust concentrations, with an average value of 14% for
both aspects (Fig. 7A). The average dust fraction was signiﬁcantly
greater on south facing slopes, with mean values of 28.6% ± 10.3 and
15.0% ± 7.2 (P = 0.008).
The ratio of silt + clay to dust percentage provides a proxy for the
contribution of dust to the ﬁne earth fraction, with values of ~1
indicating dust accounts for the majority of the ﬁnes and values > 1
indicating contribution to ﬁnes from weathering of parent material. The
(silt + clay):dust values varied with cone age (Fig. 6C). The ratio
averaged between 1 and 1.5 for locations < 200 kyr, and then increased to values ranging from ~ 2.0 to 5.5 for older cones, with peak
ratios observed in the 400 to 660 kyr cones. The ratio on average was
signiﬁcantly greater on north facing slopes relative to south facing
slopes, with values of 3.4 ± 3.4 and 1.9 ± 0.8 (P = 0.008), respectively.

Table 3
Correlation of hydraulic conductivity to soil properties.

3.4. Mass accumulation of dust and ﬁnes

Variable

Spearman ρ

Prob > | ρ |

Silt
Clay ﬁlm no.
C sand
Clay ﬁlm thickness
Structure grade

− 0.49
− 0.44
0.41
− 0.37
− 0.37

0.004
0.012
0.020
0.035
0.038

The mass accumulation of dust, silt and clay all exhibited relatively
similar patterns by aspect as a function of time (Fig. 8). Dust, silt and
clay increased in a threshold type function on south slopes from 150 kyr
to 200 kyr, with a peak mass per unit area of all three at 200 kyr. The
south aspect mass of dust decreased from a peak of 202 kg m− 2 at
200 kyr to ~100 kg m− 2 until 610 kyr, with a subsequent increase in
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Fig. 6. Aggregated depth proﬁles of quartz percent for (a) north and (b) south facing slopes. The solid colored line in each represents the median value and the dashed lines represent the
25th and 75th quantiles, respectively. The depth weighted average ratio of (silt + clay):dust versus age for each aspect (c).

slopes, with an initial rapid increase to 130 kg m− 2 at 150 kyr followed
by a decline to < 50 kg m− 2 at 450 kyr and a second peak mass of
100 kg m− 2 at 870 kyr (Fig. 8A). In comparison, clay content increased
roughly linearly across the chronosequence, from values < 5 kg m− 2 to
67 kg m− 2 between 1.065 kyr and 70 kyr, and subsequent increase to a
maximum of 140 kg m− 2 in the 1000 kyr cone. Silt content remained
relatively constant near 100 kg m− 2 across all cones after 50 kyr.
The mass accumulation of ﬁnes was generally greater on south
facing slopes, but the only signiﬁcant diﬀerence observed between
aspects was in the mass of dust, that averaged 66 ± 42 kg m− 2 on
north aspects relative to 120 ± 52 kg m− 2 on south aspects
(P = 0.02). Dust, clay and silt were all greater on north facing slopes
relative to south slopes for cones < 200 kyr (Fig. 8). The greater mass
of ﬁnes on the 70 and 150 kyr north slopes was a function of aspect
variation in coarse fraction content, with north slopes averaging 56%
coarse fragments by volume relative to 75% on south slopes (Table 2).
4. Discussion
4.1. Soil property change as a function of time and aspect
The key diﬀerences in soil evolution by aspect included variation in
dust accumulation and chemical weathering rates. Speciﬁcally, south
facing slopes accumulated a signiﬁcantly greater mass of dust, in
particular for soils > 200 kyr. This contrasts to the pattern observed
by Rech et al. (2001) who noted little variation in aeolian contribution
by aspect for a set of ~1000 kyr cinder cones in the Springerville
Volcanic Field, ~230 km southeast of our sampled locations. However,
this conclusion was based on qualitative X-ray diﬀraction analyses that
noted quartz and mica on both aspects, but did not quantify their
relative contribution to the ﬁne earth fraction. The aspect controlled
variation in dust accumulation observed here was likely a function of
paleoclimate and vegetation covariation. Following McGuire et al.

Fig. 7. The depth weighted average fraction dust of the ﬁne earth fraction (a) versus time.
Also plotted is the dust record from the Antarctic Vostok ice core (Augustin et al., 2004)
as a proxy for the global change in dust deposition rates over the Quaternary; shaded
areas indicate glacial climates. Idealized modeled inﬂection point erosion rates (b) for
each respective cone demonstrating the change in erosion rates over the Quaternary and
their correspondence with glacial-interglacial climates and dust deposition.

the mass of dust to a second peak of 166 kg m− 2 at 1000 kyr (Fig. 8A).
Silt mass accumulation followed a similar pattern to dust, whereas clay
content reached a peak of 182 kg m− 2 at 200 kyr, and then remained
constant around ~ 100 kg m− 2 (Fig. 8B).
Dust content varied considerably over time on the north facing
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Fig. 8. The change in mass per area of (a) dust, (b) silt, and (c) clay over time for each aspect with a line ﬁt between each point to better demonstrate time dependent variation. The data
for the north proﬁle of V6403 were not included in the line ﬁts as this proﬁle contained an indurated duripan that was not analyzed for particle size distribution or dust content.

(silt + clay):dust data that increased dramatically from values of ~1 to
over 5 after 200 kyr, indicating a substantial increase in the relative
contribution of weathered parent material to the ﬁne fraction (Fig. 6C).
This trend varied by aspect, with greater apparent weathering rates of
parent material on north facing slopes as indicated by generally greater
values of the (silt + clay):dust ratio for a given cone age. These data
suggest clay and silt production on north slopes represents a combination of dust accumulation and weathering of cinders, whereas south
slope silt and clay production was largely a function of dust accumulation. Furthermore, the mass of clay on north slopes tended to increase
roughly linearly with time in contrast to dust content that exhibited
substantial time dependent variation (Fig. 8). In contrast, south facing
silt and clay fractions exhibited a similar pattern in mass accumulation
to that of dust. Harden et al. (1991) concluded that dust accumulation
was a key factor in initiating weathering and clay production and
accumulation across a series of arid chronosequences due to its control
on soil water holding capacity and reactive surface area. The cinder
parent material was generally coarse textured, with very low water
holding capacity, high saturated hydraulic conductivity and rapid
drainage, all properties that limit water mineral interactions and
weathering. Dust accumulation fosters increased water holding capacity (Table 2) leading to greater moisture retention and a longer
duration of moist soil conditions that would enhance physical and
chemical weathering of the cinder material. Some of the non-linear
change, or lack of change, with time for properties like clay content
may also be related to the time dependent erosion rates associated with
cone evolution relative to changes in paleo-climate and dust accumulation rates.

(2014), and using modern elevation vegetation cover proxies to
estimate paleovegetation cover, consistent with Anderson et al.
(2000) data documenting elevational shifts in vegetation communities
over the late Pleistocene to Holocene transition, indicates that south
facing slopes would have exhibited greater vegetative cover during
dusty glacial periods. Vegetation increases surface roughness and thus
serves as an eﬀective dust trap (Giorgi, 1988). An important role for
paleovegetation on dust capture was also suggested by the modeled
variation in erosion rates on north and south facing slopes (Fig. 4D), in
that greater dust accumulation was observed on south facing slopes
despite the fact that these slopes also exhibited faster erosion rates that
would reduce dust accumulation relative to north facing slopes in the
absence of an aspect variable dust accumulation rate.
The redness rating increased linearly with time on both slopes, but
at a faster rate on north facing slopes, suggesting both faster production
and greater abundance of hematite on north facing slopes. Other aspect
studies have also indicated greater rates of chemical weathering and Feoxyhydroxide accumulation on north facing slopes (e.g., Carter and
Ciolkosz, 1991). However, the diﬀerence in redness by aspect may also
be due to dilution of soil color by dust on the south slopes. There was
limited variation observed in solum depth and clay content by aspect
that agrees well with the observations of Rech et al. (2001), in contrast
to previous studies indicating that soils on the cooler, wetter north
slopes are generally deeper, with higher clay percentages (Daniels et al.,
1987; Macyk et al., 1978). The lack of variation observed here may be
due in part to the porous nature of the tephra and cinder parent
material that allows rapid and deep water penetration relative to soils
forming on coherent bedrock, as well as the complex erosion and
sediment ﬂux history of cinder cone slopes.
Considered as a function of time, the observed data indicated
nonlinear trends in solum depth, maximum clay percent and clay ﬁlm
abundance (Fig. 5) that coincide with dust accumulation (Fig. 8A),
suggesting a possible threshold in dust accumulation required to drive
weathering of the parent material. This was particularly apparent in the

4.2. Coupled climate-soil-landscape evolution
The combined set of modeled erosion rates, dust accumulation and
soil development data indicated a strong interactive control of paleoclimate and dust inﬂux on soil-cone evolution (e.g., Fig. 1). The
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would limit dust accumulation. The substantial dip in the south slope
fraction dust observed on Merriam Crater may also be a function of
tephra morphology. The tephra of Merriam Crater was predominantly
gravel to coarse sand, with relatively few larger coarse fragments. The
lack of large coarse fragments would decrease surface roughness and
dust capture potential. In contrast, SP Crater parent material contained
a greater fraction of cobbles, particularly in surface horizons, that
increase surface roughness and dust capture, and may result in the
relatively high fraction dust observed on the south slope of SP Crater
compared to that of Merriam Crater.
Dust accumulation rates based on mass of soil dust and cone age
exhibited an exponential decrease with time, similar to other soil
chronosequence base studies (e.g., Reheis et al., 1995). Pelletier (2007)
indicated that dust accumulation may be characterized as a random
walk that captures the balance of dust deposition and erosion,
particularly for locations relatively far removed direct dust sources in
that only a small fraction of the potential dust accumulation is
preserved in the soil proﬁle. This model is consistent with patterns of
dust accumulation observed here and the apparent interaction of
erosion and dust accumulation rates over the Quaternary. Indeed, a
simple estimate of potential dust input assuming dust inﬂux rate varies
monotonically with MIS stage, glacial period dust accumulation rates
four times that of modern, and no erosion suggests there should be on
the order of ~25,000 kg m− 2 dust in the 1000 kyr south slope soil
relative to the observed amount of 166 kg m− 2.
Finally, accumulation of ﬁnes and clay translocation resulted in
substantial lowering of the saturated hydraulic conductivity (Table 2)
with potential feedback to cone morphologic evolution. Decreased
hydraulic conductivity yields the potential for decreased inﬁltration
and production of overland ﬂow and channel initiation and development (Beal et al., 2016; Dohrenwend et al., 1986; Hooper and Sheridan,
1998). McGuire et al. (2014) observed channel development on north
slopes of older cones hypothesized to be the result of an interaction
between a decrease in hydraulic conductivity coupled with steeper
slope gradients maintained as a function of erosional history, leading to
a greater potential for channel initiation and down-cutting.

idealized modeled erosion rates (Fig. 4) provide a minimum or lower
bound for dust accumulation rates given that dust accumulation has to
be greater than erosion rates to facilitate accumulation in the soil
proﬁle. South facing slopes were modeled to have peak inﬂection point
erosion rates of − 0.015 m kyr− 1 at a cone age of ~300 kyr, suggesting
that in order to accumulate dust at peak erosion requires that dust input
rates must exceed 0.015 m kyr− 1. Modern rates of dust accumulation in
the Southwest US average 0.011 to 0.036 m kyr− 1 depending on
location with annual minimum and maximum values ranging from
0.005 up to 0.175 m kyr− 1 (Reheis, 2003; Reheis, 2006; Reheis et al.,
1995). Dust fraction data from the young surface soil of Lenox Crater
(V3822) suggests an average dust accumulation rate of
~ 0.007 m kyr− 1 over the last 1.065 kyr, on the lower end of the
average and range in the Reheis et al. data. Sediment core data from
various sources indicates glacial period dust input rates on the order of
3–4 times greater than modern (c.f., Muhs, 2013), suggesting average
glacial period dust accumulation rates for this region on the order of
0.044 to 0.144 m kyr− 1. Recent data from SP crater (V5703) and
associated late Pleistocene lava ﬂows indicate a loess cap on the order
of 1.3 m thick on a young post-cone formation basalt ﬂow dated to
27–29 kyr (Rittenour et al., 2015), yielding an average dust accumulation rate of 0.046 m kyr− 1 over the LGM and Holocene, at the lower
end of the paleo-dust accumulation estimates. These constraints clearly
indicate that even at the lower end of dust input estimates, paleo-dust
accumulation rates could have been well above peak erosion rates
during glacial periods, but may have been below peak erosion rates
during interglacial periods. Thus, there should be a strong time variable
interaction of paleo-dust accumulation and erosion rates controlling the
mass of dust observed in modern soil proﬁles.
The 200 to 600 kyr cones exhibited the greatest diﬀerence in dust
between north and south facing slopes, with a peak diﬀerence in the
200 kyr cone (Fig. 8A). The greatest mass of dust was observed on the
south slopes of the 200 and 220 kyr cones, followed by the south slopes
of the 1000 and 870 kyr cones. The dustiest soils on the 200 and
220 kyr cones were deposited just prior to marine isotope stage (MIS) 6
which was a prolonged dusty glacial period from 191 to 123 kyr
(Fig. 7). This time frame coincides with what would have been
relatively low inﬂection point erosion rates, e.g., on the order of
− 0.013 m kyr− 1, compared to the lower bound estimated glacial dust
accumulation rate of 0.044 m kyr− 1. The observed fraction and mass of
dust decreased steadily from 220 to 600 kyr (Figs. 7A and 8A). Cones
deposited during this time period would have had maximum inﬂection
point erosion rates over the majority of the glacial-interglacial cycling
of the mid- to late-Pleistocene (Fig. 7B). Using modern dust accumulation rates as a proxy, these soils also would have extended interglacial
periods of dust accumulation rates on the order of 0.007 m kyr− 1
relative to peak erosion rates of − 0.015 m kyr− 1 suggesting the
potential for erosive loss of dust accumulated during glacial periods.
Finally, the secondary peak in mass and fraction dust in the 870 and
1000 kyr cones coincides with the long steady decline in inﬂection
point erosion rates over the mid to late Pleistocene that would have
facilitated accumulation of dust during this time period.
Merriam (V3036) and SP (V5703) Craters exhibited less dust on
south facing slopes relative to their respective north facing slopes
(Fig. 8A), and the Merriam Crater south slope exhibited a substantially
reduced fraction dust relative to the younger SP Crater and the older
200 kyr vents (Fig. 7A), patterns that deviate from the remainder of the
cone record. The lower fraction of dust in the younger cones may be due
to a combination of factors. These cones are the lowest in elevation, and
hence warmest and driest cones, observed across the chronosequence.
The simple extrapolation of modern vegetative cover to LGM conditions, for example, indicates that Merriam Crater in particular is low
enough that the north facing slope would have maintained greater
vegetative cover during glacial periods, hence enhancing dust capture
on that slope (Fig. 3B). Merriam Crater was also grading towards
maximum inﬂection point erosion rates during the LGM and MIS4 that

5. Summary
The data presented here demonstrates the coevolution of soils and
landscape morphology across a 1000 kyr cinder cone chronosequence
in northern Arizona. We documented that soils on south-facing
hillslopes exhibit systematically more aeolian-derived dust despite
having higher rates of erosion. This was attributed to the fact that
south-facing slopes likely had more dust-trapping vegetation cover
during the relatively dust enriched glacial climates that dominated the
Quaternary. The higher dust contents of soils on south-facing slopes was
associated with formation of argillic horizons, lower saturated hydrologic conductivity and increased water holding capacity. Over time,
dust accumulation at the hillslope point of inﬂection increased with age
up to several hundred thousand years, then decreased with time as the
cones degraded by erosion. Data suggest that approximately 200 kyr of
time was required before the soils developed suﬃcient water-holding
capacity to drive in situ weathering of the basalt cinders. These results
demonstrate the importance of feedbacks among soil development,
hydrology, and geomorphology in the evolution of hillslopes.
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