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Abstract
Alluvial fans and fluvial terraces occur in nearly all climatic settings and often coexist within the same drainage
basin. These landforms play an important role in understanding the geomorphic, hydrologic, sedimentologic and
erosional histories of a basin. The juxtaposition of fans and fluvial terraces, in some instances, can lead to misinterpretation in distinguishing traditional fluvial terraces from the truncated toe of tributary alluvial fans. This
becomes particularly troublesome for those attempting to interpret results from published field studies where
fan-cut terrace, truncated alluvial fan, toe-cut alluvial fan, alluvial terrace, and incision of the lower end of a fan
piedmont all refer to the same genetic landform. We call for use of the term ‘‘toe-cut terrace’’ to represent this
landform. We also present criteria to aid in the identification of toe-cut terraces, defined as an abandoned alluvial
surface, formed by the truncation of the distal portion of tributary alluvial fans by streams flowing obliquely or
perpendicular to the fan surface. Truncation occurs through lateral erosion (‘‘toe-cutting’’) or through vertical
incision by the trunk drainage lowering the base-level of the alluvial fan. This results in incision into the fan surface
abandoning the fan’s depositional surface at a higher level above the modern floodplain – a form that often
resembles a fluvial terrace. A case study from the Sonoran Desert in central Arizona illustrates a sequence of
abandoned alluvial surfaces that resemble fluvial terraces, but use of the proposed criteria reveal the presence of
both toe-cut terraces and traditional fluvial terraces formed by the abandonment of the rivers former floodplain.
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I Introduction
Toe-cut terraces (Figure 1) form as a result of
the interaction between a basin’s trunk stream
and alluvial fans that originate from tributary
drainages. They often form when a drainage
basin’s trunk stream laterally migrates and
erodes the distal portion of an alluvial fan. This
process is referred to as ‘‘toe-cutting’’ (Figure 2;
Leeder and Mack, 2001). The resulting landscape reflection of this process is the abandonment of the alluvial fan surface above the
modern floodplain (Figure 3). Toe-cut terraces
can also develop when vertical incision of the
trunk stream lowers the local base-level of the
tributary fan flowing into it, thus abandoning
the former alluvial fan surface at a higher level
(e.g. Figure 4; Colombo, 2005; Colombo et al.,
2000). These two mechanisms are the focus of
toe-cut terrace formation as they are modern
processes acting at the surface. It is possible that
exhumed toe-cut terraces may be present when
deep vertical incision exposes formerly buried
fan deposits and truncates them. However, the
focus of this manuscript is on processes and
deposits interacting at the Earth’s surface.
Toe-cut terraces are important features because
of their broader implications for stratigraphic
basin analysis, groundwater studies (Leeder and
Mack, 2001) and landscape evolution, especially in arid environments (Larson, 2013).
Toe-cut terraces occur in many geomorphic
settings (e.g. Figures 2 and 3), leading to study
of them across the globe. For example, toe-cut
terraces have been investigated in the Andes
(Colombo, 2005; Colombo et al., 2000), in
Death Valley (Blair and McPherson, 2009),
along the Big Lost River Basin of Idaho (Leeder
and Mack, 2001), along numerous rivers in
northern India (Bedi, 1980; Chatterjee and
Sarkar, 1982; Chopra, 1990; Jana and Dutta,
1996; Kesari, 2011; Kumar and Aravindan,
2007; Uniyal et al., 2010), in the UAE and
Oman (Al-Farraj and Harvey, 2005), and in
New Zealand (Carryer, 1966; Cox et al.,

Figure 1. Idealized oblique-angle diagram of
morphologic relationship between a fluvial terrace, a
toe-cut terrace, and a modern floodplain. While the
fluvial terrace scarp remains parallel to the trunk
drainage, the toe-cut terrace scarp bounds both the
tributary and the edge of the fan, which has been
truncated by the trunk drainage. Viewed from the
channel, an alluvial toe-cut scarp appears to parallel
the trunk stream and can look very much like a
traditional fluvial terrace.

2014). Within the Basin and Range of western
North America they exist as a prominent landscape feature in many basins (Gile et al.,
1981; Pederson, 1981). For example, Pederson’s (1981) classification of landforms for soil
scientists includes alluvial fans whose distal
portions have been truncated by a basin’s trunk
drainage. Indeed, these ‘‘toe-cut terraces’’ are
genetically distinct landforms from other fluvial
terraces in the same drainage basin (Figure 5) and
being able to distinguish these different types of
terraces significantly aids understanding of a
basin’s evolution. The complication involving
differentiation between toe-cut terraces and other
fluvial terraces occurs when truncation/erosion
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Figure 2. Toe-cutting of tributary alluvial fans along
the Minnesota River Valley, Minnesota, USA. This
LiDAR digital elevation model shows that lateral
migration of the Minnesota River Valley has eroded
the distal portion of some alluvial fans—a process
noted in the literature as ‘‘toe-cutting.’’ Other intact
fans will experience a similar erosional fate.

of the lower end of the alluvial fan mimics the
appearance of an abandoned former floodplain
of the basin’s trunk drainage (e.g. Figure 4).
Within geomorphic scholarship a number of
terms have been applied to describe broadly this
landform. The term fan-cut terrace is predominantly used in research conducted in India
(Bedi, 1980; Chatterjee and Sarkar, 1982;
Chopra, 1990; Jana and Dutta, 1996; Kesari,
2011; Kumar and Aravindan, 2007; Uniyal
et al., 2010). In addition, we found: ‘‘toe-cut
alluvial fans’’ (Blair and McPherson, 2009;
Florsheim, 2004; Harvey, 2010; Leeder and
Mack, 2001; Mack and Leeder, 1999; Mack

et al., 2008; Suresh et al., 2007), ‘‘toe-trimmed
alluvial fans’’ (Al-Farraj and Harvey, 2005),
‘‘truncated alluvial fan’’ (Manville, 2010;
Sanchez-Nunez et al., 2012; Young et al.,
1986), the ‘‘eroded distal end of alluvial piedmonts’’ (Pederson, 1981), and ‘‘alluvial terraces’’ (Colombo, 2005; Colombo et al., 2000;
Gao et al., 2005). No single accepted term, however, exists for this basic landform (Figures 1
and 4). We suggest that ‘‘toe-cut terrace’’ serves
as an appropriate term as it clearly defines the
processes that create the form and differentiates
the form from other fluvial terraces in a drainage
basin. We define the toe-cut terrace as follows:
an alluvial surface, abandoned above the local
base-level, that forms through truncation of tributary alluvial fans by a stream flowing obliquely or perpendicular to the alluvial fan surface.
The lack of a commonly accepted term leads
to potentially confusing wording in published
research. For example, in the study by Colombo
et al. (2000) on the Rio San Juan of Argentina,
flights of abandoned alluvial benches sit as markers of the geomorphic landscape evolution of
this area. In the San Juan Valley, cycles of alluvial fan sedimentation at the mouths of tributary
streams result in fans that periodically dam
the Rio San Juan. The river eventually overtops
and incises into these fans, truncating them and
lowering the tributaries’ base-level (Figure 4;
Colombo, 2005; Colombo et al., 2000). This
stream incision ultimately lowers the base-level
of the tributary alluvial fans. The authors collectively refer to ‘‘alluvial terraces’’ to describe the
treads above the Rio San Juan—some of which
are clearly toe-cut terraces based on our definition. Although correctly identifying the alluvial
sedimentology, we suggest the term ‘‘alluvial terrace’’ is far too ambiguous in describing the
genetic origin because they are distinctly different from other San Juan fluvial terraces nearby.
The confusion over terms can result in more
serious issues where this process produces a
landform that looks very much like a stream’s
former floodplain, but is a truncated alluvial
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Figure 3. Examples of toe-cut terraces in the western United States. The image on the left (A) shows toe-cut
terraces (TCT) along White Elephant Wash, northern Arizona, USA. In this image an older alluvial fan has
been truncated by the wash, resulting in the formation of TCTs. At a lower level, more recent alluvial fans are
being truncated as well by both vertical and lateral incision processes of the wash, evidenced by both vertical
escarpments and curved erosional scars cut out of the fans. The image on the right (B) shows the classic toecut alluvial fan location of Old Lost River, Idaho, USA, discussed in Leeder and Mack (2001). Note the curved
erosional scars cut out of the distal end of the alluvial fans at this site. Lateral migration of the Old Lost River
has eroded the distal portion of these fans leaving behind a higher alluvial surface, a toe-cut terrace (TCT).

fan. For example, the lack of an accepted terminology and criteria for distinguishing toe-cut
terraces could have contributed to a basic misinterpretation of landforms above the Mojave River
at Afton Canyon, California, USA. Meek (1989)
proposed that Afton Canyon underwent a rapid
incision as a result of basin overflow of Pleistocene Lake Manix. In contrast, others (Enzel
et al., 2003; Wells and Enzel, 1994) identified features inside Afton Canyon as Mojave River fluvial
terraces, suggesting periods of stabilization,
floodplain formation and episodic down cutting.
These features along Afton Canyon are actually toe-cut terraces that simply represent truncation of the distal portions of alluvial fans by
the incising Mojave River. However, the existence of these supposed fluvial terraces was then

used as evidence that Afton Canyon did not
undergo a rapid incision (Enzel, 2003). Despite
the misidentification, Meek rejected this view
and argued that the surfaces identified in Afton
Canyon are all below the level of the lake basin
floor and hence have no relevance on how fast
Lake Mojave drained (Meek, 2004). Meek’s
interpretation of the various surfaces inside
Afton Canyon was later verified (Reheis and
Redwine, 2008). Similarly, another misidentification of toe-cut terraces as wave-cut recessional terraces (Wells and Enzel, 1994) also
occurred. Later research (Reheis et al., 2007:
20) clarified this issue and explained that the
‘‘scarps are not at a constant elevation, making
another suggested interpretation of the scarps
as wave-cut features unlikely.’’
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Figure 5. Pederson (1981: 35) sketched several
‘‘cycles’’ of dissection and deposition in a typical
basin within the Basin and Range, North America.
This adaptation of Pederson’s original diagram
emphasizes the distinction between small isolated
traditional fluvial terraces and the more dominant
alluvial fans that have been truncated by an incising
main wash. The truncation of alluvial fans results in
toe-cut terrace formation.

Figure 4. The Rio San Juan Valley, Argentina,
exhibits classic examples of the truncation of alluvial
fans, creating toe-cut terraces through the process
of trunk stream incision lowering the base-level of
the tributary fans (Colombo et al., 2000). (Top) Two
separate incision events by the Rio San Juan formed
two distinct toe-cut terraces, with the younger one
(white line) inset an older toe-cut terrace (black
arrows). (Bottom) A broader view where toe-cut
terraces appear to form a laterally continuous riser
that looks strikingly similar to a traditional fluvial
terrace. In reality, these are coalescing fans (a bajada)
now truncated by the Rio San Juan (Colombo et al.,
2000). Photos by Phillip Larson.

The confusion over terminology, the ease of
incorrectly identifying toe-cut terraces, and the
importance of understanding the complexities
of a drainage basin’s history all highlight the
need for a retrospective analysis of this basic
landform. To address these issues, we first
review the literature on toe-cut and traditional
fluvial terraces and then present criteria that

can aid in distinguishing toe-cut terraces from
traditional fluvial terraces. Finally, we use the
proposed criteria in a case study from a noncontroversial drainage in central Arizona.
Within this drainage basin the basic landforms
look, at first glance, very much like fluvial terraces but include both toe-cut and traditional
terrace forms.

II The terrace form
1 Fluvial terraces
Given that toe-cut terraces can be confused with
other fluvial terraces in the same drainage basin,
any literature review must start with a brief
examination of the fluvial terrace form overall.
This section does not encompass the whole of
the fluvial terrace literature, but attempts to
summarize contemporary understanding of the
landform and its variety of genetic origins.
The history of fluvial terrace literature spans
approximately two centuries, with Playfair
(1802: 528) being the first to recognize their
importance (Miller, 1883). The modern
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Figure 6. Fluvial terraces can exist as both depositional and erosional landforms. This figure shows the four
common fluvial terraces forms: (A) strath terrace, (C) fill terrace, (B) fill-cut terrace, and (D) cut and fill, or nestedfill, terrace. The fill terrace and nested-fill terrace are depositional forms while the strath and fill-cut terraces are
erosional forms. Modified from Hargitai and Larson, in press.

framework of fluvial terraces, however, largely
stems from the fundamental works of GK Gilbert and WM Davis (Davis, 1902; Gilbert,
1877; Pazzaglia, 2013). A fluvial terrace represents the former floodplain, or surface of flow,
of a river that was abandoned when the river
incised to a lower level (Bull, 1990; Charlton,
2008; Harden, 2004; Hugget, 2003; Leopold
et al., 1964; Petts and Foster, 1985; Ritter
et al., 2002; Schumm, 1977). The surface of the
former floodplain is known as the terrace tread,
while the slope that rises to the tread is generally
referred to as the terrace scarp, berm, or riser
(Campbell, 1929; Ritter et al., 2002). Fluvial
terraces are mapped or correlated as either
paired or unpaired terraces. Paired terraces
match elevation and theoretically have the same
geochronologic significance on both sides of the
river valley (Leopold et al., 1964; Ritter et al.,
2002; Schumm, 1977). Paired terraces occur
when vertical stream incision is greater than lateral migration of the stream channel (Schumm,

1977). These terraces can record a single incision event or multiple events that lead to uniform incision and terrace formation. Unpaired
terraces do not match in elevation on either side
of the river. Instead, they often have a staggered
topography from valley side to valley side and
likely form when lateral migration coincides
with some degree of vertical incision (Charlton,
2008; Leopold et al., 1964; Schumm, 1977). It is
also possible to have unpaired terraces as the
result of the erosive lateral migration of the
river, obliterating remnant surfaces, very similar to the ‘‘toe-cutting’’ processes altering the
distal ends of alluvial fans (Leeder and Mack,
2001).
Geomorphologists classify terraces as
depositional or erosional (Figure 6). The most
common depositional terraces are fill terraces:
they require an aggradational event within the
stream valley, a period of floodplain formation,
and subsequent incision of the stream channel
abandoning that floodplain (cf. Ritter et al.,
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2002). Another form of a depositional terrace is
a nested-fill terrace, where a river experiences
an aggradational episode followed by incision.
Another wave of aggradation ensues and that
surface is abandoned, but to a lower level than
the initial fill terrace (Easterbrook, 1999; Junior
et al., 2011; Waitt, 1979).
Erosional terraces include strath (Bucher,
1932) and fill-cut terraces (Figure 6). Bull
(1990) suggests that beveling of bedrock straths
and strath terraces are the ‘‘fundamental tectonic
stream-terrace landform;’’ they are often found
where streams have tectonically induced downcutting. However, more recent research suggests
strath terraces form through lateral planation of
weakened or highly erodible banks (e.g. Larson
and Dorn, 2014; Montgomery, 2004; Wohl,
2008), which leaves behind a thin veneer of alluvium overlying the now-beveled bedrock surface. Formation of this erosional landform is
followed by channel incision, resulting in a strath
terrace (Figure 6A) (Mackin, 1937). Fill-cut terraces are similar (Figure 6B) although they do
not bevel a bedrock ‘‘strath.’’ In the genesis of
fill-cut terraces, a stream valley has filled with
alluvium and the alluvium is laterally eroded
by the stream to form an erosional surface, which
is then followed by incision into this floodplain.
It is important to note that the highest terrace in a
valley filled with alluvium is likely a fill terrace
and is depositional in origin. Fill-cut terraces are
inset within a fill terrace and represent further
incision events within a stream valley.

2 Incision mechanisms
Incision mechanisms resulting in the fluvial
terrace form—as well as subsequent incision
of tributary alluvial fans—can result from
changes in intrinsic or extrinsic variables in the
fluvial system, ultimately influencing the balance between sediment discharge (Qs) and
stream fluid discharge (Q). According to the
paradigm of grade (Bull, 1990; Davis, 1902;
Gilbert, 1877; Mackin, 1948; Schumm, 1977),

streams tend toward a state of equilibrium (or
grade) in which Q is sufficient to transport all
of Qs (Baker and Ritter, 1975; Bull, 1979;
Mackin, 1948; Schumm, 1977). The longitudinal profile of a graded stream is often assumed
to have a concave-up form, which is taken to
be a function of how the Q/Qs relationship
changes in the downstream direction (Gilbert,
1877) (i.e. discharge typically increases and bed
load grain size typically decreases downstream). For grade to establish, base-level must
remain stationary (Bull, 1991; Gilbert, 1877;
Knox, 1975; Leopold and Bull, 1979). However, graded streams rarely occur because of the
truly dynamic and variable nature of fluvial systems (e.g. Fonstad and Marcus, 2010; Marcus
and Fonstad, 2010). For the purpose of understanding terrace formation, changes in grade
can generate a response of aggradation or incision of the channel.
Tectonism (i.e. uplift and/or subsidence) can
significantly alter equilibrium conditions and
result in terrace formation. Stream terraces,
therefore, have the potential to generate insight
into the tectonic history of a drainage basin
(Berryman et al., 2000; Bull, 1990; Carcaillet
et al., 2009; Holbrook and Schumm, 1999;
Hsieh and Knuepfer, 2001; Leopold and Bull,
1979; Maddy, 1998; Merritts et al., 1994; Peters
and Balen van, 2007; Pewe, 1978; Westaway
et al., 2003; Westaway et al., 2004; Zuchiewicz,
2011). When tectonism alters stream gradient
(or slope), it influences the ability of the stream
to transport sediment. For example, tectonic
uplift in the headwaters increases stream gradient, giving that stream more power. If sediment
load does not change, the stream incises, abandoning its former floodplain as a terrace.
Base-level fall, which can result from tectonic
subsidence, generates a similar effect, increasing stream gradient and causing incision that
results in terrace formation. A drop in baselevel can also result from eustatic sea-level fall,
or—for tributary streams—main-stem (i.e. basin
trunk stream) incision.
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Climatic oscillations have long been recognized as an important factor in stream incision
(Bestland, 1997; Brigland and Westaway,
2008; Bull, 1990; Bull, 1991; Fuller et al.,
1998; Houben, 2003; Hsieh and Knuepfer,
2001; Knox, 1983; Knox, 1995; Kock et al.,
2009; Leopold et al., 1964; Molnar et al.,
1994; Tebbens et al., 2000). Changes in precipitation cause Q to change and, therefore, influence a stream’s ability to transport sediment.
Changes in precipitation also cause changes in
vegetation, which, in turn, alter sediment input
to a stream (Bull, 1991; Huntington, 1907;
McDonald et al., 2003; Quinn, 1957; Throckmorton and Reheis, 1993; Wells et al., 1987).
Changes in climate can also influence eustatic
sea-level change, which raises or lowers baselevel of an entire drainage basin (Blum and
Tornqvist, 2000; Tebbens et al., 2000).
Lithologic variations in drainage basins can
also affect incision (Colombo et al., 2000; Ritter
et al., 2002). As a drainage network evolves, it
often incises headward and laterally across the
landscape (i.e. knick point migration or interfluve denundation). This may result in changes
through time in the materials entering from a
stream and its tributaries. For example, changes
that result in the production of larger or smaller
sediment can lead to aggradation or incision,
assuming fluid discharge rates are static.
Changes in particle size can also impact the
autogenic processes within a drainage network,
where streams originating in mountains have a
steeper gradient and higher elevation than
neighboring tributaries originating over less
resistant lithologies in the piedmont. This can
lead to drainage capture by the lower elevation/gradient piedmont stream, which, in turn,
can cause aggradation followed by incision as
the capturing stream adjusts its longitudinal profile to variations in sediment input from
upstream (Ritter, 1972).
Autogenic aggradation and incision in a drainage network can also result from lowering of
base-level that leads to the formation of knick

points (or knick zones) that propagate up a
basin’s trunk drainage and its tributary streams.
The upstream migration of knick points, along
with the subsequent widening of newly incised
channels, can lead to increased sediment input
to—and aggradation along—older incised
reaches downstream. Reduced sediment load
occurs when upstream incised channels stabilize and sediment inputs from upstream decline.
Falling sediment loads may then lead to a second round of incision, resulting in autogenic terraces inset below the terraces caused by the
initial base-level fall (Schumm, 1973; Schumm
and Parker, 1973).

3 Toe-cut terraces
In contrast to the extensive literature on fluvial
terraces and mechanisms of their formation, relatively little scholarship exists on processes
responsible for what we define here as ‘‘toecut terraces.’’ A more extensive literature covers the truncation of alluvial fans through an
agglomeration of terms and processes responsible for their truncation, with less attention paid
directly to fan dynamics or how toe-cut terraces
relate to other depositional landforms. This literature is summarized in Table 1.
Leeder and Mack (2001) stress that research
on this landform has been neglected. They use
the term ‘‘toe-cutting’’ to explain one process
responsible for the development of the toe-cut
terrace form: an axial drainage migrating laterally that erodes the distal end of tributary fans
(e.g. Figures 2 and 3). Three allocyclic mechanisms—climatic oscillations, tectonic tilting, and
fault propagation—are possible processes that
cause a basin’s trunk drainage to overtake distal
fan aggradation. They also differentiate toecutting from vertical stream incision, which
we suggest also results in toe-cut terrace formation. Leeder and Mack (2001) point to numerous examples in Gile et al. (1981) and Bull
(1991) of the stream incision process that results
in truncated alluvial fans. The causes of
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Table 1. Literature discussing alluvial fan truncation organized by geomorphic process.
Process of
truncation Summary

Citation

Glacial

(Carryer, 1966)

Fluvial

Coastal

Outburst
floods
Faulting/
tectonics

The role of glaciers is directly inferred, but not
explicitly.
Large flooding events initiated by natural dam
failure causes drainage incision and truncation
of the fan surface.
Erosion of the distal reach of tributary alluvial
fans by lateral migration (and/or incision) of
the main drainage.
Erosion of alluvial fans by wave action from a
transgressing sea or land subsidence.
Erosion of the distal ends of alluvial fans by wave
action in a coastal/lacustrine setting.
Sudden outbursts that spill out of their
constraining basin erode the base of alluvial
fans.
Faulting offsets the fan surface causing
truncation of fan aggradation and the
abandonment of that surface.

incision, thus, are treated here as similar to those
that result in incision abandoning former floodplains of the basin axial stream. Ultimately, we
proceed under the assumption that in most circumstances a change along the basin’s trunk
stream will result in change in the tributary fan
system as well.
The fluvial system of the basin’s trunk stream
can generate both fluvial terraces and toe-cut
terraces through toe-cutting or through lowering
the base-level of tributary drainages in a drainage basin. The focus here rests in drawing a
distinct difference between toe-cut terraces and
fluvial terraces and how these differences manifest in a field setting.

(Colombo, 2005; Colombo et al., 2000; Le
Roux et al., 2008)
(Al-Farraj and Harvey, 2005; Given, 2004;
Knudsen et al., 2002; Leeder and Mack, 2001;
Pederson, 1981; Sanchez-Nunez et al., 2012)
(Rudberg, 1986)
(Harvey et al., 1999; Nemec and Postma, 1993;
Young et al., 1986)
(Knudsen et al., 2002; Manville, 2010; Wolfe
and Beget, 2002)
(Dudash, 2006; Ginat et al., 1998;
Kargaranbafghi et al., 2011; Ritter et al., 1995)

particular focus on basins within the Basin and
Range Province of western North America.
These criteria may be applicable in other environments where toe-cut fans exist; however,
some specific elements (e.g. surface morphology) within the criteria will vary based on the
geomorphic and sedimentation/erosional history of the study site.
While the methods used in our suggested criteria are not new to geomorphic field studies, we
believe there is a need to combine each method
into these criteria to aid future field investigators
in distinguishing these genetically different, but
morphologically similar landforms. The criteria
should not be used individually, but applied
together as complimentary to one another
allowing researchers to differentiate definitively
between these forms with greater confidence.

III A criteria-based approach to
distinguish fluvial terraces from
toe-cut terraces

1 Criterion I: landform morphology

We propose six specific criteria to help field
researchers distinguish fluvial terraces from
toe-cut terraces in arid environments, with

One of the most efficient ways to distinguish
between toe-cut terraces from other fluvial terraces is by reconstructing the tread of the terrace
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back to the alluvial fan tributary. These surfaces
can be reconstructed by analyzing slope and
direction of the surface through aerial image
interpretation, LiDAR (Figure 2) and DEM
analysis, remote sensing techniques, ground
truthing via differentially corrected global
positioning systems and other ground survey
approaches. However, reconstructing these
deposits on a morphological basis may prove
initially difficult in areas of relatively low relief.
While a toe-cut terrace may look similar to a
traditional fluvial terrace, as it parallels the
trunk drainage at the distal end of the fan, it is
possible that the scarp is a topographically continuous surface that rises in relief toward the
head of the fan. Alluvial fans may have been
dissected since deposition by subsequent erosive processes, but an abandoned alluvial surface should not be assumed as a toe-cut
terrace unless the surface’s origins can be traced
back to a tributary system.

2 Criterion II: form of deposition
on the surface
Where debris-flow processes dominate alluvial
fan aggradation, the morphology of a fan surface can differ substantially from that of fluvial
terraces derived from the drainage basin’s trunk
stream. Bar-and-swale topography (Figure 7A)
is often the morphological result of debris
flows on alluvial fans (Frankel and Dolan,
2007). This contrasts with a relatively smoother
topography resulting from deposition from the
basin’s trunk stream (Figure 7B). While desert
pavement-forming processes (Dixon, 2009)
will tend to obscure these distinctions in preHolocene deposits, this basic morphological
distinction provides one way to distinguish fan
from other fluvial deposits.

3 Criterion III: sedimentology
If the underlying alluvial sediments are fanglomerate and show no interruption by the

Figure 7. The surface morphology of an ambiguous
landform can be compared to nearby features. For
example, (A) the alluvial fans at South Mountain,
Arizona, are characterized by pronounced heavily
varnished bars separated by lower and less varnished
swales. Debris flows produce this basic topography
of alternating bars and swales. (B) In contrast, the
stream terraces at South Mountain are typified by
low relief and relatively planar surfaces. Saguaro cacti
(Carnegiea gigantea) and Paloverde trees (Parkinsonia
microphylla) provide scale.

truncating stream, then it is likely that the landform is a toe-cut terrace. There may be a few
emplaced fluvial clasts from the trunk drainage
at exposure, but fanglomeratic deposits should
be the dominant form and are usually distinguished by coarser clasts within a finergrained matrix. The coarse clasts are subangular to subrounded and more poorly sorted than
other fluvial deposits. The surficial expression
of fanglomeratic deposits are often a bar-andswale topography as distinguished in criterion
II. In contrast, other fluvial deposits tend to
be well sorted and rounded if they are boulders
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and cobbles or will show sorting between
sandy and gravel facies. Sedimentological
analysis of clast characteristics should be used
with caution as the far distal portion of large
fans may contain very fine deposits that could
resemble deposits originating from other fluvial
transport processes. Provenance, described in
criterion IV, may help resolve this.

4 Criterion IV: provenance
Provenance can sometimes serve as a useful tool
in distinguishing between these landforms. This
is particularly significant in large drainage basins
like those investigated by Colombo et al. (2000)
in Argentina (cf. Figure 4). Alluvial fan sediments entering a drainage from a tributary basin
derive from a local source (Brierley et al., 1993;
Hereford et al., 1996). On the other hand, the
major trunk drainage will host a mix of rock
types from throughout the upstream portions of
its drainage basin. Sedimentological provenance
is best applied with larger drainage basins or if
the geology of a tributary drainage is particularly
complex or unique (Duk-Rodkin et al., 2001;
Mather, 2000). The use of detrital zircons or
identification of chemically distinct lithologies
(e.g. mineralogically distinct basalts) may help
differentiate between the origins of the deposits.

5 Criterion V: longitudinal profiles
A common method for investigating fluvial terraces compares the longitudinal profiles of terraces to the modern fluvial channel. This
comparison reveals insight into the nature of
incision, local tectonics, and underlying bedrock
(e.g. Merritts et al., 1994; Pazzaglia et al., 1998;
Zuchiewicz, 2011). Longitudinal profiles can
also prove useful in distinguishing toe-cut terraces from other fluvial terraces. Convexities
may exist along the longitudinal profile. If these
convexities correspond with the physical location of tributary drainages, then they could represent the topographic effect of alluvial fan
material derived from side tributaries.

Another way that longitudinal profiles may
distinguish a toe-cut terrace from a fluvial terrace involves identifying whether profiles of the
modern channel converge downstream or
remain parallel to the terrace form. In many
drainages in the Basin and Range of the Western
USA, the long profiles of contiguous toe-cut terraces merge with the modern channel. This is
the result of an increasing width of the valley
form. As the axial valley widens, progressively
more distal fan sediments reach the trunk drainage and the relief of the fan surface decreases
with increasing distance away from the mountain front. If the valley widens enough, the fan
surfaces merge with the modern channel. In
contrast, other fluvial terraces remain parallel
and topographically above the modern channel.
The one caveat to be aware of when using this
criterion is that tectonic uplift of the tributary
valley will also produce downstream convergence of terrace treads (e.g. Pewe, 1978); however, if tectonic activity can be ruled out, then
convergence would indicate that the abandoned
alluvial surface is likely a toe-cut terrace.

6 Criterion VI: comparisons with local
drainage basins and establishing
a chronology of incision events
Drainages do not exist in isolation. The forms
found in a basin typically exist next to adjoining
drainages with similar characteristics (i.e. underlying lithology, topography, climate, tectonic
regime, etc.). Examination of these adjacent drainages can help provide a broader perspective, in
that a slightly wider or narrower adjacent drainage could display more classic alluvial toe-cut
terraces or traditional fluvial terrace forms. The
clarity of forms in nearby drainages with similar
lithologies and slightly different geometries can
provide a fresh perspective to clarify the origin
of the terraces in the basin under study.
Another strategy involves comparing the
chronology of events between drainages, either
through relative (i.e. superposition, fossils, etc.)
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Figure 8. The Bursera Valley rests entirely within the South Mountain metamorphic core complex (SMCC)
of central Arizona, USA. Its drainage basin is outlined on the image and flows to the southwest where it
grades into the Gila River and basin fill deposits. A solid line through the middle of South Mountain delineates
the boundary between lithologies. West of the line, drainages are underlain by metamorphic rock and contain
alluvial fans as the dominant alluvial landform. East of the line the range is underlain by plutonic rock, which
forms semi-continuous fluvial terrace surfaces. The perspective of lighting in this image is from the south so
shadows are cast to the north.

or more quantitative chronometric techniques
(i.e. optical stimulated luminescence, radiocarbon dating, cosmogenic nuclide burial dating, or
varnish microlamination dating). Fluvial terraces
may have a very different chronology than toe-cut
terraces, and a comparison of ages in a local range
or region can help distinguish fluvial from alluvial fan deposits while also shedding light on the
nature of geomorphic change in the study area.

IV Case study: Bursera Valley,
Central Arizona
1 Geomorphic setting of the study area
The Bursera Valley (BV) rests entirely within
the South Mountains (SM) of central Arizona

(Figure 8). SM stretches approximately 29 km
in length, is a city park preserve located just
south of metropolitan Phoenix, Arizona, USA,
and hosts ~2 million visitors each year. The
Bursera Wash resides within a gneissic structural valley in the western half of SM
(Reynolds, 1985). Previous research (Dorn,
2010; Dorn, 2011; Larson, 2013; Larson and
Dorn, 2014; Moore et al., 2012) revealed the
dominance of alluvial fans within the gneissic
portion of SM, which suggests that this valley,
too, should be dominated by alluvial fans.
We offer the Bursera Valley as a case study,
because—as can be the case in narrow valleys—
upon initial observation, different prominent
terrace levels look very much like fluvial
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Figure 9. Bursera Valley displays abandoned alluvial surfaces that look very much like fluvial terraces upon
first inspection; however, upon further investigation they are alluvial toe-cut terraces. Both images are from
the highest terrace form in the Bursera Valley. Image (A), looking across the valley and image (B), looking
down valley, show the relatively low relief surface topography of the upper terrace surface that could be
misconstrued as a fluvial terrace.

terraces (Figure 9). The most prominent and
highest terrace in BV forms a near continuous
surface throughout the valley. In many locations
alluvial fans topographically transition to this
surface, but in other locations it is difficult to
interpret the nature of this landform. Three
lower, discontinuous terrace surfaces exist in
the downstream reach of the BV, and are identifiable as fluvial terraces inset into the highest
surface. We named these terraces after convention from topographically low to high—T1, T2,
and T3. Thus, this case study focuses on the
ambiguous uppermost terrace in the Bursera
Valley herein referred to as F4.

2 Applying the criteria to the Bursera Valley
All of the criteria were used to analyze the highest BV terrace surface. However, provenance
proved inconclusive because the BV has a

similar gneissic lithology throughout the entire
drainage basin (Reynolds, 1985).
1 Landform morphology. From some perspectives the view of toe-cut terraces can look
strikingly similar to traditional fluvial terraces (Figure 9). However, a different perspective can often uncover the origin of a
tread and riser—revealing that it may originate
from a tributary drainage. Retracing alluvial
surfaces, however, is not always possible or
is exceedingly difficult if multiple episodes of
adjustment have occurred in the drainage basin.
The F4 surface, in some instances, is not easily traceable to an alluvial fan. Thus, it becomes
difficult to determine the genesis of this landform using landform morphology alone and
necessitates the need for other criteria. Some
of the complication arises because alluvial fans
have been truncated by the Bursera Wash,
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contrast, the surface of the F4 terrace form frequently contains bar-and-swale topography
(Figure 11A) that mimics the bar-and-swale
forms seen on tributary canyon alluvial fans
within the BV (Figure 7).
3 Sedimentology of the deposit. Unlike the sorted
sandy and gravel lenses that occur in the fluvial
terrace T1, T2, and T3 deposits, the higher terrace form consists of classic sequences of fanglomeratic deposition (Figure 11C). While it is
certainly possible that the upper Bursera drainage basin generated debris flows, the orientation of the fanglomerate bedding planes are
consistent with origins in side tributary canyons.
Clasts within the highest terrace surface are
angular to subangular and are poorly sorted
throughout the Bursera Valley, indicative of a
locally sourced fanglomerate (Figure 11C).

Figure 10. Dashed lines in both (A) and (B) indicate
the direction of flow of the Bursera Wash from
opposite sides of the BV at a similar location. In (A) a
prominent semi-continuous terrace form appears
above the wash. From the opposite perspective (B) a
large tributary drainage empties into the main valley.
Vertical white arrows point to landforms that appear
to be fluvial terrace surfaces. However, the terrace
form in the foreground of (A) is toe-cut terrace from
the tributary shown in (B) and the bench like forms
on the opposite side of the valley in (A) are the result
of both the alluvial fan in (B) and colluvial deposits on
that side of the valley. The Bursera Wash truncated
the fan in (B) resulting in part of the fan surface being
isolated on the opposite side of the BV.

which has resulted in segments of the fan
surface preserved on opposite sides of the BV.
Figure 10 shows just such an instance.
2 Form of deposition on the surface. The T1 fluvial
terrace surface of BV consists of a smooth
sandy surface with few pebbles. Desert pavements comprising mostly gravels and pebbles
rest atop the T2 and T3 fluvial terraces. In

4 Longitudinal profiles. Slope survey data, collected using a dGPS (differentially corrected global positioning system), and longitudinal profiles
of both the F4 and the modern channel (Figure
12) reveal that the highest terrace is a continuous
surface found along the entire reach of BV.
The convergence of the high terrace with the
modern channel at the distal end of the drainage
basin (Figure 12) could represent a fluvial terrace
altered by active uplifting of SM. However, tectonic uplift of SM has been inactive for the last 6
Ma (Reynolds, 1985; Reynolds and Bartlett,
2002). An alternative explanation for convergence is that BV widens progressively downstream. Valley widening allows the distal,
progressively lower portions of alluvial fans to
converge with the modern channel. In contrast,
a narrower valley in the upper reaches means that
truncation of alluvial fan surfaces can preserve a
toe-cut terrace above the modern channel.
Another set of features associated with the
longitudinal profile of the terrace also support
toe-cut terrace genesis of the high, F4 terrace.
The terrace profile reveals five prominent convexities (Figure 12) associated with the larger
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Figure 11. Alluvial fan and fluvial terraces are often strikingly different in regard to their surface morphology
and sedimentological characteristics. In a surficial setting, fanglomerate often takes the shape of bar-andswale deposits (A), while river boulders and cobbles tend to show rounding and imbrication (B). In exposed
cuts, fanglomerate exhibits poor sorting and more angular clasts (C), whereas fluvial deposits exhibit the
opposite (D). All images from South Mountain, AZ, USA.

tributary valleys that feed alluvial fan sediment
toward the valley axis.
5 Comparisons with local drainage basins and
establishing a chronology of incision events. In comparing the BV with other drainages within SM a
prominent pattern emerges. First, drainages in
the western (metamorphic) portion of the range

are dominated by alluvial fans, while traditional
fluvial terraces dominate the eastern (plutonic)
portion of the range (Dorn, 2010; Dorn, 2011;
Larson and Dorn, 2014; Moore et al., 2012).
Second, a distinct contrast in both surface morphology and sedimentological characteristics of
the alluvial landforms exists (Figure 11). The
eastern drainages generate grus with well-
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Figure 12. The longitudinal profiles shown were
developed using differentially corrected GPS. The
highest terrace surface in the Bursera Valley is shown
in comparison to the channel. The terrace surface
profile is that of the highest terrace in BV. The
longitudinal profile reveals convexities related to
tributary alluvial fans. Those noted as ‘‘possible’’
correspond to locations where tributary streams
join the axial drainage. The striking elevational
changes of the channel shown upstream are due to
poor GPS signal reception in the narrowest portions
of the canyon.

sorted deposits and host channels in the upper
portions of the drainage laden with subround
to round clasts (Figure 11B and D). The western
drainages generate subangular to angular clasts
that are poorly sorted and show bar-and-swale
surficial topography indicative of debris-flow
deposition (Dorn, 2010; Moore et al., 2012;
Figure 11A and C).
To provide age control and to establish a
chronology of incision events, varnish microlamination correlation dating (VML) was applied
to terrace surfaces within the Bursera Valley
(Figure 13). VML has shown a high degree of
effectiveness in dating surficial deposits in the
arid southwest USA (e.g. Dorn, 2010; Friend,
2000; Friend et al., 2000; Liu and Broecker,
2007; Liu and Broecker, 2008a; Liu and
Broecker, 2008b; Liu and Broecker, 2013).
Blind testing (Liu, 2003; Phillips, 2003)
of VML shows that there is ‘‘convincing evidence that varnish microstratigraphy is a valid
dating tool to estimate surface exposure ages’’
(Marston, 2003). Given that VML was

successfully used previously to date alluvial fan
surfaces elsewhere on South Mountain (Dorn,
2010; Moore et al., 2012), we utilized VML to
compare the Bursera Valley terrace surfaces to
these other nearby alluvial landforms.
VML analysis reveals that the abandonment
of the F4 surface within BV occurred before
or during the LU-3 (Layering Unit 3, Liu,
2011) period, 16.5–24 ka (Figure 13). The
LU-3 VML signal of the F4 surface correlates to the most common age for abandonment of and incision into extensive alluvial
fan deposits found throughout the western
half of South Mountain (Dorn, 2010; Moore
et al., 2012).
In contrast, the inset fluvial terraces in
Bursera Valley are progressively younger. The
T3 fluvial terrace surface was abandoned before
or during VML event WH9 (Wet Holocene
Event 9, 8100 cal yr BP); the middle T2 terrace
was abandoned before or during WH5 (4100 cal
yr BP); and the lowest T1 terrace was abandoned during the Little Ice Age’s WH1 event
(300–650 cal yr BP). These ages correlate
regionally with other fluvial terraces, such as
the post-Lehi incision event of the Salt River
between 940 and 300 cal yr BP (Huckleberry
et al., 2012). The older T2 and T3 terrace VML
ages correlate to flooding events in the cumulative probability density function plot for rivers
within the southwestern USA (Harden et al.,
2010). In summary, the ages of the non-toecut fluvial terraces in BV correspond with other,
more recent, incision events in the region. In
contrast, the age similarity of the ambiguous
F4 terrace with other alluvial fans in the range
(Dorn, 2010; Moore et al., 2012) does not prove
a toe-cut origin; however, it does provide
important evidence that aligns with a toe-cut
terrace interpretation. It is important to note that
the VML layering units used to determine alluvial surface abandonment are not absolute ages,
but instead represent an age range when the rock
varnish began to accumulate. It is likely that
precise, absolute ages would reveal a time-
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Figure 13. The abandonment of the high terrace within Bursera Valley corresponds with the abandonment
of alluvial fans found elsewhere within South Mountain and is chronologically older than the fluvial terrace
surfaces inset within it (T1, T2, T3). T1, T2, and T3 incision events have possible linkages to other regional
river system fluctuations. Based on the VML dating the highest terrace surface in the Bursera Valley (FCT)
shows surface abandonment between 16.5 ka and 24 ka. The next highest terrace, T3, shows abandonment
before 8100 cal yr BP. T2 reveals abandonment before 4100 cal yr BP. T1 shows a Little Ice Age signal of 300–
650 cal yr BP. The microstratigraphic varnish layers are labeled using the established layering units of the VML
dating lab at Columbia University. For example, LU-3 represents ‘‘layering unit 3’’, while layers labeled WH or
WP represents ‘‘wet Holocene’’ or ‘‘wet Pleistocene’’.

transgressive signal on the various terraces
studied, as base-level lowering progressed
throughout the drainage basin. In the case of the
LU-3 signal on the F4 terrace, the timetransgressive signal was most likely incorporated within the 7.5kyr age range, thus, we do
not see a time-transgressive signal.
6 Analysis of the criteria-based approach. In the
context of the Bursera Valley study site, all
available criteria indicate that the high terrace,

F4, is a toe-cut terrace despite appearances to
the contrary. None of the criteria support a traditional fluvial terrace interpretation. Fluvial
terraces do exist, but are inset beneath the toecut terrace surface and have a different and distinct genetic origin.
Toe-cut terraces in this case study formed as a
result of aggradation of an alluvial fan surface,
followed by base-level lowering induced by incision of the Bursera Wash. Base-level change
resulted in a wave of incision that propagated
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headward up the tributary fans. Some small toecutting by the Bursera Wash has occurred; for
example, the cut exposing the fanglomerate in
image Figure 11C likely involved some lateral
erosion. However, toe-cut terrace genesis relates
mostly to base-level lowering by incision of the
Bursera Wash.

V Conclusion
Alluvial fans commonly feature scarps at their
distal end produced when a stream erodes the
fan toe. Researchers currently use six different
terms to describe abandoned alluvial surfaces
that form by the truncation of tributary alluvial
fans by a drainage basin’s trunk stream. A terminological confusion and morphological similarities between terrace forms may have been
responsible for misinterpretations of toe-cut terraces as traditional fluvial terraces in the past.
Thus, we propose that future research employs
the term ‘‘toe-cut terrace’’. Confined spaces like
the Bursera Valley study explored herein exemplify a situation where forms that look very
much like a fluvial terrace are in reality a toecut terrace. To help minimize the potential for
future problems, we propose several criteria to
help distinguish between toe-cut terraces and traditional fluvial terraces within a drainage basin in
the arid environment. These criteria are focused
on differentiation of terrace forms within the
Basin and Range, but may be applicable elsewhere. Employment of these criteria in the Bursera Valley case illustrates their potential.
Funding
This research received no specific grant from any
funding agency in the public, commercial, or notfor-profit sectors.

References
Al-Farraj A and Harvey AM (2005) Morphometry and
depositional style of Late Pleistocene alluvial fans:
Wadi Al-Bih, northern UAE and Oman. In: Harvey
AM, Mather AE and Stokes M (eds) Alluvial Fans:

Geomorphology, sedimentology, dynamics. London:
Geological Society Special Publication, 85–94.
Baker VR and Ritter DF (1975) Competence of rivers to
transport coarse bedload material. Geological Society
of America Bulletin 86: 975–978.
Bedi N (1980) Meandering valley of Karjan-Terav rivers
in district broach, Gujarat. Journal of the Indian Society
of Remote Sensing 8: 1–5.
Berryman K, Marden M, Eden D, et al. (2000) Tectonic
and Paleoclimatic significant of Quaternary river terraces of the Waipaoa River, east coast, North Island,
New Zealand. New Zealand Journal of Geology and
Geophysics 43: 229–245.
Bestland EA (1997) Alluvial terraces and paleosols as
indicators of early Oligocene climate change (John Day
Formation, Oregon). Journal of Sedimentary Research
67: 840–855.
Blair TC and McPherson JG (2009) Processes and forms of
alluvial fans. In: Parsons AJ and Abrahams AD (eds)
Geomorphology of Desert Environments, 2nd edn.
Amsterdam: Springer, 413–467.
Blum MD and Tornqvist TE (2000) Fluvial responses to
climate and sea-level change: A review and look forward. Sedimentology 47: 2–48.
Brierley GJ, Liu K and Crook KAW (1993) Sedimentology
of coarse- grained alluvial fans in the Markham Valley,
Papua New Guinea. Sedimentary Geology 86: 297–324.
Brigland D and Westaway R (2008) Climatically controlled river terrace staircases: A worldwide Quaternary phenomenon. Geomorphology 98: 285–315.
Bucher WH (1932) ‘‘Strath’’ as a geomorphic term.
Science 75: 130–131.
Bull WB (1979) Thresholds of critical power in streams.
Geological Society of America Bulletin 90: 453–464.
Bull WB (1990) Stream-terrace genesis: Implications for
soil development. Geomorphology 3: 351–367.
Bull WB (1991) Geomorphic Responses to Climatic
Change. New York: Oxford University Press.
Campbell MR (1929) The river system, a study in the use
of technical geographic terms. Journal of Geography
28: 123–128.
Carcaillet J, Mugnier JL, Koci R, et al. (2009) Uplift and
active tectonics of southern Albania inferred from
incision of alluvial terraces. Quaternary Research 71:
465–476.
Carryer SJ (1966) A note on the formation of alluvial fans.
New Zealand Journal of Geology and Geophysics 9:
91–94.

Downloaded from ppg.sagepub.com by guest on August 9, 2015

Larson et al.

435

Charlton R (2008) Fundamentals of Fluvial Geomorphology. London and New York: Routledge.
Chatterjee I and Sarkar K (1982) Use of terrain factors in
evaluation and classifications of Darjeeling district,
West Bengal. Journal of the Indian Society of PhotoInterpretation and Remote Sensing 10: 23–32.
Chopra S (1990) A geological cum geomorphological
framework of haryana and adjoining areas for landuse
appraisal using landsat imagery. Journal of the Indian
Society of Remote Sensing 18: 15–22.
Colombo F (2005) Quaternary telescopic-like alluvial
fans, Andean Ranges, Argentina. In: Harvey AM,
Mather AE and Stokes M (eds) Alluvial Fans:
Geomorphology, sedimentology, dynamics. London:
Geological Society Special Publications 251, 69–84.
Colombo F, Busquets P, Ramos E, et al. (2000) Quaternary
alluvial terraces in an active tectonic region: The San
Juan River Valley, Andean Ranges, San Juan Province,
Argentina. Journal of South American Earth Sciences
13: 611–626.
Cox SC, McSaveney MJ, Rattenbury MS, et al. (2014)
Acitivity of the landslide Te Horo and Te Koroka Fan,
Dart River, New Zealand during January 2014. GNS
Science Report 7: 45.
Davis WM (1902) River terraces in New England.
Museum of Comparative Zoology Bulletin 38: 281–346.
Dixon JC (2009) Aridic soils, patterned ground, and desert
pavements. In: Parsons AJ and Abrahams AD (eds)
Geomorphology of Desert Environments. Netherlands:
Springer, 101–122.
Dorn RI (2010) Debris flows from small catchments of the
Ma Ha Tuak Range, metropolitan Phoenix, Arizona.
Geomorphology 120: 339–352.
Dorn RI (2011) Revisiting dirt cracking as a physical
weathering process in warm deserts. Geomorphology
135: 129–142.
Dudash SL (2006) Preliminary surficial geologic map of
Calico Mountains Piedmont and Part of the Coyote
Lake, Mojave Desert, San Bernardino County, California. In: Interior USDot (ed.). United States Geological Survey.
Duk-Rodkin A, Barendregt RW, White JM, et al. (2001)
Geologic evolution of the Yukon River: Implications
for placer gold. Quaternary International 82: 5–31.
Easterbrook DJ (1999) Surface Processes and Landforms.
Upper Saddle River, NJ: Prentice Hall.
Enzel YW and Lancaster N (2003) Late Pleistocene lakes
along the Mojave River, southeast California. In: Enzel

YW and Lancaster N (eds) Paleoenvironments and
paleohydrology of the Mojave and southern Great
Basin Deserts. Boulder: Geological Society of America
Special paper, 368.
Enzel YW, Wells SG and Lancaster N (2003) Late Pleistocene lakes along the Mojave River, southeast California. In: Enzel YW, Wells SG and Lancaster N (eds)
Paleoenvironments and Paleohydrology of the Mojave
and Southern Great Basin Deserts. Boulder: Geological Society of America Special Paper, 368: 61–78.
Florsheim JL (2004) Side-valley tributary fans in highenergy river floodplain environments: Sediment
sources and depositional processes, Navarro River
Basin, California. Geological Society of American
Bulletin 116: 923–937.
Fonstad MA and Marcus WA (2010) High resolution,
basin extent observations and implications for understanding river form and process. Earth Surface Process
and Landforms 35: 680–698.
Frankel KL and Dolan JF (2007) Characterizing arid
region alluvial fan surface roughness with airborne
laser swath mapping digital topographic data. Journal
of Geophysical Research 112: 1–14.
Friend DA (2000) Revisiting William Morris Davis and
Walther Penck to propose a general model of slope
‘‘evolution’’ in deserts. Professional Geographer 52:
164–178.
Friend DA, Phillips FM, Campbell SW, et al. (2000)
Evolution of desert colluvial boulder slopes. Geomorphology 36: 19–45.
Fuller IC, Macklin MG, Lewin J, et al. (1998) River
response to high-frequency climate oscillations in
southern Europe over the past 200 ky. Geology 26:
275–278.
Gao HS, Pan BT, Wu GJ, et al. (2005) Age and genesis of
alluvial terraces in East Qilian Mountains. Scientia
Geographica Sinica 02: 197–202.
Gilbert GK (1877) Geology of the Henry Mountains.
Washington, DC: US Geological and Geographical
Survey.
Gile LH, Hawley JW and Grossman RB (1981) Soils and
geomorphology in the Basin and Range area of southern New Mexico. Guidebook to the Desert Project. New
Mexico Bureau of Mines and Mineral Resources
Memoir 39: 1–222.
Ginat H, Enzel Y and Avni Y (1998) Translocated PlioPleistocene drainage systems along the Arava Fault of
the Dead Sea transform. Tectonophysics 15: 151–160.

Downloaded from ppg.sagepub.com by guest on August 9, 2015

436

Progress in Physical Geography 39(4)

Given JL (2004) The geomorphology and morphometric
characteristics of alluvial fans, Guadalupe Mountains
National Park and adjacent areas, west Texas and New
Mexico. Geography. Texas A&M University: Texas
A&M, 1–115.
Harden C (2004) Stream terraces. In: Goudie AS (ed.)
Encyclopedia of Geomorphology. London and New
York: Routledge, 1156.
Harden T, Macklin M and Baker VR (2010) Holocene
flood histories in south-western USA. Earth Surface
Process and Landforms 35: 707–716.
Hargitai H and Larson PH (in press) Valley terrace. In:
Kereszturi A and Hargitai H (eds) Encyclopedia of
Planetary Landforms. Springer.
Harvey AM (2010) Local buffers to the sediment cascade:
Debris cones and alluvial fans. In: Burt T and Allison R
(eds) Sediment Cascades: An integrated approach.
New York: John Wiley & Sons, 153–180.
Harvey AM, Silva PG, Mather AE, et al. (1999) The
impact of Quaternary sea-level and climatic change on
coastal alluvial fans in the Cabo de Gata ranges,
southeast Spain. Geomorphology 28: 1–22.
Hereford R, Thompson KS, Burke KJ, et al. (1996)
Tributary debris fans and the late Holocene alluvial
chronology of the Colorado River, eastern Grand
Canyon, Arizona. Geological Society of America
Bulletin 108: 3–19.
Holbrook J and Schumm SA (1999) Geomorphic and
sedimentary response of rivers to tectonic deformation:
A brief review of critique of a tool for recongnizing
subtle epeirogenic deformation in modern and ancient
settings. Tectonophysics 305: 287–306.
Houben P (2003) Spatio-temporally variable response of
fluvial systems to Late Pleistocene climate change: A
case study from central Germany. Quaternary Science
Reviews 22: 2125–2140.
Hsieh ML and Knuepfer PLK (2001) Middle-late Holocene river terraces in the Erhien River Basin, southwestern Taiwan: Implication of river response to
climate change and active tectonic uplift. Geomorphology 38: 337–372.
Huckleberry G, Onken JA, Graves W, et al. (2012)
Climatic, geomorphic, and archeological implications of a late Quaternary alluvial chronology for the
lower Salt River, Arizona, USA. Geomorphology
185: 39–53.
Hugget RJ (2003) Fundamentals of Geomorphology. New
York: Routledge.

Huntington E (1907) Some characteristics of the glacial
period in non-glaciated regions. Geological Society of
America Bulletin 18: 351–388.
Jana MM and Dutta M (1996) Groundwater study in the
Piedmont zone of Mechi Mahananda interfluve in
Darjiling district, West Bengal, using remote sensing
techniques. Journal of the Indian Society of Remote
Sensing 24: 43–52.
Junior APM, Cherem LFS, Barros LF, et al. (2011) OSL
dating of sediments from a mountainous river in
southeastern Brazil: Late Cenozoic tectonic and climatic implications. Geomorphology 132: 187–194.
Kargaranbafghi F, Neubauer F and Genser J (2011)
Cenozoic kinematic evolution of southwestern Central Iran: Strain partitioning and accommodation of
Arabia–Eurasia convergence. Tectonophysics 502:
221–243.
Kesari GK (2011) Geology and mineral resources of
Manipur, Mizoram, Nagaland and Tripura. Geological
Survey of India 1: 1–103.
Knox JC (1975) Concept of the graded stream. In: Melhorn WN and Flemal RC (eds) Theories of Landform
Development: Proceedings of the 6th annual Binghamton Symposium, Publications in Geomorphology.
Binghamton, NY: State University of New York,
169–198.
Knox JC (1983) Responses of river systems to Holocene
climates. In: Wright HE (ed.) Late Quaternary Environments of the United States, The Holocene. Minneapolis: University of Minnesota Press, 26–41.
Knox JC (1995) Late Quaternary upper Mississippi River
alluvial episodes and their significance to the lower
Mississippi River system. Engineering Geology 45:
263–285.
Knudsen KL, Sowers JM, Ostenaa DA, et al. (2002)
Evaluation of glacial outburst flood hypothesis for the
Big Lost River, Idaho. In: House PK, Webb RH, Baker
VR, et al. (eds) Ancient Floods, Modern Hazards:
Principles and applications of paleoflood hydrology
(Water Science and Application). Washington D.C.:
Wiley-AGU, 217–235.
Kock S, Kramers JD, Preusser F, et al. (2009) Dating of Late
Pleistocene terrace deposits of the River Rhine using
Uranium series and luminescence methods: Potential
and limitations. Quaternary Geology 4: 363–373.
Kumar R and Aravindan S (2007) Groundwater prospective
zones in Western Doon Valley using remote sensing and
GIS. In: Rajendran S, Aravinda S and Srinivasamoorth K

Downloaded from ppg.sagepub.com by guest on August 9, 2015

Larson et al.

437

(eds) Mineral Explorations: Recent strategies. New
Delhi: New India Publishing Agency, 235–250.
Larson PH (2013) Desert fluvial terraces and their
relationship with basin development in the Sonoran
Desert, Basin and Range: Case studies from southcentral Arizona. School of Geographical Sciences
and Urban Planning. Tempe: Arizona State University, 17–47.
Larson PH and Dorn RI (2014) Strath development in
small-arid watersheds: Case study of South Mountain,
Sonoran Desert, Arizona. American Journal of Science
314: 1202–1223.
Leeder MR and Mack GH (2001) Lateral erosion (‘‘toecutting’’) of alluvial fans by axial rivers: Implications
for basin analysis and architecture. Journal of the
Geological Society, London 158: 885–893.
Leopold LB and Bull WB (1979) Base level, aggradation,
and grade. Proceedings of the American Philosophical
Society 123: 168–202.
Leopold LB, Wolman MG and Miller JP (1964) Fluvial
Processes in Geomorphology. New York: Dover.
Le Roux O, Schwartz S, Gamond FJ, et al. (2008) Interaction between tectonic and erosion processes on the
morphogenesis of an alpine valley: Geological and
geophysical investigations in the lower Romanche
valley (Belledonne massif, western Alps). International Journal of Earth Sciences 99: 427–441.
Liu T (2003) Blind testing of rock varnish microstratigraphy as a chronometric indicator: Results on late
Quaternary lava flows in the Mojave Desert, California.
Geomorphology 53: 209–234.
Liu T (2011) VML Dating Lab. http://www.vmldating.
com (accessed 15 May 2011).
Liu T and Broecker WS (2007) Holocene rock varnish
microstratigraphy and its chronometric application in
drylands of western USA. Geomorphology 84: 1–21.
Liu T and Broecker WS (2008a) Rock varish evidence for
latest Pleistocene millennial-scale wet events in the
drylands of western United States. Geology 36:
403–406.
Liu T and Broecker WS (2008b) Rock varnish microlamination dating of late Quaternary geomorphic features in the drylands of the western USA.
Geomorphology 93: 501–523.
Liu T and Broecker WS (2013) Millenial-scale varnish
microlamination dating of late Pleistocene geomorphic
features in the drylands of western USA. Geomorphology 187: 38–60.

McDonald EV, McFadden LD and Wells SG (2003)
Regional response of alluvial fans to the PleistoceneHolocene climatic transition, Mojave Desert, California. Geological Society of America Special Paper
368: 189–205.
Mack GH and Leeder MR (1999) Climatic and tectonic
controls on alluvial-fan and axial-fluvial sedimentation
in the Plio-Pleistocene Palomas Half Graben, southern
Rio Grande Rift. Journal of Sedimentary Research 69:
635–652.
Mack GH, Leeder MR and Carothers-Durr M (2008)
Modern flood deposition, erosion, and fan-channel
avulsion on the semi-arid Red Canyon and Palomas
Canyon alluvial fans in the southern Rio Grande Rift,
New Mexico, USA. Journal of Sedimentary Research
78: 432–442.
Mackin JH (1937) Erosional history of the Big Horn Basin,
Wyoming. Geological Society of America Bulletin 48:
813–893.
Mackin JH (1948) Concept of the graded river. Geological
Society of America Bulletin 59: 463–512.
Maddy D (1998) Uplift-driven valley incision and river
terrace formation in southern England. Journal of
Quaternary Science 12: 539–545.
Manville V (2010) An overview of break-out floods from
intracaldera lakes. Global and Planetary Change 70:
14–23.
Marcus WA and Fonstad MA (2010) Remote sensing of
rivers: The emergence of a subdiscipline in the river
sciences. Earth Surface Process and Landforms 35:
1867–1872.
Marston RA (2003) Editorial note. Geomorphology 53:
197.
Mather AE (2000) Impact of headwater river capture on
alluvial system development: An example from the
Plio-Pleistocene of the Sorbas Basin, SE Spain. Journal
of the Geological Society 157: 957–966.
Meek N (1989) Geomorphic and hydrologic implications
of the rapid incision of Afton Canyon, Mojave Desert,
California. Geology 17: 7–10.
Meek N (2004) Mojave River history from an upstream
perspective. In: Reynolds RE (ed.) Breaking Up: The
2004 desert symposion field trip. Fullerton: Desert Studies Consortium and California State University, 41–49.
Merritts DJ, Vincent KR and Wohl EE (1994) Long river
profiles, tectonism, and eustasy: A guide to interpreting
fluxial terraces. Journal of Geophysical Research-Solid
Earth 99: 14,031–14,050.

Downloaded from ppg.sagepub.com by guest on August 9, 2015

438

Progress in Physical Geography 39(4)

Miller H (1883) Methods and results of river terracing.
Royal Physical Society, Edinburgh 7: 19–35.
Molnar P, Brown ET, Burchfiel BC, et al. (1994) Quaternary climate change and the formation of river
terraces across growing anticlines on the north flank
of the Tien-Shan, China. Journal of Geology 102:
583–602.
Montgomery DR (2004) Observations on the role of
lithology in strath terrace formation and bedrock
channel width. American Journal of Science 304:
454–476.
Moore MJ, Kraetz G and Dorn RI (2012) Phoenix debris
flow hazard assessment: House location matters.
Physical Geography 33: 491–513.
Nemec W and Postma G (1993) Quaternary alluvial fans in
southwestern Crete: Sedimentation processes and geomorphic evolution. In: Marzo M and Puigdefabregas C
(eds) Alluvial Sedimentation: Special publication. Belgium: International Association of Sedimentologists,
235–276.
Pazzaglia FJ (2013) River terraces. In: Wohl E (ed.) Treatise
of Geomorphology. New York: Elsevier, 379–412.
Pazzaglia FJ, Gardner TW and Merritts DJ (1998) Bedrock fluvial incision and longitudinal profile development over geologic time scales determined by
fluvial terraces. In: Wohl EE (ed.) Rivers Over Rock.
Washington, DC: American Geophysical Union,
207–235.
Pederson FF (1981) Landforms of the Basin and Range
province defined for soil survey. Nevada Agricultural
Experiment Station Technical Bulletin 28: 1–52.
Peters G and Balen van RT (2007) Pleistoncene tectonics
inferred from fluvial terraces of the Northern Upper
Rhine Graben, Germany. Tectonophysics 430: 41–65.
Petts G and Foster I (1985) Rivers and Landscape. London:
Edward Arnold.
Pewe TL (1978) Terraces of the Lower Salt River Valley in
relation to the late Cenozoic history of the Phoenix
basin, Arizona. In: Burt DM and Pewe TL (eds)
Guidebook to the Geology of Central Arizona. Tucson:
Arizona Geological Survey.
Phillips FM (2003) Cosmogenic 36Cl ages of Quaternary
basalt flows in the Mojave Desert, California, USA.
Geomorphology 53: 199–208.
Playfair J (1802) Illustrations of the Huttonian Theory of
the Earth. Edinburgh: William Creech.
Quinn JH (1957) Paired river terraces and pleistocene
glaciation. Journal of Geology 65: 149–166.

Reheis MC, Miller DM and Redwine JL (2007) Quaternary
Stratigraphy, Drainage-Basin Development, and Geomorphology of the Lake Manix Basin, Mojave Desert.
Guidebook for Fall Field Trip, Friends of the Pleistocene, Pacific Cell 2008-1281: 1–31.
Reheis MC and Redwine JL (2008) Lake Manix shorelines
and Afton Canyon terraces: Implications for incision of
Afton Canyon. In: Reheis MC, Hershler R and Miller
DM (eds) Late Cenozoic Drainage History of the
Southwestern Great Basin and Lower Colorado River
Region: Geologic and biotic perspectives. Boulder:
Geological Society of America Special Paper, 227–259.
Reynolds SJ (1985) Geology of the South Mountains,
central Arizona. Arizona Bureau of Geology and
Mineral Technology Bulletin 195: 1–61.
Reynolds SJ and Bartlett RD (2002) Subsurface geology of
the easternmost Phoenix basin, Arizona: Implications
for groundwater flow. Arizona Geological Survey
Contributed Report CR-02-A: 1–75.
Ritter D, Kochel CR and Miller J (2002) Process Geomorphology. Long Grove: Waveland Press.
Ritter DF (1972) The significance of stream capture in the
evolution of a piedmont region, southern Montana.
Zeitschrift Fur Geomorphologie 16: 83–92.
Ritter JB, Miller JR, Enzel Y, et al. (1995) Reconciling the
roles of tectonism and climate in Quaternary alluvial
fan evolution. Geology 23: 245–248.
Rudberg S (1986) Present-day geomorphological processes on Prins Oscars Land, Svalbard: With appendix:
recent transgression in Svalbard?. Geografiska Annaler
68: 41–63.
Sanchez-Nunez JM, Marcias JL, Zamorano-Orzco JJ, et al.
(2012) Mass movement processes at the Motozintla
Basin, Chiapas, Southern Mexico. Geofisica Internacional 51: 169–186.
Schumm SA (1973) Geomorphic thresholds and complex
response of drainage systems. In: Morisawa M (ed.)
Fluvial Geomorphology. Binghamton, NY: State University of New York, Publications in Geomorphology,
299–310.
Schumm SA (1977) The Fluvial System. New York:
Wiley.
Schumm SA and Parker R (1973) Implications of complex
response of drainage systems for Quaternary alluvial
stratigraphy. Nature Physical Science 243: 99–100.
Suresh N, Bagati TN, Kumar R, et al. (2007) Evolution of
quaternary alluvial fans and terraces in the intramontane Pinjaur Dun, Sub-Himalaya, NW India:

Downloaded from ppg.sagepub.com by guest on August 9, 2015

Larson et al.

439

Interaction between tectonics and climate change.
Sedimentology 54: 809–833.
Tebbens LA, Veldkamp A, Van Kijke JJ, et al. (2000)
Modeling longitudinal-profile development in
response to Late Quaternary tectonics, climate and sealevel changes: The River Meuse. Global and Planetary
Change 27: 165–186.
Throckmorton CK and Reheis MC (1993) Late Pleistocene
and Holocene environmental changes in Fish Lake
Valley, Nevada-California: Geomorphic response of
alluvial fans to climate change. US Geological Survey
Open File Report 93–620: 1–82.
Uniyal A, Ravindran KV and Prasad C (2010) Tectonic
control on alluvial fans, piedmont streams and
Ganga River in western Ganga Plain (India) using
satellite remote sensing data. Current Science 99:
91–97.
Waitt RB (1979) Late Cenozoic deposits, landforms,
stratigraphy, and tectonism in Kittitas Valley,
Washington. In: Paper GSP (ed.). Washington DC:
United States Government Priniting Office, 18.
Wells SG and Enzel YW (1994) Fluvial geomorphology of
the Mojave River in the Afton Canyon area, eastern
California: Implications for the geomorphic evolution
of Afton Canyon. In: McGill SF and Ross TM (eds)
Geological Investigations of An Active Margin. Denver, CO: Cordilleran Section Guidebook of the Geological Society of America, 177–188.

Wells SG, McFadden LD and Dohrenwend JC (1987)
Influence of late Quaternary climatic changes on geomorphic and pedogenic processes on a desert piedmont,
eastern Mojave Desert, California. Quaternary
Research 27: 130–146.
Westaway R, Pringle M, Yurtmen S, et al. (2004) Pliocene
and Quaternary regional uplift in western Turkey: The
Gediz River terraces staircase and volcanism at Kula.
Tectonophysics 391: 121–169.
Westaway RP, Pringle M, Yurtmen S, et al. (2003) Pliocene and Quaternary surface uplift of western Turkey
revealed by long-term river terrace sequences. Current
Science 84: 1090–1101.
Wohl E (2008) The effect of bedrock jointing on the
formation of straths in the Cache la Poudre River
drainage, Colorado Front Range. Journal of Geophysical Research-Earth Surface 113: 2003–2012.
Wolfe BA and Beget JE (2002) Destruction of an aleut
village by a catastrophic flood release from Okmok
Caldera, Umnak Island, Alaska. Geological Society of
America Annual Meeting. Denver, CO: Geological
Society of America, 34: 58–62.
Young JA, Evans RA, Roundy BA, et al. (1986) Dynamic
landforms and plant communities in a pluvial lake
basin. The Great Basin Naturalist 46: 1–21.
Zuchiewicz W (2011) Pleistocene tectonic activity of
the Polish western Carpathians: Insights from fluvial terraces. Acta Geodynamica Et Geomaterialia 8: 197–224.

Downloaded from ppg.sagepub.com by guest on August 9, 2015

