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Table 1:1 Core sites targeted across 9 branches of the Whittard Canyon with longitude and latitude.
Canyorbranches are colour coded Purple (Western Branch), Pink (Western Middle Branch), Yellow
(Acesta Branch), Green (Eastern Middle Branch), Cream (Intersection), Magenta (Eastern Mid 2),
Brown (Eastern Branch), Blue (Explorer Canyon) and Red (Main Channel).............ccccceee.e. 17

Table 3:1 Down core mean values with standard deviations of granulometric properties of particles
from 9 branches of the Whittard @gon. Canyon branches are colour coded Purple (Western

Branch), Pink (Western Middle Branch), Yellow (Acesta Branch), Green (Eastern Middle Branch),
Cream (Intersection), Magenta (Eastern Mid 2), Brown (Eastern Branch), Blue (Explorer Canyon) and

Red (MainChannel). N = number of sections, where 10 where not met.............ccovvevvvvceennnn. 51
Table 4:1Diagnostic indices'¥ :':  F2 NJ LINA Y I NEB 2\ ImyrikeCenvifdnraentS NJ a 2 dzN.
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Table 4.2 Surficial values for elemental properties of particles from 9 branches of the Whittard

Canym. Canyon branches are colour coded Purple (Western Branch), Pink (Western Middle Branch)

Yellow (Acesta Branch), Green (Eastern Middle Branch), Cream (Intersection), Magenta (Eastern Mid

2), Brown (Eastern Branch), Blue (Explorer Canyon) and Red (Main)...............cceeeveevevennnnnns 98

Table 4:3 Down core mean values with standard deviations for elemental properties of particles

from 9 branches of th&Vhittard Canyon. Canyon branches are colour coded Purple (Western

Branch), Pink (Western Middle Branch) Yellow (Acesta Branch), Green (Eastern Middle Branch),

Cream (Intersection), Magenta (Eastern Mid 2), Brown (Eastern Branch), Blue (Explorer Canyon) and

Red (Main). N =10 samples unless otherwise stated..............ccceeeeeeieeeeiiiiic e, 99
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Figure 1:1 Global distribution of large submarine canyons, as classified by Harris and Whiteway

(2011). Active continental margins debelled in red, passive margins in green (figure courtesy of

Harris and BaKer, 2012).......cciiiiii i e ee ettt s e s s e e e e e e e e e e e e eeaaee s s e e s e e eeeaaeeeeeeeneerrnrrnnnan 2

Figure 1:2 Targeted sites where known nepletlayers have occurred (Wilson et al., 2015). Clear

stars are where no enhanced nepheloid layers where found; White stars are where dilute nepheloid

layers were found; Yellow stars are where enhanced nepheloid layers were found. Bathymetry data

from Esrj Garmin, GEBCO, NOAA, NGDC and other contributors. (Inset map) Sidescan sonar map of

the Whittard Canyon and proximal part of the Whittard Channel and adjacent slopes, showing all the

stations used for this paper. Bathymetry courtesy of the RRS Jame<L@os& JC35,-79 Jun 2009

and RRS James Cook cruise JC125 13RA8gpt 2015. Projected coordinates (WGS84)......... 11

Figure 1:3 (Insetf)ocation map of the Whittard Canyon along the Celtic Margin, Bay of Biscay.

Bathymetry data from Esri, Garmin, GEBCO, NOAA, NGDC and other contributors. (Main map)

Sidescan sonar map of the Whittard Canyon and proximal part of the Whittard Channel andrad]

slopes, showing all the stations used for this paper. Bathymetry data courtesy of Esri, Garmin,

GEBCO, NOAA, NGDC and RRS James Cook cruisd9Q88,2009 and RRS James Cook cruise

JC125 13 AuQ9 Sept 2015. Projected coordinates (WGSS84)......ccoovvvveeeeeeiiieeeeiiiiiieeee 19

Figure 1:4 ROV Holland deployed during CE16006 (Kershaw, .2016)..............ccccummmvvriinnnnnn. 20

Figure 2:1 Map image of slope angle with areas in green greater than 20°. Slope ang?@s of O

characterise thalwegs and upper canyon reaches. Canyon walls are characterised by steeper slopes

reaching 6880°, calculated within ARCMAP using the Benthic Terrain Modeler 3.0 plugin....33

Figure 2:2 Vector ruggedness measure ter@tributes calculated within ARCMAP using the

Benthic Terrain Modeler 3.0 plugin. VRM values recorded in the canyon reach.z0.6............ 34

Figure 2:3 Vector ruggedness measure (VRM), as per Sappington's method (2007), for sites across all

Whittard Canyon branches, where higbsolution bathymetry data was available. The graph

highlights the variability of ruggedness across sites, with tghdst ruggedness value observed at

the Intersection (CE14009 event 25, all depths) and another large peak at the Eastern branch

(CE1600®02-PSH051297.81). The lowest reading was recorded within the main channel at 4010m

(JC128063MG4010m) indicatindowest variability in terrain. fquared linear correlation

coefficient on analysis revealed no significant linear relationship between depth and vector

FUQOEANESS MEASUIE-........ueueitiieeeieteeeeeeaeeeeeeeesesesseaataaaeeeeaeeaeeeeeeeaaaaaassaaaaassssnnansssrsaeeeaaaaaeeaens 35

Figure 2:4 ROV photography and shipboard observations: (A) Western Middle B2&1&00®87-

PSH02/81.13m. ROV observations: flat, sparse,m@aPennatulacea. (B) Acesta Branch: CE16006

033-PSHO&80m. ROV observations: flat, sparse. (C) Eastern Middle Branch: CH22d86H06

731.38m. ROV observations: sandy ridge, Cladorhiza sponge and Brachyura crab. (D) Eastern Middle

2 Branch: CE160d86-PSH05L845m and CE160a86-PSH071845m. ROV observations: Flat area

with sandy ripples. (E) Eastern Branch: CE1®U@PSHO5L297.81m. ROV observations: easy

penetration, poor visibility. Nearby area (>0.1km) characterised by a steep bedded wall el den

coral. (F) (G) (H) Eastern Branch: CE1:8@@8°SH02L620m. ROV observations: vertical chalky cliff,

with stepped edges and overhangs before sloping out to flatter sandier area, where the core was

taken. Images courtesy of CELB006 CrUISE......iieiiiiriuii e eeeiiis e e eeeeetes e e e e e e e e e e e ere e e e e eennenns 36

Figure 3:1 (A, B) Surface plot and scatter diagram of the grain size of theefitshetre section

across sites. Sediments maidy2 y A A a0 2F FAYS LI NGAOf Sax 6AGK 3INI

4, silt). Very fine sand observed at the Eastern branch CEI@®I50 (Folk and Ward Method
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Eastern Middle 2 site CE168066PSHOSMy npY oO6uv o0 (2 HX Myt®dcTXkYOL | 26!
was taken at the same site, recorded a surficial mean GS reading of 19.9uwa@#dNOVA on

ranks analysis revealed a significant spatial change in ttieisligrain size distribution across the
branches (p= 0.038). Most sites, excluding the Western and Eastern branches, significantly deviated
from the mean grain size of the Eastern Middle 2 branch. Surficial grain size negatively correlated
with depth (1s [48] =0.322, p = 0.029). (C, D) Surface plot and scatter diagram of mean grain size
down core across sites. Sediments mainly consist of fine particles, with the grain size generally less
GKIFY ¢cn xY 6uv nX &aAtdoo | 2005468 MEavdrage dowasored I & i SNy
particle size of 112.11um was recorded. Numbers are eVents.........ccooeevvvvvieieeeeiiiinneeeeeennnnn, 53

Figure 3:2 (A) Surface plot of down core mean sorting across sites. Sediments consist of very poorly
and extremely poorly sorted sediments, within the range &f 2. (B) Scatter diagram of the range

of mean down core sorting acse all branches with depth. The largest ranges observed at the Acesta
and Eastern branches. The most poorly sorted site was within the Explorer branch. The most sorted,
yet still classified as poorly sorted was within the Eastern branslgured linear arrelation

coefficient revealed no significant linear relationship between depth and sortingwageANOVA

on ranks analysis showed that there was a significant difference in sorting across the branches (p =
0.43). DunrBonferroni posthoc analysis reveedl that there was a significant difference in sorting
between some branches. NUMDErs are eVentS............oooevvviiiiiieeiiiiii e 54

Figure 3:3 (A) Surface plot of down core mean skewness across sites. Sediments mainly consist of
negatively skewed sediments. (B) The most positively skewed site was in the Eastern sites JC125
109-PSHO0®70.5m and PSHOE)(6 Sg. However, at the Eastern branch CE14009-681, an

average down core of neaymmetrical skewness ed.01 &cwas also recorded. Scatter chart of the
range of mean down core skewness across all branches. Largest range observed at the Eastern
branch. Rsquared linear correlation coefficient analysis revealed no significant linear relationship
between depth and skewness. Omay ANOVA on ranks analysis showed that there was no
significant difference in sorting across the branches (p > 0.05). Higmabe events..................... 55

Figure 3:4 (A) Surface plot of down core mean kurtosis across sites. Mesokurtic sediments, not
especially peaked or "normal" (6@11ks) and leptokurtic and ery leptokurtic, highly peaked,

sediments (1.13>1.50) were observed across most sites. However, some platykurtic, flat peaked,
values were observed within the Explorer, Acesta and Eastern branches. (B) Scatter diagram of the
range of mean down core kursis across all branches. Largest range observed at the Eastern branch.
Rsquared linear correlation coefficient on analysis revealed no significant linear relationship
0SG6SSYy RSLIIK YR (1 dzNIizaras K2SOSNI { LIS NXYIyQa
relationship (rs [48] = 0.296, p = 0.046). Gmay ANOVA on ranks analysis showed that there was no

significant difference in sorting across the branches (p > 0.05). Numbers are events............ 56
Figure 3:5 Mean down core total saggilt¢clay percentages of sites across nine branches of the
Whittard Canyon. Where blue is clagd is silt and yellow is sand.............cccccevvviiiiiiiiiiiinnnnn. 60

Figure 3:6 CM plot indicatirdepositional mechanisms and sedimentary sub environments.
Numbers indicate mechanisms and sub environments 1= rolling and beach deposits 2= bottom
suspension and rolling tractive current deposits 3= graded suspension, no rollingernaee gravel
4= wniform suspension of tills 5= pelagic suspension and pelagic. All sediments fall within graded,
uniform suspension of tills and pelagic suspension hydrological conditions (Passega, 1957 62964).
Figure 3:7 (A) Linear correlation map between the multiple correlation coefficiénof{end
members (B) Four selected eUEmMDErS............oooo i 63
Figure 3:8 (A)) Four endnembers superimposed over muipecimen grain size distribution plots
across all branches. AR Wlue of 0.9443, Theta value of 11.4102, and EXI.®L35 indicates
goodness of fit and reduced likeliness of overfitting data. EM 1 (blue) signifies pelagic deposition, EM
2 (orange) is indicative of the silt population, EM 3 (yellow) is indicativeeatdhrser, sand

%
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population and EM 4 (blue), seen at some branches, indicates extreme events, such as gravity flows,
responsible for distributing coarse material like turbiditic sediments as discussed by Amaro et al.
2015. A= All branches, B= Western, Cst&f@a Middle, D= Acesta, E= Eastern Middle, F=
Intersection, G= Eastern Middle 2, H= Eastern, I= Explorer, J= Main Channel..................... 68
Figure 4:1 (A, B) Surface plot and scatter diagram of mean TIC% of Heerfitistetre section across
sites. Upper canyon-0000m ranges from 1.44% at the Explorer canyon to 3.65% at the Western
Middle branch. Mid canyon 1062000m ranges from 1.93% at the Eastern Middle branch to 3.03 %
at the Eastern Middle branch. Lower canyon >200m ranges from 1.62% at the Explorer canyon
(JC12876PSHOB61.2m) to 3.13% at the Main Channel (JGQ25MGCG3723m). Oneway ANOVA

on ranks analyses revealed no significant difference in surficial mean TIC% across branches or with
(o L=T o] I (o T O N 01 ) TP 100
Figure 4:2 Surface plot and scatter diagram of mean TIC% down core across sites. Upper-canyon 0
1000m ranges from 1.97% at the Explorer canyon to 3.76% at the Western Middle Hvhdch.

canyon 1002000m ranges from 1.32% at the Western Middle branch to 3.40% at the Eastern
Middle branch. Lower canyon >2000m ranges from 2.02% at the Western Middle branch to 3.13% at
the Main Channel. Oneay ANOVA on ranks analyses showed that thneas no significant

difference in down core TIC% across branches or with depth (p > .0.05).......ccccceeiviiiiinnnnnnn. 101
Figure 4:3 (A, B) Surface plot and scatter diagram of TOC% of theefitshetre section across

sites. Upper canyon-0000m ranges from 0.33% at the Eastern branch to 2.26% at the Western
Middle branch. Mid canyon 1062000mranges from 1.06% at the Acesta branch to 2.20% at the
Eastern branch. Lower canyon >2000m ranges from 1.10% at the Western branch to 2.32% at the
Main Channel. Onevay ANOVA on ranks analyses revealed no significant difference in surficial
mean TOC% acr®@®ranches or with depth (p > 0.05). (C) Frequency distribution of TOC% in surface
sediments (<1cm) of the Whittard Canyon (N 33) according to water depth interval. Organic
enrichment is observed at all depths (>2%); however, the upper slopes down to@8ants the

lowest TOC% observed-Q6%). At depths between 3000 and 4000m, TOC contents higher than 2%
were recorded, indicating possible increased input or burial................cccccviieee 102
Figure 4:4 (A, B) Surface plot and scatter diagram of mean TOC% down core across sites. Upper
canyon 01000m ranges from 0.71% at the Eastbranch to 2.38% at the Eastern Middle branch.

Mid canyon 1002000m ranges from 1.15% at the Eastern Middle branch to 2.31% at the Eastern
branch. Lower canyon >2000m ranges from 0.95% at the Western branch to 2.0 % at the Main
Channel. Onavay ANOVA on rks analyses showed that there was no significant difference in

down core mean TOC% and across branches or with depth (p >.0.05)........ccciviiiiininnnnnn. 103
Figure 4:5 (A) TOC% down core plotted by branch. Sharp peaks of total organic carbon enrichment
at the Acesta branch (CE160083-PSH08/80m) and Eastern Middle branch (CE1602@PSH06
43 G 1 ] o ) USSP 105
Figure 4:6 (A, B) Surface plot and scatter diagram of the C/N ratio of thedirsinetre section

across sites. Masurficial samples analysed were within the range of 3 to 25 C/N. Upper canyon 0
1000m ranges from 3.47 at the Eastern branch to 79.46 at the Eastern Middle branch. Mid canyon
1000-2000m ranges from 9.17 at the Eastern Middle branch to 57.99 at the Badiddle 2 branch.
Lower canyon >2000m ranges from 6.99 to 22.75 in the Main Channelv&nA&NOVA on ranks
analyses revealed no significant difference in surficial mean molar C/N ratio across the branches or
with depth (p > 0.05). Rquared linear corraltion coefficient analysis revealed no significant linear
relationship between depth and surficial mean molar C/N ratio. Stars represent data from Hunter et
al. (2013). (C) Frequency distribution of molar C/N ratio in surface sediments (<1cm) of thadVhitta
Canyon (N 32) according to water depth interval. Typical marine signatures in the rang#®f <3
where observed at all depths, excluding 388@00m. High values exceeding 25 were observed down
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to 2000m. Due to the distance from land, high C/N raticalyikndicate degradation and not a
terrestrial contribution (MeYers, 1994)........ouuuiiiiiiiiiiiiiie e e et e e e e e e e e e e e eeeeeeanaene 106
Figure 4:7 (A, B) Surface plot and scatter diagram of the down core mean molar C/N ratio across
sites. Upper canyon-0000m ranges from 5.43 at the Western Middle branch to 64.47 at the Eastern
Middle branch. Mid canyon 1062000m ranges frm 10.22 at the Eastern Middle branch to 51.51 at
the Eastern Middle 2 branch. Lower canyon >2000m ranges from 14.28 to 27.52 in the Main
Channel. Onavay ANOVA on ranks analyses showed that there was no significant difference in
down core mean molar C/N tia across the branches or with depth (p > 0.05scRared linear
correlation coefficient analysis revealed no significant linear relationship between depth and down
core mean molar C/N ratio %. Numbers are eVents..............uuuuuiiiiieniee e 107
Figure 4:8 (A) Mean3¢C: of surficial 1cm section across all sampling sites. Lowest value'S@f
were observed within the Explorer canyd@125101-MG664m ¢24.42: ). The highest value was
observed within the Eastern Middle branch CE16086-PSH1511.37m {12.76: ). (B)Mean!

15 of surficial 1cm section across all sampling sites. The lowest valu&Nfwas observed within
the Westernbranch JC12883-PSHO2740m (1.30 ) and the highest was observed within the
Explorer canyon JC12®1-MG664m (4.28 ). Oneway ANOVA on ranks analysis showed that
there was no significant difference in stable isotopes across the branches (p > 0.0&)a Alled
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Figure 4:9 (A) Mean'3¢: | y RSN of surficial 1cm section plotted with depth (m). Lowest

values oft *C were observed within the Explorer canyd®125101-MG664m ¢24.42: ). The

highest value was observed within the Eastern Middle branch CEAGBBSH1511.37m {

12.7: 6). Meant N : of surficial 1cm section across all sampling sites. The lowest valu&nof

was observed within the Western breh JC12083-PSHO2740m (1.30 ) and the highest was

observed within the Explorer canyon JCAZA-MG664m (4.28 0 0O0b 2 (i A9 Ssglue). & y 2
Oneway ANOVA on ranks analysis showed that there was no significant difference in stable isotopes
across theranChes (P > 0.05) ... i e e e e e e e e e e ees 111

Figure 5:1 PCoA analysis of surficial samples across the Whittard canyon. PC1 (33.3%) and PC2
(20.1%) accourfor 53.4% of the variation in environmental parameters between samples.
Environmental parameters with Pearson correlation of >0.2 are overlaid in blue with blue lines
indicating eigenvector weighting of each parameter. Coloured symbols indicate safSghegles

that are clustered together indicate that they are driven by thevaniance of overlain

environmental parameters (blue text). Dotted circles indicate water depth interval, where green is 0
1000m, blue is 1062000m and red is >2000m. Full orargjyeles indicate areas where enhanced
nepheloid layers have been recorded. Dashed orange circles indicate dilute nepheloid layers (Wilson
Lo A | I 0 1 L) PSR 128

Figure 5:2 (A) Grain size (um) (B) sorting (C) skewness«& and (D) kurtosis @Kfor all surficial
sediment samples across the Whittard canyon. Interpolations were produced in ODV 4.7.4 using
Datalnterpolating Variational Analysis (DIVA) gridding software according to the method by Troupin
L2 0= |2 2 EEPRR 131
Figure5:3(A)TQG O 6. 0 W k' d/ 0PR DO F2NI F £ £ & dzZNFA OA L §
across the Whittard canyon. Interpolations were produced in ODV 4.7.4 using Data Interpolating
Variational Analysis (DIVA) gridding software according to the method by Trougdir2étl2.....132
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. { cow!

The Whittardsubmarine canyon (Celtic Sea, North East Atlantic) is one of the largest

(~100km across, down to 4500m depth) and most complex underwater features in the
North-Western European Margin having several branches all converging to the main

channel. It is locad >200km from the nearest coast, affected by complex hydrodynamics

and is home to an array of diverse benthic ecosystems. Little is known about how submarine
canyons differ from typical opeacean environmentsThis study aims to improve the

understanding ¥ G KS Ol yeée2yQa dzyRSNI&@Ay3d NRBES Ay O0A?2
in relation to the sedimentological regime and specific geomorphic features. This study
KelLRRGKSaAl Sa dKId GKS KAIKfe KSGSNp3ISyS2dza vy
influence organic matter spatial patterns and the potential for carbon burial. This project

attempted to assess this gap in knowledge by examining morphological (slope analysis,
ruggedness), grain size characteristics, and biogeochemical propertiesi(ocgénon,

y A G NP S ¥ ¥NRisotopes) of 46 short cores-{@cm) from a variety of depths, across

nine main locations (Western, Western Middle, Acesta, Eastern Middle, Eastern Middle 2,
Intersection, Eastern, Explorer and the Main channel branclBgin sizes often appear

multimodal, with a sandy/silty/clay predominance, with coarse material present at depths
exceeding 1000m, indicating that diverse processes are at play within the system. Surficial

mean molar C/N ratios are variable but often heglthan typical marine ranges; 22 + 15.62,

given the distance from land, this is likely a consequence of reworking. Organic carbon

contents generally exceeded the typical range expected fronddep-sea(>~0.5% of dry

viii



sediment) but are similar to other ogon systems that are closer to land, this may indicate

an increased potential for carbon storagghin the Whittard Canyor(Tyler et al., 2009b;

Masson et al., 2010apll samples within the central channel (Main Channel) at depths

>3700m were orgnically enriched (>1.25%), this is likely an accumulation of organic

material, funndled from the upper canyon reaches. However, at one site of the Eastern

branch (CE1400005-450m), the lowest TOC content of 0.33% was recorded, indicating

reduced input o the efficient recycling of organic mattet. K S Y I 2 B/NA (@ f208S& FS¢
within the lighter isotopic range of-# n:': -y #R: M AYRAOF GAYy 3 LIKeG2LX |
zooplankton derived organic matter. However, a heavier value was recorded at the

connecting sklf of the Acesta and Eastern Middle branch CE18IBIBPSH12511.37m {

12.76), indicating sulfidexidized carbon which is associated with the form Il Rubisco

pathway(Fry and Sherr, 1984; Levin and Michener, 2002; Hunter et al., 2048a$ | AN 1
AAIAYLFGdzZNE 2F odow': 5 -HOYSNFIOCSAI A&ddakd Sp:2 o O
with internal cycling and assimilation by marine primary producers (Sigman and Casciotti,

2001). This is in line with previous research within the Whittard Canyon, where values of
ndndg: p HPNH YR oddm: p ndcT ofdddNHuA& atd Yy R 9
al., 2013a)Statistical analyses were carried out to decipher influences of morphology,

location (i.e. branch), depth and potential anthropogenic activity. Previous research has

indicated that the Eastern branch displays high biodiveesiiy faunal abundance, results

from all disciplines explored in this study confirmed that the Eastern branch was the most
heterogeneous, which may explain this phenomenon (Amaro et al., 2015; Gunton et al.,

2015). Recent work suggests that anthropogen& (ishing) activities may impact natural

processes, possibly affecting material transport, deposition and ecological functions within

the Acesta and Eastern Middle branches, that would take many years to recover (Wilson et

iX



al., 2015). Because of this,slstudy proves useful as it provides one of the highest
resolution accounts of recent conditions across this environmentally and biologically diverse

canyon system.
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Chapter 1.Submarine canyons

1.1 Introduction

Submarine canyons are abundant and ubiquitous incisions found along continental and
oceanic island margins, connecting the continental shelves to deep ocean {Bisepard

and Dill, 1966)Recent bathymetridata analysed by Harris and Whitew@p11)revealed

that there are 5,849 separate large submarine canyons in the world oeatnactive
continental margins containing 50&tore canyons than passive margifgure 11).

Canyons are typically closely spaced, steeper, shorter and more dendritic on active than
passive marginshe global distribution of all canyons is estimatede over9,00Q

covering approximately 11% die¢ continental margingHarris et al., 2014aYhey are

complex heterogeneoustopographic featurescharacterisedas beingoroad, deep valleys

with intricate reliefand highly dynamic sedimentary and hydrodynamic characteristics. The
complexityof canyongesults in an environment that diffeggnificanly from the majority

of the deep-seg with rich and vaied biological communities being able to establish and
thrive in many canyons globalfyyler et al. R09) Steep topography renders conventional
shipboard mapping and sampling techniques inadequdtee to the inaccessibility of these
sites,with the result that many questions regarding their global role in maintaining
biodiversity/productivity and irstoring and transporting minerals and organic matter

remain largely unanswered. However, recent advances in technology, such as dynamic
positioning of research vessels and precisely controlled remotely operated vehicles (ROVS),

have rendered their study possibility(Huvenne et al., 2011)
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Figurel:1 Globaldistribution of large submarine canyons, as classified by Harris and Whiteway).(6file continental
margins are labelled in red, passive margins in grégaré courtesy oHarris and Baker, 2012)

1.1.1 Submarinecarbon andecosystems

The complexity of the physical environment of submarine cany®ofen mirrored by rich
and varied biological communities that inhatliiem compared to continental slopgdyler

et al., 2009a; Amaro et al., 2016a&his is likelyo be a result of a localised inease in

organic matter food availabilityand quality compared to other deepater environments,

in partdue to the hydrodynamic regimes withfomecanyons

Within the open ocean fte sinking of marine organic matter (OM) produced in the euphotic
zonethrough the mesopelagic zone and down to deeper watsrghe primary pathway for
transporting carbon and other vital biological elements to pelagic and benthic organisms

(Henson et al., 2011; Boyd et al., 2019nt€p2019) However, the organic compounds are



almost entirely consumednd remineralized to GOby heterotrophiczooplankton and
bacterig this leaves dmited amount(5-15%)of organic matter teescape into the ocean
interior, where it is mainly sed as a food source for mesand bathypelagic organisms
Subsequentlyjust afraction (>0.5%) of organic matter reaches the gker, where benthic
organisms and bacteria continue to assimilate and respif@atrdon, 1971; Emerson and
Hedges, 1988, 2008; Wakeham drek, 1989; Aberle and Witte, 2003)Jhough the
presence of faunanayalso affect benthic carbon burial, as carbon may be subducted into
deeper layers through bioturbatiofKiriakouékis et al., 2004)n areas of complex
topography such as submarine canyons, reports of orgartb material being transported
to the seafloothave been madeindicating that larger quantities of organic matter (>0.5%)

may be available for carberecycling or buria(Kiriakoulakis et al., 2001)

Unigue canyon morphology and distance from lamd keyinfluencesin the variability of
ecosystem connectivitfdannasch and Taylor, 1984; Gage and Tyler, 1992; Bergamaschi et
al., 1997; Soliman and Rowe, 2008; DE Leo et al., 2010; Morris et al.,.20d8ajl, sme
canyons are known hotspots for enhanced desga sediment and war fluxes, through a
variety of mechanisms such as gravity flows and dense water cascadastasiconduits

and reservoirs for terrigenouteposts and organic materigHotchkiss and Wunsch, 1982;
Gardner, 1989; detigter et al., 2007; Arzola et aR008; Savoyeet al., 2009; Canals et al.,
2009; Kiriakoulakis et al., 201Where internal tides dominate canyons, organic matter
distribution may focus within the canyon walldowever, where canyons are dominated by
down canyon hydrological circulatiporganic matter will likely be transported to greater

water depths(Garcia et al., 2008)



1.1.2 Submarine canyon stresses

While the presence of submarine canyons may preigaificantfor deep-seaheterogeneity
and biodiversity, stresses on submarine canyon systems have been rgshdhubmarine
hydrodynamics magnhancethe transpottation of litter and chemical pollutants from the
continentalshelf to thevulnerabledeep-seaenvironments(Palanques et al., 2012)
Additionally, whilecanyon morphology affect$e circulation and transportation of water,
sediment and particulate matter, climatic forcing factors exist too, although the spatial and
temporal resolution is stillelativelycoarse(Pérenne et al., 2001; Bosley et al., 2004; Genin,
2004; Kiriakoulakis et al., 201 Mheeffects of climate change may alter the characteristics
of water masses, changing the intensity of curremtéich may have aimpact on

submarine speciefCanals et al., 2009%ubmarine canyons may also be subjecteditect
anthropogenicstressors, such dshing,oil and gas extractio(Harris et al., 2014aYhe

impact ofbottom-trawl fishingon the continental slope and canyon flanksknownto
negativelyaffectthe benthic ecosystermore than any other anthropogenic actis
combined(Benn et al., 2010Covering ayround areaof up to three-quarters of theworld's
continental shelvebvottom-trawlingis believed to transporas muchsedimentasglobal
terrestrial fluvial systemandresultingsedimentladen gravity flows are known to occur,
engulfing fauna in their wak@Vatling and Norse, 1998; Kaiser et al., 2002; Puig et al., 2012;
Wilson et al., 2015a)Jpon impact with the seafloatraggedtrawling geareads to the
smoothing of the seafloor at large sealands responsible for the overturning, destruction
of sediment fabric, causing bedmouring and sorting and layering of sedimen@slartin et

al., 2014; Oberle et al., 2016, 2017; Daly et al., 204/} increasng particle density and a

reduction insubstratum heterogeneityhere is believed to be eeduction in organic carbon



(OC)concentration in surficial sedimen{€lark and Rowden, 2009; Puig et al., 2012; Martin

et al., 2014)

Further to thephysical alterations, trawling aetty is also known to modify the
biogeochemical composition of sedimerfts/kousis et al2005; Pusceddu et al., 2005)
Additionally, it has been noted thatompositional changes observed from trawling activity
exceed that ohaturalseasonal inpugof organic matter(Safié et al., 2013Previous work

has revealed that trawled sites are commonly organic carbon impoverished as a result of the
removal of recent, organidch sediments, and sediment stirring that increases oxygen
penetration, thusenhandng remineralsation of buried organic mattefParadis et al., 2019)
Hocculent organic carbon may be winnowed, along with the fine sediment fraction, leaving
the coarse, OC depleted, sedintdrehind (Martin et al., 2014)Ultimately, these changes

may harm the structure and functioning of canyon communities, resulting in chamges
nutrient supply to thedeep-sea biodiversity,carbon storage and burialhe latteris poorly
studied but potentially largéMasson et b, 2010a) Thus the understandingof both natural

and anthropogenic drivers icanyon transformatiomequires further quantification for
managemen@nd conservatiompurposegDavies et al., 2007; Benn et al., 2010; Daly et al.,

2018)

1.2 General ansandrationale

Specifiaims and objectives can be found in each chaptewever, the overarching
outcome of this work aimmto support existing research by prowigi a better understanding
of the function of submarine canyomsd itsvariability from typical operocean settings

Three overall aimattempt to do this:
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Canyon morphologyGeomorphometric measuresiayaid the understanding of the
topography of each brash, providing valuablansight into slope stabilitysediment

and hydrognamics.

Sedimentary characteristic®article analyseaim to characterise the canyon
sedimentsdown coreand compare them with the adjacent slopes at different points
along several canyon branchés acquire a more representative spatial and

temporal view of the processes that operate in the system

Carbon and nutrient cycling potentidlsing elementalllOC, TN and/'R), and bulk
stable isotoped ¥/ | ¥R analyses, the origin, quantity, nutritional quality and
burial potential of sedimentary organic matter (SOM) across the canyon branches

will be examined.

Study site

Site description

The WhittardCanyon is located within the Celtic Margin; a WARBE orientated passive

margin that extends from the Goban Spur to the Berthois Spund within the Bay of

Biscayfigure 12 inset). While the adjacent continental shelfviast the continental slopesi

steep, averaging 8°. The extent of the margin is incised by approximately 35 submarine

canyons, with the WhittardCanyorbeing the mostvesterly300km south of Irelan§Amaro,

de Stigter, LavaleyandDuineveld, 2015; Bourillet, Zaragaand Mulder, 2006; Morris,

Tyler, Masson, HuvennandRogers, 2013).
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Figure 1:2 Main branches of Whittard cany&athymetry data from EsiGarmin, GEBCO, NOAGDC and other contributoréngetmap) Sidescan sonar map of the Whittard Canyon and
proximal part of the Whittard Channel and adjacent slopes, showing all the stations used for this paper. Bathymetryafdhgd®RS James Cooki€: JC35,-79 Jun 2009 and RRS James
Cookcruise JC125 13 AtlP Sep2015 Projected coordinates (WGS84).
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It isone of the largest and most compleendriticcanyon systems in European watelts
morphology influenced by existing NN®GE trending fault systems, older buried canyons
and natural depressions within the seaflqg@unningham et al., 2005)he Celtic spurs and
canyons are associated with the Grande Sole and Petite Sole submarine drainage basins.
Both drainage areas feed the Cellieepseafan via the Whittard and Shamrock Canyons

(Bourillet et al., 2006)

Extending from the upper slope down to abyssal depthe Whittard Canyon hasur main
V-shapedbranches that converge downslope, connecting the shelfg@200m with the

broad, flatbottomed, U-shapedwWhittard Channelthat then flows out to theCeltic Fan
36004400m (Reid and Hamilton,990; Duineveld et al., 2001; Amaro et al., 20Fgure

1.2 main map) The orientation of the canyon branches at the shelf edge is primarily NNW
SSE and NNESWith canyon slope angles rising to 40°, or potentially more, within the
canyon head and ft&ks, forming cliffs and overhang featur@unningham et al., 2005;

Huvenne et al., 2011; Robert et al., 2015)

The upper flanks are characterisbg complex gully networks, numerous headwall scars
from slumps and slope failureghich resultfrom gravity-driven flows that widened the
canyon through retrogressive canyon wall fail@enaro et al., 2015PDue to the distance
from land, the WhittardCanyon has reduced sediment input from fluvial processes
However, significant offshelf sediment fluxes have been recorded. This is duegio h
overlying pelagic productivity and complex hydrological processes such as boundary
currents and internal waves that generate sedimdaden nepheloid layeré~igure 1:3)
(Morris et al., 2013a; Sharples et al., 2013; Wilson et al., 2015c; Hall et al., Pdd Beabed

substratum is generally mixeah the interfluveswith pelagic material and reworked
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sediments from the outer shelf and canyorargins tending to be coarse, compared to the
alternations of fine and coarse material found in the lower reaqi@sningham et al.,

2005; Duros et al., 2011; Stewart et al., 20X3)itcropping roks are mainly limited to
verticalwalls, gullies and scarg.o the Eastreports of over 400 mininounds of dead cold
water coral fragments within the Explorer and Dangeard interfluves have been found
between 256410m deep(Reid and Hamilton, 1990; Cunningham et al., 2005; Stewart et al.,
2014) In contrast to the morphologically diversanyon walls, the canyon thalwegs are

blanketed by flat areas of soft denent (Robertet al., 2015)

The Whittard Canyon was initiated in the PR@eistocene era through headward erosion

and retrogressive slope failure incising deeply into tinelerlying Miocene deltaic deposits
and Cretaceous/Pagmcene chalk§Huvenne et al., 2011The most reent phase of canyon
incision occurred during several episodic4®zel low stands in th@lio-Pleistocene era
(Bouirillet et al., 2003)During this last glacial period, these canyons were linked to an active
palaeovalley syster(Bourillet et al., 2006; Toucanne et al., 20d)wever, its activity is

now reduced due to the distance from the current shorel{Reid and Hamilton, 1990)

Linear tichl sand ridgeghat developed on the outer continental shelf of the Celtic sea
between~ 2012kaare proposed as sediment sources to the Celtic deegp fanDue tothe
lowered sea level, rivers were connected to the Grande Sole and the Petite Sole drainag
basins, resulting in multiplerrestrial sediment sources to the Celiileep-seafan at this

time (Bouirillet et al., 2003)Furthermore, with deglaciation of the British and European ice
sheets { 20-12ka) there was a significant eustatic change within the Grande Sole Basin, and
hence the Whittard Canyott is suspected, with glaaihydrostatic uplift of the British Isles,

that this terrigenous input was prolonged until6d0 yearsago(Jean FrancoBourillet et



al., 2003; Lambeck1996) However, recent hydrological measurements and modelling
results suggedhe upward flow ofsedimenttransport(Cunningham et al., 2005; Bourillet et

al., 2006; Scourse et al., 2009; Praeg et al., 2015; Amaro et al., 2016b)
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Figurel:2 Targeted sites where known nepheloid layers have occurred (Wilson et al., 2015). Clear stars are where no enhancethypephedoidte found/NVhite stars are where dilute
nepheloid layers were foun¥ellow stars are whernhanced nepheloid layers were found. Bathymetry data from Esri, Garmin, GEBCON@D®&A&nd other contributoréngetmap)

Sidescan sonar map of the Whittard Canyon and proximal part of the Whittard Channel and adjacent slopes, showing mihthessthfor this paper. Bathymetry courtesy of the RRS James
Cook Cruise JC351% Jun 2009 and RRS James Cadge JC125 13 AP Sep2015 Projected coordinates (WGS84
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Il.  Hydrological regime

Lander recordindicatethat in the upper canyomeaches, from the shelf edge to ~2500m
andthe nearbed current regime is dominated by strong sesnirnal tidal currents, flowing

in both up and down canyon directioigan Weering et al.,@00; Amaro et al., 2016a)
However, net suspended sediment transport, driven by tidal currents, generally appears to
be in an upcanyon direction. Likewise, net water flow at deeper sites has been recorded as
flowing in an upcanyon direction, indicatm that tidal currents do not contribute to down

canyon sediment transpofMulder et al., 2012)

Bottom water turbidity is often observed tase during periods of increased current speed,
indicating that bottom sediment is suspended and entrained by the tidal current. It has been
noted that during current peaks, rapid horizontal particulate fluxes have reached values in
the order ofseveral gams m? s1. At increased depth, within the main Whittard channel
(4166m), semdiurnal currents are weak, not exceeding40.15m s', with no sign of

resuspending bottom sedimerfAmaro et al., 2015)

lll.  Ecosystenthreats

Hydrological fluxedrive nutrient changes, fueling enhanced primary productivity in surface
waters along the Bay of Biscay (1B&0¢gm2yr?') (Vlasenko et al., 2014Furthermore
accelerated currentsdue to topographic forcig, increase the organic matter flux to the
benthos, therefore enhanced food availability is recordediepth,compared to less active
areas on the continental slog®orris et al., 2013c)As a result, theanyonexhibits

different faunal patterndrom the wider NE Atlantic.

The WhittardCanyonis associated with Vulnerable EcosystefW8/Esyand sites of novel
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biodiversity Coldwater coralfCWCs) have been reported at ~360-2500m in the

Whittard Canyor(Huvenne et al., 2011; Johnson et al., 2013a; Morris et al., 2013b; Amaro
et al., 2016b)Unigue and dense assemblages of the Gtl€ratinian coralLophelia
pertusaand giant bivalveécesta excavathave been associated with intermediate
nepheloid layers, that likely provide a sufficignorganically enrichetbod-source. A

vertical wall,spanning 1600mat ~1350n, within the Eastern branch has found to be
dominated by novel.pertusaAt depths of~700m, in the Acesta brancif.excavataand

giant oysterdNeopycnodonte zibrowiiave been recorded.

Due to the high primary productivity in this area, the Celtic Sea Shelf is heavily exploited for
fishingusing bottom trawls, pelagic trawls and longlif€erritsen and Lordan, 20148ased

on the last decadehe fishing intensityis variable across the Whittard Cany¢baly et al.,

2018) Fishingntensityhas beerassociated withthe possiblesmoothing of the seaflogr
particularly over steeper sloping parts of canyon interflug@aly et al., 2018)rawling

along thecontinental margin, east of the Whittar@anyon is seasonal, with much of fishing
occurring between July and Margbeaking in AugugiSharples et al., 2013joweverdue

to the scale ad complexity of the canyon, the canyon is not exploited to the degree that
other submarine canyonsjoserto coastal regions, would enduf@alanques tal., 2006)
Furthermore, due to the technical constraints of fishing gear, slopesar2@arely fished

(Daly et al 2018 estimated 90h in 10 years).

Nevertheless, recenwork by Wilson et al. (2015) on one of the eastern branches suggests
that human activity in the form ofleep-seatrawlingin the interfluvesdoesaffect material
transport and input into the canyonBoth benthicnepheloid layer¢BNL) and intermediate

nepheloid layers (INL) line the branches of the Whittard Carfliomenne et al., 2011,
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Johnson et al., 2013b; Wilson et al., 201&@ure 1:2). These cloudy layers, thick with
suspended particulate material, are driven by energetic hydrodynamics and act to link the
productive shallow environments with theutrient-depleted deep water¢Puig and

Palanques, 1998; Wilson et alQ15c) In the upper region of the canyon (~700m) a dense
assemblage or corals and large bivalves have been associated with a nepheloid layer. It is
believed that the nepheloid layer, thick with sediment and organic matter, is transporting
the necessamyutrients for these organisms to thridohnson et al., 2013bfigurel:2
illustrates that these sites were targeted to reveal a sedimentary signature of these
occurrencesWhile nepheloid layers are a natugghenomenon formed by gravit flows

and other distubance events, there is evidence that anthropogenic activity, such as bottom
trawling within the WhittardCanyon, act to enhance these layers beyond the concentration
levels thatare typically observed in the regi@ (~1mgL{1)) (Wilson et al., 2015b)hismay
lead to significant disturbance of littlenown natural processes, possibly affecting local
ecosystems and carbon export and remineralisation ratiessaffecting the supply of

energy to the benthos and the potential of carbon storage by altering carbon blirial
confirmed, this would be one of the rare observed cases of laogde human impacts in the

deepsea rendering the study of this system sigogt.
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1.4 Data collection

1.4.1 Cruisestrategy

Owing to the high cost of research cruises and the number of scientists often involved,
sampling is timeestricted, and it is necessary to be flexible when having a sampling
strategy. Unlikamostfieldwork on land, it is not always possible or ceffective, for

sampling to be undertaken at all sites each scientist requests. Raileresearch cruise

have one objective, but instead various, and numerous sample types will be taken at each
location. The threevoyages(CE13008, CE14009, CE1600&cussd in this paper, aim to
answer a range of questions that inclu¢teit are not limited tg the canyon'sbiology,
hydrology, chemistry and sedimentary characteristics. The benefit of takscgetesamples

at the same sites is that it provides a more comtpgnsive understanding of each location.
Usingpublished paperso inform this researchprincipalbranches and sites were identified,

suggestinghat interesting mechanisms and processes were taking place.

1.4.2 Sampling and data methods

Core retrieval

A total of forty-two push cores and four mega cores, taken during three surveys, have been
analysedTable 1:1) Core codes have been attributed to each sample, indicating the cruise
name, event number, pusbore tube(whereavailablg and depth.Coloursand numbers

have been asignedo branches, wherd andpurple= Western2 andpink= Western

Middle, 3 andyellow=Acesta4 andgreen= Eastern Middl& andbeige= Intersection§ and
magenta= Eastern Middle 2,andbrown= Easternd andblue= Explorer ané andred=

Main ChannelThirty-three push cores were takeanboard theCeltic Exploremsing the
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mechanical an of theremotely operated vehicl€ROVHollandl (Hgures 1.3 and 1:4).

These short cores (36cm) were collected across four main branches along their axes and
adjacent slopes of the Whittar@anyon (Northwest Atlantic Ocean) over spring and summer
research cruises in 2014 and 2016 as pathefEcosystem Functioning andBiscovery at
Whittard Canyao program led by Dr. Martin White and Dr. Louise Allcoicthe National
University of Ireland, Galwa further nine push cores and foarega cores were taken
aboard theRRSamegCookvessel in 2015 as part of ti@GODEMAProject(CompleXDeep
seaEcosystems: Mapping habitat heterogeneigproxy for biodiversity¥unded by the
European Research Courarild led by Dr. Veerle Huvenne of the National Oceanography

Centre(Grant No 258482).
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Table1:1 Core sites targeted across 9 branches of the Whittard Canyon with longitude and latitude. Canyon branches are coRumpt@étbstern Branch), Pink (Western Middle Branch),
Yellow (Acesta Branch), Green (Eastern MiBdéach), Cream (Intersection), Magenta (Eastern Mid 2), Brown (Eastern Branch), Blue (Explorer Canyon) and Red (Main Channel)

2740 JC125 JC12083PSH03  48.6078 -11.198
2 Western Middle 440 CE14009 2014 CE1400945440m = 48.8864 -10.5099
Western Middle 719 CE14009 2014 CE1400942719m  48.77501 -10.6415
Western Middle 781 CE16006 2016 CE1600887- 48.81914 -10.556
Western Middle 819 CE14009 2014 CE1400942-819m  48.77501 -10.6415
Western Middle 1601 CE16006 2016 CE16008981- 48.72878 -10.7748
3 Acesta 499 JC125 2015 JC128078 PSH02  48.7582 -10.4558
Acesta 640 JC125 2015 JC12080PSHO4  48.75588 -10.4733
Acesta 780 CE16006 2016 CE1600833 48.70419 -10.5277
Acesta 974 CE16006 2016 CE1600884 48.71236 -10.5648
Acesta 9742  CE16006 2016 CE1600®84 48.71236 -10.5648
Acesta 1130 CE14009 2014 CE1400909 48.7089 -10.5607
Acesta 1487 CE14009 2014 CE1400927- 48.58651 -10.7708
Acesta 2816 CE14009 2014 CE1400927- 48.58651 10.7708
4 Eastern Middle 501 CE14009 2014 CE1400940501m  48.7379 -10.3718
Eastern Middle 511 CE16006 2016 CE1600830- 48.64928 -10.519
Eastern Middle 574 CE14009 2014 CE1400912574m  48.63147 -10.4937
Eastern Middle 659 CE14009 2014 CE1400930-659m  48.71344 -10.5658
Eastern Middle 700 CE14009 2014 CE1400930-700m  48.71344 -10.5658
Eastern Middle 700 CE16006 2016 CE1600930- 48.64183 -10.5113
Eastern Middle 723 CE14009 2014 CE1400933723m  48.72148 -10.3787
Eastern Middle 731 CE16006 2016 CE1600822- 48.65172 -10.4869
Eastern Middle 1095 CE14009 2014 CE1400940- 48.7379 -10.3718
Eastern Middle 1271 CE16006 2016 CE1600862- 48.60796 -10.4993
Eastern Middle 1323 CE14009 2014 CE1400912- 48.63147 -10.4937
5 Intersection 1487 CE14009 2014 CE1400931- 48.48728 -10.3999
Intersection 1776 CE14009 2014 CE1400931- 48.48728 -10.3999
Intersection 1836 CE14009 2014 CE1400925 48.46718 -10.401
Intersection 2086 CE14009 2014 CE1400925 48.46718 -10.401
Intersection 2384 CE14009 2014 CE1400925 48.46718 -10.401
6 JESIERVidZe 1845 CE16006 2016 CE1600856- 48.42784 -10.1828
PEGSEmMid 2 1850 CE16006 2016 CE1600856- 48.42784 -10.1828
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Figurel:3 (Inset) Location map of the Whitta@anyon along the Celtic Margin, Bay of Biscay. Bathymetry data from Esri, Garmin, GEBCR@EDQAsd other contributors. (Main map)

Sidescan sonar map of the Whittard Canyon and proximal part of the Whittard Channel and adjacent slopes, showstgtadhthased for this papeBathymetry datecourtesy oEsri,
Garmin, GEBCO, NOAGDC an®RRS James Cawkise JC35,-T9 Jun 2009 and RRS James Cook cruise JC12503 3ep2015 Projected coordinates (WGS84).
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Figurel:4 ROV Holland deployed during CE16006 (Kershaw, 2016).

Once recoveredthe Celtic Exploresampleswere processed on dectgking care to avoid
contamination.From the sediment/water interfacehe core was sliced using a sterile blade
at 1cm intervals down to 10cm and then at 2cm intervals to the base of the Tobeeblade
was washed in deionised water between slicing each seditoayoid crossontamination

of sediment These suksampleswere stored in precombusted foil (400°C; 24h) before
being stored in a freezerg0°C). On return to shore, the samples were fredeed before

being stored at20°C.

The National Oceanographic Centre (NOC), Southampton, UK, undertook initial processing
of the push core samples, taka@board theRRSames Cookl'he samples were stored, in

their plastic tubing, in the vessglonboardreezer (80°C) Additionally, negacores of

56mm diameter x 600mm long were taken using a redtier. These were not sled

onboard butinsteadstored in a freezer within their tubest -80°C

Upon returning to Southamptorall push cores and mega conesre transferred to pre

combusted foil (400°C; 24h) before being transferred, chilled byagryto Liverpool John
20



Moore's University Wwere they were storeat (-80°C) Thepush coresamplespartially
thawed,every cm down to 10cm and subsequently every 25img the same protocol as
described aboveThe megaore sampling was similar, but thaw time was generally longer
dueto the thickness of the core, and a larger knife was used to section theegerg cm
down to 10cm and subsequentivery2cm Both push cores anahegacoreswere freeze

dried for 36 hoursbefore being stored a20°C.

Methodologicatonsiderations

When recovering sediment cores, it has been suggested that changes in temperature and
pressure lead to alterations in carbon, nitrogen and oxygen composifteal$ et al., 2007)
While care was taken during sampling and undisturbed sediment at the seafloor was
targeted, with minimal resuspension occimy, it is possible that the surficial sediment
layers were disturbed during sampling. However, while this data set may contain some
artefacts, it describes the relative differences of biochemical parameters across the

Whittard Canyon.

Cruise observatiorand photographs

During theCeltic Explore€CE1600&2016 cruise, ROV observations and photographs were

takento providea context of the sits.

V.  Statistical analysis

Bathymetric and sample location maps were created using ArcGIS Desktop 10.6. Base map
general bathymetric ocean data is attributed to the General Bathymetric Chart of the

Oceans (GEBCO)
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TheShapireWilk test was used to determine normalidystributions withinthe software
IBM SPSS Statistics. Rbrn-parametric tests were used, all data were either nonnormally

distributed (p <0.05)or were of sample size less than 50

As most of theesults failed the assumption of homogeneity of variangeder Levenis
test, where results were significantly differei >0.05) the nullhypothesis was retained
The significant differences between mean values across all branaresietermined using
the independent samples KrusRalallis (oneway ANOVA on ranks) tesieforethe nature

of differences was evaluated using DuBanferroni pat-hoc pairwise comparison tests.

Non-parametric andSpearmafs rank correlation tests &re used to examine relationships

betweenselected variables.

Sedimentological and biogeochemical valuese plotted using Ocean Data View744
(ODV)software Matlab, Microsoft Excel and IBM IBM SPSS StatistiacS&t8/on branches
are colour codecnd abbreviatd throughout the results as follow&urple(Western
Branch), Pink (Western Middle Branckigllow (Acest®ranch), Green (Eastern Middle
Branch), Cream (Intersection), Magenta (Eastern Mid 2), Brown (Eastern Branch), Blue

(Explorer Canyorgnd Red(Main Channel).

Downcore grain sizeompositionwas presented as sagdilt¢clay percentageandend
memberanalyses were achievedusing the AnalySizdymin Matlab, developed by Greig A.

Paterson and David Hesl¢p015)

Numerical unmixing of enthember data by engnember analysis (EMA) was undertaken to
sortgrain sizedata into its constituent components. EMA can provideughle insight into

the geological processes and palasavironmental changes within a sampk®r in-depth
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methods, please se€hapter 3. Methods.

Within Primer Ev7.0.13software,principalcoordinate analysis @A), also known as
multidimensional scaling, was undertakeminterpret the similarity, or dissimilarity dll
geomorphological, sedimentological and biogeochemical parametiarseansamples

down core. Each parameter was assignadocation on a graphicalot, in a low

dimensional Euclidian spacglsqg relationships betweerthesevariables were examined
using the norparametric multivariate test PERMANOVA within Prifier.0.13
PERMANOVé&ompares groups of variald@and tests the hypothesis that theggiersion of

the groupsis equal for all groups. A rejection of the null hypothesis means that the spread
of the variables is differenfAnderson et al., 2008for indepth methods, please see

Chapter 5. Methods.
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Chapter 2Geomorphology
2.1 Canyon morphology

The study of theleep-seaenvironment often requires the study of theqresses that
influence and shape the geomorphology of the seab¥duds is because anine species are
sensitive to their environment$-or many marine rganisms depth, substrate type and
seafloor shape dictattheir presence and distributioHarris and Baker, 2012; Di Stefano

and Mayer, 2018; Novaczek et al., 2019)

The irregularity of canyon fgraphyand its influence on the hydrodynamic regirieat
often results imutrient supply to the surfaces known to enhaneprimary productivity in
places(AllenandHickey, 2010; Ryan et al., 200BJe to theincisedmorphology of
submarine canyons organic matter, lithogeaitd organc material may be transported to
the deep-sea resulting in increasebiomass andegional species diversity and richngBd

Leo et al., 2010; Amaro et al., 2015)

The transportation of unconsolidated sedinteioth downslope and upslope, by local
hydrodynamic regimes, has been widely observed within submarine cariZomsinglam

et al., 2005; Puig et al., 2014; Amaro et al., 20184)ile materiafound on thedeep-sea
floor isdominated byfine-grainedsediment suggestive of low energy depositional
environments, canyon sediment&ve been found ttvave a greater range of grain sizes
which indicatesuniquedepositional regimesvithin them. Reid and Hamilton1©90)

stressed that individual canyon morphology likely affectsttiidrologicakregimeof the
environment, and therefore an increased/decreasedguttal to deposit coarser grains and

organic matterfAmaro et al., 2016b)or example, a meow canyon crossection could
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result in higher flow velocity within thehannel,increasingenergyandhence the ability to
transport material.Gardner (1989) revealetthat particle size in the Baltimore Canyon
decreased along the canyon axis, wittarge and medium grain sands gradually fining out
to silt and clays, as energy, in the form of local currents, decreased converting the regime
from transportdominated to depositional. However, work within ttiNazar¢ and Setubal
Canyondocatedat the westIberian Margin(de Stigter et al., 2007; Arzola et al., 2008)
revealed a more complex picture. Areas of intense deposition dominated bgifaieed

(silt to clay grade) aterial, were founchearareas dominated by coarser grain sediments
indicating relativelycomplexdepositional systems. This illustrated the snsaéle

complexity of such systems and suggested that different canyons (or parts thereof) may be
affected byvariouscombinations of hydresedimentological process€$urnewisch et al.
2008; Tyler et al. 2009)Vhile tre complex topography may well be tpemarycausal

factor that leads to the observed variety of depositional/erosional regimes over relatively
small spatial scaleshe sediment source further complicates treas (Rajput et al., 2016)
Sand particlestahe seafloor, need comparatively lower energy to erode, transport and
deposit than coarsegrained gravels. However, due to the mineralogy of silt and clay,
regardless of their fine grain size, theguire a higher energy environment to erode the
particles at the seafloor but have a lower energy requirement for transportation and

deposition(Hjulstrom, 1939; Sundborg and Sundborg, 1956)

As individual canyomorphology influences sedimentation in submarine canyoesent
studies have investigated the impabiat sediment type has on cgon morphology and
biodiversity. Carter et a(2018)proposed that lithostratigraphic units with increased tensile

strength, such as mudch carbonates, may form overhanging ledges that provide an ideal
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environment for sessile species to inhabit. Conversely, where wéakiee" carbonate units
exist, undercutting and receding sections of rockwall may occur, preventing sessile

organisms colonising.

2.1.1 Bathymetric maping

Recentwork in shallower water hasigndled the importance of seafloor mappirend
landform charactesation (Bekkby et al. 2002; Dartnell and Gardner 2004; Lundblad et al.
2006), but there has been little work in deeper waters beyond the continental aNeite

flat, abyssal plains occupy approximately 28% of the global sedlfoetker, 2016)the
ocean is bordered by continental margins that host approximaely 7submarine canyons
(Harriset al.,2014) These canyons are some of the most geomorphological complex
features found within the oceanic environmentjth consequencethat extend beyond the

canyon makingthe mapping of them essential.

Geomorplometric dgital terrain models (DTMs) anecreasingly used to identifgnd
guantifygeomorphic featureshrough manual expert interpretatioor by way ofsemt
automatedor automated tools(MacMillan and Shary, 2009; Lecours et al., 20A6¢urate
bathymetric mapsand DTMf seafloor geomorphology are not only important as they
provide a baseline charactsation of the seafloor, but they also form a critical component

in informing ocean management decisions and understanding marine ecosystems
(Mountjoy and Micallef, 2018; Wolfl et al., 2019and surface parameters such as slope,
rugosity and ruggedness are usefugeomorphological interpretatiorA land surface
parameter is a continuous field of quantitative values, such as a raster image or a map, for

the same digital elevation map exte(Rike et al., 2009Wherebiological informationis not
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available, reliablgeomorphometriadata can be utilised bscientists tgoredict areas where
organisms mapr may notcolonise Slope and terrain variability are known to act as
significant predictors in species distribution. Smoother, flatter areas may exhibit different
seabed facies, supporting communities that differ to those on steeply sl@veas(Dartnell
and Gardner, 2004; Lundblad et al., 2006; Wilson et al., 20@feasing slope angles are

also known to have a limiting effect on fishing actiyDaly et al., 2018)

Furthermore, where there is a high slope angiarrent flow is known to become
acceleratedMohn and Beckmann, 20QZeafloor mapping forms aassentiakool in
marine geehazard assessmentandthe study of mass transport processes high slope
value may indicate areas gtk of failure(Rovere et al., 2014Rovere, Gamberi et .al
2014) Submarine canyon landslides can trigger tsunamis and flood events, resulting in
infrastructure damage and loss of liftherefore it is cruciald identify the triggers and

frequency of submarine slope lares(Deering et al., 2019; Novaczekal, 2019)

2.2 Ams

Due tothe complex nature of canyon# is imperative to gaian improvedunderstanding of
the morphology of the individual corgtes at a high resolutiarpatial analyses were

performed on the highresolution acoustic data sets acquired over past surveys

The geomorphology of th&Vhittard canyon systemvasexploredusingdigital elevation
models (DEMsInd generating quantitative terrain attributes, suchwesctor ruggedness
measurements (VRMjugosity and slope analysi¥hese geomorphometric measuret
canyon topography may provide insight into slope stahitgdimentand hydrognamics.

Furthermore, mages taken at the sites, courtesytbé NationalUniversity of Ireland
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Galway(NUIG) CE1600@ruise CE160Q@&ttempt to further aidthe understanding of the
morphology and samplingnvironment.Theincreased knowledge of canyon

geomorphologyaims to supporsedimentological aniogeochemical techniques

2.3 Methods

Bathymetric and sample location maps were created using ArcGIS Desktop 10.6. Base map
general bathymetric ocean dataastributed to the General Bathymetric Chart of the
OceandGEBCQO019. Seabed topographibathymetrywithin the Whittard Canyon \&s

derived using digital elevation data provided by the NUIG, combined withreggiution

swath acoustic mukbeam and 30kHz TOBI (resolution 20m by 20m)-std& sonadata

from the National Ocanography Centre (NOCS&)llected in 200 (JC35Hill shade was

added to the bathymetry tpresent the datan a visually more effective manner

Canyon topographglerivatives were extracted from the bathymetnging geospatial
analyst withinthe geographical information systems (GIS) ARC Mépare. Using the
Benthic Terrair8.0 Modelling Plugin developed lyalbridge et al., 2018)
geomorphoméry scripts were ra to better examine the benthic landscape characteristics
Terrain $ope,rugosity and ruggednesgere determined using the spati@analyst tool within
ARC MagBurrough and McDonnell, 1998; Campaihyavet et al., 2018; Walbridge et al.,
2018). This can give an indication of what the environmental features are but is by no

means diagnostic

Terrain slope measuments were calculated within the Benthic Terrain Modeler
application. The slope tool calculates the maximum difference of ahangalue from that

cell to neighbaring cells of a raster in degree units. Theoretically, the tool fits a plane to the
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z-value of a 3 x 8grid cell)neighbauirhood around thecentre cell to find the average

gradient in the horizontal and vertical direatis at each location in the surface raster. A
single slope value of this plane is then calculated using the average maximum technique
created byBurroughand McDonnell(1998) The direction the plane faces is the aspefct

the central cell. Essentially, the lower the slope value, the flatter the terrain and the higher

the slope value, the steeper the terrain.

A nonstandardised, unitless descriptor for skr roughness was obtained using the high
resolution bathymetric dat&olleced during the JC35 cruise. Within the benthic terrain
modeéler toolbox in ARC Mapugosity values were derived using the Ahbord ratio(Du
Preez, 2015)The benefits of using an ACR rugosity index is that it is simple, accurate and
independent of data dimensionality {2, 3D). Importantly, it decouples from background
slope, using a plane of beft, rather than a horizontal plane. Thus, it is well suited for use

over highly complex topographical features within the Whittard Canyon.

Terrain attributes were generated based on recommendations ft@courset al. (2017)
andNovaczelet al. (2019)(slope, rugsity and VRM)Using the method created by
Sappington et al2007), a further norstandardised measure was derived. This method
accurately presents variability in aspect and slope in a single measure. Using the Vector
Benthic Terrain Modeler 3.0 applitan within ARC GIS, ruggedness measure values were
calculated for a ®ell analysis window at 25m scale bathymdtipbson,1972. Research

has found that VRM decouples terrain ruggedness from slope better than indices such as
land surface ruggedness index (LSRtarrdin ruggedness index (TR&ppington et al.,
2007) Rugged terrain is defined at being topograpHicaheven, broken, rocky or steep.

Sappington et al2007)developed a robust quantitative tool using a geographic
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information system. Unlike previous measures, that heavily relied on slope measurements,
Sappington et al2007) develope@ 3-dimensional vector ruggedness measur&W) of

terrain based on a geomorphometry method for measuring vector dispersion. The VRM
method effectively represents the variability in slope and aspect into one measurement.
Vector ruggedness measure values range from 0 (no terrain variation) to 1 letentgrrain
variation). Typical natural terrains range between 0 and(8appington et al.,

2007 Sappington Longshoreand Thompson 2007) While the vector ruggedness
measurement proxy was initially created to predict areas well adapted for species to
inhabit, its application is useful in better understand canyon morpho(dfpvaczelet al.,

2019)

Cruise observations anchptographscapturedduring the CE16@cruisewasused to

support bathymetric data
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2.4 Results

Slope analyses of the canyon branches indicate thathalwegs and the shallower shelf
breaks are characterised by slope angles <20° (Figureatil¢ higher slope angles are

observed at canyon walls and cliffs reachi®g. 8

Vectorruggedness measure highlights areas characterised by terrain variability #ueoss
canyon. With exception of the Intersection site (0.41 VRM), VRM at all sites are below 0.4

(Figures 2:2 and 2:3).

The Western Middle sites show variability in slope and ruggedness downslope. The
uppermost siteCE1400D45440mpresents the highest slope angle-80° and a VRM

value of 0.12, compared to si@E16008087-PSH0Z781.13m which is less than 10km away
and is characteristically flat, with slope angles below &@d a VRM value of 0.02. Cruise
photography(Figure 2:4and ROV observations depict a core site that is flat, sparse, with

only a singlé’ennatulaceabserved.

While the resolution of maps and photography differ, the bedforms observed indicate the
erosional, transport and depositional action of the bottom cumie ROV photography
reflects flat and sparse areas were ruggedness values <0.05 aC&ifie800®87-PSHO2
781.13m(Western middle)CE1600®©33-PSH08/80m (Acesta branch)CE1600662-
PSH071270.84mand (Eastern middle) (Figure 2:4). Where ruggednesgesaxceed 0.05,
observations made during the dive reflect an environment that is characterised by ripples,
stepped edges, steep cliffs and overhanQE1600&56-PSH05.845m CE1600&56-PS07
1845m CE1600802-PSH05L297.81mand CE1600&42-PSH02L620m). While no

photography is available for sitE1600884-PSH02D74.2m(Acesta branch)Xue to a
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technical limitation, it was noted that this site was characterised by varying smooth and
steep areas. A ruggedness value of 0.17 supports this. Furthermlangeanet was
observed here along with coral and fish, indicating trawling activity in the surrounding, areas

which has been previously noted to occur by Wilson et al. (2015).

The Western sitdC12883-PSHO2740mis <0.01km from slope values of-80°, with
ruggedness values reaching 0.60, suggesting steep and high terrain variability close by.
Onboard footage confirmed a nearby canyon wall which may support this. Sappington et al.
(2007) describe typical natural terrain being less than 0.4 VRM, stipgpthe knowledge

that this is indeed a highly rugged site.
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2.4.1 Slopeangle
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Figure2:1 Map image of slope angleith areas in green greater than 2@lope angles ofR0° characterise thalegs and upper canyon reaches. Canyon walls are characterised by steeper
slopes reaching 680°, calculatedwvithin ARCMAP using tligenthic Terrain Modeler 3flugin
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2.4.2 Terrainruggedness

Vector ruggedness measure acrossvitigttard Canyon
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Figure2:2 Vector ruggednessieasureterrain attributes calculated witihn ARCMAP using tigenthic Terrain Modeler 3flugin. VRMvaluesrecorded in the canyon reach >0.6.
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Il.  Vector ruggedness measure with depth
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Figure2:3 Vector ruggedness measure (VRM), as per Sappington's method (2007), for sites across all @hittard

branches, where highesolution bathymetry data was available. The graph highlights the variability of ruggedness across
sites, with the highest ruggmess value observed at the Intersection (CE14009 event 25, all depths) and another large peak
at the Eastern branch (CE1600862-PSH051297.81). The lowest reading was recorded within the main channel at 4010m
(JC128063-MCG4010m) indicating lowest vatdity in terrain.R-squared linear correlation coefficient on analysis revealed

no significant linear relationship between depth and vector ruggedness measure.
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2.4.3 Cruisephotography and observations

(A) (B)

Figure2:4 ROV photography and shipboard observations: (A) Western Middle B@BEEB00&®87-PSH0Z81.13m ROV observations: flat, sparse, sea Pennatulacea(B) Acest&ranch:
CE1600®33PSHO&80m. ROV observations: flat, sparse. (C) Eastern Middle Branch: CB28G08H06731.38m. ROV observations: sandy ridge, Cladorhiza sponge and Brachyur:
(D) Eastern Middle 2 Branch: CE16086-PSHO05L845m and CE1606856-PSH071845m. ROV observations: Flat area with sandy ripples. (E) Eastern Branch: @B2400605
1297.81m. ROV observations: easy penetration, poor visibility. Nearby area (>0.1km) characterised by a steep beddei@nssl @dl. (F) (G) (H) EastBranch: CE160aB12PSH02
1620m. ROV observations: vertical chalky cliff, with stepped edges and overhangs before sloping out to flatter sandfesraréiee core was taken. Images courtesy of CE16006 cruis



2.5 Discussion

While thereis no clear trend in slope and ruggedness variability between the Western and

the Eastern sides of the canyon, depth does appear to contribute to terrain ruggedness
variability. In most deefsea settings, below 1000m VRM rarely rises above 0.1. However,

the results suggest it is more common to observe VRM values above 0.1 at this depth, which
is expected as canyons are known toHighlytopographically variable (Figure 2:3).

Furthermore, slope analyses of the canyon branches indicate that the thalwethan

shallower shelf breaks are characterised by slope angles <20° (Figure 2:1), while higher slope
angles are observed at canyon walls and cliffs reacrdAgvBich may indicate areas of

slope instabilityLocat,2001)

The Eastern branch displayed the most considerable variability in VRM of all branches.
Aslam et al. (2018) indicated that this branch exhibits the largest energy fluxes of all
branches. The steep and heterogenic topography may focus thisisTdigo reflected in the
images taken along the branethereFigures 2:4 (EH) present a branch with highly variable
terrain, consisting of steep beddewall, dense coral and vertical, chalky cliffs with stepped

edges and overhangs that flatten out to sgrareas.
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Chapter 3Sedimentology

3.1 Deepseasediments

Deepseasediments, also referred to as deposits, were first systematically studied during
the British Challenger Expedition (18X876). Scottish naturalist John Murray was
responsible for the study of thousands of samples. Alongside his cow@dkéionse

Francas Renard (18422903) he published a report on their findings, with much of their
focus on sediments. Later, in the 1920830s William H. Twenhofel became one of the first
scientists to catapult the study sédimentation to worldwide attentior{Twenhofel, 1933)
Now recognised as Sedimentology, there is extensive knowledge of continental sediment
andtheir importance in nutrient supply and carbon storage. However, due to the
inaccessibility of the ocean, it has been problematic to study ocean sediments to the same
degree. Though with improved technology, we now understand degiosts found on land
and the seafloordiffer significantly in their characteristics because they are exposed to

different physical and chemical conditions.

Ocean sediments are important to us as they provide many of the resources wsuokeas

oil and gasHowever, many ofiese products are not renewable and can have devastating
impacts on natural ecosystemd/ith increasing pressure on Ea@hresources and the

threat of a rapidly deteriorating climate and environment, scientists are looking to oceanic
sediments to increasenderstanding of their global significance. The study of these
sediment characteristics is particularly valuable to Oceanographessicischaracteristics
can actasextensie archives of information regarding the Ea@Ipast and present
processesAlloving scientists to unravel the mystery of the origin of these sediments and
the complex processes that have acted to form, transport and preserve dvemmany

years(Rajput et al., 2016)
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Marine sediments originatprimarily from two sources, allochthonous and autochthonous
Allochthonous refers to deposits not indigenous of the deposition site; contrastingly
autochthonous refers to deposits formed in s{fRounick et al., 1982; PedreBamies et al.,
2015) External allochthonous material can be in bpidrticulate and dissolved formit may
be transported to the ocean as eroded terrigenous material, volcanioasbsmogenic
matter before being deposited to theea Autochthonous sediments, found on the deep
ocean floor, at depths that generally exceddBand often hundreds of kilometres from

continental margins, cover 3% of the earth's surfacgbouglas, 1978)

Marine sediments can be further separated into two components: biogenic and lithogenic.
The biogenic component primarily originates in productive surface waters, with a smaller
contribution from the benthogDunlea et al., 2018Jurther biogenic material may also be
transported from the land. The biogenic segment bardivided into three main categories:
organic material, calcium carbonate and opa(biogenic silida Coccolithophores and
foraminifera are the main contributors to calcium carbonate. @pdbiogenic silica) is
comprised of siliicoflagellates, radioians, siliceous sponges, and occasionally includes
terrestrially derived phytoliths and freshwater diatom input$e lithogenic fraction

consists of preexisting rock detritus (igneous, metamorphic, and sedimentary) which has
been eroded on land beforedingdeposited tothe sea(Maslin and Swann, 20Q8prganic
matter may range from terrigenous pollen grains, wood plant fragments and marine
macrophyte detritus, but it is not limited to this. Rowe and Staregit®¥9)estimated that
terrestrial contribution todeep-seasediments is low. Sediment trap data indicated that
small planktonigarticulate organic matterROM contributes to approximately 4gm to

the deep-seacarbon pool annally.
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While a range of factors influences the distribution of sedimantudinglatitude

dependence, the productivity of organic matter, nature of terrigenous inputs, the influence
of large-scaleeddies and climatic fluctuations, the distance from the@tooents is one of the
most significabfactors(Rajput et al., 2016)The contribution of external eroded continental
landmass material contributes considerably to the sedimentation of continental margins,
resulting in significantly higher allochthonocasntent in these shallow areas and
proportionately higher pelagic autochthonous, with a lesser degree fine sand, volcanic and
cosmogenic material accumulatiagthe ocean floor. Weathered continental mass and
organic matterare transported to the oceanby fluvial, gravity,aeolian or glacial movement
Hereoceanic currentgarrythe eroded fragmented rock particles and organic matter to
different regions of theseafor deposition, depending on the particle size and strength of

the currentflow (Rajput et al., 2016).

One of the primary controls of the pattern and texture of sediments is the rate of
sedimentation. During a low rate deposition the oceanic currentsaveenoughtime to

sort the sediment grains, leading to a uniform distribution in the deposits. Contrastingly, a
faster rate of sedimentation may result in poodgrted sediment grains, resulting in

deposits with mixed grain size fractions, e.g. sandrand (Pinet, 2009)

During transitparticlesare subjeted to varied physical (mechanical) and chemical
alterations before deposition. There are thregticalcategories of load that may be
transported; dissolved, suspended and bedload. The dissohadrial is carried in solution
throughout the water colmn and includes dissolved organic matter (D@ nutrients,
such as nitrogen and phosphorus, all of which support biological activity in th&lsea

suspended load is characterised as fgrained particulateorganicmatter (POM) including
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silt and clg that remains in the water during transportati@md isdefinedas being less

than <0.062mm. Sand is defined as material that is between82@nd 2mm and may be
resuspended or saltated dependent on the current velodtlgarser material, such as
pebbles>4nm, travelling along the seafloor is described as bedload, rarely resuspending
when a higkhenergy turbulent event, such asdaep-seatrawling and internal waves occur

(Folk and Ward, 1957)

Aggregates oboth biogenic and lithogenic material create ballasts commonly referred to as
marine snow (particles >5mm). Marineasm is important in the transport of rich organic
matter, their large particle size contributing to increased sinking velocitiEsvever, fine
material is also often observed in tideep-sea Hemipelagic sediments, red clay,

manganese nodule®/an Dongen et al., 2014hd biogenic oozésuch asGlobigering are
formedin situconditions and areypicallyconfined to the deep quiescent environment of

the ocean (Douglas, 1978). Pgilmsediment is composed of very figeained particles that
have less than a quarter of particlesgerthan >5um in size (Weissert, 2011). They are
depositedfrom suspension to the ocean floor; however, they are not automatidaliyd at
depth but indead are usually located away from continental margins (HenaokHiineke,

2011; Weissert, 2011).

Previous observations have found that the sinking velocity of ocean particles is between 10
and 150m d (McDonnell and Buesseler, 2010; McDonnell, 20Hbwever, Lampitt (1985)
estimated that the deep Atlantic Ocean may have much higher velocitie3aff0 m d,
suggesting thaprocesses arincreasing vertical transport here, such as higher levels of
production, highvelocity events or a combination of processes not yet fully understood.

Previous research has found that the fluxes of ballast minerals (calcium carbonate, opal and
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lithogenic material) and the organic carbon fluxes are correlated in the bathypelagic zones
of the ocean, leading to the shared hypothesis that organic carbon export is directly
controlled by the presence of ballast minerals within settling aggregates, Ttha

proposed that where increased aggregate density exists and sinking velocity is tgher

is increased organic carbon preservatishen kallast minerals are presewt by the

protection of the organic matter due tthe quantitative associatioto ballast minerals
(Armstrong et al., 2001; Francois et al., 2002; Klaas and Archer, Fo0&ngs by Klaas and
Archer (2002) observed that ~83% of the global particulate organic carbon flexes w
associated with carbonate, suggesting that carbonate is a more efficient ballast mineral
compared to opal and terrigenous material. However, this was unsupported by a later study
by De La Rocha et §008)which found no positive correlation between calcium carbonate

and organic matterso doubts still exist.

Thus, while historically théeep-seawas believed to be spatially homogenous, often
compared to a nutriedeprived, flat soft-sediment desert, unable to support rich and

varied life forms,mproved sampling over the last few decades has disregarded this theory.
Instead, species richness and diversity have been linked to-tama@e variabn in sediment
grain size diversity, nutrient and oxygen availability, hydrologic conditions and catastrophic
events.Deepseasediments are now recognised as being highly dynamic and closely linked

to the biosphere at global, regional and landscape sddlegin et al., 2001)

3.2 Aims

This studiesapproach aims to characterise thehittard canyon sedimentdown coreand
compare them with the adjacent slopes at different points along several canyon bragnches

to acquire a more representative spatial and temporal view of the processes that operate in
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the system.Laser diffractiorwill be used to determin¢he particlesize of sediment <2mm

in diameter.

In addition, a robust statistical approach will be undertaken in an attempt to identify and
guantify generic sediment transport processes gadbeaenvironmental changesom
grainsize distributions of sedimentary codata (Weltje, 1997; Paterson and Heslop, 2015;
Yu et al., 2016; Jiang et al., 20M)thin the software MATLAB, the Analysize plugin
developed by Paterson and Hesl@&®15) powerful unmixing techniques and several
routine methods for quantifying grain size data, will be performedrnderstandbetter the
extensive grain size data set. These inclugletar ruggedness measurements (VREDg

memberAnalysis (EMA) and(one percentile of the grain siyandM (the median) plots.

The combined malyses of the canyon sediments will be done to evaluate the role of the
system in transporting material froniné upper reaches of the ocean to the abyss and its

potential for carbon burial.

3.3 Methods

3.3.1 Grain size distribution analysis

One of the most popular tests undertaken for the study of soil and sediments in geological
investigations is that of particle, or grain size distribution (GSD) anéfgdisand Ward,

1957; Rssegand Brramjee 1969; Martin et al., 2014particle size distribution is an
essential aspect of the oceanic system and its studycoaate an understanding of the
palaeoenvironmental environment, sedimentary processes and sigipaal conditions. The
behaviour of particles is governed mainly by their size, density and shape and it is these

physical characteristics that ultimately affect the erosion, transportation and deposition of
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material(Passega, 2003; Blott et al., 2004; McCave and Syvitski,. 2010)

I.  Sedmentsample preparation

As particles did not exce&timm, it was not necessary to sieve material prior to analysis
Due to theverylow organic mattei(>2%)OM) contents of the samples, OM removal was
not necessary prior to analysidsing the laser diffraction method, a Beckman Coulter
LS1332Qaser Diffration Partite Size Analyseras used to determine the granulometric

properties of particles rangingetween0.04um to 2mm.

II.  Instrument operation

Laser diffraction analysis technologies were developed in the 1@¥awal et al., 2010)
The technology is based on the principle that wizelasetbeam is passed through a
sediment suspended in a flugdnaller particles scatter a parallel beam of monochromatic
light at specific intensities and higher angles than larger part{€&getham et al., 2008)
The method is fast, automated, reproducible and rd@structive, allowing for a large
number of samples to be run and a statistically significant data spread to be acliotd

et al., 2004; Switzer and Pile, 2015)

Approximately0.5g ofeach cm core sectiowasrun five times; this was done to ensure that
aggregates were loken down and accurate particle size was measured. The data collected
from the first four runsvasdiscardedNo significant flocculation of particles wabserved

due to thelow organic contentFlocculation is known to be one of the fundamental
processegor determining the size, settling velocity, and deposition rate of-finr@ned

cohesive sediment particles in marine environmefiettweis et al., 2012; Lee et al., 2014)
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3.3.2 Statistical analysis

The raw data retrieved from thBeckman Coulter LS1332@alyser waput into the
GRADISTAT macro for EX8&dbtt and Pye, 1986pesciptive statistics such as mean, mode,

sorting( ¢), skewnes$S) and kurtosigKg) were calculated arithmetically and

geometrically (metric units) and logarithmically (phi units) using moment and Folk and Ward

graphical method¢Blott and Pye, 2001)

In theearly 1900s, Chester Wentwortteviseda solutionto standardise the analysis of
clastic sediments using the phi sc@igentworth, 1922) Method evaluation by Blott and
Pye(2001)identified that the Folk att Ward measures (in metric units) appeared to provide
the most robust foundation for comparing variable sediments routinpyrticularly where
data is nonnormally distributed and polymodal, as is the case in this study. arEavever,
there arestill limitations when interpreting multimodal distributions using descriptive

moments(Folk and Ward, 1957; Blott aitye, 2001)

All statistics were expressed with standard deviation to express value dispersion. Of the
descriptive statistics recorded, sorting indicates the fluctuation in the amount of kinetic
energy and the depositional regime on grain size char&ties. Skewness measures the
degree of particle distribution asymmetry. The skewness for a normal distribution is zero,
positive values (skewed left) indicate skewness towards finer grain sizes, while negative
values(skewed right) indicate skewness towlarcoarser materiglPedrosaPamies et al.,
2015)YdzNIi 2 a4 A & YSI & dzNB a ainiskeSfrequédy lcuirvBsRaydShe degree2off
outliers from the normal distribution. General forms of kurtosis are as folldetokurtic
(positive) mesokurtic (normal) arglatykurtic(negative). The term leptokurtic refers to a
statisticaldistribution where excess kurtosis values are positive, therefore resuttiag
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higher probability of extreme positive or negative outliers. Mesokurtic refers to a
distribution that is close to or the same as the normal distributicastly, he term
platykurtic refers to a statistical distribution where excess kurtosis valtesegative,
therefore resulting in fewer extreme positive or negative outli@fselk ad Ward, 1957;

Blott and Pye, 2001; Rajganapathi et al., 2013)

Downcore (0-10cm)descriptive statistics, including mean and standard deviatiare
generated usingBM SPSStatistics 23 Within this software normality distributions were
identified usinghe ShapireWilk test. Allgranulometricdata was either nomormally
distributed @ <0.05) or of small sample size, so nonparametric tests were (@auparison
of mean values were determined using IBM SP&8&stits 23For independent samples, the

non-parametric KruskaWallis(one-way ANOVAn rank$g test was used.

Whereresults failed the assumption of homogeneity of varianes0.05) therefore
retainingthe null hypothesis, the nature a@hifferences was evaluated using Dunn

Bonferroni posthoc pairwise comparison tests.

Non-parametricSpearmars rank correlation testvasused to examine relationships

between the data setfor further informatior pleaserefer to Chapter 1. Methods.

Surfigal and average down core sedimentgrgrameters plots (grain size, sorting, skewness
and kurtosis) were created using Ocean Data Vig44oftware (ODV)© 2016 Reiner

Schlitzer for further information pleaserefer to Chapter 1: Methods.

Down coregran sizecompositionwas presented as sagdilt¢clay percentages using the

AnalySizeluginin Matlab.
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CM patterns were explored to bettemderstand therelationship between the depositional
environment and the hydrodynamic conditionsthe Whittard CanyoisedimentsPassega,
1957, 1964)C(coarseone percentile in micron of the grain size) avidthe median value in
micron) values were obtained from phi values of tband M from cumulative frequency
curves. Thse valuesvere plotted on a lognormal probability platith the help of the
AnalySize package in Matlahs perPassega methodology, theCMpattern is divided into
five segmentdo determine the depositional mechanismdl: rolling 2: bottom suspension
and rolling 3: graded suspensiomo rolling 4: uniform suspensioand5: pelgic
suspensionFurther to this, theCMpattern was used to establish the sedimentarb-

environmentl: pelagig 2: tills; 3: river-terrace gravel4: tractive currentand5: beach.

Grain size data, composingalf core sections320 samplel generated by the Beckman
Coulter LS1332Daser Diffraction Pariie Size Analysewas reanalged using the AnalySize
plugin within software MatlabUpon generatinggndmembesrs, the linear correlation chart
between multiple correlation coefficien®) ard endmembernumbers was examined for

the goodness of fit. A higR® value is required along with a low theta value, as this indicates
that the model has not altered the particle size data to apply fit significantly. Further to this
a lowend-membersimilarity (EM R) is preferred as it suggests that the model is not

overfitting the data.

Mean surficial andlown coresedimentological value@m, ¢ Scand k) were plotted

usingODV software, for more information refer to Chapter 1: Methods.
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3.4 Results

3.4.1 Granulometric properties

The largestown coremeangrain size, very fine sandasobserved at theEasterrsite
CE1400905450m (22.10+ 11.45.m). The smallesdeposits very fine siltwerefound at

the Explorer sitddC12876-PSHOB61.2m(5.66 £ 1.07um) (Table 3:1).

Surficial sdiments mainly consisted of fine particles, with grain size generally less than 60
pm @ 4, silt)in the upper 1cn(FAgure3:1). Very finesand and silivasobservedat the
Easternbranch CE1400005450 ¢4 tou 3, 111.56um) Fineto medium sandvas

observed at the Eastern Middle 2 s{f&1600®©56-PSH05L845m(u 3to U 2, 187.6um).
Thiscoarse sandymaterial is presentiown coreto 2cm before it fines out to silts.

However, at the same sita mean GS reading of 1fu® was also recorded, highlighting
variability within sitesThe &rgest rangavasobserved at Eastern Middle 2 and Eastern

branches.

One-way ANOVAn ranksanalysigndicatedthat there wasa significantspatial change in

the surficial grain size distribution acrdssanches | = 0.038). TheDunn-Bonferonni post
hoc test revealed that there was a significant difference in mean grain size betwesn
branches and th&astern Middle 2 branch, excluding the Westand Easterroranches.
Western Middle and Eastern Middle 2 bran@h=0.045), Acesta and Eastern Middle 2
branch p = 0.026) Eastern Middle Branch and Eastern Middle 2 brapch0(036),
Intersection and Eastern Middle 2 brang~ 0.020) Explorer and Eastern Middle 2 branch
(p =0.021), and Main Channgd £0.010).One-way ANOVAn ranksanalysis showed that

there wasno signficant spatial change in thdown coregrain size distribution across
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branches|f < 0.05).

Meandown core sorting values reveal that all samples range betweenpaasly sorted
(2.004.00 @) and extremely poorly sorted (>4.0@) (Hgure 3:2). The EasterMiddle site
CE®B006-030-PSH07700m is the mostwell-sorted (2.02 ¢). However, it is still considered
verypoorly sorted by Folk and W@ The nost poorly sortedsite wasthe Explorersite
JC128)76-PSHOB61.2m (5.66 ). One-way ANOVAN ranksanalysis showed that there
wasa significantspatial change in thseurficial sortingacrossbranchesf = 0.013). As a

result of a significant spatial change across branches being recognized further analysis was
undertaken to explore this furtheDunnBorferroni Posthoc analysis revealed that there
wasno significant difference in sorting at the Eastern Middle 2 branch compared to all
brancheqp > 0.05) the Eastern branch only differed significantly from the Main charmel (
> 0.24) Sgnificant difference in sortingiere observedetweenthe Western and Western
Middle branchesg = 0.007), Western anbhtersection p = 0.041), Western and Main
Channel = 0.004), Western Middle and Eastern Braneh 0.043), Western Middle and
Exploer Branchf§ = 0.034) Acesta and Main Channg £ 0.029)and Explorer and Main

Channelg=0.017).

Most sites except fortwo (EasternCE1400905-681m andExplorerJC128)76-PSHO2
861.2m) were negatively and very negatively skewedl §to-1&qg (Fgure 3:3). The Eastern
CE1400905681mand Explorer sitdC12876-PSHOB61.2msite recordeddown core
skewness measures that were nearly symmetri€aD1 + 0.03 ane0.08 + 0.0Zg). One-
way ANOVANranksanalysis showed that there wa® significantspatial change in

surficial sortingacrossbranchesf < 0.05).

Mean downcore kurtosis values recorded at most sites were mesokurtic and not especially
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peaked(Hgure 3:4). However some sites displayed lge kurtosis values and were very
highly peaked. These sites include sites: Western JG8258SH032740m (1.88 + 0.1&),
Western Middle CE1600@31-PSH03L601m (1.64 + 0.83# Eastern Middle 2 CE16006
056-PSH08L845m (1.91 + 1.12¥ and the Eastern brahcsite CE1400005450m (1.88 +
0.15k5). Oneway ANOVAn ranks analysis showed that there was no significant spatial

change in the surficiddurtosisacross branchep( 0.05).

Grainsize revealed both positive and negative correlations when compared to other
variables. A high negative correlation with skewnes$48] =-0.651, p = 0.000), moderate
positive correlation with kurtosig$[48] =0.320, p = 0.030) Mean downcore grainsize was
found to be negatively correlated witorting (r§48] =0.404, p =0.005) and negatively
correlated with skewnessgf48] =-0.732,p =0.000). Mean downcore grain size was

positively correlated with kurtosisg{48] =0.439, p =0.002).

Skewness was negatively correlated with kurtos$48] =-0.362, p =0.013). Kurtosis
negatively correlated witlsorting(rs[48] =-0.651, p =0.000). Sorting positively correlated

with skewnesgrs [48] =-.424, p =0.003).

Relationshipbetween sedimentological characteristics atepth were also explored A
minor positive correlatiobetweenkurtosisand depth was recorde(ts [48] =0.296, p =
0.046). Furthermore, surficial grain size negatively correlated with depth (rs [48322, p

= 0.029.
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Table3:1 Down coremean values with standard deviations of granulometric properties of particles from ehasiof the Whittard Canyon. Canyon branches are colour coded Purple
(Western Branch), Pink (Western Middle Bran¥k)low (Acesta Branch), Green (Eastern Middle Branch), Cream (Intersection), Magenta (Eastern Mid 2), Brown (East&tu&ranch),
(Explore CanyonpndRed (Main ChannelN = number of sections, where 10 where not met.

JC125083-PSH03 35.40 +18.91 4.35+0.42 -0.46 £ 0.25

1.88 +0.15

Western Middle 440 CE1400945-440m 44.48 53.23 + 6.93 3.41+0.21 -0.52+0.05N9 1.12+0.11 N9
Western Middle 719 CE1400942-719m 18.95 20.43+1.11 3.38+0.08 -0.33 £ 0.03 1.06 +0.03
Western Middle 781 CE1600€87-PSH02  26.38 26.21 +1.58 3.60+0.07 -0.38+0.33 1.00 +0.02
Western Middle 819 CE1400942-819m 35.02 35.39 + 6.32 3.88+0.15 -0.34+0.09 0.97 +0.03
Western Middle 1601 CE1600€81-PSH03  49.23 67.02 + 41.13 3.11+1.02 -0.52+0.17 1.64 +0.83
Acesta 499 JC125078PSHO2 46.27 24.739 + 14.35 4.65 + 0.45 -0.39+ 0.26 0.83+0.07
Acesta 640 JC12580-PSH04 34.62 28.68 +4.12 3.90+0.11 -0.47+0.10 N7 0.83+0.03 N7
Acesta 780 CE1600€33PSH08  19.42 17.37 £ 2.16 N5 412+0.34N5  -0.21+0.03N5 1.06+0.03
Acesta 974 CE16008)84PSH05  21.56 59.91 + 68.88 N9 3.41+0.40 -0.36+ 0.18 N7 1.00+ 0.09 n7
Acesta 974.2 CE16008)84PSH02  24.69 27.27 + 4.07 N7 3.73+0.11 -0.36+ 0.10 1.03+ 0.03 N10
Acesta 1130 CE14009091130m  29.06 31.87 +3.79 3.38 £ 0.07 -0.44+ 0.44 1.03+ 0.04
Acesta 1487 CE1400927-1487m  21.57 18.63 + 1.39 3.43+0.07 -0.3240.12 1.12+0.03
Acesta 2816 CE1400927-2816m  38.29 47.88 + 28.15 3.45 +0.63 -0.44+0.15 1.18 +0.53 n9
Eastern Middle 501 CE1400940501m 41.91 45.16 £ 1.70 3.24 +0.06 -0.41+ 0.02 1.17+0.03
Eastern Middle 511 CE1600830PSH12  47.44 37.11+ 17.26 4.05 + 0.47 -0.41+0.18 1.01+0.15
Eastern Middle 574 CE1400912-574m 30.25 4473 £18.79 3.19 £+ 0.46 -0.40+ 0.08 1.29+0.34
Eastern Middle 659 CE1400930-659m 24.34 21.85 + 1.64 3.67+0.11 -0.30+ 0.01 1.00+0.03
Eastern Middle 700 CE1400930-700m 34.58 27.77 +2.52 3.73+0.12 -0.25+ 0.04 1.00+ 0.08
Eastern Middle 700 CE1600€30-PSH07  31.62 23.22+5.10 2.02+0.32 -0.35+ 0.02 1.01+0.03
Eastern Middle 723 CE1400933723m 30.19 48.93 + 23.76 3.16 + 0.58 -0.36+ 0.05 1.26+0.31
Eastern Middle 731 CE1600822-PSH06  21.49 21.20 +1.68 3.84+0.12 -0.27+0.02 1.06+ 0.04
Eastern Middle 1095 CE1400940-1095m  48.69 27.86 + 15.89 3.67 £0.50 -0.30+0.13 1.09+0.12
Eastern Middle 1271 CE1600€62-PSH07  23.51 22.68 +1.55 3.99+0.17 -0.23+0.01 1.03+0.05
Eastern Middle 1323 CE1400912PSH09  60.25 64.68 + 13.20 4.20 + 0.40 -0.31+0.08 1.14+0.08
Intersection 1487 CE1400931-1487m  21.75 21.42 +1.50 3.64+0.11 -0.28+ 0.02 1.01+0.06
Intersection 1776 CE1400931-1776m  20.43 20.01+1.36 3.53+0.12 -0.29+ 0.03 1.09+ .003
Intersection 1836 CE1400925PSH12  24.73 22.91+3.78 3.50 +0.16 -0.33+ 0.04 1.06+ 0.04
Intersection 2086 CE14009252086m  24.48 26.70 + 5.40 3.61+0.19 -0.30+0.18 1.06+ .0.03
Intersection 2384 CE14009252384m  36.95 48.02 + 8.63 3.54 +0.19 -0.51+ 0.06 1.10+.0.07
JESERVidZ 1845 CE1600856PSH05  187.67 57.11 + 72.08 3.43+0.85 -0.38+0.17 1.91+1.12
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CE1600856-PSHOY
CE1400905-450m
JC1258109-PSHO3
JC125109-PSHO5
CE1400905-681m
JC128111-PSHO5
CE16008€02-PSHO05
CE1600842-PSHO2
JC125091-PSHO05
JC128101-MG664m
JC125035764.4m
JC128076-PSHO2
JC125045MC3723m
JC128028MG3758m
JC125063MCG4010m

19.91

111.56

33.68
27.89
25.04
21.05
22.75
31.97
20.55
22.75
26.41
7.35

11.63
18.79
10.07

20.10 +3.97
122.10+ 11.45
43.02 +7.87
36.08 +6.83
19.18 +4.99
18.52 £ 3.51
47.93 +64.10
ABSENT
36.68 +45.29
11.08 £ 4.52
23.10+4.54
5.66 £ 1.07
12.78 £2.61
28.65+11.84
17.22 +15.43

3.83+0.20
2.61 +0.21
3.79+0.18
3.71+0.17
5.64+0.21
4.25+0.19
3.56 +0.17
ABSENT

3.87+0.91
3.52+0.21
4.24£0.15
5.66 + 1.07
3.25+0.18
3.20+0.18
3.30+0.24

-0.27+ 0.07
-0.48 £ 0.03
-0.60+ 0.08
-0.60 £ 0.08
-0.01+ 0.03
-0.20 £ 0.07
-0.32+0.13
ABSENT

-0.25+ 0.20
-0.21+0.02
-0.41+0.11
-0.08 £ 0.02
-0.28+ 0.06
-0.37+£0.11
-0.35+0.10

1.02+0.09
1.88+0.15
1.07+0.19
1.07+0.19
0.90+ 0.09
0.85+ 0.02
0.98+0.03
ABSENT

1.17+0.57
1.18+0.07
0.79+ 0.02
0.88+ 0.01
1.13+0.08
1.14+0.06
1.21+0.15



Surficial anddown coranean grain size
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Figure3:1 (A, B) Surface plot and scatter diagram tbie grain size ofhe first-centimetre sectiomcross sites. Sediments
mainly consist of fine particles, with grain size generally less than 6@ ng(lt). Very fine sand observatithe Eastern
branch CE1400005-450 (Folk and Ward Method meansM.11.56um ¢ 4 to 3, silt and very fine sand). Fine sand to
medium sand observed at the Eastern Middle 2 site CE188®BSHO05L845m (s 3 to 2, 187.67um) Howevean
additional corewastaken atthe same siterecordeda surficialmean GS reading of 19.9u@neway ANOVAn ranks
analysisrevealed ssignificantspatial change in the surficial grain size distribution across the branch@s038). Most
sites, excluding the Western and aim branches, significantly deviated from the mean grain size of the Eastern Middle 2
branch Surficial grain size negatively correlated wagpth (rs [48] =0.322, p = 0.029(C, D) Surface plot and scatter
diagram of mean grain siz#own coreacross sitesSediments mainly consist of fine particles, with the grain size generally
less than 60 pmy 4, silt). However, at the Eastern branch CE1400®450, an averageown coreparticle size of

112.11pm was recordetlumbers are events
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Down coe mean sorting
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Figure3:2 (A) Surface plot of down core mean sorting across sites. Sediomrsist ofvery poorly and extremely poorly sorted
sediments, withirthe range of 26 * . (B) Scatter diagram of the range of mean down core sorting across all branches with ¢
The largest ranges observed at the Acesta and Eastern branches. The most poorly sorted site was within the Exploreebra
most sorted, yestill classified as poorly sorted was within the Eastern braRslguared linear correlation coefficient revealed ni
significant linear relationship between depth and sorti@geway ANOV/An ranksanalysis showed that there wassignificant

differencein sortingacross the branches €0.43). DunnBonferroni postioc analysis revealed that there was a significant
difference in sorting between some branchidambers are events.
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(. Down core measkewness
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Figure3:3 (A) Surface plot of down core mean skewness across sites. Sedima@nisconsist ofiegatively skewed sediments. (f
The most positively skewed site was in the Eastern ¥@@25109-PSH0%570.5mand PSH0%-0.6 $c). However, at the Eastern
branchCE2009-005-681,an average down core of neaymmetrical skewness €J.01 & was also recorded. Scatter chart of tr
range of mean down core skewness across all branches. Largest range observed at the EasterRbeprackd linear correlatio
coefficient analysis revealed no significant linear relationship between depth and skev@messay ANOVAn ranksanalysis
showed that there wagmo significant differencén sortingacross the branches (p > 0.08umbers are events.
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Down coraneankurtosis
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Figure3:4 (A) Surface plot of down core mean kurtosis across $ftesokurtic sediments, not especially peaked or "normal- (0
0.11Kg) and leptokurtic and very leptokurtic, highly peakeeiliments (1.11.50)were observed across most sites. However, ¢
platykurtic, flat peaked, values were observed within the Explorer, Acesta and Eastern brancBeatt€Bgliagram of the range
mean down core kurtosis across all branches. Largesfe observed at the Eastern brancksdriared linear correlation coefficie
2y lylteaia NBGSIESR y2 aA3IYyATAOIYyd tAYSINI NBEIFGA2yaA&A
minor positive relationshifrs [48] =0.296, p =0.046). Oneway ANOVAn ranksanalysis showed that there wa® significant
differencein sortingacross the branches (p > 0.08umbers are events.
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V.  Clast percentages

Thedown coregrain size variation is presentedhigure 3:5as sandsilt¢clay percentages.
All cores displayed a minimum of three graige modege.g.Western branchiC12583-
PSHO2740m) however, within some sections-biodal distributions were observed (e.g
Main Channel JC12¥5MGC-3723m2-3cm). The presence of these distinctive polymodal
grainsize modes in the samplesagnsistent with changing modes of deposition and the
contribution of different material over time. The populations are partitioned as fad|dime
sand (A), silt (B) and clay (C). Sediments from the upper reaches, down to 500m, were
dominated by silty san{>50%) Beyond this, excluding the Explorer canyon and the Main
Channel, fine sand and silt continue to dominate the sites to depths @688 The Explorer
branch of the canyon had thmost considerablelay fraction of the sites analyséd40%)
Within the Explorer sitdC12876-PSHO0B61.2m the sand fraction was observed in the
first three-centimetresections, before a bimodal signature was observed. While sand
depletes beyond 2816m, silt continues to dominate to the lower reaches of the canyon.
However, within the main channel, at depths exceeding 3500m coarse sand punctuates the

core profile.
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Figure3:5 Mean down core totasand;silt¢clay percentagesf sites across nine branches of the Whittard Canyon. Where |
clay, red is silt and yellow is sand.
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VI.  Passega diagram

Plots betweenC(coarse one percentile in micrgnand M (median value in micra)

obtained from phi values of th€and M from the cumulative frequency curves, are plotted
on the lognormal probability plots. The Whitta@anyonsamples fall within graded
suspension no rolling to uniform and pelagic suspam# thepelagic and tractive current

subenvironments Kigure 3:6).
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3.4.2 Endmemberanalysis

Thelinearcorrelationchartbetween multiple correlation coefficient {Randend-member
numbers (Hgure 3:7A), end-member(EM)moddling improved greatly fronthree to four
end-members butchangedess betweerfour to five end-membeis. A highR2 valueof
0.9443 suggestedhat four endmembers explain the particle size distribution wel.low
theta value(11.4102) indicatesthat the model has notlteredthe particle size data to
apply fit significanthandthere isalow-end-membersimilarity (0.0135EM R) suggesing
that the model is not overfitting the datal'his combined informatiosuggestshat four
end-members mayexplain the data set welEM 1 (blue) peakedetween1-3 (phi units)
EM 2 (orange) peaked between 3 an¢phi units) EM 3 (yellow) peakeetween 4 and

5(phi units), and EM 4 (purple) peaked between 5 and 6 (phi URitg)re 3:7B).

Linear Correlations End Members
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Figure3:7 (A) Linear correlation map betwedéme multiple correlation coefficient @Rofendmembes (B) Four selected
endmembes.
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Theendmembeiswere superimposed over mulipecimerplots for all samplesand each
branch Fgure 3:8). Endmembers 1 (blue) and 3 (yellow) appear to fit the Western branch
bestindicating that there are two main processes or sources occuwitign this branch
(Hgure 3:8B) Endmemberthree accounts for the largest fractional abundance at the
Western siteand EM 4 appears abseWhile allend-membesrs fit the Western Middle
branch it appears taoe influenced lesfom EM 1 (blue) and EM(8ellow)and instead EM

2 (orange) and EM @urple)appear to explain thenajority ofvariability observed here
(Hgure 3:8C) The Acesta branch reflectdaoader spread of endnember data with end-
membeis 3 and 4 accounting for the largest abundariEigure 3:8D) The Eastern Middle
branch has the first noticeable pulse of coarser material observed from West toiliass
associated with EM 4 (purpleEM 3 (yellow) accounts for the largest fractioablndance
at the Intersection sitetEndmemberl (blue) represents the lowest fractional abundance
(Hgure 3:8E)The Eastern Middle @nd Eastern brancsitesreflect all endmembers.
However, asizeabé fractional abundance afoarser material between-@u is seen
attributed to EM 4 (purplejHgures 3:8F and 3:8GThe Explorer branch is unlike all sites,
EM 1 (blue) and EM 2 (orange) appear to be responsible for the large fraction of smaller
grain sizes observed. EM 2 reflects grain sizes of fradtadundances exceeding 14%.
There is an absence of EM 4 at theplorer branch anchain channe(Figures 3:8H and

3:8I).
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Figure3:8 (A-J Fourendmembes superimposed over musipecimen grain size distribution plots across all branches? An R

value of 0.9443, Theta value of 11.4102, &M R 0.0135 indicates goodness of fit and reduced likeliness of overfitting

data.EM 1 (blue) signifies pelagic depasit EM 2 (orange) is indicative of the silt population, EM 3 (yellow) is indicative of

the coarser, sand population and EM 4 (blue), seen at some branches, indicates extreme events, such as gravity flows,
responsible for distributing coarse material ltkebiditic sediments as discussed by Amaro et al. 28%5All branches, B=

Western, C= Western Middle, D= Acesta, E= Eastern Middle, F= Intersection, G= Eastern Middle 2, H= Eastern, I= Explorer, J=
Main Channel.
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3.5 Discussion

Within the upper reaches of the canyon, to depths-500m structurelessalternating
patterns composed of silt and very @sanddominate the core profilesVery fine sand, the
largest fractiormeandown core wasobserved at the Eastern si{f€E14009D05450m)
indicating spillover of shetlerived material Variability in grain sizes was observed well at
the Eastern Middle 2 branch, both fine and coarse sediment was recorded in surficial
sediment of two coresSandy coarse material is preselawn coreto 2 cmwithin core
CE16006€56-PSH08L845m indicatinganother eventwhere shelfderived materiamay

havebeen deposited

While, surficial sediments mainly consist of fine silty particles, indicating that coarse

material is not transported dut reduced hydrological energihe finest material, very fine
clay, was observed at thexplorer site]C128076-PSHOB61.2mindicating quiescent
conditions(Deacon, 1964 Furthermore, where the Western branch is characterised by
smooth sloping topography, lower velocity bottom currents and increased microphagous
feeders typical of quiescent environmer(&maro et al., 2016b; Aslam et al., 2018parse
material is notably absent from the Western sample site, indicating insufficient energy levels

to transport larger particle sizes.

Oneway ANOVAon ranksandysis did not have enough evidence to reject the null
hypothesis that thegrain size means significantly difi@cross sitesHoweverwhile this

may be the casencreasing the power of the test by increasing the sample size or improving
the process maymprove testing in the futur¢Holcomb et al., 2018)Surficial grain size
negatively correlated with epth, indicating that with increasing depth, grain size becomes

smaller.This is in agreement with an early model of ocean sedimentology, where the energy
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of the ocean currents decrease with depth and therefore smaller particles may settle to the

lessenergetic seafloo(Johnsm et al., 1977; Karl, 2006)

All sites targeted displayedn averagepoorly sorted sedimentdown core signifyinga

large variance in grain siZ€hus, indicatinghat the energy, rater sediment source

responsible for the deposition of sedimenfférs over timelt also suggests that the

sediment has been deposited close to the source areait has not undergone sorting

during a long period of transportatiofMiddleton, 1962; Blott and Pye, 2001) { LIS NX I y Q&
rank test found that as grain size increased, sorting values decreased. This may support the

idea that coarser material has been transported quickly, resulting in poorly sorted material.

While, all sites are poorly sorted, hotspots of poortsw appear on the outer flanks of the
canyon system. This indicates that the energy regime and sources at these locations are
variable.A hotspot of very poorly sorted material is indicated within tBeplorer canyon
indicating varying particle sizé#/hile the particle size is the smallest record&d +

1.07um), the mixture of both biogenic gravel, comprised of coral and shell fragment debris,
and lithogenic material has been observed within this brag@nningham et al., 2005;

Stewart et al., 2014)

Variatons of skewness and kurtosis in these sediments may be related to the mixing of two
or more grain size populations, in varying proportioBg.applying-olk and Wards

geometric graphical measuré$957) skewness is pronounced when one population is
dominant. Most sites were negatively andry@egatively skewed. Only two sitEastern
CE1400905681m and Explorer JC1-PF6-PSHOB61.2mpresented near symmetrical

down coremean skewness measuresiefldominance of mesokurtic and leptokurtic nature

of sedimentdndicatescompositionally and miaralogically mature sand#artins and
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Hope, 2020)Most sands are leptokurtic in nature and are either positively or negatively
skewed this may be explained by the fact that most sand consists of two populations, one
dominant population and other subordinate population. If the dominant populatiomr fi

it will lead to negative skewnes$ the dominant population is coarsé will lead to a

positive skewnes@-riedman, 1967)The trend towards positive skewness measures within
the surficial section of the main branches of the canyon andatesterly slope may be due

to amore significanpercentage of coarse material and less fine matgiédLaren, 1981)
This indicates the winnowing out of fine sediment, through constaaevand current
action(Nicholas, 2003Down coretrends of negative skewness across the canyon suggest
that the dominant fraction of material is finer, indicating reduced lithogenic input and

coarse grain depsition.

Meandown corekurtosis values at most sites were mesokurtic, suggesting that extreme
outliers in much of the sites were rarebwever, there is a trend towards leptokurtic
sediments to the flanks and within the loweenterof the canyon(Blott and Pye, 2001)
Largeleptokurtickurtosis values are observed at the following sjMestern JC12683
PSHO2740m Western Middle CE1600@831-PSH03L601m Eastern Middle 2 CE16006
056-PSHO5L845m and the Eastern branch site CE14@¥%-450m Thisindicates thathigh
energyevents may have occurred, resulting in thegevalues obsered. Meandown core
grain size was positively correlated with kurtosg48] =.432,p =.002), supporting tis
hypothesisasextreme eventsnaytransport larger grain sizeSome flat peaked, platykurtic
values are observed within the Explorer, Eastern and Acesta branches, indicating that at
these sites a normal distribution and contribution of grain sizes is present and thelesare

frequentextreme outliers.
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Skewness wasagatively correlated with kurtosisg[48] =-.372,p =.009).In other words,
as a sample is closer to®ormally distributed) thereare fewersamples with extreme
outliers. Kurtosisvasnegatively correlated with sortingg[48] =-.546, p=.000), suggesting

that extreme outliers resulted in poorly sorted material as one might expect.

Most sections displayed distinct polymodal populatialzsvn core indicating three
distinctive sources. These populations consist of fine sands (populatiort fopillation
B) and clay (population C). The coarser fraction, population A, with a meadkf 0
population B represents samples with a mean &4 and the finer clay population is
represented by >& . According to the CM diagram, samptab within gaded suspension
no rolling to uniform and pelagic suspension in the Pelagic and tractive current sub
environments Essentially,he largest grain siz@ay be transported through graded
suspensiorand that the finer material through uniform suspensi@Passega, 1957)
Furthermore, acording to Passega (195@yaded suspension deposits of tractive current
sub ervironments have characteristics of turbidity current depositmaro et al(2015)
describe the alternating patterns of finearbonaterich hemipelagic ooze and thin turbiditic
layers. The layers represent events in time, with the cearsbiditic layersattributed to

intermittent sedimentary gravity flows.

Sediments from the upper reaches, down to 500m, were dominated by silty $arsl.
suggests ongoing transport of lithogenic skadfrived material. At increasing depth
lithogenic fine sands and silttainate with finer, hemipelagic clay&Vhile sand depletes
beyond 2816m, lithogenic silt continues to dominate to the lower reaches of the canyon.
However, within the main channel, at depths exceeding 3500m lithogenic coarse sand

continues topunctuate te core profile demonstrating gravitgriven flows and turbidite
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sediments from the upper canyon reacfhe Explorer branch of the canyon had thest
considerableclay fraction of the sites analysed/ithin the Explorer sitdC12876-PSHO02
861.2m the sand fraction was observed in the first threentimetresections, before a
bimodal signature was seemdicating that the low energy environment allowed for fine

particles to settle out of suspension

Endmemberanalysis (EM) identified four sedimentaryendmembeis that attempt to
explain the particle size distributiggopulation and processe#\ low theta value (11.4102),
indicated that the modetlid not alter the particle size data to apply fit significantind a
low-end-membersimilarity (0.0135 EM3Rsuggesting that the model is not overfitting the
data. The datandicatethat EM 1 (blue}ignifies pelagic deposition, EM 2 (orange) is
indicative ofthe silt population, EM 3 (yellowjs indicative of the coarser, sandgulation
and EM 4gurple), seen at some branches, indieaextreme events, such as gravity flows,
responsible for distributingoarsematerial like turbiditic sedimentas discussed by Amaro
et al. 2015 Grain size descriptive results support this,deample an absence of EM 4
within the Explorer branchs supported byhe noticeablelack of coarse materialbserved
at this site. Additionally, it mustlso be notedhat the coarsest fraction was observedy()

at CE1400905-450m whichmay beexplained by EM 4 (purple).
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Chapter 4Marine biogeochemistry

4.1 Marine carbon

With rapidly increasing temperatures observed over th& 26ntury, anthropogenic activity
isrecognised as a significant driver in climate change, relative to natural charges.
LYGSNAH2OSNYyYSyGalrt tlySt 2y [/ fAYLFGS / KFEy3aS oL
human influence is the dominant cause of the observed warming since th@@id

O S y (i (RR®, 2012Yhe emission of genhouse gases such as carbon dioxide, methane
and nitrous oxide, bgnthropogenic activity, is mainly responsible for the observed surface
temperature increase. Temperatures are predicted to rise a furhdl.7°Cin a moderate
scenario, dependent on fure greenhouse gas emissions and climate feedback effects
(Fleitmann et al., 2013)f the greenhouse gases, carbon dioxidex@0one of the main
contributors to global warmin§Weart, 2003) Therefore it is critical © understand how the

Earth system interacts with carbon in its different forms.

The organic carbon content marinesediments depends on a series of factors such as
sedimentary characteristics, terrestrial input, the rate of microbial degradation amapyi
productivity (Burone et al., 2003)0rganic matte(OM)in sediments is an important sink of
total organic carbon (TOC) and total nitrogen (TN) representing an important reservoir for
the carbon cycléEscobaiBriones et al., 2009)0rganic carbon content grimarily affected

by severalfactors

1 The amount oprimary productivity in overlying waters may determine how much

organic material is produced

1 The sedimentation rate, where fast rates of sedimentation may promote the
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preservation of organic carbon and low rates which may promote decomposition of

organiccarbon.

1 The distance with depth from the sources, where increased time during the descent
of material may lead accelerated break down of organic material in the water

column.

1 Oxygen availability, where more oxygen may lead to the efficient breakdown of
organic matter. However, anoxic/suboxic conditionay break down organic matter

too, only slower so it is time restrained.

1 Type of organic matter.g.,marine vs terrestrial or degraded marine vs fresh
marine. The association with minerals and surface a@enerally, organic carbon
content is higher in finegrained material due to the higher surface areas of the clay
YAYSNIfa (GKIFId GSYR G2 WAINILIQ Y2NB 2NHIF yAC

1995).

Carbon composition

Carbon can take two formdotal inorganic carbonT|C) andotal organic carbonTOG.

Organic carbon is cdinually being produced and destroyed aras a resultis the most
dynamic form otarbon.It drivesfour major reservoirs, interconnected by pathways of
exchange through pfsical, geological, biological and chemical processes. These reservoirs
are the atmosphere, the terrestrial biosphere and biota (including land water masses), the
oceans (dissolved inorganic carbon, and living andlivamg biota) and carbownich

sedimens.
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Two main types of inorganic carbame found in the ocean dissolved inorganic carbon
(DIC) andotal inorganic carbon. Dissolved inorganic carbon is made up of bicarbonate
(HCQ), carbonate (C&) and carbon dioxide (including both dissolved.@@ad carbonic
acid HCQ). Photosynthesis acts as tpemaryprocess for inorganic carbon fixation in
sediments (Legl994). Furthermore, calcifying organisms, such as foraminifera,
coccolithophores, crustaceans, echinoderms amullusksutilize dissolved inoganic carbon
to produce thetotal inorganic carbon, calcium carbonate (CgCfor their shells and
skeletons. On a global scale, the storage of organic matter, in terms obi@@lyreflects
the distribution pattern of phytoplankton biomags the overlying water¢Seiter et al.,

2004)

Inorganic and organic daon can be found in the ocean in both dissolved (DIC, DOC) and
particulate (PIC, POC) formissolved organic carbon is defingokerationallyas an organic
molecule that can pass through a 0.2um fil{fgvagner et al., 2020Dissolved organic
carbon can be transformeitito particulate organic carbon by heterotrophy, and it can also
be converted to dissolved inorgec carbon through respiratiorParticulate organic carbon
consists of living and dead organisms and detriR@Ccan be converted to DOC through
the breakdown of molecules and by phytoplankton exudation. LaB®Ms commonly

transformed to DIC througheterotrophy and respiratioriRidgwell and Arndt, 2015)

Il. Carbon burial

While organic carborwill likely be recycled within the water column by organismisen
calcifying organisms die, their calcium carbonate tests or shellssmkyo the seafloar
However, as a result of respiration, increasing pressure and decreasing temperature, the
water olumn can become increasingly undersaturated in calcium carbonate with depth,
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resulting in the dissolution of calciunchtestsandshells The depth where the rate of

calcium carbonate supply equals the rate of dissolution is referred to as the calcium
carbonate depth (CCD). If the seafloor exists below this depth, calcium carbonate will be
absent from sediments. Likewise, if the seafloor exists above the CCD depth, sediments can
become enriched with calcium carbongM/oosley, 2018)Present estimations of global
carbonate burial rates ideep-seaenvironments are thought to be between 100 and
130Pgkyr * (Catubig et al., 1998; Sarmiento et al., 2002; Cartapanis et al.,.2Da8)um
carbonate burial is of high importance too. WhCaCeburial removes carbon, it also

reduces alkalinity (ALK) within the systeFherefore the higher the alkalinity of seawater,

the higher the solubility of CQOthus the reduced transfer of carbon from taémosphere.

While the shallow ocean contains the largest active pool of organic carbon, the deep ocean
is recognised for its slower rate of exchange with the atmosphere, by organic carbon burial
within marine sediment¢Broecker, 1982; Opdyke and Walker, 1992; Sigman and Boyle,
2000; Wallmann et al., 2016; Cartapanis et al., 2008h increased exploration, the rates

of organic matter oxidation and hence carbon buhak been found to vary across different
environments Past research has generally indicated ti@Cburial ishighly focused in
nearshore environments anaver continental shelveswing toseveralreasongDunne et

al., 2007) Primary productivity is often enhanced over continental shelttesre are often
higher rates of sedimentation andue to the shorter vertical transects to the sediments
there is lower decomposition during sinkirlg.addition, there is a larger flux of terrestrial

OM due to the proximity to lanfan Dongen et al., 20Q0)hus, the burial of organic

carbon is not uniformly distributed within the oceahheocean is noashomogenous as

once thought At smaller sales, diversenorphological, hydrological, biogeochemical and
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sediment processemayalter patternsof TOC burial due tdlifferingsediment types and
organic matter production rate(Stein, 190), TOCexportflux rates (Suess, 1980; Tyler et
al., 2009b; Amaro et al., 2016lis origin(Mackin and Aller, 1984ndthe amount of

dissolved oxygem the water(Canfield, 1994)

The flux of organic carboretivery to sediments is poorly quantified, with estimates ranging
by ordess of magnitude(Petsch, 2013While mostTOC is recycled through grazing in the
upper water column, some may sink to abyssal depths, effectively pumpingu€of the
FOY2ALIKSNBE yR KSfLAYy3 (2 @Boddaz20i®BunneéKS 9 NI K
(2007)estimated the burial rates of nearshore (sBpanddeep-seasediments. He

suggested that despite theeep-seaaccounting for ~90% of the ocean area, nearshore
deposits ould potentially bury480PgCkyr 1, 190PgCkyr 1 on shelves (5@00m),100PgC
kyr-1on slopeg200 2000m)whereasthe burial rate in thedeep-seaabyssal plains

(>2000m) to be a fractiorof thisat only 12PgCkyr . Therefore, a small fraction (typically
<2%) otthe total biosynthesized organic carbon is buried at the seafloor, in coastal and
pelagic environmentéEscobaibriones et al., 2009; Kiriakoulakis et al., 2011; Sigman and

Hain, 2012)

Carbon burial in submarine canyons

Recent work suggests that canyons may act to quickly transport organic matter dedpe
sea(Veter and Dayton, 1999; Garcia et al., 200H)wever, very little work exists on the
ability to store carbon Due to the accelerated rate of transportation (relative to other
deepsea environments) it is possible that localized primary production dold
transported to deeper sections of the canyons by strong coastal, tidal and/or gravity
currents. This would elevate the organic inputs into the sediments and could also lead to
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enhanced burial rategvetter and Dayton, 1999)n other cases, the enrichment of carbon
in canyon sediments may be a result of elevateddstiial inputs (e.g. Lacafauthier
Canyon in the Gulf of LioflS&imiedl et al. 2009) Likewise bioturbation and high
respiration rates by benthic organisms that live in submarine canyons may promote
recycling of carbon rather than burial. For example, aséder corals found in canyon
systems (e.g. Morris et al., 2013) are known to be hotspotadion recyclingvVan Oevelen
et al., 2011; Whe et al., 2012)However, the exchange of oceanic;Gfirough coral
respiration,has been recognised as a source of @@he atmosphergChisholm and

Barnes, 998)

Low rates of OM oxidation and hence higher rates of burial are usually associated with high
rates of sediment accumulation or organic matter influx. Such conditions have been
observed in Nazaré Canyon, which acts as a depoceni®®Gfin the west Iberialklargin
(Masson et al 2010; Kiriakoulakis et al., 2011ngels et & (201 suggested that at places

in the Nazaré Canyqrigh organic loads caused the depletion of oxygen in the sediments,
leading to lowered infauna abundanoe increased opportunistic speciédmaro et al.,

2016b; Gambi and Danovaro, 2018his could lead to lower OM recycling and
consequentlyhigherTOC burial efficienc Therefore different processes may be operating

in different canyons or even different parts of the same canyon at various spatial and

temporal scales and questions remain regarding the controls of these processes.

4.1.1 Molar C/N ratio

As organienatter sinks through the water column it is transformed through zooplankton
and microbial activityFurther transformations occur upon arrival to tlueep-seafloor by
the benthic fauna and sedimentary microorganisMé&kehamand Lee 1989Kiriakoulakis
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etal., 2001). In areas of topographic complexity, such as continental margins, marine OM
transformations may be impacted by physical processes, such as gravity flows, internal
tides, Ekman drainagend cascading (Reid and Hamilton 1990). These processes can
ultimately lead to alterations in the freshness and lability of the,@Mbon (C) and

nitrogen (N)which contributes to its burial efficiency and its ecological poteriBairner,

1982; Wakeham and Lee, 1989; Walsh, 1991; Smith et al.,.2009)

While carbon content can tell us sothéng about the paleoenvironment and paleoclimate,
only a small fraction of the initial organic matter survives degradation and alteration during
sinking Therefore other analyses are required tnderstand canyon processes bett@ast
studies have higidghted the usefulness of molecular, elemental and isotopic analysis of
sediments in understanding the origin and environmental his{@tpffers et al., 1984;
Meyers, 1994)C/Nelemental ratios and isotopic signatures may retain records up to
millions of year@and can provide information about the origin and processes occurring.
1934 Redfield found that the global elemental composition of marine OM ( dead and living)
was remarkably consistent across all ocean regions with a stoichiometric ratio of
C:N:phosphorosi(P) of 106:16:1(Redfield, 1958)He hypothesized thahe elemental
requirements of surface plankton controlled deep ocean nutrient concentratiohss

concept was extended to include elements such as carbon, becpfundamental in our

understanding of ocean biogeochemistry.

Molar ratios of elemental & canbe used as an indicator of the origin, lability and
freshness of marine organic matter/.NCratios in the range of-40 are usually from marine
sources, whereas ratios for vascular terrestrial plants are often aboyksR@vatari and

Uzaki, 1987) This is because phytoplankton is rich in nitrogen, resulting in Idv&ios,
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indicatingthe dominance of marine organic matté€Carpenter and Capone, 2008j)igher
terrestrial plant organic matter has a lower nitrogen content, thus a greatirr@tio

(Hunter et al, 2013). High [\ ratiosof organic matter may also indicate the preferential
scavenging of nitrogerich compounds by bacteria, indicating otdeeworked material
(Kiriakoulakis et al., 2001, 2006)owever lower ratios have also occasionally been
observed in finegrained sedimentsC/N ratios below 6.6 may indicate the adsorption of
dissolved inorganic nitrogen or nitrogeith mpounds, such as those from phytoplankton
blooms.As nitrogenous compounds break dowhey produce ammoni&which may be
retained by clay minera)sind the CQreleased byhe oxidation of organic carbon escapes

(Libes, 1992; Miiller, 1977)

4.1.2 Bulk $able isotopes

-

{GFroftS OFNbB2Y | YR V3 I'MRpHeSefvediadanatd ddckdand A Iy | &
organic carbon are useful tracers for further determining organic matter origin and
transformation processe@Middelburg, 2014)Hayeq1993)states that the carbon isotopic
composition of any natural organic compound is dependent on the carbon source and on

the isotopic fractionation associated with assimilation, metabolism and biosynthesis of

carbon by the producing organisfulk $able isotges of carbon and nitrogen are

commonly used in trophic studies, where variations delineate biological, chemical and
LIKEAAOIf Wl WRI eFiiSye #zaSR | a Iy INRhdkanz2 N 27T
be used to aid the interpretation of troph relationships and improve the understanding of
resource partitioningKiriakoulakis et al.,@D5; Duineveld et al., 2012; Layman et al., 2012)
Organic matter produced by terrestrial plants has a comparatiigiyerl @S NFBPE S ¢

isotopic signature value of# T: 10 -29: compared to theheavierisotopic value of
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marine organic matter (22: to-15: 0 @ | LJLJ @Ay 3 GKAA (GKS2NESX (KSE
OFND2Yy AHADG 2R adid 6t S 59 kan bBndeStgkenindoér LIS 6 4
differentiate between terrestrial and marine sources of organic mat@alvert and

Fontugne, 1987; Hayes, 1993)

1 13C

The ratio of'3C and'?C(expressed relative to a standard';’C) has been routinely used in
biogeochemical malyses to evaluate the structure and dynamics of marine communities. It
is useful where multiple sources of organic matter may be contributing to the marine
ecosystem, for example, where a mangrove river may be depositing terrestrial material into
a marire system(Rodelli et al., 1984; Alfaro et al., 2006%Q@ mayvary significantly

depending on the source of primary production; however, the ratio'é€changes are

minor as carbon moves through the foeeeb (=1 per trophic levelRounick et al., 1982;
Peterson and Fry, 1987; Gearing, 1994¢topic fractionation occurs during the autotrophic
assimilation of carbon by an organisRrimary producers, such as plants contain l€€s

than the atmospheric Cn which they rely for photosynthesis. Thus, they are relatively

G RS LX S¥HBCSeniparéd To the atmosphere. The variability is attributed to the
preferential loss ot°C duringrespiration and the preferential uptake 6iC during

assimilation, digestion or through metabolic fractionation during tissue syntlieschener

and Kaufman, 2008 hese processes vary among plants using different photosynthetic
pathways. This depletion is caused by enzymatic and physical processes that discriminate
against'*C in favour ot?C. Discrimination varies among plants using different
photosynthetic pathvays;the Calvin cycle (C3), Hat8lack (C4)Crassulacean acid

metabolism (CAM) or from chemosynthetic procesdas/in and Michener, 2002; Layman et
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al., 2012) The discovery of chemosynthetically supported deep commaities (such as
those found around hydrothermal ventsiethane and hydrocarbon seeps, sewage leaks,
whale falls and seagrass bétias increased knowledge of carbon origin and cycling in the
marine environmen{Rodelli et al., 1984; Levin and Michener, 2002; Kang et al., 2007,

Selvaraj et al., 2015[piagnostic indices of 13Csignatures are shown in Tablel4

Table4:1 Diagnostic indices!¥ :: pfAngaljdrganic matter sources in the marine environment.

-Mc: -0i2 Qulfide-oxidized derived carbothat involves formllIRubiscgathway(Levin
and Michener, 2002)

MYySE N Methane releasedhroughbasalt degassinserpentinization (Keir et al.,
2005)

22 Gnep:: Marine phytoplanktonand zooplanktorderived organic matte¢Fry and
Sherr, 1984; Levin and Michener, 2002)

-29: to -2+ Terrestrial derived organic matt¢Hayes, 1993)

-0 T:': -HI2':  Qilfide-oxidized dened carborthat involves form | Rubisqmathway(Levin

and Michener, 2002)

>p p:': -ri/8':  Methanederived carborvia hydrothermal processes (the thermal
breakdown of buried organic matter, bacterial fermentation or deegter
formation (Welhan, 1988; Levin and Michener, 2002; Keir et al., 2005)

. 45N

Nitrogen has two stable isotopé4N and**N. 1N is the nore abundant of the two,
accounting for 99.63% of the nitrogen found in natuBelogical physicaland chemical
processes discriminate between the two isotopes, resulting in quantifiable diffeseimcthe
ratio of 1N and®N (expressed relative to a standatd?N) thus enablingtrophic position
estimation(Sigman et al., 2010)\itrogen is critical to marine biomass and one of the
primarynutrients required by all phytoplanktofGruber and Galloway, 2008)hile

nitrogen is an essential element for all life forms, it mostly occurs as dissohgasN> 95%)
that is unavailable to most species. The reseactive nitrogen (N, such as nitrate,

ammonia and dissolved organic compounds. Therefore, the biological fixing of nitrogen is
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crucial.Biological fixation of dinitrogen gNby marine prokaryat species is theain

source of nitrogen to the ocean, @stated at106¢120Tg N k% Nitrogen fixation is

significant in tropical surface waters, some benthic systems as well as anoxic waters at the
seafloor where diatorrdiazotroph symbiosis exis(Pekas et al., 2009; Foster et al., 2011;
Voss et al., 2013)The process of nitrification relies on oxygen availability, re@he

autotrophic nitrifiers convert ammonito nitrites NO,- and nitrates NQs.. Likewise,
denitrification in the ocean is also controlled by oxygen availability; however, denitrification
takes place under low oxygen conditions. Denitrification by eukaryotic species, such as
foraminifera, is the microbial process of reducing nitratel aitrite to gaseous forms of
nitrogen, such as nitrous oxide N and nitrogen (B (Voss et al., 2013)Assources and

sinks are dominantly internal and biological, with marindikdation supplying most of the

fixed nitrogen in the ocean, and the pexs of denitrification removing it. The study of
nitrogen provides a way of exploring the cycle (input/output budget) of oceanic fixed N

within the ocean(Sigman et al., 2010)

CRLIAOIftes Iy 2 NHEbyp4:irdativedo itSdetNahddlisfaRieplvige 1

enrichment with trophic transfer@Minagawa and Wada, 1984; Peterson and Fry, 1987)

However, deepsea values may be less duepioor food availability Ikenet al. (2001)

revealedthat within the Porcupine Abyssal Plain (NE Atlantic), an overlap in nitrogen
Aa202LIA0O @I fdzSa 0SisSSy (NP dudwise enfichrgestiwasz NB Rd
recorded, indicating an overlap in food sourck®n et al (2001) showed that suspension

feeders exhibited @roadtrophic spectrum as they fed on both particulate material and live

prey, altering the nitrogen signature

Field studies of the bestnown genus of open ocear lixer Trichodesmiumhave yielded

84



1N values of ~2: to 0.5: . Taking into consideration the'>N of dissolved N(~0:6: in
the surface mixed layer) this value is consistent, but less variable, than culture studies of

Trichodesmiunwhere values range between '+0and 4: .

The bacterial reductionf nitrate to nitrogen is the largest mechanism of fixed nitrogen loss

from the ocean, occurring in both the water column and sediments, where oxygen levels fall
below 5umol/kg. Denitrification studies suggest that the isotope effect of denitrification is
between5: to 30: (Sigman and Casciotti, 2001; Sigman et al., 20®yever, the

observed isotopieffect of denitrification is believed to be limited by the rate of nitrate

supply to the denitrifying bacteria. In some ocean margin sediments, denitrification

completely consumes the nitrate that is supplied by diffusion through sediment pore
waters,resizE G Ay 3 Ay |y WS T:F JEgmanaBdTaskiait? 20@8tu8iesOf 2 a S |
of internal cycling and the assimilation by phytoplankton, of nitrate {N®as resultedn

isotopic signatures of-6: . Where ammonium (NA) assimilation occurs, isotopic

signatures of 6.20: have been recorde@Sigman and Casciotti, 200The return of

organic nitrogen to the marine system as N®y remineralization, occurs in tvgteps:the
degradation of organic nitrogen to ammonium and the bacterial oxidation of ammonium to
nitrate. Limited data suggest that the net effect oFNis less thar’s in most cases,

however where the nitrification of ammonium to nitrate occurs valleda KA 3K | a o p:t

been recordedSigman and Casciotti, 2001)

While the complexi of the processes occurring can prove challenging to comprehend, the
understanding of nitrogen cycling is crucial. The nitrogen cycle is closely related to that of
carbon, phosphorous and othessentiabiological elements. The implication of this isttha

any human alterations to nitrogen cycling are likely to have large impacts for other
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biogeochemical processes and ecosystem functio(Mugs et al., 2013)

4.2 Aims

This chapter airs to investigate the biogeochemical composition of sediment samples
matter through a multiproxy approach, which may improvee understanding of transport
mechanisms and organic matter preservations within the morphologically complex Whittard

Canyon

4.3 Methods

Organic geochemical analysis was carried out admwasaboratories.Elemental isotopic
carbon andhitrogen) analysisvasundertakenat the Oceanograpic Laboratories,
Department of Earth, Ocean, afological Sciences, University of Liverpeoither
elemental (carbon and nitrogen) analysis waslertakenat the Geography Laboratories,
School oBiological and Environmental SciencEaculty of Science, Liverpool John Moores

University.

4.3.1 Elemental carbon and nitrogen analysis

Carbonand nitrogencontent were analysed using tHekalar Primacg'¢%° TN/TC Analyser
within the solid sample modulédightemperature combustion, with nowlispersive infrared
detection (NDIR), is used to anaystal carbon (TC), total inorganic carbon (TIC) and total
nitrogen (TN)Calibration curve for quantification of total carbon and total nitrogen was
achieved using glycin®-30-60-90-120-150mg). Calibration curve for quantification of

inorganic carbon was achieved using 1.00% N&OID-200-400-600-800-1000-1200mg).

Elemental carbon and nitrogearsple preparation
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Prior to analysis, subore samples were sectioned every down to 10 cm; sampleswvere
subsequentlysectioned at 2cm intervals before being freedrged. Total carbonwas
determined by placing0.05mg okediment into aveighedceramic crucibleAlongside the

TC run, total nitrogen results were also acquired usingSkalar Primac®C1°TN/TC
Analyse. Due to the low concentrations of nitrogen within the samples, the sample weight

was increased to ~ 2mg to ensure accurate nitrogen readings.

IIl.  Instrument operation

The Dumas method was used to achieve total organic carbon and taagervalues Ths
was undertaken with the following instrument settings. High purity oxygen was passed
through the injection system to remove any atmospheric gasses before the sample was
heated to 1100C. Oxygen was added to the combustion crucible teease the oxidation
rate. The acid vapours and® were removed by passing through ttelowing: steel wool
scrubber, Peltier cooler and a brass/cellulose scrubber. The sample gas stream was split
with 79/80 of the sample forwardkto the IR detector foCQ quantification. Under a pure
helium stream for Nmeasurement, the remaining 1/80 of the sample gas stream was
collected within a copper collection vessel and passed to the reduction ¢\&€Pdj for

detection by a Thermal Conductivity Detector.

The total inorganic carbon measurement was acquired by acidifying the sample using 20%
phosphoric acid, heating to 130and passed directly to the IR detection via the Peltier

cooler and brass/cellulosscrubbers.

lll.  Calculation of totahorganicorganic carbon and nitrogen

The percentage of total carbgtotal inorganic carbon and total nitrogen in each sample
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were calculated by comparing the peak area of the sample components to those in the
standards.The total organic carbon fraction coulaen be inferred by subtracting total
inorganic from total carbomeadingsas per the method by Brian Schumack®chumacher,

2002) The following equation was used:

TOC (%) was calculated by subtracting TIC (%) from TC (%):

P YR YCH

Inorganic carbon is likely to be calcium carbondterganic carbormay betransformed

into carbonate using the following equation:

YO O

Where CaCg&nolecular weight is 100 and C is 12. Therefore 100 divided by81®=hY

IV, Calculation of C/N ratios

Molar C/N was calculated by (TOC (%) divided by 12) ditagl€N (%) divided by 14):

0 € & af

4.3.2 Stable isotope analysis

The sotopic £3C/A2Cand®N/*N) signatures of organic matter within sediment samples
were derivedusing a Costech 4010 Elemental Analyser, connected to a Thermo Scientific
Delta V Advantage mass spectrometerrdien and carbon were analysed with and

without de-carbonation, respectively, at the SchoolExdrth, Ocean, and Ecological Sciences
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University of Liverpool.

Decarbonation of 13C sampleand preparation of °N samples

The removal of carbonate was undertaken using an acidification methad.aliquots of

each sample containing0-100> #f carbonwere weighed into silver capsules (8 x 5mm,
elemental microanalysis). Decarbonation was undertaken by placing the sampldveto s
capsules (Elemental Microanalysis Cat No: D2006; 6X4mm) witklhveell (Elemental
Microanalysis Cat No: E2044 Cell Well 96 Flat Bottom). The silver capsules were left open
and two drops ofJltrapureMiliQ water was added to moistethe samplebefore the cell

well was then placed into a desiccator containkigdrochloricacid HC) and left to

decarbonate overnight (:26 hours). The cell well was removed and placed in a drying oven
at 50°Cto ensure the samples were dry. The silver capsules wanefudly sealed by twisting

the top prior to analysis.

Twoaliquots of eaclreezedried and groungample containing80¢160> 3 Y A,ivd@ 3 Sy

weighed into tin capsules (8 x 5mm, elemental microanalysis).

Il.  Instrument operation

In a pure @atmosphere, combustion took place at $80in a prepacked Costech NCH/NC/N
combustion tube. The reduction column (Costech prepacked, heatgd, NCH/NC/N
reduction tube) temperature was set to 780, packed with high purity Cu.®lwas

removed using acsubbing tube (GL14 thread, 110mm, EOA Labs) filledanhlydrous
magnesium perchloratéMg(ClQ).). Gaseous products §ldnd CQ) were eluted and

separated using a separation column (NC separation column, 3m, 6 x 5mm stainless, PQS,

2mm 6 MB ports, OEAahs) inthe order of N, CQ. Compositional analysis of the eluted
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gasses was determined using Isodat 2.5 software, Thermo Fisher Scientific.

. Calculation of ¥C: | y RN'1

The variation obulk stable isotopes was calculated using the following equmtio

Yo ™"E

1 —— PZPTMTT

Rsamgs the ratio of the sample anstdis the ratio of the internal standard (as defined by
the IAEA). values are multiplied by 1000 and reported astpger thousang: dvariations
in the isotope ratios of samples were measured against known standardst ®G34g 1

OT ®cHbe:T mT dc 0 -nkny* Ry 1 H{c Bb{o YogrT-4.5).
V. Instrumentation drift correction

The correction of isotopic values for anaba drift during isotopic analysis was undertaken

by performing regression analysis on the known standards H43@8d USG&0. These

known standards were interspersed evenly, in duplicate, throughout the sample run. Where

linear regression revealed a slar direction and slope strength, the correction for any
RSOALFIGA2Y 2NJ aRNATFGE o6 a | OKASOSR dzaAy3a +y |

was used:
57 /X Y®] 0p YT o p

5/ 13@: is the drift corrected isotope valugy I ¢'¥ 1 :iis the raw isotope vak, SGAs

the average slope gradient of US@&BSand USG&2 andwis the sequential run number.
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V.  Scaling of isotope values to Vienna Pee Dee Belemnite (VPDB) and Atmospheric ifitrogen D

Drift corrected (DC) isotope values were scaled to USGS standard tratuegh regression
analysis othe IAEA USGS standard values versus measured values. Gradigahtardept

of regression were used with the following formula:

w0Qud 0Of 6 YT ® QEoQI ©OQR O

+t 51 ilsthe Vienna Pee Dee Belemnite scaled carbon isotope \&IUEQ - is
the drift corrected isotope valuand SGs the slope gradient of USGtandard values vs

measured values.

0 0 0§ 0 YC o QtoQl dQno

I b%¥%b :'is the Atmospheric Nitrogen scaled nitrogen isotope valué, bt :'is thedrift
corrected isotope value, anf8Gs the slope gradient of USGS standeatlies vs measured

values

4.3.3 Statistical analysis

Mean surficial andlown cored0 A 2 352 OKSYA Ol f O %8CdzS & VIR £72 T h /2723

were plotted usingODV software, for more information refer to Chapter 1: Methods.

Biogeochemical valug$C%, OC%, C/NBC: I yRI's Owere plotted as scattecharts

with linear fit lines within IBMSPSStatistics 23 software.

Within IBM SPSS Statistics 23 software, normality distributions were identifiedtheing

ShapireWilk test. All biogeochemical data was eitmem-normally distributed |§ <0.05) or
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of small sample size, so nonparametric tests were used. Comparison of mean values were
determined using IBM SPSS Statistics 23. For independent samples, tharaaretric

KruskalWallis(one-way ANOVAN rankg test was used.

Wherethe results failed the assumption of homogeneity of varian@es 0.05) therefore
retainingthe null hypothesis, the nature of differences was evaluated using Bbunn

Bonferroni posthoc pairwise comparison tests.

{ LIS NXYI y Q ZatioNdesys werduzdd:Iexamine relationships between the data

sets.
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4.4 Results

4.4.1 Elemental carbon and nitrogen

Surficial andlown coremean elemental concentrations of TICCaCE&% TOC%IN %and
C/N ratio with standard deviations, across nine branches of the Whittard Canyon, are shown

in Tables 4L and 42 Surficial andlown corevalues are shown iRigures4:1-4.7.

Total inorganic carbon

Surficial mean percentages of TIC across all brarafithe canyon ranged between 1.62%
at the Explorer canyon to 3.65% at the Western Middle branch ). Surficial mean
percentages of TIC in the Upper canyoriQ@Om) ranged from 1.44% at the Explorer
canyon to 3.65% at the Western Middle branoh=(37). Within the mid canyon (1000

2000m) TIC ranged between 1.93% at the Eastern Middle branch to 3.03% at the Eastern
Middle branch. Lower canyon >208007IC ranged between 1.62% at the Explorer canyon to
3.13% at the Main Chann&@neway ANOV/An ranksanalysis showed that there wa®
significantdifferencein surficial TIC%across branches (p > 0.08)kewise, no significant
difference when compared across depth intervalsl @0, 10062000 and >200®) was
recorded p > 0.05) Rsquared linear corraltion coefficient analysis revealed no significant

linear relationship between depth arglurficialmean TIC%.

Down coremean percentages of TIC across all branches of the canyon ranged between
1.32% at the Western Middle branch to 3.76% at the Western Mitidanch § = 37).Down
coremean percentages of TIC in the Upper canyehQ00m) ranged from 1.97% at the
Explorer canyon to 3.76% at the Western Middle branch. Within the mid canyon-(1000

2000m) TIC ranged between 1.32% at the Western Middle bran&40% at the Eastern
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Middle branch. Lower canyon >208007'IC ranged between 2.02% at the Western Middle
branch to 3.13% at the Main Chann@neway ANOVAn ranksanalysis showed that there
wasno significantdifferencein down coreTIC%across branches (@ 0.05) Likewise, no
significant difference when compared across depth intervais0@0, 10062000 and
>2000n) was recordedf> 0.05) Rsquared linear correlation coefficient analysis revealed

no significant linear relationship between depth atolwn coremean TIC%.

A moderate correlation was noted between surficial IC% and TN% (rs {3} 6;p =
0.014), however this was not observddwn core(p > 0.05) Likewise, vaen IC isconverted
to carbonate, a moderate positive correlation was observethieen surficialCaCO3 %nd

TN%(rs [35] =-.496, p =0.005).

[l.  Total organic carbon

Surficial (first 1cm section) percentages of TOC across all branches of the canyon ranged
between 0.33% at the Eastern branich?2.32% at theMain Channe{n = 33) Surfcial
percentages of TOC in the Upper canyoidi@00m) ranged from 0.33% at the Eastern
branch to 2.26% at the Western Middle branch. Within the mid canyon 2000m) TOC
ranged between 1.06% at the Acestanch to 3.03% at the Eastern Middle branch. Lower
canyon >2000n TOC ranged between 1.10% at the Western branch to 2.32% at the Main
ChannelDespite an order of magnitude difference observede@ay ANOVAN ranks
analysis showed that there wa® significantdifferencein down coreTOC%cross

branches (p > 0.05).ikewise, no significant difference when compared across depth
intervals (61000, 1002000 and >200®) was recordedg> 0.05) Depth intervals aim to
separate the upper productive waterd®00m, the areas in which colaiater corals, such
asL.pertusamay continue to persist >200@ where nepheloid layers continue to occur but
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are a great distance from overlying productive waté&squared linear correlation
coefficient analysis revealaw significant linear relationship between depth agolwn core
mean TOC%-requency distribution of TOC% in surface sedimshtsvs organic
enrichment (>2%) is observed at all depths; however, the upper slopes downno 500
presents the lowest TOC% obsen(@d0.5%). At depths between 3000 and 4690TOC

contents higher than 2% were recorded.

Down coremean percentages of TOC across all branches of the canyon ranged between
0.71%= 0.30at the Western branch to 2.38%0.51at the Eastern Middle brancibown
coremean percentages of TOC in the Upper canyed@00m) ranged from 0.71%0.30at

the Eastern branch to 2.38%0.51at the Eastern Middle branch. Within the mid canyon
(100G 2000mM) TOC rangedetween1.15%at the EasternMiddle branch to2.31%at the
Eastern branch. Lower canyon >28900C ranged between3b%at the Western branch

to 2.08%at the Main Channel. Oreay ANOVAn ranksanalysis showed that there wa®
significantdifferencein down coreTOC%cross branches (p > 0.0%)kevise, no significant
difference when compared across depth intervall (@0, 10002000 and >200@) was
recorded p > 0.05) Rsquared linear correlation coefficient analysis revealed no significant

linear relationship between depth ardbwn coremean TO@.

lll.  Total nitrogen

Surficial total nitrogen ranged between 0.01% an89 at the Eastern Middle branch
CE16008©30-PSH07700mand theExplorer CanyobranchJC128)76-PSHO0Z2B61.2m
respectivelyOneway ANOVAN ranksanalysis showed that there wam® significant
differencein surficial TN%cross branchesr by water depth intervafp > 0.05) A moderate
negative correlation was observed between surficial TN% and surficial C/N (rs.§58,p
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= 0.M0).

A moderate orrelation was noted between surficial IC% and TN% (rs [30}46,p =
0.014). Likewise, when IC is converted to carbonate, a moderate positive correlation was

observed between surfici@@aCO3 %nd TN%rs[35] =- .496, p =0.005).

Down coretotal nitrogen ranged between 0.03% and 0.23% at the Eastern Middle branch
CE16008©30-PSH1511.37mand CE1400942-719m, respectivelyOneway ANOV/An
ranksanalysis showed that there wa® significantdifferencein down coreTN%across
branchesor bywater depth intervalp > 0.05) A moderate negative correlation was

observed betweemown coreTN% andlown coreC/N (rs [33] =589,p = 0.M0).

IV, C/N ratio

Surficial molar C/N ratio across all branches ranged between 3.47 at the Eastern branch and
79.46at the Eastern Middle brancim € 33. However, a stem and leaf analysis plot

indicated that values 58 are likely to be outlier<C/N ratio in the Upper canyon-D00m)

ranged between 3.47 at the Eastern branch to 79.46 at the Eastern Middle brarttim Wi

the mid canyon (100Q@000m) C/N ranged between 9.17 at the Eastern Middle branch 57.99
at the Eastern Middle 2 branch. Lower canyon >20@JN ranged between 6.99 to 22.75 at

the Main ChannelOneway ANOVAn ranksanalysis showed that there wa® significant
differencein surficialC/Nacross branchep 0.05) Likewise, no significant difference

when compared across depth intervalsi000, 10062000 and >200®) was recordedd>
0.05).Rsquared linear corret#on coefficient analysis revealed no significant linear

relationship between depth and surficial mean C/N.

Down coremean molar C/N ratio across all branches ranged betweend.#3 Western
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Middle branch and 64.44t the Eastern Middle 2 brancNo trend with depth was
observed.C/N ratio in the Upper canyon-I000M) ranged between 5.43t the Western
Middle branch to 64.47 at the Eastern Middle branch. Within the mid canyon {2000m)
C/N ranged between 10.22 at the Eastern Middle bratochl.51 & the Eastern Middle 2
branch. Lower canyon >2000C/N ranged between 14.28 to 27.52 at the Main Channel.
Oneway ANOVAnN ranksanalysis showed that there wa® significantdifferencein down
coreC/Nacross branches (p > 0.08squared linear correlatin coefficient analysis

revealed no significant linear relationship between depth dogvn coremean C/N.

Negative correlations were observed between surficial TN% and surficial C/N (rs.858), =

p = 0.M0) anddown corevalues (r§33] =.589,p = 0.M0).
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Table4:2 Surficial values for elemental properties of particles from 9 branches of the Whittard Canyon. Canyon branches areemBurpiedWestern Branch), Pink (Western Middle
Branch) Yellow (Acesta Branch), Green (Eastern Middle Branch), Cream (Intersection), Magenta (Eastern Mid 2), BroBre(ieadtdtue (Explorer Canyany Red (Main).

98

PSSR 0740 JC12583-PSHO2740m 1.62 13.49 1.10 0.17 7.71
Western Middle 440 CE1400945-440m 2.64 21.99 1.85 0.07 30.01
Western Middle 719 CE1400942-719m 3.65 30.40 1.94 0.26 5.62
Western Middle 819 CE1400942-819m 3.08 25.65 2.26 0.13 20.28
Western Middle 2816 CE1400927-2816m 2.30 19.15 1.53 0.12 14.88
Acesta 780 CE1600633-PSHO80m 2.43 20.24 1.65 0.08 23.22
Acesta 974 CE1600684-PSHOS74m 2.20 18.40 ABSENT ABSENT ABSENT
Acesta 974.2 CE1600684PSHOD74.2m 2.95 2457 ABSENT ABSENT ABSENT
Acesta 1130 CE1400909-1130m 2.71 2257 1.06 0.05 23.27
Eastern Middle 501 CE1400940501m 2.97 24.74 1.13 0.08 16.29
Eastern Middle 511 CE1600®30-PSH1511.37m 2.19 18.24 .99 0.03 32.12
Eastern Middle 574 CE1400912-574m 2.41 20.07 1.79 0.08 19.89
Eastern Middle 700 CE1400930-700m 2.77 23.07 1.41 0.06 24.13
Eastern Middle 700 CE1600®30-PSH07700m 3.27 27.23 1.23 0.01 79.46
Eastern Middle 723 CE1400933-723m 3.19 26.57 1.65 0.17 10.86
Eastern Middle 731 CE1600922-PSH0&731.38m 2.45 20.40 2.20 0.08 29.79
Eastern Middle 1095 CE1400940-1095m 3.03 25.23 1.15 0.14 9.17
Eastern Middle 1271 CE16008662-PSH07L270.84m 2.65 22.07 1.53 0.08 21.81
Eastern Middle 1323 CE1400912-PSH09.323m 1.93 16.07 1.82 0.10 24.62
Intersection 1776 CE1400931-1776m 2.85 23.74 1.73 0.08 24.08
Intersection 1836 CE1400925PSH121836m 2.79 23,24 1.91 0.20 10.89
Intersection 2086 CE1400925-2086m 2.93 24.40 1.13 0.08 14.77
Intersection 2384 CE1400925-2384m 2.44 20.32 1.21 0.08 17.43

| Eastern Middle Two | 1845 CE1600856-PSHOBL845m 2.05 17.07 2.04 0.05 43.72

| Eastern Middle Two 1850 CE1600®56-PSH071850 2.38 17.07 2.14 0.04 57.99

IEEE /50 CE1400905450m 3.55 29.57 .33 0.11 3.47

eSS 651 CE1400905681m 2.44 20.32 1.33 0.04 36.81

[Eastenm 571 JC125109-PSH0%570.5m 2.22 18.49 1.99 0.22 10.78

IEEE 1620 CE1600842-PSH02L620m 2.65 22.07 1.19 0.05 24.71

IEEEET 1008 CE1600602-PSH05L297.81m 2.37 19.74 2.20 0.07 32.45

[Explorer " 664 JC125101-MC-664m 1.80 14.99 1.60 0.10 18.12

[Explorer 861 JC128)76-PSHOB61.2m 1.44 11.99 1.33 0.39 3.95

[ Main Channel | 3723 JC12945MG-3723m 3.13 26.07 2.29 0.18 14.34

[ Main Channel | 3759 JC12528MG-3758m 2.90 24.15 2.32 0.11 22.75

INERCRERel 4010 JC12963-MG4010m 3.02 25.15 1.26 0.21 6.99



Table4:3 Down coremean values with standard deviations for elemental properties of particles from 9 branches of the Whittard Canyon. Caalges ara colour coded Purple (Western
Branch), Pink (Western titile Branch) Yellow (Acesta Branch), Green (Eastern Middle Branch), Cream (Intersection), Magenta (Eastern Mid 2)t&8roBracieby Blue (Explorer Canyon)
andRed (Main)N =10 samples unless otherwise stated.

JC128)83-PSHO2740m

1.72 £0.34 17.96+2.63 0.95+0.36 N9 0.10+0.06 18.34 + 19.08 N9

Western Middle 440 CE1400945440m 2.58 +0.08 21.53+0.71 1.70 + 0.15 N8 0.05+0.00 31.48 + 3.10 N8
Western Middle 719 CE1400942-719m 3.76+ 0.07 31.29+0.60 1.10 + 0.20 0.23+0.02 5.43 +0.93
Western Middle 819 CE1400942-819m 2.99 +0.13 24.99+1.15 1.17+0.38 0.10+0.01 12.23 + 3.49
Western Middle 1601 CE1600681-PSH03L601m  1.32+0.05 ABSENT ABSENT ABSENT
Western Middle 2816 CE1400927-2816m 2.02 £ 0.25 N9 16.82+2.12 N9 1.50+ 0.37 N8 0.10+0.01 17.09 + 3.82 N8
Acesta 700 CE1400930-700m 2.96+ 0.27 24.71+2.29 1.47+0.42 0.13+0.07 15.13% 7.00
Acesta 780 CE1600833-PSHOF80m 3.63+1.14 N8 16.97+3.29 N8 1.59+ 0.91 N8 0.06+0.02 27.95+ 7.95 N8
Acesta 974 CE1600884-PSHO®74m 2.03%0.35 16.98+2.98 ABSENT ABSENT ABSENT
Acesta 974.2 CE1600684PSHOD74.2m  2.09+ 0.14 17.41+1.20 ABSENT ABSENT ABSENT
Acesta 1130 CE1400909-1130m 2.81+0.33 23.44+2.79 1.12+ 0.30 0.05+0.00 23.76+ 6.67
Eastern Middle 501 CE1400940501m 2.90 +0.09 24.20+0.79 1.23+0.17 0.08+0.00 16.38+2.01
Eastern Middle 511 CE1600930-PSH1511.37m  2.14 +0.17 17.85+1.43 1.74+ 0.39 0.03+0.00 64.47+ 17.48
Eastern Middle 574 CE1400912-574m 2.34+0.18 19.55+1.51 1.62+ 0.14 0.08+0.00 22.99+2.41
Eastern Middle 700 CE1400930-700m 2.96 +0.27 24.71+2.29 1.47+0.42 0.13+0.07 15.13% 7.00
Eastern Middle 700 CE1600830-PSH07700m 3.45+0.17 28.80+ 1.44 1.39+0.13 0.06+0.03 50.43+ 65.64
Eastern Middle 723 CE1400933723m 2.85 + 0.24 23.77+2.07 1.31+0.29 0.10+0.09 22.05+ 11.72
Eastern Middle 731 CE1600822-PSHO&31.38m  2.42 +0.13 20.22+1.15 2.38+0.51 0.10+0.03 29.58+ 10.11
Eastern Middle 1095 CE1400940-1095m 2.42 +0.59 20.19+4.99 0.81+ 0.29 0.10+0.01 10.22+ 3.36
Eastern Middle 1271 CE1600862-PSHO7 2.60 £0.11 21.71+0.99 1.60+ 0.13 0.08+0.00 23.04% 3.24
Eastern Middle 1323 CE1400912-PSHO91323m  3.39 % 0.69 28.30+5.81 1.15+ 0.32 0.08+0.01 15.50+ 4.05
Intersection 1487 CE1400931-1487m 2.81+ 0.05 N7 23.40+0.44 N7 ABSENT ABSENT ABSENT
Intersection 1776 CE1400931-1776m 3.07 £0.11 25.59+0.93 1.72+0.14 0.08+0.00 23.98+ 2.59
Intersection 1836 CE1400925PSH121836m  2.84 + 0.07 N7 23.66+0.64 N7 1.97+ 0.08 N7 0.18+0.01 12.79+ 1.28 N7
Intersection 2086 CE1400925-2086m 2.97 £0.11 N9 24.78+0.98 N9 1.24+ 0.25 N9 0.09+0.01 14.81+ 2.23 N9
Intersection 2384 CE14009252384m 2.24 +0.10 N8 18.73+0.88 N8 0.95+ 0.14 N8 0.07+0.00 29.35+ 6.40 N8
| Eastern Middle Two = 1845 CE1600956PSHO8L845m  2.19 + 0.09 N9 18.29+0.75 N9 1.83+ 0.11 N9 0.06+0.01 34.88+ 17.04 N9
_ Eastern Middle Two 1850 CE1600856-PSH07.850 1.95+0.15 16.24+1.30 2.10+0.18 0.05+0.01 36.07+ 9.17
IESSE 450 CE1400905450m 2.78 +0.34 N9 23.19+2.89 N9 0.71 + 0.30 N7 0.10+0.01 8.48+ 4.42 N7
[Eastem | 571 JC125109-PSH0570.5m 2.38+0.34 22.21+0.55 1.46+0.33 0.09+0.07 39.23+43.91
DEGSISIN 651 CE1400905681m 2.39+0.16 N9 19.91+1.26 1.13+0.19N 9 0.07+0.01 17.29+ 9.62 N9
IEEEE 1620 CE1600842-PSHO21620m | 2.79 + 0.09 23.09+0.82 1.44+0.13 0.06+0.00 26.54+ 1.59
DESSISTN 1098 CE1600802-PSHO05 2.46 +0.15 20.55+1.27 2.31+ 0.25 N3 0.09+0.02 29.81+ 4.24 N3
FExplorer™ N 664 JC125101-MC-664m 1.96 + 0.07 16.39+0.62 1.43+ 0.09 0.09+0.01 15.76+ 6.58
[ Explorer 861 JC12976-PSHOB61.2m 1.76 + 0.49 18.52+1.56 1.41 +0.25 N4 0.10+£0.12 42.63+ 31.78 N4
Main Channel 3723 JC128045MC-3723m 2.70+0.35 22.50+2.96 2.08+0.31 0.14+0.03 18.45+ 8.95
[ Main Channel | 3759 JC12528MG-3758m 2.45 +0.88 20.44+7.36 1.96+ 0.29 0.07+0.02 27.52+12.71
IERCHERREI 4010 JC12563MG4010m 2.87+0.12 N8 23.96+1.01 N8 1.93+ 0.32 N8 0.17+004 14.28+5.28 N8
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V.  Spatial pattern of surficial TIC
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Figure4:1 (A, B) Surface plot and scatter diagram oean TIC% of théirst-centimetre sectiomcross sitedJpper canyon {1000m ranges from 1.44% at the Explorer canyo
3.65% at the Western Middle branch. Mid canyon 22000m ranges from 1.93% at the Eastern Middle branch to 3.03 % at the Eastern Middle branch. Lower canyor
ranges from 162% at the Explorer canyahG125076-PSH0B61.2n) to 3.13% at the Main ChanndlG12845MCG3723m). Oneway ANOVAnN ranksanalyssrevealed no

significant differene in surficiamean TIC%cross branchesr with depth(p>0.05).
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VI.  Spatial pattern of down core TIC
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Figure4:2 Surface plot and scatter diagram of mean TIC% down core acros&Jgipes canyon{1000m ranges from 1.97% at the Explorer canyon to 3.76% at the Western Middle br
Mid canyon 100€2000m ranges from 1.32% at the Western Middle branch to 3.40% at the Eastern Middle branch. Lower canyon >2000m ran@2%fearh@ Wstern Middle branch t
3.13% at the Main Chann&@neway ANOV/An ranksanalyses showed that there waso significantdifferencein down coreTIC%across branchesr with depth(p > 0.05)
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Figure4:3 (A, B) Surface plot and scatter diagram of TOGf%he first-centimetre sectiomcross sitedJpper canyon.000m ranges from 0.33% at the Eastern branch to 2.26%
the Western Middle branch. Mid canyof@@0-2000m ranges from 1.06% at the Acesta branch to 2.20% at the Eastern branch. Lower canyon >2000m ranges from 1.10%
Western branch to 2.32% at the Main Chan@ieway ANOVAn ranksanalyses revealed no significarttifference irsurficialmeanTOC%cross branchesr with depth(p >0.05).
(C)Frequency distribution of TOC% in surface sedimehtsn(<of theWhittard Canyor{N 33 according tovater depthinterval. Organic enrichment is observed at all depths (>:
however, the upper slopes dawo 500m presents the lowest TOC% observ&d5®). At depths between 3000 and 4000m, TOC contents higher than 2% were recorded, in
possible increased input or burial.



VIIl.  Spatial pattern of down core TOC
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Figure4:4 (A, B) Surface plot and scatter diagram of mean TOC% down core acros$pgisgcanyon {1000m ranges from 0.71% at the Eastern branch to 2.38% at the Eas
Middle branch. Mid canyon 10000m ranges from 1.15% at the Eastern Middle braoch31%at the Eastern branch. Lower canyon >2000m ranges from 0.95% at the W\
branch to 2.0 % at the Main Chann@heway ANOVAn ranksanalyss showed that there waso significantdifference irdown coremean TOC% aratross branchesr with

depth(p > 0.05.

103



Down core total organic carbon
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EASTERN BRANCH
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Figure4:5 (A1) TOC%lown coreplotted by branch. Sharp peaks of total organic carbon enrichment at the Acesta branch
(CE16009©33-PSH08780m) and Eastern Middle brancBE1600822PSH06731.38n).
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Figure4:6 (A, B) Surface plot and scatter diagram of the C/N raifdahe first-centimetre sectiomcross sitesvost surficial samples analysed were within the range of 3 to 25 C/N. Upper
canyon0-1000m ranges from 3.47 at the Eastern branch to 79.46 at the Eastern Middle branch. Mid cany@0Q@®0ranges from 9.17 at the Eastern Middle branch to 57.99 at the

Eastern Middle 2 branch. Lower canyon >2000m ranges from 6.99 to 22.75 in the MaielCbaeway ANOV An ranksanalyses revealed no significant differencesarficialmean molar

C/N ratioacross the branches with depth(p >0.05). Rsquared linear correlation coefficient analysis revealed no significant linear relationship betwygbkraddsurficialmean molar C/N
ratio. Stars represent data from Hunter et @013).(C)Frequency distribution aholar C/N ratian surface sediments {em) of theWhittard Canyor{N 32 according tavater depthinterval.
Typical marine signatures the range of <3L0 where observed at all depths, excluding 3@000m. High values exceeding 25 were observed down to 2000m. Due to the distance froi
high C/N ratios likely indicate degradation and not a terrestrial contribufibeyers, 1994)



Xl.  Spatial pattern of down core molar C/N
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Figure4:7 (A, B) Surface plot and scatter diagram of ttesvn coremean molar C/N ratio across sitégpper canyon-4000m ranges from 5.43 at the Western Middle branch to 64.47 at
Eastern Middle branch. Mid canyon 162000m ranges from 10.22 at the Eastern Middle branch to 51.51 at the Eastern Middle 2 branch. Lower canyon >2000m rai¥y28 fof2#.52 ir
the Main ChannelOneway ANOV/An ranksanalyss showed that there waso significantdifference irdown coremean molar C/N rati@across the branches with depth(p > 0.05)R
squared linear correlation coefficient analysis revealed no gigniflinear relationship between depth and down core mean molar C/N ratiufrtbers are events.
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