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ABSTRACT 12 

Sediment gravity flows are the primary process by which sediment and organic carbon 13 

are transported from the continental margin to the deep ocean. Up to 40% of the total marine 14 

organic carbon pool is represented by cohesive extracellular polymeric substances (EPS) 15 

produced by micro-organisms. The effect of these polymers on sediment gravity flows has not 16 

been investigated, despite the economic and societal importance of these flows. We present the 17 

first EPS concentrations measured in deep-sea sediment, combined with novel laboratory data 18 

that offer insights into the modulation of the dynamics of clay-laden, physically cohesive 19 

sediment gravity flows by biological cohesion. We show that EPS can profoundly affect the 20 

character, evolution and run-out of sediment gravity flows, and are as prevalent in deep oceans 21 

as in shallow seas. Transitional and laminar plug flows are more susceptible to EPS-induced 22 

changes in flow properties than turbulent flows. At relatively low concentrations, EPS 23 

markedly decrease the head velocity and run-out distance of transitional flows. This biological 24 

cohesion is greater, per unit weight, than the physical cohesion of cohesive clay and may exert 25 

a stronger control on flow behavior. These results significantly improve our understanding of 26 

the effect of an unrealized biological component of sediment gravity flows. The implications 27 

are wide ranging and may influence predictive models of sediment gravity flows and advance 28 

our understanding how these flows transport and bury organic carbon globally.  29 
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INTRODUCTION 30 

Clay, inherently associated with organic matter, is the most abundant sediment type on Earth 31 

(Hillier, 1995). Recent advances in our understanding of the properties of clay have redefined 32 

our models of submarine sediment gravity flows (SGFs) in both modern and ancient 33 

environments (Barker et al., 2008; Sumner et al., 2009; Wright and Friedrichs, 2006). SGFs 34 

are volumetrically the most significant sediment transport process in the ocean, pose 35 

destructive hazards to offshore infrastructure and their deposits form major hydrocarbon 36 

reservoirs (Talling, 2014). Understanding and predicting SGF behaviour therefore has 37 

scientific, economic and social importance. 38 

Clay-rich SGFs are governed by the ability of clay minerals to aggregate, or flocculate 39 

(McCave and Jones, 1988). Laboratory experiments of clay-rich SGFs show that at sufficiently 40 

high concentrations of clay, flocs bind to form a network that behaves as a gel, increasing 41 

viscosity and suppressing shear-generated turbulence (Baas and Best, 2002; Baas et al., 2009). 42 

These flows, and their deposits, are radically different to fully turbulent flows and highlight the 43 

importance of understanding how cohesive material affects SGFs. 44 

Extracellular polymeric substances (EPS) are secreted by microorganisms in many 45 

environments, from rivers and estuaries to hypersaline systems and deep-sea hydrothermal 46 

vents (Decho and Gutierrez, 2017). The adhesion of this exopolymer to sediment grains forms 47 

a matrix of EPS, sediment and single-cell organisms called a biofilm, which is considered the 48 

primary mechanism by which benthic microorganisms stabilise the sediment they inhabit 49 

(Tolhurst et al., 2002). Small concentrations of EPS (CEPS < 0.063% by weight), representing 50 

baseline levels in estuarine sediment, can increase the development time of bedforms 51 

exponentially (Malarkey et al., 2015). EPS research to date has focused on coastal 52 

environments. The presence of EPS in deep-sea sediment and their impact on SGFs is not 53 

known. 54 
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EPS represent up to 40% of the marine organic carbon pool (Falkowski et al., 1998). The burial 55 

of organic carbon (Corg) in marine sediment represents the second largest sink of atmospheric 56 

CO2 (Galy et al., 2007). However, global carbon budget studies typically estimate Corg flux by 57 

measuring the particulate organic matter settling through the water column and accumulating 58 

in marine sediment (Decho and Gutierrez, 2017; Martin et al., 1987; Muller‐Karger et al., 59 

2005). SGFs are not currently considered a significant Corg transport and burial process in Corg 60 

flux models on continental margins. This is surprising, since fine-grained sediment flows have 61 

been found to transport the majority of Corg (de Haas et al., 2002). Here we present the first 62 

measurements of EPS from deep-sea sediment cores, and through novel experiments we test if 63 

EPS-derived biological cohesion is capable of inhibiting turbulence and intensifying cohesive 64 

SGF behaviour. This has fundamental implications for understanding SGF behaviour in the 65 

natural environment, models of Corg flux on continental margins and estimating Corg burial, as 66 

well as reconstruction of past environments from ancient deposits and predicting hydrocarbon 67 

reservoir properties. 68 

METHODS 69 

To explore the impact of biological cohesion on the dynamics of cohesive SGFs, a series of 70 

experimental SGFs were generated, with and without EPS. These flows were generated in a 5 71 

m long, 0.2 m wide, and 0.5 m deep, smooth-bottomed lock-exchange tank (Supplementary 72 

Fig. 1). The reservoir was filled with a mixture of kaolinite clay (volumetric concentration Cvol 73 

= 5-23%), EPS, and seawater. Xanthan gum was used as a proxy for natural EPS (cf. Tan et 74 

al., 2014). Xanthan gum shares chemical similarities with a wide variety of EPS and is widely 75 

used as a substitute for EPS in marine ecology, soil science and sediment stability research (see 76 

Supplementary Methods). The range of EPS dry weight concentrations used in the experiments, 77 

CEPS = 0-0.268%, was informed by seabed sediment cores obtained during RV Tangaroa cruise 78 

TAN1604, from 127 to 1872 m depths in the Hauraki Gulf, NZ (Supplementary Figs 2, 3; 79 
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Supplementary Table 1). These EPS data are based on bulk carbohydrate content, collected 80 

using the standard assay method of DuBois et al. (1956). The maximum concentration recorded 81 

was 0.260% with an average value of 0.139%. For comparison, background EPS content 82 

measured in estuarine sediment ranges from 0.01% to 0.1% and from 0.1% to 0.67% in 83 

freshwater sediment (Gerbersdorf et al., 2009; Malarkey et al., 2015). 84 

In the laboratory, we compared the head velocity, Uh, and run-out distance of clay-only control 85 

flows with equivalent flows containing EPS to test if biological cohesion intensifies cohesive 86 

flow behaviour. Uh versus horizontal distance was measured using a high-definition video 87 

camera. Flow run-out distances (maximum deposit extent from the lock gate) were recorded, 88 

except for flows that travelled the length of the tank (Table 1). To examine the impact of EPS 89 

on floc dynamics, samples were extracted for floc size and density analyses, using the 90 

LabSFLOC-2 method (Supplementary Methods). Each flow was classified visually following 91 

Hermidas et al. (2018). 92 

CONTROL FLOWS WITHOUT EPS 93 

The clay-only control flows generated turbidity currents at Cvol = 5-15% and top transitional 94 

plug flows (TTPFs; Hermidas et al. (2018)) at Cvol = 22-23%, allowing us to examine the effect 95 

of EPS in fully turbulent flows and transitional flows experiencing turbulence suppression by 96 

physical cohesion (Table 1). Turbidity currents travelled the length of the tank and generated 97 

shear waves along their upper interface with the ambient fluid (Table 2). The TTPFs featured 98 

a dense, laminar lower ‘plug’ layer with coherent fluid entrainment structures (Baker et al., 99 

2017; Supplementary Figs 4, 5) that transitioned upwards into a dilute turbulent layer (Table 100 

2). 101 

FLOWS WITH EPS 102 
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Adding EPS to the turbidity currents with Cvol < 15% produced no visual changes in flow 103 

behaviour and no measurable differences in the Uh profiles (Supplementary Figs 6, 7). At Cvol 104 

= 15%, the EPS-laden flows (Table 1) were also visually indistinguishable from turbulent clay-105 

only F07. However, Uh of F08 and F09 decreased more rapidly than for F07 between 4-4.2 m 106 

along the tank, resulting in lower Uh values at 4.6 m (Fig. 1). Highest CEPS F10 began to 107 

decelerate rapidly at 2.5 m, and halted at 3.9 m. 108 

The 22% and 23% clay TTPFs exhibited distinct decreases in Uh and run-out distance as EPS 109 

were added (Fig. 2, Supplementary Fig. 8). Normalized to the maximum head velocity, Uh,max, 110 

and run-out distance of the clay-only flows, the combined 22% and 23% data are strongly 111 

correlated with CEPS (Supplementary Figs 9, 10). In 22% clay flows, CEPS ≤ 0.089% still 112 

produced TTPFs with lower Uh,max and shorter run-out distance than the control 113 

(Supplementary Fig. 8), whereas CEPS ≥ 0.133% dramatically reduced upper boundary mixing, 114 

producing a distinct interface with the ambient fluid characteristic of plug flows 115 

(Supplementary Fig. 11; Hermidas et al., 2018). F14 and F15 also lacked coherent fluid 116 

entrainment structures. These flows achieved Uh,max less than half of the 22% clay-only and the 117 

clay─EPS TTPFs, and en-masse freezing significantly reduced run-out distance 118 

(Supplementary Fig. 8). At Cvol = 23%, this change from TTPF to plug flow occurred at CEPS 119 

≥ 0.087%. At the highest CEPS of 0.259% in F20, the slurry slid out of the reservoir for 0.6 m 120 

(Hampton et al., 1996). 121 

ANALYZING THE EFFECT OF EPS ON FLOW PROPERTIES 122 

Our experiments demonstrate that the strong biological cohesion imparted by EPS in the seabed 123 

extends to SGFs at CEPS found in deep-sea and coastal environments. Uh and run-out distance 124 

were reduced by adding EPS to the TTPFs and the densest turbidity currents. At higher clay 125 

and EPS concentrations, the biological cohesion caused flow transformation, suggesting that 126 
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EPS limit shear turbulence by increasing the strength of the bonds between clay flocs. These 127 

flows are likely to be non-Newtonian with a yield stress, as in aqueous xanthan gum solutions 128 

and xanthan-kaolinite mixtures (Hamed and Belhadri, 2009; Song et al., 2006). This biological 129 

cohesion was greater per unit weight than the physical cohesion. At 22% clay, the addition of 130 

0.133% EPS induced a flow transformation from TTPF to plug flow, substantially reducing the 131 

run-out distance and Uh,max. A similar reduction in run-out distance would require an increase 132 

in clay concentration from 22% to 25% in an EPS-free flow (Baker et al., 2017). 133 

We hypothesise that EPS strengthen cohesion between flocs and assists in building a network 134 

of interconnected flocs (Leppard and Droppo, 2004). EPS in TTPFs are brought into contact 135 

with more clay particles than in turbidity currents, allowing the EPS to strengthen the particle 136 

network, further suppress turbulence and encourage laminar flow (Table 2). 137 

To test this hypothesis, samples of fluid were taken from clay-only TTPF F16 and clay─EPS 138 

TTPF F17 for floc size and density comparison using LabSFLOC-2 (Supplementary Fig. 12). 139 

As each sample was released into the settling column, the gel underwent gravitational settling 140 

and broke into flocs. Only 10% of the flocs in F16 were larger than 200 µm, compared to 55% 141 

in F17. The clay─EPS flocs had a lower density than the clay-only flocs and this difference 142 

increased up to ten times as floc size increased. The dominance of large, water-rich flocs in the 143 

clay─EPS F17 implies that the clay─EPS gel was more resistant to breaking into smaller flocs 144 

under shear during static settling. We further infer that within flows, these water-rich clay─EPS 145 

flocs are more resistant to shear turbulence than the clay-only flocs, and that this difference 146 

increases with increasing clay and EPS concentration, resulting in more laminar flow 147 

behaviour. 148 

EPS IN NATURAL SEDIMENT GRAVITY FLOWS  149 
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The influence of EPS was observed in experimental turbulent, transitional, and laminar SGFs, 150 

each with complex and variable flow properties. Scaling of these flows to natural prototypes is 151 

a non-trivial task, and standard methods (e.g. Froude, Reynolds, Shields, and distorted 152 

geometric scaling) are unlikely to be valid without modification (Iverson, 1997; Marr et al., 153 

2001; Mulder and Alexander, 2001). However, the experimental SGFs may be used as 154 

analogue for natural SGFs based on fundamental physical principles. The experimental flows 155 

travelled at <0.55 ms-1; suitable analogues are hyperpycnal river discharge, and weak 156 

submarine SGFs triggered by earthquakes with velocities of 0.3-1.6 ms-1 (Talling et al., 2013), 157 

and natural SGFs that have decelerated to a similar velocity. The observed turbulence 158 

suppression is likely to apply to other flow types, such as wave and current-driven sediment 159 

flows and fluid mud flows on shelves, which rely on turbulence to suspend particles 160 

(Traykovski et al., 2000). Turbulence modulation in higher velocity flows, and in flows with 161 

higher turbulence intensity, is likely to occur at higher concentrations of EPS and clay than in 162 

these experiments. 163 

IMPLICATIONS FOR THE GLOBAL CARBON CYCLE 164 

The settling of particulate Corg to the seafloor is regarded as a key process in the global carbon 165 

cycle. However, measurements show that only 1-4% of this material is buried within the seabed 166 

(Decho and Gutierrez, 2017). Large amounts of particulate Corg are delivered to continental 167 

shelves via rivers (0.8 PgC y-1; Liu et al., 2010) and in situ primary production (6.2 PgC y-1; 168 

Chen, 2010). The majority is remineralized in the water column and only a small amount 169 

preserved on the shelf (0.2 PgC y-1; Chen, 2010; de Haas et al., 2002; Liu et al., 2010). In 170 

contrast, continental slopes are an important carbon sink. Around 40-50% of Corg transported 171 

from the shelf to the continental slope (0.5 PgC y-1; Chen, 2010) is buried at water depths <500 172 

m. The remaining 50-60% is stored at >800 m (Muller‐Karger et al., 2005). 173 
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The transport of Corg down continental slopes by SGFs has not received much attention in these 174 

calculations. However, large-scale SGFs on continental margins have the potential to move 175 

large quantities of terrestrial and marine Corg to the deep-sea (e.g., Mountjoy et al., 2018) whilst 176 

also providing the rapid burial that promotes the preservation of Corg. The ability of EPS to alter 177 

SGF behaviour, shown here, implies that EPS change the spatial distribution of organic carbon 178 

sinks. Moreover, the increased cohesion of mixed clay-EPS flows promotes en masse 179 

deposition which helps the burial and preservation of Corg by reducing oxygen exposure times 180 

(Burdige, 2007; Hedges and Keil, 1995). In the context of the global carbon cycle, a better 181 

understanding of the ability of EPS to influence the dynamics of its transport medium may 182 

improve numerical models of Corg fluxes on continental margins particularly where they are 183 

dominated by fine-grained sediment input and high primary, and therefore EPS, production. 184 

Our deep-sea cores show EPS levels similar to coastal environments, where EPS are widely 185 

recognised for its contribution to the Corg pool (Morelle et al., 2017). These results highlight 186 

that current global carbon budgets may underestimate Corg flux by not considering Corg transport 187 

via SGFs and the contribution of in-situ EPS to the Corg sink in deep-sea sediment. 188 

CONCLUDING REMARKS 189 

An increasing number of studies highlight the importance of considering physical cohesion 190 

when interpreting and modelling SGF processes, but the insights into biologically cohesive 191 

SGFs presented here indicate the need to recognise the potent effects of EPS in future studies. 192 

At the concentrations found in modern estuarine, coastal and deep marine environments, EPS 193 

have proven to be capable of changing flow behaviour and reducing the deposit run-out 194 

distance and Uh,max of cohesive flows. This research improves our predictive models of these 195 

volumetrically significant and hazardous events. Further studies are needed to better constrain 196 

and quantify the effects of EPS in process models for cohesive and non-cohesive SGFs, and 197 

their wider environmental relevance for geological history and the global carbon cycle.  198 
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Table 1 Basic experimental data. Flow classifications follow the scheme of Hermidas et al. 315 

(2018). ROD = run-out distance; Uh,max = maximum head velocity; TTPF = top transitional 316 
plug flow. 317 

Flow Kaolinite 
Cvol (%) 

EPS 
weight (%)  

ROD 
(m) 

Uh,max
  

(m s-1) 
Flow 

Classification 
F01 5 0 - 0.377 Turbidity Current 

F02 5 0.134 - 0.379 Turbidity Current 
F03 5 0.250 - 0.381 Turbidity Current 

F04 10 0 - 0.367 Turbidity Current 
F05 10 0.132 - 0.353 Turbidity Current 

F06 10 0.264 - 0.348 Turbidity Current 
F07 15 0 - 0.430 Turbidity Current 

F08 15 0.066 - 0.417 Turbidity Current 
F09 15 0.133 - 0.416 Turbidity Current 

F10 15 0.265 3.91 0.420 Turbidity Current 
F11 22 0 4.69 0.552 TTPF 

F12 22 0.067 3.63 0.455 TTPF 
F13 22 0.089 3.20 0.438 TTPF 

F14 22 0.133 2.13 0.217 Plug Flow 
F15 22 0.265 0.92 0.194 Plug Flow 

F16 23 0 3.66 0.471 TTPF 
F17 23 0.052 2.94 0.439 TTPF 

F18 23 0.087 1.80 0.419 Plug Flow 
F19 23 0.130 1.32 0.211 Plug Flow 

F20 23 0.259 0.60 0.160 Slide 

 318 

Table 2 Summary of flow classifications following the scheme of Hermidas et al. (2018), and concept 319 
diagrams of flow behaviour and floc characteristics. 320 
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SUPPLEMENTARY INFORMATION 324 

Methodology 325 

Use of Xanthan Gum as an analogue for EPS 326 

Xanthan gum, produced by the bacterium Xanthomonas campestris, was used as an analogue 327 

for EPS in these experiments because of its chemical and physical similarities with naturally 328 

occurring EPS (Steele et al., 2014). It has been common practice in a wide range of studies to 329 

substitute EPS for xanthan gum to simplify experiments and control conditions otherwise not 330 

possible when working with live bacteria (Rosenzweig et al., 2012).  331 

Xanthan gum is not representative of all naturally occurring EPS. The diverse number of 332 

microorganisms that produce EPS, e.g. microalgae, phytoplankton, sea-ice diatoms, estuarine 333 

diatoms, bacteria and zooplankton, all secrete EPS with differ compositions for different 334 

functions i.e. adhesion, water retention, nutrient source, and enzyme activity (Krembs et al., 335 

2011; Xiao and Zheng, 2016). The use of xanthan as a substitute for EPS in flume experiments 336 

is supported by the comparable rheological properties of aqueous solutions of natural EPS and 337 

xanthan because of their similarly high molecular weight (Fonseca et al., 2011; Morris et al., 338 

2001; Xiao and Zheng, 2016). Some micro-algae produce polysaccharides that act as better 339 

drag-reducing additives than xanthan, rendering xanthan a possibly conservative choice of 340 

polymer to demonstrate the potential effects of EPS on sediment gravity flow dynamics 341 

(Gasljevic et al., 2008). Xanthan gum also enhances flocculation with increasing salinity in the 342 

same way as natural marine biopolymers; it is therefore suitable for use in a sediment-seawater 343 

mixtures representative of the marine environment (Furukawa et al., 2014). Beyond this, 344 

xanthan gum has been applied as an EPS analogue in studies of the protection of cells from 345 

hypersaline shock by EPS (Steele et al., 2014), EPS alteration of the formation of 346 

microstructures and salt retention in sea-ice (Krembs et al., 2011), and the effect of EPS on 347 

water retention in biofilm-affected soils (Rosenzweig et al., 2012). 348 

 349 

Flume Experiments  350 

In order to determine the effect of biological cohesion on physically-cohesive sediment gravity 351 

flows, 20 laboratory experiments were conducted in a 5.0 m long, 0.2 m wide and 0.5 m deep 352 

smooth-bottomed lock-exchange tank (Supplementary Figure 1). A 0.31 m long reservoir at 353 

the upstream end of the tank was filled with a mixture of kaolinite clay (D50 = 9.1 µm), EPS, 354 

and seawater to a depth of 0.35 m. The remainder of the tank contained seawater to the same 355 
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depth. All seawater was sourced from the Menai Strait (North Wales, United Kingdom). 356 

Xanthan gum, a commercially available anionic hydrophilic biopolymer, was used as a proxy 357 

for natural EPS. The two compartments of the tank were separated by a lock gate, which was 358 

lifted to generate the gravity flow.  359 

To account for any time-dependent behaviour of the mixture, each suspension was prepared 360 

using the same method. First, the xanthan gum and kaolinite clay were mixed dry in a concrete 361 

mixer for 10 minutes to evenly disperse the EPS within the clay. The seawater was then added 362 

to and mixed with the dry material for 10 min in the concrete mixer. Next, the wet mixture was 363 

decanted into a container and mixed again for 3 min using a handheld concrete mixer to break 364 

up any remaining clumps of sediment, before leaving it to rest for 60 min. At the end of the 365 

resting time, the suspension was mixed a third time for 3 min and then added to the reservoir 366 

of the lock-exchange tank. Here, it was mixed for a final 30 seconds; immediately thereafter 367 

the lock gate was lifted as quickly as possible to generate the sediment gravity flow.  368 

A high-definition video camera tracked the head of the flow as it progressed along the tank. 369 

The velocity of the head of the flow was calculated using the time-stamped video frames and 370 

a reference scale along the bottom of the tank.  371 

 372 

LabSFLOC-2 Methodology  373 

Floc properties were measured using the LabSFLOC-2 (Laboratory Spectral Flocculation 374 

Characteristics) method. This method has been used successfully in numerous laboratory- and 375 

field-based flocculation studies and has demonstrated minimal floc disruption during 376 

acquisition (Manning et al., 2007; Mietta et al., 2009),. LabSFLOC-2 uses a non-intrusive 377 

Puffin Paescon UTC 341 high-resolution video camera positioned 75 mm above the base of a 378 

square settling column (190x10x10 mm). This camera observes particles settling in the centre 379 

of the column, using a depth of view of 1 mm at 45 mm in front of the lens. For the present 380 

experiments, the settling column was filled with seawater from the Menai Strait. To minimize 381 

density contrasts, care was taken to match the temperature with that of the seawater in the lock-382 

exchange tank. A 0.4 m long glass pipette (4 mm internal diameter) was positioned in the lock-383 

exchange tank at 60% of the anticipated flow run-out distance (based on an average of 12 384 

replicate experiments). The end of the pipette was placed at 12 mm above the base of the tank, 385 

at the approximate height of the velocity maximum, informed by ultrasonic Doppler velocity 386 

profiler (UDVP) data. A small volume of mixed water, clay and EPS was then extracted from 387 
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the passing head of the flow and immediately transferred to the LabSFLOC-2 settling column 388 

to minimise particle settling within the pipette. The sample was released from the pipette with 389 

the aperture of the pipette in contact with the water surface in the settling column through 390 

gravitational settling.   391 

 392 
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Supplementary Table 1 Summary of EPS data from cores collected during RV Tangaroa 427 
cruise TAN1604 in the outer Hauraki Gulf, New Zealand. 428 

 429 

 430 

  431 

Core  Depth 
(mm) 

Total 
Carbohydrate, 
mean (%) 

Total Carbohydrate, 
standard deviation (%)  

D50 
(µm) 

Textural Description 

CS07 0-10 0.0833 0.0173 125.6 Slightly Gravelly Muddy Sand 

CS07 10-20 0.0850 0.0099 97.42 Muddy Sand 
CS07 20-30 0.0834 0.0109 69.52 Muddy Sand 

CS07 30-40 0.1798 0.0680 49.23 Sandy Mud 
CS10 0-10 0.1685 0.0395 74.75 Muddy Sand 

CS10 10-20 0.1789 0.0145 88.49 Muddy Sand 
CS10 20-30 0.1864 0.0143 93.73 Muddy Sand 

CS10 30-40 0.1809 0.0201 93.73 Muddy Sand 
CS10 40-50 0.1644 0.0192 93.73 Muddy Sand 

CS10 50-60 0.1724 0.0136 81.16 Muddy Sand 
CS10 60-70 0.1696 0.0192 81.61 Muddy Sand 

CS10 70-80 0.1655 0.0232 82.68 Muddy Sand 
CS10 80-90 0.1592 0.0313 77.13 Muddy Sand 

CS14 0-10 0.0918 0.0237 64.69 Muddy Sand 
CS14 10-20 0.0864 0.0150 63.01 Muddy Sand 

CS14 20-30 0.1041 0.0153 81.13 Muddy Sand 
CS14 30-40 0.1222 0.0065 81.13 Muddy Sand 

CS14 40-50 0.0825 0.0173 81.13 Muddy Sand 
CS14 50-55 0.0887 0.0117 83.05 Muddy Sand 

CS14 55-60 0.0941 0.0109 83.05 Muddy Sand 
CS14 60-65 0.0947 0.0193 71.57 Muddy Sand 

CS19  0-10 0.1801 0.0368 15.00 Mud 
CS19 10-20 0.1960 0.0477 15.44 Sandy Mud 

CS19 20-30 0.2104 0.0180 14.88 Mud 
CS19 30-40 0.2597 0.0753 14.42 Mud 

CS19 40-50 0.2158 0.0777 14.33 Mud 
CS19 50-60 0.1010 0.0172 15.53 Sandy Mud 

CS19 60-70 0.1350 0.0779 20.16 Sandy Mud 
CS19 70-80 0.0879 0.0248 18.47 Sandy Mud 

CS19 80-90 0.1041 0.0477 17.16 Sandy Mud 
CS19  90-100 0.0867 0.0290 16.28 Sandy Mud 
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SUPPLEMENTARY FIGURES 432 

 433 

Supplementary Figure 1 Schematic drawing of the lock-exchange tank. 434 

 435 

 436 
Supplementary Figure 2 Outer Hauraki Gulf, New Zealand (see inset) with locations of core 437 
samples CS07 (127 m water depth), CS10 (432 m), CS14 (1149 m) and CS19 (1872 m) taken 438 
during RV Tangaroa cruise TAN1604. Samples were collected with an Ocean Instruments MC-439 
800 multi-corer (10 cm diameter cores).  440 
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 442 

Supplementary Figure 3 Vertical profiles of EPS taken from the outer Hauraki Gulf cores 443 

offshore New Zealand. The vertical lines represent dry weight quantities of EPS used within 444 

the experimental flows: (i) in red, 0.052% EPS in the bed reduced the run-out distance of a 445 

23% kaolinite flow from 3.66 m (EPS-free equivalent) to 2.94 m; (ii) in purple, 0.259% EPS 446 

in the bed was the maximum amount of EPS used to simulate the 23% kaolinite flows, 447 

attaining a reduced run-out distance of 0.6 m. Horizontal lines denote standard deviation of 448 

the mean. Error bars correspond to the standard deviations (%) recorded for each EPS 449 

concentration (Supplementary Table 1). 450 
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 452 
Supplementary Figure 4: Head of F11, 22% clay TTPF without EPS at 1.8 m downstream of 453 

flow release. Run-out distance = 4.69 m. Note pronounced coherent fluid entrainment 454 

structures indicated by the dark blue arrows. Flow direction is from left to right.  455 

 456 

 457 
Supplementary Figure 5: Head of F16, 23% clay TTPF without EPS at 1.8 m downstream of 458 

flow release. Run-out distance = 3.66 m. Note presence of coherent fluid entrainment structures 459 

indicated by the dark blue arrows. Flow direction is from left to right.  460 
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 461 

Supplementary Figure 6: Head velocity of 5% kaolinite flows with and without EPS against 462 

distance travelled along the tank. Values in legend correspond to EPS concentration added. 463 

 464 

Supplementary Figure 7: Head velocity of 10% kaolinite flows with and without EPS against 465 

distance travelled along the tank. Values in legend correspond to EPS concentration added. 466 

 467 

Supplementary Figure 8: Head velocity of 22% kaolinite flows with and without EPS against 468 

distance travelled along the tank. Values in legend correspond to EPS concentration added. 469 

Numbers above the abscissa indicate run-out distances of flows. 470 
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 471 

 472 

Supplementary Figure 9: Normalized run-out distances of 22% (in red) and 23% (in blue) 473 

kaolinite flows with and without EPS against the EPS concentration by weight added to the 474 

flow. Run-out distances were normalized to their respective clay-only run-out distance. R2 = 475 

0.90, p<0.001, n=10. 476 

 477 

Supplementary Figure 10: Normalized Uh,max of 22% (in red) and 23% (in blue) kaolinite 478 

flows with and without EPS against the EPS concentration by weight added to the flow. Uh,max 479 

values were normalized to their respective clay-only Uh,max values. R2 =0.82, p<0.001, n=10. 480 
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 482 
Supplementary Figure 11: Head of F14, 22% clay plug flow with 0.133% EPS at 0.9 m 483 

downstream of flow release. Run-out distance = 2.13 m. Note absence of coherent fluid 484 

entrainment structures. Flow direction is from left to right.  485 

 486 

 487 

Supplementary Figure 12 Distribution of floc size and settling velocity in samples extracted 488 

from the head of the EPS-free 23% kaolinite flow (in orange) and the 23% flow that carried 489 
0.052% EPS (in green). Both samples were collected 12 mm above the base of the tank and at 490 

60% of the respective run-out distance of each flow. Diagonal lines represent contours of 491 
constant Stokes-equivalent excess density: 1600 kg m-3 (in pink), 160 kg m-3 (in green) and 16 492 

kg m-3 (in red). 493 
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