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Abstract14

This study proposes a new method of inverse analysis of ancient turbidites to represent non-15

steady turbidity currents and account for multiple grain-size classes. The forward model em-16

ployed in this study is based on the shallow water equation, and the initial conditions of flows17

are assumed as a lock-exchange type. To obtain a solution to the inverse problem, a genetic18

algorithm is employed to determine the optimal initial conditions. The present method suc-19

cessfully estimated the true initial conditions of the turbidity currents from the artificial data20

sets of deposits created by the forward model. The method is also applied to a turbidite bed21

of the Kiyosumi Formation. The results of the inverse analysis yield solutions that fits well22

with the observed data of the individual turbidite, and provide estimates of the flow veloc-23

ity, flow thickness and sediment concentration of the turbidity current. The flow thickness24

and velocity when the turbidity current reached the downstream end of the study area were25

reconstructed to be 334.6 m, 0.98 m/s, respectively.26
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1 Introduction27

Turbidity currents are triggered by catastrophic events such as earthquakes or storms,28

and emplace turbidites characterized by graded bedding and the succession of sedimentary29

structures known as the Bouma sequence [e.g., Kuenen and Migliorini, 1950; Bouma, 1962;30

Walker, 1978; Normark et al., 1979; Lowe, 1982; Shanmugam, 1997; Nilsen et al., 2007;31

Talling et al., 2012]. Analyses of ancient turbidites have contributed to paleoenvironmental32

research based on their sedimentology and stratigraphy [Naruse and Olariu, 2008]. Because33

ancient turbidites can be major hydrocarbon reservoirs [e.g., Weimer et al., 2007], it is also34

important to predict the entire subsurface geometry of turbidite deposits [e.g., Tokuhashi,35

1988; Dubrule, 1989; Haldorsen and Damsleth, 1990; Rothman et al., 1994; Posamentier36

and Kolla, 2003].37

A remaining problem in this field of research is the quantitative understanding of the38

developmental process of turbidity currents at natural scales, which is essential to estimate39

the distribution of ancient turbidites from the limited amounts of information provided by40

cores and seismic profiles [e.g., Takano, 2016]. Although several in-situ measurements of41

turbidity currents on deep sea floors have been reported [e.g., Shepard, 1963; Inman et al.,42

1976; Dengler et al., 1984; Xu et al., 2004; Vangriesheim et al., 2009; Arai et al., 2013;43

Cooper et al., 2013; Clarke, 2016], hydraulic conditions of turbidity currents such as flow44

velocity and sediment concentration, however, remain unclear [Kubo et al., 1995; Falcini45

et al., 2009; Lesshafft et al., 2011]; conducting such in-situ measurements is quite difficult46

because of their highly destructive nature and infrequent occurrences [Naruse and Olariu,47

2008; Talling et al., 2015]. The in-situ measurements cost and it is easer to observe ancient48

turbidites than turbidity currents in fieldwork.49

In recent years, there have been several attempts to reconstruct the hydraulic condi-50

tions of ancient turbidity currents from geologic records [Stow and Bowen, 1980; van Tassell,51

1981; Bowen et al., 1984; Komar, 1985; Hiscott, 1994; Allen, 1991; Kubo et al., 1995, 1998;52

Baas et al., 2000; Falcini et al., 2009; Lesshafft et al., 2011]. Initially, the critical velocities53

of particle motion inferred from turbidites were used for estimating the paleo-flow conditions54

of turbidity currents [Komar, 1985; Kubo et al., 1995, 1998]. However, these methods based55

on critical velocity estimate only the minimum values of flow velocity, because deposition56

can occur even at velocities much higher than the critical velocity of particle motion when57

the capacity of sediment transport in a turbidity current is exceeded by the volume flux of58

sediment [Hiscott, 1994]. Analyses of the sedimentary structures of turbidites can be con-59

ducted as alternative methods to reconstruct flow velocity of turbidity currents [e.g., Baas60

et al., 2000], but they indicate only the instantaneous hydraulic conditions rather than the61

spatio-temporal development of flows.62

Here we proposes a new method for inverse analysis to reconstruct the paleo-hydraulic63

conditions of turbidity currents based on ancient turbidites. We focus on the possibility of64

elucidating the history of the entire turbidity flow current based on the properties of the an-65

cient turbidite, such as sedimentary structures and grain-sized distribution. The methods of66

inverse analysis have been proposed in several recent studies [Falcini et al., 2009; Lesshafft67

et al., 2011]; hydraulic parameters are estimated based on optimization of the input parame-68

ters of numerical models to fit the results of calculations with field observations of turbidites.69

Flows calculated with optimized parameters can be regarded as reconstructions of the actual70

turbidity currents that emplaced the ancient turbidites. Inverse analyses have also been ap-71

plied to other gravity flows, such as pyroclastic flows [Rossano et al., 1996], tsunamis [Jaffe72

and Gelfenbuam, 2007; Soulsby et al., 2007], and tidal channels [Masuda and Nakayama,73

1988], to reconstruct hydraulic conditions from the corresponding deposits. Inverse analysis74

of turbidity currents is still in an early stage of development, and there is much remains room75

for improvment. For instance, Falcini et al. [2009] estimated the hydraulic conditions of tur-76

bidity currents from ancient turbidites of the Laga Formation in the Central Apennines, Italy.77

Their forward model employed the assumption of steady flow; that is that the depositional78

rate did not vary over time. However, ancient turbidites are characterized by graded bedding,79
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which suggests strongly non-steady conditions. Consequently, the applicability of the model80

of Falcini et al. [2009] may be limited to the specific cases of actual ancient turbidites that81

show no grading. In contrast, Lesshafft et al. [2011] employed a direct numerical simulation82

(DNS) model of the vertical two-dimensional Navier–Stokes equations for inverse analysis83

from turbidites. However, the calculation cost of their method is so high that application of84

the method is not feasible with field-scale data obtained from outcrops or boreholes.85

To resolve the problems associated with conducting inverse analysis of natural-scale86

turbidity currents, we employed a non-steady model with consideration of multiple grain-87

size classes as a forward model, which can describe the spatio-temporal behavior of a tur-88

bidity current that deposits a typical turbidite with graded bedding. Our model of turbidity89

currents is based on that of [Parker et al., 1986] with modifications to account for multiple90

grain-size sediments. The active layer concept from Hirano’s sediment continuity model [Hi-91

rano, 1971] was used for calculating entrainment and deposition of multiple grain-size. A92

combination of the shallow water equations and an active layer were used for flume experi-93

ments [Suzuki, 1976; Ribberink, 1987] and numerical morpho-dynamics of river bed degra-94

dation [Blom, 2008; Stecca et al., 2016]. Because computational cost of the forward model is95

significantly lower than that of two-dimensional models, this method can be applied to field-96

scale problems. In the forward model, the “lock-exchange” model was employed as the initial97

setting for numerical simulation with various conditions. Furthermore, the forward model98

was tested for sensitivity through examples of forward model calculations. For inverse analy-99

sis, an objective function is defined by sum of squares of deviations between the observation100

result and the numerical calculation results. In this inverse calculation, the initial hydraulic101

conditions that minimize the objective function were explored with the genetic algorithm.102

The optimum solution was then treated as the paleo-hydraulic conditions. For an application103

of this inverse analysis at field-scale, a turbidite deposit in the Kiyosumi Formation, Boso104

Peninsula, Japan, was investigated.105

2 Forward model of non-steady turbidity currents106

2.1 Governing equations of non-steady turbidity currents107

A depth-averaged model of a non-steady one-dimensional turbidity current is described108

herein. This model is classified as a “three-equation” model after Parker et al. [1986], based109

on the equations representing fluid mass conservation, streamwise momentum conversation110

and mass conversation of suspended sediment (Figure 1). Our model accounts for transport111

and deposition of sediment showing non-uniform grain-size distribution that is discretized112

to multiple grain-size classes (equations 1 to 3). The Exner equation describes mass conser-113

vation of sediment in bed for each grain-size class (equation 4). In addition, the continuity114

equation of sediment of each grain-size class in the active layer [Hirano, 1971] is represented115

in order to calculate the entrainment rate of bed sediment of each grain-size class (equation116

5). As presented by Kostic and Parker [2006], these relations are expressed as follows:117

∂H
∂t
+
∂UH
∂x

= ewU (1)

∂UH
∂t
+
∂U2H
∂x

= RgCT HS − Rg
2
∂CT H2

∂x
− u2

∗ (2)

∂CiH
∂t
+
∂CiUH
∂x

= wi(esiFi − r0Ci) (3)

∂ηi
∂t

=
wi

1 − λp
(r0Ci − esiFi) (4)

∂Fi

∂t
+

Fi

La

∂ηT
∂t

=
wi

La(1 − λp)
(r0Ci − esiFi). (5)

where x is the bed-attached streamwise coordinate, and t is time. In the above relations, H,121

U and Ci denote the thickness of a turbidity current, the layer-averaged velocity and the layer-122
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Figure 1. Schematic diagrams of processes considered in the forward model presented in this paper. These
processes are water entrainment from ambient water, suspended sediment transport with entrainment from and
settling to bed sediment, and the concept of the active layer [Hirano, 1971].

118

119

120

averaged volumetric concentration of suspended sediment of the ith grain-size class, respec-123

tively. In this study, the grain-size distribution of sediment is discretized to multiple grain-124

size classes at regular intervals. The parameter CT indicates the layer-averaged volumetric125

concentration of total suspended sediments (thus CT =
∑

Ci). The acceleration of grav-126

ity and the slope gradient are denoted g and S, respectively. The parameter u∗ denotes the127

shear velocity. Properties of sediment particles are described by the parameters R, wi and λp ,128

which represent the submerged specific density of sediment, the fall velocity of a sediment129

particle of the ith grain-size class, and the porosity of bed sediment, respectively. The param-130

eter ηi denotes the volume per unit floor area of bed sediment of the ith grain-size class, and131

ηT indicates the total bed elevation (thus ηT =
∑
ηi). The parameters related to the active132

layer formulation are the active layer thickness La and Fi , which indicates the volume frac-133

tion of the ith grain-size distribution in the active layer. The parameters esi , ew and r0 are the134

entrainment rate of sediment of the ith grain-size class into suspension, the entrainment rate135

of the ambient water to the flow, and the ratio of near-bed suspended sediment concentration136

to the layer-averaged value. These parameters require empirical relations to close the equa-137

tions, which are described in the next section. As defined in equation 1, the volume of the138

turbidity current increases downstream in this model because of the entrainment of ambient139

water to the flow (Figure 1). Equation 2 is the momentum conservation equation, which indi-140

cates that the turbidity current is driven by the fluid pressure and density difference between141

the turbid fluid containing suspended sediment and the ambient fluid (Figure 1B). In this142

model, it is assumed that the suspension is dilute enough to justify employing the Boussinesq143

approximation in Equation 2. In addition, hindered settling is ignored in this model. Equa-144

tion 3 is the relation of the sediment conservation, in which both settling from suspended145

sediment and entrainment from bed sediment are assumed to occur concomitantly (Figure 1).146

Equation 4 is the Exner equation representing the mass conservation of bed sediment (Figure147

1). Equation 5 is the relation of the sediment mass conservation of the ith grain-size class in148

the active layer (Figure 1). This equation describes the temporal change of grain-size distri-149

bution in the active layer [Hirano, 1971]. The governing equations described above can be150
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recast in dimensionless form as follows [Kostic and Parker, 2003a,b]:151

∂Ĥ
∂ t̂
+
∂ÛĤ
∂ x̂

= ewÛ (6)

∂ÛĤ
∂ t̂
+
∂Û2Ĥ
∂ x̂

= Ri0ĈT ĤS − Ri0
2
∂ĈT Ĥ2

∂ x̂
− û2

∗ (7)

∂ĈiĤ
∂ t̂
+
∂ĈiÛĤ
∂ x̂

= ŵi(
esiFi

Ci0
− r0Ĉi). (8)

where x̂ and t̂ are a dimensionless streamwise coordinate and dimensionless time, respec-152

tively. The parameter û∗ denotes the dimensionless shear velocity, and ŵ is the dimensionless153

fall velocity of the sediment. These dimensionless parameters are given by the following re-154

lations, respetively:155

x̂ =
x

H0
(9)

t̂ =
t

H0/U0
(10)

û∗ =
u∗
U0

(11)

ŵ =
w

U0
. (12)

The flow thickness H, the depth-averaged velocity U, and the depth-averaged volumetric156

concentration of suspended sediment Ci are targets to for numerical estimation in this for-157

ward model. Corresponding dimensionless forms of these parameters are Ĥ, Û, and Ĉi ,158

which are defined as159

Ĥ =
H
H0

(13)

Û =
U
U0

(14)

Ĉi =
Ci

Ci0
. (15)

where H0 and Ci0 denote the initial values of H and Ci at the upstream boundary. U0 is the160

initial velocity of the flow head described below in this section. The parameter Ri0 in Equa-161

tion 7 is the inflow bulk Richardson number defined as:162

Ri0 =
Rg

∑
Ci0H0

U2
0

. (16)

To solve the equations described above, a transformed coordinate system was employed in163

this study based on the formulation of Kostic and Parker [2006] (Figure 2). This model of164

turbidity currents involves two boundary conditions for the governing equations: the up-165

stream influx boundary (the tail of the current), and the downstream propagating boundary166

(the head of the current). To address these boundary conditions, a deforming grid approach167

was adopted, in which the moving downstream boundary is defined as the head of the turbid-168

ity current at the fixed point x∗ = 1 [Kostic and Parker, 2006],169

x∗ =
x̂

ŝ(t), τ = t̂ (17)

where the parameter ŝ is the dimensional position of the turbidity current head, when x∗ = 1.170
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Figure 2. Schematic diagram of a turbidity current in transformed coordination and “lock-exchange
model”. Position of the head of the turbidity current is denoted as ŝ and that of the tail is fixed at x = 0.
Initial conditions of the suspended sediment cloud are defined by the initial thickness H0, the initial along-
slope length l0 and the initial sediment concentration Ci of the ith grain-size class. The sediment cloud is
situated on a slope, assuming that the downstream end of the cloud is confined by the virtual lock gate until
t = 0.
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176

After applying the transformation of Equation 17, equations 1 to 3 of the “three-equation”177

model of Parker et al. [1986] may be re-expressed in the following conservative form:178

∂Ĥ
∂τ

=
1
ŝ

(
x∗ Û̂s ∂Ĥ
∂x∗

− ∂ÛĤ
∂x∗

)
+ ewÛ (18)

∂ÛĤ
∂τ

=
1
ŝ

[
x∗ Û̂s ∂ÛĤ
∂x∗

− ∂

∂x∗

(
Û2Ĥ +

Rio
2

ĈT

)]
+ SRioĈT Ĥ − cf Û2 (19)

∂ĈiĤ
∂τ

=
1
ŝ

[
x∗ Û̂s ∂ĈiĤ
∂x∗

− ∂ĈiÛĤ
∂x∗

]
+ ws

(
esFi

Ci0
− roĈi

)
(20)

where Ûs is the velocity of the current head and Û̂s is the dimensionless Ûs.179

2.2 Closure of equations180

Several empirical relations are required to close the equations described above. Shear181

velocity u∗ is related to the layer-averaged flow velocity according to the following relation:182

û2
∗ = cf Û2. (21)

Here the friction coefficient cf is assumed to be constant (0.0069). The particle settling ve-183

locity for each grain-size class with a representative diameter D is calculated from the rela-184

tion of Dietrich [1982] for natural sand, which can be expressed as185

wi = Rfi
√

RgDi (22)
Rfi = exp{−b1 + b2log(Rep,i) − b3[log(Rep,i)]2 − b4[log(Rep,i)]3 + b5[log(Rep,i)]4} (23)

Rep,i =

√
RgDiDi

ν
(24)

where the fit parameters b1, b2, b3, b4 and b5 are 2.891394, 0.95296, 0.056835, 0.000245,186

and 0.000245, respectively. The dimensionless parameter ew describes the rate of entrain-187

ment of ambient water into the turbidity current from above. The empirical formulation of188

Fukushima et al. [1985] for ew is given by:189

ew =
0.00153

0.0204 + Ri0(ĈĤ/Û2)
. (25)

The parameter es is a dimensionless coefficient for characterizing the rate of sediment en-190

trainment into suspension by a turbidity current. This parameter is obtained from an empiri-191
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cal relation as follows [Wright and Parker, 2004]:192

es =
aZ5

1 + (a/0.03)Z5 (26)

Z = α1
û∗
ŵi

Reα2
p S0.08

f (27)

where the constants α1 and α2 are given as193

(α1, α2) =
{
(0.586, 1.23), Rep ≤ 2.36
(1.0, 0.6), Rep > 2.36.

(28)

The parameter Sf denotes a friction slope, which takes the form:194

Sf =
cf
Ri0

Û2

ĈĤ
. (29)

The parameter Ûs is the velocity of the turbidity current head and is used for calculation of195

the head position on the transformed coordinate system at calculation time steps. In contrast,196

the velocity of the turbidity current head in downstream conditions in governing equations is197

used for the densimetric Froude number Frd, which is given by:198

Frd =
U(x∗=1,τ)√

Ri0CT (x∗=1,τ)H(x∗=1,τ)
. (30)

The parameter r0 is the ratio of the near-bed sediment concentration to the layer-averaged199

suspended sediment concentration Ci for the ith grain-size class. Here we assumed that r0200

is constant (1.5) based on the experimental results of Garcia [1990]. Other input parame-201

ters are: the porosity of the bed sediment λp = 0.4 and the thickness of the active layer La =202

0.003 m.203

2.3 Implementation of the forward model204

The set of equations 4, 5, 18, 19, and 20, which are based on the “three-equation”205

model of turbidity currents extended for treatment of multiple grain-size classes, can be cal-206

culated numerically to solve the morpho-dynamic problem. Ultimately, the five unknown207

parameters (Ĥ, Û, Ĉi , ηi and Fi) in the set are obtained spatio-temporally using the numer-208

ical methods. The MacCormack scheme was used for integration of the partial differential209

equations 18 to 20. The predictor-corrector technique was used for the ordinary differential210

equations 4 and 5. The partial differential equations 18 to 20 employ the transformed coordi-211

nate system, whereas the ordinary differential equations 4 and 5 use the dimensional coordi-212

nate system to avoid the apparent advective transport. The linear interpolation technique was213

used to convert the parameters between these two coordinate systems for each time step.214

The calculation of this numerical model is terminated when any one of the follow-215

ing three conditions is satisfied: (a) the sediment concentration becomes extremely thin216

(ĈT /CT0 ≤ 0.001), (b) the flow reaches the calculation domain end on the downstream side,217

or (c) the time of calculation exceeds the prescribed value.218

2.4 Initial and boundary conditions219

In this study, the “lock-exchange” model was employed for the initial conditions of220

turbidity currents. A turbidity current is generated by sudden release of a suspended sedi-221

ment cloud. In this model, suspended sediment is initially stirred in a confined region, and222

a turbidity current occurs when the lock gate at the downstream end of the confined region223

is opened. This setting has been adopted extensively in flume experiments of non-steady224

turbidity currents [e.g., Bonnecaze et al., 1993]. Even in numerical simulation, this model225

has often adopted to simplify the initial flow conditions [e.g., Necker et al., 2005; Blanchette226
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et al., 2005; Lesshafft et al., 2011]. In this study, the initial suspended sediment cloud is set227

to H0 and Ci0 for flow thickness and sediment concentration of the ith grain-size class, re-228

spectively (Figure 2). Both parameters are assumed to be uniform in a range of the initial229

along-slope length l0. At the beginning, the gate separates clear water and a sediment cloud.230

The sediment cloud is kept at a uniform concentration, and the gate is released at the timing231

of t = 0. The released turbidity current flows down along the slope, driven by the density232

difference between the flow and the ambient water.233

The initial conditions of the slope at each grid point in the transformed coordinate sys-234

tem are set bsed on linear interpolation. The initial values of the dimensionless variables Ĥ235

and Ĉi are set to unity at each grid point. Also, the initial values of the dimensionless flow236

velocity Û are set to 0 at the upstream end and 1 at the downstream end. The grain-size dis-237

tributions in the bed and the active layer are assumed to be uniform at the beginning of the238

calculation, such that the parameters ηi and Fi are obtained as the initial bed thickness and 1239

divided respectively by the number of grain-size classes N .240

Both upstream and downstream boundary conditions are required for the numerical241

solution of the forward model. In this model, the flow velocity is set zero at the upstream242

boundary, and thus Û |x∗=0 = 0. The downstream boundary propagates with the movement243

of the flow head, such that sediment inflow is not allowed from the outside of the calculation244

domain at both the upstream and downstream boundaries. For the upstream boundary con-245

ditions of the flow height Ĥ and the sediment concentration Ĉi , we employed the Neumann246

boundary condition, which takes the form:247

∂Ĥ
∂x∗

����
x∗=0

= 0 (31)

∂Ĉi

∂x∗

����
x∗=0

= 0 (32)

These equations (31) and (32) may be expressed in the following discretized form:248

Ĥ(x∗=0,τ) = Ĥ(x∗=∆x∗,τ) (33)
Û(x∗=0,τ) = 0 (34)
Ĉi(x∗=0,τ) = Ĉi(x∗=∆x∗,τ). (35)

With regard to the downstream boundary conditions, the model assumption in which249

the Froude number of the flow head Frd is constant (1.2) yields the following relations:250

Ĥ(x∗=1,τ) =

( Û2
(x∗=1−∆x∗,τ)Ĥ

2
(x∗=1−∆x∗,τ)

Ri0Ĉi(x∗=1−∆x∗,τ)Frd
2

) 1
3

(36)

Û(x∗=1,τ) =

(
Frd

2Ri0Ĉi(x∗=1−∆x∗,t)Û(x∗=1−∆x∗,τ)Ĥ(x∗=1−∆x∗,τ)

) 1
3

(37)

Ĉi(x∗=1,τ) = Ĉi(x∗=1−∆x∗,τ) (38)

where the following relations are assumed for the mass conservation of fluid and suspended251

sediment:252

ÛĤ |x∗=1−∆x = ÛĤ |x∗=1 (39)
ÛĈĤ |x∗=1−∆x = ÛĈĤ |x∗=1. (40)

In this study, initial topography is arbitrarily set with a knickpoint. The knickpoint represents253

a boundary between a steep section of the channel and a gentle lobe deposit section.254

2.5 Examples of the forward model calculation255

To test the forward model, two numerical simulations of turbidity currents transporting256

sediment of multiple grain-size classes were conducted. In this study, the multiple grain-size257
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Table 1. Initial setting of numerical simulations of turbidity currents.278

Value of single Value of multiple
grain-size class grain-size classes

H0 (m) 25 25
l0 (m) 25 25
CT0 (%) 0.500 0.500
C1,0 (%) – 0.166
C2,0 (%) 0.500 0.166
C3,0 (%) – 0.166
cf 0.0069 0.0069
r0 1.5 1.5
Knickpoint (m) 100 100
Duration (s) 1, 600∗ 2, 000

C1,0; very coarse sand: C2,0; medium sand: C3,0; very fine sand.
∗: The duration of the case of the single grain-size class was 1,600
seconds because the terminal condition of sediment concentration was reached.

classes were set to three grain-size classes. The initial conditions employed in these numer-258

ical simulations were: initial flow thickness H0 = 25 m, initial along-slope length l0 = 25 m259

and the total sediment volumetric concentration CT0 = 0.5%. The initial volumetric concen-260

tration of suspended sediment for the case of the multiple grain-size classes is assumed to be261

uniform. Other initial settings are shown in Table 1. In the case of the simulation using mul-262

tiple grain-size classes, grain-size distribution of sediment is discretized to three grain-size263

classes as follows: very coarse sand, medium sand and very fine sand. As results of the sim-264

ulations of multiple grain-size classes, the following time evolution of the turbidity currents265

were obtained (Figure 3). In both cases of multiple grain-size classes, the thickness of the266

flow was thickest at the turbidity current head, and it thickened over time (Figure 3A). The267

velocities of the current increased downstream in space, and decelerated gradually in time268

(Figure 3B). The total volumetric concentrations of sediment also increased downstream in269

space, and decreased rapidly through time because of sedimentation (Figure 3C). The sedi-270

ment concentrations of all grain-size classes decreased over time. The very coarse sands set-271

tled out most rapidly, and very fine sands remained in the turbidity current even at the distal272

point. As a result, the fraction of very coarse sands in the final deposit was larger than that273

of very fine sands. The spatial distribution of deposit thickness showed two peaks at the up-274

stream end of the calculation domain and at the knickpoint of the slope, with exponential de-275

crease toward the downstream end (Figure 4). The resultant deposit shows an upward-fining276

trend (Figure 5A), as well as a fining-downstream trend (Figure 5B).277

2.6 Sensitivity tests of the forward model300

Sensitivities of the forward model against the initial conditions and the model param-301

eters were tested (Table 2). In these tests, numerical simulations were conducted, with six302

parameters (H0, l0, CT0, cf , es and r0) changed around the values that were used in the ex-303

ample described in the previous section. The other parameters used in these tests were not304

varied from those of the previous example.305

The results of these sensitivity tests indicate that at the maximum reach of flows within306

the prescribed maximum time of calculation (2000 s), the average flow thickness, flow veloc-307

ity, and sediment volumetric concentration varied greatly in response to changes in the initial308

conditions (Table 3), and therefore the spatial distribution of thickness (Figure 6). Both the309

maximum extents and the total volumes of deposit increased as the initial flow thickness H0,310

the initial along-slope length l0 and the initial concentration Ci0 increased. The maximum311
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Table 2. Parameters used in forward model for sensitivity tests.294

Case H0 (m) l0 (m) CT0 (%) es r0 cf

1 25 25 0.5 GP 1.5 0.0069
2 5 25 0.5 GP 1.5 0.0069
3 45 25 0.5 GP 1.5 0.0069
4 25 5 0.5 GP 1.5 0.0069
5 25 45 0.5 GP 1.5 0.0069
6 25 25 0.1 GP 1.5 0.0069
7 25 25 1 GP 1.5 0.0069
8 25 25 0.5 GP×0.5 1.5 0.0069
9 25 25 0.5 GP×2 1.5 0.0069
10 25 25 0.5 GP 1 0.0069
11 25 25 0.5 GP 2 0.0069
12 25 25 0.5 GP 1.5 0.001
13 25 25 0.5 GP 1.5 0.004
14 25 25 0.5 GP 1.5 0.01
15 25 25 0.5 GP 1.5 0.05

GP: Entrainment coefficient obtained using the function
of Garcia and Parker [1991].
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extent of the deposits increased from 0.0016 m to 0.0600 m when H0 increased from 5 m to312

45 m (Table 2 cases 1, 2, and 3, Figure 6A), and it varied from 0.0058 m to 0.0407 m when313

l0 was changed from 5 m to 45 m (Table 2 cases 1, 4, and 5, Figure 6B). In addition, varia-314

tion of CT0 from 0.1% to 1% (Table 2 cases 1, 6, and 7) resulted in change of the maximum315

extent of the deposits from 0.0017 m to 0.0804 m. Spatial variation of grain-size distribu-316

tions of the deposits were also sensitive to the initial flow conditions.317

Compared with the initial parameters, the spatial distributions of both thickness and318

grain-sizes of deposits were less sensitive to the model parameters. When the coefficient of319

sediment entrainment es was varied from half to double the value obtained from the original320

equation of Wright and Parker [2004] (Table 2 cases 1, 8, and 9), the maximum extents of321

deposits did not vary greatly (0.0246 m to 0.0340 m) (Figure 6D). They varied from 0.0282322

m to 0.0289 m when r0 was changed from 1 to 2 (Table 2 cases 1, 10, and 11), which resulted323

in small changes in the maximum extent of the deposits from 0.0282 m to 0.0289 m (Figure324

6E). In addition, variation of cf from 0.001 to 0.05 (Table 2 cases 1, 12 to 15) resulted in325

small change in the maximum extent of the deposits from 0.0211 m to 0.0557 m (Figure 6F).326
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3 Inverse analysis of turbidites328

3.1 Definition of the objective function329

In this study, hydraulic conditions of turbidity currents were estimated from ancient330

turbidites based on optimization of input parameters of the forward model. The forward331

model of this study requires the parameters of the initial conditions (thickness H0, length332

l0, and sediment concentration Ci0) as input, and produces the spatial distribution of sedi-333

ment volume per unit area of each grain-size class as output. Then, the initial conditions are334

optimized to minimize the difference between the result of numerical simulation and outcrop335

data. The goal of optimization for the inverse analysis is to determine the global minimum of336

the objective function, J, which is defined as:337

J = f (H0, l0,Ci0) =
∑(ηcalc

i,k
(H0, l0,Ci0) − ηref

i,k

ηref
i,k

)2
, (41)

where ηref
i,k

denotes the sediment volume per unit area of the ith grain-size class observed at338

the kth locality. This value is obtained by:339

ηref
i,k = hkFdep

i,k
(42)

where hk and Fdep
i,k

denote deposit thickness and the fraction of the ith grain-size class at340

the kth locality, respectively. In addition, ηcalc
i,k

is the sediment volume per unit area of the ith341

grain-size class at the kth locality calculated using the Exner equation 4.342

The objective function J is the sum of squares of deviations between the observation343

and the results of numerical calculations standardized according to the observed values. This344

function is calculated across all sampling points and grain-size classes, and it is optimized345

using the genetic algorithm, as described in the next subsection.346

3.2 Optimization of the objective function347

To obtain the optimized solution of the objective function, the genetic algorithm was348

employed. The genetic algorithm is a method for finding the global minimum (or maximum)349

of multivariate functions by mimicking the processes of biological evolution. The greatest350

advantage of his method is its efficacy for problems with a vast unknown solution spaces351

that could not be explored with other methods [Ramillien, 2001]. In this method, the model352

parameter sets are regarded as genes of organisms, and optimizes them via the natural selec-353

tion mechanism of evolution as follows: (1) An initial population of genes (parameter sets) is354

produced randomly in the parametric space. (2) Natural selection of genes (parameter sets)355

works based on the fitness value (the objective function). (3) Next generation of genes is cre-356

ated via crossing-over and mutation. (4) As the number of generations increases, the genes357

(parameter sets) in the population become optimized to the environment (observation). In358

this study, the Global Optimization Toolbox in MATLAB (MathWorks Inc.) was used for359

optimizing the objective function.360

3.3 Testing method of inverse analysis361

A set of artificial turbidite data was produced by the calculations of the forward model362

using multiple grain-size classes. The spatial distribution of sediment volume per unit area363

of each grain-size class of the turbidite was calculated under the initial conditions shown in364

Table 1.365

The topography of the objective function was examined around the initial conditions366

shown in Table 1, by taking sediment volumes of the artificial turbidite generated with the367

initial conditions taken as observations and calculating the function values relative to those368

generated under various other conditions. The resultant contour maps are shown in Figure 7.369
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370

371

372

373

374

Inverse analysis of the artificial data then was carried out. Several parameters such as375

the number of generation and population size, are required for running the genetic algorithm,376

and the best settings for obtaining the smallest value of the objective function were investi-377

gated by testing various combinations of model parameters (Table 4). For both artificial data378

sets, 100 generations and a population size of 50 yielded lower values of the objective func-379

tion. Other parameters are shown in Table 4. As results, the initial thickness H0, the initial380

length l0, and the initial sediment concentrations for the three size classes (very coarse sand;381

C1,0: medium sand; C2,0: very fine sand; C3,0) were 24.68 m, 28.91 m, 0.156%, 0.149%, and382

0.157%, respectively, when the value of the objective function was smallest (Table 4 Case383

III). In contrast, for the largest value of the objective function, these values were 25.19 m,384

14.11 m, 0.226%, 0.228%, and 0.280%, respectively (Table 4 Case IV).385
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4 Application of the inverse model to a turbidite of the Kiyosumi Formation388

This new method of inversion was applied to an individual turbidite bed in the Kiyosumi389

Formation on the Boso Peninsula, Japan. Here the geological settings and the characteristics390

of the bed are explained. Then, the results of the inversion analysis are presented.391

4.1 Geological setting of the Awa Group and the Kiyosumi Formation392

The Miocene to Pliocene Awa Group, which has been interpreted as deposited in a393

forearc basin-paleoenvironment, is distributed in the central part of the Boso Peninsula (Fig-394

ure 8). The Awa Group unconformably overlies the Paleogene Mineoka Group and is uncon-395

formably overlain by the Pleistocene Kazusa Group. The Awa group is subdivided into lower396

and upper parts [e.g., Ishihara and Tokuhashi, 2001]. The upper part of the Awa Group is397

composed of the Amatsu, Kiyosumi and Anno formations, which are characteristically inter-398

calated with a variety of volcanic tuff beds [Takahashi et al., 1997] (Figure 9). The Kiyosumi399

Formation in the eastern to central region of the Boso Peninsula is composed of a sandstone-400

dominated alternating succession of turbidite sandstone and hemipelagic mudstone.401

In contrast, the Kiyosumi Formation in the western region of the peninsula is com-402

posed mainly of mudstone or mudstone-dominated alternating turbidite sandstone and hemipelagic403

mudstone. The turbidites of the Kiyosumi Formation thin drastically westward, and the for-404

mation transitions into the Inakozawa Formation in the west [e.g., Nakajima et al., 1981;405

Suzuki, 1995; Ishihara and Tokuhashi, 2001]. The maximum thickness of the Kiyosumi For-406

mation is about 850 m [Tokuhashi, 1979; Tokuhashi and Ishihara, 2008]. Sedimentologi-407

cal studies of ancient turbidites in the Kiyosumi and Anno Formation have been conducted408

in detail based on correlation of key tuff layers [Tokuhashi and Iwawaki, 1975; Tokuhashi,409

1976a,b, 1988; Takahashi et al., 1997; Kubo et al., 1998; Ishihara and Tokuhashi, 2001;410

Saito and Ito, 2002; Shikazono et al., 2006]. According to Tokuhashi and Iwawaki [1975]411

and Tokuhashi [1976a,b], many individual turbidite layers were correlated across a range of412

40 km from east to west and 5 km from north to south based on these key tuff layers. The413

paleocurrent data recorded by the turbidite structure suggest that the channel mouth was lo-414

cated around Lake Kameyama [Tokuhashi, 1976a,b]. Tokuhashi [1976a,b, 1979] investigated415

the three dimensional morphology and the sedimentation processes of the turbidity currents,416

and suggested that the Kiyosumi Formation consists of deposits on lobes of submarine fans.417

The paleobathymetry of the Kiyosumi Formation is estimated to have been about 2000 m418

based on analysis of benthic foraminifera preserved in the hemipelagic mudstone [Hatta and419

Tokuhashi, 1984; Kitazato, 1987]. Biostratigraphic investigations of planktonic foraminifera420

[Oda, 1978] and calcareous nannofossils [Kanie et al., 1991; Kameo et al., 2010], as well as421

magnetostratigraphic analyses, [Kimura, 1974; Niitsuma, 1976] hahve shown that the deposi-422

tional age of the formation is early Pliocene. The absolute age has also been obtained based423

on fission-track dating of zircon grains [Kasuya, 1987; Okada and Bukry, 1980]. Takahashi424

et al. [1997] summarized the biostratigraphic age determined from foraminifera, and esti-425

mated that the depositional age of the formation ranges spans about 800 thousand years from426

5.1 Ma to 4.3 Ma.427

This study is focused on one individual bed named the G1 turbidite by Tokuhashi [1976a].428

This turbidite bed is in the Kiyosumi Formation, and is intercalated between two key tuff lay-429

ers [Tokuhashi, 1976a], and it can therefore be correlated over 20 km. Details of the charac-430

teristics of this G1 turbidite are described below.431

4.2 Methods for field survey and analysis of deposits437

The individual turbidite bed investigated in this study was identified at seven sampling438

localities in the research area (Figure 8). The sampling localities are distributed in a fan-439

shaped region with a central angle of about 60◦ and a radius of about 20 km. The channel440

mouth is estimated to be located around the apex of the study area.441
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432

433

434

In the field survey, route maps and geological columnar sections at 1/25 scale were442

logged at the correlated ca. 1 m intervals at the seven localities. Thickness, strike and dip of443

the G1 turbidite were measured, and samples were collected at regular intervals for grain-size444

analysis.445

Bed thickness was measured with digital caliper (19975, Shinwa Rules Corporation,446

Niigata, Japan) for beds 0.01–15 cm thick. At all localities, samples for grain-size analy-447

sis were collected at 2 cm interval from the bottom to the top of the turbidite sandstones.448

Locs. 1 and 3, however, have space intervals of 2 cm between samples. Each sample was449

more than 20 g in weight, and about 4 g of sediment from each sample was used for grain-450

size analysis. Mud-sized particles (less than 62 µm in diameter) were removed by 250-mesh451

sieves (62 µm) with an ultrasonic bath before the settling-tube grain-size analysis. Later, dry-452

weight fractions of mud that were sieved out and recorded using an electronic scale. Then,453

grain-size distributions of sands in each sample were analyzed using the settling-tube method454

[Gibbs, 1974]. This method can be used to measure grain-size distributions based on the455

representative settling diameter of each grain-size class without any measurements of the456

geometric properties of particles. The settling diameters of grains reflect their hydraulic be-457

havior, which is significant for the purposes of this study. The settling-tube grain-size ana-458

lyzer used in the study consists of a cylindrical flume 180 cm height (Faculty of Science, Ky-459

oto University) and an electronic balance (UX820H, Shimadzu Corporation, Kyoto, Japan).460

The software “STube” was used for the measurements [Naruse, 2005]. The compositions of461

grains of -1 to 5 phi were measured in increments of 0.2 phi. Finally, the fraction of mud in462

each sample was calculated from the summation of amounts of sieved-out mud and particles463

measured as 4–5 phi from the settling-tube analysis.464
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4.3 Characteristics of the G1 turbidite465

This study is focused on an individual turbidite bed intercalated with the key tuff bed466

Ky 18 (informally named the G1 turbidite by Tokuhashi [1976a]). The key tuff beds Ky 1 to467

Ky 33 are also distributed in this study area [e.g., Nakajima et al., 1981; Kubo et al., 1998;468

Kameo et al., 2010]. The tuff layer Ky 18 consists of a couple of a lenticular acidic tuff beds469

and a scoria bed intercalating a single turbidite and hemipelagic mudstone [Kubo et al.,470

1998]. The Ky 18 tuff is intercalated in the upper part of the Kiyosumi Formation (Figure471

9), and extends across the distribution area of the formation. The lenticular acidic tuff bed472

is white in color and is composed of silt-sized fine volcanic glass. The bed ranges from 0473

to 5 cm in thickness. The scoria bed is black, and is mainly composed of granule-sized to474

very course sand-sized particles. This tuff bed shows upward-finning trend, and has an aver-475

age thickness of about 7 cm with a range of 4 to 10 cm (Figure 11). Tokuhashi and Ishihara476

[2008]; Nakajima et al. [1981]; Tokuhashi [1976a,b] correlated the G1 turbidite across 40477

km based on the correlation of Ky 18. The G1 turbidite is intercalated in a succession com-478

posed of sand-dominated alternations of thick turbidite sandstone and hemipelagic mudstone.479

Sandstone beds range from tens of centimeters to several meters in thickness, and thins in the480

downstream direction. They are interpreted as the deposits of lobes of the sandy submarine481

fan (Figure 11; [Tokuhashi, 1976a,b]).482

The G1 turbidite is composed mainly of medium sandstone with minor amounts of vol-483

caniclastics, and it can be subdivided into four divisions based on its sedimentary structures:484

(1) the inversely graded division, (2) the normal graded division, (3) the parallel laminated485

division, and (4) the muddy division, from bottom to top. In the middle of the normal graded486

division, scoria and pumice are abundantly scattered, and in some cases concented layers of487

pumice grains are observed immediately below the parallel laminated division (e.g., Loc. 3;488

Figure 10B). The bottom surface of the sandstone of the G1 turbidite (e.g., Loc. 2; Figure489

10E) shows some minor features of erosion (Loc. 2 and Loc. 5; Figures 10D and E). The490

thickness of the G1 turbidite thins downcurrent, and varies from 49.7 cm at Loc. 1 to 2.0491

cm at Loc. 7 (Table 5 Figure 10). The thickness of the deposit varies drastically between492

Loc. 3 (43.2 cm) and Loc. 4 (3.8 cm), which is consistent with the observations of Tokuhashi493

[1976a,b, 1979]. The normal graded and the parallel laminated divisions correspond to the494

A and B divisions of the Bouma sequence, or to the characteristics of the K-type turbidites of495

the Awa Group, which were described by Takahashi et al. [1997]. The mudstone overlying496

the G1 turbidite is interpreted to be composed of turbidite mudstone and hemi-pelagic mud-497

stone [Takahashi et al., 1997]. The results of the grain-size analysis show patterns of vertical498

and horizontal variations of grain-size distribution of the G1 turbidite (Figure 12). In the499

virtical direction, the variation of grain-size distribution in the vertical direction represents500

the four divisions of the bed mentioned above, which are recognized at most of the sampling501

sites. In particular, the upward fining trends showing the coarse-tail grading are distinct in502

the normal graded division (Figure 12). The term “coarse-tail grading” means a pattern of503

grading where coarser grains selectively decrease in proportion upward [e.g., Walker, 1975;504

Sylvester and Lowe, 2004]. In the horizontal direction, the pattern of variation also indicates505

that the bed fines downstream (Figure 12).506

4.4 Inverse analysis of the G1 turbidite514

In this application of the method of inverse analysis, the slope inclinations were set515

to around 20% for the upstream region and around 0.3% for the downstream region. The516

knickpoint between these two regions was located at the estimated position of the channel517

mouth (Figure 8). The sampling localities were assigned estimated distances from the knick-518

point to the sampling point along the downstream direction (Table 5). The other properties519

of the sampling localities are shown in Table 5. The sediment volume per unit area for each520

grain-size class of the G1 turbidite at each location was calculated from measurements of521

bed thickness and grain-size distributions (Table 6). Grain-size distributions of the deposit522

were discretized into three grain-size classes (medium, fine, and very fine sands) for the in-523
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Figure 10. Outcrop photographs of the G1 turbidite at seven localities. A. Loc. 1 (Ino River). B. Loc.
3 (Shichiri River). C. Loc. 6 (Kamiueno). D. Loc. 5 (Chiba Forest, Uchiura Kenmin no Mori). E. Loc. 2
(Shiroji). F. Loc. 4 (Mamenbara Highland). G. Loc. 7 (Katsuura Kaichuu Park).

507

508

509

Table 5. Summary of sampling localities.534

Locality Thickness Latitude Longitude Strike Dip Distance∗
of G1 (cm) (◦) (◦) (m)

Loc. 1 49.7 35.20085 140.10556 N78◦W 58◦N 1, 988.1
Loc. 2 32.8 35.19736 140.12542 N56◦W 54◦N 3, 602.4
Loc. 3 43.2 35.19434 140.13885 N50◦W 44◦NE 4, 825.6
Loc. 4 3.8 35.17644 140.18863 N35◦W 20◦N 9, 765.3
Loc. 5 6.9 35.16403 140.20400 N12◦E 20◦E 11, 643.8
Loc. 6 9.7 35.15212 140.21431 NS 14◦E 13, 125.4
Loc. 7 2.0 35.13506 140.28513 N66◦W 8◦N 19, 679.2
∗: Distance is from the knickpoint to the
sampling points along the downstream direction.

verse calculation (Figure 13). The fractions of very coarse and coarse sands were very small524

in the G1 turbidite; therefore, these two grain-size classes were eliminated in the analysis.525

The results are shown in Figure 13. The range of the initial parameters was set such that526

H0 changed from 200 m to 500 m, l0 changed from 200 m to 500 m, and CT0 changed from527

0.12% to 0.45%. Medium sand (C1) changed from 0.01% to 0.05%, fine sand (C2) changed528

from 0.01% to 0.2% and very fine sand (C3) changed from 0.1% to 0.2%. The setting of the529

genetic algorithm is shown in Tables 7.530

The hydraulic conditions of the turbidity current were then reconstructed using the538

inverse analysis procedure described above. The final value of the objective function was539

9.73. Initial conditions obtained from the inverse analysis were as follows: flow thickness H0540

= 441.09 m, flow length l0 = 200.00 m and sediment concentration CT = 0.3030% (medium541

= 0.01, fine = 0.13455, and very fine = 0.15841).542
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Figure 13. Sediment volume per unit area for each grain-size class in the G1 turbidite at the seven sampling
localities. The hydraulic conditions of the turbidity current were then reconstructed using the inverse analysis
procedure described above. The final value of J was 9.73..
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532
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Table 6. Sediment volume per unit of each grain-size class at seven localities measured with settling-tube
grain-size analysis of the G1 turbidite. Units in the matrix are in meters.

535

536

Locality Very coarse Coarse Medium Fine Very fine Mud
sand sand sand sand sand

Loc. 1 0.000 0.006 0.067 0.151 0.085 0.188
Loc. 2 0.000 0.003 0.034 0.086 0.063 0.142
Loc. 3 0.000 0.005 0.048 0.093 0.058 0.228
Loc. 4 0.000 0.000 0.000 0.004 0.009 0.023
Loc. 5 0.000 0.000 0.000 0.004 0.015 0.050
Loc. 6 0.000 0.000 0.001 0.012 0.018 0.067
Loc. 7 0.000 0.000 0.001 0.003 0.004 0.011
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Table 7. Settings of the genetic algorithm for inverse analysis of the G1 turbidite.537

Parameter Value

Generation 30
Crossing-over function 0.5
Migration 0.01
Elite number 1
Population size 100

Table 8. Reconstructed hydraulic conditions of the turbidity current that deposited the G1 turbidite, at the
time when flow reached each sampling point. The duration was 11,500 second. Reconstruction was based on
a simulation run with initial conditions obtained from the inverse analysis of the G1 turbidite.

552

553

554

Parameters Loc. 1 Loc. 2 Loc. 3 Loc. 4 Loc. 5 Loc. 6 Loc. 7

H m 30.92 34.58 38.05 66.95 90.00 115.60 334.55
U m/s 0.34 0.35 0.37 0.55 0.63 0.71 0.98
CT% 0.0270 0.0281 0.0290 0.0242 0.0192 0.0155 0.0058

4.5 Behavior of the reconstructed turbidity current543

The behavior of the turbidity current that emplaced the G1 turbidite can be estimated544

by calculating the evolution of hydraulic conditions over time based on the initial conditions545

obtained from the inverse analysis. The flow thickness, flow velocity and sediment concen-546

tration at the downstream end of the sampling area (Loc. 7, about 20 km from the channel547

mouth) were reconstructed as 334.55 m, 0.98 m/s, and 0.0058%, respectively, when the tur-548

bidity current reached the point (Table 8). Furthermore, the flow thickness, flow velocity and549

sediment concentration at the downstream end after a very long duration (60,000 seconds)550

were found to be 158.84 m, 0.28 m/s, and 0.0028% respectively.551
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5 Discussion555

5.1 Validity of the forward model556

This forward model is based on that of Kostic and Parker [2006], the results of which557

were verified by the experimental results of Garcia [1990]. Therefore, our model is can prop-558

erly reproduce ancient flow behavior. However, we expanded this model for multiple grain-559

size sediments. The model is also valid when expanding to account for this component [e.g.,560

Ribberink, 1987; Blom, 2008; Stecca et al., 2016].561

Validity of the forward model for calculating field-scale turbidity currents is suggested562

by the similarities in geometry and grain-size trends of deposits between the results of the563

simulations and the actual individual turbidite beds correlated over long distances. This564

forward model produces a turbidite showing a peak in thickness located around the proxi-565

mal region of the slope (Figure 4D and 6). Thickness of the calculated turbidite rapidly in-566

creases downstream around a knickpoint, and then gradually decreases downstream. These567

features resemble those of typical turbidite beds of the Boso Peninsula as summarized by568

Tokuhashi [1976b]. Lowe [1982] also proposed a hypothetical geometry of sandy, high-569

density turbidites, which shows similar geometry to the turbidites calculated by the forward570

model. Although turbidites predicted by this forward model show another peak in thick-571

ness on the proximal side of the slope where the initial suspended sediment cloud was lo-572

cated (e.g. Figure 4D), this peak results from an artificial effect caused by employment of the573

“lock-exchange” initial conditions (Figure 2). Focused on the downstream side of the knick-574

point, the features of the field-scale turbidite are well reproduced by the forward model. It575

should be noted that the region of the steeper slope is strongly affected by the artificial set-576

tings; therefore, the results of calculations for this region were excluded from the objective577

function calculations.578

The features of turbidites predicted by the forward model also show great similarity in579

both the patterns of vertical and downstreamward fining compared with those of actual an-580

cient turbidites (Figure 5). The graded bedding associated with the A division of the Bouma581

sequence is a typical feature of ancient turbidites. Middleton [1966b] reported this pattern582

of grading, called coarse-tail grading, from experimental turbidites, and it has been proved583

that this grading pattern is a near-universal features of turbidites [Lowe, 1982]. The results of584

this study also indicate that deposition of coarse-grained sands is concentrated around both585

the proximal side and the initial stage of turbidite formation. In contrast, finer sands tend to586

be deposited in the broad region from the proximal to distal ends, and deposition continues587

from the beginning to the end of the flow’s duration. These characteristics of turbidite depo-588

sition induce the graded bedding that shows coarse-tail grading features, which is especially589

common in coarse-grained sandy turbidites.590

The sensitivity tests of the forward model also show the adequacy of the model for591

the inverse analysis of turbidites. The results of the sensitivity test revealed that the forward592

model used in this study is sensitive to the input parameters (Figure 6), but is less sensitive to593

the model parameters (Figure 6). It would be difficult to determine the optimal solution from594

the result of the model calculation if the variation in the input parameters does not signifi-595

cantly change the results of the forward model calculation. Conversely, if the results are sen-596

sitive to the input parameters, even small differences in the initial conditions may be detected597

from the variation of deposits. Therefore, we infer that it is generally feasible to conduct the598

inverse analysis for ancient turbidites using the forward model proposed in this study. In con-599

trast, unlike the input parameters, the selection of the empirical parameters of the model did600

not affect the calculation results significantly. Although, there are many possible choices of601

empirical formulations proposed in previous studies such as the dimensionless coefficient of602

the rate of sediment entrainment es [e.g., Garcia, 1990], this model is robust with arbitrary603

selection of model parameter.604
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5.2 Validation of the methodology of inverse modeling605

The results of tests of the inverse analysis method using the artificial data indicated that606

the optimization calculation method adopted in this research can adequately reconstruct hy-607

draulic conditions of turbidity currents from turbidite deposits. This method reconstructed608

the initial conditions of flow as H0 = 24.68 m, l0 = 28.91 m, and CT0 = 0.462% (Table 4).609

The true values are H0 = 25 m, l0 =25 m, and CT0 = 0.5%, respectively. Differences be-610

tween the solutions of the inverse analysis and the true values were within approximately611

16% (1.28% for H0, 15.64% for l0, and 7.6% for CT0). Therefore, the method proposed in612

this research is inferred to also suitable for estimating the paleo-hydraulic conditions of ac-613

tual turbidity currents associated with turbidites in the geological record. The suitability of614

parameters of the genetic algorithm, for inversion using the forward model employed in this615

study were also explored. The results indicate that, 100 generations and a population size616

of 50 provided best solution in the case of the artificial data examined in this study. Further-617

more, reasonable results were also obtained using a wide range of parameters for the genetic618

algorithm, which suggests that our method does not strongly depend on the selection of set-619

tings for the optimization method. These lines of evidence suggest that reasonable estimates620

of hydraulic conditions of turbidity currents can also be obtained from actual ancient tur-621

bidites using this method.622

5.3 Advantages of the method proposed in this study623

Compared with the methods proposed in previous studies, the present method of in-624

verse analysis is at a great advantage for reconstructing the paleo-flow velocities of ancient625

deposits. Previously, researchers derived the flow velocities of turbidity currents based on the626

critical velocity of suspended sediments [Kubo et al., 1995, 1998]. Such a method, however,627

can only be used to estimate the minimum flow velocity, and Hiscott [1994] pointed out that628

the results are quite different from the actual paleo-flow velocities of turbidity currents. In629

contrast, recently, several methods of inverse analysis based on optimization calculations of630

input values for numerical models have been proposed [Waltham et al., 2008; Falcini et al.,631

2009; Lesshafft et al., 2011]. Compared with these previously proposed methods, the present632

method has the following advantages: (1) This study employed a non-steady flow model,633

which can reproduce the evolution of turbidity currents over time. Falcini et al. [2009] pro-634

posed the methodology employing a steady flow model as the forward model. As mentioned635

in the previous section, one of the characteristic features of turbidites is graded bedding, and636

this structure can be formed only by non-steady flows. (2) The model of this study considers637

both sediment entrainment (resuspension) from the bed by turbidity currents and turbulent638

mixing of suspended particles in the flows, which are essential processes for representing639

suspended sediment transport. Kubo et al. [1998] estimated the paleo-flow velocity of the640

turbidity current using a “box” model, giving an arbitrary value of the initial flow thickness.641

However, their model did not account for sediment resuspension processes. Waltham et al.642

[2008] also proposed an inverse analysis method based on the non-steady layer-averaged643

model of turbidity currents, but they also did not consider resuspension processes, which644

could create problems. (3) Calculation costs of this model are low enough to apply it with645

field-scale data (calculation time was 319,530 seconds). Lesshafft et al. [2011] proposed an646

inverse analysis method based on direct numerical simulation (DNS) of the Navier–Stokes647

equations. However, the calculation costs of their method are extremely high, and conse-648

quently it is difficult to apply their method to the field-scale data from ancient turbidites.649

5.4 Application to an ancient turbidite of the Kiyosumi Formation650

The present method was applied to an individual ancient turbidite of the Kiyosumi For-651

mation, the G1 turbidite, and the hydraulic conditions of the turbidity current that emplaced652

the G1 turbidite were reconstructed. For application of the method proposed in this study,653

the G1 turbidite is appropriate for the following reasons: (1) correlation of the bed is reliable654

because it is intercalated with easily recognizable tuff beds (Ky 18), which can be traced 30655

–28–



Confidential manuscript submitted to <JGR-Earth Surface>

km from east to west and 5 km from north to south; (2) the G1 turbidite shows no significant656

erosional structures [Tokuhashi, 1976a]. In this study, the estimated flow thickness, veloc-657

ity and sediment concentration were 334.6 m, 0.98 m/s, and 0.0058%, respectively (Figure658

14), when the turbidity current arrived at the sampling point at the downstream end of the659

research area (Loc. 7). Kubo et al. [1998] applied the “box” model of Dade and Huppert660

[1995] for the G1 turbidite and estimated a paleo-flow velocity 5.56 m/s. The velocity result661

from the present method is lower [Kubo et al., 1998]. The validity of these reconstructed val-662

ues will be discussed in detail in future works, but several in-situ observations are available663

for comparison with our inversion results. For example, following an earthquake under the664

Grand Banks in 1929, the velocity of a turbidity current was estimated from the intervals be-665

tween cable breaks, and this velocity reached high as 7.7 m/s [Shepard, 1963]. In addition,666

when a storm passed over Scripps Submarine Canyon in 1976, the velocity of a turbidity cur-667

rent was estimated to be as high as 1.9 m/s at a depth of 44 m [Inman et al., 1976]. During668

a hurricane offshore of Oahu near the Kauai Channel in 1982, turbidity currents velocities669

were estimated to be as high as 3.0 m/s [Dengler and Wilde, 1987]. In Monterey submarine670

canyon offshore of California, turbidity currents were observed using an acoustic Doppler671

current profiler [Xu et al., 2010]. The measured velocity of the currents ranged from 1.7 to672

2.8 m/s. Vangriesheim et al. [2009] reported turbidity currents in the Congo Fan channel of673

the Congo Canyon, and Cooper et al. [2013] recorded turbidity currents in the lower reaches674

of the canyon [Kneller et al., 2016]. Arai et al. [2013] showed that a turbidity current was675

triggered by the tsunami caused by earthquake that occurred offshore of Tohoku-Oki in 2011676

and estimated flow velocity as 2.4–7.1 m/s. In addition, Clarke [2016] presented that multi-677

ple surge-like turbidity currents were examined using a new imaging method in the mouth of678

the Squamish River in Howe Sound, British Columbia, Canada and the flows varied in speed679

from 0.5–3.0 m/s. Compared with these measurements, our results indicate relatively low680

velocities and high flow depths. Future improvements in both the in-situ measurements and681

forward model development may solve these discrepancy in the estimated values.682
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6 Conclusions689

We propose a new method of inverse analysis of turbidity currents based on turbidite690

deposits, and applied this method to an individual ancient turbidite in the Kiyosumi Forma-691

tion. Despite their significance in the paleoenvironmental research and resource geology,692

the flow properties of turbidity currents in deep-sea environments remain uncertain because693

in-situ measurements are made difficult by the highly destructive nature and infrequency694

of these occurrences. Therefore, to better understand the behavior of actual turbidity cur-695

rents, we have aimed to develop a new method of inverse analysis to reconstruct the paleo-696

hydraulic conditions of turbidity currents from ancient turbidites. There have been a few697

privious studies of inverse modeling of turbidity currents; however, several problems with698

these studies have been pointed out. They employed an oversimplified forward model that699

is not suitable for reproducing typical features of ancient turbidites, or else the calculation700

costs of their method were too high to apply to field-scale data. To solve these problems, we701

have developed a new forward model of non-steady turbidity currents that accounts for mixed702

grain-size sediment, and can describe the behavior of a turbidity current that deposits a typ-703

ical turbidite with graded bedding. The new model employs one-dimensional shallow water704

equation, which is applicable to field-scale problems. The “lock-exchange” type condition705

is assumed as the initial setting in this model. For inverse analysis, the objective function is706

defined as the sum of squares of deviations between the sediment volumes of the observa-707

tions and the numerical calculations. In the present inverse calculation, the initial hydraulic708

conditions that minimize the objective function are explored with a genetic algorithm. Tests709

of our inversion method using artificial data provided reasonable results, which suggest ad-710

equacy of this optimization methodology. We then applied our method to field data from a711

turbidite in the Kiyosumi Formation, Boso Peninsula, Japan. The Kiyosumi Formation is712

sand-dominated and composed of alternating of turbidite sandstone and hemipelagic mud-713

stone, which are interpreted to be deposits of a submarine fan lobe. In this study, an individ-714

ual turbidite bed intercalated between the two key-tuff layers was correlated over 20 km, and715

thickness and grain-size distribution of the bed were measured at an seven sampling locali-716

ties. Through the inverse analysis, the hydraulic conditions of the turbidity currents that had717

emplaced this turbidite were estimated. The flow thickness, velocity, and total sediment con-718

centration were reconstructed to be 334.55 m, 0.98 m/s, and 0.0058%, respectively, when the719

flow reached the downstream end of the sampling area. Although verification of these results720

will be discussed further in the future, these reconstructed values are in agreement with the721

hydraulic conditions of turbidity currents monitored in previous studies. However, room for722

improvement remains for the forward model used in this study such as design of the initial723

and boundary conditions, and optimization methods including the objective function.724
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