UNIVERSITY OF LEEDS

This is a repository copy of Pulse propagation in turbidity currents.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/118146/

Version: Accepted Version

Article:

Ho, VL, Dorrell, RM orcid.org/0000-0003-4257-7273, Keevil, GM et al. (2 more authors)
(2018) Pulse propagation in turbidity currents. Sedimentology, 65 (2). pp. 620-637. ISSN
0037-0746

https://doi.org/10.1111/sed.12397

© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists.
This is the peer reviewed version of the following article: Ho, V. L., Dorrell, R. M., Keevil,
G. M., Burns, A. D. and McCaffrey, W. D. (2017), Pulse propagation in turbidity currents.
Sedimentology., which has been published in final form at
https://doi.org/10.1111/sed.12397. This article may be used for non-commercial purposes
in accordance with Wiley Terms and Conditions for Self-Archiving. Uploaded in
accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27

Pulse propagation in turbidity currents

Ho V. Luan®®, Dorrell R.M.%, Keevil G.M.%, Burns A.D.2 and McCaffrey W.D.!

1. School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK.

2. School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, UK.

*Corresponding author: eevih@leeds.ac.uk

ABSTRACT

Submarine turbidity currents are a key mechanism in the transportation of clastic sediments
to deep seas. Such currents may initiate with a complex longitudinal flow structure comprising
flow pulses (e.g. by being sourced from retrogressive sea floor slope failures) or acquire such
structure during runout (e.g. following flow combination downstream of confluences). A key
qguestion is how far along channel pathway complex flow structure is preserved within
turbidity currents as they run out and thus if flow initiation mechanism and proximity to
source may be inferred from the vertical structure of their deposits. To address this question,
physical modelling of saline flows has been conducted to investigate the dynamics of single-
pulsed vs. multi-pulsed density driven currents. The data suggest that under most
circumstances individual pulses within a multi-pulsed flow must merge. Therefore initiation
signatures will only be preserved in deposits upstream of the merging point, and may be
distorted approaching it; downstream of the merging point, all initiation signals will be lost.
This new understanding of merging phenomenon within multi-pulsed gravity currents

broadens our ability to interpret multi-pulsed turbidites.

Keywords: turbidity currents, multi-pulsed turbidity currents, seismo-turbidites, pulsed

turbidites, stacked turbidites, signal shredding.
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1. INTRODUCTION

Gravity currents are driven by a density difference between two fluids, and are widespread in
both industrial scenarios and natural settings. Turbidity currents are a form of dilute
particulate gravity flow in which the flows move under the gravitational action upon dispersed
sediments suspended within the interstitial fluid (Middleton, 1993; Huppert, 1998; Kneller &
Buckee, 2000; Sequeiros, 2012). Turbidity currents in natural settings can range up to
hundreds of meter in thickness (Piper et al., 1988; Sumner & Paull, 2014) with durations that
may extend up to hours or days (Piper et al., 1999; Xu et al., 2004; Mikada et al., 2006); they
are a principal mechanism by which sediment is transported from continents to deep seas
(e.g. Simpson, 1982; Talling et al., 2015). Turbidity currents can be initiated by submarine
slope failures (triggered by earthquakes or other mechanisms) or by direct hyperpycnal
underflow into the oceans; they commonly flow through submarine channels into the deep

oceans (Mulder & Alexander, 2001; Best, et al, 2005; Piper & Normark, 2009).

Sediments deposited by turbidity currents — turbidites - commonly exhibit
continuously upward fining of mean grainsize (Fig. 1). This is referred to as “normal grading”
(Bouma, 1962; Lowe, 1982; Gutiérrez-Pastor et al., 2013). However, it is not uncommon for
turbidites to show more complex grading profiles, such as inverse grading (e.g. Kneller and
McCaffrey, 2003; Mulder et al., 2003). On the basis that the grain size at any particular level
in a deposit relates to the instantaneous basal shear stresses, normal grading suggests
deposition from a waning flow, whereas, inversely graded (upward coarsening) deposits
suggest deposition from waxing flow (Kneller & Branney, 1995; Kneller & McCaffrey, 2003;
Mulder et al., 2003; Amy et al., 2005; Basilici et al., 2012, cf. Hand, 1997). A more complex
exception from normal grading patterns is seen when repeated intervals of coarsening are
seen superimposed upon an overall normally-grading profile. Beds exhibiting this pattern are
here described as a “pulsed” or “multi-pulsed” turbidites, as the implication is that pulses of
increased velocity occurred in the overpassing flow at the point of deposition. Pulsed
turbidites can be differentiated from “stacked” turbidites which, although superficially
similar, represent the closely vertically juxtaposed deposits of two or more individual turbidity
currents; in practice, distinguishing the two can be challenging where later flows erode into

the deposits of earlier flows to produce deposit amalgamation and intervening fine grained
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material is absent. When submarine turbidites show deviations from a continuous normal
grading, a variety of mechanisms can be invoked to explain pulsed flow generation, for
example discrete episodes of retrogressive slumping (Piper et al., 1999; Canals et al., 2004;
Bull et al., 2009), variations in ground shaking in currents initiated by single seismic events
(Goldfinger et al., 2012), variations in the flood hydrograph for hyperpycnally generated flows
(Mulder & Alexander, 2001) and flow combination along the pathway of channel confluences
(Nakajima & Kanai, 2000; Ismail, et al., 2016). In addition flow reflection in confined settings
has also been invoked to cause pulsing (e.g. Haughton, 1994). Research on how these
mechanisms might be distinguished in the depositional record of pulsing flows is less
extensive (see examples in Goldfinger et al., 2012). A key consideration in this regard is how
long non-monotonic variations in mean flow velocity along the flow may persist from source,
and thus potentially be indicative of the flow generation mechanism; a related consideration
is whether the degree to which a deposit approaches a normal grading profile may be an

indirect indicator of distance from source.

Here, saline flow experiments are reported with the aim of informing understanding
of the dynamics and evolution of pulsed turbidity currents, and exploring the possible
implications for the interpretation of vertical depositional grading profiles. A principal goal is
to review and extend the inferences regarding flow behaviour and proximity to source that
can reasonably be made in natural turbidites. This contribution: i) presents novel
experimental data that detail the variation of multi-pulsed flow dynamics; ii) assesses how
flow dynamics may be interpreted from turbidite grading structure, and iii) reviews two case
studies in the which the interpretational template of turbidites with complex grading profiles

is reviewed and broadened.

2. METHODOLOGY

2.1. Experimental set-up and research methodology

The methodology of generating gravity currents in lock exchange flumes has been widely
applied by various authors (e.g. Middleton, 1966; Holyer & Huppert, 1980; Britter & Simpson,
1981; Lowe et al., 2002; Gladstone et al., 2004). In the work described here, lock exchange
experiments of saline flows were conducted in order to gain an understanding of the internal

dynamical structure of turbidity currents. Although they do not take into account the effects
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of particle transport, as occurs in natural turbidity currents, saline flows are a well-established
proxy for studying such flows (e.g. Kneller and Buckee, 2000; Islam and Imran, 2010; Hogg et
al., 2016). Similarly, turbulent laboratory-scale flows are thought to deliver a good
representation of the dynamics of flow at natural scale (e.g. Paola et al., 2009). Figure 2 shows
the experimental set-up, in which a 5 m long Perspex flume with multiple lock-exchange gates
was used, incorporating overspill boxes at both ends to reduce the effect of waves caused by
the removal of the lock gates. Two 12.5 cm-long lock boxes were set up in series at one end
to enable the generation of multi-pulsed flows, using saline fluid with 5% density excess (1050
kgm3) as a proxy for turbidity currents. Using a pneumatic lock-gate driver, the upstroke
speed of each lock gate was set at 1.0 ms™ so that any resulting turbulence was minimized,
without being so slow that a partially-withdrawn lock gate affected the counter flow of fluid
into the lock. The release time delay of the second gate could be adjusted to within 1/10 s of
the first release; here it was set to 4 s so that the interaction between pulses in a bi-pulsed
flow occurred within the length of the flume. To model single-pulsed flows, the delay was set
to zero. The dense saline fluid was prepared in a 180 | mixer, and monitored to ensure
consistent density. It was pumped slowly into the lock boxes via an intake valve on the bottom
of each lock box, displacing fresh water above whilst preserving a sharp upper boundary. Each
lock box was filled to a depth of 0.05 m with dense fluid dyed yellow in the first box and blue
in the second to enhance flow visualization and front position tracking. The total lock box
depth equalled the 0.25 m depth of the external ambient. The 1:5 depth ratio maintains fully
turbulent, subcritical flow (Reynolds numbers were c. 2,000 and Froude numbers less than 1)
while allowing suitable depth scaling approximating to real-world submarine flow, where flow

to ambient depth ratios are 1:8 or greater (Piper et al., 1988; Xu et al., 2004).

Five HD interlinked cameras were deployed to capture a wide range of view of the
flume. The cameras were carefully aligned so as to prevent image distortions and stitching
artefacts. VirtualDub and Avisynth were used to stitch five linked video tracks together, based
on an audio time cue; camera synchronization was within 1 frame (0.042 s). The alignment of
the five cameras was checked using gridlines on the bottom of the flume (Fig. 3). The method
of profiling Acoustic Doppler Velocimetry (ADV) was used to measure spatio-temporal

variation of horizontal streamwise velocities (Craig et al., 2011; MacVicar et al., 2014; Brand
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et al., 2016). This methodology offers velocity profile measurements at high frequencies and
with high resolution. The ADV probe head was positioned 7.1 cm above the bed of the flume
at 13 different locations along the flume (Fig. 2), capturing a measurement of 30 mm flow
depth at each position. Both the dense fluid and the ambient were seeded with neutrally-
buoyant particles of 10 um diameter to generate a consistent acoustic reflection. Spatio-
temporal depth-averaged velocity profiles were constructed for both single and multi-pulsed

flows using the following equation:

[Mvdz

0

h

1=
where v is the instantaneous velocity of the flow and h = 0.03 m.

2.2. Dynamics of density currents

The dynamics of lock-gate release density currents can usefully be associated with the
slumping, inertial and viscous flow regimes of flow evolution, varying in each due to the
changing relative significance of buoyancy, inertial and viscous forces (Huppert & Simpson,
1980; Huppert, 1982; Rottman & Simpson, 1983; Bonnecaze et al., 1993; Kneller et al., 1999;
Amy et al., 2005; Di Federico et al., 2006; Huppert, 2006; Sher & Woods, 2015). The slumping
phase can extend up to 10 lock lengths from the initiation point; during this phase the gravity
current is driven mainly by buoyancy forces resulting from the density difference between
the dense fluid and the ambient. The buoyancy force of the flow is balanced by frictional
forces, principally caused by the return flow of ambient fluid balancing the slumping of dense
fluid out of the lock box; the flow travels with nearly constant velocity in the slumping phase.
During the inertial phase, inertial effects become important; this regime is characterized by
flow deceleration. Once the flow becomes sufficiently shallow, frictional forces exceed
buoyancy and inertial forces, and the flow enters the viscous phase, in which it continues to

decelerate.

3. RESULTS

Below, the results from the single- then multi-pulsed flows are described in sequence,

considering firstly the flow visualization data and then the flow velocity data.
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3.1 Single-pulsed flow

To distinguish the frontal and rearward components of the single-pulsed flow, the denser
than ambient fluid in the front lock box was dyed yellow, and that in the rear blue, as shown
in Fig. 3A. As noted above, a zero second delay time between two lock gates enabled the
instantaneous trigger of the gates and the generation of a single release of the dense fluid.
Following the release, the dense fluid in the lock boxes collapsed, forming a negatively
buoyant density driven flow that propagated along the bottom of the flume. As the current
advanced along the flume, the blue portion of dense fluid comprising the rear 50% of the flow
at initiation was advected towards the front of the current (Fig. 3A, t=2-4 s; cf. Sher & Woods,
2015). The advection formed a visible intrusion around half of the flow depth, similar to
advection in Poiseuille flow (Lowe et al., 2002; Sher & Woods, 2015). The dyed components
of the flow are inferred to have progressively mixed, changing the flow colour from
yellow/blue to green. In addition, the variation in the degree of mixing between the dense
fluid and the ambient is qualitatively indicated by the change in relative colour intensity of
the green fluid (Fig. 3A, t=2-18 s). This change is especially pronounced at the flow head,
where turbulent mixing processes are largest, due to shear-driven generation of Kelvin-

Helmholtz billows (Britter & Simpson, 1978; Johnson & Hogg, 2013).

The tracking of flow front positions using video data and the collection of velocity time
series using fixed instrumentation at different downstream locations permit velocity profiles
of both single- and multi-pulsed flows to be detailed (Figs. 4, 5 and 6). By tracking the positions
of the front (yellow) and rear (blue) components of the single-pulsed flow, two dynamical
flow regimes can be identified. In the initial slumping phase, the flow advanced at a nearly
constant velocity of c. 0.082 ms™ for 1.25 m (c. 5 lock lengths). During the succeeding inertial
phase, the flow decelerated from 0.082 ms™ to 0.008 ms™ s over 2 m. The viscous phase of
the flow was not observed in the length of the flume covered by the cameras. The rearward
portion of the single-pulsed flow was advected forwards within the flow at a nearly constant
velocity of 0.1 ms, i.e., 25% faster than the flow head, reaching the flow front during the
slumping phase some 0.8 m from source (Fig. 4A). The single-pulsed flow (Fig. 5A) displayed
the rapidly waxing and progressively waning velocity structure which is usually observed in

lock-gate release experiments (e.g. Simpson, 1982; Kneller et al., 1999). The velocity
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maximum was located at c. 25% of the local flow depth, as commonly seen in laboratory
experiments, field data and theoretical models (e.g. Kneller & Buckee, 2000; Talling et al.,
2015). The magnitude of flow velocity was observed to decrease with increasing time and
distance from source, as indicated by the change in colour intensity in Fig. 5A. The depth of
the flow may be estimated by using the vertical velocity profile to establish the height of the
zero velocity contour that separates downstream from upstream (return) flow (Dorrell et al.,
2016); e.g. in Fig. 5A at 0.365m downstream position and 2.5s, h=0.015m. The spatio-
temporal variation of depth-averaged velocity for single-pulsed flow is shown in Fig. 6A in
which the boundary of the black region indicates the arrival of the flow in time and space. The
plot shows a model of standard flow evolution in which the head velocity, indicated by the
yellow to orange regions behind the black edge, is constantly high within slumping phase (up
to the distance of about 1.4 m in Fig. 6A) and then decreases with increasing time and

distance.

3.2. Multi-pulsed flow

Initially, a single flow pulse dyed yellow was released from the front lock box and propagated
along the flume in the form of a negatively-buoyant density current (Fig. 3B, t=2 s). The second
pulse was triggered 4 s after the first one, at which time the fluid comprising the initial release
had collapsed to approximately one fourth of its initial depth in the front lock box (Fig. 3B, t=4
s). The second pulse was quickly advected towards the front of the flow, in the form of a
visible intrusion with sharp boundaries, at approximately half of the height of the first pulse
(Fig. 3B, inset t=11 s). The colour change from yellow and blue to green reflects the
progressive mixing between the two pulses (Fig 3B, t=11-18 s). Eventually, the two pulses
merged at a distance 1.4 m from source and the whole flow evolved in a manner similar to
that of a single-pulsed flow during its inertial phase (Figs. 3 and 4). Kelvin-Helmholtz billows
were generated on the back of the flow head, enhancing turbulent mixing in the flow and
between the dense and ambient fluid (Britter & Simpson, 1978; Johnson & Hogg, 2013). Thus
the colour shift at the flow head, as indicated by the variation in colour intensity of the green

(mixed) fluid, was intensified (Fig. 3B, t=2-18 s).

Front position tracking and the collection of velocity time series enabled velocity profiles of

the multi-pulsed flows to be detailed (Figs. 5 and 6). The first pulse entered its slumping phase
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at initiation, and had travelled at a nearly constant velocity of 0.079 ms? for 0.65 m,
(approximately five 12.5 cm lock lengths) before the second pulse was released. The second
pulse was released 4 s after the first (Figs. 4B and 5B) and progressively intruded into it. The
combined flow accelerated at the point when the intrusion reached the flow head (Fig. 4B,
inset) advancing at a nearly constant velocity of c. 0.074 ms™ for 0.25 m from the point of
merging. Thus, the slumping phase of the multi-pulsed flow lasted over 1.40 m (approximately
six 25.0 cm lock lengths). The slumping phase ended at 1.65 m from source. The velocity of
the second pulse averaged nearly 0.110 ms, which is approximately 35% greater than the
initial head velocity of the first pulse. The inertial phase of the merged multi-pulsed flow was
characterized by a reduction in velocity to 0.012 ms™ over a distance of about 1.85 m between
1.65 m to 3.5 m from source (Fig. 4B). As with the single-pulsed flow experiments, the viscous
phase of the multi-pulsed flow was not captured within the camera range of these
experiments. The multi-pulsed flow displayed a more complex velocity structure than the
generic waxing-waning velocity profile observed in lock-release single-pulsed gravity currents
(Fig. 5B). Two separate pulses of relatively high velocity (>0.1 ms™) were distinctly observed
proximally to source (Fig. 5B, 0.365 m). The time separation between two pulses decreased
as the second pulse was progressively advected towards the front of the first pulse (e.g. Fig.
5B, 0.365 m, 0.675 m and 0.865 m). At the point of merging, the two pulses tended to have
similar velocities. Beyond the point of merging, the merged flow exhibited essentially the
same waxing-waning velocity structure as observed in the single-pulsed flow experiments
(Fig. 5A-B, 1.265 m, 1.665 m). The velocity maximum was also located at about 20% of the
flow depth, as observed in the single-pulsed flow experiments. In order to visualize the spatio-
temporal variation in the velocity profile of the multi-pulsed flow, a contour plot showing the
depth-averaged velocity of the flow was constructed (Fig. 6B). The depth-averaged velocity
of the first pulse was relatively high proximal to source (0.1 ms™). The high intensity region
surrounding the dotted line on Fig. 6B indicates the signal of the advection of the second pulse
within the first pulse. The initial relative timing of this signal was distorted by being
progressively reduced towards the point of merging. Beyond this point, the signal of the
second pulse intrusion in the velocity profile was completely lost (i.e., “shredded”, sensu

Jerolmack & Paola, 2010; Figs. 5B and 6B).
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3.3. Single-pulsed vs. multi-pulsed flows

Multi-pulsed flow evolution is characterized by interaction of the separate pulses which
eventually merge at some distance from source; such flows exhibit a pulsing character up to
the point of merging. This pulsing characteristic is not seen in single-pulsed density currents.
Figure 7A shows raw (unfiltered) data detailing the temporal variation of depth-averaged
velocities of the single- vs. multi-pulsed flows, shown proximally to source, at the point of
merging and distally from source. The surface waves set up at flow initiation were not
completely removed by the overspill boxes, and resulted in a fluctuation in the raw data; the
magnitudes of the fluctuations are relatively small compared to the front velocity of the flows,
and are not thought to have significantly influenced the flow dynamics. To more clearly assess
the flow dynamics, the raw velocity data are filtered and replotted in Fig. 7B. Before the point
of merging, the depth averaged velocity profile of single-pulsed flows exhibited a standard
waxing-waning velocity structure whereas the profile of multi-pulsed flows has two
pronounced pulses (0-7 s at 0.365 m Fig. 7B). The time delay measured between the two
velocity pulses depends on initial lag time at initiation, and also upon the point of
measurement. Up to the point of merging, the time separation between the two pulses in
multi-pulsed flows progressively decreased. For the multi-pulsed flow, after the peak of the
second pulse passed the position of profiling, the velocity magnitude of the flow became
comparable to that of a single-pulsed flow comprising the same initial dense fluid. In distal
regions, both single- and multi-pulsed flows showed similar velocity structures to the normal

waxing-waning velocity profile (Fig. 7B).

4. DISCUSSION

4.1. Multi-pulsed turbidity current propagation

Turbidity currents commonly develop vertical density stratification during runout, due to the
entrainment of ambient fluid (Britter & Simpson, 1978; Hallworth et al., 1996), particle
settlement (Baas et al., 2005) and also due to recirculation of fluid from the body into the
head, where it is mixed and ejected backwards (Lowe et al., 2002; Sher & Woods, 2015;
Hughes, 2016). It is inferred that both the single-pulsed density currents and the first pulse of

multi-pulsed flows developed vertical density stratification; the change within the first pulse
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from an initial vertically homogeneous density profile to a stratified one can be seen from the
development of a green to yellow vertical transition in the single-pulsed flow (Fig. 3A) and in
the upward-lightening yellow colour intensity in the multi-pulsed flow (Fig. 3B). Consequently
the second pulse intruded into the first at a neutrally buoyant level and was advected within

it.

In gravity currents the velocity maximum is usually at approximately one quarter of
the flow depth, with the maximum velocity being greater than the speed of the flow front
(Figs. 3 and 5, Kneller et al., 1999; Lowe et al., 2002; Sher & Woods, 2015). Consequently,
material from the back of the flow is advected towards the head (e.g. Sher & Woods, 2015);
Gladstone et al., (2004) noted in this regard that density stratification in the pre-release fluid
leads to preferential advection of lighter fluid towards the flow front. However, previous
studies have focused on the case in which flow properties vary monotonically behind the
head, and not considered the case in which the longitudinal velocity structure is
heterogeneous, i.e., when multiple pulses are initiated separately in time but eventually
merge distally from source, resulting in cyclic waxing-waning velocity structure in the flow

dynamics.

Here advection is visualized by separating both single- and multi-pulsed flows into
primary and secondary components, corresponding to the front and back of the flow at
initiation (Fig. 3). In the single-pulsed flow, the second component essentially moved with the
fluid immediately in front, and quicker than the current head velocity. In the multi-pulse
flows, the internal fluid velocity of the second pulse exceeded both that of the fluid pulse
immediately preceding it and of the current head velocity (Fig. 6 and section 4.2), resulting in
the forward advection of the second pulse being accelerated compared to that of the second
flow component in the single-pulsed flows. The tracked advection rates of the second pulse
in multi-pulsed flows were 10% larger than the internal flow front visualized in the single-
pulsed flows, i.e., ¢ 0.11 ms? vs. 0.10 ms™ (Fig. 4). The increase in internal advection may in
part be attributed to the additional momentum generated by the second lock-gate release.
Effectively, in multi-pulse system the second flow component is restrained by the second lock
gate, against gravity, for longer than in the single-pulse experiments. Thus, the delay between
two releases creates a greater pressure difference in the multi-pulse system than that in the

single-pulse system, due to the difference in the height of dense fluid in the two lock boxes.
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By the time of the second lock gate release, the enhanced pressure gradient results in the
formation of an internal wave and thus an increase in internal advection rates in the multi-

pulse system.

Furthermore, in the multi-pulse system, the second pulse is released into the stratified
remnant of the primary pulse. Stratification of the primary pulse is driven by entrainment of
ambient fluid into the primary pulse after it has been released. The secondary pulse therefore
forms and propagates on a neutrally buoyant level, in a similar fashion to intrusions in
stratified quiescent fluids (Britter & Simpson, 1981; de Rooij et al., 1999; Bolster et al., 2008)
but here modulated by the background velocity field of the primary pulse. As mixing induced
stratification gradually decreases density of the primary pulse towards the density of the
ambient, and as the secondary pulse is denser than the ambient, the secondary pulse will be
confined within the primary pulse. If the secondary pulse is denser then the primary pulse the
intrusion will occur along the lower boundary of the flow. A consequence is that the second
pulse will experience reduced drag as its interaction with the solid lower and upper flow-
ambient fluid boundary is limited, i.e. lower and upper interface shear-stress (Hartel et al.,
2000) is reduced in comparison to single, or the primary component of multi-pulse flows (Fig.

8).

Given that internal fluid velocity in the body of a gravity current is always greater than
the head velocity (Kneller et al., 1999; Lowe et al., 2002; Sher & Woods, 2015), once a
following pulse has begun to interact with the velocity field of the first pulse, the second pulse
must eventually be advected towards the flow front. Therefore, it is concluded that the
intrusion of the second pulse and the merging of two pulses seen in the experiments is an
inevitable consequence of the interaction between pulses within dilute multi-pulsed density

flows.

4.2. Conceptual models of deposition from multi-pulsed flows

Since the flow dynamics of multi-pulsed flows vary along the flow pathway differently to those
of single-pulsed flows, the spatial evolution of their deposits is expected to be distinguishable.

Given that upward-fining and upward-coarsening grading patterns suggest deposition from
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waning and waxing turbidity currents, respectively (Kneller & Branney, 1995; Hand, 1997;
Mulder et al., 2003; Amy et al., 2005; Basilici et al., 2012), the waxing-waning phenomenon
within multi-pulsed flows should lead to the deposition of inverse graded intervals
corresponding the passage of a pulse (assuming the flow remains depositional and that an
appropriate range of grain sizes is available for transport). In addition, the grading patterns of
multi-pulse turbidites likely vary from proximal to distal regions, due to the progressive
advection of pulses towards the flow front with increasing run-out distance. This advection
should result in a progressive reduction in the time between pulses, decreasing to zero at the
point of merging with the flow head; where multiple pulses are present, some may
amalgamate before this point. Hence, in any associated turbidite deposit, an original pulsing
signal might be relatively accurately preserved proximally, such that the relative spacing
between inverse to normal grading cycles is representative of the timing differences between
pulses at initiation. The signal might then be progressively distorted up to the point of
merging, expressed in reductions in the relative vertical spacing of inverse to normal grading
cycles and also in a reduction in the number of such cycles present. The signal will eventually
be lost once all pulse components of the flow have completely merged. It should be noted

that the relative spacing between cycles will also be dependent on the sedimentation rate.

Figure 9 shows the likely links between a range of turbidity current types, as defined
by their longitudinal velocity structures, and their associated turbidite deposits. The deposits
are based upon usage in, e.g. Bouma (1962), Lowe (1982) and Gutiérrez-Pastor et al., (2013)
and references therein. Thus single turbidites with normal grading are deposited by single-
pulsed turbidity currents (Fig. 9A). Stacked turbidites represent the closed vertically
juxtaposed deposits of two or more such flows (Fig. 9B); the close spacing is taken to imply
short inter-flow time durations. Amalgamated turbidites (Fig. 9C) are compound deposits of
two (or more) flows in which the later flow eroded into the deposits of the earlier flows.
Pulsed turbidites (Fig. 9D) are the deposits of multi-pulsed flows whose individual pulses have
interacted; depending on the cause of the pulsing, during early pulse interaction (e.g. Fig. 9D-
i) each deposition interval may be similar to a single turbidite, but without any evidence that
might indicate a period of flow inactivity between each one (e.g. turbidite mud or
hemipelagite). When the pulses have significantly interacted (e.g. Fig. 9D-ii) the time

separation between them, and thus the vertical separation of cycles in the deposit, will be
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reduced. Note: the terms pulsed and stacked turbidites are used here regardless of the

originating mechanism of the pulses or whether pulses have distinct mineralogical character.

The initial delay times between different pulses in a multi-pulsed flow depend on the flow
generation mechanisms. For a flow initiated by a series of retrogressive submarine landslides,
each pulse can be linked to a discrete slumping episode and thus the delay times between
individual pulses are controlled by the timing between successive failures. This timing may
relate to the natural rate of slope instability propagation, but for a flow initiated by a single
large multi-pulsed earthquake or by closely spaced initial shocks and aftershocks (e.g.
Goldfinger et al., 2012), the delay times may relate to the spacing between different
components of the seismic shock. When a multi-pulsed flow is formed by the combination at
channel confluences of different single-pulsed turbidity flows, which were initially triggered
synchronously in different channel heads, the delay time between pulses depends on the
arrival time differences of the individual flows at the confluence (which depend in turn on
channel lengths and intra channel flow velocities). The implications for deposit interpretation

for each of these formation mechanisms are considered below.

The depositional structure of flows initiated by retrogressive slope failures (whether
seismically generated or not) is shown in Fig. 10A. If there is no initial interaction between the
two single-pulsed flows, stacked turbidites could be expected to form proximally. If the flows
start to interact, the second flow would behave as a second pulse in a combined flow, and
would thus be advected progressively towards the front of that flow. The vertical depositional
structure would transition along the flow pathway from having a stacked to multi-pulsed
character, finally becoming uni-pulsed (or single-pulsed) after the point of pulse merging.
When initially distinct flows combine at confluences, the longitudinal variation in the vertical
grading structure of associated turbidites is expected to be similar to that postulated in Fig.
10A, but with an additional pulsing character acquired at the point of combination. In Fig. 10B
a case is shown in which flows are triggered synchronously in each of three channels C1, C2
and C3 but take different times to reach their first downstream confluence. This 3D model is
extrapolated from the 2D experimental configuration. The actual deposit character will vary
depending on the magnitude of each pulse and the nature of the setting. For example, a bi-
pulsed flow is shown forming at the C1-C2 confluence, and persisting to from C1-C2 to C3

confluence, where it merges with the flow in C3 to make a tri-pulsed flow that eventually
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evolves into a uni-pulsed flow. However, had the constituent pulses of the flow formed at the
C1-C2 confluence already merged before the C1-C2 to C3 confluence, uni-pulsed flows in
channels C1-C2 and C3 would have combined to make a bi-pulsed flow, depositing a bi-pulsed
turbidite immediately downstream, and a uni-pulsed turbidite more distally. If the delay times
between flows were sufficiently long to prevent their interaction single turbidites would be
deposited in each of channels C1, C2 and C3, two stacked turbidites would be deposited
downstream of the C1-C2 confluence and three downstream of the C1-C2 to C3 confluence.
In complex natural settings, multi-pulsed turbidity currents can be generated by both
retrogressive slumping, with pulse timing either dictated by the timing of seismic shaking or
by unforced slope failure processes, and by flow combination at confluences of flows that

may or may not have a primary pulsed character.

It should be noted that the depositional models proposed in Fig. 10 disregard the
effects of flow bypassing (e.g. Stevenson et al., 2013; Talling, 2013) or erosion and of local
topography features (Eggenhuisen et al., 2010). Were bypassing or erosion to occur during
flow run-out, some parts of the vertical grading profiles described in the figure might be
partially or fully absent, with concomitant increases in deposit thicknesses further

downstream.

4.3. Seismo-turbidites

Earthquake-triggered turbidites are commonly deposited along large, active tectonic margins
such as Cascadia and Sumatra (Goldfiner et al., 2007; St-Onge et al., 2012). The deposits of
flows generated in this way are called ““seismo-turbidites” (sensu Shiki et al., 2000, and
references therein). Here the potential application of the conceptual models described above
is investigated, both to refine models of flow evolution and to suggest new interpretational
options. Sumner et al. (2013) document drop-core — derived records of Holocene turbidites
deposited on the southwest Sumatra margin, and consider whether they were seismically
triggered. Of interest here are turbidites with complex grading patterns, such as those
recovered from the updip 4MC and downdip 2MC locations (Fig. 11A). At the 4MC location a
succession of three turbidite units without intervening hemiplegic sediments have a

deposition motif that could be interpreted either as stacked turbidites (separate events, Fig.
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9B), the interpretation favoured by Sumner et al. (2013), or as a tri-pulsed turbidite (one
event, Fig. 9D), deposited by a single, pulsed, seismically-generated turbidity current. The
sequence of deposits at 2MC appears to comprise one thick basal turbidite and two much
thinner overlying turbidites (Sumner et al., 2013); the overall upward-fining grading profile of
the basal 2MC turbidite suggests that it is the deposit of a single-pulse flow (e.g. Fig. 10A).
Sumner et al., (2013) did not correlate the 2MC deposit to other turbidites found locally in
the system such as those at 4MC. Although this interpretation may correctly reflect that the
4MC and 2MC locations did not lie on the same fairway, an alternative explanation now
permitted by the work detailed here is that the 4MC tri-pulsed turbidite and the uni-pulsed
2MC turbidite could represent the deposits of a single flow that was tri-pulsed at 4MC but
evolved via pulse merging to be uni-pulsed at 2MC (Fig. 10). In this interpretation, the pattern
of ground shaking that initiated flow might be distinguishable in the deposits at 4MC, but
have been shredded at 2MC.

Cascadia channel is the channel that extends downstream from the confluence of the
Juan de Fuca and Willapa channels (Fig. 11B; Goldfinger et al., 2016). Core-based studies of
Holocene sediments suggest that great earthquake shocks/aftershocks commonly result in
the deposition of multi-pulsed turbidites in the Cascadia Basin (Goldfinger et al., 2007;
Gutiérrez-Pastor et al., 2013). For example, where the same number of turbidites are found
in each of the tributary channels and downstream of confluence of a linked channel system,
it can be inferred that seismic events synchronously triggered turbidity currents in each of the
tributaries, such that turbidity currents combined at confluences (Goldfinger et al., 2012).
Thus, should the number of coarse-grained sediment intervals within a correlated bed
increase downstream of a confluence, the extra pulses were likely generated by a flow
combination mechanism similar to that outlined in Fig. 10B. Figure 11B provides an example
of such an increase, in which the “T3” bi-pulsed turbidite found at the 12PC location in the
upstream Juan de Fuca channel is correlated with a tri-pulsed T3 at the 25PC location in the
downstream Cascadia channel. The thickest interval of coarse sediments at 25PC is attributed
to a single pulse flow component derived from the Willapa channel that mixed with a bi-
pulsed flow from the Juan de Fuca channel (Fig. 11B; Gutiérrez-Pastor et al., (2013).
Gutiérrez-Pastor et al., (2013), Goldfinger et al., (2008), Goldfinger et al., (2012) and Patton

et al., (2015) recognize that the pattern of pulsing seen in the majority of Holocene and late
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Pleistocene turbidites correlated along the Cascadia margin appears to be consistent within
each deposit. They interpret the multi-pulsed character of these beds to indicate flow
initiation by the large magnitude (M>9) seismic events that characterize this margin. In this
interpretation the apparent spatial persistence of pulsing character is contrary to the
expectation of pulse merging described above. Either the pulses arise another way, the pulse
merging phenomenon observed at laboratory scale does not occur within larger scale
turbidity currents, or the merging length scale in such natural settings is longer that the

spacing of sample locations. Further work is required to assess these possible explanations.

5. CONCLUSIONS

Physical modelling of multi-pulsed, solute density flows suggest that under most
circumstances individual pulses within such flows must be advected forwards through the
flow until they merge with the flow head. In natural dilute particulate gravity currents
(turbidity currents), such pulsing flow structure may be acquired at flow initiation and be
represented in any deposits by an interval of inverse grading (i.e., upwards coarsening) for
each pulse. Assuming that such pulses are progressively advected towards the flow front with
natural turbidity currents, a progressive reduction in the time between pulses is expected in
progressively more distal locations, eventually decreasing to zero when the pulse merges with
the flow head. Therefore an original pulsing signal might be relatively accurately preserved
proximally, become progressively distorted up to the point of merging where the signal is
completely lost ("signal shredded"). This may explain why normal grading is the predominant
turbidite grading style in distal locations. Pulsing flow character may also arise when
synchronously triggered flows combine at confluences; forward pulse advection will also
progressively distort then shred pulses of this character. In natural settings, such as the
Cascadia margin, the development of flow pulsing has already been inferred from the grading
patterns within turbidites deposited downstream of confluences. The possibility that multi-
pulsed flows may evolve spatially to become uni-pulsed can be invoked in studies of turbidites
deposited on the southwest Sumatra margin, and permits a wider range of potential
correlations to be considered. The multi-pulsed saline flows presented in this paper show
that pulse merging is effectively inevitable whilst interacting primary and secondary pulses

remain active. Given that waning flows suggest upward fining deposition and waxing flows
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suggest the opposite, the extrapolation to predict the depositional patterns of pulsed
turbidites appears reasonable. Nevertheless, the extrapolation should ideally be supported
by experimental models of sediment-bearing flows together with a scaling analysis to more
robustly link the characteristic lengths of pulse merging at laboratory scale and those at

natural system scale; both are the subject of ongoing work.
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FIGURE CAPTIONS

Fig. 1: Schematic sedimentary log of a turbidite with intervals of inversely graded grain size.
Inverse grading in pulsed deposits is distinct from basal inverse grading, which can be
produced by other mechanisms (e.g. Hand, 1997). Note: S = Silt; VF = very fine sand; F = fine
sand; M = medium sand; C = coarse sand; VC = very coarse sand; G = granules. Mudstone

clasts and hemipelagites are not always present.

Fig. 2: Schematic of the experimental set up. A 5 m-long flume with two lock boxes (each
0.125m long) set up in series at one end to enable the delayed release of a second pulse to
generate a pulsed flow. Two overspill boxes were used to reduce the effect of returning waves
associated with slumping of dense fluids in the lock boxes. Acoustic-Doppler Velocimetry
(ADV) was used to collect velocity data at successive downstream positions located at 0.365,

0.465, 0.585, 0.675, 0.765, 0.865, 0.965, 1.065, 1.265, 1.465, 1.665 and 1.865 m.

Fig. 3: Photographs of the flow at different time intervals for (A) a single-pulsed flow
experiment with 0 second delay time and (B) a multi-pulsed flow experiment with 4 second
delay time between two pulses. In (B) the two pulses completed merged between 15s and
18s. Gridlines on the bottom of the flume were used for camera alignment and flow position

tracking. Inset shows the advection of the second pulse within the first pulse.

Fig. 4: Plots showing the location of the front of (A) a single-pulsed and (B) a multi-pulsed flow
over time. Dashed curves are best fits of front position data collected from multiple

experiments.

Fig. 5: Contour plots showing spatio-temporal variation of internal velocity structure within
(A) a single-pulsed flow and (B) a multi-pulsed flow at 0.365 m, 0.675 m, 0.865 m, 1.265 m
and 1.665 m downstream from the back of the lock box. Red and blue lines between plots
indicate the arrivals of the primary and secondary pulses, respectively; these become
progressively closer with time in multi-pulsed flows. Note that the low velocity variations that
appear as vertical stripes of amplitude (< 0.025 ms-1) show the effect of surface waves, white

horizontal stripes in each subplot are areas of no data.
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Fig. 6: Contour plots showing spatio-temporal variations of depth-averaged velocity of (A)
Single-pulsed flows and (B) Multi-pulsed flows. Note: Dashed and dotted curves are best fits

of front positions of primary and secondary pulses respectively.

Fig. 7: Comparison between depth-averaged velocity profiles of single- and multi-pulsed flows
at three different downstream positions: (A) Raw data and (B) Filtered data. Note: Raw data
were filtered by using Savitzky-Golay smoothening process in MatLab with a polynomial order

of three and a framelength of 151.

Fig. 8: Model of multi-pulsed flow propagation based on experimental results. Vertical axis
shows flow height (h), horizontal axes show density (d) and velocity (v). Note: The model
illustrates the scenario in which the second pulse intrudes into the first pulse at neutrally

buoyant level (see text for discussion of alternative scenarios).

Fig. 9: Conceptual models illustrating the depth-averaged velocity-time profile for various
turbidity current configurations and their inferred deposits. (A) A single-pulse turbidite with
an upward fining grain size profile. (B) Stacked turbidites comprising two single-pulsed
turbidities with a presence of Bouma Te (silt or clay layer) in between. (C) Amalgamated
turbidite with sharp interface between different inverse-to-normal grading cycles due to the
erosion of a latter flow into the deposit of an earlier flow. (D) Pulsed turbidites at relatively
proximal and distal locations. Note: 1) the lack of linear correspondence between the time
and depth records (shown schematically for Fig. 9A, and implied for 9B-D); 2) pulsed turbidites
might have internal erosion surfaces instead of (or in addition to) inverse grading depending

on pulse strength.

Fig. 10: Initiation mechanisms of multi-pulsed flows: (A) Multi-pulsed flow triggered by
retrogressive slope failures and conceptual turbidite patterns for longer vs. shorter failure
delays in the left-hand and right-hand panels, respectively and (B) Tri-pulsed flow triggered

by flow combination at channels, and possible turbidite grading patterns.

Fig. 11: Multi-pulsed turbidites (A) offshore Sumatra at the 4MC and 2MC core locations
(modified after Sumner et al., 2013), dashed curve shows proposed channel conduit and (B)
in the linked Juan de Fuca and Cascadia channels at the 12PC and 25PC locations (modified

from Gutiérrez-Pastor et al., 2013), white curve shows channel conduit (Goldfinger et al.,
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2016). Note: because grainsize was estimated directly from the core, sediments finer than 62

um cannot be distinguished (A). Magnitude of magnetic data reflect grainsize of turbidites.

Bathymetric data were taken from GebCO,

2014.
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