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Abstract

In this article, based on a flume tank experiment, we attempt to provide some key insights to the depositional process and
geomorphological evolution of an experimental alluvial fan dominated by flood events. In the experiment, all boundary condi-
tions were kept constant besides the sediment and water supply in each flood event. The experimental fan formed after 12 flood
events. The elevation at the observation points was measured and the geomorphology evolution during the whole experiment was
recorded by time-lapsed digital images. It is showed that the depositional process of the experimental fan could be subdivided
into three stages, including the sheet flood-dominated stage, the unconfined channel-dominated stage, and the confined channel-
dominated stage. The spontaneous evolution of the experimental fan was indicated to be controlled by the continuously occu-
pation of the accommodation space and resulted in the three-layer sedimentary architecture. With the growth of this experimental
fan, the increasing rate of fan area and the vertically aggradational rate decreased. Meanwhile, the roughness of the fan edge
changed from rapid fluctuation to gradually decrease.

Keywords Flood event-dominated alluvial fan - Autogenic - Flume experiment - Depositional evolution - Sedimentary

architecture - Geomorphology

Introduction

Alluvial fan is a type of complex terrestrial sedimentary sys-
tem that commonly developed at the margin of basins (Bull
1977; Al-Sarawi 1988; Stanistreet and McCarthy 1993;
Brierley et al. 1993; Blair 1999a, 1999b). As for the alluvial
fans, their depositional evolution, internal sedimentary archi-
tecture, and the reservoir configurations have received numer-
ous concerns worldwide (Hooke 1967; Le Hooke and Rohrer
1979; Sorriso-Valvo et al. 1998; Clarke et al. 2010; Straub and
Esposito 2013; Delorme et al. 2018).

The piedmont setting of alluvial fans where the feeder channel
of an upland drainage basin intersects the mountain front assures
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that catastrophic fluid gravity flows and sediment gravity flows,
including sheet floods, rock falls, rock slides, rock avalanches,
and debris flows, are major constructional processes, regardless
of climate (Blair and McPherson 1994). Braided river and low
sinuosity/meandering river also play an essential role on the for-
mation of alluvial fans (Stanistreet and McCarthy 1993).
Sedimentary process of alluvial fan is controlled alternately by
flood periods and inter-flood periods. Although the hydrodynam-
ics and the depositional characteristics are severely complex,
floods are usually characterized by rapid spring snowmelt, in-
tense summer thunderstorms, or prolonged rainfall from moist air
masses (Blair 2001). Fan deposits can be subdivided into two
types, those resulting from streamflow and those resulting from
debris flow and related processes (Nilsen 1982). Streamflow
deposits behave in transport as essentially Newtonian fluids,
whereas debris flow and related deposits behave in transport as
more viscous fluids (Nilsen 1982). Debris flow was generally
driven by flood events and occurs during flood peak periods,
whereas the streamflow deposits predominantly occur at early
and late stage of flood events. Therefore, many fans are compos-
ites of stream and debris flow sediment, and flood event is one of
the dominant factors to construct and reshape/transform an allu-
vial fan (National Research Council 1996). However, studies

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-019-4468-z&domain=pdf
mailto:fengwenjie1017@163.com

284 Page2of18

Arab J Geosci (2019) 12: 284

concerned the depositional evolution and internal sedimentary
architecture of flood event-dominated fan are very limited.

Although, much efforts have been performed on alluvial
fan sedimentology investigations based on outcrops/
subsurface records (Lin et al. 2018; Moscariecllo 2018;
Nichols 2018; Chen and Guo 2017; Goswami 2017; Ielpi
and Ghinassi 2016; Muravchik et al. 2014; Chakraborty and
Paul 2014; Trendell et al. 2013; Fidolini et al. 2013; Yin et al.
2013; Saez et al. 2007; Lopez-Gamundi and Astini 2004;
Ramos et al. 2002; Weissmann et al. 2002; Blair 2000;
Stanistreet and McCarthy 1993; Ridgway and Decelles,
1993, b; Heward, 1978; DeCELLES et al., 1991; de Gibert
and Séez, 2009) and modern fans (Singh et al., 1993; Shukla
et al., 2001; Bahrami, 2013; Davidson et al., 2013; Fontana
etal., 2014; Ettinger et al., 2014; Latrubesse, 2015; Sahu et al.,
2015; Zhang et al., 2015; Galve et al., 2016; Lu et al., 2018;
Majumder and Ghosh, 2018). The process and effects of flood
events during the formation of an alluvial fan still remain
poorly understood (van der Meulen, 1986; National
Research Council, 1996; Blair, 2000, 2001). The sedimentary
evolution and associated internal architecture of flood event-
dominated alluvial fans is often hampered by limited outcrops/
subsurface data due to their poor filed preservations (Clarke
et al., 2010). For example, time scales of modern alluvial fan
formation are commonly too long to allow real-time observa-
tions to be made over a sufficient time period (Clarke et al.,
2010). In contrast, the experimental physical modelling could
provide detailed information for the geomorphology evolution
and associated internal architecture construction (Le Hooke
and Rohrer, 1979; Whipple et al., 1998; Clarke et al., 2010;
Wang et al., 2015; Clarke, 2015; Zhang et al., 2016; de Haas
et al., 2016; Delorme et al., 2016; Mouchené et al., 2017). In
the past decade, the experimental models have been success-
fully applied for alluvial fan studies by numerous researchers,
which have given insightful indications for their depositional
evolution (Nilsen, 1982; Van Dijk et al., 2009; Clarke et al.,
2010; Straub and Esposito, 2013; Straub and Wang, 2013;
Guerit et al., 2014; Clarke, 2015).

To further develop our understanding of the sedimentary pro-
cess and associated internal architecture of the flood event-driven
alluvial fans, a physical experiment is performed in this paper.
Aiming at the spontaneously sedimentary process and evolution
without the constrain of extrinsic conditions, 12 identical flood
events are planned to feed the experimental fan. In each flood
event, water and sediments are supplied changing with the sim-
ulation time to reproduce the realistic flood process in nature. The
surface morphology of the fan was recorded by time-lapsed dig-
ital cameras and the elevation was measured at the end of each
flood event within a designed grid. The relevant evolution pattern
of the fan was obtained by an integrated analysis of digital im-
ages and the elevation data. Internal architecture of the experi-
mental fan was anatomy through sliced sections along both trans-
verse and longitudinal directions.
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Experimental design

According to the sedimentary conditions of flood event-
dominated alluvial fan, a simulation device was set up
(Fig. 1). The entire device includes a console, a feeder chan-
nel, a plan deposition area, and a water storage tank. The
function of the console is to continuously agitate and release
the sediments and water and transport the sediments to the
deposition zone through the feeder channel. In order to reduce
the influence of the control valve on flow speed, the feeder
channel was designed as long as 2.5 m in length (Fig. 1). The
deposition area is 4.5 m long and 3 m wide. The water storage
tank is used to receive the water flowing out of the alluvial fan
in order to prevent the deposits ponding. The geomorphology
was recorded by time-lapsed digital cameras (Fig. 1).

In the experiment, external conditions were kept constant
so that the experimental alluvial fan is formed spontaneously
under the constant boundary conditions. In order to simulate
the autogenic/spontaneous deposition process of alluvial fans
in arid areas in natural environment, water and sediments are
provided periodically to simulate flood events. It should be
noted that the flood process is event-dominated. Although
there is a change in flow and sediment flux during each flood
process, the geological history of the entire alluvial fan, its
hydrodynamics, sediment supply rate, and sedimentation
could be considered to be approximate stable. Therefore, the
experimental scheme can not only simulate flood events but
also maintain the overall stability of the external conditions
during the deposition process of the experimental alluvial fan.

Throughout the whole experiment, 12 flood events have
been simulated. The boundary conditions of each flood event
are listed as follows. A flood event can be divided into a high-
fluidity period and a following low-fluidity period (Fig. 2).
The high-fluidity period took 2 min and the later low-
fluidity period took 4 min. The break between two adjacent
flood events took 4 min. The peak water discharge (Qy) was
set as 2.0 I/s (Fig. 2a). The amount of sediment supply (QOs)
during every debris flow-dominated stage was 0.25 m® (dry
sediments). During every stream-dominated stage, the sedi-
ment supply was 0.15 m® (dry sediments). Sediment supply
was changed every half minutes and was associated with the
discharge (Fig. 2b). In every flood event, no dry sediment was
supplied in the last half minute of the duration of water supply.
That was because the water discharge in the last half minutes
was too low to transport sediment. The sediment supply was
changed. The median particle size of the mixed sediments is
about 350 pum, and the sediments mainly consist of fine sand,
medium sand, and coarse sand, and contain a small amount of
mud, silt, and gravel (Fig. 3).

To record the elevation of fan surface at the end of each
flood event, a measure point network has been planned within
an 11 x 21 grid. The interval of measurement points along x
direction was 20 cm, and along y direction was 25 cm. At the
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Fig. 1 Diagram of the facility used in experiment

end of each flood event, an elevation gird could be measured  experimental fan would be measured in detail. A set of sup-
through a probe. The probe was a straight steel needle witha  plemental edge points would be measured with a small sepa-
diameter of 1 mm. Inserting this probe into the deposit does  ration distance.

not cause significant destruction on the deposited fan. At each One longitudinal and 14 transverses section have been
measurement point, we measure the thickness of sediment for  sliced after the experiment (Fig. 4). Observation on slices
three times or more and take the average value as the final  associated with the elevation of fan surface was utilized to
measured values. The bedform was considered as the refer-  analyze the distribution of coarse to fine sediments and the
ence surface with an elevation of zero. Therefore, the mea- internal architecture of the experimental alluvial fan.

sured thickness was the elevation. In addition, the edge of the
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Fig.2 Water discharge and sediment supply during the first three flood events. a. water discharge during the first three flood events; b. Sediment supply
during the first three flood events
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To investigate the growth law of fan surface, seven points
(Fig. 4) distributed along the source direction were selected to
record their elevation at the end of each flood event. Changes
on fan surface elevation were analyzed by plotting the curves
of elevation evolution for each point planned.

Observations of the flood event-dominated
experimental alluvial fan

The depositional evolution of the alluvial fan
during a flood event

Flood events are the main mechanism during the formation pro-
cess of alluvial fan in arid to semi-arid climates. In a typical flood
event, the flood is usually coming at the end of the rainfall

Fig. 4 Coordinate system,
location of sliced sections, and
elevation measurement points on
fan surface

Grain size(um)

process. The flood discharge will increase rapidly to its peak
and gradually decrease to a low degree and the low-intensity
water flow will last a relatively long time (Fig. 2). A large amount
of sediments will be transported to the open area in the front of
the mountain. Because the ability of current to transport sedi-
ments is positively correlated with its intensity, the main sedi-
mentation occurs during the flood peak period. On the contrary,
there is nearly no sediments deposited at fan surface because of
the low flow intensity between two adjacent flood events.
Therefore, sedimentation during a flood event can be regarded
as a large-scale and isochronous architecture element in an allu-
vial fan.

The ability of sediment transportation and depositional rate is
sensitive to the variation of water discharge. Therefore, flow and
sedimentation on fan surface were changing with the discharge
of water during a flood event. According to the observation on
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water dispersion and deposition on fan surface, a flood event can
be divided into three phases, including (1) the sheet flooding-
dominated phase, (2) the unconfined channel-dominated phase,
and (3) the confined channel-dominated phase.

According to phase identification in all the 12 flood events,
the above three phases occurred in each flood event, sequen-
tially. Records of the fifth flood event were selected as a typ-
ical example to analyze the evolution of water dispersion and
deposition during a flood event.

The sheet flooding-dominated phase

The sheet flooding-dominated phase is characterize by a large-
scale sheet flooding lobe on fan surfaces. At the beginning of a
flood event, there was no water on fan surface. Therefore, the
water flow first distributed at the lower part of the fan surface
(Fig. Sa). As the fast increase of water discharge, the water-
covered area expended rapidly (Figs. 2 and 5a). In this phase,
the sheet flooding water could cover up to 70% of the fan surface
(Fig. 5b, ¢). The large-scale sheet flooding was driven by high
water discharge and resulted in the deposition of a large amount
of sediments. The development degree of sheet flooding in-
creased with the discharge growth. Once the discharge reached
its peak, the scale of sheet flooding started to wane. A number of
radial channels developed on the area that was not covered by
sheet flood. All the radial channels were unconfined. As the rapid
sedimentation at the lower part of the fan surface, the accommo-
dation space distribution tended to be balanced, and as a result,
the development degree of unconfined channels was continuous-
ly increased. According to the quantified measurement, the sheet
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flooding lobe could cover more than 70% of the fan surface
when the discharge reached its peak (Fig. 5c). Driven by the high
water and sediment supply, the main deposition formed in this
phase.

The unconfined channel-dominated phase

The unconfined channel-dominated phase is characterized by
frequent and rapid migration of unconfined channels on fan sur-
face. Several radial unconfined channels developed at the fan
surface (Fig. 5d, e). According to the quantified measurement,
the sheet flooding lobe could only cover up to about 20% area of
the fan surface. A typical feature of these unconfined channels is
the frequent avulsion at the upper fan and the rapid migration at
the lower fan (Fig. 5d, e). In this phase, unconfined channels
were fed by a relatively lower discharge than that in the initial
phase. As a result, the sedimentation on fan surface was less than
that in the initial phase.

The confined channel-dominated phase

The latest phase was dominated by confined channels.
Constrained by the limited and continuously decreased water
discharge, the sheet flooding lobe did not occur any more
(Fig. 5f). Meanwhile, the development degree of channels also
decreased. The small-scale channels were confined within the
valley formed in the second phase. Limited by the low ability
of sediment transportation with a low flow intensity, a very lim-
ited amount of sediments was transported to the fan surface.
Therefore, the increment of sedimentation in this phase is
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Fig. 5 Evolution of the sedimentary characteristics in the fifth flood event. a-c. Sheet flooding dominated stage; d-e. Sheet flooding and unconfined

channel dominated stage; f. Confined channel dominated stage
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significantly lower than that in the above two phases (Fig. 5f),
even though the latest phase usually lasts a relatively longer
period than the above two phases.

We identified three phases in different flood events and in-
ferred that transition of phases in a single flood event was driven
by the variation of the discharge. To check the hypothesis, the
relationship between the percentage of fan area covered by flow
and water discharge was presented in Fig. 6. We observed and
calculated the percentage of fan area covered by flow per half a
minute. As a flood event lasted for 6 min, 12 values of the
percentage were obtained for each flood event. At the beginning
of the fifth flood event, the percentage of fan area covered by
flow fast increased with the increase of water discharge (Fig. 6).
Once water discharge reached its peak, both the following water
discharge and the percentage of fan area covered by flow started
to reduced continuously (Fig. 6).

Evolution of the experimental alluvial fan

Flood event-dominated alluvial fan is an important kind of
fans which developed in arid to semi-arid climate. A flood
event can be regarded as an elementary process to form a
large-scale alluvial fan. In other words, this kind of alluvial
fan is a complex of sedimentary bodies driven by a number of
flood events. In this experiment, 12 flood events were simu-
lated to reproduce the development of a flood event-
dominated alluvial fan.

As the sediment bedform was fixed, the accommodation
space in the experimental environment is continuously con-
sumed by the deposited sediments. Therefore, the experimen-
tal fan would be affected by the decreasing of accommodation
space. The spontaneous evolution of the fan was driven by the
variation of accommodation space in nature.

We identified three phases in different flood events and rec-
ognized that transition of phases in a single flood event was
driven by the variation of the discharge (Fig. 6). According to

the observation and analysis on the sedimentary process of the 12
flood events, we further inferred that the dominant phase in dif-
ferent flood events was different. From the beginning to the end
of the experiment, the sheet flooding deposition continuously
decreased; on the contrary, channelized deposition continuously
increased. Based on the difference on dominant phase during a
flood event, the development of the experimental fan can be
divided into three stages including the sheet flooding-
dominated stage (Fig. 7(A1-A3)), the unconfined channels dom-
inated stage (Fig. 7(A4—A7)) and the confined channels domi-
nated stage (Fig. 7(A8-A12)).

Sheet flooding-dominated stage

The sheet flooding-dominated stage was the first stage that in
which the major sedimentation of the experimental fan formed.
As observed by Clarke et al. (2010), there are more than 50%
area of the fan surface covered by sheet flood in this stage.
During the first four flood events in our experiment, the average
percentage of fan surface covered by sheet flood was larger than
50%. According to the recognition of sedimentary phases during
the whole sedimentary process of the experimental fan, the fan
surface was dominated by sheet flood from the first to the third
flood events (Fig. 7(A1-A3)). In this stage, sedimentation mainly
appeared near the outlet of the feeder channel.

At this stage, although the water flow rate is very high, the
water depth is shallow, the water carries more sediment, and
the deposition rate is faster. Therefore, the water flow gener-
ally does not erode the deposited sediments (Fig. 8).
Dominated by large-area sheet flood, a number of sheet
flooding lobes formed and stacked vertically. The sheet
flooding lobes are the basic elements to construct the bottom
set of the experimental fan (Fig. 8). In addition, fan area in-
creased very fast because of the rapid deposition at the margin
of the experimental fan (Fig. 7(A1-A4)). This stage lasted
from the first flood event to the fourth flood event.

Fig. 6 Relation between 707 re .
discharge and the ratio of active Order of observation
flow to fan surface area. The ratio 60 3
of active to fan surface area was s P
- \
observed and calculated every ~ ., _-7 \
. ; s 50 . \
half a minute during the fifth ® -
S Phe bz
flood event = e ’
40 - R
S - -®s L’
~ - L
2 », .
30 P
é ’ ’ P
g ’ ’ L7
S 20 ’ (4
:: oY 1
;8
10 !
P )
0’.11 10
0 12
T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25

@ Springer

Discharge in the fifth flood event(l/s)



Arab J Geosci (2019) 12: 284 Page 7 of 18 284

Area of sheet flooding lobes

al: Period order: 1 a2: Period order: 2 9 a3: Period order: 3

: $3qo] Surpooy 323Ys Jo eaIy

a5: Period order: 5 a6: Period order: 6 a7: Period order: 7 a8: Period order: 8

Number of active channels

al0: Period order: 10 all: Period order: 11 al2: Period order: 12

Number of active channels

- Sheet flooding lobe Feeder channel

Fig. 7 Geomorphology of the experimental fan at the end of each flood event

Unconfined channels - Confined channels

al:Along X axis, ¥=4.00 (m)
Eroded

a2:Along X axis, Y=4.25 (m)

—-
N

Eroded and filled

EE - )

3.4 3.8 4.2 4.6
X(m)

34 3.8 4.2 4.6
X(m)

a3:Along X axis, Y=4.50 (m)

Eroded Eroded

16 a4:Along X axis, Y=4.75(m)

—
-

Eroded

—
<

Eroded

=

(5]

3.4 3.8 4.2 4.6
X(m)

34 3.8 4.2 4.6
X(m)

a6:Along X axis, Y=5.25 (m)

a5:Along X axis, Y=5.00 (m)

12 Eroded  Eroded and filled

10 Eroded and filled

Sediment thickness(mm) Sedimentthickness(mm) Sedimentthickness(mm) Sedimentthickness(mm)
Sediment thickness(mm) Sedimentthickness(mm) Sedimentthickness(mm) Sedimentthickness(mm)

9
7
8
6{ Eroded and filled 5
4 3
2 1
o 34 3.8 4.2 4.6 34 3.8 4.2 4.6
X(m) X(m)
a7:Along X axis, Y=5.50 (m) a8:Along X axis, Y=5.75 (m)
6 4 Eroded:
5
Eroded
4 Eroded and filled 3 Eroded
3
2
2
l 1
0 0 ¢
2.6 3.0 34 3.8 4.2 4.6 5.0 54 2.6 3.0 34 3.8 4.2 4.6 5.0 54

X(m)
Period order of flood events: —o—P1 —o—P2 -o-P3 o-P4 -e-P5 -—o-P6 ——P7 —o-P8 —o-P9 -o-Pl0 —e—Pll ——P12

X(m)

Fig. 8 Eight transverse elevation sections across the experimental fan. Each color represents the sedimentation during a flood event

@ Springer



284 Page 80of 18

Arab J Geosci (2019) 12: 284

According to the measurement, the average sediment thick-
ness per one flood event is 4 mm. It is significantly larger than
that in the following flood events (Fig. 8).

Unconfined channel-dominated stage

At this stage, even though the water and sediment supply was
the same as the sheet flooding-dominated stage, the develop-
ment degree of sheet flood lobes was significantly lower. In
contrast, unconfined channels became the dominant factor to
control the sedimentation process (Fig. 7(A5—A7)).
According to the measurement, unconfined channels covered
up to 60% of the fan surface. Meanwhile, confined channels
developed as the branches of the unconfined channels. The
channels nearly covered the whole fan surface besides the
small-scale sheet flooding lobe (Fig. 7(A5—-A7)). Compared
to the sheet flooding-dominated stage, the increment of fan
area was significantly lower (Fig. 7). In addition, unconfined
channels distributed at the lower part of the fan surface, and
the confined channels distributed at the relatively higher area
(Fig. 7(A6)). Unconfined channels originated from the edge of
the sheet flooding lobes, while confined channels originated
from the unconfined channels (Fig. 7(A5-A7)).

Confined channel-dominated stage

At the last stage, the development degree of sheet flooding lobes
further reduced and only appeared in the flood peak period
(Fig. 7(A8-A12)). This stage was characterized by a channel
network consisting of a limit number of unconfined channels
and a large amount of confined channels. Channels migrated
rapidly on fan surface because of the lower slope and less ac-
commodation space (Fig. 9). Four digital images were randomly
selected and analyzed to clarify the distribution of channels in
different time (Fig. 9al—a4). The confined channels can be di-
vided into two sets. One is the small-scale confined channels,
which widely distributed at the higher area of the fan surface
(Fig. 9b). While the other one is the relatively large-scale con-
fined channels, which distributed at the lower arca. We recog-
nized the large-scale channels and their middle channel lines
were traced and stacked in Fig. 9c. It is obvious that the channels
migrated frequently and rapidly. In addition, the migrating con-
fined channels nearly covered all the fan area (Fig. 9c¢).

Unlike the first two stages, the confined channels that de-
veloped during this stage eroded the bottom sediments and
caused the sediment to be transported and balanced again.
As aresult, the average sediment thickness per one flood event
was about 1.5 mm (Fig. 8). Therefore, in this stage, sedimen-
tation on fan surface is very balanced.

As observed in the experiment, the evolution from sheet flood
to confined channels is probably controlled by the increase of the
fan area, and the growth of fan area might have played an im-
portant role on the flow patterns. To check the hypothesis, we

@ Springer

presented fan area and the percentage of fan area covered by flow
in each flood event (Fig. 10). Fan areca was measured at the end of
each flood event, and the percentage of fan area covered by flow
was observed and calculated per half a minute for each flood
event. As a flood event lasted for 6 min, 12 values of the per-
centage were obtained for each flood event. It is shown that fan
area was highly related to the percentage of fan area covered by
flow (Fig. 10). The percentage of fan area covered by flow sig-
nificantly decreased with the increase of fan area (Fig. 10) and
resulted in the transition of flow pattern on fan surface (Fig. 7).

Fan surface morphologies evolution
(1) Evolution of fan morphology

To quantify the analysis of the fan morphology, we created
the fan surface through interpolation based on the measured
elevation (Fig. 11), and further calculated the area of the fan at
the end of each flood event. Fed by 12 flood events, the area of
the fan increased from 1.3 to 5.1 m? (Figs. 11 and 12). As the
amount of sediment supply in each flood event is the same, the
well-fitted curve suggested that the area has a positive relation
with the sediment flux (Fig. 12). At the end of the first flood
event, the edge of the fan is very irregular. With the continuous
growth of the fan, the fan edge becomes smoother.

To quantify the variations of fan edge roughness, we cal-
culated the roughness at the end of each flood event using the
function proposed by Straub et al. (2015). The function for
roughness calculation is as follows:

Where N is the total number of points defining the edge, r; are
the individual distance measurements, and 7 is the mean dis-
tance from basin entrance to the edge for a certain time stamp.
Large values of Rg; thus indicate strong variability in the
distance from the shoreline to basin inlet when normalized
by the mean distance (Straub et al. 2015).

The roughness curve presented in Fig. 13 suggests that the
fan edge roughness has a significant and cyclical variation
during the first six flood events; meanwhile, the variation ob-
viously decreases during the last six flood events. In addition,
the fan edge roughness gradually decreases from 0.087 to
0.046 (Fig. 13). We infer that the fan edge roughness will
finally become to a low and stable value if more flood events
could be performed.

As mentioned before, with the growth of the experimental
fan, the sediment distribution became more balanced since the
accommodation space was continuously consumed. However,
we observed that there were one or several advantage flow traces
at the fan surface at the end of each flood event (Fig. 11). In
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Fig. 9 The migration and evolution of channels on fan surface during the
12th flood event. al—a4 Distribution of the main channels on fan surface
at different time. b Distribution of the detailed confined channels within a

addition, the advantage flow traces located along different direc-
tions. Since the advantage flow trace is higher than the other
places at the end of a flood event, the flow will “choose” a lower
routine and continuously transport and unload sediments along
the new flow routine until the accommodation space within the
active drainage system was totally occupied. It is worth noting
that the amount of advantage flow traces increased with the
growth of the experimental fan (Fig. 11).

(2) Vertical aggradation rate
As observed in the experiment, hydrodynamics and sediments

unloading laws on fan surface vary from the proximal to distal
part. The variations lead to the different vertical aggradation

Period order:12 Shot time: 2'40"

local area, the location of the picture is presented in a3. ¢ Stacked channel
pathways in al-a4

processes. We analyzed the recorded elevation at seven sites
which distributed from the proximal to distal part of the experi-
mental fan along the source direction (Figs. 4 and 14).

For the proximal to middle sites (L1-L4), the aggradation rate
experiences a fast to medium and finally low process. The con-
version process of aggradation rate was roughly correspond to
the transition of stages from the sheet flooding-dominated stage
to the unconfined channel-dominated stage, and finally the con-
fined channel-dominated stage (Fig. 14).

As for the middle to distal sites (L5-L7), aggradation
rate of the experimental fan kept nearly constant (Fig. 14).
Therefore, the middle to distal part of the experimental
fan are almost not affected by the evolutionary stages of
the fan. In addition, we observed that the deposition rate
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decreased from the middle to the distal part of the alluvial
fan (Fig. 14).

Internal sedimentary architecture characteristics

Controlled by three different stages, the internal archi-
tecture of the experimental fan is supposed to be very
complex. To investigate the sedimentary architecture of
the flood event-dominated alluvial fan, we constructed
14 transverse sections and a longitudinal section through
slicing the alluvial fan based on the experimental results
(Figs. 4, 11, and 13). Digital image and the video re-
corded during the experiment were used as the support
information for sedimentary architecture analysis.
Observation on slice sections demonstrates that the allu-
vial fan developed a three-layer structure in vertical di-
rection and shows significantly differences from the
proximal part to the distal part (Figs. 15, 16, and 17).

The three-layer structure from the bottom to the top

According to the stage division of the alluvial fan deposition
process, a three-layer structure has been recognized on trans-
verse and longitudinal sections. The bottom was mainly
formed by sheet floods, the middle layer was mainly con-
structed by unconfined channels, and the top layer was con-
trolled by confined channels.

The bottom layer formed in the sheet flood-
dominated stage, and sediments mainly deposited at
the proximal part of the experimental fan (Figs. 15,
16, and 17). A thick and small-area sheet flooding lobe
complex formed in this stage. The main architecture
element is the sheet flooding lobe. The width of a sin-
gle lobe is about 0.5 m and the thickness is about
2 mm (Figs. 15 and 16). According to the observations
and interpretation on transverse sections, more than four
sheet flooding lobes developed during a single flood

@ Springer

event (Fig. 16) (A1-A3). Channels are only recognized
on the central and upper part of the bottom layer
(Fig. 16) (A1-A4). Channel fillings are generally
gravels while sheet flooding lobes are generally sand-
prone (Fig. 16) (A1-A3).

The middle layer formed in the unconfined channel-
dominated stage and associated sedimentation mainly
distributed at the middle part of the experimental fan
(Fig. 16 (A1-AS5)). Compared to the bottom layer, more
channel fillings are recognized on transverse sections.
Average sediment thickness during a single flood event
is about 1 mm (Figs. 15 and 16). It is worth noting that
channel fillings extended to the middle part of the ex-
perimental fan (Fig. 16 (A2—A4)) and a large fraction of
channels was filled by sandy sediments (Fig. 16 (A3—
A4)). The main architecture element is channel filling
deposits, while the amount and scale of sheet flooding
lobes significantly decrease (Fig. 16 (A2-A3)). Sheet
flooding lobes generally distributed at the middle to
distal part of the experimental fan (Figs. 16 (A3) and
15). Migration and avulsion of the radial unconfined
channels formed the balanced sedimentation on the top
of the bottom layer. Therefore, sedimentation distribu-
tion is more balanced than the bottom layer.

The top layer formed in the confined channel-dominated
stage. In this stage, sheet flooding lobes only distributed at the
proximal part of the fan surface and its active duration is signif-
icantly less than the two previous stages. Therefore, only a few
sheet flooding lobes were preserved in the proximal part of ex-
perimental fan (Fig. 16(A1)). As we mentioned before, confined
channels are the main architecture elements and play a key role
on the sedimentary process. Rapidly migrating channels contin-
uously erode the sediments and form new deposits. As a result,
only a fraction of channels was preserved and filled with sandy
deposits, while the relative higher part formed in the previous
stages was eroded (Fig. 16(A2, A6, A7)). Distribution of sedi-
ments is more balanced than the two underlying layers (Fig. 16).
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Variations of sedimentary architecture characteristics
along the longitudinal section

Along the longitudinal section, the three-layer structure
and associated sedimentary distribution reveal the com-
plex variations of the sedimentary architecture character-
istics (Fig. 17).

Sheet flooding lobes mainly developed within the bottom
layer. The thickness of a single sheet flooding lobe decreased
from the bottom to the top of the layer (Fig. 17). The bottom
layer mainly distributed at the proximal part of the experimen-
tal fan, and the thickness of the bottom layer rapidly decreased
from 10 to 0 mm within a distance of 1.5 m (Figs. 16 and 17).
On the contrary, sedimentation distribution of the middle and
top layers is significantly more balanced. Channel fillings

preserved in the bottom generally distributed at the upper
and proximal part of it (Fig. 17).

In the middle layer, channel fillings extended to the middle
part of the experimental fan and the amount of channel fillings
also increased (Fig. 17). According to the observation, sedi-
ment thickness distribution of the middle and top layers is
generally balanced.

In the top layer, scale and preservation of channel fillings
obviously decreased. Meanwhile, the erosion of the confined
channels is generally reduced than the unconfined channels
because the lower hydrodynamics and smaller scale of the
confined channels (Fig. 17).

In addition, the preservation of channel fillings decreased
from the proximal part to the distal part of the experimental
fan.
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Fig. 12 Variations of the fan area 1
at the end of 12 flood events. A
well-fitted curve suggests that the
area has a positive relation with
the sediment flux. In the function,
x is the period order of flood
events and y is alluvial fan area
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Stage C

Stage A:Sheet-flooding
dominated stage

Discussions

Implication for the depositional process
during a single flood event

According to the observation on water dispersion and deposition
on fan surface, a flood event can be divided into three phases,
including (1) the sheet flooding-dominated phase, (2) the uncon-
fined channel-dominated phase, and (3) the confined channel-
dominated phase. In a typical flood event, the discharge fast
increased to its peak and gradually decrease to zero. With the
decrease of discharge, the flow pattern transformed from sheet
flooding to unconfined channels and end with confined channels.
It is inferred that the discharge from the feeder channel is the
dominant factor controlling the flow patterns on fan surface (e.g.,
Hooke, 1967; Le Hooke and Rohrer, 1979; Van den Berg, 1995;
Whipple et al., 1998; Clarke et al., 2010). In addition, the dis-
charge and associated flow pattern determined the sedimentation

3 4 5 6 8 9 10 11 12
Period order of flood events

Stage B:Unconfined channels
dominated stage

7

Stage C:Confined channels
dominated stage

on fan surface. The main deposition occurred during the first and
second phase, while the modification by confined channels on
fan surface mainly occurred at the third phase (e.g., Yin et al.,
2013; Feng et al., 2017).

Implication for the depositional process of the flood
event-dominated alluvial fans

The recorded depositional process of the experimental fan pre-
sented many fundamental characteristics of an alluvial fan fed
and dominated by flood events, including the sheet flooding
process and associated lobes, the occurrence of unconfined chan-
nels and confined channels, and the transformation from the
unconfined to confined channels. These observed features and
associated evolution of alluvial fan in this experiment were con-
sistent with the previous studies on fluvial fans (Van Dijk et al.,
2009; Clarke et al., 2010; Clarke, 2015; Delorme et al., 2016,
2018). The experiments performed by Clarke et al. (2010)
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Fig. 14 Sediment thickness variations at a set of sites along the longitudinal section A1 during the experiment

suggested that the alluvial fan fed by constant water and
sediment supply experienced three major stages includ-
ing the sheet flow-dominated-unstable channelized stage,
the lateral migration stage, and single channel stage.
The flood event-dominated alluvial fan also experienced
three stages including sheet flooding-dominated stage,
the unconfined channel-dominated stage, and the con-
fined channel-dominated stage. Both the alluvial fans
constructed by Clarke et al. (2010) and the experiment
presented in this paper were formed without extrinsic
conditions. Therefore, the sedimentary process of alluvi-
al fan under constant boundary conditions varied from

Al:Along X axis, Y=4.25 (m

Period order of flood events: —o-P1 —o—P2 —o-P3

o-P4 —o—P5

the beginning to the end, strongly. Similar variations
can also be observed in fluvial fan deltas (Van Dijk
et al., 2008), alluvial fans (Hamilton et al., 2013), flu-
vial deltas (Muto and Steel, 2004; Trampush et al.,
2017), and fluvial systems (Hajek and Straub, 2017).
Even though the evolution of both the experimental fan
simulated with constant water discharge and sediment supply
(Clarke et al., 2010) and the flood event-dominated fan expe-
rienced three stages, the sedimentation processes of the two
fans are quite different. In the experiment presented by Clarke
et al. (2010), flow pattern on fan surface was gradually
changed. In contrast, the experimental fan dominated by flood

—o—-P6 —e—P7 —o—P8§ —o—PY —o-P10 —e—P11 —e—P12

Fig. 15 Pictures of 14 transverse slice sections of the experimental fan. Surface elevation lines at the end of each flood event have been presented on the

sections
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Fig. 16 Sedimentary interpretation of the 14 sections in Fig. 8

events experienced a number of short-time cycle on flow pat- Using the measured elevation data and fan edge location,
terns, and the cycles were also varied from the beginning to  the evolution of the fan morphology was analyzed. Fed by
the end of the experiment. periodic flood events, fan area increased from 1.3 to 5.1 m?

a Photo of section A1, Along Y axis, X=4.00 (m)
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Fig. 17 Picture and interpretation on stratigraphy and sedimentary architecture of the longitudinal section. a Digital picture of the longitudinal section. b
The stratigraphy based on the measured fan surface data. ¢ Sedimentary architecture analysis of the longitudinal section
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while the roughness of fan edge decreased from 0.87 to 0.046.
It is worth noting that a well-fitted curve suggests that the area
has a positive relation with the sediment flux and the growth
rate of fan area gradually decreases with the continuous sedi-
mentation. Similar variations of sedimentary system area have
been observed in a number of experiments (Nicholas et al.,
2009; Straub et al., 2015; Clarke et al., 2010, 2015). We infer
that with the increment of the area of a sedimentary system,
more and more sediments need to be supplied to keep a con-
stant area growth rate.

Local variations in fan slope have been observed by nu-
merous experimental studies (Delorme et al., 2018; Reitz and
Jerolmack, 2012; Clarke et al., 2010; Van Dijk et al., 2009)
and field works (Blair and Mcpherson, 1992; Blair, 2001;
Shukla et al., 2001). And the variations seem to be controlled
by internal fan dynamics and the flow position on the fan
surface (Clarke, 2015). In our experiment, the growth rate
varies with the locations on the experimental fan, too. At the
proximal part, the elevation experienced a rapid deposition, a
normal deposition, and a slow deposition process. As for the
middle to distal part, the experimental fan experienced a single
normal deposition process.

The physical experiment provides abundant information of
the sedimentary characteristics and evolution of the flood
event-dominated alluvial fan. According to the constant
boundary conditions, the spontaneous evolution of the fan is
only controlled by autogenic factors. The experiment demon-
strates that, even though the extrinsic boundary conditions
keep constant, the depositional process and associated sedi-
mentary architecture of alluvial fans are still very complex and
more attention needs to be paid on the effect of autogenic
factors during sedimentation (Hajek and Straub, 2017,
Mouchené et al., 2017; Trampush et al., 2017; de Haas
et al., 2016; Zhang et al., 2016; Clarke, 2015; Hamilton
et al., 2013; Van Dijk et al., 2012, 2009; Clarke et al., 2010;
Muto and Steel, 2004).

Insights to the internal sedimentary architecture
of the flood event-dominated alluvial fans

We further investigate the sedimentary architecture of the ex-
perimental fan which experienced three different stages. A
three-layer structure has been presented. The bottom layer
was dominated by sheet flooding process and the main pre-
served architecture element is the sheet flooding lobe. This
layer was mainly consisted of sheet flooding lobes. Channel
fillings are only recognized on the central and upper part of the
bottom layer. The middle layer was formed by frequently mi-
grating unconfined channels. The main architecture element is
channel filling deposits, while the amount and scale of sheet
flooding lobes significantly decrease. The small-scale sheet
flooding lobes generally distributed at the middle to distal part
of the experimental fan. Within the top layer, only a few sheet

flooding lobes were preserved in the proximal part of experi-
mental fan. Rapidly migrating channels continuously erode
the sediments and form new deposits. Thus, only a fraction
of channels was preserved and filled with sandy deposits,
while the relative higher part formed in the formal stages
was eroded. The similar vertical structure has been observed
on experimental fans (Reitz and Jerolmack, 2012), outcrops
(Blair, 1987; Blair and McPherson, 1994; Fidolini et al.,
2013), and subsurface records (Yin et al., 2013) of various
types of alluvial fans. The variations of sedimentary architec-
ture were investigated through a longitudinal slice section.
Sheet flooding lobes were mainly preserved in the proximal
part of the bottom layer whereas the channel fillings were
preserved at the distal part of the layer. The middle and top
layer consist of unconfined channel fillings and confined
channel fillings, respectively. Variations of sedimentary archi-
tecture decrease from the proximal part to the distal part (Bull,
1977; Stanistreet and McCarthy, 1993; Saez et al., 2007,
Ventra and Nichols, 2014; Moscariello, 2018).

Conclusions

In order to gain more understanding of the sedimentary pro-
cess and associated internal architecture of the flood event-
driven alluvial fan, a flume experiment is performed in this
paper. Aiming at the spontaneously sedimentary process and
evolution without the constrain of extrinsic conditions, 12
same flood events are simulated to feed the experimental
fan. The relevant evolution pattern of the fan was obtained
by an integrated analysis of digital images and the elevation
data. Internal architecture of the experimental fan was anato-
my through sliced sections. The following conclusions can be
derived from the study:

(1) A flood event experienced a high fluidity period and a
following low fluidity period. Driven by the variations of
hydrodynamics and sediment transportation, a flood
event can be subdivided into three phases, including
the sheet flooding-dominated phase, the unconfined
channel-dominated phase, and the confined channel-
dominated phase. The discharge from the feeder channel
is the dominant factor controlling the flow patterns on
fan surface.

(2) Due to the constant extrinsic condition and the continu-
ously consumption of the limited accommodation space,
the experimental fan experienced three different stages
including the sheet flooding-dominated stage, the uncon-
fined channel-dominated stage, and the confined
channel-dominated stage.

(3) Controlled by the three different stages, a three-layer
structure formed in the deposited experimental fan. The
bottom layer is a thick and small-area sheet flooding lobe
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complex formed in the sheet flood-dominated stage, and
sediments mainly deposited at the proximal part of the
experimental fan. Compared to the bottom layer, more
channel fillings are recognized in the middle layer. The
main architecture element is channel filling deposits,
while the amount and scale of sheet flooding lobes sig-
nificantly decreased. Confined channels are the main ar-
chitecture elements preserved in the top layer. Rapidly
migrating confined channels continuously erode the sed-
iments and form new deposits.

(4) Local variations in fan aggradation have been measured
and analyzed. At the proximal part, the elevation experi-
enced a rapid deposition, a normal deposition, and a slow
deposition process. As for the middle to distal part, the
experimental fan experienced a single normal deposition
process. Fan area is positive related to the sediment flux
while its growth rate decreases with the increment of it.
The roughness of fan edge changed rapidly in sheet
flooding dominated and unconfined channel-dominated
stages, and gradually decreased in confined channel-
dominated stage.

(5) The experimental fan is an ideal simulation of the flood
event-dominated fan in natural systems. The sedimentary
process and associated evolution are similar to the natu-
ral fans and can be used for predicting the development
of active natural fans. The internal sedimentary architec-
ture can be regarded as a frame for architecture analysis
on subsurface oil and gas reservoir which formed by
flood event-dominated fans.
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