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Abstract 9 

The effects of climate change on eroding landscapes and the terrestrial sedimentary record 10 

are poorly understood. Using mountain catchment-alluvial fan systems as simple analogues 11 

for larger landscapes, a wide range of theoretical studies, numerical models and physical 12 

experiments have hypothesised that a change in precipitation rate could leave a characteristic 13 

signal in alluvial fan sediment flux, grain size, and down-system fining rate. However, this 14 

hypothesis remains largely untested in real landscapes. In this study, we measure grain size 15 

fining rates from apex to toe on two alluvial fan systems in northern Death Valley, California, 16 

which each have well-exposed modern and ~ 70 ka surfaces, and where the long-term tectonic 17 

boundary conditions can be constrained. Between them, these surfaces capture a well-18 

constrained temporal gradient in climate. We adapt a grain size fining model, based on self-19 

similarity and selective deposition, for application to these alluvial fans. We integrate this 20 

model with cosmogenic nuclide constraints on catchment erosion rates, and observed grain 21 

size fining data from two catchment-fan systems, to estimate the change in sediment flux from 22 

canyon to alluvial fan that occurred between mid-glacial and modern interglacial conditions. In 23 

a fan system with negligible sediment recycling, a ~30% decrease in precipitation rate led to 24 

a ~20% decrease in sediment flux and a clear increase in the down-fan rate of fining, 25 

supporting existing landscape evolution models. Consequently, this study shows that small 26 

mountain catchments and their alluvial fan stratigraphy can be highly sensitive to orbital 27 

climate changes over < 105 year timescales. However, in the second fan system we observe 28 

that this sensitivity is completely lost when sediment is remobilised and recycled over a time 29 

period longer than the duration of the climatic perturbation. Our analyses offer a new approach 30 

to quantitatively reconstructing the effects of past climate changes on sedimentation, using 31 

simple grain size data measured in the field. 32 

 33 
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1. Introduction 34 

The terrestrial stratigraphic record is widely recognised as a valuable archive of information 35 

about past environmental change, including the history of major controls on sedimentation 36 

such as climate, tectonics and erosion (Molnar & England, 1990; Heller and Paola, 1992; 37 

Paola et al., 1992a; Blum & Törnqvist, 2000; Allen, 2008a). Changes in sediment volumes and 38 

characteristics delivered to basins, driven by temporal and spatial variations in these boundary 39 

conditions, are therefore translated into sedimentary deposits with varying degrees of 40 

preservation (Humphrey and Heller, 1995; Castelltort and Van Den Driessche, 2003; 41 

Jerolmack and Paola, 2010; Duller et al., 2010; Whittaker et al., 2010; Simpson and Castelltort, 42 

2012; Foreman, 2014). While qualitative descriptions of sedimentary facies produced as result 43 

of these drivers are a mainstay of sedimentary research (Bull, 1991; Blair and McPherson, 44 

1992; Blair 1999; Harvey et al., 1999; Castelltort et al., 2011; Huyghe et al., 2012; Nagel et 45 

al., 2013; Ballato and Strecker, 2014), in principle it should be possible to decode aspects of 46 

this physical record quantitatively for past environmental change (Robinson and Slingerland, 47 

1998, Allen, 2008a). Alongside geomorphological analyses (DiBiase and Whipple, 2011; 48 

Whittaker, 2012; Champagnac et al., 2012; 2014; D’Arcy & Whittaker, 2014; Herman et al., 49 

2014; Salcher et al., 2014), the ability to quantitatively invert terrestrial sediment 50 

characteristics as a function of past climate  would, (i) enable us to constrain the magnitudes, 51 

timescales and impacts of past environmental change on the Earth’s surface (Romans et al., 52 

2009; Duller et al., 2012, Allen et al., 2013; Foreman, 2014); (ii) allow us to determine how 53 

sensitive eroding landscapes are to past climate, particularly when compared with tectonic 54 

drivers (Bull, 1991; Armitage et al., 2013; Allen et al., 2013; Michael et al., 2013; Ballato and 55 

Strecker, 2014; Schildgen et al., 2016); and (iii) give new insights into the erosional-56 

depositional response of landscapes to future climate changes over a range of timescales and 57 

magnitudes (Pepin et al., 2010; Armitage et al., 2011; 2013; Simpson and Castelltort, 2012).   58 

However, in practice it is difficult to extract past climatic information from the stratigraphy 59 

produced by real eroding landscapes. This is partly due to the potential for signal shredding 60 

and interference by self-organised criticality, autogenic processes, and chaotic behaviour 61 

within sediment routing systems themselves (Hallet, 1990; Humphrey and Heller, 1995; Clarke 62 

et al., 2010; Jerolmack and Paola, 2010).  Such effects may mean that climate changes are 63 

not translated into a ‘clean’ sediment flux signal at a catchment outlet (Simpson and 64 

Castelltort, 2012; Armitage et al., 2013; Forzoni et al., 2014); indeed these signals may be 65 

highly damped and thus landscape response times to perturbation may be long (Castelltort 66 

and Van Den Driessche, 2003; Allen, 2008b; Jerolmack and Paola, 2010, Whittaker and 67 

Boulton, 2012). The sedimentary record is also fundamentally a selectively-sampled record of 68 

past surface fluxes over a depositional basin, with varying preservability (Fedele and Paola, 69 
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2007; Schumer and Jerolmack, 2009; Whittaker et al., 2010; Allen et al., 2013), so sediments 70 

may best record past environmental change only where accumulation rates are high. Finally, 71 

different drivers of the surface process system, such as tectonics and climate, may produce 72 

similar stratigraphic responses. For instance the progradation of coarse wedges of gravel into 73 

a basin may be marker of a changing tectonic boundary conditions (e.g., Jones et al., 2004; 74 

Allen and Heller, 2011; Whittaker et al., 2010; Parsons et al., 2012), but may equally represent 75 

changes in rainfall or storminess (e.g., Duller et al., 2012; Armitage et al., 2013; Foreman, 76 

2014). While diagnostic differences between these competing scenarios have been suggested 77 

from theoretical considerations (Allen and Heller, 2011; Armitage et al., 2011), applying these 78 

to real stratigraphic examples over long spatial scales where exposure is incomplete remains 79 

a significant challenge. 80 

One solution to these issues is to collect field data that measure the sensitivities of sediment 81 

routing systems to climate changes in carefully-selected locations where boundary conditions 82 

are well-constrained and where some of the above problems can be eliminated or controlled. 83 

Coupled mountain catchments and alluvial fans are good systems to study for three main 84 

reasons (Bull, 1964; Hooke, 1968; Whipple and Traylor, 1996; Allen and Hovius, 1998); firstly, 85 

while their catchment processes include a range of sediment transfer functions (from hillslope 86 

sediment sources to the sediment flux at the fan apex), their geometry is both simple and 87 

tractable (Allen and Densmore, 2000; Armitage et al., 2011). Secondly, alluvial fans are often 88 

volumetrically-closed landforms with high sedimentation rates, comprising terraces of different 89 

ages that can be easily dated using exposure techniques (c.f., D’Arcy et al., 2015). Finally, 90 

small sediment-routing systems are likely to capture the effects of climatic or tectonic changes 91 

with greater sensitivity. They are likely to have shorter response times than large catchments 92 

(Castelltort and Van Den Driessche, 2003; McPhillips et al., 2013) and they may be less 93 

affected by the signal shredding and damping issues mentioned above (Allen, 2008b; 94 

Armitage et al., 2013). 95 

Field studies have described a number of examples of alluvial fans aggrading during periods 96 

of enhanced precipitation and incising during subsequent drier conditions when sediment 97 

supply is depleted, for example in the south-western United States (Bull, 1991; McDonald et 98 

al., 2003; Spelz et al., 2008; Miller et al., 2010; Antinao & McDonald, 2013) and in Peru 99 

(Steffen et al., 2009, 2010; Bekaddour et al., 2014). In these cases, alluvial fans have 100 

responded to climate changes during the last glacial-interglacial cycle and hence the implied 101 

catchment response time is on the order of 103 - 104 years. Similarly, McPhillips et al. (2013) 102 

demonstrated that erosion rates and sediment fluxes in catchments along the western 103 

Peruvian Andes were greater during stormier parts of the Pleistocene with greater effective 104 

runoff, compared to the Holocene. Recent studies have also pointed to the role of rapid climate 105 
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changes in modulating the architecture and grain size of terrestrial sedimentary deposits. 106 

Waters et al. (2010) sampled grain size from late Pleistocene stream-flow dominated alluvial 107 

fan deposits in Cyprus, and found that coarser gravel was clearly deposited during periods of 108 

wetter climate. Further back in time, the deposition of coarse, prograding conglomerates in 109 

Colorado, Wyoming, and the Pyrenees has been attributed to abrupt (~ 104 to 105 year) 110 

warming during the Palaeocene-Eocene Thermal Maximum (Foreman et al., 2012; Allen et 111 

al., 2013; Foreman, 2014). These studies generally agree that wetter climates promote greater 112 

sediment fluxes and coarser grain sizes, although uncertainties remain about the relative 113 

importance of storms compared to average precipitation (Miller et al., 2010; Antinao and 114 

McDonald, 2013), the role of vegetation in modulating sediment flux (Harvey et al.,1999; 115 

Pelletier, 2014), and autogenic processes (Paola et al., 2009; Clarke et al., 2010). It is 116 

important to note that some case studies show pulses of alluvial fan sedimentation during 117 

periods of arid climate, for example in the Mediterranean and Nevada (Harvey et al., 1999; 118 

Harvey, 2005). These uncertainties highlight the need for more case studies about alluvial fan 119 

dynamics and how rainfall rates translate into effective runoff rates. Nonetheless, in terms of 120 

their three-dimensional architecture it appears that alluvial fans are sensitive in at least some 121 

locations to high-amplitude climate changes over 103 to 105 year orbital timescales. 122 

Numerical models and physical experiments also agree that alluvial fans might record climate 123 

changes in their stratal architecture and grain size distributions (e.g., Paola et al., 1992a; Allen 124 

and Densmore, 2000; Morehead et al., 2001; Densmore et al., 2007; Armitage et al., 2011; 125 

Rohais et al., 2012; Allen et al., 2013). In general, these models predict that doubling average 126 

precipitation rate would approximately double the sediment flux exported to an alluvial fan and 127 

trigger significant progradation of a coarse-grained deposit. A halving of precipitation rate 128 

causes the inverse response and is recorded by sediment fining, and in each case the climate 129 

change is preserved as a transient signal in fan stratigraphy. In these models, precipitation 130 

rate changes of 50 to 100 % typically generate measureable changes in the gravel fraction 131 

grain size exported to the fan. Consequently, climate changes of a similar magnitude to glacial-132 

interglacial cycles may be expected to produce a macroscopic (> 10 mm amplitude) grain size 133 

signal locked into the sedimentary record and easily detected in the field (e.g., Allen and 134 

Densmore, 2000; Armitage et al., 2011; Allen et al., 2013). Likewise, physical analogue 135 

experiments also show that changing precipitation rate has a clear effect on landscape erosion 136 

and form (Bonnet and Crave, 2003), and that doubling precipitation rate causes increased 137 

sediment flux to an alluvial fan and a temporary spike of coarse sediment deposited (Rohais 138 

et al., 2012). These studies establish the clear hypothesis that climate changes should be 139 

recorded by both the sediment flux and grain size delivered to alluvial fan systems.   140 
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In this paper, we test this hypothesis explicitly using a combination of field measurements and 141 

numerical modelling of grain size fining (section 2). We examine two alluvial fan systems in 142 

northern Death Valley, California, which each have well-exposed and well-dated mid-glacial 143 

(~ 70 ka) and modern depositional units (Frankel et al., 2007a). Between the deposition of 144 

these fan surfaces, Death Valley experienced substantial climate changes associated with the 145 

last glacial-interglacial cycle (Phillips, 2008). We integrate a self-similarity approach to grain 146 

size analysis based on selective deposition with field observations and existing cosmogenic 147 

nuclide estimates of catchment-wide erosion rates, to quantitatively explore how past climate 148 

change and sediment recycling affected fan architecture and grain size in these simple 149 

sediment routing systems. 150 

 151 

2. Grain size fining and the self-similarity model 152 

Compared to a climatic signal being recorded by incision-aggradation sequences or 153 

catchment geomorphology, attempting to invert climate variables from sedimentary grain size 154 

brings several analytical advantages. Grain size can be measured easily in the field (even in 155 

very old deposits), and has an accessibility and preservation potential much greater than the 156 

three-dimensional architecture of an alluvial fan. It is known to record key information about 157 

sediment sources and transport (Whittaker et al., 2007; Duller et al., 2012; Attal et al., 2015) 158 

and boundary conditions such as tectonics and climate (e.g. Robinson and Slingerland,1998 159 

Whittaker et al., 2007, 2010; Allen and Heller, 2011; Waters et al., 2010; Foreman et al., 2012; 160 

Allen et al., 2013; Foreman, 2014; Allen et al., 2015). Additionally, grain size data can easily 161 

be represented as a quantitative time series that can be compared to tectonic or climatic 162 

proxies (Whittaker et al., 2011; Parsons et al., 2012; Michael et al., 2013).  163 

Recently, a number of studies have shown that careful measurements of grain size and fining 164 

rates along discrete stratigraphic time-lines can be used to quantitatively decode stratigraphy 165 

for driving variables such as tectonically-driven subsidence or sediment flux (c.f., Paola and 166 

Martin, 2012). Focusing on ~ 40 Ma old Eocene alluvial fans in the Pobla Basin of the Spanish 167 

Pyrenees, Duller et al. (2010) were able to demonstrate that an increasing grain size fining 168 

rate along two time-lines in the basin fill related to a period of enhanced subsidence, driven 169 

by increased displacement on the basin-bounding thrust. Similarly, Whittaker et al. (2011) 170 

quantitatively related changes in grain size fining rate in upper Eocene and Oligocene 171 

stratigraphy of the south-central unit of the Spanish Pyrenees to tectonically-mediated 172 

variations in sediment supply and accommodation. Similar insights have also been gained 173 

from changes to grain size fining rate within the Sis conglomerate (Parsons et al., 2012). 174 

Recently, down-system changes in sediment calibre within a mass-balance framework have 175 
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been shown to reflect both the volume and grain size distribution supplied to the sediment 176 

routing system feeding the upper Cretaceous Castlegate sandstone in the western interior 177 

basin of the US (Hampson et al., 2014), and the mid-Eocene Escanilla Formation in north-178 

eastern Spain (Michael et al., 2013; 2014). 179 

Duller et al. (2010) and Whittaker et al. (2011) were able to invert stratigraphic grain size trends 180 

explicitly for tectonic subsidence and sediment supply variations using a self-similarity model 181 

for grain size fining, which was proposed in its current form by Fedele and Paola (2007). The 182 

modelling approach is described in detail by Fedele and Paola so only a brief account is given 183 

here. The existing model is a two-dimensional solution based on empirical observations that 184 

indicate the grain size distributions of stream flow-dominated deposits are self-similar. For 185 

gravel grain sizes, this means that the mean, 𝐷̅, and standard deviation, σ, of surface and 186 

subsurface sediment both decrease at the same rate downstream (c.f., Paola et al., 1992b; 187 

Paola and Seal, 1995; Toro-Escobar et al., 1996; Duller et al., 2010; Whittaker et al., 2011). 188 

A similarity variable, ξ, for gravels can thus be defined as: 189 

 190 

𝜉 =  
𝐷− 𝐷̅

𝜎
          [1] 191 

 192 

where D is a given grain size, and 𝐷̅ and σ are the local mean and standard deviation of the 193 

gravel sediments at any down-system distance, x. If self-similar, the shape of the gravel grain 194 

size distribution at any position along the length of the depositional system is the same when 195 

scaled by the similarity variable, ξ. Exploiting this self-similarity, the modelling approach of 196 

Fedele and Paola (2007) uses a version of a fractional Exner sediment mass balance (c.f., 197 

Toro-Escobar et al., 1996) to account for particle transfer between the transporting system 198 

and deposited stratigraphy, and to describe the extraction of sediment along the length of the 199 

depositional system. The rate of change of a grain size fraction in the deposit, f, as a function 200 

of dimensionless distance down-system, 𝑥 ∗, can therefore be expressed as: 201 

 202 

𝑑𝑓

𝑑𝑥∗
= f [𝑅 ∗ (1 −

1

𝐽
)] −

1

𝐽

𝑑𝐽

𝑑𝑥∗
        [2] 203 

 204 

where J is a relative mobility function (J = p/f, where p is the fraction of a given sediment size 205 

in the transport system), and 𝑅 ∗ represents the spatial distribution of deposition downstream, 206 

which can be expressed in two-dimensional form as: 207 
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 208 

𝑅 ∗ (𝑥 ∗) = (1 − 𝜆𝑝)𝐿
𝑟∗(𝑥∗)

𝑄𝑆(𝑥∗)
        [3] 209 

 210 

where p is sediment porosity; L is the total length of the sediment routing system in 211 

downstream direction 𝑥 ; 𝑟 ∗ (𝑥 ∗) is the spatial distribution of tectonic subsidence; and 𝑄𝑆(𝑥 ∗) 212 

is the sediment flux at any down-system distance. Numerical modelling suggests that the form 213 

of J is also approximately self-similar (Fedele and Paola, 2007; Duller et al., 2010), so this 214 

means that down-system sediment extraction can be collapsed via J. Moreover, both f and J 215 

can therefore be expressed as functions of ξ. It is important to stress that the spatial distribution 216 

of deposition, 𝑅 ∗, represents the relative distribution of sediment mass down-system, due to 217 

selective extraction into stratigraphy. It can therefore be determined directly from stratigraphic 218 

data (c.f., Whittaker et al., 2011). To find deposit grain size for any value of 𝑅 ∗ (𝑥 ∗), a 219 

dimensionless distance transformation 𝑦 ∗ (𝑥 ∗) is used, which integrates the downstream 220 

distribution of sediment mass 𝑅 ∗ as a function of dimensionless down-system distance: 221 

 222 

𝑦 ∗ (𝑥 ∗) = ∫ 𝑅∗(𝑥 ∗)𝑑𝑥 ∗
𝑥∗

0
        [4] 223 

 224 

The mean grain size of gravel, 𝐷̅, at any down-system distance can be expressed as an 225 

exponential function of 𝑦 ∗ and it is therefore explicitly linked to 𝑅∗ (Fedele and Paola, 2007): 226 

 227 

𝐷̅(𝑥 ∗) = 𝐷̅0 + 𝜎0
𝐶2

𝐶1
(𝑒−𝐶1𝑦∗ − 1)       [5] 228 

 229 

In this case, 𝐷̅0 and 𝜎0 represent the mean and standard deviation of the size distribution of 230 

the sediment supply at the initial point of deposition, and C1 and C2 are constants that express 231 

the relative partitioning of the variability in gravel supply arising from systematic down-system 232 

change in mean grain size (C2) compared to the at-site variation (C1) (Fedele and Paola, 2007; 233 

Whittaker et al., 2011). This ratio can be approximated by measuring the coefficient of variation 234 

of the grain size distribution in the supply: 235 

 236 

𝐶𝑣 =  
𝜎(𝑥∗)

𝐷̅(𝑥∗)
=  

𝐶1

𝐶2
          [6] 237 
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 238 

Values of constant C1 used in previous studies lie between 0.5 and 0.8 (e.g. Duller et al., 239 

2010), and numerical models suggest that 0.5 < C1 < 0.9 (c.f. Fedele and Paola, 2007). The 240 

coefficient of variation, CV, for gravels is easy to measure from field data, and has been 241 

observed to lie between 0.7 and 1.0 (e.g. Fedele and Paola, 2007; Duller et al., 2010, 242 

Whittaker et al., 2010, Michael et al., 2013).  Consequently, C2 can also be calculated.  243 

The sensitivity of this model to changing sediment flux and subsidence rate has been explored 244 

in previous studies (Duller et al., 2010; Parsons et al., 2012), and a key implication of equations 245 

3, 4 and 5 is that a larger sediment flux, relative to an unchanged rate of accommodation 246 

generation, would generate a slow grain size fining rate down-system, resulting in 247 

progradation and a coarsening of grain size at a particular down-system point in cross-section. 248 

For a system of fixed depositional length, this would result in increased sediment bypass, e.g., 249 

to an axial river system. A decrease in sediment flux would generate a fast rate of grain size 250 

fining, relative retrogradation, a decrease in cross-sectional grain size at a particular point 251 

down-system, and reduced sediment bypass at the end of a system of fixed length.  252 

 This approach provides a clear opportunity to derive quantitative information about sediment 253 

fluxes and tectonic subsidence rate directly from gain size data. Advantageously, the model 254 

requires knowledge of only a small number of parameters (c.f., Whittaker et al., 2011): (i) the 255 

length of the depositional system, L; (ii) the rate and spatial distribution of subsidence, 𝑟 ∗ (𝑥 ∗256 

); (iii) an estimate of sediment flux to the fan, 𝑄𝑆0; and (iv) knowledge of the input grain size 257 

distribution (𝐷̅0 and 𝜎0 ). Limitations of the model include that assumption that grain size 258 

distributions are indeed self-similar and that fining is driven by selective extraction.  259 

Additionally, it is assumed that there are no down-system point sources of sediment with very 260 

different grain size. Here, we apply the self-similar grain size fining model to two alluvial fans 261 

in northern Death Valley that are well-suited to this type of analysis. They have well-exposed 262 

surfaces on which grain size fining can be measured all the way from fan apex to toe, and 263 

existing cosmogenic nuclide constraints on catchment-wide erosion rates allow us to break 264 

the coupled ratio between sediment flux and extraction in Eq. 3.  265 

 266 

3. Study Area 267 

3.1. Geomorphology and Tectonics 268 

We examine two neighbouring catchment-fan systems along the eastern margin of northern 269 

Death Valley, eastern California (Fig. 1), which drain the Grapevine Mountains directly below 270 

Grapevine peak. These are the Backthrust canyon and Moonlight canyon systems, which have 271 
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similar geomorphology and total drainage areas of 46.2 km2 and 36.7 km2, respectively. The 272 

canyons drain south-westwards into the northern Death Valley extensional basin (the 273 

Mesquite flat), constructing ~ 6 km long coalesced alluvial fans mantling the western range 274 

front. These fans are shown in Fig. 1a, which is a contrast-enhanced LandSat 8 false colour 275 

composite (bands 642-RGB) in which modern deposits appear bright blue and older incised 276 

terraces appear red-brown. Both fans are toe-cut by the axial Death Valley wash. 277 

Faulting in this area is dominated by extension, but this is distributed into two fault systems. 278 

The Northern Death Valley Fault Zone (NDVFZ) dissects the alluvial fan terraces (Fig. 1a) and 279 

has a small scarp visible in the field. This is a dextral strike-slip fault with a horizontal geologic 280 

slip rate of ~ 4.5 mm yr-1 measured at this location (Frankel et al., 2007a). The Grapevine Fault 281 

Zone (GFZ) is a south-west-dipping normal fault system (Mabey, 1963; Reynolds, 1969; 282 

Niemi, 2012) located about 3 km north-east of the NDVFZ (Fig. 1a). The GFZ is the range-283 

bounding fault system responsible for some of the relative subsidence/uplift between the 284 

alluvial fans and the catchments, however its age, throw, and throw rate are not fully 285 

constrained (Niemi, 2002). Nonetheless, the northern Death Valley basin contains deposits 286 

several kilometres thick, estimated using gravity data (Blakely et al., 1999), and as such the 287 

GFZ was evidently a major frontal fault system with substantial throw from the Pliocene 288 

onwards (Niemi, 2002). The GFZ is likely to be active, and Machette et al. (2002) estimate 289 

that it has a low slip rate of ~ 0.2 mm yr-1. Additional subsidence is due to regional extension 290 

along a NNW-SSE axis (Reynolds, 1969; Klinger, 2001; Hammond et al., 2012), which is 291 

responsible for the complex placement of a strike slip fault near the frontal normal fault. 292 

Hammond et al. (2012) present detailed vertical motion constraints from interferometric 293 

synthetic aperture radar (InSAR) that reveal the average subsidence rate in central and 294 

northern Death Valley is ~ 0.5 mm yr-1. We exploit these constraints as a starting point in our 295 

analyses, but our approach offers a new opportunity to refine estimates of both the rate and 296 

spatial variation of subsidence beneath our target alluvial fans, and we explore this as a topic 297 

of interest later. 298 

The Backthrust and Moonlight canyon catchments have equivalent outcrop patterns of 299 

bedrock lithologies (Fig. 1b), which we have broadly classified into three groups: volcanics, 300 

carbonates, and conglomerates. Niemi (2012) provides a detailed geological map and full 301 

lithological descriptions. The majority of the catchments are eroding carbonates from the 302 

Bonanza King and Carrara formations, composed of Cambrian (and minor Ordovician-303 

Devonian) limestones and dolostones with some siltstones and shales (Niemi, 2012). These 304 

carbonate hillslopes also have the steepest slopes (Fig. 1c), and provide the majority of 305 

sediment to the channels. The headwaters of the catchments have gentler slope distributions 306 

and are underlain by Miocene volcanics, comprising rhyolitic lavas, tuffs, and ash flows (Niemi, 307 
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2012; Fig. 1c). The lowermost parts of the catchments have extended basin-wards through 308 

partially consolidated conglomerates, likely of Pliocene age, that form local topographic relief 309 

(Niemi, 2012). Although sediment supply to the alluvial fans integrates these different sources, 310 

more than 80 % of the fan gravels are derived from carbonates, owing to the large extent and 311 

steep hillslopes of the carbonate bedrock. 312 

The Backthrust and Moonlight canyon alluvial fans are dominated by channelized gravel 313 

deposits on two distinct depositional surfaces: modern deposits, and older raised surfaces 314 

mapped as Q2c in previous stratigraphic frameworks (Bull, 1991; Klinger, 2001; 2002; Frankel 315 

et al., 2007a; Niemi, 2012). Representative photographs of the alluvial fan surfaces are shown 316 

in Fig. 2. Photographs 2a and 2b are taken near the apices of both fans, looking upstream 317 

towards the catchments. The modern gravel surfaces (foreground) and raised Q2c terraces 318 

(marked by yellow triangles) are clearly visible. The modern surface is incising on both fans, 319 

but the magnitude of this incision is significantly greater on the Moonlight canyon fan. At the 320 

apex of the Backthrust canyon fan, the modern surface has only incised a few metres into 321 

Q2c, whereas on the Moonlight canyon fan this incision averages 40 m, with the Q2c surface 322 

forming a paved terrace at the top of a heavily dissected cliff, which provides a cross-section 323 

exposure of older alluvial fan conglomerates onto which Q2c aggraded. In this fan, the Q2c 324 

terrace is landsliding into the modern depositional surface, so there is clearly a significant 325 

recycling of material via steep scree cones and large blocks, visible on the right of Fig. 2b. 326 

Figure 3 shows the longitudinal profiles of the fan surfaces studied. The solid lines represent 327 

the modern surfaces and the dashed lines represent the Q2c terraces. From apex to toe, the 328 

Q2c surfaces have greater slopes than the modern surfaces, reflecting this recent incision. 329 

This difference is larger on the Moonlight canyon fan (4.3 ° on the Q2c surface, 3.8 ° on the 330 

modern surface), compared to the Backthrust canyon fan (with a difference in slope of only 331 

0.1 °), reflecting the enhanced down-cutting observed on the Moonlight canyon fan. We 332 

therefore select these two fan systems as comparable examples where one (Moonlight canyon 333 

fan) has experienced substantial incision and recycling, and the other (Backthrust canyon fan) 334 

has not. We return to this comparison later. 335 

Figures 2c and 2d show representative outcrop-scale photographs of the modern and Q2c 336 

surfaces as exposed on the Moonlight canyon fan near its apex. The modern surface is 337 

predominantly composed of carbonate gravels, pebbles and cobbles distributed by small 338 

channels with subtle topographic relief < 1 m. These channels are active during flash floods 339 

triggered by infrequent storms, reflecting the arid modern climate of Death Valley. Frankel et 340 

al. (2007a) documented debris flow deposits on the alluvial fans; we observed primarily 341 

channel deposition resulting from flash floods, and did not sample any boulder-rich levees that 342 

could be attributed to debris flows. Figure 2e shows a typical image of the modern deposits 343 
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used for characterising the grain size distribution (see Methods). The majority of the clasts are 344 

partially-rounded white/grey limestone and dolostone gravels and pebbles. The Q2c surface 345 

(Fig. 2d) has lost its original depositional relief due to desert pavement formation, and is 346 

composed of equivalent sediment to the modern deposits (Fig. 2f), only heavily oxidised and 347 

varnished, giving the terraces a rust-red colour and making them easy to distinguish. As is 348 

typical of desert pavements, the clasts are arranged in an interlocking pattern (Goudie, 2013). 349 

Frankel et al. (2007a) dated the Q2c surface on both fans to 70 (+22 / -20) ka using 10Be 350 

cosmogenic nuclide measurements. They analysed 16 samples in total, and we have 351 

reproduced their exposure age probability distributions here in Fig. 4. We note that Frankel et 352 

al. (2007a) used different names for the alluvial fans that do not correspond to the names of 353 

the parent canyons (Niemi, 2002; 2012). We have updated the fan names in this study, 354 

according to the map of Niemi (2012). As such, the Backthrust canyon fan is the ‘Big Dip’ fan 355 

of Frankel et al. (2007a) and the Moonlight canyon fan is the ‘Red Wall’ fan of Frankel et al. 356 

(2007a). This clarification is necessary because Red Wall canyon is actually the next canyon 357 

~ 7 km south-east of Moonlight canyon. Figures 4a and b show the probability distributions for 358 

age estimates on each fan separately, with clear peaks centred at ~ 70 ka. The Moonlight 359 

canyon fan data include two inherited clasts, dating to ~ 120 ka and ~ 220 ka, presumably 360 

recycled from older aggraded units that were later remobilised. The presence of an inherited 361 

signal on this fan may be significant given that it also shows more evidence for incisional 362 

recycling of earlier deposits today, compared to the Backthrust canyon fan (Fig. 4a and b).  363 

Frankel et al. (2007a) also combined the samples from each fan deposit, reproduced here as 364 

Fig. 4c, to calculate their final Q2c age estimate. It is reasonable to assume that the two Q2c 365 

surfaces were deposited co-synchronously, given the widespread occurrence of fan terraces 366 

dating to ~ 70 ka in Death Valley, e.g., the Indian creek fan (Frankel et al., 2007b), the Perry 367 

Aiken creek fan (Ganev et al., 2010), and the Hanaupah canyon fan (Machette et al., 2008). 368 

The uncertainty on the exposure ages spans from 50 ka to 92 ka, and we have highlighted 369 

this period of activity on the benthic Pacific δ18O stack of Lisiecki and Raymo (2009) for 370 

comparison in Fig. 4d. Some of this variation in age will reflect a true range in the timescales 371 

of deposition of the Q2c surfaces, and it is also clear from Fig. 2 that sediment is being 372 

transported diffusively down-fan in braided channels that form a distributary network. The 10Be 373 

data from Frankel et al. (2007a) and these field observations highlight a key advantage of 374 

studying these systems: the formation of these terraces integrates over a ~ 104 year 375 

depositional timespan and many transport events, thus avoiding anomalous climate 376 

fluctuations over sub-millennial timescales and making them suitable for characterising the 377 

mid-glacial climate state. As well as providing 10Be exposure dates for the Q2c surface, 378 

Frankel et al. (2007a) also used two 36Cl depth profiles to estimate the Q2c source area 379 
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erosion rate for the Moonlight canyon system. They obtained values of 46 ± 9 mm ka-1 and 83 380 

± 10 mm ka-1, giving an overall average erosion rate of ~ 65 ± 20 mm ka-1 for this catchment 381 

at ~ 70 ka. 382 

 383 

3.2. Modern and Past Climate 384 

Today, Death Valley has an arid desert climate, and records between 1911 and 2015 give a 385 

mean annual precipitation rate of 57 mm yr-1 and a mean temperature of 25 °C (Western 386 

Regional Climate Center, 2015). The valley occupies a powerful rain shadow created by the 387 

Sierra Nevada and White-Inyo mountain ranges to the west, and the entire catchment-fan 388 

systems are virtually un-vegetated apart from sparse desert scrub (Fig. 2). However, the 389 

south-western United States was cooler and wetter during the last glacial period, and Death 390 

Valley contained a large pluvial lake called Lake Manly (Blackwelder, 1933; Ku et al., 1998; 391 

Lowenstein et al., 1999). A variety of terrestrial palaeoclimate proxies from the region have 392 

constrained the Last Glacial Maximum (LGM) as between 5 and 6 °C colder, and 2 times 393 

wetter overall, than the present day. These include pollen records (Thompson et al., 1999), 394 

hydrological restorations of pluvial lakes (Menking et al., 2004), oxygen isotope data (Quade 395 

et al., 2003), and mass-balance models of former Sierra Nevada glaciers (Kessler et al., 2006). 396 

Given that Q2c deposition occurred during a benthic Pacific δ18O value of ~ 4.0 to 4.5 ‰, 397 

halfway between the modern and LGM values of ~ 3.5 and 5.0 ‰, respectively (Fig. 3d; 398 

Lisiecki and Raymo, 2009), we assume that the Q2c climate excursion was half the LGM 399 

excursion, i.e., a temperature depression of 2 to 3 °C and an overall increase in precipitation 400 

of ~ 1.5 times, relative to present conditions. This is a reasonable assessment of the mid-401 

glacial period at ~ 70 ka in the south-western United States. There are a number of other 402 

palaeoclimate records that support this interpretation, and we briefly summarise them here. 403 

Well-dated pollen records are reliable indicators of past changes in moisture availability. For 404 

example Juniperus (juniper) pollen abundance has been shown to correlate well with orbital 405 

climate changes (Woolfenden, 2003). In Owens Valley—very close to our study area and also 406 

in the Sierra Nevada rain shadow—Juniperus pollen abundance is ~ 25 % at the timing of Q2c 407 

deposition, lying between end-member values for the LGM (~ 50 %) and the early Holocene 408 

(~ 10 %) (Woolfenden, 2003). This is observed in other assemblages in the south-western 409 

United States, for example warm-arid taxa have an intermediate abundance of 10-15 % 410 

around 70 ka, compared to ~ 20 % today and 5-10 % at the LGM (Jiménez-Moreno et al., 411 

2007, 2010). Records using Quercus (oak), Pinus (pine), Alnus (alder), forest assemblages, 412 

herbs and shrubs, and other warm-arid assemblages all show intermediate conditions around 413 

70 ka lying between interglacial and LGM end-member states (Adam et al., 1981; Whitlock 414 
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and Bartlein, 1997; Heusser, 1998, 2000; Jiménez-Moreno et al., 2007, 2010; Lyle et al., 415 

2012). 416 

Other proxies and archives give similar signals. Reconstructions of the groundwater table from 417 

calcite precipitation in the Amargosa Desert (very close to Death Valley) indicate that it was 418 

elevated by 5-6 m above modern from 50-100 ka, compared to 9 m above modern at the LGM, 419 

declining to 4 m above modern at the start of the Holocene and then current values today 420 

(Szabo et al., 1994). From the same area, the Devil’s Hole δ18O record shows an intermediate 421 

value of 14 ‰ at ~ 70 ka (compared to 13.5 ‰ at the LGM and 14.5 ‰ today), and this signal 422 

is highly correlated with moisture sources (Winograd et al., 2006; Oster et al., 2014). The rock 423 

flour content of several Owens Lake cores, which is an archive of glacial activity, shows a 424 

minor peak of ~ 50 % abundance centred on 70 ka, compared to ~ 70 % at the LGM and 425 

minimum values of ~ 20 % (Bischoff and Cummins, 2001; Benn et al., 2006). The CaCO3 and 426 

Sr contents of lake cores also record past precipitation rates, occurring in lacustrine deposits 427 

as indicators of closed lake conditions due to low rainfall rates (Bischoff et al., 1997). In core 428 

OL-92, Bischoff et al. (1997) report intermediate CaCO3 values of 10-15 % from 60-80 ka, 429 

compared to 5 % at the LGM and ~ 30 % at the start of the Holocene. Similarly, they report a 430 

Sr concentration of 250-300 ppm from 60-80 ka compared to < 100 ppm at the LGM and up 431 

to 1000 ppm at the start of the Holocene (Bischoff et al., 1997).  432 

Interpreting records from pluvial lakes is complex because of transient overflow events 433 

between neighbouring valleys. For example raised shorelines in Panamint Valley indicate an 434 

overflow event from the Owens Valley-Searles Lake system between ~60-75 ka, which is a 435 

general indicator of wetter conditions, and at some points the system overflowed from 436 

Panamint Valley to Death Valley as well (Li et al., 2004; Machette et al., 2008; Phillips, 2008). 437 

Cores from Lake Manly deposits in the Badwater area of Death Valley show mudflat and salt 438 

pan deposits that do not indicate a wet period around 70 ka (Li et al., 1996, 1997; Lowenstein 439 

et al., 1999), however this is not conclusive evidence of climate because runoff from the Sierra 440 

Nevada may have stopped overflowing to Death Valley after ~ 130 ka (cf., Machette et al., 441 

2008), thereby dramatically reducing the drainage area supplying the lake and resulting in a 442 

change in lacustrine facies regardless of the rainfall rate. Ku et al. (1998) identify a raised 443 

shoreline in Death Valley dating to around 80 ka despite mudflat deposits in lacustrine cores, 444 

and recognised the difficulty in reconciling these for information about local rainfall rate. 445 

Machette et al. (2008) suggest a shallow lake in Death Valley ~ 70 ka, but allude to the 446 

complexities of interpreting pluvial lake records in this area. Indeed, inverting lacustrine facies 447 

for palaeo-rainfall rates is not trivial, and when done accurately must also account for 448 

temperature change, evapotranspiration rates, groundwater flux, modulating factors like soil 449 

and vegetation, solar radiation, humidity and wind speed in addition to the significant drainage 450 
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reorganisations that have taken place (Menking et al., 2004). Furthermore, recent 36Cl and U-451 

series chronologies for pluvial lakes in Nevada very near to Death Valley suggest highstands 452 

at 10-25 ka (LGM) and 50-95 ka (mid-glacial), and it has been suggested that some local 453 

lacustrine chronologies may need to be re-evaluated (Kurth et al., 2011). 454 

Nonetheless, the evidence for some overflow from the Owens Valley system (Li et al., 2004; 455 

Phillips, 2008), but a lack of very deep conditions in Lake Manly (Ku et al., 1998), offers general 456 

support for the interpretation of intermediate ~ 70 ka palaeo-rainfall rates lying between the 457 

LGM and modern end-member states, based on evidence from pollen, isotope, rock flour, 458 

carbonate and strontium archives/proxies, as well as pluvial lake, groundwater table and 459 

glacier modelling work described above.  460 

 461 

4. Methods 462 

i. Grain size sampling 463 

The alluvial fan surfaces were sampled from the fan apices (at the Grapevine fault zone) to 464 

their toes (intersecting the axial Death Valley wash) at intervals of approximately 300 m (Fig. 465 

1a). We used scaled, high-resolution photographs of channel deposits (e.g., Fig. 2e and f) to 466 

reconstruct the grain size distributions of the > 1 mm size fraction by Wolman point counting 467 

(Wolman, 1954). A range of studies have demonstrated that the grain size distribution of the 468 

gravel fraction can be characterised effectively using Wolman point counting of high-resolution 469 

photographs, and that this approach is equivalent to Wolman point counting in the field (Cowie 470 

et al., 2008; Duller et al., 2010; Whittaker et al., 2010; Michael et al., 2013; Litwin Miller et al., 471 

2014). At each locality, a minimum of 6 photographs were taken of channel gravel deposits, 472 

to ensure representative coverage of the channel surface. We note that the channels on the 473 

fan surfaces braid and interact, forming a wide distribution surface (Fig. 2a to c), so it is not 474 

possible to follow one single channel from apex to toe. As such, our grain size measurements 475 

sample a variety of discrete sediment paths down the alluvial fans, making them 476 

representative of many individual flow events. Using all photographs taken at each site, the 477 

maximum diameters of 100 randomly-selected clasts were measured and compiled into a 478 

cumulative grain size distribution curve, from which the mean diameter, 𝐷̅, and the standard 479 

deviation, 𝜎, were calculated. These were then used to characterise the grain size fining rate 480 

from apex to toe. In Appendix 1, we evaluate the uncertainty associated with this method of 481 

characterising grain size distribution, and demonstrate that averaging 100 clasts is sufficient 482 

to obtain a mean grain size value within a precision uncertainty of ~ 2 % in the majority of 483 

cases.  484 
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 485 

ii. Self-similarity analysis and model design 486 

We apply the self-similarity equations of Fedele and Paola (2007) (see section 2) to the 487 

Backthrust and Moonlight canyon alluvial fan surfaces in a multi-step analysis, and we adapt 488 

them to predict sediment extraction and grain size fining in 3D across the fans. 489 

The starting point is the 36Cl cosmogenic nuclide estimate of catchment-wide erosion rate, ε, 490 

during the Q2c time period, provided by Frankel et al. (2007a). We use this erosion rate (~ 65 491 

mm ka-1) and the catchment areas, A, to estimate the sediment flux, 𝑄𝑆0, exported to the 492 

alluvial fans during Q2c deposition. We combine this sediment flux, the observed Q2c grain 493 

size fining rates, the surface geometry of the alluvial fans, and the self-similarity equations of 494 

Fedele and Paola (2007), to derive the subsidence profile beneath the alluvial fans at this 495 

location. With this information, we then estimate the adjustment in sediment flux that is needed 496 

to explain the different grain size fining rate observed on the modern alluvial fan surface. 497 

To accomplish this, we first adapt the equation for sediment extraction, 𝑅 ∗ (𝑥 ∗) (Eq. 3) for 498 

application to three-dimensional alluvial fans. The volumetric extraction of sediment into 499 

stratigraphy is the multiple of the vertical subsidence profile creating accommodation and the 500 

horizontal distribution of sediment across the fan surface (Fig. 5). Therefore, we add an 501 

expression for how the fan width changes down-system into Eq. 3 such that: 502 

 503 

𝑅∗(𝑥 ∗) = (1 − 𝜆𝑝)𝐿
𝑟∗(𝑥∗)𝑊∗(𝑥∗)

𝑄𝑠(𝑥∗)
       [7] 504 

 505 

where 𝑊∗(𝑥 ∗) represents the plan-view width of the depositional fan surface at each point 𝑥 ∗ 506 

down the length of the fan. It is essential to make this modification when applying the equations 507 

to alluvial fan systems that distribute the input sediment flux at the fan apex, 𝑄𝑆0, across a 508 

wide surface and many channels. This means it is impossible to know 𝑄𝑠(𝑥 ∗) at any individual 509 

grain size sampling location without knowing the spatial distribution of sediment flux and 510 

integrated extraction upstream of that point. Furthermore, multiplying the cosmogenically-511 

derived catchment-wide erosion rate by catchment area gives an estimate of 𝑄𝑆0 that is clearly 512 

averaged over many depositional events and a long integration time period. Over this long 513 

term, the locus of deposition will avulse across the fan surface, so it is entirely unrealistic to 514 

model the input sediment flux, 𝑄𝑆0, as being deposited in one single two-dimensional path 515 

along the alluvial fan. Instead, the flux exported from the catchment must be distributed across 516 
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the active fan surface, and incorporating 𝑊∗(𝑥 ∗) into Eq. 7 acts to normalise 𝑄𝑠(𝑥 ∗) in this 517 

way. 518 

We calculate 𝑄𝑠(𝑥 ∗) as the input sediment flux, 𝑄𝑆0, minus the integrated volume of sediment 519 

deposited on the fan upstream of location 𝑥 ∗, which we equate to the accommodation created 520 

by the subsidence profile (i.e., we assume topographic steady-state): 521 

 522 

𝑄𝑠(𝑥 ∗) =  𝑄𝑆0 − ∫
𝑑𝑟∗(𝑥∗)𝑊∗(𝑥∗)

𝑑𝑥∗
(1 −

𝑥∗

0
𝜆𝑝)      [8] 523 

 524 

We assume a typical subsidence profile that decays exponentially down-system away from 525 

the range-bounding normal fault zone (Fig. 5): 526 

 527 

𝑟 ∗ (𝑥 ∗) =  𝑟0 + 𝑒−𝑟𝑑𝑒𝑐𝑎𝑦𝑥∗        [9] 528 

 529 

where 𝑟0 is the subsidence rate at the fan apex; and 𝑟𝑑𝑒𝑐𝑎𝑦 is a decay constant that describes 530 

the rate at which 𝑟 ∗ decreases with 𝑥 ∗. We also use an exponential equation to describe how 531 

the alluvial fan surfaces become wider down-system, which reproduces reality well: 532 

 533 

𝑊 ∗ (𝑥 ∗) = 𝑊0 + 𝑊𝑚𝑎𝑥 ∙ (1 − 𝑒−𝑊𝑔𝑟𝑜𝑤𝑡ℎ𝑥∗)      [10] 534 

 535 

Here, 𝑊0 is the alluvial fan surface width at the fan apex; 𝑊𝑚𝑎𝑥 is the maximum surface width; 536 

and 𝑊𝑔𝑟𝑜𝑤𝑡ℎ describes the rate at which 𝑊 ∗ increases with 𝑥 ∗. Note that 𝑊𝑚𝑎𝑥 is not the 537 

same as the width of the alluvial fan surface at the fan toe, especially if it is dissected by an 538 

axial river system, as the shape may have continued to widen according to 𝑊𝑔𝑟𝑜𝑤𝑡ℎ if the fan 539 

were able to prograde further.  540 

We are able to parameterise Eq. 6 for these alluvial fans, to describe how sediment is 541 

distributed across the fan surfaces. The total widths of the modern incised fan surfaces were 542 

measured at 500 m intervals down-fan using high-resolution aerial imagery (Fig. 6a,b), and 543 

were then plotted these against the normalised down-system distance (Fig. 6c). We then 544 

simulate equation 6 using different values of the exponent 𝑊𝑔𝑟𝑜𝑤𝑡ℎ (dashed lines), which is 545 

varied at intervals of 0.1. A low value of 𝑊𝑔𝑟𝑜𝑤𝑡ℎ produces a narrow fan, and a high value 546 
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produces a wide fan. We find that a value of 0.5 best reproduces the observed fan surface 547 

geometry in both cases (solid line), meaning that the fan widths grow with length following an 548 

inverse square law. These lines are plotted using a 𝑊0 of 100 m, as this is the width of both 549 

modern channel surfaces where they emerge from the canyons at the fan apices. The 550 

parameter 𝑊𝑚𝑎𝑥 cannot be measured directly because the fans are toe-cut by Death Valley 551 

wash. However, it trades off with the exponent 𝑊𝑔𝑟𝑜𝑤𝑡ℎ to determine the width of the fan at the 552 

toe, which can be measured also. We find values of 𝑊𝑚𝑎𝑥 that produce the correct toe width 553 

of the modern surfaces are 7500 m for Moonlight canyon fan and 9500 m for Backthrust 554 

canyon fan. The curves in Fig. 6c are therefore plotted with a middle value of 8500 m for 555 

illustrative purposes; we emphasise that this difference has an immaterial effect on the 556 

estimated value of 𝑊𝑔𝑟𝑜𝑤𝑡ℎ (see supporting information), and is simply required to generate 557 

the correct plan-view form of the alluvial fan surfaces. It is not possible to repeat this analysis 558 

for the Q2c terraces, which are partially buried by modern deposits (Figs 1 and 7a), so we 559 

assume that the aspect ratios of the fans can be taken to be constant over 70 ka, and this is 560 

qualitatively supported by the aerial imagery. 561 

Together, the subsidence profile and the fan surface geometry determine the sediment 562 

extraction (Fig. 5). As such, our approach is a three-dimensional model of how sediment flux, 563 

and therefore grain size fining, varies down-fan. With the known growth in fan surface width 564 

parameterised (Eq. 10, above), we are in a position to derive the subsidence profile in our 565 

results, using equations 7 and 9, because 𝑅 ∗ (𝑥 ∗) can be calculated from measured grain 566 

size fining rates via equations 4 and 5. Note that we obtain values of C1 and C2 from Eq. 6, 567 

and also an analysis of the similarity variable, ξ, described in Eq. 1. We explain this sub-section 568 

of the analysis in Appendix 2. 569 

 570 

iii. Data processing 571 

We analyse our data using Microsoft Excel and OriginPro v.9.1. Locality elevations (above 572 

sea level) and the surface slope map in Fig. 1c were determined using the National Elevation 573 

Dataset (NED) digital elevation model (Gesch et al., 2002), which has a horizontal spatial 574 

resolution of 9 m and a vertical resolution of 1.5 m in this area. Geospatial data were processed 575 

using ArcGIS v.10. All our data and calculations are provided as supporting information. 576 

 577 

 578 

5. Results 579 
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i. Grain size measurements 580 

In total, we measured 9000 grains across 80 individual sampling localities, distributed from 581 

apex to toe across 4 different alluvial fan surfaces (modern and Q2c on both the Backthrust 582 

canyon and Moonlight canyon fans). In Fig. 7, we plot these data as cumulative grain size 583 

distribution curves for each fan surface, including all localities. As such, these curves 584 

characterise the total body of sediment delivered to the fans, and do not capture any down-585 

system changes in grain size. In general, the curves are similar, with the majority of particles 586 

between ~ 10 and 40 mm in diameter. The Q2c surface is marginally finer-grained than the 587 

modern surface by 2 to 3 mm on the Backthrust canyon fan. There is no significant difference 588 

between modern and Q2c sediments on the Moonlight canyon fan.  589 

In Fig. 8, we plot the mean grain size, 𝐷̅, at each locality, showing the trends from apex to toe 590 

on each fan surface. The Q2c localities are shown as open symbols and the modern localities 591 

as solid symbols. Exponential regressions fit the data well following Sternberg’s law 592 

(Sternberg, 1875), with R2 averaging 0.75. The input grain size, 𝐷̅0 at x = 0 km (the fan apices) 593 

is ~ 29 (± < 1) mm, the exception being the modern surface on the Backthrust canyon fan 594 

where 𝐷̅0 is slightly coarser at ~ 33 (± 1.2) mm. The rate at which grain size decreases down-595 

fan is very similar on the two Moonlight canyon surfaces (5.6 and 5.9 % per km), and higher 596 

on the Backthrust canyon fan (6.7 % per km on the Q2c surface, rising to 8.9 % per km on the 597 

modern surface. Significantly, these fining rates do not overlap, even accounting for standard 598 

error. We have not included error bars reflecting the uncertainty on 𝐷̅ at each locality, as 599 

Appendix 1 and the standard errors on 𝐷̅0 show, this is ~ 1 mm or less in terms of precision. 600 

Importantly, an increase in the fining rate from the Q2c surface to the modern surface on the 601 

Backthrust canyon fan indicates a relative decrease in sediment flux (see section 2), and we 602 

quantify this later on. 603 

The coefficient of variation, Cv, (Eq. 6) for each locality down-fan is shown in Fig. 8c. There 604 

are no significant differences between the Backthrust canyon fan (circles) and Moonlight 605 

canyon fan (squares), or between the modern (open symbols) and Q2c (solid symbols) 606 

surfaces. The Cv averages 0.80 (± 1σ = 0.09) for the entire data set, in close agreement with 607 

other examples of gravel channel deposits, which generally have values of Cv between 0.7 608 

and 0.9 (White et al., 1978; Ferguson et al., 1996; Fedele and Paola, 2007; Duller et al., 2010). 609 

A constant Cv requires that, for these fans, the standard deviation in grain size declines down-610 

system at a similar rate to the mean grain size 𝐷̅ (Fedele and Paola, 2007; Whittaker et al., 611 

2011). This indicates that the grain size distributions are self-similar. 612 

 613 
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ii. Similarity variable, ξ 614 

To test this idea explicitly, we calculated the probability distributions of the similarity variable, 615 

ξ, as described in Eq. 1 and Appendix 2. These are shown in Fig. 9. This was done for each 616 

individual locality (coloured lines), and each fan surface on average by combining all localities 617 

(black lines). The calculated values of the similarity variable are distributed around a value of 618 

0, and as expected for self-similar deposits there is no change in the shape or position of these 619 

curves from apex to toe on any surface, between the two alluvial fans, or between the Q2c 620 

and modern deposits (Fig. 9e). The distribution of ξ can therefore be modelled as one 621 

representative curve for all the data (red dashed line, Fig. 9e), and this is further evidence for 622 

self-similar selective deposition. The ξ probability distributions have a long upper tail, reflecting 623 

the decreasing frequency of larger particles. The short lower tail reflects the truncation of the 624 

grain size distributions at 1 mm, as Wolman point counting cannot sample smaller particles. 625 

We explore the best-fit modelling of the ξ probability distribution in detail in Appendix 2, and 626 

consider the implied relative mobility of clasts on these alluvial fans. Importantly, modelling of 627 

the similarity variable can be used to derive a value of constant C1, and as the best-fit model 628 

curve in Fig. 9e shows, this gives a value of C1 = 0.7. Other workers have found C1 to vary 629 

between 0.5 and 1.0 in different locations, typically averaging 0.7 to 0.8, and so our findings 630 

agree precisely with existing constraints (Fedele and Paola, 2007; Duller et al., 2010; 631 

Whittaker et al., 2011). With a preferred value of C1 of 0.7 and an average value of Cv of 0.8, 632 

C2 must be equal to 0.9 (see Eq. 6), and the governing equations (4, 5, and 7) are thereby 633 

calibrated for application to these systems. We test the effects of uncertainty on the value of 634 

C1 explicitly later on. 635 

 636 

iii. Fan comparison 637 

The analyses above suggest the grain size fining on these fans is suitable to be modelled 638 

using the self-similarity approach. The Q2c fining rate profiles closely match on both fans, 639 

within standard error, indicating that these systems were behaving in the same way ~ 70 ka 640 

ago (Fig. 8a, b). On the Backthrust canyon fan, the modern fining rate is significantly greater 641 

(by > 0.02 km-1) than the Q2c fining rate, and the difference in the overall grain size 642 

distributions is also reflected in Fig. 7a. On this fan, modern incision into Q2c is negligible, 643 

only reaching 2-3 m at the fan apex (Fig. 2a) and quickly diminishing to almost no vertical 644 

separation for most of the fan (Fig. 1a); i.e., it is possible to step from the modern channel 645 

onto the Q2c surface in the field. Therefore, the modern deposits on the Backthrust canyon 646 

fan have not been significantly affected by recycling driven by fan-head incision. What does 647 

this statistically significant increase in modern grain size fining represent? In general terms, 648 
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an increase in grain size fining rate could be due to an increase in the amplitude and 649 

distribution of subsidence, and/or a decrease in the sediment supply from catchment to the 650 

fan (c.f., Whittaker et al., 2011; Parsons et al., 2012). A change in the subsidence profile is 651 

unlikely over such a short period of time, and because the vertical rates of movement in Death 652 

Valley are low and there is no evidence for significant changes in fault slip rates during this 653 

period (see section 2). Given the pronounced climate changes that have occurred between 654 

70 ka and the present day, it is much more likely that a change in grain size fining rate on the 655 

fan represents a change in sediment flux (equation 7). We proceed under this assumption 656 

(section 5.4 below) and our ultimate goal is to estimate the change in 𝑄𝑆 needed to explain 657 

this change in the grain size fining rate on the Backthrust canyon fan. 658 

However, on the Moonlight canyon fan, the modern and Q2c surfaces show no difference in 659 

their grain size fining rates (Fig. 8b). We suspect that this similarity is due to the heavy 660 

recycling of the Q2c terrace by the modern channels (Fig. 2b), via landsliding, scree cones, 661 

and the input of large blocks that we have observed in the field. We can test this hypothesis 662 

directly by estimating the order of magnitude of this recycled volume of sediment, compared 663 

to the flux of sediment exported from Moonlight canyon to the fan. Frankel et al. (2007a) 664 

reported 36Cl cosmogenic nuclide estimates of catchment-wide erosion rates for Moonlight 665 

canyon, averaging 65 mm ka-1. This is for the period of Q2c deposition, not the modern state, 666 

but gives an order of magnitude constraint on erosion rate. Converted to standard units and 667 

multiplied by the catchment area of 36.7 km2 gives an estimate of sediment flux of ~2360 m3 668 

yr-1. In comparison, the incised length of the Q2c cliff is ~ 3 km, has an average depth of 40 669 

m, and the modern channel surface has a width of 100 m in the canyon (Figs 1a, 2b). A cuboid 670 

of these dimensions has a volume of 12,000,000 m3, making this an order-of-magnitude 671 

estimate of the volume of terrace sediment cannibalized by the modern surface. This volume 672 

is much greater than the annual sediment flux, but of course the down-cutting and recycling 673 

was not instantaneous. It is impossible to know exactly when the incision started, however 674 

many alluvial fans in the south-western USA have been incising since the start of the Holocene 675 

(Bull, 1991; Pelletier, 2014), so the last 10 ka might be a reasonable assumption. Recycling 676 

this 12 Mm3 of material over 10 ka still gives a flux of 1200 m3 yr-1, i.e., this number is within a 677 

factor of 2 of the estimated annual sediment flux to the fan apex, and is thus an equivalent 678 

order of magnitude to the sediment flux exported from the canyon. Consequently, the modern 679 

surface on the Moonlight canyon fan must have received a substantial fraction of sediment 680 

from the recycling of older terraces (Figs 8 and 9). Rather than adding to the sediment flux 681 

delivered at the fan apex, 𝑄𝑆0, this represents a lateral source of sediment added to the 682 

modern surface at various points down-system. By counteracting the extraction of sediment 683 

by deposition (see Eq. 7), this kind of terrace recycling would be expected to decrease the 684 
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down-fan fining rate as we observe in Fig. 8b compared to Fig. 8a. Moreover, the exposure 685 

age constraints reported by Frankel et al. (2007a) indicate that sediment recycling is playing 686 

an important role in this system, because older clasts appear to have been inherited from 687 

remobilised deposits (Fig. 4b).  688 

 689 

iv. Recovery of the subsidence profile 690 

The first step in modelling grain size fining as a function of sediment flux and extraction is to 691 

recover the subsidence profile beneath the alluvial fans, 𝑟 ∗ (𝑥 ∗) (equation 5). We are able to 692 

do this by fitting equations 4, 5, and 7 to the observed grain size fining data for the Moonlight 693 

canyon fan Q2c surface, because we know 𝑄𝑆 for this particular case: the catchment-average 694 

erosion rate of 65 mm ka-1 obtained by Frankel et al. (2007a) can be multiplied by the 695 

catchment area of 36.7 km2 to estimate sediment flux as 2366 m3 yr-1. This gives 𝑄𝑆0, the 696 

sediment flux exported from the canyon mouth to the apex of the fan.  697 

With 𝑄𝑆0 known (2366 m3 yr-1) and equation 10 calibrated for the Moonlight canyon fan Q2c 698 

surface (𝑊0 = 100 m; 𝑊𝑔𝑟𝑜𝑤𝑡ℎ = 0.5; 𝑊𝑚𝑎𝑥 = 7500 m; see Methods), equation 7 can be fitted 699 

to the observed Q2c grain size data in order to recover the subsidence profile 𝑟 ∗ (𝑥) (Eq. 9), 700 

which is the only remaining unknown. We use a measured fan length, L, of 6 km and a porosity 701 

of 0.3, and take C1 equal to 0.7 as determined by the similarity variable analysis in section 5.2, 702 

although we also explore the uncertainty on C1 later. We model the subsidence profile using 703 

two constants, the input subsidence rate, 𝑟0, and the rate at which this decays away from the 704 

Grapevine fault zone, 𝑟𝑑𝑒𝑐𝑎𝑦 (Fig. 5). Constraints from InSAR suggest that the subsidence rate 705 

should be around 0.5 mm yr-1 (Hammond et al., 2012), while geologic estimates are around 706 

0.2 mm yr-1 (Machette et al., 2002) (see study area). As 𝑟0 is the largest rate in our formulation, 707 

we start by setting this as 0.5 mm yr1 and investigate how 𝑟𝑑𝑒𝑐𝑎𝑦 affects the shape of the grain 708 

size fining profile (Fig. 10a). The blue line in the background shows the regression fitted to the 709 

data in Fig. 8 (R2 = 0.62), with pale blue shading illustrating the standard error of this 710 

regression. Dashed black lines show the fining profile generated using different values of 711 

𝑟𝑑𝑒𝑐𝑎𝑦. Higher values (e.g., 3 or 4 km-1) mean that subsidence rate decreases quickly down-712 

fan, reducing the accommodation available for sediment extraction, which in turn reduces the 713 

rate of fining by selective deposition. Lower values of the exponent (e.g., 1 or 1.5 km-1) mean 714 

the subsidence rate remains greater along the length of the fan, and the fining rate is faster 715 

due to enhanced sediment extraction. The shape of the curve changes from convex to 716 

concave with increasing 𝑟𝑑𝑒𝑐𝑎𝑦 as a result of the way equations 9 and 10 trade off in the model. 717 

The Q2c data are best represented using a value of 𝑟𝑑𝑒𝑐𝑎𝑦 between 2 and 3 km-1; the greatest 718 
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goodness of fit is obtained for 𝑟𝑑𝑒𝑐𝑎𝑦 = 2.2 km-1 and this value agrees well with normal fault 719 

geometry in other extensional settings (e.g., Anders et al., 1993; Schlische and Anders, 1996). 720 

In Fig. 10b, we show the effect of varying 𝑟0 when 𝑟𝑑𝑒𝑐𝑎𝑦 is fixed at 2.2 km-1. The fining rate 721 

becomes too slow when 𝑟0 has low values of 0.2 or 0.3 mm yr-1, and too fast when 𝑟0 has high 722 

values of 0.7 or 0.8 mm yr-1. 723 

Of course, there are a range of solutions to equation 9 that could produce a fining rate with 724 

the correct overall gradient to fit the grain size measurements, but we can find a plausible fit 725 

for the subsidence profile by considering the geologic data and our grain size fining rates 726 

together. We compare four such scenarios in Fig. 10c. The first is a low subsidence scenario: 727 

If 𝑟0 = 0.1 mm yr-1 then the sediment extraction can never be great enough to produce the 728 

observed fining rate, even if 𝑟𝑑𝑒𝑐𝑎𝑦 is set to 0 and the maximum subsidence rate (and 729 

accommodation) is maintained for the full length of the fan (dotted line). Consequently, the 730 

subsidence rate beneath the fans must be greater than 0.1 mm yr-1.  In the second model, a 731 

slightly faster 𝑟0 of 0.25 mm yr-1 requires a 𝑟𝑑𝑒𝑐𝑎𝑦 of 0.5 km-1 to achieve a fining profile with the 732 

correct overall gradient, however the shape of the curve does not match the data well, 733 

becoming very convex along the fan (short dashed line). As 𝑟0 is increased to 0.5 mm yr-1, 734 

𝑟𝑑𝑒𝑐𝑎𝑦 must also increase to 2.2 km-1 as seen above (Fig. 10a) to maintain the correct fining 735 

gradient, and the grain size profile is approximately linear down-fan, reproducing the 736 

measurements and the regression well (solid line). Finally, a high initial subsidence rate of 𝑟0 737 

= 1 mm yr-1 requires an extremely high 𝑟𝑑𝑒𝑐𝑎𝑦 of 4.0 km-1 to generate a plausible concave 738 

fining profile (long dashed line). This is a poorer fit to the regression than the 𝑟0 = 0.5 mm yr-1 739 

case, although it still lies within the scatter of the data. However, such high subsidence rates 740 

can be ruled out by (i) geodetic observations (Hammond et al., 2012); (ii) geologic constraints 741 

(Machette et al., 2002); and (iii) the unreasonable changes in subsidence rate magnitude 742 

required over small horizontal distances by an 𝑟𝑑𝑒𝑐𝑎𝑦 of 4.0 km-1.  743 

Our grain size fining measurements therefore support a subsidence profile that has a 744 

maximum rate of 0.4 to 0.6 mm yr-1, and which decays away from the GFZ to 0.1 to 0.2 mm 745 

yr-1 at the fan toes. These profiles are shown in Fig. 10d, all of which agree well with existing 746 

constraints (Machette et al., 2002; Hammond et al., 2012). New data from Mormon Point—747 

further south in Death Valley on the western front of the Black Mountains—give a vertical slip 748 

rate of 0.6 ± 0.1 mm yr-1 at the tip region of a range-bounding normal fault strand, much the 749 

same as the position of the systems we study near the tip of the GFZ (Frankel et al., 2015). 750 

This is in encouraging agreement with the value of 𝑟0 we derive here. Our best-fit profile (solid 751 

line) is used for the subsequent sediment flux modelling. 752 

 753 
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v. Consideration of uncertainty effects 754 

Other sources of uncertainty on the best-fit model grain size fining profile include our 755 

parameterisation of fan width, the catchment-averaged erosion rate and our estimate of input 756 

sediment grain size. Using the best-fit subsidence profile of 𝑟0 = 0.5 mm yr-1; 𝑟𝑑𝑒𝑐𝑎𝑦 = 2.2 km-757 

1 as a boundary condition for the Moonlight canyon Q2c surface, we explore how these 758 

additional sources of uncertainty affect our results. In Fig. 11a, we allow 𝑊𝑔𝑟𝑜𝑤𝑡ℎ to vary from 759 

0.3 to 0.7 km-1. Figure 6 shows that this exponent does not occupy a wide range of values, 760 

and can be well-constrained to within 0.4 and 0.6 km-1. The effect of this range on the modelled 761 

grain size fining profile is indistinguishable from the scatter in the observed measurements. 762 

In Fig. 11b we show the effect of varying the catchment-averaged erosion rate between the 763 

maximum and minimum values reported by Frankel et al. (2007a) using 36Cl cosmogenic 764 

nuclides. Arguably this is the largest source of uncertainty, because this changes the fining 765 

rate by directly modulating our estimate of sediment flux, for which we assumed the best-fit 766 

rate of 65 mm yr-1 in the modelling above. The maximum rate derived by Frankel et al. (2007a) 767 

fits within the upper bounds of our data, but we find the model grain size curve is more 768 

sensitive to a decrease in erosion rate (sediment flux). We return to this important finding later, 769 

but we note that if these minimum erosion rates were indeed ‘correct’, a plausible 𝑟0 ~ 0.4 mm 770 

yr-1 would fit the data well with the same value of 𝑟𝑑𝑒𝑐𝑎𝑦. This effect is therefore small, and as 771 

we assume subsidence is constant between 70 ka and today, it is also systematic in terms of 772 

calculating a change in sediment flux through time. In Fig. 11c we show the effect of the 773 

standard error on 𝐷̅0 obtained from the regression fitted in Fig. 8b; this uncertainty cannot be 774 

resolved within the scatter of the data and clearly does not influence our modelling. Finally, in 775 

Fig. 11d we show how sensitive the fining profile is to the constant C1. Our analyses use an 776 

estimated value of 0.7 obtained by evaluating the co-efficient of variation, Cv, directly from field 777 

data, and from our similarity variable, ξ, and which agrees well with previous workers (Fedele 778 

and Paola, 2007; Duller et al., 2010; Whittaker et al., 2011). In fact, values of C1 between 0.5 779 

and 0.8 cannot be discriminated from the standard error on the grain size regression. 780 

These graphs show that reasonable uncertainties assigned to each of the parameters do not 781 

cause the grain size trend to deviate more than the standard error on the regression to which 782 

the model curve is being fitted. Our self-similarity model for alluvial fans can therefore tolerate 783 

the uncertainties present. Importantly, our next step is to explore what change in 𝑄𝑆0 is 784 

required to explain the enhanced modern grain size fining rate, compared to Q2c, on the 785 

Backthrust canyon fan. As we keep all other parameters constant, their uncertainties are 786 

systematic and have no substantial effect on the relative change in sediment flux 787 

reconstructed. 788 



24 
 

 789 

vi. Comparison of Q2c and modern fining rates 790 

With the self-similarity model calibrated and the subsidence profile recovered using the 791 

Moonlight canyon Q2c case, a comparison can be made between the modern and Q2c 792 

deposits, which represent a climatic gradient through time (see section 2). As explained 793 

earlier, we cannot compare the Q2c and modern deposits on the Moonlight canyon fan 794 

because of the substantial recycling of grain size resulting from incision. Instead, a comparison 795 

is made on the Backthrust canyon fan, for which incision is minimal and documented  changes 796 

in grain size fining rates are well-constrained. (Fig. 8a). We therefore explore the change in 797 

𝑄𝑆0 needed to change the gradient of the Q2c fining profile to match the modern surface. 798 

The calibrated grain size fining model is applied to the Backthrust canyon Q2c surface (Fig. 799 

12a). We assume the same catchment-wide erosion rate as the Moonlight Canyon, but as the 800 

catchment is slightly larger (46.2 km2), this produces a slightly greater 𝑄𝑆0 of 2981 m3 yr-1. We 801 

also used a value of 𝑊𝑚𝑎𝑥 of 9500 m (see section 4.2) from our fan width estimates (see also 802 

the supporting information). The Backthrust canyon fan is slightly longer, at 7 km, so we 803 

updated L accordingly in Eq. 7, and we used the input mean grain size 𝐷̅0 obtained from the 804 

regression in Fig. 8a. Otherwise, the same parameters are used for 𝑟 ∗ (𝑥 ∗), 𝑊 ∗ (𝑥 ∗), C1, 805 

C2, Cv and porosity. Significantly, these same parameters and sediment flux estimates 806 

reproduce the observed Q2c grain size data very well (Fig 12a, white circles). Therefore, our 807 

interpretation is that the two fan systems are experiencing the same subsidence profile and 808 

can be modelled realistically using the simplifications in Fig. 5. We have also calculated the 809 

excess sediment fraction delivered to the alluvial fan, 𝐹𝑒𝑥𝑐𝑒𝑠𝑠. We define this as the flux of 810 

sediment exported from the catchment, divided by the volume required to fill the 811 

accommodation space generated by the subsidence profile used (Fig. 10d), which in this 812 

scenario is 1494 m3 yr-1. As such, a 𝑄𝑆0 of 2981 m3 yr-1 represents a 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 of 1.99, i.e., half 813 

of the sediment flux is transferred to fan stratigraphy and half is bypassed to the axial Death 814 

Valley wash. This is a reasonable figure, given that the size and amount of sediment carried 815 

by the axial system increase significantly as it toe-cuts the two alluvial fans (see Fig. 1). 816 

We assume that the subsidence profile, rate, and fan geometry have not changed between 817 

the deposition of the Q2c surface ~ 70 ka ago and today. Therefore, we only allow 𝐷̅0 and the 818 

input sediment flux, 𝑄𝑆0, to change when we fit the model to the modern surface of the 819 

Backthrust canyon fan (Fig. 12b). The 𝐷̅0 is taken from the regression in Fig. 8a, so this is 820 

already known, and in Fig. 12b we show how the fining profile changes with different values 821 

of 𝑄𝑆0 between 1800 and 3500 m3 yr-1 (black dashed lines). This is compared to the best-fit 822 

regression through the measured data ± 1 standard error (red). As the modern fining rate is 823 
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faster than the Q2c fining rate, the sediment flux must be reduced in order to enhance the 824 

selective deposition of larger particles down-system, and so increase the overall slope of the 825 

model fining curve. A high 𝑄𝑆0 above ~ 2800 m3 yr-1 cannot model the observed data, as the 826 

fining rate is too low. Reducing 𝑄𝑆0 to ~ 2400 m3 yr-1 provides the best fit to the data; this is 827 

equivalent to a reduction in sediment flux from the catchment of ~ 20 % under modern 828 

conditions, compared to the mid-glacial climate of the Q2c period. Even lower values of 𝑄𝑆0 829 

over-estimate the rate of fining and produce grain size profiles that are too fine-grained at the 830 

fan toe. A value of 𝑄𝑆0 of 2400 m3 yr-1 is equal to a 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 of 1.61, i.e., the accommodation 831 

space generated by the subsidence profile is still over-filled, but the percentage of the 832 

sediment flux that is eventually transferred to the axial system has decreased from 50 % to 38 833 

%.  834 

Figure 12c shows both model curves from Figs 14a and b against the grain size data. For the 835 

Q2c case, the fining model matches Fig. 12a as described above (blue); an uncertainty 836 

envelope (pale blue shading) shows the full uncertainty on 𝑄𝑆0 that arises from the uncertainty 837 

on the erosion rate 𝜀 (shown in Fig. 11b, this is the largest source of uncertainty). For the 838 

modern case, the model curve is for the best-fit reduction in 𝑄𝑆0 to 2400 m3 yr-1 shown in Fig. 839 

12b, but we have also included an uncertainty envelope of 𝑄𝑆0 ± 400 m3 yr-1, i.e., equivalent 840 

to the 2000 and 2800 m3 yr-1 curves in Fig. 12b. This is a large tolerance on the possible range 841 

of 𝑄𝑆0 that could satisfy the data, as it is greater than the standard error on the regression (R2 842 

= 0.79), however it accommodates the magnitude of the erosion rate uncertainty shown in Fig. 843 

11b. Our approach shows that the modern and Q2c curves can be clearly discriminated, not 844 

just in terms of their respective grain size fining rates, but also in terms of the 20% reduction 845 

in sediment flux that generated the fan deposits over this time period.  846 

 847 

6. Discussion 848 

i. Sediment flux and past climate change 849 

The analysis presented above suggests that down-system variations in grain size fining, in 850 

these alluvial fans over a 70 ka interval, can be linked to changes in sediment flux. A key 851 

question to address is what is driving these changes, given that there is no evidence for a 852 

change in tectonic subsidence rate during this time period. Climate change is an obvious 853 

cause for this mid-glacial to Holocene variation, and we return to the benthic Pacific δ18O stack 854 

of Lisiecki and Raymo (2009) in Fig. 13a, onto which we have marked the Q2c (blue) and 855 

modern (red) surfaces, annotated with the estimated sediment fluxes and climatic conditions 856 

(see section 3) for the Backthrust canyon system as a summary. The implied decrease in 857 

sediment flux in the Holocene is associated with both warmer mean annual temperatures and 858 
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a decrease in mean annual rainfall. It should also be noted that a decrease in sediment flux is 859 

expected to promote fan incision (Van Den Berg Van Saparoea and Postma, 2008; Simpson 860 

and Castelltort, 2012), which reconciles with the incision of the modern surfaces into the Q2c 861 

surfaces on these fans. In other words, this sedimentological signal of climate change agrees 862 

well with the expression of fan morphology observed in the field. 863 

The estimated reduction in sediment flux of ~ 600 m3 yr-1, between Q2c deposition and today, 864 

represents a decline of ~ 20 %. This coincided with a ~ 30 % decline in the average annual 865 

precipitation rate (see section 2). Broadly, this agrees with numerical models, which predict a 866 

decrease in sediment flux resulting from a decrease in average precipitation rate (e.g., Paola 867 

et al., 1992a; Allen and Densmore, 2000; Morehead et al., 2001; Densmore et al., 2007; 868 

Armitage et al., 2011; Rohais et al., 2012; Allen et al., 2013). Therefore, these data from Death 869 

Valley reveal that, in some cases, the grain size fining rate of alluvial fan sediments is highly 870 

sensitive to climate changes over glacial-interglacial timescales. This suggests a short 871 

stratigraphic response timescale < 105 years, and implies that terrestrial sediments can 872 

provide high-resolution palaeoclimate information. 873 

The estimated decline in sediment flux is slightly smaller in magnitude than the ~ 30 % decline 874 

in mean annual precipitation indicated by palaeoclimate proxies. If the maximum decrease in 875 

𝑄𝑆0 to 2000 m3 yr-1 is considered, this equates to a 33 % decline in sediment flux, so while this 876 

is likely to be a slight over-estimate (Fig. 12b), the magnitude of the sediment flux response 877 

would then match the magnitude of the change in precipitation rate. The minimum decrease 878 

in 𝑄𝑆0 to 2800 m3 yr-1 represents a 6 % decline. This range of possible responses means the 879 

sediment flux response to a change in precipitation rate is potentially sub-linear, given that we 880 

expect no sediment flux from the catchment to the fan in the theoretical end-member case 881 

where precipitation rate is zero. In Fig. 13b, we plot the Q2c and modern sediment flux 882 

estimates for the Backthrust canyon fan against the estimated mean annual precipitation 883 

(black line). For the Q2c case, we have simply multiplied the modern average rainfall rate by 884 

a factor of 1.5; this is compatible with a range of palaeoclimate proxies including pollen 885 

records, pluvial lake reconstructions, glacier extents in the Sierra Nevada, and δ18O records 886 

(see section 3 for details). Assuming our regression intersects the origin, the data are fitted by 887 

a power law with an exponent of ~ 0.5. Using the maximum estimates of 𝑄𝑆0 in both cases 888 

(blue triangles), and the minimum estimates (red circles), changes this exponent to ~ 0.8 and 889 

~ 0.2, respectively. Therefore while there is a range of uncertainty on this exponent (and we 890 

have not attempted to quantify the uncertainty on the palaeoclimate constraints, as this is 891 

debatable), these data suggest that sediment flux to alluvial fans may in fact be less sensitive 892 

to precipitation than some models suggest (e.g., Armitage et al., 2011; Simpson and 893 

Castelltort, 2012; Armitage et al., 2013). Additionally, this result is important, because it 894 
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suggests that the sediment flux response to climate change may be more sensitive to a drying 895 

event than a wetting event.  896 

It is worth considering what this change in sediment input to the alluvial fans represents. Our 897 

analyses only give an estimate of how the input sediment flux received at the apex of the fan 898 

has changed between mid-glacial and current interglacial conditions. Perhaps it equates to a 899 

change in the catchment-wide erosion rate, in which case the modern 𝑄𝑆0 of 2400 (± 400) m3 900 

yr-1 would be equivalent to an erosion rate of 52 (± 9) mm ka-1 (adjusted from the average Q2c 901 

erosion rate of 65 mm ka-1). However we caution against making this interpretation, because 902 

it could also be the case that hillslope erosion rates have remained the same or even 903 

accelerated as the climate warmed and vegetation cover declined (e.g., Pelletier, 2014), but 904 

the sediment is not being exported out of the catchments as efficiently under a drier climate. 905 

This would not be surprising, and there is a degree of sediment storage in the main channel 906 

of both canyons today, clearly visible in the field and in aerial imagery, so this possibility cannot 907 

be ruled out. 908 

 909 

ii. Sediment flux sensitivity 910 

In Fig. 13c, we take this sensitivity analysis a step further and investigate how this kind of 911 

system would respond to a wide range of sediment flux variations. We have used the 912 

Backthrust canyon-fan system as a model case, and simulated a much greater range of 913 

sediment flux scenarios from 50 to 20,000 m3 yr-1 (see supplementary material for each model 914 

run). We have calculated the grain size at 1 km intervals from the fan apex to the toe, which 915 

we have normalised by a dimensionless input grain size of 1 in order to generalise the results. 916 

We have also equated the sediment flux with the excess sediment fraction, 𝐹𝑒𝑥𝑐𝑒𝑠𝑠, given the 917 

particular subsidence profile derived in Fig. 10d. Note that when 𝑄𝑆0 is equal to the volume of 918 

sediment needed to fill accommodation (1494 m3 yr-1), 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 = 1 and the basin is filled, and 919 

the grain size decays to exactly 0 at the 7 km point, i.e., the toe of the fan. There is no sediment 920 

bypassed to the axial system in this case, or with lower values of 𝑄𝑆0. At higher values of 𝑄𝑆0, 921 

the excess fraction increases. The range of sediment flux represented by the modern and Q2c 922 

cases is highlighted as a thin grey box; evidently much larger perturbations are explored here. 923 

The system is less sensitive to an increase in sediment flux, which might correlate with even 924 

wetter conditions. The 7 km curve (the fan toe) is < 20 % finer than the input grain size above 925 

a 𝑄𝑆0 of ~ 5000 m3 yr-1 (𝐹𝑒𝑥𝑐𝑒𝑠𝑠 ~ 3.4), and < 10 % finer above a 𝑄𝑆0 of ~ 8000 m3 yr-1 (𝐹𝑒𝑥𝑐𝑒𝑠𝑠 926 

~ 5.4). Thus, in an extremely wet (high 𝑄𝑆0) scenario, fan stratigraphy might be expected to 927 

record the progradation of a coarse-grained sheet conglomerate that supplies a large volume 928 
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of sediment to the axial system, making the fining rate difficult to measure (although the 929 

significant progradation of a  thick conglomerate layer would be easy to identify in itself). 930 

However, we find the fining rate is much more sensitive to a decrease in sediment flux, which 931 

would correlate with a drying event. The grain size difference between the 1 km and 7 km 932 

curves becomes rapidly larger as 𝑄𝑆0 decreases, to a maximum of ~ 95 % at 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 = 1. At 933 

sediment fluxes lower than 1494 m3 yr-1, 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 drops below 1 and the basin becomes under-934 

filled. No sediment reaches the fan toe at 7 km, or at progressively shorter distances from the 935 

fan apex as 𝑄𝑆0 declines further. In the range of scenarios from 𝑄𝑆0 between 102 and 103 m3 936 

yr-1 and 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 between ~ 0.1 and 1, the fining rate in the upper portion of fan stratigraphy is 937 

extremely sensitive to sediment flux. These hypotheses are based on an empirical calibration 938 

for a small glacial-interglacial range of 𝑄𝑆0 scenarios, but might offer useful insights into the 939 

effects of more dramatic climate changes on alluvial fan stratigraphy, and the sensitivity of the 940 

grain size response. 941 

 942 

iii. Fan incision and sediment recycling 943 

A final important comment on sensitivity is that these scenarios only apply if the alluvial fan 944 

sediments are not reworked. As shown by the Moonlight canyon fan, ~ 40 m of incision into 945 

older terraces (Fig. 2b) is sufficient to destroy any climate signal recorded in stratigraphy, 946 

because the timescale between sediment production and permanent storage in the basin 947 

exceeds the periodicity of orbital climate cycles, i.e., the signal is damped. Indeed, we are only 948 

able to recover the change in sediment flux since ~ 70 ka on the Backthrust canyon fan 949 

because there is negligible incision of the older deposits. One of the key assumptions in our 950 

modelling approach is that the sediment flux 𝑄𝑆0 is delivered to the fan at the apex and 951 

sediment is subsequently extracted down-system by deposition. Our model therefore does not 952 

account for significant lateral inputs of sediment downstream, by which the incision of an older 953 

fan unit would change the distribution of 𝑄𝑠(𝑥 ∗) and complicate Eq. 8, as well as re-mobilise 954 

a potentially different grain size distribution. In section 5.3 we performed a first-order mass 955 

balance calculation, which demonstrated the recycled sediment flux from the incision of the 956 

Moonlight canyon Q2c surface is similar to the sediment flux exported from the catchment, 957 

and is therefore sufficient to disrupt the down-system pattern of grain size fining significantly. 958 

We do not attempt to incorporate lateral sediment fluxes into our model, meaning it is only 959 

effective when applied to fan systems with negligible sediment recycling, like the Backthrust 960 

canyon example. In principle, lateral sediment inputs could be parameterised with some 961 

assumptions and this is an opportunity for future work.  962 
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Our findings support the idea that a high sensitivity to climate change is promoted by rapid 963 

sediment transfer and minimal post-depositional recycling (e.g., McPhillips et al., 2013), but 964 

there is no single ‘response timescale’ for alluvial fans reacting to a climate change. Of course, 965 

we must also ask why the Moonlight canyon fan heavily incised itself during the Holocene 966 

while the Backthrust canyon fan did not. This difference in behaviour clearly cannot be 967 

attributed to climatic or tectonic differences on such a local spatial scale, nor to lithological or 968 

sediment supply processes in the parent catchments, which are the same (Fig. 1). Therefore, 969 

it is likely to emerge from autogenic processes operating in the alluvial fan systems. For 970 

example, Fig. 3 shows that the Moonlight canyon fan Q2c surface achieved the greatest slope 971 

(4.3 °) of all 4 surfaces sampled, and that after incision the fan slope has readjusted to 3.8 °. 972 

Consistent with equilibrium slope models (e.g., Van Den Berg Van Saparoea and Postma, 973 

2008; Simpson and Castelltort, 2012) and physical experiments (Clarke et al., 2010), it may 974 

be that the Moonlight canyon fan simply reached a critical slope that triggered a period of 975 

incisional re-adjustment, independent of allogenic forcings like tectonics and climate. It is 976 

possible this was mediated by a change in the effective length of each fan resulting from the 977 

avulsion patterns. For example, avulsion on the Backthrust Canyon fan has lengthened the 978 

modern surface compared to the Q2c surface, on average. The opposite avulsion pattern has 979 

taken place on the Moonlight Canyon fan, and as the axial Death Valley wash provides a 980 

constant base level this may partly explain the incision observed here. We encourage more 981 

work to demonstrate how the effects of autogenic processes like avulsion and allogenic factors 982 

like climate can be decoupled in alluvial fan deposits such as these. 983 

 984 

iv. Input grain size 985 

Our analysis has explored the rate of grain size fining from fan apex to toe. However another 986 

topic of interest is the input grain size delivered to the alluvial fans from the catchments, and 987 

we consider this briefly here. 988 

The 𝐷̅0 measured for the Q2c surfaces on both fans overlap within standard error (Fig. 8). This 989 

reflects how both surfaces were deposited synchronously under the same climate, and that 990 

the parent catchments are eroding the same bedrock lithologies with similar slope distributions 991 

and sediment supply (Fig 1). On the Moonlight canyon fan, where Q2c recycling contributes a 992 

large volume of sediment to the modern deposits, the modern 𝐷̅0 is also indistinguishable from 993 

the Q2c 𝐷̅0. In all three cases, the input grain size is 28 to 30 mm and fines to ~ 20 mm at the 994 

fan toes. In contrast, the modern 𝐷̅0 on the Backthrust canyon fan is coarser at ~ 33 mm, and 995 

does not overlap with the other input grain sizes within standard error. This may be slightly 996 

surprising, as the coarsest 𝐷̅0 is found on the surface for which the sediment flux is estimated 997 
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to be lower. One issue we have not discussed so far is the formation of desert pavement on 998 

the Q2c fan surfaces (Fig. 2d and f). A range of processes during desert pavement formation 999 

might conceivably alter the surface grain size distribution, including clast sorting, clast 1000 

fragmentation and shattering, deflation, granular convection and upwards clast migration 1001 

(Goudie, 2013). However few data sets are available that quantify the integrated effect of all 1002 

these processes on the surface grain size distribution (Goudie, 2013). 1003 

Al-Farraj and Harvey (2000) measured grain size on alluvial fan surfaces in Wadi Al-Bih, 1004 

Oman, which are also dominated by limestone clasts and have mature desert pavements 1005 

similar to our study sites. They found that the paved surfaces have a slightly finer grain size 1006 

distribution than the unexposed subsurface, an effect that becomes more pronounced with 1007 

age. On ~ 100 ka surfaces, they find the average clast diameter on the paved surface to be ~ 1008 

25 mm, compared to ~ 30 mm clasts in the subsurface. These data indicate that in a 1009 

comparable location, desert pavement formation (albeit over a ~ 30 % longer timescale than 1010 

considered here) reduces the mean in the overall grain size distribution by ~ 16%. Importantly, 1011 

this effect is not expected to change the rate of grain size fining down-system because desert 1012 

pavement formation is a systematic process that takes place uniformly across the fan terraces 1013 

we study, including across the spatial gradient from apex to toe. However it could alter the 1014 

intercept (𝐷̅0) of the fining curve. The magnitude of this effect observed in Oman would be 1015 

sufficient to explain the input grain size difference between modern and Q2c values on the 1016 

Backthrust canyon fan (Al-Farraj and Harvey, 2000). Therefore, we cannot rule out the 1017 

possibility that the catchments supply a lithologically-mediated constant 𝐷̅0 of > 30 mm through 1018 

time, but desert pavement formation on the Q2c terraces (or subsequent recycling of them) 1019 

reduces the overall grain size distribution by a few millimetres in a systematic way.  1020 

Nevertheless, we underscore that our sediment flux analysis actually depends on the rate of 1021 

grain size fining from apex to toe, and the relative change in the gradient of the fining profile 1022 

through time. We do not expect any grain size changes resulting from desert pavement 1023 

formation to vary spatially across the fan surfaces, and indeed in the field we observed uniform 1024 

pavement formation on the Q2c terraces. Therefore, we consider our estimates of relative 1025 

grain size fining rates, sediment flux, and subsidence to be reasonable. 1026 

 1027 

v. The broader climate context 1028 

In this study, we have examined alluvial fan deposits formed under modern and mid-glacial (~ 1029 

70 ka) conditions. Of course, the two different climate states these time periods capture sit 1030 

within the broader context of a full glacial-interglacial cycle, as shown in Fig. 4d, during which 1031 
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climate was continuously evolving. It is therefore important to consider whether these 1032 

catchment-fan systems are sensitive to glacial-interglacial climate cyclicity in general terms. 1033 

It may be significant that other dated alluvial fan systems in the Death Valley area also have 1034 

substantial aggraded terraces dating to approximately 70 ka (e.g., Frankel et al., 2007b; 1035 

Machette et al., 2008; Ganev et al., 2010). This represents the timing of fan surface 1036 

abandonment, so while it might be coincidental, it could also reflect a synchronous change in 1037 

the behaviour of different catchment-fan systems in response to climate change. This merits 1038 

further study in the future, because ~ 70 ka was a time of rapid cooling and significant climatic 1039 

reorganisation at the boundary between marine isotope stages 4 and 5 (see Fig. 4d). In fact, 1040 

the shift in benthic δ18O at this time, from 4.0 to 4.5 ‰ as recorded in the Pacific stack of 1041 

Lisiecki and Raymo (2009) (Fig. 4d), shows that these fan deposits were formed during one 1042 

of the most rapid and abrupt climate shifts in the entire glacial-interglacial cycle. In terms of 1043 

the rate of climate change this period is comparable to the rapid warming that occurred after 1044 

the LGM. Therefore, it may be that periods of rapid climate change in the past have governed 1045 

the timings and locations of alluvial fan terraces that are available for us to examine today. 1046 

The analyses we present in this study offer a quantitative approach to inverting fan deposits 1047 

for information about their sensitivity to past climate. We also encourage future studies to 1048 

examine deposits from different time periods, e.g., the LGM. This was even cooler and wetter 1049 

than at ~ 70 ka ago (see section 3.2), and our sensitivity analyses in Fig. 13 predict that LGM 1050 

fan deposits would exhibit an even lower rate of grain size fining than the Q2c deposits, with 1051 

a greater sediment bypass, 𝐹𝑒𝑥𝑐𝑒𝑠𝑠, for the same accommodation, resulting from a larger input 1052 

sediment flux, 𝑄𝑆0. Palaeoclimate records indicate that the LGM was twice as wet as today 1053 

(see section 3.2), so assuming our model calibration is correct, for the Backthrust canyon fan 1054 

system we would predict an input sediment flux 𝑄𝑆0 of approximately 3500 m3 yr-1 by 1055 

extrapolating the trend in Fig. 13b. This is a hypothetical LGM scenario, but what would it 1056 

mean for the grain size fining rate? Keeping all other parameters constant, adjusting 𝑄𝑆0 to 1057 

3500 m3 yr-1 would decrease the grain size fining exponent in Fig. 8a to -0.05 (compared to -1058 

0.09 for the modern deposit and -0.07 for the Q2c deposit), and increase the 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 to 2.3 1059 

(compared to 1.6 for the modern case and 2.0 for the Q2c case); see the supporting 1060 

information for an interactive spreadsheet. These are testable predictions, the likes of which 1061 

could be made for deposits dating to other points in time as well, e.g., the last interglacial 1062 

period. We also note that there are additional fan surfaces present on both the Backthrust 1063 

canyon and Moonlight canyon fans. Figure 1a clearly shows deposits at the intersection 1064 

between the two fans (at approximately 36°53’N, 117°17’W) with an intermediate degree of 1065 

varnishing, and these might therefore capture a time period between the Q2c and modern 1066 

surfaces, perhaps the LGM. We have not sampled these deposits because they are not dated, 1067 
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but clearly there are opportunities to explore additional alluvial fan surfaces (and systems) to 1068 

constrain the sensitivity of sedimentary fluxes and deposits to past climate changes.  1069 

7. Conclusions 1070 

In this study, we have examined two mountain canyon-alluvial fan systems draining the 1071 

Grapevine Mountains in northern Death Valley, California. We have demonstrated that the 1072 

grain size fining rate is self-similar from apex to toe on four alluvial fan surfaces: a modern 1073 

surface and a ~ 70 ka surface on each fan, dated by Frankel et al. (2007a). By adapting the 1074 

self-similarity equations of Fedele and Paola (2007) for alluvial fans, we are able to first derive 1075 

the subsidence profile in this part of the basin, and secondly estimate that a ~ 20 % decrease 1076 

in sediment flux has occurred between the mid-glacial climate state and modern conditions. 1077 

This coincides with a decrease in mean annual precipitation of approximately one third 1078 

(Thompson et al., 1999; Quade et al., 2003; Menking et al., 2004; Kessler et al., 2006; Phillips, 1079 

2008; Lisiecki and Raymo, 2009), supporting the majority of numerical catchment-fan models 1080 

that predict such a sediment flux response to climate change (e.g., Paola et al., 1992a; Allen 1081 

and Densmore, 2000; Morehead et al., 2001; Densmore et al., 2007; Armitage et al., 2011; 1082 

Rohais et al., 2012; Allen et al., 2013). This may be due to a proportionate decrease in 1083 

catchment-wide erosion rates, but could equally be due to a decrease in the efficiency at which 1084 

sediment is evacuated from the canyon. 1085 

Our approach offers one method of reconstructing sediment fluxes in the past from 1086 

sedimentological data collected in the field, and demonstrates that grain size data can be used 1087 

to quantify the primary controls (tectonics, climate, erodibility) on landscape evolution and the 1088 

stratigraphic record. Our findings are supported by additional observations. (i) The maximum 1089 

subsidence rate we recover for this part of northern Death Valley is ~ 0.5 mm yr-1, and not only 1090 

fits the observed grain size fining rate well, but also agrees with geodetic data (Hammond et 1091 

al., 2012) and geologic constraints (Machette et al., 2002), offering new information about the 1092 

subsidence rate in this valley. (ii) We observe that the alluvial fans have incised at a time when 1093 

sediment flux has declined, and this also reconciles with numerical models such as Van Den 1094 

Berg Van Saparoea and Postma (2008) and Simpson and Castelltort (2012), indicating that 1095 

sedimentological signals of climate change in alluvial fans complement incision-aggradation 1096 

architecture. (iii) The grain size data from the Death Valley fans also require a low-mobility 1097 

calibration of the self-similarity model, in agreement with the real environment. 1098 

The two catchment-fan systems we examine in this study provide real examples of when 1099 

sediment routing systems and their deposits are sensitive and insensitive to high-frequency 1100 

climate changes (i.e., orbital, < 105 year timescale). On the Moonlight canyon fan, sediment 1101 

recycling is substantial due to 40 m of down-cutting and incisional recycling of older deposits. 1102 
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As a result, the grain size signal of orbital climate change is damped because the sediment is 1103 

remobilised over a time period longer than the climate forcing. Conversely, a climatic signal is 1104 

preserved on the Backthrust canyon fan—recorded by a change in grain size fining rate down-1105 

system—because incision and recycling of older terraces is minimal. This implies that 1106 

landscapes, and the terrestrial sedimentary record, can have a range of response timescales 1107 

that depend on the time taken for sediment to be permanently locked into stratigraphy, without 1108 

further recycling taking place. Our sensitivity analysis also indicates that alluvial fan grain size 1109 

might be more sensitive to drying than wetting. This has implications for future climate change 1110 

scenarios, and suggests that at least the arid and semi-arid landscapes of the south-western 1111 

United States may be increasingly sensitive to further drying as the climate continues to warm. 1112 
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 1493 

 1494 

10. Appendix 1: Uncertainty analysis of photo Wolman point counting 1495 

We take this opportunity to evaluate the Wolman point counting technique, using scaled field 1496 

photographs, as a method for characterising the grain size distribution of the gravel fraction. 1497 

Using all the grain size counts we make in this study, in Fig. A1a, we plot how 𝐷̅ changes as 1498 

additional clasts are measured, up to a total of 100 particles, for every individual Wolman point 1499 

count locality. The grain size has been normalised by the final mean grain size (at 100 counts), 1500 

so that all 80 curves converge on a value of 1. Therefore, this plot shows how 𝐷̅ converges 1501 

on a stable value as more clasts are sampled. With only 20 clasts, for example, 𝐷̅ might be 1502 

40 % larger or smaller than the final value. This error declines to within ~ 10 % by 1503 

approximately 70 clasts, and to within ~ 5 % by 80-90 clasts (see inset). The envelope 1504 

containing all these curves represents the maximum limits of the variation in 𝐷̅ with increasing 1505 

counts, and declines exponentially as more particles are measured. Many curves converge 1506 

on a normalised value of 1 after 50 or 60 clasts. 1507 

To visualize how these curves are distributed around a value of 1, in Fig. A1b we have plotted 1508 

probability densities using all curves, across slices of the inset Fig. A1a. At sample sizes of 1509 
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80, 90, 95, and 99 clasts, these show the relative deviation of the mean particle size from that 1510 

estimated using 100 clasts. The majority of mean values are within 2 % of the final estimate, 1511 

even after 80 counts. There is little improvement in the uncertainty of the mean diameter 1512 

between 80 and 99 counts. Figure A1 therefore shows that sampling 100 clasts is sufficient to 1513 

converge on a stable mean grain size within ~ 2 % in the clear majority of cases, i.e., for a 𝐷̅ 1514 

of 20 mm, increasing the sample size by more than 100 particles will only refine the value of 1515 

𝐷̅ within a typical uncertainty of < 0.5 mm. In fact, the exponential decline in the outer envelope 1516 

of Fig. A1a means that to significantly improve upon the uncertainty obtained by averaging 1517 

100 clasts, one would need to average an order of magnitude more grains. Wolman point 1518 

counting cannot sample anything below the resolution of the images being used (or what can 1519 

be measured in the field, if performed in situ), which is 1 mm in this study. Therefore it only 1520 

characterises the > 1 mm gravel fraction of sediment. On these alluvial fans, this represents 1521 

the majority of sediment (see Figs 2e and 2f), and we use the self-similarity equations of 1522 

Fedele and Paola (2007) that are specifically formulated for the gravel fraction only. Therefore, 1523 

we consider this Wolman point counting method to be suitable for the purposes of our 1524 

investigation. 1525 

 1526 

 1527 

11. Appendix 2: Analysis of the similarity variable, ξ  1528 

Values of C1 and C2 can be obtained by analysis of the similarity variable, ξ, defined by Fedele 1529 

and Paola (2007). We calculate values of this variable for each particle measured in each 1530 

Wolman point count, according to: 1531 

 1532 

𝜉 =  
𝐷− 𝐷̅(𝑥∗)

𝜎(𝑥∗)
          [A1] 1533 

 1534 

where D is the diameter of each individual clast, and ξ is dimensionless. We calculated 1535 

frequency distributions for values of ξ at intervals of 0.5, which also reveal that these alluvial 1536 

fan deposits obey self-similarity (Fig. 9). Frequency distributions of ξ can be modelled using 1537 

equations from Fedele and Paola (2007): 1538 

 1539 

𝑓(𝜉) = 𝐶𝑒−𝜙(𝜉)         [A2] 1540 
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Consequently, f(ξ) depends on the exponent Φ(ξ), which is the integral of a parameter φ(ξ)  1541 

(Eq. A3, below) and thus relates to the grain size variance parameters C1, C2 (Eq. 5) and the 1542 

relative mobility function, J. 1543 

 1544 

𝜙(𝜉) =  − ∫ 𝜑(𝜉)𝑑𝜉         [A3] 1545 

 1546 

𝜑(𝜉) =
1

𝐶1(1+
𝐶2
𝐶1

𝜉)
(1 −

1

𝐽
) −

𝐽′

𝐽
        [A4] 1547 

 1548 

J ,the self-similar relative mobility function is defined as: 1549 

 1550 

𝐽 =  𝑎𝑔𝑒−𝑏𝑔𝜉 + 𝑐𝑔         [A5] 1551 

 1552 

where ag, bg and cg are constants, and J is also equal to the ratio of the fraction of a given 1553 

grain size in transport to the fraction transferred to the deposit (i.e., it increases with greater 1554 

particle mobility).  1555 

The probability distribution of ξ can be used to derive the values of the constant C1, providing 1556 

that the relative mobility function J can be estimated (Eq. A5). Once C1 is derived, then C2 is 1557 

implied from Eq. 6, given that we know the average value of Cv equal to 0.80 (Fig. 8c). Previous 1558 

studies have found cg to have a constant value of 0.15 (Fedele and Paola, 2007; Duller et al., 1559 

2010), and we maintain this value here, as it fits our data well. Documented values of ag vary 1560 

between 0.5 (Duller et al., 2010) and 0.9 (Fedele and Paola, 2007), while values of bg vary 1561 

between 0.2 (Fedele and Paola, 2007) and 0.8 (Duller et al., 2010). Equation A5 shows that 1562 

ag scales with the mobility of all particles, while bg describes the rate at which particles of 1563 

increasing size become less mobile than smaller particles; therefore, these constants embody 1564 

information about the relative mobility of clasts and are expected to vary between study areas. 1565 

Existing work has calibrated these constants for rivers in which clasts are presumably more 1566 

mobile than on the arid alluvial fan surfaces of Death Valley. The constant C1 may be as low 1567 

as 0.5 (Duller et al., 2010) or have a higher value of 0.7 to 0.8 (Fedele and Paola, 2007), but 1568 

in general lies between 0.5 and 1.0. 1569 

In Fig. A2a, we have collapsed all of the single-locality ξ distributions from Fig. 9a-d into a 1570 

single plot (grey lines), along with the four surface average ξ distributions (black lines). We 1571 
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have then graphically derived the best-fit values of C1, ag and bg that reproduce the shape of 1572 

these distributions. We find the greatest goodness of fit using values of C1 = 0.7, ag = 0.15, 1573 

and bg = 2.2; and all our analyses are available as interactive spreadsheets in the supporting 1574 

information. In Fig. A2b to d, we vary each of these three constants in turn, keeping the other 1575 

two at their optimum values, to demonstrate the sensitivity of the similarity distributions to their 1576 

values (coloured lines). Clearly, C1 may take a range of values between 0.6 and 0.9, with a 1577 

preferred value of 0.7 (Fig. A2b), and we therefore evaluate the uncertainty associated with 1578 

varying C1 within this range in our modelling. With a preferred value of C1 of 0.7 and an 1579 

average value of Cv of 0.8, C2 must be equal to 0.9 (Eq. 6), and the governing equations (4, 1580 

5, and 7) are thereby calibrated for application to these systems. These values of the constants 1581 

are in very close agreement with previous work and other locations (Fedele and Paola, 2007; 1582 

Duller et al., 2010; Whittaker et al., 2011). 1583 

Although the values of the constants ag and bg are not important for the governing equations, 1584 

and are therefore tangential to our analyses, they contain useful information about particle 1585 

mobility on these alluvial fans. As Fig. A2 shows, the ξ distributions can only be effectively 1586 

modelled with values of ag less than ~ 0.2 and values of bg greater than ~ 1.5 to 2.0. This low 1587 

value of ag and high value of bg (compared to other studies, e.g., Fedele and Paola, 2007, and 1588 

Duller et al., 2010) clearly reflect a low mobility transport environment. This is encouraging, as 1589 

it arises from the data without any prior knowledge of the study area, but matches well the arid 1590 

and low-mobility conditions on these Death Valley alluvial fans. This observation suggests that 1591 

the self-similar fining model can accurately describe sediment transport in these systems. 1592 

 1593 

 1594 

 1595 
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Figures 1596 

 1597 

Fig. 1. Maps locating the two targeted catchment-fan systems in northern Death Valley, California. (A) 1598 

Landsat 8 contrast-enhanced (bands 642-RGB) false colour image of the alluvial fans. Modern deposits 1599 

appear bright blue, Q2c deposits reflect brown-red and were dated to ~ 70 ka using 10Be cosmogenic 1600 

nuclides by Frankel et al. (2007a); stars show their sampling localities. Dots show the down-fan grain size 1601 

sampling localities in this study (black on modern surfaces, white on Q2c surfaces). Two fault systems are 1602 

shown: the Northern Death Valley Fault Zone (NDVFZ), a dextral strike-slip fault with a horizontal 1603 

displacement rate of ~ 4.5 mm yr-1 (Frankel et al., 2007aa); and the Grapevine Fault Zone (GFZ), a range-1604 

bounding normal fault system across which the vertical displacement rate is poorly constrained (we provide 1605 

new data in this study). The two fans are toe-cut by the axial Death Valley wash, flowing towards the south-1606 

east. (B) Aerial imagery of both catchments (outlined in black). They have similar forms and 1607 
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geomorphology, and drainage areas of 46.2 km2 (Backthrust canyon) and 36.7 km2 (Moonlight canyon). 1608 

The catchments are mostly eroding early Palaeozoic carbonates, with smaller outcrops of Miocene 1609 

volcanics at the headwaters and Pliocene conglomerates near the canyon mouths (Niemi, 2012; see text 1610 

for details). (C) Slope map of the catchments calculated from the National Elevation Dataset, with a 1611 

horizontal/vertical elevation of 9/1.5 m at this location.  1612 

 1613 

 1614 

Fig. 2. Field photographs of the alluvial fan systems sampled. (A) Photograph taken on the modern surface 1615 

of the Backthrust canyon fan near the apex, looking upstream towards the catchment. The Q2c terrace is 1616 

highlighted by yellow arrows, and has been incised by 2-3 m by the modern surface. This incision quickly 1617 

diminishes down-fan and it is possible to step from one to the other for most of the length of the fan. A 1618 
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ridge of Pliocene conglomerates is visible in the background, with carbonate bedrock in the mountain 1619 

range beyond. (B) Photograph taken on the modern surface of the Moonlight canyon fan near the apex, 1620 

looking upstream. On this fan, the Q2c surface has been heavily incised by the modern surface, exposing 1621 

a ~ 40 m tall cliff that is recycling material into the modern channels via large blocks, landslides, and steep 1622 

scree cones. The carbonate bedrock strata are visible in the Grapevine Mountains (background), and the 1623 

lack of significant vegetation cover is clear. (C) Representative photo of the modern fan surfaces, which 1624 

comprise gravels, pebbles and cobbles distributed by low-relief channels. The channels are active during 1625 

storms, owing to the arid climate of Death Valley. This photo is near the fan apex, and a ridge of Pliocene 1626 

conglomerates is visible in the background. (D) An equivalent photograph of the Q2c surface exposed 1627 

near the apex of Moonlight canyon fan. The surface has a mature desert pavement, the clasts are heavily 1628 

varnished and oxidised and the depositional relief has been lost. (E) Representative photograph of the 1629 

modern surface grain size distribution. The notebook scale bar is 15 cm long with 1 cm intervals. Clasts 1630 

are mostly derived from carbonates. (F) Representative photograph of the Q2c surface grain size 1631 

distribution. The clasts have been varnished and arranged into an interlocking pattern characteristic of 1632 

desert pavements. 1633 

 1634 

 1635 

Fig. 3. Longitudinal profiles of the modern (solid lines) and Q2c (dashed lines) fan surfaces along the 1636 

sampling routes shown in Fig. 1a. Elevation is given above sea level and was measured from the National 1637 

Elevation Dataset model with a vertical precision of 1.5 m. The Backthrust canyon fan lies at a higher 1638 

overall elevation as it is further north in Death Valley. It has similar modern (4.0 °) and Q2c (4.1 °) surface 1639 

slopes, reflecting the negligible degree of modern incision. The Moonlight canyon fan has a slightly steeper 1640 

Q2c surface (4.3 °), which has been heavily incised by a gentler (3.8 °) modern surface. 1641 

 1642 

 1643 

 1644 
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Fig. 4. Exposure dating of the Q2c surface, copied from 1645 

Frankel et al. (2007a). Probability distributions of the 6 1646 

10Be samples measured on the Backthrust canyon fan 1647 

(A) and the 10 samples measured on the Moonlight 1648 

canyon fan (B) both give peaks at ~ 70 ka. Frankel et 1649 

al. (2007a) combined these Q2c age estimates to 1650 

obtain an overall exposure age of 70 (+ 22, - 20) ka (C). 1651 

See the original study for further details. In (D), we plot 1652 

this period of activity as a grey box on the benthic δ18O 1653 

stack for the Pacific Ocean reported by Lisiecki and 1654 

Raymo (2009). The Q2c surface was deposited in mid-1655 

glacial conditions during the middle of the cooling 1656 

phase of the previous glacial-interglacial cycle, and we 1657 

estimate a temperature depression of 2-3 °C and a 1.5 1658 

factor increase in mean annual precipitation relative to 1659 

modern conditions (see text for details). 1660 

 1661 

 1662 

 1663 

 1664 

 1665 

 1666 

 1667 

 1668 

 1669 

 1670 
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 1672 

 1673 

 1674 

 1675 

 1676 
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 1677 

Fig. 5. Schematic diagram of the model approach taken in this study. The input sediment flux at the fan 1678 

apex, 𝑄𝑆0, is the total sediment export from the canyon, via a channel of initial width 𝑊0. Grain size fines 1679 

down-fan from x = 0 to x = 1 by selective deposition of larger clasts, and the sediment extraction depends 1680 

on (i) how sediment is distributed across the fan surface according to its changing width, 𝑊 ∗ (𝑥 ∗), and 1681 

(ii) the accommodation generated by the changing subsidence rate beneath the fan, 𝑟 ∗ (𝑥 ∗). We use 1682 

exponential equations to describe both of these relationships (see inset graphs), which can be easily 1683 

parameterised and represent our target alluvial fans well. Due to the lateral extraction of sediment on 1684 

alluvial fans, the application of the self-similarity equations requires this 3D solution. 1685 

 1686 

 1687 

Fig. 6. Observed widening of modern alluvial fan surfaces on the Backthrust and Moonlight canyon alluvial 1688 

fans. High-resolution aerial imagery (A) was used to measure the width of the sediment distribution 1689 

surfaces, 𝑊 ∗, at 500 m intervals down-fan (B). These widths are plotted against the normalised down-fan 1690 

distance, 𝑥 ∗, in (C), and simulated using the modelling scheme given in Fig. 5 (dashed curves). The 1691 

starting width, W0, can be measured directly as the width of the modern surfaces where they emerge from 1692 

the canyons; this is 100 m in both cases. The theoretical maximum width of the fans if they were not toe-1693 
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cut by the axial system, 𝑊𝑚𝑎𝑥, is approximated at 8500 m, giving the simulated curves the correct 1694 

convexity. We allow the growth exponent, 𝑊𝑔𝑟𝑜𝑤𝑡ℎ, to vary at intervals of 0.1, and the data are best-fitted 1695 

by an exponent of ~ 0.5 (solid curve). The exponent is dimensionless in this plot because the length scale 1696 

has been normalised to 𝑥 ∗. 1697 

 1698 

Fig. 7. Cumulative grain size distribution curves for 1699 

all localities measured on modern (solid lines) and 1700 

Q2c surfaces (dashed lines) on the Backthrust 1701 

canyon fan (A) and the Moonlight canyon fan (B). The 1702 

number of clasts (n), the mean grain size, 𝐷̅, and the 1703 

50th and 84th percentile grain sizes, 𝐷50 and 𝐷84, are 1704 

quoted for each surface. Around 80 % of clasts are 1705 

between 5 and 50 mm in diameter, with a smaller 1706 

fraction of smaller and larger grains. Our sampling 1707 

strategy does not include sediment finer than 1 mm 1708 

(see Methods). In general, the surfaces all have 1709 

comparable grain size distributions. The modern 1710 

surface on the Backthrust canyon fan is slightly 1711 

coarser-grained by 2-3 mm. 1712 

 1713 

 1714 

 1715 

 1716 

 1717 

 1718 

 1719 

 1720 

 1721 

 1722 

 1723 

 1724 

 1725 
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Fig. 8. Mean grain size, 𝐷̅, for each locality plotted against 1726 

distance down fan (where the apex = 0 km), for modern 1727 

(solid symbols) and Q2c (open symbols) surfaces on the 1728 

Backthrust canyon fan (A) and the Moonlight canyon fan 1729 

(B). Exponential regressions fit the data well, with R2 1730 

averaging 0.75, and provide an estimate of 𝐷̅0 at the fan 1731 

apex that has a typical uncertainty of ~ 1 mm.  The 𝐷̅0 is 1732 

~ 28 to 30 mm on the Moonlight canyon fan and both Q2c 1733 

surfaces, and slightly coarser (~ 33 mm) on the modern 1734 

surface of the Backthrust canyon fan. On the Backthrust 1735 

canyon fan, the down-system grain size fining rates are ~ 1736 

6.7 % km-1 (Q2c) and ~8.9 % km-1 (modern), and do not 1737 

overlap within standard error. On the Moonlight canyon 1738 

fan, where significant sediment recycling is observed 1739 

(Fig. 2b), the fining rates are indistinguishable (5.6 and 1740 

5.9 % km-1 on the modern and Q2c surfaces, 1741 

respectively), matching the Q2c regression in (A). In (C) 1742 

we plot the coefficient of variation, Cv (equation 6) for 1743 

every locality. There is no significant variation in Cv down-1744 

fan or between the surfaces, which averages 0.80 (± 1745 

0.09) and demonstrates that the standard deviation and 1746 

mean grain sizes decay similarly along the length of each 1747 

fan surface. 1748 

 1749 

 1750 

 1751 

 1752 

 1753 

 1754 

 1755 

 1756 

 1757 

 1758 

 1759 
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 1760 

Fig. 9. Observed probability distributions of the similarity variable, ξ, on the Backthrust canyon fan (modern 1761 

surface in A, Q2c surface in B) and the Moonlight canyon fan (modern surface in C, Q2c surface in D). 1762 

Coloured lines show the distributions for individual sampling localities, bold black lines show the average 1763 

distribution of ξ for the entire surface. There is no systematic variation in ξ down-system on each surface, 1764 

between modern and Q2c deposits, or between the two fans. This indicates that grain size fining along the 1765 

fan lengths obeys self-similarity as defined by Fedele and Paola (2007). See section 2 and Appendix 2 for 1766 

equations. (E) All observed probability distributions of ξ from panels A to D collapsed onto a single plot, 1767 

for all localities on all 4 fan surfaces (grey curves), and the 4 surface average distributions (bold black 1768 
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curves). A self-similar model of selective deposition can be used to model these probability distributions 1769 

(red dashed line) given a number of empirical constants. We use CV = 0.8 (Fig. 8), and find a value of C1 1770 

= 0.7 provides the best fit to the data; see Appendix 2 for full details. 1771 

 1772 

 1773 

Fig. 10. Recovery of the subsidence profile beneath the fans, derived using the Moonlight canyon Q2c 1774 

surface for which 𝑄𝑆0 = 2366 m3 yr-1, and using the expression for the subsidence profile given in equation 1775 

9. (A) The input subsidence rate, 𝑟0 is set to 0.5 mm yr-1 in agreement with InSAR measurements 1776 

(Hammond et al., 2012), and 𝑟𝑑𝑒𝑐𝑎𝑦 is allowed to vary (black dashed lines). The grain size data are fitted 1777 

with the best fit regression (blue curve) from Fig. 8 and the pale blue shading shows the standard error on 1778 

this regression. The best-fit solution of 𝑟𝑑𝑒𝑐𝑎𝑦 is 2.2 km-1. (B) We fix 𝑟𝑑𝑒𝑐𝑎𝑦 as 2.2 km-1 and test the effect 1779 

of varying 𝑟0. Only a small range of rates (~ 0.4 to 0.6 mm yr-1) can be tolerated by the grain size data. (C) 1780 

There are multiple unique solutions of 𝑟0 and 𝑟𝑑𝑒𝑐𝑎𝑦 that give the correct overall fining gradient. The 1781 

subsidence rate must be > 0.1 mm yr-1, as even with no decay (maximum sediment extraction), the fining 1782 

rate is too slow. For 𝑟0 = 0.25 mm yr-1 and 𝑟𝑑𝑒𝑐𝑎𝑦 = 0.5 km-1, the overall gradient of the fining profile is 1783 

correct but the form is too convex for the observed data. For a fast 𝑟0 = 1 mm yr-1, 𝑟𝑑𝑒𝑐𝑎𝑦 must be 1784 

unreasonably large (4 km-1), and the fining profile becomes concave. While this is within the scatter of the 1785 

data, geodetic and geologic constraints rule out such a fast subsidence rate (Machette et al., 2002; 1786 
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Hammond et al., 2012). A predicted calibration of 𝑟0 = 0.5 mm yr-1 and 𝑟𝑑𝑒𝑐𝑎𝑦 = 2.2 km-1 offers the best fit 1787 

to the Q2c grain size data. (D) The best-estimate subsidence profile beneath the fans (solid line). 1788 

Tolerating the uncertainty on 𝑟0 of ± 0.1 mm yr-1 (A) and 𝑟𝑑𝑒𝑐𝑎𝑦 between 2 to 3 km-1 (B) makes little 1789 

difference to the subsidence pattern observed. 1790 

 1791 

 1792 

Fig. 11. The effect of parameter uncertainties on the fining rate predicted for the Moonlight canyon fan 1793 

Q2c surface. In each panel, we use the subsidence profile recovered in Fig. 10, and known sediment flux 1794 

details (see text) to explore how each parameter affects the grain size fining rate in our model. The blue 1795 

line is the regression from Fig. 8, and the pale blue shading shows ± 1 standard error on this regression. 1796 

Apart from each parameter being varied, we keep all other parameters at their best-estimate values 1797 

(𝑊𝑔𝑟𝑜𝑤𝑡ℎ= 0.5; 𝑊0 = 100 m; 𝑊𝑚𝑎𝑥 = 7500 m; ε = 65 mm ka-1; 𝐷̅0 = 29.0 mm; C1 = 0.7; Cv = 0.8; 𝑟0 = 0.5 1798 

mm yr-1; 𝑟𝑑𝑒𝑐𝑎𝑦 = 2.2 km-1). (A) The uncertainty on exponent 𝑊𝑔𝑟𝑜𝑤𝑡ℎ, which is measured as ~ 0.5 km-1 1799 

(solid line) in Fig. 6 lies within the scatter of the data and the error on the regression. Higher and lower 1800 

values (dashed lines) produce slower and faster fining rates, respectively. (B) The maximum and minimum 1801 

catchment-wide erosion rates, ε, estimated by Frankel et al. (2007a) produce slower and faster fining rates, 1802 

respectively. The average value of 65 mm ka-1 fits the data well (solid line) and the grain size profile is 1803 

more sensitive to slower erosion rates (and lower sediment fluxes). (C) The standard error on the input 1804 
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grain size distribution, 𝐷̅0, (dashed lines) cannot be discriminated from the scatter in the data. (D) The 1805 

value of C1 of 0.7 derived in Fig. 9 fits the fining profile well, but the scatter in the data can tolerate a range 1806 

of values of C1 between 0.6 and 0.8. These analyses show that reasonable uncertainties on each of these 1807 

parameters do not cause the fining rate to deviate significantly more than the standard error on the 1808 

regression to which it is being fitted. Therefore, our model setup can tolerate these uncertainties well. 1809 

 1810 

Fig. 12. A comparison of modern (solid 1811 

symbols) and Q2c (open symbols) 𝑄𝑆0 1812 

scenarios on the Backthrust canyon fan. The 1813 

best-estimate values of all parameters are used 1814 

(𝑊𝑔𝑟𝑜𝑤𝑡ℎ = 0.5; 𝑊0 = 100 m; 𝑊𝑚𝑎𝑥 = 9500 m; C1 1815 

= 0.7; Cv = 0.8; 𝑟0 = 0.5 mm yr-1; 𝑟𝑑𝑒𝑐𝑎𝑦 = 2.2 km-1816 

1). The grain size regressions from Fig. 8 are 1817 

shown as blue (Q2c) and red (modern) lines, 1818 

with associated pale shading showing ± 1 1819 

standard error on the regressions. The input 1820 

grain size, 𝐷̅0, has been taken from Fig. 8 in 1821 

both cases. (A) 𝑄𝑆0 is calculated by multiplying 1822 

the Q2c erosion rate of 65 mm ka-1 (Frankel et 1823 

al., 2007aa) by the catchment area of 46.2 km2, 1824 

giving 2981 m3 yr-1. The parameterisation of the 1825 

model fits the observed fining rate very well. (B) 1826 

For the modern case, where 𝐷̅0 = 33.3 mm, the 1827 

observed fining rate is faster. We have allowed 1828 

𝑄𝑆0 to vary between 1800 and 3500 m3 yr-1 1829 

(black dashed lines), of which the 2400 m3 yr-1 1830 

scenario fits the observed data best, 1831 

representing a 20 % decrease in 𝑄𝑆0 compared 1832 

to Q2c. We propose a maximum uncertainty of 1833 

± 400 m3 yr-1, tolerating the 2000 to 2800 m3 yr-1834 

1 scenarios. (C) The best-fit fining models are 1835 

shown for the Q2c surface (blue, with 1836 

uncertainty displayed as the full uncertainty on 1837 

𝑄𝑆0 deriving from ε in Fig. 11b) and the modern 1838 

surface (red, with 𝑄𝑆0 = 2400 ± 400 m3 yr-1). The 1839 

modelling approach taken here reproduces the 1840 

observed grain size data well. 1841 
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Fig. 13. Summary diagram of the Backthrust 1842 

canyon fan sensitivity to past climate change. 1843 

(A) The modern (red) and Q2c (blue) surfaces 1844 

marked on the benthic δ18O Pacific stack of 1845 

Lisiecki and Raymo (2009) and annotated with 1846 

the estimated climatic conditions (see text) and 1847 

reconstructed sediment fluxes. The change in 1848 

𝑄𝑆0 we estimate here corresponds to a mid-1849 

glacial to interglacial climatic gradient. (B) Best 1850 

estimates of sediment flux (black squares) 1851 

plotted against modern and estimated Q2c 1852 

climate (see text for details). A power law 1853 

regression that intersects the origin has an 1854 

exponent of ~ 0.5. Using maximum (blue 1855 

triangles) and minimum (red circles) sediment 1856 

flux estimates (see Fig. 12c) gives exponents of 1857 

~ 0.8 and ~ 0.2, respectively. Thus, the 1858 

relationship between sediment flux to the fan 1859 

and precipitation rate is likely to be sub-linear. 1860 

(C) Predicted mean grain size, 𝐷̅, at length 1861 

intervals of 1 km (coloured curves) down-1862 

system on the Backthrust canyon fan, modelled 1863 

using the calibration in Fig. 12 for a wide range 1864 

of hypothetical sediment fluxes between 50 and 1865 

20,000 m3 yr-1. Grain size is normalised to an 1866 

input value of 1 to generalise the results. The 1867 

excess sediment fraction, 𝐹𝑒𝑥𝑐𝑒𝑠𝑠, is given on the 1868 

top x-axis (see text for explanation), and 1869 

modern and Q2c scenarios for 𝑄𝑆0 are 1870 

highlighted solid grey lines. Much larger 1871 

perturbations are explored here. As 𝑄𝑆0 1872 

increases above Q2c values, the fining rate (the 1873 

difference between 𝐷̅ at 1 and 7 km) becomes 1874 

increasingly small and sensitivity to 𝑄𝑆0 decreases. The difference between 𝐷̅ at 1 and 7 km is greatest (~ 1875 

95 %) at 𝐹𝑒𝑥𝑐𝑒𝑠𝑠 = 1 (𝑄𝑆0 = 1494 m3 yr-1). As 𝑄𝑆0 decreases further, the basin is under-filled and the grain 1876 

size decays to zero at progressively shorter distances from the apex. The sensitivity of the fining rate is 1877 

much higher to a drying perturbation (reduced 𝑄𝑆0) than a wetting perturbation (increased 𝑄𝑆0), implying 1878 

directionality in the grain size response to climate change. For illustrative purposes, a predicted LGM 1879 

scenario is highlighted with a dashed grey line (see section 6.5 for details). 1880 
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 1881 

Fig. A1. (A) This plot shows, for each photographic Wolman point count sampled (n = 80 localities), how 1882 

the estimated mean grain size, 𝐷̅, changes as additional clasts are sampled from 1 to 100 particles. The 1883 

𝐷̅ is normalised by the 𝐷̅ obtained using 100 clasts so all curves converge on a value of 1, and the inset 1884 

shows an expanded view between 80 and 100 grain size counts. The spread of the curves around a 1885 

normalised 𝐷̅ of 1 shows the uncertainty on the measurement precision, which decreases exponentially 1886 

as more clasts are counted. Averaging only ~ 20 clasts means the uncertainty on the precision of 𝐷̅ will 1887 

be approximately ± 40 %, and this decreases to within ± 10 % after approximately 70 particles, although 1888 

some curves reach this precision after fewer counts. In (B), we show probability distributions of the 1889 

normalised 𝐷̅ at slices across the inset of (A) at 80, 90, 95 and 99 counts. For the majority of localities, the 1890 

precision on 𝐷̅ estimated using these sample sizes is within ~ 2 %. The probability of obtaining a precision 1891 

within 2 % or less (the integrated area under the probability distributions within this range) improves from 1892 

0.57 with 80 clasts to 0.74 with 95 clasts. The probability of obtaining a precision within 5 % or less 1893 

improves from 0.79 with 80 clasts to 0.92 with 95 clasts. For a true 𝐷̅ of 25 mm, for example, precision 1894 

within 5 % gives a measurement uncertainty of ± 1.25 mm, and within 2 % gives ± 0.5 mm. We therefore 1895 

argue that this grain size sampling technique is acceptable for our investigation, and uncertainty on 1896 

measurement precision is smaller than other sources of uncertainty. 1897 

 1898 
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 1899 

Fig. A2. (A) Observed probability distributions of the similarity variable, ξ, for all localities on all 4 fan 1900 

surfaces (grey curves), and the 4 surface average distributions (bold black curves). This graph collapses 1901 

the 4 panels from Fig. 9 into one plot. A self-similar model of selective deposition can be used to model 1902 

these probability distributions given a number of empirical constants. We use a value of Cv of 0.8 obtained 1903 

from Fig. 8c, and a value of cg of 0.15 (Fedele and Paola, 2007; Duller et al., 2010) to graphically derive 1904 

the values of C1
 (0.7), ag (0.15) and bg (2.2) that best fit the observed data. In panels B to D we demonstrate 1905 

how the probability distribution changes as each constant is varied in turn, with the other 2 constants kept 1906 

at their optimum values. An interactive model is available in the supporting information. Values of C1 1907 

between 0.6 and 0.8 fit the observed distributions well, and agree with previous findings (Fedele and Paola, 1908 

2007; Duller et al., 2010; Whittaker et al., 2011). The short negative tail of the distribution is due to the 1909 

truncation of the grain size distribution at 1 mm by our sampling technique, and we therefore do not try to 1910 

reproduce it. Values of ag must be between ~ 0.1 and 0.2, and values of bg must be between ~ 2 and 2.5. 1911 

These ranges are smaller and larger, respectively, than previous constraints obtained for channels (Fedele 1912 

and Paola, 2007), however these constants are expected to vary geographically and indicate low-mobility 1913 

transport conditions proportionate to alluvial fan surfaces in Death Valley. 1914 


