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ABSTRACT: Seafloor sediment density flows are the primary mechanism for transporting 
sediment to the deep sea. These flows are important because they pose a hazard to 
seafloor infrastructure and deposit the largest sediment accumulations on Earth. The 
cohesive sediment content of a flow (i.e., clay) is an important control on its rheological 
state (e.g., turbulent or laminar); however, how clay becomes incorporated into a flow is 
poorly understood. One mechanism is by the abrasion of (clay-rich) mud clasts. Such 
clasts are common in deep-water deposits, often thought to have traveled over large 
(more than tens of kilometers) distances. These long travel distances are at odds with 
previous experimental work that suggests that mud clasts should disintegrate rapidly 
through abrasion. To address this apparent contradiction, we conduct laboratory 
experiments using a counter rotating annular flume to simulate clast transport in sediment 
density flows. We find that as clay clasts roll along a sandy floor, surficial armoring 
develops and reduces clast abrasion and thus enhances travel distance. For the first time 
we show armoring to be a process of renewal and replenishment, rather than forming a 
permanent layer. As armoring reduces the rate of clast abrasion, it delays the release of 
clay into the parent flow, which can therefore delay flow transformation from turbidity 
current to debris flow. We conclude that armored mud clasts can form only within a 
sandy turbidity current; hence where armored clasts are found in debrite deposits, the 
parent flow must have undergone flow transformation farther up slope. 
INTRODUCTION 

The clay content of submarine sediment density flows is a fundamental control on 
their rheology and the resulting flow dynamics. However, the mechanisms by which clay 
is ingested into submarine sediment density flows, particularly by the disaggregation of 
mud clasts, remain poorly understood. Understanding the dynamics of submarine 
sediment density flows is important, because they transport sediment and organic carbon 
to the deep sea (Galy et al. 2007), pose a potential hazard to seafloor infrastructure (Chi 
et al. 2012), and their deposits represent some of the most important hydrocarbon 
reservoirs on Earth (Stow and Johansson 2000). Determining how such flows behave is 
key to determining how and where they transport sediment, accurately assessing the 
threat posed to seafloor structures, and determining the quality of hydrocarbon reservoirs 
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formed by their deposits (Bruschi et al. 2006; Zakeri et al. 2008; Haughton et al. 2009; 
Sumner et al. 2009; Baas et al. 2011). 

Research over the past 15 years has revealed that sediment density flows may switch 
between turbulent and laminar regimes and that this “transformation” can strongly affect 
the geometry and nature of the resultant deposits, as well as the flow itself (Haughton et 
al. 2009; Talling et al. 2013). In this paper we recognize that turbidity currents and debris 
flows are two end-member states of the spectrum of submarine, gravity-driven sediment 
density currents. We define turbidity currents as dilute, typically Newtonian flows in 
which fluid turbulence is the main particle support mechanism (Mulder and Alexander 
2001), and deposit sediment in a layer-by-layer fashion (Talling et al. 2004). Debris flows 
are typically laminar and cohesive ( Kuenen 1951; Hampton 1975; Lowe 1988; Talling et 
al. 2012; Hermidas et al. 2018). The main particle support mechanisms in debris flows 
include yield strength, pore pressure, particle buoyancy, and grain-to-grain interactions 
(Talling et al. 2012). Hybrid flows occur when turbidity currents transform into debris 
flows (or vice versa). Turbidity currents transform when there is sufficient cohesive 
sediment available to damp turbulence and transform the flow into a debris flow  
(Haughton et al. 2003; Talling et al. 2004; Sumner et al. 2009; Baas et al. 2011). The 
overall flow event (turbidity current and debris flow) is referred to as a hybrid flow. The 
resulting deposit, which comprises a turbidite juxtaposed with a debrite that is 
“genetically linked” (i.e., a linked debrite; Haughton et al. 2003; Jackson and Johnson 
2009; Talling 2013) is called a hybrid deposit. The incorporation of cohesive sediment 
into flows has been shown to be an important control on flow rheology, governing when 
and where flows transform (Sumner et al. 2009; Baas et al. 2011). For instance, a flow 
may begin as a fully turbulent turbidity current, but through the incorporation of even 
relatively small amounts (< 1% vol.) of additional cohesive sediment, turbulence can 
become damped, leading to transformation into a debris flow ( Fisher 1983; Sumner et al. 
2009; Haughton et al. 2009; Baas et al. 2011; Talling 2013; Patacci et al. 2014). Despite 
the important role that cohesive sediment plays in the behavior and transformation of 
sediment density currents, the mechanisms by which mud (and thus clay) is incorporated 
into and mixed within such flows remain poorly constrained. 

One mechanism proposed for the incorporation of cohesive sediments is the direct 
entrainment of fluid muds from the seafloor. These unconsolidated muds typify much of 
the global ocean floor (Kineke et al. 1996) and are easily remobilized by sediment 
density currents (Schieber et al. 2010), readily becoming mixed throughout the flow 
(Kranenburg and Winterwerp 1997). However, the presence of more consolidated mud 
clasts, which are often found in sediment-density-current deposits (e.g., Southern et al. 
2015), indicates that ingestion and mixing of fluid mud is not the only mechanism to 
incorporate clay into a flow. Mud clasts may originate from matrix disintegration (i.e., 
during the early stages of a landslide; Stevenson et al. 2018), or may be plucked from the 
seafloor by an erosional flow (i.e., rip-up clasts; Patacci et al. 2014; Fonnesu et al. 2016). 
Mud clasts are also known as mud balls (Bell 1940), clay pebbles (Nossin 1961), clay 
galls (Pettijohn 1957), intra formational clasts (Smith 1972; Mueller et al. 2017), till balls 
(Goldschmidt 1994), intraclasts (Chang and Grimm 1999), and mud lumps (Pantin 1967). 
Once incorporated into a flow, mud clasts are subsequently abraded as they are rolled 
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along the bed by the density current, resulting in the release of clays into the flow (Bell 
1940; Smith 1972), which can cause flow transformation (Sumner et al. 2009; Haughton 
et al. 2009; Baas et al. 2011). Mud clasts in subaerial environments typically travel 
between several hundred meters and a few kilometers (Bell 1940; Smith 1972). This 
contrasts with observations of mud clasts in deep-water deposits that are inferred to have 
traveled over tens of kilometers or more, although their actual transport distances are 
often unclear (Table 1). This may be a function of differences between marine and fluvial 
environments, including the nature of the material in the rip-up clasts, e.g., dry versus 
saturated clays. We thus limit comparisons with fluvial environments and concentrate on 
marine environments. Several factors affect how far a mud clast may travel, including 
initial clast water content (Smith 1972; Mather et al. 2008; Schieber et al. 2010), bed 
composition (Hermidas et al. 2018), initial size (Smith 1972), clast hardness (Schieber 
2016; Stevenson et al. 2018), the presence of extracellular-polymeric substances (EPS; 
Malarkey et al. 2015), and clast armoring (Bell 1940; Smith 1972). 
Mud-Clast Armoring 

Mud-clast armoring is observed in many modern environments, including river 
channels (Bell 1940; Little 1982; Mather et al. 2008), lakes (Dickas and Lunking 1968), 
coastal environments (Stanley 1969; Tanner 1996), continental shelves (Goldschmidt 
1994), submarine channels (Stevenson et al. 2018), and even city streets following heavy 
rain (Ojakangas and Thompson 1977). The armor is composed of sand and/or gravels that 
adhere to the soft outer surface of the mud clast as it rolls along the substrate (Bell 1940; 
Chun et al. 2002). Armor tends to be one grain in thickness (Bell 1940), but it can 
penetrate a mud clast by up to three grain thicknesses (Chun et al. 2002). 

Importantly, the armor is considered to form a permanent protective layer in 
ephemeral fluvial environments (Bell 1940). Armored mud clasts have been observed in 
a number of deep marine settings (Table 1). Despite the number of studies citing the 
presence of armored clasts, the number of studies that cite the presence of mud clasts that 
are not armored is much greater. As with clast transport generally, armor development 
may depend on factors such as the stickiness (i.e., initial water content (Smith 1972) and 
the presence of EPS (Malarkey et al. 2015)), the size of the clast relative to the 
surrounding sediment (Bell 1940), and clast hardness (Schieber et al. 2010, 2016). 
Previous experiments have examined the abrasion of air-dried dried mud chips, 
simulating clasts sourced from subaerial desiccated mud (Smith 1972), sand-size lithified 
mudstone (Schieber et al. 2016), and submillimeter- to centimeter-size water-rich 
kaolinite rip-up fragments (Schieber et al. 2010). However, in the submarine 
environment, landslides can consist of a variety of sediments (Stevenson et al. 2018) at 
various stages of consolidation (i.e., a range of shear strengths; Fig. 1). Previous studies 
have tested the transportation distance of muds at either end of the shear-strength scale—
lithified mud (Schieber et al. 2016) as well as mud with a high water content (Schieber et 
al. 2010). However, no studies have tested the transport-survival prospects of a mud or 
clay clast of intermediate shear strength (simulating a clast sourced from 1–2 m burial 
depth; Fig. 1), nor has any previous study tested armoring under controlled conditions. It 
is also often unclear how far clasts in outcrops have traveled (Table 1). The mechanisms 
responsible for the development of the armor, the importance of the armor for moderating 
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clast abrasion rates, and thus the role that armored mud clasts play in the transformation 
of turbidity currents are poorly understood. 
Aims of This Study 

We seek to understand how non-lithified clay clasts abrade in a sand-rich turbulent 
flow and the importance of armoring in modulating the abrasion of mud clasts. First, we 
aim to understand the mechanism(s) by which mud clasts become armored and whether 
that armoring is permanent. Second, we determine how armoring affects clast abrasion, 
and quantify the distance that clasts with and without armor may be transported. As part 
of this aim, we specifically investigate how varying suspended-sediment concentration 
and angularity of the sediment in the flow may control clast abrasion. Finally, we 
consider the implications of clast armoring for flow transformation and the interpretation 
of deep-water deposits. 
METHODS 

Our experiments were conducted in a recirculating, ring-shaped annular flume with 
rotating paddles and a counter rotating base. The annular flume has a radius of 0.53 m, 
the paddles are 10 cm long, and the channel is 0.23 m deep to the base of the paddles and 
is 0.145 m wide (Fig. 2A, B). The flume has a total capacity of 160 liters, in which we 
used fresh water (Fig. 2A, B). The Perspex floor of the annular flume was lined with D50 
158 µm angular Silverbond® sand (by gluing). Secondary circulation was minimized by 
rotating the base of the tank in the direction opposite to that of the paddles (Sumner et al. 
2009). Secondary circulation was considered to be minimized when there was an even 
deposit of sediment across the width of the channel. Annular flumes have been used in 
previous studies to simulate long-duration flows (e.g., Smith 1972), and can generate 
flows with velocities and bed shear stresses comparable to those of natural turbidity 
currents (Kuenen 1966; Sumner et al. 2008) and as a result can suspend sediment of a 
size similar to that of sediment found in natural deposits. We test the effect that different 
flow and sediment parameters have on clast abrasion, specifically: flow velocity, 
sediment angularity, and suspended-sediment concentration. 
Clay Clasts 

Each experiment included ten cube-shaped clasts (8 cm3) made of SCOLA air-drying 
modeling clay. Measurements made by a fall-cone penetrometer show that the clay clasts 
have undrained shear strengths of 17–40 kPa. These measurements are comparable to 
normally to lightly overconsolidated sediments found at and close (within 1–2 m depth) 
to the seafloor at a range of deep-sea sites worldwide (Fig. 1; e.g., Baltzer et al. 1994; 
Meadows and Meadows 1994; Kuo and Bolton 2013; Yin et al. 2016). Shear strength of 
the SCOLA clay was not degraded when clasts were remolded. SCOLA clay is composed 
of quartz (35%), illite smectite (39%), kaolinite (21%), and hematite (5%) (Yin et al. 
2016). It is unclear how the stickiness of SCOLA clay would compare with a natural 
mud, which depends on the clay mineral, clay fraction, plasticity, moisture content, 
degree of consolidation, as well as shear strength (Kooistra et al. 1998). Therein lies a 
spectrum of natural variability, which would greatly affect the armoring mechanism 
being studied here. However, the advantage of using SCOLA clay over a naturally 
occurring mud is that the properties of the clay are reproducible (i.e., both in these 
experiments and in further experiments). 



5 

Flow Conditions 
In the experiments two flow velocities were simulated, 0.5 and 0.7 ms–1, which were 

found to be the approximate thresholds for sliding and rolling (respectively) of the clasts 
on a smooth flume floor. The flow velocities used in our experiments produce similar 
shear stresses (u* > 0.09 ms–1) to those of natural sediment gravity flows (Straub and 
Mohrig 2008; Cartigny et al. 2013; Fig. 2D) (Straub and Mohrig 2008; Cartigny et al. 
2013; Fig. 2D). Shear velocity is estimated using   ln .                                               (1) 
Where k is the von Kármán constant (0.4). We assume a logarithmic velocity profile 
between the bed and the velocity maximum (Van Rijn 1993). We used two sediment 
types with different angularities: rounded (75–250 µm ballotini), and angular (125–250 
µm Silverbond® sand). Runs with bulk sediment concentrations of 0%, 1%, and 10% 
were performed. However, due to the carrying capacity of the flows, not all of the 
sediment became suspended. An aggraded bed of up to 1 cm was observed during the 1% 
bulk sediment experiments, which represents approximately 20% of the sediment added 
to the flume. A sediment wave the length of the flume of 1 cm to 7 cm height was 
observed during the 10% bulk sediment experiments, which represents approximately 
50% of the sediment added to the flume. Flow profiles were measured using a 1 MHz 
ultrasonic velocity profiler (UVP) (Fig. 2D). Flow measurements were conducted in 
independent experimental runs, without the addition of clay clasts, to avoid interaction 
between the clasts and the UVP probe. In these independent runs, the UVP probe was 
fixed at 160 mm above the bed and set at an incidence angle of 60° normal to the flow 
(De Leeuw et al. 2016) with a sediment concentration of 1% angular sand. The velocity 
was averaged over five minutes. In order to calculate clast travel distance, we use video 
evidence to determine particle velocity by timing particle movements between vertical 
pillars on the flume tank. The particle velocity was approximately 85% of the maximum 
fluid velocity. This value is higher than some previously published values, as the counter-
rotating annular flume produces a velocity maximum that is only 7 cm from the bed (Fig. 
2). 
Experimental Procedure 

Experiments were run for one hour. Ten clasts were used in each experiment to 
provide multiple data points per experiment. Preliminary experiments demonstrated that 
there was no difference in the rate and type of abrasion with one clast, or ten clasts in the 
flow. The clasts were cut to size using a cheese wire, and their size was measured using 
calipers. The clasts were then placed at regular spatial intervals around the channel of the 
flume tank. Each experiment was conducted at either the slow or fast velocity (0.5 or 0.7 
ms–1, respectively). Every ten minutes, the flow was stopped and the clay clasts were 
retrieved and weighed, photographed, and returned to the flume at regular spatial 
intervals. After one hour the clay clasts were removed and allowed to dry. During 
experiments that included suspended sediment, the sediment was allowed to settle out at 
the end of the ten-minute sample period, and the clasts were put back in on top of the bed. 
A subsample of angular sediment was removed from the armor of two clasts for analysis 
using a Hitatchi TIM-1000 scanning electron microscope (SEM). 
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RESULTS 
Armoring Mechanisms 

Clasts became more rounded and smaller as the experiments progressed (Figs. 3, 4). 
In experiments with sediment, clasts became armored within the first ten minutes of the 
experiment as they rolled along the substrate (Fig. 5). These clasts then transitioned 
through four morphological stages as they abraded (Figs. 4, 6). In stage 1, the cube-
shaped clasts were observed to roll or bounce along the bed. When the clasts were 
removed after ten minutes, they had become either barrel shaped (stage 2) or subrounded 
(stage 3). During stage 2, the clasts were barrel shaped and armored only along the minor 
axis, and not the barrel tops and bottoms, which were also softer than the rest of the clast. 
Stage 2 was observed only in the 10%-sediment-concentration experiments, and was 
probably not observed in other experiments due to this stage being shorter than the ten-
minute measurement period. In stage 3, the clasts became subrounded (but not fully 
spherical) and armored around all axes; the softened tops and bottoms of the barrel 
shaped clasts had abraded. In stage 4, the clasts were both rounded and armored. The 
clasts continued to abrade, and the rate of abrasion declined with decreasing size and 
increasing sphericity. The latter two stages occupied 57–85% of each experiment. In all 
experiments except the 10%-concentration experiments, the clasts had reached stage 4 by 
the end of the one-hour experiment. The exceptions to this were the 10% angular sand 
experiments, in which clasts abraded the slowest and had attained only stage 3 by the end 
of the experiment. SEM images of sand grains that fell out of armored clasts show that 
the sand grains have clay particles attached to them (Fig. 6). 
Clast Travel Distance 

Complete clast disintegration occurred in some, but not all experimental runs by the 
end of the one-hour measurement period (Fig. 7A, B). When normalized to weight and 
travel distance, the shape of the disintegration curves were found to be similar for most of 
the experiments, with the exception of experiments using 10% bulk angular sand (Fig. 
7C). Experiments using 10% angular sand display a shallower normalized curve than the 
other experiments. 

Clasts abraded most quickly in clear-water experiments, where they were gradually 
but completely destroyed over projected distances of < 2 km. Clay clasts developed 
armor following the addition of sand to the experiments. The development of armor 
coincided with a reduction in the rate of abrasion whereby armored clasts traveled at least 
twice as far as unarmored clasts. Abrasion was further reduced by decreasing flow 
velocity, increasing sediment concentration, and by using angular sand grains (rather than 
rounded sand grains). At the lowest velocity (0.5 ms–1), at the highest sediment 
concentration (10%), and by using angular sand grains in the experiment, the clasts 
traveled almost four times farther than unarmored clasts (Fig. 7). 
DISCUSSION 

The experiments show that clay clasts passed through four stages as they abraded: 1) 
cube-shaped, 2) barrel-shaped, 3) subrounded, and 4) rounded (Figs. 4, 6). Abrasion rate 
is controlled by flow velocity, bed hardness, and to a lesser extent the angularity of the 
armoring sand at lower flow velocities. Abrasion was slower and clasts passed through 
the four stages more slowly when velocity was lower, there was a thicker aggraded sand 
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bed (softer substrate), and angular rather than rounded sediment was used in the 
experiment. In experiments that included sediment, clasts developed a layer of armor that 
was one grain thick (Figs. 3, 5). Unarmored mud clasts were abraded by a combination of 
impacting the bed (Bell 1940; Smith 1972), and wetting of the clast surface, reducing its 
shear strength (Smith 1972), leading to increased likelihood of abrasion or dilution. We 
infer that an armored mud clast would still be able to lose volume via the wetting and 
abrasion, and the wetting and dilution methods described above, but this would occur 
only between armor grains, and thus at a lower rate for an unarmored clast. The wetted 
clay between the armor grains would be extruded and eroded or diluted. In addition, clay 
is plucked from the clasts as the sand armor falls away and is subsequently replenished; 
this is evidenced by the presence of clays on the sand armor in SEM images (Fig. 6). 
Thus, we show that armoring increases the distance that clasts can be transported over a 
hard flume floor before they are destroyed, by up to several kilometers. We now discuss 
the process of mud-clast armoring and the transient nature of the armor observed during 
the experiments. 
Armoring Mechanisms 

Here we document that armoring occurs via rolling of cohesive clasts along a sandy 
substrate. During Stage 2 (barrel shape) of clast evolution the clasts were armored around 
the exterior of the barrel, but the barrel tops and bottoms were soft and unarmored. This 
indicates that the clasts roll along a preferential axis when not rounded, and that the clasts 
develop armor only on surfaces that come into contact with the substrate, rather than 
developing an armor via bombardment with sand grains from suspension. A naturally 
occurring unarmored clast of a shear strength similar to that of our clasts may indicate a 
lack of rolling (i.e., suspension or matrix transport) or rolling along a non-granular bed 
(e.g., mud). 

Our results oppose previous suggestions in fluvial environments that armoring is 
permanent, that falls away only as clasts become dry, and that armored clasts abrade only 
as they impact upon boulders (Bell 1940). We find that the armor is semipermanent, that 
clay is extruded and eroded or diluted, and that the individual grains that make up the 
armor are removed and replenished and remove particles of clay as they do so. We infer 
the armoring and abrasion mechanism from the presence of clay on the sand particles in 
SEM images, and from the fact that the clasts are always covered in sand when extracted 
for measuring yet they decrease in size through time. Therefore, in order to be 
maintained, the armor must be replenished from a granular substrate. The armoring 
process is therefore transient, and more dynamic than previously considered. 
Armoring and Mud-Clast Travel Distances 

We now consider why some mud clasts in natural systems appear to travel farther 
than those in our experiments, as illustrated by the potentially long-runout Grand Banks 
turbidity current that occurred in 1929, offshore Newfoundland. 

The inferred travel distance of the armored mud clasts in the 1929 Grand Banks 
turbidity current is two orders of magnitude greater (> 400 km) than the findings of our 
experiments (2–12 km). Here we seek an explanation for this apparent discrepancy. 

First, we consider the size of the mud clasts in the 1929 Grand Banks event compared 
to our laboratory experiment. The Grand Banks event transported > 150 km3 of sediment 
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(Piper and Aksu 1987) in a series of submarine landslides with shear planes of 5–25 m 
depth (Piper et al. 1999). It is probable that some of the blocks were meters in size, which 
may have facilitated their long transport distance. However, if we compare our clear-
water experiment with a similar experiment by Smith et al. (1972) that used larger clasts, 
we see that clast abrasion rates are much higher for larger clasts (Fig. 8). Therefore, 
whilst initial clasts size must have some effect on the distance that a clast can travel, it 
may not be as important as it first seems. 

Second, we consider the shear strength of the mud clasts in the 1929 Grand Banks 
event compared to the clasts in our experiments. The initial water content (Smith 1972) 
and the hardness of clasts (Lewin and Brewer 2002) are important when considering 
abrasion rates. There are no known shear-strength measurements of clasts in the Grand 
Banks deposit, but near-seafloor muds around the Grand Banks region and offshore Nova 
Scotia have been shown to be overconsolidated (Clark and Landva 1988; Baltzer et al. 
1994). The Grand Banks shelf is a glacially modified margin (Piper et al. 1999), thus 
explaining the presence of highly consolidated seafloor muds due to past glacial loading. 
Other locations around the world also feature overconsolidated sediments, with an 
extreme example noted on the UK Continental Shelf where ice loading during the last 
glaciation has resulted in near-seafloor (< 5 m) undrained shear strengths in excess of 
2500 kPa (Aldridge and Carrington 2010). In addition, the shear plane of the Grand 
Banks landslide was 5–25 m deep (Piper et al. 1999), which is within the region of the 
overconsolidated muds found on the UK Continental Shelf (Aldridge and Carrington 
2010). The shear strength of the clasts produced during landslide disintegration may 
therefore have been greater than the shear strength of the clasts used in our experiments 
(17–40 kPa). Experimental studies have shown that higher-shear-strength substrates will 
resist erosion more than lower-strength ones (Winterwerp et al. 1992, 2012; Schieber et 
al. 2010; Schieber 2016). In the same manner, higher shear strengths may therefore 
improve the durability of mud clasts and facilitate a longer transport distance of the 
clasts, as inferred from the Grand Banks deposit. 

Fourth, we consider the mode of transport of the mud clasts in the 1929 Grand Banks 
event compared to our laboratory experiments. Field evidence suggests that rolling along 
the bed, rather than being in suspension, is important for promoting clast abrasion ( Bell 
1940; Schwab et al. 1996; Talling et al. 2010). Clasts can travel hundreds of kilometers if 
they are encased in a debris flow (Schwab et al. 1996; Talling et al. 2010). Two mud 
clasts were found in cores of the Grand Banks deposit, and both of them were armored 
(Stevenson et al. 2018), indicating rolling along a sand-rich bed. The extreme travel 
distance of clasts in the Grand Banks density current can be explained by the downslope 
evolution of the density current. The density current began as a debris flow, and remained 
as such for the first 20–35 km of transport (Piper et al. 1999). Clasts in the flow at this 
stage would likely not have been armored, but would have been protected by the 
surrounding debris flow. After the debris flow phase, the density current then transformed 
on steep slopes into a turbidity current (Piper et al. 1999). The turbidity current was 
shown to have attained a velocity of up to 19 ms–1 (Piper et al. 1999). Such a high 
velocity is likely to support mud clasts in suspension, which would mean that they were 
not rolling during the high-velocity section of the journey. The clasts may have been fully 
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suspended in the high-velocity flow. As the flow began to lose energy and decelerate on 
the more distal slopes, the clasts would have fallen out of suspension and rolled along the 
bed. In addition to the sequence of events, the average bulk sediment concentration of the 
Grand Banks density current is estimated to have been 2.7–5.5% (Stevenson et al. 2018). 
In our experiments we found a flow-averaged concentration of 1% to be suitable in 
supplying the clasts with sediment to replace dislodged armor particles. The combination 
of the transforming, fast flow, together with the high average sediment concentration, 
probably enabled the mud clasts in the Grand Banks density current to attain their 
impressive transport distances. 

Finally, we consider the nature of the substrate over which the clasts were carried 
(assuming that they were not necessarily in suspension) as our experiments suggest that 
bed hardness may affect transport distance. In real-world systems, such as the Grand 
Banks, the strength of the seafloor substrate is likely to vary and, in places (e.g., where it 
is muddy), may be considerably softer than the floor of our flume. 

To summarize the Grand Banks case study: it is probable that the long travel 
distances can be explained by the large initial size and high shear strength of the clasts, 
and the soft nature of the seafloor substrate over which the flow traveled. Furthermore, it 
is possible that, given the velocity attained by the flow, the clasts were suspended for at 
least part of their journey, thus reducing their abrasion. It is likely that a combination of 
these factors resulted in the unusually long transport distances attained by clasts in the 
1929 Grand Banks density current. 
The Prevalence of Unarmored Mud Clasts 

There are a number of examples of armored mud clasts from deep marine settings, 
but the examples of unarmored mud clasts greatly outnumber these. Here we consider 
why this imbalance exists. The imbalance between armored and unarmored clast 
examples could be due to several reasons. A first reason could be due to the stickiness of 
the mud; mud clasts that are very wet (e.g., mud with a high fluid content; Schieber et al. 
2010) or clasts that are very hard (e.g., lithified or highly overconsolidated mud; Schieber 
2016) may not be able to support an armor layer. A second reason for the relatively 
common occurrence of unarmored mud clasts could be that armor falls away once it can 
be no longer replenished. As the sediment gravity flow reaches the distal muddy fringes 
of the turbidite system, it will no longer replenish the armor and may simply lose its 
armor coating due to wetting and/or dilution effects. Furthermore, clasts transported 
across a soft (i.e., mud) floor would experience a potentially greatly reduced rate of 
abrasion (particularly compared to the hard flume floor of this study) and may be 
transported farther or even increase their mass by accreting additional mud, as well as 
having more opportunity to shed their armor. Finally, the average grain size of the system 
may be too fine for armoring to occur; mud clasts can be armored only by grains coarser 
than silt (Bell 1940); if the system is too muddy, armor will not form. 
Implications for Interpreting Clast-Bearing Sediment-Density-Current Deposits 

In this section we discuss how armoring of clasts may control where linked debrites 
develop, and how armored mud clasts may help in identifying linked debrites in outcrop. 

Previous studies have identified that turbidity currents commonly transform into 
debris flows and deposit debrites towards the lateral or distal edges of turbidite systems 
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(Haughton et al. 2009; Kane and Pontén 2012; Fonnesu et al. 2015, 2016, 2018). 
However, it can be difficult to determine whether a debrite is part of a hybrid deposit 
when there is limited outcrop exposure. Distal flow transformation is promoted by the 
incorporation of clay, which is often associated with disaggregation of mud clasts 
(Patacci et al. 2014). Armored mud clasts have been found in turbidites (Stanley 1964; 
Dasgupta and Buatois 2012; Fonnesu et al. 2018), hyperpycnites (Ponce and Carmona 
2011), and hybrid deposits (Haughton et al. 2003; Felix et al. 2009; Patacci et al. 2014). 
The presence of armored mud clasts in a debrite indicates up-dip transformation from a 
turbidity current to a debris flow, because rolling of the mud clasts along a sandy bed is 
required in order for the sandy armor to develop (Fig. 9). 

Turbidity currents transform into debris flows once a sufficient quantity of cohesive 
sediment is available in the flow, and once turbulence is low enough for the gelling of 
clay particles, which typically occurs as the flow decelerates (Baas et al. 2009; Sumner et 
al. 2009). Our experiments show that armoring reduces the rate of abrasion of mud clasts 
and thus would reduce the rate of release of clay into a turbidity current. If a sufficient 
volume of clasts is present, then armoring could hinder the transformation of turbidity 
currents, and may contribute to hybrid deposits occurring preferentially in lateral and 
distal parts of turbidite systems (Fig. 9). We find in our experiments that clast armor is 
transient and requires replenishment from the substrate. Once the clast-bearing flow 
reaches the distal reaches of the fan it is likely to encounter mud-rich substrates, and 
clasts will no longer be able to replenish their armor. This may partly explain why 
unarmored rather than armored clasts are found most often. 
CONCLUSIONS 

Our first aim was to understand the mechanism(s) by which mud clasts become 
armored and if that armoring is permanent. We find that clasts go through the same four 
stages of evolution regardless of the development of an armor layer, but the armor layer 
reduces the rate of abrasion. We provide the first direct evidence that armoring occurs by 
rolling clasts in a sandy substrate. We also show for the first time that clast armor is 
transient and undergoes continual replenishment from the bed. Unarmored clasts may be 
indicative of a lack of rolling (traveled a short distance, traveled in suspension, or 
traveled as a floating outsize clast in a debris flow, for example), a lack of available 
sediment that can form armor (i.e., a muddy bed), or that the clay that forms the clast is 
too hard to support armor. 

Our second aim was to determine how armoring affects clast abrasion and to quantify 
the distance clasts with and without armor can be transported. Without armor on a hard 
flume floor, 8 cm3 cube-shaped clasts disintegrate within two kilometers. Following the 
addition of a 1% concentration of suspended sediment, an armor develops around clasts 
that more than doubles the distance they can travel. We find that the rate of abrasion 
further declines with increasing sediment concentration, thus increasing travel distance 
by more than four times the distance achieved by unarmored clasts. A sandy substrate can 
help to improve the transport distance of a clay clast by providing an armor of sand. 
However, natural systems can have muddy substrates, which we did not consider in these 
experiments. Unarmored clasts may travel farther on muddy rather than sandy substrates 
because the muddy substrate causes less erosion to the clast than a hard substrate. 
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Additional experiments are required to investigate the transport distances achievable by 
mud clasts over a muddy substrate, as well as of armored mud clasts over a muddy 
substrate. 

Our final aim was to consider the implications of clast armoring for interpreting deep-
water deposits and flow transformations. Our results suggest that the presence of armored 
clasts in debrites may serve as a tool for identifying linked debrites. Our results also 
suggest that armoring may delay flow transformation and be partly responsible for the 
common occurrence of flow transformation in distal lobe environments at the point that 
the seabed becomes muddy, and therefore the sand armor can no longer be replenished. 
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FIGURE CAPTIONS 
FIG. 1.—The range in undrained-shear-strength profiles of various seafloor muds from 
around the globe. 
FIG. 2.—Experimental setup showing A) cross-sectional view of the annular flume with 
dimensions, B) a plan view of the annular flume, C) the orientation of the UVP in the 
annular flume, D) the velocity profile recorded by the UVP for the fast (gray dash) and 
slow (black) flume settings. 
FIG. 3.—Clasts at various stages of their evolution. 
FIG. 4.—The average shape and length of the longest axis of the clasts through time. Red 
numbers indicate fast (~ 0.7 ms–1) flow averages, and black numbers indicate slow (~ 0.5 
ms–1) flow averages. 
FIG. 5.—A) A close-up photograph of an armored clast. B) A close-up photograph of an 
unarmored clast. 
FIG. 6.—Scanning-electron-microscope images of angular sediment grain samples. A–B) 
Examples of angular sediment before the experiment, C–D) examples of angular 
sediment taken from the periphery of an armored clast. The grains clearly show clay that 
has adhered to the surface of the grains. 
FIG. 7.—A) The average length of the longest axis plotted against travel distance. B) 
Normalized average showing original clast weight plotted against travel distance. Error 
bars show the range of measurements. C) Normalized distance versus normalized weight 
showing that abrasion rates are broadly similar. D) The extrapolated distance the clasts 
would travel until they are destroyed by the flow. Extrapolated using an exponential 
function; exp(–a*x+b). The dashed gray line indicates the last point at which clasts were 
recovered in the 0.7 ms–1 clear-water experiment, and is used as an approximate travel 
distance. 
FIG. 8.—Comparison between the abrasion rate of clasts in clear-water experiments of 
Smith (1972) and the clear-water experiments presented here. The clasts in the Smith 
(1972) experiment were 3 cm × 0.5 cm whereas our clasts were 2 cm cuboids. 
FIG. 9.—Summary figure showing A) a scenario where armored mud clasts are 
transported in a turbulent flow, the transformation of the flow into a debris flow, and B) 
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where armor can or cannot develop on a submarine fan, as well as the preservation of 
armored clasts in the linked debrite. 
 



 TABLE 1.—Comparison of mud-clast travel distances relative to their armored state, clast size trends, and 
inferred flow types. 

 

Ancient Examples 

 Geographical 
Location Travel Distance Armoring Clast Size Trends 

Inferred Flow 
Type References 

 Annot sandstone, 
France 

Thought to be 
several 
kilometers. 
Origin of clasts 
unknown. 

Armored Up to 80 cm Turbidity 
current Stanley 1964 

O
ut

cr
op

s 

Bed 1, Marnoso–
Arenacea 
Formation, Italy 

~ 40 km. Origin 
of clasts 
unknown. 

Not 
mentioned 

Decrease with 
distance. Clasts > 
25 cm only extend 
up to 20 km along 
bed transect, 
smaller sizes 
extend to ~ 50 km 
along bed transect 

Hybrid flow Sumner et al. 
2012 

Bed 5,  Marnoso–
Arenacea 
Formation, Italy 

~ 10 km, possibly 
up to 80 km. 
Origin of clasts 
unknown. 

Not 
mentioned 

Clasts up to 10–25 
cm diameter at 80 
km along bed 
transect. Clasts > 
25 cm cease after 
20 km along bed 
transect 

Hybrid flow Sumner et al. 
2012 

Huanghae 
Formation, China 

Proximal to the 
slope failure 
region 

Armored 20–40 cm Debris flow Chun et al. 2002 

Mayaro Formation, 
Trinidad Unknown Armored Clast size not 

mentioned 
Turbidity 
current 

Dasgupta and 
Buatois 2012 

Miocene Austral 
Foreland Basin, 
Chile 

Up to 700 m Some 
armored 

Up to 15 cm 
diameter 

Turbidity 
current 

Ponce and 
Carmona 2011 

Monterey 
Formation, 
California, USA 

Unknown Not 
mentioned 

Clasts up to 1 cm 
diameter 

Turbidity 
current or 
debris flow 

Chang and 
Grimm 1999 

Oligocene Fusaru 
Sandstone and  
Lower Dysodilic 
Shale, Romania 

Unknown Not 
mentioned Centimeter-scale Turbidity 

current 

Sylvester and 
Lowe 2004 

 

Polish Carpathians Up to tens of 
kilometers 

Some 
armored Up to ~ 30 cm Turbidity 

current Felix et al. 2009 



West Crocker Fan, 
NW Borneo 

Probably several 
tens of kilometers, 
although exact 
origin unknown. 

Not 
mentioned 

Up to 2 m in 
diameter 

Turbidity 
current–debris 
flow 

Jackson et al. 2009
C

or
es

 

Bed 5, Agadir 
basin, NW Africa ~ 25 km Not 

mentioned 
Clasts 5–10 cm in 
diameter Hybrid flow 

Stevenson et al. 
2014; Sumner et 
al. 2012 

Britannia 
Formation, North 
Sea, UK 
continental shelf 

Up to 100 km Some 
armored 

Clasts > 15 cm 
diameter Hybrid flow Haughton et al. 

2003 

 Modern Examples 

 Geographical 
Location 

Maximum 
Travel Distance Armoring Clast Size Trends 

Inferred Flow 
Type References 

C
or

es
 

Cook Strait, New 
Zealand Unknown Not 

mentioned 
Clasts < 5 cm in 
diameter 

Turbidity 
current Panti 1967 

Grand Banks 
deposit, 
Newfoundland, 
Canada 

> 100 km Armored Clasts < 7 cm in 
diameter 

Turbidity 
current 

Stevenson et al. 
2018 

 Sur Landslide, 
USA Up to 100 km Some 

armored 
Clasts 5 cm in 
diameter Debris flow Gutmacher and 

Normark 2002 
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