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CONGO

Inspired by the two-layer model of a stratified lake forced by wind stress, we introduce
the concept of Wedderburn number (W) to quantify, for the first time, how turbidity and
contour currents interacted to determine sedimentation in unidirectionally migrating
deep-water channels (UCs). Bankfull turbidity flows in the studied UCs were computed
to be supercritical [Froude number (Fr) of 1.11-1.38] and had velocities of 1.72-2.59
m/s. Contour currents with assumed constant velocities between 0.10 and 0.30 m/s
flowing through their upper parts would result in pycnoclines between turbidity and
contour currents, with amplitudes of up to 7.07 m. Such pycnoclines, in most cases,
would produce Kelvin-Helmholtz (K-H) billows and bores that had velocities of 0.87-
1.48 m/s and prograded toward the steep channel flanks by 4.0° to 19.2°. Their
wavefronts with the strongest shocks and deepest oscillations would, therefore, occur
preferentially along the steep flanks, thereby promoting erosion; on the other hand their
wavetails with the weakest shocks and shallowest oscillations would occur
preferentially along the gentle flanks, thereby promoting deposition. Such asymmetric
intra-channel deposition, in turn, forced individual channels to consistently migrate
toward the steep flanks, forming channels with unidirectional channel trajectories and
asymmetrical channel cross-sections.
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Response to comments made by journal editor of Dr. James Schmitt
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suggesting that it is fundamental to the reader understanding the interpretations presented
therein. Thus, it needs to be incorporated into the main manuscript as a figure (i.e. moved
out of the Data Repository). Only supplemental materials should be located in the Data
Repository. This will likely involve condensing some text and perhaps combining or

reconfiguring figures.

Response: Taking the above comments, we moved Figure DR1 in the previous version
out of the Data Repository, which now become Figure 4 of our manuscript. We updated
our figure citations throughout the whole text manuscript accordingly.

(2). Comments: 2) Figure 4 is referenced in numerous places in the manuscript, but there

is no Figure 4. This discrepancy needs to be addressed and fixed.

Response: The same comments have also been listed in the formatted and
reference-checked manuscript. Please refer to our responses to (3). Comments in the
annotated manuscript for full details of how we addressed this point in the revised version
of our manuscript.

(3). Comments: 3) The English grammar needs to be improved throughout the
manuscript. Acquiring grammatical editing help in this regard from a native English

speaker may be very helpful.

Response: According to the above comments, we invited my postdoctoral supervisor of
Prof. Ron J Steel at the Jackson School of Geosciences of UT Austin to further polish the
wording and grammar of our manuscript. Prof. Steel also made some insightful and
constructive comments and suggestion during the early stage. We, therefore, added him
as one of our coauthors.



Response to comments made by Reviewer #1 of Dr. Joris Eggenhuisen

(1). Comments: The authors establish, for the first time, a quantitative framework that
integrates the topics of oceanic contour currents and turbidity currents. They demonstrate
how their parameterisations can explain the morphological evolution of prominent
features on the ocean floor and in deep water stratigraphy. The paper truly treads new
ground, which is a rare accomplishment in this day and age. The discussion is balanced
and convincingly calls for new research activity. I enthusiastically encourage Geology to
publish this paper. Below are some comments regarding final clarifications that I suggest

to be beneficial for the paper.

1) The flow condition estimates have been considerably improved. The clarity of the
main text has been drastically improved. Many of the secondary variable estimates have
been successfully moved to the supplementary materials. With regard to this theme I have
the following remaining comments:

+ There are now multiple ranges for Ut and Fr in the text and the supplementary
materials (cf. L114 and supplementary material). This will make the readers
doubtful about the rigour of the quantifications. Please run through all
calculations and the text, and ensure that a single, final, consistent set of results is
presented throughout.

+ It seems that the thickness of the upper layer determines the amplitude of the
pycnocline (Eg. 8) but hl is not defined in the text. This leads the reader to
speculate whether this is the thickness of the South Equatorial Current. Please
explain and state which value was used for h1l.

¢ The use of hl” is clear in the wind-shear context of the Wedderbrun number; the
depth of the interface beneath the wind-shear surface [h1=h1" in the context of
wind-shear pycnoclines]. But this is not clear in the contour-turbidity current
interaction setting. Please explain what value for hl’ is used, and what its

interpretation is in this new application.

Response: According to the above comments, we made the following revisions:

Firstly, we double checked ranges for U; and Fr. A single, final, consistent set of
results of U, and Fr is now presented throughout the text and the supplementary
materials, which are listed as follows:



¢ Velocities of bankfull turbidity currents in the studied channels = 1.72-2.89 m/s
(averaging 2.29 m/s);

¢ Velocities of K-H billows and bores = 0.87-1.48 m/s (averaging 1.17 m/s);

¢ Fr of bankfull turbidity currents in the studied channels = 1.11-1.38 m/s
(averaging 1.24 m/s).

Secondly, we deleted our expression related to hl, in order to avid the confusion. Instead,
we employed Shintani et al. (2010) to indicate how amplitude of the deflections of

pycnoclines between turbidity and contour currents can be calculated.

(2). Comments: 2) L142-146 This extra determination of deltarho with a bottom friction
estimate and a Froude condition is obsolete and overly complicated, as rhol and rho2
have already been established with much simpler Eq. 4 in lines 135-141. Cut this text,
and use 1025 and 1041 kg/m3.

Response: Taking the above comments, Lines 142 to 146 were deleted accordingly.

(3). Comments: 3) There are some remaining doubts about the characteristic velocities to
be used in the parameterisations. This is understandable, because the authors use them on
combined flows, while these parameters were originally developed on simple flows. |
have the following remaining questions:

¢ -shouldn’t the velocity scale in Eq. 7 be the differential velocity between the
turbidity current and contour currents?

¢ -1.188-193. | am doubtfull about this velocity scale. The shear between the
turbidity current and the contour current is between the maximum velocity and
the contour current, surely?

Response: On the basis of the above comments, we followed two lines of revision.
Firstly, we used the same units for both turbidity and contour currents.

Secondly, we softened our wording of Line 188 to 193 accordingly. We indicated that a
representative velocity at the interface between turbidity and contour currents is poorly
constrained.

(4). Comments: 4) The supplementary material needs to be brought up to the same level
as the main text. Dimensionless slope is still reported to be up to 0.4964 [-]; and
velocities and Froude numbers are much too high. Roughness is varied up to 1 m; which



is a huge value, implying that there are multi-m high bedforms with detached flow cells
on the bed. Please clarify this assumed range.

5) Inconsistencies remain in the notation used for variables. These have to be corrected
before publication:

Response: We carefully went through our supplementary materials, and made all
variables and noteworthy into a single, final, consistent set of results.

(5). Comments: L97 S, not Fr.

L130 & 135: L, not B

L175&176: A, not etha0?

L194-193 Please use consistent typography for V/v.

Suppl page 2: “Densimetric Froude number, not normal density Froude number.
Suppl page 3: ks and kappa s are used for roughness; ks is more common in literature.

Notation: Fr’ for the densimetric Froude number; not Fr

Response: We accepted the above suggestions, and corrected our manuscript
accordingly.

(5). Comments: 6) The text is not written by native English writers. It is also clear that |
am not the best person to suggest all appropriate corrections as my English is certainly
not more eloquent. Below | have indicated some occurrences in the text where | feel the
text should be rephrased to improve the English style and grammar:

L35-40 Re-order sentence parts.

L123 “The Wedderbrun number...”

L185-186 Rephrase.

Further minor comments:

L56 “runoff mm/yr” Either the rainfall rate in mm/yr, or the runoff in m3/yr.

L104, 114 and other occurrences: The uncertainties in these estimation workflows make
reporting 3 significant digits troublesome. | strongly suggest 1.1, 11.4, 1.7, 2.9 as
opposed to 1.11, 1.38, etc. Also L180 W-1=4.1 instead of 4.09, etc.

L133 “to”, not “to to”



L146-147 L is indicated in Fig 3, not in Fig. 2.

L275 “analyse” not analyis

Response: We reconstructed the above sentences. My postdoctoral supervisor of Prof.
Ron J Steel at UT Austin carefully went through the whole text manuscript, and further
improved the wording and grammar of our manuscript.

In addition, we used the same level of precision in two significant digits, but are willing
to further build our manuscript if necessary.



Response to comments made from Reviewer #2 of Dr. Octavio E. Sequeiros

(1). Comments: Reviewer #2: I have read the authors replies to my original comments
and looked into the new version of the manuscript. I have only two further comments.
After they are addressed, and I think the authors can do it, | recommend this manuscript
for publication:

1) One of my main comments was:

If the hypothesis that unidirectional migrating submarine channels (UCs) are caused by
the interaction between oceanic countercurrents and turbidity currents below them is
correct, it should be observed ONLY in water depths shallower than those reached by
oceanic counter currents. Is this true?

The manuscript focus on a small area of the former continental slope. Is there any
evidence that further downstream in deeper waters the submarine channels DO NOT
migrate laterally?

Can you find some evidence in the paper you cite? E.g. Merciera et al (2003)?
The authors must address this point.

The authors reply that "we revisited our seismic database, and confirmed that our
channels laterally migrated throughout their life span along their entire length."

| was expecting that further downstream the canyons did not migrate laterally. If they do
this implies that in the deeper downstream stretches of the canyons, where the oceanic
countercurrents do not reach, something else has to explain the lateral migration of the
submarine channels.

| believe the authors try to explain this paradox by changes in sea levels during different
geological eras.

Thus in another section entitled "GEOLOGICAL AND OCEANOGRAPHIC
BACKGROUND" the authors make this statement to support their hypothesis "The
documented UCs occur in paleo-water depth of 200 to 500 m, suggesting that the south
equatorial currents with an effective depth of 350 m were most likely involved in their
construction (Fig. 1; Merciera et al., 2003)."

But still I think you need to be more explicit and state that this is the reason why lateral
migration happens in the entirety of the submarine channels. Otherwise readers are going



to be confused or misread your text and think that the lateral migration in deeper waters
could be happening even now.

If your explanation is right, then you have to state that lateral migration of canyons
should happen in present days only in shallow waters, and the lateral migration observed
in deeper waters happened in the past, when those sections of the channel where in
shallower waters. At least that is how | understand your explanation. But | am not sure if
| understand your text correctly. Please be more explicit about this because it is an
important point.

Response: Taking the above comments, we made the following revisions.

Firstly, as suggested by Dr. Octavio E. Sequeiros, we find some evidence in previous
studies, which suggest that Lower Congo channels in water depth of > the effective depth
of south equatorial currents do not have unidirectional trajectories. We added this point to
our manuscript accordingly.

Secondly, we gave a short explanation of why lateral migration happens in the entirety of
the documented channels in  section, entitled “GEOLOGICAL AND
OCEANOGRAPHIC BACKGROUND”.

Please refer to section, entitled “GEOLOGICAL AND OCEANOGRAPHIC
BACKGROUND” for full details of how we addressed the above comments in our
resubmission.

(3). Comments: 2) In the new manuscript line 265 now reads "Thirdly, it is now widely
acknowledged that turbidity currents are short (a few days per year), local and intense,..."
| think this is generally a valid statement, but a recent paper by Azpiroz-Zabala et al
(2017) on the Congo Canyons turbidity currents found that that particular submarine
channel is much more active than average and turbidity currents occur quite frequently. |
think this supports your hypothesis, so you should mention it.

Azpiroz-Zabala, M., M. J. Cartigny, P. J. Talling, D. R. Parsons, E. J. Sumner, M. A.
Clare, S. M. Simmons, C. Cooper, and E. L. Pope (2017), Newly recognized turbidity
current structure can explain prolonged flushing of submarine canyons, Science advances,
3(10), e1700,200.

Response: We added the above reference accordingly.
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How do turbidity flows interact with contour currents in

unidirectionally migrating deep-water channels?
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ABSTRACT

Inspired by the two-layer model of a stratified lake forced by wind stress, we
introduce the concept of Wedderburn number (W) to quantify, for the first time, how
turbidity and contour currents interacted to determine sedimentation in
unidirectionally migrating deep-water channels (UCs). Bankfull turbidity flows in the
studied UCs were computed to be supercritical [Froude number (Fr) of 1.11-1.38]
and had velocities of 1.72-2.59 m/s. Contour currents with assumed constant
velocities between 0.10 and 0.30 m/s flowing through their upper parts would result in
pycnoclines between turbidity and contour currents, with amplitudes of up to 7.07 m.
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Such pycnoclines, in most cases, would produce Kelvin-Helmholtz (K-H) billows and
bores that had velocities of 0.87-1.48 m/s and prograded toward the steep channel
flanks by 4.0° to 19.2°. Their wavefronts with the strongest shocks and deepest
oscillations would, therefore, occur preferentially along the steep flanks, thereby
promoting erosion; on the other hand their wavetails with the weakest shocks and
shallowest oscillations would occur preferentially along the gentle flanks, thereby
promoting deposition. Such asymmetric intra-channel deposition, in turn, forced
individual channels to consistently migrate toward the steep flanks, forming channels
with unidirectional channel trajectories and asymmetrical channel cross-sections.
INTRODUCTION

Down-slope turbidity currents and along-slope contour currents are Earth’s
most important agents for sediment transport in the world’s oceans (e.g., Rebesco et
al., 2014; de Leeuw et al., 2016; Azpiroz-Zabala et al., 2017). Both types of current
do not work in isolation, but rather act together in the same place and at the same
time (e.g., Gong et al., 2013; Rebesco et al., 2014). In addition to channels created
solely by turbidity or contour currents, UCs (sensu Gong et al., 2013), reflecting the
interaction between the two types of current, are also very common on continental
margins (e.g., Gong et al., 2013; Palermo et al., 2014).

In recent years, an increasing effort has been made to understand flow
processes and sedimentation in deep-water channels through sedimentological
analysis of outcrops, direct measurements of turbidity currents (Azpiroz-Zabala et al.,
2017), scaled laboratory experiments (de Leeuw et al., 2016), and numerical
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approaches (Sequeiros, 2012). To date, however, no study has quantified 3D flow
processes and their controls on sedimentation in UCs. The current study quantifies,
for the first time, how turbidity and contour currents acted together in UCs.
GEOLOGICAL AND OCEANOGRAPHIC BACKGROUND

The study area is located in the Lower Congo Basin (Fig. 1), which was
created by the Early Cretaceous opening of the South Atlantic Ocean (Ho et al.,
2012). Vast quantities of clastics were delivered into this basin by the Zaire River
with a drainage catchment of 3.8 x 108 km? and a sediment load of 4.3 x 107 t/yr (Fig.
1), giving rise to aerially extensive Zaire (Congo) fan (Ho et al., 2012) The studied
UCs are Quaternary in age, and occur on the southeastern margin of the Quaternary
Zaire fan (Fig. 1).

Three major ocean currents dominate the present-day oceanographic setting of
the West African margin, namely Angola coastal current, south equatorial counter
current, and south equatorial current (Fig. 1). The very energetic Angola coastal
currents and seasonal eastward-flowing south equatorial counter currents predominate
on the West African shelf (Fig. 1; Mercier et al., 2003). Northward-flowing south
equatorial currents with an effective depth of approximately 350 m, in contrast,
dominate mainly on the West African slope (Fig. 1; Mercier et al., 2003). The
documented UCs occur in paleo-water depth of 200-500 m, suggesting that the south
equatorial currents on the West African slope were most likely involved in their
construction (Fig. 1; Mercier et al., 2003). Contour currents generally involve a
significant volume of water mass in a large area, and persist over very long time
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intervals, most likely causing the documented UCs to migrate northward consistently
in the direction of the modern northward-flowing south equatorial currents throughout
their life span (Figs. 1 and 2). It should be noted that channels on the West African
slope with water depth > the effective depth of the south equatorial current do not
have unidirectional migration trajectories (Ho et al., 2012).
ESTIMATING BANKFULL TURBIDITY CURRENT CONDITIONS FROM
DEEP-WATER CHANNEL MORPHOLOGY
Unidirectionally Migrating Deep-Water Channels in the Lower Congo Basin

Six UCs of Quaternary age were recognized in the Lower Congo Basin (UC1
to UCG6 in Fig. 2). In cross-sectional view, they display asymmetrical channel cross-
sections with northern channel flanks that are, overall, 1.5-3.5 times steeper than their
southern counterparts (Fig. 2). They are composed of a series of seismically
resolvable channel-complex sets that have bankfull channel widths of 1506-3817 m
and bankfull channel depths of 64-108 m, giving aspect ratios of 16-45 (Table DR1).
In plan view, they are represented by alternating sets of closely spaced, crescent-
shaped, straight, high- and low-amplitude threads (Fig. 3A), and have mean slope
gradient (S) of 0.011-0.020 (averaging 0.015).
Estimating Bankfull Turbidity Current Conditions

The Froude number method of Sequeiros (2012) returns Fr as a function of
S, the combined friction factor for turbidity currents [Cr(1 + a)], and the ratio of
shear velocity to settling velocity (u,/v;), express as Equation 1.

Fr = [0.15 + tanh(7.625%72)](1 + vs/u. ) [C; (1 + )] %21 (1)
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It is applicable to both sinuous and straight deep-water channels (Sequeiros
2012), and was thus employed to estimate bankfull turbidity current conditions in the
studied UCs. Using Equation 1, Fr of turbidity currents in the studied channels was
computed to range from 1.11 to 1.38 (averaging 1.24) (see the Data Repository for
full details of our computation), thereby displaying supercritical flow regimes (Fig.
4A). The layer-averaged velocity of channel turbidity currents (U,) was then
calculated via Equation 2.

U = Fr(gbp/ph)'/? 2

where: (i) g is the gravitational acceleration; (ii) Ap refers to the layer-
averaged excess density of the current; (iii) p denotes the layer-averaged density of
the turbidity flow; and (iv) Ap/p signifies the layer-averaged fractional excess
density of the flow with respect to that of the ambient fluid (p,) (i.e., Ap/p of <0.7%
for field-scale turbidity currents, as suggested by Sequeiros, 2012). U, was then
computed to range from 1.72 to 2.59 m/s (Fig. 4B; (see the Data Repository). Cross-
plot of our results of S and Fr against 73 measurements of S and Fr of turbidity
currents has a high correlation coefficient of R? = 0.82 (n = 82) (Fig. 4A), validating
the accuracy of our computations.
HOW DO TURBIDITY FLOWS INTERACT WITH CONTOUR CURRENTS?
Parameterizing Amplitudes of Pycnoclines between Turbidity and Contour
Flows

Wedderburn number (W) is widely used in limnology research to estimate
wind-forced internal seiche behaviors in lakes (Shintani et al., 2010), and is employed
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to answer the question of how turbidity flows interact with contour currents in Lower
Congo UCs? Tilting displacements of the interface between lower turbidity flows and

upper contour currents (i.e., pycnoclines) would normally be parameterized by W:

_ 9(p2—p)h?* _ g(Ap)h?
W - p VZB ZB (3)
1V« P1Vi

where: (i) p; and p, are densities of upper contour currents and lower
turbidity flows, respectively (Fig. 3B); (ii) h denotes the thickness of the turbidity
current; (iii) B is bankfull channel width (Fig. 3B); and (iv) v, refers to to turbulent
velocity at the interface between the water masses.

To compute W, four variables (p,, Ap, B, and v,) were determined. First,
Sequeiros (2012) suggested that p, can be computed by:

pz = pi(1 = C) + psC 4)

where p; and ps denote density of the interstitial fluid and particles,
respectively, and C signifies sediment concentration in the current. Assuming p; =
1025 kg/m® and C = 1% being typical of turbidity currents, p, was then calculated to
be 1041 kg/m?. Second, B was measured from nine chosen channel cross-sections
(Table DR1). Third, v, is derived from the shear stress as 7 = p,vZ = p;C,U,>
(Shintani et al., 2010), so that:

v, =4/ CqU; ®)

where: (i) C, is the drag coefficient, and is set by the interfacial environment
rate and (ii) U, is the velocity of the contour currents. U, is poorly constrained,;

however, existing data sets suggest that it is in many cases between 0.10-0.30 m/s
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(Wetzel et al., 2008). W was then computed to range from 0.21 to 1.04 (when U, =
0.10 m/s) or to vary from 0.07 to 0.35 (when U, = 0.30 m/s) (Fig. 4C).

Shintani et al. (2010) have suggested that the amplitude of the deflections of
pycnoclines (A) can be estimated by:

A= (6)

Our results suggest that A ranges from 0.48 to 2.36 m, when U, =0.10 m/s;
or from 1.44 t07.07 m, when U, = 0.30 m/s (Fig. 4C).
Parameterizing the Internal Wave Field Along Pycnoclines

The internal pycnocline response of turbidity flows in the studied channels to a
forcing event of contour currents can be gauged by the new Wedderburn number
(W~1) (Boegman et al., 2005), defined as:

W=~ ()

where: h; is the interface depth. W~ was estimated to range from 0.96 to
4.71, when U, =0.10 m/s; or from 2.87 to 14.13, when U, = 0.30 m/s. Boegman et
al. (2005) have suggested that strong forcing (represented by 0.96 < W~1) would
most likely produce Kelvin-Helmholtz (K-H) billows and bores.
Reconstructing K-H Billows or Bores Along Pycnoclines

Supercritical turbidity currents in the studied UCs are typically stratified
flows, and thus have their peak velocity near the bed. A representative velocity at the
interface of such stratified supercritical flows would, thus, be lower than their layer-
averaged or peak velocity. The representative velocity at the interface is poorly

constrained, but can be assumed to be U¢/2 for maximum (Dr. Octavio E. Sequeiros,
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pers. comm. 2017). The local paleocurrent velocities (v) and directions () of K-H

billows and bores were computed by Equation 8 and Equation 9, respectively (Fig.

v= |2+ U2 ®)

B = arctan[U/ ()], (©)

3B):

Our results suggest that when U, = 0.10 m/s, v and 3 were computed to
range from 0.87 to 1.45 m/s and 4.0° to 6.6°, respectively (Fig. 4D); or that when U,
=0.30 m/s, v and 3 were calculated to range from 0.91 to 1.48 m/s and 11.7° to 19.2°,
respectively (Fig. 4D).

HOW DOES THE INTERPLAY OF TURBIDITY AND CONTOUR
CURRENTS DETERMINE SEDIMENTATION?

As discussed above, the interplay of turbidity and contour currents in the
studied UCs would have produced pycnoclines that had A of 0.48-7.07 m, and likely
yielded K-H billows and bores, which propagated toward and impinged the steep
channel flanks by 4.0° to 19.2°. They therefore generated the strongest shocks, largest
amplitudes, and longest wavelengths at their fronts along the steep flank of any
channel. Conversely, the weakest shocks, shallowest oscillations, smallest amplitudes,
and shortest wavelengths are expected at their rear along the gentle flank (Figs. 3B
and 3C). The steep channel flanks were thus more prone to erosion by turbulent
mixing between turbidity and contour currents.

The suggested flow structure of K-H billows and bores with wave fronts along
the steep channel flanks versus wave tails along the gentle channel flanks is supported

Page 8 of 15



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

Publisher: GSA
Journal: GEOL.: Geology
DOI:10.1130/G40204.1

by the following three lines of evidence (Figs. 3B and 3C). First, the Lower Congo
UCs display asymmetrical channel cross-sections with steep flanks that are, overall,
1.5-3.5 times steeper than their southern gentle flanks (Fig. 2). Second, high-
amplitude seismic reflections suggest sands preferentially accumulated along the steep
flanks, whereas low-amplitude seismic reflections indicative of muddier deposits
preferentially accumulated along gentle flanks (Fig. 2). Third, steep flanks contain
truncation terminations, whereas their gentle flanks exhibit downlap terminations
(Fig. 2B). All of these observations collectively point to steep-flank erosion versus
gentle-flank deposition (Figs. 3B and 3C). Contour currents generally display
predominantly unidirectional flow conditions (Wetzel et al., 2008), suggesting that K-
H billows and bores would have persistently promoted steep-flank erosion versus
gentle-flank deposition, forcing individual channels to consistently migrate in the
direction of the steep flanks through time (Fig. 2, 3B, and 3C).
CONCEPTUAL IMPLICATIONS

Our results provide three main contributions towards better understanding of
unidirectionally migrating deepwater channels. Firstly, UCs were recently recognized
on the northern South China Sea margin (Gong et al., 2013), and were also well
developed in the Lower Congo Basin (Fig. 2) and offshore Northern Mozambique
(Palermo et al., 2014). They are, thus, fairly common on continental margins,
although they are quite different from well-documented turbidite or contourite
channels. This study succeeds in using W to interpret unidirectional along-slope
channel migration, and quantifies the pycnocline response of turbidity flows to the
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forcing of contour currents for the first time, thereby contributing to a more complete
picture of flow processes and sedimentation in submarine channels.

Secondly, the general energy differences between turbidity and contour
currents have made their interaction one of the most controversial issues since the
1970s (e.g., Rebesco et al., 2014). Our results suggest that, in most cases, pycnoclines
between turbidity and contour currents could produce K-H billows and bores that
impinged the steep channel flanks (Figs. 3B and 3C). Their shocking wave fronts and
deep oscillations promoted steep-flank erosion, whereas their wavetails with shallow
oscillations would have promoted gentle-flank deposition. Our results, therefore, help
to better understand and provide a new model of the interplay of turbidity and contour
currents. Our results, therefore, may set the tone in exploring further quantification of
the interplay of oceanic contour currents and the sedimentology of turbidity currents.

Thirdly, it is now widely acknowledged that turbidity currents carry a
significant sedimentary load, are brief events (a few days per year), local and intense,
and draw the attention of mainly sedimentologists (Azpiroz-Zabala et al., 2017).
Conversely, contour currents are essentially clean-water, long-lived (up to millions of
years), of great spatial extent, and have the attention mainly of oceanographers
(Rebesco et al., 2014). Therefore, turbidity and contour currents are usually not
addressed jointly. However, our observations have shown that the
depositional/erosional record of some deep-water channels contain clear signals from
both turbidity and contour currents, and we advocate closer collaboration between
stratigraphic communities that separately analyze turbidity or contour currents.
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CONCLUSIONS

We used the concept of Wedderburn Number, for the first time, to quantify
pycnocline response of turbidity currents to forcing events of contour currents in
widely occurring UCs. Pycnoclines between turbidity and contour currents would be
produced when contour currents with boundary current velocities (assumed constant
between 0.10 and 0.30 m/s) flowed across the pathway of supercritical turbidity flows
in submarine channels with Fr of 1.11-1.38 and U, of 1.72-2.59 m/s. They had W
of 0.07-1.04 and A of up to 7.07 m, and would thus, in most case, have produced K-H
billows and bores. These K-H billows and bores had velocities of 0.87-1.48 m/s and
impinged toward the steep flanks by 4.0° to 19.2°. Therefore, their wavefronts with
the strongest shocks and deepest oscillations would have occurred preferentially along
the steep channel flanks, constantly promoting erosion and resultant steep channel
walls with common occurrence of truncation terminations. Their wavetails with the
weakest shocks and shallowest oscillations, in contrast, would have occurred
preferentially along the gentle channel flanks, favoring gentle-flank deposition, and
gentle channel walls with widespread downlap stratal terminations. Such asymmetric
intra-channel deposition would have persistently forced individual channels to migrate
in the direction of the steep flanks through time, as recorded by unidirectional
channel-growth trajectories.
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FIGURE CAPTIONS

Figure 1. Google Earth image showing geographical and oceanographic context of the

study area in the Lower Congo Basin.

Figure 2. (A) Strike-view seismic section showing cross-sectional seismic expression
of six UCs. (B) Strike-oriented seismic line (line locations shown in Fig. 3A) showing

a close-up view of Lower Congo UCL1 to UC3.

Figure 3. (A) Representative time slice taken 350 ms below the modern seafloor
showing plan-view geomorphological expression of UC1 to UC3. (B and C)
Schematic illustrations of a simple two-layer model employed to quantify how
turbidity and contour currents act together and jointly determined sedimentation in

UCs.

Figure 4. Scatterplots of S versus Fr (A), Ut versus zp/h (B), W against A (C), and 3
against V (D).
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1GSA Data Repository item 2018xxx, XXXXXXXX, is available online at
http://www.geosociety.org/datarepository/2018/ or on request from

editing@geosociety.org.

Page 15 of 15



Manuscript

10

11

12

13

14

15

16

17

18

19

20

21

22

Click here to download Manuscript 02) Track change version-

TG40204-eXtyled-Gong.docx

Publisher: GSA
Journal: GEOL.: Geology
DOI:10.1130/G40204.1

How do turbidity flows interact with contour currents in

unidirectionally migrating deep-water channels?

Chenglin Gong?, Yingmin Wang?3, Michele Rebesco?, Stefano Salon?,_and;

Ronald J. Steel®

! State Key Laboratory of Petroleum Resources and Prospecting (China University of
Petroleum, Beijing), Changping, Beijing 102249, China

2College of Geosciences, China University of Petroleum (Beijing), Changping,
Beijing, 102249, China

30cean College, Zhejiang University, Hangzhou, Zhejiang, 310058, China

“1stituto Nazionale di Oceanografia e di Geofisica Sperimentale (OGS), Borgo Grotta
Gigante 42/C, 34010 Sgonico, Trieste, Italy

SDepartment of Geological Sciences, Jackson School of Geosciences, University of

Texas, Austin, Texas 78712, USA:

ABSTRACT

Inspired by the two-layer model of a stratified lake forced by wind stress, we
introduce the concept of Wedderburn number (W) to quantify, for the first time, how
turbidity and contour currents_interacted-acttogetherand—acted-togetherandjointhy
to determineed sedimentation in unidirectionally {faterathy-migrating deep-water
channels (UCs). Bankfull turbidity flows in the studied UCs were computed to be
supercritical [{Froude number (Fr) of 1.11-1.38)-] and had velocities of 1.72-2.59-

859 m/s. Contour currents with assumed constant velocities-assumed-constant
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between 16-and-36-em/s0.10 and 0.30 m/s flowing en-through their upper parts would

result in pycnoclines between turbidity and contour currents, with amplitudes of up to

7.07 m.{frepresented-by-W-ef2.66}}- Such pycnoclines, in most cases, would produce
Kelvin-Helmholtz (K-H) billows and bores —and-beres{represented-by1-20-<<-
mean-valueof W= = 4.09) that had velocities of 0.87-1.48 m/s and prograded

toward the-northern-steep-flanksthe steep channel flanks by 4.0° to 19.2°. Their

wavefronts with the strongest shocks and deepest oscillations would, therefore, occur

preferentially along the-northern-steep-flanksthe steep flanks, thereby promoting

erosion; on the other hand-whereas their wavetails with the weakest shocks and

shallowest oscillations would-therefere; occur preferentially along the-seuthern.-

gentle-flanksthe gentle flanks, thereby promoting deposition. Such asymmetric intra-

channel deposition, in turn, forced -individual channels to consistently migrate

toward northern-steep-flanksthe steep flanks, forming channelsb€s with

unidirectional channel trajectories and asymmetrical channel cross-sections.
INTRODUCTION

Down-slope turbidity currents eurrents;-togetherwitand h-along-slope contour

currents;—_are-the Earth’s most important agents for sediment transport in the world’s

oceans (e.g., Rebesco et al., 2014; Peakal-and-Sumner2015:-de Leeuw et al., 2016;

Azpiroz-Zabala et al., 2017). Both types of current doef-them—are not working in

complete isolation, but ratherean act together-and-cesceur in the same place and at the

same time (e.g., Gong et al., 2013; Rebesco et al., 2014). In addition to channels

created solely by turbidity or contour currents-(turbidite-or-contouritechannels), UCs
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(sensu Gong et al., 2013), reflectingproduced-by the interaction between the two types

of-turbidity-and-contour currents, are also very common-have-alse-been-preven-

ubiguiteus on continental margins as-recenthyreported-atseveral-scientific-meetings-
ahe-sornerecentbpaperswordyride—(e.g., Gong et al., 2013—=eelal 2013 The

In recent years, an increasing effort has been made to understand flow

processes and sedimentation in deep-water channels through sedimentological

analysis of outcrops-{Peakall-and-Sumner2015Pylesetal2042), direct

measurements of turbidity currents (Azpiroz-Zabala et al., 2017PeakaH-and-Sumner

2015Parsons-et-al2010), scaled laboratory experiments (de Leeuw et al., 2016), and

numerical approaches (Sequeiros, 2012). Gong-et-ak{2016)-inferred-hew bottom-

assumptions-and-3D-seismic-data-To date, however, no study has quantified 3D flow

processes and their controls on sedimentation in UCs. The current study quantifies,
for the first time, how turbidity and contour currents acted -together-and-jointhy—
determined—sedimentation in UCs.
GEOLOGICAL AND OCEANOGRAPHIC BACKGROUND

The study area is located in the Lower Congo Basin\Aest-African-margin
(Fig. 1), which was created by the Early Cretaceous opening of the South Atlantic
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Ocean (Ho et al., 2012). Vast quantities of clastics were delivered into this basin by

the Zaire River with a drainage catchment of 3.8 x 108 km? and a sediment load of 4.3

x 107 t/yr (Fig. 1), giving rise to aerially extensive Zaire (Congo) fan (Ho et al.,

studied UCs are Quaternary in age, and occur onat the southeastern margin of the

Quaternary Zaire fan (Fig. 1).

Three major ocean currents dominate the present-day oceanographic settings
of the West African margin, namelyineluding Angola coastal currents-(i-e-tongshore-
drift), south equatorial counter currents, and south equatorial currents (Fig. 1). The

very energetic Angola coastal currents and seasonal eastward-flowing south equatorial

counter currents tengshere-drift-predominates—_on the West African shelf-and-

(Fig. 1; Stramma-and-England-1999:-Mercier et al., 2003). Northward-flowing south

equatorial currents have-with an effective depth of approximately 350 m-and-a-

veloeity-of up-to-0-10-10-em/s, in contrast, dominate mainly on the West African slope

(Fig. 1; Stramma-and-England,-1999:-Mercier et al., 2003). The documented UCs

occur in paleo-water depth of 200500 m, suggesting that the south equatorial

currents-deminated on the West African slope were most likely involved in their

construction (Fig. 1; Mercier et al., 2003)._Contour currents generally involve a

significant volume of water mass in a large area, and persist over very leagtimelong -
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time intervals, most likely causing the documented UCs to migrate northward

consistently-rerthward-migrated in the direction of the modern northward-flowing

south equatorial currents throughout their life span (Figs. 1— and 2—and-3A)laterathy-

Prigrated-

throughout theirlife span-along-theirentire length-{Gong-etal2016). It

should be noted that -Hewever|LowerCongo—

channels on the West African slope with in-water depth-of > the effective

depth of the south equatorial currents do not have unidirectional migration trajectories

(Ho et al., 2012).

ESTIMATING BANKFULL TURBIDITY CURRENT CONDITIONS FROMHN
DEEP-WATER-CHANNELS FROM CHANNEL MORPHOLOGY
Unidirectionally Migrating Deep-Water Channels in the Lower Congo Basin

Six UCs of Quaternary age were recognized in the Lower Congo Basin (UC1

to UCG6 in Figs. 2-2). In cross-sectional view, they display asymmetrical channel
cross-sections with northern channel flanks that are, overall, 1.5-3.5 times steeper
than their southern counterparts (Fig. 2). They are composed of a series of seismically
resolvable channel-complex sets that have bankfull channel widths of 1506-3817 m
and bankfull channel depths of 64-108 m-(averaging-88-m}, giving aspect ratios of

16-45-(averaging28) (Table DR1). In plan-viewplan view, they are represented by

alternating sets of closely spaced, crescent-shaped, straight, high- and low-amplitude
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110 threads (Fig. 3A), display-straight-channel-courses-and have mean slope gradient (S)
111  of 0.011-0.020 (averaging 0.015)-{dimensionless)}{Fig-—3A).

112
113
114
115
116
117
118
119
120
121
122
123

124

125

126  of Sequeiros (2012) returns-the-nermal-density-Froude-number{ Fr) ofturbidity-

127  eurrents-as a function of average-bed-slope{S£#), the combined friction factor for

128  turbidity currents [Cr(1 + a)], and the ratio of shear velocity to settling velocity
129  (u,/vg), express as {Equation 1}.

130 Fr = [0.15 + tanh(7.625%72)](1 + vs/u. ) [C;(1 + )] %21 (1)
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It is applicable to both sinuous and straight deep-water channels (Sequeiros
2012), and was thus employed to estimate bankfull turbidity current conditions in
Lower-Congethe studied -UCs. Using Equation 1, Fr of turbidity currents in the

studied channels was computed to range from 1.11 to 1.38 (averaging 1.24) (see the

Data Repository for full details of our computation)-{see-supplementary-database-for-
full-detatls-of ourcaleulation-processes), thereby exhibiting-displaying supercritical
flow regimes (Fig. BR1-4A). Afterthe-computations-of-F+tThe layer-averaged
velocity of channel turbidity currents (U;) was then calculated via Equation 2.

U = Fr(gbp/ph)*/? 2

where: (i) g is the gravitational acceleration; (ii) Ap refers to the layer-
averaged excess density of the current; (iii) p denotes the layer-averaged density of
the turbidity flow; and (iv) Ap/p signifies the layer-averaged fractional excess
density of the flow with respect to that of the ambient fluid (p,) (i.e., Ap/p 0f <0.7%

for field-scale turbidity currents, as suggested by Sequeiros, 2012). Ourresuts-

suggest-that-turbidity-currentsin-the- Lower- Conge-UCs-had-U, was then computed to

range effrom -1.72 to —2.89-859 m/s (Fig. BR1-4B; (see the Data Repository){TFable-
DBR1). Cross-plot of our results of S and Fr against 73 measurements of S and Fr of
turbidity currents has a high correlation coefficient-vatse of R? = 0.82 (n = 82) (Fig.
DBR1-4A), validating the accuracy of our computations.

RESULTFS:-HOW DO TURBIDITY FLOWS INTERACT WITH CONTOUR

CURRENTS?
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Parameterizing Amplitudes of Pycnoclines between Turbidity and Contour

Currents Elowsin Unidirectionally Migrating Deep-Water Channels

Wedderburn number (W) is widely used in-the limnology research to estimate

wind-forced internal seiche behaviors in lakes (Shintani et al., 2010), and is employed

te-answer the questions of how-de turbidity flows interact with contour currents in

Lower Congo UCs-{Figs—4A-and-4BfNo-figure-matchesthe-in-text citationFigs—

Tilting displacements of the interface between lower turbidity flows and upper

contour currents (i.e., pycnoclines) would normally be parameterized by W:

— 2 2
W = 9P2mph” _ gAp)h (3)

p1vZiB p1viB

where: (i) p; and p, are densities of upper contour currents and lower

turbidity flows, respectively (Fig. 4A3BHNe-figure-mateches-the-in-text-citation-

s (i)
h denotes the thickness of the turbidity current; (iii) B is bankfull channel width (Fig.

3B4AHNefigurematehes the-in-texteitation—Fig—4A"}}); and (iv) v, refers to to
turbulent velocity at the interface between the water masses.

To compute W, four variables (p,, Ap, B, and v,) wereneed-to-be determined.

First, Sequeiros (2012) suggested that the-density-ofturbidity-edrrents{p,} can be

computed by:

pz = pi(1—0C) +psC (4)
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where p; and ps denote densityies of the interstitial fluid and particles,
respectively, and C signifies sediment concentration inef the current. Assuming p; =
1025 kg/m® and C = 1% being typical of turbidity currents, p, was then calculated to
be 1041 kg/m?.

Second, &-B_was

measured from nine chosen channel cross-sections (Table DR1). FeurthThird, v, is
derived from the shear stress as © = p;v2 = p,C,U.* (Shintani et al., 2010), so that:
Ve = CdUC (15)

where: (i) C, is the drag coefficient, and is set by the interfacial environment

ambient-Hluid) and (i) U.Ye is the velocity of the contour currents. Palescurrent-
velocities of the south equatorial currents ( U Uc) involved in the construction of the
doeumented-JCs-are is —poorly constrained-(Mercieret-al—2003}; however, existing
data sets suggest that the-mean-velocities-of contoureurrents-areit is —in many cases
between £00.10-0.30-€ m/s (Wetzel et al., 2008). W of-pycnochnes-between-turbidity-
ahd-contour-currents-in-Lower-Congo-UCs-was; then; computed to range from 0.21 to

1.04-(averaging0-65) (when U Y =0.10 18-em/s) or to vary from 0.07 to 0.35-
(averaging-0-22)- (when U Y. = 30-em/s0.30 m/s) (Fig. BR1-4C).

Shintani et al. (2010) have suggested that Fhe-slope-of the-density-interface-ts-

etalk2010)Therefore-the amplitude of the deflections of pycnoclines-between-
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turbidity-and-contour-currents-in-the-studied-channels (A) can be estimated by-
Equation 8:

— = (86)

A= - :
2k Ri 2W

Our results suggest that A ranges from 0.48 to 2.36 m, when U Y¢ = 10-

em/s0.10 m/s; or thatthat-A-varies-from 1.44 t07.07 m, when U Y. = 30-em/s0.30

m/s (Fig. 4C)(Table DR1).

Parameterizing the Internal Wave Field Along-the-_Pycnoclines-between-

The internal pycnocline response of turbidity flows in the studied channels to a
forcing event of contour currents can be gauged by the new Wedderburn number
(W 1) (Boegman et al., 2005), defined as:

- A
W= (97)

where: ngandh, isare -the maximum-interferencedisplacement-and-the-
interface depthrespectively. W1 was estimated to range from 0.96 to 4.71, when
U Ye = 10-emfs0.10 m/s; or from 2.87 to 14.13, when U Y. = 30-em/s0.30 m/s.
Boegman et al. (2005) have suggested that strong forcing (represented by
0.96 < W~1) would most likely produce Kelvin-Helmholtz (K-H) billows and bores.
Reconstructing K-H Billows-and-Beres—_or Bores Along Pycnoclines

Supercritical turbidity currents in the studied UCs are typically-ef-the stratified
flows, and thus have their peak velocityies eemputed-as-21.2572-32.51- 89 m/s-near
the bed-(FFable-BR1). A representative velocity at the interface of such stratified

Page 10 of 20



217

218

219

220

221

022

223

224

225

226

P27

228

229

230

231

232

233

234

235

236

237

238

Publisher: GSA
Journal: GEOL.: Geology
DOI:10.1130/G40204.1

supercritical flows would, thus, be lower than their layer-averaged or peak velocity-
. L ' . loci : .
ahd-contour-currents The representative velocity at the interface -is poorly

constrained, but can be is-therefere;-assumed to be Uy/2 for maximum (Dr. Octavio E.

Sequeiros, pers. comm. 2017). The local paleocurrent velocities (v) and directions ()
of K-H billows and bores and-bores-were computed by Equation 0-8 and Equation
119, respectively (Fig. BR1-3B):

Vv = /(%)2 + U 2- (Equation-108)

B =arctan[U./()]. _ ——(Equation-119)

Our results suggest that when U Y. = 16-em/s0.10 m/s, v and p ef-H-
bilows-and-beres-in-the-studied-channels-were computed to range from 0.87 to 1.45-
45 m/s and 4.0° to 6.6°, respectively (Fig. BR1-4D); or that when U Ye = 30-em{s0.30
m/s, v and B were calculated to range from 6£0.91 to —1.48 m/s and 11.7° to 19.2°,
respectively (Fig. BR1-4D).

BISCUSSION:-HOW DOES THE INTERPLAY OF TURBIDITY AND
CONTOUR CURRENTS DETERMINE SEDIMENTATION?

As discussed above, the interplay of turbidity and contour currents in the
studied UCs would have produced pycnoclines that had A of 0.48-7.07 m-(averaging-
2:04-m), and likely-was-feund-te yielded K-H billows and bores, which propagated_
toward and impinged theteward nerthern-steep-flankssteep channel flanks by 4.0° to
19.2°. They therefore-thus; generatedhad the strongest shocks, largest amplitudes, and

longest wavelengths at their fronts along the rerthern-steep-flankssteep flank of any
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channels. Conversely, the weakest shocks, shallowest oscillations, smallest

amplitudes, and shortest wavelengths are expected at their rears along the seuthern-

gentle-flanksgentle flanks (Figs. 3B and 3CFigs—4A-and-4BHNeo-figure-matchesthe-

-texteitation—Figs—4A-and-4B~1}). The steep channel flanks-freguenthy-
mpinged-by-wavefronts-thus; were thus more prone toe-become erosionded by

turbulent mixing between turbidity and contour currents.

The suggestedabeve flow structures of K-H billows and bores with wave_
fronts along the steep channel flanks versus wave tails along the gentle channel flanks
isare supported by the following three lines of evidence (Figss. 3B and 3C). First, the
Lower Congo UCs display asymmetrical channel cross-sections with nerthern-steep-
flankssteep flanks that are, overall, 1.5-3.5 times steeper than their southern gentle
flanks (Figs. 2-and-3A). Second, high-amplitude seismic reflections suggestive
sandsier preferentially accumulated along the nerthern-steep-flankssteep flanks,
whereas low-amplitude seismic reflections indicative of muddier deposits
preferentially accumulated along gentle flanks (Fig. 3A2). Third, steep flanks contain
truncation terminations, whereas their gentle flanks exhibit downlap terminations

(Fig. 3A-3B2B). All of these observations collectively point to steep-flank erosion

versus gentle-flank deposition;-suggesting-the-ocecurrence-ef-wavefronts-alongthe-
steep flanks versus wavetails along gentle flanks (Figs. 4A 3B and 4B3C[[No figure
matches-the-in-textcitation—Figs—4A-and-4B~}}). Contour currents generally
display predominantly unidirectional flow conditions (Wetzel et al., 2008), suggesting
that K-H billows and bores would have persistently promoted steep-flank erosion
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versus gentle-flank deposition, forcing individual channels to consistently migrate in-

the direction of thetoward northern-steep-flankssteep flanks through time (Figs. 2, 3B-,

and 3CA).
CONCEPTUAL IMPLICATIONS

Our results providehave three main-ceneeptual contributions towards better

understanding of unidirectionally migrating deepwater channels. Firstly, UCs were

recently recognized on the northern South China Sea margin (Gong et al., 2013;-He-et-

), and

were also well developed in the Lower Congo Basin (Figs. 2-and-3A) and offshore

Northern Mozambique (Palermo et al., 2014{Fhe-in-text-citationPalerme-etal-
2014 is-netin-thereference Hist1}). They are, thus, fairly common on continental

margins-werldwide, although they are quitedramaticatly different from well-
documented turbidite or contourite channels. This study succeeds in using W to
interpret unidirectional along-slope channel migration, and quantifies the pycnocline
response of turbidity flows to the forcing of contour currents for the first time, thereby
contributing to a more complete picture of flow processes and sedimentation in
submarine channels.

Secondly, the general energy differences between turbidity and contour
currents have madke their interaction one of the most controversial issues since the
1970s (e.g., Rebesco et al., 2014). Our results suggest that, in most cases, pycnoclines
between turbidity and contour currents could produce K-H billows and bores that
impinged thetoward steep channel flanks (Figs. 4A-3B and 4B3CHNe-figurermatehes
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the-in-text citation-""Figs—4A-and-4B"}). Their shocking wave fronts-with-the-

strengest-sheecks and deepest oscillations-were-moreprone-to promoted steep-flank

erosion, whereas their wavetails-with-the-weakest-shoeks withand shallowest
oscillations would haveare-more-prene-to promoted gentle-flank deposition. Our

results, therefore, help to better understand and provide a new model of the interplay

of turbidity and contour currents-which-are-completehyr-new-and-different-from-the-

eurrent-turbidite-orcontourite-faciesmedel. Our results, therefore, may set the tone in
exploring further quantifications of the interplay of-the oceanicegraphy-of contour
currents and the sedimentology of turbidity currents.

Thirdly, it is now widely acknowledged that turbidity currents carryare-
earrying a significant sedimentary load,-and are brief eventsshert (a few days per
year), local and intense, and drawing-mainhy the attention of mainly sedimentologists

(Peakal-and-Sumner2015:-Azpiroz-Zabala et al., 2017). Conversely, contour currents

are essentially clean-waters,-and-are long-lived (up to millions of years), of greatlarge

spatial extent, and have the attentionmiéd-drawing mainly-the-attention of

oceanographers (Rebesco et al., 2014). Therefore, turbidity and contour currents are
usually not addressed jointly. However, our observations have shown that the

depositional/erosional record of some deep-waterturbidite channels-may contain clear

signalsearry-a-censiderable-imprint from both turbidity and contour currents, and we

advocate closer collaboration betweenhighlighting-that stratigraphic communities that

separately anahysis-analyze turbidity or contour currents-sheutd-moreclosely-

collaborate.
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CONCLUSIONS

We used the concept of-2 Wedderburn Number-#, for the first time, to

quantify pycnocline response of turbidity currents to forcing events of contour
currents in widely occurring UCs. Pycnoclines between turbidity and contour currents
would behave produced; when contour currents with boundary current velocities

(assumed constant between 10-and-30-em#s0.10 and 0.30 m/s) flowed across the

pathway of supercritical turbidity flows in submarine channels-turbidity-flows with

Fr of 1.11-1.38 and U, of 1.72-2.89-59 m/s. They had W of 0.07-1.04 and A of up
to 7.07 m, and would thus, in most case, have produced K-H billows and bores. These
K-H billows and bores had velocities of 0.87-1.48 m/s and impinged toward the steep
flanks by 4.0° to 19.2°. Therefore, their wavefronts with the strongest shocks and

deepest oscillations; would have occurred preferentially-eceur along the steep channel

flanks,and constantly promotinged-steep-flank erosion and resultant steep channel
walls with commonwidespread occurrence of truncation terminations. Their wavetails
with the weakest shocks and shallowest oscillations, in contrast, would have occurred
preferentially-eceur along the gentle channel flanks,-and-consistenthy favoringed
gentle-flank deposition,and-resuttant and gentle channel walls with widespread
eceurrence-of-downlap stratal terminations. Such asymmetric intra-channel deposition

would have persistently forced individual channels to migrate in the direction

ofteward the steep flanks through time, as recorded by unidirectional channel-growth
trajectories.
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FIGURE CAPTIONS

Figure 1. Google Earth image showing geographical and oceanographic context of the

study area in the Lower Congo Basin.

Figure 2. (A) Strike-view seismic section showing cross-sectional seismic expression
of six UCs. (B) Strike-oriented seismic line (line locations shown in Fig. 3A) showing

a close-up view of Lower Congo UCL1 to UC3.

Figure 3. (A) Representative time slice taken 350 ms below the modern seafloor
showing plan-view geomorphological expression of UC1 to UC3. (B and C)
Schematic illustrations of a simple two-layer model employed to quantify how
turbidity and contour currents act together and jointly determined sedimentation in

UCs.

Figure 4. Scatterplots of S ¥s:versus Fr (A), U; versus ¥s—zp/h (B), W against A (C),

and B against V (D).
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1GSA Data Repository item 2018xxx, XXXXXXXX, is available online at
http://www.geosociety.org/datarepository/2018/ or on request from

editing@geosociety.org.
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3D SEISMIC DATABASE AND METHODOLOGY
Quantification of channel morphology and architecture

The primary source of the database utilized in the current study is ca 500 km? km?
of 3D seismic data, acquired by the China Petroleum and Chemical Corporation from
the Lower Congo Basin, West African margin (Fig. 1). 3D seismic data have been
migrated with a single pass 3D post-stack time migration, and have a bin size spacing
of 12.5 m (in-line) by 12.5 m (cross-line) and a sampling interval of 4 ms. The frequency
of the time-migrated volume varies with depth, but is approximately 50 Hz for the study
interval of interest, yielding a vertical (A/4) resolution of 7.5 m and a detection of 1.2
m (A/25). They were displayed using “SEG (Society of Exploration Geophysics) reverse
polarity”, where a positive reflection coefficient corresponds to an increase in acoustic
impedance, and is represented by a positive reflection event. They were displayed using
a red-white-black color bar, on which a peak (a decrease in acoustic impedance) is
represented by the black and a trough (an increase in acoustic impedance) is represented
by the red.

3D seismic data were used to quantify morphologies and architecture of the studied
channels, using “traditional” 2D stratigraphic analyses and 3D geomorphological
approaches. The flattened horizontal seismic amplitude slices were produced by the
Lower Congo 3D seismic volume flattened by the present-day seafloor (0 msec).
Flattened horizontal seismic amplitude slices, together with with 2D seismic transects,
were then used to delineate both plan-view and cross-sectional seismic manifestations

of unidirectionally migrating deep-water channels as documented in this study. Our
1
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measurements of the morphometric properties of the studied channels were converted
from time to depth, using an average velocity of 1500 m/s for seawater and 2003 m/s
for the shallow siliciclastics (Gong et al., 2016).
Estimating bankfull turbidity current conditions from channel morphology

The Froude number approach developed by Sequeiros (2012) is applicable for both
straight and sinuous deep-water channels, and is, thus, employed to estimate bankfull
turbidity current conditions in the studied UCs (UC1 to UC3 on Figs. 2 and 3A). The
predictive equation (Eq. 1) of this method returns the densimetric Froude number (Fr)
of turbidity current as a function of: (i) the average bed slope (S); (ii) the combined
friction factor [C¢(1 + @)]; and (iii) the ratio between the settling velocity of the
suspended sediment (v,) and the shear velocity of the current (u,) (Sequeiros, 2012).
Because [Cr(1+ a)] depends on flow conditions as represented by Fr, the Froude
number approach requires iteration. Six complementary equations (Eq. 2 to Eq. 7) were,

thus, proposed to relate other key flow parameters to Fr.

Fr =[0.15 + tanh(7.625%7%)](1 + vs/u. )" [C; (1 4 )] 702 (Eq. 1)
a = 0.15Fr39 (Eq. 2) L = 0.42Fr=05® (Eq. 3)
’I‘J—‘: = 1.15 + 0.14Fr130 (Eq. 4) = = 0.09Fr=28 (Eq. 5)
% = 1.15 + 0.20Fr2 (Eq. 6) ﬁ = 0.78Fr—021 (Eq. 7)

where (i) zp is the height of the maximum velocity point above the bottom; (ii) h and U
are layer-averaged thickness and velocity of the turbidity current, respectively; (iii) up
is the peak velocity; (iv) cc and C denotes the maximum concentration and layer-

averaged suspended sediment concentration, respectively; and (v) z; signifies the
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distance from the channel bed to the interface between the current and ambient water.
Eq. 1 to Eq. 7, together with the bed resistance relation for channel turbidity currents
(Cz,) (Eq. 8) and an equation for friction coefficient (Eq. 9), allow closing the loop of
Eq. 1to Eq. 9.
Cz, = up/u, = 1/xIn(30z, /k;) (Eq. 8)
Ce = (w./Up)? (Eq. 9)

where: (i) x is the von Karman constant, and is equal to 0.405; (ii) k, refers to the bed
roughness height; and (iii) Cr denotes friction coefficient.

To compute Fr, seven variables (i.e., C, Ap/p, uslvs, Ct (1+a), S, zi and «s) need
to be estimated. Firstly, turbidity currents are diluted flows with siliciclastic material,
and generally have the layer-averaged volumetric concentration (C) of < 5% (Sequeiros,
2012). Secondly, a review and systematic analysis of 78 published works containing
1092 estimates of velocity and concentration of gravity flows from both field
measurements and laboratory experiments dating as far back as the early 1950s suggests
that the mean range of layer-averaged fractional excess density of turbidity flows (Ap/p)
varies from 0.4% to 0.7% (0.25% < C < 0.45% with ps = 2650 kg/m®) (Sequeiros, 2012).
Thirdly, laboratory experiments suggest that us/vs varies from 5 to 50. Fourthly,
previous studies suggest that laboratory-scale turbidity currents have Ct (1+«) of 0.01
to 0.07, and that field-scale turbidity flows have Cs (1+a) of 0.001 to 0.01. Fifthly, S
and zi were estimated from nine chosen channel cross-sections (UC1 to UC3 in Figs. 2
and on seismic line X on Fig. 3A), which have S of 0.011 to 0.020 (averaging 0.015)

(Table DR1). zj was assumed to be equal to bankfull depths of individual channel-
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complex sets (reported as H of 64 to 108 m, with mean value of H = 88 m). Sequeiros
(2012) suggested that turbidity currents with relatively coarse suspended materials have
ks 0f 0.01to 1 m.

To start iterating, we assumed an arbitrary Fr to calculate «, C¢ and other
secondary variables. a was firstly calculated via Eq. 2, while Cz, zp, and h were then
computed by Eq. 8, Eq. 3, and Eq. 7, respectively. A bed resistance relation for turbidity

flows (Eg. 10) was introduced to compute C:.

=) - G (.10
where: (i) u,/U; and Cz, come from Eq. 4 and Eq. 8, respectively. After such
iterative processes, the loop of Eq. 1 to Eqg. 9 was finally closed, resulting in values of
Fr, a, h, zp, Czp, up/Uy, and Cs as listed in Table DR1. Fr of turbidity currents in the
studied channels was computed to range from 1.11 to 1.38 (averaging 1.24), thereby
exhibiting supercritical flow regimes (Table DR1). After the computations of Fr, the
layer-averaged velocity (U,) was then calculated via Eg. 11.

U = Fr(gbp/ph)'/? (Eq. 1)
where: (i) g is the gravitational acceleration; (ii) Ap refers to the layer-averaged
excess density of the current; (iii) p denotes the layer-averaged density of the turbidity
flow; and (iv) Ap/p signifies the layer-averaged fractional excess density of the flow
with respect to that of the ambient fluid (p,) (i.e., Ap/p of < 0.7% for field-scale
turbidity currents, as suggested by Sequeiros, 2012). Our results suggest that turbidity

currents in the Lower Congo UCs had U, of 1.72 to 2.59 m/s (averaging 2.22 m/s) and

low heights of velocity maximum (i.e. 0.35 to 0.39 of the flow height) (Table DR1).
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Our results of S and Fr were, then, plotted together with 73 measurements of S and Fr
of field- and laboratory-scale turbidity current (Sequeiros, 2012), resulting in a power
law relationship of Fr to S (R? = 0.84; n=82) (Table DR1). Given geological and
methodological uncertainties, the agreement between Fr as iteratively calculated via Eq.
1 to Eqg. 10 and those in published source articles is surprisingly good, validating the
accuracy of our computations.

In addition, a direct comparison between our results and measurements of 30 field-
scale and 43 laboratory-scale submarine channel turbidity currents was conducted
(Sequeiros 2012), in order to validate the accuracy of our computations. After the
determination of turbidity current conditions in the studied channels, model of a
stratified lake to wind stress and associated concept of Wedderburn number (W) and
new Wedderburn number (W 1) are used to answer the questions of how do turbidity
flows interact with contour currents in unidirectionally migrating deep-water channels
recognized in the Lower Cogon Basin (Stevens and Lawrence, 1997; Boegman et al.,

2005).
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Table DR1. Tabulation of bankfull turbidity current conditions and parameters used to quantify the internal wave field along pycnoclines between turbidity and contour currents. Please refer to notation section for full

details of parameters listed in this table.

Estimating bankfull turbidity currents from channel morphology Parameterizing internal wave field along pycnoclines between turbidity and contour currents
Seismic Input Iterate Output Output Input Output
Channels C
lines S Zi | xs | Vslus | Fr a Ct h | z Ut Up g P2 Cqg | Ua |Uc2| B W (-) A (m) wt() v (m/s) B (°)
- Im|m| - - - - m | m - mis | mis | m/s? | kg/m¥| - |mis{m/s| m | Ua | U2 | Ua | Uz | Ut | Uz | Uat | Uz | U | Uez
ucC1 0.020 |80 |1 0.002 | 1.38 0.531 | 0.0074 | 58.3 | 20.4 | 0.0032 | 2.33 | 3.16 |[9.80 | 1041 00101 |03 |1612 [0.77 |0.26 |0.65 | 194 |1.30 | 3.89 117 | 120 |49 |144
Figure 2A | UC2 0.011 | 108 | 1 0.002 | 1.12 0.239 | 0.0060 | 81.9 | 32.1 | 0.0032 | 2.25 | 2.96 [9.80 | 1041 001{01 |03 (2780 |[097 |032 |052 |155|1.03 310 145|148 | 4.0 | 117
UC3 0.015 8 |1 0.002 | 1.26 0.369 | 0.0068 | 63.9 | 23.5 | 0.0032 | 2.22 | 297 |9.80 | 1041 00101 |03 |[3817 [033 |011 |154 |461 | 3.07 |9.21 112 | 115 |51 |151
ucC1i 0012 |79 |1 0.002 | 1.14 0.248 | 0.0066 | 60.3 | 23.5 | 0.0032 | 1.95 | 257 [9.80 | 1041 001{01 |03 |1575 [057 |0.19 |0.87 |261 174 |523 098 [ 1.02 |58 |17.1
Figure 2B ucC2 0.017 | 103 | 1 0.002 | 1.32 0.445 | 0.0066 | 76.1 | 27.3 | 0.0032 | 254 | 3.44 ]9.80 | 1041 00101 |03 2402 081 |0.27 |062 |186 | 124 |3.72 128 | 131 |45 |133
ucC3 0014 |75 |1 0.002 | 1.21 0.319 | 0.0070 | 56.1 | 21.1 | 0.0032 | 2.01 | 2.67 |[9.80 | 1041 00101 |03 |2944 |030 |010 |166 |497 |3.31 993 1.01 | 1.05 |57 |16.6
UC1 001596 |1 0.002 | 1.27 0.382 | 0.0066 | 71.3 | 26.1 | 0.0032 | 2.37 | 3.18 |9.80 | 1041 00101 |03 |[1506 [1.04 |035 |0.48 |144|0.96 | 287 119|122 |48 |14.2
:ns:; :: ucC2 0.018 | 103 | 1 0.002 | 1.35 0.488 | 0.0068 | 75.2 | 26.6 | 0.0032 | 259 | 3,51 |9.80 | 1041 00101 |03 [2069 [096 |032 |052 |156 | 1.04 |3.13 130 | 133 |44 |130
’ ucs3 0011 |64 |1 |0.002 | 1.11 |0.230 | 0.0070 | 48.5| 19.1 | 0.0032 | 1.72 | 225 |9.80 |1041 |0.01|0.1 |03 |2650 {0.21 |007 |236 |7.07|471|1413 |0.87 091 |6.6 |19.2




NOTATION

A =amplitude of the deflections of pycnoclines between turbidity and contour currents;
B = bankfull channel width;

B; = bottom drag coefficient;

B/H = aspect ratio;

C = layer-averaged suspended sediment concentration of the current;
C, = drag coefficient;

Cs = friction coefficient [equal to (u~/U)?];

Czp = dimensionless Chezy friction (calculated via up divided by u=);
Cc = maximum volume concentration

Fr = densimetric Froude number;

g = gravitational acceleration;

g~ =reduced density;

H = bankfull channel depth;

h = layer-averaged thickness of the turbidity flow;

h, =the upper layer thickness at rest condition;

h; = interface depth;

k¢ = bed roughness height;

Ri = Richardson number;

S = average thalweg slope;

Ui = layer-averaged velocity of turbidity flow;

U, = layer-averaged velocity of contour current;
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UCs = unidirectionally migrating deep-water channels;

v« = shear velocity of the current;

u=/vs = ratio of shear velocity to settling velocity;

up = peak velocity of the current;

V' = velocity of nonlinear surges and solitary waves along pycnoclines;

R = paleocurrent direction of nonlinear surges and solitary waves along pycnoclines;

vs = settling velocity of characteristic grain size (computed by a pondered average of
all grain sizes in suspension);

v, =turbulent velocity;

W = Wedderburn number;

W1 = new Wedderburn number (equal to E—\‘I)

Zc = distance above the bed to the point below which c is roughly equal to the maximum
volume concentration (cc);

zi = distance from the bed to the current interface (equal to H);

Zp = height of the downstream velocity maximum;

o = ratio between bed shear stress (7;) and interface shear stress (73);

p, = density of contour current;

p, = density of turbidity current;

p; = density of the interstitial fluid;

ps = density of the particles;

pw = ambient water density;

p = layer-averaged excess density of the current;
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p = layer-averaged density of the current;
Ap/p =layer-averaged fractional excess density of the flow, the relation between layer-
averaged concentration and excess density (RC) is equal to Ap/p.

Mo = maximum interference displacement
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