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Abstract

""Be and 2°Al were measured in bedrock and sediment co
region drainage basins of different scales (0.62 to 187 km?) and
determine long-term, time-integrated rates of sediment g
equivalent lowering (denudation), to identify sediment source
sediment delivery and, to evaluate the effects of basin scale on the interpretation of
cosmogenic nuclide activities measured in sediment. The three drainage basins include:
Arroyo Chavez (northern New Mexico), Nahal Yael (southern Israel), and Yuma Wash
(southern Arizona). By measuring nuclide activities in individual geomorphic features
throughout each drainage basin, the assumptions necessary for the interpretation of basin-
wide erosion rates from stream channel sediments were tested. The results of the three
studies suggest that for small basins (<20km?), storage of sediment is generally
insignificant, the nuclide concentration of bedrock surfaces, hillslope colluvium, alluvial
fans and terraces, and stream channel sediments are similar, and the drainage network
appears to integrate sediment and associated cosmogenic nuclides from throughout each
drainage basin. Thus, for small drainage basins, measuring nuclide activities in stream
channel sediments leaving the basin via the trunk stream appears to provide reasonable
estimates of basin-wide erosion rates calculated from the nuclide activities in the
sediment. However, for the larger scale Yuma Wash basin (>100km?”), sediment storage
becomes significant, and the nuclide signature of the stream channel sediments in the
trunk stream are most representative of the geomorphic features currently yielding the
greatest amount of sediment.

Analyses of sediment samples divided into multiple grain sizes demonstrates that
in arid regions, nuclide activities are independent of sediment grainsize implying that
both large and small particles are produced by similar processes, are transported at
similar rates, and are produced over a similar range of altitudes. These findings are
consistent with arid-region sediment transport theory, which suggests that turbulent flows

from infrequent, intense storm events transport material of many different sizes at similar
rates.

llected from three arid
geologic complexities, to
eneration and bedrock-
areas and mechanisms of

The results of the '"Be and 2°Al analyses indicate that overall rates of sediment
generation are similar for areas with similar lithologies and similar climates, but can
differ dramatically when conditions differ. Poorly lithified sandstones of New Mexico's
Arroyo Chavez basin, located on the Colorado Plateau (semi arid, seasonally cold
climate), overall average bedrock erosion rates are on the order of 100 mMy™' (sediment
generation rate of 275 t km™ y"). While arid regions (Yuma, Arizona and Nahal Yael.
Israel) with more weathering resistant lithologies (granitoids), average bedrock erosion
rates are on the order of 30 mMy™' (sediment generation rates of ~80 t km™ y™' ).

Finally, a program for correction of cosmogenic ages and erosion rates for
geomagnetically-induced changes in in-situ-produced cosmogenic nuclide production
rates is presented. Applying our corrections generally decreases calculated exposure ages,
increases calculated rates of erosion, and suggests systematic age errors associated with
time-averaged production rates be greater than 45% for older samples (> 100 ka) at high
elevations (3 to 6 km asl), low latitudes (0 to 10°), and for younger samples may be on
the order of 20% to 30% for samples > 40 ka at lower elevations (sea level to 1 km asl).
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1.0 Introduction

The rate at which a landscape changes is directly related to the physical and
biological processes occurring on that landscape (Summerfield, 1991: Bull, 1991 ).
Changes in environmental conditions, either natural or human-induced. can lead to
periods of increased stream channel incision, which result in the dissection ofa
landscape, decreases in hillslope vegetation, increased sediment loads to streams,
disruption of water supplies, disturbance of culturally significant historical sites, and
disturbance of delicate ecosystems (Leopold et al., 1966: Bull, 1991: Cooke and Revees,
1976; Bull and Schick, 1979; Schick and Lekach, 1993: Nichols and Bierman, 2001).

Sediment can be considered one of the greatest environmental pollutants (Keller,
1992). Understanding the rate at which sediment is generated can tell us how long it may
take to fill harbors, reservoirs, ponds or lakes. Increased sediment loads can make rivers
uninhabitable for many organisms and during high water periods can bury vegetation or
fertile soils in river flood plains (Keller, 1992). Sediment is also a key element in
transporting many pollutants in a fluvial environment (Rosensteel and Strom, 1991
Pilleboue and Dorioz, 1986; Drake and Heaney, 1987; Thoman and Mueller, 1987:
Clapp, 1995).

Establishing long-term (>10° yrs), baseline rates of sediment production and
erosion may be invaluable to the management of public and private lands. Reclamation
and restoration of public lands disturbed by military activities, harvesting or mining of
natural resources, overgrazing, or natural disasters, can be greatly improved if long-term

conditions are understood for the establishment of restoration criteria. Quantifying
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historical rates of sediment production, storage, and yield from a basin can help
determine the long-term effects of climate change or land-use on a landscape (Bull and
Schick, 1979; Bull, 1991). How do current rates of denudation. and sediment yield from a
basin compare to the long-term rates (Meade, 1969: Trimble, 1977, 1999; Walling, 1983;
Bull, 1991)? How do seemingly accelerated rates of landscape change compare to long-
term rates of landscape change? (Leopold et al., 1966; Bull, 1991; Gellis et al., 2000;
Clapp et al., 2000). Answering these questions relies on our ability to quantify rates of
geomorphic processes both in the present, and in the past.

Long-term rates of sediment production (rock erosion) are typically extrapolated
from estimates of sediment yield measured either as a flux of sediment past a gauging
station or determined by measuring the accumulation of sediment in a reservoir (Ahnert,
1970; Schumm, 1963; Judson, 1968; Judson and Ritter, 1964; Meade, 1969; Trimble,
1977; Saunders and Young, 1983; Pinet and Souriau, 1988; Schick and Lekach, 1993).
Equating sediment yield and sediment production implies steady-state behavior and
assumes no change in the volume of sediment stored within a basin, an assumption
repeatedly questioned (Meade, 1969; Trimble, 1977, 1999; Walling, 1983: Bull, 1991).
When extrapolations are used to infer sediment generation rates over thousands of years,
significant errors in estimates of long-term rates are inevitable (Meade, 1988, 1969;

Trimble, 1977).




1.1 In Situ Produced Cosmogenic Nuclides

10 26 . ¥ = S
Be and “"Al provide a potential tool for more accurately determining long-term

(>10° years) rates of sediment production (Cerling and Craig, 1994; Bierman, 1994:
Zreda and Phillips, 1998; Gosse and Phillips, 2001; Bierman et al., 2001). "*Be and 2°Al.
are long-lived radionuclides that are produced in rock and sediment, at or near Earth's
surface (within the top several meters), by the interaction of cosmic radiation with a
variety of target atoms in the rock and sediment: a process referred to as in-situ
production (Lal, 1988). The in situ production of '""Be and 2°Al occurs primarily through
the splitting (spallation) of O and Si atoms by collisions with high speed neutrons (Lal,
1988). ""Be and *°Al are also produced, to a lesser extent, through interactions with slow
muons (~ 3% according to Stone, 2000) and in very low concentrations by the radio-
disintegration of U and Th (Sharma and Middleton. 1989). Production of nuclides
decreases exponentially with depth below Earth's surface due to shielding of incoming
cosmic rays (Lal, 1988). In situ produced '"Be and *°Al in rock and sediment record the
number of interactions between the atoms within the rock or sediment and the incoming
cosmic radiation.

Because the interactions leading to nuclide production have been shown to occur
at a known rate over time (Lal, 1988; Lal and Peters, 1967; Nishiizumi et al., 1989). the
accumulation of '"Be and “°Al atoms in-situ can be used to approximate the near-surface
residence time of rock or sediment, the duration of surface exposure, and rates of surface
lowering (denudation) and sediment production (Lal, 1988, 1991; Nishiizumi et al..

1989).

[F%]




For over a decade, researchers have used in situ produced cosmogenic nuclides to
date specific geologic and geomorphic features or events and to quantify rates of specific
geomorphic processes (Gosse and Phillips, 2001). Cosmogenic nuclides in rock have
been used to date glacial events (Brown et al., 1991: Brook et al., 1993, 1995a.b, 199¢;
Gosse et al., 1995a,b; Ivy-Ochs et al., 1995: Davis et al.. 1999; Bierman et al., 1999:
Marsella et al., 2000 Phillips et al., 2000), volcanic eruptions (Shepard et al., 1995),
landslides (Nichols at al., 2000) and alluvial fan deposits (Bierman et al., 1995b; Brown
etal., 1998; Zehfuss et al., 2001). These nuclides have been used to determine recurrence
intervals for earthquakes and to date and quantify tectonic offset (Bierman et al., 1995b;
Ritz et al., 1995; Brown et al., 1998: Zehfuss et al., 2001). Additionally, cosmogenic
nuclides have been used to date river and marine terraces (Anderson et al., 1996: Phillips
etal., 1997; Repka et al., 1997; Hancock et al., 1999: Perg et al., 2001) and to determine
rates of river incision (Burbank et al., 1996; Leland et al., 1998: Hancock et al.. 1998:
Granger et al., 1997, 2001a; Weissel and Seidl, 1998). More recently, cosmogenic
nuclides in sediment have been used, to a limited extent, to determine basin-wide rates of
sediment generation and basin denudation (Brown et al., 1995a; Granger et al., 1996;
Small et al., 1999; Bierman et al., 2001; Clapp et al., 2000, 2001, 2002).

Bierman and Steig (1996), based on past works by Lal (1991), hypothesized that
in situ produced nuclides in stream channel sediments could be used to determine basin-
wide rates of denudation and sediment production. Because sediment transported and
stored in stream channels is derived from erosion of upstream drainage basins, and these
sediments are a mixture of sediments from upstream tributaries draining many smaller
basins, the sediments leaving a drainage basin via a trunk stream should be representative

4




of eroding lithologies throughout a drainage. Furthermore, the sediments should carry
""Be and *°Al signatures that represent denudation rates of lithologies from throughout
the drainage basin. Therefore, because for any sediment sample collected from a stream
channel, there are many individual sediment particles most likely derived from many
different locations throughout the basin, the measured isotopic abundance from a stream
sediment sample has the potential to give a spatially integrated, average erosion rate for
the entire basin.

The hypothesis presented by Bierman and Steig (1996) for the use of '’Be and
Al in stream channel sediments as a tool to determine basin-wide rates of denudation
and sediment generation included many assumptions necessary for successful application.
The assumptions and limitations of such measurements and their interpretations are
discussed in detail by Lal (1991), Bierman and Steig (1996), Brown et al. (1995),
Granger et al., (1996), Clapp et al. (1997 and 1998), and Small et al. (1999).

Prior to the research conducted as part of this dissertation, several research groups
(Small et al., 1999; Granger et al., 1996; Brown et al.. 1995a; ) had measured '’Be and
Al in only only a few, small drainages constrained by the strict set of assumptions and
with little geologic variation. None of these previous studies tested the assumptions of the
theory or the validity of the theory in basins of different scales, with heterogeneous

lithologies and complex geology.

This dissertation specifically sets out to test the following hypotheses:




1.2

Research Questions

Cosmogenic nuclide activities measured in sediments throughout a drainage basin can

be used to infer baseline, long-term, denudation rates over landscapes of different

scales.

Cosmogenic nuclide activities can be used as a tracer to identify current, specific

areas of landscape degradation within a larger landscape.

Cosmogenic nuclide activities can be used to infer specific geomorphic processes that

contribute sediment to drainage systems.

Cosmogenic nuclide activities can be used to determine if a basin is in a long-term

condition of steady state with respect to sediment generation and sediment yield.

The grain size distribution of a sediment sample may significantly affect the results of
a cosmogenic nuclide study in sediments, (i.e., different sediment grain sizes have

different cosmogenic nuclide activities).

The accuracy of cosmogenic exposure ages and erosion rates can be improved by

correcting for the effects of changes in the strength of Earth's magnetic field.
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1.3 Field-Based Studies

To test the hypotheses presented above, three field-based studies were carried out
in arid regions, on drainage basins of different scales. Each of the study areas was of
environmental, geological, or scientific interest to the parties responsible for managing
the natural resources of the areas. The three study areas included: Arroyo Chavez
Drainage basin (17.3 kmz), located in central New Mexico; Yuma Wash Drainage Basin
(187 km*), located in southern Arizona; and Nahal Yael Drainage Basin (0.62 km?),
located in southern Israel (Figure 1-1).

In each of the study areas, we collected samples from throughout the drainage
basin and from different geomorphic features (stream channels, stream banks. alluvial
fans, hillslopes, and bedrock uplands) to test the hypothesis that the drainage network of a
basin is a good integrator of sediments from throughout the basin. This spatial
distribution of samples also allows us to show that cosmogenic nuclides can be used as
tracers to identify specific sediment source areas within larger drainages and to show the
relationship between lithology and sediment generation in different portions of a basin.
Finally, our sampling method allows us to determine if a basin is generally in a long-term

steady-state with respect to sediment production and sediment yield.

Arroyo Chavez

Arroyo Chavez is a tributary to the Rio Puerco and ultimately the Rio Grande.
Rapid incision of arroyos in this region has led to destruction of roadways, lowering of
groundwater tables below stream baseflows and below the pump intake levels of water
supply wells, and to rapid sedimentation in larger rivers (Gellis et al., 2000; Gellis and
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Elliott, 1998; Elliott et al.. 1999). Throughout the semi-arid, southern Colorado Plateau.

changes in climate and land use have significantly influenced landscape evolution and the

onset of arroyo incision (Leopold et al., 1966; Bull, 1991: Gellis et al., 2000). Arroyo
incision and subsequent backfilling form a cycle that has repeated itself several times in
the past three millennia (Love and Young, 1983: Love. 1986: Gellis et al., 2000). Cycles
of arroyo cutting and filling require a sediment source sufficient to re-fill the arroyo
following periods of incision (Cooke and Revees, 1976). There are two primary sources
for this sediment; erosion of the uplands and acolian input. Recent sediment-trap data
(Gellis et al., 2000) indicate that the aeolian transport is responsible for less than 1% of
the total sediment moving in our study area. Therefore. in the Arroyo Chavez study, we
focus on rates of sediment generation from bedrock erosion in the uplands.

In order to quantify long-term sediment generation rates within Arroyo Chavez,
we measured in-situ-produced cosmogenic '“Be and 2°Al in the quartz fraction of 16
sediment and 3 bedrock samples. We use the drainage network of the basin as an
integrator of sediment from throughout the basin and interpret '’Be and *°Al
concentrations in stream channel sediments as representative of basin-wide average
concentrations (Bierman and Steig, 1996). Our results demonstrate the value of
cosmogenic nuclides in providing rapid estimates of long-term sediment generation rates
and illustrate one of the many different spatial scales at which the method may be
applied. The results of the work conducted at Arroyo Chavez are published in the journal
Quaternary Research, in a manuscript entitled "Rates of Sediment Supply to Arroyos

from Upland Erosion Determined Using In Situ Produced Cosmogenic ''Be and *°Al",

This manuscript is included as Chapter 2 of this document.




Nahal Yael

Nahal Yael is a small drainage basin (0.62 km?) in the Negev Desert of southern
Israel. The Nahal Yael Drainage provides data from a hyper-arid climatic region and is in
an area of concern to the countries of Israel and Jordan where sedimentation in the Gulf
of Acaba presents great difficulties in shipping industries and in transport of water for
agricultural uses. Erosion and sediment transport has been intensely studied in this basin
over the past 33 years (Schick and Lekach, 1993). An earthen dam at the outlet of this
drainage captures nearly 100% of the sediment leaving the drainage, thus providing an
ideal location for comparison of long-term sediment generation and short-term sediment
yield. Using 33 paired '"Be and °Al analyses collected in bedrock, hillslope colluvium,
alluvial deposits, and stream channel sediments and a 33 yr sediment budget (Schick and
Lekach, 1993), we determined long-term sediment generation rates, identified significant
sediment sources, and tested for landscape steady state (Trimble, 1977; Brown et al..
1995 Clapp et al., 1997) in Nahal Yael. Additionally, the Nahl Yael basin is comprised
of three distinct lithologies (Bull and Schick, 1979; Schick and Lekach, 1993), allowing
us to test our methods in a geologically heterogeneous basin. The results of the work
conducted at Nahal Yael are published in the journal Geology, in a manuscript entitled
"Sediment Yield Exceeds Sediment Production in Arid Region Drainage Basins". This

manuscript is included as Chapter 3 of this document.

Yuma Wash
Yuma Wash, an ephemeral tributary to the Colorado River, is located in the
Sonoran Desert in southwestern Arizona. The Yuma Wash Drainage basin is of great
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concern to the environmental managers of Yuma Proving Grounds who must balance the
military's use and disturbance of the land with sedimentation issues in the Colorado
River, disturbance of historically significant cultural sites, and disturbance of delicate
arid-region ecosystems. Yuma Wash provides a test of our methods and assumptions on
two scales. A small (~8 kmz) sub-basin gives a controlled study area to conduct our tests
and apply the techniques developed for determining basin-wide sediment generation rates
in small basins (Small et al., 1999: Bierman and Steig, 1996; Granger et al., 1996; Brown
et al., 1995a). The larger, Yuma Wash drainage basin (187 km?) provides a test of
methods on a large scale and in an area with diverse lithologies. Evaluating the basin on
two different spatial scales allows us to evaluate the effects of basin scale on the
interpretation of cosmogenic nuclide concentrations measured in sediment

We measured '*Be and *°Al in 64 sediment and bedrock samples collected
throughout the Yuma Wash drainage basin. From the measurements. we determine long-
term, time-integrated rates of upland sediment generation and bedrock equivalent
lowering. Nuclide concentrations, measured in channel sediment from tributaries of
Yuma Wash and in samples collected along the length of the Wash were used to
construct mixing models and determine sediment sources to the main-stem channel.
Nuclide concentrations measured in individual geomorphic features within the sub-basin
help to identify processes supplying sediment to the stream channels. The data are also

evaluated to determine if there is a relationship between sediment grain size and nuclide

concentration. The results of the work conducted at Yuma Wash are published in the

, . . : 26 N
journal Geomorphology. in a manuscript entitled "Using '"Be and *°Al to Determine




Sediment Generation Rates and Identify Sediment Source Areas in an Arid Region

Drainage Basin". This manuscript is included as Chapter 4 of this document.

1.4 Correction of Cosmogenic Exposure Ages and Erosion Rates

The fifth chapter of this dissertation presents a computer model designed to quantify and

correct cosmogenic exposure ages and erosion rates for the effects of varying nuclide
production rates over time. Systematic uncertainties, inherent to the interpretation of
cosmogenic nuclide measurements, make correlations with other dating systems
uncertain (Clark et al., 1995; Dunai, 2001; Masarik et al., 2001; Shanahan and Zreda.
2000). The greatest uncertainties in determining cosmogenic exposure ages or erosion
rates of samples for which exposure history is well constrained, are nuclide production
rates as a function of time, altitude, and latitude. Recent work has begun to address
altitude and latitude scaling for spallation (Dunai, 2000, Desilets and Zreda, 2001) and
for muons (Stone, 2000). The model we present builds on the earlier works of Clark et al.
(1995), Clapp and Bierman (1996), Nishiizumi et al. (1996), and Shanahan and Zreda
(2000), which consider the effect of changing dipole field strength on nuclide production
rates. The results of our corrections are compared to those of several other groups who
have recently made similar corrections using different methodologies. The results of the
geomagnetic correction model will be submitted for publication in the journal
Radiocarbon, in a manuscript entitled " Correcting Cosmogenic Exposure Ages and
Erosion Rates for Secular Variation in Earth’s Magnetic Field Intensity". This

manuscript is included as Chapter 5 of this document.




Jerusalem

Yuma Wash
Arroyo Chavez

Nahal Yael

Figure 1-1. World map showing general study locations (red stars). Inset A is map of
United States showing Yuma Wash and Arroyo Chavez study areas (red circles). Inset B
is map of Israel showing Nahal Yael study area (red circle).
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21 Abstract

Using '"Be and 2°Al measured in sediment and bedrock, we quantify rates of
upland erosion and sediment supply to a small basin in northwestern New Mexico. This
and many other similar basins in the southwestern United States have been affected by
cycles of arroyo incision and backfilling several times in the past few millennia. The
sediment generation (275 + 65 gm? yr! ) and bedrock equivalent lowering rates (102 +
24 m myr’" ) we determine are sufficient to support at least three arroyo cycles in the past
3,000 years, consistent with rates calculated from a physical sediment budget within the
basin and regional rates determined using other techniques. Nuclide concentrations
measured in different sediment sources and reservoirs suggest that the arroyo is a good
spatial and temporal integrator of sediment and associated nuclide concentrations from
throughout the basin, that the basin is in steady state, and that nuclide concentration is
independent of sediment grain size. Differences between nuclide concentrations
measured in sediment sources and reservoirs reflect sediment residence times and
indicate that sub-colluvial bedrock weathering on hillslopes supplies more sediment to

the basin than erosion of exposed bedrock.




2.2 Introduction

Determining rates of sediment generation is important for understanding

landscape evolution and landscape response to changes in climate and land use. On the
semi-arid, southern Colorado Plateau, changes in climate and land use have s gnificantly
influenced landscape evolution (Leopold et al., 1966: Bull, 1991; Gellis et al., 2000). For
example, during the Holocene, the Rio Puerco underwent multiple cycles of aggradation
and gullying (Bryan, 1925; Love, 1986; Love and Young, 1983). The arroyo network of
this 1600-km? basin last began incising during the late 1800°s (Bryan, 1925; Aby, 1997;
Gellis and Elliott, 1998); however., since ~ 1940, these arroyos, with the exception of
some low order channels that continue to migrate headwards (Figure 1), have been
aggrading (Gellis et al., 2000 Gellis and Elliott, 1998; Elliott et al., 1999)

Arroyo incision and subsequent backfilling form a cycle that has repeated itself
several times in the past three millennia (Love and Young, 1983; Love, 1986; Gellis et
al., 2000). Cycles of arroyo cutting and filling require a sediment source sufficient to re-
fill the arroyo following periods of incision (Cooke and Revees. 1976). There are two
primary sources for this sediment; erosion of the uplands and aeolian input. Recent
sediment-trap data (Gellis et al., 2000) indicate that the aeolian transport 1s responsible
for less than 1% of the total sediment moving in our study area. Therefore, in this paper
we focus on rates of sediment generation from bedrock erosion in the uplands.

In order to quantify long-term sediment generation rates within Arroyo Chavez
(Figures 1 and 2), a tributary of the Rio Puerco, we measured in-situ-produced
cosmogenic '°Be and *°Al in the quartz fraction of 16 sediment and 3 bedrock samples.

We use the drainage network of the basin as an integrator of sediment from throughout
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the basin and interpret '“Be and 2°A] concentrations in stream channel sediments as

representative of basin-wide average concentrations (Bierman and Steig, 1996). Our
methods are better suited to determining long-term sediment generation rates than
traditional sediment monitoring because the accumulation of nuclides integrates rates
over thousands of years, a time span over which short-term (decadal) fluctuations in
climate and sediment generation will not be significant. Our results demonstrate the value
of cosmogenic isotopes in providing rapid estimates of long-term sediment generation
rates and illustrate one of the many different spatial scales at which the method may be

applied.

2.3 Geomorphic Setting

Arroyo Chavez occupies a small basin (17.3 km®) on the Colorado Plateau ~2 km
above sea level (Figure 2). The climate is semi-arid (mean annual precipitation, 377 mm.
Gellis et al., 2000). Our study focuses on the headwaters, a 1.1-km? sub-basin underlain
primarily by homogeneous, arkosic sandstone. The basin is characterized by more
resistant, flat-lying sandstones that form mesa tops, overlying less resistant, hillslope-
forming sandstones and shales (Figure 3).

Regolith is present on most hillslope and mesa surfaces. The mesa tops have a
thin, 0- to 20-cm veneer of fine-grained, quartz-rich sand and silt (69% < 2000 pum). The
hillslopes have similar colluvial deposits generally less than 30 cm deep (L=153+14.3
cm, n=50); bedrock hollows contain deposits as deep as 90 cm. At the base of some

hillslopes, gently sloping alluvial fans have formed (<5 m thick). The fan deposits are
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weakly stratified, are the same color and texture as the hillslope colluvium, and do not
contain distinct paleosols, thus suggesting rapid or steady aggradation.

Material shed from the basin hillslopes is deposited on alluvial fans and on the
valley bottom. The valley fill is < 5 m thick based on bedrock outcrops observed at the
bottom of the arroyo. The channel is 1 to >4 m wide. The basin alluvium comprises
alternating layers of fine sand. medium to coarse sand, and coarse sand with occasional

pebbles. It is weakly cemented by calcium carbonate, crudely stratified, and there are no

distinct soil horizons.

2.4 In-Situ-Produced Cosmogenic Isotopes in Sediments

'"Be and *°Al are produced in quartz from the interaction of secondary cosmic
rays (primarily high-energy neutrons) with Si and O (Lal, 1988). These cosmogenic
radionuclides accumulate most rapidly in sediment and bedrock residing at or near
Earth’s surface (< 3 m depth); accumulation or “production” rates decrease exponentially
with depth (Lal, 1988). An inverse relationship exists between the rate at which sediment
is being generated and transported from a drainage basin (erosion) and the concentration
of in-situ-produced cosmogenic nuclides in that sediment (Lal, 1991; Brown et al.,
1995a; Bierman and Steig, 1996; Granger et al., 1996). The relationship between nuclide
concentration and sediment generation rate has been quantified using interpretive models
(Lal, 1991; Bierman and Steig, 1996); nuclide measurements have been used to estimate
time-integrated rates of sediment generation, bedrock lowering, and sediment yield (e.g..

Bierman and Turner, 1995; Brown et al., 1995a; Granger et al., 1996: Small et al., 1999).



The Arroyo Chavez basin can be thought of as a series of reservoirs (hillslope

colluvium, alluvial fan sediment, basin alluvium, and channel sediment) through which
sediment flows en-route from bedrock source areas to the basin outlet (Figure 3). During

transport and storage, nuclides accumulate and record the relative time of sediment

S 10 26 ; o e .
residence. We measured '"Be and ’Al concentrations in individual reservoirs to test

assumptions used to interpret cosmogenic nuclide concentrations in sediment.

Differences between nuclide concentrations in different reservoirs can be used to track

sediment contributions.

The interpretive model used to determine sediment generation rates from

cosmogenic nuclides measured in sediments (Brown et al., 1995a; Bierman and Steio

I=E]

1996: Granger et al., 1996) is based on a balance between nuclides produced in or
entering a drainage basin and those leaving the basin (Figure 4). To calculate meaningful
sediment generation rates from nuclide abundances, two assumptions must be valid: the
total reservoir of cosmogenic nuclides (C) within the basin must remain constant over

time (steady state) and the sediment leaving the basin must be well mixed.

2.5 Methods
Sample Collection

Sediment and bedrock samples were collected from the reservoirs described in the
previous sections (Table 1, Figures 2 and 3). We collected three bedrock samples from
ridges surrounding the sub-basin. Three evenly spaced sediment samples were collected
along a hillslope transect 320 m long; each was an integration of the 10- to 20-cm depth
of hillslope colluvium; we assumed complete mixing of sediment would occur for such
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shallow cover. Four homogenized sediment samples were collected from different sites
along the bottom of the active stream channel (Figure 2). Additionally, four alluvial fan
sediment samples were collected from a 4-m-deep vertical profile (F igure 2). Fan
samples were collected at approximately 100-cm depth increments, each sample was

integrated over a 10-cm depth range. A similar 3.8-m-deep profile was sampled where

the basin alluvium was exposed by the main stem of Arroyo Chavez (Figure 2).

Sample Preparation

All sediment samples were pre-washed in HCI to remove carbonate. Four samples

(ECAC-11, -14, -19A, and -19D) were sieved to test the relationship between grain size
and nuclide concentration. The remaining twelve sediment samples were sieved to yield
only the 250- to 1000-pm size fraction (sediment grain size data is included in Appendix
A). All particles smaller than 125 pm were discarded to minimize aeolian contribution
(Reheis and Kihl, 1995). Samples were heated and ultrasonically etched to isolate 20 to
30 g of pure quartz (Kohl and Nishiizumi, 1992), which was dissolved in HF containing
250 pg of Be carrier. Be and Al were then isolated using ion chromatography and
isotopic ratios were determined by accelerator mass spectrometry at Lawrence Livermore
National Laboratory. Al was measured in duplicate aliquots by Inductively Coupled

Argon Plasma Spectrometry — Optical Emission.

Data Interpretation
The ""Be and *°Al measured in 26 samples from 19 locations (Tables 1, 2, and

Figure 5) are well correlated. The time scale over which our samples could have been
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buried is too short to affect the *°Al/ ''Be ratio, thus the *°Al measurements can be

o : 10
considered replicates of the '"Be measurements. Both the '"Be and 20A1 measurements are

used in the calculation of average erosion and sediment generation rates. To streamline
data presentation, our discussion focuses on the '°Be data.

Production rates of 6.03 and 36.8 (atoms g yr'") for "°Be and Al respectively
(Nishiizumi et al., 1989), were used in calculation of erosion rates. The production rates
were scaled for latitude and elevation according to Lal (1991), assuming no muon
production (Brown et al., 1995b) and 20% uncertainty (Clark et al., 1995). No corrections
have been made for quartz enrichment (Small et al.. 1999) as our quartz-yield data
indicate ~25% quartz content for bedrock samples and ~22% for sediment samples. All

statistical comparisons were made using a confidence interval of 90% and independent, t-

tests assuming unequal variance (Ott, 1993).

2.6 Results and Discussion
Isotopic data indicate that Arroyo Chavez sediment is well mixed and that the
basin is in steady state. Based on this evidence, we use the data to determine basin-wide

sediment generation rates.

Model Evaluation

Fluvial Integration of Basin Sediments. Sediments generated from the upland hillslopes

and bedrock outcrops are mixed together by bioturbation, rain splash, and freeze-thaw. In
the Arroyo Chavez Basin, there are few direct pathways for upland sediment to enter the
main stem of the arroyo without first mixing with hillsope colluvium. Mixing and
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integration of sediment and associated nuclides continues as material is transported and
deposited in alluvial fans and valley alluvium. As the channel meanders across the basin,
the arroyo incises through the basin alluvium, and arroyo walls collapse into the channel
(at the time of sampling, more than five recent wall failures and hundreds of subsurface
pipes were observed along the channel above the sampling sites). Subsurface piping
removes sediment from the valley fill and delivers it to the arroyo channel. These
processes mix sediment from much of the width and depth of the basin as well as the
length of the channel. Therefore, the channel-sediment nuclide concentration and the
resultant erosion and sediment generation rates we calculate are integrated both spatially
(as described above) and temporally by cutting through the depth profile that represents a
long-term record of nuclide concentrations.

The '“Be data we have collected are consistent with the above description. The
average ''Be concentration measured in the stream-channel sediment (1.57 + 0.18 x 10°
atoms g™') is statistically indistinguishable from the average concentration of the basin
alluvium profile samples, weighted by percent of profile depth (1.36 + 0.09 x 10° atoms
oy Additionally, there are no significant differences between the nuclide concentration
of the channel sediment and other sediment reservoirs throughout the basin (Table 2)
with the exception of the alluvial fan, which occupies only a small portion (<3%) of the
basin. Channel-sediment nuclide concentrations are thus representative of basin-wide

sediment nuclide concentrations.

Steady State Erosion and Nuclide Inventory. Calculation of basin-wide erosion rates,

from sediment nuclide concentrations in well-mixed alluvium, requires that a basin have
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a steady state nuclide inventory for which the flux of nuclides into the basin equals the

flux out (Bierman and Steig, 1996). A basin with a steady state nuclide inventory

(constant (') must be losing sediment mass (m) and associated nuclides at a constant rate

(steady state erosion). Although we cannot directly determine if a basin has a steady state

nuclide inventory, we can use steady state erosion as a proxy. Several lines of evidence
suggest that the Arroyo Chavez basin is eroding steadily: down-basin isotopic
homogeneity, depth-profile isotopic homogeneity, and steady state deposition of basin

alluvium.

Down-Basin Isotopic Homogeneity. [sotopic concentrations in sediment

reservoirs throughout the Arroyo Chavez basin are similar (Table 2 and Figure 3)
suggesting steady state erosion without long periods of storage. Particles systematically
approach the landscape surface and accumulate nuclides at similar rates throughout the
basin. Differences in isotopic concentrations between sample locations can be attributed
to slight, local variations (at the 100-m’ scale) in erosion rates related to differences in
lithology, catchment $ize, and slope. Slightly higher nuclide concentrations in basin
alluvium (1.36 £ 0.09 x 10° atoms g’") and channel sediment (1.57 £0.18 x 10° atoms g™h
compared to hillslope colluvium (1.10 +0.18 x 10” atoms g™') are likely the effect of
nuclide accumulation integrated over several thousands of years following deposition.
By contrast. a basin that was undisturbed by erosion for thousands of years (i.c.. a
long period of nuclide accumulation), and was only recently stripped of its upland
sediment cover, should have deposits of high-concentration sediment in alluvial-fan and
basin alluvium, leaving newly exposed (previously shielded from cosmic rays), low-

concentration bedrock and sediment in the uplands. However, exposed bedrock surfaces
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in the Arroyo Chavez basin have higher average nuclide concentrations (1.89 + (.37 x

5 -1 - :
107~ atoms g™) than other reservoirs. Fan deposits have lower average nuclide

- z 5 -1 _— . .
concentrations (0.87 + 0.07 x 10° atoms g"), uncharacteristic of material that has been

exposed for long periods of time and then stripped from the landscape prior to deposition.

Depth Profile Isotopic Homogeneity. Nuclide concentrations in depth profiles of

the alluvial deposits will record substantial changes in nuclide concentrations if erosion
rates change over time. The basin alluvium profile (Figure 6A) displays a regular increase
in nuclide concentration with depth, consistent with post-depositional nuclide
accumulation rather than substantial, erratic changes in concentration indicative of

changes in basin-wide erosion rates over time.

Steady State Deposition. A basin eroding at a constant rate will accumulate

sediment at a constant rate, if the rate of sediment generation is faster than the rate of
sediment export. Isotopic data collected from the basin alluvium profile are consistent
with steady state deposition. We use the constant-deposition model (equation 1) of Lal
and Arnold (1985) to approximate isotopic concentrations in sediments deposited in the
basin over time.

P

(- gtm) (ea.1)

N=C, +

i g . -1 y
In this relationship, nuclide concentration (N atoms g') at a given depth (4 cm)

v 4 . = 24 ) - .
is a function of the initial nuclide concentration (C; atoms g™'), the production rate at the
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surface (P, atoms g'l yr"), the characteristic attenuation coefficient for fast neutrons (1 ¢
cm™), the density of the overlying material (p g cm™) and the rate of sediment
accumulation (s cm yr'),

Following deposition, grains of sediment continue to accumulate nuclides until
buried deeply enough (200 to 300 ¢m) to shield them from cosmic rays. Steady state
deposition produces a nuclide depth profile which is constant at depths greater than ~ 200
cm; nuclide abundance decreases with decreasing depth of burial (Figure 7A). The basin
alluvium depth profile we measured (Figure 6A) is consistent with steady state deposition
and therefore steady rates of sediment generation.

Assuming the nuclide abundance at the time of deposition was greater than or
equal to the lowest concentration measured throughout the basin (~0.66 x 10> atoms on
ECAC 14-1), we produced a series of curves representing model depth profiles at
different sediment accumulation rates (Figure 8). By visually fitting the measured data to
the curves, we find the data correlate best with the curve representing a minimum
limiting deposition rate of 280 m myr™ (p=1.6 g cm™), equivalent to 165 m myr™' of
upland bedrock erosion (p=2.7 g em™). This bedrock equivalent erosion rate is within one
standard deviation of other estimates (Dethier et al., 1988; Gellis et al., 2000) and the
calculations we describe later in this discussion (Table 3). The deposition rate we
estimate indicates that sediment accumulation in the basin began ~13,000 yr B.P.,
consistent with Late Pleistocene/Early Holocene changes in climate and associated
hydrologic controls on sediment generation and transport (Bull, 1991).

Although our model suggests steady state erosion over the depositional history of

the basin, our solution is not a unique explanation of the data. A systematic increase in
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rates of sediment deposition related to increased basin-wide erosion rates could account

for the lower nuclide concentrations near the profile top. Alternatively, a recent stripping
event depositing up to 100 cm of sediment in the basin could result in greater nuclide

concentrations low in the profile (post depositional nuclide accumulation) while recently

deposited sediments near the top of the profile would have lower nuclide concentrations
similar to the hillslope colluvium. However. stripping of the uplands would leave behind
low-concentration (previously shielded) sediment and bedrock. The upland bedrock
surfaces have the highest nuclide concentrations in the basin suggesting long-term upland
stability.

On a smaller scale, the isotopic profile data collected from the alluvial fan show
little variation with depth (Figure 6) suggesting rapid, recent deposition. Several
radiocarbon dates taken in the alluvial fan profile (M. Pavich, USGS, previously
unpublished data) demonstrate that the uppermost 300 cm were deposited in the last 1760
+60 "C yr B.P. (Figure 6). Although the average '“Be concentration of the fan sediment
is lower than the average of the hillslope colluvium, hillslope samples collected directly
above the fan (ECAC14-1, -2, and -3), in an area of active incision. have average nuclide
concentrations (0.74 + 0.05 x 10° atoms ™) indistinguishable from the average fan
nuclide concentrations (0.87 + 0.07 x 10° atoms g’"). These data illustrate the localized
variations in erosion rates at the 100-m” scale that are integrated by arroyo cycling.
Although our data do not unequivocally prove steady state erosion or a steady state
nuclide inventory, the three lines of evidence presented above indicate that the steady
state assumption is reasonable over the ~ 13,000-yr depositional history of the basin

alluvium.




Lack of Grain Size Dependence

Arroyo Chavez data indicate that nuclide concentrations are independent of sediment
grain size (Figure 9). These data are consistent with measurements from other locations
(Granger et al., 1996; Clapp et al., 2000); however, Brown et al. ( 1995a) found that the
""Be concentration in river sediment from the Luquillo Experimental Forest, Puerto Rico.
was inversely proportional to grain size due to different erosional mechanisms
responsible for generating and transporting material of different sizes. Together, these
studies suggest that the geomorphic processes such as mass wasting or deep-seated land
slides likely result in nuclide dependence on grain size. In a semi-arid drainage, where
sediments of many different sizes move by the slow processes of soil creep and surface

wash, differential transport is less likely to occur and thus nuclide abundances are largely

independent of grain size.

Erosion Rates, Sediment Generation, and Arroyo Cycling

Using cosmogenic B¢ and 2°Al data, we have calculated basin-wide, time-
integrated rates of sediment generation for the Arroyo Chavez basin (Table 3). We
present erosion rates as bedrock-equivalent lowering rates for comparison with other
studies. The basin-wide average erosion rate of 102 + 24 m myr”' (determined from
arroyo channel sediments) is less than the rate determined by Gellis and Aby (1998) from
sediment traps on the Arroyo Chavez Basin hillslopes (146 + 25 m myr™) but similar to
that determined by Dethier et al. (1988), who calculated retreat rates on hypsometric

profiles of weakly lithofied sandstones in the nearby Western Espanola Basin (~ 100 m
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myr ). The difference between the nuclide-based erosion rate and the sediment-budeet

erosion rate (Gellis et al., 2000) probably illustrates the importance of integration time

I S 3 2 : .
(10" vs. 107 yr) and scale (m~ vs. 100m?). Interestingly, the nuclide-based erosion rate

determined only from hillslope colluvium samples (149 + 51 m myr") is very similar to

that of Gellis and Aby (146 + 25 m myr').

The erosion rate we have determined for Arroyo Chavez (102 + 24 m myr™') is
substantially greater than bedrock rates measured in more arid regions, with more erosion
resistant bedrock, and less soil development such as south-central Australia 0.6to 6 m
myr” (Bierman and Turner. 1995) and Antarctica ~ 0.1 to 1.0 m myr™ (Nishiizumi et al..
1991). Our higher erosion rates are consistent with an easily eroded lithology in a slightly
wetter climate (semi-arid) and in a location where mechanical weathering is more
prevalent. Our estimates are also consistent with more general, large-scale rates
determined for the Colorado Plateau of 165 m myr™' and 83 m myr” by Judson and Ritter
(1964) and Holeman (1968), respectively.

Both our cosmogenic data and the physical data collected by Gellis and Aby
(1998), indicate that hillslopes are eroding faster than more resistant bedrock uplands.
The average nuclide activity in bedrock outcrops (1.89 + 0.37 x 10” atoms g™') is greater
(90% confidence) than that of hillslope samples (1.10 = 0.18 x 10° atoms o). as would
be expected when comparing the most resistant materials in the basin (mesa-forming
sandstones) to less resistant materials (slope-forming interbedded sandstones and shales).
Based on the isotopic evidence for higher hillslope erosion rates and the greater basin
slope area than outcrop area (< 5% of the basin contributing area is exposed bedrock), our

measurements indicate that bedrock-to-soil conversion on the hillslopes generates

27




substantially more sediment within the basin than does erosion of bedrock outcrops. Our
findings of greater rates of regolith production beneath a cover of colluvium are
consistent with previous works (Gilbert, 1877; Bull, 1991; and Small et al., 1999)
suggesting that, in more arid environments, colluvium retains moisture from infrequent
precipitation events that, when held in contact with bedrock, facilitates chemical and
mechanical weathering. In more humid regions, such as those described by Heimsath et
al. (1997 and 1999), colluvium appears to hinder the production of regolith.

We have calculated a basin-wide, average sediment generation rate (275 + 65 g m’
2 yr’") based on nuclide concentrations in channel sediment. Using the present-day
sediment-contributing area of the basin (0.51 km”) and an estimated maximum sediment
volume of the present-day arroyo cut (~ 20,000 m°, length of the arroyo and tributaries
multiplied by average width and depth of the channel), the total volume of sediment
generated (88 m® yr' based on a sediment density of 1.6 g em™) is sufficient to fill the
present-day arroyo approximately once every 230 years. This calculation assumes that no
sediment is exported from the basin during filling (e.g., a 100% trapping efficiency) and
that the net aeolian contribution is negligible (estimated at < 1% by Gellis and Aby
(1'998)). However, estimates of even 50% to 75% sediment export would allow arroyo
backfilling roughly every 1000 years. Our data therefore show that in this small, high-
clevation, semi-arid basin, sufficient sediment is generated from the hillslopes to fill the
current arroyo and perpetuate the arroyo cycles that have recurred several times during

the past 3000 years (Elliott et al., 1999).
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2.7 Conclusions

Measurements of '’Be and 2°Al in the sediment and bedrock of the Arroyo
Chavez basin indicate that the basin is in long-term erosional steady state, that fluvial
sediment is isotopically representative of the basin as a whole, that grain size does not
control nuclide abundance, and that sufficient sediment is produced (275 + 65 gm™ yr'")
to support rapid arroyo cycling. The long-term bedrock-equivalent basin-scale lowering
rate (102 + 24 m myr™") we calculate is in good agreement with other regional denudation
estimates and local short-term measurements of sediment generation. Differences in

nuclide concentrations measured in bedrock and hillslope colluvium indicate that

weathering of sub-colluvial bedrock generates more sediment than weathering of exposed

bedrock.
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Table 2-1. Locations and descriptions of samples from Arroyo Chavez Basin

New Mexico.

sample *latitude *longitude “elevation sample type grain size
(km) (microns)

ECAC | N35°42.301'  W107°06.063' 2.030  bedrock not applicable

ECAC 4 N35°42.106'  W107°06.487' 2.042  bedrock not applicable

ECAC6 N35°42.359'  W107°06.619' 2042  bedrock not applicable

ECAC 8-2 N35°40.163'  W107°05.415' 1.951  channel sediment 500-1000

ECAC?9 N35°41.565'  W107°06.018' 1.963  channel sediment >250

ECAC 10 N35°41.941'  W107°06.068' 1.972 channel sediment >250

ECAC 11-1 N35°42.246'  W107°06.415' 1.978  channel sediment 125-500

ECAC 11-2 N35°42.246'  W107°06.415' 1.978  channel sediment 500-1000

ECAC11-3 N35°42.246'  W107°06.415' 1.978  channel sediment >1000

ECAC 12 N35%42.179'"  W107°06.652' 2,006 hillslope colluvium >250

ECAC 14-1 N35°42.188'  W107°06.610' 2,003 hillslope colluvium 125-500

ECAC 14-2 N35°42.188'  W107°06.610' 2,003 hillslope colluvium 500-1000

ECAC 14-3 N35°42.188'  W107°06.610' 2.003  hillslope colluvium >1000

ECAC 16 N35°42.211'  WI07°06.557' 1.998 hillslope colluvium >250

ECAC 19A-1  N35°42271'  W107°06.423' 1.984  basin alluvium 125-500

ECAC 19A-2  N35°42271'  WI107°06.423' 1.984  basin alluvium 500-1000

ECAC 19C N35°42.271'  W107°06.423' 1.985  basin alluvium >250

ECAC 19D-1  N35°42271'  W107°06.423' 1.986  basin alluvium 125-500

ECAC 19D-2  N35°42271'  W107°06.423' 1.986  basin alluvium 500-1000

ECAC 19E N35°42.271'  W107°06.423' 1.986  basin alluvium >250

ECAC 19G N35°42.271'  W107°06.423' 1.987  basin alluvium >250

ECAC 19G-3  N35°42271'  W107°06.423' 1.987  basin alluvium >1000

ECAC 20A N35°42.271'  W107°06.423' 1.991  alluvial fan sediment >250

ECAC 20B N35°42.271'  W107°06.423' 1.992  alluvial fan sediment >250

ECAC 20C N35°42.271'  W107°06.423' 1.992  alluvial fan sediment >250

ECAC 20E N35°42.271'  W107°06.423' 1.995  alluvial fan sediment >250

* measured using Garmin 75 handheld GPS
" measured using handheld altimeter calibrated to local benchmark
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Table 2-2. Concentrations of 10Be and 26Al measure

; . d in samples from
Arroyo Chavez Basin, New Mexico.

Sample "Be Al
(10° atoms g') (10° atoms ¢
BEDROCK OUTCROPS
ECACI 1.19 + 0.07 743 +£0.53
ECAC4 248 £0.12 15.70 £ 1.15
ECACG 1.98 +0.09 12.82 +0.75
Average 1.89 + 0.37 11.98 + 2,42

“bedrock nuclide abundance > hilislope ( P=0.08) and fan ( P=0.06)
HILLSLOPE COLLUVIUM

ECACI12 131 +0.08 8.07 £ 0.57
ECAC14-1 0.66 = 0.15 499 + 047
ECAC14-2 0.82 + 0.11 380 =039
ECAC14-3 0.75 + 0.14 411 044
ECACI16 124 +0.12 7.02 + 047
" Average 110 + 0.18 6.46 + 1.12
#hr'llslope nuclide abundance < bedrock ( P=0.08) and channel (P=0.06)
ALLUVIAL FAN PROFILE
ECAC20A 0.76 + 0.06 469 + 0.36
ECAC20B 1.09 + 0.06 6.42 + 0.43
ECAC20C 0.80 + 0.06 490 + 0.38
ECAC20E 0.89 = 0.06 5.24 £ 0.40
T Average 0.87 + 0.07 5.23 +0.38

#fan nuclide abundance < bedrock ( P=0.06), basin ( P=0.001),
and channel ( P=0.01)

BASIN ALLUVIUM PROFILE

ECACI9A-] 1.76 £ 0.17 9.78 +0.75
ECACI9A-2 1.36 £0.21 10.53 £ 1.05
ECACI9C 1.55 £ 0.10 9.46 + 0.60
ECACI9D-1 1.46 £0.13 9.65 £0.73
ECACI9D-2 1.62 + 0.08 9.38 + 0.66
ECACI9E 1.37 £ 0.09 8.73 £ 0.77
ECACI9G 1.16 = 0.07 6.13 £ 045
ECACI9G-3 097 £ 0.17 6.99 £0.71

querage 1.36 + 0.09 831 = 0.62

" basin nuclide abundance >fan ( P=0.06)
ARROYO CHANNEL SEDIMENTS

ECACS-2 1.74 +0.09 10.07 + 1.05
ECACY 1.35 + 0.06 844 £ 0.38
ECAC10 1.98 + 0.09 12.19 = 1.04
ECACI1-1 130 £ 0.10 7.05 = 0.53
ECACI1-2 1.20 + 0.08 7.06 = 0.61
ECACI1-3 1.08 + 0.21 598 +0.52

"Average 1.57 £0.18 935 + 1.17

* channel nuclide abundance > hillslope ( P=0.06) and fan ( P=0.01)

Samples ending with -1, -2, and -3 are grain-size fractions
(125-500 grm, 500-1000 gem, and > 1000 gm, respectively)

Measurements are average = | o analytical error (Lawerence Livermore-

National Laboratory)
Averages reported with = | standard error of the mean
"Nize fractions were averaged together before calenlating total averages.
" Averages for profiles are weighted by sampled deptly inrerval

" Statistical comparisons between sediment reservoirs made using

independent 1-test axsuming wnequal variance at 0% confidence interval (a =0.1)
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Table 2-3. Sediment-generation rates and bedrock-equivalent lowering rates for
Arroyo Chavez area, New Mexico

"Be& Al "Beg ¥l Thog®y o e ol “hypsometric

in channel in hillslope deposition budget calculation
sediment colluvium model
Sediment Generation Rate
S G 275+ 65 402+ 138 4463 140 394+ 68  ~270+ na
(gm™ yr)
Bedrock-Equivalent
el 102+ 24 149 £ 51 165+52 14625  ~100% na
Lowering Rate (m My )
*Effective Time Scale (yrs)  ~101020x10° ~10t020x 16 ~101t0 20 x 10} 2 1.1x10°

* amount of time over which calculations are integrated
" Gellis et al., 2000

" Dethier et al., 1988
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Figure 2-1. Arroyo Chavez sub-basin, southeastern edge of the Colorado Plateau.
Looking north into the sub-basin. Northern boundary of the watershed is far center
of the photograph where roads join. Front of photograph is 2.5 km across.
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Figure 2-2. Topography of the Arroyo Chavez sub-basin. Samples designated with
squares (bedrock), circles (sediment and colluvium). and triangles (depth profiles).
Shaded areas represent mesa tops. Sample ECAC 8-2 is located in the main
channel. approximately 1200 m south of the southern edge of the map. Map
adapted from 7.5-minute San Luis Quadrangle Map (U.S. Geological Survey.

1961).
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Figure 2-3. Schematic cross-section of the Arroyo Chavez sub-basin depicting the
general flow of sediment from sources (weathering of exposed bedrock outcrops
and sub-colluvial bedrock), to the reservoirs (hillslope colluvium, alluvial fan, and
basin alluvium), and the transport of sediment out of the basin, Black arrows
represent bedrock weathering. Gray arrows represent sediment transport.
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Figure 2-4. Balance of cosmogenic '"Be in the Arroyo Chavez basin (adapted
from Bierman and Steig, 1996). Unshaded arrows represent nuclide inputs or
outputs which are negligible. Black arrows represent nuclide inputs or outputs
which control the total nuclide inventory (C) of the basin. Basin-wide nuclide
inventory is controlled by in-situ production (P,) and the rate that nuclides are
carried away with sediment through mass export (m). The characteristic attenuation
length for fast neutrons (A) is constant (165 g cm™).
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Figure 2-6. '’Be concentrations measured in basin alluvium and alluvial fan
profiles. Radiocarbon dates from alluvial fan (o) are displayed along the right edge
of the figure (USGS, M. Pavich, unpublished data). (A) Basin alluvium
concentrations increase exponentially with depth suggesting steady state
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Figure 2-7. Steady state and rapid-deposition models for basin alluvium. A)
Sediment, deposited at a steady rate has an initial concentration determined by the
erosion rate of upland source areas. If basin is eroding steadily, all deposited
sediment will have the same initial isotope concentration shown by the dark circles.
As the sediment sits in storage and is slowly buried, it will accumulate atoms
(arrows pointing to right) at a rate which decreases exponentially with burial depth.
When sediment is buried 2 to 3 m, production approaches zero and accumulation
stops (open circles). Particles higher in the profile will accumulate isotopes for a
shorter period of time (deposited later) and thus will not yet have reached steady
state. B) Sediment deposited rapidly will have initial concentrations that are
homogenous with depth (black circles). Nuclides then accumulate based on the
depth-production relationship (Lal, 1991) resulting in an exponentially decreasing
depth profile (open circles).
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Figure 2-8. Calculated isotopic depth profiles based on eq. 1. the steady state
deposition model of Lal and Arnold (1985). Each curve represents a rate of
deposition (m myr™') indicated beneath the curve. Numbers in parentheses are the
associated bedrock-equivalent erosion rates (m myr’ ) Deposition rates converted
to erosmn rates based on bedrock density of 2.7 g em™ and secllment density of 1.6
g cm™. An initial '°Be concentration of 0.66 x 10° atoms g was (the lowest nuclide
measurement in the basin, ECAC 14-1). Error bars represent 1 ¢ analytical error.
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3.1 Abstract

We use '"Be and 2°Al to determine long-term sediment generation rates, identify
significant sediment sources, and test for landscape steady state in Nahal Yael, an
extensively studied, hyper arid drainage basin in southern Israel. Comparing a 33 yr
sediment budget with 33 paired '’Be and 2°A| analyses indicates that short-term sediment
yield (113 - 138 t km™ yr'") exceeds long-term sediment production (74 + 16 t km™ yr')
by 53% - 86%. The difference suggests that the basin is not in steady state, but is
currently evacuating sediment accumulated during periods of more rapid sediment
generation and lower sediment yield. Nuclide data indicate that (1) sediment leaving the
basin is derived primarily from hillslope colluvium, (2) bedrock weathers more rapidly
beneath a cover of colluvium than when exposed, and (3) long-term erosion rates of

granite, schist, and amphibolite are similar.

32 Introduction

Quantifying the rate at which rock erodes and sediment is produced is
fundamental to understanding Earth as a system. Rates of sediment production (rock
erosion) are typically inferred from estimates of sediment yield measured either as a flux
of sediment past a gauging station or determined by measuring the accumulation of
sediment in a reservoir (Schumm, 1963; Judson and Ritter, 1964; Meade, 1969; Trimble,

1977; Saunders and Young, 1983; Schick and Lekach, 1993). Equating sediment yield

and sediment production implies steady-state behavior and assumes no change in the
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volume of sediment stored within a basin, an assumption repeatedly questioned (Meade,
1969; Trimble, 1977, 1999; Walling, 1983; Bull, 1991).

We compare 33 yrs of sediment yield data from Nahal Yael to long-term, time-
integrated rates of sediment generation determined by measuring in situ produced
cosmogenic ''Be and 2°Al. Significant differences between rates of sediment generation
and sediment yield indicate that Nahal Yael, an intensively instrumented, hyper-arid
basin in southern Israel (Schick and Lekach, 1993), is currently exporting more sediment
than is being generated by the weathering of bedrock. These data and others (Trimble,
1977; Brown et al., 1995; Clapp et al., 1997) suggest that over human time-scales,

balanced sediment production and yield may be the exception rather than the rule.

28 Background

Nahal Yael occupies a small (0.6 km?), mountainous drainage basin in the Negev
Desert, Israel (Figs. 1 and 2). The basin is underlain by Precambrian rock (Shimron,
1974; Schick and Lekach, 1993), gneissic granite in the north, schist in the middle, and
amphibolite to the south (Fig. 2). In the northern (granite) and middle (schist) sections,
exposed bedrock dominates the uplands; significant colluvial cover is limited to bedrock
hollows and the lowermost portions of hillslopes (Fig. 1). Sediment storage within these
sections is confined to isolated colluvial deposits and alluvial terraces (generally <3 m
thick) along the narrow valley bottom (Figure A, Appendix XX) In contrast, hillslopes in

the southern section (amphibolite) have bedrock exposed on the top 10 — 20 m and

substantial colluvial cover over the lower hillslopes.
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In 1967, Hebrew University researchers (Bull and Schick, 1979; Schick and Lekach.
1993) began constructing a sediment budget for Nahal Yael using automatically collected
hydrologic and suspended sediment data, estimates of bedload yield from scour chains
and pebble tracing, and surveying of sediment deposition behind an earthen dam
constructed in 1977 to trap and monitor sediment yields with nearly 100% efficiency
(Schick and Lekach, 1993). Over the 33 yr monitoring history, 14 yrs had no flow and 8
yrs had events during which flow did not exit the basin (Schick and Lekach, 1993). In
October 1997, a storm with an estimated recurrence interval >50 yrs delivered >460 t of
sediment to the mouth of the basin. The 33 yr record, including the large storm of 1997
and the 14 yrs without flow, results in an integrated sediment yield of 138 + 19 t km™ yr’
' The average sediment yield excluding the large storm of 1997 is 113 + 16 t km™ yr.
We measured '"Be and *°Al in quartz to determine the maximum limiting, long-term rate
at which sediment is generated and to identify areas where sediment is generated and
stored. The assumptions and limitations of such measurements and their interpretations
are discussed by Lal (1991), Bierman and Steig (1996), Bierman and Turner (1995),
Brown et al. (1995), Granger et al., (1996), Clapp et al. (1997 and 1998), and Small et al.
(1999).
3.4 Sampling Locations and Methods

We measured nuclide concentrations in bedrock outerops, hillslope colluvium,
alluvial terraces, and channel alluvium (Figs. 2 and 3, Table A, Appendix B). Laboratory
methods are detailed in Appendix B. Individual nuclide measurements discussed in the

text include an analytical error of 1c.
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We sampled channel alluvium at four locations along Nahal Yael (Fig. 2) using
the channel as an integrator of different sediment sources and associated '°Be and 2°Al
from throughout the drainage basin. As flow within the channel travels down basin,
sediment from terraces and tributaries along the channel’s length is entrained and mixed.
As the channel cuts through alluvial deposits, it temporally integrates sediment deposited
by many different depositional events.

Bedrock outcrops were sampled in three lithologically distinct transects (Fig. 2).
Within the granitic terrain, where quartz is uniformly distributed throughout the bedrock,
three samples were collected from a single hillslope at evenly spaced, 20 m elevation
intervals. Within the schist terrain, where quartz is concentrated in crosscutting veins that
are no more or less resistant to weathering than the surrounding rock, we collected three
samples from the quartz veins keeping as close to 20 m elevation spacing as possible. In
the amphibolite terrain, quartz is also concentrated in veins; however, shorter hillslopes
and fewer quartz veins limited us to only two samples ~20 m apart in elevation.

Three composite samples of hillslope colluvium, each composed of samples taken
at ~1 m intervals across the base of the slope but above any channel-derived sediment,
were collected from hillslopes below the three bedrock transects (Fig. 2). Two composite
samples of alluvial terrace sediment were collected by mixing subsamples collected at
evenly spaced depth increments (~10 ¢cm) in the alluvium exposed by channel incision.
Each sediment sample was divided into three grain size fractions (sediment grain size

data is included in Appendix A); we find no relationship between nuclide concentration

and sediment grainsize (Fig. B, Appendix B).
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Measured “"Al/ "Be ratios (u= 5.9 + 0.48) of (Fig. 3, inset) are consistent with the

currently accepted production ratio of ~ 6:1 (Nishiizumi et al., 1989). indicating that that
the sediment and bedrock we sampled do not have long-term (>100 ky). complex
histories of burial and exhumation. Because the two isotopes are well correlated (> =

P s 10
0.95), we present primarily the "Be measurements: however. the 2°Al measurements are

used in all calculations (Table 1).

3.5 Results and Discussion
Bedrock Erosion and Sediment Generation

We use nuclide concentrations in geomorphic features to identify significant
sources of sediment to the channel and compare relative rates of processes shaping desert
environments. Average ""Be concentrations in bedrock outcrops (2.18 = 0.31 x 10° atoms
¢”', n = 8) are higher than those in hillslope colluvium (1.54 = 0.30 x 10° atoms g'.n=3)
suggesting that exposed bedrock weathers more slowly (more nuclide accumulation) than
bedrock beneath a colluvial cover (Fig. 3). These observations are consistent with
previous cosmogenic measurements (Bierman, 1994; Clapp et al., 1997, 1998 Small et
al:;, 199G,

Lower average nuclide concentrations in colluvium could result from cosmic-ray
shielding (less exposure) by material now eroded. However, the 6.3 x 10" atoms ¢!
difference between exposed bedrock and colluvium would require shielding by colluvium
deeper than 50 c¢m, far thicker than we observed on the steep slopes of Nahal Yael. Most

likely, the nuclide abundance difference can be attributed to shielding beneath shallow
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(em to dm) colluvium coupled with associated increases in both phy-fsical and chemical
weathering, the result of increased water retention and moisture — bedrock contact time
beneath a cover of coluvium (Bull, 1991; Small et al., 1999).

Nuclide concentrations, and thus erosion rates, are not statistically discernible
between the three lithologies (Fig. 4). Nuclide concentrations measured in the granitic
transect, where quartz is uniformly distributed, imply a positive relationship between
clevation above the stream channel and nuclide concentration (Fig. 4 inset), perhaps
reflecting a period of time when the lower granitic hillslopes held a cover of colluvium
consistent with suggestions of a late Pleistocene - early Holocene stripping of hillslope
colluvium (Bull and Schick, 1979; Bull, 1991) . Schist and amphibolite transects show no

significant relationship between nuclide abundance and elevation.

Dynamics of Sediment Production and Transport

Nuclide data allow us to fingerprint sediment sources and suggest that most
sediment in Nahal Yael is supplied by the middle and lower parts of the basin; the upper
portion of the Nahal Yael basin has more stable colluvial cover and contributes less
sediment to the channel. The most important sediment source is colluvium stored in
hollows and at the bottom of the slopes. Other sediment sources (exposed bedrock and
terraces) contribute significantly less sediment.

Upper Basin In the upper amphibolitic basin, nuclide concentrations in
widespread hillslope colluvium (2.16 4 0.06 x 10° atoms g, NY15) are higher than those
measured in colluvium of the lower (granite and schist) portions of the basin (1.21 £ 0.02

to 1.28 + 0.02 x 10° atoms g, NY12 and N'Y8, respectively, Fig. 4). Average nuclide
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concentrations from the upper basin bedrock (2.33+0.50 x 10° atoms g, NY13 and
NY14) are only slightly greater than in the upper basin colluvium (2.16 + 0.06 x 10°
atoms g™, NY15), indicating that exposed bedrock may be a significant source of
sediment to the upper basin hillslopes. The nuclide concentration (1.42 + 0.09 x 10°
atoms g''), measured in channel alluvium exiting the upper portion of the basin (NY18),
is greater than concentrations measured lower in the basin (1.22 £ 0.04 t0 1.32 £ 0.02 x
10° atoms g, NY20 and NY4, respectively), consistent with longer colluvial residence
time in the upper basin.

Middle Basin In the middle basin, sediment is currently stored along the valley
bottom and to a lesser degree on the lower hillslopes in discontinuous alluvial terraces
shown to be Pleistocene in age by optically stimulated luminescence (OSL) dating
(Lekach et al., 1999). Consistent with these observations, nuclide data (Fig. 4) suggest
some storage of sediment in alluvial terraces, as nuclide concentrations in these terraces
(1.45+0.11 and 1.66 + 0.06 x 10’ atoms g", NY16 and NY17, respectively) are slightly

greater than in samples from the sediment-supplying hillslopes above (1.21 + 0.02 x 10°

atoms g, NY12). The difference between NY17 (terrace) and NY12 (colluvium) is

significant at the 2o level, while the difference between NY16 (terrace) and NY12
(colluvium) is significant at 1 but not 2c. The nuclide concentration of the channel
alluvium (1.24 + 0.04 x 10° atoms g, NY19) is similar to the hillslope samples, but less
than terrace samples, suggesting that hillslopes supply more sediment to the channel than
alluvial terraces.

The difference in concentrations between the colluvium and the terrace sediment (~3.0 x

10" atoms g™") may reflect cosmic-ray dosing of terrace alluvium either prior to or
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following deposition. If we assume that the terraces were deposited rapidly at some point
in the past, and integrate nuclide production (5.77 atoms of '’Be g yr'") over the average
terrace depth (~2 m), assuming sediment density of 1.6 g em™, we calculate rapid
deposition of alluvial terraces ca. 11 ka consistent with the hypothesized late Pleistocene
- early Holocene stripping of hillslopes in response to climate change (Bull and Schick,
1979; Bull, 1991). Alternatively, the alluvial terraces could have been deposited steadily,
during which time nuclide accumulation continually occurred (Clapp et al., 1997).

Steady-state deposition at ~125 m m.y.” over ~16 ky would account for the additional

~3.0 x 10" atoms ¢” measured in the ~2 m of alluvium.

Lower Basin In the lower basin. colluvium resides only in hollows and isolated. thin
deposits at the base of the slopes, suggesting minimal storage and short residence time.
Consistent with short, near-surface residence, the average nuclide concentration of the
hillslope colluvium in the lower basin (Fig. 4) is low (1.28 + 0.02 x 10’ atoms g™, NY8).

Channel alluvium (1.25 = 0.03 x 10" atoms g, average of NY4 and NY20) and hillslope

.‘ colluvium (NY8) nuclide concentrations are similar, suggesting that in the lower basin

hillslopes supply most sediment to the channel of Nahal Yael.

Sediment Production Versus Sediment Yield

r From nuclide concentrations measured in the channel sediment at the outlet of

; Nahal Yael (NY4 and NY20), we estimate (using Bierman and Steig, 1996 and nuclide
production rate estimates of Nishiizumi et al., 1989) a maximum, limiting, basin-wide

| sediment generation rate of 74 + 16 t km™ yr', consistent with rates determined for other
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regions using similar methods (Table 1). This is likely an overestimate as recent work

suggests long-term production rates of '“Be and °Al are 10% - 15% lower (Clark et al.,
1995).

Sediment yield from Nahal Yael (113 - 138 t km™ yr'), calculated from the
sediment budget, is at least 53% - 86% greater than the long-term rate of sediment
generation estimated using ''Be and 2°Al (Table 1). The difference between sediment
yield and generation rates, along with the isotopic data, suggest that sediment is being
mined from colluvium stored during a period when sediment generation outpaced
sediment yield. Two of three similar studies elsewhere (Table 1) also suggest that current
sediment yields exceed long-term rates of sediment generation (Brown et al.. 1995:
Granger et al., 1996; Clapp et al., 1997). Together. these data show that the assumption of
short-term landscape steady state is likely invalid. Episodic periods of sediment
aggradation are followed by downcutting and sediment evacuation, possibly resulting
from changes in climate or land use (Bull and Schick, 1979; Bull, 1991).

The measured differences between rates of sediment generation and sediment
yield illustrate the danger of using short-term sediment yields to estimate long-term,
basin-wide rates of bedrock erosion. Cosmogenic nuclides can provide direct estimates of
long-term, basin-scale sediment generation rates and fingerprint significant sediment
storage and source areas within drainage basins. These nuclides are invaluable in
quantitatively addressing fundamental questions in arid region geomorphology and may

be used to identify temporal changes in sediment generation.
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Table 3-1. Sediment generations and equivalent rock erosion rates for Nahal Yael and
other sites.

Sheaverage  Amual

Sediment generation rate _Sediment yield Rock erosion rate elevation Lithol
: —_— - P ogy
Location Reference Be “al Sediment budget TBe Al Sediment budget m (mmyr)
(tkm?yr!) (¢ km? yr') (tkmi? yr') (mmy") (mmy’ (mmy.")

Nahal Yael', Israel (this paper) 78 £ 16 70 £ 18 113 to 138 206 2616 42 to 51 240 30 granite, schist,
amphibolite

Yuma Wash, Arizona (Clapp et al,, 1998) Biz5 81:8 ND. 3022 303 N.D. 220 a1 thyolite, granite

Arroyo Chavez, New Mexico  (Clapp et al., 1997) 273+ 62 281:73 394 + 68 101£23 104 £27 146 & 25 2000 arr sandstone

Fort Sage Mts., California (Granger et al., 1956) 162'+ 38 157 + 38 60+ 14 58 + 14 1300 2370 granodiorite

Wind River Range, Wyoming (Small etal., 1999) 30+ 11 35+ 11 N.D. 1414 134 N.D. 3600 >285 gneiss

Luquillo Forest, Puerto Rico (Brow et al., 1985) 116 + 41 N.D. 202 43 + 15 N.D. 75 700 4000 quartz-diorite

Note: N.D. = No data.

‘Published rate is average of *Be and Al rates.

*sediment generation and rock erosion rates calculated from sample NY20 (located closest to basin outlet) using formulation of
Bierman and Steig (1996) and production rates of Nishiizumi et al. (1989) scaled for latitude and elevation according to Lal
(1991) and ing no muon p Ci ion between erosion and sediment generation rates based on densities of
2.7 (g om®) for bedrock and 1.8 (g cni) for sediment.
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Figure 3-1. Upstream view of Nahal Yael drainage basin from near sample site
NY7 (see Fig. 2). Field of view is 600 m.
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Figure 3-2. Map of Nahal Yael and site location (inset). Sample locations shown
for bedrock (black circles), hillslope colluvium (squares), alluvial terraces .
(triangles), and channel sediment (shaded circles). Channel.s are shaFled gray lines.
Topography is adapted from Schick and Lekach, (1993). Lithology is from

Shimron (1974).
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Bedrock Colluvium Channel Terraces

Figure 3-3. Average 1"Be concentrations measured in samples from geomorphic
features (bedrock outcrops, colluvium, channel sediment, and terraces) of Nahal
Yael. Error bars represent 1 standard error of means. Average bedrock nuclide
activity is significantly greater (90% confidence) than averages of other features.
Inset shows '°Be vs. 2°Al for samples collected in Nahal Yael.
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Figure 3-4. '’Be concentrations measured at three transects in Nahal Yael. Nuclide
concentrations for bedrock (light gray), hillslope colluvium (dark gray), terrace
alluvium (white), and channel alluvium (black). Error bars represent one standard
error of means. Inset shows positive linear relationship between '%Be and elevation
in granite transect. Points represent nuclide concentrations and elevations of three
bedrock, one colluvium, and one stream channel sample.

62




4.0 Yuma Wash Manuscript

Using "“Be and *°Al to Determine Sediment Generation Rates and
Identify

Geomorphology
June 2002
Volume 45, No. 1-2
pp. 89-104

"Erik M. Clapp
University of Vermont, School of Natural Resources
Burlington VT 05405

Paul R. Bierman
University of Vermont, School of Natural Resources and Department of Geology
Burlington VT 05405

Marc Caffee
Center for Accelerator Mass Spectrometry
Lawrence Livermore National Laboratory, Livermore CA 94550

*Current Address: C/O SME, 4 Blanchard Road Box 854, Cumberland Center, Maine,
04021, email: emc@smemaine.com, voice: (207) 829-5016, fax: (207) 829-5692.

63




4.1 Abstract

10 it ;
We measured '"Be and *°Al in 64 sediment and bedrock samples collected throughout

the arid, 187 km* Yuma Wash drainage basin, southwestern Arizona. From the
measurements, we determine long-term, time-integrated rates of upland sediment generation
(81 5 gm™ yr'") and bedrock equivalent lowering (30 + 2 m My™") consistent with other
estimates for regions of similar climate, lithology, and topography.

In a small (~8 kml), upland sub-basin, differences in nuclide concentrations between
bedrock outcrops and hillslope colluvium suggest weathering of bedrock beneath a colluvial
cover is a more significant source of sediment (40 x 10" kg yr™") than weathering of exposed
bedrock surfaces (10 x 10* kg yr']). Mixing models constructed from nuclide concentrations
of sediment reservoirs identify important sediment source areas. Hillslope colluvium is the
dominant sediment source to the upper reaches of the sub-basin channel; channel cutting of
alluvial terraces is the dominant source in the lower reaches. Similarities in nuclide
concentrations of various sediment reservoirs indicate short sediment storage times (< 10° y).

Nuclide concentrations, measured in channel sediment from tributaries of Yuma
Wash and in samples collected along the length of the Wash were used to construct mixing
models and determine sediment sources to the main stem channel. We find an exponential
decrease in the channel nuclide concentrations with distance downstream, suggesting that as
much as 40% of sediment discharged from Yuma Wash has been recycled from storage
within basin fill alluvium.

Sediment generation and denudation rates determined from the main stem are greater
(25%) than rates determined from upland sub-basins suggesting that currently, sediment may
be exported from the basin more quickly than it is being generated in the uplands.
Independence of nuclide concentration and sediment grainsize indicates that channels
transport sediment in discrete pulses before rapidly depositing poorly-sorted material,

suggesting differences in transport times for different size materials are minimal.
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4.2 Introduction

Estimating rates of erosion, sediment generation, and landscape change is
important for understanding the effects of humans, climate, and tectonics on landscapes
over both historic and geologic time scales. Concentrations of in situ-produced
cosmogenic 'Be and 2(’A!, measured in sediment, have been used to estimate basin-wide
rates of erosion and sediment generation within drainage basins (Small et al., 1999;
Bierman and Steig, 1996: Granger et al.. 1996; Brown et al.. 1995a; Clapp et al.. in
press). These studies generally focus on small (several km” or less), lithologically
homogenous, geomorphically uncomplicated basins. Three of these studies included an
independent means of confirming the nuclide-based erosion rate calculation. Although
the rates of sediment generation determined in these basins appear valid locally, regional
estimates of erosion and denudation require the investigation of larger (>100 km®),
generally more geologically and geomorphically complex basins. The techniques and
interpretation methods developed in these small, controlled studies have yet to be tested
in larger, more complex basins, where the processes operating to generate, transport, and
store sediment are probably different than those in small, simple, upland basins.

We measured '’Be and 2°Al in sediment and bedrock from the 187 km® Yuma
Wash drainage basin in southwestern Arizona (Figure 1). to determine long-term, time-
integrated rates of sediment generation and bedrock-equivalent lowering (denudation),
identify sediment source areas and mechanisms of sediment delivery, and evaluate the
effects of basin scale on the interpretation of cosmogenic nuclide concentrations
measured in sediment. Long-term sediment generation and denudation rate estimates for
large-scale basins are usually based on extrapolation, assuming steady-state. of measured
short-term sediment loads (Ahnert, 1970; Judson, 1968: Judson and Ritter, 1964: Pinet

and Souriau, 1988; Saunders and Young, 1983). However, when these extrapolations are
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used to infer sediment generation rates over thousands of years, significant errors in
estimates of long-term rates are inevitable (Meade, 1988, 1969; Trimble, 1977).

""Be and *°Al are produced in quartz from the interaction of secondary cosmic
rays (primarily high-energy neutrons) with Si and O (Lal, 1988). These cosmogenic
radionuclides accumulate most rapidly in sediment and bedrock residing at or near
Earth’s surface (< 3 m depth); accumulation or “production” rates decrease exponentially
with depth (Lal, 1988). An inverse relationship exists between the rate at which sediment
is being generated and transported from a drainage basin (erosion) and the concentration
of in situ-produced cosmogenic nuclides in that sediment (Lal, 1991; Brown et al., 1995a;
Bierman and Steig, 1996; Granger et al.. 1996). Cosmogenic nuclides present in sediment
inherently integrate erosion rates over long periods of time ( 210° years) and over large
spatial scales. Thus, they are promising monitoring tools for the estimation of long-term
rates of sediment generation (Small et al., 1999; Bierman and Steig, 1996; Granger et al..
1996; Brown et al., 1995a; Clapp et al., in press).

In this work, we apply the techniques developed for determining basin-wide
sediment generation rates in small basins (Small et al., 1999; Bierman and Steig, 1996
Granger et al., 1996; Brown et al., 1995a; Clapp et al., in press), to both the entire Yuma
Wash drainage and to smaller sub-basins of the Wash. Inconsistencies in rates determined
at the two scales reflect scale-related differences in the relative importance of sediment
generation, transport, and storage processes. Tracing nuclide concentrations in sediment
along the length of Yuma Wash, we identify significant sediment source areas. In small-
scale, upland channels, alluvium is supplied primarily from hillslope colluvium and
erosion of bedrock outcrops. Along the main stem, incised channels derive much of their
sediment load from erosion of basin alluvium stored in terraces, the beveled toes of long-
inactive alluvial fans. Nuclide concentrations in upland basins represent the production
rate of sediment from the weathering of bedrock (sediment generation). Nuclide
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concentrations in main stem samples reflect both upland sediment generation and the

long-term effects of sediment storage and reworking.

4.3 Geomorphic Setting

Yuma Wash, an ephemeral tributary to the Colorado River, is located in the
Sonoran Desert of southwestern Arizona (Figure 1). The wash drains a 187 km?” basin
that ranges in elevation from 823 meters above mean sea level (m-msl) at Mojave Peak in
the north, to 56 m-msl at the confluence with the Colorado River in the south. The
braided channel of Yuma Wash extends approximately 26 km and reaches a maximum
width of nearly 600 meters.

Precipitation in the basin (91 mm yr' on average) is characterized by short but
intense, localized, convective storms, during which most of the sediment transport within
the basin occurs (Ayers-Associates, 1996). Stream flow and sediment transport within the
wash occur as rapidly moving flood waves. For most runoff events, stream waters
quickly infiltrate the alluvium upon which Yuma Wash flows, rather than flowing
continuously to the Colorado River.

Yuma Wash drainage basin is underlain by Tertiary volcanic bedrock (primarily
rhyolite) in the north and east, and intrusive Jurassic granites in the south and west
(Reynolds, 1988). The rhyolitic rocks are highly competent and erosion resistant. Quartz
content of the rhyolite is generally low (<5%) yet quartz veins provide sufficient material
for separation of quartz and chemical isolation of in situ-produced cosmogenic '’Be and
26 A1, In contrast, the granitic rocks to the south are highly weathered and generally
contain > 10% quartz.

The Yuma Wash drainage basin is bordered by the Chocolate Mountains to the
east and north, and by the Trigo Mountains to the west (Figure 1). Between the Chocolate

and Trigo Mountains, large, coalescing and highly dissected alluvial fans occupy the
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valley floor (Figure 2). The fan deposits (maximum thickness > 10 m: Ayers-Associates,
1996) consist of inter-bedded debris flows, mudflows. and fluvial gravels, which are
incised by Yuma Wash and its tributaries. These alluvial deposits cover between 60 and
70% of the drainage basin. Well-developed desert pavements and darkly varnished
pebbles and cobbles cover parts of the fans, indicating that some surfaces are stable over
time periods in excess of several thousand years. Fan deposits in Yuma Wash are
believed to correlate with middle to late Pleistocene surfaces found elsewhere in the
region (Dohrenwend et al., 1991), although no numerical chronology has been
established, and no "*C datable material was found during this study. Some of the fan
deposits appear to have been tilted and beveled, suggesting that they might be much
older.

The southwest sub-basin (Figures 1 & 3) is characterized by the steep (10° to 30"),
weathered, granitic slopes of the Trigo Mountains. Elevations in the sub-basin range from
354 m-msl to 122 m-msl. Much of the sub-basin (~70%) are slopes mantled with very
thin colluvium (generally < 20 ecm). The upper 40% (by area) of the basin has little
sediment storage with the exception of 2 to 3-meter thick colluvial deposits at the base of
some steep slopes; channel sediments of the upper wash are likely derived directly from
down-slope transport of hillslope colluvium. Lower in the sub-basin, sediment storage
becomes more significant where a transition from the steep upper basin terrain to the
coalescing fan terrain of the main wash occurs. The poorly consolidated material through
which the lower reaches of the southwest fork cuts are 2 to 10-m thick interbedded
deposits of fluvial gravels from the channel and colluvial deposits from the hillslopes

above.
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4.4 Methods

Sample Collection

Samples were collected to quantify cosmogenic nuclide concentrations throughout
Yuma Wash and the southwest fork sub-basin (Table 1). Samples of channel sediment
were collected from immediately above the junction of 8§ tributaries to Yuma Wash and at
5 locations along the main stem of the wash (Figure 1). This sampling strategy allows for
an interpretation of relative sediment contributions from each of the tributaries through
the use of mixing models. Each of the channel samples is an integration of smaller
samples taken at ~ 1 m intervals across the wash. We collected our samples from the top
10 cm of the channel sediment.

In the southwest sub-basin, we collected 3 samples from upland granitic outcrops,
3 composite samples of hillslope colluvium, two depth profiles of the basin alluvium, and
5 homogenized samples of the active channel sediments (Figure 1). The granite samples
were collected from ridges surrounding the sub-basin. The hillslope colluvium samples
were collected on three different hillslopes; each was an integration of evenly
spaced (~ 1 m) samples taken along ~100 m downslope transects YPG-23, 24, and 25
(Figure 1). Each of the hillslope transect samples was also an integration of the total
depth (10 to 20 cm) of hillslope colluvium. We assumed complete mixing of sediment
would occur for such shallow cover.

Two depth profiles were sampled where the southwest fork cuts through the
interbedded alluvial and colluvial deposits (Figure 1). Four sediment samples were
collected (each integrated over a 10-cm depth range) from an 8-meter-deep profile at
sample location YPG-10. The profile samples were taken 2 m, 4 m, 6 m, and 8 m below
the ground surface. A similar profile (YPG-26) was sampled 1400 m down stream.
Sediment samples here were taken 1.5 m, 2.5 m, and 3.5 m below the surface of the 3.5-

meter-deep channel cut.
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Sample Preparation

Sediment samples were dry sieved into seven size fractions (<250pm, <500um,
<1000pum, <2000pum, <4000pm, <12,700um, and > 12.700pum) and weighed . Particles
smaller than 250 um were not used for isotopic analysis in order to minimize the effect of
potential aeolian contributions from outside the basin. Samples YPG-2 and YPG-19 were
used for a detailed nuclide versus grain size evaluation. For sample YPG-2. all six
grainsize fractions greater than 250 pm were analyzed separately. For YPG-19, the 1000
to 2000 pm and 2000 to 4000 pm fractions had to be combined to make one sample and
the 4000 to 12,700 pm and >12,700 um fractions were combined to make another
sample, due to small sample sizes. The size fractions for twelve of the sediment samples
from the southwest sub-basin were recombined according to their weight percentages to
yield three composite size fractions (250 to 1000 pm, 1000 to 4000 pm, and >4000 pm)
to test nuclide concentration dependence on grainsize. Bedrock samples and the
previously sieved sediment samples greater than 1000 um were crushed and sieved to
yield optimal particle sizes for sample processing of 250 to 1000 pm. The remaining 13
sediment samples were sieved to yield only the 250 to 1000 pum size fraction that was
used for analysis (sediment grain size data is included in Appendix A).

All samples were heated and ultrasonically etched. once in 6N HCl and then
repeatedly in 1% HF and 1% HNOj5 in order to isolate 20 to 30 g of pure quartz and
remove any atmospheric '9Be (Kohl and Nishiizumi, 1992). The samples were then
dissolved using HF and the Be and Al were isolated using ion chromatographic
techniques. For all samples, 250 pg of Be carrier was added prior to digestion. ""Be/’Be
and 2°Al/%7 Al ratios were determined by accelerator mass spectrometry at Lawrence

10

pl . %
Livermore National Laboratory. "Be and 2% Al concentrations were then calculated from

. . 27 o &
known amounts of *Be (measured amount added as carrier) and “' Al (native to the quartz
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and measured in duplicate aliquots by Inductively Coupled Argon Plasma Spectrometry —

Optical Emission).

Data Interpretation

Measurements of both '"Be and *°Al provide a verification of laboratory methods
and constrain the exposure history of the samples we analyzed. Measured ratios (u=5.98
+0.32) of Al to '’Be (Figure 4) are consistent with the currently accepted production
ratio of ~ 6:1 (Nishiizumi et al., 1989), indicating that our laboratory methods are robust,
and that the sediment and bedrock we sampled do not have long-term (>100 ky), complex
histories of burial and exhumation. Because the two isotopes are well correlated, we
present primarily the '’Be measurements in the results and discussion sections. However,
the 2°Al measurements included in Table 1 have been used in all erosion rate calculations
we present.

Production rates of 6.03 and 36.8 (atoms g’ yr') for '"Be and % Al, respectively
(Nishiizumi et al., 1989), scaled for latitude and elevation according to Lal (1991) and
assuming no muon production (Brown et al., 1995b) and 20% uncertainty (Clark et al.,
1995), were used in calculation of erosion rates. No corrections have been made for
quartz enrichment (Small et al., 1999). All statistical comparisons were made using a
confidence interval of 90% and independent, t-tests assuming unequal variance (Ott,

1993).
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4.5 Results and Discussion

Analyses of '"Be and *°Al from both the small, southwest sub-basin and the
larger, Yuma Wash drainage basin, provide considerable information about drainage
basin dynamics. Southwest sub-basin data allow us to determine important sources of
sediment and understand better, the processes of upland sediment generation (regolith
production) by comparing nuclide concentrations measured in specific geomorphic
features. Main stem Yuma Wash data allow us to determine areas of significant sediment
yield, including entire sub-basins and sediment stored in fans and terraces. Integration of

the data collected at both scales identifies scale-related differences in basin dynamics.

Grainsize

Samples collected in both the southwest sub-basin and along the main stem of
Yuma Wash demonstrate that nuclide concentrations are independent of sediment
grainsize. Within the southwest sub-basin, three grainsize fractions combined from 12
samples, give nearly identical mean concentrations (Figure 5). Standard deviations
increase with grainsize as the number of particles analyzed per unit weight of sample
decreases. Two samples (YPG-2 and YPG-19) from along the main stem of Yuma Wash,
divided into six and four grainsize fractions, respectively, also show no grainsize related
trends in nuclide concentrations (Figure 6). In addition, we analyzed separately a single
quartz clast (~55 mm diameter) from sample YPG-2. Measurement of the single clast
(YPG-2Q) illustrates the idiosyncratic history of clasts and utility of averaging many
particles as opposed to measuring a single particle. We find that YPG-2Q has 1"Be and
26 A] concentrations (0.50 £ 0.10 and 2.77 + 0.24 x 10° atoms g'l) that are less than half

the average for all other YPG-2 samples (1.10 + 0.06 and 7.0 + 0.27 x 10° atoms g™).
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Independence of nuclide concentration and grainsize implies that both large and
small particles are produced by similar processes and transported at similar rates. This
finding contrasts with that of Brown et al. (1995a) who found distinct isotopic
dependence on grainsize in a humid region where deep-seated landslides and rockslides
bring large-grained, lightly-dosed material to the channel while fine- to medium-grained
material with higher isotopic concentrations is delivered to the stream by gradual.
surface-dominated processes of weathering, soil creep, and sheet wash. In Yuma Wash,

sediment is generally delivered to the channel by surficial rather than deep-seated

processes.
Consistent with arid-region sediment transport theory, we observed no

dependence of sediment nuclide concentrations on grainsize. Sediment transport in
ephemeral streams of arid regions often occurs in pulses during infrequent. large, storm
events. The intense nature of these transport events is characterized by turbulent flows
which transport material of many different sizes at similar rates (Laronne and Reid, 1993:
Laronne et al.. 1994: Reid and Laronne, 1995). These flows often infiltrate the channel
after short distances; flow duration is insufficient to armor the bed or selectively transport

finer grainsizes.

Southwest Sub-basin

Detailed sampling of the southwest sub-basin provides insight into the generation
and transport of sediment in a small, upland, arid drainage basin. The '"Be concentrations
measured in bedrock outcrops (2.73 + 0.28 x 10° atoms g'l. n=3) were high (Table 2)
compared to those measured in hillslope colluvium (1.38 £ 0.15 x 10" atoms g™', n=3).
This result indicates that weathering of bedrock beneath a cover of colluvium is more

rapid (less nuclide accumulation) than weathering of exposed bedrock. This observation
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is consistent with that of Small et al. (1999) who found that in an alpine region of
Wyoming, rates of regolith production beneath a cover of colluvium were nearly twice as
fast as on exposed bedrock surfaces.

Lower nuclide concentrations in the sampled colluvium could be the result of
cosmic-ray shielding by material now eroded, as nuclide production rates are lower at
depth than at the surface. However, to account for the nearly two-fold difference between
nuclide concentrations of the bedrock and the colluvium, would require a colluvium
depth of ~70 ¢cm, which is unlikely on the steep slopes of this sub-basin and far thicker
than we observed. More likely, moisture from infrequent precipitation is stored and held
in contact with bedrock for a longer period of time beneath a cover of colluvium than on
exposed bedrock surfaces. This longer period of contact facilitates the chemical and
mechanical weathering of the sub-colluvial rock (Small et al., 1999; Bull, 1991; Twidale,
1983; Wahrhaftig, 1965; Gilbert, 1877). More rapid weathering of sub-colluvial bedrock
compounded with the high percentage of sub-basin area covered with a thin mantle of
colluvium (~70%), suggest that sub-colluvial bedrock weathering is the dominant source
of sediment to the southwest fork of Yuma Wash. For all surfaces covered with
colluvium, a nuclide-based sediment generation rate estimate (73 =8 g m? yr')
multiplied by the basin area with colluvial cover (~5.5 km?) yields a yearly sediment
generation rate of 40 x 10* kg yr”' compared to 9.6 x 10" kg yr”' calculated for bedrock
outcrop areas (40 =9 g m™? yr' over 2.4 km?).

Comparison of the average '"Be concentration in southwest sub-basin channel
sediment to concentrations in source areas is consistent with sub-colluvial weathering and
downslope movement of hillslope colluvium as the dominant source of channel sediment,
The average '’Be concentration in sediment of the southwest sub-basin channel (1.44 +

0.09 x 10° atoms g™, n=5), is indistinguishable (Table 2) from that measured in the
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hillslope colluvium (1.38 + 0.15 x 10 atoms g™, n=3), but is significantly lower than that
measured in the bedrock outcrops (2.73 + 0.28 x 10° atoms g']. n=3).

In its lower reaches, the southwest sub-basin channel cuts through basin fill stored
in terraces of interbedded alluvium and colluvium. Two profiles of this channel-cut basin
fill (YPG-10 and YPG-26) show no significant nuclide concentration trends with depth
(Figure 7). Field observations of collapsed channel walls indicate that these deposits are
an important source of sediment to the lower reaches of the channel. However. the
average '“Be concentration of the basin fill (1.16 + 0.07 x 10’ atoms g™') is statistically
less than (Table 2) the average concentration of 'Be measured in the channel sediment
(1.44 +0.09 x 10° atoms g'l).

Analysis of the spatial distribution of the channel sediment data reveals more
detail about the dynamics of sub-basin sediment generation, storage , and transport. In the
upper reaches of the southwest sub-basin channel (YPG-11, 12, and 13), average
concentrations of nuclides in the channel sediment (1.56 +0.10 x 10’ atoms o) are
significantly higher than the average concentration in the lower reaches (YPG-14 & 15
average 1.26 £ 0.02 x 10° atoms g") indicating different sediment sources. Field
observations suggest that in the upper reaches, sediment is derived from either
weathering of bedrock beneath a cover of colluvium or by weathering of exposed
bedrock outcrops (in and near channel sediment storage is negligible above YPG-14). In
lower reaches, there are few direct pathways for hillslope sediment to be delivered to the
channel, thus the channel sediments are derived primarily from either channel cutting of
basin fill material in the fluvial terraces or from channel alluvium delivered from
upstream. These observed sediment sources are consistent with our nuclide
measurements.

In upper channel sediment, the average 19Be concentration (1.56 + 0.10 x 10°
atoms g”') is between that of the bedrock (2.73 + 0.28 x 10” atoms g") and colluvium
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(1F88E=0 15 10° atoms g'l) sources. From these concentrations we estimate relative
contributions of roughly 13% bedrock and 87% colluvium to the upper channel alluvium,
further supporting our conclusion that weathering of bedrock beneath colluvial cover is
the dominant source of sediment to the channel. In the lower reaches. the average ''Be
concentration (1.26 + 0.02 x 10° atoms g™") is between that of the upstream channel
alluvium (1.56 £ 0.10 x 10° atoms g™') and the channel basin fill (1.16 + 0.07 x 10’ atoms

™) sources. We estimate relative contributions of roughly 25% upstream alluvium and

75% basin fill to the downstream channel alluvium.
Although there are statistical differences between nuclide concentrations of the

geomorphic features throughout the basin, the nuclide concentration of the lower channel
alluvium is within one standard deviation of all other features excluding the bedrock
outcrops. Additionally, the southwest sub-basin data illustrates that as sediment is
transported through the basin it is mixed with sediment from different source areas. This
mixing of the southwest fork sediment reservoirs implies that '’Be and *°Al
concentrations of sediment leaving the sub-basin are representative of nuclide
concentrations from throughout the sub-basin drainage. From nuclide concentrations
measured near the sub-basin outlet (YPG-15), we calculate average rates of sediment
generation and denudation for the southwest sub-basin (Table 3). Results from this sub-
basin justify our assumption that channel sediments leaving small, upland sub-basins
throughout the Yuma Wash Drainage represent average nuclide concentrations

throughout each sub-basin.
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Main Drainage Basin

By measuring nuclide concentrations from tributaries and along the main stem of
Yuma Wash (Figure 1), we identify sediment source areas and find evidence for long-
term trends in sediment transport. In the upper reaches of Yuma Wash (above YPG-19). a
simple mixing model, which scales sediment contribution by sub-basin drainage area and
nuclide-determined sediment generation rates (Table 4), predicts ''Be and *°Al
concentrations in the main stem of Yuma Wash (1.9 and 12.0 x 10” atoms g™,
respectively) consistent with the concentrations measured at YPG-19 (1.8 £ 0.09 and 11.4

+ 1.3 x 10° atoms g'], respectively). In the upper reaches of Yuma Wash, where sediment
storage is minimal, our data demonstrate the utility of "Be and “°Al as sediment-source

fracers.

In downstream reaches, as sediment storage increases, our simple mixing model is
inconsistent with measurements in Yuma Wash. Along the 26-km of the Wash, we find a
regular, downstream decrease in nuclide concentrations, well modeled by an exponential
equation (Figure 8). Additionally. at several locations we find that the nuclide
concentrations measured in the main stem of the Yuma Wash are appear to be slightly
lower (although not significant at 2¢) than those of all tributaries upstream (Figure 1).
Down basin decreases in elevation (average elevation above sample site) and associated
increases in atmospheric shielding (Lal, 1991), could account for only ~14% of the ~50%
down-basin decrease in nuclide concentrations. These observations together, suggest an
additional and unaccounted for source of low-nuclide concentration sediment to the
channel.

Field observations of the Yuma Wash channel cutting into basin fill sediments

stored in terraces suggest the source of low-nuclide concentration sediment. To determine
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the nuclide concentration of this basin fill, we sampled sediment from a sub-basin that is
wholly contained within the basin-fill alluvium (YPG-16). This sample provides an
integrated measurement of the nuclide concentrations through a stream-cut cross-section
of basin alluvium. The average '"Be concentration we determine for the basin fill (0.84 +
0.05 x 10° atoms g”) is substantially lower than sediment supplied directly from the
upland sub-basins (1.28 £ 0.05 t0 2.19 = 0.08 x 10° atoms g™ ). There are several possible
explanations for the low-nuclide abundance in the basin fill. First, if the deposits are old

. (>3 to 4 My), inherited nuclide abundances would have decayed to near zero (deposits as

great as 10-m thick would shield much of the material from incoming cosmic rays), and

the nuclide concentrations we measure have accumulated since deposition as the basin fill
eroded. Alternatively, the alluvium may have been generated at a period of time when the
basin was eroding more quickly and average, basin-wide nuclide concentrations were
lower. The latter scenario would require sediment generation rates as high as 160 + 36 g
m? yr' at the time of basin-fill deposition.

We use the basin-fill concentrations measured at YPG-16 to calculate mixing
ratios between highly-dosed sediment coming from resistant highlands and less-dosed
material coming from poorly consolidated and highly-dissected basin fill (Figure 8). As
the valley fill thickens downstream and sediment storage becomes more prevalent, our

data suggests a downstream increase in sediment contribution from channel incision of

the basin fill. Where Yuma Wash dispatches to the Colorado River, we estimate over

f 40% of the sediment it transports has been recycled through the basin fill.
In addition to low-nuclide concentration sediment derived from basin fill, it is

likely that lower concentration sediment from more rapidly eroding, quartz-rich, granitic
sub-basins contributes to lower nuclide concentrations of the main-stem alluvium.
However, only the southern third of the Yuma Wash drainage is influenced by granitic

sub-basins and only the lowest of the our main stem sampling locations (YPG-2) could be

78




influenced. Upstream from YPG-2, YPG-5 receives sediment from only a few low-order
tributaries emanating from granitic terrains while receiving most of its sediment from the
main stem as it leaves the rhyolitic areas. All other main stem samples are wholly

contained within the rhyolitic terrain.

Rates of Sediment Generation and Denudation

From the Yuma Wash data, we calculate rates of sediment generation and
denudation (Table 3). Nuclide concentrations measured in the southwest sub-basin
support our assumption that sediment exported from small, upland drainage basins is well
mixed and representative of sediment generated throughout those basins. We therefore
use an average of nuclide-determined sediment generation rates from all sampled basins
to estimate the basin-wide sediment generation and denudation rates (81 +£5 g m? yr!
and 302 m 1\/Iy'l respectively) for the entire Yuma Wash drainage basin (Table 3). Our
rates should be considered minimum estimates as dissolution of non-quartz minerals in
regolith can cause concentration of quartz and under-estimation of sediment generation
rates (Small et al.. 1999). However, quartz enrichment should be minimal in the arid
climate and resistant bedrock of Yuma Wash. We also determine basin-wide rates using
only nuclide concentrations measured in sediment from near the mouth of Yuma Wash
(YPG-2) and find the main stem estimates (101 + 10 g m?yr' or38+4m My™) are
slightly higher (~25%) than the estimates from averaging all sub-basins. This
dissimilarity between rates suggests that at the larger scale, where sediment storage is
significant, nuclide concentrations in alluvium exported from the basin appear to slightly

overestimate basin-wide rates of sediment generation and denudation. The higher rate of
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denudation we calculate from the main channel sediment analysis suggests that sediment
is currently being exported from the basin more quickly than it is being generated in the
uplands, an assertion supported by field observations of active stream bank cutting and
highly dissected alluvial fan surfaces throughout the basin.

Although the rates calculated from sub-basins and the main stem are statistically
separable (at 90% confidence), they are within two standard deviations and well within
an order of magnitude. The similarity between the two results suggests that at the larger
scale, nuclide concentrations in channel alluvium exported from the basin may be used as

a rough approximation of basin-wide rates of sediment generation and denudation.

4.6 Implications

Cosmogenic nuclide concentrations, measured in samples collected from
individual geomorphic features in the southwest sub-basin. indicate that sub-colluvial
weathering of bedrock generates sediment more quickly (73 +8 g m™ yr’') than the
weathering of exposed bedrock outcrops (40 9 g m~ yr'"). This difference indicates that
the processes of chemical and mechanical weathering by water, held in contact with
bedrock, speed the conversion of bedrock to soil in arid environments (Small et al.. 1999:

Bull, 1991; Twidale, 1983; Gilbert. 1887).

The basin-wide rates of sediment generation (81 =5 g m™ yr’') and denudation
{30d=2m My") (Table 3) calculated for the uplands supplying sediment to Yuma Wash,
are consistent with rates determined by other researchers. Judson and Ritter (1964)
calculated denudation rates for 28 major drainages throughout the United States,

generally ranging from 10 to 150 m My™'. We expect that our rates should fall on the
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lower end of this scale because of the arid climate and erosion-resistant bedrock
underlying Yuma Wash. Rates of sediment generation and denudation at Yuma Wash are
similar to estimates from a basin of similar climate, elevation and lithology in the Negev
Desert of southern Israel (Clapp et al., in press) and are slightly lower than those
calculated for a basin at Arroyo Chavez, New Mexico (Clapp et al., 1997) and basins in
the Fort Sage Mountains of California (Granger et al., 1996) where the climates are
wetter and the elevations higher (Table 3). Our rate estimates are approximately twice
those calculated by Small et al. (1999) in the Wind River Range, Wyoming, where
samples were collected primarily from summit flats (<10° slopes) as opposed to the steep
slopes (10° to 30°) of the Yuma Wash uplands.

Independence of nuclide concentration and sediment grain size is indicative of
sediment transport and production processes within arid regions. Arid-region channels
transport sediment in discrete pulses before rapidly depositing poorly sorted material.
Thus, such channels are likely to leave behind isotopically homogenous sediment as
differences in transport times for different size materials are minimal.

Nearly homogenous nuclide concentrations in the southwest sub-basin sediments
imply that average sediment storage is so short-lived that stored sediment cannot
accumulate detectable amounts of '’Be or *°Al following deposition. This isotopic
homogeneity we observe in sediment of small, upland basins, suggests that channel
sediment nuclide concentrations are representative of nuclide concentrations throughout
such basins.

Cosmogenic nuclide concentrations along the length of the main stem and from
individual tributaries of Yuma Wash can be used to determine significant sources of
sediment to the channel. Mixing models suggest that in the upper reaches of the wash,
sediment supply is predominantly from low-order tributaries transporting material

generated by erosion of the uplands. Lower in the basin, where the channel cuts through
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poorly consolidated valley alluvium, sediment incorporated from long-term storage
becomes an increasingly significant component of the channel load. We use nuclide

concentrations to estimate that as much as 40% of sediment exported from Yuma Wash is

recycled from the stored basin alluvium,
Basin-wide rates of sediment generation and denudation calculated by averaging

rates from all sub-basins are different from rates calculated from nuclides measured in

alluvium near the mouth of Yuma Wash. The difference between the rates again suggests
that stored sediment is currently being eroded from the basin. Our data clearly show that
the effects of sediment storage can be detected and may become even more significant in

larger basins with greater storage than Yuma Wash.
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Table 4-1A. Locations and descriptions of samples from Yuma Wash, Arizona
for samples with multiple grain-sizes.

Ry £y T >
Sample  Average Elevation Sample Description  Grain Size % Sample “Be "Be Average” EFY] *Al Average”
1 2 5 -1 o
of Basin (km) (microns) Mass  (10"atomsg"') + Standard Error  (10° atoms g") =+ Standard Error
5 < 3
: (10 nlomsg') (10° atoms g )
YPG 2A 0.366 main stem channel sediment 250-500 16% 111 + 0.09 6.54 + 035
YPG 2B 500-1000 8% 139 £ 0.10 798 & 046
\:FG 2C 1000-2000 16% 108 £ 0.08 769 = 044
YPG 2D 2000-4000 18% 118 % 0.10 6.62 + 042
YPG 2E 4000-12,700 30% 099 +0.13 711 £ 052
YPG 2F =12,700 12% 109 £ 0,12 LI0 = 0.06 632 % 039 7.00 + 027
Y'P(j 4A 0.366 main stem channcel sediment 250-1000 34% 1.15 £ 0.11 046 = 038
YPG 4B 1000-4000 66% 134 £ 0.11 128 = oo 763 = 0.4 724 % 0.58%
YPG 10.3A 0.178 sub-basin fill 250-1000 8% 1.25 £ 0.10 796 + 048
YYP(‘f 1038 1000-4000 32% 1.21 £ 0.07 785 + 047
YPG 10.3C =4000 60% 1.15 + 0.08 LI8 = 003 7.65 £ 0.53 74 = 0.09
YPG 10.5A 0.178 sub-basin fill 250-1000 1% LI5S £ 011 768 = 053
YPG 10.5B 1000-4000 36% 147 £ 0.11 6.74 %= 071
YPG 10.5C >4000 53% 136 £ 0.11 138 = 009 847 £ 131 776 £ 0.50
YPG 10.7A 0.178 sub-basin fill 250-1000 10% 0.26 = 0.20 861 + 0.72
YPG 10.78B 1000-4000 34% 1.03 £ 0.11 692 + 086
YFG 10.7C =4000 56% 1.07 = 0.10 098 = 0.26 TOR £ 054 718+ 054
YPG 109A 0.178 sub-basin fill 250-1000 4% 119 £ 0.15 1033 = 076
YPG 10.9B 1000-4000 14% L15 £ 011 782 £ 056
YPG 10.9C =>4000 82% 1.02 + 0,09 Lo4 = 005 785 £ 053 794 & 0.83
YPG 11B 0.241 sub-basin channel sediment 1000-4000 25% 151 £ 007 na na
YPG 11C >4000 75% L70 £ 0.09 165 £ 009 na na
YPG 12A 0.241 sub-basin channel sediment 250-1000 7% 139 + 0.10 9.12 + 0.70
YPG 128 1000-4000 3% 138 + 0.07 930 + 0.60
YPG 12C >4000 56% 1.32 £ 0.09 135 + 0.02 8.69 = 1.04 895 + 018
YPG I13A 0.241 sub-basin channel sediment 250-1000 8% 1.36 £ 0.11 943 = 0.66
YPG 13B 1000-4000 37% 1.58 + 0.08 896 £ 049
YPG 13C =4000 55% 1.78 + 0.10 167 + @12 15.77 + 445 1274 = 220
YPG 14A 0.178 sub-basin channel sediment 250-1000 10% 1.20 £ 0.08 850 + 0.62
YPG 14B 1000-4000 3% 1.30 £ 0.05 743 = 071
YPG 14C =>4000 59% 1.22 £ 0.06 1L.24 = 0.03 11 £ 050 794 £ 03l
YPG I5A 0.178 sub-basin channel sediment 250-1000 15% 1.20 = 0.07 na na
YPG 15B 1000-4000 37% 1.22 + 0.11 na na
YPG 15C =>4000 48% 1.35 = 0.06 128 = 005 na na
YPG 19A 0.545 main stem channel sediment  250-500 % 1.77 £ 010 119 £ 090
YPG 19B 500-1000 9% 1.93 + 0.09 1137 + 058
YPG 19C 1000-4000 33% 206 £ 009 1233 + 0.76
YPG 19F 4000->12,700 51% 1.63 + 0.08 1.81 = 0.9 1090 £ 1.21 1144 £ 031
YPG 26.1A 0.178 sub-basin fill 250-1000 5% 127 £ 0.08 763 £ 041
YPG 26.1B 1000-4000 24% 122 = 0.06 766 + 041
YPG 26.1C >4000 7% 1.28 + 0.07 126 + 0.02 122 % 092 7.34 % 014
YPG 20.2A 0.178 sub-basin fill 250-1000 4% 1.23 £ 0.11 796 + 0.55
YPG 26.2B 1000-4000 306% 1.23 + 0.08 740 £ 044
YPG 26.2C =4000 60% 108 + 0.06 L4 £ 0.05 7.08 + 042 7.29 £ 023
YPG 263A 0178 sub-basin fill 250-1000 % 117 + 0.0% 683 £ 0.63
YPG 2638 1000-4000 25% 119 + 0.07 6.71 £ 040
YPG 26.3C =4000 08% 1.15 + 0.06 Lie = o.0f 765 + 045 736 £ 029

letters indicate multiple grain sizes analyzed at a sampling location.
numbers following decimals indicate sample order in depth profiles (ie. YPG 26.3 was the third sample from top of profile).
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Table 4-1B. Locations and descriptions of samples from Yuma Wash, Arizona
for samples with single grain-size.

A ————p e ——

Sample  Elevation” Average Elevation’ Sample Description Grain Size B¢ XAl
(km) of Basin (km) (microns) (107 atoms gy (10" atoms g™
YPG 20 0.067 0.366 main stem channel quartz clast >12,700 0.50 + 0.10 277 + 0.24
YPG 3A 0.140 0.366 main stem channel sediment 250-1000 1.16 = 0.07 6.97 + 0.58
YPG 5A 0.129 0.366 main stem channel sediment 250-1000 1.36 = 0.07 6.83 + 041
YPG 7 0323 na bedrock na 321 £ 0.4 20.77 = 1.14
i YPG 8 0344 na bedrock na 2,25 % 0.11 12,60 = 0.70
YPG9 0.283 na bedrock na 2.73 = 0.15 1446 + 058
YPG 16A 0.143 0.496 main stem channel sediment 250-1000 0.84 £ 0.05 469 + 039
YPG 17A 0.177 0.513 main stem channel sediment 250-1000 1.54 = 0.06 8.93 + 055
YPG 18A 0.223 0.536 main stem channel sediment 250-1000 1.56 + 0.06 942 + 0.54
YPG 20A 0.259 0.554 main stem channel sediment 250-1000 192 + 0.11 11.55 = 0.79
YPG 21A 0.256 0.554 main stem channel sediment 250-1000 2,19 + 0.08 1434 + 084
{ YPG 22A 0.262 0.554 main stem channel sediment 250-1000 1.53 + 0.14 9.10 + 117
YPG 23 0.207 0.187 hillslope colluvium 250-1000 1.16 £ 0.06 7.56 + 0.56
YPG 24 0.207 0.187 hillslope colluvium 250-1000 1.32 £ 0.05 8.01 + 047
YPG 25 0.075 0.187 hillslope colluvium 250-1000 1.66 = 0.05 11.00 £ 0.65
YPG 27 0.238 0.543 main stem channel sediment 250-1000 1.66 + 0.09 1039 + 0.53
YPG 28 0.293 0.547 main stem channel sediment 250-1000 216 + 0.10 14.22 £ 0.73

na-not applicable

all sample location latitudes ~ N33"05'

“ measured using Garmin 75 handheld GPS, verified with USGS topgraphic map
" weighted average elevation of drainage basin above the sample location (represents possible elevations of sediment source)
“YPG-2Q) is a single quartz clast from sample YPG-2
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Table 4-2. Concentrations of '’Be and test of statistical differences between
concentrations in geomorphic features of southwest sub-basin, Yuma Wash.

Geomorphic Mean + Standard Error Statistical Difference @ 90% Confidence
Feature ""Be Measured Bedrock Hillslope Basin All Upper Lower
(10° atoms g') n Qutcrop  Colluvium Fill Channel Channel Channel

Bedrock Outcrops 273 £ 0.28 3 - Yes Yes Yes Yes Yes
Hillslope Colluvium 1.38 £ 0.15 3 Yes - No No No Yes
Basin Fill 1.16 + 0.07 4 Yes No - Yes Yes Yes
Channel Seds (All) 1.44 £ 0.09 5 Yes No Yes - -
Upper Channel (YPG-11, 12, &13) 1.56 £ 0.10 3 Yes No Yes - - Yes
Lower Channel (YPG-14 & 15) 1.26 £ 0.02 2 Yes Yes Yes - Yes

Average '’Be concentrations calculated by first averaging grain-size fractions of each sample then averaging together the samples representing each feature
Statistical differences were determined at 90% confidence using independent t-tests and assuming unequal variances.




Table 4-3. Sediment generation and denudation rates for Yuma Wash Drainage,
Arizona.

This Study Scdi Ci bascd ates from other regions
Main Stem”  SW Sub-basin®  Average” Nahal Yael* Arroyo® Fort Sagc’ Fort Sagc’ Wind River®
Channel Channel All Isracl Chavez Mis (A) Mis (B) Range
Sediment Scdiment Sub-basins New Mexico California California Wyoming
Sediment Generation Rate "Be 101+ 10 7348 R1x5 78+ 16 273+ 62 162 + 38 97 + 24 394 11
(em”vr') AL 100+ 11 68+ 8 8148 0416 281473 I - KL
Denudation Rate “ge 38+ 4 273 3042 96 101 +23 60 £ 14 36 9 14 %4
(m My} Al 3724 2543 303 246 104 +27 x . 13 £ 4

on rates calculated using formulation of Bicrman & Steig, 1996 and production rates of Nishiizumi et al | 1989, scaled for latitude and elevation according to Lal, 1991, and not scaled for slope due to small
e slopes (- 20%) . Conversion between denudation and sediment generation based on densities of 2.7 (g em ™) for bedrock. Rates for main leulated using nuclide
YPG-2 weighted by size fraction relative percent by weight. Rates for SW sub-basin calculated using nuclide concentrations from samples collected at locations YT
Fraction relative percent by weight. Average of all sub-hasins calculated from samples collected at YPG-1, <15, =18, =20, =21, -22, and -27 weighted by sub-basin drinage area.

m samples collected at
-14 and YIG-18 weighted by size

"Clapp et al Gin press) -site with similar climate, clevation. and lithologies

pp ct al. (1997) -site with higher clevation (~2000 m). wetter climate (377 mm), less resistant bedrck
ser (1996 used bath "*Be and **Al ta calculate crosion rates in two catchments (A & B)- site ~1300 m

Il et al. (1999) -site with higher elevation (- 3600 m) and thicker colluvial cover (-90 ¢m)




Table 4-4. Mixing model results for area upstream fromYPG-19 at Yuma Wash.
Arizona.

"Be Al "“Be *Al
Sample Sub-basin Sediment Sediment % Total Measured Measured Erosion-Weighted  Erosion-Weighted
Location  Drainage Area Generation Rate Mass Mass Concentration  Concentration Average Average
(sub-basin) (km?) (gm’yry  (10°kg v (10°aomsg") (10" atomsg") (10" atoms g™ (10" atoms g
YPG-21 293 59 1.7 42% 2.19 143 0.92 5.99
YPG-27 18.6 80 15 36% 1.66 10.4 0.60 3.74
YPG-22 5.8 88 0.5 12% 1.53 9.1 0.19 1:13
YPG-20 5.8 70 04 10% 1.92 11.6 0.19 1.14
Erosion-weighted average nuclide concentration upstream from YPG-19 1.9 12.0
Measured nuclide concentration at YPG-19 confluence 1.8 £ 0.1 114 1.3

Erosion-weighted averages calculated by:

1) multiplying sub-basin area by nuclide-determined sediment generation rate to get annual mass of sediment per basin
2) calculating the % of the total from all four sub-basins

3) multiply % total mass per basin by nuclide concentration and summing the results
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B. Southwest Sub-basin A. Yuma Wash
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Figure 4-1. Yuma Wash drainage basin located along the Colorado River in
southwestern Arizona. A) Sample locations and 1°Be concentrations measured in
channel alluvium (enclosed in squares). Average 19Be concentrations (bold) are
plotted with sample identification numbers below in parentheses. Along the main
stem, nuclide concentrations decrease closer to the confluence with the Colorado
River. Geology adapted from Reynolds, 1988. B) Map of southwest sub-basin with
locations of bedrock, hillslope colluvium, basin fill, and channel alluvium samples.
Contour interval is 100 ft, ranging from 400 to 1200 ft. Base maps adapted from

Ayers-Associates, 1996.
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Figure 4-2. Photograph of main stem of Yuma Wash. Rhyolitic uplands of the
Chocolate Mountains in background. Large coalescing and incised fans with
varnished surfaces are in the foreground to the left of the braided channel. View is
approximately 6 km across, looking downstream (south). Photograph taken near
YPG-17.
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Figure 4-3. Photograph of southwest sub-basin illustrating steep, granitic, upland
sections with little sediment storage. View in photograph is approximately 1 km
across, looking upstream (west).
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Figure 4-4. '"Be and *°Al concentrations for all Yuma Wash samples. Least
squares best fit line has a slope of 5.98 * 0.32, and y-intercept near zero (0.40 +
0.24) consistent with the currently accepted production ratio of ~6:1 (Nishiizumi et
al., 1989).
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Figure 4-5. Sediment grainsize versus '"Be concentration for all sediment samples
analyzed. Mean nuclide concentration is similar for the three grainsize fractions.
Variability increases with increasing grainsize because the number of particles
analyzed for coarser-grained material is less than the number analyzed for finer-
grained material.
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nuclide concentrations.
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Figure 4-7. '""Be concentrations plotted against depth for profiles measured in two
basin fill deposits (YPG-10 and YPG-26) along the channel of the southwest sub-
basin. No significant depth-related trends are evident.
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Figure 4-8. Trend of sample distance downstream versus '""Be concentrations along
with results of mixing model for the main stem of Yuma Wash. Open circles
represent B¢ concentrations at locations designated in parenthesis (see Figure 1
for sample locations). The downstream trend is well modeled by an exponential
equation. The mixing model described in Table 4 was also used to predict nuclide
concentrations at specific confluences along the main stem of Yuma Wash. Model
concentrations higher than measured concentrations indicate the addition of low-
nuclide alluvium (0.84 x 10’ atoms g, YPG-16 ) to the channel. Open squares
above, represent the % of low-nuclide alluvium necessary to equilibrate model and
measured concentrations. The percentage of low-nuclide alluvium added at each
point along the main stem increases downstream as nuclide concentrations of main
stem channel sediment decrease.
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5.1 Abstract

To account for geomagnetically-induced changes in cosmogenic nuclide
production rates in situ, and thereby increase the potential accuracy of age dating and
erosion rate calculations, we use a Monte Carlo type simulation, forced by a compilation
of 33 geomagnetic paleointensity records, to correct model exposure ages and erosion
rates for temporal variations in Earth’s magnetic field strength. Applying our corrections
to several existing data sets generally decreases calculated exposure ages, increases
calculated rates of erosion, and suggests systematic age errors associated with time-
averaged production rates may be greater than 45% for older samples (> 100 ka) at high
elevations (3 to 6 km asl) and low latitudes (0 to 10°). Errors may be on the order of 20%
to 30% for samples exposed > 40 ka at lower elevations (sea level to 1 km asl). Our
results are generally consistent with other, recent correction methods suggesting our
methods are robust; however, our results also suggest that systematic age errors
associated with variations in Earth's magnetic field may be greater than previously
thought. The corrections we present account for errors associated with the measurement
of magnetic field strength over time, the non-dipole component of the field, and other
errors associated with modeling exposure ages and erosion rates, including nuclide half-
lives, neutron attenuation coefficients, sample latitude, sample latitude, sample thickness,

sample density, and exposure geometry.

5.2 Introduction

Cosmogenic nuclides have become a widely used tool for dating bedrock

exposures and Quaternary geomorphic features (e.g., Philips et al., 1990, Nishiizumi et
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5.1 Abstract

To account for geomagnetically-induced changes in cosmogenic nuclide
production rates in situ, and thereby increase the potential accuracy of age dating and
erosion rate calculations, we use a Monte Carlo type simulation, forced by a compilation
of 33 geomagnetic paleointensity records, to correct model exposure ages and erosion
rates for temporal variations in Earth’s magnetic field strength. Applying our corrections
to several existing data sets generally decreases calculated exposure ages, increases
calculated rates of erosion, and suggests systematic age errors associated with time-
averaged production rates may be greater than 45% for older samples (> 100 ka) at high
elevations (3 to 6 km asl) and low latitudes (0 to 10°). Errors may be on the order of 20%
to 30% for samples exposed > 40 ka at lower elevations (sea level to 1 km asl). Our
results are generally consistent with other, recent correction methods suggesting our
methods are robust; however, our results also suggest that systematic age errors
associated with variations in Earth's magnetic field may be greater than previously
thought. The corrections we present account for errors associated with the measurement
of magnetic field strength over time, the non-dipole component of the field, and other
errors associated with modeling exposure ages and erosion rates, including nuclide half-
lives, neutron attenuation coefficients, sample latitude, sample latitude, sample thickness,

sample density, and exposure geometry.

52 Introduction

Cosmogenic nuclides have become a widely used tool for dating bedrock

exposures and Quaternary geomorphic features (e.g., Philips et al., 1990, Nishiizumi et
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al., 1993, Bierman et al., 1995b, 1999; Brown et al., 1998; Gosse and Phillips, 2001;
Zehfuss et al., 2001), and for determining rates of erosion or sediment generation (e.g.,
Clapp et al., 2000, 2001, 2002; Nichols et al., 2002; Small et al., 1999; Granger et al.,
1996; Bierman and Caffee, 2001, 2002). Systematic uncertainties, inherent to the
interpretation of cosmogenic nuclide measurements, make correlations with other dating
systems uncertain (Clark et al., 1995; Dunai, 2001; Gosse and Phillips, 2001; Masarik et
al., 2001; Shanahan and Zreda, 2000). The greatest uncertainties in determining
cosmogenic exposure ages or erosion rates of samples for which exposure history is well
constrained, are nuclide production rates as a function of time, altitude, and latitude.
Recent work has begun to address altitude and latitude scaling for production by neutron
spallation (Dunai, 2000, Desilets and Zreda, 2001) and by slow muon capture (Stone,
2000). This paper presents a model building on the earlier works of Clark et al. (1995),
Clapp and Bierman (1996), Nishiizumi et al. (1996), and Shanahan and Zreda (2000),
which consider the effect of changing dipole field strength on nuclide production rates.
The results of our corrections are compared to those of several other groups who have
recently made similar corrections using different methodologies. Other models have not
accounted for temporal variations in changing field strength coupled with changing

production rates with depth, necessary to produce corrected erosion rates.

53 Nuclide Systematics

Measured cosmogenic nuclide activities (N) are interpreted using generalized
analytical models (Lal, 1988, 1991). Exposure ages are determined using a model (Lal,
1988) that can be solved for exposure age (t) while considering radioactive decay (1), the
nuclide abundance (N), and the production rate of at the site from spallation (P;) and the

production rate at the site from muons (Pm).
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N=7(1—e‘“)+P—;\”(1—e“) e (15

Erosion rates are determined using a model (Lal, 1991) that can be solved for erosion (g)
while considering the density of the overlying material (p), the attenuation coefficient of

fast neutrons (A;), the attenuation coefficient of slow muons (A,,), and radioactive decay.

_ R P
epA +A  epAl+A - (2)

These model ages and erosion rates are beholden to a variety of assumptions (Lal and
Peters, 1967; Gosse and Phillips, 2001) including temporally constant production rates
(P). Time-integrated production rates are determined empirically by measuring nuclide
activities in samples, the age of which have been established by other dating techniques
(e.g., Nishiizumi et al., 1989, Bierman et al., 1996, Stone et al., 1998, Kubik et al., 1998).
Most production rates have been determined from samples < 20 ka, for which mass loss

by erosion is considered to be minimal.
Production varies systematically with altitude and latitude (Lal, 1991; Dunai,

2000, Desilets and Zreda, 2001) and by convention, rates are normalized to sea level (SL)
and high latitudes > 60°(HL) for comparison. Production also varies through time as the
strength of Earth’s magnetic field changes (Lal, 1988; Kurz et al. 1990; Mazaud et al.,
1991; Shanahan and Zreda, 2000; Dunai, 2001; Masarik et al., 2001). Because the effects
of field strength change on nuclide production rates differ with altitude and latitude,
normalized production rates determined at different sites from samples exposed for
different periods of time may not be the same (Clark et al., 1995).

Many estimates of 1°Be and 2°Al production rates have been published

(Nishiizumi et al., 1989; Clark et al., 1995; Gosse and Klein, 1996; Nishiizumi et al.,
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1996; Stone et al., 1998; Klein et al., 2000, Stone, 2000, Gosse and Stone, 2001).
Production rates integrated over 2 years to 7 My have converged on ~5.2 and 30.9 atoms
g'l yr" (for '’Be and 26Al, respectively), when rescaled using common assumptions
regarding muon production (3% at SL and HL per Stone, 2000), altitude and latitude
scalling for spallation (Lal, 1991), altitude scaling for muons (A=247¢ cm” ), and
latitude scaling for muons the same as for spallation. However, these rates still carry an
uncertainty of >10% (Bierman et al., 2002). One of the most substantial factors
controlling the flux of cosmic rays and the production of cosmogenic isotopes is intensity
of Earth’s magnetic field (Lal, 1988; Kurz et al. 1990; Mazaud et al., 1991; Shanahan and
Zreda, 2000; Dunai, 2001; Masarik et al., 2001;), thus correcting for changes in magnetic

field strength over time has the potential to increase the accuracy of exposure age and

erosion rate calculations.

5.4  Correction for Geomagnetic Field Strength

To demonstrate the importance of magnetic field strength changes and to increase
the accuracy of interpreted cosmogenic ages and erosion rates from measured nuclide
abundances, we have developed a Visual Basic-based computer model (Cosmo Calbrate)
that corrects cosmogenic nuclide calculations for the effects of secular changes in Earth’s
magnetic field strength (Dunai, 2001; Masarik et al., 2001; Shanahan and Zreda, 2000).
The model fully propagates uncertainties and allows for correction of a multitude of
nuclides and production rates based on user-defined inputs. Model documentation is

included within the model and in Appendix C.

103




Model Structure

To account for changes in magnetic field intensity over time, all production rate
scaling and error estimates are forced by a synthetic paleointensity record which is made
up of the SINT-800 record (Guyodo and Valet, 1999) for the time period between 10 and
800 ka, and the A "*C-derived paleointensity record of Stuiver et al. (1998), for the time
period between 0 and 10 ka. From the synthetic paleointensity record, a user-defined
number of model production rate records (generally, 30 to 100) are calculated. For each
given point in time, there will be magnetic field strength values generated and
instantaneous production rates calculated, each of which will have a random-normal
distribution defined by the error associated with the synthetic record. For each of the
model production rate records generated, the model then iterates back along the record to
determine a starting age in the past (exposure age) that results in a nuclide activity equal
to that measured in the sample to be calibrated, when atoms are accumulated and
subtracted (radioactive decay) from past to present. The average and standard error of
the mean of the results from all of the records gives the exposure age and associated
error. For erosion rates, the model production rate record is applied; the model then
iterates backward to determine the rate at which a particle must have traveled from depth
to the Earth's surface, accumulating atoms so as to contain a nuclide activity equal to that

measured in the sample to be calibrated.
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Paleointensity Data

During the past decade, numerous geomagnetic paleointensity records have been
published as summarized by Guyodo and Valet (1996, 1999) and Masarik et al. (2001).
Because there are site specific, non-dipole, field-strength variations (Raisbeck et al.,
1994), no single record is representative of global paleointensity; yet, the existing
paleointensity records are well correlated and show similar long-term intensity variations
suggesting coherence on a global scale (Guyodo and Valet; 1996; 1999). Guyodo and
Valet (1996), compiled and overlaid 17 existing, globally dispersed, paleointensity
records to produce a worldwide, synthetic paleointensity record during the past 200 ky
(SINT-200). Guyodo and Valet (1999) added an additional 16 paleointensity records to
the SINT-200 record, to produce a record over the past 800 ky (SINT-800). SINT-800
provides the most comprehensive, long-term comparison of paleointensity data to date
and yields a coherent average intensity and intensity variability versus time record
(average coefficient of correlation=0.7). The uncertainty in the synthetic record is the
result of variations in sedimentation rates, analytical procedures, and localized, non-
dipole variations in paleointensity.

It should be noted that during the past 10 ky, SINT-800 has relatively high
statistical uncertainties (Frank et al., 1997, Guyodo and Valet, 1996, 1999; Masarik et al.,
2001), and does not correlate well with several other recently published records (Dunai,
2001). Therefore, similar to Masarik et al., (2001) we have chosen the
dendrochronologically derived AMC record of Stuiver et al., (1998) to represent the
paleomagnetic record between the present and 10 ka. Similar to recent works by Mazarik

et al. (2001), and Dunai (2001), we have chosen SINT-800 to represent the
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paleomagnetic record for the time period of 10 ka to 800 ka. The two records are
combined to create a single synthetic record that is used by our model to correct
cosmogenic exposure ages and erosion rates for geomagnetic field intensity variations

over time (Figure 1). Statistical methods allow us to account for uncertainties in field

strength over various time periods.

Interpretation of Instantaneous Production Rates from Paleointensity Data

For each model iteration, we randomly generate a model paleointensity record
(Figure 2A) using a normally distributed random number generator constrained by the
mean and standard error of the synthetic paleointensity record. The time-step between
points along the model record are not constant, but are controlled by the separation of
points in the synthetic record. Each point along the model paleointensity record is
converted to an apparent paleolatitude (Figure 2B) according to Nishiizumi et al. (1989)
and then to an instantaneous production rate (Figure 2C) by using the altitude/latitude
scaling of Lal (1991) with muons scaled separately based on Stone (2000), Nishiizumi et
al. (1989), and a user-defined percentage of muon contribution at sea level and high
latitude. At low latitudes (where the cosine of the paleolatitude is >1) or during periods of
high magnetic field intensity (M/Mo>1), instantaneous production rates are calculated
using the formulation of Elsaesser et al. (1956), consistent with the approach of
Shannahan and Zreda (2000). Although this formulation does not generally consider the
non-dipole component of the magnetic field, the non-dipole component is considered in
our statistical methods. Specifically, the random generation of points that comprise our
model paleointensity record is controlled by the errors associated with the synthetic
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curve; errors which include the non-dipole component as well as other errors associated
with the interpretation of paleointensity values from deep sea cores.

Based on the model production rate record, the model accumulates and decays
atoms in 1000 year time steps. The model iterates back in time along the instantaneous
production rates curve until two starting points are reached, which bracket the user-
defined, measured number of atoms. The model then linearly interpolates between two
constraining thousand year increments to determine a model exposure age. A model
erosion rate is simultaneously calculated using equation 2, a similar iterative method as
described for the model exposure age calculations, and assuming steady-state erosion.

For erosion rates, the model accumulates atoms as a particle moves from a depth
of 10 meters below Earth's surface, until the particle reaches the surface, using a time-
step determined by the time it takes for a particle to move upward 1-cm at a given erosion
rate. For different erosion rates, the time for a particle to travel upward 1-cm is different.
The model production rate record is used to determine the surface production rate at a
specific time in the past, related to the particle's depth. The surface production rate is
then scaled (Lal, 1988) for the depth of the particle at a given time. Thus for each 1-cm

increment, the particle will accumulate and decay atoms at the specified production rate.
The model iteratively determines two erosion rates which result in nuclide abundance that
bracket the user-defined nuclide abundance. The model then linearly interpolates
between two constraining erosion rate increments to determine a model exposure age.

Erosion rate increments are 1 mMy™ (for 0 to 10 mMy™), 10 mMy™ (for 10 to 100 mMy”

), and 100 mMy™" (for >100 mMy™).
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Determination of Initial Production Rates (P,)

In order to determine instantaneous production rates in the past, we need to
establish a nominal, contemporary, model production rate (P,) which can be forced
through each model production rate record. Determination of P, was carried out
iteratively. '°Be and *°Al rates were determined for the Sierra Nevada (Table 1) site using
exposure ages of 11 cal ka (Nishiizumi et al. 1989) as well as 12, 13, and 14 cal ka (Clark
etal. ,1995). P, was adjusted for the data set until the model nuclide activity for the
appropriate calibration duration equaled the activity measured at the calibration site. The
model also allows for the selection of the contemporary 10g¢ P, measured by Nishiizumi
et al. (1996) in water target experiments or allows the model user to determine a Py from

their own data or the data of others.

Uncertainty Analysis

We use a Monte Carlo approach to propagate uncertainties. For each exposure age
or erosion rate correction, we randomly generate multiple (generally 30 to 100) model
paleointensity records through which all corrections are forced. The corrected ages or
rates from each of the records are averaged together to yield a final corrected value along
with an associated error calculated as the standard error of the mean of the results.

In addition to uncertainties in the paleointensity record, the model we present
propagates uncertainties in initial production rates, laboratory nuclide measurements,
nuclide half-life, neutron attenuation coefficient, sample latitude, sample altitude, sample
thickness, exposure geometry, and sample density. For each of these parameters, a
normally distributed, random number is generated for each model iteration, based on
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errors specified by the user. Default settings include 5% uncertainties for all parameters
except nuclide production rate (20% uncertainty) and laboratory nuclide measurement
(uncertainty determined by the laboratory). Therefore, for each time-step (exposure age)
or depth increment (erosion rates), the model uses randomly generated parameter values
to calculate the number of atoms accumulated and decayed. These values are summed to
determine the exposure age or erosion rate for an individual model production rate record
and the results from multple iterations give an average and standard error as the final
result.

The uncertainties in model exposure ages and erosion rates, directly associated
with the paleointensity curves, are approximately + 5%. Large uncertainties associated
with empirically estimated production rates in conjunction with smaller uncertainties
associated with muon production, nuclide attenuation length, laboratory procedures,
nuclide half-life, sample density, and sample latitude, account for an additional 15% to
20% error. Because the model accounts for uncertainty present, yet not reported in most
cosmogenic studies to date, the geomagnetic correction effectively increases the accuracy
of the final calculations yet decreases the perceived precision. As more geomagnetic
field intensity data, refined production rate estimates, and better correction schemes
become available, the precision and accuracy of the reported exposure ages and erosion
rates will improve.

Over short periods of time (several ky) there may be significant differences
between the geomagnetic latitude and the geographic latitude of a site. However, the
long-term average of the geographic latitude becomes similar to that of the geomagnetic

latitude after several thousand years (Merrill and McElhinny, 1983). Therefore, the
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model uses the geographic latitude to calculate exposure ages and erosion rates.
However, small changes in estimating the geomagnetic latitude can result in relatively
large errors in production rates (Klein and Gosse, 1996). Production rates can change by
as much as 1.6% per degree between 20 and 30 degrees of latitude as illustrated by Gosse
and Phillips (2001, figure 8). The model accounts for errors associated with uncertainty
in sample location by propagating a 5% error through the Monte Carlo simulation.
55 Results and Discussion

To illustrate the utility and validity of our correction scheme, we present a
sensitivity analysis of model results, and compare our methods to previously published
geomagnetic corrections. We then apply our model to several previously published
studies to show how our correction may effect the conclusions of these and other studies

involving cosmogenic nuclides.

Model Sensitivity Analysis

Correction of model exposure ages and erosion rates for changes in magnetic field
strength over time has the potential to reduce systematic errors. At low latitudes (0 to
10°), where cosmic rays are most affected by Earth's magnetic field, differences between
geomagnetically corrected and uncorrected ages (as great as £50% at extreme high
altitudes) are most notable (Figure 3A). At higher latitudes, where Earth's magnetic field
has a decreasing effect on incoming cosmic rays, age errors decrease (Figures 3B and
3(C), and approach zero as latitude approaches 60°. These differences are sensitive to the
age and location of the original production rate calibration as well as the assumptions

used in the original calculations.
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Differences between corrected and uncorrected ages also increase with increasing
elevation (Figures 3A, 3B, and 3C), due to attenuation of incoming fast neutrons which
increases with atmospheric depth. At low latitudes (0 to 10°), age differences near sea
level range from ~+12% to ~+35; however, at extreme, high elevations (6 km) the
differences increase to ~-50% to ~+50% (Figure 3A). At high latitudes, the elevation-
related age differences are reduced and approach zero as latitude approaches 60° (Figures
3B and 3C).

Age differences are also related to the duration of sample exposure to cosmic ray
bombardment. Age differences generally increase with the duration of sample exposure.
Most production rate estimates are based on age estimates of the Sierra Nevada data of
Nishiizumi, et al. (1989) or the age estimates of Clark et al. (1995) for the same Sierra
Nevada data. These estimates are for a time period over the past 13 to 15 ky. During the
past ~20ky, Earth's magnetic field strength has been greater than the long-term average,
and thus uncorrected nuclide production rates are generally lower than the long-term
average. At low latitudes and high elevations, where the magnetic field has the greatest
effect on production rates, uncorrected ages can be more than 50% less than corrected
ages (Figure 3A). Near sea level, or at higher latitudes (>20°), and uncorrected ages are
generally greater than corrected ages and age differences continue to increase slowly over

time (Figures 3B and 3C).

Comparison to Other Corrections
Several other methods, which have been recently published, can be used to correct
exposure ages and erosion rates for the effects of temporal changes in Earth's magnetic
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field strength (Mazarik et al., 2001; Dunai, 2001, Shanahan and Zreda, 2000). The
methods we use are similar to those suggested by Shanahan and Zreda (2000), and
proposed by Clark et al. (1995) and Clapp and Bierman (1996), which make use of
scaling factors of Lal (1991) and the magnetic field curves of Goyudo and Valet (1996).
Shanahan and Zreda (2000) compared their corrected cosmogenic ages of stromatolites to
ages determined independently using '“C (Hillaire-Marcel and Casanova, 1986). Their
geomagnetic corrected ages were within one standard deviation of the '*C dates
suggesting that geomagnetic correction methods chosen for their study and for this study
are robust. The ~20% underestimation of their uncorrected ages (Shanahan and Zreda,
2000) is consistent with results from our model for low latitude (<10°), high elevation (>3
km asl) sites (Figure 3A).

Dunai (2001) presents a scaling model similar to that of Lal (1991) with
recalculated scaling factors based on data from neutron monitors, nuclear emulsions, and
cloud chambers (Desilets and Zreda, 2001). Dunai (2001) also uses the SINT-800 curve
to correct for ages >10 ka, but has chosen a slightly different magnetic field record (a
combined record from Ohno and Hamano, 1993 and McElhinny and Senanayake, 1982)
for ages <10 ka. Scaling factors from our model (Figure 4) show similar temporal
patterns to that of Dunai (2001), but result in normalized production rates (normalized to
current production rates at SL) that reach as high as ~1.37 (atoms g y") compared to
maximum rates of ~1.20 (atoms g y'!) from Dunai (2001), a difference of 14%.

Mazarik et al., (2001) use a model that simulates the interaction of cosmic ray
particles with matter, based on the GEANT (Brun et al., 1987) and MCNP (Briesmeister,
1993) codes as described in Masarik and Beer, 1999. Similar to our model, Mazarik et al.
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(2001) use the SINT-800 curve (Guyodo and Valet, 1999) and the '*C curve (Stuiver et
al., 1998). Again, our model results show a similar temporal pattern (Figure 4) but result
in normalized production rates that reach as high as ~1.37 (atoms g y™') compared to
maximum rates of ~1.12 (atoms g y) from Mazarik et al. (2001); a difference of 22%.

The normalized production rates from our model differ from the other models by
14 to 22%. This difference is likely the result of the different scaling models chosen.

Our model currently makes use of the Lal (1991) scaling model which to date is the most

widely accepted.

Case Studies

Application of our model to published data suggests that uncorrected cosmogenic
data may substantially misestimate exposure ages and rates of erosion. To demonstrate
the importance and effect of correcting cosmogenic model ages and erosion rates for
paleointensity variations, we use our model to reanalyze data from three recent
publications, Zehfuss et al. (2000), Bierman and Caffee (2001), and Clapp et al. (2000).

Age corrections associated with interpretation of data with longer exposure
histories (>40 ky) are greater than those with shorter exposure histories (<40 ky) because
production rate calibration sites are generally young. Zehfuss et al. (2001), used ""Be and
28 51 abundances, measured in boulders of debris flow fans, to determine slip rates along
the Fish Springs Fault in Owens Valley, California. A long-term slip rate of
approximately 0.25 m ky™', was determined from the cosmogenic measurements of
boulders on the West Fan, which yielded average boulder ages of 107.3 + 10.9 ky
(assuming no erosion). Geomagnetic correction of the Zehfuss et al. (2001) data (Figure
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5) results in boulder ages of 99.5 + 10.8 ky (assuming no erosion). This decrease in
boulder ages associated with correction for changes in geomagnetic field strength results
in a 9% increase in calculated long-term slip rates along the Fish Springs Fault. The
decrease in boulder ages and increase in slip rates associated with the corrections is
substantial for these older samples (99 to 124 ky). For younger fans (South Fan, Fan B,
and Fan C), with exposure ages less than 30 ky, the correction results in age errors of
only a few thousand years. For locations with ages less than 15 ky, uncorrected ages
actually become less than the corrected ages.

Larger discrepancies for more heavily dosed samples resukt from recalculating
erosion rates of Bierman and Caffee (2001), who measured '’Be and *°Al abundances in
bedrock outcrops across west-central Namibia. These measurements were used to
describe the Pleistocene erosional history of Namibia and to show that the Namibian
landscape is approaching geomorphic steady-state. Uncorrected erosion rates of the
bedrock samples ranged from 1.1 to 7.5 mMy'. When corrected using our methods
(Figure 6), erosion rates range from 1.4 to 13.4 mMy', and the long-term average erosion
rate of 3.5 + 0.3 m my, increases to 5.1 £ 0.5 m my', an increase of 47%. This increase
is likely the result of low latitude exposure over long periods of time.

In Chapter 3 of this dissertation (Clapp et al., 2000) we used B¢ and *°Al
abundances measured in bedrock and sediments to determine basin-wide rates of
sediment generation (78 £ 16 tons km? y™) in the Nahal Yael drainage basin, southern
Israel (30°, 0.245 km). Sediment generation rates were slightly less than sediment export
rates (126 + 13 tons km™ y") determined from a 30-yr sediment budget (Schick and

Lekach, 1993), thus suggesting the stream over the long-term was exporting more
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sediment from the basin than was being produced by weathering of bedrock. Correcting
the cosmogenic data results in the nuclide-based rates of sediment generation that are
13% greater (88 £ 3 tons km? y"'), decreasing the difference between long-term sediment
production and short-term sediment yield. Thus, although the conclusion that the basin is

currently exporting sediment from storage remains valid, the basin appears to be nearer to

steady state than previously thought.

Contemporary Production Rates (P,)

By iteratively calibrating the model to different production rate sites, we have
established nominal contemporary production rates (P,) from the Sierra Nevada data
(Nishiizumilet al., 1989; Clark et al., 1995) ranging from 4.9 to 6.3 atoms g y' (Table
5-1). Our results are similar to the empirically measured, water target-based,
contemporary rates (5.2 = 0.3 atoms g v determined by Nishiizumi et al. (1996) and
recent production rate measurements (5.1 atoms g'l y']) of Kubic et al. (1998). Our
results are also in agreement with the average the average production rate of 5.1 atoms o
y'l (average of all production rate studies to date) suggested by Stone (2000), thus
suggesting that our approach is valid. The contemporary rate of Nishiizumi et al. (1996)
and the average rate suggested by Stone (2000) fall between our 13 ka and 14 ka
contemporary rates determined for the Sierra Nevada site, indicating deglaciation of the

site between 13 and 14 ka. consistent with ages suggested by Clark et al. (1995).
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5.6 Conclusions

The use of our model (Cosmo-Calibrate) accounts for systematic errors known to affect
the interpretation of cosmogenic nuclide data. Our results are similar to those from other
correction schemes (Mazarik et al., 2001; Dunai, 2001, Shanahan and Zreda, 2000);
however, our method also accounts for the uncertainties associated with the geomagetic
field strength record and is the only model to correct erosion rates as well as exposure
ages. The model we present thus has the potential to increase the accuracy of cosmogenic
dating techniques and erosion rate calculations and to provide quantitative estimates of
the errors associated with data interpretation. Use of our model may allow for the robust
dating and correlation of brief geomorphic or climatic events. Our model is available at

www.geology.uvm.edu/morphwww/cosmolab.
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Table 5-1. Estimated contemporary production rates at time = 0 (Po).

Sample 1ogg * ioge! =p) wpt
Calibration Sample Geographic Production Production Production Production
Age Elevation Latitude Rate Rate Rate Rate
Uncorrected at time=0 (Po) Uncorrected at time=0 (Po)
Study (cal ky) (km) (degrees) (atoms g'yr')  (atomsg'yr')  (atomsg'yr') (atoms g’ yr')
Nishiizumi et al., (1989) " 334 44 6.1 6.3 377 37.3
Clark et al., (1995) 12 334 44 56 5.7 345 341
13 334 44 52 5.3 319 315
14 3.34 44 49 5.0 296 29.2
Clark et al., (1995) 215 0.25t00.37 4 47 5.1 = =
Kubik et al., (1998) 9.8 1.68 47 58 532 38.0 347
Stone et al., (1998) 11.5 0.52 58 46 465 27.7 279
Stone (2000) 9.8 to 7,000 - - 51 - - -
Nishiizumi (1986) 0.002 3.25 40 4.7 5.21 na na
g P rate esti ing 3% muon production, sea level, and high latitude
T Initial rate (Po) di d iteratively.
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Figure 5-1. Relative magnetic field strength curve used to drive model
calculations. Black line is the mean magnetic field strength curve; gray lines are
one standard error of the mean. The record is a combination of SINT-800 (Guyodo
and Valet, 1999) for the time period between 10 and 800 kyr BP and the
dendrochronologically derived A'"*C paleointensity estimate of Stuiver et al., (1998)
for the time period from 10 ka to present.
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Figure 5-2. Model graphical output. (A) Random-normal model output of relative
magnetic field strength (M / Mo), (B) apparent paleolatitude calculated from
formulation of Nishiizumi et al. (1989). and (C) relative instantaneous production
rates (P / P,) calculated from Lal (1991) and Elsaesser et al. (1956).
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Figure 5-3. Age corrections (difference between corrected and uncorrected ages)
calculated for '’Be exposure ages as a function of time and elevation, for
geographic latitudes of 10°(A), 30°(B), and 50°(C). Black solid line represents sea
level, gray solid line represents 1 km above sea level, black dashed line represents 8
km above sea level, and gray dashed line represents 6 km above sea level. Largest
age corrections are noted for high elevation and low latitudes. For older ages (>40
ka), large positive age corrections (uncalibrated > calibrated) may occur. For
younger ages, moderate positive age corrections occur at low elevations and large
negative age corrections occur at high elevations.
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Figure 5-4. Long-term, time-integrated production rate ratios (corrected
production rate/current production rate). Ratios calculated at sea level. over a
series of latitude ranges. Ratios would be <1 for young samples (< 20 kyr) at high
altitudes (> 1 km). Curves can be used to correct long-term average production
rates for magnetic field strength changes over time. These curves can be compared
to those produced by Dunai (2001) and Mazarik et al. (2001) which give maximum
ratios of ~1.20 and ~1.12, respectively compared to ratios as high as ~1.37 from
our model.
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Figure 5-5. Average corrected and uncorrected '’Be exposure ages for boulders of
five debris flow fans along the Fish Springs Fault in Owens Valley, California
(Zehfuss et al., 2001). Age corrections for older fans (West Fan and Fan A) are

positive, while age corrections for younger fans (South Fan, FFan B and Fan C) are
negative.
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bedrock outcrops across west-central Namibia (Bierman and Caffee, 2001). Large
erosion rate corrections of 0.5 to 4.1 mMy™ (25% to 40%) are suggested for these
slowly eroding, highly dosed samples.
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6.0 Conclusions

"“Be and *°Al have been measured in the quartz fraction of bedrock and sediments
from three different arid region study sites, of different scales, different lithologic
complexities, and different geologic settings. The results of these measurements have
been summarized in the manuscripts included as chapters two through four of this
document. Chapter five of this document is a manuscript describing a computer model
constructed to correct cosmogenic exposure ages and erosion rates for the effects of
temporal changes in Earth's magnetic field intensity. Conclusions specific to each of the
individual field-based studies and specific to the computer model are discussed in detail
within each of the individual manuscripts contained herein. Based on the combined
results of the studies presented in chapters 2 through 5 of this dissertation, the following

are my conclusions:

e Cosmogenic nuclide activities measured in sediments throughout a drainage basin can
be used to infer baseline, long-term, geomorphic conditions over landscapes of
differing scale. The rates of denudation and sediment generation calculated at Arroyo
Chavez and Yuma Wash are in general agreement with regional denudation rates
calculated using other techniques. Rates calculated at Arroyo Chavez and Nahal Yael

are in general agreement with local rates calculated using other techniques.

e Nuclide activities measured in stream channel sediments leaving a drainage basin

suggest that the drainage network of a basin sufficiently integrates sediments and
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associated cosmogenic nuclides. For small basins, where sediment storage is small or
negligible, nuclide activities in stream channel sediments closely resemble the
activities measured in bedrock and other geomorphic features throughout a drainage
basin. However, as basin scales increase (from < a few km” to > many km?), the
storage of sediment within a basin becomes more significant, and the nuclide
activities measured in channel sediments of a high order stream may reflect specific
areas where sediment in long or short term storage is currently being evacuated.
Thus, for a large basin, sampling many geomorphic features or many sub-basins may
give a better indication of the process rates for the basin as a whole. For smaller
basins, collecting a single or several samples from the stream channel may

sufficiently characterize the nuclide signature and thus denudation rates of the basin.

Cosmogenic nuclide activities can be used as a tracer to identify current, specific
areas of landscape degradation. For smaller basins, nuclides measured in specific
geomorphic features coupled with a simple mixing model, can be used to identify the
portion of sediment contributed from individual features, directly to the channel. By
collecting samples from the stream channels of a drainage network, from high order
streams to low order streams, cosmogenic nuclides can be used to determine the
denudation/sediment generation rates for individual sub-basins and using simple
mixing models can be used to determine the percent contribution of sediment from

each individual sub-basin.
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e Cosmogenic nuclide activities can be used to infer specific geomorphic processes that
contribute sediment to drainage systems. Specifically, nuclide measurements suggest
that in arid regions, weathering of bedrock beneath a cover of colluvium may be more
rapid than weathering of exposed bedrock; nuclide measurements indicate where
sediment is stored for long or short periods of time and nuclide measurements suggest

oo

pathways that sediments may take in route to the outlet of a drainage network.

e Cosmogenic nuclide activities can be used to determine if a basin is in a long-term
condition of steady state with respect to denudation, sediment accumulation, sediment
generation, and sediment yield. Differences between nuclide signatures in different
geomorphic features within a basin should identify catastrophic events, such as
landslides or debris flows, that may deliver sediments to a stream rapidly rather than
by slow steady processes. Additionally, patterns of nuclide activities measured in
sediment depth profiles can identify rapid depositional events related to catastrophic
events or accelerated periods of deposition caused by human- or climate-induced
landscape changes. Based on the results of the field-based studies, I find no evidence
of such catastrophic or rapid depositional events at my field sites. However, the
differences between short-term rates of sediment yield and long-term rates of
sediment generation as noted at Nahal Yael, indicate that this basin is currently out of
long-term steady-state and is currently evacuating more sediment from the basin than

is being produced in the uplands.
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The grain size distribution of a sediment sample in an arid region basin does not
appear to significantly affect the results of cosmogenic nuclide studies in sediments.
This finding is consistent with arid-region sediment transport theory, which suggests
that sediment transport often occurs in pulses during infrequent, large, storm events
characterized by turbulent flows that transport material of many different sizes at
similar rates (Laronne and Reid, 1993; Laronne et al., 1994; Reid and Laronne, 1995).
This finding contrasts with that of Brown et al. (1995a) who found distinct isotopic
dependence on grain size in a humid region where deep-seated landslides and
rockslides bring large-grained, lightly-dosed material to the channel while fine- to
medium-grained material with higher isotopic concentrations is delivered to the

stream by gradual, surface-dominated processes of weathering, soil creep, and sheet

wash.

e The accuracy of cosmogenic exposure ages and erosion rates can be improved by
correcting for the effects of changes in the strength of Earth's magnetic field. By not
accounting for these effects, erosion rates may be underestimated and exposure ages
over estimated by over 40% in certain instances. Additionally, the uncertainties
associated with interpretation of cosmogenic nuclide measurements can be more

rigorously accounted for in our Monte Carlo approach to data interpretation.

The field-based studies presented in this dissertation illustrate the utility of quantifying
long-term basin-wide rates of sediment generation and landscape denudation. Both

public and private lands can be better managed and protected if the rates of fundamental
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processes controlling landscape evolution are better understood. The methods described
in this dissertation provide reasonable estimates of long-term process rates that can be
rapidly determined (several months) in contrast to estimating these rates using standard
long-term (several years to decades) monitoring programs. Cosmogenic nuclides can be
used to identifying areas contributing the most significant amounts of sediment to a
drainage, allowing land managers to make critical decisions on where to most efficiently
utilize limited resources. Although the current per sample cost is high, when the cost of
managing long-term monitoring programs is considered, our methods are likely a more
cost effective way to rapidly gain an understanding of sediment generation and landscape
denudation over a large region.

This dissertation includes several study sites of different size, geologic setting,
and geologic complexity; however, future studies should concentrate on application of
our methods to many additional basins, in different climatic zones, and over many
different scales. As our methods are tested over many study sites, statistical evaluation of
the data will become more significant and will strengthen the conclusions presented

above.
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Appendix B.
Sample preparation and analysis

Samples were heated and ultrasonically etched in 6N HCI. then 1% HF and
1% HNO; (Kohl and Nishiizumi, 1992) in order to purify quartz. Samples were
dissolved in HF with 250 pg of Be carrier; Be and Al were isolated using ion
chromatography. '’Be/’Be and *°Al/*’Al ratios were determined by accelerator mass
spectrometry at Lawrence Livermore National Laboratory. Measured ratios (u=5.9
+0.48) of *°Al to ""Be (Fig. 3, inset) are consistent with the currently accepted
production ratio of ~ 6:1 (Nishiizumi et al., 1989), indicating that our laboratory
methods are robust, and that the sediment and bedrock we sampled do not have
long-term (>100 ky), complex histories of burial and exhumation. Because the two
isotopes are well correlated (r* = 0.95), we present primarily the '’Be measurements:

however, the **Al measurements are used in all calculations (Table 1 and data
repository Table A).

Additional References

Kohl, C.P., and Nishiizumi, K., 1992, Chemical isolation of quartz for measurement

of in-situ-produced cosmogenic nuclides: Geochemica et Cosmochemica
Acta, v. 56, p. 3583-3587.

Laronne, J., and Reid, 1., 1993, Very high rates of bedload sediment transport by
ephemeral desert rivers: Nature, v. 366. p. 148-150.

Lekach, J., Schick, A.P., and Schlesinger, A.. 1992, Bedload yield and in-channel
provenance in a flash flood fluvial system, in Billi, P., ed., Dynamics of
gravel-bed rivers: Chichester, John Wiley and Sons, p. 537-551.

Reid. 1., and Laronne, J., 1995, Bedload sediment transport in an ephemeral stream

and a comparison with seasonal and perennial counterparts: Water
Resources Research, v. 31, p. 733-781.
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Figure A. Geomorphic features sampled at Nahal Yael. View to south, toward samples NY9
-NY12, NY17, and NY19 (see Fig. 2), shows braided alluvial channel bordered by alluvial
terraces and colluvial deposits. Pelitic schist with crosscutting quartz intrusions is in
background. Photo was taken downstream of NY19.
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Figure B. Nuclide measurements of grain size fractions from sediment samples

indicate that °Be and “°Al concentrations are independent of sediment grain size
implying that large and small particles are produced by similar processes and
transported at similar rates. Variance however, increases slightly with grain size due
to smaller number of particles analyzed per unit weight of sediment.This finding is
consistent with observations that arid region streams transport sediment of many
different sizes at similar rates in turbulent flows during infrequent, large, storm events
(Lekach et al., 1992; Laronne and Reid, 1993; Reid and Laronne, 1995) and are
consistent with cosmogenic measurements elsewhere (Clapp et al., 1997, 1998).




TABLE A. NUCLIDE DATA AND SAMPLE DESCRIPTIONS
NAHAL YAEL, ISRAEL

Note: All sample latitudes are ~ N30°, elevation differences throughout
basin are small (<150 m) and thus comparisons between sample nuclide
4 abundances are made without elevation or latitude corrections. N.D. =
No Data.

" Letters indicate grain-size fraction of sample. A = 250 - 1000 um, B =
1000 - 4000 um, and C > 4000 pm.
t For channel, colluvium, and terrace samples, elevation is a weighted

i average elevation of drainage basin above the sample location
i (represents possible elevations of sediment source).

Sample’ Sample'  Sample® 98¢ 8
elevation type (10° atoms g™ (10° atoms g™)
(km)
NY4 0.245 CHA 132 + 0.10 8.96 = 0.78
NY5 0.220 BR 2.08 £ 0.12 12,27 + 0.92
N6 0.258 BR 2.35 + 0.15 14.39 + 0.88
NY7 0.283 BR 351 +0.13 21.58 + 1.75
N 8A 0.230 coL 131 +0.13 8.14 + 0.56
NY8B 0.230 coL 1.28 + 0.09 7.95 + 0.45
NY8C 0.230 coL 1.25 + 0.06 7.86 + 0.46
NY9 0.230 BR 1.96 + 0.13 11.21 + 0.69
NY10 0.258 BR 2.12 + 0.08 13.09 + 0.67
NY11 0.280 BR 0.73 + 0.08 5.61 + 0.43
NY12A 0.250 coL 122 +0.12 8.53 + 0.48
NY12B 0.250 coL 117 + 0.07 7.93 + 052
NY12C 0.250 coL 1.23 + 0.05 8.06 + 0.44
NY13 0.304 BR 1.83 + 0.18 12.93 + 0.73
NY14 0.275 BR 2.83 + 0.14 17.87 + 1.03
NY15B 0.280 coL 222 +0.12 16.60 + 1.67
NY15C 0.280 coL 2.10 + 0.09 12,67 + 0.90
NY16A 0.270 TER 1.42 + 0.11 8.77 + 0.54
NY16B 0.270 TER 1.29 + 0.09 8.20 + 0.66
NY16C 0.270 TER 1.65 + 0.12 9.54 + 0.56
NY17A 0.256 TER 1.77 + 0.07 10.25 + 0.53
NY17B 0.256 TER 1.65 + 0.06 10.41 + 0.58
NY17C 0.256 TER 1.55 + 0.10 N.D.
NY18A 0.262 CHA 1.20 + 0.07 861 + 0.78
NY18B 0.262 CHA 1.27 + 0.07 8.18 + 0.48
NY18C 0.262 CHA 1.42 + 0.09 8.59 + 0.54
NY18C 0.262 CHA 1.59 + 0.07 9.27 + 0.59
NY19A 0.250 CHA 1.20 + 0.08 8.32 + 0.84
NY19B 0.250 CHA 1.31 + 0.06 7.78 + 0.47
NY19C 0.250 CHA 1.19 + 0.07 9.23 + 0.65
i NY20A™ 0.245 CHA 1.25  0.05 8.26 + 0.49
NY20B~  0.245 CHA 123 + 0.05 8.16 + 0.45
] NY20C™ 0.245 CHA 1.19 + 0.05 8.02 + 0.60

§ Sample type: CHA = channel alluvium, BR = bedrock outcrop, COL =
hillslope colluvium, TER = terrace sediment.

“Sample location closest to the basin outlet (NY20A-C) used to
determine basin-wide rates of sediment generation.

152




Appendix C

Cosmo Calibrate Model Documentation
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UNCERTAINTIES

Production rate uncertainty

%

Half life uncertainty

%

Density uncertainty

%

Attenuation (lambda) uncertainty

%

Latitude uncertainty

%

Muon Atten (lambda) uncertainty

%

Muon % uncertainty

%

Elevation uncertainty

%

Sample Thickness uncertainty

%

oo |o|ao|a|alalala|S

Exposure Geometry uncertain

RETURN TO INPUTS
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