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ABSTRACT

Submarine channel systems play a crucial role in governing the delivery of sediments and
pollutants such as plastics from the shelf edge to deep-water. Understanding their distribution
in space and time is important to constrain the locus, magnitude and characteristics of deep-
water sedimentation, and to predict stratigraphic architectures and depositional facies. Using
3D seismic reflection data covering the outer fold and thrust belt of the Niger Delta, we
determined the pathways of Miocene to Pliocene channels that crossed eleven fold-thrust
structures, at 173 locations, for which the temporal and spatial evolution of strain rates have
been constrained over 11 My. We use a statistical approach to quantify strain and shortening
rate distributions recorded where channels have crossed structures, compared to the fault
array as a whole. Our results prove unambiguously that these distributions are different. The
median strain rate where channels cross faults is < 0.6%/My (~40m/My), 2.5 times lower
than the median strain rate of active fault segments (1.5%/My) with a marked reduction in the
number of channel-fault crossings where fault strain rates exceed 1% Ma. Our results
quantify the sensitivity of submarine channels to active deformation at a population level for
the first time, and enable us to predict the temporal and spatial routing of submarine channels

affected by structurally-driven topography.

INTRODUCTION

Submarine channel systems form the largest sedimentary deposits on Earth (Talling et al.,
2015) and control the delivery of sediment, organic material and plastics from the continents
to deep water (Babonneau et al., 2002; Covault et al., 2016; Sweet and Blum, 2016; Kane &

Clare, 2019). Understanding their distribution in space and time is important to constrain the
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locus, magnitude and completeness of deep-water stratigraphy, and to predict stratigraphic
architectures and reservoir facies (Mayall et al., 2006, 2010; Semme et al. 2009; Covault et
al., 2016). Submarine channels are often found on passive margins that deform due to gravity
tectonics, causing the growth of folds and thrusts at the toe-of-slope (Damuth 1994; Corredor
et al 2005; Jolly et al., 2016; Don et al., 2019). The growth of these structures is expressed by
the creation of seabed topography that modifies the slope gradient and creates tortuous
corridors, which can be exploited by the channels (Smith, 2004; Callec et al., 2010; Bourget
et al., 2011; Howlett et al., 2019) (Fig 1). Although it is often assumed that submarine
channels are sensitive to topographic changes driven by active deformation (Pirmez et al.,
2000; Ferry et al., 2005), individual case studies to-date show a wide range of channel
responses to growing structure (Clark and Cartwright, 2009, 2012; Jolly et al., 2016; Mitchell
et al,, 2020). While theory and empirical observation suggest relationships between
increased slope, structural uplift and channel incision/deflection, the sensitivity of submarine
channels to the magnitude and rate of active deformation has never been comprehensively
quantified (Clark and Cartwright, 2009, Mayall et al., 2010; Deptuck et al., 2012; Jolly et al.,
2017; Mitchell et al., 2020). In particular, no study has attempted a robust statistical analysis
of a large number of submarine channel-structure crossings in time and space, where
deformation rates are measured independently. Here we address this challenge. We use 3D
seismic reflection data on the southern lobe of the Niger Delta (Fig. 1), to determine the
frequency distribution of Miocene to Pliocene channel systems where they cross gravity-
driven fold-thrusts whose strain rate evolution is exceptionally well constrained (Pizzi, 2019;
Pizzi et al., 2020). We quantify the strain rates where channels cross structures, compared to
the fault array as a whole, throughout the 11 Myr growth history of the fold and thrust belt.
For the first time, we test statistically the hypothesis that submarine channels are sensitive to
on-going deformation near the seabed, and quantify when, where and with what probability

submarine channels can cross active structures.

STUDY AREA AND METHODS

The Niger Delta (Fig. 1A) has an area of 140,000 km* with 12 km of sediments deposited
since the Early Eocene (Damuth, 1994). The rapid advance of the delta above slope and pro-
delta shale units facilitated the gravitational collapse of the system since the Miocene (e.g.

Morgan, 2003; Bilotti and Shaw, 2005). The gravity failure was accommodated by
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extensional tectonics on up-dip areas, and shortening towards the delta toe (Damuth, 1994;

Fig. 1).

The study area is located on the lower slope of the delta (Fig. 1 A) where numerous submarine
channel systems have interacted with contractional structures from the Miocene to the present
day (Fig. 1B) (Jolly et al., 2016, 2017; Mitchell et al., 2020). Using 3D seismic data, Pizzi
(2019) and Pizzi et al. (2020) comprehensively quantified the structural evolution of eleven
thrusts on the southern lobe of the Niger Delta (thrusts 12 to 22, Fig. 2A, B). The thrusts
initiated at or before 15 Ma, with strain varying between structures and along strike, and also
through time. Increases in fault length, associated with along-strike interaction and linkage,
mostly occurred prior to 7.4 Ma. Deformation increased significantly between 9.5-6.5 Ma
with shortening rates > 200 m/My. We exploit the unique availability of detailed maps of
strain rate evolution (Pizzi, 2019; Pizzi et al., 2020; supplementary material), such as the 5.5-
3.7 Ma interval shown in Fig. 2C, as a well-constrained template of deformation rate and

magnitude to test the sensitivity of submarine channels to active deformation.
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Deep-water slope channels crossing coeval active fault segments were identified within six
temporal intervals from 15 to 3.7 Ma (Pizzi et al., 2020; Table S1) using standard seismic
stratigraphic techniques including multiple seismic sections and RMS amplitude extractions
(supplementary material, Figs. S2-S5, Pizzi, 2019). For each interval, channel courses were
overlain on the corresponding strain rate map, to record the fault strain rate at each channel-
fault intersection, as shown in Figure 2C. This yielded 173 channel crossings between 15 and
3.7 Ma, noting that a single channel may cross multiple structures (Fig. S6). Histograms were
derived of (i) the strain rate recorded at channel crossings and (ii) the strain rate as a function
of the total length of active fault segments, to capture the strain rate distribution for the
overall fault array relative to the channel-fault intersections (Fig. 3A, B). The maximum
length of all the faults in the array for any one time interval was 417 km. The mean strain rate
for channel-fault intersections and the fault array at each time interval were recorded. The
results for each unit were summed and normalized to derive three cumulative density
functions as a function of strain rate; one of the number of channel crossings, and two
depicting the cumulative distribution of fault segment lengths, with and without segments of
zero strain, which were subsequently or previously active (Fig 3C). To test the hypothesis
that the strain rates at submarine channel-fault crossings are significantly different from strain
rates in the fault array, it must be demonstrated they are not drawn from the same underlying
distribution, given we have not sampled all possible channels crossing faults on the southern
lobe of the Niger Delta. We used a two sample Kolmogorov-Smirnov test (K-S test) to
evaluate this. The null hypothesis - that the distribution of strain rates at channel crossings is
the same as the distribution of fault segment strain rates - was tested at the 95% confidence
interval (supplementary material, Tables S2, S3). We perform the K-S test for channel
crossings at the scale of the whole fault array rather than on individual or groups of structures
across strike to avoid arbitrary grouping of data that may pre-determine the results and to

obtain statistically valid sample sizes.
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RESULTS

We obtained a cumulative total of 2505 km of faults active in the period between 15 Ma to
3.7 Ma (Fig. 3A; Table S3). All segments were active between 7.4 and 6.5 Ma; in the earlier
and later intervals some were inactive (Pizzi et al., 2020, Fig. S6). Modal strain rates of 0 to
1 %/My (~70 m/My) are documented for the thrusts, with a significant proportion at higher
strain rates (Fig. 3A). A more conservative approach, excluding zero-strain rate segments for
any time interval, yields 2139 km of active fault segments over the period. Presented as
cumulative density functions (Fig. 3C), 50% of the fault segments were active at rates of
more than 1.5 %/My in the period between 15 Ma and 3.7 Ma (red curve) or at more than 1.1

%/My if zero strain rate segments are included (dashed red curve).

The channel-fault intersections as a function of strain rate (Fig. 3B) show a markedly
different distribution. The modal number of channel crossings occurred for strain rates up to
1%/My; an additional 48 crossings occurred over fault segments that were then inactive.
However fewer crossings are recorded at higher strain rates. Only 4 channels cross structures
with rates > 5%/My, and none are documented for strain rates > 7%/My. Significantly, the
cumulative density function (Fig. 3C) shows that 50% of the crossings occurred for strain
rates smaller than 0.6%/My, a value 2.5 times less than the median of the active fault
segments (1.5%/My). Consequently, the distribution of channels is skewed towards smaller
values of strain rate. A K-S test at the 95% confidence interval confirms we can reject the
null hypothesis that the two observed distributions sample the same underlying distribution.
Indeed, our results show that we can reject the null hypothesis at a higher 99.9% confidence
interval (Table S3). Consequently, our data demonstrate unambiguously that submarine
channels on a structured slope statistically exploit locations of lower strain rate to cross
evolving faults over 11 My period, and enables us to quantify for the first time how this

distribution differs from strain rates in a fault array as a whole.

Mean fault strain rate in each time interval increases until ca. 7 Ma, followed by decreasing
strain rate thereafter (Fig. 4A). The faults deformed at an average rate of 0.5 %/My from 15
to 9.5 Ma, reached a peak of 3.3 %/My (~230 m/My) in the 7.4 to 6.5 Ma interval, and
decreased to ca. 1.5 %/My by 4 Ma. Mean strain rates recorded at the channel crossings
follow a similar pattern. However, while initially values were close to those for the whole

fault array, they subsequently diverged when strain rates exceeded ~1%/My threshold, with
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channel crossings occurring at lower values of strain rate than the fault array mean. The
number of channel crossings progressively decreased from 15 Ma to the 7.4-6.5 Ma interval
and then increased thereafter (Fig. 4B). However, the trend is asymmetric such that a slow
decrease in the number of channel crossings is followed by a marked increase when
deformation slows after 6.5 Ma. Despite the reduction in shortening rate, the mean strain rate
at channel crossings remains suppressed relative to that of the fault array for the youngest
units 2 and 1 (Fig. 4A) showing a fast response of channel systems to changing boundary
conditions, with new channels entering the area rapidly locating themselves so as to cross

fault segments with lower strain rates.

DISCUSSION

Two-thirds of all channel-fault intersections over a period of ca. 11 Myr occurred at strain
rates lower than 1%/My while the median strain rate of the array over the period was
1.5%/My — a statistically significant difference (Fig. 3). While individual examples of
channels crossing fast deforming faults can be found, our results are powerful because they
quantify how the probability of channels crossing high strain rate structures reduces
progressively as fault strain rates grow beyond 1%/My. We therefore caution against
generalising models of channel behaviour from individual examples. The evolution of strain
rates at the channel crossings mirrors, but is persistently lower than that of the fault array
(Fig. 4A). Consequently, while submarine channel crossings are forced to follow the tectonic
history of the area, the channels during each time interval actively locate to, or remained
pinned at, points of lower strain rate to cross growing structures. We hypothesise that the
control is structurally-mediated paleo-topography, the growth of which is enhanced by thrust
fault linkage (see Pizzi et al., 2020). Although converting shortening rates into uplift rates
requires assumptions (c.f Hardy and Poblet, 2005; Jolly et al., 2016; Mitchell et al., 2020),
these shortening rates imply crestal uplift rates of equivalent magnitude for flexural-slip fault
propagation folds, and have been shown to be sufficient to deflect sub-modern seabed

channels on the Niger Delta (Jolly et al., 2017).

That the number of channel crossings decreases for greater values of strain rate and increases
as soon as strain rates decrease (Fig.4B) reflects the reduced number of pathways that
channels can realistically exploit to reach more distal areas during times of intense structural

deformation and the potential for sediment ponding up-dip of structures (Clark and
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Cartwright, 2012; Pizzi, 2019) (Fig. 2c; Fig. S4). Therefore, not only are channels deflected
by deforming structures, even for relatively low strain rates, but the network is focused at a
small number of crossing points when deformation rates are high (Fig 2c¢). However, when
mean strain rates fall, new channels locate themselves rapidly at additional fault crossing
points that still have lower-than-average deformation rates. Consequently, the locus and
magnitude of sediment supply to deep water basins is predictably influenced by the 4D
growth history of contractional faults on structured margins and the incompleteness of marine
sedimentary records down-system of interacting faults will track the strain rate evolution of
the array. The statistical distributions and methodology presented here could be used to
predict submarine channel routing on structured slopes, even where seismic imaging is
limited. Consequently, this type of analysis serves as a powerful tool to reconstruct sediment

confinement and the routing of sands and pollutants to deep water.

CONCLUSIONS

From a statistical analysis of 173 submarine channel-fault crossings in the deep-water Niger
Delta, and a cumulative 2505 km of fault segments for which strain rates have been
calculated over an 11 Myr history, we show that:

1. Distributions of fault array strain rate and submarine channel-fault crossing strain rate are
statistically different using a two-sample K-S test. The median strain rate where channels
cross faults is < 0.6%/Ma, 2.5 times lower than the median deformation rate of active fault
segments (1.5%/My; ~100m/My);

2. Our results prove statistically that at a population level, channels exploit available
locations of lower strain rate to cross active structures, although the mean strain rate at
crossing points tracks the deformation history of the area; we hypothesise this control is
exerted by fault-induced topography on the sea-bed.

3. The submarine channel network focusses into fewer channels crossing faults at higher
strain rates. However as soon as the deformation rates decrease, submarine channels rapidly
locate themselves in areas of relatively lower strain rate.

4. Our results caution against the use of individual channel examples to deduce submarine
channel sensitivity to active deformation; illustrate how population statistics give rise to a
step-change in our understanding of typical submarine channel behaviour; and demonstrate
that strain rate analyses are a powerful tool for predicting the routing of sands and pollutants

to deep water.
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FIGURE CAPTIONS

Figure 1: — A) Location and setting of the Niger Delta. Study area shown as orange box. B)
Three-dimensional image from the south of the study area showing submarine channels
(dashed white lines) interacting with folds (black dashed lines) of the outer fold-and-thrust
belt. Study interval of ~15-3.7 Ma highlighted in yellow.

Figure 2 A) Depth-structure map of the 9.5 Ma horizon showing eleven thrusts, labelled 12-
22, deforming the lower slope. B) Cross-section through the seismic data showing folds and
mapped horizons, adapted from Pizzi et al., (2020). Fig. S2 shows the uninterpreted seismic
section. C) Example strain rate map for the 5.5-3.7 Ma interval, showing spatial variation in
fault segment strain rate. Strain was calculated using a normalised line length of 7 km.
Submarine channel systems were mapped and their crossing locations and associated strain

rate (circles) were recorded (see Supplementary material).

Figure 3: Histograms of: (A) Total kilometres of active fault segments and (B) Total number
of channel-fault crossings against strain rate over 11 Myr fault array history. (C) Cumulative
density functions from the histograms above for the strain rate of active faults (red line),
those including segments of zero strain (red dashed line); and strain rate of channel-fault
crossings. 50% of channels exploited strain rates <0.6%/Ma, while 50% of faults deformed at

rates above 1.5%/Ma.

Figure 4: (A) Mean shortening and strain rates against time for the fault array as a whole and
for channel-fault crossings. (B) Number of channel crossings and strain rate for the fault
array as a whole against time. Number of channel crossings at 5.5 Ma is a minimum estimate

as some poorly imaged channels are not included.
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Manuscript G48698 ‘New statistical quantification of the impact of active deformation on the distribution
of submarine channels’.

Dear Prof. Dickens

We were delighted to see that our manuscript received a positive response from all three reviewers. We have
been through the reviewers’ comments carefully and have addressed all of their comments. These are laid
out comprehensively in the point-by-point comments, below. You asked us to ensure that 1) the impact of
the work was elevated and made clear to readers; and (2) to ensure more detail about channel imaging and
background was included in the supplementary material, notwithstanding that this should not include lots of
additional material that requires further review.

We have taken both of these two points seriously and have addressed them directly (Editor Comments,
below). We have re-edited the main text of the manuscript to make sure the novelty of this exciting work is
as clear as possible to readers. We have also added some additional figures and ancillary text into the
supplementary material, as you suggested, and we have ensured with Library Services at Imperial College
that the PhD thesis of Pizzi, which contains an abundant description of the seismic data is publically available
to download on the official college library website with its own doi. This means that all the background data
is available to readers.

All our changes are tracked in Word — line numbers refer to the ‘unmarked-up’ version of the new manuscript.
We are very grateful for the constructive comments from the reviewers and from you, and we trust the

manuscript is now ready for publication in Geology.

Yours sincerely,

Dr Alexander Whittaker



Editor Comments:

1/ Elevate the impact of the work. Good GEOLOGY papers should be provocative, but referees clearly point
out that the results are in some way almost self-evident.

It was great to read that the reviewers really supported the science and the results. It is exciting work! We
agree with the reviewers that we underplayed the importance of our findings. This was out of genuine desire
not to be guilty of ‘over-hyping’ the results but we accept we should stress the impact for the readers more.
Our results are the first time the sensitivity of submarine channels to growing structure has ever been
demonstrated statistically at a population level. The sensitivity is not binary — the point is that the
statistical distributions quantify how submarine channels are increasingly likely to be defeated by high-slip
rate faults. The power in this analysis is that we can use these distributions to predict the probability of
channels crossing growing structures, as well as their location, to determine sediment and pollutant routing
to deep water. None of this has ever been done before.

Case studies describing a wide range of individual channel interactions in a qualitative way are often
published in regional journals. Our results challenge this type of descriptive approach and show real insights
and predictive power come from quantifying at the statistics of large numbers of channels. This is because
even in a population set like this you can find examples of e.g. a channel cutting across a high strain rate
structure. Our results therefore caution against generalising from individual examples — which unfortunately
is what is typically published in this field. To make the novelty and impact super clear for readers, we have
revised the abstract, intro, discussion and conclusions carefully to stress why the work matters so much:

The abstract now points out (L26) “Our results quantify the sensitivity of submarine channels to active
deformation at a population level for the first time, and enable us to predict the temporal and spatial routing
and distribution of submarine channels affected by structurally-driven topography”

In the intro we highlight that (L43) “Although it is often assumed that submarine channels are sensitive to
topographic changes driven by active deformation (Pirmez et al., 2000; Ferry et al., 2005), individual case
studies to-date show a wide range of channel responses to growing structure (Clark and Cartwright, 2009,
2012; Jolly et al., 2016; Mitchell et al., 2020).”

We add that (L48) “...the sensitivity of submarine channels to the magnitude and rate of active deformation
has never been comprehensively quantified (Clark and Cartwright, 2009, Mayall et al., 2010; Deptuck et al.,
2012; Jolly et al., 2017; Mitchell et al., 2020). In particular, no study has attempted a robust statistical
analysis of a large number of submarine channel-structure crossings in time and space, where deformation
rates are measured independently. Here we address this challenge.”

The novelty is restated at the end of the intro (L58) “For the first time, we test statistically the hypothesis
that submarine channels are sensitive to on-going deformation near the seabed, and quantify when, where
and with what probability submarine channels can cross active structures.”

In the discussion we now state explicitly that (L155) “While individual examples of channels crossing fast
deforming faults can be found, our results are powerful because they quantify how the probability of channels
crossing high strain rate structures reduces progressively as fault strain rates grow beyond 1%/Ma. We
therefore caution against generalising models of channel behaviour from individual examples.”

We also stress the predictive power of the results, which reviewer 3 raises too (L182) “The statistical
distributions and methodology presented here could be used to predict submarine channel routing on
structured slopes, even where seismic imaging is limited. Consequently, this type of analysis serves as a
powerful tool to reconstruct sediment confinement and the routing of sands and pollutants to deep water.

In addition we have edited all the conclusions to make them, snappier, clearer and more impactful. There are
number of smaller text edits throughout to stress the importance and reach of the work. We think the impact,
significance and novelty of this exciting work is now clear for readers of Geology.



2/ Add additional data to the Supplementary Information. This is somewhat tricky, because it should NOT
include lengthy text or interpretations that require review. Moreover, it should NOT be data or figures that
you may want to publish elsewhere. Rather, this might be a few additional figures that bolster the science.

All three reviewers suggest some additional supplementary information about the method and channel
interpretation. We are happy to do this. We have added a line to the main text of the manuscript (L85) stating
explicitly how we have mapped the channels. We have added more detail to the supplementary material
explaining the channel mapping and imaging. In particular, we have revised Fig. S2 to zoom in on one of
the intervals with an improved reversed colour scheme so readers get a better idea of what we looked at. We
have provided two additional figures (Fig. S4, S5) that illustrate the presence and characteristics of the
channels. These are adapted from the PhD thesis of Pizzi (2019).

However - we note seriously your caveat as Editor about how much detail to provide. Fundamentally, this
paper is a statistical evaluation of the frequency of nearly 200 seismically-mapped submarine channel
crossings of faults as a function of strain rate, compared to a fault array as a whole. The paper is not actually
about the details of submarine channel imaging, nor the mechanics of strain evolution in fault arrays.

1) For the channel imagining and channel crossings - these come from a detailed examination of a 3D seismic
volume of a portion of the Niger Delta, including RMS amplitude extractions and many seismic sections.
These methods and accompanying data are described in Pizzi’s extensive PhD thesis (2019), examined
and fully corrected by Peter Haughton and Gary Hampson. We have ensured that it is now open access
from Imperial College London and it has its own doi: doi.org/10.25560/85679. It is available to
download from the official college library website: https://spiral.imperial.ac.uk/handle/10044/1/85679.
This directly answers reviewer 3’s comments about the availability of this background work. We think it
is reasonable to direct readers to this publicly-available thesis for a detailed description of the seismic
data. However we agree we can provide more detail on the types of method used to map the channels,
consistent with other studies, and we have provided more background in section 3 of the supplementary
material. However, it would be impossible to publish any statistical study of this type if it were intended
that each of the ca. 200 channel crossings should be presented and analysed in detail in the manuscript.

2) The fault array evolution has been fully published in the Journal of Structural Geology (Pizzi et al., 2020).
Questions about the methods of calculating strain rate, fault displacement etc are fully answered in this
study so we think it is reasonable to direct readers and reviewers to this if they want more detail. Reviewer
2 had some detailed comments about e.g. the distribution of lobes, channel responses to along strike
variation in strain etc. They also ask about the mechanisms of channel relocation. These are interesting
questions and we have provided some clarification for this where possible (see below) - but many of these
points are properly topics for a separate paper, which we are currently writing.

We trust this strikes the right balance between helping the reader but not overloading the supplementary
material with extraneous detail freely available elsewhere, or with material that needs further review.

Reviewer #1 (Comments to the Author):

This manuscript describes the interaction of submarine slope channels with faults in the deep-water Niger
Delta and shows that the median strain rate where channels cross faults is significantly lower than the median
strain rate of active fault segments. This is not an unexpected result, but the contribution is novel in the sense
that it quantifies the strain rates along the faults and maps a relatively large number of channels that cross
the faults, creating the possibility for a statistical analysis. The paper is well written, quite nicely illustrated,
and well-focused, and it will clearly add to our knowledge of how submarine channels interact with faults on
the seafloor. We are extremely grateful for the reviewer’s supportive comments and to read that they support
publication. We are delighted that they think it is novel and adds to our knowledge of submarine channels.
But we respectfully disagree with the assertion that our results might be considered as ‘not unexpected’. Lots



of people have said submarine channels might be diverted or deflected around growing structures depending
on circumstance. No-one to our knowledge has ever statistically quantified this assertion. The reviewer’s

expectation is presumably based on personal experience and observations. That is fine, but is always possible
to find individual examples of channels displaying every type of behaviour from crossing a structure to being
diverted or deflected. Only a statistical analysis can demonstrate typical behaviours at a population level!
We accept that we should have been more explicit about why our results matter so much. To stress the
importance of what we have done we have rewritten parts of the introduction, discussion and conclusion to

make the impact of this work explicit for readers — this is laid out in the editor’s comment 1, above.

1. This might be just a figure quality issue, but it is unclear to me how reliable are the channel maps when
it comes to determining whether there is a channel crossing at a fault location. Example amplitude extractions
are provided in Figures S2 and S3 of the Supplementary Material. Many mapped channels stop at the fault
location and they are not mapped on the other side. What happens with these channels? Do they terminate in
lobes? Are they being eroded? Or is it simply impossible to map the continuation on the other side of the
fault, due to seismic quality issues? In addition, it is difficult to see in Figure S2 how the channels crossing
faults 18, 19, and 20 were mapped as I cannot see any of them in the amplitude extractions. This is a figure
quality issue which we have rectified (below) but also reflects the fact that channels and crossings have been
identified from both RMS maps and multiple seismic sections taken from the 3D seismic volume.. We take
the point about figure quality and we have formatted Figures S2 and S3 to show how we have used the RMS
amplitude extractions- it is a larger, higher resolution image to illustrate the existence of channels crossing
faults. Two more example figures (Figs S4, S5) have been inserted in the supplementary material from Pizzi,
(2019) to demonstrate the imaging and nature of the channels. The 173 channel crossings were mapped based
on a detailed examination of the seismic data, multiple sections, amplitude analyses etc, many of which are
presented in the PhD thesis of Pizzi. We are confident that we have used a rigorous and repeatable process
to map these channels. Rather than showing imaging of every crossing in the supplement, which would make
it enormous, we follow the approach of other authors in describing the types of approach used, with
appropriate examples. Section 3 of the supplementary text now provides further detail including any imaging
issues encountered. Pizzi, 2019, which is available online to download, includes the full set of maps used for
the interpretation and other background information. Where appropriate, we direct the reader to this.

2. The discussion of how channels establish new crossing points or abandon old ones is not very clear. For
example, when the authors say that "new channels rapidly locate themselves at additional fault crossings with
lower strain/shortening rates" (lines 180-183), it is unclear how this 'relocation' happens. Does it happen
through ... avulsions, re-channelization, and knickpoint migration? We have edited the main text (L161) to
say that “Consequently, while submarine channel crossings are forced to follow the tectonic history of the
area, the channels during each time interval actively locate to, or remained pinned at, points of lower strain
rate to cross growing structures. We hypothesise that the control is structurally-mediated paleo-topography,
the growth of which is enhanced by thrust fault linkage.” The detailed mechanisms, including avulsion and
incision are interesting and we are writing a paper on this right now. But there is no room in a short geology
paper to explore this ancillary topic. We would clearly need to present more figures and sections to illustrate
these processes and they would not change the main paper findings.

3. The main conclusion of the paper is that channels preferentially cross faults where the strain rate is lower.
This is not surprising; and I am wondering if there is a better way to argue that the results and methodology
of this study can be used in places where the available data does not allow the mapping of channels. We
agree — we should stress the novelty! Amongst other changes, we now explicitly state (L183) The statistical
distributions and methodology presented here could be used to predict submarine channel routing on
structured slopes, even where seismic imaging is limited”. We have also comprehensively re-edited our
conclusions: Point 4 includes “Our results caution against the use of individual channel examples to deduce
submarine channel sensitivity to active deformation; illustrate how population statistics give rise to a step-
change in our understanding of typical submarine channel behaviour; and demonstrate that strain rate
analyses are a powerful tool for predicting the routing of sands and pollutants to deep water” ( L203)



A couple of less important points: 1) It is unusual to use two significance levels (0.05 and 0.001) for a

statistical test. If the hypothesis is rejected at the 0.001 level, it will obviously be rejected at the 0.05 level as
well. A standard approach in the Earth sciences for deciding whether distributions are similar or not is
whether the two-parameter K-S test can be accepted or rejected at the 95% confidence interval. We have
included this accordingly, while noting that we can also reject the hypothesis of a similar distribution at a
significance level of 0.001. We now clarify in the supplementary information that “The null hypothesis (i.e.
that the distribution of strain rates at channel crossing points is the same as the distribution of fault segment
strain rates) was tested at the 95% confidence interval as a standard measure of whether the distributions
were different. We also tested the null hypothesis at the 99.9% confidence interval as a rigorous upper limit”.

2. Is it possible to change the colormap for Figure 2A, preferably to a perceptually monotonic one?
We explored this for Fig 2A but if the depths are in black and white it is very difficult to see the faults and
the section line, whatever shade of grey they are. However we have adapted Figure 2B in line with the
comments of reviewer 3.

Reviewer #2

This article explores how sea floor deformation controls the routing of deep-water channels using a 3D
seismic dataset ...what is novel here is a detailed kinematic and strain characterisation of an evolving set of
compressional fold-thrust structures (already published) combined with mapping of deep-water channels
crossing these structures. A strength of the study is the statistical analysis of strain rates across the fold-thrust
array as whole compared to rates occurring at channel crossing points and the demonstration that the
distributions are different. Thanks for the supportive comments!

(1) Spatial variation in strain rate in dip direction: What is the impact of cross (as opposed to along) strike
variations in strain rate on the statistical analysis given that all the active fold-thrust structures are considered
together for each time interval, irrespective of location in the array? The study sets itself up as emphasising
along-strike strain variation and refers to channels being directed to, or exploiting, lower strain segments
'along the strike of the faults'. However, the fold-thrust array shows significant cross strike variations with
the time slice in Fig. 2C showing low strain on the up-dip structures and the more active structures located
further down slope [..... ] The issue is whether the statistics are bundling together instances in which channels
are exploiting low strain sectors on actively growing structures having been directed there, but also channels
merely draining across the first structures they encounter and which they have managed to bury....One could
envisage very different channel-crossing statistics in the instances where deformation and topography is
focussed on up-dip structures vs. those where the more active structures are down dip. This is an interesting
question. We show several examples in the text and supplementary material where up-dip structures have
higher strain rate than the down dip ones and this is true for most of the fold belt evolution. Channels cross
structures at variable locations through time and while this could appear random, we demonstrate it is not by
rejecting the null hypothesis using our K-S test approach. This is also illustrated in figure 4A which shows
that the mean strain rate at channel crossing is lower than of the fault array, even at times of widespread low
strain rates (e.g. Unit 6 and 5). The most evident impact of the across strike strain variations is shown by how
widespread the channels are with low strain rates, and how focused they become in high-strain-rate regions.
The robustness of a K-S test depends explicitly on the numbers of data points used and we achieve a
statistically meaningful result at the scale of the fault array over the 6 time intervals without any imposed
‘grouping’ or selection of data. Although we could potentially sub-group the channel crossing data for
different time intervals with different cross strike variations in strain in any number of combinations this
raises the problems that (1) the number of crossings will be too small in some sub-groups to be statistically
meaningful; and (2) a reviewer might fairly criticise us for an arbitrary division of the data that may pre-
determine the outcome. We believe it is far more robust to present the data at the scale of the fault array
without making choices about how to pre-package our channel crossings. To clarify this we have added the
following to methods section of the main text (L106) “We perform the K-S test for channel crossings at the




scale of the whole fault array rather than on individual or groups of structures across strike to avoid
arbitrary grouping of data that may pre-determine the results and to obtain a statistically valid sample sizes.”

The reviewer is right that there is additional detail in terms of along strike variations that could be explored.
Further discussion and illustration of the impact of the along and across-strike strain variations (e.g. up-dip
diversions due to up dip structures; facies and style of sedimentation etc) is present in chapter 7 of the Pizzi
(2019) thesis. However these details do not change the headline results of this paper and are not required for
this manuscript. Exploring this topic requires a bunch of other figures, analyses and discussion and is the
subject of a forthcoming paper from our group.

(2) Channel imaging: The paper should say a little more on the channel imaging and perhaps provide an
example in the body of the paper. Several crossings are shown (Fig. 2C) with no channel emerging down
slope from them - did they cross? It is not clear why the channels are shown within the array in Fig. 2C are
shown with a brown dashed line - is this significant? The caption to Fig. 4 mentions some crossings are not
included for 5.5 Ma (presumably for unit 1 between 5.5 -3.7 Ma, although the axes of the graph is truncated
at 4 Ma) as 'some poorly imaged channels' are not included. Is this a widespread issue? This same unit is
shown in Fig. 2 to illustrate crossings - where are the poorly imaged channels? In higher strain areas there
has been significant uplift and erosion - is it possible some channel crossings are missing in these areas
because they have been removed and how significant an issue is this? We are happy to provide some more
detail about channel imaging. We now clarify in the main text (L86) that channels have been identified
“using seismic stratigraphic techniques including multiple seismic sections and RMS amplitude extractions
(supplementary material, Figs. S2, S3, Pizzi, 2019)”. In the supplementary material we have added: (1)
More ancillary text and two further figures adapted from Pizzi (2019) (Fig. S4 and S5) to show more
examples of the channels identified and detail how channels were mapped and the imaging issues
encountered. Different colours represent variable facies architectures; this is now described in the supplement
and readers are referred to the PhD thesis of Pizzi, (2019) which include the full set of maps used for the
interpretation and complete details. (2) a modified and focused version of Fig. S2 for the 5.5 to 3.7 Ma
interval (unit 1) that clearly shows where and why some channels could not be mapped. This was a local
issue in the centre of the fold belt at the later time slices where the more recent stratigraphy has been eroded.
We compiled data across multiple time slices and conducted a formal K-S test precisely because we had not
captured all possible channels - this is the point of the methodology we use. With the frequency of data we
do have, it shows that even with the crossings we identified we can confidently reject the null hypothesis that
channel crossings are insensitive to structure.

(3) External/wider controls: The number of crossings has been documented for the different units and linked
to the changing strain rate. Fewer channel crossings at high strain rates are related to focussing of flow into
a reduced number of pathways. Is it also possible there are longer term changes imposed by factors outside
of the fold-thrust belt? For example, coeval up-dip extension during times of higher compressional strain rate
may have opened up more accommodation higher on the slope, reducing flow frequency and channel activity
downslope. Yes - it is certainly possible to hypothesise other longer term controls such as sediment delivery
to the Niger Delta, which may have some influence on channel behaviour. But the key point is that over the
course of the study (> 10 My) where channels cross faults is at a statistically significant lower strain rate than
that of the fault array as a whole. This primary conclusion would be unaffected by these other controls. As
the relationship between structure and channel routing is unequivocal in the Niger Delta (c.f. Jolly et al.,
2016; Mitchell et al., 2020) we prefer to focus on this in the Geology paper rather than speculating on
additional factors that are not fully constrained. We have a paper we are writing at the moment that focuses
further on channel behaviour at a more detailed level so please watch this space!

The lobate bodies shown in Figure S4 should be keyed. What is the significance of the different coloured
channels? The lobate bodies and the different coloured channels represent variable facies architectures (e.g.
lobes, leveed and erosional channels etc.) which we now have keyed in the supplementary material. They are
fully described in chapter 4 of the PhD thesis (Pizzi, 2019) and discussed in chapters 5 and 6 of this document;



we explicitly direct the reader to the thesis if they wish to know more. An analysis of the lobes is clearly
outside of the scope of this manuscript, which is uniquely focused on the location and distribution of
submarine channels.

Reviewer #3 (Tim Cullen):

Firstly, great work - this is a really nice and neat example of the value of quantifying these tectono-
sedimentary relationships, and you've explained it really well. I remember seeing this presented at BSRG a
couple of years ago so it is nice to see this being considered for publication as its a really neat story Thanks!
Tim kindly produced a separate pdf review that provided several points to think about. We are really grateful
for this. He also gave an email summary of these points, which repeated these, with greater brevity, for the
editor. To keep things clear and concise in this response we have treated these both together and have directed
our replies to his detailed review in the pdf, as this covers all of the points he raises.

Tim Cullen — Comments on PDF

1. Reconstruction of the eroded parts of the sedimentary system. You point out in the supplementary material,
and it is evident from seismic section in Figure 2b that large portion of the central region of the study area
stratigraphy between 5.5 Ma — 3.5 Ma has been eroded. Yet Figure 2c, and the maps in the supplementary
information refer to channel crossings in this time interval — how were the position of them and the strain-
rate for those fault segments at that time constructed/constrained given the erosion off the hangingwalls of
faults 13, 15 and 17? This is a good point. A new Figure S2 has been included in the supplementary material
which shows that the erosion in the central part of the fold belt did not impact our ability to image the channels
up dip and down dip of it, however channels were indeed not interpreted where the stratigraphy had been
eroded. This is why we used a formal statistical approach. We have inferred only one crossing to occur within
the eroded area (indicated in Fig. S2), which is well evidenced by the preserved channels on either side and
which does not impact the statistical results even if it were discounted. Fault strains were reconstructed as
described in Jolly et al., 2016; by projecting the horizons across the scarp and over the structure,
reconstructing the shape of the structure. We have added some text in the supplementary information but the
reader is properly referred to Jolly et al., 2016 and Pizzi et al., 2020 for the published approach.

2. Strain rates for faults which do not break the surface at a given time: Perhaps in the supplementary
information, but preferably within the portion of the text that refers to calculating strain rates, it would be
good to add a line of how the blind faults are handled in this analysis. Is the shortening at the folds above
them (e.g. for the 5,5 Ma horizon above F.21) calculated to produce a strain and placed accordingly or are
they treated as 0 strain? If so, was there a control/test to show that this was negligible enough to be assumed
as zero strain and could this be included in the supplementary information? The strain rate analysis method
is fully published in Jolly et al., 2016 and Pizzi et al.,, 2020. We have clarified in Section 2 of the
supplementary material that “Strain and strain rates were calculated using a modified version of the line-
length balancing technique following the methodology described in Jolly et al. (2016) and improved further
by Pizzi et al. (2020). This methodology included the measure of shortening and strain of both the faulted
and folded horizons to allow deformation to be consistently quantified beyond and above the tip of blind
thrusts. Strain and shortening rates for the thrust-folds found within the central area were reconstructed by
projecting the horizons across the scarp and over the structure while maintaining the overall shape of the
structure (Jolly et al., 2016)” We calculated strains for both the faulted and folded horizons beyond the tip
of blind thrusts, therefore no control test was needed. Zero-strain means that no folding is measured.

3. Further explanation that justifies the use of the “total lengths” of faults in generating histograms. There is
a portion of the description of that method for generating the histograms that comes across as a little
confusing/comes out of the blue regarding the need to include the maximum length of all the faults in the
array (Line 95-96). Would you be able to explain why this is an important part of the analysis to consider all
the faults and sum them and have a maximum at any given time? (is this just a routine part of the statistical
analysis? It seems counterintuitive — e.g. why would a channel crossing a given fault in one place, care about



the length of a fault segment it goes nowhere near, very far updip/down dip?). I certainly don’t disagree

with the methodology, which produces an excellent quantitative description of the evolution you describe.
We have clarified the purpose in the main text (L87) to state that “Histograms were derived of (i) the strain
rate recorded at channel crossings and (ii) the strain rate as a function of the total length of active fault
segments, to capture the strain rate distribution for the overall fault array relative to the channel-fault
intersections”. Further to the reviewer’s question - our method is a required part of the statistical analysis.
The reason is that we need to have a statistical distribution of the strain rate in the fault array as a whole. We
have numerous fault segments of differing lengths, with differing strain rates for each interval. To get the
distribution of strain rate in any one interval, one is required to multiply the strain rate in each segment by its
length - and then sum these. To get the cumulative distribution over the study period we add all the intervals
together. We then ask whether the typical strain rate in the fault array is different from the distribution of
strain rates at the fault-channel crossings. We don’t just work out the strain rate at the fault channel
intersections because the point is that we need to evaluate if that is different (or not!) from what the faults
are doing as a whole. The K-S test is a standard, formal way of evaluating whether the two distributions are
similar and we show they are unambiguously are not. We think the main text is now explicit on this point,
but we have also added a more text to section 4 of the supplementary material too to explain this further for
interested readers who wish to know more background. The K-S test is a standard statistical method, so we

feel it is not appropriate to introduce this from first principles within the Geology manuscript itself.

4. Clarification of Figure 2c I would suggest changing the colour of the black rings on Figure 2¢ to avoid
confusion with the colour scale for >7%/Ma. This initially was quite confusing...A minor point, but one that
may need addressing given this is the principal ‘data’ figure, and to avoid any disgruntled readers! Good
point — we have edited Fig. 2c¢ to address this comment.

5. Frequency and importance of reference to unpublished material Understandably much of this works uses
pre-existing interpretations from a structural model in Pizzi et al. (2020), and observations and interpretations
in Pizzi (2019). I'm a little concerned that readers, and myself, do not have the opportunity to chase these as
the necessary data, observations and interpretations referred to from Pizzi (2019) is not open or available to
see. | tried searching to see if this were in some form of online repository, EarthArxiv or similar but could
not find them after a reasonable amount of time. (If this is out there somewhere and you refer to it I would
suggest flagging up to the reader where this can be found). My suggestion here would be to include a map
figuresimilar that of S4 (which I assume is in the thesis?) but focussing on the seismic data that governed the
positions of the channels, and refer to that instead of Pizzi (2019). Similarly, the restoration which provides
the strain rates, would benefit from further detail in the supplementary information to address Point 3 above
with regards to blind faults. Additionally, please include the constraints for the age model of the horizons,
given their importance in determining strain rate in the Supplementary information. This is a good point and
we take it seriously. The PhD thesis of Pizzi is a fully-reviewed, corrected and approved thesis that was
submitted to Imperial College Library in 2019. We have liaised with library services to make sure it is
fully available online, open access from Imperial College London, and it has its own doi:
doi.org/10.25560/85679. It is available to download on the official Imperial library website:
https://spiral.imperial.ac.uk/handle/10044/1/85679 . Rather than replicating wholesale the thesis in the
supplementary material, we have judiciously added a couple of new ancillary figures to illustrate the channel
imaging (see comments above). If readers are particularly interested in the imaging (which is not the primary
focus of this paper), they are encouraged to assess the seismic amplitude maps directly on chapter 5 of Pizzi
2019 as it is not practical to make a figure similar to old Fig S4 (new S6) for the amplitudes as they would

not be large enough to be understood. The full methodology used for the strain-analysis, as well as the age
constraints is published Jolly et al., 2016 and Pizzi et al., 2020 so it is unnecessary to repeat all of this material
in the supplementary information. However the point regarding how strain was calculated above blind thrusts
has been addressed in section 2 and included as well as the source of the age constraints.
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ABSTRACT

Submarine channel systems play a crucial role in governing the delivery of sediments and
pollutants such as plastics from the shelf edge to deep-water. Understanding their distribution
in space and time is important to constrain the locus, magnitude and characteristics of deep-
water sedimentation, and to predict stratigraphic architectures and depositional facies. Here;
Ussing 3D seismic reflection data covering the outer fold and thrust belt of the Niger Delta,
we determined the distributions-and-pathways of Miocene to Pliocene channels that crossed
eleven fold-thrust structures, at 173 locations, for which the temporal and spatial evolution of

strain rates have been constrained over 11 Mys. We use a statistical approach to quantify

strain and shortening rate_distributionss recorded where channels have crossed structures,

compared to the fault array as a whole;-duringthe-growth-historyof the fold-and thrust-belt.

Our results prove unambiguously that these distributions are different.  in—respense—te

The median strain rate where channels cross faults is < 0.6%/My (~40m/My), 2.5 times

lower than the median strain rate of active fault segments (1.5%/My) with a marked reduction

in the number of channel-fault crossings where fault strain rates exceed 1% Ma. Our results

quantify the sensitivity of submarine channels to active deformation at a population level for
the first time, and enable us with—a—marked—reduction—in—the—number—ofchannel-fault

erossings—Consequently—strain—analyses—are—an—impertant-toel-to predict the temporal and
spatial routing and—distributien—of submarine channels affected by structurally-driven

topography.
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INTRODUCTION

Submarine channel systems form the largest sedimentary deposits on Earth (Talling et al.,
2015) and control the delivery of sediment, organic material and miero—and-maero-plastics
from the continents to deep water (Babonneau et al., 2002; Covault et al., 2016; Sweet and
Blum, 2016; Kane & Clare, 2019). Understanding their distribution in space and time is
important to constrain the locus, magnitude and completeness of deep-water stratigraphy, and
to predict stratigraphic architectures and reservoir facies (Mayall et al., 2006, 2010; Semme
et al. 2009; Covault et al., 2016). Submarine channels are often found on passive margins that
deform due to gravity tectonics, causing the growth of folds and thrusts at the toe-of-slope
(Damuth 1994; Corredor et al 2005; Jolly et al., 2016; Don et al., 2019). The growth of these
structures is expressed by the creation of seabed topography that modifies the slope gradient
and creates tortuous corridors, which can be exploited by the submarine-channels (Smith,
2004; Callec et al., 2010; Bourget et al., 2011; Howlett et al., 2019) (Fig 1). _Although ilt is

often_—suggestedassumed that submarine channels_;—particularby—those—aetive—coeval-with
defermation—are sensitive to topographic changes driven by_active deformation-shertening

(Pirmez et al., 2000; Ferry et al., 2005), individual case studies to-date show a wide range of

channel responses to growing structure (Clark and Cartwright, 2009, 2012 Jolly et al., 2016;

Mitchell et al., 2020). While theory and empirical observation suggest relationships between

increased slope, JYstructural uplift and channel incision/deflection, the sensitivity of

submarine channels to the magnitude and rate of active deformation has never been

comprehensively quantified —Several-studies-have—indicated—a—closetinkbetween—inereased

slopestruetaral-uplifi-and-greater-channel-ineision/defleetion—(Clark and Cartwright, 2009,
Mayall et al., 2010; Deptuck et al., 2012; Jolly et al., 2017; Mitchell et al., 2020). In

particular, —Analy o atal relationships-and-isepach-maps—indicates-that locations—where

et-al52046)—noNe study -has attempted a robust statistical analysis of a large number of

submarine channel-structure crossings in time and space, where the-deformation rates are

measured independently. Here we address this challenge. Here—we —address—this
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We use 3D seismic reflection data on the southern lobe of the Niger Delta (Fig. 1), to

determine the frequency distribution of Miocene to Pliocene channel systems where they

cross gravity-driven fold-thrusts_—fer—which—the—temperaland-spatial-evelution—of strain

arewhose strain rate evolution is exceptionally well constrained (Pizzi, 2019; Pizzi et al.,

2020). We quantify the strain rates where channels cross structures, and-eemparecompared to
the fault array as a whole, throughout the 11 Myr -growth history of the fold and thrust belt.
For the first time, we Our-dataset-therefore-allowsus—to-test statistically the hypothesis that

submarine channels are sensitive to on-going deformation near the seabed, and quantify

when, where and with what probability submarine channels can cross active structures. -

STUDY AREA AND METHODS

The Niger Delta (Fig. 1A) has a—tetalan area of 140,000 km® with 12 km of sediments
deposited since the Early Eocene (Damuth, 1994). The rapid advance of the delta-frent above
slope and pro-delta shale units facilitated the gravitational collapse of the system since the
Miocene (e.g. Morgan, 2003; Bilotti and Shaw, 2005). The gravity failure was
accommodated by extensional tectonics on up-dip areas-efthe-delta, and shortening towards

the delta toe (Damuth, 1994; Fig. 1).

The study area is located on the lower slope of the delta (Fig. 1A) where numerous submarine
channel systems have interacted with contractional structures from the Miocene to the present
day (Fig. 1B) (Jolly et al., 2016, 2017; Mitchell et al., 2020). Using 3D seismic data—frem
PGS, Pizzi (2019) and Pizzi et al. (2020) comprehensively quantified the structural evolution
of eleven thrusts on the southern lobe of the Niger Delta (thrusts 12 to 22, Fig. 2A, B). -The
thrusts initiated at or before 15 Ma, with strain varying beth-between structures and along
strike, and also through time. Increases in fault length, associated with along-strike
interaction and linkage, mostly occurred prior to 7.4 Ma. Deformation increased significantly
between 9.5-6.5 Ma with typieal-shortening rates ef—> 200_-400-m/Mya. We exploit the
unique availability of detailed maps of strain rate evolution (Pizzi, 2019; Pizzi et al., 2020;

supplementary material), such as the 5.5-3.7 Ma interval shown in Fig. 2C, as a well-



100  constrained template of deformation rate and magnitude to test the sensitivity of submarine
101 channels to active deformation.
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Deep-water slope channels crossing coeval active fault segments were identified within six
temporal intervals from 15 to 3.7 Ma (Pizzi et al., 2020; Table S1) using standard seismic

stratigraphic techniques_including multiple seismic sections and RMS amplitude extractions

(supplementary material, Figs. S2-S5:-S3, Pizzi, 2019). For each interval, channel courses

were overlain on the corresponding strain rate map, to record the fault strain rate at each
channel-fault intersection, as shown in Figure 2C. This yielded 173 channel crossings
between 15 and 3.7 Ma, noting that a single channel may cross multiple structures (Fig. S64).
Histograms-Histograms were derived of (i) the strain rate recorded at each-channel crossings

and (ii) —for-each—of thesix—time—intervals—Analogous—distributions—of-the strain rate as a
function of the total length of active fault segments,-deforming-at-a—givenstrain—rate;~were

ompiledfor-each-time—interval-and for-the—en period-ofstudy to capture the strain rate

distribution for the overall fault array relative to the channel-fault intersections (Fig. 3A, B).

The maximum length of all the faults in the array for any one time interval was 417 km. The
mean strain rate for channel-fault intersections and the fault array at each time interval were
recorded. The results for each unit were summed and normalized to derive three cumulative
density functions as a function of strain rate; one of the number of channel crossings, and two
depicting the cumulative distribution of fault segment lengths, with and without segments of

zero strain, which were subsequently or previously active (Fig 3C)—We—compared—these

peimbtseniedn Tos s sl athe cooboee Daplo v To eonbmsathatiedl the hvpothesis

that the strain rates for-at submarine channel-fault crossings are significantly different from

fault-strain rates in the fault array, it must be demonstrated they eeuld-net-beare not drawn
from the same underlying distribution, given we have not sampled all possible channels
crossing faults oin the southern lobe of the Niger Delta. We used a two sample Kolmogorov-
Smirnov test (K-S test) to evaluate this. The null hypothesis - that the evmulative-distribution
of strain rates at channel crossing—petnts—s is the same as the distribution of fault segment
strain rates - was tested at the 95% confidence interval (supplementary material, Tables S2,

S3). -We perform the K-S test for channel crossings at the scale of the whole fault array

rather than on individual or groups of structures across strike to avoid arbitrary grouping of

data that may pre-determine the results and to obtain a-statistically valid sample sizess.
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RESULTS

By-summing-the-faultlengthsfor-the-6-intervals—-weWe obtained a cumulative total of 2505
km of faults active in the period between 15 Ma to 3.7 Ma (Fig. 3A; Table S3). All segments
were active between 7.4 and 6.5 Ma; in the earlier and later intervals some were inactive
(Pizzi et al., 2020, Fig. S64). Fhe Modal strain rates of majerity-of thrast-segments (847 k)

had-strainrates—in-therange-of 0 to 1 %/MaMy (~70 m/My) are documented for the thrusts,
with pregressively—fewera significant proportion at higher strain rates (Fig. 3A). A more

conservative approach, excluding zero-strain rate segments for any time interval, yields 2139

km of active fault segments in—theperiod—between15Ma—and-3-7Maover the period.

Presented as cumulative density functions (Fig. 3C), 50% of the fault segments were active at

strain rates of more than 1.5 %/Ma-My in the period between 15 Ma and 3.7 Ma (red curve)

or at more than 1.1 %/Ma-My if zero strain rate segments are included (dashed red curve).

The-resultsfor-theThe channel-eressing-fault intersections as a function of strain rate (Fig.
3B) show a_markedly different distribution. The modal number of channels crossings
occurred for strain rates up to 1%/MaMy; and-an additional 48 crossings occurred over fault
segments that were then inactive. However fewer crossings are recorded at higher strain rates.
Only 4 channels cross structures with strain-rates > 5%/MaMy, and none are documented for
strain rates > 7%/MaMy. Significantly, the cumulative density function (Fig. 3C) shows that
50% of the crossings occurred for strain rates smaller than 0.6%/MaMy, a value- 2.5 times
rarkedly-less than the median of the active fault segments (1.5%/MaMy). Consequently, the
distribution of channels is skewed towards smaller values of strain rate. A K-S test at the 95%
confidence interval confirms—that we can reject the null hypothesis that the two observed
distributions sample the same underlying distribution{(Fable-S3}. Indeed, our results show
that we can reject the null hypothesis at the-a higher 99.9% confidence interval (Table S3).
other-wordsConsequently, our data demonstrate unambiguously that submarine channels on a
structured slope statistically exploit -locations of lower strain rate to cross evolving faults
over a-time-pertod-of- 11 MaMy period, and enables us to quantify for the first time how this

distribution differs from strain rates in a fault array as a whole.-

Fhe—-evolution—of-mean—Mean fault strain rate in—thefaultarrayfor-in each time interval
produces—a—pattern—of inereasing—deformation—rateincreases until ca. 7 Ma, followed by
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decreasing strain rate thereafter (Fig. 4A). The faults deformed at an average rate of 0.5
%/Ma-My from 15 to 9.5 Ma, reached a peak of 3.3 %/Ma-My (~230 m/MaMy) in the 7.4 to
6.5 Ma interval, and decreased to ca. 1.5 %/MaMy by 4 Ma. Mean strain rates recorded at
the channel crossings (Fig—4A3-follow a similar pattern. However, while initially values were

close to those for the whole fault array, they subsequently diverged when strain rates

exceeded ~1%/My threshold, with channel crossings occurring at lower values of strain rate

than the fault array mean. The number of channel crossings progressively decreased from 15
Ma to the 7.4-6.5 Ma interval and then increased thereafter (Fig. 4B). However, the trend is
asymmetric such that a slow decrease in the number of channel crossings is followed by a
marked increase when deformation slows after 6.5 Ma. Despite the reduction in shortening
rate, the mean strain rate at channel crossings remains suppressed relative to that of the fault
array for the youngest units 2 and 1 (Fig. 4A) indieating-showing a fast response of channel
systems to changing boundary conditions, with new channels entering the area rapidly

locating themselves so as to cross fault segments with lower strain rates.

DISCUSSION
Our—results—demonstrate—that tweTwo-thirds of all channel-fault intersections with—aetive

straetares-over a perlod of ca. 11 Myr have-occurred at strain rates lower than 1%/Ma-My,

significant difference (Fig. 3). %&s&%&&eﬂs—ef—eham%ekemssmgs—aﬂd—aem;%ﬁaﬂ%s—as—a
funetion—of strain—rate—are—statistically—different: While individual examples of channels

crossing fast deforming faults can be found, our results are powerful because they quantify

channel behaviour from individual examples. —As—theThe evolution of strain rates at the

channel crossings mirrors, but is persistently lower than that of the fault array (Fig. 4A). ; we
argue-thatConsequently.-altheugh while submarine channel crossings are forced to follow the
tectonic history of the area, the channels during each time interval actively locate to, or are
remained pinned_at, at-points of lower strain rate to cross growing structures. ta—this—studsy;
strain-—rates—of 1-5%/Ma—translate-intoshorteningof ~100-m/Ma—We hypothesise that the
control is structurally-mediated paleo-topography, the growth of which is hkelenhanced by
thrust fault linkage (see Pizzi et al., 2020). Although converting shortening rates into uplift
rates requires assumptions (c.f Hardy and Poblet, 2005; Jolly et al., 2016; Mitchell et al.,
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2020), these shortening rates imply crestal uplift rates of equivalent magnitude for singlestep
flexural-slip fault propagation folds, and have previeusly—been shown to be sufficient to
deflect sub-modern seabed channels on the Niger Delta (Jolly et al., 2017).

That the number of channel crossings decreases for greater values of strain rate and increases
as soon as strain rates decrease (Fig.4B) reflects the reduced number of pessible-pathways
that channels can realistically exploit to reach more distal areas during times of intense
structural deformation and the potential for sediment ponding up-dip of structures (Clark and
Cartwright, 2012; Pizzi, 2019) (Fig. 2c; Fig. S4). Therefore, not only are channels deflected
by deforming structures, even for relatively low strain rates, but the network is focused at a

small number of crossing points when deformation rates are high

deformation—rates However, when mean strain rates fall, new channels locate themselves

rapidly at additional fault crossing points that still have lower-than-average deformation rates.

—Consequently, the locus and magnitude of sediment supply to deep water basins is

predictably influenced by the 4D growth history of contractional faults on structured margins

and the incompleteness of marine sedimentary records down-system of interacting faults is

methodology presented here could be used to predict submarine channel routing on structured

slopes, even where seismic imaging is limited. Consequently, Our—results—therefore
demenstrate—thatthis—this type of struetural-templateanalysis -serves as a powerful tool to
understandreconstruct-beth sediment confinement and the routing of sands and pollutants to

deep water.

CONCLUSIONS
From a statistical analysis of 173 submarine channel-fault crossings in the deep-water Niger

Delta, and a cumulative 2505 km of fault segments for which strain rates have been

calculated over an 11 Myr history, this-analysiswe shows that:

1. Distributions of fault array strain rate and submarine channel-fault crossing strain rate are

statistically different using a two-sample K-S test. The median strain rate where channels
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cross faults is < 0.6%/Ma, significantlylowerthan-the 2.5 times lower than the median strain
value-deformation rate of active fault segments (1.5%/Mya; ~100m/My));

2. 2.0ur results prove statistically that at a population level, channels exploit available
locations of lower strain rate to cross active structures, although the mean strain rate at

crossing points tracks the deformation history of the area; we hypothesise this control is

exerted by fault-induced topography on the sea-bed. —Fhe—eumulative-densityfunetions—of

along—the—strike—of faults; The submarine channel network focusses into fewer channels

crossing faults at higher defermationstrain rates—rates. However as soon as the deformation

rates decrease, submarine channels rapidl i i
; i locate themselves in areas of relatively lower strain rate.altheugh-the

Rean H ordea—at-tad ossg-pomts—tra he-detormatio Ory—o aredas;

4. Our results caution against the use of individual channel examples to deduce submarine

channel sensitivity to active deformation; illustrate how population statistics give rise to a
step-change in our understanding of typical submarine channel behaviour; and demonstrate

that strain rate analyses are a powerful tool for predicting the routing of sands and pollutants
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FIGURE CAPTIONS
Figure 1: — A) Location and struetural-setting of the Niger Delta. Study area shown as orange

box. B) Three-dimensional image from the south of the study area showing submarine
channels (dashed white lines) interacting with folds (black dashed lines) of the outer fold-
and-thrust belt. Study interval of ~15-3.7 Ma highlighted in yellow.

Figure 2 A) Depth-structure map of the 9.5 Ma horizon showing eleven thrusts, labelled 12-
22, deforming the lower slope. {B) Cross-section through the seismic data showing the-folds
and mapped horizons, adapted from Pizzi et al., (2020). See-Fig. S2 shows the uninterpreted
seismic section. C) Example efa-strain rate map for the 5.5-3.7 Ma interval, showing spatial
variation in fault segment strain rate. Strain was calculated using a normalised line length of 7
km. Submarine channel systems were mapped and their crossing locations and associated

strain rate (circles) were recorded (see Supplementary material).

Figure 3: Histograms of-: (A) Total kilometres of active fault segments for-agivenrange-of
and (strain—rate-overH-Myr—Mest-of thefaultswere—aetive-in-0-1-%/Marange—B) Total
number of channel-fault crossings against for-a—givenrange-ofstrain rate over 11 Myr_fault

array history. - (C) Cumulative density functions derived-from the histograms above for the
strain rate of al-active faults segments-(red line), those including segments of zero strain (red

dashed line); and strain rate of channel-fault crossings. 50% of channels exploited strain rates

<0.6%/Ma, while 50% of faults deformed at rates above 1.5%/Ma.—The—distributions—of

Figure 4: Eor-thesix-studied-time-intervals:-(A) Mean shortening and strain rates against time
for the fault array as a whole (redtine}-and for channel-fault interseetionscrossings. (B)
Number of channel crossings and strain rate for the fault array as a whole against time.
Number of channel crossings at 5.5 Ma is a minimum estimate as some poorly imaged

channels are not included.
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