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This paper integrates prior scholarship ondesert pavementswith a case study of pavements on stream terraces in
the Sonoran Desert to analyze the processes and site conditions that facilitate the survival of ancient desert pave-
ments. This synthesis identifies vital factors, key factors, and site-specific factors promoting pavement stability.
Hyperaridity is the vital factor in pavements surviving for 106 years or more, aided by minimal bioturbation
and clast-size reduction. Three key factors aid in pavements surviving for 104 to 105 years: accumulation of al-
lochthonous dust underneath pavement cobbles; a flat topography; and a lack of headward retreating swales
or gullies. A unified explanation for pavement longevity, however, did not emerge from a literature review, be-
cause a variety of site-specific factors can also promote pavement antiquity including: resistant bedrock beneath
the pavement; disk-shaped cobbles to promote dust accumulation; and microclimatological and ecological rea-
sons for minimal bioturbation. Both key and site-specific explanations for pavement longevity apply well to a
case study of pavements on stream terraces in the Sonoran Desert, central Arizona. The buildup of cosmogenic
10Be and in situ 14C, optically stimulated luminescence and varnishmicrolamination ages reveal stable pavements
range in age between ~30 and 332 ka with conditions for longevity including: flat surface topography; pave-
ments underlain by consolidated granitic bedrock; a lack of headward-retreating gullies and swales; 87Sr/86Sr
analyses indicating the infiltration of allochthonous dust floating disk-shaped pavement cobbles; and a quartzite
lithology resistant to disintegration. However, 10Be ages also indicate evidence for the instability of desert pave-
ments on stream terraces underlain by unconsolidated playa clays and unconsolidated fanglomerate; these
weaker materials allowed the growth of headward-retreating swales, that in turn promoted exposure of
newer gravels by surface erosion.
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1. Introduction

Desert pavement consists of a gravel surface one or two stones thick
(Mabbutt, 1965; Cooke, 1970; Mabbutt, 1979) that occurs in both cold
(Bockheim, 2010) and warm (Dixon, 2009) deserts. This paper focuses
on warm desert pavements that go by a variety of names (Cooke and
Warren, 1973; Mabbutt, 1977): desert pavement in North and South
America, as well as India (Moharana and Raja, 2016); reg for smaller
gravels in the western Sahara and Middle East; hamada for residual
rocks or boulders forming the surface of a rocky tableland in thewestern
Sahara and Middle East; serir in the central Sahara where stones are
larger than regs; gibber (or stony desert) in Australia; saï in the Tarim
Desert; and the Mongol term gobi for pebbly-rocky plains in central
Asia. Stony mantles (Laity, 2011) and stone pavements (Dietze and
Kleber, 2012) are sometimes used as synonyms, while some archaeolo-
gists use stonemulches in place of desert pavements (Aerts et al., 2010).
For the sake of consistency, we employ the terms desert pavement or
just pavement throughout. Fig. 1 presents examples from various
warm deserts.

While much has been written about desert pavements in the past
few decades (Dixon, 2009; Laity, 2011), this review focuses on fac-
tors promoting desert pavement longevity. We start by presenting
a literature review. However, a literature review alone does not
fully communicate our thesis that pavement stability can be the re-
sult of a complexmix of general factors (e.g. hyper-aridity, allochtho-
nous dust floating a pavement, flat topography) and site-specific
factors. Thus, we also contextualize prior scholarship by presenting
a case study of new research on the oldest known (yet) desert pave-
ment in the Sonoran Desert, North America, to further elucidate rea-
sons for the longevity of desert pavements.
2. Literature overview of warm desert pavements

2.1. Why ancient pavements are important

Desert pavements develop on a wide array of landforms (Table 1).
Measuring pavement age provides insight into the antiquity of the
underlying landform. Pavement age is also a concern to academic schol-
arship in a variety of earth-science fields beyond geomorphology in-
cluding: geoarchaeology, geochemistry, hydrology, paleoseismology,
physical geography, Quaternary Research, soil science, and surficial ge-
ology. Desert pavement stability can also play a role in applied earth-
science research, because the placement of the hazardous waste of our
modern society often requires a stable setting (Stirling et al., 2010;
Wright et al., 2014; Potter, 2016).

The existence of an ancient stable pavement provides a platform
for the preservation of a diverse array of materials such as ancient ar-
tifacts (Adelsberger and Smith, 2009; Latorre et al., 2013; Honegger
and Williams, 2015) and meteorite fragments (Kring et al., 2001).
Post-depositional changes to artifacts in desert pavements can be
useful in assigning relative, correlated, and calibrated ages (Hunt,
1960; Hayden, 1976; Frink and Dorn, 2001; Cerveny et al., 2006;
Zerboni, 2008; Adelsberger et al., 2013; Baied and Somonte, 2013;
Ugalde et al., 2015). Geoglyphs are constructed into desert pave-
ment, such as the Nasca lines in Peru (Wagner and Kadereit, 2010),
alignments in North America (Cerveny et al., 2006), and the geomet-
ric lines in the Arabian Desert (Athanassas et al., 2015).

Desert pavements are generally considered an indicator of aridity
(Pietsch and Kuhn, 2012; Fitzsimmons et al., 2013). Pavement antiquity
can provide important evidence for the timing of major climatic
transitions, to when a desert region became arid enough to preserve
a desert pavement. For example, desert pavement did not develop in
southern Arabia until regional desiccation initiated in the early Holo-
cene (Pietsch and Kuhn, 2012). Desert pavements also record the
onset of hyperaridity on timescales of 106 years, for the Atacama De-
sert (Dunai et al., 2005; Nishiizumi et al., 2005; Evenstar et al., 2009;
Wang et al., 2015), the gibber plains in Australia (Fujioka et al.,
2005), the Gobi Desert (Lv et al., 2010), and the southern Levant
(Amit et al., 2011).

Some argue that buried pavements in warm deserts have potential
for use as a paleoenvironmental indicator of aridity or rates of dust accu-
mulation (Dorn andDickinson, 1989;Marchant andDenton, 1996; Field
et al., 2002; Dietze et al., 2011, 2012, 2013, 2016). An important distinc-
tion exists, however, between buried pavements in desert regions and
buried stone lines in the wet tropics that have sometimes been termed
buried desert pavements (Colinvaux et al., 2000). These buried stone
lines found in temperate and tropical humid areas are not buried desert
pavements, but they result of complex bioturbation processes (Johnson,
1989, 1990; Johnson and Balek, 1991).

Desert pavement antiquity plays a role in understanding desert soils
and desert biota (Peterson, 1981; Peterson et al., 1995; McFadden et al.,
1998; Young et al., 2004;Wood et al., 2005). For example, studies of the
fallout 137Cs in soil profiles indicates that clay particles that bind 137Cs
are transported through soil profiles by infiltration and not bioturbation
(Pelletier et al., 2005). The highest biodiversity tends to exist before
smoothpavements form, but biodiversity declines as pavements change
soilwater-holding capacity and infiltration capacity (Shafer et al., 2004).



Fig. 1.Desert pavements around the globe (a) reg in the southern Levant Desert, Israelwith 15-year old tank tracks for scale; (b) in the Sierra PinacateMexico, with an early Holocene trail
(Hayden, 1976) for scale adjacent to the dashed line; (c) healing of a desert pavement 24 years after scraping, Mesa, Arizona (Péwé, 1978); (d) hamadas on Messak Settafet
(earthobservatory.nasa.gov/IOTD/view.php?id=86118), Libya with road for scale; (e) deflation pavement of the Rio Grande, Peru (S 14.79102; W 75.3905), with image foreground
10 m wide; (f) gibbers near Coober Pedy, Australia with image foreground 5 m wide.
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Hence, old pavements impact ecological patterns in the Sonoran
(McAuliffe, 1994) and the Mojave (Pietrasiak et al., 2014) deserts of
North America.

2.2. Factors promoting the formation of desert pavements

Since pavement longevity involves factors related to pavement gen-
esis, this section reviews current scholarship on birthing processes. De-
sert pavements require certain geomorphic and vegetative settings
before they can develop. Potential pavements require a surface not sub-
ject to gullying from overland flow (Peel, 1960; Cooke, 1970; Huang et
al., 2014), have low slope angles (Ugolini et al., 2008), and have dry
enough conditions to inhibit bioturbation (Pietrasiak et al., 2014).

A clear distinction exists between deflation and non-deflation
pavements, and this paper focuses pavements that do not form as a
result of wind concentrating cobbles at the surface by transporting
sand and dust. Still, it is important to review some of the recent de-
flation pavement literature, in part because persistent examples
exist of deflation producing pavements that are (a) not coated in
rock varnish, (b) do not have vesicular Av soil horizons underneath
surface clasts, (c) have more widely spaced clasts separated by a
sandy surface, (d) often occur near aeolian sands, and (e) where
the clasts are clearly wind abraded (Symmons and Hemming,
1968; Cooke and Warren, 1973; Grolier et al., 1974; Goudie and
Wilkinson, 1977; Williams and Greeley, 1984; Breed et al., 1989;
Thomas et al., 2005; Wang et al., 2006; Al-Farraj, 2008; Dortch and
Schoenbohm, 2011; Hussain and Aghwan, 2014; Zhang et al., 2014).

Deflation pavements stabilize sand in the Libyan Sahara
(Bubenzer et al., 2007), in the Gobi Desert, China (Brookes, 2001;
Jianjun et al., 2001; Wang et al., 2006; Zhang et al., 2014), and in
Iran (Kianian, 2014). Deflation pavements can result from accelerat-
ed erosion of an A-horizon in semi-arid Patagonia, Argentina
(Rostagno and Degorgueb, 2011), and studies from Fuego-Patagonia
suggest that deflation can alter the characteristics of desert pave-
ments (Borrazzo, in press). Cosmogenic 10Be accumulations in sur-
face cobbles and depth profiles in the Andean Precordillera are
consistent with pavement formation by deflation sometime in the
past (Siame et al., 1997; Schmidt et al., 2011).

A complication exists in trying to distinguish deflation pavements
from non-deflation pavements where climatic change reduces aeolian
abrasion. A reduction in aeolian activity permits the formation of rock
varnish on ventifacts (Dorn, 1986), and can also promote the accumula-
tion of dust underneath surface cobbles. For example, periodic aeolian
deflation helps winnow fines away from desert pavements in the hy-
perarid Precordillera of Argentina (Hedrick et al., 2013), even though
this deflationmust be inactive at present because of the strong presence
of rock varnish that would be abraded if deflation was active (Dorn and
Oberlander, 1982). In Dakhla Oasis Region in Egypt the pavement was

http://nasa.gov/IOTD/view.php?id=86118


Table 1
Studies where desert pavements provide age control for the underlying landform.

Host landform Setting References

Alluvial fan or plain Arid Andes Mountains Siame et al. (1997)
Atacama Desert, Chile Nishiizumi et al. (2005), Gonzalez et al. (2006), Cortes et al. (2012) Placzek et al. (2014), Wang et al. (2015)
Central Asia Hetzel et al. (2004), Lv et al. (2010)
Dead Sea LeBeon et al. (2010)
Great Basin, USA Reheis et al. (1992), Nishiizumi et al. (1993), Peterson et al. (1995), Duhnforth et al. (2007),

Frankel et al. (2007a, 2007b); Sohn et al. (2007), Machette et al. (2008), Owen et al. (2011),
Dickerson et al. (2013), Ivy-Ochs et al. (2013), Liu and Broecker (2013), Dickerson and Cocks (2015)

Iranian Desert Regard et al. (2006)
Mojave Desert, USA Ku et al. (1979), McDonald et al. (2003), Oskin et al. (2007), Cyr et al. (2010)
Sonoran Desert, North America Huckleberry (1993, 1994), Van Der Woerd et al. (2006), Spelz et al. (2008), Blisniuk et al. (2010),

Blisniuk et al. (2012), Fenton and Pelletier (2013), Gray et al. (2014), Wright et al. (2014)
Basalt flow Canary Islands Dunai and Wijbrans (2000)

Colorado Plateau, USA Fenton and Niedermann (2014)
Great Basin, USA Zreda et al. (1993), Peterson et al. (1995), Shepard et al. (1995), Heizler et al. (1999),

Valentine and Harrington (2006), Valentine et al. (2006)
Jordan Fuchs et al. (in press)
Mojave Desert, USA Turrin et al. (1985), Wells et al. (1985), McFadden et al. (1987), McFadden et al. (1998),

Dietze et al. (2016)
Lake beach ridge or shoreline Arid Australia Al-Farraj (2008), May et al. (2015)

Great Basin, USA Nishiizumi et al. (1993), Duhnforth et al. (2007), Frankel et al. (2007a, 2007b); Machette et al. (2008),
Owen et al. (2011), Ivy-Ochs et al. (2013)

Mojave Desert, USA Meek (1989, 1990, 2004), Reheis and Edwine (2008)
Dead Sea Liu et al. (2013)

Bedrock plateau Arid Australia Fujioka et al. (2005)
Great Basin, USA Goethals et al. (2007)
Negev Desert Israel Boroda et al. (2014)
Sahara Desert Adelsberger and Smith (2009)

Debris flows Colorado Plateau Marchetti and Cerling (2005)
Great Basin, USA Mihir et al. (2015)

Glacial deposits Andes Mountains Ward et al. (2015)
Antarctica Marchant et al. (1993), Marchant and Denton (1996), Marchant et al. (1996), Bockheim (2010)
Xinjiang Province, China Owen et al. (2012)

Marine terrace Atacama Desert Rodriguez et al. (2013b)
Pediment Atacama Desert Hall et al. (2008), Evenstar et al. (2009), Rodriguez et al. (2013b)

Australia Fisher et al. (2014)
Stream terrace - fill Arabian Desert Al-Farraj and Harvey (2000)

Atacama Desert, Chile Amundson et al. (2012), Jungers et al. (2013)
Colorado Plateau, USA Fenton et al. (2002), Fenton et al. (2004), Anders et al. (2005), Marchetti and Cerling (2005),

Hidy et al. (2010)
Negev Desert Guralnik et al. (2011)

Steram terrace - strath Andean Precordillera Argentina Schmidt et al. (2011), Hedrick et al. (2013), Siame et al. (2015)
Mojave Desert, USA Meek (2004), Cyr et al. (2015)
Rocky Mountains, USA Anderson et al. (1996)
Sonoran Desert Armstrong et al. (2010), Larson et al. (2010)
Tian Shan, China Huang et al. (2014)
Tibet Perrineau et al. (2011), Shirahama et al. (2015)

Talus flatiron Negev Desert, Israel Boroda et al. (2011), Boroda et al. (2013)
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originally generated through deflation, but subsequently developed a
strong rock varnish coating and the Av horizon accumulated beneath
the chert cobbles (Brookes, 1993).

Desert pavements formed by processes other than deflation appear
to be polygenetic landforms, perhaps exhibiting equifinality, where dif-
ferent processes can act over time to generate a similar form. Table 2
compiles the variety of different factors and processes thought to pro-
mote the formation of non-deflation desert pavements. All of the factors
presented in Table 2 are consistent with pavement cobbles that are
coated with rock varnish (Dorn, 1986). Similarly, if aeolian activity
was sufficient to winnow fines, the vesicular Av soil horizon of accumu-
lated dust would not exist underneath pavement clasts. Within the last
few decades, considerable research has focused on this dust accumula-
tion (e.g. Table 3).

2.3. Constraining ages of desert pavements using different approaches

The growth of chronometric techniques in the past few decades has
been vital to developing a better understanding of desert pavement lon-
gevity. Each employed techniqueprovides a different chronometric per-
spective. For example, K-Ar or 40Ar/39Ar ages for a lava flow provide a
maximum-limiting age for the pavement formed on top of the flow.
Conversely, varnish microlamination (VML) dating provides insight
into when the very surface of a pavement clast last experienced erosion
and hence provides a minimum-limiting age for the pavement. Cosmo-
genic nuclides generate very different information – often a complex
picture of the surface exposure history of pavement clasts. Table 4 pre-
sents a compilation of the array of different techniques that have been
used to assign ages to desert pavements.

2.4. How long does it take to form a desert pavement?

Advances in dating techniques (Table 4) has resulted in new insight
into how long it takes to go from a rough surface, such as the bar-and-
swale deposits of a desert flood or a debris flow, to a smooth pavement
surface. The length of time required to smooth a surface depends on a
number of factors including: rock type and how the rock is jointed;
the original size of the material; rates of aeolian deposition of fines; cli-
mate and paleoclimatic changes; percent clays; relief of the deposit;
slope; availability of decay agents such as salts; biotic activity; and seis-
mic shaking (Cooke and Warren, 1973; Mabbutt, 1979; Dixon, 1994;
Haff, 2005; Dixon, 2009).

Given the large number of variables influencing the time it takes to
develop a desert pavement, the considerable time range noted Table 5



Table 2
Factors promoting desert pavement formation in settings that do not experience aeolian deflation.

Factor promoting pavement formation Summary and references

Low slope (flat surface) A surface with very low relief and with a minimal gradient promotes pavement development (Ugolini et al., 2008).
no gullying A complete lack of gullying or swales enhances pavement formation (Peel, 1960; Cooke, 1970; Huang et al., 2014).
Minimal bioturbation Minimal bioturbation enhances pavement formation (Musick, 1975; Wood et al., 2005; Matmon et al., 2009;

Pietrasiak et al., 2014).
Clast size reduction by mechanical fracturing Broad recognition exists that breakdown of pavement clasts helps smooth an originally rough surface morphology

created by debris flows or bar-and-swale flood deposits (Peterson, 1981; Amit et al., 1993; Al-Farraj, 2008; Matmon
et al., 2009; Bockheim, 2010; deHaas et al., 2014)

Creep reducing surface relief Creep is a classic process in the pavement literature smoothing surfaces, supported by recent research (Denny, 1965,
1967; Haff, 2005; Dietze and Kleber, 2012; Dietze et al., 2013).

Overland flow The removal of fines by overland flow is supported as an important pavement-forming process by a diverse array of
data including 10Be accumulation, by direct observations, laboratory modeling, and field studies of clast alignment
(Sharon, 1962; Abrahams et al., 1990; Abrahams and Parsons, 1991, 1994; Williams and Zimbelman, 1994;
Wainwright et al., 1995, 1999; Dixon, 2009; Dietze et al., 2013; Rodriguez et al., 2013b).

Upward stone movement Initial research in Australia (Jessup, 1951, 1960; Mabbutt, 1965; Fisher et al., 2014) and the Great Basin, USA
(Springer, 1958) focused on wetting and drying generating upward stone movement; further support for this process
comes from geoarchaeology observations in Ethiopia, (Aerts et al., 2010), upfreezing by periglacial processes (Fuchs
et al., in press), and beetle foraging (Haff, 2014).

Dust accumulation (flotation) under clasts Dust flotation emerged as a pavement-forming process in Australia (Mabbutt, 1977; Mabbutt, 1979), followed by
scholarship in the USA (McFadden et al., 1986; McFadden et al., 1987), in the Negev Desert (Gerson and Amit, 1987),
in Patagonia of Argentina (Sauer et al., 2007), and in the Libyan Desert (Adelsberger and Smith, 2009; Adelsberger et
al., 2013; Cremaschi et al., 2014)
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should not be surprising. Still, an appropriate generalization would be
that “well developed” pavements typically initiated during the last gla-
cial cycle or before in warm desert settings.

A complication in reading the global pavement literature on the time
required to generate a pavement is the subjective use of terms like
“smooth”, “well packed”, “well developed” or “mature” pavement.
These and similar descriptive terms are rarely quantified or qualified.
Although replicable metrics of pavement development exist (Amit and
Gerson, 1986; Al-Farraj and Harvey, 2000), such information is rarely
presented along with chronometric results. This is not a critique of
those using descriptive terminology, but rather a simple recognition
that some of the time variability in Table 5 could be due to the lack of
a unified definition of what is a “well developed” pavement.

Yet another issue in trying to reconcile different times required to
generate a pavement includes factors that disturb a pavement – either
while it is developing or after it has formed – particularly by biotic agen-
cies (Musick, 1975; Huckleberry, 1993, 1994; Quade, 2001;Wood et al.,
2005; Matmon et al., 2009; Pietrasiak et al., 2014) followed by subse-
quent regeneration. One strategy to deal with these interruptions in-
volves numerical modeling to illustrate a dynamic steady state
(Pelletier et al., 2007). A second reconciliation approach is the hypothe-
sis that bioturbation creates a permanent end to pavements. In this
view, there are stable desert pavements (“abiotic landform evolution”)
Table 3
Research themes on the vesicular Av dust deposit underneath non-deflation pavements.

Research topic Finding

Ecological influences Av horizons are linked to arid ecoregion distribu
disturbed by root activity.

Field experiments Flat and elongated cobbles trap dust most efficie
Ground penetrating radar For older pavements, GPR provides a reconnaiss

means of mapping clay content.
Hydraulic properties Av horizons influence soil hydraulics.
Infiltration capacity studies Av horizons and pavements decrease infiltration

capacities.
Nitrate studies Nitrate pools in soils exist under desert paveme
Optically stimulated
luminescence studies

Ongoing dust deposition results in pavement flo
millennial timescale.

Small scale mapping Dust trapping depends on pavement fabric and
Vesicle formation Av horizons develop from wetting and drying cy

subsurface sealing, and they can be stabilized by
calcium carbonate, and iron films on mineral gra

X-ray tomography of vesicles Pore size and pore number are inversely related
horizon peds.
and then the disturbed pavement that moves towards a “biological
landform evolution” pathway; these pathways results in two different
landform systems on alluvial fans in locations like the Mojave Desert
where both of them are stable: a desert pavement zone and a shrub
zone (Pietrasiak et al., 2014). This “fork in the road” hypothesis is con-
sistent with mapping of vegetation and soil-geomorphic surface mo-
saics in the Mojave and Sonoran deserts, where abiotic pavements
maintain very different leaching depths and soluble salt concentrations
than biologically active areas (Musick, 1975; Wood et al., 2005). A third
reconciliation strategy – used in our case study of stream terraces pre-
sented later in this paper – is to employ both long-lived cosmogenic nu-
clides like 10Be and short-lived isotopes like 14C. For example,
bioturbation episodes in the last 20,000 years can be recorded by the
decay of in situ 14C when cobbles move beneath the surface.

2.5. Evidence for ancient pavements

Table 6 presents the first compilation of a burgeoning array of dating
results indicating that desert pavements exist as stable landforms for
very long periods of time. Our approach in decidingwhat research to in-
clude in Table 6 is not to be exclusionary.We do not feel it is appropriate
to play the role of an international committee to judgewhich site is truly
the “oldest desert pavement” on Earth.
References
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Table 4
Techniques used to measure the age of desert pavements.

Dating Method Information Obtained Limitations References

14C dating of pedogenic
carbonate rinds

Minimum age for the overlying pavement Pedogenic carbonate is mostly an open
system with newer mass moving into older
deposits (Stadelman, 1994).

Reheis et al. (1992), McDonald et al. (2003),
Larson et al. (2010).

Cosmogenic exposure ages
using radionuclides in
single cobbles

Exposure history of cobbles at the surface Requires correction for prior inheritance
using subsurface samples

Shepard et al. (1995), Siame et al. (1997),
Ewing et al. (2006), Owen et al. (2011), Gray
et al. (2014), Huang et al. (2014)

Cosmogenic depth profiles Analysis of nuclides in clasts at varying
depths beneath a desert pavement yields an
age estimate for the pavement

Requires correction for surface erosion and
correction for inheritance, or the
accumulation of cosmogenic nuclides in a
prior geomorphic setting

Van Der Woerd et al. (2006), Machette et al.
(2008), Blisniuk et al. (2010), Jungers et al.
(2013), Gray et al. (2014)

Cosmogenic exposure ages
using radionuclides in
amalgamated samples

Time of cobbles exposure at the surface Assumes that each of the cobbles being
combined have a similar exposure history,
that can be corrected for prior exposure by
using amalgamated samples collected from
depth

Anders et al. (2005), Marchetti and Cerling
(2005), Matmon et al. (2009), Guralnik et al.
(2010), Fisher et al. (2014).

Cosmogenic exposure
using a stable nuclide
(3He or 21Ne)

The cumulative buildup of stable nuclides
means that each measurement is a
maximum age for emplacement of the clast
in the pavement.

Correction for prior exposure history of a
clast at depth assumes a similar exposure
history to pavement clasts

Dunai et al. (2005), Marchetti and Cerling
(2005), Oskin et al. (2007), Evenstar et al.
(2009), Fenton and Pelletier (2013)

K-Ar or 40Ar/39Ar on lava
flow

Maximum age for pavement formation Time between flow solidification and
pavement genesis can vary

Wells et al. (1985), Valentine and
Harrington (2006), Valentine et al. (2006),
Fenton and Niedermann (2014)

Optically stimulated
luminescence (OSL)

maximum age for the overlying pavement Along with thermal luminescence (TL) and
infrared stimulated luminescence (IRSL),
OSL requires great care in sampling and
sample processing.

Sohn et al. (2007), Matmon et al. (2009),
Armstrong et al. (2010), Guralnik et al.
(2011), Huang et al. (2014), Fuchs et al. (in
press), May et al. (2015), Dietze et al. (2016)

Rock luminescence dating Provides an exposure for rocks on the
surface in a desert pavement

Results can be complicated by multiple
exposure and burial events for a rock surface

Sohbati et al. (2015)

Roughness variations with
radar data

Provides a calibrated age Requires numerical ages to calibrate surfaces
and requires regional calibrations

Hetz et al. (2016)

Th230-U234 dating of
pedogenic carbonate
rinds

Mininum age for the overlying pavement Open-system nature of the pedogenic
carbonate system provides challenges

Ku et al. (1979), Reheis et al. (1992),
Peterson et al. (1995), Blisniuk et al. (2012),
Wright et al. (2014)

Varnish microlamination
(VML)

Provides both minimum age and
paleoclimatic history experienced by the
pavement

Method relies on regional calibrations using
numerical ages and requires care in
sampling

Liu and Broecker (2007, 2008a, 2008b), Liu
et al. (2013), Liu and Broecker (2013)
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Instead, our goal has been to include all examples we could find
in prior scholarship of ages for desert pavements. For example, a
case could be made that Dunai et al. (2005) do not date a desert
pavement, but rather cobbles on a sediment surface and that
21Ne ages of 9 to 37 Ma simply reflect cumulative time at or near
the surface. Still, we felt it appropriate to include these data in
Table 6, because images E and F in the associated GSA Data Repos-
itory item 2005053 would certainly qualify as a desert pavement if
seen as a blind image by most researchers. Similarly, Appendix
DR1 in the Data Repository 2009007 of Evenstar et al. (2009)
shows a photograph of a surface that is explicitly described as a
desert pavement “covered by clasts ranging in size from pebbles
to boulders (~1 m)”. Thus, while Evenstar et al. (2009) focused
on 3He ages as an indication of Cenozoic climatic change, the
paper was included in Table 6 because the sampling context was
clearly a desert pavement. Ewing et al. (2006) present 10Be and
26Al exposure times for surficial boulders of 2.12 ± 0.05 Ma with
erosion rates of 0.160 ± 0.014 m/Ma, and we decided to include
this paper, because Fig. 10 in Ewing et al. (2006) present a graphic
of a desert pavement on top of the Yungay soil profile. Wang et al.
(2015: 234) similarly present a graphic of a desert pavement in
their model as well as images of a desert pavement at their site
location.

Placzek et al. (2014: 1491), in contrast, have a narrower view of
what is and what is not a desert pavement when they write “[site 4
in the Atacama Desert] is one of the few desert pavements observed
in the Atacama …” A logical next step would be for Placzek et al.
(2014) to undertake a critical analysis of the ancient pavement lit-
erature laid out in Table 6 and explain in detail their views over
which sites are not real desert pavements and why they should
be excluded from a compilation of ancient pavement ages.
However, given the basic definition that a desert pavement is a grav-
el surface one or two stones thick (Mabbutt, 1965; Cooke, 1970;
Mabbutt, 1979), we consider it important to be inclusive in the compi-
lation presented in Table 6. Basically, we take the position that if the au-
thors identify a desert pavement or if we are able to see a photograph or
a graphic indicative of a reasonably classic desert pavement, it is includ-
ed in Table 6.

Table 6 similarly does not present a critical analysis evaluating the
validity of the various chronometric claims, because the research cited
often goes into detail on uncertainties associated with sampling and
analysis. Rather, the purpose of this compilation of pavement antiquity
rests in revealing the wide variety of methods used to place minimum
and maximum ages on pavements. The results of these different
methods present a clear and compelling case for the antiquity of desert
pavements in a wide variety of global contexts.

3. Case study of the oldest known desert pavement in the Sonoran
Desert, North America

3.1. Introduction to the case study

An impressive variety of techniques and results reveal that desert
pavement surfaces can survive Earth's dynamic surficial processes for
lengthy periods of time ranging from 103 to over 106 years (Table 6).
Pavement scholarship typically presents only brief explanations for
this stability. For example, in a title arguing that “[d]esert pavement-
coated surfaces in extreme deserts present the longest-lived landforms
on Earth”, Matmon et al. (2009: 688) attributed this extreme geomor-
phic stability to the “combination of long-term hyperaridity, absence
of vegetation and bioturbation, and the rapid reduction of original
chert and carbonate clasts into a full-mosaic of pebble-size desert



Table 5
Time required to develop a desert pavement in thousands of years (ka).

Ages (ka) Context of sample collection Location Dating Method References

1.4–6.2 samples collected under desert pavements on beach
ridges

Patagonia, Argentina 14C dating shells Sauer et al. (2007)

5–6 samples collected under an incipient pavement Mojave Desert, USA IRSL and 14C pedogenic carbonate McDonald et al. (2003), Cyr
et al. (2010)

8.3 Samples collected under pavement developed on
alluvial fan after regional desiccation

Southern Arabia 14C dating organics Pietsch and Kuhn (2012)

6.0 ± 1.0 Samples from rough pavement Precordillerra, Argentina 10Be surface exposure dating Hedrick et al. (2013)
6–40 Samples from pavement with bar and swale

topography are ~6 ka; samples from smooth
pavements range in age from ~35–40 ka in

Anza Borrego, USA 10Be in pavement cobbles and U-series
on pedogenic carbonate

Blisniuk et al. (2012)

7 Samples collected from fill terrace alluvium
underneath “weak pavement”

Grand Canyon, USA OSL Anders et al. (2005)

11.1 ± 4.3 Samples from pavement with subtle swale
topography

Dead Sea, Near East 10Be surface exposure dating LeBeon et al. (2010)

11–25 Samples collected under poor to moderate pavement
11–17 ka and under well-developed pavements 25
ka

Death Valley, USA OSL on alluvium under pavement Sohn et al. (2007)

12–18 Samples from incipient pavements 12–18 ka, and
samples from well developed pavements 24–128 ka

Death Valley, USA Varnish microlaminations Liu and Broecker (2008a,
2008b)

12 “Poorly packed” pavement occurs on alluvial fan
surfaces b12 ka, while “moderately to well packed”
pavements occur on surfaces with 12–30 ka ages

Death Valley, USA 36Cl depth profiles Machette et al. (2008)

13–25 Samples from pavement with relict bar-and-swale
topography yield 13–15 ka ages, while mature
smooth pavements yield ages older than 25 ka

southern Nevada, USA Varnish microlaminations Dickerson et al. (2013)

14 Samples from pavement with some bar and swale
topography

Atacama Desert, northern
Chile

10Be surface exposure dating Cortes et al. (2012)

15 Samples collected under a smooth pavement surface southern Nevada, USA 14C pedogenic carbonate Reheis et al. (1992).
15.5 ± 2.2 Samples from a pavement that still retains some

bar-and-swale topography
Baja California, Mexico 10Be surface exposure dating Spelz et al. (2008)

17–35.5 Samples from a weakly developed Desert pavement Coachella Valley, USA 10Be surface exposure dating Gray et al. (2014)
35.5 ± 2.5 Samples from a well-developed pavement with only

subtle expressions of bar-and-swale topography
Coachella Valley, USA 10Be surface exposure dating Van Der Woerd et al. (2006)

56.4 ± 7.7 Samples from patchy and weakly-developed
pavements with patches of interlocked pavement

Mojave Desert, USA 10Be surface exposure dating Oskin et al. (2007)

58–67 Well developed and “flat-surfaced” pavement formed
sometime after an OSL age of ~58 ka; while the 10Be
exposure age is 66.6 ± 6.8 ka after correcting for
inheritance

Tian Shan, China 10Be surface exposure dating and OSL
on alluvium under pavement

Huang et al. (2014)

70 Desert pavement goes through a transition from
prominent bar-and-swale topography, immature
pavement, moderate pavement, and then mature
pavement, and this entire transition requires ~70 ka

Death Valley, USA 10Be exposure dating and 36Cl depth
profiles

Frankel and Dolan (2007)

100 ± 22 Samples from a “poorly developed” desert pavement Precordillera, Argentina 10Be surface exposure dating Siame et al. (1997)
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pavement.” While Matmon et al. (2009) make a compelling case for
their hyperarid Middle Eastern setting, our point is that research into
explanations for pavement stability must include more than hyperarid
conditions and should encompass ancient desert pavements around
the globe whose antiquity cannot be explained by these factors alone.

This case study focuses on the Sonoran Desert, North America, in
part because it is not hyperarid and can experience bioturbation. Annual
precipitation averages 208 mm and is evenly divided between winter
andmonsoonmaxima. Winter rainfall comes from Pacific low-pressure
systems. Summer rainfall derives from summer thunderstorms during
the July–September monsoon season where air masses come from the
Gulfs of Mexico and California. Aeolian activity consists of dust storms
associated with downburst winds. Very little evidence of aeolian abra-
sion exists in the Sonoran Desert outside dune fields such as the Cactus
Plains wilderness or the Gran Desierto de Altar. The general aridity of
the Sonoran Desert and the abundant dust deposition both contribute
to the stability of desert pavements in this desert.

This case study focuses on the discovery of the oldest known desert
pavement in the Sonoran Desert at ~332± 4 ka; we evaluate this pave-
ment survived for 105 years, whereas pavements on older nearby land-
forms did not. Then, after this case study, we conclude this paper by
reanalyzing factors that contribute to pavement longevity, and con-
versely, factors that contribute to the desert pavement instability.
3.2. Study site: Desert pavements on Salt and Verde Terraces, central
Arizona, USA

Strath and fill terraces of the Salt and Verde Rivers (Pope, 1974;
Péwé, 1978; Skotnicki et al., 2003; Cook et al., 2010; Larson et al.,
2010) offer a setting to understand the longevity of desert pavements.
Located in the north-central Sonoran Desert (Fig. 2), near Phoenix, Ari-
zona, USA flights of terraces offer a range of landforms in a classic rela-
tive age sequence (Figs. 3, 4a, b). A relative sequence of oldest terrace
(highest) to youngest terrace (lowest) offers an independent check on
numerical ages for desert pavements formed on terrace treads.

Prior research on the ages of these terraces provided only minimal
chronometric information: (1) aminimumage for theBlue Point terrace
of the Salt River of 33,100 ± 380 calendar years, based on radiocarbon
dating of an innermost carbonate rind with a laminar texture around
gravel in the Bk horizon underneath the desert pavement (Larson et
al., 2010); and (2) a single unpublished preliminary 36Cl surface expo-
sure age of ~440 ka for amalgamated pavement cobbles collected
from the Salt River's Mesa terrace (Campbell, 1999) using unknown
production rates. Thus, to improve the quality and the quantity of age
control on pavements atop the stream terraces, we employed cosmo-
genic 10Be, 14C, and 26Al dating strategies to better understand the
ages of desert pavements on this terrace sequence.



Table 6
Reported ages of desert pavement around the globe, ordered from oldest to youngest.

Age Region Method References Notes Landform host

9–37 Ma Atacama, Northern Chile 21Ne Dunai et al. (2005) Measurements from quartz clasts
in desert pavements indurated by
carbonate and salts

Alluvium

1.2–22 Ma Atacama, Northern Chile 3He Evenstar et al. (2009) Measurements from larger basalt
clasts in pavement indurated with
gypsum

Pediplain

3.9–15.15 Ma Victoria Land, Antarctica 40Ar/39Ar and K/Ar Marchant et al. (1993), Marchant
and Denton (1996), Marchant et
al. (1996)

Dated ash overlies stone
pavement was determined.

Buried glacial
deposits

3.7 ka −15 Ma Transantarctic Mountain,
Antarctica

Dating of the underlying
landform in cited prior
research

Bockheim (2010) Ventifaction increases while clast
sizes decreases over time

Glacial deposits

9 Ma Atacama Desert, Chile 10Be, 26Al, 21Ne Nishiizumi et al. (2005) Sampled from quartzite cobble in
pavement composed of angular
clasts

Alluvial fan

6.6 Ma Atacama Desert, Central
Valley, Chile

Meteoric 10Be in soil profile
collected at 5 cm intervals

Wang et al. (2015) Ventifacted pavement cobbles
indurated with gypsum caps
analyzed soil profile

Alluvial fan

N3 Ma Atacama Desert, Chile 10Be Placzek et al. (2014) Corrected for inheritance and
analyzes the influence of minor
erosion.

Stable alluvial
surface

2–4 Ma South-Central Australia
“stony deserts”

21Ne, 10Be Fujioka et al. (2005) Cobbles composed of gibber
(silcrete cobbles)

Alluvial fan;
tablelands

2.12 Ma Atacama, Central Chile 10Be, 26Al Ewing et al. (2006) Desert pavement at Yungay site
with minimal evidence of
ventifaction sampled in pavement
indurated with salts

Alluvium

260 ka–1. 8 Ma Dead Sea region, Middle
East

10Be, OSL Matmon et al. (2009), Guralnik et
al. (2010)

Stone pavement on alluvium, with
amalgamation sampling

Alluvial terraces
and deposits

0.9–1.8 Ma Fowlers Gap, New South
Wales, Australia

10Be, 26Al Fisher et al. (2014) Stone pavement on alluvial
surface; amalgamation sampling

Pediment

~0.25–1.5 Ma Atacama Desert, Chile 10Be, 26Al Amundson et al. (2012), Jungers
et al. (2013)

Pavements developed on
landforms after abandonment

Alluvial fan and
fill terrace

0.3–1.12 Ma Negev Desert Israel 10Be assuming clasts
remained at the surface;
maximum age for pavement

Boroda et al. (2014) Amalgamation simple exposure
age considered minimum age for
pavement

Top of bedrock
mesa

1.1 Ma North-central Chile 10Be Rodriguez et al. (2013a) Slow removal of fines blends
longer-exposed cobbles with
more newly-exposed cobbles

Fluvial terrace

119 ka–1 Ma Atacama Desert, Chile and
Peru

10Be Hall et al. (2008) Sampled cobbles derive from
desert pavements

Pediments and
strath fluvial
terraces

77 ka–1 Ma Basin and Range, Crater
Flat, Southern Nevada, USA

40Ar/39Ar, 36Cl and K/Ar Zreda et al. (1993), Heizler et al.
(1999), Valentine and Harrington
(2006), Valentine et al. (2006)

Silt accumulation underneath
lapilli in a particular size range
produces stable pavements

Basalt flow

17 ≤ 730 ka Great Basin, Crater Flat,
Nevada, USA

Th230-U234 dating of
pedogenic carbonate under
pavement; and CR dating

Peterson et al. (1995) Stone pavements on different
geomorphic surfaces

Alluvial fan units
and basalt flows

41–670 ka Iglesia basin, central Andes,
Argentina

10Be Siame et al. (1997) Mixture of 10Be ages implies
mixing of cobbles with different
exposures through deflation and
periglacial processes

Alluvial fan

49–610 ka Negev Desert, Israel 10Be Boroda et al. (2011), Boroda et al.
(2013)

Pebble sized chert desert
pavement clasts

Talus flatiron

224–600 ka Great Basin, Lunar Crater,
Nevada, USA

36Cl Shepard et al. (1995) Boulders (10–15 cm) in stone
pavement formed on the lava flow
bedrock

Basalt flow

32–~580 ka Cima Volcanic Field,
Mojave Desert

3He, OSL, K-Ar of underlying
basalt flows

Turrin et al. (1985), Wells et al.
(1985), McFadden et al. (1987),
McFadden et al. (1998), Dietze et
al. (2016)

Pavements develop through
accumulation of aeolian dust
under clasts

Basalt flow

260–505 ka Bishop Tuff, California, USA 21Ne Goethals et al. (2007) Pavement samples show less age
variation than bedrock samples

Welded tuff

57–428 ka Tian Shan, China 10Be, OSL Huang et al. (2014) Minimal erosion occurs on
pavements younger than 428 ka

Strath fluvial
terraces

424 ± 151 ka Atacama Desert, northern
Chile

21Ne Gonzalez et al. (2006) Pavements on fans abandoned by
faulting

Alluvial fan

420 ± 16 ka Gobi-Altai Mountains
piedmont

10Be Lv et al. (2010) Age based on assumption of low
inheritance

Sloping alluvial
plain

281 ± 19 ka Lanzarote, Canary Islands 40Ar/39Ar; 3He Dunai and Wijbrans (2000) Lava flow blocks in the desert
pavement sampled for both
dating methods

Basalt flow

3–280 ka Mecca Hills, Colorado
Desert, USA

10Be surface exposure and
depth profiles

Gray et al. (2014) Stone pavement development
with occasional boulders sampled
for 10Be

Alluvial fan units
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Table 6 (continued)

Age Region Method References Notes Landform host

b12 ka, 50–100 ka,
130 ka, 150 ka, N
260 ka

Great Basin, Death Valley,
California, USA

10Be, 26Al, 36Cl: depth profile
and on surface clasts

(Nishiizumi et al. (1993),
Duhnforth et al. (2007), Frankel et
al. (2007a, 2007b), Machette et al.
(2008), Owen et al. (2011),
Ivy-Ochs et al. (2013)

Stone pavements on different
surfaces, where inheritance of
different sized clasts creates
ambiguities in ages

Alluvial fan units
and Lake Manly
shorelines

b63 ka to b350 ka Lower Colorado River, USA 3He Fenton and Pelletier (2013) Basalt boulders on desert
pavements

Alluvial fan

12–245 ka Death Valley, California Varnish microlaminations Liu and Broecker (2008b) VML records minimum age for
exposure of the sampled
pavement clast

Alluvial fan

204 ± 11 ka and
older (based on
stratigraphy)

Laguna Salada, Baja
California, Mexico

10Be Spelz et al. (2008) Incipient pavement on Q6 and
well-developed pavements found
on Q7 (204 ± 11 ka) and Q8

Alluvial fan

66–198 ka West Grand Canyon, USA 3He, Fenton et al. (2002), Fenton et al.
(2004)

Pavement on basaltic outburst
flood deposit

Stream terrace

141–184 South Sheba lava flow, San
Francisco volcanic field,
Colorado Plateau, Arizona,
USA

3He, 21Ne, Fenton and Niedermann (2014) Two pavements have similar ages
to pressure ridges

Pavement
formed on basalt
flow

24–181 Eastern Precordillera,
Argentina

10Be Hedrick et al. (2013) Well-developed pavements are
more stable for longer periods on
strath (up to ~181 ka) terraces
than fans (up to ~61 ka)

Strath stream
terrace and
alluvial fans

170 ka Negev Desert, Israel 10Be, OSL Guralnik et al. (2011) Pavement formed after terrace
abandonment with stability
enhanced by gypsum

Fill stream
terrace

97–159 ka Capitol Reef, Utah, USA 3He Marchetti and Cerling (2005) Dated by amalgamation,
pavements are 34–96 ka younger
than boulder exposure ages

Fill stream
terrace
composed of
debris-flow
deposits

137 ± 9 ka Northeast Tibet 10Be, 26Al Shirahama et al. (2015) Pavement consists of pebbles Strath terrace
31–132 ka Northwest Argentina 10Be Siame et al. (2015) Pavements have dark rock varnish Strath terraces
100–130 ka Lake Eyre, Australia Soil and pavement

stratigraphy
Al-Farraj (2008) Pavement with varying stone

cover
Beach gravel

15–130 ka Kyle Canyon, southern
Nevada, USA

14C, Th230-U234 Reheis et al. (1992) Secondary carbonate dated from
soil positions

Alluvial fan

7–109 ka Tributaries of the Grand
Canyon, USA

10Be, OSL Anders et al. (2005) OSL on terraces up to 50 ka;
amalgamation sampling of
pavement clasts for 10Be

Fill stream
terraces

106 ± 15 ka Gonghe basin, Tibet 10Be Perrineau et al. (2011) Larger pavement cobbles sampled Strath terrace
106 ka Chocolate Mountains,

Colorado Desert, USA
Th230-U234 dating of
pedogenic carbonate under
well-developed pavement

Wright et al. (2014) Pedogenic carbonate on “Q3”
surface provides minimum age

Alluvial fan

100 ka Libyan Plateau, Egypt Archaeological evidence:
Middle Paleolithic artifacts in
pavement

Adelsberger and Smith (2009) Pavement on regolith Bedrock plateau

70–96 ka Vidal Valley, Mojave
Desert, USA

Th230-U234 dating of
pedogenic carbonate under
well-developed pavement

Ku et al. (1979) Pedogenic carbonate on “Q2b”
surface provides minimum age

Alluvial fan

90 ka Qilian Shan, Northern Tibet 10Be, 26Al Hetzel et al. (2004) Clasts sampled from fluvial
terrace where pavement inferred
from descriptions

Alluvial fan

13–87 Great Basin, Stonewall Flat,
Nevada

Varnish microlaminations
and 10Be

Dickerson et al. (2013, Dickerson
and Cocks (2015)

Sampled away from evidence of
bioturbation

Alluvial fan

11–87 Dead Sea, Israel 10Be LeBeon et al. (2010) Pavement clasts sampled on
deposits offset by faulting

Alluvial fan

84 ka Lees Ferry, Colorado
Plateau, USA

OSL and 10Be Hidy et al. (2010) Pavement on Colorado River
gravels

Fill river terrace

44–84 ka Tashkurgan Valley,
Xinjiang Province, China

10Be Owen et al. (2012) Age range on Tashkurgan stage
boulders in a desert pavement

Moraine

51–82 ka Badia Jordan OSL Fuchs et al. (in press) OSL samples from aeolian silt and
sand underneath pavements

Basalt lava flow

71–72 ka Fremont River and Wind
River, Rocky Mountains,
USA

10Be, 26Al Anderson et al. (1996) Cobbles samples from pavement
on glacial outwash terrace,
corrected for inheritance

Strath river
terrace

40–60 ka Chajnantor Plateau, Chile 10Be, 36Cl Ward et al. (2015) Sampled clasts from desert
pavements

Moraines

56.4 ± 7.47 ka Mojave Desert, USA 3He, 10Be Oskin et al. (2007) Pavement clasts collected with
amalgamation strategy and
considering inheritance

Alluvial fan,
offset by faulting

5–56 ka Providence Mountains,
Mojave Desert, USA

10Be, OSL, IRSL, 14C on
carbonate

McDonald et al. (2003), Cyr et al.
(2010)

Incipient pavements require ~
5–6 ka to form

Alluvial fan

~25–50 ka Mojave Desert, USA 14C Meek (1989, 1990, 2004), Reheis
and Edwine (2008)

Pavement consists of rounded
cobbles on top of dated shells

Beach ridge and
shorelines

(continued on next page)
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Table 6 (continued)

Age Region Method References Notes Landform host

5–47 ka Anza Borrego, Colorado
Desert, USA

10Be: surface and depth
profiles; Th230-U234 dating of
pedogenic carbonate

Blisniuk et al. (2012) 10Be and U-series ages are
consistent

Alluvial fan

44 ka South Iran 10Be Regard et al. (2006) Quartzite gravels sampled from
desert pavement

Alluvial-fan
gravels on
anticline

35 ± 7 ka, 35 ± 2.5
ka

Coachella Valley, Colorado
Desert, CA, USA

10Be: surface and depth
profiles

VanDerWoerd et al. (2006),
Blisniuk et al. (2010)

Pavement on fan units offset in
San Jacinto and San Andreas Fault
Zones

Alluvial fan
gravels

14–35 ka Northern Chile 10Be, OSL Cortes et al. (2012)1 Minor and swale topography
remains on younger 14 ka
pavement

Alluvial fan,
offset by faulting

33 ± 0.4 ka Salt River, central Arizona,
USA

14C Larson et al. (2010) Pedogenic carbonate, innermost
rind yields minimum age for the
overlying pavement

Strath terrace

33 ka Lake Frome, southern
Australia

OSL May et al. (2015) Pavement on dated aeolian dust
covering gravels

Beach ridge

17–30 ka Sierra El Mayor, Baja
California, Mexico

10Be, OSL Armstrong et al. (2010) Smooth pavement with varnished
quartzite and schistose cobbles
tops terrace treads

Stepped strath
terraces

11–25 ka Great Basin, southern
Death Valley, USA

OSL Sohn et al. (2007) Poor to moderate pavement
formation takes 11–17 ka, but
well-developed pavements occur
in 25 ka

Alluvial fan

24 ka Mojave River, Mojave
Desert, CA USA

OSL, 10Be Cyr et al. (2015) Pavement age represents the most
recent cobble transportation
event along the Mojave River

Strath terrace

3–20 ka Andean Precordillera,
Argentina

14C, 10Be pebble
amalgamation

Schmidt et al. (2011) Holocene terraces have poor
pavement development
compared to Pleistocene terraces

Strath terrace

11.1–12.34 Owens Valley, California,
USA

Varnish microlaminations Mihir et al. (2015) Minimum age for debris flow fans Debris flow
deposits
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We sampled four terraces along the Salt River and two terraces along
theVerdeRiver for study (Fig. 4). Fig. 5 shows oblique aerial views of the
terraces with desert pavements analyzed with 10Be, while Figs. 6 and 7
present 3 views of each sampling site: a ground viewof the sampled de-
sert pavement; a close-up showing the shape and dimensions of the
sampled quartzite cobbles; and a cross-sectional perspective of the
pavement and geological material underlying the terrace gravels.

3.3. Methods

3.3.1. Cosmogenic 10Be, 14C analysis of pavement clasts

3.3.1.1. Sampling
Research on the pediment systems of the region previously present-

ed 10Be data for desert pavement cobbles on the Blue Point and Mesa
terraces (Fig. 4; Fig. 6A–F) of the Salt River (Larson et al., 2017). This case
study greatly enlarges the data set on cosmogenic 10Be and 14C analyses
for these and cobbles on four other stream terraces: Sawik and Stewart
Fig. 2. Salt River Project's physiographic diagram served as the basemap for identifying the sett
occurs in the lower left corner of this diagram.
Mountain terraces of the Salt River; andMesa and Lousley Hills terraces
of the Verde River (Fig. 4; Figs. 6G–L; 7).

An ongoing literature discussion exists on the best types of samples
to collect from desert pavements in order to constrain the age of the un-
derlying landform. Strategies include collecting the largest boulders,
collecting pebbles in different size fractions, collecting amalgamated
samples, collecting depth profiles, and using different cosmogenic nu-
clides (Zimmerman et al., 1994; Anderson et al., 1996; Heimsath et al.,
2001; Fujioka et al., 2005; Frankel et al., 2007a; Blisniuk et al., 2010;
Owen et al., 2011; Jungers et al., 2013; Boroda et al., 2014; Gray et al.,
2014).

The approach utilized here for stream terraceswith aflat topography
covered by desert pavement starts with the collection of individual
quartzite clasts on the surface of desert pavements (Figs. 6–7). Field ob-
servations reveal that dust is trapped efficiently underneath pavement
cobbles with this flattened shape (Goosens, 1995). Following prior
scholarship that dust flotation helps maintain pavements collected
clasts have a disk shape such that a flat surface rests on the Av horizon
ing of strath terraces along the Salt and Verde Rivers (Péwé, 1978). Metropolitan Phoenix



Fig. 3. Stream terraces along the lower Salt and Verde rivers, northeast ofmetropolitan Phoenix, offer a range of landforms ages capped by desert pavements. Fig. 4 presents the sequences
of terraces observed in profiles across the middle of the identified study areas.
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that has its origin in dust (see Section 2.2). The collected clasts also re-
tain the original fluvially-abraded texture of smooth rounded edges.
Thus our working hypothesis while in the field was that these quartzite
disks have remained exposed to cosmic rays since their initial abandon-
ment, floated by allochthonous aeolian dust input. Two sites, however,
did not display an Av horizon indicative of a dust origin: Stewart and
Lousley Hill pavements.

In situ accumulation of 14C in quartz offers a test of the hypoth-
esis that pavement cobbles have remained at the surface for the last
~20 ka. Because of the much shorter half-life of 14C, burial by aeolian
deposits or by bioturbated fines deposited on top of pavements would
result in greater decay of 14C than 10Be (Lal, 1991). In contrast, a lower
ratio of 10Be/14C results from continuous exposure on the surface.
Thus, in situ 14C was measured in some of the same cobbles analyzed
for in situ 10Be in the Sawik terrace pavement.

Older and higher alluvial surfaces often do not retain a flat topogra-
phy with extensive desert pavements (Frankel and Dolan, 2007;
Hedrick et al., 2013). This is the case for the Stewart Mountain (Fig.
5F) and Lousley Hills (Fig. 5D) terraces.While patches of pavements ex-
tensively cover the surface of these terraces (Figs. 6J, 7D), the lack of an
Av horizon (and sand instead) could potentially reflect an origin derived
through erosion of the terrace fill.

Assessment of the prior exposure history utilized roadcuts of over
5m expose cross-sections at two of the terrace sites (Mesa Salt, Mesa
Blue Point), and natural gullies expose cross-sections of over 3 m
that were cleaned up prior to sampling. An amalgamation strategy
involved collection of N30 quartz-rich cobble clasts buried with
over 3 m of shielding to evaluate the prior exposure history. A pair
of 10Be/26Al analysis for the buried amalgamation sample taken
from the Sawik terrace was accomplished to constrain the burial
age of the terrace (Granger, 2006).

3.3.1.2. Treatment and analysis
All samples were treated in the Cosmogenic Nuclides Laboratory of

Korea University, following the standard method (Kohl and
Nishiizumi, 1992). Crushed samples were sieved to the 250–500 μm



Fig. 4. Stream terraces along the lower Salt and Verde rivers, northeast of metropolitan Phoenix, where these idealized profiles represent sequences in the middle of the study areas
identified in Fig. 3. The exact sampling locations are provided with the data (Table 7).
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fraction and then treated typically with HF-HNO3 to remove meteoric
beryllium and organicmatter. ~400 μg of low (b10−15 in 10/9Be) resolu-
tion 9Be carrier is added and then Be andAl is separated by ion exchange
Fig. 5.Oblique aerial views of the Salt River (A-Blue Point, B-Mesa, C-Sawik, F-StewartMountain
and Stewart Mountain (F) are fill terraces and are heavily incised by deep gullies, while the oth
terrace andmodern floodplain. Roads provide a sense of scale in A–C and E. The 110m differenc
the 50m thickness of the gravels in the Lousley Hills gravels above underlying playa sediment in
taken from an airplane.
and precipitated at pH N 7. Beryllium and Aluminum hydroxides are
dried and oxidized at 800 °C for 10 min by ignition in a quartz crucible.
BeO is thenmixedwithNb and loaded into targets. Theyweremeasured
) andVerde River (B-Mesa, D-Lousley Hills) terraces sampled for 10Be. The LousleyHills (D)
er terraces exist as isolated remnants. In image A, BP andMF identify the Blue Point strath
e between the Salt River's floodplain and the top of the StewartMountain terrace in F, and
D provide a sense of scale. Images B and E are fromGoogle Earth,while the others imagery



Fig. 6. Sampling sites for 10Be in the Salt River terraces (A–C Blue Point, D–FMesa, G–I Sawik, J–L StewartMountain). Individuals and 0.5mhigh creosote bushes (Larrea tridentada) provide
a sense of scale for the desert pavement views (A D, G, J). Rock hammers indicate scale for the sampled disk-shaped cobbles (B, E, H, K). Images C, F, and I show granitic material forming
straths underneath the Blue Point, Mesa and Sawik terraces, while a 45m stream cut shows the fanglomerate base underneath approximately 30–40m of fill atop the Stewart Mountain
(L) terrace.

141Y.B. Seong et al. / Earth-Science Reviews 162 (2016) 129–154
using 6MV Accelerator Mass Spectrometry (AMS) at the Korea Institute
of Science and Technology (KIST), Seoul, Korea (Kim et al., 2016).

After blank (3 × 10−15 10/9Be) correction and normalization of
isotope ratios to 10Be standards (Nishiizumi et al., 2007) using a
10Be half-life of 1.387 (±0.03) × 106 yr (Chmeleff et al., 2010;
Korschinek et al., 2010) we converted measured ratios into an abso-
lute ratio of 10Be/9Be in quartz. Inheritance produced during prior
exposure was quantified from amalgamated cobbles (n N 30) obtain-
ed from deep (N5 m) location and corrected for surface samples. We
calculated 10Be exposure ages using the CRNOUS exposure age calcu-
lator version 2.2 (Balco et al., 2008) by integrating shielding condi-
tions, latitude-altitude production rate-functions (Lal, 1991; Stone,
2000; Heisinger et al., 2002a; Heisinger et al., 2002b) applying
4.49 ± 0.39 g−1 y−1 at SLHL (sea-level, high-latitude) for the 10Be
reference spallation production rate in this study (Stone, 2000; Balco
et al., 2008). In addition, we also yielded 10Be exposure ages applying
local production rate of North America recently reported for compari-
son using a spallogenic production rate of 4.33 ± 0.21 g−1 y−1 at
SLHL (Balco et al., 2009). The difference between global and regional
production rates causes 3.58–3.89% in ages but we used the ages calcu-
lated using global production rate for the easiness of comparison with
the previous studies. Propagated errors in the model ages include a 6%
uncertainty in the production rate of 10Be and a 4% uncertainty in the
10Be decay constant.

Some of samples that were analyzed for 10Be were also analyzed
for in situ 14C. The quartz cleaned in the Cosmogenic Nuclide Labora-
tory of Korea University were analyzed in the chemical lines modi-
fied from the previous in situ 14C extraction systems (Lifton et al.,
2001; Naysmith, 2007; Hippe et al., 2009; Pigati et al., 2010; Hippe
et al., 2013; Goehring et al., 2014; Kim et al., 2016). Approximately
5 g of clean quartz was loaded with melting flux (LiBO2) in an alumi-
na (Al2O3) boat that had been pre-melted in high-vacuum conditions
and then preheated with a step-wise increase of temperature, at
500 °C for 1.5 h and at 750 °C for 1.5 h, to remove atmospheric 14C
contamination. In situ 14C trapped in the quartz lattice was degassed
and oxidized at 1100 °C for 3 h with ultrahigh-purity O2, followed by
subsequent cleaning steps with secondary oxidation in a quartz-
bead combustion furnace and a cryogenic coil trap (Lifton et al.,
2001; Naysmith, 2007; Pigati et al., 2010). The purified CO2 was
graphitized and then loaded into targets. The targets were also ana-
lyzed by AMS at KIST. The measured ratios were normalized to NIST
oxalic acid (14C/12C: 134 pMC, δ13C=−17.8‰) and converted to 14C



Fig. 7. Sampling sites for the Verde River sampled for 10Be (A–C Mesa, D–F Lousley Hills). 0.5 m high brittlebush (Encelia farinosa) provides a sense of scale in the middle of the
desert pavement views (A, D). Rock hammers indicate scale for the sampled disk-shaped cobbles (B, E) size and disk-shape. Image C highlights playa clays forming the strath that
underlies ~3 m of Mesa Verde terrace gravels, and image F presents the basal contact of the Lousley Hills gravels on top of the same playa clays, where the vertical thickness in
this view is about 0.6 m.
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concentrations after correcting for blank readings (mean of (5.99 ±
2.58) × 105; n = 3).

3.3.2. OSL dating of the Blue Point Salt River terrace
OSL samples from the Blue Point terrace of the Salt River (Fig. 5A)

were collected from the same study site as the prior study on carbonate
rind radiocarbon dating (Larson et al., 2010). This is a strath terrace
where bedrock granite is overlain by approximately 3–6 m of sediment
(Fig. 6C). This alluvium is mostly gravel, but there are sandy lenses, and
these were where the OSL samples were collected. Desert pavement
cobbles of quartzite were collected for 10Be analysis at the surface a
few meters away from this OSL sampling location (Fig. 6A–B).

The samples were obtained by driving a stainless pipe, 25 cm in
length and 7 cm in diameter, into the freshly exposed sand walls of
the profile. The end of the pipe was quickly capped with aluminum
foil upon retrieval, and the sample stored in a dark container. The
samples were prepared and analyzed at the Korea Basic Science In-
stitute (KBSI), Ochang, Korea using the single-aliquot regenerative-
dose (SAR) protocol (Murray and Wintle, 2000). The SAR protocol
for the optical measurements of quartz results in improved precision
and accuracy for age determinations (Murray and Wintle, 2000;
Murray and Olley, 2002). In the laboratory, samples were wet sieved
to recover the 90–250 μm size fractions, and cleaned in 10% H2O2,
10% HCl, etched with concentrated HF, and the separated grains
were pretreated for the preparation method of the SAR protocol of
KBSI (Choi et al., 2003). All OSL measurements were performed
using an automated Risø TL/OSL measurement system. Error is
yielded based on saturated water contents.

3.3.3. Soil profile and rock varnish microlaminations
Standard USA Department of Agriculture guidelines were used to

describe soil profiles (SoilSurveyStaff, 1974). Development of calcium
carbonate horizons uses the desert soil project monograph stage classi-
fications (Gile et al., 1981). The second author only provided field assis-
tance in the previously unpublished soil profile analysis conducted by
Troy Péwé (now deceased).

We also employed varnish microlaminations (VML) dating using
established collection and calibration procedures (Liu and Broecker,
2008b, 2013; Liu, 2016). Ten samples for VML were collected from
the Blue Point, Mesa, and Sawik terraces of the Salt River from the
same pavements sampled for 10Be dating. Since VML can only pro-
vide the age sequence of varnishes exposed at the surface, any bio-
turbation or cobbles spalling event would reset the VML clock;
hence VML can only provide a minimum-limiting age for the desert
pavement. Thus, the oldest VML age provides a minimum age for
the underlying desert pavement.

3.3.4. Strontium isotopes to assess the origin of the Av horizon
Dust deposition occurs regularly in association with Arizona sum-

mer monsoon season (Brazel, 1989; Marcus and Brazel, 1992). Further-
more, the strong seasonality of naturalflows in the Salt andVerde Rivers
produced extensive braided floodplains for local deflation of desiccated
suspended sediment (Honker, 2002). Thus, the terraces of the Salt and
Verde rivers would have been subjected to both locally and regionally
derived dust. Because strontium isotopes have the potential to discrim-
inate source materials (Capo et al., 1998; Capo and Chadwick, 1999),
87Sr/86Sr ratios assessed the hypothesis that the fine material under-
neath terrace desert pavements derived from this dust and not the un-
derlying alluvial deposit

A Nuclide 1290 mass spectrometer measured 87Sr/86Sr ratios in the
following types of samples collected in a depth profile from the surface
down:

• dust collected from the surface depressions of pavement cobbles;
• the upper half of the Av horizon;
• the lower half of the Av horizon;
• for the Stewart Mountain and Lousley Hills terraces lacking an Av ho-
rizon, A horizon medium sand collected directly underneath surface
clasts; some cobbles from the Mesa Verde terrace also lacked an Av,
and sand was collected under these cobbles

• Bw horizon material collected ~5 cm underneath the A or Av horizon
• Bk horizon material collected ~50 cm underneath the surface
• amalgamation of three sets of 10 cobbles, then subject to HCl to re-
move carbonate rinds, and then pulverized; collected ~50 cm under-
neath the surface

Each of these samples were separated into the acetic acid-soluble
fraction that represents carbonate and labile Ca and the silicate fraction.
Samples were normalized to the 87Sr/86Sr ratio of 0.1194 and compared
to the Eimer and Amend standard (0.7080).



Table 7
10Be exposure ages of cobbles and a pair of 10Be-26Al analysis of one burial sample (Sawik021) on terraces of the Salt and Verde Rivers.

Sample Lithologya
Latitude
(°N; WGS84)

Longitude
(°W; WGS84)

Elevation
(m)

Thickness
(cm)b

Shielding
factord

10Be concentration
(105 atoms g−1 SiO2 )e,f

10Be concentration
(105 atoms g−1 SiO2 )g

Exposure
age (ka)h,i,j

Exposure
age (ka)k

Terrace
age (ka)l

26Al concentration
(105 atoms g−1 SiO2)m Source

Mesa001 Gneiss 33.53996 111.62935 461 4 0.99 7.70 ± 0.28 5.02 ± 0.18 91.5 ± 8.8 94.9 ± 9.1 85.8 ± 2.0 Larson et al. (2017)
Mesa002 Gneiss 33.53988 111.62924 462 5.5 0.99 6.83 ± 0.87 4.15 ± 0.52 76.3 ± 11.9 79.1 ± 12.4
Mesa003 Granite 33.53999 111.62936 459 5 0.99 6.19 ± 0.37 3.51 ± 0.21 64.3 ± 6.8 66.6 ± 7.1
Mesa004 Quartzite 33.53991 111.62922 458 4.5 0.99 7.09 ± 0.45 4.41 ± 0.28 80.8 ± 8.9 83.7 ± 9.2
Mesa005 Granite 33.53992 111.62933 460 4.5 0.99 7.88 ± 0.46 5.20 ± 0.30 95.4 ± 10.2 98.9 ± 10.6
Mesa006 Granite 33.53999 111.62952 458 4 0.99 9.68 ± 0.50 7.00 ± 0.36 129.2 ± 13.5 133.9 ± 14.0
Mesa007 Mixture 33.53951 111.62856 450 Deepc 2.67 ± 0.09 Inheritance Inheritance Inheritance
MesaV045 Quartzite 33.66484 111.69253 496 3 0.99 5.09 ± 0.31 3.70 ± 0.12 64.7 ± 2.1 67.0 ± 6.3 46.0 ± 23.2 This study
MesaV046 Gneiss 33.66486 111.69258 494 5 0.99 3.11 ± 0.11 1.72 ± 0.06 30.4 ± 1.15 31.5 ± 3.0
MesaV047 Gneiss 33.66489 111.6926 495 4 0.99 3.97 ± 0.14 2.58 ± 0.09 45.3 ± 1.6 46.9 ± 4.4
MesaV048 Gneiss 33.66486 111.69267 497 5 0.99 2.72 ± 0.16 1.34 ± 0.08 23.6 ± 1.4 24.4 ± 2.6
MesaV049 Granite 33.66499 111.69298 496 6 0.99 5.97 ± 0.24 4.59 ± 0.18 82.5 ± 3.4 85.5 ± 8.3
MesaV050 Granite 33.66501 111.69302 496 4.5 0.99 3.08 ± 0.14 1.69 ± 0.07 29.7 ± 1.3 30.7 ± 3.0
SM037 Gneiss 33.57004 111.63284 525 3 0.99 7.55 ± 0.31 6.17 ± 0.26 106.6 ± 4.6 110.4 ± 10.9 82.7 ± 2.4 This study
SM038 Gneiss 33.57041 111.63264 524 4 0.99 5.89 ± 0.19 4.50 ± 0.14 77.9 ± 2.6 80.8 ± 7.6
SM040 Gneiss 33.57214 111.63015 520 4.5 0.99 7.93 ± 0.51 6.55 ± 0.42 115.1 ± 7.7 119.4 ± 13.3
SM041 Granite 33.57112 111.62885 522 4.5 0.99 4.69 ± 0.14 3.31 ± 0.10 57.2 ± 1.8 59.2 ± 5.5
SM042 Granite 33.56667 111.62941 522 1.5 0.99 4.70 ± 0.16 3.31 ± 0.11 57.4 ± 2.1 59.4 ± 5.6
SM043 Quartzite 33.57004 111.63284 525 3 0.99 6.20 ± 0.25 4.81 ± 0.19 81.8 ± 3.4 84.8 ± 8.3
LH028 Granite 33.7056 111.70166 618 5 0.99 2.61 ± 0.11 1.23 ± 0.05 19.6 ± 0.8 20.3 ± 1.9 16.6 ± 1.1 This study
LH029 Granite 33.70545 111.70614 620 4 0.99 2.01 ± 0.09 0.62 ± 0.03 9.8 ± 0.4 10.2 ± 1.0
LH030 Gneiss 33.70548 111.70161 618 5 0.99 1.79 ± 0.08 0.41 ± 0.02 6.5 ± 0.3 6.7 ± 0.6
LH031 Gneiss 33.70573 111.70619 618 5 0.99 2.63 ± 0.13 1.25 ± 0.06 20.0 ± 1.0 20.7 ± 2.0
LH032 Granite 33.70577 111.70171 618 5 0.99 2.30 ± 0.09 0.92 ± 0.03 14.7 ± 0.6 15.3 ± 1.4
LH033 Gneiss 33.70541 111.70163 619 4 0.99 1.78 ± 0.09 0.37 ± 0.02 5.9 ± 0.3 6.1 ± 0.6
LH034 Quartzite 33.70548 111.70163 620 7 0.99 3.83 ± 0.21 2.44 ± 0.13 39.8 ± 2.2 41.2 ± 4.3
BP008 Granite 33.55286 111.57689 434 3.5 0.99 3.33 ± 0.30 1.93 ± 0.17 35.3 ± 4.4 36.6 ± 4.6 30.7 ± 1.0 Larson et al. (2017)
BP010 Granite 33.55286 111.57689 434 4.6 0.99 3.26 ± 0.19 1.85 ± 0.10 34.2 ± 3.6 35.5 ± 3.7
BP011 Gneiss 33.55286 111.57689 434 4 0.99 5.05 ± 0.27 3.65 ± 0.19 67.6 ± 7.0 70.0 ± 7.3
BP012 Gneiss 33.55286 111.57689 434 5.8 0.99 3.25 ± 0.24 1.84 ± 0.13 34.3 ± 3.9 35.5 ± 4.1
BP013 Granite 33.55286 111.57689 434 5.4 0.99 2.47 ± 0.19 1.07 ± 0.08 19.8 ± 2.3 20.5 ± 2.4
BP014 Mixture 33.55286 111.57689 429 Deepc 1.40 ± 0.08 Inheritance Inheritance Inheritance
Sawik015 Quartzite 33.48903 111.71483 438 4.5 0.99 18.07 ± 0.44 16.24 ± 0.40 320.5 ± 8.6 332.9 ± 32.6 332.0 ± 4.1 This study
Sawik016 Granite 33.48903 111.71483 439 6.5 0.99 19.02 ± 0.60 17.19 ± 055 346.9 ± 12.1 360.4 ± 36.4
Sawik017 Quartzite 33.48903 111.71483 439 4 0.99 18.18 ± 0.57 16.35 ± 0.51 321.4 ± 10.9 333.8 ± 33.4
Sawik018 Granite 33.48903 111.71483 437 4.5 0.99 20.12 ± 0.52 18.28 ± 0.47 364.7 ± 10.3 378.9 ± 37.6
Sawik019 Geniss 33.48903 111.71483 439 5.5 0.99 19.01 ± 0.48 17.18 ± 0.44 343.6 ± 9.6 357.0 ± 35.2
Sawik020 Gneiss 33.48903 111.71483 438 4.5 0.99 17.2 ± 0.52 15.44 ± 0.46 303.3 ± 9.9 315.0 ± 31.2
Sawik021 Mixture 33.48903 111.71483 438 Deepc 1.35 ± 0.07 Inheritance Inheritance Inheritance 6.70 ± 0.19

Note:
a The tops of all samples were exposed at the terrace surface.
b Whole cobble was used considering possible multiple turnaround since initial abandonment.
c Amalgamated (n N 30) cobbles were sampled from deep (N5 m) depth.
d Geometric shielding correction for topography was measured on an interval of 10°.
e Uncertainties are reported at the 1σ confidence level.
f Propagated uncertainties include error in the blank, carrier mass (1%), and counting statistics.
g Inheritance yielded from a mixture (n N 30) of cobble at depth (e.g. Mesa007, BP014, and Sawik021) is corrected for calculating pure production since abandonment.
h All ages are corrected for inheritance and expressed with 1 sigma external uncertainty.
i Beryllium-10 model ages were calculated using global production rate of 4.49 ± 0.39 at SLHL with the Cosmic-Ray Produced Nuclide Systematics (CRONUS) Earth online calculator version 2.2 (http://hess.ess.washington.edu/).
j Propagated error in the model ages include a 6% uncertainty in the production rate of 10Be and a 4% uncertainty in the 10Be decay constant.
k Ages were calculated using North America regional production rate of 4.33 ± 0.21 (Balco et al., 2009).
l Weighted mean of ages calculated using global production rate and error within the 1σ confidence level.
m Measured for the same sample of which 10Be (Sawik021) abundance was measured for yielding maximum burial age assuming one simple burial event of all cobbles analyzed.
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3.4. Results

3.4.1. Cosmogenic nuclides
10Be exposure ages of the terraces and their scatters are widely dif-

ferent depending on their locations and characteristics (Table 7). The
Mesa and Blue Point terrace 10Be ages for pavement cobbles were pub-
lished previously (Larson et al., 2017) in the context of a study of pedi-
ments graded to these terrace remnants. The other data in Table 7 are
new. Relatively, the strath terraces in the Salt River are better
constrained in that they have 8–80 times lowerMean SquareWeighted
Deviation (MSWD or reduced chi-square in Fig. 4) than the ones in the
Verde River. Pavement cobbles have weighted means of 30.7 ± 1.0 ka,
85.8 ± 2.0 ka, 332.0 ± 4.1 ka for Blue Point, Mesa, and Sawik terraces,
respectively, whereas pavement cobbles on the topographically higher
(and clearly older) Stewart Mountain terrace yields much younger age
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Fig. 8. Probability plots of ages of terraces along the Salt and the Verde River. (A) Blue Point te
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(82.7 ± 2.4 ka) than expected, based on the relative stratigraphy
(Fig. 4).

Pavement cobbles on the terraces in the Verde River yield much
younger ages with greater scatter than the coeval levels of terraces in
the Salt River. The age of cobbles on the Mesa Verde terrace are widely
scattered with weighted mean age of 46.0 ± 23.2 ka. We highlight that
the highest and hence oldest terrace on the Lousely Hill (Fig. 4) yields
the youngest ages for pavement cobbles (16.6 ± 1.1 ka).

Probability plots (sometimes called camel plots) have been a stan-
dard way of visualizing exposure ages in using cosmogenic nuclides
for dating (Small and Fabel, 2016). The camel plots for the terrace pave-
ments shown in Fig. 8 display two types of information. The dashed
lines show the individual probabilities for each pavement cobbles. By
convention, uncertainties used to generate individual probability curves
are 1σ analytical uncertainties. The thicker solid line shows the
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Fig. 9. Sample burial age of the Sawik terrace. The age is modeled assuming one depositional event and zero surface erosion.
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cumulative probability. The cumulative probability line allows the read-
er to quickly visualize the distribution of ages. For example, the Sawik
terrace (Fig. 8C), single hump in the probability plot implies that the
sampled gravels would have been relatively stable on the surface
since the timing of terrace abandonment (332.0 ± 4.1 ka). In contrast,
the multiple humps for the topographically higher Stewart Mountain
terrace suggests that the sampled pavement cobbles periodically eroded
out of the underlying alluvium between 50 and 120 ka.

After obtaining initial 10Be abundance produced during prior ex-
posure from a mixture of gravels (n N 30) at depth (N5 m) for desert
pavement cobbles on the Sawik terrace, its 26Al abundance was also
measured to constrain the burial age of the terrace deposit. The age
calculation assumes one depositional event with zero surface ero-
sion (Fig. 9). The sample of buried gravels was collected from a
road cut directly on top of the granitic strath (Fig. 6I) and first pro-
vides a maximum age for the overlying pavement. One scenario is
that the analyzed sediments experienced some history of prior burial
before being finally deposited on the Sawik strath — setting a lower
ratio of 26Al/10Be than the continuous exposure case with ratio of
~6.7. A second scenario is that the burial age reflects the timing of
when the ancestral Salt River last abraded this granitic strath and
that the very surface of the Sawik terrace was abandoned well after
deposition of these buried cobbles. Any combination of different
Table 8
Results of in-situ produced cosmogenic 14C. All the errors are 1σ. All the processes for calcul
(Donahue et al., 1990).

Sample Lab ID Quartz (g) δ13Cmeas
a Fb C

Sawik017 KU151205 5.26 −30.2400 0.0432 3
Sawik018 KU151206 5.15 −39.1828 0.0335 4
Sawik020 KU151204 5.20 −35.8799 0.0328 8

a Used for calibration with NIST oxalic acid (14C/12C: 134 pMC) δ13C = −17.8‰).
b Calculation of fraction modern corrected for background (dead CO2) with average (n = 6)
c Total CO2 extracted from quartz with step-wise collection and purification.
d Low ratio (b3 × 10−15) of background carrier spiked.
e Corrected for process blank with a mean 14C concentration of 9.46 (±0.32) × 105.
f Corrected for process blank with a mean 14C concentration of 6.33 (±2.01) × 105.
factors (burial age could be younger than the ~552 ka maximum;
some surface erosion occurred prior to pavement stabilization;
lengthy time between deposition of buried cobbles and abandon-
ment of terrace) could also explain the ca. 220 ka time difference be-
tween the burial age (Fig. 9) and the surface exposure age of
pavement cobbles (Fig. 8C).

In an effort to better constrain the exposure history of cobbles on
top of the Sawik pavement, we also analyzed in situ 14C in the quartz-
ite cobbles in the same three cobles also measured for 10Be buildup
(Table 8). Bioturbation burying the cobbles for a period of time
would reduce the in situ 14C below levels of saturation. However, if
the cobbles remained at the surface for the last ~20 ka, in situ 14C
would be at saturation and all samples would plot in the steady-
state erosion island of Lal (1991).

Two of three samples were measured successfully, and both cobbles
(Sawik017 and Sawik020) are plotted in the steady-state erosion island
within uncertainty. Thus, it is likely that both cobbles experienced lim-
ited burial for a time N1 ka during the last ~20 ka (Fig. 10). The most
likely cause would be accumulation of aeolianmaterial from the nearby
Salt River floodplain. The burial could have been one event a bit more
than a millennia or repeated burial events lasting centuries or decades.
Although it is difficult to be certain from just two measurements, the
ability to track the burial history of pavement cobbles using in situ 14C
ating 14C atoms in-situ produced in quartz are based on the equations in prior research

O2 yield (μL)c Dead CO2(mL)
d 14C (105 atoms g−1) 14C/10Be

6.9 1.5162 1.97 ± 0.48e 0.10 ± 0.01
3.5 1.4753 Failed Failed
.2 1.5582 1.69 ± 0.52f 0.09 ± 0.01

value of 0.0012. Uncertainty causing from pressure gauge is 2.3 μg.



146 Y.B. Seong et al. / Earth-Science Reviews 162 (2016) 129–154
opens up an entirely new strategy to understand the trajectories of
rocks in all different types of surficial cobbles — whether the cobbles
occur in warm desert pavements or archaeological quarries. In this
case, burial about 5% of the time in the last 20,000 years indicates that
flotation by dust must not be the only process in operation.

3.4.2. OSL
TheOSL ages of the two Blue Point terrace samples (Table 9) are con-

sistentwith the 10Be cosmogenic nuclide ages for the pavement cobbles
of 30.7 ± 1.0 ka (Table 7), since the deposition of the sandy lenses un-
derneath the surficial cobbles should predate terrace abandonment
and the start of pavement formation. Similarly, these new results are
consistent with the calibrated 14C age of 33,100 ± 380 calendar years
for the innermost carbonate rind around gravel in the Bk horizon
(Larson et al., 2010), since this pedogenic Stage 1 carbonate only started
to form after the strath terrace surface was abandoned upon Salt River
incision.

3.4.3. Soil profiles and varnish microlaminations
Soil profile analyses (Table 10) presents the sequence of soil devel-

opment on theMesa River terraces. The depth of the profile was limited
for the Mesa and Sawik terraces by encountering a Stage IV petrocalcic
horizon, but the Stage I development in the Blue Point reached a
depth of 70 cm.

Table 10 presents only the oldest VML ages obtained from three ter-
races of the Salt River. Because cobble spalling resets the varnish clock,
all younger ages only reflect the spalling event. The oldest VML calendar
age for the Blue Point terrace of 30 ka (Table 5) is slightly younger than
the calibrated 14C age carbonate rind age, the 10Be surface exposure age
on pavement cobble, and is substantially younger than the OSL ages for
sandy deposits beneath the pavement. Thus, the sampled cobble stabi-
lized at the surface by at least 30 ka.

The oldest VML calendar age for the Mesa terrace of calendar 74–
85 ka (Table 5) is consistent with 10Be surface exposure age on pave-
ment cobbles. Again, this minimum exposure age means that the
sampled cobble stabilized at the surface at least in the time range
of 74–85 ka.

The oldest VML calendar age for a cobble sampled from the Sawik
terrace is 74–85 ka (Table 10). This is much younger than the 10Be sur-
face exposure age on pavement cobbles, meaning that the surface of the
Be-10 a
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cobbles have been experiencing spalling of at least a millimeter of rock
to reset the varnish clock.

3.4.4. Strontium isotopes to assess the origin of the Av horizon
The 87Sr/86Sr analyses of the carbonate and silicate fractions of

dust collected from depressions on pavement rocks rests at one
end with 87Sr/86Sr ratios ~0.71 (Table 11 and Fig. 11). In contrast,
the pulverized rock material making up the terrace alluvium main-
tains very different 87Sr/86Sr ratios ranging from ~0.73 to ~0.75. In
interpreting the results in Fig. 11, we consider the dust and pulver-
ized alluvium to be “end members”. In Fig. 11 the pulverized clasts
sampled from a 50 cm depth show 87Sr/86Sr ratios ranging from
0.73 to 0.75. In contrast, dust resting on the surface has 87Sr/86Sr ra-
tios centered around 0.71.

With the perspective of dust at one end of the 87Sr/86Sr spectrum
and the host rock material of the terrace alluvium at the other end,
some basic qualitative inferences can be made. (a) The carbonate frac-
tion extracted in the HCl leachate in all materials appears to derive
mostly from the dust, although a small amount of the carbonate in the
Bw and Bk horizons could derive from calcium chemically dissolved
from terrace alluvium. (b) The silicate fraction in the Av horizons de-
rives from dust. (c) The silicate fraction of the sandy A-horizon under-
neath Lousley Hills, Stewart Mountain, and a few Mesa Verde cobbles
appear to derive from the alluvium; and (d) the silicate fraction of the
Bw and Bk horizons yields a mixed signal and appears to derive from
both infiltrating dust and alluvium.

The 87Sr/86Sr analyses presented in Table 11 and Fig. 11 indicate that
there are two sources for the fines underneath the studied Sonoran De-
sert pavements. The 87Sr/86Sr analyses of the Av horizons and the car-
bonate fraction shows a clear aeolian signature. In contrast, alluvium-
sourced materials contribute to Bw, Bk, and sandy A-horizons where
Av-horizons are lacking.

4. Factors involved in desert pavement longevity or mortality

4.1. Minimal surface topography

The desert pavement atop the Sawik terrace of the Salt River (Fig.
6G–I) is the oldest known pavement in the Sonoran Desert at ~332±
4 ka, and the desert pavement atop the Mesa terrace of the Salt River
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Table 9
Equivalent doses (De), dose rate and OSL ages of Blue Point terrace samples.

Sample Water contenta

(%)
Dose
Rate
(Gy/ka)

Equivalent dose
(Gy)

Aliquots usedb

(n/N)
OSL age
(ka, 1σ SE)

BPO-001 7.3 3.62 ± 0.09 159 ± 3 16/16 44 ± 1
(30.6) (2.90 ± 0.07) (55 ± 2)

BPO-002 6.0 4.07 ± 0.10 131 ± 2 15/16 32 ± 1
(28.5) (3.27 ± 0.08) (40 ± 1)

Note:
a Numbers in parenthesis were those calculated based on saturated water contents.
b n/N refers to the ratio of (the number of aliquots used for data analysis)/(total number of aliquots loaded in the OSL measurement system).
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(Fig. 6D-F) is the second oldest known pavement at ~86 ± 1 ka. Both
Sawik (Fig. 6G-I) and Mesa (Fig. 6D-F) terrace fragments have in
common low slopes, of less than a degree.

Low relief has long been known to be important in pavement sta-
bility (Cooke, 1970; Peterson, 1981; Dixon, 1994). Stable Negev De-
sert pavements have little local relief (Dan et al., 1982; Matmon et
al., 2009; Amit et al., 2011), as does the N3 Ma old pavement in the
Atacama Desert (Placzek et al., 2014) as well as ancient pavements
elsewhere (Fukioka and Chappell, 2011). Pavement genesis smooth-
ing processes play a role in promoting low relief and proceed on al-
luvial fans in the Mojave Desert for ~56 ka (Oskin et al., 2007), in
Death Valley for ~70 ka (Frankel and Dolan, 2007), and for N280 ka
in the Coachella Valley (Matmon et al., 2006).

In contrast, sloping surfaces in the Cima Volcanic field (Wood et
al., 2005) and in the Libyan Desert (Adelsberger and Smith, 2009;
Adelsberger et al., 2013) are associated with pavement instability.
The rounding of alluvial fans has long been known as a cause of pave-
ment instability (Field and Pearthree, 1997). This is certainly the case
for the two highest terraces of the Salt (Fig. 5F) and Verde Rivers (Fig.
5D). The Stewart Mountain and Lousley Hills (Fig. 4) high terraces
host gently rounded hillcrests well above the surrounding topography.
The ongoing exposure of previously buried clasts is a common and
Table 10
Soil profiles of the Blue Point, Mesa, and Sawik terraces of the Salt River; soils data collected w

Horizon Blue Point Mesa

Soil Typic Haplargid Petrocalcic Calcio
Desert pavement 90% pebbles and cobbles with the oldest rock

varnish VMLa sequence of LU-1/LU-2/LU-3/LU-4
(WP3) minimum age 30 ka

85% pebble and c
varnish VML sequ
(WP6+) minimu

Av 1–3 cm; light yellowish brown (10 years 6/4);
dry; many vesicular pores, weak platy structure;
soft, slightly sticky (wet); few fine roots; slightly
effervescent; moderately alkaline (pH 8.0); clear
smooth boundary

2–5 cm; light yel
dry; many vesicu
slightly hard, fria
(wet); common fi
moderately alkali
boundary

Bw 1–4 cm; light brown 7.5 years 6/4; dry; fine
sandy loam; weak fine granular structure; soft,
friable, slightly sticky (wet); rock fragments
completely coated with carbonate; 30% pebbles;
violent effervescent; moderately alkaline
(pH 8.1); clear wavy boundary

8 to 20 cm; reddi
massive; friable, s
slightly plastic (w
common fine inte
strongly effervesc
(pH 8.3); clear w

Bk 5 cm to 70 cm; pale brown (10 years 6/3)dry ;
extremely gravelly loam; massive; soft, very
friable; nonsticky, nonplastic (wet); few fine
roots; 80% pebbles; common thin carbonate
coatings covering pebbles; strongly effervescent;
moderately alkaline (pH 8.1); abrupt wave
boundary

10 cm to 90 cm;
loose to very friab
plastic (wet); few
interstitial pores;
carbonate coating
pebbles; violently
alkaline (pH 8.1)

Bkm Not present 90 cm - pinkish w
massive; extreme
effervescence (St

Cr Observed in stream cuts at depth ~4 m partially
weathered granite; common thin carbonate veins
in fractures; abrupt wavy boundary

Observed in road
weathered granit
in fractures; abru

a VML sequence nomenclature follows Liu and Broecker (2008a, 2008b).
reasonable explanation for clast 10Be ages (Fig. 8D, F) far younger than
their geomorphological position would indicate.

4.2. Hyperaridity

The oldest known pavements occur in regions experiencing long-
term hyperaridity (Matmon et al., 2009; Placzek et al., 2014; Wang et
al., 2015). Gypsum (and carbonate) precipitation contributes to pave-
ment stability in hyperarid regions of the Negev Desert (Amit et al.,
2010; Boroda et al., 2013), Precordillera of Argentina (Hedrick et al.,
2013), and Atacama Desert in Chile (Dunai et al., 2005; Clark, 2006;
Evenstar et al., 2009; Matmon et al., 2009; Wang et al., 2015).

Our case study of Salt River and Verde River terraces exist pave-
ments, however, exist in a region that experienced conditions other
than aridity in the past. The terraces sites in SonoranDesert experienced
prolonged semi-arid conditions during the last glaciation (McAuliffe
and Van Devender, 1998). Similarly, the ancient pavements on Nevada
lava flows (Zreda et al., 1993; Heizler et al., 1999; Valentine and
Harrington, 2006; Valentine et al., 2006) experiencedmuchwetter con-
ditions during the last glacial cycle (Wells, 1983; Benson and al, 1990).
In another example, pavements that are ~71–72 ka in Wyoming
(Anderson et al., 1996) experienced several glaciations in the area
ith Troy Péwé.

Sawik

rthid Petrocalcic Calciorthid
obbles with the oldest rock
ence of LU-1/…/LU-4/LU-5
m age 74–85 ka

95% cobbles with the oldest rock varnish VML
sequence of LU-1/…/LU-4/LU-5 (WP6+)
minimum age 74–85 ka

lowish brown (10 years 6/4);
lar pores, weak platy structure;
ble; nonsticky and nonplastic
ne roots; slightly effervescent;
ne (pH 8.2); abrupt smooth

2–7 cm; light yellowish brown (10 years 6/4)
dry; many vesicular pores, weak platy structure;
slightly sticky; nonsticky and nonplastic (wet);
few fine roots; slightly effervescent; moderately
alkaline (pH 8.0); abrupt smooth boundary

sh brown (5 years 5/4); dry;
lightly hard, slightly sticky and
et); common fine roots;
rstitial pores; 50% pebbles;
ent; moderately alkaline
avy boundary

2 to 12 cm; reddish brown (5 years 5/4); dry;
massive; friable, slightly hard, slightly sticky and
slightly plastic (wet); few fine roots; few very fine
interstitial pores; 70% pebbles; strongly
effervescent; moderately alkaline (pH 8.1); clear
wavy boundary

light brown (7.5 years 6/4) dry;
le; slightly sticky and slightly
fine roots; common fine
60% pebbles; common
s covering and bridging
effervescent; moderately

; abrupt smooth boundary

5 cm to 50 cm; light brown (7.5 years 6/4) dry;
loose to very friable; non sticky and slightly
plastic (wet); few fine roots; common fine
interstitial pores; 60% pebbles; common
carbonate coatings covering and bridging
pebbles; violently effervescent; moderately
alkaline (pH 8.0); abrupt smooth boundary

hite (7.5 years 8/2) dry;
ly hard; extreme violet
age IV carbonates)

50 cm - pinkish white (7.5 years 8/2) dry;
massive; extremely hard; extreme violet
effervescence (Stage IV carbonates)

cuts at depth ~5 m partially
e; common thin carbonate veins
pt wavy boundary

Observed in road cut at depth ~4 m partially
weathered granite; common thin carbonate veins
in fractures; abrupt wavy boundary



Table 11
87Sr/86Sr analyses from the Salt River andVerde River terrace. Each datum represents a single analysis from samples collected in a soil pit. The samples fromeach depthwere first subject to
HCl to first analyze only the carbonate fraction; the remaining silicate remainderwas then analyzed separately. Each depth profile starts with dust collected from the surfaces of pavement
rocks, continues into the upper half of the Avhorizon, lower half of theAvhorizon, B horizon, and then C horizon. Since the StewartMountain, VerdeMesa, and Verde Lousley Hills terraces
either lacked an Av horizon or had only a very thin Av horizon, medium sandwas sampled instead directly underneath surface boulders. Each pulverized rock sample collected from the C
horizon represent an amalgamation of 10 different clasts.

87Sr/86Sr sampled landform Salt
Blue Point

Salt
Mesa

Salt
Sawik

Salt
Stewart Mtn

Verde
Mesa

Verde
Lousley Hills

Coordinates N 33.55273
W 111.57816

N 33.53986
W 111.62907

N 33.48950
W 111.71280

N 33.57167
W 111.63179

N 33.66457
W 111.69182

N 33.70105
W 111.71001

Surface dust HCl leachate 0.708946 0.707483 0.706944 0.707119 0.708216 0.707722
Surface dust silicate 0.711155 0.711504 0.711552 0.712489 0.711715 0.711867
Av upper layer dust HCl leachate 0.709011 0.708032 0.708843 0.709274 0.70878 No Av
Av upper layer silicate 0.711094 0.712261 0.711785 0.711985 0.711783 No Av
Av lower layer dust HCl leachate 0.710018 0.709459 0.709767 Only thin Av Only thin Av No Av
Av lower layer silicate 0.711113 0.711870 0.712369 Only thin Av Only thin Av No Av
A medium sand 1 cm under boulders HCl leachate No sandy layer No sandy layer No sandy layer 0.71249 0.713382 0.711894
A medium sand 1 cm under boulders silicate No sandy layer No sandy layer No sandy layer 0.731442 0.750222 0.749513
Bw 5 cm under A HCl leachate 0.709157 0.712055 0.71147 0.71406 0.716388 0.711029
Bw 5 cm under A silicate 0.71152 0.710922 0.711341 0.722913 0.739578 0.748112
Bk 50 cm under A HCl leachate 0.709229 0.709442 0.712273 0.717302 0.716029 0.718124
Bk 50 cm under A silicate 0.711665 0.712022 0.713961 0.730028 0.731155 0.742057
Bk 50 cm pulverized rock 0.730430 0.728441 0.731148 0.740109 0.751139 0.743520
Bk 50 cm pulverized rock 0.732662 0.730105 0.735229 0.741225 0.747872 0.735220
Bk 50 cm pulverized rock 0.727511 0.727004 0.734633 0.735790 0.739884 0.745492
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(Phillips et al., 1997). Thus, while hyperaridity appears needed for the
survival of pre-Quaternary pavements, it is clearly (Table 11) not a re-
quirement for Pleistocene antiquity.

4.3. Ongoing input of allochthonous dust

Strontium isotope data collected at the Sawik andMesa terrace sites
reveals the presence of dust on pavement cobbles, under pavement
Fig. 11. 87Sr/86Sr analyses organized according to depth in a soil profile and whether the
analysis was conducted on the HCl leachate (carbonate fraction) or the remaining
silicate fraction. The A-horizon sand underneath sampled boulders and cobbles is the
equivalent depth to the Av horizons, because this sandy material was collected where
there was no Av horizon. Bw and Bk samples were collected from 5 and 50 cm beneath
the Av horizon and the surface, respectively. Thirty cobbles were also collected at the
50 cm depth in the Bk horizon, grouped into 3 sets of ten, and pulverized to create
amalgamation samples.
clasts in the Av horizon, and infiltrating down into the Bw and Bk soil
horizons (Table 11 and Fig. 11). Mineralogical analyses on Av horizons
in southern Jordan similarly revealed an aeolian origin (Ugolini et al.,
2008). These findings are similar to the Mojave and western Sonoran
Deserts, where the source of the aeolian material in vesicular horizons
derives from distal washes of alluvial fans as well as playas (Sweeney
et al., 2013). Consistent with our 10Be age of ~335 ka for the Sawik ter-
race, flotation of desert pavements by dust accumulation (Mabbutt,
1977; Mabbutt, 1979; Gerson and Amit, 1987; McFadden et al., 1987)
plays a key role in pavement stability according to other cosmogenic nu-
clide and OSL studies (Shepard et al., 1995; Wells et al., 1995; Matmon
et al., 2009; Guralnik et al., 2010; Amit et al., 2011; Fisher et al., 2014;
Fuchs et al., 2015; Wang et al., 2015).

Concomitantly, the Sonoran Desert terrace case study also reveals
that pavements that are not floated by dust and are instead underlain
by sand are not stable geomorphologically. Pavements underlain by
sand on the Stewart Mountain, Lousley Hills, and the Mesa terrace
along the Verde River (Table 11 and Fig. 11) experience ongoing erosion
and cosmogenic ages far younger than their geomorphic position (Fig.
8E-F). In these settings, the sand has a strontium-isotope signal consis-
tent with derivation from the underlying terrace alluvium and not infil-
trated dust (Table 11 and Fig. 11).

4.4. Lack of headward-retreating swales

The Sawik and Mesa terrace remnants do not display evidence of
headward-retreating gullies or even swales. Even subtle swale develop-
ment on terraces can mix highly and more recently exposed cobbles in
the Tian Shan, China (Huang et al., 2014), as well as Oman and UAE (Al-
Farraj and Harvey, 2000). In Death Valley, USA, “[g]ully incision into
units older than 70 ka occurs, decreasing pavement stability as the fan
material erodes” (Frankel et al., 2007a). However, the pavement on
theMesa terrace along the Verde River (Fig. 7A) shows signs of instabil-
ity due to development of swales on its surface, likely exposing formerly
buried clasts and generating the age distribution seen in Fig. 8E.

4.5. Lack of or minimal biotic disturbance

Matmon et al. (2009) emphasized a lack of biotic disturbance as a
possible explanation for long-lived pavements. Bioturbation has long
been known to impact the stability of desert pavements (Parker,
1991; Huckleberry, 1993, 1994; Quade, 2001). Research in the Mojave
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Desert indicates that there could be two distinct pathways for surface
evolution in a desert: “abiotic landform evolution” and “biological land-
form evolution”, where each pathway results in different landform sys-
tems on alluvial fans (Pietrasiak et al., 2014). This “fork in the road”
hypothesis works well with vegetation and soil-geomorphic surface
mosaics in the Mojave and Sonoran deserts (Musick, 1975; Wood et
al., 2005).

In the Sonoran Desert case study, we purposefully avoided locations
of active bioturbation and old plant scars (Dickerson and Cocks, 2015).
In Arizona, increases in elevation and a greater abundance of perennial
plants in cooler and wetter conditions are generally associated with a
reduction in a landform's maintenance of a desert pavement above an
elevation of 550 m (Huckleberry, 1993, 1994).

A similar elevation-based trend has been noted elsewhere in the
southwestern USA (Quade, 2001). The exact mechanism of pavement
disturbance varies from site to site. Animal foraging activities disrupts
desert pavement on the Salt andVerde terraces on unknown timescales,
but these disturbances are rare (inferred to be on millennial time scale)
in Death Valley (Haff, 2001). At Stonewall Flat Nevada, sand and silt ac-
cumulating around larger shrubs host animal burrows (Dickerson et al.,
2013). We also noticed soil biological crusts associated with pavement
disturbance, and older alluvial surfaces where pavement has started to
erode develops scattering of moss-lichen biological soil crust pinnacles
(Williams et al., 2013). Thus, while some argue for a climate limit to
pavement survival (Quade, 2001), we view site selection to be critically
important in understanding pavement age limits as evidenced by re-
search demonstrating that ancient pavements can and do occur outside
Quade's (2001) climatic limits (Anderson et al., 1996; Valentine and
Harrington, 2006).

4.6. Bedrock beneath the pavement

Locations where bedrock exists directly underneath pavements can
lead to long-term stability. Mabbutt (1977) recognized that the
hamadas and gibber plains formed on top of bedrock tend to be stable.
Buildup of 10Be in pavement clasts atop bedrockmesas in the hyperarid
Negev of Israel indicates that bedrock can protect pavements for as long
as 305–331 ka on small bedrockmesas and for as long as 1.1Ma for bed-
rock mesas with widths N60 m (Boroda et al., 2014). Basalt bedrock oc-
curs under ancient pavements in the Great Basin (Zreda et al., 1993;
Shepard et al., 1995; Heizler et al., 1999; Valentine and Harrington,
2006; Valentine et al., 2006) and Mojave (Shepard et al., 1995) deserts
of the USA, as well as in the Canary Islands (Dunai andWijbrans, 2000).

The case study of pavements on Salt and Verde terraces provide
support for the importance of bedrock for pavement stability. The lo-
cations where we sampled the ~335 ka Sawik pavement (Fig. 8C)
and the ~83 ka Mesa pavement (Fig. 8B) sit directly on strath ter-
races in the Sonoran Desert; granitic bedrock rests ~5 m underneath
these pavement (Fig. 6C, F, I). In contrast, the Mesa terrace on the
Verde River (Fig. 7C) and the Lousley Hills (Fig. 7F) terrace on the
Verde River rest directly on playa clays. The age distribution of 10Be
dated clasts (Fig. 8E–F) show the greatest degree of variability – ex-
plained by the geomorphic instability of playa sediment.

The Stewart Mountain terrace gravels rest on top of fanglomerate
(Fig. 5F). Quartzite clasts sampled atop the Stewart Mountain terrace
(Fig. 6J-L) exhibit a distribution of 10Be ages (Fig. 8D) with exposure
ages centered at ~58 ka, ~80 ka, and ~110 ka. These ages are similar
to other studies of pavements atop fanglomerate. A case study from
the Mojave Desert alluvial fan points to pavements surviving until
about 53–63 ka when the surface form of the alluvial fan begins to
round (Oskin et al., 2007) due to ongoing gully incision. A maximum
age for pavements on fanglomerate in Death Valley appears to be ~
70 ka (Owen et al., 2011), while a Coachella Valley site could reach
260 ka (Matmon et al., 2006). Thus, for fanglomerate, ongoing erosion
leads to clast exposure from beneath the pavement increasing the vari-
ability in cosmogenic ages (Frankel et al., 2007a).
4.7. Landform type

Landform type and settingmay influence pavement stability. For ex-
ample, flat wadi terraces are more stable than nearby alluvial fan pave-
ments in the Libyan Desert (Adelsberger and Smith, 2009). The strath
terraces of the Sawik andMesa sites in the case study are themost stable
in the Sonoran Desert. In the Precordillera of Argentina, alluvial fan
pavements reach the end of their longevity after ~61 ka, but strath ter-
races can last to at least 181 ka (Hedrick et al., 2013). Placzek et al.
(2014: 1503) note that bedrock, sediment on hillslopes, boulders on
lower slopes and sediment in channels maintain different patterns of
10Be accumulation in hyperarid, arid, and mesic climates. Table 6 in-
cludes the type of landform hosting desert pavements with reported
ages around the globe, and ancient pavements are associated with ba-
salt flows in arid regions (Wells et al., 1985; Shepard et al., 1995;
Dunai and Wijbrans, 2000; Valentine and Harrington, 2006; Fenton
and Niedermann, 2014) and with pediments in the Atacama Desert
(Hall et al., 2008; Evenstar et al., 2009) and Australia (Fisher et al.,
2014). A limitation of Table 6 is that cosmogenic nuclide studies only
rarely focus on pavement antiquity. Pavements on top of landforms
like alluvial fans (Nishiizumi et al., 2005; Wang et al., 2015) or alluvial
plains (Matmon et al., 2009) provide an opportunity to generate mini-
mum-limiting ages for the underlying form.

4.8. Clast size and shape

Reduction in clast size is associated with pavement stability in cold
desert settings in Antarctica (Bockheim, 2010), in the hyperarid Negev
(Matmon et al., 2009), in the hyperarid Sahara Desert (Adelsberger
and Smith, 2009), basalt flows in semi-arid Nevada (Valentine et al.,
2006), and in the Sonoran Desert (Huckleberry, 1993, 1994).

Unstable pavements on alluvial deposits can see an increase in clast
size, as erosion can expose larger-sized clasts from alluvial-fan gravels
(Frankel and Dolan, 2007). This is the case for sloping surfaces in
north-central Chile (Rodriguez et al., 2013a), in the Cima volcanic field
of the Mojave Desert (Wood et al., 2005) and the Libyan Plateau of
Egypt (Adelsberger and Smith, 2009).

However, in the case study of the Salt and Verde terraces, the most
stable Sawik and Mesa pavements are composed of quartzite alluvium
with the original rounding from fluvial abrasion (Fig. 6B–F) that have
not experienced clast-size reduction. The Sawik andMesa terrace pave-
ment cobbles have an oblong shape, many retaining their fluvially
abraded and rounded edges. Because the short axis is much less than
the long and intermediate axes, the cobbles have a flat shape.

Field experiments indicate that dust is trapped underneath pave-
ment cobbles most efficiently when they are flattened and elongated
(Goosens, 1995), and strontium isotope data from the oldest Sawik
and Mesa terraces reveals that dust infiltrated down into the soil to
depths of 50 cm (Fig. 11) – perhaps through process of moving down
the fractures between peds (Anderson et al., 2002). Thus, while clast
size reduction is generally important to pavement stability, it is not
completely necessary – at least where clast shape works in tandem
with dust trapping.

5. Conclusion

Ancient landforms hold value in Earth science, in part because they
provide insight into the processes by which landscapes evolve. This is
particularly true for desert pavements, where pavements are often a
starting point for sorting out webs of complex age relationships. In
some cases, pavements can provide key evidence for the timing of cli-
matic transitions such as in Australia (Fujioka et al., 2005) or the south-
ern Levant deserts (Amit et al., 2011). Old pavements compose a part of
a complex Quaternary system of desert soils and desert biota (Peterson,
1981; Peterson et al., 1995; McFadden et al., 1998; Young et al., 2004;
Wood et al., 2005). Many Earth scientists walking across old pavements
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have seen abundant evidence of past occupants in the form of scattered
stone tools or altered surfaces (Adelsberger and Smith, 2009; Latorre et
al., 2013; Foley and M.M., 2015; Honegger and Williams, 2015). Thus,
the general issue of pavement longevity connects to a variety of Earth
science fields of study. This paper reviews scholarship on the evidence
for and reasons for pavement longevity; then, this paper contextualizes
prior scholarship through the lens of a case study of pavements along
the terraces of the Salt and Verde Rivers, Sonoran Desert, Arizona, USA.

Just as alluvial fans have “personalities” in their behavior that vary
with drainage basin characteristics of rock type, relief, drainage density,
vegetation change, present-day climatology, paleoclimatology, land-use
and more (Committee on Alluvial Fan Flooding, 1996), so do desert
pavements. A unified theory of pavement longevity, unfortunately, can-
not be extracted from our analysis of scholarship or from our study of
pavements on terraces of the Salt and Verde Rivers. A great number of
factors require consideration in understanding a desert pavement's geo-
morphic longevity or instability, and even the relative importance of
these factors appear to shift from site to site. This concluding section
of the paper attempts a general synthesis by grouping survival factors
into three general categories: vital factors; key factors; and site-specific
factors.

5.1. Vital factor in long-term pavement stability

Scholarship on pavements reveals one vital factor promoting pave-
ment longevity: long-term hyperaridity that minimizes disturbance
(Matmon et al., 2009). The oldest known pavements occur in regions
that presently experience hyperaridity (Matmon et al., 2009; Placzek
et al., 2014; Wang et al., 2015). Gypsum (and carbonate) precipitation
may be a key mechanism of pavement survival related to hyperarid re-
gions (Dunai et al., 2005; Clark, 2006; Evenstar et al., 2009; Matmon et
al., 2009; Amit et al., 2011; Boroda et al., 2013;Wang et al., 2015). Clast-
size reduction (Matmon et al., 2009) is also associated with long-term
hyperaridity.

5.1.1. Key factors in Pleistocene pavement stability
Several key factors promote the survival of Pleistocene pavements

for 104 to 105 years: allochthonous dust floating the pavement; flat to-
pography; and a lack of headward-retreating swales or gullies.

1. Allochthonous dust floating pavement clasts. Dust infiltrating be-
neath desert pavements and keeping them at the surface – first rec-
ognized in Australia (Mabbutt, 1977; Mabbutt, 1979) and replicated
globally (McFadden et al., 1986; Gerson and Amit, 1987; McFadden
et al., 1987; Sauer et al., 2007; Adelsberger and Smith, 2009; Fisher
et al., 2014; Wang et al., 2015) – can keep pavements alive and the
lack thereof results in pavement instability. This is the case along
the Salt and Verde Rivers where terrace pavements maintain their
longevity as long as there exists a strontium-isotope signal indicating
the presence of allochthonous dust (Fig. 11).

2. Flat topography. Sloping surfaces, with the exception of those in hy-
perarid regions (Boroda et al., 2013; Owen et al., 2013), promote
pavement instability (Matmon et al., 2005; Wood et al., 2005;
Adelsberger and Smith, 2009). In contrast, very low slope angles fos-
ter pavement stability (Cooke, 1970; Mabbutt, 1979; Dixon, 2009).
This is the case for pavements on the Sawik,Mesa, and Blue Point ter-
races of the Salt River that maintain stability, while those with slop-
ing surfaces experience ongoing exposure of alluvium eroding from
underlying gravels.

3. Lack of headward retreating swales or gullies. Gully incision de-
creases pavement stability (Hunt and Mabey, 1966) with clear evi-
dence found from cosmogenic nuclide data (Frankel et al., 2007a;
Huang et al., 2014). Pavements atop isolated remnants of the Sawik
(Fig. 5B) and Mesa (Fig. 5C) terrace of the Salt River exemplify pave-
ment stability when swales or gullies do not work into an area of old
desert pavement.
5.2. Site specific factors promoting pavement stability

Each pavement exists in a unique local setting with varying geology,
landform, soils, hydrology, vegetation, climate, anthropogenic influ-
ences, and changes over time. As a consequence, it is inevitable that
site-specific factors play important roles in pavement longevity. For ex-
ample, the granitic strath underlying the Sawik and Mesa terrace pave-
ments of the Salt River (Fig. 6F, I) promotes pavement stability over the
much weaker playa clay strath of the Verde River (Fig. 7C, F). Similarly,
the disk-shapes of the Salt River pavements (Fig. 6B, E, H, K) traps dust
efficiently underneath this flattened shape (Goosens, 1995). Basalt
flows in arid regions (Wells et al., 1985; Shepard et al., 1995; Dunai
and Wijbrans, 2000; Valentine and Harrington, 2006; Fenton and
Niedermann, 2014) provide a very stable substrate for pavements as
the basalt gradually undergoes clast-size reduction (Valentine et al.,
2006). In some places, deflation erodes pavements (Schmidt et al.,
2011),while in other settings surfacewash degrades pavement surfaces
(Wood et al., 2005; Adelsberger and Smith, 2009; Rodriguez et al.,
2013a). However, perhaps the best example of a site-specific factor
would be modern and paleo-biotic disturbance (McAuliffe, 1994;
Dickerson et al., 2013; Pietrasiak et al., 2014). By sampling pavements
lacking evidence of modern or paleo-disturbance, exposure ages for
Sawik pavement cobbles (Fig. 6G) reach ~332 ka (Table 7; Fig. 8C). It
is the existence of these site-specific factors that makes development
of a universal explanation for pavement stability most difficult.
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