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Abstract 

 

TRACKING COSMOGENIC 
10

BE IN MULTIPLE GRAIN SIZES DOWN  

 

AN ALLUVIAL SYSTEM IN AN ACTIVE OROGEN 

 

By Kathleen Elizabeth McGuire 

 

Master Science in Geology 

 

 

The concentration of 
10

Be in alluvial sediments can be used to interpret 

catchment-scale erosion rates in a variety of landscapes.  The concentration of 

cosmogenic 
10

Be within channel sediment represents the average time-period for those 

clasts to have been eroded from the catchment and assumes that the transport time from 

the slope to the channel is negligible.  Furthermore, the method typically analyzes grain 

sizes less than 1 mm and assumes that this size is ―average.‖  In order to test these 

assumptions and determine the appropriate applications of this method, I have applied 

this method in a tectonically active catchment in the eastern Transverse Ranges, southern 

California: Millard Canyon in the San Gorgonio Pass within the San Bernardino 

Mountains.  I use 
10

Be Terrestrial Cosmogenic Nuclides (TCN) concentrations in 

multiple grain-sizes to determine erosion rates, understand geomorphic process and 

sediment transport, and explore implications of clast size variable 
10

Be concentrations by 

sampling transects of the catchment and comparing 
10

Be concentrations across grain 

sizes.  I present measurements of eight 
10

Be samples from three locations ~2 km apart 

from an arid catchment in the southern San Bernardino Mountains that capture the active 

channel over four grain sizes (0.25- 0.500 mm, 1-2 mm, 11- 22 mm, 100-250 mm). 

Comparing 
10

Be concentrations across grain sizes and transect location reveal trends.   

The 
10

Be concentration in the 0.250- 0.500 mm sand fraction of the lower catchment mid-
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fan site is enriched 1.4 times the catchment mouth transect, while the 11-22 mm pebble 

fraction of the lower catchment mid-fan site is reduced to 0.7 times the upper catchment 

concentration.  Sand 
10

Be concentrations yield erosion rates twice as fast as pebble 
10

Be 

concentrations; thus, interpretation of only one grain size may yield misleading results.  

These data show how 
10

Be concentrations may vary as a function of grain-size and 

location, and geomorphic processes may alter the 
10

Be concentrations in the lower 

catchment.  A cause for the discrepancy of 
10

Be concentrations in grain sizes from the 

same catchment may be the mixing of sediments with different 
10

Be concentrations in the 

active channel. Specifically, incorporation of older sediment can alter the measured 
10

Be 

inventory.  A sediment mixing model was used to determine the percentage of sediment 

of a known age that must be present in the active channel to return the observed 

concentrations.   Results considering channel-adjacent surface sediments of known age 

suggest between 18-44 ± 9% of sediment in active channel is sourced from adjacent 

surfaces; alternatively, the most likely source is aeolian transport of grains.  Our data 

indicate that 
10

Be concentration, and thus erosion rates and exposure ages, vary with 

grain size and suggest sediment transport pathways and sources of sediment outside the 

catchment should be considered in any TCN study. 
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Introduction 

 The distribution of cosmogenic 
10

Be in a catchment or depositional system yields 

insight into the underlying sediment dynamics and geomorphic processes operating 

within the catchment.  
10

Be concentration in quartz-bearing alluvium in the active 

channel, called inherited 
10

Be, yields a spatially averaged erosion rate if the production of 

10
Be in the catchment is balanced by the continuous, steady removal of material from hill 

slopes (Brown et. al., 1995; Granger et. al., 1996; von Blanckenburg, 2005).  The method 

has been used to quantify basin-scale erosion rates in tectonically active (Brown et al, 

1998; Matmon, et. al., 2005; Belmont et. al., 2007; Binnie et. al., 2008; Palumbo et. al., 

2009; DiBiase et.al., 2010; Armstrong et. al., 2010) and tectonically inactive catchments 

(Riebe et. al., 2000; Schaller et. al., 2002; Matmon et. al., 2003; von Blanckenburg, 2005; 

Wittmann et. al., 2011).   Cosmogenic erosion rates measure the time needed to remove 

approximately the top 1.5 m of sediment, typically occurring between 1 ka to 1 Ma.  

Thus, cosmogenic erosion rates are insensitive to short-term variations of sediment load 

due to anthropogenic or climate-related effects, making them ideal for understanding 

long-term erosion averages.  Events such as the construction of dams, that form sediment 

traps, or increased fire-related debris flows, operate on decadal timescales, whereas the 

10
Be inventory in alluvium operates on a millennial time scale. 

Interpretation of erosion rates from 
10

Be concentrations assumes that the analyzed 

grain-size has the characteristic concentration of the catchment, representative of average 

catchment processes, because all material leaving the catchment has been subject to the 

average cosmogenic dosing and average rate of geomorphic processes.   If 
10

Be 

concentration varies with grain size, then some size fractions in the catchment have been 
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subjected to a separate suite of catchment-scale processes operating within the catchment.  

The variation in 
10

Be with grain size can be used to elucidate the geomorphic processes 

operating within the catchment.  However, because each grain size would have a different 

10
Be inventory, and thus erosion rate, one grain size fraction would not be representative 

of the catchment-average processes.   Erosion rates may thus vary depending on the grain 

size used for analysis.  

Traditional cosmogenic nuclide-derived erosion rate studies utilize one grain size 

fraction, typically a sand-sized fraction (0.250 mm – 1.0 mm).  The benefits of this 

fraction are the large grain populations, thus assuring an average concentration in a well-

mixed sample, and the ease of laboratory processing of sand-sized material.  Larger 

grains require crushing to the sand-sized fraction, and fewer total grains within the 

sample population.  Utilizing only the sand fraction, however, requires an important 

assumption: the sand-sized fraction is representative of the catchment-average erosion 

rate.  In tectonically active catchments, active channels are often dominated by clasts of 

pebbles, cobbles, or even boulders, with sand making up only a small fraction of the 

sampled bed-load.  Therefore, a key unanswered question in accurate application of 

cosmogenic nuclide erosion rates in tectonically active settings is: what is the appropriate 

grain-size fraction to sample?   

 Beginning with the first applications of 
10

Be for catchment scale erosion rates 

from Brown et. al. (1995) and Granger et. al. (1996), variable 
10

Be concentrations with 

grain size have been observed (Brown et. al., 1996; Schaller, 2002; Belmont et. al., 2007; 

Clapp, 2001; Clapp, 2002; Matmon et al., 2005; Belmont et.al., 2007; Armstrong et. al., 

2010) but consistent explanations or definitive conclusions for observed trends are 
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lacking.  Numerous studies have measured grain-size 
10

Be concentrations in different 

sand-size fractions ( 0.125 – 0.250, 0.250-.500, 0.500 – 1.0 mm) and observed no trend or 

concluded that statistically significant variation does not exist (Schaller, 2002; Duxbury, 

2007; Sullivan, 2007; Wittmann et. al., 2009; Wittmann et. al., 2011a, Wittmann et. al., 

2011b).  In a comprehensive review of studies in arid regions, Bierman et. al. (2006) 

concludes that grain size and nuclide concentrations are not correlated. 

However, a few studies, particularly those done subsequent to the Bierman et. al. 

(2006) review, have explored 
10

Be inheritance in samples from active orogens with 

orders of magnitude separation between grain-size fractions, such as sand to pebbles or 

cobbles (Figure 1).   Many of these show significant differences related to grain size, but 

not consistently with the same trend, suggesting catchment-specific control.  Most studies 

show decreases in the 
10

Be concentration relative to the sand-size grain size fraction.  For 

example, in the arid Mojave region, a two fold increase of Terrestrial Cosmogenic 

Nuclides  (TCN) from the sand to pebble fractions was measured in active channel 

alluvium (Matmon et.al., 2005).  Moreover, studies utilizing multiple grain sizes, with 

orders of magnitude separation between size fractions, indicate that one fraction typically 

has significantly more or less TCN than a separately processed fraction in both active 

tectonic regimes (Figure 1) and non-active tectonic regimes (Figure 2). 

 No published studies to my knowledge explicitly address the effects of variable 

10
Be concentrations in different grain size fractions on the calculation of erosion rates 

within active catchments.  I measure 
10

Be in multiple grain sizes in multiple locations, 

quantify catchment erosion rates from the actively uplifting the San Bernardino 

Mountains and use digital elevations models (DEMs) to: 1) quantify clast-size dependent 
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10
Be concentrations and catchment-wide erosion rates 2) evaluate 

10
Be trends in the 

depositional fluvial system over several kilometers; 3) model paleo-erosion rates from 

terrace deposits; and 4) evaluate catchment topographic metrics.  I also explore the 

potential effects of sediment mixing from an older alluvial fan surface on the 
10

Be 

concentrations in the active channel and provide new erosion rate data for this 

tectonically active area.  
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Background 

 

Terrestrial Cosmogenic Nuclides (TCN) are nuclides that accumulate in-situ from 

transmutations in terrestrial material with exposure to cosmic radiation (Gosse and 

Phillips, 2001).  Six nuclides can be applied as geochronometers with careful utilization: 

10
Be, 

21
Ne, 

14
C, 

3
H, 

26
Al and 

36
Cl.  

10
Be is produced in SiO2 with exposure to cosmogenic 

radiation and thus quartz is commonly targeted in TCN studies.  The basic principle 

behind exposure dating is that the target nuclide, in this case
10

Be, accumulates at a known 

rate in quartz-rich material solely from exposure to cosmogenic radiation.  Thus, once the 

amount of 
10

Be in quartz is measured, the time of near-surface exposure can be 

calculated.  Cosmogenic radiation attenuates quickly as a function of material density; 

below approximately 1.5 m, material is effectively shielded from most cosmogenic 

radiation.  

The production rate of 
10

Be varies with latitude and altitude due to variable 

geomagnetic strength and atmospheric pressure; production-rate scaling factors to 

latitude and altitude have been well-constrained by Lal (1991), Stone (2000), Dunai 

(2001), Heisinger et. al. (2001).  Production rates are scaled from a sea-level high-latitude 

rate of 5.1 atoms g
-1

a
-1

 total production (Stone, 2000).  Nucleogenic radiation produces 

97.4% of 
10

Be at the Earth’s surface and two types of muogenic radiation produce the 

remaining 2.6% (Stone, 2000).   Nucleons and muons attenuate at different rates with 

depth; although muogenic radiation produces much less TCN at the surface, muons 

penetrates deeper beneath the surface and have a significant effect when considering 
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buried sediment (Gosse and Phillips, 2001) or very rapidly eroding terrain (Binnie et. al., 

2008).   

To illustrate the production at the Earth’s surface, a theoretical 10,000 year old 

surface is modeled for 
10

Be concentration at depth using equations from Lal (1991) and 

Schaller et. al. (2002) (Figure 3).  At a depth of 100 cm, muogenic production accounts 

for 12% of the total 
10

Be production; by 300 cm, muogenic production accounts for 62% 

of total 
10

Be production, although total production rates are less than 1% of surface 

production rates (Figure 3).  TCN concentration in bedrock or alluvium in the active 

channel measures the amount of time the material has spent within the shallow 

accumulation zone, approximately 1.5 m,  since production only occurs near the surface 

(Figure 4 ).  As material is removed from slopes, previously shielded material enters the 

zone of accumulation of TCN.   

The average erosion rate of quartz-rich material, considering only nucleogenic 

production of 
10

Be in quartz, can be calculated by considering: Po , the catchment-average 

production rate atoms g
-1

a
-1

; Λn, the nucleogenic mean free path of 160 g cm
-2

; ρb, 

bedrock density, 2.65 g cm
-3

; N the measured nuclide concentration in atoms g
-1

 

(Equation 1) (Granger et. al., 1996).   Only nucleogenic production of 
10

Be is considered 

in this study since 97.8% of 
10

Be at the surface is derived from nucleogenic radiation.  

Because the mean free path and rock density are known for this situation, the erosion 

rates are simply a function of catchment-average production rates and measured 
10

Be 

concentration.  
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Equation 1.  Erosion rate calculation 

 
b

no

E

P
N




             

N = nuclide concentration, atoms g
-1 

     E = erosion rate, cm a
-1

 

Λn = mean free path, g cm
-2 

Po = basin average production rate, atoms g
-1

a
-1

 

ρb = bedrock density, g cm
-3 

 

The timescale of the erosion rate, T, is determined by: E, the calculated erosion rate cm a
-

1
; Λn, the mean free path; and ρb, bedrock density (Equation 2).   

  

Equation 2.  Erosional timescale 

E
T

b

n  

     T = timescale, a 

Λn = mean free path, g cm
-2 

E = erosion rate, cm a
-1

 

ρb = bedrock density, g cm
-3 

 

Because the radioactive mean life of 
10

Be, 2.2 Ma, is much greater than the millennial 

erosional timescale considered, radioactive decay of 
10

Be is not considered when 

calculating erosion rates. 

 

Previous Studies  

Analysis of 
10

Be data from around the world suggest that tectonic setting and 

slope are the most important factors controlling erosion rates (Bierman et. al., 2006).  

Basin morphometrics have been used to compare erosion rates of catchments to yield 
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insight into the importance of hill slope and stream gradients, elevation, relief, and 

precipitation relative to erosion rates (Binnie et.al., 2008; Palumbo et. al., 2009; DiBiase 

et. al., 2010).  Conceptual recognition that erosion is greater where slopes are steeper 

(Gilbert, 1877) has been quantified and threshold erosion rates are recognized; above a 

certain erosion rate, slope gradients adjust to base-level lowering through increased 

landsliding (Burbank et. al., 1996).  The threshold erosion rate can be observed in 

catchments as a switch between soil-mantled to bedrock slopes (DiBiase, et. al., 2010).  

In the San Bernardino Mountains, hill slope gradients remain constant when erosion rates 

are greater than 250 mm ka
-1

 (Binnie et. al., 2007).  The main objective of my study is to 

measure 
10

Be concentrations in different grain sizes in a tectonically active catchment, 

measure erosion rates, and explore potential sources for grain size variable 
10

Be 

inventories across grain sizes.  Some previous studies have touched on this question.  

In a study using sand and pebble-cobble fractions, Belmont et. al. (2007) observed 

22% - 55% difference in 
10

Be concentration between sand and pebbles in the actively 

uplifting Clearwater River catchment, Washington State.  These trends were not 

consistent spatially within the watershed; Belmont et. al. (2007) concluded that 

geomorphic processes and basin morphometry must be evaluated in conjunction with the 

grain size sampled.  Catchments with frequent deep-seated landslides are not likely to 

return representative catchment average erosion rates over a range of grain sizes.  

Additionally, Belmont et. al. (2007) concluded that a grain size erosion rate relationship 

is likely only in catchments with significant grain-size reduction or variable grain-size 

delivery from slopes.  Sediment delivery to the active channel is influenced by 

geomorphic process such as landsliding.   
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Differential TCN observed in sand and pebble fractions measured in arid Namibia 

suggest sand and pebbles were derived from different sources in the catchment.  The 

pebble fraction showed greater than 6 times the TCN concentration of the sand fraction.  

Pebbles were thought to originate from numerous exposed slowly-eroding quartz veins 

within the watershed, while the sand fraction was contributed from over the entire 

catchment.  Therefore, the pebble fraction is not representative of the catchment average 

erosion rate (Codilean et. al., 2009). 

 Insight into the 
10

Be inventory in catchment hill slopes and fluvial systems with 

deep seated landslides has been advanced by modeling of catchment parameters and  

transport rates (Niemi et. al., 2005 and Yanites, et. al., 2009), though these studies do not 

consider grain size.  Yanites et. al. (2009) explored sediment mixing, background and 

landslide erosion rates and concluded that in catchments where hill slopes were 

dominated by greater than 50% landsliding as a delivery mechanism to the fluvial system, 

large catchments, greater than 100 km
2
, are needed to adequately mix alluvium.  

Alternately, Niemi et. al., (2005), assumes thorough mixing in all size catchments and 

suggests that sampling multiple similarly-sized catchments will yield accurate erosion 

rates. 

 A first-order numerical study of clast-size dependant TCN concentration modeled 

the TCN inventory in clast sizes less than 10 cm, considering fluvial transport processes 

such as rate and grain size attrition.  Specifically, the effects of clast size attrition, clast-

size variable transport rates, aggradational or erosional settings, hill slope erosion rate,  

river length, and initial clast size distributions were modeled; the products of attrition are 

not included in the model results (Carretier, et. al., 2009).  Modeling results show both 
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positive and negative correlations to clast-size variable TCN concentrations, but clast 

attrition and clast-size dependant transport can produce TCN clast-size variations, 

especially in aggrading systems where hill-slope production exceeds the river transport 

rate (Carretier, et. al., 2009). 

 In catchments without deep-seated landslides, but dominated by debris flow 

delivery to fluvial channels, Palumbo et. al. (2009) found no significant variation of 
10

Be 

concentration in sand and pebble-cobble samples.  Similar rates from two size fractions 

suggested that a wide range of sizes reside a similar length of time within the 
10

Be 

production zone.  
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Study Area 

Millard Canyon located  in the San Bernardino Mountains in San Bernardino 

County is the field area for this study (Figure 5). The San Bernardino Mountains are 

bounded to the south by the San Andreas fault, and to the north by the North Frontal 

Thrust fault.  The range is divided into distinct tectonic blocks (Spotila et. al., 2001; Yule 

and Sieh, 2003) with distinct topographic metrics such as slope or elevation (Spotila et. 

al., 2001; Binnie et. al., 2007).  The Millard Canyon catchment is located on the southern 

slopes of the San Bernardino Mountains (Figure 6).  Active uplift of the southern blocks 

is from flexure of fault-bounded blocks accommodating strain from the San Andreas 

Fault system in the San Gorgonio Pass (Matti et. al., 1992; Yule and Sieh, 2003).  Millard 

Canyon is located in the Morongo Block.  The adjacent Yucaipa Ridge block has an 

average 
10

Be erosion rate of 1,500 mm ka
-1

 (Binnie et. al., 2008) and (U-Th)/He erosion 

rate of 1,200 mm ka
-1

 (Spotila et. al., 2001).  The complex deformation of the area results 

in catchments with distinct topographic metrics such as slope or elevation related to 

erosion rates (Binnie et. al., 2007).   

Millard Canyon, on the southern flank of the San Bernardino Mountains, is an 

arid low-frequency, high-magnitude event catchment dominated by landsliding and 

debris flows.  The catchment geology is predominantly highly fractured quartz-feldspar 

rich gneiss, quartz diorite, and secondary amounts of conglomerate (Table 1).  The 

sedimentary units are Pliocene to Pleistocene in age and consist predominantly of poorly 

consolidated alluvial fan deposits with clasts of quartz diorite and gneiss.   
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 A detailed geologic review of faults and tectonic models for the San Gorgonio 

Pass is presented in Yule and Sieh (2003).  Active and inactive thrust segments of the 

Banning fault and San Gorgonio Pass thrusts deform the Millard Canyon Catchment and 

alluvial fan.  Pliocene to Quaternary age sedimentary units have been uplifted and 

exposed in the Millard Creek channel margins, but comprise only 4% of the catchment 

surface area.  An elevated terrace surface, 100 m above the active channel, is prominently 

exposed to the east of the catchment mouth. The terrace, formed upon the Heights 

Conglomerate, has a reddish orange, well-developed, clayey soil horizon greater than 1 m 

thick of suspected late Pleistocene age (Yule and Sieh, 2003).  Thick soil development 

suggests an age of at least 100 ka.  An active segment of the Banning fault displaces 

Holocene fluvial terraces within the Canyon; inactive segments have thrust Pre-Cambrian 

to Cretaceous crystalline basement over Plio-Pleistocene sedimentary units.   

The modern channel of Millard Creek is inset into a series of Holocene terraces 

(Appendix B) of poorly constrained ages, the youngest being approximately 1200 years 

old (McBurnnett, personal communication).  The active channel has significant in-

channel topography, with 1.5 m gravel bars in the lower catchment.  The elevation and 

vegetation of bar surfaces in the lower catchment suggest that some in-channel 

topography represents relic surfaces, into which the modern active channel has incised.   

Vegetation on relic surfaces is similar to terrace surfaces, though vegetation is subject to 

anthropormphic affects.  
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Methods 

Sample Collection 

 We collected alluvium from three transects of Millard Creek: the upper 

catchment, the catchment mouth, and lower catchment mid-fan (Figure 7).  At each 

transect, the active channel was sampled in four or five locations over a range of in-

channel topography to reduce the influence of a single-event signal.  Bulk samples were 

collected from 0 – 5 cm depth in the channel, and grain size fraction were separated in the 

laboratory.  Photographs of each sampling site in a transect are located  in  Appendix C 

Figure 20 through Figure 33. 

The transect locations ( Figure 7; Table 2) were chosen to measure 
10

Be in 

multiple grain sizes down the alluvial system and 
 
identify possible effects of differential 

erosion rates from the different rock units that flank the channel (Appendix B).  The 

upper-catchment location, T1, samples sediment originating from the crystalline bedrock 

in the medium sand and pebble grain-size fraction.  The 
10

Be concentration in this is 

sediment is a direct consequence of the catchment-wide erosion rate and geomorphic 

processes, including landsliding and temporary storage of sediment in colluvial and 

fluvial deposits.  The catchment mouth location, T2, samples sediment originating from 

the conglomerate and crystalline bedrock units in the medium sand, coarse sand, pebble, 

cobble, and an amalgamated sample of grains less than 2 cm.  The catchment mouth is 

bounded by uplifted Quaternary conglomerate with steep slopes and has an unknown 

sediment generation rate potential in comparison to the crystalline reservoir.  The lower 

catchment mid-fan location, T3, samples sediment of mixed bedrock lithology and 

influenced by possible contribution from older terrace surfaces in the medium sand and 
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pebble grain-size fractions.  Clast count data were collected in 24 transects over 7 km 

upstream of the mid-fan location.  

Sampling Strategy – Transect Locations  

Samples for 
10

Be analysis were collected from three locations in the active 

channel of Millard Creek (Figure 7).  The upper catchment transect, T1, and the lower 

catchment mid-fan transect, T3, were collected in August 2010 with Dr. Richard 

Heermance.  The T1 transect is situated 20 m upstream of an infrequently used vehicle 

channel crossing; this transect was chosen because clasts only originate from the 

crystalline catchment reservoir.  The channel in this location is 200 m wide, and 

dominated by 1 to 1.5 m high mid-channel bars.   The channel was sampled in five 

locations in a bank to bank transect, collecting from both bar and swale in-channel 

topography. Two 5 kg bags of alluvium were collected within 5 cm of the surface from 

each location within T1.  

The catchment mouth transect, T2 (Figure 7) was collected in April 2010 with Dr. 

Richard Heermance, Dr. Doug Yule, Shahid Ramzan, and Paul McBurnett.  The transect 

was chosen because of the proximity of a Holocene fault scarp in terrace surfaces in line 

with the mountain front.  At this location, sediment in the active channel is sourced from 

both the crystalline and conglomerate reservoirs.  The catchment mouth channel was 

sampled in five locations across bar and swale topography (Figure 8).  Two 5 kg bags of 

alluvium were collected at each location.  Additionally, 36 cobbles ranging 10-25 cm 

were collected within approximately 25 m upstream or downstream of the transect.  The 

channel in this location is 200 m wide, and has meter scale bar and swale topography.  

The transect is located 2 km downstream of T1 (Figure 7).   The lower catchment mid-fan 
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transect, T3 (Figure 7) was identified as the lowest non-anthropomorphically disturbed 

channel sediment.  Above this transect, the alluvial fan reservoir has contributed sediment 

through widening of the channel into older terrace deposits.   T3 is located 2.7 km 

downstream of T2 and 4.7 km downstream of T1.  The channel is 700 m wide and was 

sampled in four locations.  One 10 kg bag of alluvium was collected from each location 

within the transect.  

Clast Counts 

In January of 2011, I collected clast size data in 24 transects in the active channel, 

using a tape measure (Figure 9).  The clast size count data indicates the dominant clast 

size delivered to the active channel and were collected as supporting data to the 
10

Be 

erosion rates  (see Discussion.)  Clast counts were conducted by traversing the active 

channel and recording the clast size at intervals of either 1 m or 2 feet.   Upstream clasts 

counts were recorded at 3 m intervals; downstream clast counts were recorded at 2 ft 

intervals.   For each transect, the mean grain size and standard deviation were calculated 

using standard statistical methods. 

Millard Canyon Sediment Mixing Model 

 In order to determine the effect of sediment mixing from adjacent sources on the 

10
Be inventory of the active channel, I use a sediment mixing model.  I observe 

significant changes in channel morphometry from the catchment mouth to the mid-fan 

sampling sites:  changes in hydraulic radius, in-channel topography, mean grain size, and 

preservation of slivers of older surface of unknown age.  Specifically, channel width 

increases from 200 m at the catchment mouth T2 transect to 700 m at the mid-fan T3 
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transect location (Figure 12) and the active channel bifurcates between low relief mid 

channel bars.  Because the soil development and vegetation of the bars appeared similar 

to the character of the adjacent terrace, the age of the low relief bars was considered to be 

older than the active channel.  The age of the preserved bars is constrained by the age of 

the lowest terrace surface that must be younger than 1200 ka (McBurnnett, personal 

communication).  The adjacent terraces and older bars contribute sediment with 

additional inherited TCN from exposure on an abandoned surface.  The mixing layer in 

the active channel is as large as 1.5 m, as observed in mid-fan incision into the active 

channel (Figure 10).  Therefore, we assume that surfaces adjacent to the active channel 

contribute sediment.  Sharp transitions between bar surfaces suggest recent and on-going 

incorporation of material. 

 A simple mixing model, Equation 3, is applied to the mid-fan transect T3 to TCN 

concentrations to determine what percent of material present in the active channel was 

derived from older surface material.  I assume that older surface material has only two 

TCN accumulation periods—an inheritance value of TCN accumulated during erosion, 

and post-depositional surface exposure, Equation 3.  

Equation 3.  Sediment mixing equation 

    IXIXItpA mfacacd
 1     

     t = terrace age, a 

     Ps = surface production rate, atoms g
-1 

a
-1

 

Ad = percent of concentration that represents 

average 
10

Be inventory over mixing depth  

Iac = 
10

Be concentrations, active channel 

Imf = 
10

Be concentration, mid-fan 

X = percent mixed 
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Multiple sediment sources are likely, but material closest to the channel is 

assumed to be the most likely contributor.  The model assumes thorough mixing of active 

channel sediments and terrace sediments.  The model uses a replacement scheme in a 

fixed sample size population of grains.  The average modeled TCN concentration of an 

interval of terrace sediments is calculated by modeling the expected concentration 

through a depth interval and calculating the mean concentration.  The mean TCN 

concentration of the incorporation interval was then related to the expected surface 

concentration, following Lal (1991), as a percentage, A.  Exposure time does not affect 

the depth at which the average concentration over a given incorporation depth is found.  

The average concentration of incorporated sediment over an interval varies solely on the 

depth interval that is considered.   

The average modeled TCN concentration of terrace sediments after an exposure 

time over a specified incorporation depth is used as the concentration contributed to the 

active channel via mixing; at 150 cm incorporation depth, the average concentration is 

approximately 42% of the surface concentration and is found at 63 cm depth; at a 50 cm 

incorporation depth, the average concentration is approximately 72% of the surface 

concentration and is found at 23 cm depth; at a 15 cm incorporation depth, the average 

concentration is approximately 90% of the surface concentration and is found at 7 cm 

depth.  The model parameters are t, terrace age, years; p, surface production rate, atoms g
-

1
 a

-1
; A, the percent of the surface concentration that represents the average concentration 

over specified depth; Iac, inherited 
10

Be from active channel, atoms g
-1

 a
-1

; Imf , 
10

Be of 

mixed active channel sediment; X, percent of terrace sediment mixed in active channel.  

The variable A must be solved analytically for each mixing depth by determining the 



25 

 

mean concentration over a given mixing depth; A is not dependant on the exposure age of 

the surface material, but must be solved for every mixing depth of interest.   

Laboratory Methods 

All Millard Canyon sample processing was conducted in the rock lab at California 

State University Northridge.  All alluvium samples were dry-sieved; alluvium from T1 

and T3 were sieved to separate the 0.250 - 0.500 mm and 11.2 – 22.4 mm grain size 

fractions.  The T2 alluvium samples were sieved to separate the 0.250 – 0.500 mm, 1.0-

2.0 mm, and 11.2-22.4 mm grain size fractions.  Transect and grain size fractions were 

then processed separately.   To create a representative sample of each grain size and 

reduce any bias from bar and swale topography, an amalgamated sample was created by a 

weighted mixing scheme of sediment from each location in the transect, because each 

transect was sampled in four or five locations (Figure 8).  The proportion of each grain-

size to the total mass of each grain size in the transect was used to create amalgamated 1 

kg samples.  Additionally, an amalgamated sample of grain sizes less than 20 mm was 

created to compare with contemporary studies of erosion rates in the Eastern Transverse 

Ranges in the San Bernardino Mountains (Binnie et. al., 2008).  Cobbles were slabbed 

using the lapidary rock-saw to a thickness of 1-2 cm from one side of the cobble.  All 

amalgamated samples were processed separately for 
10

Be.  Samples were crushed with a 

jaw crusher and Bico Grinder to 0.250-0.500 mm, a size suitable for laboratory analysis. 

All samples were processed according to the standard techniques developed by 

Kohl and Nishiizumi (1992) and stream-lined by Bodo Bookhagan at the University of 

California Santa Barbara Cosmogenic Nuclide Preparation Facility.  Magnetic mineral 

separation was completed using a Frantz magnetic barrier separator.  Samples were 
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bathed in 6N hydrochloric acid (HCL) for 6-8 hrs to clean grains of carbonates and 

organic material.  Quartz purification was continued with one 6 hr step of 2% 

hydroflouric acid (HF) /2% nitric acid (HNO3) etching on hot-dog rollers, and three 6 hr 

steps of 1%HF/1% HNO3.  Quartz purity was checked with a partial sample aliquot 

measured on the ICP-MS in the Chemistry Department at the California State University 

Northridge.  Samples with over 25 mg of  Ti or Al were etched with a 4
th

  6 hr 1%HF/1% 

HNO3 step.  Once purity was verified, an in-house Be carrier was added to each sample.  

The Be carrier was produced from a shielded phenacite crystal form the Ural Mountains 

which has a 
10

Be/
9
Be ratio of 1 x 10

-15
.  One process blank was tested with 9 samples.  

Samples were dissolved in 49% HF and then washed with aqua regia, 3:1 HCl:HNO3 

solution.  Be was isolated using ion-exchange column separation chemistry.  BeOH was 

precipitated in basic NH4OH solution, cleaned, transferred to a boron-free quartz tubes, 

and dried down in a vacuum oven.  Beryllium hydroxide, BeOH was oxidized to 

Beryllium oxide, BeO, by combustion with a Bunsen burner flame for 20 minutes.  BeO 

was thoroughly mixed with Nb powder and packed into targets for 
10

Be accelerated mass 

spectrometry analysis at Lawrence Livermore National Laboratory.    

Erosion Rates 

I calculate erosion rates using quartz-rich sediment by measuring 
10

Be and 

modeling the catchment-average production rate (Granger, et. al., 1996).  Catchment 

production rates (Figure 7) were calculated for each catchment on a pixel by pixel basis 

on 30m DEMs, correcting for altitude and latitude and a sea-level high latitude 

production of 5.1 atoms-g
-1

a
-1

 (Stone, 2000).  Topographic shielding was accounted for 

on a catchment wide scale and incorporated into the production rate calculation for the 
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catchment.   Mean catchment-average production rates do not account for snow cover or 

muogenic production, and therefore added a 5% uncertainty to our 1-sigma analytical 

error in the active channel samples.  
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Results 

Basin Characteristics 

 The mean slope of the Millard Canyon catchment was extracted from a 5 m DEM; 

the mean hill slope is 26.9 degrees (Figure 11).  The catchment average production rate is 

12.9 atoms g
-1

 yr
-1

 (Figure 7; Table 1; Table 3). The catchment was defined upstream of 

the catchment mouth location, T2, and has an area of 41.7 km
2
. 

 

Millard Canyon Grain Size Relationships  

 Active channel alluvium in Millard Canyon has overall small quantities of 
10

Be 

(Figure 12).  Sample concentrations range between 7.83 -14.9 x 10
3
 atoms gram

-1
 quartz 

(Table 3)  for all grain size fractions.  
10

Be concentrations vary over grain size and 

locations between the lower-catchment/catchment mouth and the mid-fan (Figure 13).  

The lower catchment medium sand fraction, 0.250-0.500 mm has 9.8 x 10
3
 ± 7.7 x 10

2 

atoms gram
-1

 quartz; the pebble fraction, 11.2-22.4 mm, has 11.2 x 10
3
 ± 12.6 x 10

2 

atoms gram
-1

 quartz.  The sand and pebble fractions at this location are within error of 

one another and thus no TCN grain-size dependant relationship is observed.  The 

catchment mouth medium sand fraction, 0.250-0.500 mm has 10.1 x 10
3
 ± 8.8 x 10

2 

atoms gram
-1

 quartz; the coarse sand fraction, 1.0-2.0 mm, 10.5 x 10
3
 ± 7.7 x 10

2 
atoms 

gram
-1

 quartz; the cobble fraction, 150-250 mm, 9.4 x 10
3
 ± 8.5 x 10

2 
atoms gram

-1
 

quartz; the less than 2 cm amalgamated sample has 9.4 x 10
3
 ± 7.4 x 10

2 
atoms gram

-1
 

quartz.  All grain size fractions are within error, thus no TCN grain-size dependant 

relationship is observed at transect T2.  The mid-fan medium sand fraction, 0.250-0.500 

mm has 14.9 x 10
3
 ± 20.4 x 10

2 
atoms gram

-1
 quartz; the pebble fraction, 11.2-22.4 mm, 
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has 7.8 x 10
3
 ± 8.2 x 10

2 
atoms gram

-1
 quartz (Table 3).  

10
Be concentration varies beyond 

the error range of both measurements; thus the lower catchment mid-fan T3 transect is 

considered to have significant TCN grain-size relationships.  

The 
10

Be concentration in the sand fraction significantly increases from the lower 

catchment and catchment mouth locations to the mid-fan location  (Figure 12).  All other 

grain size fractions are not considered to vary outside of error with one-another by 

location. 

 

Mean Clast size 

 Twenty seven transects of the active channel in Millard Canyon were used for 

clast count analysis (Figure 9).   Transects span 6.5 km.  The most upstream location has 

the largest mean grain size of 14 ± 10 cm.  On average, mean grain size decreases down 

stream to the mid-fan location, 4 ± 4 cm.  The standard deviation of grain size reduces 

downstream, from 20 cm to 5 cm, with smaller deviations found downstream of the 

catchment mouth, (Figure 14).  

Millard Canyon Erosion Rates 

 Millard Canyon erosion rates vary depending on measured grain size and location 

using the catchment average production rate of 12.7 atoms g
-1

 a
-1

  (Figure 14).  Upper 

catchment, T1, erosion rates average 743 ± 70 mm ka
-1

 for medium sand and pebble grain 

size fractions.  Catchment mouth, T2, erosion rates average 785 ± 75 mm ka
-1

 for 

medium sand, coarse sand, cobble, and the amalgamated less than 2 cm grain size 

fractions.  Lower catchment mid-fan, T3, erosion rates are grain size dependent-- the 

medium sand erosion rate is 521 ± 46 mm ka
-1

, the pebble erosion rate is 989 ± 88 mm 
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ka
-1

.  Pebbles yield an erosion rate approximately twice the erosion rate yielded by the 

sand fraction.  

 

Sediment Mixing Model  

 A sediment mixing model was applied to 
10

Be concentrations measured in the 

mid-fan transect, T3.  
10

Be concentrations in the sand fraction are greater in this location 

than upstream transects.  Inherited 
10

Be from the active channel, Iac, is assumed to be the 

value measured at the catchment mouth, 10.1 x 10
3
 ± 8.8 x 10

2
 atoms g

-1
 quartz

-1
.  

10
Be 

concentration at the mid-fan, Imf, is the measured concentration in atoms g
-1

.  The 

percentage of sediment from an older surface needed to contribute to the active channel 

to achieve the measured concentration of 1.5 x 10
3
 atoms g

-1
 quartz

-1
 was calculated for 

surfaces 0 - 77,000 years exposed (Figure 15).  The maximum surface age of 77,000 

years was chosen iteratively as this age represents the youngest surface that takes only 

1% mixing to overwhelm any 
10

Be signature from the active channel.  Four scenarios are 

evaluated, terrace sediment incorporation depths of 0 cm, 15 cm, 50 cm, and 150 cm.  

The 0 cm incorporation depth represents the maximum possible concentration of 
10

Be at 

the surface.  The minimum age surface that can mix with the active channel sediment 

with an Iac value, equal to the catchment mouth, increases with increasing sediment 

incorporation depth  (Figure 15).  At the minimum age, 100% of the sediment in the 

active channel has originated from an older surface.  

 If a 1,000 year surface contributes to active channel sediment for 0 and 15cm 

incorporation depths, 56-79% and 75-100% , respectively, of sediment must be derived 

from the 1,000 year surface (Table 4).  Greater mixing depths of 50 and 150 cm can not 
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yield high enough concentrations of 
10

Be to match the observed mid-fan active channel 

concentration.  A 3,600 year surface must contribute 15-21%, 18-25%, 25-35% and 74-

100% of sediment to the active channel for mixing depths of 0, 15 cm, 50 cm, and 150cm 

respectively.   A 10,000 year surface must contribute 6-8%, 7-9%, 9-12%, and 17-24% of 

sediment to the active channel for mixing depths of 0, 15 cm, 50 cm, and 150cm 

respectively (Table 4). 
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Discussion 

 

 Clast-size variable 
10

Be concentrations in active channel sediment from both 

active and non-active tectonic regimes have been reported in numerous studies (Brown 

et. al. 1995; Belmont et. al., 2007; Clapp et. al., 2009, and references therein).  To 

compare multiple grain size data from un-related catchments in active orogens, 
10

Be 

concentrations are normalized to the smallest grain size fraction concentration in each 

series.  Larger grain sizes typically have lower 
10

Be concentration s than smaller grain 

sizes (Figure 1).  Smaller concentrations of 
10

Be yield faster erosion rates.  Thus, when a 

cosmogenic erosion rate is separately calculated from both a sand and pebble fraction, the 

pebble fraction yields a faster erosion rate.  A similar trend is observed in tectonically 

inactive catchments, although a smaller range of grain sizes are measured (Figure 2).   

The underlying causes of these trends, in both active and inactive orogens, are not 

presently fully understood.  Therefore, a discrepancy between grain size and 
10

Be 

concentration exists that potentially leads to ambiguous erosion rate calculations when 

only one grain-size fraction is utilized.   However, the variability of 
10

Be concentrations 

with clast size over several kilometers has not been explicitly explored.  I hypothesize 

that variable 
10

Be concentrations with clast-size are either the result of transport/erosion 

style of the catchment or ―incorporation‖ process of the active channel in the alluvial fan.    

10Be Trends 

 
10

Be concentrations vary with clast size in one of three transects sampled at 

Millard Canyon.  Clast size variable 
10

Be concentrations were not observed in the upper 



33 

 

catchment, T1, and the catchment mouth, T2, because concentrations in all grain size 

fractions in T1 and T2 are within error of one another.  In contrast, clast size variable 

10
Be concentrations were interpreted in the lower catchment mid-fan transect, T3 (Figure 

13) because sand and pebble fractions do not overlap outside of error.  The sand fraction 

has ~1.9x the pebble fraction.   

The lower catchment mid-fan transect T3 is enriched in 
10

Be in the sand fraction 

relative to the upstream transects 
10

Be concentrations by 1.4x.  The pebble fraction has 

been reduced by 0.7x the lower catchment T1 transect 
10

Be concentration  (Table 3).  

Because the mid-fan T3 transect sampling location is beyond the reach of hill slope 

contributions from the catchment, we interpret the variable 
10

Be concentrations as the 

result of incorporation processes, whereas similar 
10

Be concentrations in upstream 

sampling sites are the result of catchment related transport and slope process. 

T1 and T2 

 Upper catchment and catchment mouth transects T1 and T3 have similar 
10

Be 

concentrations across all clast sizes (Figure 12).   Thus, all grain size fractions represent 

similar cosmogenic dosing histories due to catchment erosion (hill slope process) and 

transport (hydraulic sorting) process.  Temporary storage of larger grains would increase 

the 
10

Be inventory of the larger fraction.  Because grain size fractions in the active 

channel of Millard Canyon have the same concentrations within error, each grain size 

fraction has most likely been transported at relatively the same rate and timescale.  

Measurement of 
10

Be in alluvium cannot yield a sediment transport time.  There are no 

stream gauges or records of sediment discharge in Millard Canyon, so the effective 

discharge, the discharge that transports most of the bed load (Andrews, 1980) is 
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unknown.  In a study of gravel bedded Rocky Mountain streams, channel bed armoring 

was shown to be an important factor of stream discharge (Andrews, 1980).  Larger grain 

sizes prevented transport of smaller grain sizes by shielding the channel bed; the larger 

grains limit the supply of the smaller grains.  When the entrainment criteria of the larger 

grain sizes has been met, the sediment discharge increases because larger and smaller 

grains are being transported (Emmett and Wolman, 2001) or sediment supply to the 

channel is low (Dietrich et. al., 1989).  Thus, most grain sizes are transported during the 

same discharge event.  Armoring of the channel bed is a consistent mechanism to 

transport a range of grain sizes over the same time interval. Thus, consistent transport 

rates for all grain sizes suggest that erosion in Millard Canyon is in steady state and that 

an erosion rate from a range of grain sizes is appropriate for this tectonic setting. 

Similar 
10

Be concentrations in grain size fractions in the same transect suggest 

that no significant clast-size specific sediment storage occurs or that equal storage is 

occurring at all clast-sizes measured.  Given the overall low abundances of 
10

Be and 

regionally high erosion rates,  no grain size specific sediment storage is interpreted.   The 

10
Be concentrations in the lower catchment and catchment mouth represent a cosmogenic 

inventory derived during hill slope erosion process.  

The effects of landsliding on the catchment average 
10

Be inventory has been 

modeled (Niemi et. al., 2005; Yanites et. al., 2009) but the effects of landsliding and 

clast-size variable 
10

Be concentrations have only begun to be addressed  (Belmont, et. al., 

2007).   Millard Canyon is an actively denuding landscape dominated by landsliding and 

debris flows.  Clast size independent 
10

Be concentrations in the T1 and T2 transects 

(Figure 12) imply that landsliding affects all grain sizes equally.  Previous models 
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suggested that larger grain sizes are only delivered to the active channel via landsliding, 

which exhumes previously shielded material, thus accounting for low 
10

Be concentrations 

(Belmont, et al., 2007). 

T3 

Clast-size variable 
10

Be concentrations are measured in the mid-fan transect, T3.  

10
Be concentrations are enriched 1.4x the sand fraction relative to the pebble fraction. 

Tracking 
10

Be concentrations of grain size fractions from the lower catchment to mid-fan 

transects indicates a dilution of the 
10

Be inventory in the pebble grain size fraction and 

enrichment of the 
10

Be inventory in the sand fraction (Figure 12).  Three hypotheses are 

explored to develop the enrichment of 
10

Be in the active channel of Millard Canyon: 1) 

10
Be is accumulated during sediment transport; 2) Incorporation of older surficial 

material; 3) aeolian deposition in the active channel.  

Sediment Transport Model 

Sediment transport processes, such as differential rates of clast transport, clast 

abrasion, and sediment storage, can potentially produce variable 
10

Be inventories over 

long transport distances with slow transport rates from additional cosmogenic dosing.  

Carretier (2009) suggested variable rates of transport as a means to develop variable 
10

Be 

inventories in large and small grain size fractions.  Variable transport rates of different 

grain sizes could arise from simple hydraulic sorting of grains or short term storage of 

grains in terraces and mid-channel bars.  In the case of hydraulic sorting, larger grains are 

transported less frequently than smaller grains; thus, larger grain sizes accumulate 
10

Be 
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during short term storage in channels between transport events, while smaller grains are 

moved more quickly down the fluvial system.   

Nichols et al. (2002; 2005a; 2005b; 2007) demonstrated this concept by tracking 

the movement of sediment down a Mojave piedmont using total TCN concentration of 

source terrains and active wash surfaces to generate sediment mass fluxes and transport 

rates.  Nichols et. al. (2002; 2005a; 2005b; 2007)  observed increasing TCN inventories 

down piedmont surfaces and developed mixing models to accommodate incorporation of 

sediment from surfaces with multiple ages.  Although the method has been validated in 

other piedmont systems, Millard Canyon is an actively uplifting catchment (Yule and 

Sieh, 2003) with steeper slopes and likely greater channel efficiency. Moreover, our data 

show the inverse relationship of Nichols et. al. (2002; 2005a; 2005b; 2007) data.  

  Active channel efficiency, or the ability of the channel to transport grains  is 

demonstrated by the presence of cobbles and boulders in the active channel.  The 

effective discharge is unknown at this time due to lack of sediment discharge monitoring 

data.   However, large mean grains sizes, such as cobbles (Figure 14)  indicate that the 

catchment and channel generate events that transport large grain sizes from hill slopes, 

through the fluvial system, to the alluvial fan.  Since 
10

Be inventories are similar across 

all grain sizes at the catchment mouth, we assume that all grains are transported and 

eroded over similar timescales.  We consider additional 
10

Be in the mid-fan transect to be 

the product of cosmogenic dosing during episodic fluvial transport.  I use a 
10

Be surface 

production rate of 7 atoms g
-1

 (Figure 7) and measure the distance between sampling 

locations to quantify the difference between 
10

Be inventories over time and space.  A 

simple calculation is used to derive the time necessary to accumulate difference in 
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quantity of TCN and the transport rate.  Using the difference between 
10

Be concentrations 

and dividing by the surface production rate, the difference in exposure age of the sand 

fraction between the mid-fan and catchment mouth transects is 685 years.  The transects 

are 2.4 km apart; if sediment moves 2.4 km over 685 years, the transport rate is 350 cm 

yr
-1

.  This rate is higher than previously published rates for Mojave desert piedmont 

systems, 9-122 cm yr
-1

 (Nichols et. al., 2007).  However, additional precipitation and 

steeper gradients in the Millard catchment are assumed to increase overall transport rate, 

and the 3-fold greater transport rate is possible.  This first order calculation of sediment 

transport rates would only apply to the sand sized fraction sediment, since the pebble 

fraction decreases in concentration downstream in transect T3.  

Second, since the sand fraction would be moving at a rate of 350 cm yr
-1:

, a 

logical assumption is that the larger pebble fraction would move at a slower rate.  The 

smaller sand fraction is relatively easier to transport than the pebble fraction; all events 

that move the pebble fraction would also move the sand fraction, but sand transport 

events do not have to move the pebble fraction.  Therefore, the expected 
10

Be inventory 

of pebbles should be greater than or equal to sand 
10

Be inventory because the pebbles are 

transported less frequently and accumulating additional TCN between infrequent events.  

In Millard Canyon, we find that sand has the greater 
10

Be inventory, opposite of what 

would be expected in this scenario.  Periodic rapid transport of pebbles during infrequent 

events must also transport sand sized grains, thus the sand and pebble concentrations 

should be equal.  Additionally, the pebble 
10

Be inventory is reduced downstream.  

Reduction of large grain sizes to smaller grain sizes through physical abrasion or 

weathering processes, called clast attrition, could not lead to differential sand and pebble 
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10
Be inventories.  Because sand and pebble fractions have approximately the same 

10
Be 

inventory at the catchment mouth T2 transect  (Figure 12) the products of clast abrasion 

will have the same 
10

Be inventory.  If clast attrition of pebbles is adding sand-sized 

sediment, there is no effect on the 
10

Be inventory, because the products of attrition, sand 

grains, have the same concentration as the source, pebbles.  In Millard Canyon, the sand 

concentration increases from T2 to T3 (Figure 12).  Grains of all size fractions are 

assumed to have a uniform 
10

Be profile in active channel sediment because the 
10

Be is 

produced during exhumation and erosion on the hill slopes.  This is not the case in 

exposure dating of boulders, where 
10

Be production is significantly attenuated through 

material (Figure 3).  Alternately, Belmont et. al. (2007) suggests that landsliding is a 

means to transport cosmogenically shielded large clast size fractions to the active channel 

to produce clast-size variable 
10

Be concentrations.  Because the lower catchment mid-fan 

transect T3 is downstream of the channel mouth and hill slope contributions (Figure 7), 

and the 
10

Be concentrations are similar in grain size fractions in T1 and T2 (Figure 12) 

landsliding can not be a factor in the lower catchment mid-fan T3 
10

Be concentrations.  

Third, the expected relationships between gradient, channel width, and expected 

10
Be inventory are inconsistent with field observations.  Increasing 

10
Be in a grain size 

fraction moving down a catchment indicates decreasing sediment transport efficiency, 

because slower transport times equate to longer exposure times.  The active channel of 

Millard Canyon has a steady gradient of 2.9º over the transects and upstream in the 

catchment (Figure 16).  Thus, a decreased gradient is responsible for reduced transport 

rates.  The channel width is 200 m at the upper catchment T1 transect and catchment 

mouth T2 transect; the channel width increases to 700 m at the lower catchment mid-fan 
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T3 transect.  Consistent channel width appears to correlate with equivalent 
10

Be 

inventories across grain size fractions.  The 
10

Be inventory several kilometers upstream 

of the T1 transect would be expected to be of a similar magnitude as the T1 and T2 

transects because there is consistent width and gradient of the channel (Figure 16).  The 

increase in channel width, combined with probable infiltration of stream discharge into 

the alluvial fan surface, reduces the capacity to transport sediment.  The expected 
10

Be 

inventory, from reduced transport rate, should show enrichment within all grain sizes at 

the mid-fan location. We observe only sand enrichment, and relative pebble dilution.   

Overall, the sand sized fraction corresponds well with expected 
10

Be 

concentrations using the concepts of piedmont transport rates developed by Nichols 

(2002; 2005a; 2005b; 2007).  However, because I have multiple grain-size data over all 

transects, I reject this hypothesis to explain the observed grain size trends as the expected 

results do not match both sand and pebble fractions.  The TCN concentration of the 

pebble fraction does not correlate with the sand fraction, despite the fact that pebbles 

should move at the same rate if not more slowly down the fan. 

Sediment Incorporation Model 

 Incorporation of older surficial sediment from the channel margins would alter the 

observed 
10

Be concentrations within the active channel sediment.  The importance of 

considering multiple sediment sources with different 
10

Be inventories was demonstrated 

by Nichols et. al. ( 2002; 2005a; 2005b; 2007).  The active channel of Millard Canyon 

increases width between the catchment mouth T2 and lower catchment mid-fan T3 

transects, from 200 m to 700 m.  Field observations of steep channel walls indicate recent 

slumping of adjacent terrace sediment into the active channel.  I use a simple two-
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component mixing model to determine the percentage of older fan material that would be 

required to achieve the observed 
10

Be concentrations in the lower catchment mid-fan T3 

transect considering several terrace ages and incorporation depths.     

The range of incorporation depths is based on field observations of the channel 

banks and incision depths in the channel.  Up to 1.5 m of in-channel incision was 

observed in the mid-fan.  The height of channel banks decreases downstream from the 

catchment mouth to mid-fan transects, from 2-3 m to 0.25 m– 0.5 m, justifying the use of 

multiple incorporation depths.  As discussed in the methods, the assumed incorporation 

depth is critical to the percentage of material needed to contribute to the active channel 

because of the quickly attenuating nature of cosmic rays in the subsurface (Figure 3).  

The average 
10

Be concentration of the added material decreases when thicker 

incorporation depths are considered, because greater depths have accumulated less 
10

Be, 

thus reducing the average 
10

Be concentration over the zone of interest.  The model 

assumes that active channel grains at the lower catchment mid-fan T3 transect have the 

same concentration as the catchment mouth T2 transect (Figure 12).  

 The range of possible results (Table 4)  illustrates the sensitivity of incorporation 

depth to the model.  If additional sediment is derived from an adjacent 3.6 ka terrace 

surface, the percentage of material from that surface in the active channel ranges from 18 

– 44%.   Further constraint on the average thickness of channel bank sediment 

incorporation is necessary.  A time-lapse survey of channel bank morphology and 

quantification of sediment transport rates down smooth channel banks would be useful to 

constrain the addition of sediment to the active channel from channel margins.  
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The sediment mixing model predicts that both sand and pebble TCN 

concentrations should be increased due to incorporation of older fan material to the 

channel, unless sand from the older fan material is contributed preferentially to the 

channel.  Simple slump of channel bank material into the active channel would contribute 

all grain-size fractions.  Excellent exposures of terrace surface sediment are exposed in 

the banks of the active channel in between the T1 and T2 transects (Figure 17).  Visual 

examination of field photographs suggests that pebbles are an abundant grain size 

fraction of the terrace surface lithology (Figure 18).  The terrace surfaces exposed at this 

location were mapped as Quaternary unfaulted surface 2, Qu2, and Quaternary faulted 

surface 1, Qf1 (Yule and Sieh, 2003; Figure 19).  The Qf1 and Qu2 surfaces are adjacent 

to the active channel between the T2 and T3 transects.  Although sharp, steep 

embankments were observed in the section of the active channel, no grain size data is 

available.  Therefore, I assume that the composition of the terrace sediment in the channel 

banks is similar within the same unit.  Thus, older terrace material should contain pebbles 

with additional dosing, similar to the sand fraction that would be contributed to the active 

channel.  The measured 
10

Be indicates enrichment of only the sand grain-size fraction 

(Figure 12). Therefore, a sediment incorporation model considering direct transfer of 

material from channel banks does not fully explain the trends observed in active channel 

sediment.  However, sediment incorporation via an alternate process such as aeolian 

sedimentation, can utilize the same sediment mixing models to enhance the 
10

Be 

concentration in the sand grain size fraction.  



42 

 

Aeolian Contamination Model 

A third scenario that can explain the increased TCN concentrations within the 

sand fraction and can be applied to T3 transect is contamination of active channel 

sediment via aeolian deposition.  The San Gorgonio Pass is well populated with wind-

turbines to produce electricity because the average wind speed
1
 is 24-32 km h

-1
; the 

region is also well known for sandstorms (Mendenhall, 1909).  Detailed analysis of 

aeolian transport rates, wind patterns, aeolian sediment distributions patterns (Griffiths et. 

al., 2002; Williams and Lee, 1995), and grain size fractions involved in saltation  (Sharp, 

1964)  have been conducted in the nearby Coachella Valley, approximately 24 km east of 

Millard Canyon.  Millard Creek is a tributary to the east flowing San Gorgonio River, 

which drains to the Coachella Valley (Figure 6). The dominant westerly winds transport 

sand deposited on the San Gorgonio – Whitewater – Mission Creek – Morongo Wash 

east into the Coachella Valley.  A study of aeolian sediment flux estimates sand fluxes 

are 1 - 6.5 x 10
6
 lbs ft

-1
 s

-1
 (Sharp, 1964; Sharp,1980; Williams and Lee et. al., 1995).  

The maximum grain size undergoing aeolian saltation under 10 ft in the study area in 

Whitewater wash is 3-4 mm.  Overall, 26% of all grains, from 0-10 feet in saltation 

transport are 0.250-0.500 (Sharp, 1964).  Although the Whitewater wash will have 

different wind dynamics than a mid-fan location on the Millard Canyon alluvial fan, the 

results of the study clearly indicate the prominent role of aeolian saltation as probable 

means of contamination of active channel sediment.  I hypothesize that the active channel 

may act as a trap for saltating sand grains, thus introducing foreign sand, 0.250 – 0.500 

mm, with unknown TCN dosing, into the active channel.  

                                                   
1
 http://www.eoearth.org/article/San_Gorgonio_Pass,_California 
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The medium sand-sized fraction is the most commonly sampled size fraction (von 

Blanckenburg, 2005; Binnie et. al., 2007, etc) in part to minimize the contribution of 

aeolian sediment (Clapp, E.M., 2002) but also to facilitate lab processing.  In the case of 

extremely windy areas with abundant sediment supply, however, sand grains in the 

medium sand size fraction likely to be introduced from outside the catchment.  The 

saltation rate on the Millard Canyon fan is presently unconstrained.  Thus, the aeolian 

contribution to active channel sediment is unconstrained.  

The sand transport in areas adjacent to Millard Canyon may provide the higher 

TCN concentrations in the sand size fraction measured within the active channel of 

Millard canyon.  If source areas of introduced sand are local to the active channel, such as 

adjacent terraces or exposed bedrock outcrops, the results of the sediment incorporation 

model apply.  However, the source, and thus 
10

Be inventory, of introduced sediment is 

presently unconstrained.  Aeolian contamination would leave the pebble 
10

Be inventory 

unaltered while affecting only the sand fraction.  To the west, the Banning Bench is 

uplifted surface of unconstrained age, but is at least 100 ka.  The Banning Bench provides 

a nearby source for potential contamination.  Although at this time I cannot 

unambiguously determine that aeolian input is the source of sand contamination, aeolian 

contamination is the only model that offers reasonable explanations for observed 
10

Be 

inventories in both grain size fractions at the lower catchment mid-fan T3 transect. 

T3 Pebble Concentration 

 The pebble concentration observed in the mid-fan transect T3 remains an enigma.  

The 
10

Be concentration of pebbles decreases in the T3 transect to 0.9 times the T1 pebble 

concentration (Figure 12).  T3 pebble concentrations vary outside of error.  One process 
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can decrease the 
10

Be concentration: radioactive decay.  The half- life of 
10

Be is 1.5 Ma.  

Assuming no additional surface production of 
10

Be and the pebble fraction at the T1 

transect is representative of the past pebble fraction 
10 

Be inventory at the T3 transect, the 

amount of time represented for the T1 concentration to decay to the T3 concentration can 

be calculated by considering the half life and the concentrations over time  (Equation 4).  

Using a decay constant λ for 
10

Be, of 4.6 x 10
-7

, a parent concentration at time zero, N0 of 

11.2 x 10
3
 atoms and a parent concentration at time t, Nt of 7.8 x 10

3
 atoms (Table 3) and 

solving for t, the amount of time required to decay the parent 
10

Be is 787 ka. 

Equation 4.  Radioactive decay 

eNN
t

ot


   

   Nt = concentration at time t, atoms g
-1 

   No = concentration at time 0, atoms g
-1

 

   λ  = 
10

Be decay constant 

This implies that pebbles would take 787 ka to move 4.7 km downstream from T1 

to T3.  This scenario is unfeasible, however, as cosmic ray dosing to produce 
10

Be in near 

surface sediment exceeds radioactive decay of 
10

Be. Higher concentrations, on the scale 

of 10
6
 atoms g

-1
 quartz

-1
 of 

10
Be would be produced during 787 ka with a surface 

production rate of 7 atoms g
-1

 quartz
-1

 (Figure 7).  Simply, the surface production of 
10

Be 

exceeds the radioactive decay.  The pebble fraction would have to have been shielded via 

burial for at least 787 ka while radioactive decay reduces the 
10

Be inventory, yet still 

contribute a significant mass of sediment to the active channel to dilute the 
10

Be 

concentration coming from the catchment.  As discussed in the ―sediment incorporation 

model‖ however, the pebble fraction would have to have been selectively removed from 
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the buried position with respect to the sand fraction, since the 
10

Be concentration in the 

sand grain size fraction has not been reduced.   

Finally, the overall low concentration of 
10

Be induces sensitivity to timescale and 

error in all proposed hypotheses.   Sediment leaving the catchment has an average 
10

Be 

concentration of 9.8 x 10
3
 atoms gram

-1
 quartz.  With an assumed cosmic ray penetration 

depth of 0.6 m, and an erosion rate of 743 mm ka
-1

, the timescale of the measured erosion 

rate is less than 1 ka (Equation 2).  This time scale is small enough that the effects of rare, 

large events such as deep seated landslides (Neimi et.al., 2005; Yanites et. al., 2009) and 

great floods (Emmett and Wolman, 2001) may not be captured; therefore, temporary 

sediment storage in channel bars between large events may still contribute to the overall 

10
Be inventory.  Therefore, I assume that a millennial timescale event has not been 

captured in my samples and the calculated erosion rates must represent only a minimum 

erosion rate.  

Millard Canyon Erosion Rates 

 My cosmogenic data from the Millard Canyon catchment mouth indicate average 

erosion rates of 740 ± 70 mm ka
-1

 obtained from all grain sizes (n = 4) in the lower 

catchment and catchment mouth.  An average erosion rate of 740 ± 70 mm ka
-1

 agrees 

well with published erosion and uplift rates of the San Bernardino Mountains from 

cosmogenic and (U-Th)/He dating, (Table 5).  My erosion rates of the Morongo Block 

concur with the uplift rates for the adjacent Yucaipa Ridge and San Gorgonio Blocks 

(Spotila et. al., 2001; Binnie et. al., 2007) 

 The proportion of contributed quartz sediment from the quartz-rich gneiss, quartz 

diorite, and quartz monzonite is unknown.  I assume that all lithologies are contributing 
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equally for the calculated erosion rates.  It is possible that the lower elevation quartz 

monzonite and quartz diorite could be contributing most of the quartz; the erosion rates 

would then be applicable to only the lower elevations of the catchment.  To test this 

concept, a sample could be taken from a higher up within the catchment with only a 

contributing lithology of quartz gneiss.  If similar catchment-average erosion rates are 

calculated, then the distribution of quartz from multiple lithologies in the catchment does 

not affect erosion rates.  Significantly different erosion rates would imply that erosion 

rates reported here are valid for only the lower elevations of the catchment.  Additionally, 

I assume no quartz enrichment from weathering.  In a study of high altitude catchments 

and ridgelines in the Sierra Nevada, chemical weathering of silicates is negligible, thus 

soil production from crystalline bedrock is due to physical weathering (Riebe et. al., 

2004).  

Implications 

 The study of the Millard Canyon catchment 
10

Be inventories over multiple grain 

sizes illustrates the need for careful selection of sample site locations and an 

understanding of the catchment processes generating sediment.   In the Millard Canyon 

area of San Gorgonio Pass, the 
10

Be inventory accumulated during catchment erosional 

processes, represented by locations T1 and T2, has been altered by non-catchment 

processes in less than 3 km from the mountain front, represented by the mid-fan location 

T3.  Without sampling sites within the catchment, the non-catchment-related addition (ie. 

aeolian contribution) of sediment would have gone undetected and the calculated erosion 

rate would have been erroneous.  In future studies considering multiple grain sizes to 

determine catchment average erosion rates, it is recommended that a transect sampling 
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scheme is utilized to capture grain size variation across channels.  Samples should be 

collected upstream rather than downstream to avoid contamination by non-catchment 

sources.  
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Conclusions 

 

Clast-variable 
10

Be inventories are observed in Millard Canyon in the San 

Bernardino Mountains, California.  Although all grain sizes contain similar 
10

Be 

inventories from the upper catchment and catchment mouth sites, down-catchment sites 

show enriched 
10

Be within the sand fraction and reduction in the pebble fraction.  Thus, I 

have shown how sample grain-size used for analysis, and the location within the drainage 

basin can affect the calculated erosion rate in an active orogen.    The average catchment 

erosion rate, using the average of all grain sizes, determined from the upper catchment 

site and catchment mouth locations is 740 ± 70 mm ka
-1

, but would vary between 520 – 

980 mm ka
-1

 if the mid-fan sites are used.  
10

Be enrichment of the sand fraction in the 

mid-fan region is likely due to aeolian introduction of sand, consistent with well-

documented evidence of significant aeolian transport in the immediately surrounding 

area. 

This study of 
10

Be inventories in the Millard Canyon catchment over multiple 

grain sizes illustrates the need for careful selection of sample site locations and an 

understanding of the catchment processes generating and contributing sediment.   Less 

than 3 km away from the mountain front,  the 
10

Be inventory was significantly altered 

from the inventory accumulated during uplift and erosion on the hill slopes of the 

catchment.  Without sampling sites in the upper reaches of the catchment, the non-

catchment-related processes that affected the 
10

Be inventory, and hence the calculated 

erosion rate, would have gone undetected.  In future studies considering multiple grain 

sizes to determine catchment average erosion rates, it is recommended that a transect 

sampling scheme is utilized to amalgamate channel samples as well as consider multiple 
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grain-sizes.  These data suggest that non-catchment-related transport processes, such as 

aeolian transport, may complicate cosmogenically derived erosion rate studies in areas 

with high uplift rates. 
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Figure 1. Normalized 
10 

Be concentrations in multiple grain size fractions from 

active orogens 
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Figure 1. Normalized 
10

Be concentrations in multiple grain size fractions from active 

orogens. Normalized 
10

Be concentrations in active orogens of catchments with multiple 

grain size data. The normalized concentration is on the y-axis, the grain size on the x-

axis.  Concentrations in each grain size are normalized to the smallest grain size fraction 

10
Be concentration to compare catchments across orogenic characteristics; all series start 

at  a  
10

Be normalized concentrationof 1. Few studies utilize large grain-sizes.  In general, 

the 
10

Be concentration in larger grain sizes, such as pebbles and cobbles, is less than the 

concentration of a sand sized fraction.  
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Figure 2.  Normalized 
10

Be concentrations in multiple grain size fractions from 

inactive orogens. 
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Figure 2.  Normalized 
10

Be concentrations in multiple grain size fractions from inactive 

orogens. Normalized 
10

Be concentrations in a non-active, orogens, the Appalachian 

Mountains, of catchments with multiple grain size data. The normalized concentration is 

on the y-axis, the grain size on the x-axis.  Concentrations in each grain size are 

normalized to the smallest grain size fraction 
10

Be concentration to compare catchments 

across catchment characteristics; all series start at a 
10

Be normalized concentration of 1. 

Few studies utilize large grain-sizes above 10 mm.  In general, the 
10

Be concentration in 

larger sizes of sand and small pebbles is less than the concentration of a sand sized 

fraction.   
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Figure 3. Theoretical 
10 

Be accumulation in quartz  
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Figure 3. The expected 
10

Be concentration of a theoretical 10,000 year surface with 

surface production rates of 5 atoms g
-1

 quartz
-1

  a
-1

, the sea-level high latitude production 

rate and sediment density of 2.65 g cm
-3

.  Depth is on the y-axis, 
10

Be concentration, in 

atoms g
-1

 quartz
-1

, is on the x-axis.  The solid black like represents only the expected 

concentration with depth from nucleons after Lal (2001).  The solid blue line is the 

concentration considering only muogenic production from slow and fast muons at sea-

level high latitudes after Schaller et. al. ( 2002).  The solid blue line is the combined 

muogenic and spallogenic production, after Schaller et. al. (2002).  Nucleogenic 

production attenuates quickly with penetration into surface material. Muogenic 

production attenuates less quickly.
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Figure 4. Catchment average 
10 

Be production 
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Figure 4. Catchment average 
10

Be production.  A cartoon watershed depicting high 

production rates at high elevations and low production rates at low elevations within the 

watershed. The area of no production is shown in white.  Production is scaled with color, 

low to high production shown in yellow to red respectively. The arrows indicate the path 

of material that eventually exits the watershed.  The red arrow indicates maximum 

accumulation of TCNs.  Material is exhumed via erosion of the surface.  TCNs 

accumulate only within the first few meters of the surface.  Thus, deeply buried material 

has not accumulated cosmogenic nuclides.   Erosion removes material from the surface, 

bringing previously shielded material into the production zone.  The majority of nuclides 

measured in an active channel sample are assumed to have been accumulated in this 

zone.  After removal, material is assumed to be instantaneously transported out of the 

watershed and no TCNs accumulate during transport.
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Figure 5.  Millard Canyon location map  

 

 
 

 

 

 

 



64 

 

Figure 5.  Millard Canyon location map.  The location of study area in the San 

Bernardino Mountains Millard Canyon catchment is indicated by the red boxes.  

Sampling sites are located adjacent to active fault zones.  Millard Canyon is deformed by 

the Banning Fault.  The San Gorgonio Pass lays in-between the San Bernardino and San 

Jacinto Mountain ranges.   The Coachella Valley lies to the east of the SGP.  BF- 

Banning Fault, SAF- San Andreas Fault, SJF- San Jacinto Fault, NFTS – North Frontal 

Thrust System 
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Figure 6.  Millard  catchment shaded relief   
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Figure 6. Millard catchment. Millard Canyon is located in the Eastern Transverse ranges.  

Millard Creek flows south and enters the east-flowing San Gorgonio river.  The Millard 

Creek catchment is 41 km2.  SGR- San Gorgonio River. 
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Figure 7.  Millard Canyon 
10 

Be transect locations and production rates 
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Figure 7.  Millard Canyon 
10

Be transect locations and production rates. Millard Canyon 

sampling locations and 
10

Be production rates.  Black squares represent sampling sites. 

Samples were taken from the upper catchment (MFACU, T1), the catchment mouth 

(MFAC, T2), and the lower catchment active channel of the Millard Canyon alluvial fan, 

(MFACD, T3).  Samples were taken from 0-5 cm depth in the active channel.  Bulk 

samples were collected onsite for later sieving to separate target grain-size fractions.  

Production rates were calculated using a sea-level high-latitude production rate of 5 

atoms/ g-1 quartz-1 and the altitude/latitude scaling of Stone (2000).  Millard Canyon 

production rates range between 7 atoms g
-1

 quartz
-1

 a 
-1

 in the lower catchment and 

alluvial fan to 25 atoms g
-1

 quartz
-1

 a 
-1

 in the upper reaches of the canyon near Snow 

Peak.   The catchment average production rate is 12.9 atoms g
-1

 quartz
-1

 a 
-1

. 
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Figure 8. Millard Canyon catchment mouth transect T2 , samples MFAC overview 

photograph 
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Figure 8. Photograph of Millard Canyon active channel at transect T2 and samples 

MFAC. View is looking southeast, looking towards the San Jacinto Mountains. Five 

sample locations are indicated by white arrows. 
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Figure 9.  Millard Canyon clast count locations 
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Figure 9.  Millard Canyon clast count locations. Transects span 6.7 km and include active 

channel cosmogenic sampling sites. The downstream transects are bounded by the lower-

most limit of undisturbed active channel.  Millard creek emerges and submerges several 

times over the transect span north of the T2 transect.
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Figure 10. Millard Canyon mid-fan incision 
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Figure 10.  Millard Canyon mid-fan incision. Millard Canyon mid-fan incision. 

Photograph of mid-fan incision, between transects T2 and T3. Backpack for scale, 

approximate depth of incision is 150 cm. 
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Figure 11. Millard Canyon slope 
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Figure 11. Millard Canyon slope.  Millard Canyon slope in degrees.  Slope ranges from 

very low gradient valley floor  to 67º slopes in the  upper reached of the catchment.  The 

average slope of the catchment is 27 º. 
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Figure 12.  Millard Canyon 
10 

Be concentrations 

 
  



78 

 

Figure 12. Millard Canyon 
10

Be concentrations of the lower catchment, catchment mouth 

and mid-fan transects.  The T1 pebble and sand grain size fractions have 
10

Be 

concentrations within error of one another.  Pebble and sand fractions are considered to 

have similar 
10

Be concentrations in the measured grain sizes. The  T2 transect samples,   

medium sand, coarse sand, cobbles, and an amalgamated sample of grains less than 2 cm, 

have similar 
10

Be concentrations within error of on another.  The  T3 
10

Be concentrations 

show variations between the sand and pebble grain size fractions.  Sand is enriched by 

1.4x the pebble fraction.  Errors are 1σ AMS analytical errors.   High analytical errors are 

larger than estimated production rate errors, therefore no production rate errors are added. 
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Figure 13.  Millard Canyon 
10 

Be per transect 
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Figure 13.  Millard Canyon 
10

Be.  Millard Canyon spatial variation of 10Be. The sand 

fraction 
10

Be increases downstream from T2 to T3.  Similar 
10

Be concentrations are found 

in the T1 and T2 transects.  
10

Be concentration increases beyond the catchment mouth 

from the T2 to T3.  Pebble 
10

Be concentration decreases downstream.  The T3 transect 

10
Be concentration is 0.9x the T1 

10
Be concentration. 
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Figure 14.  Millard Canyon mean clast size and erosion rate 
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Figure 14.  Millard Canyon mean clast size and erosion rates.  Mean clasts size is plotted 

on the left y-axis, erosion rate in mm ka
-1

 on the right y-axis, and distance on the x-axis.   

Locations of clast count transects are shown in Figure 9.  Clast size was measured in the 

field and represents clast sizes over 2 mm. Mean clast size  decreases from 14 cm to 5 cm 

over 6.7 km.  Errors are one standard deviation. Clast size deviation decreases after the 

catchment mouth.  Erosion rates are calculated following Granger (1996).   Erosion rates 

average 740 mm ka
-1

, from the T1 and T2 transects, using all grain size fractions.   

Erosion rates diverge at the mid-fan T3 transect; the pebble and sand erosion rates are 

1010 mm ka
-1

 and 500 mm ka
-1

 respectively.  The divergence of erosion rates follows the 

variable 
10

Be concentrations, low concentrations yield higher erosion rates. 
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Figure 15. Millard Canyon sediment mixing model ages 
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Figure 15. Sediment mixing model results for mixing depths of 1cm, 15 cm, 50 cm, and 

150 cm.  Model results of the percent of sediment (from a surface of known age with 

modeled 
10

Be concentration) needed to contribute to the active channel to achieve the 

10
Be concentration of the mid-fan sand 

10
Be concentration, 14,900.  The model assumes 

that grains from an older surface are thoroughly mixed with active channel sediment and 

have an inherited 
10

Be concentration equal to the 
10

Be concentrations of the sand fraction 

in the T2 transect.  In general, the greater percent of sediment in the active channel 

derived from an older surface, the younger the surface age to produce the observed 10Be 

concentrations.  At a sediment mixing depth of 1 cm, and a  surface age of 1 ka, 65% of 

the active channel sediment is derived from the 1 ka surface. 
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Figure 16.  Millard Canyon river profile 
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Figure 16.  River profile of  Millard Creek. The Millard Creek stream profile has two 

sections with similar gradients.  The upstream headwaters have steep gradients of 127 m 

km
-1

 for 2 km before a shallower gradient of 59 m km
-1

. 
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Figure 17.  Millard Canyon Qt1 terrace sediment between T1 and T2 
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Figure 17. Millard Canyon Qt1 terrace sediment between T1 and T2.  A)   Unfaulted 

terrace sediment unconformably overlying Pleistocene sedimentary bedrock in channel 

wall, 3m high.  All grain sizes appear to be present.  B) Unfaulted terrace sediment, sand 

and pebble grain sizes appear to be present.  C)  Close up view of unfaulted terrace 

sediment.   Weakly stratified bedding with clasts at least cobble sized.  D)  Unfaulted 

terrace sediment in angular unconformity above Pleistocene sedimentary bedrock.  Top 

of terrace surface has been cut-back; colluvial wedge present between channel wall and 

floor. 
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Figure 18.  Qt1 terrace sediment at T2 
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Figure 18.  Unfaulted terrace sediment at catchment mouth transect T2.  A)View looking 

north, upstream.  Grain sizes up to cobbles present.  Persons in foreground and 

background for scale.  B)  Hill slope  showing cobbles, person for scale. 
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Table 1. Millard basin metrics 

Catchment Lithology Basin 

Area, km2 

Mean Hill 

slope, 

degrees 

Basin average 

production rate, 

atoms g-1 yr-1 

Millard 

Canyon 

Gneiss, Quartz 

Diorite, Quartz 

monzanite 

41.7 26.9 12.9 

Table 1.  Millard Catchment basin metrics captured from 5 m DEMs and catchment wide 

production rate calculations.  

 

Table 2.  Sample locations 

Sample 

Series1 

Easting Northing Sample 

Depth, cm 

Elevation, 

m 

Relief 

2 

MFACD 520219 3753750 0-5 579 1857 

MFACU 518483 3757883 0-5 844 1592 

MFAC 518988 3755651 0-5 705 1731 
1
Sample locations were sampled in line transects, by bulk sampling active channel 

alluvium and amalgamating material for processing. Location given is average easting 

and northing of all bulk samples in line transect. 
2
 Relief measured from sample location to highest elevation in catchment.  

 

 

Table 3.  Millard Canyon 
10

Be and erosion rates 

All samples are from 0-5cm beneath surface of active channel.  Scaling factor 2.62, 

calculated from (Dunai, 2000).  Carrier ratio 
10

Be/
9
Be: 8.451 x 10

-15
 , carrier error: 5.805 

x 10
-16

.   
1
Total error from 1 σ analytical error.  Errors in production rate and snow cover are 

assumed to be less than the analytical error. 

Sample Grain-

size, 

mm 

Dissolved 

Quartz 

Mass, g 

Carrier 

mass, g 

Corrected 
10Be/9Be 

x 10-14 

Error 
10Be/9Be 

x10-15 

10Be, 

 atoms 

g-1x 

103 

1 σ  

error  

atoms 

g-1x 

102 

Total 

Error 

%1 

Erosion 

rate2, 

mm ka-1 

MFACA1 0.250 -

0.500 

50.0 0.2453486 3.09 1.68 10.1  8.8 9 763 ± 77 

MFACA2 1.0 - 
2.0 

50.0 0.2441376 3.22 1.43 10.5 7.7 7 736 ± 74 

MFACA4 150 - 

250  

50.0 0.2474246 2.84 1.77 9.4 8.5 9 824 ± 82 

MFACA5 < 2.0 50.0 0.2537218 2.78 1.22 9.4 7.4 8 821 ±81 

MFACUA6 0.250 -
0.500 

50.0 0.2468883 2.96 1.41 9.8 7.7 8 793 ± 79 

MFACUA7 11.2 - 

22.4 

50.4 0.2393109 3.52 3.5 11.2 12.6 11 693 ± 40 

MFACDA8 0.250 -
0.500 

50.2 0.2488778 4.49 5.89 14.9 20.4 14 521 ± 53 

MFACDA9 11.2 - 

22.4 

50.1 0.2551923 2.3 1.62 7.8 8.2 10 989 ± 98 
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2
Erosion rate calculated using formulation in (Granger, 1996). Basin average production 

rate of 12.9 atoms g
-1

 was calculated, and an average attenuation length of 600mm was 

assumed.  

 

 

 

Table 4.  Sediment mixing model results 

 Sediment 

incorporation 

depth, cn 

    

Terrace 

surface 

age 

 10,000 3,600 1,000 775 

 0 7 ± 1% 18 ± 4% 66 ± 

14% 

87 ± 20% 

 15 8 ± 1% 21 ± 4% 73 ± 

16% 

97 ± 23% 

 50 9 ± 2% 26 ± 5% 91 ± 

20% 

not 

possible 

 150 16 ± 3% 44 ± 9% not 

possible 

not 

possible 

 

Table 4. Sediment mixing model results.  The percentage of material in the active channel 

that is derived from surfaces age 10,000, 3,600, 1,000, and 775 years is modeled over 

four mixing depths.  Older surfaces are required to contribute less to the active channel 

than younger surfaces.  Some values are not possible when considering deeply buried 

sediment. For example, at a burial depth of 150 cm, the average 
10

Be concentration for a 

1,000 year surface is less than the concentration in the active channel.  Thus, mixing 

cannot increase the 
10

Be concentration in the active channel.  

 

 

Table 5.  Regional erosion rates 

Source Data Block Denudation rate, mm ka 
10

Be Yucaipa Block 1500 ± 290 Binnie et. al., 2008 

 San Gorgonio Block 415 ± 60 Binnie et. al., 2008 

 Morongo Block 740 ± 70 this work 

(U-Th)/He Yucaipa Block 800-1600 Spotila et. al., 2001 

 

Table 5. Regional erosion rates for the southern slopes of the San Bernardino mountains. 
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Appendix B. Millard Canyon Geologic Map 

 

Figure 19. Millard Canyon geologic map from Yule and Seih (2003). 
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Figure 19. Geologic map from Yule and Sieh (2003) delineating relative ages of terrace 

surfaces and location of faults.  The active channel is bound by unfaulted faulted terrace 

surfaces.  Inactive thrust faults uplift Pliocene-Pleistocene alluvial fan deposits which are 

exposed in the active channel. 
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Appendix C. Sample Site Pictures 

 

Figure 20. MFAC1001 sample site 

 
 

Figure 21. MFAC1002 sample site 
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Figure 20. MFAC1001 sample site. Sample site is upper bar surface in active channel. 

Pebbles and sand predominantly cover bar, but sand and pebbles predominate 0-5  cm 

depth. Pictured from left to right, Katy McGuire, Paul McBurnett, Shahid Ramzan.   

 

Figure 21. MFAC1002 sample site.  Cobble and pebbles predominantly cover surface.  

Pictured from left to right: Katy McGuire, Matt Raimo, Paul McBurnett, and Shahid 

Ramzan.
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Figure 22. MFAC1003 sample site 

 
 

Figure 23. MFAC1004 sample site 
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Figure 22. MFAC1003 sample site. Katy McGuire, Shahid Ramzan, and Paul McBurnett 

collecting sample MFAC1003.  Sample is located in the thalweg of the active  channel.  

Grain sizes range from sand to cobbles.  Note abundant vegetation in the center of the 

active channel.  

 

Figure 23. MFAC1004 sample site. Active channel surface, shovel and hand for scale.  

Sample collection from 0-5 cm beneath active channel.   Grain sizes grain sand to 

cobbles.
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 Figure 24. MFAC1005 Sample site 
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Figure 24. MFAC1005 Sample site. a)Katy McGuire, Paul McBurnett, Matt Raimo, and 

Shahid Ramzan pictured from left to right, collecting sample MFAC1005 from swale in 

active channel surface. Grain size of sample site is dominantly sand-sized grains.  Half-

meter cobble bar is adjacent to sandy swale.  b) Sandy swale is dominantly sand and 

pebbles from a depth of 0-5 cm.
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Figure 25. MFACU1001 sample site 
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Figure 25. MFACU1001 sample site. a) Dr. Richard Heermance collecting sample 

MFACU1001 from 0-5 cm depth of the active channel surface.  b)  Sample is located on 

upper bar surface of active channel with boulders.  c) Sample site is dominantly sand 

sized gains. 
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Figure 26. MFACU1002 sample site 
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Figure 26. MFACU1002 sample site.  a) Dr. Richard Heermance collecting sample 

MFACU1002  from a depth of 0-5 cm beneath the surface of a bar in the active channel. 

Note dominant cobble grain sizes on the surface. b)  Sand sized grains are dominantly 

from 0-5 cm.  
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Figure 27. MFACU1003 sample site 
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Figure 27. MFACU1003 sample site.  a) Collection of sample from thalweg of active 

channel surface.  b) Dr. Richard Heermance collecting sample from 0-5 cm depth in 

active channel. Sample site is dominantly sand and pebble sized grains.
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Figure 28.  MFACU1004 sample site 
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Figure 28.  MFACU1004 sample site.  a)  Sample site in thalweg of active channel with 

shovel for scale.  b) Dr. Richard Heermance collecting sample.  Sample is dominantly 

sand and pebbles.  c) Boulder 15 m upstream of sample site with red backpack for scale.  

Boulder measures greater than 1.5m diameter.
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Figure 29.  MFACU1005 sample site 
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Figure 29.  MFACU1005 sample site.   Surface is predominantly pebbles with well-

established vegetation.  
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 Figure 30.  MFACD1001 sample site 
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Figure 30.  MFACD1001 sample site.  a)  Dr. Richard Heermance standing on mid-fan 

active channel surface.   Note well-established vegetation in thalweg of active channel.  

b)  Bar surface is dominantly pebbles and sand-sized grains.  c) Remnants of cobble bar 

in active channel. 
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Figure 31.  MFACD1002 sample site 
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Figure 31.  MFACD1002 sample site.  a) Pebbles and cobbles predominate active 

channel surface.  Note darker appearance of channel surface, indicative of inclusion of 

organic matter and soil development.  Location is still within the banks of the active 

channel. b) Well-established vegetation in the middle of the active channel.  c) Extensive 

pebble and cobble covering of active channel surface. 
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Figure 32. MFACD1003 sample site 
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Figure 32. MFACD1003 sample site.  a) Well established vegetation covers active 

channel surface with occasional boulders.  b) Sample collected from a depth of 0-5 cm 

beneath active channel surface.  Surface is dominantly sand and pebbles, with remnant 

cobble bars.  c) Remnant cobble bar, indicated by slightly raised profile from channel 

surface. 
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Figure 33. MFACD1004 sample site 
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Figure 33. MFACD1004 sample site. a) Mid-fan active channel thalweg, with recent 

incision into surface.  Thalweg is lined by well-established vegetation.  Incision into 

surface reveals sand to cobble grain sizes. C) Sand and pebble dominated wash deposit in 

active channel. 
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Appendix D.  Lawrence Livermore Data 

Table 6.  Lawrence Livermore National Laboratory Millard Canyon results 
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Table 6.  Lawrence Livermore National Laboratory Millard Canyon results.  Results as 

delivered from Lawrence Livermore National Laboratory, with standard, blanks, and 

sample results.  
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Table 7.  Lawrence Livermore National Laboratory Millard Canyon sample 

currents 
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 Table 7.  Lawrence Livermore National Laboratory Millard Canyon sample currents.  

Sample current readings for standards and samples run at Lawrence Livermore National 

Laboratory.  


