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6 ABSTRACT 

7 Sediment gravity flows exhibit a large range of flow behaviours, making their flow dynamics hard to 

8 predict and the resulting deposits a challenge to interpret. Cohesive sediment gravity flows containing 

9 clay are particularly complex, as their behaviour is controlled by the balance of turbulent and cohesive 

10 forces. A first set of laboratory lock-exchange experiments investigated the effect of adding 25% very 

11 fine sand by volume to high-density cohesive sediment gravity flows with strongly suppressed 

12 turbulence. This caused these mixed clay–sand flows to become more cohesive, have shorter runout 

13 distances, and have lower head velocities than the original pure-clay flows, despite the increase in 

14 density difference and the non-cohesive properties of the sand. Yield stress measurements confirmed 

15 that adding the non-cohesive very fine sand increases the cohesive strength of dense clay suspensions. 

16 This higher cohesive strength outcompetes the enhanced density difference and reduces the flow 

17 mobility. A second set of experiments across a larger range of clay concentrations showed that, for 

18 low-density cohesive sediment gravity flows dominated by turbulent mixing, the addition of 25% very 

19 fine sand increased the head velocities because of the enhanced density difference and weak cohesive 

20 forces. Thus, the addition of very fine sand may increase or decrease the mobility of cohesive sediment 

21 gravity flows, depending on the initial type of flow and the balance between turbulent and cohesive 

22 forces. In the natural environment, we propose that very fine sand can only increase the cohesive 

23 strength and reduce the flow mobility of cohesive sediment gravity flows that have a sufficiently 

24 strong matrix strength to fully support the sand particles. The contribution of very fine sand to the 

25 cohesive strength of high-density cohesive sediment gravity flows may have important implications 

26 for flow transformation on submarine fans, especially in distal regions where transient-turbulent, 

27 cohesive flows are particularly common.

28 1 INTRODUCTION

29 Sediment gravity flows (SGFs) are flows driven by gravity acting on the density contrast between a 

30 sediment-laden fluid and the ambient fluid. SGFs are volumetrically the most important sediment 

31 transport process on our planet and dominate sediment supply to many parts of the deep ocean 
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32 (Talling, 2014). In the natural environment, SGFs vary greatly in rheology and mobility, governed by, 

33 for example, flow velocity, sediment concentration, particle support mechanism, and cohesive clay 

34 content (Mulder & Alexander, 2001; Talling, 2013). There is thus a continuum of SGF behaviour 

35 extending from turbidity currents to debris flows, with turbulence-modulated transitional flows 

36 bridging the gap (e.g., Baker & Baas, 2020). Turbidity currents, defined as flows in which the particles 

37 are supported by the upward component of fluid turbulence generated mainly at the boundaries of 

38 the flows (Middleton & Hampton, 1973), have been rigorously studied (e.g., Middleton, 1966; Parker 

39 et al., 1986; Kneller & Buckee, 2000; Wells & Dorell, 2021). These turbulent flow conditions are present 

40 throughout the flow, including near the bed, producing well-mixed flows without an internal density 

41 interface (Talling et al., 2012). Debris flows, which have not been as well studied as turbidity currents, 

42 are defined as high-concentration, laminar SGFs with weak to no internal turbulence, where a high 

43 concentration of cohesive clay can provide grain support by yield strength (Middleton & Hampton, 

44 1973; Marr et al., 2001; Mulder & Alexander, 2001). Transitional flows, defined as flows with transient 

45 turbulent behaviour, fall between turbidity currents and debris flows (Wang & Plate, 1996; Lowe & 

46 Guy, 2000; Marr et al., 2001; Mohrig & Marr, 2003; Baas et al., 2009, 2011; Sumner et al., 2009; Kane 

47 & Pontén, 2012; Kane et al., 2017). The presence of clay in these flows can increase the flow viscosity 

48 and yield stress and thus modulate the turbulent forces driving the flows (Baas & Best 2002).  

49 Transitional flows have received increasing attention since laboratory experiments demonstrated that 

50 only a small amount of cohesive clay is needed to produce transitional flow behaviour. These flows 

51 are therefore likely to be common in the natural environment (Wang & Plate, 1996; Baas et al., 2009, 

52 2011; Sumner et al., 2009). This has been evidenced by the growing body of literature describing the 

53 deposits of transitional flows, termed hybrid event beds or transitional flow deposits, in the deep-

54 marine environment (e.g., Lowe & Guy, 2000; Barker et al., 2008; Haughton et al., 2009; Kane & 

55 Pontén, 2012). Transitional flow deposits across the distal fringe of deep-marine systems often show 

56 a downstream transition in deposit properties that reflect flow transformation to more cohesive flow 

57 behaviour (e.g., Kane et al., 2017; Baker & Baas, 2020). Understanding the processes responsible for 

58 flow transformation from turbulent to transitional or laminar flow is vital for predicting how changes 

59 in kinematic behaviour affect the mobility of SGFs travelling through a system, and correctly 

60 interpreting transitional flow deposits.

61 The dynamic balance between turbulent forces and cohesive forces within a flow controls transitional 

62 flow behaviour. Turbulent forces are produced mainly at the boundaries of the flow and these are 

63 driven by the density difference, whilst the strength and number of cohesive bonds in the flow control 

64 the cohesive forces (Baas et al., 2009, 2011; Sumner et al., 2009; Baker et al., 2017; Craig et al., 2020). 

65 The shifting balance between turbulent and cohesive forces can promote flow transformation 
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66 between different transitional flow behaviours or cause more dramatic flow transformation to the 

67 end member flow types of turbidity current or debris flow. Flow classification schemes of clay-laden 

68 flows (e.g., Baas et al., 2009; Hermidas et al., 2018) categorise this continuum of flow behaviour. 

69 Laboratory experiments have shown that the sediment composition within a flow can control the 

70 balance of turbulent and cohesive forces. Increasing the clay concentration within a SGF can promote 

71 flow transformation from non-cohesive turbidity current to highly cohesive debris flow and reduce 

72 the flow mobility, provided the clay bonds suppress the turbulent forces (Baas et al., 2009; Sumner et 

73 al., 2009; Baker et al., 2017; Hermidas et al., 2018). Other laboratory experiments have used a fixed 

74 volume concentration and changed the ratio of sand to clay within the flows. These experiments 

75 demonstrated that increasing the non-cohesive sand content in mixed clay–sand flows at the expense 

76 of clay, produces increasingly turbulent flows with higher mobility (Marr et al., 2001; Ilstad et al., 

77 2004). This increase in flow mobility was attributed to a reduced cohesive strength of the starting 

78 suspensions, which enables the density-driven shear forces to break the clay flocs and produce 

79 turbulence-supported flows (Marr et al., 2001). Many experiments, including those cited above, have 

80 demonstrated that the rheology of cohesive SGF suspensions correlates with the flow behaviour of 

81 the suspensions. Parameters such as yield stress of the starting suspension have been shown to 

82 predict the flow behaviour and runout distance (Baker et al., 2017). 

83 Experiments examining how the ratio of sand to clay controls the flow behaviour of cohesive SGFs 

84 often use a fixed volume concentration, so that the driving force – determined by the density 

85 difference – is a controlled variable (e.g., Ilstad et al., 2004). In the natural environment, a changing 

86 SGF concentration, and hence driving force, is likely to be a common occurrence as flows incorporate 

87 water or dewater, as well as deposit sediment or erode the substrate. When sand is added to a SGF, 

88 via erosion of the bed below, the density difference between the flow and the ambient water 

89 increases, encouraging the flows to accelerate. In cohesive SGFs, this should increase the shear-

90 induced turbulence, break the clay bonds and increase the flow mobility, provided the sediment can 

91 be kept in suspension (Middleton, 1966). It is currently unknown how the addition of sand, and hence 

92 the increase in density difference, changes the behaviour of cohesive transitional flows that already 

93 have strongly suppressed turbulence because of a high clay concentration. Within these flows, the 

94 clay gel can limit the development of turbulence, and this may influence how the balance of turbulent 

95 and cohesive force changes. 

96 This paper investigates how the addition of a small amount of very fine sand changes the flow 

97 behaviour and mobility of low-density through to high-density cohesive SGFs in the laboratory, to help 

98 better understand their flow dynamics and deposits in the natural environment. These experiments 
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99 contrasted the flow behaviour of pure-clay flows with clay flows to which the sand had been added. 

100 The principal aims of this research wereare:

101 1. to determine how increasing the volume concentration from the addition of very fine sand 

102 changes the flow behaviour, flow velocity, runout distance, and deposit geometry of high-

103 density cohesive SGFs; 

104 2. to determine how increasing the volume concentration from the addition of very fine sand 

105 changes the flow velocity of cohesive SGFs across a larger range of sediment concentrations 

106 and flow behaviours;

107 3. to investigate how the addition of very fine sand changes the yield stress of the high-density 

108 clay-laden starting suspensions, and to discuss possible explanations for the observed 

109 changes;

110 4. to discuss the wider potential implications of these results for natural sediment gravity flows 

111 and their deposits.

112 2 MATERIALS AND METHODS

113 2.1 Lock-exchange flume experiments

114 In order to determine the effect of very fine sand on cohesive SGF dynamics, sediment gravity flows 

115 were produced in a 5-m- long, 0.2-m- wide, and 0.5-m- deep, smooth-bottomed lock-exchange tank. 

116 The tank comprises a 0.31-m- long reservoir that was filled with a suspension up to a depth of 0.35 m. 

117 The reservoir is separated by a lock gate from the main compartment of the flume, which was filled 

118 with seawater to the same depth. The SGFs were composed of either pure clay and seawater or a 

119 mixture of clay, sand, and seawater (Tables 1, 2). The seawater used was filtered from the Menai Strait 

120 (NW Wales, UK). Bentonite clay provided by RS Minerals Ltd. was used as clay material. This bentonite 

121 is composed of Na-montmorillonite and it is a strongly cohesive clay with a median particle size, D50, 

122 of 5.6 μm. Inert, well-sorted, spherical glass beads from Potters Industry Inc. were used to simulate 

123 very fine sand grains. Two sets of experiments were conducted. The first set of experiments focused 

124 on high-density cohesive SGFs and used glass beads with a D50 of 98 μm. The second set of experiments 

125 used a wider range of clay flow densities and comprised glass beads with a D50 of 116 μm. 

126 A consistent method was used to prepare each suspension to account for any time-dependent 

127 behaviour of the mixtures. This method comprised mixing half of the seawater and sediment in a 

128 concrete mixer for 15 minutes, before adding the second half and mixing for a further 15 minutes. The 

129 mixture was then decanted in a container and mixed with a handheld mixer for a further 10 minutes. 

130 The suspension was gradually added to the reservoir as the rest of the tank was filled with seawater. 
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131 To start an experiment, the mixture in the reservoir was mixed for a further 60 s using the handheld 

132 mixer before lifting the gate. 

133 Once the gate had been lifted, a high-definition video camera tracked the front of the flow along the 

134 length of the tank. The velocity of the head of the flow was determined using the time-stamped video 

135 frames and scale at the bottom of the flume. The SGF deposit height with distance along the tank was 

136 measured along the centre line of the flume using a SeaTek 5 MHz Ultrasonic Ranging System, which 

137 calculates the vertical distance to the deposit by means of the two-way travel time of an ultrasound 

138 pulse. Flow runout distances, defined as the maximum deposit extent from the lock gate, were 

139 recorded for all flows that stopped before reaching the end of the tank.

140 To obtain grain-size samples from the mixed clay–sand deposits, each deposit was left to settle for 24 

141 hours, the water slowly drained from the tank over another period of 24 hours, and the deposit left 

142 to partially dry for 7 days. Sediment cores were taken every 0.2 m from the lock gate along the centre 

143 line of the deposit, using 30-mm diameter 60-ml syringe cores. The cores were frozen, before being 

144 subsampled by cutting each core into horizontal slices, 2.5 mm or 5 mm thick, depending on the 

145 strength of the core.  Grain-size analysis was conducted on the samples using a Malvern 2000 laser 

146 particle sizer (Malvern Panalytical Ltd., Malvern, U.K.). The grain-size data were converted into 

147 percentage clay and percentage sand using 57 μm as the cut-off between the two sediment types, as 

148 the glass beads have a lower grain-size limit of 63 μm. 

149 2.2 Experiment set 1: Lock-exchange flume experiments adding 25% very fine sand or clay toFlow 

150 compositions for high-density pure-clay flowsflows 

151 For the first set of experiments, the very fine sand was added to 14.4% and 16% pure-clay flows to 

152 study the effect of very fine sand on high-density cohesive SGF behaviour and deposits. These flows 

153 were chosen as they are at the top of the maximum head velocity against flow concentration curve 

154 for bentonite clay (Baker et al., 2017; their figure 10A), where the turbulent forces driving the flow 

155 and the cohesive forces limiting flow mobility are inferred to be finely balanced. The volume 

156 concentration of the mixed clay–sand flows, Ccs, was determined using the following equation: 

157 𝐶𝑐𝑠 = 𝐶𝑐 + 𝐶𝑠 #(1)

158 where Cc is the concentration of the original pure-clay flows and Cs is the concentration of sand, 

159 calculated by: 

160 𝐶𝑠 = 0.25 𝑥 𝐶𝑐 #(2)

Page 5 of 39 Sedimentology



6

161 In addition, pure-clay flows of the same volume concentration as the mixed clay–sand flows were 

162 produced as a control, to establish if there is a difference between increasing the volume 

163 concentration by 25% with clay or very fine sand; these flows are termed control clay flows. The details 

164 of all the high-concentration cohesive SGF experiments are given in Table 1.

165 The 15% clay flow of Baker et al. (2017), who applied the same experimental set-up as the present 

166 study, was used to represent the pure 14.4% pure-clay flow in this study, under the assumption that 

167 the difference in behaviour between 14.4% and 15% clay flows is small and within the error range of 

168 the experiments. This assumption was tested using equations relating flow behaviour to bentonite 

169 clay concentration by Baker et al. (2017). These equations predict the maximum head velocity and 

170 runout distance of bentonite clay flows based on dimensional analysis of experimental data for 

171 bentonite clay flows from 1% to 20% volume concentration. These predictions show that a 14.4% 

172 bentonite clay flow has the same maximum head velocity as the 15% bentonite clay flow and a runout 

173 distance within 0.2 m. 

174 2.3 Rheology Determining the starting suspension measurements yield stress of the high-density 

175 flow cohesives SGFs

176 DSubaerial dam break experiments following the methods of Balmforth et al. (2007) and Matson & 

177 Hogg (2007) were conducted to determine the yield stress of the starting suspensions used in the first 

178 set of lock-exchange experiments for the high-density cohesive SGFs. This method calculates the yield 

179 stress from the runout distance of the suspensions based on the idea that non-Newtonian fluids 

180 become stationary when the gravitational forces are in equilibrium with the yield stress. The 

181 experimental set- up used a small lock-exchange tank, 0.105 m wide, 0.59 m long, and 0.12 m deep, 

182 with a reservoir, 0.095 m long. A 0.7-L suspension of pure clay or clay–sand of the same composition 

183 as the suspensions used in the large lock-exchange Eexperiment set 1s was prepared in a 1.5-L screw 

184 cap bottle and manually shaken for 10 minutes. The suspension was then put into the reservoir to a 

185 height of 0.05 m, the gate lifted, and the runout distance of the suspension, X, measured. The yield 

186 stress, τy, was then determined using the following equations, theoretically derived from a numerical 

187 model by Balmforth et al. (2007) and Matson & Hogg (2007): 

188 𝜏𝑦 =  
𝐵𝜌𝑔𝐻2

𝐿  #(3)

189 where ρ is the density of the suspension, g is the acceleration due to gravity, H is the height of the 

190 suspension and L is the reservoir length. The Bingham number, B, is defined as the ratio of yield stress 

191 to the stresses generated by the weight of the flowing layer. In these experiments the Bingham 

192 number was always less than 1/3, as the final profile of the deposit showed evidence that all fluid had 
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193 flowed (Matson & Hogg, 2007, their fig. 2), and B can be calculated from the runout distance of the 

194 suspension by:

195 𝐵 =  
9

8𝑋3 #(4)

196

197 Results of the subaerial dam break experiments are given in Table 3.

198 2.4 4 Experiment set 2: Lock-exchange flume experiments adding 25% very fine sand to pure-clay 

199 flows across a large range of concentrationsLock-exchange flume experiments across large range of 

200 cohesive SGF concentrations

201 A second experiment set of experiments was conducted to investigate the effect of adding 25% 

202 volume concentration of very fine sand to cohesive pure-clay SGFs across a larger range of flow 

203 concentrations, and hence flow behaviours. Six pure-clay flows were produced, from 10% to 17% 

204 volume concentration, and contrasted with six clay–sand flows where the volume concentration was 

205 increased by the addition of 25% sand, producing flows with total volume concentrations of from 

206 12.5% to 21.3% volume concentration. The concentrations used were determined using Equations 1 

207 and 2, as for Experiment set 1 looking atthe high-density clay flows experiments. Details of the 

208 experimental results from the second campaign of experimentsExperiment set 2 are given in Table 2. 

209 Experiment set 2 These experiments used a different batch of bentonite clay from the same supplier,  

210 used glass beads with a slightly larger grain size (D50 of 116 μm compared to 98 μm), and were was 

211 conducted at a different time of year compared to the first set of experiments. The bentonite is  

212 composed of ~92% Na-Montmorillonite from multiple deposits worldwide,. dDifferent batches have 

213 slightly different chemical compositions and mineralogy, which can strongly influence the rheological 

214 properties of the experimental suspensions. The disparate clay and seawater properties between 

215 these two sets of experiments produced suspensions with slightly different cohesive properties for 

216 the same clay concentrations and can therefore not be directly compared. Yet, the principal 

217 relationships between sand content and flow dynamics were similar for both sets of experiments. 

218 3 RESULTS

219 3.1 Experiment set 1: Lock-exchange flume experiments adding 25% very fine sand or clay to high-

220 density pure-clay flowsLock-exchange flume data for the high-density flows

221 The flow behaviour, velocity profilesmaximum head velocity, and runout distances from the first set 

222 of of the experiments onal high-density cohesive SGFs are presented in Table 1 and Figure 3, and each 

223 flow was visually classified into a flow type following Baker et al. (2017; Table 34). Below, the results 
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224 are described separately for the two principal trios of experiments. First, the original 15% pure-clay 

225 flow is contrasted with the 18% clay–sand flow and the 18% control clay flow. Second, the original 

226 16% pure-clay flow is compared to the 20% clay–sand and 20% control clay flows. 

227 3.1.1 Adding 25% very fine sand or clay to the 15% pure-clay flow and 18% mixed clay–sand flow

228 Flow behaviour 

229 The video recordings show that the 15% original pure-clay flow consisted of two zones: a dark lower 

230 zone 1 composed of a dense, quasi-laminar “plug” layer without visible mixing, and a lighter-coloured 

231 upper zone 2, where ambient water mixed into the flow and Kelvin-Helmholtz instabilities developed 

232 along the upper surface. The head of the 15% pure-clay flow had a pointed semi-elliptical shape with 

233 a prominent nose. Within zone 1, linear features of clear ambient water along the sidewall of the 

234 flume, defined as coherent fluid entrainment structures (Baker et al., 2017), developed. The 18% clay–

235 sand flow had the same two-part flow structure as the 15% pure-clay flow. However, the head of the 

236 18% clay–sand flow was more rounded with a lighter-coloured upper zone 2, and numerous coherent 

237 fluid entrainment structures were observed. Both the 15% pure-clay flow and the 18% clay–sand flow 

238 are classified as a high-density turbidity currents following Baker et al. (2017; Table 34). 

239 The 18% control clay flow primarily comprised a dense laminar plug layer without coherent fluid 

240 entrainment structures, and a dilute suspension cloud on the top of the flow. The flow had a blunt 

241 semi-circular head during the initial and final flow stages. The head of the flow lifted off the base of 

242 the flume and folded back on itself, attaining a roller-wave-like shape (Table 34). The 18% control clay 

243 flow is classified as a mud flow following Baker et al. (2017). Mud flows (containing grain sizes of <63 

244 μm) and debris flows (comprising all grain sizes) are characterised by their strong to full turbulence 

245 suppression and limited mixing at the upper boundary (Baker et al., 2017; Table 34). 

246 Flow velocity and runout distance 

247 The head velocity of all the experimental flows increased rapidly as the flows left the reservoir (Fig. 

248 1A). The 15% pure-clay flow and 18% clay–sand flow accelerated to similar maximum head velocities 

249 of 0.35 m s-1 and 0.36 m s-1, respectively, after which the head velocity of both flows stabilised, but 

250 with superimposed higher-frequency fluctuations.  At distance from the lock gate, x, of 2.6 m the 18% 

251 clay–sand flow displayed a rapid decrease in velocity in the final flow stages to produce a runout 

252 distance, X,  of 3.52 m (Fig. 1A,C). In contrast, the head velocity of the 15% pure-clay flow reduced 

253 slightly from x = 3.2 m to x = 4.4 m, before rapidly decelerating to zero resulting in a runout distance 

254 of 4.66 m. The 18% control clay flow accelerated to a maximum head velocity of 0.27 m s-1. Once the 
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255 maximum head velocity was reached, the flow then decelerated quickly to produce a runout distance 

256 of 1.42 m (Fig. 1A,C). 

257 3.1.2 Adding 25% of very fine sand or clay to the 16% pure-clay flow and 20% mixed clay–sand flow

258 Flow behaviour 

259 The 16% pure-clay flow had the same two-zone structure, pointed semi-elliptically shaped head, and 

260 coherent fluid entrainment structures in the dense lower layer as the 15% pure-clay flow. The 16% 

261 pure-clay flow is therefore also categorised as a high-density turbidity current (Baker et al., 2017; 

262 Table 34). In contrast, the 20% clay–sand flow comprised a dense plug layer that lacked any noticeable 

263 internal turbulence or mixing with the ambient water, although a dilute suspension cloud developed 

264 at the front of the flow. The head of the 20% clay–sand flow curled back on itself before attaining a 

265 tall, rounded shape that was maintained until the final flow stages. Faint coherent fluid entrainment 

266 structures were observed in the lower zone from x = 0.5 to x = 1.5 m. This behaviour of the 20% clay–

267 sand flow describes a debris flow (Baker et al., 2017; Table 34). The 20% control clay flow travelled 

268 out of the reservoir as a coherent mass for 0.22 m and did not mix with the ambient water. This flow 

269 lacked a clearly defined head and is classified as a slide following the definition of a high-density SGF 

270 that moves as a coherent mass without significant internal deformation (Martinsen, 1994; Mohrig & 

271 Marr, 2003; Table 34). 

272 Flow velocity and runout distance 

273 The 16% pure-clay flow accelerated quickly once the lock gate was lifted and then maintained a 

274 reasonably constant head velocity until x = 3.6 m. Thereafter, rapid flow deceleration produced a 

275 runout distance, X,  of 3.77 m (Fig. 1B,D). The 16% pure-clay flow had a maximum head velocity of 

276 0.37 m s-1, compared to 0.31 m s-1 for the 20% clay–sand flow. After the initial increase in head velocity 

277 upon leaving the reservoir, the 20% clay–sand flow gradually decelerated to x = 1.5 m. The head 

278 velocity of the flow then rapidly decreased, resulting in a runout distance of 1.79 m. The 20% control 

279 clay flow displays a different velocity profile compared to those presented above; this flow reached a 

280 maximum head velocity of only 0.07 m s-1 before decelerating to a runout distance of 0.22 m (Fig. 

281 1B,D).

282 3.2 1.3 Grain-size trends in the high-density mixed clay–sand deposits 

283 The deposits of the mixed clay–sand flows were sampled to investigate vertical and horizontal changes 

284 in clay and sand percentage. These results are presented in Figuress 1E and 1F as percentage clay 

285 content. A reduction in percentage clay, and hence increase in percentage sand, represents a 

286 coarsening trend, whilst the opposite signifies a fining trend. Figure 1E 1F demonstrates that the clay–
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287 sand deposit of the 20% flow lacked horizontal and vertical changes in clay percentage. In contrast, 

288 the clay–sand deposit of the 18% flow shows both horizontal and vertical variations in the percentage 

289 clay (Fig. 1F1E). All sampled locations in the deposit demonstrate a fining upward trend via a vertical 

290 increase in percentage clay. Along the deposit of the 18% clay–sand flow, the most proximal location, 

291 at x = 0.20 m, had a slightly lower percentage clay in near-bed samples, i.e., at ≤1112.5.25 mm above 

292 the bed, compared to the two more distal locations, which had similar grain-size profiles. The base of 

293 the deposit of the 18% clay–sand flow therefore became modestly finer with distance from the lock 

294 gate until x ≈ 1.4 m; thereafter, the grain size was constant.

295 3.3 3.1.4 Rheology Starting suspension yield stress of the high-density cohesive SGFsresults

296 The yield stress measurementsof the starting suspensions used in the lock-exchange experiments for 

297 the high-density cohesive SGFs in Experiment set 1 werewas calculated from the subaerial dam break 

298 experiments, following the methods of Balmforth et al. (2007) and Matson & Hogg (2007). These yield 

299 stress values demonstrate that increasing the volume concentration of the pure clay and mixed clay–

300 sand suspensions increases the yield stress exponentially (Fig. 2). Figures 3A and 3D focus on the yield 

301 stress values of the suspensions used in the lock-exchange experiments and show that the yield stress 

302 of the pure clay suspensions increases after the addition of sand and clay. The yield stress of the 15% 

303 pure-clay suspension increased by a factor of 2.2, from 2.3 Pa to 5.0 Pa, by adding sand to produce 

304 the 18% clay–sand suspension (Fig. 3A). These values compare to 21.3 Pa for the 18% control clay 

305 suspension. The 16% pure-clay suspension had a yield stress of 4.6 Pa. The addition of 25% sand 

306 increased the yield stress to 11.8 Pa for the 20% clay–sand suspension, an increase of a factor of 2.5 

307 (Fig. 3D). The 20% control clay suspension had a yield stress of 67.5 Pa in comparison. These results 

308 demonstrate that adding 25% sand to a high-concentration clay suspension causes a significant 

309 increase in yield stress, which was unexpected given that the sand particles were non-cohesive. 

310 3.24 Experiment set 2: Lock-exchange flume experiments adding 25% very fine sand to pure-clay 

311 flows across a large range of cohesive SGF concentrations

312 Table 2 and Figure 4 outline the changes in head velocity, flow behaviour and runout distance between 

313 the pure-clay flows and clay–sand flows, where the volume concentration was increased by adding 

314 25% very fine sand, across a larger range of initial clay concentrations than in the first set of 

315 experiments.

316 Flow behaviour

317 The 10%, 12%, 13.5% and 14.4% pure-clay flows had pointed semi-elliptically shaped heads and were 

318 fully turbulent i.e., without any internal density interface. These flows mixed readily with the ambient 
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319 water to form Kelvin-Helmholtz instabilities, and they are classified as low-density turbidity currents 

320 (Baker et al., 2017). Increasing the volume concentration of these flows by adding 25% sand to 

321 produce the 12.5%, 15%, 16.9% and 18% clay–sand flows generated flows with similar behaviour to 

322 their pure clay counterparts, dominated by strong turbulent mixing. The 12.5% to 18% clay–sand flows 

323 are therefore also categorised as low-density turbidity currents. 

324 The 16% pure-clay flow comprised two zones: a lower quasi-laminar “plug” zone 1 covered by a lighter 

325 zone 2 that mixed with the ambient water. This flow behaviour is typical of high-density turbidity 

326 currents (Table 24). Adding sand to produce the 20% clay–sand flow made a flow that had the same 

327 two-zone structure as the 16% pure-clay flow, but with a thicker zone 1 and a more rounded head 

328 shape. 

329 The 17% pure-clay flow also behaved as a high-density turbidity current with a dense lower layer and 

330 rounded head shape. In contrast, the 21.3% clay–sand flow comprised a dense plug flow that did not 

331 mix with the ambient water, although a weak suspension cloud developed as it travelled along the 

332 tank. The 21.3% clay–sand flow had a blunt semi-circular shaped head and is classified as a debris flow 

333 (Baker et al., 2017). 

334 Flow velocity and runout distance 

335 All the flows accelerated rapidly upon leaving the reservoir; thereafter, the head velocity decreased 

336 along the remainder of the flow path (Fig. 4).  For the 10%, 12%, 13.5% and 14.4% pure-clay flows, 

337 increasing the volume concentration by adding 25% sand produced flows that accelerated to a greater 

338 maximum head velocity, and these greater head velocities remained along the length of the tank (Figs 

339 4 and 5). 

340 The 20% clay–sand flow was faster than the equivalent 16% pure-clay flow in the first 3 m along the 

341 tank, but the velocity difference was smaller than in the lower-concentration flows (Figs 4 and 5). The 

342 20% clay–sand flow then decelerated rapidly to produce a runout distance of 3.68 m compared to 

343 4.36 m for the 16% pure-clay flow (Fig. 4). 

344 The 21.3% clay–sand and 17% pure-clay flows had similar maximum head velocities and head velocity 

345 profiles at x < 1.8 m (Fig. 4). The 21.3% clay–sand flow then decelerated quickly from x = 2 m to produce 

346 a runout distance of 2.39 m. The 17% pure-clay flow decelerated rapidly from x ≈ 3 m and had a runout 

347 distance of 3.25 m. 
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348 4 PROCESS INTERPRETATIONS

349 The experimental results presented herein demonstrate that increasing the volume concentration by 

350 adding 25% sand or clay changes the flow behaviour, head velocity, and runout distance of the high-

351 density cohesive SGFs, as well as their suspension yield stress (Table 3; Fig. 3). Adding very fine sand 

352 to the pure-clay flows first increased and then decreased the flow mobility, as the initial clay 

353 concentration was increased (Figs 4 and 5).  The changes in flow behaviour and rheology of the high-

354 density pure-clay flows in Experiment set 1, along with the grain-size trends in the mixed clay–sand 

355 deposits, are interpreted first (Sections  4.1 and 4.2). The effect of adding very fine sand across the 

356 larger range of cohesive SGF concentrations from Experiment set 2 is discussed thereafter (Section 

357 4.3). 

358 4.1 Experiment set 1: Lock-exchange flume experiments adding 25% very fine sand or clay to high-

359 density pure-clay flows

360 4.1.1  Adding 25% very fine sand or clay to the 15% pure-clay flowHigh-density 15% clay flow and 

361 18% mixed clay–sand flow

362 Both the 15% pure-clay flow and 18% clay–sand flow were classified as high-density turbidity currents. 

363 Baker et al. (2017) interpreted high-density turbidity currents as flows in which the sediment is 

364 supported primarily by fluid viscosity from high clay concentrations. High-density turbidity currents 

365 can therefore be considered to have transitional, turbulence-modulated flow behaviour. The grain-

366 size data for the deposit of the 18% clay–sand flow supports the high-density turbidity current 

367 classification. The modest upward and downflow fining of this deposit demonstrates that some sand 

368 was able to settle out of suspension as the flow travelled along the tank. This suspension settling is 

369 interpreted to occur in the lower transient-turbulent layer, i.e. zone 1, of the flow (Table 34). If the 

370 18% clay–sand flow had behaved as a low-density turbidity current, the upward and downflow fining 

371 of sand would have been more pronounced. For flows characterised as laminar debris flows, no 

372 grading would be expected. 

373 Despite both flows behaving as high-density turbidity currents, the flow behaviour changed when sand 

374 was added to the 15% pure-clay flow to produce the 18% clay–sand flow. The 18% clay–sand flow had 

375 a more rounded head than the 15% pure-clay flow and a lighter-coloured upper layer than the 15% 

376 pure-clay flow because of reduced mixing with the ambient water. These differences suggest the 18% 

377 clay–sand flow had greater cohesive strength than the 15% pure-clay flow, as the flow was able to 

378 resist streamlining of the head by the ambient water and limit the shear-induced mixing in the upper 

379 zone 2 of the flow (Table 34). 
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380 The head velocity profiles demonstrate that the 18% clay–sand flow was less mobile than the 15% 

381 pure-clay flow (Fig.s 1A and 3C). Although both flows reached similar maximum head velocity values, 

382 the 18% clay–sand flow decelerated closer to the point of release than the 15% pure-clay flow. This 

383 resulted in a shorter runout distance for the 18% clay–sand flow (Figs 1A and 3B). It is inferred that, 

384 despite having a greater density difference with the ambient water, stronger cohesive forces in the 

385 18% clay–sand flow were able to outcompete the turbulent forces closer to the point of release 

386 compared to the 15% pure-clay flow. The interpretations based on head shape and flow behaviour 

387 that the 18% clay–sand flow had greater cohesive strength than the 15% pure-clay flow are supported 

388 by the yield stress data, which show that the 18% clay–sand suspensions had a higher yield stress than 

389 the 15% pure-clay suspension. The mechanisms that cause non-cohesive sand to increase the yield 

390 stress of clay suspensions are discussed in Section 5below.  

391 The 18% control clay flow had a lower head velocity and a shorter runout distance than both the 15% 

392 pure-clay flow and the 18% clay–sand flow (Figs 1A and 3B). The change in flow behaviour was also 

393 greater; the addition of 25% clay promoted flow transformation from a high-density turbidity current 

394 to a cohesive mud flow (Table 34). The 18% control clay suspension had a larger yield stress than both 

395 the 15% pure-clay and 18% clay–sand suspensions (Fig. 3A). The effects on the flow behaviour, flow 

396 mobility and suspension yield stress from the addition of 25% clay to the 15% pure-clay flow to 

397 produce the 18% control clay flow mirrors the results of Baker et al. (2017) in that, at these high clay 

398 concentrations, the clay particles are able to collide and form stronger clay flocs and gels, increasing 

399 the viscosity and shear strength of the flows at the expense of shear-induced turbulence. 

400 4.1.2 Adding 25% very fine sand or clay to the 16% pure-clay flowHigh-density 16% clay flow and 

401 20% mixed clay–sand flow

402 The reduction in flow mobility of the 18% clay–sand flow compared to the 15% pure-clay flow is 

403 mirrored when comparing the 20% clay–sand flow to the 16% pure-clay flow. The 16% pure-clay flow 

404 had a greater head velocity and was mobile for longer than the 20% clay–sand flow (Fig. 1B). This 

405 resulted in a shorter runout distance for the 20% clay–sand flow. The addition of 25% sand to the 16% 

406 pure-clay flow to produce the 20% clay–sand flow also enabled flow transformation. The 16% pure-

407 clay flow was classified as a high-density turbidity current, whilst the 20% clay–sand flow behaved as 

408 a debris flow with a rounded, folded head and a dense plug that hardly mixed with the ambient water 

409 (Table 34). The absence of any changes in grain size throughout the deposit of the 20% clay–sand flow 

410 supports the debris-flow classification, as a laminar plug with strong to full turbulence suppression is 

411 required to produce non-graded deposits (Mulder and Alexander, 2001).
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412 The mechanism responsible for these changes in flow behaviour and flow mobility between the 16% 

413 pure-clay flow and 20% clay–sand flow are is interpreted to be the same as described above for the 

414 15% pure-clay flow and 18% clay–sand flow. The addition of sand increased the cohesive strength of 

415 the flow, supported by the higher yield stress of the 20% clay–sand suspension compared to the 16% 

416 pure-clay suspension (Fig. 3D). This increase in cohesive strength outweighed the increased density 

417 difference between the flow and the ambient fluid, thus reducing the flow mobility of the 20% clay–

418 sand flow compared to the 16% pure-clay flow (Fig. 3E, F). 

419 The 20% control clay flow slid out of the reservoir and had a runout distance of merely 0.22 m. This 

420 flow mobility was drastically lower than that of the 16% pure-clay flow and also considerably lower 

421 than that of the 20% clay–sand flow (Fig. 3E). This further supports the above interpretation that 

422 increasing the volume concentration by adding 25% clay to high-density cohesive SGFs increases the 

423 number and strength of cohesive bonds, leading to less mobile, turbulence-suppressed flow (Baker et 

424 al., 2017).  

425 4.32 Experiment set 2: Lock-exchange flume experiments adding 25% very fine sand to pure-clay 

426 flows across a large range of concentrationsEffect of adding 25% very fine sand across a largerr range 

427 of cohesive SGF concentrations

428 The second set of experiments described in Section 3.4 2 demonstrates that the addition of very fine 

429 sand to cohesive SGFs can both increase and decrease the flow mobility. 

430 The 10% to 14.4% pure-clay flows weare classified as low-density turbidity currents. For these flows, 

431 the particles are supported by the upward component of fluid turbulence generated mainly at the 

432 boundaries of the flow (Middleton & Hampton, 1973). For the 10% to 14.4% pure-clay flows, the 

433 cohesive forces of the clay likely had a minimal influence on the flow dynamics, as the turbulence 

434 limited the formation of clay flocs and gels (cf., Baker et al., 2017; their table 3). Adding 25% sand to 

435 the 10% to 14.4% pure-clay flows increased the head velocity of these flows along the entire length of 

436 the tank (Fig. 4). This consistent increase in head velocity can be explained by the non-cohesive sand 

437 increasing the density difference between the flow and the ambient water, thus increasing the driving 

438 force, in the absence of sufficiently large cohesive forces. 

439 In contrast, for the higher concentration 16% and 17% pure-clay flows, adding 25% very fine sand 

440 reduced the mobility and runout distance of these flows (Fig. 4). As already discussed for the first set 

441 of experiments, the addition of very fine sand to high-density clay flows appears to increase the 

442 cohesive strength of the flow. This greater cohesive strength outcompetes the increased density 

443 difference between the flow and the ambient fluid, thus reducing the flow mobility. 
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444 5 HOW DOES NON-COHESIVE SAND INCREASE THE YIELD STRESS OF HIGH-CONCENTRATION 

445 CLAY SUSPENSIONS? 

446 The rheological data demonstrate that adding clay and adding sand to a dense clay suspension 

447 increases the suspension yield stress by a considerable amount (Fig. 3A, D), even though the sand is 

448 non-cohesive. These increases in yield stress and corresponding reductions in flow runout distance 

449 potentially have important consequences for predicting SGF mobility. It is therefore beneficial to 

450 discuss the physical processes responsible for the observed increases in yield stress. Increasing the 

451 concentration of clay in a suspension increases the number of clay particles and allows a greater 

452 number of electrostatic bonds to be formed between the clay particles, increasing the suspension 

453 yield stress (Winterwerp & van Kesteren, 2004; Baas & Best, 2002).  The increase in yield stress with 

454 the addition of non-cohesive sand to the clay suspensions is in line with the limited amount of work 

455 published on the yield stress and apparent viscosity of mixed clay–sand suspensions containing a 

456 range of clay mineral types (Major and Pierson, 1992; Coussot & Piau, 1995; Ancey & Jorrot, 2001; 

457 Mahaut et al., 2008). The processes responsible for increasing the yield stress by adding non-cohesive 

458 sand to a clay suspension are discussed below. 

459 The behaviour of large non-cohesive particles, here sand, in a non-Newtonian suspension, here a clay 

460 suspension, is complex because of the variety of potential interactions between the particles (Mahaut 

461 et al., 2008). To simplify the system, rheological studies consider the clay suspensions as a ‘yield stress 

462 fluid’ with non-cohesive particles embedded in the fluid (e.g., Ovarlez et al., 2015). Following this 

463 approach, the term ‘particle’ refers exclusively to the non-cohesive sand particles from hereon. The 

464 potential interactions of the sand particles within the clay suspension can be divided into mechanical 

465 interactions and physicochemical interactions. Mechanical interactions encompass hydrodynamic 

466 particle-fluid interactions and physical particle-particle interactions, such as friction and collisions. 

467 Hydrodynamic particle-fluid interactions describe how the motion of a particle in a fluid induces a 

468 long-range flow field that is felt by other particles (Russel et al., 1989).  As particles react to these 

469 changes in the fluid’s local velocity, the forces required to maintain the flow are increased, and so is 

470 the fluid yield stress (Yammine et al., 2008). Physicochemical interaction defines particle-particle and 

471 particle–-clay forces of attraction (Mahaut et al., 2008). 

472 Rheological studies have generally found that mechanical interactions are the main process by which 

473 the large non-cohesive particles increase the yield stress of non-Newtonian suspensions. Several lines 

474 of enquiry support this. Firstly, sand is inert without surface charge, as are the glass beads used in 

475 these experiments, which renders particle–-particle and particle-–clay forces of attraction unlikely. 

476 Secondly, Mahaut et al. (2008) designed and conducted experiments to evaluate the purely 
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477 mechanical contribution of non-cohesive particles in yield stress fluids. Mahaut et al. (2008) found 

478 that for bentonite suspensions the addition of glass beads (of particle diameters 140, 330 and 2000 

479 µm) increased the measured yield stresses. Finally, theoretical rheological studies have demonstrated 

480 that mathematical models that include only the mechanical interactions correctly predict the 

481 observed changes in yield stress for a variety of particle and yield stress fluid types (e.g., Chateau et 

482 al., 2008; Vu et al., 20092010; Ovarlez et al., 2015). 

483 Out of the mechanical interactions, hydrodynamic interactions are often considered to be the most 

484 important for the observed increase in yield stress of non-Newtonian suspensions containing particles 

485 (cf., Sengun & Probstein, 1989; Yammine et al., 2008). In contrast, Ancey and Jorrot (2001) proposed 

486 ‘”depletion of clay particles” to explain the increase in yield stress they observed when glass beads or 

487 sand were added to a 25% kaolin clay suspension. Based on ideas from polymer science, Ancey and 

488 Jorrot (2001) suggested that in the close vicinity of large particles, the concentration of clay particles 

489 or flocs reduces because of spatial constraints. In the remaining space away from the large particles, 

490 the clay concentration thus increases slightly, and this increases the yield stress of the entire 

491 suspension (Russel et al., 1992; Ancey and Jorrot, 2001). Ancey and Jorrot (2001) speculated that the 

492 depletion results either from surface repulsion forces between the kaolin particles and the coarse 

493 particles, or changes in the floc structure of the kaolin. For the clay–sand suspensions presented here, 

494 hydrodynamic particle-fluid interactions are hypothesised to be the most important mechanical 

495 interaction responsible for the observed increase in yield stress of the clay suspension from the 

496 addition of sand (cf., Sengun & Probstein, 1989; Yammine et al., 2008; Fig. 3). Physical particle-particle 

497 interactions, such as friction and collisions, are likely to be negligible, considering the low  

498 concentrations of sand (below 4.3%) in our experiments. These low sand concentrations limit the 

499 opportunities for particles to collide and interact. The local depletion of clay particles near the large 

500 particles, as proposed by Ancey and Jorrot (2001), may also occur. However, it seems unlikely that 

501 depletion results from repulsive forces between the inert glass beads and the clay particles, so yet 

502 unstudied changes in the clay floc or gel structure are deemed a more probable explanation. 

503 6 DISCUSSION 

504 6.1 Effect of adding sand to natural cohesive SGFs across a large range of flow behaviours 

505 The present experiments have demonstrated that the addition of a small amount of non-cohesive very 

506 fine sand to cohesive SGFs can both increase and decrease the flow mobility, depending on how the 

507 inclusion of this sand changes the balance of turbulent and cohesive forces in the flow. These 

508 experiments have shown, for the first time, that the addition of very fine sand to high-density cohesive 

509 SGFs can increase the yield stress of clay suspensions and reduce the mobility of the flows. The 
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510 mechanical interactions that are considered the main mechanism by which the sand increases the 

511 suspension yield stress are expected to occur also in natural suspensions (Mahaut et al., 2008). Since 

512 natural cohesive SGFs are likely to contain at least some sand and silt, the effect of non-cohesive 

513 sediment on the cohesive properties of these SGFs needs to be considered. Below, a conceptual model 

514 for the effect of adding non-cohesive, very fine sand to cohesive SGFs is suggested for the full range 

515 of initial flow conditions. 

516 For weakly cohesive flows that behave as low-density turbidity currents in the natural environment, 

517 the low clay concentration renders the clay minerals unable to collide and flocculate, and thus 

518 turbulent forces dominate these flows. As demonstrated by the experiments, the addition of a small 

519 amount of very fine sand to low-density turbidity currents, e.g., by the erosion of sandy substrates 

520 under natural conditions, increases the density difference driving the flow, and this should increase 

521 the flow velocity and further promote turbulent mixing (Fig. 6). Adding greater amounts of very fine 

522 sand will further increase the excess density and flow velocity until the flow is saturated with sand and 

523 the particles can no longer be supported. Grain-to-grain interactions between the sand particles then 

524 dampen turbulent forces and limit flow mobility, and the flow likely undergoes ‘frictional freezing’ and 

525 en-masse deposition (Mulder and Alexander, 2001). Baker et al. (2017) showed, for silt particles, that 

526 frictional freezing happens at ultra-high concentrations of c. 50% by volume.  

527 For high-density, strongly cohesive SGFs dominated by transitional or laminar flow behaviour, such as 

528 high-density turbidity currents and mud flows, the addition of a small amount of non-cohesive, very 

529 fine sand is expected to increase the cohesive strength of the dense, laminar “plug” layer. The increase 

530 in cohesive strength of the plug layer results in a reduction in flow mobility, despite the increase in 

531 density excess, as observed in the present experiments (Fig. 6). The increased cohesive strength of the 

532 flow could result in flow transformation to more cohesive flow behaviour, for example from high-

533 density turbidity current to debris flow, or from debris flow to slide. This is supported by the present 

534 laboratory experiments; the addition of 25% very fine sand to the 16% pure-clay flow in the first series 

535 set of experiments enabled flow transformation from a high-density turbidity current to a debris flow 

536 (Table 34). For the highest-density cohesive flows, such as slides, it is suggested that adding any 

537 amount of very fine sand will reduce the flow mobility by promoting bulk settling.

538 The threshold at which the addition of very fine sand may increase or decrease the flow mobility of a 

539 cohesive SGF is challenging to predict and dependent on the volume of sand added and the initial 

540 cohesive strength of the flow. The initial cohesive strength of the flow is a function of multiple 

541 parameters, including clay concentration, clay mineral type, flow velocity, ratio of cohesive to non-

542 cohesive sediment, and extent of biological cohesion (Marr et al., 2001; Ilstad et al., 2004; Baas et al., 
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543 2009; Baker et al., 2017; Hermidas et al., 2018; Craig et al., 2020). For example, previous work has 

544 demonstrated that flows containing weakly cohesive kaolinite clay and strongly cohesive bentonite 

545 clay show the same changes in suspension yield stress and flow mobility as clay concentration is 

546 increased, but the threshold concentration above which clay modulates the flow behaviour is lower 

547 for bentonite flows (Baas et al., 2016B; Baker et al., 2017). It is therefore expected that a higher initial 

548 clay concentration within kaolinite-rich flows is needed to produce a similar cohesive strength of 

549 bentonite-rich flows. However, an increase in yield stress from the addition of non-cohesive sand to 

550 clay suspensions has been demonstrated to be irrespective of clay mineral type (Major and Pierson, 

551 1992; Coussot & Piau, 1995; Ancey & Jorrot, 2001; Mahaut et al., 2008). However, the mechanical 

552 interactions by which sand particles are proposed to increase yield stress of the clay suspension are 

553 irrespective of clay mineral type. TMoreover, the cohesive strength of a flow is also expected to vary 

554 in space and time as cohesive bonds break and reform under the changing flow stresses. In the 

555 laboratory experiments presented here, initial clay concentration can be used as an indicator for 

556 cohesive strength of the flow. For the second set experiments, the initial clay concentration threshold 

557 where the addition of a small amount of very fine sand started to reduce, rather than increase, flow 

558 mobility fell between 14.4-16% clay. It is expected that for full-scale natural flows, the clay 

559 concentration where the addition of a small amount of very fine sand reduces flow mobility will be 

560 higher, as natural flows are often faster and more turbulent (Talling et al., 2013), and therefore more 

561 likely to break the bonds between clay particles. As such, higher clay concentrations will be needed to 

562 produce flows that have a dense, laminar “plug” layer, where the addition of very fine sand to this 

563 layer is expected to increase the suspension yield stress.  Focusing on the flow behaviour, rather than 

564 flow concentration, may be a more practical indicator for how the addition of a small amount of very 

565 fine sand may change the flow behaviour of natural flows. We propose that for flows that contain a 

566 dense “plug” layer, i.e., high-density turbidity currents, the addition of a small amount of very fine 

567 sand is likely to reduce flow mobility. For flows without a plug layer that are dominated by turbulent 

568 mixing, the addition of very fine sand is likely to promote further turbulent mixing and enhance flow 

569 mobility. 

570 Further work is needed to determine how changing the volume of added sand controls the mobility 

571 of high-density cohesive SGFs. The design of such experiments should also investigate the physical 

572 mechanisms for changes in yield stress from the addition of sand to high-density cohesive SGFs and 

573 establish the boundaries of sand concentration that hinder or promote the flow mobility. More 

574 experiments are also needed to investigate the effect of the size of non-cohesive particles. This work 

575 should focus on the role of turbulent and cohesive forces in keeping particles of different size in 
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576 suspension and the development of density stratification, which may control the minimum clay 

577 concentration at which non-cohesive particles start to cause a decrease in flow mobility. 

578 6.2 Role of sand in flow transformation across submarine fans

579 Whilst travelling on submarine fans, SGFs can exhibit flow type transformation as a result of changing 

580 boundary conditions (Talling et al., 2012). In the proximal part of submarine fans, i.e., canyons and 

581 channels, SGFs are often highly mobile and erosive because of steep slope gradients, lateral 

582 confinement, and high sediment concentrations (e.g., Babonneau et al., 2002; Paull et al., 2018). Clay-

583 rich flows in this part of submarine fans are likely to have a high flow velocity that promotes strong 

584 turbulent mixing and impedes the formation of cohesive bonds between clay minerals. If these 

585 cohesive SGFs erode non-cohesive sand from the substrate, the density difference with the ambient 

586 water is enhanced and these flows should accelerate, as demonstrated by the present experiments.  

587 If these cohesive flows erode cohesive clay from the bed, the opportunity for clay minerals to collide, 

588 flocculate, and gel increases. Above a critical amount of eroded clay, the flows start to decelerate, as 

589 enhanced cohesive forces suppress the turbulent forces, limiting the flow mobility and promoting 

590 transformation to flows dominated by cohesive forces (Baas and Best 2002; Baas et al., 2009; Sumner 

591 et al., 2009; Baker et al., 2017). However, submarine canyons and channels are typically dominated 

592 by coarse-grained, non-cohesive deposits, such as massive sands (Babonneau et al., 2010; Bernhardt 

593 et al., 2011), rendering the erosion of clay-rich deposits less likely in this part of submarine fans. 

594 SGFs that travel across the distal region of submarine fans, between the lobe and distal fringe, have 

595 been found to transform from turbulent to laminar as the cohesive forces become increasingly 

596 dominant over the turbulent forces (Kane et al., 2017). This results in the formation of transitional 

597 flow deposits and hybrid event beds (Barker et al., 2008; Haughton et al., 2009; Kane & Pontén, 2012). 

598 The mechanisms for causing flow transformation are the entrainment of mud from the substrate into 

599 the flows (Hodgson, 2009) and the deceleration of the flows, allowing the cohesive forces in the flow 

600 to dampen turbulence (Kane et al., 2017). The results from the present experiments suggest that the 

601 presence of sand in high-density cohesive SGFs can also increase the yield stress of the flow and 

602 promote flow transformation. 

603 The addition of sand to clay-rich SGFs may occur via scouring of sand-rich SGF deposits. Although 

604 cohesive flows with damped turbulence will not beare not as erosional as fully turbulent flows, 

605 laboratory experiments have demonstrated that decelerating sand–-silt-–clay transitional flows can 

606 produce scour features due tobecause of enhanced near-bed turbulence (Baas et al., 2011, 2016A). 

607 An important field example relevant to the present study is the erosion of sand from the H1 division 

608 in a developing hybrid event bed by a debris flow that forms the H3 division (Haughton et al., 2009). 
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609 This addition of sand to the debris flow may reduce its mobility by increasing the cohesive strength, 

610 and thus promote deposition of the H3 division on top of the H1 division. In the Aberystwyth Grits 

611 Group and Borth Mudstone Formation (Wales, UK), the H3 divisions of hybrid event beds have been 

612 observed to contain sand eroded from the H1 division below (Baker et al., 2020; Fig. 7). In the Gottero 

613 turbidite system (NW Italy), Fonnesu et al. (2017) observed that rafts in the H3 division of their Type 

614 1 and Type 2 hybrid event beds contained thin-bedded sandstone–mudstone heterolithics, which 

615 could often be matched to the substrate beneath the event bed (their figures 6 and 15C). These 

616 substrate rafts were observed to disintegrate and be partly incorporated into the flow down-dip 

617 (Fonnesu et al., 2017). Both sets of field observations provide evidence for the addition of sand to 

618 clay-rich SGFs, which, through ensuing flow deceleration, may help explain the common association 

619 of sandy turbidites and mixed clay–sand debris flow deposits in hybrid event beds. 

620 7 CONCLUSIONS

621 The lock-exchange experiments demonstrate that the addition of a small amount of non-cohesive, 

622 very fine sand to cohesive sediment gravity flows can both increase and decrease the flow mobility, 

623 depending on the initial balance of turbulent and cohesive forces in the flow. For flows dominated by 

624 turbulent forces, such as low-density turbidity currents, adding a small amount of very fine sand to 

625 the laboratory flows increases the excess density driving the flows, resulting in faster flow. For high-

626 density cohesive sediment gravity flows, i.e. high-density turbidity currents and mud flows, adding the 

627 very fine sand produces mixed clay–sand flows with stronger cohesive behaviour, lower head 

628 velocities, and shorter runout distances, and slower head velocities than the original clay flows. The 

629 yield stress measurements demonstrate that adding non-cohesive, very fine sand increases the yield 

630 stress of the high-density starting suspensions. Comparison with previous work suggests that 

631 mechanical interactions between the sand particles and the clay suspension are the main process by 

632 which the yield stress is increased. The enhanced cohesive strength of the mixed clay–sand flows 

633 attenuates the turbulent forces, and thus reduces the flow mobility, despite the greater density 

634 difference between the flow and ambient water, and the non-cohesive nature of the sand particles.  

635 In the natural environment, the effect of adding non-cohesive sediment on the cohesive strength of 

636 cohesive sediment gravity flows needs to be considered, whilst also accounting for the effect of 

637 enhanced excess density. We suggest that non-cohesive sediment only increases the yield stress and 

638 reduces the flow mobility of strongly cohesive sediment gravity flows, where the sand can be 

639 supported within the cohesive matrix. For weakly cohesive sediment gravity flows, the sand is likely 

640 to promote turbulence mixing in the flow and increase the flow mobility. 
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641 The present experiments have demonstrated that non-cohesive sand increases the cohesive strength, 

642 via the yield stress, of high-concentration clay suspensions. This implies that the cohesive strength of 

643 natural cohesive sediment gravity flows containing clay, sand, and silt should not be considered only 

644 in terms of the clay concentration. The change in flow behaviour and rheology from the addition of 

645 very fine sand may have important implications for flow transformation, particularly in the distal 

646 region of mud-rich submarine fans.
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768 9 FIGURES CAPTIONS

769 Table 1: Basic experimental data for the first set of experiments, focussing on high-density cohesive 

770 SGFs. TC = turbidity current. * = values not measured as part of the present study, but predicted using 

771 equations 1 and 6 of Baker et al. (2017). The sand (%) added results in a 25% increase in the total 

772 volume concentration. 

773

774 Table 2: Basic experimental data for the second set of experiments, adding very fine sand to cohesive 

775 pure-clay SGFs across a larger range of flow concentrations than in Experiment set 1. Missing runout 

776 distances denote experiments that reached the end of the tank and therefore had a runout distance 

777 of at least 4.6 m. TC = turbidity current. The sand (%) added results in a 25% increase in the total 

778 volume concentration.
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779 Table 3: Experimental data for the subaerial dam break experiments following the methods of 

780 Balmforth et al. (2007) and Matson & Hogg (2007). Runout distances of the clay and clay–-sand 

781 suspensions were converted to yield stress using Equations 3 and 4. 

782 Table 34: Summary of flow classifications, with example photographs and conceptual diagrams of 

783 heads of flows. 

784 Figure 1: (A –B) Head velocity and (C-–D) deposit thickness plots from Experiment set 1,of the high-

785 density experimental flows where the volume concentration of high-density flows is increased by 25% 

786 from the addition of very fine sand or clay.. (E) Ggrain-size variations in the 2018% clay–sand deposit. 

787 (F) gGrain-size variations in the 1820% clay–sand deposit.

788 Figure 2: Yield stress against concentration for pure-clay suspensions and mixed clay–sand 

789 suspensions at a ratio of 80:20 clay:sand, calculated from the runout distance of subaerial dam break 

790 experiments following the methods and theoretical equations of Balmforth et al. (2007) and Matson 

791 & Hogg (2007)measured by dam break experiments. The volume concentrations of the suspensions 

792 include the starting suspensions used in Experiment set 1. Error bars are the 95% confidence intervals. 

793 Figure 3: Experiment set 1 Ssummary of changes in yield stress, runout distance and maximum head 

794 velocity for the (A) to (–C) 15% pure-clay flow and (D) to (–F) 16% pure-clay flow, when the volume 

795 concentration of the suspension is increased by 25% from the addition of very fine sand (red arrows 

796 and data points) or clay (blue arrows and data points). Factors of change in yield stress, runout 

797 distance and maximum head velocity from the original 15% or 16% pure-clay flows are shown in italics. 

798 In (B) and (E), the flow types are also displayed, HDTC = high-density turbidity current.

799 Figure 4: Head velocityy plots of pure- clay flows and clay–sand flows in Experiment set 2, where the 

800 volume concentration of the pure-clay flows was increased by adding 25% very fine sand  across a 

801 large range of initial clay concentrations.

802 Figure 5: Maximum head velocity plots of the clay and clay–sand flows, averaged from 1 m to 2 m 

803 along the length of the tank, from the second set of laboratory experimentsExperiment set 2. Values 

804 represent the clay flow and its corresponding clay–sand flow where the volume concentration was 

805 increased by adding 25% very fine sand. 

806 Figure 6: Conceptual diagram of how the addition of a small volume of sand may change the flow 

807 mobility of cohesive sediment gravity flows. For high-density, strongly cohesive SGFs dominated by 

808 transitional or laminar flow behaviour, the addition of a small amount of non-cohesive sediment is 

809 expected to increase the cohesive strength of the plug layer, instigating a reduction in flow mobility. 

Page 27 of 39 Sedimentology



28

810 If sand is added to weakly cohesive flows dominated by turbulent forces, adding sand will enhance 

811 the density difference, promote turbulent mixing, and increase the flow mobility. 

812 Figure 7: Examples of hybrid event beds in the Aberystwyth Grits Group where sand from the H1 

813 division is incorporated in the mud-rich H3 division. A) Sandstone clasts (arrows) at the base of a H3 

814 division, eroded from the bed below. B) Gradual boundary between the H1 and H3 divisions, 

815 interpreted as sand incorporated from an earlier deposited turbidite in the mixed clay–sand debris 

816 flow of a hybrid event.  C) Uneven top of H1 division, suggesting erosion by a debris flow that formed 

817 the H3 division above; the arrow shows how an elongated sand clast in H3 links to the H1 division 

818 below. 
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Total volume 

concentration 
Clay (%)

Sand 

(%)

Runout 

distance 

(m)

Maximum 

head 

velocity

(m s-1)

Yield 

stress 

(Pa)

Flow type

14.4% clay 14.4 0 4.86* 0.35* 1.8 High-density TC

15% clay 15 0 4.66 0.35 2.3 High-density TC

18% clay–sand 14.4 3.6 3.52 0.36 5.0 High-density TC

18% clay 18 0 1.42 0.27 21.3 Mud flow

16% clay 16 0 3.77 0.37 4.6 High-density TC

20% clay–sand 16 4 1.79 0.31 11.8 Debris flow

20% clay 20 0 0.22 0.07 67.5 Slide
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Total volume 
concentration

Clay 
(%)

Sand 
(%)

Runout 
distance 
(m)

Maximum 
head velocity
(m s-1)

Average head 
velocity for 
flow duration
(m s-1)

Flow type

10% clay 10 0 - 0.3 0.25 Low-density 
TC

12.5% clay–sand 10 2.5 - 0.4 0.31 Low-density 
TC

12% clay 12 0 - 0.33 0.28 Low-density 
TC

15% clay–sand 12 3 - 0.37 0.33 Low-density 
TC

13.5% clay 13.5 0 - 0.37 0.3 Low-density 
TC

16.9% clay–sand 13.5 3.4 - 0.4 0.35 Low-density 
TC

14.4% clay 14.4 0 - 0.35 0.3 Low-density 
TC

18% clay–sand 14.4 3.6 - 0.4 0.34 Low-density 
TC

16% clay 16 0 4.36 0.35 0.27 High-density 
TC

20% clay–sand 16 4 3.68 0.38 0.29 High-density 
TC

17% clay 17 0 3.25 0.3 0.25 High-density 
TC

21.3% clay–sand 17 4.3 2.39 0.34 0.25 Debris flow
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Total volume 
concentration

Clay 
(%)

Sand 
(%)

Density of 
suspension

(kg m-3)

Runout 
distance 

(m)

Bingham 
number

Yield stress 
(Pa)

14.4% clay 14.4 0 1194.4 0.55 0.006 1.8

15% clay 15 0 1202.5 0.44 0.011 2.3

16% clay 16 0 1216.0 0.40 0.015 4.6

16% clay–sand 12.8 3.2 1225.6 0.54 0.006 1.9

17% clay 17 0 1229.5 0.30 0.038 11.7

17% clay–sand 13.6 3.4 1239.7 0.49 0.008 1.7

18% clay 18 0 1243.0 0.24 0.067 21.3

18% clay–sand 14.4 3.6 1250.2 0.40 0.016 5.0

19% clay 19 0 1256.5 0.21 0.099 32.1

19% clay–sand 15.2 3.8 1267.9 0.32 0.029 6.1

20% clay 20 0 1270.0 0.17 0.208 67.5

20% clay–sand 16 4 1282.0 0.30 0.036 11.8

21% clay 21 0 1296.1 0.24 0.071 15.1

22% clay 22 0 1310.2 0.19 0.138 29.8

23% clay 23 0 1324.3 0.17 0.213 46.1
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Figure 1: (A–B) Head velocity and (C–D) deposit thickness plots from Experiment set 1, where the volume 
concentration of high-density flows is increased by 25% from the addition of very fine sand or clay. (E) 

Grain-size variations in the 18% clay–sand deposit. (F) Grain-size variations in the 20% clay–sand deposit. 
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Figure 2: Yield stress against concentration for pure-clay suspensions and mixed clay–sand suspensions at a 
ratio of 80:20 clay:sand, calculated from the runout distance of subaerial dam break experiments following 
the methods and theoretical equations of Balmforth et al. (2007) and Matson & Hogg (2007). The volume 

concentrations of the suspensions include the starting suspensions used in Experiment set 1. Error bars are 
the 95% confidence intervals. 
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Figure 3: Experiment set 1 summary of changes in yield stress, runout distance and maximum head velocity 
for the (A–C) 15% pure-clay flow and (D–F) 16% pure-clay flow, when the volume concentration of the 
suspension is increased by 25% from the addition of very fine sand (red arrows and data points) or clay 

(blue arrows and data points). Factors of change in yield stress, runout distance and maximum head velocity 
from the original 15% or 16% pure-clay flows are shown in italics. In (B) and (E), the flow types are also 

displayed, HDTC = high-density turbidity current. 
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Figure 4: Head velocity plots of pure-clay flows and clay–sand flows in Experiment set 2, where the volume 
concentration of the pure-clay flows was increased by adding 25% very fine sand across a large range of 

initial clay concentrations. 
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Figure 5: Maximum head velocity plots of the clay and clay–sand flows, averaged from 1 m to 2 m along the 
length of the tank, from Experiment set 2. Values represent the clay flow and its corresponding clay–sand 

flow where the volume concentration was increased by adding 25% very fine sand. 
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Figure 6: Conceptual diagram of how the addition of a small volume of sand may change the flow mobility of 
cohesive sediment gravity flows. For high-density, strongly cohesive SGFs dominated by transitional or 

laminar flow behaviour, the addition of a small amount of non-cohesive sediment is expected to increase the 
cohesive strength of the plug layer, instigating a reduction in flow mobility. If sand is added to weakly 

cohesive flows dominated by turbulent forces, adding sand will enhance the density difference, promote 
turbulent mixing, and increase the flow mobility. 
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Figure 7: Examples of hybrid event beds in the Aberystwyth Grits Group where sand from the H1 division is 
incorporated in the mud-rich H3 division. A) Sandstone clasts (arrows) at the base of a H3 division, eroded 

from the bed below. B) Gradual boundary between the H1 and H3 divisions, interpreted as sand 
incorporated from an earlier deposited turbidite in the mixed clay–sand debris flow of a hybrid event.  C) 

Uneven top of H1 division, suggesting erosion by a debris flow that formed the H3 division above; the arrow 
shows how an elongated sand clast in H3 links to the H1 division below. 
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