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Development of a Holocene glacier-fed composite alluvial fan based on surface
exposure-age dating techniques: the 1llae fan, Jotunheimen, Norway

Lindsey J. McEwen, John A. Matthews and Geraint Owen

1. Introduction

Alluvial fans are low-angle, fan-shaped depositional landforms created where a steep, sediment-laden stream
channel, downstream of an upland sediment source, debouches onto a flatter surface, leading to a reduction in
stream power (Parker et al., 1998; Harvey, 2004, 2013; Harvey et al., 2005; Bowman, 2019). As products of
the interactions between hydrological and sedimentological processes, alluvial fans can represent valuable
sedimentary archives of fluvial adjustment to environmental change based on changing flow patterns and
sediment transport regimes (Harvey et al., 2012; Stock, 2013).

Research into the dynamics and evolution of alluvial fans has involved a variety of approaches using
conceptual models, field experiments, monitoring programmes, physical and numerical models, high-
resolution morphometric analyses, palaeoenvironmental reconstruction and climate change scenarios (de
Moor and Verstraeten, 2008; Giles et al., 2010; Scheinert et al., 2012; Stgren and Paasche, 2014). When
unravelling the development of alluvial fans, establishing a timescale for changing sediment inputs is critical,
and dating techniques are essential to capture this history. The calibrated- (absolute) and relative-age dating
techniques that have been applied in the context of the evolution of alluvial fans have been recently
summarised by Bowman (2019), and reviewed in detail by Schneuwly-Bollschweiler et al. (2013). Historical
analysis (D’ Agustino, 2013), lichenometry (Jomelli, 2013), dendrochronology (Stoffel, 2013), radiocarbon
dating (Chiverrell and Jakob, 2013), luminescence dating (Lang, 2013) and cosmogenic nuclides (Ivy-Ochs et
al., 2013) have all been successfully applied over decadal to millennial timescales. However, the relatively
new technique of Schmidt-hammer exposure-age dating (SHD) (e.g. Matthews and Owen, 2010; Shakesby et
al., 2011; Stahl et al., 2013; Matthews et al., 2015; 2018; Tomkins et al., 2016, 2018; Wilson and Matthews,
2016; Winkler et al., 2016; Wilson et al., 2017, 2019) has yet to be applied in the context of alluvial fans,

despite being eminently suitable for establishing the exposure age of surface boulders.

While the development and response of alluvial fans to environmental changes have been widely
studied in temperate, semi-arid and cold environments (e.g. Bull, 1977; Rachocki and Church, 1990; Harvey,
2004, Harvey et al., 2005; Kjaer et al., 2004; Poulos and Pierce, 2018; Ventra and Clarke, 2018), examples
from different types of glacially-fed alpine settings are lesser represented in research. Several studies on fan
development in the Europeans Alps, a temperate high mountain setting, focus on debris flow fans and
different fan morphologies, including their classification (see Crosta and Frattini, 2014; Jarman et al., 2011,

De Haas et al., 2018). These fans would not necessarily be called ‘alluvial’ due to their (partial) development
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by non-fluvial processes such as debris flows. McEwen et al. (2011) provide one of few studies of an alluvial
fan in a glacially-fed alpine setting, finding that the fan in Langedalen, southern Norway, was predominantly
formed during and since the Little Ice Age cold period. In this case, the snout of a valley glacier extended onto
the fan apex during the Little Ice Age maximum (ca. AD 1750), explaining the rapid increases in sediment
supply and large-scale fan aggradation. The variable development of glacier-fed alluvial fans therefore
requires further investigation. Barnard et al. (2006), studying fans and terraces in glacierized Himalayan
catchments, suggest that Late Quaternary and Holocene fan and terrace formation and sediment transfer are
linked to temporal changes in discharge and sediment load caused by glacier oscillations responding to
climate change.

Sedimentary stratigraphy and architecture within fans may capture aspects of the responses to glacial
fluctuations linked to climate and other environmental changes (e.g. Hornung et al., 2010; Brisset et al., 2014).
However, reconstructions based on this approach are often incomplete due to the complexity of many fans
formed over long timescales, and the difficulties of accessing and dating the subsurface. An alternative
approach is taken in this paper, based on the dating of surface landforms. This approach has been possible in a
case study of the Illae fan in Leirdalen, Jotunheimen, southern Norway, which is a relatively simple, glacier-
fed alluvial fan that developed over a relatively short timespan, entirely within the Holocene. Our specific

objectives are:

e To describe the geomorphology of this fan;

e To identify and date, using several techniques, the different phases of fan development;

e To apply, for the first time, SHD in the context of alluvial fans;

e Toinfer and evaluate the dynamics of fan development with particular reference to flow types,
sediment supply and the effects of glaciers;

e To compare the Illae fan with other glacier-fed fans in the region;

e To propose a general conceptual model of fan evolution for alpine glacierized catchments related to

Holocene environmental change.

2. Environmental setting and climate history

The Ytre 1llae, a major tributary of the Leira, in central Jotunheimen, has a catchment area of 22.65 km?, of
which 38% is glacierized (Fig. 1; see also Andreassen and Winsvold (2012). The Ill3e fan has been formed by
the Ytre 111ae, downstream of the confluence of the Nordre (North) Illde and Sgre (South) Illae rivers, which

are fed by the glaciers Nordre and Sgre Illabrean and two smaller unnamed glaciers.
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The fan lies at an altitude of 1000-1100 m a.s.l., close to the present day birch (Betula pubescens) tree
line, which is located at about 1200 m a.s.l. on the eastern hillslope of lower Leirdalen but has been depressed
in the vicinity of the fan by grazing animals, especially goats, in recent centuries. Low-alpine vegetation
(dwarf-shrub and lichen heath) characterises the surface of the present-day fan (N1JOS, 1991; Moen, 1999).
Based on climatic data from the Sognefjell meteorological station (1413 m a.s.l.), mean annual air temperature
is about +5.0 °C and mean annual precipitation is about 1000 mm on the fan (Aune, 1993; Fgrland, 1993). The
geology of the area consists primarily of pyroxene-granulite gneiss with peridotite intrusions and quartzitic
veins (Battey and McRitchie, 1973; Lutro and Tveten, 1996).

Deglaciation of Leirdalen occurred late in the Preboreal chronozone of the early Holocene.
Radiocarbon-dated peat deposits in lower Leirdalen indicate deglaciation shortly before ~10,100 cal a BP
(Barnett et al., 2001), while radiocarbon-dated birch (Betula pubescens) wood from upper Leirdalen indicates
deglaciation there shortly before ~9,700 cal a BP (Matthews et al., 2005). These local minimum estimates of
the date of deglaciation are consistent with large-scale modelling of the pattern and timing of deglaciation of
the Scandinavian Ice Sheet following the Younger Dryas in southern Norway (Hughes et al., 2016; Stroeven
etal., 2016). It is assumed, therefore, that deglaciation of the area occupied by the Illae fan occurred shortly
before the younger of two glacier re-advances of the Erdalen Event, which has been dated elsewhere in
southern Norway to ~9.7 ka (Dahl et al., 2002).

Scots pine (Pinus sylvestris) migrated into Leirdalen by ~9.8 ka replacing vegetation dominated
initially by birch (Barnett et al., 2001). During the early-Holocene thermal maximum, therefore, trees are
likely to have completely covered the fan surface, affecting its hydrological regime, sediment supply and
potential stability. At that time, the local glaciers were much reduced in size and, at least from 7.5-6.0 ka,
melted away completely (Matthews and Dresser, 2008). Late-Holocene climatic deterioration resulted in
downward migration of the tree line in Leirdalen while neoglaciation from ~5.5 ka culminated in the ‘Little
Ice Age’ glacier maximum of the mid-eighteenth century (Matthews, 1974, 2005). The extent of latero-
terminal moraines fronting the present-day glaciers (Fig. 1) indicates a glacierized area of 45 % at that time.
Superimposed on these general trends, seven centennial- to millennial-scale glacier variations (‘neoglacial
events’) have been identified in the neighbouring Smegrstabbtindan massif (Matthews and Dresser, 2008),
which would also have affected the extent of the Nordre and Sgre Illabrean glaciers, the hydrology of the Ytre

I113e river, and sediment supply to the fan.

There is limited historic information about extreme floods on the Illde. However, in reconstructing
flood histories in Leirdalen and downstream Bgverdalen from archival and data sources, McEwen and
Matthews (2013) identified a series of extreme floods during the Little Ice Age, generated by extreme rainfall.
These included events in AD 1655 (Roald, pers. comm.), 1743 (Grove and Battagel, 1989), 1789 (known as
‘Storofsen’; Roald, 2003) and 1860 (Roald, 2000). The event in July 1789 is known to have caused significant
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erosion in Bgverdalen (Roald, pers. comm.). More recently, a large localised flood occurred on the Ill&e in

May 2004 (personal observation).

3. Methods

An integrated, multi-proxy research design was used to characterise and date the development of the fan.
Morphological features, including prominent boulder deposits on the upper fan surface, the area affected by
river entrenchment and an associated terrace sequence, were mapped onto aerial photographs dating from
2004, 2010 and 2017 (Fig. 2). SHD, lichenometric dating, soil development and soil radiocarbon dating were
used to provide numerical ages and/or relative-age assessments for the upper fan surface and the terraces.
Observations were made of sub-surface sediment composition and stratigraphy at a limited number of
exposures within the entrenched section of the fan. The form and measured clast characteristics of the boulder
deposits were used as the main criteria to determine the nature of the flows responsible for fan development,
and to infer the competence and hence relative magnitude of the flows that generated the boulder deposits on

different zones on the fan surface.

Numerical age estimates of the boulder deposits on the upper fan surface were obtained using SHD,
supplemented by lichenometry and a single terrestrial cosmogenic-nuclide date (TCND). For application of
SHD, the fan surface was divided into eight sampling zones where the boulder deposits were most extensive
(Fig. 2). SHD was used primarily to date boulder deposits on the upper surface of the fan; there were
insufficient exposed boulders on the incised terraces to enable the use of SHD there. We used high-precision
Schmidt-hammer exposure-age dating, following closely the approach developed by Matthews and Owen
(2010), Matthews and Winkler (2011) and Matthews and McEwen (2013). This involves a linear calibration
equation, which relates Schmidt-hammer R-values to ‘old’ and ‘young’ control points (surfaces of known age)
and the calculation of 95% confidence intervals for age, which combine the calibration error (C;) associated
with the calibration equation with the sampling error (Cs) associated with the surface to be dated. The ‘South
and East Smerstabbtindan’ calibration curve of Matthews and Owen (2010) was used to obtain age estimates
for the boulder deposits within each zone of the upper fan surface. This curve is based on local control points
from glacially scoured, pyroxene-granulite bedrock surfaces of known age from Leirdalen and Gravdalen, and

is therefore considered highly appropriate for boulders of similar lithology in the boulder deposits.

A standard mechanical type-N Schmidt hammer (Proceq, 2004) was used on near-horizontal boulder
surfaces associated with the extensive boulder deposits on the fan surface. Unstable boulders, edges and
cracks, lichen thalli, wet surfaces and unusual lithologies (in this case, peridotite and quartz) were avoided and
a test anvil was used before and after use to ensure that there was no deterioration in the Schmidt hammer (cf.
McCarroll, 1987; 1994). Within each of the eight zones on the upper surface of the fan (Fig. 2), 750 Schmidt-
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hammer impacts (R-values) were recorded in 30 sub-locations (i.e. one impact per boulder; 25 boulders from
each sub-location). Use of a large humber of sub-locations ensured R-values were representative of the
boulder deposits spread across each zone. Use of a single impact from each boulder ensured that the frequency
distribution of R-values is equivalent to the age-distribution of boulders (Matthews et al., 2015). Care was
taken to avoid boulders on terrace margins in case they might have tumbled from a higher level. The mean R-
value and its 95% confidence interval for each of the eight zones of the fan were calculated from 30 site-mean
R-values (i.e. n = 30 sites).

Lichenometric dating was undertaken separately for boulder deposits of the northern and southern
parts of the upper fan surface, for the south-side terrace sequence (Fig 2), and for two terraces that could be
recognised on the south-side. The long axes (maximum diameter) of the five largest lichens of the yellow-
green, crustose Rhizocarpon subgenus were measured (cf. Matthews, 1974; 2005). The ‘Central Jotunheimen’
lichenometric dating curve based on the mean of the five largest lichens (Matthews, 2005) was used to provide
minimum estimates of exposure age, and hence time elapsed since deposition of the boulder deposits. This
local growth curve is based on control points (surfaces of known age) using historically-dated moraines from
neighbouring glacier forelands. Limitations of these curves in their application to fluvial environments are
considered by McEwen and Matthews (2013). Little previous assessment has been made as to how reliably
such curves can be transferred to fluvial deposits with potentially different and variable moisture and snow-
cover characteristics. Limited information also exists about the tolerance of Rhizocarpon species to flood
inundation, and associated corrosion by bedload, siltation and episodic burial. In the present application, the
lichenometric results from the terraces must be treated with caution for the additional reason that some of the

terrace surfaces have relatively few cobbles and boulders suitable for lichen colonisation.

TCND (Cockburn and Summerfield, 2004; Dunai, 2010; Balco, 2011) was carried out primarily to
provide an independent check on the SHD age estimates from the boulder deposits on the upper fan surface.
This was based on °Be from a quartz sample collected from an in situ boulder in zone 5 (site X in Fig. 2; see
also Fig. 3). Sample preparation and measurement followed the procedures of Child et al. (2000) and the
Lal/Stone 1°Be production rate scaling scheme was employed (Lal, 1991; Stone 2000). Further details of this
are given in Matthews et al. (2007). Radiocarbon dating was carried out on the acid-washed fraction of the soil
organic matter, with the aim of obtaining minimum ages for the upper surface of the fan and the terrace

surfaces, following procedures detailed in Matthews (1985).

Analysis of the boulder deposits was carried out within each of the zones previously
established for SHD. Sediment calibre was measured using the intermediate (b-axis) of the 50 largest
clasts, from which representative clast sizes (Dso, Des and maximum clast size) were calculated

(Brierley and Hickin, 1985; Bunte and Abt, 2001). Powers (1953) roundness index was measured for
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50 clasts and used to calculate a mean roundness index to interpret the likely sediment sources and
depositional processes. Palaeohydrological parameters associated with the flows that deposited the
sediment in the boulder deposits were estimated from the maximum intermediate-axis clast size (d)
(Williams, 1983):

For unit stream power (o) = 0.079 d*3*(10 <d < 1500 mm) (D)
For bed shear stress (t) = 0.17 d*° (10 < d < 3300 mm) (2)
For mean flow velocity (V) = 0.065 d®*° (10 <d < 1500mm) (3)
4. Results

4.1 Morphology of the fan

The geomorphological map (Fig. 2) shows the distinctive features of the fan including the active zone close to
the Ytre Illde, which is entrenched into the extensive upper fan surface and within which the Ytre Illae flows
in a bedrock channel. The associated inset fan drains north-westwards towards the confluence of the Ytre 1llae
with the Leira. Within the entrenched zone, a relatively narrow area of terracing is best developed south of the
active zone (Fig. 4). The Ytre Illde debouches from a substantial bedrock gorge, which extends upstream for
about 1 km to the confluence of the Nordre and Sgre Illae. Most of the upper fan surface is covered with
boulder deposits separated by relict channels which bifurcate and radiate from the fan apex. For reasons
provided below, the entire fan is referred to as the ‘Holocene fan’ (~0.38 km?) and the entrenched zone,

including the terraces, with the inset fan as the ‘late-Holocene fan’ (~0.09 km?).

A suite of four well-developed terraces is incised into the upper surface of the fan on the south side of
the Ytre Illae (Fig. 4). Here, the slopes of the upper fan surface and terrace 1 are 15%, while the lesser slopes
of terraces 2-4 are within the range 7-8%. The inset fan is characterised by a relatively small active area of
fresh unvegetated sediment deposition and recently abandoned channels around older, larger calibre deposits
that act as keystones focusing later deposition. The slope of the inset fan is 5%, considerably less than that of

the upper fan surface.
4.2 Morphology and composition of the boulder deposits
The typical form of the boulder deposits on the upper fan surface is a longitudinal, sometimes slightly sinuous,

ridge, standing typically about 1 m above the intervening shallow channels (see Fig. 5 A-D). These elongate

boulder deposits, which are up to ~100 m long and ~15 m wide, are extensive on both north- and south-sides
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of the fan, and continue to its lateral margins. However, they are notably absent within 200 m of the fan apex,
where boulders have a more scattered distribution over the surface. In places, there is a high concentration of
boulders at the downslope end of the ridge, which is lobe-like. However, in exposed sections along the
margins of the inset fan, the ridges and boulder concentrations appear to be matrix-rich. Well-developed
lobes are uncommon on the fan surface and there is no evidence of levées. Some of the intervening shallow
channels have been modified by erosion, indicated by a step-like long-profile, with deeper erosion down-slope
(below the step), but there is no sign of a braided system of channels or channels capable of supporting bars
>1 m high.

4.3 Clast size, palaeohydrological indices and clast roundness in the boulder deposits

The calibre of the clasts in the boulder deposits ranges from a maximum b-axis (Dmax) 0f 0.75 m (zone 5a) to
3.20 m (zones 2/4), and a median b-axis (Dso) of 0.38 m (zone 5) to 0.96 m (zone 3) (Table 1 and Fig. 6A).
The clast size of sediment in a deposit reflects both the calibre of sediment available upstream for reworking
and differential stream powers during flows. Minimum boulder-transport conditions for the largest boulder in
deposits in each zone are estimated in Table 1. On the upper fan surface, lowest unit stream power for
entrainment (o) ranges from 432 Wm? (zone 5) to >2000 Wm? (zones 2-4 (south-side) and zone 6 (north-
side). Four zones (2/3/4/6) have the largest clasts in their deposits that would have required significantly
higher lowest unit stream powers for entrainment beyond the upper range of clast sizes used by Williams
(1983). Lowest bed shear stresses for clast entrainment (t) ranged from 128 to 544 Nm2. Values for both o
and T are substantially lower for the sites on the inset fan and active zone than for most sites on the upper fan
surface, indicating that much greater flows were involved in transporting and depositing boulders to the latter

sites.

The mean roundness index varies little across all eight zones (Fig. 6B) and the overall average
roundness is 4.05 with a standard deviation of 0.14, which indicates a strong subrounded modal class. The
average for all zones is closely comparable to the mean roundness of 4.06 for the inset fan. Minimum
roundness values of 3.78 and 3.80 characterise deposits in zones 1 and 6, respectively, both near the fan apex
(south- and north-side, respectively). Maximum roundness of 4.20 is recorded from zone 4, which is
comparable to, but slightly higher than, that of the inset fan. These clast roundness values are interpreted as
reflecting the small catchment, which has a significant glacierized area and limited distance for abrasion by

fluvial or any other flow processes.

4.4 Fan stratigraphy

Sections through the fan deposits are exposed on the north and south banks of the active channel (Fig. 7. A-
D). A synthetic stratigraphy has been constructed, which adheres most closely to sections on the south bank

7



256  where the maximum thickness of sediments reaches 18 m (Fig. 8). The deposits comprise boulders up to

257  approximately 1.5 m maximum diameter interbedded with gravel-rich fines. The ratio of boulders to fines is
258  very variable, and these variations pick out a crude stratification in places (see Fig. 7A and C). Boulder-rich
259 intervals are 1-2 m thick, but lateral continuity was not clear due to slumping of material. Some of these

260 intervals are clast-supported while others are matrix-supported. In some sections on the north side, similar
261  boulder-rich intervals form clast-supported lenses of the order of 20 m in length. The intervening intervals
262  form crude beds up to 6 m thick that fine upwards from matrix-supported, boulder-rich bases. Clast-supported,
263  boulder-rich layers or lenses occur at several levels in the sections, suggesting that the boulder deposits, like
264  those evident on the fan surface, are present throughout the fan thickness and are not just a feature of the

265  present-day fan surface. A limited number of boulder-rich intervals suggest, moreover, that fan aggradation

266  was achieved through a limited number of major depositional events.
267

268 4.5 Dating the boulder deposits

269

270  Mean R-values for boulders within deposits on the upper fan surface are highly consistent, ranging from 44.01
271 +0.92t047.15+ 1.00 for the eight zones (Table 2). The average R-value across the eight localities is 45.13 +
272  1.02. SHD ages (rounded to the nearest 5 years) are correspondingly consistent: all zones are of similar age,
273  within the range 7080 * 450 to 8220 + 440 years. These results demonstrate that the upper surface of the fan
274 has been inactive for at least the last 7000 years, which is confirmed by an age of 7820 + 300 years when the
275  data from all areas of the fan are included in a single SHD age estimate. The fact that zone 1 yielded the

276  youngest age is consistent with the fan apex being active for up to ~1000 years longer than the remainder of
277  the fan, which can be interpreted as having been inactive for ~8000 years.

278

279 The SHD dating is corroborated by the TCND age of the sample collected from a boulder deposit in
280  zone 5, which yielded an estimated age of 6075 + 1220 years (+ 2c). However, in the light of the wide

281  confidence interval and the SHD results, this TCND age is likely to be an underestimate of the true age of the
282  upper fan surface by at least ~1000 years.

283

284 Lichen sizes of >300 mm are common on the boulder deposits, suggesting minimum ages for the

285  upper fan surface (on both the north- and south-sides) of the order of 2000 years. These results should not be
286 interpreted as close minimum age estimates, however, because they are extrapolations far beyond the range of
287  the lichenometric dating curve, and also exceed the likely longevity of lichens of the Rhizocarpon subgenus in
288  southern Norway (cf. Innes, 1985a; Matthews and Trenbirth, 2011). Using the same lichenometric dating

289  curve, the predicted age of the single largest lichen from the boulder deposits is ~4600 years. However, this
290  must also be regarded as an unrealistic estimate of the true age of the upper fan surface.

291

292  4.6. Dating the terrace sequence
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Importantly, the largest lichens on terrace 1 (maximum diameters of 365 and 330 mm to the south and north of
the Ytre Illae, respectively) are broadly comparable in size to those on the upper fan surface (Table 3). Mean
diameters on this terrace are significantly smaller, however, which suggests an age of the order of ~1000
years. Because of the aforementioned limitations of lichenometric dating in this context, these lichenometric
results must again be regarded as providing large underestimates and therefore unreliable estimates of true
terrace age.

Lichen sizes of <165 and <112 mm and lichenometric ages of 149 and 179 years for south-side
terraces 2 and 3, respectively, are much more likely to reflect true terrace age because they are the result of
interpolation (rather than extrapolation) of the lichenometric dating curve. The results from north-side terrace
2 and the surface of the inset fan, with largest lichens of ~200 mm and predicted ages of 432 and 474 years,
respectively, suggest that the oldest parts of these landforms may have last been active early in the Little Ice
Age period (cf. Matthews and Briffa, 2005). South-side terrace 4, where a lichenometric age of <100 years is
indicated, is likely to have been formed by a flood in historical times, some of which have been documented
(McEwen and Matthews, 2013).

Soils on the terrace surfaces (Fig. 9), which can be classified as alpine Brown Soils (Ellis, 1979, 1980),
are characterised by a thin uppermost organic-rich (Ao) horizon, dark brown to orange, predominantly mineral
(A/B) horizons of variable thickness overlying the subsoil (C horizon). South-side profiles can be interpreted as
a developmental sequence or chronosequence on the basis of soil depth and horizon thickness: terrace 1 has
the most developed profile, while the soil on terrace 4 is clearly embryonic. The profile from the upper fan
surface (south-side), which was located closely adjacent to the south-side terrace profiles, appears
anomalously thin, which may be accounted for by long-term deflation in its exposed position. Soils from the
north-side are more complex, with textural variations, including silt-rich layers (s), which are interpreted as
aeolian, slope-wash and/or fluvial deposits, which interrupted soil development and, in places, created buried

paleosols (p).

Radiocarbon dates from organic material in predominantly minerogenic horizons yield minimum
estimates of the age of the soil and land surface on which the soil has developed (Matthews, 1985). The oldest
date from the upper fan surface (north-side) is no more than ~2000 years, while those from the other profiles,
including those from the terraces are all less than ~1000 years (Table 4). These radiocarbon dates clearly do
not reflect the true ages of either the upper fan surface or the terraces (with the possible exception of terrace 3
(south-side), as further elaborated in the discussion. Problems with dating soil organic matter, such as low
carbon content, high carbon turnover and low apparent residence times in well-drained soils, and
contamination by young root penetration, provide likely explanations for such underestimates of land-surface
age (cf. Matthews, 1985).
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5. Discussion

5.1. Nature of the boulder deposits and flow processes

Alluvial fans are typically classified into those dominated by stream flow (water floods) and those dominated
by debris flow (gravity flows) (Rachocki and Church, 1990; Harvey et al., 2005, Harvey, 2013;
Bowman, 2019). The former tend to be much larger than the Illae fan, with a low-angle surface
characterised by braided channels and well-sorted sedimentary deposits. In contrast, the latter tend to
be small in area and associated with small, rugged catchments in mountains and uplands, and their
surface slopes are steeper with levées and lobes composed of unsorted diamictons (Harvey, 2004;
Ventra and Clarke, 2018). The distinctive morphologies of these two types of fans are the product of
the distinctive flow processes which, in turn, stem from much higher debris concentrations in debris

flows than in water floods.

At first sight, the morphology and basin characteristics of the 1llae fan might appear to match
those of the debris-flow type. Indeed, the surface boulder deposits on this and similar fans have been
classified previously as debris-flow lobes (Innes, 1985b, 1985c). However, close examination of the
landforms and sediments associated with the Illae fan indicate they are not typical of debris-flow fans
or debris-flow processes. Debris-flow levées are absent and the elongate boulder deposits rarely have
a lobate form. We are therefore able to rule out the possibility that the boulder deposits are debris-
flow deposits, and argue below that they are the product of debris floods, characterised by
hyperconcentrated flows (i.e. flows with a higher debris concentration than stream flows and a lower
debris concentration than debris flows). There is increasing recognition of such intermediate-type
flows which, although relatively poorly understood, would be expected to be associated with
intermediate-type landforms and sedimentary deposits (cf. Costa, 1984; Wells and Harvey, 1987;
Hungr et al., 2001; Wilford et al., 2004; Pierson, 2005; Harvey, 2013; Germain and Ouellet, 2014;
Calhoun and Clague, 2018).

Lack of boulder deposits close to the fan apex indicates very energetic transport of water and
sediment from the rock-cut gorge upstream. Longitudinal boulder ridges formed lower down the fan
where the energy level dropped and greater deposition occurred. However, similar boulder deposits
continue to the fan margin and Leira river, indicating rather fluid flows with high debris
concentration, consistent with hyperconcentrated flow. Matrix-supported material dominating the fan

stratigraphy rules out simple fluvial processes. The modification by erosion of some shallow troughs
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on the fan surface shows that generally non-erosive water flow was later focussed along the troughs

and around the ridges, ruling out the possibility that the lobes represent bars within a channel system.

The large areal extent of the lllae fan masks a relatively shallow thickness of sediment (as revealed by
down-cutting of the Ytre Illae to bedrock). In the stratigraphy, the boulder concentrations in the sections are
interpreted as cross-sections of longitudinal ridges, while a limited number of distinct intervals of clast-
supported sediment rich in boulders indicate that the boulder deposits on the fan surface do not represent a
unique late phase of fan development. Boulder size in the deposits on the upper fan, inconclusive evidence of
imbrication and the minimum thresholds of entrainment indicate deposition by relatively large debris floods
with a large volume of high-calibre bedload beyond the competence of the modern flow regime. While all
boulders have clearly been transported during these debris floods, the slightly higher proportion of more
angular boulders on the upper fan may relate to a greater proportion of angular material of frost-shattered

origin flushed from the gorge (McEwen et al., 2002).

5.2. Early-Holocene (paraglacial) fan aggradation

When were the boulder deposits and the underlying fan sediments deposited, and what causal factors led to
boulder concentrations high enough to produce the debris floods? The SHD ages, corroborated by the TCND
date, are of direct relevance to the first part of this question. They allow the identification of the earliest phase
of fan development, and provide relatively accurate age estimates for stabilisation of the upper fan surface.
Our extensive SHD results indicate that the boulder deposits and the whole of the upper fan surface had been
deposited and stabilized by ~8000 years ago. This, in turn, indicates that the majority of the sediment stored in
the fan was deposited within ~2000 years of deglaciation and therefore that the fan is essentially a relict
paraglacial landform (Church and Ryder, 1972; Ballantyne, 2002; Mercier, 2008), conditioned by former

glaciation.

Several factors would have contributed to this paraglacial phase of fan development, which was
characterised by fan aggradation beginning with deglaciation c. 9.7 ka and more-or-less ending by 8.0 ka.
First, a till-mantled catchment with initially low vegetation cover would have been highly susceptible to
fluvial and gully erosion and reworking by rapid mass movements in feeder gullies within the paraglacial
sediment cascade (cf Ballantyne, 2003; Mercier, 2008). During deglaciation, the whole landscape would have
become susceptible to erosion, especially during high-magnitude floods. Second, an initially highly
glacierized area would have contributed to relatively high discharges, flows with high debris concentrations,
and high-calibre bedload. Third, as the early-Holocene ice sheet reduced in size and vegetation cover

increasingly stabilised the landscape, the till sources would have become increasingly unavailable, and
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sediment supply to the fan surface would have reduced. The high proportion of subrounded boulders
characteristic of the boulder deposits provides evidence not only of abrasional transport but also of a
predominant till source. Slightly more angular material on the upper fan may be explained by this material
being deposited just before the fan stabilised when paraglacial till sources were dwindling. At this time,

angular material from the gorge may have increased in proportion to the till source (cf. McEwen et al., 2002).

5.3. Mid-Holocene fan stability

Whereas the stabilization of the upper fan surface has been dated to within a millennium by exposure-age
dating, the duration of the stable phase is very poorly constrained by the soil radiocarbon dates. Fan stability
is likely to have persisted through a long interval of the mid Holocene when, from ~8.0 to 5.5 ka, glaciers both
in the neighbouring Smarstabbtindan massif and more widely throughout southern Norway were smaller than
today and absent for much of the time (Matthews and Dresser, 2008; Nesje, 2009). This period of time
corresponds with the Holocene Thermal Maximum (HTM) when, according to local and regional proxy
records, mean annual air temperature is likely to have been 1.0-3.0 °C higher than today (Dahl and Nesje,
1996; Jansen et al., 2008; Seppa et al., 2009; Velle et al., 2010; Lillegren et al. 2012; Eldevik et al., 2014).
As a consequence of the absence of glaciers in the catchment, higher evaporation rates and lower precipitation
for much of this time interval, discharge and particularly bedload would have been correspondingly reduced.
At the same time, stability of the fan would have been enhanced by the forest cover of pine and/or birch
(Barnett et al., 2001; cf. Wilford et al., 2005). We envisage a largely non-erosive hydrological regime
dominated by stream flow and water floods rather than debris floods.

5.4. Late-Holocene entrenchment and terrace development

Entrenchment of the Ytre Illae brought this benign regime to an end, heralding terrace formation and
deposition of the distal inset fan. The depth of soil and extent of horizon development on the terraces, the
radiocarbon-dated soil material from the terraces, and the results of lichenometric dating, establish that most
of the terraces pre-date the Little Ice Age, when local glaciers attained their late-Holocene maximum extent
(Matthews, 1991; Matthews and Dresser, 2008). Lichenometric dating was useful, moreover, on the inset fan
in clarifying the limited spatial extent of fan reworking by floods during the last few hundred years of the
Little Ice Age.

Incision of the Ytre Illde into the fan surface is likely to have been a response to neoglaciation — the
late-Holocene recrudescence and growth of glaciers — which began ~5.0 ka (Matthews and Dresser, 2008).
During neoglaciation, discharge would have increased but, as the glaciers occupied a very small area of the
catchment, it is unlikely that the sediment load increased appreciably, at least initially. Thus, degradation

rather than aggradation characterized that part of the fan into which the Ytre Illde became incised. Down-
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cutting by the Ytre Illde may have been affected by century- to millennial-scale glacier and climatic variations
during the late Holocene (cf. Matthews and Dresser, 2008), but our dating of the four terraces has not been
sufficiently accurate to enable specific correlation with these. The terrace sequence nevertheless reflects the
relatively small-scale adjustments that affected the hydrological regime sufficiently to produce phases of

renewed downcutting.

5.5. Conceptual model of alpine alluvial fan evolution in relation to glaciers and Holocene climate

Our reconstruction of the history of the 1l1de fan permits clarification of the potential role of glaciers in the
development of alluvial fans, and enables proposal of a generalized conceptual model of alluvial fan
development in glacierized catchments. It is clear is that extreme debris floods dominated during the
aggradation of the fan, that water floods have been effective in its later entrenchment, and that glaciers, or
their absence, played a dominant role throughout the evolution of the fan. The large calibre of sediment
transported and deposited during aggradation provides evidence of high flood competence during the
paraglacial phase, that seems incompatible with the present-day hydrology. Jekulhlaups during deglaciation
provide a possible explanation for higher discharges but the SHD ages of the deposits suggest that the higher
discharges would have had to have persisted for at least two millennia after deglaciation. As deglaciation was
rapid following the Erdalen Event, it is unlikely that debris floods would have been generated by glacier
meltwater alone. This suggests they were also a response to high discharges from snow meltwater and/or
rainstorms between late spring and early autumn. Even during the Little Ice Age, frequent high-magnitude
floods (cf. Steren and Paasche, 2014) carried out limited geomorphic work compared to the debris floods that
affected the Illae fan during the early Holocene (in terms of both calibre of load and spatial extent of
reworking) on the inset fan. The calibre of sediment (Dgs 0.29 m; Dmax 0.90 m) reworked by the 2004 flood on
the Illae may act as an analogue for past events during the Little Ice Age — a far lesser flood event than those

that occurred in the early Holocene.

Fig. 10 presents a schematic conceptual model of alpine fan evolution in glacierized catchments that
encompasses three phases of fan development: (1) early-Holocene paraglacial fan aggradation after
deglaciation; (2) mid-Holocene stabilisation of the surface; and (3) late Holocene neoglacial
incision/entrenchment. Fan formation is initiated by deglaciation in the early Holocene (~9.7 ka) and the main
paraglacial development of the fan occurs within ~2000 years, with extensive boulder deposition due to a
combination of both high sediment availability and debris-flood competence. Sediment availability, which
declines exponentially as paraglacial effects diminish, is proposed as the main reason for the cessation of
sediment aggradation and stabilisation of the upper surface of the fan, but other possibilities are
accommodated in the model, such as sediment accessibility or exhaustion, increased evapotranspiration,
reduced flood magnitude or frequency, and stabilisation of the fan surface by vegetation. During the HTM,

the fan surface remains stable with reduced stream flow, tree cover, and possibly almost non-erosive shallow
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stream channels due to the absence of glaciers in the catchment, lower discharges and much reduced stream
loads. With the onset of neoglaciation (~5.5 ka), rising discharges accompanied by relatively low sediment
availability lead to downcutting and entrenchment, leaving the upper fan surface with an SHD age derived
from boulder deposits of ~8.0 ka. Limited terrace development during entrenchment is attributed to short-term
(century- to millennial-scale) glacier and climatic fluctuations. It is envisaged that one of the small channels
on the upper fan surface becomes sufficiently erosive to initiate entrenchment into the fan deposits, rendering
the upper fan surface as totally relict.

Our model explains why the 1llae fan was very active in the early Holocene but has been largely
inactive since. It can also be used to explain why this fan is largely a relict feature whereas other fans, such as
the Nystglen fan, in the Jostedalsbrean region of southern Norway (Lewis and Birnie, 2001; McEwen et al.,
2011) developed later. In effect, the validity of the model inferred from the 1113e fan can be tested against the
independent evidence from the Nystglen fan.

Radiocarbon dating and lichenometry have established that surface of the Nystglen fan dates from the
Little Ice Age period and remains very active today. The answer to this apparent paradox requires an
explanation of why the Illae fan is primarily a paraglacial landform that formed during and shortly after
deglaciation, whereas the Nystglen fan is primarily a Little Ice Age feature. This major difference in alluvial
fan evolution can be explained in terms of differences in the respective contributing catchments and,
particularly in the proportions of the catchments glacierized at various times during the Holocene. Both
catchments contain glaciers today, but the Illae catchment contains much smaller glaciers and hence a much
smaller proportion of the catchment area is glacierized (38 %). When Nordre and Sgre Illabrean and the other
glaciers in the catchment reached their Little Ice Age maxima, the proportion glacierized reached 45%. In
contrast, at its Little Ice Age maximum, Nystglsbrean had advanced onto the apex of the Nystglen fan and the
glacierized proportion of the catchment reached 100%. Consequently, discharge and sediment supply at the
Nystglen fan were much greater at its Little Ice Age maximum than at the Illde fan, and remain so today.
Contrasting conditions also pertained at the two sites during early-Holocene deglaciation: the 1l1le catchment
contained an extensive till cover ripe for paraglacial sediment activation, whereas Nystglsbrean retreated to
reveal a smaller, relatively rocky catchment with a smaller potential for the generation of sediment for debris

floods.

A similar set of conditions to those affecting the development of the Nystglen fan have affected the
fan in front of Hurrbrean, on the opposite side of the Leira river to the Illae fan (Fig. 2 H). Hurrbrean also
advanced onto its alluvial fan in the Little Ice Age, when its catchment was 100 % glacierized (as evinced by
the presence of Little Ice Age moraines). Today, the Hurrbrean alluvial fan is extremely active but exhibits no
evidence of debris floods, only water floods affecting its surface. The absence of debris floods can again be

attributed to insufficient sediment supply to generate hyperconcentrated flow. As at the Nystglen fan, the
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Little Ice Age glacier foreland of Hurrbrean is not a major source of sediment for the glacial river. This second

fan from Jotunheimen shows that closely adjacent fans can exhibit very different histories of development.

Taken together, the evolution of the Illae, Nystglen and Hurrbrean fans not only support the model but also

demonstrate the different outcomes for fans primarily affected by neoparaglacial as opposed to paraglacial

environmental conditions — the former referring to effects attributable to recent deglacierization of Little Ice

Age glacier forelands rather than the effects of deglaciation at larger scales of space and time.

6. Conclusions

Dating of various surface elements of the Illae fan has led to a conceptual model of alpine alluvial fan
evolution in glacierized catchments related to Holocene environmental change. The study also
highlights the application and potential of high-precision Schmidt-hammer exposure-age dating

(SHD) in alluvial fan environments alongside other dating methods.

Extensive Schmidt-hammer exposure-age dating (SHD) of boulder deposits on the upper surface of
the fan, supplemented by a single terrestrial cosmogenic-nuclide date (TCND), established that most
of the fan had formed by ~8.0 ka, and hence that it is essentially a relict landform. Minimum age
estimates based on lichenometric and soil radiocarbon dates of up to ~2.0 ka were obtained from an
entrenched terrace sequence and inset fan, which occupy a small area of the total fan. These dates
allowed the differentiation of early- and late-Holocene events, and the recognition of three phases of
fan development: (1) early-Holocene aggradation, (2) mid-Holocene stability, and (3) a late-Holocene

entrenchment.

Local glacier history is inferred to have been the dominant control on the chronology of alluviation.
Regional deglaciation by ~9.7 ka initiated the paraglacial phase of aggradation. This was a response to
high sediment availability following deglaciation and an initially unvegetated catchment, subject to
high-magnitude hyperconcentrated flows or debris floods. These intermediate-type flows produced
extensive and distinctive transitional boulder deposits on the upper fan surface and account for most
of the sediment deposited during the aggradation phase. The stable phase, which coincided with the
HTM, when glaciers were absent from the catchment and the fan was tree covered, resulted largely
from the reduced bedload. Entrenchment and terrace formation are seen as a response to the regrowth

of glaciers during neoglaciation after ~5.5 ka, culminating in the Little Ice Age of recent centuries.

Whereas Little Ice Age glacier expansion was relatively unimportant in fan development on the Ill3e,

the Nystglen fan in western Norway and the Hurrbrean fan in Jotunheimen grew extensively at that
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time, as a result of neoparaglacial aggradation following complete glacierization of their catchments.
The contrasting development of these two fans provided a test and corroboration of our generalised
conceptual model, and support for the association of the main early-Holocene aggradation phase of

the Illae fan with paraglacial debris floods.
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List of Figures

Fig. 1

The drainage basin of the Ytre Illae in relation to the Illde fan, showing contributing glaciers,
and maximum glacial extents during the Little Ice Age.

Fig. 2

Aerial photograph of the 111de fan with mapped outlines of the upper fan surface (solid line),
terrace areas (dashed line, T) and SHD sampling zones (dotted line): X = location of TCND
sample in zone 5; | = inset fan; G = bedrock gorge of the Ytre Illae at the fan apex; L =
confluence with the Leira; H = outwash fan of the Hurra (glacial river from Hurrbrean). Note
also the elongated boulder deposits and dendritic channel network on the upper fan surface

(photo from http://www.norgeibilder.no)

(A) Location of TCND site within zone 5 of the upper fan surface (the figure is standing on
the sampled boulder at the distal end of the boulder deposit). (B) In situ sampled quartzitic
boulder. Note the lichen cover and large size of yellow-green crustose lichens on the

boulders.

Fig. 4

The sequence of four terraces to the south of the Ytre Illae within the entrenched Ill3e fan

Fig. 5

Surface features of the lllae fan: (A-C) boulder deposits and channels on the upper fan
surface; (D) boulder deposits and channels on surface of the inset fan

Fig. 6

Boulder characteristics from the upper fan surface: (A) parameters summarising boulder size;

(B) histograms of boulder roundness with mean roundness values for each sample

Fig. 7

Entrenchment and internal structure and stratigraphy of the Illae fan: (A) entrenched
proximal fan (north-side), upper fan surface close to the fan apex, and bedrock-
controlled channel; (B) distal part of the entrenched fan and proximal edge of the inset fan
(left); (C and D) fan sections (south-side)

Fig. 8

Synthetic stratigraphic section through the fan showing crude stratification with matrix-
supported (MS) and clast-supported (CS) boulder-rich layers in a predominantly sand-rich

matrix

Fig. 9

Soil profiles from the upper fan surface and incised terraces. See Table 4 for details of the

radiocarbon dates.

Fig. 10

Conceptual model of glacially-fed alluvial fan evolution linked to Holocene environmental
changes summarizing three phases of fan development: Phase 1, early-Holocene aggradation;

Phase 2, mid-Holocene stability; and Phase 3 late-Holocene entrenchment.
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Table 1. Clast size from boulder deposits on the upper fan surface, the inset fan, and the current active zone.

Shaded zones have lowest hydraulic parameters for entrainment (Dmax) that exceed 2m. See text for

calculation of parameters.

Mean

Unit stream | Bed shear | flow

power - @ | stress -t velocity
Sampled zone Dso (M) | Dgsa (M) | Dmax (M) | Dmin (M) | (W m?} (N m?) (ms?)
Zone 1 (south-side) 0.59 0.86 1.50 0.32 1063 255 2.5
Zone 2 0.85 1.25 3.20 0.60 2847 544 3.7
Zone 3 0.96 1.57 2.80 0.52 2393 476 3.4
Zone 4 0.93 1.40 3.20 0.41 2847 544 3.7
Zone 5 0.38 0.49 0.75 0.24 432 128 1.8
Zone 6 (north-side) 0.80 1.09 3.00 0.41 2617 510 3.6
Zone 7 0.67 0.81 1.20 0.42 795 204 2.3
Zone 8 0.65 0.79 0.92 0.45 563 156 2.0
Active zone (Ytre Illae) 0.66 0.84 1.13 0.32 736 192 2.2
Inset fan 0.17 0.29 0.90 0.08 547 153 2.0
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970  Table 2. Mean Schmidt-hammer R-values and SHD age estimates for boulder deposits from the eight zones of
971  the upper fan surface.

972

973

Parameter South-side North-side

Zonel | Zone2 | Zone 3 | Zone 4 | Zone5 | Zone 6 | Zone 7 | Zone 8
Mean R-value (R;) 4715 | 45.15 | 45.21 | 441+ |44.01 | 4458 | 45.87 | 44.94
with 95% confidence | £1.00 | £0.89 | £0.82 | 0.83 +0.92 | £0.90 | £1.11 | £0.59
interval

SHD age (years) with | 7080 | 7805 | 7785 |8190 |8220+ | 8015 | 7545 | 7885
95% confidence +450 | 425 | +405 | +415 | 440 +430 | +485 | £350
interval
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Table 3. Lichen sizes (largest diameter) and minimum lichenometric ages for boulder deposits on fan and
terrace surfaces. Lichenometric ages were calculated using the ‘Central Jotunheimen’ lichenometric dating

curve based on the mean of the five largest lichens (Matthews, 2005)

Fan or terrace surface

Single largest

Mean of the five

Lichenometric

lichen largest lichens age

(mm) (mm) (years)
Upper fan surface south-side 350 328 1764
Terrace 1 (south-side) 365 246 874
Terrace 2 (south-side) 165 85 149
Terrace 3 (south-side) 112 97 179
Terrace 4 (south-side) 68 57 92
Upper fan surface (north-side) 448 353 2163
Terrace 1 (horth-side) 330 283 1208
Terrace 2 (north-side) 195 172 432
Inset fan 202 181 474
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Table 4. Radiocarbon dates from soils and palaeosols

Site Sample Laboratory “Cage +/-1c | 81°C Calibrated age 1 Calibrated age 2
depth No. (years) (o/oo) | +I-2c +/- 26
(cm)
Upper fan 5-8 SWAN-1036 | 750+/-50 -24.7 756 (672) 571 773-646 (0.95)
surface
(south-side)
Upper fan 8-11 SWAN-1037 | 1010+/-50 -24.5 1049 (930) 791 1003-793 (0.95)
surface
(south-side)
Terrace 3 10-11 SWAN-1038 | 870+/-50 -24.8 923 (784) 674 835-693 (0.72)
(south-side)
Upper fan 17-20 SWAN-1039 | 1820+/-50 -23.8 1873 (1727) 1610 | 1874-1686 (0.87)
surface
(north-side)
Terrace 1 41-42 SWAN-1043 | 470+/-50 -23.9 617 (513) 462 559-432 (0.92)

(north-side)

Calibration 2: 26 age range around (in brackets) the intercept age

Calibration 2: 26 maximum and minimum age with (in brackets) its probability
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1048  Fig 1. The drainage basin of the Ytre Illde in relation to the lllae fan, showing contributing glaciers, and
1049  maximum glacial extents during the Little Ice Age.
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1063  Fig 2. Aerial photograph of the Illae fan with mapped outlines of the upper fan surface (solid line), terrace
1064  areas (dashed line, T) and SHD sampling zones (dotted line): X = location of TCND sample in zone 5; | =
1065 inset fan; G = bedrock gorge of the Ytre lllae at the fan apex; L = confluence with the Leira; H = outwash fan
1066  of the Hurra (glacial river from Hurrbrean). Note also the elongated boulder deposits and dendritic channel

1067  network on the upper fan surface (photo from http://www.norgeibilder.no)
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http://www.norgeibilder.no/

1071
1072
1073
1074

1075
1076

1077
1078

Fig 3: (A) Location of TCND site within zone 5 of the upper fan surface (the figure is standing on the
sampled boulder at the distal end of the boulder deposit). (B) in situ sampled quartzitic boulder. Note the

lichen cover and large size of yellow-green crustose lichens on the boulders.
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1083
1084

1085
1086
1087
1088

Fig. 4. The sequence of four terraces to the south of the Ytre Illde within the entrenched Ille fan.

Terrace 3
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1089
1090
1091
1092

1093

Fig. 5. Surface features of the lllae fan: (A-C) boulder deposits and channels on the upper fan surface; (D)
boulder deposits and channels on surface of the inset fan.
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1094  Fig. 6. Boulder characteristics from the upper fan surface: (A) parameters summarising boulder size; (B)

1095  histograms of boulder roundness with mean roundness values for each sample.
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1111  Fig 7. Entrenchment and internal structure and stratigraphy of the Illae fan (A) entrenched proximal
1112  fan (north-side), upper fan surface close to the fan apex, and bedrock-controlled channel; (B) distal part of

1113  the entrenched fan and proximal edge of the inset fan (left); (C and D) fan sections (south-side)
1114

1115
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1117  Fig. 8. Synthetic stratigraphic section through the fan showing crude stratification with matrix-supported (MS)

1118  and clast-supported (CS) boulder-rich layers in a predominantly sand-rich matrix
1119
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1121 Maximum boulder size
1122
1123
1124
1125
1126
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1127  Fig. 9. Soil profiles from the upper fan surface and incised terraces. See Table 4 for details of the radiocarbon
1128  dates.
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1133
1134
1135
1136

1137
1138
1139

Fig. 10. Conceptual model of glacially-fed alluvial fan evolution linked to Holocene environmental changes

summarizing three phases of fan development: Phase 1, early-Holocene aggradation; Phase 2, mid-Holocene

stability; and Phase 3 late-Holocene entrenchment.

Phase 1

Phase 2

Phase 3

Timing

9.7-8.0 ka
(early Holocene)

8.0-5.5ka
(mid Holocene)

5.5-0 ka
(late Holocene)

Climatic regime

Rapidly rising
temperatures

Holocene Thermal
Maximum

Cooling trend with
fluctuations

State of the glaciers

Deglaciation; rapid retreat
of large glaciers

Glaciers absent from the
catchment

Neoglaciation: growth of
small glaciers

Vegetation

Alpine plant colonisation
throughout the catchment;
disturbed tree cover on
the fan surface

Undisturbed throughout
the catchment; forested
fan surface

Forest decline on the fan
surface

Sediment supply

Excessive sediment
supply from paraglacial
sources

Drastically reduced
sediment supply from the
catchment

Increasing but fluctuating
sediment supply

Flow type

Hyperconcentrated flow;
very high sediment
concentrations

Stream flow; very low
sediment concentrations

Stream flow; increasing
sediment concentrations

Hydrological events

High-magnitude debris
floods

Largely non-erosive
water floods

Increasingly erosive water
floods

Geomorphodynamics

Rapid fan aggradation
with boulder deposition

Stabilization of the fan
surface; hiatus in
sedimentation

Entrenchment, terrace
formation and inset fan
development
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