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ABSTRACT 
 

Human activities such as agriculture, development, mineral extraction, and land 
clearance, move more material at Earth’s surface than any natural process.  Quantifying 
natural, or background rates of landscape erosion is prerequisite to understanding the 
impact of human landuse practices on natural process rates.  Through the clearance of 
hillslopes, human activities have profoundly altered the source areas of sediment in 
drainage basins, and the mixing of sediment in river networks around the globe.  
Traditional approaches used to quantify the mass of sediment moving through fluvial 
systems (such as contemporary sediment yield data) are typically uncertain and often 
biased, and thus do not reflect background rates of erosion. 
 
 This research utilizes concentrations of both meteoric and in situ 10Be measured in 
samples of river sediment to locate source areas of disproportionately high sediment 
production and to estimate rates of long-term background erosion in order to quantify 
human-impacts on natural erosion rates in two locations; 1) the east coast of New 
Zealand’s North Island, and 2) the southern Appalachian Piedmont draining the North 
American Atlantic passive margin.  While these two regions represent very different 
geologic and climate conditions, they share a common history of intensive land clearance 
for agriculture, peaking in the early 1900’s, and the ensuing erosional consequences.   
 
 In the Waipaoa River Basin, New Zealand, concentrations of meteoric 10Be in 
river sediment trace the mixing of sediment from tributary basins characterized by 
different erosion styles as they mix downstream.  A simple mixing model indicates that 
the heavily gullied headwater regions of the Waipaoa river system produce sediment at a 
rate ~20 times that of the eastern and western tributaries.  A limited number of in situ 
10Be measurement suggest that the Waipaoa landscape erodes naturally at a rate of ~300 
m/My, nearly 10 times slower than the modern, human-induced sediment output from the 
catchment.  
 
 In situ 10Be data from the southern Appalachian Piedmont suggest that the region 
naturally erodes more than 100 times more slowly (~9 vs. ~950 m/My) than during the 
period of peak agricultural use.  Further, a carefully designed sampling strategy robustly 
characterizes background erosion rates at the landscape-scale, and allows for the 
prediction of background erosion rates at any point across the Piedmont with a simple yet 
strong (R2 = 0.88) average basin slope-based regression model. 
 
 Findings from both studies provide valuable information for improving our ability 
to manage landscapes affected by human activities.  Meteoric 10Be-based mixing models, 
such as those generated in the Waipaoa Basin, can apportion the relative contribution of 
sediment from different regions on non-uniformly eroding landscapes, while landscape-
based predictive erosion models, such as that produced for the southern Piedmont, can 
inform total maximum daily load values for sediment and associated pollutants. 
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CHAPTER 1:  INTRODUCTION 

  

The issue of how quickly, in what manner, and why those portions of our planet 

standing above the sea erode has been studied extensively by earth scientists for far 

longer than a century (e.g. Gilbert, 1877; Davis, 1889).  The concept of erosion is multi-

faceted and can be studied from a number of different spatial and/or temporal 

perspectives depending upon what “erosion” actually constitutes in regard to the 

questions being asked.  For example, erosion can encompass the redistribution of material 

from one area to another across a landscape (e.g. Gomez et al., 2003; Hicks et al., 2000; 

Marden et al., 2005; Phillips, 2003; Trimble, 1977), the mass of sediment drained from 

continental landmasses to the sea (e.g. Syvitski et al., 2005; Wilkinson and McElroy, 

2007), and/or the gradual lowering of mean elevations across broad geographic regions, a 

condition ironically often accompanied by the uplift of mountain peaks (e.g. England and 

Molnar, 1990; Montgomery, 1994).  Operating over geologic timeframes and at 

continental to regional scales, landscape erosion, global climate, and tectonics are 

intricately interconnected (e.g. Harris and Mix, 2002; Molnar and England, 1990).  

However, for the work I present here, I investigate erosion at the regional- to drainage 

basin-scale, over timeframes ranging from years to millennia, in order to quantify the 

impacts that human landuse practices have had on background or “natural” rates of 

landscape erosion as well as on the sourcing of river sediment during the historic era.   
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1.1. Human impacts on background rates of landscape erosion 

Human activities such as agriculture, development, mineral extraction, and land 

clearance, move more material at Earth’s surface than any other natural process (e.g. 

Hooke, 1994, 2000).  Human activities affect how quickly landscapes erode today, and 

the pace at which sediment moves down hillslopes and into river channels.  Human 

landuse practices have the ability to disrupt and often fundamentally change the natural 

processes and rates that have governed landscape evolution over much longer timeframes 

(e.g. Wilkinson and McElroy, 2007).  Land clearance for agriculture can accelerate rates 

of hillslope erosion and increase the load of sediment carried by streams by several orders 

of magnitude (Meade, 1969), often resulting in channel aggradation and massive flooding 

on downstream floodplains (Hicks et al., 2000; Team, 1994).  In tectonically active 

regions underlain by weak rocks, land clearance can cause detrimental erosional features 

(i.e. large amphitheater gullies), that continuously shed large quantities of sediment that 

can alter entire fluvial networks even though these features may only represent several 

percent of a landscape as a whole (Gomez et al., 2003; Hicks et al., 2000; Marden, 2004; 

Marden et al., 2008).  Even if efforts to stabilize the landscape have been made following 

episodes of landscape disturbance, the volume of sediment carried by rivers no longer 

represents natural conditions (Kirchner et al., 2001; Meade, 1969).  Disproportionately 

high rates of hillslope erosion during brief periods of human-induced landscape 

disturbance can result in large volumes of sediment going into storage across the 

landscape (Gomez et al., 2003; Meade, 1982; Phillips, 2003).  This legacy sediment can 

take decades to centuries to be evacuated from fluvial systems, and may cause sediment 
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loads to remain elevated long after landscape stabilization and recovery have occurred 

(e.g. Marden, 2004; Marden et al., 2005; Meade, 1982; Walter and Merritts, 2008).  One 

further complication is that most large rivers around the globe harbor dams designed 

either for flood control or power generation.  Dams impound not only water but also 

sediment, in turn further extending the recovery time of landscapes following past 

disturbances. While human activities have substantially elevated the load of sediment 

transported by major river systems worldwide (Wilkinson and McElroy, 2007), 

artificially constructed reservoirs have actually reduced the amount of sediment that 

reaches the sea (Syvitski et al., 2005). 

Quantifying natural, or background rates of landscape erosion, is prerequisite to 

understanding the impact of human activities on natural process rates (National Research 

Council, 2010).   Over human time scales, one of the most commonly employed methods 

for estimating the mass of material carried off landscapes is the measurement of river 

sediment loads (Judson and Ritter, 1964; Menard, 1961; Walling, 1999).  However, 

contemporary sediment yield data rarely reflect long-term background rates of erosion 

(e.g. Ahnert, 1970; Meade, 1969).  Human-landscape interactions can generate sediment 

yields and inferred erosion rates that are elevated by more than an order of magnitude 

over background rates (Meade, 1969).  Alternatively, sediment yield records are often 

short (years to decades) and thus may miss large volumes of sediment delivered to rivers 

during high-magnitude, low frequency events (Kirchner et al., 2001; Wolman and Miller, 

1960).  Further, if the erosion following human-disturbance outpaces the rate at which 

streams can transport the material fed to them, sediment yield data represent neither 
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natural erosion nor the maximum degree of upstream erosion.  Instead, such streams are 

transport-limited systems in which sediment yield data represent the maximum carrying 

capacity of the rivers; much of the eroded material remains trapped on the landscape (e.g. 

Walling, 1999; Wilkinson and McElroy, 2007).  Quantitatively determining background 

rates of erosion remains a difficult but critical task worldwide.  Knowing such rates well 

is imperative for making important environmental decisions, such as the regulation of 

suspended sediment as a pollutant. 

In summary, with the ultimate aim of providing informative and useful 

information for the management of landscape erosion, understanding the disparity 

between natural and human-induced erosion is crucial.  Also of importance, in the case of 

non-uniformly eroding landscapes, is allocating what proportion of sediment loads 

measured at the outlets of large river systems originates from different tributary regions 

comprising the basins as a whole.  This dissertation aims to both trace sediment sources 

and to quantify the differences between human and natural erosion rates across two 

different landscapes using the comogenically produced isotope, 10Be. 

 

1.2. Utility of meteoric 10Be in landscape erosion studies 

 Meteoric 10Be is produced in the atmosphere through the spallation of N and O 

(Lal and Peters, 1967).  At the drainage basin scale, 10Be rains down on the landscape, 

adheres to soil particles on hillslopes of all lithologies (Nyffeler et al., 1984), and is 

transported with them into and down river channels.  For most mid-latitude humid 

regions, on average ~1.2 to 1.3 × 106 atoms 10Be cm-2 are delivered annually (Brown et 
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al., 1988; Monaghan et al., 1986; Pavich et al., 1986; Pavich, 1985); on the North Island, 

New Zealand, the delivery rate integrated over ~18 ka is somewhat higher (~1.7 × 106 

atoms 10Be cm-2 ⋅ yr-1; (Reusser et al., 2010). 

Most meteoric 10Be resides within the upper meters of Earth’s surface (Graly et 

al., 2010; Pavich et al., 1984; Pavich, 1985).  Because soils in slowly eroding landscapes 

have a greater residence time in the near surface than soils in rapidly eroding 

environments, sediment shed from more stable hillslopes will on average have higher 

concentrations of meteoric 10Be.  Exceedingly low 10Be concentrations measured in 

fluvial sediment are indicative of material sourced from deeply penetrating gullies or 

deep-seated landslides active within a sampled catchment (Brown et al., 1988).  Although 

such features may be small in aerial extent, if the amount of sediment they contribute is 

large, they can profoundly lower the overall 10Be concentration of sediment leaving a 

drainage basin.  As such, meteoric 10Be in fluvial sediment can be used to trace the origin 

and mixing of isotopically distinct material (Reusser and Bierman, 2010). 

 

1.3. Modeling background erosion rates from concentration of in situ 10Be 

 Concentrations of in situ-produced 10Be measured in fluvial sediments can be 

used to estimate spatially-averaged, millennial-scale rates of sediment production and 

landscape erosion (Bierman et al., 1996; Brown et al., 1995; Granger et al., 1996).  The 

concentration of 10Be is homogenized in the upper ~1 m of Earth’s surface as hillslope 

materials are stirred by bioturbation (Jungers et al., 2009) making erosion rate estimates 

insensitive to all but the most deeply penetrating forms of mass wasting (Niemi et al., 
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2005).  Thus, in most instances, erosion rates modeled from 10Be measurements in river 

sediments still record the isotopic signature of longer-term erosion (103 – 104 years) and 

constitute a useful metric for comparison to human-induced rates of erosion (von 

Blackenburg et al., 2004).  Cosmogenic 10Be data allow us to quantify the erosive effects 

of human land-use practices in a region with a profound and well documented history of 

disturbance and compare erosion rates calculated from sediment yields to long-term, 

background rates of erosion determined using 10Be (Costa, 1975; Dole and Stabler, 1909; 

Meade, 1969; Trimble, 1977; Walter and Merritts, 2008; Wolman, 1967). 

 

1.4. Study areas and research objectives 

 This dissertation research focuses on two different landscapes draining 

continental margins separated by >15,000 km.  While the climate and geology of these 

two regions differ dramatically (Hatcher, 1978; Hessell, 1980; Mazengarb and Speden, 

2000; Trimble, 1974), they share common histories of pervasive and well-documented 

human-induced landscape disturbance, primarily for agricultural purposes (Hicks et al., 

2000; Trimble, 1977). 

 The first study area is located along the East Cape region of New Zealand’s North 

Island, where my work focuses on the Waipaoa River basin.  The East Cape region is 

located along an active subduction margin (Berryman et al., 2000; Mazengarb and 

Speden, 2000) and is typified by steep slopes that experience periodic intense cyclonic 

activity (Hessell, 1980; Hicks et al., 2000).  These conditions, acting in concert with the 

heavily fractured and weakly cemented rocks that underlie the landscape render the 
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region susceptible to erosion.  Beginning in the 1800’s and peaking around 1920, 

widespread land clearance for agriculture in the Waipaoa river basin resulted in extensive 

hillslope erosion from gullying and landsliding as well as rapid and substantial 

aggradation of river channels (e.g. Hicks et al., 2000).  The northern headwaters of the 

Waipaoa River are underlain by particularly weak and faulted rocks (Mazengarb and 

Speden, 2000) that, following land clearance, proved to be especially vulnerable to the 

formation of large amphitheater gully complexes.  Sediment from these gullies swamped 

the mainstem channel, all the way to the coast, with an overwhelming and continual 

supply of deeply sourced sediment.  Other parts of the basin are dominated by shallow 

landsliding typically triggered only during large precipitation events.   

Prior to this research, it remained uncertain what proportion of sediment 

originated from the gullied headwaters versus other more stable parts of the basin, or 

what the natural pace of erosion was prior to human-induced landscape disturbance.  

Because the Waipaoa landscape is so severely and non-uniformly eroding, my researh 

pushes the boundaries of, as well as challenges many of the assumptions underlying the 

use of 10Be for modeling geomorphic process rates.  Further, because the majority of 

lithologies comprising the landscape are virtually devoid of course-grained quartz (the 

mineral phase from which 10Be is typically isolated) this work relies heavily on meteoric 

10Be adhered to the surface of particles of sediment.  The differences between these two 

methods (touched upon above) will become clear in the ensuing chapters. 

 My second study area is located along the largely stable North American Atlantic 

passive margin and focuses on the expansive southern Appalachian Piedmont.  In stark 
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contrast to the Waipaoa landscape, the southern Piedmont is characterized by a humid-

temperate climate, and generally subdued rolling topography.  Despite the relatively low-

slopes of the region, the southern Piedmont also experienced the deleterious erosional 

effects of land clearance for agriculture beginning in the 1700’s and peaking in the early 

1900’s (Meade and Trimble, 1974; Trimble, 1975, 1977).  During this episode of 

intensive human-induced disturbance, rates of hillslope erosion increased dramatically, 

inundating rivers channels with sediment (Meade and Trimble, 1974; Trimble, 1977).  

Because the rivers at the time were incapable of transporting the majority of the 

agriculturally sourced sediment off the Piedmont (Trimble, 1977), today much of it still 

remains spread across the landscape at the bottom of hillslopes and in river channels 

(Meade, 1982; Meade and Trimble, 1974; Trimble, 1977).  In contrast to meteoric 10Be 

used in the Waipaoa, my work here utilizes exclusively in situ 10Be produced within the 

crystal lattice of grains of the mineral quartz.  Although the erosional consequences of 

land clearance have been studied extensively for decades, comparisons of human-induced 

and background rates of erosion have remained elusive.  My work along the southern 

Appalachian Piedmont using 10Be aims to quantify the difference between background 

rates of erosion and those representing peak agricultural disturbance.   

In addition, because erosion along the southern Piedmont is spatially uniform (i.e. 

not punctuated by discrete features yielding disproportionately large volumes of 

sediment) compared to many regions around the globe, I attempt to create a statistically 

robust representation of landscape-scale background erosion in order to generate mean 

basin slope-based models capable of predicting erosion rates for drainage basins without 
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10Be data.  These predictions will inform management strategies, such as total maximum 

daily load (TMDL) values for sediment and associated pollutants (Whiting, 2006). 

 

1.6. Structure of Dissertation 

 Chapter 1 is an introductory chapter providing a basic overview of the importance 

of quantifying the difference between human-induced rates of erosion and much longer-

term background rates of erosion (integrated over 103 to 104 years).  In addition, the 

systematics of both meteoric and in situ 10Be, and their utility for identifying sediment 

sources and estimating background erosion rates are introduced.  Finally, the two field 

areas where this research was conducted and the specific research objective for each are 

introduced.  

 Chapter 2 is a paper published in in the peer-reviewed journal Geology on January 

6th, 2010.  This paper presents meteoric 10Be data from the Waipaoa River basin along the 

east coast of New Zealand’s North Island.  These data were used to track the mixing of 

sediment throughout the Waipaoa River network, and to generate a mixing model capable 

of apportioning the relative contribution of sediment from various parts of the basin that 

are governed by different styles of erosion. 

 Chapter 3 is a paper published in Geophysical Research Letters on October 15th, 

2010.  This paper presents meteoric 10Be data also from the Waipaoa River Basin.  These 

samples, collected from the vertical face of a river terrace of known age, represent the 

depth-distribution of metoric 10Be, and are used to calculate a long-term (~18 ka) 

accumulation rate of the isotope within soil. 
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 Chapter 4 is a working draft of a intended for submission the peer-reviewed 

journal GSA Bulletin describing additional work I conducted in the Waipaoa River Basin, 

New Zealand.  The paper presents temporally replicate sampling from this 

geomorphically complex landscape, as well as a set of in situ and meteoric 10Be 

comparisons, each isolated from the same sample.  

 Chapter 5 is a manuscript for submission to Nature Geosciences.  The paper 

presents a subset of the in situ 10Be data I collected along the southern Appalachian 

Piedmont.  The primary focus of the manuscript is to explicitly quantify the difference 

between human-induced and background rates of erosion.  A secondary focus of the work 

is to demonstrate that sediment yield data are unreliable representations of either rates of 

background erosion or rates of erosion resulting from human landuse practices. 

 Chapter 6 is a manuscript for submission to Journal of Geophysical Research: 

Earth Surface.  This paper presents the entire in situ 10Be dataset collected from the 

southern Appalachian Piedmont.  There are two motivations for this work; first, to 

develop a detailed strategy for characterizing background erosion rates using in situ 10Be 

that are statistically representative at the landscape-scale, and second, to create models 

capable of predicting background erosion rates for drainage basin without 10Be data.          

 Chapter 7 is a brief synopsis of the overall findings of my research from the 

Waipaoa Basin, New Zealand and the southern Appalachian Piedmont, U.S.A., as well as 

avenues for future research.  This chapter is followed by a comprehensive bibliography.              
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CHAPTER 2: (PUBLISHED IN GEOLOGY) USING METEORIC 10BE TO 

TRACK FLUVIAL SAND THROUGH THE WAIPAOA RIVER BASIN, NEW 

ZEALAND 
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2.1. Abstract 

We use meteoric 10Be measured in 24 fluvial sand samples collected along the 

mainstem and from prominent tributaries within the tectonically active Waipaoa River 

Basin, New Zealand, to identify sediment sources and monitor the mixing of sediment as 

it travels from headwater basins to the sea.  Deforestation for agriculture beginning in the 

early 1900’s resulted in severe, but non-uniformly distributed erosion.  Tributaries in the 

northern headwaters, where large amphitheater gullies that continually feed prodigious 

amounts of deeply sourced sediment to the mainstem are prevalent, yield exceptionally 

low concentrations of meteoric 10Be (~1.5 x 106 atoms g-1).  In the more stable eastern 

and western tributaries, concentrations of meteoric 10Be are nearly an order of magnitude 

greater (~14 x 106 atoms g-1).  Meteoric 10Be concentrations in samples collected along 

the mainstem above and below tributary confluences steadily and regularly increase 

downstream (R2 = 0.92) as large amounts of low concentration gully-derived sediments 

are augmented with higher concentration sediment from more stable tributaries, 

providing strong evidence that meteoric 10Be concentrations reflect sediment sourcing in 

this fluvial network.  A two component mixing model indicates that the gullied northern 

region of the Waipaoa basin produces sediment at a rate ~20 times that of the eastern and 

western regions.  These results suggest that meteoric 10Be, in contrast to the widely 

applied in situ technique that is limited by the availability and distribution of quartz, is an 

effective tool for the rapid assessment of sediment dynamics and movement within a 

wide range of fluvial networks. 
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2.2. Introduction 

 Humans have become the dominant geomorphic force on our planet today (e.g. 

Hooke, 1994, 2000).  Our activities affect how quickly landscapes erode and the pace 

sediments move across hillslopes and into river systems.  For land managers attempting 

to restore watersheds, determining the degree to which human actions have impacted 

landscapes and the specific locations and magnitudes of such impacts are critical (e.g. 

Wilkinson and McElroy, 2007).   

Quantifying the mass and source of sediment moving through fluvial systems 

remains difficult; results are typically uncertain and may be biased (Meade, 1969; 

Trimble and Crosson, 2000) because contemporary sediment yield records are often short 

and thus may not incorporate high-magnitude, low-frequency events (e.g. Kirchner et al., 

2001; Wolman and Miller, 1960).  The concentration of 10Be produced in situ by cosmic 

ray bombardment, has been used to monitor erosion and determine sediment sources (e.g. 

Clapp et al., 2000; Cox et al., 2009), but the method has several limitations; its 

applicability is restricted to landscapes with quartz-bearing lithologies, it presumes 

homogenous quartz distribution throughout the sampled basin (Bierman and Steig, 1996), 

and samples are time consuming and expensive to prepare. 

 Here, we present a new rapid method for identifying sediment sources and for 

tracking sediment downstream - the measurement of meteoric 10Be concentrations in 

river sand.  Our work, building on Brown et al. (1988), identifies major sediment sources 

within a 2,200 km2 catchment, the Waipaoa River Basin (Fig. 2 - 1b).  The basin drains a 

rapidly eroding landscape of predominately fine-grained calcareous mud and siltstones 
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(Mazengarb and Speden, 2000), making in situ 10Be analysis nearly impossible.  The 

basin is tectonically active and has been severely impacted by land clearance for 

agriculture.  The approach we detail enables the study of sediment dynamics in 

landscapes previously beyond the reach of cosmogenic techniques.  

 

2.3. Meteoric 10Be 

 Meteoric 10Be is produced in the atmosphere through the spallation of N and O 

(Lal and Peters, 1967).  At the drainage basin scale, 10Be rains evenly across the 

landscape, adheres to soil particles on hillslopes of all lithologies (Nyffeler et al., 1984), 

and is transported with them into and down river channels.  For mid-latitude humid 

regions, on average ~1.2 to 1.3 x 106 atoms 10Be cm-2 are delivered annually (Brown et 

al., 1988; Monaghan et al., 1986; Pavich et al., 1984; Pavich, 1985).  

Most meteoric 10Be resides within the upper meters of Earth’s surface (Pavich et 

al., 1984; Pavich, 1985).  Because soils in slowly eroding landscapes have a greater 

residence time in the near surface than soils in rapidly eroding environments, sediment 

shed from more stable hillslopes will have higher concentrations of meteoric 10Be.  

Exceedingly low 10Be concentrations measured in fluvial sediment are indicative of 

material sourced from deeply penetrating gullies or deep-seated landslides active within a 

sampled catchment (Brown, et al., 1988).  Although such features may be small in aerial 

extent, if the amount of sediment they contribute is large, they can profoundly lower the 

overall 10Be concentration of sediment leaving a drainage basin (Fig. 2 - 2).  As such, 
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meteoric 10Be in fluvial sediment can be used to trace the origin and mixing of 

isotopically distinct material. 

 

2.4. Waipaoa River basin 

The Waipaoa is one of several meso-scale catchments draining the northeast coast 

of New Zealand’s North Island (Fig. 2 - 1b).  Rapid uplift along the subduction margin 

(~1 to 4 mm yr-1; Berryman et al., 2000; Mazengarb and Speden, 2000), heavily fractured 

and weakly cemented rocks (Black, 1980; Mazengarb and Speden, 2000), and periodic 

intense cyclonic activity (Hessell, 1980; Hicks et al., 2000) render the East Cape region 

of the North Island exceptionally susceptible to erosion.  In the Waipaoa River Basin, 

these natural conditions, acting in concert with widespread deforestation, have resulted in 

some of the most dramatic erosional features in the world (Fig. 2 - 1a and c).  The 

Waipaoa River’s sediment yield (~6800 t km-2 yr-1) is among the highest recorded around 

the globe for basins of its size (Gomez et al., 2003; Hicks et al., 2000; Milliman and 

Robert, 1983).   

 The region was first settled by Polynesians ~700 ybp; however, widespread land 

clearance did not begin until the early 1800’s following European settlement.  By 1880, 

the downstream portion of the Waipaoa Basin was largely cleared, and by the 1920’s 

most of the headwaters were cleared, resulting in extensive hillslope erosion from 

gullying and landsliding accompanied by rapid and substantial aggradation in river 

channels (Hicks et al., 2000).  The northern headwaters, underlain by heavily faulted and 

crushed allochthonous lithologies (Mazengarb and Speden, 2000) were especially 
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vulnerable to the formation of large amphitheater gully complexes, which swamped the 

mainstem channel with a continual supply of deeply sourced gully sediment (Figs. 1 and 

2).  Although reforestation efforts have been implemented (Allsop, 1973; Marden et al., 

2005), in-channel aggradation, downstream sedimentation, and flooding continue today.  

Despite extensive study of Waipaoa Basin erosion (e.g. Gomez et al., 2003; Hicks et al., 

2000; Kettner et al., 2007; Marden et al., 2005; Marden et al., 2008; Reid and Page, 

2002), it remains uncertain what proportion of sediment delivered to the sea is derived 

from the heavily gullied northern headwaters vs. the more stable eastern and western 

portions of the basin.  The uneven distribution of discrete, deep-seated sediment sources 

(gully complexes) in the Waipaoa Basin provides an ideal setting to test the utility of 

meteoric 10Be as a monitor of sediment sourcing and mixing through a fluvial network.   

 

2.5. Methods 

In May 2004 and March 2005, we collected samples of fluvial sediment down the 

mainstem of the Waipaoa River (n=10), and from prominent tributaries (n=8) for 

meteoric 10Be analysis.  At each sampling station, we collected several kg of well-mixed 

active channel sediment, field sieved to a grain size of 250-850 µm.  Here, we present 

and discuss 10Be concentration from 24 isotopic analyses, made on 21 samples collected 

at 18 locations, including 3 process replicates and 3 temporal replicates.  At the 

University of Vermont, samples were dried and milled, then prepared for isotopic 

analysis at three separate laboratories.  Meteoric 10Be was isolated from ~0.75 g aliquots 
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using the method of Stone (1998), and measured at the Center for Accelerator Mass 

Spectrometry, Livermore National Laboratory. 

 

2.6. Results 

 Concentrations of meteoric 10Be vary by more than an order of magnitude across 

the Waipaoa Basin (1.44 + 0.06 to 14.64 + 0.46 x 106 atoms g-1; Table DR-1). Tight 

agreement between all process replicates (2.2, 4.3, and 1.3 percent; Table DR-1) indicates 

that our laboratory procedures and 10Be concentrations are reproducible.  The lowest 10Be 

concentrations were measured in both mainstem and tributary samples located in the 

heavily disturbed headwaters of the basin (~1.5 x 106 atoms g-1; Fig. 2 - 3a).  The highest 

concentrations of 10Be (~14.5 x 106 atoms g-1) were measured in samples from the 

prominent western and eastern tributaries that enter the Waipaoa River approximately 

half way down the mainstem channel (Figs. 1b and 3a).  Samples along the mainstem, 

collected both upstream and downstream of tributary confluences, show a regular 

increase in 10Be concentration (R2 = 0.92, p < 0.001) as tributaries contribute sediment 

containing higher concentrations of 10Be to the mainstem (Fig. 2 - 3a).   

 In landscapes, such as the Waipaoa, where delivery of sediment by mass wasting 

is common, the isotopic concentrations of fluvial sediment may not be constant over time 

(Niemi et al., 2005).  To assess the temporal reproducibility of meteoric 10Be 

concentrations, we re-collected sediment in March 2005 at three locations sampled ~9 

months previously (Table DR-1).  Two temporal replicates along the mainstem reproduce 

well, with percent differences of 2.7% (WA1met and WA21met; 1560 km2) and 2.1% 
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(WA8met and WA19met; 237 km2), well within both average analytic error (+3.6%) and 

average process replication differences (2.6%; Table DR-1).  These results indicate that 

over our replication interval, the isotopic concentration of the primarily gully-derived 

sediment carried by the mainstem is constant, and, by inference, that sediment is well 

mixed within the mainstem channel.  In contrast to the mainstem samples, one temporal 

replicate from a small tributary basin (130 km2; WA2met and WA23met; Fig. 2 - 1) 

yields a greater difference in meteoric 10Be concentration between the two points in time 

(~19%).  While the mainstem channel is wide (~1 km in the mid-basin) and appears to be 

well mixed, this particular small tributary channel is narrow (~ 1 m) and deeply 

entrenched.  We attribute its higher degree of variability to the reworking of material 

from frequent bank collapses and/or episodic delivery of material to the channel by 

shallow landsliding upstream. 

 

2.7. Meteoric 10Be as a useful tracer of fluvial sediment sources 

The strong increasing downstream trend (R2 = 0.92, p < 0.001; Fig. 2 - 3a) in 

meteoric 10Be along the mainstem channel reflects the augmentation of low-

concentration, gully-derived sediment originating in the northern headwaters, by higher-

concentration sediment sourced from regions where erosion is shallow and slower.  In the 

headwaters, the vast majority of sediment that reaches the channel originates from gullies 

etched deep into hillsides (Fig. 2 - 1a,b and c) where, in the most severely impacted 

tributary basins, >75% of the landscape is classified as “gully-prone” (Fig. 2 - 1b; Table 

DR-1; Waipaoa Catchment Study Project Team, 1994).  Because this sediment is rapidly 
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eroded from deep below the surface, it has had little chance to accumulate meteoric 10Be.  

Samples collected from gullied terrain do not reflect the isotopic inventory contained in 

the landscape; rather, they predominately reflect the isotopic concentration of material 

sourced from the deep gullies (Fig. 2 - 2).  The Te Weraroa Basin (WA52met; Figs. 1b 

and 3a) harbors one of the largest gully complexes in the Waipaoa Basin, the Tarndale 

Slip.  The low 10Be concentration in sediment from this sample (1.62 + 0.05 x 106 atoms 

g-1) sets the initial concentration of the downstream mainstem trend.  Farther 

downstream, the more stable eastern and western tributaries mix sediment with 10Be 

concentrations nearly an order of magnitude greater than the primarily gully-derived 

mainstem sediment.  Strong inverse relationships between the percent of the landscape 

that is gully-prone and basin area (Fig. 2 - 3b), as well as meteoric 10Be concentration (R2 

= 0.88, p < 0.001; Fig. 2 - 3c) demonstrate just how well 10Be tracks the mixing of gully 

and non-gully derived sediment in the mainstem Waipaoa River.   We use a two 

component, isotope and mass mixing model to estimate the proportion of sediment 

originating from the northern regions of the basin relative the eastern and western regions 

with the following equation: 

     [Nup][mup] + [Ntrib][mtrib] = [Ndn][mup + mtrib] ;   [mup] + [mtrib] = 100%    (1)   

where [N] is meteoric 10Be concentration, [m] is mass proportion, and (up), (trib), and 

(dn) denote the upstream mainstem sample, incoming tributary, and downstream sample 

respectively (refer to the Data Repository for further detail).  We find that the gullied 

northern regions of the Waipaoa Basin (765 km2) produce sediment at a rate ~20 times 

that of the more stable eastern and western regions (717 km2).         
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2.8. Implications and future research 

Measuring the concentration of meteoric 10Be in fluvial sand provides a spatially 

and temporally integrated view into the sourcing, movement, and mixing of sediment in 

the disturbed and rapidly eroding Waipaoa River system.  Our results are analytically 

reproducible, and particularly for the mainstem, temporally reproducible.  The method 

demonstrated here has the potential to address questions such as ‘where does sediment 

come from?’ and ‘proportionally how much sediment is generated in different parts of a 

basin?,’ providing information that will allow land managers to more effectively target 

remediation strategies.  Measuring meteoric 10Be is particularly useful because quartz 

need not be present and preparation is many times faster than the widely applied in situ 

technique.  While careful analysis of sediment yield data, repeat channel surveys, and 

DEM differencing offer critical information, these efforts are spatially limited and often 

take decades to complete (e.g. Gomez et al., 2003; Hicks et al., 2000; Marden et al., 

2008; Reid and Page, 2002).  This study suggests that fluvial network analysis with 

meteoric 10Be can be used as a rapid assessment tool for understanding sediment 

dynamics within appropriate watersheds. 
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2.11. Figure captions 

 

Figure 2 - 1.  A. Air photo of the Tarndale Slip. B. Location map of the Waipaoa River 

Basin. Map shows all data points included in this study. For clarity, sample IDs have 

been abbreviated (i.e. 10 stands for WA10met in Table DR-1). Temporal replicate ID’s 

are separated with a slash (i.e. 1/21).  (X) denotes the location of the soil profile 

presented in figure 2. C. Photo oriented NW looking up the channel exiting the Tarndale 

Slip. D. Gully-derived sediments in the mainstem ~2 km downstream from the Tarndale 

Slip. 

 

Figure 2 - 2.  Schematic representation of sediment sources in a gullied basin.  Large 

amounts of deeply sourced gully sediment, containing little meteoric 10Be, overwhelm the 

relatively small amounts of higher-concentration sediment issuing from non-gullied 

portions of the landscape.  Sediment ultimately leaving the catchment predominately 

reflects the isotopic signature of gully-derived sediment.  Inset shows meteoric 10Be 

concentrations from a single depth profile along a stable nose in the southwestern portion 

of the Waipaoa basin (Fig. 2 - 1b; Table DR-2). 
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Figure 2 - 3.  Synthesis of data presented in this study. A. Basin area vs. meteoric 10Be 

concentrations for all samples. The horizontal length of the grey triangles equals the 

contributing area of each tributary (x-axis) as it mixes into the mainstem. B. Basin area 

vs. the percent of land area classified as “gully prone” for all mainstem samples. C. 

Meteoric 10Be vs. percent of gully prone land area for all mainstem samples.   
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Figure 2 - 1  Location map for the Waipaoa River Basin, North Island New Zealand. 
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Figure 2 - 2  Schematic representation of sediment sourcing
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Figure 2 - 3  Synthesis of data presented in this study. 
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2.12. Data Repository 

 

Ms. No.  G30395 

Using meteoric 10Be to track fluvial sand through the  

Waipaoa River Basin, New Zealand 

 

L. Reusser and P. Bierman 

 

 

Sample preparation and measurement: 

 Upon arrival at the University of Vermont, we thoroughly dried each sample, then 

milled a well mixed ~20g aliquot in a SPEX Centriprep 8500 Shatterbox to a fine 

powder.  We further prepared samples in three separate cosmogenic isotope laboratories 

located at the University of Vermont in Burlington, VT, the University of Washington in 

Seattle, WA, and Hebrew University in Jerusalem, IS.  Meteoric 10Be was isolated from a 

~0.75 g aliquot through the rapid fusion method presented in Stone (1998), precipitated 

as a hydroxide, burned to produce BeO, packed into cathodes mixed with Nb power, and 

measured at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence 

Livermore National Laboratory.  We normalized measured ratios of 10Be/9Be to the 

07KNSTD3110 standard (Nishiizumi et al., 2007) to arrive at our final 10Be 

concentrations. 
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Process and temporal replication: 

 

 We calculate the percent difference between process and temporal replicates by 

dividing the absolute difference between 10Be concentrations of the two analyses by the 

average of the two analyses.   

 

Mid-basin mixing model: 

 

 In order to quantify the proportion of sediment originating in the upper basin, 

which contains nearly all of the gully complexes in the Waipaoa system, versus the more 

stable eastern and western tributaries, we generated a simple mixing model using 

meteoric 10Be concentrations: 

 

 [Nup][mup] + [Ntrib][mtrib] = [Ndown][mup + mtrib] 

 and 

 [mup] + [mtrib] = 100 % 

 

where [Nup] is the meteoric 10Be concentration measured in WA3met, upstream of the 

confluence of the eastern and western tributaries, [Ntrib] is the average meteoric 10Be 

concentration measured in sediment from the eastern and western tributaries (WA15met 

and WA2/23met), [Ndown] is the average 10Be concentration measured in WA1/21met, 
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downstream of the confluence of the tributaries, [mup] is the percent of total mass 

delivered from upstream, [mtrib] is the percent of total mass contributed by the two 

incoming tributaries, and [mup + mtrib] is the total mass at the downstream mainstem 

sample site.  Refer to Fig. 2 - DR-1 and Table DR-1 for sample locations and 

concentrations. 

 The model suggests that, at this prominent tributary confluence, ~95% of the 

sediment originates upstream, from the gully-impacted landscape.  Because the area 

upstream of the confluence (765 km2) and the area represented by the incoming 

tributaries (717 km2) are roughly equal, this suggests that the northern Waipaoa basin is 

producing sediment at a proportional rate approximately 20 times greater relative to the 

more stable eastern and western tributaries.  

 In Table DR-1, note that for this mixing scenario, the combined areas of 

WA3met, WA15met and WA2/23met (1482 km2) do not exactly match the “mixed” area 

at WA1/21met (1560 km2).  This discrepancy is due to the fact that we collected samples 

a sufficient distance from the actual confluence in order to ensure that no backwater 

mixing of sediment occurred during extreme discharge events.   
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Figure 2 - 4  (DR-1)  Map depicts the four samples used in the mixing model used to 
determine proportionally how much sediment originates in the northern headwater 

regions of the Waipaoa basin vs. the eastern and western regions of the basin.  
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Table 2 - 1  (DR-1)  Summary information for all samples presented in the New Zealand, 
meteoric 10Be article published in Geology. 
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Table 2 - 2  (DR-2)  Soil profile from the Te Arai basin, SW Waipaoa basin. 
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3.1. Abstract 

Using 13 samples collected from a 4.1 meter profile in a well-dated and stable 

New Zealand fluvial terrace, we present the first long-term accumulation rate for 

meteoric 10Be in soil (1.68 to 1.72 x 106 at/(cm2·yr)) integrated over the past ~18 ka.  

Site-specific accumulation data, such as these, are prerequisite to the application of 

meteoric 10Be in surface process studies.  Our data begin the process of calibrating long-

term meteoric 10Be delivery rates across latitude and precipitation gradients.  Our 

integrated rate is lower than contemporary meteoric 10Be fluxes measured in New 

Zealand rainfall, suggesting that long-term average precipitation, dust flux, or 

both, at this site were less than modern values.  With accurately calibrated long-term 

delivery rates, such as this, meteoric 10Be will be a powerful tool for studying rates of 

landscape change in environments where other cosmogenic nuclides, such as in situ 10Be, 

cannot be used. 

 

3.2. Introduction 

The concentration of meteoric 10Be in soils and sediment can be used as a 

geochronometer [e.g., Egil et al., 2010; Pavich et al., 1984; Pavich et al., 1986] and a 

tracer of Earth surface processes [e.g., Brown et al., 1988; Reusser and Bierman, 2010; 

Valette-Silver et al., 1986, Willenbring and von Blackenburg, 2010]. Critical to both of 

these geomorphic applications is constraining the delivery rate of meteoric 10Be to 

landscapes over geomorphically meaningful time-scales (103 to 105 yrs).  To date, no 
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study has explicitly and deliberately attempted to constrain the long-term accumulation 

rate of meteoric 10Be in soil.  Most geomorphic applications of meteoric 10Be measure 

concentrations in soil and base their interpretations on globally averaged contemporary 

delivery rates [e.g., Jungers et al., 2009; Reusser et al., 2008]; yet, contemporary, short-

term data clearly indicate that the total flux of meteoric 10Be to the soil surface varies 

over time and space [e.g., Graham et al., 2003; Heikkilä et al., 2008; Monaghan et al., 

1986]. 

Because of documented long-term changes in primary meteoric 10Be production 

[Frank et al., 1997], climate (primarily precipitation) [Dore, 2005], and the source and 

volume of allochthonous dust [Baumgartner et al., 1997], there are differences between 

long- and short-term meteoric 10Be delivery rates.  These complexities suggest the 

importance of calibrating site-specific, long-term delivery rates by measuring the 

accumulation of meteoric 10Be in geologic archives.  Such work has been done in lake 

deposits, deep-sea sediments, and glacial ice [e.g., Finkel and Nishiizumi, 1997; Frank et 

al., 1997] but not in soils, the basis for most geomorphic studies.   Here, we quantify the 

meteoric 10Be inventory in a 4.1 m depth profile collected from a stable and well-dated 

alluvial surface on New Zealand’s North Island and estimate a long-term accumulation 

rate for meteoric 10Be in soil.   

 

3.3. Behavior of meteoric 10Be 

Meteoric 10Be is a valuable tool for studying surface process rates because, once 

deposited, it adsorbs tenaciously to near-surface materials in all but the most acidic soils 
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[You et al., 1989].  Unlike shorter-lived radionuclides, such as 210Pb and 137Cs [e.g., 

Walling et al., 2003], the longer half-life of 10Be (1.36 Myr; [Nishiizumi et al., 2007]) 

increases the period of time over which the nuclide accumulates in soils and penetrates to 

depth before decay, thus extending the timeframe over which the method is applicable.  

Because measurements of meteoric 10Be are made on bulk samples, the presence or 

absence of a specific mineral phase is irrelevant, making the isotope useful across a wide 

variety of landscapes.  

The flux of meteoric 10Be to terrestrial environments comes from two sources: 

10Be produced in the atmosphere by spallation of nitrogen and oxygen and delivered to 

earth’s surface by precipitation and dryfall (primary component), and 10Be adhered to 

airborne dust (recycled component) [Monaghan et al., 1986].  

Primary production of meteoric 10Be is controlled by solar activity and magnetic 

field intensity [Masarik and Beer, 2009], both of which vary over time [Beer, 1994; 

Frank et al., 1997].  The subsequent distribution of primary meteoric 10Be is controlled 

by atmospheric circulation, with annual precipitation being a strong predictor of total 

meteoric 10Be fallout at any one location [Heikkilä et al., 2009].  

Delivery of recycled meteoric 10Be is controlled by the flux, and 10Be 

concentration, of dust.  Recycled meteoric 10Be is usually <20% of total meteoric 10Be 

flux [Graham et al., 2003; Monaghan et al., 1986]; in high-dust environments, such as in 

regions of loess accumulation, the flux of recycled meteoric 10Be can be far greater 

[Baumgartner et al., 1997; Zhou et al., 2007].  Ardity sufficient to promote topsoil loss 
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by wind [Zhou et al., 2007] and land-use practices that disrupt topsoil [Brown et al., 

1988] increase recycled meteoric 10Be flux from dust. 

Because geochemical processes in soils rapidly meld primary and recycled 

meteoric 10Be, constraining the spatial and temporal variation in the rate of accumulation 

of both components is required when measurements of meteoric 10Be are used for 

modeling surface processes.  Most contemporary 10Be flux measurements exclude dust 

influence to determine the primary 10Be flux.  In this study, both components are critical 

and not explicitly separable. 

 

3.4. Geologic setting 

We sampled a soil profile within the Waipaoa River Basin, a 2,200 km2 

catchment draining the eastern margin of New Zealand’s North Island (Figure 3 - 1) 

[Mazengarb and Speden, 2000].  At ~38ºS Latitude, this site receives ~110 cm of rain 

annually [Hessell, 1980].   

Within the basin, an extensive flat-lying fluvial terrace (termed Waipaoa-1) stands 

up to ~100 m above the mainstem and many of the tributary channels of the Waipaoa 

River.  This terrace surface is capped by ~10 m of coarse fluvial gravel deposited during 

the last glacial maximum [Berryman et al., 2000].  Atop the gravel, lie several meters of 

overbank silty clay-rich flood deposits laid down as this river level was rapidly 

abandoned in response to a combination of tectonic uplift and a switch in the fluvial 

system from aggradation to rapid incision, most likely in response to changing climate 

following the glacial maximum at ~18 ka [Berryman et al., 2000; Eden et al., 2001].  
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Evidence from other dated terrace surfaces suggest that the cessation of aggradation at 

~18 ka was a regional event across the eastern and southern North Island [Eden et al., 

2001].  Where we sampled the Waipaoa-1 terrace, it stands ~50 m above the modern 

channel, is extensive, flat, far from any nearby slopes, well-preserved, and lacks any 

surface drainage, indicating that little net erosion or deposition have occurred since the 

emplacement of the overbank deposits shortly after ~18 ka.  Land clearance and 

agriculture have at most reworked the upper several dm of the sampled site. 

 

3.5. Age of sampled profile 

The overbank deposits contain age-constrained tephras used to estimate the timing 

of the Waipaoa-1 terrace abandonment and emplacement of the sediment we sampled.  

The Rerewhakaaitu Tephra is located at or near the base of the Waipaoa-1 overbank 

deposits that cap the fluvial gravels [Berryman et al., 2000; Eden et al., 2001; Froggatt 

and Lowe, 1990].  The stratigraphic position of this tephra indicates that it fell 

coincidently with the initiation of rapid incision [Berryman et al., 2000; Eden et al., 

2001].  The overlying flood deposits were emplaced relatively quickly (perhaps over the 

course of decades; [Eden et al., 2001]) until the river had incised far enough to isolate the 

terrace surface from further aggradation.  The age of the Rerewhakaaitu Tephra is 

constrained with multiple radiocarbon ages (n=4) of organic material directly overlying 

the tephra in a bog core collected nearby [Lowe et al., 1999].  We calibrated the 

radiocarbon age of 14,700 + 95 14C yrs with CALIB REV6.0 [Stuiver and Reimer, 1993], 

yielding a 1σ age range of 17,659 to 18,030 cal. yr.  
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The Waipaoa-1 terrace is ideal for constraining the long-term delivery rate of 

meteoric 10Be because: 1) the airfall deposition of the Rerewhakaaitu Tephra within the 

overbank deposits constrains the integration time of 10Be accumulation, 2) an intact 

younger capping tephra bed argues against either surface erosion or deposition, 3) the 

fine texture of the soil and the buffering capacity of the carbonate-bearing source rocks 

[Black, 1980; Mazengarb and Speden, 2000] ensure retention of meteoric 10Be and, 4) the 

~5 m of overbank deposits above the basal tephra at the location we sampled is thick 

enough to retain the inventory of meteoric 10Be delivered since 18 ka.  

 

3.6 Sampling and analysis techniques 

We sampled the Waipaoa-1 overbank sequence from a recent excavation at 

2931760 E, 6297492 N  (NZ Grid 1949; Figure 3 - 1).  The sequence consists of fluvial 

silty clay-rich sediment containing small amounts of reworked tephra.  The overbank 

sediment is capped by a discrete younger tephra bed (presumably the widespread ~3500 

cal. ybp Waimihia Tephra) [Eden et al., 2001], the upper ~15 cm of which has developed 

an organic-rich A/O-horizon. We collected a total of thirteen, 15 to 37 cm thick 

amalgamated samples.  In addition, we collected several undisturbed samples of profile 

sediment for dry density determination. 

 We dried and milled samples and isolated meteoric 10Be from ~0.5 g aliquots 

using a modification of the method of Stone [1998], then calculated meteoric 10Be 

concentrations from 10Be/9Be ratios measured at Lawrence Livermore National 

Laboratory.  Data were normalized to the 07KNSTD3110 standard with an assumed ratio 
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of 2850 ·10-15 [Nishiizumi et al., 2007].  All measured sample isotopic ratios were 

corrected using process blanks prepared from acid-leached fluvial sediment collected in 

the Waipaoa Basin; blank corrections ranged from 2.1 to 0.3 % of measured ratios. 

 

3.7. Long-term meteoric 10Be delivery rate 

In general, meteoric 10Be concentrations decrease regularly down section (Figure 

3 - 2; Table 3 -1 (S1)), with a maximum concentration of 16.27 + 0.40 x 107 atoms/g in 

the uppermost sample, and a minimum concentration of 3.12 + 0.07 x 107 atoms/g near 

the bottom of the profile.  When deposited, the overbank sediment carried some meteoric 

10Be, its inherited concentration.  Following the abandonment of the Waipaoa-1 terrace 

and the emplacement of the overbank sequence, additional atmospherically-derived 

meteoric 10Be accumulated, adsorbed to fine sediment, was bioturbated, and translocated 

downward through macropores, resulting in the profile shape we see today (Figure 3 - 2).  

We consider the relatively uniform and low concentration of meteoric 10Be in the bottom 

~0.6 m of the profile (samples WA102l and n; Figure 3 - 2) as representative of the 

inherited component of the total inventory of meteoric 10Be in the profile, and subtract 

the thickness-weighted average concentration of these two samples from all others, 

except WA102a and b.  Because these two uppermost samples were sourced primarily 

from airfall tephra, we assume they contained no meteoric 10Be when deposited.  

We use eq. 3 - 1 to calculate a total inventory of meteoric 10Be (N; 3.02 + 0.05 x 

1010 atoms/cm2) deposited and adsorbed since the abandonment of the Waipaoa-1 terrace. 

N = Σ (ntot – ninh) ·ρ ·l        (3 - 1) 
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where, ntot = the measured concentration of meteoric 10Be (atoms/g), ninh = the inherited 

component of the total concentration (3.21 + 0.06 ·107 atoms/g), ρ = the dry density of 

the depth increment (g/cm3), and l = the increment thickness (cm).  The dry density of the 

overbank silt and clay (WA102c to n) is 1.68 + 0.03 g/cm3 based on repeat measurements 

(n=4) of undisturbed samples we collected.  We use a literature value for the dry density 

of tephra (1.05 + 0.12 g/cm3 [Houlbrooke et al., 1997]) for the uppermost tephritic 

increments (WA102a and b).  

 We arrive at a geologic delivery rate (q; atoms/(cm2·yr)), corrected for decay and 

inheritance, for the meteoric 10Be accumulated within the measured profile (N; 

atoms/cm2) over the duration of time since the abandonment of the Waipaoa-1 surface (t; 

yrs) and emplacement of the overbank sediment with equation 3 - 2:   

 q = N · λ / (1 - e-λt)        (3 - 2) 

We assume λ =  5.1 ·10-7 yr-1, the decay constant for 10Be [Nishiizumi et al., 2007].  The 

calibrated 1σ age range of 17,659 to 18,030 cal. yrs translates into a 1σ range of decay-

corrected deposition rates for meteoric 10Be of 1.72 to 1.68 x 106 atoms/(cm2·yr).   

 Our analysis incorporates all errors associated with AMS measurement, 

radiocarbon measurement and calibration, and density; however, several possible sources 

of error are difficult to quantify.  If the overbank deposits we sampled were emplaced 

after the age-constraining basal tephra, the integration time of ~18 ka would be an 

overestimate.  If surface erosion over the last 18 ky removed material, the measured 10Be 

inventory would be an underestimate.  If the radiocarbon age of the basal tephra is 

younger than the deposit, the period of accumulation we use would be too short.   
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3.8. Discussion 

 Using precise AMS measurements (<2%, 1σ) of a deep soil profile from a stable 

depositional surface of constrained age, we provide the first explicit long-term, soil-based 

calibration of meteoric 10Be deposition integrated over a geologically relevant time 

interval.  The soil we sampled (Figure 3 - 2; Table 3 – 1 (S1)) contains meteoric 10Be 

derived from three distinct sources: 1) meteoric 10Be inherited prior to the emplacement 

of the overbank deposits, 2) atmospherically-derived primary meteoric 10Be, and 3) dust-

derived recycled 10Be.  Our approach quantifies and subtracts the inherited component 

from the total inventory (N; eq. 1) allowing us to estimate the temporally averaged 

meteoric 10Be delivery rate (q; eq. 2) since the exposure we sampled was emplaced.  The 

delivery rate we calculate reflects contributions of both primary and recycled meteoric 

10Be. 

Contemporary data suggest that meteoric 10Be deposition rates in New Zealand 

correlate well with precipitation (Figure 3 - 2 inset) and that the majority of meteoric 10Be 

accumulated in the profile we measured is atmospherically-derived (primary).  

Measurements of meteoric 10Be in modern precipitation collected over two years at four 

sites spanning New Zealand show a range in deposition rates from 1.7 to 5.2 x106 

atoms/(cm2·yr), with total flux strongly correlating to annual precipitation [Graham et al., 

2003].  When these values are normalized to mean annual rainfall at each site and 700 

MV of solar activity [Masarik and Beer, 2009; Usoskin and al, 2005], the between-site 

variability collapses to 1.4 to 2.1 x 104 atoms/cm3 of rainfall.  Based on 7Be and dust 
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concentration measurements, Graham and others [2003] estimate that only about 10% of 

the contemporary meteoric 10Be fallout is recycled from dust.  If the atmospherically-

produced primary component is considered separately, modern meteoric 10Be deposition 

rates (Figure 3 - 2 inset) in New Zealand range from  ~1.4 to ~4.2 x 106 atoms/(cm2·yr).  

  If these modern 10Be deposition values represent long-term conditions, and long-

term dust flux remained ~10% of the total meteoric 10Be deposition, then our measured 

long-term total meteoric 10Be deposition rate of ~1.70 x 106 atoms/(cm2·yr) suggests that 

precipitation at the Waipaoa site averaged ~77 cm/yr.  This estimate is ~30% lower than 

contemporary measurements [Hessell, 1980], suggesting that precipitation averaged over 

~18 ky was lower than today.  Alternatively, some of the difference may be due to a 

recent increase in meteoric 10Be recycled from dust.  Contemporary dust is primarily 

generated by human activities.  If the long-term dust flux on the largely unglaciated 

North Island is negligible and meteoric 10Be concentrations in contemporary rainfall are 

otherwise representative of long-term conditions, paleo-precipitation would be ~91 

cm/year over 18 ky, still about 17% drier than modern climate records indicate.  Regional 

paleoclimate records are consistent with this interpretation of the meteoric 10Be data, as 

they suggest that the eastern North Island was substantially drier prior to an ENSO-driven 

precipitation increase approximately 4 ka [Gomez et al., 2004].   

 

3.9. Implications 

Our findings demonstrate the feasibility of calibrating long-term meteoric 10Be 

accumulation rates using deep, stable, well-dated soil profiles.  Such soil-based 
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calibrations are important because soils constitute the source material for most surface 

process studies including fluvial sediment analysis [e.g., Reusser and Bierman, 2010].   

Terrestrial calibration of meteoric 10Be delivery rates compliments other methods.  Polar 

ice cores reliably record 10Be fluxes over time at high latitudes [e.g., Finkel and 

Nishiizumi, 1997]; however, these fluxes can differ dramatically from those at lower 

latitudes because of atmospheric production and mixing processes [e.g., Heikkilä et al., 

2009].  Deep-sea and most lake sediment records are filtered by drainage basin and 

biologic processes making delivery rates over time difficult to deconvolve accurately 

[e.g., Aldahan, 1999].  Because deposition rates of meteoric 10Be to the soil surface 

change over time and space as rainfall, dust flux, and geomagnetic shielding all vary, 

performing additional geologic calibrations at a variety of latitudes, in different 

precipitation regimes, and over different integration times will improve the accuracy and 

precision of surface process studies using this isotope system.  
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3.11. Figure captions 

 

FIGURE 3 - 1: Calibration profile located in the middle Waipaoa River basin, New 

Zealand, North Island.  

 

FIGURE 3 - 2:  Meteoric 10Be concentration results for the depth profile.  Letters to the 

right of each sample are abbreviations (e.g. “a” represents WA102a in Table 3 – 1 (S1)).  

The inherited concentration is average of samples WA102 l, and n (circled).  Inset panel 

shows relationship of long-term meteoric 10Be delivery rate to contemporary rates 

measured across the North and South islands of New Zealand [Graham et al., 2003]. 
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Figure 3 - 1  Calibration profile located in the middle Waipaoa River basin, North Island, 
New Zealand. 
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Figure 3 - 2  Meteoric 10Be concentration results for the depth profile. 
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3.12. Auxiliary Infomation 

 
Table 3 - 1  (Auxiliary Table 1)  Summary information for all sample in the Waipaoa 1 

Terrace depth profile published in Geophysical Research Letters. 
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Figure 3 - 3  (Auxiliary Figure 1)  Calibrated age for depth profile in the Waipaoa 1 

Terrace.  
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4.1. Abstract 

Extreme geomorphic environments, including rapidly eroding and uplifting 

mountain ranges, and landscapes severely disturbed by human activates including 

deforestation and agriculture, are difficult to study using many isotopic and geochemical 

techniques because the processes moving mass are non-uniform over time and space.  

The random nature of geomorphic processes on these landscapes violates the assumptions 

inherent to interpretive models.  In order to understand the utility and limitations of both 

in situ and meteoric 10Be as a tracer of erosion and sediment movement in a wet, highly 

disturbed, tectonically active, environment, we measured in situ produced 10Be in 18 

samples of river sediment and meteoric 10Be in 90 samples of river sediment and hillslope 

materials in the Waipaoa River Basin East Cape region, North Island, New Zealand.  We 

collected samples over a 3 year period (2005 to 2008) and processed them in 3 different 

laboratories.  We find that the concentration of both in situ and meteoric 10Be reproduce 

well between laboratories but vary significantly (2.77 ± 0.11 to 0.11 ± 0.03 × 104 at/g for 

in situ 10Be; 5.61 ± 0.16 × 107 to 7.38 ± 0.90 × 105 at/g for meteoric 10Be) over time and 

space.  Erosion in some regions of the basin is dominated by deep-seated amphitheater 

gullies that continuously feed prodigious amounts of sediment to tributary and mainstem 

channels while other parts of the basin are dominated by widespread shallow landsliding 

triggered during severe cyclonic events.  Sediments shed from gully-dominated regions 

yield exceptionally low and consistent concentrations of meteoric 10Be (ave. = 4.30 × 106 

at/g) while concentrations of both in situ and meteoric 10Be from eastern and western 

tributaries are much higher (ave. = 2.19 × 107 at/g) and also highly variable due to the 
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differing source areas of material entering river channels owing to the variability in 

precipitation events and landslide initiation through time.  Because the vast majority of 

sediment carried by the mainstem channel originates from the heavily gullied headwater 

regions of the Waipaoa Basin, concentrations of meteoric 10Be are exceedingly low in the 

mainstem channel and only slightly augmented by contributions of sediment from the 

more stable tributary regions dominated by shallow landsliding.  Alternatively 

concentrations of in situ 10Be down the mainstem channel remain highly variable because 

the lithologies in which the gully complexes form are nearly devoid of quartz, the mineral 

phase in which in situ 10Be is isolated.  Instead, measurements of in situ 10Be in the 

mainstem originate in the eastern and western tributary regions.  Using this paired 

isotopic approach allows us to differentiate variability in not just the relative mass of 

sediment yielded from various regions of the Waipaoa, but also the origin of material 

carried down the mainstem and eventually offshore into Poverty Bay. 

 

4.2. Introduction 

The measurement of cosmogenic nuclides in detrital sediment and soil profiles 

provides information about the rate at which Earth’s surface changes over time (Portenga 

and Bierman, 2011).  The accuracy of cosmogenically-derived erosion rates depends on 

not only the quality of isotopic measurements, which have improved both in precision 

and detection limit over the past several decades, but on the veracity of assumptions 

underlying interpretive models used to translate measured isotope concentrations into 

erosion rates (Brown et al., 1995; Granger et al., 1996; Bierman and Steig, 1996; Neimi 
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et al., 2005).  Such assumptions include not only landscape steady state and the 

reproducibility of laboratory analyses but also the steadiness of isotope concentrations 

over time in material transported down river networks and the uniform distribution of 

quartz in drainage basins.   

Few of the assumptions inherent to the successful application of cosmogenic 

nuclides to measuring erosion rates and tracing sediment sources at a basin scale have 

been tested explicitly, especially in areas where landscape dynamics suggest that such 

assumptions may not be valid.  Here, we present cosmogenic isotopic data (both in situ 

produced and meteoric 10Be) from the Waipaoa River basin on the east coast of New 

Zealand’s North Island, a rapidly and non-uniformly eroding landscape, the result of both 

natural phenomena and human landuse practices (Figure 4 - 1).  This dataset is unlike any 

other collected because it is from an extreme geomorphic environment where many of the 

assumptions inherent to commonly used interpretive models are likely not valid.  The 

data set includes numerous temporal and laboratory replicates allowing us to clearly 

isolate geologic variability and thereby better understand the sediment system from 

hillslopes down the river network to the ocean margin including the impact of both 

human activities and extreme precipitation events on erosion and deposition. 

In this study, we measured both in situ 10Be, produced by spallation reactions in 

the mineral quartz and meteoric 10Be produced in the atmosphere through the spallation 

of N and O (Lal and Peters, 1967), delivered to the landscape via precipitation and to a 

lesser extent in the Waipaoa, dust (Graham et al., 2003).  Meteoric 10Be adheres to soil 

particles on hillslopes of all lithologies (Nyffeler et al., 1984) and eventually makes its 
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way on these particles into river channels.  Because meteoric 10Be is insensitive to the 

presence or absence of quartz, it has the potential to provide a more uniform 

representation of landscapes than in situ 10Be which only represents those regions 

underlain by quartz-bearing lithologies (Nyffeler, et al., 1984; Monaghan, et al., 1986).  

In addition, concentrations of meteoric 10Be measured in terrestrial materials are several 

orders of magnitude greater than in situ 10Be (Graly, et al., 2010), making measurement 

of the isotope possible (above AMS detection limits) even in extremely rapidly and 

disturbed environments such as the Waipaoa River basin.  

 

4.3. Geologic and Geographic setting 

The Waipaoa River Basin is located on the east coast of the North Island of New 

Zealand along an active subduction margin.  The basin experiences rapid uplift 

(Berryman et al., 2000; Mazengarb and Speden, 2000), relatively frequent earthquake 

activity and volcanic eruptions (Froggatt and Lowe, 1990), and periodic intense cyclonic 

activity (Hessell, 1980; Hicks et al., 2000).  Lithologies within the basin are heavily 

fractured and faulted, and weakly cemented (Black, 1980; Mazengarb and Speden, 2000).  

The northern headwaters, where large amphitheater gullies are pervasive, are underlain 

by an emplaced allochthonous unit of exceptionally weak and crushed calcareous 

mudstones exceptionally susceptible to erosion (Black, 1980).  In contrast, the eastern 

and western regions of the basin are underlain by more competent interbedded fine 

sandstone and mudstone units.  While these regions are also heavily faulted, they are 

more resistant to deep mass movements and instead are subject to widespread shallow 
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landslide during extreme precipitation events.  In the eastern and western regions, quartz-

bearing lithologies are non-uniformly distributed throughout the basin.  Often these 

erosion-resistant units are found as upturned beds standing above the more easily eroded 

calcareous mudstones characteristic of the East Cape Region (Mazengarb and Speden, 

2000).  Many of the headwater river channels contain rounded sandstone boulders eroded 

from hillslopes upstream throughout the contributing drainage basin.  In the Waipaoa 

basin, these natural conditions, acting in concert with widespread deforestation for 

agriculture peaking in the 1920’s, have resulted in some of the most dramatic erosional 

features in the world (e.g. Hicks et al., 2000).  

 

4.4. Methods 

We conducted three field sessions in New Zealand - May 2004, February and 

March of 2005, and August of 2008 – allowing us to resample some sites and compile a 

series of temporal replicate measurements of 10Be concentration on both tributaries and 

the mainstem Waipaoa River.  At each sample location, we field-sieved several kilograms 

of fluvial sediment to a grain size fraction of 250 to 850 µm.  At the University of 

Vermont, we tested aliquots of each sample for quartz content to determine which 

samples contained sufficient quartz to process further for in situ 10Be analysis (cut off, 

>2% quartz).  Because meteoric 10Be is isolated from bulk samples, we extracted 

meteoric 10Be from all samples.  

We prepared samples in three separate laboratories (University of Washington, 

Hebrew University, and the University of Vermont), which provided the opportunity to 
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test the lab-to-lab reproducibility of our results.  Because we prepared meteoric samples 

in all three labs, we prepared 10 full laboratory-to-laboratory replicates to ensure 

reproducibility.   We prepared all in situ samples at the University of Washington 

Cosmogenic laboratory during which we prepared 5 full laboratory replicates.  

 Because the lithologies comprising the Waipaoa landscape have little quartz in 

the grain size (>125 um), appropriate for measuring in situ produced 10Be, we mostly 

measured concentrations of meteoric 10Be in river sediment and soil samples (n=84). We 

were able to isolate sufficient amounts of quartz from 18 samples.  We use these data to 

1) investigate relationships between concentrations of in situ vs. meteoric 10Be, and 2) 

estimate a background rate of erosion for the Waipaoa Basin. 

In order to account for varying production and deposition rates of 10Be, we 

normalize in situ 10Be concentrations to the hypsometrically-weighted elevation-latitude-

dependent (ELD; (Lal, 1991)) production rate for each basin (Portenga and Bierman, 

2011), and similarly normalize meteoric 10Be concentrations to the elevation-dependent 

mean annual precipitation (MAP) relationship for the Gisborne area presented in Hessell 

(1980) for each basin (Graly, et al., 2010).   

4.5. Data 

Laboratory replication of in situ and meteoric 10Be samples: 

In situ 10Be laboratory replicate samples (n=5), prepared in the cosmogenic 

laboratory at the University of Washington, reproduce well (Figure 4 - 2; Table 4 - 1).   

For three of the replicates (wa02, wa20, and wa24), repeat laboratory preparation and 

AMS measurements reproduce well (average of 6.1 ± 17%).  While a difference of ~30% 
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for wa54 may seem high, the 10/9Be isotopic ratios measured were so low as to be at be at 

or near the detection limit of the Livermore accelerator.  Sample wa44 reproduced 

poorly, yielding a difference of between replicates of ~14% despite its relatively high 

concentration of in situ 10Be.  We assume this resulted from poor preparation of the 

sample at some stage in the process; wa44 is from the first batch of samples I ever 

prepared for in situ 10Be measurement. 

 With the exception of wa12met (~20% difference), meteoric 10Be laboratory 

replicates (n=10) also reproduce well (Figure 4 - 3; Table 4 - 2), with an average percent 

difference of ~6% (excluding wa12).  This reproducibility is encouraging because the 

laboratory replicates were prepared in three different labs.  No two replicate samples 

were prepared in the same laboratory.  All were measured on the AMS at the Livermore 

National Laboratory and normalized to the 07KNSTD3110 standard (Nishiizumi et al., 

2007). 

 

Temporal variability in 10Be concentration:  

 We temporally replicated in situ 10Be measurements in two basins.  Samples wa02 

and wa23 were sampled at the outlet of the eastern tributaries and wa12/24 is the 

downstream-most outlet sample from entire basin (Figures 4 - 1 & 4 - 4; Table 4 - 3).  

The outlet sample is within the tidal zone of the river and therefore could contain 

sediment carried upstream from Poverty Bay.  Sediment was collected from both sites in 

May 2004 and again in March 2005.  These temporal replicates differ by ~30 and ~40 

percent, respectively.  
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 There are meteoric 10Be temporal replicates at 14 locations within the Waipaoa 

basin.  Each of these replicate locations has meteoric 10Be data from at least two of four 

times increments (Figure 4 - 5; Table 4 - 4).  Three of these are from each of the field 

sessions (May 2004; March 2005; August, 2008), and one is from a distinctive overbank 

flood deposit laid down on July 31st, 2008, just prior to our August 2008 field season.  

In some regions of the Waipaoa Basin, concentrations of 10Be are low and steady 

over time while in other parts of the basin concentrations vary systematically, increasing 

over time.  At the outlets of the prominent eastern (Waihora Basin), and Te Arai 

tributaries, and at point D along the Waipaoa mainstem (Figures 4 – 5, 4 – 6 & 4 – 7), 

meteoric 10Be concentrations consistently increase over three time steps and one flood 

event.  We consider point D, at the Kanakanai Bridge, to be the most reliable estimate for 

the concentration of meteoric 10Be contained within sediment leaving the Waipaoa 

system (see Figure 4 - 7 for basin areas); the sample site is in close proximity to the 

sediment yield gauging station used to estimate contemporary sediment output for the 

Waipaoa Basin (e.g. Hicks et al., 2000).  While concentrations of meteoric 10Be increase 

over time for the eastern, and southwestern portions of the basin, concentrations remain 

essentially constant in the western (Waikohu Basin) and the gullied headwaters (Figure 4 

- 5).  This is also true for points A, B, & C along the mainstem channel; up to point C, the 

Waipaoa channel is fed only by gully-prone terrain (Figures 4 – 5, 4 – 6 & 4 – 7).  By 

point D along the Waipaoa channel, sediment from both the eastern and western 

tributaries have mixed with the low-concentration gully-derived sediment from the 

northern headwaters.  That the Waipaoa mainstem channel (at point D) shows the same 
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pattern of increasing meteoric 10Be concentration as in the eastern and southern 

tributaries over time is strong evidence that meteoric 10Be can be used as a tracer of 

sediment sourcing and mixing over space and through time. 

Similarly, in the prominent eastern (Waihora Basin) and southwestern (Te Arai 

Basin) tributaries, as well as at point D along the mainstem channel, the overbank flood 

deposits have considerably higher concentrations of meteoric 10Be than the fluvial 

samples collected in August of 2008 (Figure 4 – 5).  This comparison of meteoric 10Be 

concentrations measured in sediment carried during baseflow (fluvial samples) vs. that 

carried during eventflow (flood deposit samples) has several important implications.   

First, shallow landsliding, with higher concentrations of in situ 10Be than gully-derived 

sediment, is the dominant erosional style feeding sediment to river channels in some 

regions of the Waipaoa Basin, but not others.  Channels in the northern headwaters for 

instance are continuously fed deeply sourced sediment containing very low concentration 

of 10Be.  That samples from the Waipaoa mainstem channel remain constant through time 

is thus predictable.  While concentrations of meteoric 10Be are higher in sediment from 

the western tributaries (Waikohu Basin) than from the gullied basins, they show the same 

consistency in concentration through time, perhaps suggesting a style of sediment 

sourcing that is insensitive to extreme precipitation events.  Second, the increased 

meteoric 10Be concentrations measured in flood deposit material relative to active 

channel sediments suggests that during extreme flow events, the source of sediment 

changes in the eastern and southwestern prominent tributaries.  The higher concentration 

of meteoric 10Be in flood deposits could reflect shallower source depths (see depth-
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distribution of meteoric 10Be in Figure 4 – 8) for hillslope materials being fed to tributary 

channels during high flows following extreme precipitation events.  This explanation 

supports the notion that shallow landslides on agricultural hillslopes increase meteoric 

10Be concentrations in flood deposits, not just in the tributaries, but also in the outlet 

sample (point D; Figure 4 – 6).  This observation suggests that the amount of sediment 

released during such events is proportionately large enough to be detected even among 

the presence of large volumes of low-concentration gully-derived sediment that typically 

overwhelms the Waipaoa system. 

 

Spatial distribution of in situ and meteoric 10Be concentrations: 

Concentration of in situ 10Be range from 2.77 ± 0.11 to 0.11 ± 0.03 × 104 at/g for 

the 18 samples from which we were able to isolate sufficient quartz for AMS 

measurement (Figure 4 - 9; Table 4 - 5).  The lowest concentrations are from the 

headwater basin draining heavily gullied terrain.  The eastern (Waihora) and western 

(Waikohu) large tributary basins, dominated by periodic shallow landsliding, yield 

considerably higher concentrations of in situ 10Be presumably because of the longer 

residence time of near-surface materials and more even sourcing of sediment as opposed 

to the gullied headwaters.  The Te Arai basin sample (wa20) yields the highest in situ 

concentration and was collected from the only tributary basin still remaining under native 

vegetation, the Waterworks Bush.  Mainstem and outlet samples appear to represent a 

mix of material originating in the heavily gullied headwaters, and the more stable eastern 

and western tributaries (Figure 4 - 3).   
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 The range of meteoric 10Be concentrations spans nearly 2 orders of magnitude 

from 5.61 ± 0.16 × 107 to 7.38 ± 0.90 × 105 at/g for the 87 (77 plus 10 laboratory 

replicate) river sediment samples we collected from the Waipaoa Basin and basins to the 

north and south (Figure 4 - 10; Table 4 - 6).  The highest concentration is from the Motu 

River basin located immediately to the north of the Waipaoa, and draining northward into 

the Bay of Plenty.  The lowest concentration was measured at the outlet of the feeder 

channel draining the Tarndale gully complex in the Te Weraroa basin. 

 Similar to concentrations of in situ 10Be, the lowest concentrations of meteoric 

10Be originate from the gullied headwaters.  Concentrations from the eastern and western 

tributaries, and the Te Arai basin to the south are typically higher that the headwater 

samples, and mainstem and outlet samples appear to be dominated by sediment 

containing little 10Be and originating from a small percentage of the landscape.  

 

Hillslope depth-distribution of meteoric 10Be – the source of river sediment: 

 The depth-distribution of meteoric 10Be concentrations  (n=14) measured in 

samples of material collected from a hillside in the Waimata Basin (Figure 4 - 1) shows 

the maximum concentration at the surface followed by a sharp decline in concentrations; 

a pattern typical of quickly eroding land surfaces (e.g. Graly et al., 2010).  Six samples 

collected from a prominent and relatively stable nose on the on the Waimata hillslope to a 

depth of ~1 m decline steadily from ~11 × 107 at/g at the surface to ~2 × 107 atoms of × 

104 at/g× 107 at/g meteoric 10Be per gram of material at depth (Figure 4 - 8 upper panel; 

Reusser, L. and Bierman, P., 2010).  This area from which the soil profile was collected 
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stands above the surrounding hillslope suggesting that this nose is more stable than more 

rapidly eroding slopes to either side.  Lower concentrations of meteoric 10Be measured in 

samples of A- and B-horizon soils from these more quickly eroding and less stable parts 

of the hillslope support the assertion that the profile represents the depth-distribution of 

meteoric 10Be in more stable landscape features (Figure 4 - 8 inset boxes in upper panel).   

 

4.6. Discussion 

Spatial and temporal variability in both in situ and meteoric 10Be concentrations 

characterize the most disturbed and geomorphically active areas of the Waipaoa 

landscape.  Laboratory replication, indicates that much of the variability we see in the 

datasets for both isotopic systems is the result different erosional styles operating in 

different regions of the Waipaoa basin, and of the stochastic nature of hydrologically-

triggered surface processes in this tectonically active and severely disturbed landscape.  

Such variability is caused by episodic hydrologic events (cyclones) and 

tectonically-driven earthquakes which trigger landsliding and both spatially and 

temporally disjunct sediment delivery to headwater and larger tributary streams. The 

prevalence of both shallow landslides and deep gullies means that sediment delivered to 

the river network is derived from a variety of depths ranging from surface wash to several 

tens of meters below the surface.  Further, while the gullied headwaters continually feed 

the majority of sediment to the mainstem (at a pace that roughly scales with precipitation 

levels), the more stable eastern and western tributaries only occasionally feed short-lived, 

large volume pulses of sediment to the mainstem during extreme hydrologic or 
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earthquake triggered events.  Temporal differences in isotope concentrations most likely 

reflect changing source areas for fluvial sediments over the time interval between sample 

collection periods whereas spatial differences in concentration represent the relative 

stability of the landscape both over the long (natural) and short (human-influenced) time 

scales. 

In some cases, long-term patterns of landscape evolution control the concentration 

of 10Be in river sediments.  For example, upstream of knickpoints in the Waipaoa and 

adjacent drainage basins, relief is less and the landscape is more subdued.  A sample from 

one of these basins (wa41) has a high concentration of meteoric 10Be, implying a long 

residence time for near-surface materials.  Being above a knickpoint, and draining 

somewhat more subdued topography than surrounding areas, this part of the basin 

remains isolated from many of the natural and anthropogenic drivers of erosion due to its 

lower slope (e.g. Crosby and Whipple, 2006). 

 

Comparison of meteoric and in situ 10Be concentrations:  

There are pronounced differences in the relative concentrations of in situ and 

meteoric 10Be measured in the 18 samples in which we have data for both isotope 

systems (Figure 4 - 11A & B; 15 samples within the Waipaoa Basin; 3 outside the basin).  

Using both meteoric and in situ measurements made in the same sample, we can 

differentiate sediment sourced from different parts of the catchment understanding that 

the in situ 10Be measured in quartz isolated from a bulk sample of river sediment is not 

necessarily representative of surface process rates throughout the entire watershed.  
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In the undisturbed Waterworks bush, where vegetation is thick, landslides are 

rare, and soil creep likely supplies most sediment to the channel, both in situ and 

meteoric 10Be have relatively high concentrations.  In contrast, sediment from the deeply 

guilled headwaters, sourced from deep gashes into the landscape, has low concentrations 

of both meteoric and in situ 10Be. In other samples, such as those collected along the 

mainstem Waipaoa River, the ratio of in situ 10Be to meteoric 10Be concentration is high 

(Figure 4 - 11C) suggesting that the quartz within the bulk samples reflects shallower 

source depths and/or more slowly eroding portions of the basin than the bulk sample.  

The enhancement of in situ 10Be relative to meteoric 10Be in the mainstem and outlet 

samples also indicates that the majority of the sediment carried by the Waipaoa River at 

these locations comes from deep source depths with very low meteoric 10Be 

concentrations, such as the gullied headwaters (refer to Figure 1).  The quartz carried by 

the river today likely comes from outcropping, more resistant sandstone beds.  Where 

large amounts of low-meteoric 10Be concentration gully-derived sediment mix with 

proportionately smaller amounts of sediment from the more stable eastern and western 

tributaries, containing relatively high concentrations of in situ 10Be, (Figure 4 -12), 

mainstem channel sediment predominately reflects gullies.   

 

Regional considerations: 

Concentrations of meteoric 10Be measured from nearby rivers (Figure 10 lower 

panels) suggest that most fluvial sediment in the Waimata River basin is sourced from 

depths equivalent to ~50 cm below more stable land surfaces, represented by the soil 
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profile data.  Concentrations in these fluvial samples (~1 to 3.5 at/g× 107 at/g) are similar 

to those measured in rivers draining the eastern, western and southwestern tributaries in 

the Waipaoa basin (average = 2.2 × 107 at/g; Figure 4 - 5; Table 4 - 6). 

 

Background erosion rates in the Waipaoa Basin:  

The interpretation of in situ produced 10Be concentrations as erosion rates in the 

Waipaoa Drainage Basin is uncertain because the10Be data clearly show temporal 

changes in isotope concentration and indicate varying sediment sources over time.  The 

cause of such variability likely includes both aerially changing sediment sources and the 

erosion of sediment from different depths over time.  The sometimes substantially 

different concentrations of 10Be we measured in sequential samples from the same site 

may reflect the passage of sediment waves, which originated in discrete events such as 

landslides, past sampling sites. 

Using in-situ-10Be-based erosion rate estimates from the Waihora (eastern; 

wa02/23ave), the Waihuka (western; wa15), and the Te Arai (southwestern; wa05) 

tributary outlet samples we generate an area-weighted background erosion rate of ~250 

m/My (Figure 4 - 13).  These basins are most likely to yield a meaningful erosion rate 

because they are not heavily gullied.  Because all of these tributary basins are susceptible 

to periodic episodes of wide-spread, shallow landsliding during large precipitation events, 

this estimate may not be fully representative of background erosion rates over millennial 

time-scales (e.g. Niemi, et al., 2005). 
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 The background erosion rate estimate derived from in situ 10Be (250 m/My) is 

less than that provided by Kettner, et al. (2007), 400 m/My. Interpreting in situ 10Be 

concentrations has an additional complication –sand size quartz is not uniformly 

distributed throughout the basin because more indurated sandstone beds generally stand 

above less-resistant mudstones.  If quartz-bearing rocks in the Waipaoa Basin are more 

erosion-resistant than the surrounding calcareous mudstone typical of the Waipaoa 

region, in situ 10Be estimates would underestimate regional background rates of erosion. 

Both estimates of background erosion rates for the Waipaoa Basin are nearly 2 orders of 

magnitude less that the contemporary erosion rate inferred from sediment loads leaving 

the catchments (~2.6 km/My; Hicks, 2000), a rate that is reflective of land clearance for 

agriculture.   
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4.8. Figure Captions: 

 

Figure 4 - 1:  A. Air photo of the Tarndale Slip. B. Location map of the Waipaoa River 

Basin. Map shows all data points included in this study. For clarity, sample IDs have 

been abbreviated (i.e. 10 stands for WA10met in Table DR-1). Temporal replicate ID’s 

are separated with a slash (i.e. 1/21).  (X) denotes the location of the soil profile 

presented in figure 2. C. Photo oriented NW looking up the channel exiting the Tarndale 

Slip. D. Gully-derived sediments in the mainstem ~2 km downstream from the Tarndale 

Slip. 

 

Figure 4 - 2:  Five independently processed and measured in situ 10Be laboratory 

replicates.  All samples prepared in the cosmogenic laboratory at the University of 

Washington. 

 

Figure 4 - 3:  Ten independently processed and measured meteoric 10Be laboratory 

replicates.  Samples were prepared in three separate laboratories at the University of 

Washington, Hebrew University, and the cosmogenic laboratory at the University of 

Vermont. A: laboratory replicates within the Waipaoa Basin.  B: replicates for large basin 

to the north and the south of the Waipaoa Basin. 

 

Figure 4 - 4:  Results for the two pairs of in situ 10Be temporal replicate samples 

collected for this study.  The replicates were collected to investigate the temporal 
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variability in in situ 10Be concentrations through time.  Note the inverse relationship 

between positive and negative percent differences for pairs plotted as concentrations (A) 

and inferred background erosion rates (B). 

 

Figure 4 - 5:  Temporal variability in in situ 10Be concentrations at 14 sample locations, 

each sampled at least twice.  These temporal replicate represent sampling during 3 

separate field seasons (May, 2004; March, 2005; August, 2008).  There are four separate 

potential replicates for each locations, three representing collection of active channel 

sediment during the field season, and one representing collection of a distinctive and 

recent flood overbank deposit (7/31/2008) identifiable in nearly all regions of the 

Waipaoa Basin.  Refer to figure 6 for location of the 5 separate mainstem channel 

sampling locations. 

 

Figure 4 - 6:  Identification of 1) various regions of the basin (Western vs. Eastern) 

referred to in other figures and text, and 2) locations along the mainstem Waipaoa 

channel keyed out in figure 7. 

 

Figure 4 - 7:  Meteoric 10Be concentration at various locations (see figure 8) for each of 

the four potential temporal replicates along the Waipaoa mainstem channel as a function 

of increasing drainage basin area.   
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Figure 4 – 8:  Meteoric 10Be concentrations measured in samples of hillslope materials 

from a representative hillslope in the Waimata River basin (tributary to the Te Arai 

basin), as well as fluvial samples from rivers in close proximity to the Waimata hillslope.   

 

Figure 4 - 9:  All in situ 10Be concentration arranged by region generated in this study.  

Samples ending in ”…ave” are the averaged values from the laboratory replicate 

presented in Figure 2.  A: in situ 10Be concentrations for samples within the Waipaoa 

Basin.  B: in situ 10Be concentrations for samples from large basin to the North and the 

South of the Waipaoa Basin. 

 

Figure 4 - 10:  All fluvial meteoric 10Be concentrations generated in the study arranged 

by region.  A: meteoric 10Be concentrations for samples within the Waipaoa Basin.  B: 

meteoric 10Be concentrations for samples from large basins to the north and the south of 

the Waipaoa Basin. 

 

Figure 4 - 11:  Results for 18 samples from which both in situ and meteoric 10Be 

concentrations were measured.  In situ 10Be samples reflect only the production and 

accumulation of the isotope within the crystal lattice of quartz grains, and therefore only 

reflects quartz bearing lithologies within a drainage basin.  Alternatively, meteoric 10Be 

concentration represent the amount of the isotope (produced in the atmosphere) adhered 

to all grains within a sample; these measurements reflect the “bulk sample” 
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concentrations.  Note that the high vs. low relative concentrations of the two forms of 

10Be do not necessarily track from one region to another. 

 

Figure 4 - 12:  Normalized concentrations of meteoric 10Be plotted against normalized 

concentrations of in situ 10Be for all comparison samples within the Waipaoa River basin 

(n=15).  In situ 10Be concentrations were normalized according to their ELD scaling 

factors to reflect different production rates of the isotope at different elevations and 

latitudes (Balco et al., 2008; Lal and Peters, 1967).  Meteoric 10Be concentrations were 

normalized according to the modeled average-basin-elevation-dependent mean annual 

precipitation (MAP) according to the relationship presented in Hessell (1980) for the 

North Island, to account for varying delivery rates of the isotope across the basin.  

Samples from different regions around the basin are noted on the figure.   

 

Figure 4 - 13:  Compilation of all available erosion rate proxies that have been generated 

and published.  These include sediment yield data compiled and published in Hicks, et al. 

(2000), and modeled estimates of background, post Polynesian arrival, and post European 

arrival rates of erosion (Kettner et al., 2007).  Note that the outlet proxy and outlet in situ 

10Be both represent erosion rates for the entire basin that are comparable to one another.   
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Figure 4 - 1  Location map for the Waipaoa River Basin showing the influence of gullies 

on channel sediments 
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Figure 4 - 2  In situ 10Be laboratory replicates 
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Figure 4 - 3  Meteoric 10Be laboratory replicates 
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Figure 4 - 4  In situ 10Be temporal variability 
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Figure 4 - 5  Meteoric 10Be temporal variability 
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Figure 4 - 6  Map depicting points of interest along the Waipaoa River mainstem from 

figure 7 and discussed in the text 
  



 
 

91 

 
Figure 4 - 7  Temporal variance in meteoric 10Be concentrations as a function of drainage 

basin area 
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Figure 4 - 8  Depth-distribution of meteoric 10Be concentrations within soil samples from 

the Waimata hillslope 
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Figure 4 - 9  Distribution of in situ 10Be across the study area 
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Figure 4 - 10  Distribution of meteoric 10Be concentration across the landscape. 
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Figure 4 - 11  In situ and meteoric 10Be concentrations from the 18 comparison samples 
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Figure 4 - 12  Normalized concentrations of in situ an meteoric 10Be concentrations 
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Figure 4 - 13  Estimates of background erosion made with concentrations of in situ 10Be 

compared to other previously proxy estimates 
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Table 4 - 1  In situ 10Be laboratory replication results 
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Table 4 - 2  Meteoric 10Be laboratory replication results 
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Table 4 - 3  In situ 10Be  temporal variability results 
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Table 4 - 4 is too large to be displayed on 
a single thesis page.  A downloadable version 

will be available online at: 
 

http://www.uvm.edu/cosmolab/?Page=pubs_papers.html 
 
 
 
 
 
 
 
 
 
 
 

Table 4 - 4  Meteoric 10Be temporal variability results 
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Table 4 - 5 is too large to be displayed on 
a single thesis page.  A downloadable version 

will be available online at: 
 

http://www.uvm.edu/cosmolab/?Page=pubs_papers.html 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

Table 4 - 5  Distribution of in situ 10Be concentrations 
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Table 4 - 6 is too large to be displayed on 
a single thesis page.  A downloadable version 

will be available online at: 
 

http://www.uvm.edu/cosmolab/?Page=pubs_papers.html 
 

 
 
 
 
 
 
 
 
 
 

 
 

Table 4 - 6  Distribution of meteoric 10Be concentrations. 
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5.1. Introductory paragraph 

Establishing background rates of erosion allows the impact of human activities on Earth’s 

surface to be evaluated quantitatively. Here, we present 10Be estimates of erosion rates 

from ten large (10,000 to 100,000 km2) river basins.  These rates are indicative of how 

the heavily-altered North American passive margin landscape functioned before western 

settlement.  We compare these background rates of erosion to rates of hillslope erosion 

and sediment yields from the same basins following peak agricultural disturbance during 

the late 1800’s and early 1900’s (Trimble, 1974 & 1977).  Rates of agriculturally-induced 

hillslope erosion exceed 10Be-determined background rates by more than 100-fold.  

Although sediment yields increased 5 to 10 times above the pre-settlement norms, rivers 

at the time were transporting only ~6 percent of the eroded material; the bulk of 

historically-eroded soil remains as legacy sediment stored at the base of hillslopes and 

along river channels.  These findings exemplify the effects that landuse practices have 

had on natural systems of sediment generation and erosion. Background erosion rates 

such as these, reflecting the rate at which soil is generated over millennial timescales, 

inform and enhance landscape management strategies.  

 

5.2. Article text 

Quantifying natural, or background rates of landscape erosion is prerequisite to 

understanding the impact of human activities on natural process rates (National Research 

Council, 1994).  In contrast to these background rates, human activities, such as land-

clearance for agriculture, can dramatically elevate the pace at which sediment moves 

down slopes and into river systems (Hooke, 1994).  Traditional approaches used to 

quantify the mass of sediment moving through fluvial systems, such as contemporary 

sediment yield data, do not reflect long-term, background rates of erosion (Trimble, 

1977).  Human-landscape interactions can generate sediment yields and inferred erosion 
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rates elevated several orders of magnitude over background rates (Meade, 2001).  

Sediment yield records are often short (years to decades) and thus may miss large 

volumes of sediment delivered to rivers during high-magnitude, low frequency events 

(Kirchner, et al., 2001; Wolman and Miller, 1960).  Further, if the erosion following 

human-disturbance outpaces the rate at which streams can transport the material fed to 

them, sediment yield data represent neither natural erosion nor the maximum degree of 

upstream erosion.  Instead, such streams are transport-limited systems in which sediment 

yield data represent the maximum carrying capacity of the rivers; much of the eroded 

material remains trapped on the landscape (Walling, 1983; Wilkinson and McElroy, 

2007).  Quantitatively determining background rates of erosion remains a difficult but 

critical task worldwide.  Knowing such rates well is prerequisite for making important 

environmental decisions, such as the regulation of suspended sediment as a pollutant 

(Whiting, 2006). 

Sediment dynamics on the southern Appalachian Piedmont, across the passive, 

eastern margin of North America, has been studied to understand the erosional 

consequences of intensive agricultural practices (Trimble, 1977).  Contrasting the degree 

of soil truncation resulting from cotton and tobacco production during peak agricultural 

use in the early 1900’s with the sediment yields recorded on Piedmont-Coastal Plain 

rivers clearly, established the discordance of hillslope erosion and sediment yields in 

large, low-gradient river systems2.  These findings discredited the long-held assumption 

that the mass of material eroded from hillslopes was in equilibrium with the mass of 

sediment carried by rivers, an assumption of landscape steady state (Dole and Stabler, 
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1909; Judson and Ritter, 1964; Menard, 1961).  While Trimble’s argument was 

compelling and consistent with those of many others (Meade, 1969; Walling, 1983; 

Ahnert, 1970), at the time there were no techniques capable of reliably quantifying 

background rates of erosion.  In the absence of this information, there was no reliable 

way to quantify the degree to which human land-use practices during the peak 

agricultural period increased erosion above background rates. 

 Here, we present new in situ cosmogenic 10Be data (n=24) measured in present-

day river sediment and use them to infer background drainage basin erosion rates from 

the same low-gradient southern Appalachian Piedmont catchments studied by Trimble 

(Trimble, 1977).  Concentrations of in situ-produced 10Be measured in fluvial sediments 

can be used to estimate spatially averaged, millennial-scale rates of sediment production 

and landscape erosion (Bierman et al., 1996; Brown, 1995; Granger et al., 1996)  The 

concentration of 10Be is homogenized in the upper ~1 m of Earth’s surface as hillslope 

materials are stirred by bioturbation (Jungers et al., 2009) making erosion rate estimates 

insensitive to all but the most deeply penetrating forms of mass wasting (Niemi et al., 

2005).  Thus, in most instances, erosion rates modeled from 10Be measurements in river 

sediments still record the isotopic signature of longer-term erosion (103 – 105 years) and 

constitute a useful metric for comparison to human-induced rates of erosion (von 

Blackenburg et al., 2004).  Cosmogenic 10Be data allow us to quantify the erosive effects 

of human land-use practices in a region with a profound and well documented history of 

disturbance and compare erosion rates calculated from sediment yields to long-term, 



 
 

108 

background rates of erosion determined using 10Be (Trimble, 1977; Meade, 1969; Dole 

and Stabler, 1909; Costa, 1975; Walter and Merritts, 2008; Wolman, 1967).  

 The broad low-slope southern Piedmont region of the Appalachian Mountains we 

studied (Figure 5 - 1), with its subdued topography, humid-temperate climate, and rich 

soil was subjected to intensive European agricultural practices beginning in the 1700’s 

(Trimble, 1974).  The headwaters of the largest catchments (10,000’s km2) draining the 

Piedmont originate inland in the rugged Blue Ridge province.  Prior to settlement, much 

of the sediment traveling through the Piedmont drainages originated from infrequent but 

geomorphically significant mass movements in the upstream regions (Neary et al., 1986).  

Beginning in the 1700’s and peaking in the early 1900’s, extensive clearance for cotton 

and tobacco production increased dramatically resulting in widespread erosion of 

Piedmont hillslopes (average erosion depth of ~180 mm)2 and aggradation of river 

channels, valley bottoms, and toe slopes (Trimble, 1977; Costa, 1975; Trimble, 1974; 

Meade and Trimble, 1974; Phillips, 1992; Phillips, 2006) (Figure 5 - 2). 

 Hillslope erosion and fluvial sediment transport during the time of intensive 

Piedmont agriculture were largely disconnected.  For example, the degree of soil 

truncation in the ten studied basins (Trimble, 1974 and 1977) suggested an area-weighted 

erosion rate of ~950 m/My.  In contrast, the area-weighted sediment-yield-derived 

erosion rates (~53 m/My) at the river outlets reflected a sediment delivery ratio (Walling, 

1983) of only ~6 percent (Figures 5 - 2 and 5 - 3).  Much of the hillslope soil eroded 

during the peak agricultural period is stored as alluvial and colluvial deposits along low-
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gradient Piedmont river and valley systems (Trimble, 1977; Walter and Merritts, 2008; 

Meade and Trimble, 1974). 

 Background, landscape-scale erosion rates, calculated from the concentration of 

10Be in river sediment, are many times lower than both rates of soil erosion and of 

sediment transport during peak agriculture. The 10Be data indicate that during the early 

1900’s, aerially averaged rates of hillslope erosion (~950 m/My) exceeded 10Be-derived 

background erosion rates (~9 m/My) by more than a hundred fold (Figure 5 - 3; Table 5 – 

1 (a.k.a. Supplemental Table S1)).  Even with an aerially averaged sediment delivery 

ratio (Walling, 1983) of only ~6 percent, streams were yielding nearly 6 times their 

normal, or “equilibrium” sediment mass due to land clearance (Meade, 1969; Figures 5 - 

2 and 5 - 3).   

The bulk of the soil (an estimated 25 km3; Trimble, 1975) went into storage in 

massive deposits in valley bottoms and toe-slopes (Trimble, 1977; Meade, 1982).  

Because today, much of the material in these deposits (legacy sediment) is stored away 

from river channels, it will take time time to ultimately remove the hillslope material off 

the Piedmont and eventually offshore (Walter and Merritts, 2008; Meade, 1982).  As a 

consequence, the load of sediment carried by these large rivers, and to a lesser degree, 

tributaries will remain elevated (Meade, 1982; Phillips, 2003; Figure 5 - 2).  Further 

increasing the lag, nearly all Piedmont drainages harbor hydroelectric dams with 

sediment trap efficiencies of up to 95 percent (Brune, 1953).  Thick sediment deposits 

within the dam reservoirs will remain trapped in all but the largest floods (Trimble, 1977; 

Meade, 1982).  The ultimate removal of stored material originating from the episode of 
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erosion during peak agriculture will take decades to centuries (Meade, 1982), perhaps 

longer. 

In contrast to the Piedmont-dominated lower-slope outlet samples, 10Be results 

indicate that the more rugged Blue Ridge portions of eight of the ten large basins 

naturally erode faster (8.8 vs. 13.4 m/My respectively; Table 5 – 1 (a.k.a. Supplemental 

Table S1).  Samples collected from mid-way down six of the ten streams (11.0 m/My) 

suggest that, sediments mix predictably as they travel from Blue Ridge headwater regions 

to their Piedmont outlets.  These findings unequivocally demonstrate the effects that 

human land-use practices have had on natural systems of sediment generation and erosion 

along the southern Appalachian Piedmont; a condition that has been studied extensively 

world wide, yet rarely quantified (Kirchner, et al., 2001; Gomez, et al., 2003; Hicks, et 

al., 2000; Syvitski et al., 2005).  

Due to effective soil conservation measures across the southern Appalachian 

Piedmont over the last century, sediment yields in many tributary streams have been 

substantially reduced.  For example, deposition of sediment between 1910 and 1934 in 

the Lloyd Shoals Reservoir, completed in 1910 along a tributary of Georgians Ocmulgee 

River, suggests a basin-average sediment yield equivalent to ~73 m/My of basin-wide 

erosion (Meade and Trimble, 1974).  Between 1967 and 1972, following extensive soil 

conservation improvements within the watershed, sediment deposition in the reservoir 

dropped nearly 7 fold to a basin-wide erosion equivalent of ~10 m/My, a value which 

matches well the 10Be results from this area (9 m/My).  These data suggest that soil 



 
 

111 

conservation practices can reduce sediment yields so that they match well the rate at 

which the landscape erodes naturally. 

Background erosion rates, determined through the measurement of in situ 

produced 10Be, provide the context from which to assess nearly all other measures of 

erosion germane on a human timescale, and thus hold the potential to inform a variety of 

landscape management strategies. Such isotopic estimates could serve as benchmarks for 

establishing realistic Total Mean Daily Loads (TMDLs) of not only the mass of 

sediments carried by streams and/or deposited in water bodies, but also pollutants 

associated with or adhered to sediment.  Because 10Be integrates over time and space 

scales appropriate for understanding pre-settlement background rates of erosion, it places 

human impacts in context making it an important tool for informing landscape 

management. 

 

5.3. Methods 

Samples of active channel sediments or recent overbank deposits were collected and field 

sieved to a grain size fraction of 1000-250 µg for in situ 10Be analysis.  Samples from the 

outlets of the ten large Piedmont drainages correspond directly to those presented in 

Trimble (1977).  Blue Ridge and mid-basin samples were collected from within a sub-set 

of the ten large basins (see Supplementary Table S1).  All GPS locations were collected 

with handheld Garmin 12 units.  Coordinates are in UTM NAD83 CONUS (see 

Supplemental Table S1 for UTM zones).  All geographic statistics were calculated in 

ArcGIS™ using 1/3 arcsecond (~28 m) digital elevation models downloaded from 

http://seamless.usgs.gov.  Quartz was purified using the method of Kohl and Nishiizumi 

(1992) and Be was extracted using HF dissolution and column chromatography (Corbett, 

et al., 2011).  Isotopic measurements were made on the Livermore National Laboratory 
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accelerator mass spectrometer.  Errors in nuclide concentrations include only ratio 

measurement uncertainties.  Measured ratios of 10Be/9Be were normalized to 

07KNSTD3110 standard (Nishiizumi, 2007) with an assumed ratio of 2850 x 10-15.  10Be 

erosion rates were modeled with the CRONUS online calculator 

(http://hess.ess.washington.edu/) using hypsometrically-weighted effective production 

rates calculated with the method presented in Portenga and Bierman (2011).  

 

5.4. Acknowledgements 

We thank M. Jungers, W. Hackett, and J. Duxbury for field assistance and Livermore 

National Laboratory for isotope measurements.  Support provided by NSF EAR-310208 

and DoD DAAD19-03-1-0205. 

 

5.5. Author contributions 

L.J.R. and P.R.B. instigated and directed this research and carried out sample processing. 

D.R. made AMS measurements.  All authors contributed to manuscript preparation. 

 

5.6. References cited 

Ahnert, F., 1970, Functional relationships between denudation, relief, and uplift in large 

mid-latitude drainage basins: American Journal of Science, v. 268, p. 243-263. 

Bierman, P., Larsen, P., Clapp, E., and Clark, D., 1996, Refining Estimates of 10Be and 

26Al Production Rates: Radiocarbon, v. 38, no. 1, p. 149-173. 

Brown, E. T., Stallard, R. F., Larsen, M. C., Raisbeck, G. M., and Yiou, F., 1995, 

Denudation rates determined from the accumulation of in situ-produced 10Be in 



 
 

113 

the Luquillo Experimental Forest, Puerto Rico: Earth and Planetary Science 

Letters, v. 129, p. 193-202. 

Brune, G., 1953, Trap efficiencies of reservoirs: American Geophysical Union 

Transactions, v. 34, p. 407-418. 

Corbett, L. B., Young, N. E., Bierman, P., Briner, J. P., Neumann, T. A., Rood, D., and 

Graly, J., 2011, Paired bedrock and boulder 10Be concentrations resulting from 

early Holocene ice retreat near Jakobshavn Isfjord, western Greenland: 

Quaternary Science Reviews, v. 30, p. 1739-1749. 

Costa, J. E., 1975, Effects of agriculture on erosion and sedimentation in the Piedmont 

province, Maryland: Geological Society of America Bulletin, v. 86, p. 1281-1286. 

Dole, R. G., and Stabler, H., 1909, Denudation, Papers on the Conservation of Water 

Resources: U.S. Geological Survey Water-Supply Paper 234, p. 78-93. 

Gomez, B., Banbury, K., Marden, M., Trustrum, N. A., Peacock, D., and Hoskin, P., 

2003, Gully erosion and sediment production: Te Weraroa Stream, New Zealand: 

Water Resources Research, v. 39, no. 7, p. ESG 3-1 to ESG 3-7. 

Granger, D. E., Kirchner, J. W., and Finkel, R., 1996, Spatially averaged long-term 

erosion rates measured from in situ-produced cosmogenic nuclides in alluvial 

sediments: Journal of Geology, v. 104, no. 3, p. 249-257. 

Hicks, D. M., Gomez, B., and Trustrum, N. A., 2000, Erosion thresholds and suspended 

sediment yields, Waipaoa River Basin, New Zealand: Water Resources Research, 

v. 36, no. 4, p. 1129-1142. 



 
 

114 

Hooke, R., 1994, On the efficacy of humans as geomorphic agents: GSA Today, v. 4, no. 

9, p. 224-225. 

Judson, S., and Ritter, D., 1964, Rates of regional denudation in the United States: 

Journal of Geophysical Research, v. 69, no. 16, p. 3395-3401. 

Jungers, M., Bierman, P., Matmon, A. S., Nichols, K. K., Larsen, J., and Finkel, R., 2009, 

Tracing hillslope sediment production and transport with in situ and meteoric 

10Be: Journal of Geophysical Research - Earth Surface, v. 114. 

Kirchner, J. W., Finkel, R., Reibe, C., Granger, D. E., Clayton, J., King, J., and Megahan, 

W., 2001, Mountain erosion over 10 yr, 10 k.y., and 10 m.y. time scales: Geology, 

v. 29, no. 7, p. 591-594. 

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

in-situ-produced cosmogenic nuclides: Geochimica et Cosmochimica Acta, v. 56, 

p. 3583-3587. 

Meade, R. H., 1969, Errors in using modern stream-load data to estimate natural rates of 

denudation: Geological Society of America Bulletin, v. 80, p. 1265-1274. 

-, 1982, Sources, sinks and storage of river sediment in the Atlantic drainage of the 

United States: Journal of Geology, v. 90, p. 235-252. 

Meade, R. H., and Trimble, S. W., 1974, Changes in sediment loads in rivers of the 

Atlantic drainage of the United States since 1900, Effects of Man on the Interface 

of the Hydrological Cycle with the Physical Environment, Volume Hydrol. Pub. 

113, Internat. Assoc. Sci., p. 99-104. 



 
 

115 

Menard, H. W., 1961, Some rates of regional erosion: Journal of Geology, v. 69, p. 154-

161. 

National Research Council, 2010, Landscapes on the edge: New horizons for research on 

Earth's surface: The National Academies Press: National Research Council. 

Neary, D. G., Swift, L. W. J., Manning, D., and Burns, R. G., 1986, Debris avalanching 

in the Southern Appalachians; An influence on forest soil formation: Soil Science 

Society of American Journal, v. 50, p. 465-471. 

Niemi, N., Oskin, M., Burbank, D. W., Heimsath, A. M., and Gabet, E., 2005, Effects of 

bedrock landslides on cosmogenically determined erosion rates: Earth and 

Planetary Science Letters, v. 237, no. 3-4, p. 480-498. 

Nishiizumi, K., Imamura, M., Caffee, M., Southon, J., Finkel, R., and McAninch, J., 

2007, Absolute calibration of 10Be AMS standards: Nuclear Instruments and 

Methods in Physics Research B, v. 258, p. 403-413. 

Phillips, J. D., 1992, The source of alluvium in large rivers of the lower Coastal Plain of 

North Carolina: Catena, v. 19, p. 59-75. 

-, 2003, Alluvial storage and the long-term stability of sediment yields: Basin Research, 

v. 15, p. 153-163. 

-, 2006, Residence time of alluvium in an aggrading fluvial system: Earth Surface 

Processes and Landforms, v. 32, p. 307-316. 

Portenga, E. W., and Bierman, P. R., 2011, Understanding Earth's eroding surface with 

10Be: GSA Today, v. 21, no. 8, p. doi: 10.1130. 



 
 

116 

Syvitski, J. P. M., Vorosmarty, C. J., Kettner, A. J., and Green, P., 2005, Impact of 

Humans on the flux of Terrestrial Sediment to the Global Coastal Ocean: Science, 

v. 308, p. 376-380. 

Trimble, S. W., 1974, Man-induced soil erosion on the Southern Piedmont 1700-1970: 

Soil Conservation Society of America, p. 180. 

-, 1975, A volumetric estimate of man-induced erosion on the Southern Piedmont, in 

Agr., U. S. D., ed., Volume Present and Prospective Technology for Predicting 

Sediment Yields and Sources: Fort Worth, p. 142-154. 

-, 1977, The fallacy of stream equilibrium in contemporary denudation studies: American 

Journal of Science, v. 277, p. 876-887. 

von Blackenburg, F., Hewawasam, T., and Kubik, P., 2004, Cosmogenic nuclide 

evidence for low weathering and denudation in the wet, tropical highlands of Sri 

Lanka: Journal of Geophysical Research, v. 109, p. 1-22. 

Walling, D. E., 1983, The sediment delivery problem: Journal of Hydrology, v. 65, p. 

209-237. 

Walter, R., and Merritts, D. J., 2008, Natural Streams and Legacy of Water-Powered 

Mills: Science Magazine, v. 319, no. 5861, p. 299-304. 

Whiting, P. J., 2006, Estimating TMDL background suspended sediment loading to Great 

Lake tributaries from existing data: Journal of American Water Resrouces 

Association, v. 42, no. 3, p. 769-776. 

Wilkinson, B. H., and McElroy, B. J., 2007, The impact of humans on continental erosion 

and sedimentation: GSA Bulletin, v. 119, no. 1.2, p. 140-156. 



 
 

117 

Wolman, G. M., 1967, A cycle of sedimentation and erosion in urban river channels: 

Geografiska Annaler, v. 49A, p. 385-395. 

Wolman, M. G., and Miller, J. P., 1960, Magnitude and frequency of forces in 

geomorphic processes: Journal of Geology, v. 68, no. 1, p. 54-74. 

 

  



 
 

118 

5.7. Figure captions 

 

Figure 5 - 1 - Location map of the Southern Appalachian Piedmont field area along the 

southeastern passive margin of North America.  River basins 1 through 10 are those in 

Trimble (1977).  Blue Ridge (☆), Mid-basin (◯), and Outlet (☐) denote the locations of 

in situ 10Be sample sites within each catchment.  Modified from Figure 1 in Trimble 

(1977). 

 

Figure 5 - 2 – Diagram of different integration times of data presented (A), changing 

land clearance conditions (B), changing land-cover conditions (C), changing hillslope 

conditions (D), changing sediment loads carried by streams (E) and storage of legacy 

sediment in valley bottoms and dam reservoirs (F).  Note the horizontal break is long- vs. 

short-term conditions in panels B to F represented by the separate boxes. 

 

Figure 5 - 3 – Summary of erosion rates for large-scale catchments presented and 

discussed in this paper.  Refer to figure 1 for the locations.  Dark grey (rates of hillslope 

erosion) and light grey (sediment yield-derived rates of erosion) bars from data presented 

in Trimble (1977).  Black bars represent in situ 10Be background erosion rate estimates.   
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Figure 5 - 1 Location map for the Southern Appalachian Piedmont, USA 
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Figure 5 - 2 Conceptual diagram of measurement integration times, land clearance 
conditions, landcover conditions, hillslope conditions, sediment loads, and sediment 

storage 
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Figure 5 - 3 Compilation of hillslope erosion rates, sediment yield rates, and background 
10Be background erosion rates. 
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5.8. Supplemental information 

Table 5 - 1  (Supplemental Table S1) Summary data table for data presented in Nature 
Geoscience paper. 
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6.1. Abstract 

 The concentration of in situ 10Be, measured in samples of fluvial sediment 

collected from river sub-basins, has been used extensively to estimate long-term rates of 

landscape erosion. Because cosmogenic isotopic analyses are both expensive and time 

consuming, most studies make inferences based on a small number of samples. Previous 

research shows that basin scale erosion rates are typically correlated to basin average 

slope; yet, basin hypsometry varies widely suggesting that statistically representative 

sampling designs need to consider the probability distribution of sub-basin slopes in order 

to generate aerially-weighted average erosion rates that are representative of the basin as 

a whole.  

Here, we present a large data set (n=66), collected using a new, GIS-based 

experimental design based on the cumulative probability density function of sub-basin 

average slopes across the southern Appalachian Piedmont, eastern North America. A 

predictive model, trained on erosion rates measured in 37 sub-basins (~20 km2) selected 

to represent the distribution of average basin slopes across the entire Piedmont, is capable 

of predicting erosion rates (R2 = 0.88) for drainage basins of any size across the southern 

Appalachian Piedmont.  We find that on average, the southern Piedmont is eroding at ~9 

m/My and that hydroelectric and flood control dams, which impede the downstream flow 

of sediment, can affect erosion rates calculated from concentrations of 10Be; a complexity 

so far unaddressed in 10Be-based erosion rate studies.   
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6.2. Introduction 

 Since the mid 1990s, concentrations of in situ produced 10Be measured in samples 

of fluvial sediment have been used to estimate spatially and temporally averaged rates of 

natural sediment generation and erosion at the scale of individual drainage basin 

[Bierman and Steig, 1996; Brown et al., 1995; Darryl E. Granger et al., 1996]. To date, 

more than 1200 such measurements have been made [D. E. Granger et al., 2013; 

Portenga and Bierman, 2011].  Because the method is both expensive and time 

consuming, most studies rely on a limited number of 10Be measurements made in sub-

basins and averaged, often using aerial weighting, to generate a landscape-scale average 

erosion rate. Such averaging will only generate meaningful data if the sample dataset is 

statistically representative of the population of sub-basins comprising the landscape as a 

whole [Sullivan, 2007; Sullivan et al., 2006]. 

 In many studies [e.g. Cox et al., 2009; Darryl E. Granger et al., 1996; Matmon et 

al., 2003a; Riebe et al., 2000] as well as a global compilation of >1200 measurements of 

10Be in fluvial sediment, the best predictor of basin-scale erosion rate is average drainage 

basin slope or other similar metrics including relief.  Such a relationship makes sense, as 

slope is positively related both to diffusive and advective sediment flux. However, the 

dependence of erosion rate on average basin slope means that if the sub-population of 

basins from which samples were collected does not have the same distribution of average 

basin slopes as the entire landscape, the results, such as the landscape average erosion 
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rate will not be representative and could over or underestimate the actual landscape 

erosion rate. 

 Here, we present a new dataset consisting of 10Be-based drainage basin erosion 

rates (n=66) from the southern Appalachian Piedmont along the North American passive 

margin (Figure 6 – 1).  We specifically designed a sampling strategy so that the resulting 

dataset is statistically representative of the entire landscape.  To do this, we used GIS to 

identify and then sample 37 headwater basins (~20 km2) reflecting the distribution of 

average basin slopes across the entire study area.  We use these data to train models 

capable of predicting rates of erosion for larger drainage basins that lack 10Be data, and in 

doing so, investigate, along major river systems, the influence of dams and the reservoirs 

they impound, on 10Be erosion rate estimates. 

  

6.3. Background 

 Accurately inferring spatially and temporally averaged erosion rates from 

measured concentrations of in situ 10Be measured in samples of fluvial sediment depends 

on the veracity of several assumptions.  Foremost is the assumption that the sediment 

collected at a point along a channel network has been sourced evenly from all parts of the 

drainage basin upstream of the sample location [Bierman and Steig, 1996; Brown et al., 

1995; Gosse and Phillips, 2001; Darryl E. Granger et al., 1996; Darryl E. Granger et al., 

2013], and that quartz, the mineral phase from which 10Be is isolated, is evenly 

distributed across the basin [Safran et al., 2005].  In most 10Be erosion rate studies, sand-

sized material is analyzed and assumed to be isotopically representative of material 
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fluxing through the system.  Samples of rivers sediment are considered to be 

representative of background, temporally-integrated erosion rates, because in most 

environments the upper meter or so of hillslope materials moving into river channels are 

mixed through physical and biological stirring [e.g. Jungers et al., 2009].   This 

assumption is valid in all but the most extreme environments where deeply-penetrating 

erosional features feed material with substantially lower 10Be concentrations to river 

channels [e.g. Niemi et al., 2005; Reusser and Bierman, 2010] causing erosion rates to be 

overestimated.  

 Dams, and the reservoirs they impound, can impede the movement of sediment 

through river networks, potentially affecting the concentration of 10Be measured in 

samples collected downstream of such channel obstructions.  Because dams have been 

built along most large rivers around the globe, their effect needs to be considered when 

interpreting denudation rates from 10Be concentrations.  Although human activities have 

increased the load of sediment transported by rivers worldwide [Wilkinson and McElroy, 

2007], the construction of artificial reservoirs has reduced the amount of sediment that 

reaches the world’s coasts [Syvitski et al., 2005].  The pertinent question is whether 

sediment sampled downstream of a dam is locally derived or whether it is representative 

of sediment issuing from the drainage basin upstream. 

 

6.4 Methods 

 We employed a multi-tiered sampling strategy allowing us to investigate the 

variability in erosion rate at different and spatial scales.  Our experimental design 
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explicitly addresses the relationship between basin average slope and erosion rate, as well 

as the potential pitfalls of interpreting 10Be concentrations in river sediments collected 

along rivers with large, sediment-retaining dams.  

To characterize the cumulative probability density function that describes the 

population of average basin slopes in the southern Atlantic Piedmont, we subdivided each 

of the 10 large basins into small hydrologic units (average basin area ~20 km2), resulting 

in 5104 unique sub-basi (~20 km2). We did this using publicly available data, including 

HUC maps (http://water.usgs.gov/GIS/huc.html) and one arc-second DEMs 

(http://seamless.usgs.gov) and various hydrology tools in ESRI ArcGIS™. We selected 

~10 small basins from each of four of the 10 large basins (Roanoke, Pee Dee, Savannah, 

and Chattahoochee; 3053 potential sample sites; Figures 6 - 2 & 6 - 3) as potential sample 

sites.  We chose these four basins because they represent the greatest north-south spatial 

variability along the southern Piedmont and because they all tap the higher-slope Blue 

Ridge province to the northwest of the Piedmont.  We chose each of the 10 slope 

divisions to reflect the distribution of average basin slopes present in the 3053 sub-basins 

comprising the four large basins (Figure 6 - 3).  Because the majority of the study area 

lies in the subdued Piedmont, we evenly spaced seven of the slope divisions between zero 

and 12º.  The long tail of the frequency distribution with much higher slopes (up to 25º) 

reflects the steeper Blue Ridge.  To capture this natural landscape variability in slopes, 

we spaced the last three slope divisions evenly between 12 and 25º (Figure 6 - 3).  For 

~20 km2 basins, basin average basin slope ranges from 1.9 to 25.7 degrees in the study 

area. 
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We collected samples in December 2006 and June 2008.  At each sample site, we 

collected and field sieved samples of active channel sediment or recent overbank deposits 

to a grain size fraction of 1000-250 µg for in situ 10Be analysis.  We successfully 

retrieved sediment samples from large basins (n=24), dam-pair sites (n=4), and a 

temporal replicate site (n=1), as well 37 smaller basin, for a total of 66 10Be samples and 

analyses. 

At the largest spatial scale (104 km2), we sampled the outlets of the 10 large 

drainage basins, in most cases, close to the Piedmont/Coastal Plain transition (Figure 1).  

These are the same basins studied by Trimble (1977) allowing us to compare 10Be data 

with prior estimates of soil erosion, sediment yield, and dam trap efficiency.  We also 

collected samples upstream from the outlets at the Blue Ridge/Piedmont transition (n=8; 

areas 102 to 103 km2) to investigate the influence of the higher basin-average slopes 

characteristic of the Blue Ridge headwaters of most of the 10 basins (Figure 6 - 1 & 6 - 

2C) and we sampled mid-way down several of the trunk streams (n=6; areas 102 to 103 

km2) to determine if sediments mix predictably as they travel from the rugged Blue Ridge 

onto the more topographically subdued Piedmont (Figure 6 - 1, 6 - 2B & 2C). 

At four locations within the study area, we collected samples both below 

hydroelectric dams and upstream of their associated reservoirs to investigate the 

influence of dams along rivers on the concentration of in situ 10Be measured in river 

sediment.  We refer to these samples as “dam pairs.”  Two of dam pair samples are 

located at the outlets of the Pee Dee River (SAP08 downstream; SAP09 upstream) and 

Chattahoochee River (SAP64 downstream; SAP66 upstream).  One of the pairs is located 
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mid-basin along the Neuse River (SAP06 downstream; SAP05 upstream), while the other 

is located in the Blue Ridge/Piedmont transition along the Savannah River (SAP19 

downstream; SAP22 upstream; Figure 6 - 1).  

To test the temporal reproducibility of our 10Be results, we resampled a site mid-

way down the Savannah River approximately 1.5 years after the initial sampling (initial 

sampling 12/5/2006 SAP17; resampled 6/11/2008 as SAP55).  This site is located in 

close proximity (<0.5 km) to the downstream face of the Hartwell dam, approximately 

half way between the headwaters and Piedmont outlet of the Savannah River (Figure 6 - 

1; Table 6 – 1 (a.k.a. Supplemental Table S1). 

 We prepared all samples at the University of Vermont using standard laboratory 

methods for the purification of quartz [Kohl and Nishiizumi, 1992] and the extraction of 

10Be [Corbett et al., 2011].  We measured 10Be/9Be ratios measured at the Center for 

Accelerator Mass Spectrometry at the Lawrence Livermore National Laboratory.  All 

measured isotopic ratios were blank corrected, and then normalized to the 

07KNSTD3110 standard with a reported 10Be/9Be ratio of 2850×10-15 [Nishiizumi et al., 

2007]. 

 To calculate in situ 10Be background erosion rates, we used the CRONUS online 

calculator [Balco et al., 2008] (http://hess.ess.washington.edu).  Hypsometrically-

weighted effective elevations, average latitudes, and average longitudes were generated 

for each sample site using the method presented in Portenga and Bierman [2011] and fed 

into the CRONUS calculator enabling us to calculate drainage basin-scale 10Be erosion 

rates. 
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 Modeling 

Using erosion rate data from the 37 small-basin samples, selected for their 

average basins slopes, we developed and tested several models to predict erosion rates in 

unsampled drainage basins along the southern Piedmont.  Initially, we regressed the 

measured 10Be erosion rates against respective average basin slopes.  Then, we used this 

bivariate regression model to predict background erosion rates for each of the unique 

small sub-basins (n=5104; ~ 20 km2 each) across the entire study region (~95,000 km2); 

these predicted rates are referred to as Eps in the following sections. 

To determine if a more complex statistical method would better predict erosion 

rates than the simple bivariate slope model, we employed a number of other statistical 

techniques in JMP™ using a variety of summary statistics generated with ArcGIS™ for 

the same 37 slope-test samples.  The variables included for each sample included: 

average basin elevation (m), basin relief (m), standard deviation of elevation (m), average 

basin slope (m), standard deviation of slope (m), basin area (km2), mean annual 

temperature (ºC), mean annual precipitation (mm), physiographic province, and 

underlying lithology.  We initially generated a multivariate correlation matrix to 

eliminate the possibility of including any autocorrelated variables into a multiple 

regression model.  Further, we generated Principal Components from all variables listed 

above for the 37 slope samples to determine if these could be used more effectively in a 

multiple regression model to predict erosion rates.  
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Finally, we complied a database containing topographically-derived and 

meteorological summary statistics, as well as the Eps predicted erosion rates for each of 

the 5104 sub-basins contained within the 10 large-scale Piedmont drainages.  We used 

this database to probe the similarities and difference of erosion rates predicted for small-

scale basins across the entire Piedmont region. 

 One of the goals of producing the database was to facilitate the prediction of 

erosion rates for much larger-scale basins in order to predict background erosion rates in 

the absence of 10Be data.  To this effect, we imported the database into ArcGIS™, and 

selected the sub-set of small basins falling with each of the large-scale outlet as well as 

the mid, and Blue Ridge sub-basins (n=28).  We then predicted erosion rates for each of 

the 28 large basins with Eps using two different approaches.  First, we calculated the area-

weighted average erosion rates of all sub-basin Eps predictions contained within each 

large basin.  We call these values the “aggregated” Eps predicted erosion rates.  Second, 

we use predict erosion rates for each large basin based on the summary statistics 

representing each entire basin (not the area-weighted sub-basins).  We refer to these 

values the “whole-basin” Eps predicted erosion rates.    

 

6.5. Results 

 Concentrations of 10Be in the 66 samples presented in this study range from 1.44 

to 14.2 × 105 at/g, yielding CRONUS-modeled background erosion rates (E) ranging 

from 1.95 to 50.5 m/My, in agreement with previously published drainage-basin scale 

10Be erosion rates for the southern Appalachian Mountains [Duxbury, 2009; Matmon et 
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al., 2003a; Matmon et al., 2003b; Portenga and Bierman, 2011; Sullivan, 2007; Trodick, 

2011]. 

 The ten large basins (2,987 to 17,715 km2) are eroding slowly. 10Be erosion rates 

for samples collected at the outlets of the ten large basins range from ~14 to ~4 m/My 

with an area weighted averaged rate of 8.8 ± 3.3 m/My (Table 6 – 1 (a.k.a. Supplemental 

Table S1).  In general, 10Be data suggest that regions from the Savannah basin and south 

erode naturally approximately twice as fast (12.2 ± 2.1 m/My) as basins to the north (6.3 

± 1.1 m/My).  Erosion rates in the higher-slope Blue Ridge range from ~25 to ~9 m/My 

with an area weighted average of 13.7 ± 4.9 m/My, while rates from mid-basin samples 

fall between the two with an area weighted average of 11.0 ± 3.7 m/My.   

Smaller basins (~1 to 50 km2), collected for our slope test, are also eroding slowly 

at rates between 2 and 50 m/My and indicate that indicate that average basin slope is 

positively related to 10Be background erosion rate.  The linear bi-variate mean slope-

erosion rate relationship for all individual 37 slope samples (R2 = 0.57, p<0.0001) yields 

the following model expression: 

Eps = 0.98×(Sm) + 1.05    (eq.1) 

When the 37 samples are binned into ten discrete slope divisions (Figure 6 - 3), the 

resulting linear slope-erosion rate relationship (R2=0.88; p<0.0001) is robust (Figure 6 - 

4; Table 6 – 2 (a.k.a. Supplemental Table S2).   

 Results from our multivariate correlation matrix indicate that the only non-

autocorrelated variables are mean basin slope and latitude (at the centroid of each basin).  

This is logical as slope is a proxy for nearly every other morphometric variable entered 
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into the multivariate analysis.  Latitude appear to be uncorrelated as the Appalachian 

Mountain Chain runs nearly 45° NE to SW and 10Be production rates and erosion rate 

calculation vary as a function of latitude.  When latitude is included to produce a multiple 

regression model, very little to no predictive capability is gained (R2 = 0.57, p<0.0001).  

Similarly, a multiple regression model generated with first 5 Principal Components yields 

a maximum adjusted R2 of 0.46 (p<0.0001).  This analysis indicates that we gain little 

from employing more complex statistics and we therefore use the much stronger slope-

only based predictive model from the 10 binned slope divisions (eq. 2). 

 When we use our database to predict aggregated Eps rates for each of the ten 

large-scale outlet basins, we find that these predictions are, on average, ~25 percent lower 

than the area-weighted average 10Be rate we measured  (10Be = 8.75 ± 3.25; Eps = 6.46 ± 

1.21).  The difference between predicted erosion rates and 10Be erosion rates become 

more pronounced when plotted against one another (Figure 6 - 5A); 10Be appears to 

overestimate rates of erosion relative to the predictions make with the aggregated Eps 

model.  Predicted aggregated Eps erosion rates track well with the average values of 

elevm, rel, Sm, MAP, and MAT used to generate the multiple regression model (Figure 6 - 

6A & B).  The simple slope model (Eps) yields nearly identical results using either the 

aggregated or whole-basin approaches (R2=0.99, p<0.0001; Figure 6 - 7A).  

 Results from our four dam-pairs indicate that in most instances, dams influence 

calculated 10Be erosion rates.  10Be erosion rates for two dam-pairs, collected near dams 

at the outlets of the Pee Dee and Chattahoochee Rivers (Figure 6 - 1), yield erosion rates 

that are between ~55 and 60 percent greater downstream than upstream counterparts 
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(17.6 ± 1.3 vs. 11.4 ± 0.9 m/My, and 10.9 ± 0.9 vs. 6.8 ± 0.6 m/My respectively; Figure 6 

- 6A; Table 6 – 1 (a.k.a Supplemental Table S1).  The downstream/upstream difference is 

even greater (nearly 2-fold) for the dam-pair collected approximately mid-way down the 

Neuse River (6.0 ± 0.5 vs. 3.1 ± 0.3 m/My).  Alternatively, in the much higher slope Blue 

Ridge, where the basins are substantially smaller than at the outlets, a dam-pair along the 

Savannah River suggests that differences in erosion rates (~11 percent) are within the 

uncertainty of 10Be measurement and modeling (14.2 ± 1.2 vs. 16.0 ± 1.2 m/My).  

Overall, we consider the samples collected upstream of dams as more reliable measures 

of background erosion and, where possible, use their values in calculations of average 

10Be erosion rates.  

Results from temporal replication of a sampling site along the Savannah River 

(SAP17, 15.6 ± 1.2 m/My; SAP55, 13.4 ± 1.0 m/My) suggest a temporal variance of 

~14% in 10Be concentration and resulting erosion rate estimates.  Because the temporal 

replication site is located just downstream of a hydroelectric dam, we consider this 

percentage to be an upper limit on temporal variability. 

 

6.6. Discussion 

Using a sampling plan that represents well the distribution of average drainage 

basin slopes, a clear control on erosion rates in eastern North American [Portenga and 

Bierman, 2011], we determined that the Piedmont physiographic province erodes at a rate 

of ~9 m/My over millennial time scales.  This value is somewhat lower than previously 

reported 10Be erosion rates in other parts of the Appalachians, such as the Great Smoky 
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Mountains, (27 ± 4 m/My; [Matmon et al., 2003a; Matmon et al., 2003b]), or along the 

Blue Ridge Escarpment (~7 to 38 m/My; [Sullivan, 2007]), or in Shenandoah National 

Park, VA (12 ± 5 m/My m/My; [Duxbury, 2009]); however, these three studies were 

conducted in rugged parts of the Blue Ridge Province with much higher average basin 

slopes.  The topographically subdued southern Piedmont, with its rolling topography, 

erodes on average more slowly. 

Evidence from dam pairs and modeling results from our slope-test sampling, 

illuminate some of the complexities and potential shortcoming associated with sampling 

large basins in 10Be erosion rate studies.  Of particular interest to this study is the 

presence of numerous hydroelectric dams constructed along the big rivers of the southern 

Piedmont due to the relatively steep breaks in slope at both the Blue Ridge/Piedmont and 

Piedmont/Coastal Plain transitions.  Although 10Be has been used to generate erosion 

rates for large river systems elsewhere around the globe previously [e.g. Schaller et al., 

2001], the influence of dams on the concentrations of 10Be measured in fluvial sediment, 

and in turn the calculated erosion rates, has never been addressed explicitly.   

 Large dams with high trap efficiencies [Brune, 1953] by design impede the flow 

of water and thus sediment; in turn, interpretations of 10Be concentration measured in 

sediment below such obstructions as basin-scale erosion rates is uncertain because the 

origin of the downstream material is uncertain.  Although sediment deposited in 

reservoirs can become remobilized and be transported over dams during extreme flood 

events [Meade, 1982], it is not possible to determine if this were the case for a particular 

sample.  More likely, a sample collected directly downstream of a dam is either locally 
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sourced from eroding bank material or saprolite of unknown depth, is reworked alluvium 

pre-dating the dam, or is a mix of local and upstream material.  Only pre-dam alluvium 

will provide information about the long-term erosion rate upstream of the dam. 

 When samples collected from downstream of the dams are interpreted as erosion 

rates under the assumption that the sediment was sourced evenly from the entire upstream 

basin, they appear to significantly overestimate background of erosion rates relative to 

their upstream counterparts (see Results section; Table 6 – 1 (a.k.a Supplemental Table 

S1).  The two outlet dam-pairs from the Pee Dee and Chattahoochee Rivers (Figure 6 - 1) 

differ by ~60 and ~54 percent respectively (Figure 6 - 6A), while the mid-basin dam pair 

differs by ~93 percent.  If we assume instead that the material we sampled for the 2 outlet 

and 1 mid basin pairs originated from local sources below the dams (surface wash only), 

and apply the corresponding local elevations as opposed to the hypsometrically weighted 

elevations for the entire basins, we reduce the differences in upstream vs. downstream 

erosion rates from an average of ~69 percent for the three sets to ~35 percent (Table 6 – 1 

(a.k.a. Supplemental Table S1)).  Because less than half of the difference between 

upstream and downstream erosion rates is explained by considering local sourcing alone, 

the samples we collected below the dams probably originated locally, but from depth 

beneath the surface (eroding bluff for instance; Figure 6 - 8).  The implication is clear; 

samples collected downstream of dams are potentially erroneous indicators of 

background erosion rates for regions upstream.  For instance, we collected the outlet 

sample for the Savannah River immediately downstream of the Thurmond Lake Dam 

(Figure 6 - 8).  Its deviation from surrounding outlet samples (Figure 6 - 6) resembles that 
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of the downstream outlet samples for the Pee Dee and Chattahoochee Rivers.  Similarly, 

samples for the outlets of the Oconee and Ocumulgee basins to the south were collected 

in close proximity to the downstream faces of dams (Figure 6).  In the southern 

Piedmont, the absolute differences in erosion rates are relatively small (e.g. 3 vs. 6 

m/My), but the relative difference, 50% is large. 

Simple models, along with data from a representative sample of smaller basins, 

can be used to predict the erosion rate of large basins. Scaling up the Eps model using the 

aggregate approach provides reasonable prediction of average erosion rates for the 10 

large outlet basins (10Be = 8.8 ± 3.3; Eps = 6.5 ± 1.2; Epm = 6.8 ± 1.3 m/My).  However, 

when examined individually from north to south, comparisons between 10Be erosion rates 

and predicted rates vary considerably from basin to basin (Figure 6 - 6A).  Most notably, 

10Be and predicted rates agree far better in the six northern basins (Roanoke to the Saluda 

Rivers) than in the southernmost basins (Savannah to the Chattahoochee Rivers; Figures 

6 - 1 & 6 - 6A).  There are two possible explanations for this latitudinal difference along 

the southern Piedmont; first, that there are fundamental difference in either the geology or 

land-use history between the northern and southern basins, and second, that dams have 

had more of an effect on the concentration of 10Be we measured in samples collected 

from the southern rivers.  Although there does not appear to be pronounced differences in 

either the geology or land-use history between the northern and southern basins [e.g. 

Meade and Trimble, 1974; Trimble, 1977] access to the river channels for the four 

southern basins limited sampling to sites in close proximity to dams (from several km’s 

downstream to immediately below dams).  The southernmost basin (Chattahoochee 
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River) is one of our dam pair tests and shows an ~54 percent increase in 10Be erosion 

rates between the downstream sample (SAP64, 17.6 ± 1.3 m/My) and the upstream 

sample (SAP66, 11.4 ± 0.9 m/My; Figure 6 - 6A).  We therefore attribute at least the 

majority of the discrepancy between the higher 10Be erosion rates and the lower Eps 

aggregated predicted rates for these basins to the sourcing of sampled material caused by 

the presence dams.           

 The slope-based predicted model we generated from the 37 small basins (10’s of 

m2) offers us a potentially better method of estimating erosion rates for larger basins 

because the small basins headwater are less susceptible the presence of dams along larger 

channels.  When we compare aggregated Eps predicted values (the erosion rate calculated 

from the spatial of average rate predicted for all sub-basins contained within a larger 

basin) to whole-basin Eps predicted values (the erosion rate predicted from the average 

basin slope of the entire large basin), we find that the Eps predictive model is fully 

scalable making it a very flexible model for predicting background rates of erosion 

(Figure 6 – 7A).  Average basin slope is dimensionless and thus largely insensitive to 

spatial scaling.  Site-specific models such as this could be used to quickly estimate a 

background erosion rate for any size basin once the region has been characterized.  These 

estimates could prove useful for informing land management strategies.  

In summary, although the linear regression model for predicting erosion rate from 

average basin slope (Eps) is simple, after more than two decades of drainage basin-scale 

10Be erosion rate studies conducted around the globe, average basin slope consistently 

proves to be a reliable predictor of erosion rate both at study site scale [Matmon et al., 
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2003a; Matmon et al., 2003b; Sullivan, 2007] and when considered globally [Portenga 

and Bierman, 2011].   Our results suggest that this model (Eps; eq. 2) is fully scalable, and 

therefore theoretically capable of predicting a background drainage basin-scale erosion 

rate at any point along a river network across the entire southern Appalachian Piedmont. 

 

6.7. Conclusions 

At large spatial scales, the 10 large, Piedmont dominated, low-gradient outlet 

basins suggest that the region as a whole naturally erodes more slowly (~9 m/My) than 

the steeper headwater Blue Ridge basins (~14 m/My).  Samples collected mid-way down 

several of the outlets basins have erosion rates intermediate between the outlet and Blue 

Ridge rates (~11 m/My) indicating that material from the Blue Ridge is mixing with 

material sourced from the lower-slope Piedmont as it travels downstream.  The dam pair 

tests indicate that, especially at large-scales, samples collected downstream of dams are 

not reliable indicators of basin-scale erosions rates; rather, material downstream of large 

dams appears to be locally sourced.  These finding suggest that perhaps the best 

indication of the background exposure history of hillslope materials from regions that 

have experience periods of intensive agricultural landuse may be found in the sediment 

trapped in the dam reservoirs themselves.  Finally, a simple model (Eps), considering only 

basin-average slope, is capable of predicting erosion rates at any point along the Southern 

Piedmont for basins of any size. 
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6.10. Figure captions 

 
Figure 6 - 1 – Location map of the southern Appalachian Piedmont field area along the 

southeastern seaboard of the North America.  River basins 1 through 10 are those in 

Trimble (1977).  Blue Ridge (☆), Mid-basin (◯), and Outlet (Δ) denote the locations of in 

situ 10Be sample sites within each catchment.  Modified from Figure 1 in Trimble (1977). 

 

Figure 6 - 2 – A: location map of the four large basins used for determining the 

distribution of various landscape characteristics for small basins (~10 km2) such as 

average basin slope, basin relief, and average basin elevation .  B, C: graphics depicting 

the small sub-basins within the Pee Dee Basin mapped by average basin elevation and 

average basin slope respectively. 

 

Figure 6 - 3 –Frequency distribution (bars) and cumulative probability density function 

(PDF; solid line) of the average basin slopes for 3053 sub-basins within the four basins 

shown in figure 2.  The skewed distribution of average basin slopes reflects the relative 

proportion of higher slope Blue Ridge sub-basins (tail) and lower slope Piedmont 

(majority of sub-basins).  Diamonds represent the 10 slope divisions for which samples 

were collected.  The seven lower slope divisions incorporate mostly Piedmont sub-basins; 

the three highest slope divisions incorporate mostly Blue Ridge sub-basins representing 

the higher slope tail of the distribution. 
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Figure 6 - 4 – Average basin slope and erosion rates are well correlated for 37 small sub-

basins.  The samples were selected based on the slope division show in Figure 6 - 3.  

 

Figure 6 - 5 – Aggregated Eps predicted erosion rates for all outlet, mid, and Blue Ridge 

large-scale basin samples vs. measured 10Be erosion rates.  The poor relationships reflect 

the multiple uncertainties associated with calculating background 10Be erosion rates for 

large-scale (~104 km2) drainage basins.  The apparent overestimation of erosion rates 

with 10Be likely reflects the influence of dams; the samples we collected downstream of 

dams probably contain at least some low-concentration, locally sourced material that 

biases our 10Be erosion rates.  

 

Figure 6 - 6 – Compilation figure showing, basin by basin, all data relevant for 

interpreting the 10Be background erosion rates measure in this study as well as the erosion 

rates predicted with the slope-based (Eps) using the aggregated approach.  A: larger 

diamonds are 10Be erosion rates; smaller circles are erosion rates predicted with the 

slope-based model (Eps).  Both upstream and downstream 10Be erosion rates and 

predicted erosion rates are shown for the Pee Dee and Chattahochee River dam-pairs. B: 

basin-by-basin average values of several morphometric and climatologic variables.  Note 

that all erosion rates for the six northern basins (Roanoke to the Saluda Rivers) track well 

with the model parameters in the lower panel, while 10Be erosion rates for the four basins 

to the south deviate substantially from the modeled rates due the proximity of the sample 

sites to dam locations.   
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Figure 6 - 7 – Relationship between erosion rates predicted with the simple slope (Eps) 

model for all outlet, mid-basin, and Blue Ridge samples using both the aggregated and 

whole-basin approaches.  The 1 to 1 relationship indicates that average basin slope alone 

can be used to predict erosion rates for drainage basins independent of spatial scale.  

 

Figure 6 - 8 – Field photos from sample site SAP53 collected just downstream of the 

Thurmond Lake Dam at the Piedmont/Coastal Plain transition along the Savannah River.  

In the lower photo, note the eroding bluff in the background.  The material we collected 

most likely originated from a range of depths from this bluff, and not from sediment 

sourced upstream of the dam.  These photos correspond to the 10Be erosion rate for the 

Savannah River in Figure 6 - 6A that deviates substantially from the predicted erosion 

rates, further suggesting that this sample is not representative of the erosional history of 

the landscape upstream.  
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Figure 6 - 1 Location map for the southern Appalachian Piedmont draining the North 
American Atlantic Passive Margin 
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Figure 6 - 2  The four basins out of ten Piedmont drainages summarized and used to 
generate the slope-test 
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Figure 6 - 3  Frequency distribution of average basin slopes for all sub-basin with the four 
large basins in Figure 2 used to select the 40 slope-test samples 
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Figure 6 - 4  Results from the small-basin slope test.  The avererage basin slope vs. 
erosion rate relationship is used to predict rates in basin without 10Be data. 
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Figure 6 - 5  Relationships between our measured 10Be erosion rates, and the aggregated 
Eps predicted erosion rates for large basins. 
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Figure 6 - 6   A: compilation of 10Be erosion rates and Eps predicted erosion rates for all 

large-scale outlet basins, and B: basin-by-basin average values several morphometric and 
meteorological variables. 
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Figure 6 - 7  Effects of spatial scaling on Eps predicted erosion rate using the 

amalgamated approach vs. the whole-basin approach. 
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Figure 6 - 8  Example of sample site located below a large hydroelectric dam along the 
Savannah River showing the eroding bluff in the background. 
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Table 6 - 1  (Supplemental Table S1) Summary information for all large-scale basins 
from the southern Appalachian Piedmont. 
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Table 6 - 2  (Supplemental Table S2) Summary information for all 37 small-scale slope-
test samples. 
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CHAPTER 7: CONCLUSIONS AND FUTURE RESEARCH 

7.1. Summary of findings 

 Using concentrations of both meteoric 10Be (produced in the atmosphere and 

adhered to sediment grains) and in situ 10Be (produced within the mineral lattice of 

quartz), measured in samples of fluvial sediment collected from river networks draining 

the tectonically active east coast of New Zealand’s North Island, and the southern 

Appalachian Piedmont draining the North American Atlantic Passive Margin, I have 

quantified the impacts of human landuse practices on background rates of erosion and the 

sourcing of sediment carried by these river systems today.  While these two study areas 

represent vastly different geologic, tectonic, and climatic conditions, 10Be results 

demonstrate that both landscapes experienced pronounced and pervasive erosional 

impacts from the clearance of land for agriculture over the past several centuries.  During 

the period of intensive agriculture, the concepts of soil conservation and landscape 

management did not yet exist.  As a result, across both landscapes, the effects of intensive 

episodes of human landuse in the past are still evident today.  Large volumes of legacy 

sediment stored on the landscapes will take centuries or more for rivers to transport to the 

sea, and thus must be factored into contemporary land management recommendation and 

policies.  

 Several of the most important findings from this research regarding the influence 

human landuse practices can have on background rates of erosion are as follow: 
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For the Waipaoa River Basin draining the east coast of New Zealand’s North Island: 

• I find that concentrations of meteoric 10Be measured in samples of fluvial 

sediment can reliably be used to illuminate the contemporary sourcing, 

movement, and mixing of sediment in a disturbed and rapidly eroding 

environment across which sediment is non-uniformly sourced from different parts 

of the landscape.  

• Further, I developed a simple mixing model and find that the heavily gullied 

headwater region of the Waipaoa catchment issues sediment at a rate ~20 times 

that of the more stable eastern and western regions of the basin.  In the Waipaoa 

Basin, the uneven sourcing of sediment is evident to even the casual observer.  As 

such, our study constitutes a proof of concept, and indicates that meteoric 10Be 

can be used to estimate the relative contribution of sediment originating from 

different tributary regions.  It therefore is of utility for assessing the relative 

contributions of sediment from different parts of other landscapes where non-

uniform sediment sourcing is not visible to the naked eye.   

• We calculate the first robust site-specific long-term accumulation rate of meteoric 

10Be in soil for the Waipaoa region.  We use samples collected from the vertical 

face of a fluvial terrace of know age (~18 ka) to characterize the depth-

distribution of meteoric 10Be and calculate an accumulation rate of ~1.7 × 106 

at/(cm2 ⋅ yr). 
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• Using a limited number of in situ 10Be samples, we estimate a background erosion 

rate for the Waipaoa landscape of ~300 m/My, more than 10 times less than the 

modern rate of sediment yield ~3 km/My inferred from contemporary data.  Even 

though our background estimate is uncertain, it emphasizes that modern sediment 

yield data do not reflect longer-term rates of landscape denudation; the rate of 3 

km/My is unsustainable.   

• Data presented in chapter 4 have several importation implications.   In rapidly 

eroding environments, measurements of 10Be may not be interpretable as any 

meaningful measure of surface process rates.   However, even in one of the most 

rapidly eroding and stochastic natural environments, through repeated sampling, 

patterns and changes in concentration do emerge through time.  This perhaps 

constitutes the next step for 10Be in such environments.  That is, rather than 

cosmogenic isotopes being used to quantify process rates, they instead be used to 

detect temporal changes in isotope concentrations and thus track changing source 

areas of sediment fluxing through fluvial system as a function of climatic and 

hydrologic events and conditions.  

 

For the southern Appalachian Piedmont draining the North American Atlantic passive 

margin: 

• Our in situ 10Be results suggest that, on average, the subdued southern 

Piedmont naturally erodes at a rate of ~9 m/My over millennial time scales.  
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The higher slopes of the Blue Ridge province naturally erode more quickly 

(~14 m/My). 

• When compared to data presented in Trimble (1977), my in situ 10Be results 

suggest that rates of hillslope erosion outpaced rates of long-term background 

erosion by more than 100-fold at the time of peak agricultural disturbance in 

the early 1900’s. 

• Long-term background 10Be rates indicate that at the time of peak agricultural 

disturbance, large rivers draining the Piedmont were incapable of transporting 

the vast quantities of sediment fed to them from the rapidly eroding hillslopes.  

This finding further supports the notion that because the majority of the 

sediment eroded during the agricultural period is stored on the landscape even 

today, sediment loads carried by large rivers draining the southern Piedmont 

will likely remain elevated above their pre-disturbance levels for the 

foreseeable future. 

• We provide quantitative evidence that dams along the rivers draining the 

southern Piedmont substantially affect the concentrations of in situ 10Be 

measured in samples collected downstream of them.  When modeled as 

erosion rates, the samples collected downstream of dams consistent yield 

higher erosion rates relative to their upstream counterparts.  Because the dams 

impede the flow of sediment, the material sampled downstream is most likely 

sourced locally from bank material or saprolite representing a range of depths 

below the landscape surface.  As a result, these downstream samples are not 



 
 

164 

representative of the long-term erosion of upstream drainage basins.  This is 

an issue that has never been addressed explicitly in in situ 10Be background 

erosion rate studies. 

• Because sampling strategies were carefully designed to be statistically robust, 

10Be results accurately characterize background erosion rates at the landscape-

scale.  As a result, I generate dependable predictive models of background 

erosion.  The Eps model, being fully scalable, is capable of predicting a 

background erosion rate at any point along a river network across the entire 

southern Piedmont without 10Be data.  These models could prove valuable for 

establishing TMDL values for sediment loads and pollutant associated with 

sediment transported by rivers. 

 

7.2. Suggestion for future research 

 
Because I returned to the Waipaoa River Basins on three separate occasions over 

the course of my dissertation work, I have a series of temporal replicates that is more 

comprehensive than for virtually any other region characterized with either meteoric or in 

situ 10Be.  To more robustly investigate the spatial and temporal variability in 

concentration of meteoric 10Be from river sediment, a possible future research project 

could entail establishing a set of “reference” collection points along tributary streams that 

represent different erosional styles, as well as at several points along the mainstem 

channel to investigate how sediments from different regions mix.  Sediment samples 

could then be collected on an annual basis to investigate the year-to-year differences in 
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10Be to discern the sourcing and mixing sediment through time.  In addition, sediment 

samples could be collected to represent a range flow conditions (particularly extreme 

flows vs. baseflow) to hopefully determine the precipitation levels required to trigger 

shallow landslides.  Gullies in the northern headwaters continually supply large volumes 

of deeply sourced sediment containing low concentrations of 10Be that overwhelm the 

sediment carried down the mainstem channel of the Waipaoa River.  Conversely, erosion 

in the more stable eastern and western region of the basin is dominated by hydrologically 

triggered shallow landsliding.  Sampling across the flow frequency distribution could 

establish at what point (at what precipitation and antecedent landscape conditions) these 

regions begin feeding appreciable amount of sediment to the mainstem channel. 

To better constrain the variability in long-term accumulation rates of meteoric 

10Be, similar studies such as the one I conducted in the Waipaoa, could be done 

elsewhere around the globe. 

The predictive erosion models I generated for the southern Appalachian Piedmont 

can be tested.  A simple and quick way of testing their applicability would be to return to 

the Lloyd Shoals Reservoir (Meade and Trimble, 1974) where the effects of careful soil 

conservation and reforestation efforts have already been quantified.  Results from this 

work demonstrate that stabilizing hillslopes in this small basin reduced the sediment 

loads by nearly 7-fold inferring a modern rate of ~10 m/My, in good agreement with our 

10Be rate of ~9 m/My across the entire Piedmont suggesting that the conservation efforts 

in this watershed were effective.  The average basin slope of the contributing area above 

the reservoir could be generated relatively easily with hydrology modeling tools in 
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ArcGIS™ and the DEM of the area, and the slope-based predictive model could be 

applied to predict a background erosion rates.  There is no concrete rational to expect the 

long-term predicted 10Be model-based background rate to match exactly the short-term 

sediment yield inferred erosion rate for a rehabilitated basin, but the comparison would 

be informative none the less. 

Because our data suggest that sediment samples collected immediately 

downstream of large dams may reflect the dosing history of locally sourced material as 

opposed the entire contributing upstream drainage basin, researchers should instead look 

to the where the eroded material is current stored; look to sediments deposited in the 

reservoirs.  These sediments presumably record a stratigraphic history of upstream 

erosion and deposition within the dam reservoir (with the oldest sediment at the bottom 

of the stack and the youngest at the top); drilling a sediment core into these sediments 

could yield the best estimate of the exposure history and background erosion rate of the 

entire upstream landscape.  The most appropriate location for such a core will probably 

need to be carefully chosen to optimize for the best-preserved sediment package of a 

coarse enough grain size to survive the sample processing before 10Be measurement.  

Unfortunately, because most of these large dams contain <100 years of accumulated 

sediment, quantifying changes in exposure history through time (from the bottom to the 

top of the core) most likely will not be possible and the best approach would be to 

aggregate the entire core into one representative average sample for 10Be measurement.  

Over longer time frames, depositional terraces standing above the modern river 

channels could be used to detect changes in the exposure history and background erosion 
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rates for these large Piedmont streams.  In conjunction with in situ 10Be measurements 

(providing approximates for background erosion through time), measurements of 14C 

within organic material or OSL dosing of nearby sediments could help constrain the 

terraces ages provided that they are older enough that the modern channel (typically at 

least several hundred years). 

Finally, employing carefully planned sampling strategies designed to be 

representative of the distribution of landscape characteristics, such as I have done for the 

southern Piedmont, in other regions around the world is the next step to take.  The 

southern Piedmont constitutes a relatively stable and predictable landscape.  Future 

efforts should ideally utilize similar strategies in more extreme and unpredictable 

environments to establish the boundaries of this approach.  
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