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Connecting the processes that control sedimergpanto the deposits they leave behind
is critical for understanding sedimentary systemashyics on modern timescales. Small
mountainous river systems (SMRs) have been thesfotintense investigation for several
decades, as they provide an ideal setting in WMuidtudy the conditions responsible for
generating and preserving individual event depobitthis study, bottom-boundary-layer tripods
were deployed in three locations on the continesttalf seaward of the Waipaoa River (New
Zealand), to monitor sediment and water movememn flanuary 2010 to February 2011. Four
research cruises were conducted at approximatelynfimnth intervals during this time period to
service and repair instrumentation, as well aotlect short (<50 cm) sediment cores at repeat
locations across the shelf. Cores were examinethéir textural and radiochemical properties
as evidence of recent sediment deposition.

Typical of SMRs, water and sediment discharge ftbenWaipaoa River is episodic, with

the potential for relatively major (>2000°ms") events to occur in any season. Sediment



transport on the Waipaoa margin is similarly ewten, with the majority of near-bed
sediment transport occurring in 36 discreet ev@iefined in this study by >0.03 m &) of

<60 h duration. Events which result in a net adgtian of the seabed tend to have longer
duration than erosive events (~100 h), though oarenual timescale this is still rapid. In
general, short-duration events with relatively lbeight, long-period waves result in seabed
erosion on the mid-shelf. Longer-duration evernit vall-height, short-period (i.e., steep)
waves typically result in sediment deposition. wduration is particularly important in the
case of large floods of the river, as the assatisgeliment requires a minimum of ~120 hours of
event-level shear velocity before being depositethe mid-shelf.

When events (both discharge duglc) occur coincidentally, and are of sufficiently ¢gpn
duration, wave-supported fluid mud (WSFM) can fanthe mid-shelf. Near-bed suspended-
sediment concentrations (SSC) >50'gte observed in the near-bed layers (<26 cm abes}
which is well above the theoretical threshold fomtslope travel under the influence of gravity.
Gravity-driven velocity is slow at the mid-shelfalto the shallow slope, however material
travelling from the mid-shelf under the influendegoavity alone can reach the shelf break in
~50 h during periods of highest SSC.

The deposit from a WSFM that occurred in early JABA0, was plainly visible in X-
radiographs of sediment cores collected at 17 ilmeatin September 2010, and again at the same
locations in February 2011. The deposit is idedifs relatively low-bulk-density material, 1-
12 cm thick, which tends to be physically stratfiespecially at greater thicknesses. Using a
newly developed method for estimating the degrgehgséical lamination, 10 locations show
more surface variability in September than in Fabyuwhile the opposite is true in 5 locations.

Visual inspection of the cores agrees with thesaltg which demonstrate how biological



mixing of event layers destroys strata, and pres/kmig-term event-bed preservation. This new
method for using down-core bulk-density to analgmantitatively sediment x-radiographs over
a decadal-to-century scale faithfully reproducesrésults of qualitative analyses performed in

this location by previous studies.
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Chapter 1:
Introduction and organization of the text

1.1 Introduction

The delivery of sediment from rivers to oceans lags a complex system of tectonic and
climatic forces, which act to generate, transpaomt] deposit terrigenous material in a variety of
settings. During sea-level highstands like thes@né day, the link between river mouth and
deep-ocean sediment sinks is disjointed in mantesys due to unfilled estuaries and wide
continental shelves (e.g., Walsh and Nittrouer,90Mowever during periods of lowstanding
sea level, which have occurred throughout eartiotyissediment can be exported relatively
quickly and easily off of the continental shelfs Auch as 90% of the sedimentary rock record
currently visible on continents was originally dsfted in a marine environment, and the
processes by which this material was transportadeat be understood by examining similar
systems in the modern epoch. Small mountainoes siystems (SMRs) typically occur on
active continental margins which are characterkaedarrow shelves that maintain a direct link
between sediment source and sink typical of sea-lewstands (Milliman and Syvitski, 1992).
The specific processes by which sediment is agtiveing transported and deposited in SMRs
provide insight to past geologic eras.

SMRs provide an opportunity to study sediment fpansand depositional processes
across a wide range of environments, as the esgaementary pathway is included in a
relatively short-reach, source-to-sink system (&\gtrouer, 1999; Carter et al., 2010). SMRs
are also known for their high sediment yield (Milan and Meade, 1983), which provides a
strong signal to follow through the entire systednderstanding the fate of the material is
important for a variety of reasons. For examyie,fine-grained particles debouched by rivers

into the ocean carry with them ~ 90% of the par@itaibrganic matter entering the marine
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environment (Keil et al., 1995). As such, reseanefestigating the fate of organic carbon,
heavy-metal, and other particle-associated poltatdapends on an understanding of the
sediment-transport processes responsible for mdkisgnaterial from the river mouth to its site
of final deposition. While substantial researck haen conducted investigating sediment
transport across continental shelves in a variegneironments, there exists sufficient
complexity in the natural setting to prevent, as gecomplete global understanding. The joint
US-New Zealandource-to-Sinknitiative, part of the MARGINS Program of the U$ational

Science Foundation (http://www.nsf.margins.prg/as designed to investigate the processes

responsible for shaping and transforming landscapesss a variety of spatial and temporal
scales. The Waipaoa Sedimentary System (WSS) gldcat the east coast of the North Island of
New Zealand (Fig. 1.1), was selected to addresetheestions.

The WSS features a geographic setting typical oRSMvith an ideal combination of a
wet, maritime climate and highly fractured, easitgdible rock that combine to generate and
deliver approximately 15 MT of sediment to the ¢absystem per year (Hicks et al., 2000).
This sediment-supply rate, combined with the re&yi small watershed, makes the Waipaoa
one of the highest-yield rivers globally (WallingcaWebb, 1996), and an excellent place to
investigate sediment-transport and depositionatgsees, as such events tend to occur
dramatically and frequently (e.g., Reid, 1999; Beateal., 2011; Kniskern et all., 2014).

In addition to a high sediment yield, the WSS b®ast energetic shelf environment, with
powerful oceanic storms capable of occurring thhmug the year (Healy et al., 2002; Kniskern
et al., 2014). Previous research has identifiatl $bdiment from river floods may be
temporarily stored within Poverty Bay (Fig. 1.1;M@e et al., 2011). Subsequent offshore

advection delivers the sediment to loci of enharacmimulation in depocenters both on and off



the continental shelf (Miller and Kuehl, 2010). xtwal analysis has identified the types of
sedimentary facies observed in both the modermgetind throughout the Holocene (Rose and
Kuehl, 2010), however the processes directly linlcestrata formation and preservation have
not been observead sity, and are the focus of this research.

Gravity-driven flow on continental margins has beetognized as an efficient
mechanism by which vast quantities of sedimentapeally moved across long distances (e.g.,
Wright et al., 1990). In recent years, wave-sufgzbfluid muds have been identified as
important mechanisms for across-shelf sedimenspmam, on both passive and active continental
margins (e.g., Wright et al., 1990; Traykovski ket 2000; Jaramillo et al., 2009). Deposits from
wave-supported fluid muds have been identifiedvetteze in the rock record (Macquaker et al.,
2010), and while their occurrence has been sugpect¢he Waipaoa margin, they have not been
observed directly.

These near-bed processes can occasionally be eldsarthe generation and destruction
of seabed strata, as observed in x-radiographspefat sediment cores. To understand the
geologic importance of the events occurring duthng single year relative to the longer-term
(decadal-to-century scale) sediment depositiorohisa new method for quantitatively
analyzing x-radiograph images is envisioned. Tdnergific merit of such a method is
highlighted by its successful application to reaesearch in a variety of depositional
environments, including the Waipaoa margin and tieamouth of the Rhone River, each of
which has been the site of significant previoudys®s using a variety of textural and
radiochemical tools (e.g., Miller and Kuehl, 20Rf@yse and Kuehl, 2010; Walsh et al., 2014;
Drexler and Nittrouer, 2008). By observing howgesses modify the seabed, and determining

how frequently these types of events occur anghaeerved across the shelf, it becomes



possible to understand the geologic evolution wioa@ern continental margin, which can
subsequently be placed in a broader geologic cantex
1.2 Organization of the text

The goal of this study is to examine the processggonsible for sediment transport and
deposition on the Waipaoa margin using time-safaa fromin situinstrumentation, combined
with repeat sediment cores. This research wiltreh conditions associated with strata
formation and destruction over approximately onar y# field study, and connect individual
events observed in the instrumental data with #&sociated seabed deposits. By combining
observational data with physical seabed samplesreébearch addresses questions raised by
previous studies involving sediment accumulatiomss a variety of time scales.

The research associated with this dissertatioivided into three research sections. In
Chapter 2, one year of near-bed hydrodynamic dataxamined and used to identify the
processes responsible for strata development aartheh During this year of study, a wave-
supported fluid mud was observed in the instrunietata, the formation and significance of
which are examined in greater detail in ChaptefBe deposit formed by this event was
identified in seabed x-radiograph images and,asprved, can be used as evidence of previous
event-based sedimentation. Chapter 4 uses résutighis and other research to develop a
method for quantitatively extracting data from xHagraph images, which is used to examine
seabed change on time scales ranging from seasot@tadal, and longer. Chapter 5
summarizes the contributions of this work, and aers how these results impact the broader

field of sedimentological research.
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Figure 1.1 -Map of the study area, including the Waipaoa Rieverty Bay, and the locatio
of three bottom-boundargyer tripods.



Chapter 2:
Sediment transport and event deposition on the Wagmwa River shelf, New Zealand

2.1 Introduction

Recent initiatives have sought to understand tmauatycs of sediment transport and
accumulation on continental shelves nourished bgllsmountainous river systems. A
fundamental question has been the role of rivee@®herence in moving sediment quickly
from river mouths and coasts, across, and off timtilmental shelf to the site of ultimate
deposition (e.g., Farnsworth and Warrick, 2007; N¢kret al., 2008; Wheatcroft et al., 2010;
Kniskern et al., 2011). Marine deposits that aeedirect result of river floods can be formed
either in a single event from river plume settlingjn sequential steps between the river mouth
and the final site of deposition. Which route, ombination of pathways, can determine the
behavior of material fluxes and the architecturénefstratigraphic record (e.g., Sommerfield and
Nittrouer, 1999; Palinkas and Nittrouer, 1999) difeent fluxes in small mountainous river
systems tend to be episodic and controlled by iddal storm events (e.g., Ogston and
Sternberg, 1999; Guillén et al., 2006; Fain et28Q7; Traykovski et al., 2007). Energetic
oceanographic and fluvial conditions can createasibns that encourage the formation of
sediment gravity flows, identified as important magisms for off-shelf sediment transport in
many sedimentary systems (e.g., Eel River, CAgst@n et al., 2000; Waiapu River, NZ — Ma
et al., 2008; Atchafalaya River, LA — Jaramillcaét 2009). However, due to their ephemeral
spatial and temporal nature, as well as the sgempimbination of conditions required for their
formation, documenting such flowrs situis problematic. As such, quantifying and
understanding episodic system behavior using frédsurements presents a unique challenge.

Typically, these issues are addressed in one ofaswes: via time-series data collected with



acoustic and optical instrumentation, or high-regBoh stratigraphic analysis of sediment cores
that capture a composite of processes over detiatdcales. Integrating these datasets to
correlate observed environmental conditions andaated seabed deposits, as well as the
preservation potential of these deposits, has theefocus of several recent studies (e.g.,
Traykovski et al., 2000; Matrtin et al., 2008; Pk#ns et al., 2010). Time-series data underpin a
hydrodynamic interpretation of the bed morpholagppturing oceanic drivers operating across a
range of timescales. Sequential cores collected cansecutive seasons can provide a physical
record of the seabed response to the environmemtalitions.

Event-scale processes have important implicationbdth long-term and seasonal
sediment accumulation patterns. The Waipaoa Rirans the steep hinterland of the
Raukumara ranges of northeastern New Zealand.gldsinass balance approach froffeb
(century-scale) accumulation, previous work haswhthat as little as 18% of the sediment
debouched is actively accumulating on the contaestitelf, suggesting efficient off-shelf
transport (Alexander et al., 2010). Seasonal wiswi can be achieved frofBe inventories
(Rose and Kuehl, 2010; Alexander et al., 2010),thede data indicate strong temporal
coherence and rapid delivery of terrestrial matértan the landscape source to the shelf. Here,
a quantitative understanding of the mechanismscibratrol sediment transport and deposition is
especially important, as wholesale deforestatiahamversion to pasture in the Waipaoa
catchment since the mid-f@entury led to a nearly order-of-magnitude incesiaserosion and
fluvial sediment yield (e.g., Kettner et al., 2004ge et al., 2010), modifying shelf dispersal and
the loci of accumulation (e.g., Orpin et al., 200Bljer and Kuehl, 2010). Today, as much as
90% of the terrestrial organic matter enteringwloeld's oceans moves with fine-grained

sediment fluxes, making a quantitative understagpndirmud dispersal on the shelf critical for



models of carbon sequestration and global carbdgédds (Keil et al., 1997). Furthermore, the
episodic delivery of carbon during extreme evestgadorly constrained. As an example, on the
Waipaoa margin, Brackley et al. (2010) identifiedewvent layer in surface sediment cores,
which contained high concentrations of organic carthat was possibly from Cyclone Bola in
1988. However, the hydrodynamic conditions thategated this deposit are unknown.

This study, which was part of the NSF MARGINS Seuta-Sink program, examines
one year of water-column and near-bed observations benthic-boundary-layer tripods
located on the continental shelf offshore of thep&aa River. The overarching goal of the
current study was to quantify the link between knahelf accumulation patterns and observed
physical forcing using sediment-transport timeeedata and seabed signatures. Data from
acoustic and optical instrumentation, including ttypeeabed elevation changes, are interpreted
alongside physical structures from short sedimergsccollected in four-month intervals
throughout the study year to explore the develogroEbed strata.

The three specific objectives of this investigationthe Waipaoa margin were:

1) to examine the physical processes responsiblerésion and deposition on the continental
shelf;

2) to understand the pathways and timeframe fadfderived sediment to reach the shelf; and,
3) to evaluate the stratigraphic manifestationeabrded events on the shelf.

2.1.1 Regional setting

The Waipaoa Sedimentary System (WSS, Fig. 2.1)igesvan excellent opportunity to
study source-to-sink sedimentation over a relagigehall spatial scale. The vigorous marine
climate generates significant rainfall (100 crit gt the coast and 250 crit gt the headwaters;

Hicks et al., 2000; Page et al., 2001). The Wapssichment drains the Raukumara Ranges,



which is located on the tectonically active northelikurangi Margin, and is dominantly
comprised of highly erodible and fractured sediragntock, including sandstones, argillites,
and mudstonesThe combination of the small catchment (2205 kamd significant sediment
delivery (15 Mt y* of suspended sediment, 0.15 Mtof bedload), result in very high landscape
sediment yields (Hicks et al., 2000; Walling andBlye1996) Over the 28 century the largest
floods were >1900 fis* and can occur throughout the year, although theyrest frequent in
the austral fall and early winter months (April-@uReid, 1999) While some uncertainty exists
regarding the sediment rating curve during vermtdgcharge events, Hicks et al. (2004)
suggest that suspended-sediment concentrationggdioods can exceed the threshold for
hyperpycnal plume generation (40"9 Wwith an estimated forty-year return frequency.

The Waipaoa River drains southeastward to emptyRatverty Bay, which is exposed to
frequent, powerful storms generated in the tropiod mid-latitude Southern Pacific to the
northeast, and Southern Ocean to the south, wgth\waves (>5 m) occurring several times each
year (Healy et al., 2002). Poverty Bay is confilbgcheadlands to the north and south, is
relatively small (62 krf) and shallow (<30 m). The bay and inner shelfses temporary
storage for the majority of sediment entering fribr@ Waipaoa River (Bever et al., 2011). The
processes necessary for exporting sediment frorbdiie¢o the middle shelf, and responsible for
the sediment accumulation patterns observed oshlé from previous studies (Bever et al.,
2011; Rose and Kuehl, 2010; Miller and Kuehl, 204:@) not well understood and are the focus
of this study.

The Waipaoa shelf (Fig. 2.1) is relatively narrov2@ km wide), bounded on its seaward
edge by emergent anticlines. Three loci of modstegdy-state sediment accumulation have

been identified: the northern mid-shelf, the southmid-shelf, and an outer shelf lobe (Miller



and Kuehl, 2010). High sediment accumulation r&t@scm yi') were measured landward of
the anticlinal ridges, as well as on the outerfsdnadl upper slope (Walsh et al., 2007; Alexander
et al., 2010; Miller and Kuehl, 2010). Previoeslisnent budgets estimate that 18-30% of the
annual sediment load accumulates on the shelféMalhd Kuehl, 2010), while another 13-18%
accumulates on the slope, leaving perhaps 55-7184 biespersed beyond the proximal vicinity
of the WSS (Alexander et al., 2010).

In this study, instrumented tripods were stratdfyigdaced to measure sediment
dispersal and to record ocean conditions. The tvelf sites are located in the area immediately
outside Poverty Bay (Northern Tripod, "NT", 37 mteradepth), and at the southern depocenter
(Southern Tripod, "ST", 50 m water depth; Fig., Zdble 2.1).

2.1.2 Shelf sediment transport and sediment gravibys

Research at many river dispersal systems has foarsthe problem of diffuse transport
in the bottom-boundary layer (e.g., Sternberg aabén, 1976). Current, wave, and river
discharge events can resuspend sediment in lovotierate concentrations, which is then
subject to along- and across-shelf advection (@ggton and Sternberg, 1999). In many regions,
continental shelves develop a mid-shelf mud depositstrained at their shoreward edge by
shoaling waves, and their seaward edge by stroraipathic currents (e.g. Washington Shelf —
Nittrouer, 1979; Eel Shelf — Wheatfield and Borg&l@00; Gulf of Lions — Drexler and
Nittrouer, 2008).

Studies on the Amazon and Eel margins, highligktedsignificant contribution of
sediment gravity flows to mass transport on comtimemargins with much fluvial sediment
impact (e.g., Kineke et al., 1996; Traykovski et 2000). Sediment gravity flows can occur

when the suspended-sediment-enhanced densitywtigparcel exceeds the density of the
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surrounding seawater, causing the parcel to gtauitaly flow down the bathymetric gradient.
This process was initially identified in associatwith estuarine mixing processes (e.g., Allen,
1980; Wells and Coleman, 1981; Cacchione et a@51Bineke et al., 1996). Subsequent
investigation revealed that muddy, high river deagfe and energetic ocean conditions are also
capable of generating sediment gravity flows, saglwave-supported fluid muds, which are
generated by sediment resuspended and/or maintairsedpension by wave energy (e.g.,
Traykovski et al., 2000; Wiberg, 2000, Puig et 2004). When seawater is the dominant
entraining fluid, suspended-sediment concentraf&®C) of >10 gtare required before flows
can travel down gradient under the influence ofigyge.g., Wright et al., 1990). Wave-current
gravity flows are similar in concept to wave-sugpdrfluid muds, with energy for suspenision
provided by a combination of wave and current coowls (e.g. Wright and Friedrichs, 2006). In
either case, in order for resuspension to occ@at-hed shear velocity must exceed the
resuspension velocity.

To date, wave-supported fluid muds have been obdeas an important means of cross-
and off-shelf sediment transport in many regio@® the Eel shelf, wave-supported fluid muds
occur when waves are sufficiently high to geneaateave boundary layer of approximately 5
cm (Traykovski et al., 2000), and have been idetias the dominant means of cross-shelf
sediment transport (Ogston et al., 2000). Wavestpd fluid muds form on the Po delta, even
when the river is not flooding, by resuspending/mesly deposited seabed material
(Traykovski et al., 2007). Similarly, the fluid maifbrmed on the Atchafalaya shelf formed in
the absence of a flood, and were generated by wakesed sediment resuspension (Jaramillo et
al., 2009). Research on the Atchafalaya shelf désnonstrated the role of seabed liquefaction

due to differential pressure from passing wavengaivhich fluidized the bed and resulted in the
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tripod settling several cm (Jaramillo et al., 2008)other systems, such as the Huanghe delta,
fluid muds form when strong tidal currents resuspseabed sediment, advecting these high-
concentration flows along and across the deltad@iret al., 1990). Offshore of the very muddy
Waiapu River (annual suspended sediment load &1t3G ™), located ~115 km north of the
Waipaoa in New Zealand, both wave and current pEagon are required to generate and
maintain fluid muds (Ma et al., 2008).
2.2 Methods
2.2.1 Instrumentation

In this study, data are examined from two instruteénripods deployed for 11.5 months
on the Waipaoa River continental shelf (Fig. 2bEginning January 15, 2010. Tripods were
initially deployed from the R/A\ARoger Revelleand were serviced at ~4 month intervals by the
R/V Kaharoa At the ST site, an impact from a fishing trawileSept 2010 severely damaged
the instrumentation, which made for a shorter &sd Hefinitive record, as much of the spring
and summer seasons were absent. A complete lisstoimentation deployed and their
configuration can be found in Table 2.1. Measumrséor all instruments were collected
hourly, in six-minute bursts, with individual bussaveraged into a single data point (or profile)
for each hour. In general, near-bed velocitiesaimand root mean squared-orbital) were
measured using an acoustic doppler velocimeter (Aftek Vector and Sontek Ocean-
Hydra), and suspended-sediment concentrationsweasured using calibrated optical
backscatter sensors (OBS, D&A Instruments). ThesKa benefited from the use of a three-
channel (1, 2, 4 MHz) acoustic backscatter ser®B6( Aquatec), which provided a proxy for
SSC in the bottom ~1 m of the water column. Dateeweerrected for range and spherical

spreading as described by Thorne et al., 1993. 1THeiz channel of the ABS also provided
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bed-elevation data, allowing for characterizatibewents resulting in change >1 cm (e.g.
Traykovski et al., 2007). Bed-elevation was dealias the strongest gradient in the response of
the 1 MHz sensor, as this is indicative of a didtchange in the acoustic media. The multiple 1-
cm fluctuations with no associated increase in 8&dikely a product of the coarse bin spacing
of the sensor (1 cm) and subtle changes in ABSoresgpat the bin boundaries. In contrast, bed
elevation at the ST site was measured using arstic@ltimeter on the ADV (Nortek Vector)
with 1-mm resolution, allowing for a more detail@aderstanding of the timing and vertical
resolution during and after bed-shaping eventsou&tic signals were used to measure seabed
elevation. This approach change requires a degregution, however, as several studies have
shown that seabed liquefaction and/or scour urtgetripod feet can cause the tripod to sink into
the sediment, resulting in apparent accumulatian,(@aramillo et al., 2007, Palinkas et al.,
2010). To verify that apparent deposition was tdugccumulation of new material rather than
tripod setline, pressure data were low-pass filtéoeremove tidal signals. To determine the
specific processes responsible for the observeddran the bed-elevation data, the first-order
controls on bed stress were examined, namely waighthand period, and near-bed current
speed and direction. Their influence was evatliegtative to location and concurrent bed-
change type

SSC from OBSs was calculated based on the lin&gtraeship between the instrument
voltage response to known concentrations of logdinsent in a laboratory setting following
field deployment (Ogston et al., 2000). Biofoulioigoptical instrumentation was an issue,
particularly at the ST site, where sensors becdmeuwed within weeks after deployment. As a
result, SSC data presented from the ST site araatstd from the acoustic response of the ADV

correlated with the calibrated OBS response attenadove bed (mab) during the period at the
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start of each deployment before biofouling. Sedinfleix was calculating by summing the
product of suspended-sediment concentration and-Ai@dsured water velocity over the
periods indicated.

Wave heights were calculated by extrapolating theakrvelocity and pressure
fluctuations, using linear wave theory. Shear e#illes were estimated based on the Grant-
Madsen model (Madsen, 1994), which incorporateseativelocity, wave-orbital velocity, wave
period, and bed roughness. An estimate of thespesision velocity was determined by
comparing combined wave-current shear velodiky,{) with OBS-obtained SSC. The average
of the minimum bed stresses at which the lowerr@@&$ (26 cmab) showed an increase in
backscatter was selected as representative oésuspension threshold.

Tripods had simple sediment traps for collectindjreent used to perform OBS
calibrations. Bulk trap material was also analyfdhe presence dBe via gamma
spectroscopy (Ortec and Canberra planar deteatsirs)y a method modified from Sommerfield
et al. (1999).’Be is a naturally occurring radioisotope with atiefely short (~53 days) half-
life, produced from cosmic-ray spallation in thenasphere (Olsen et al., 1986Be is typically
detectable for 4-5 half lives, and as such, theamee of Be in sediment suggests recent (<6
month) input of terrigenous material to the oceavirenment (Sommerfield et al., 1999).

In addition to the instrumented tripods, gaugedewdischarge data, and selected
suspended-sediment measurements for the Waipaea \Rére obtained from the Gisborne
District Council (G. Hall and D. Peacock, pers. com
2.2.2 Seabed Coring

Cores were collected during surveys undertakeamudry 2010, May 2010, September

2010, and February 2011 to monitor seasonal chandbe seabed. An Ocean Instruments
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MCB800 multi-corer was used to collect all coresjohitwere ~10 cm in diameter and <60 cm in
length. For more textual and geochemical anaestsWalsh et al. (2014). In this study, we
focus on x-radiographs of cores collected at tipedr sites. Rectangular slabs from the
multicores (8W x 2.5D x 60L cm), were x-rayed usngarian PaxScan 4030E flat panel digital
imaging system and an Ecotron EPX-F2800 portaldiervary x-ray generator. Exposure type,
grey-level mapping, and exposure window/level wametrolled via proprietary Varian software
(VIVA 2.0, Revision L.04), and typical generatottsegs were 50 kV and 25 mA. X-
radiography reveals changes in bulk density inlasib the naked eye; lighter colors represent
higher bulk densities, typically from coarser-gedrsediment. Images were further adjusted to
maximize contrast between individual strata. Assalt, while relative density changes might
be visible within an individual core, comparisonatisolute density between separate cores is
not possible.
2.3 Results

The 2010 study year was a typical discharge yei#tn, tatal-annual water discharge
representing the median for the preceding five y/édata not shown). The austral winter months
(June-Sept) exhibit the greatest amount of tot@rrdischarge, although the three largest floods
during our study year were evenly spaced in Jan{2y1 ni s%), July (1737 ms?), and
October (2161 rhs?) (Fig. 2.2), with measured SSC's at peak disclsard® g . The austral
winter provided the most energetic wave and curcentitions, though large waves were
observed throughout the year (Fig. 2.2). Reflectif’the dynamics on the shéBe was
detected in the sediment traps from both tripodday and September 2010, but not in February
2011.

2.3.1 Near-bed conditions
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At the NT site, near-bed currents were typicallgioted along-shore (NE-SW), with
maximum speeds at 1 meter above bed (mab) apprmmp@t80 m 3, and a mean of 0.09 it s
(Fig. 2.2). The mean of the measured significaanerheights was 1.4 m, with a maximum
height of 5.6 m. The mean wave period was 11véith,a maximum of 14.9 s. Wave-orbital
velocities were 0.01 ni's 0.61 m &, with a mean of 0.13 ni's Suspended-sediment
concentration (SSC) at 26 centimeters above bedl{raried considerably from 0.01-4.30 g |
! with a mean of 0.14 @ In general, SSC increased proportionally wittvevarbital velocity.

At the ST site, near-bed currents measured at @l8were also generally oriented shore
parallel (NE-SW) though slightly weaker and monediionally variable than those measured at
1 mab at the NT site, with a peak speed of 0.35'iffFig. 2.3). When data were available, peak
currents measured at 1 mab were, on average, O} ffaster than at 0.3 mab at this location.
Mean significant wave height was 1.5 m and peak&dlam. Mean wave period here was 11.9
s and peaked at 15.5 s. SSC ranged from 0.01g0:32vith a mean of 0.02 ¢l SSC was
generally lower in magnitude at the ST site thanNf site, though direct comparison is
complicated by differences in instrument elevatiansach site.

2.3.2 Event characterization and seasonal distriiout

For this study, we define a bed-resuspension aadhts system as any oceanographic
period during which peald-. exceeded 0.03 m*st the NT site (Fig. 2.4). This peak is three-
times greater than the estimated threshold fonseuti resuspension (0.01 M) snd
encompasses 33 instances of elevated near-bed\&&itan the ABS record at the NT site.
Over the complete time series, the minimum resusparthreshold is exceeded much of the
time (85%), but only 22% of the time (1914 hours)adnditions meet the “event” criteria

described above.
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The NT site record was selected as the most apptegor event definition due to its
more comprehensive instrumentation package, andaimplete year-long record. At the ST
site, SSCs were typically elevated during eventisde at the NT site (Fig. 2.5). Each location
only had one instance of apparent deposition @reincrease in bed elevation) despite water-
column conditions remaining below the defined ewbregshold. These apparent depositional
events (NT site April 5; ST site May 10) are incdddn the event examination.

Tidally filtered pressure data (not presented)daths that tripod settling occurred during
the events in early March and early July. In tasecof the March event, settling was
commensurate with apparent deposition (~3 cm),egddst of our resolution capabilities.
Because seabed and geochemical evidence suggeseshaterrestrial material was deposited
during this event (section 3.6; Walsh et al., 2098 also consider this event to be depositional.
During the July event, the NT settled ~7 cm, resglth net deposition of ~5 cm. The 5 April
event with apparent deposition, on the other havad, most likely a product of the tripod
experiencing a direct impact from an external foereh as a trawl net or anchor. At this time
the wave climate remained relatively small (2.5 axincurrents were weak (~0.13 i) sas
were the resultant bed shear velocities (0.02'max; Fig. 2.3). SSC peaked at 0.07-g |
which, while above the minimum observed concerdrafiom the first deployment (0.01 g))
still falls below the mean (0.09 g;IFig. 2.2). These changes were coincident witleax-
instantaneous change dfi the tripod’s roll, as well as a 2 cm increaseniean water pressure.

In general, the Austral winter months (June-Augusje the most energetic with 11 total
events, compared to 9 in spring (Sept-Nov), 9 g (Mar-May), and 4 events over summer
(Dec-Feb, Fig. 2.4). At the NT site, erosional a@egositional events were most common during

fall-spring, while events with no discernible sedlgain or loss (i.e., “no-change” events) were
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distributed evenly throughout the year. At thes8€&, erosional events are more common than
no-change events, and the only example of depositithe ST site occurred during a period of
weak ocean forcings in early May 2010 (Fig. 2.Hp-change events typically had weaker
currents than erosional events and smaller waasdbpositional events, and will subsequently
not be discussed at length.

2.3.3 NT bed-modifying events

Depositional events are responsible for the mgjafitseabed change which can be preserved in
the stratigraphic record. At the NT site, thereev@ depositional events of >1 cm bed thickness
over the course of the study year (Fig. 2.4). Appadeposition was 1-12 cm in thickness for
individual events, and the net change was 1-10wanthe span of a four-month deployment.
Deposition occurred in events that were, with axaeption, coincident with increased near-bed
SSC. Becausd+, at both locations was largely controlled by wakeas stress (}), the
frequency distribution of shear-stress during evéntery similar to that of the wave height.

For this reason, distributions of wave charactessiuring each event type are summarized in
Fig. 2.6. In general, waves were lower and cusrerdre weaker during depositional events,
when compared to erosional events.

Depositional events were characterized by peak waights of 3—6 m (2.5-5 times the
annual mean), with the bulk of the distribution¥®50ccurring when wave heights peaked
between 3-4 m (Fig. 2.6). Wave periods during degmmal events were typically <11.5 s, and
approximately 90% of depositional events occurréémvmean current speeds were <0.15'm s
(1.6 times annual mean, Fig. 2.6).

Seabed deposition predominantly occurred duringdowluration events. Over 75% of

depositional events coincided with storms lasti6g hours, and every event that lasted >100
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hours resulted in apparent bed-elevation incre&seer discharge at the time of the event is
poorly correlated with deposition (Fig. 2.2). Witle exception of the major event in July, most
deposition occurred when riverine discharge wasamately at its base level, <100 st,

which is <5% of the peak flows that occurred over ¢ourse of the study period (Fig. 2.4).

Ten bed-eroding events were captured, typicallpwker magnitude than their
depositional counterparts (Fig. 2.4). Erosion oamliexclusively during intense storms of
short-duration lasting <54 hours, and 50% of theagmnts lasting <40 hours. Furthermore, as
was the case with depositional events, erosioratswvere coincident with near base-level flow
(<100 nt s1) (Fig. 2.2). Although waves were elevated dugngsion events, peak waves were
typically <4 m (3.3 times annual mean) and waveopisrwere >11 s (Fig. 2.6). Around 70% of
erosion occurred when mean current speeds wer@ r0<, and 40% occurred with mean
speeds >0.15 m'qFig. 2.6).

2.3.4 ST bed-modifying events

Only a single instance of apparent deposition dfcin was recorded (Fig. 2.3) at the ST
site, but it occurred wheld,. <0.03 m & (the threshold for events). The peak currentdpee
during the period of apparent deposition was 0.05"'nand waves were <2 m in height (Fig.
2.3). Corresponding wave-orbital velocities wefel$ m &, and while there was a slight
increase in SSC (peak of 0.06 Y immediately prior to the bed elevation incre®®8C during
the event was less than 0.02'g Immediately following the apparent depositidrere was a
sharp peak (<1 hr duration) bh,.. Furthermore, there was no change in the instnime
heading, pitch, or roll data (not presented), @it the possibility of a physical strike or shift
of the instrument. Collectively, we interpret tm$ormation to suggest an electronic transient or

animal burrowing beneath the sensor was responsible
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In the absence of depositional events, the STegperienced 13 net-erosional events,
and 11 no-change events. There was no obviowsreif€e in current speeds between erosional
and no-change events, though waves during erosaweailts were often taller in height (Fig.
2.6). Here, maximum wave heights were 2—6 m dypengpds of erosion (1.4—4 times annual
mean), with the majority of events occurring wittag waves of 1.5-2.0 m (Fig. 2.6). Peak
currents during erosive events ranged from 0.0B-03" (Fig. 2.6). Only the largest six
erosion events resulted in the removal of >0.4which was considered to be relatively similar
in magnitude to the >1.0 cm events recorded aNihsite due to the difference in sensor
resolution.

2.3.5 Sediment flux

Sediment flux is stochastic at both tripod locasigFigs. 2.7-2.8). A single event in
early July accounts for 40% of the net-annual, sexshelf flux at the NT site (~3000 g érand
the majority of along-shelf flux (to the north éafstr both mid-shelf locations. No across-shelf
event resulted in flux of >300 g ¢hor the ST site (Fig. 2.8).

The NT site is estimated to experience approximaeVven times greater flux than the
ST site in the along-shelf-positive (i.e. to thetheast) direction (~7000 g ¢hvs. ~1000 g ¢
% Figs. 2.7-2.8). While the net-annual offshorexfin the north was approximately the same as
the net across-shelf direction (~7000 g@nthere was a negligible amount of net flux actbss
southern shelf, relative to the along-shelf compone
2.3.6 X-radiography

X-radiographs of cores show a wide array of stmast@and stratigraphic variability at the
NT site (Fig. 2.9; Walsh et al., 2014). A companisd replicate cores collected from the tripod

sites over 13 months shows distinct changes tsulfecial strata. In January 2010, there were

20



alternating layers of higher and lower bulk den§it#-3 cm thick), with bioturbation features
visible in the upper ~5 cm. In contrast, the amlected at the same location in May 2010
showed lower-bulk-density material in the surfacg @n, overlying a mottled and more x-ray-
opaque layer. This mottled layer resembles thiasarf the January 2010 core in both
thickness and relative bulk density. The core fi®@aptember 2010 had a surface layer with 3
cm of lower-bulk-density sediment overlying 2 crmwavy bedding, overlying a bioturbated
layer. The core from February 2011 resembled #pme®nber 2010 core, but with a higher
degree of bioturbation at the surface (Fig. 2.9).

Most cores collected at the ST site had mottledhset with little or no evidence of
physical lamination, suggesting a relatively higigieke of bioturbation. The ST core from
February 2011 showed subtle wavy laminae at themppst surface; however, instrument loss
precluded our ability to observe bed-elevation dgesaffrig. 2.9).

2.4 Discussion

Bed-elevation changes (i.e., erosion or depositaiyoad scales are controlled by the
divergence or convergence of flux, respectivelginPmeasurements of water-column and near-
bed processes reflect divergence or convergengeagion of the shelf seabed potentially
undergoing deposition or erosion. Evidence suggésit sediment flux is largely controlled by
discrete events (Figs. 2.7-2.8), and over the eoafshis one-year study, 33 events were
identified during which near-bed processes genéralievated SSC on the shelf. The July event,
which will be addressed specifically, was respadesibr ~40% of the f flux at this location and
resulted in deposition of up to 5 cm of new seabaterial in the region of Poverty Gap.
Despite similar wave and current conditions, thesB& showed ~1.5 cm of erosion during the

same event, suggesting flux divergence acrossvhahelf regions.
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Small mountainous rivers in temperate regions\gieally characterized as having
strongly seasonal river discharge and oceanic gr{&mgskern et al., 2011; Milliman and
Syvitski, 1992), with these two factors being welrelated in time. Although our time-series
data from the Waipaoa sedimentary system showdltaanajority of events (of all types)
occurred during the Austral winter months (June-égig 16 events), we do observe examples
of major sediment discharge and depositional eviard seasons. Such a wide temporal
distribution in forcing processes has been docuetkcealsewhere, and contrasts with the more
seasonal pattern observed at other temperate smahtainous rivers, such as the Eel (Ogston
et al., 2000), Pescara (Fain et al., 2007), anthsou California rivers (Warrick and Milliman,
2003).

2.4.1 Conditions promoting deposition and erosion

While the two locations on the Waipaoa shelf exg@ared similar physical forcings such
as wave heights and current speeds, sediment tndrespl sedimentation between the two sites
varied greatly. A comparison of bed stressore#aibed-elevation change suggests that long-
duration storms with high waves and weak currergsvaost likely to result in deposition at the
NT site (Table 2.2). While deposition can occueioa range of conditions, it appears that
deposition is more likely (than erosion or no-ch&nghen waves are >3 m with periods <11.5 s,
and current speeds are <0.1 ™(Big. 2.6). This implies that, in the absenca sfrong
circulation pattern, resuspended material on treeshielf was not typically removed by
energetic wave conditions, and that new material sugoplied via advective fluxes from
shallower and more strongly wave-resuspended aM¥dmle sediment was ultimately sourced
from the Waipaoa River, as suggested by Beesignature, the distance (10-20 km) and weak

across-shelf currents indicate that flood dischaligenot directly replenish the seabed during
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these resuspension events (Fig. 2.2). Only tigesa July 2010 event resulted in river-fed
accumulation at any tripod site, during a perio@lelvated discharge.

In contrast, erosional events at the NT site tencbincide with relatively smaller wave
heights (<2.5 m) but longer periods (>11 s) thgomodé@ional events (Fig. 2.6, Table 2.2).
Currents were typically stronger during erosionadrgs than depositional events, so it appears
that material resuspended by waves and currengsnigved from the vicinity, rather than
redeposited after the seabed energy subsidesngstroirculation on the shelf is evident from
modeling studies, which likely induces along-shielhsport that disperses sediment from the
local area (Moriarty, 2012). Erosion occurs durshgrter-duration storms that typically last <48
hours. These shorter-duration events with lowegHteand longer-period waves appear to move
sediment along-shelf and away from local sitesegfasition while shorter-period and higher
waves result in deposition. These steeper waaeggll height, shorter period; Fig. 2.6) produce
greater orbital acceleration, in addition to orbvglocity, and may be an important control of
sediment resuspension on wave-dominated shelvpanding on the findings of Woeffel and
Elgar (2003). The implication is that if steep waage effective at resuspending sediment near
the mid-shelf, resuspension will be more intensghiallower waters including sediment-laden
Poverty Bay, which can act as a short-term sedimegasitory (Bever et al., 2011). This newly
available material can then be delivered to the-shielf via diffusive, advective and/or gravity-
driven flow.

Although the ST site experienced similar environtakoonditions to the NT site, it was
net erosional over the study period, losing ~4 crbeaf elevation (Fig. 2.5). Here, waves tended
to be slightly taller and steeper during erosianadnts than during no-change events, while

current speeds were almost indistinguishable ). This observation further stresses the
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importance of readily available sediment for regmspon and deposition. The ST site is located
>20 km from the mouth of the Waipaoa River, andasdirectly down bathymetric slope from
the mouth of Poverty Bay, so it lacks a direct peath between sediment source and the deposit.
Net erosion during the study was an unexpectedtygsuen that previous work has shown that
this region of the shelf is the locus of rapid analation on multi-decadal (Miller and Kuehl,
2010) and millennial time scales (Gerber et alL®0 Though the seabed was net erosional
during this study’Be was detected in the sediment traps mounted/ataieslevations on this
tripod during all but the final deployment (wher tiipod was damaged and moved by fishing
activities, and no traps were retrieved), sugggdtmat new terrestrial sediment was nourishing
this region, but not building the bed. A possiplanation for this difference across
accumulation timescales is annual to decadal-$keadiations in the circulation and resulting
accumulation pattern on the shelf. Currents weeegminantly to the north and east at both
tripod locations (Figs. 2.2 and 2.3). Data in Wads al. (2014) and Kniskern et al. (2014) show
widespreadBe deposition on the shelf, particularly on thethem shelf. Although event
deposition sites off small mountainous rivers carc@-located with century-scale accumulation
sites (e.g. Eel River — Sommerfield and Nittrod€99), the Waipaoa shelf may be more similar
to larger systems such as the Fly River, where teatghanges in the locus of deposition on the
shelf can be controlled by subtle changes in dbaliymetry or inter-annual climatic forcing, as
discussed in Slingerland et al. (2008).

Conditions at both sites during the events thatlted in no bed elevation change tended
to be less energetic than during erosional periddss suggests that limited amounts of bed

material is locally resuspended, but not removethfthe area. Importantly, we provide
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evidence that typical energetic oceanic eventseatesulted in negligible seabed change and
thus have little chance of being recorded in thatigiraphic record.
2.4.2 Role of river discharge and event duration

On three occasions in the 2010 study year, rivéemdischarge exceeded 2000 g1,
with river SSC likely >10 gt. Surprisingly, in two of these cases (January@atbber) there
was no corresponding increase in SSC recordeckattbif tripods or in seabed elevation on the
mid shelf. Bever et al. (2011) used data from &CR at the 15-m isobath within Poverty Bay
to demonstrate that sediment was temporarily sttmélving a major discharge event, until
subsequent high waves acted to move this matdfsiaye. In their study, an ephemeral
sediment deposit of ~7 cm remained in Poverty Bayfe week following peak discharge, until
a wave event with pedlt,. >0.03 m & evacuated this newly delivered sediment. Duriag o
study, a core collected within inner Poverty Bayiay 2010 (Waipaoa River discharge ~500 m
s, Fig. 2.2) had a surface layer of ~10 cm of fluidiznud (Walsh et al., 2014). A weak wave
climate and hindered settling prevented consoladif this layer, which would have been
readily available for removal offshore in a subsaguave event. This is not to say that no
sediment leaves Poverty Bay during a major flokdiskern et al. (2014), usin@e and
geochemical tracers, observe shelf accumulatioouting for >49% of the total flood
discharge in relatively well-constrained deposésaeen the tripods and on the northern shelf,
following the January flood. This layer of terrgst material appears both thicker and more
broadly dispersed in cores collected in May 20dbpiving periods of intense bed stress with
minimal additional discharge from the Waipaoa River

Our observations on the shelf are consistent wghrisights of Bever et al. (2011) and

Kniskern et al. (this study) which suggest thatlevhiver flooding is important, post-flood
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conditions determine how and when material movéshofe. With each of the three examples of
major flooding, considerable deposition of fineigesl sediment occurred at the NT site after a
total of ~120 hours of event conditions (peak. >0.03 m &, see section 2.2). Between the
January flood and the next event with apparent sipo in March, a total of ~110 hours of
event-level bed stress elapsed (Fig. 2.10). Afteounting for tripod settling, this event resulted
in no net change in bed elevation. It seems thand the early phase of event, strong wave
activity eroded several centimeters of bed mateniblch was advected offshore. This material
was replaced by the low-bulk-density material obsérin x-radiograph, which is assumed to
have been sourced from reworked material originddiyosited in Poverty Bay during the flood
in January 2010 and advected seaward under theendé of elevated near-bed oscillatory wave
motions from the passing storm. Similarly, durthg major discharge event in October 2010,
the seabed does not show deposition until earlyeNdber, after ~130 hours of event-level bed
stress. In both of these cases, sediment hasléadve5 km over a ~120 hour period, which
suggests an average cross-shelf velocity of ~0.83.nCross-shelf velocities of this magnitude
could be driven by downwelling currents (e.g., Reigal., 2001), shelf circulation (e.g., Pullen
and Allen, 2000) or density-driven flow (e.g., Tkayski et al., 2007).

The single example of concurrent deposition withamaver discharge (July 2010)
resulted in enhanced bed building. After severke of minor river-discharge events, the July
event was driven by an intense low-pressure melegioal system which stalled offshore for
nearly a week (140 hours) with intense precipitadad high waves from the southeast.
Approximately 40 hours after the start of the mdljlood on July 1, a significant 5-cm increase in
bottom elevation was recorded at the NT site, a&fteounting for tripod settling. Prior to July 1,

a series of smaller floods had occurred, and ~11@shaf “event-level” bed stress occurred

26



between these smaller floods and the observed diemosA detailed examination of the ABS
data during the depositional event reveals twangtreflectors; one at the top of the lutocline,
and one coincident with the seabed prior to, afidviing, the wave event, interpreted as the
seabed (Fig. 2.4, inset). Typically, the ABS resmshows increasing backscatter from the
lutocline to the seabed. That the acoustic sigi@al almost entirely attenuated by the high SSC
suggests that a combination of prolonged wave greang elevated discharge resulted in the
formation of a gravity flow on the inner shelf, whiflowed to the mid-shelf and caused a rapid
bed accumulation at the NT site. Assuming a stahRause SSC profile, and using settling
velocities typical of the sediment at this locat{d8-.5 cm 8), concentrations at the top of the
wave-boundary layer approach 10'gduring this event. Furthermore, benthic-boundager
current directions indicate that this flow may haeeried material offshore through Poverty
Gap. This gravity-flow pathway is consistent wislliochemical evidence &Be measured

from a core collected in Poverty Gap in Septemiodi0AWalsh et al., 2014). Despite the fact
that oceanographic forcings were not the most etiergecorded (i.elJ-wc was not superlative,
Fig. 2.2), it seems that the longevity of near-bextions generated by this storm were sufficient
to support the delivery of the river discharge putsthe study area.

These results provide a timeframe for a previousiger-explored factor in seabed
morphology for small mountainous river systems. ild/the Waipaoa system was initially
selected to compare and contrast with other foites that have undergone similar styles of
investigation such as the Eel River (e.g., Ogstah$ternberg, 1999; Traykovski et al., 2000), it
appears that despite similar dimensions and physicalitions to the Eel, storm duration takes
precedence over intensity in controlling shelf sseht supply. Similarly, while the Waipaoa

and Waiapu systems are geographically close, lraih the Raukumara ranges and are subject
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to the comparable climates and storm impacts, reiffees in river flow characteristics and shelf
dynamics result in different responses to storrmts/and river floods. On the muddier Waiapu
(average annual sediment discharge of 35 Mt Micks et al., 2011), the river frequently
achieves hyperpycnal sediment concentrations (Hitles., 2004), and the inner shelf lacks a
sheltered receiving embayment like Poverty Baylteg) in strong coherence between river
flood and shelf response (Ma et al., 2008). Altfitostorms and floods are often coherent in the
WSS, evidence presented herein implies that floeivelayer deposition is a function of marine
conditions; fresh riverine material is seldom immag¢ely delivered to or beyond the inner shelf.
2.4.3 Seabed manifestation

While every event contributes to the sediment Baxhe shelf, the data herein highlight
that not every event is recorded in the seabethstraerywhere, nor do all event deposits get
preserved. On the Waipaoa mid-shelf, it appeatsahly two events (March 2010, July 2010;
Fig. 2.4) during our study year were translated the initial marine sedimentary record at the
tripod sites (Fig. 2.9). These events each leget@ral centimeters of apparent deposition
around the NT site according to x-radiographs aalbchemistry (see Walsh et al., 2014), and
in the case of the July event, the seabed elevdttan While the sediment cores provide
snapshots for bed modification on months-long ticatss, the seabed is in a state of nearly
constant change.

The lack of significant seasonal change in theéawéthe southern shelf is consistent
with the observations of Rose and Kuehl (2010), vépmrt minimal evidence of physically
laminated sediment and accumulation rates of 0.2%#h yi*. This is below the accumulation
rate threshold at which benthic fauna typicallyreatrsurvive (2 cm yt, Kuehl et al., 1985),

suggesting that even when riverine or recently e inner-shelf sediments are delivered to
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this region, biological activity will destroy evidee of physical strata. Based on the tripod
records suggesting consistent erosion, we did xjpeat to see the creation of any new
depositional strata. Only one of four cores caldcsimultaneously at the ST site in February
2011 (at the conclusion of our field experimenwh wavy laminations consistent with wave
reworking of the seabed. The lack’BE in this layer suggests that this resulted froavav
resuspension and bed reworking, rather than tineahaf fresh terrestrial material.

At the NT site, all cores collected were physicédyninated with moderate bioturbation,
similar to the observations made by Rose and K(&l0), which confirms that physical
processes dominate the stratigraphic record inrdlg®n of the shelf. The 2-3 cm of low-
density sediment observed in the core collectethdlay 2010 (Fig. 2.9) is most likely
sourced from the January flood-derived sedimemiity deposited within the shallow confines
of Poverty Bay. This sediment was transported aedwnto the shelf after an extended period
(=110 hours) of strong bed stress over the succg@lmonths. The wavy laminated units
overlain by low-density material in the Septemb@t@core (Fig. 2.9) imply wave resuspension,
followed by the settling of fine-grained sediment.

Combined, the sedimentary structures and timesssdata are consistent with deposits
and depositional mechanisms attributed to the veanmgported-gravity flows (Macquaker et al.
2010), where a typical deposit should contain ewgeof wave-resuspension, silt and clay
laminae, and evidence of fine-grained particldisgtt Absence ofBe in the tripod sediment
trap during the third deployment, the lack of olmamewly deposited material in the February
2011 core, and the increased degree of bioturbatitre surface layers (Fig. 2.9), are
compatible with the relatively quiescent ocean aoraks recorded during the third tripod

deployment observed during the summer months gF8). This time-series of seabed structures
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shows that, as expected, centimeters-thick evgatdaare created on the Waipaoa mid-shelf
area, but, in the absence of new deposition, ation destroys laminations within several
months of emplacement, consistent with the hypah@eposed by Wheatcroft et al. (2007) for
other continental shelves.
2.5 Conclusions

In 2010, we observed 33 instances of bed strefisisatly higher than the threshold for
seabed resuspension that generated increasetletauspended sediment concentrations at the
NT site, located on the mid-shelf immediately seawd Poverty Bay. In 19 of these examples,
seabed elevations changed by >+/- 1 cm, due tagphysical forcing. During the 8 months of
simultaneous recordings at the ST site, 13 erob@srents and 11 no-change events occurred. In
general, high and short-period (steeper) wavestteoduse a flux convergence and result in
deposition at the NT site, while strong currentd amaller height, longer-period waves lead to
erosion. In addition, longer-duration events asponsible for the majority of bed-level
increase. A lag of ~120 hours of event-level beglsstwas observed prior to Waipaoa flood-
derived sediment arriving at the NT site, with @isgal typically occurring in a series of short,
episodic periods, or one continuous, longer-dunagieent. In the two examples of apparent
seabed accumulation, >3 cm corresponding stratalsoevisible in x-radiographs of cores
collected several months later. These results dstrate that event duration is an important
control on shelf strata formation and preservation.

We also begin to address the four-dimensional eradtishelf systems, where time and
space are both important factors for consideratiadhe development of the shelf sedimentary
structure. On decadal scales, both tripod locatare depositional. Despite similar bed stresses,

and a similar distance from the coastline as thdddation, the ST site experienced net erosion
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during this year-long study. This is due, at lgmstially, to the distance of downslope sediment

travel from its source in Poverty Bay to an offi§lsenk.
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Figure 2.1 — Map of the study area, the Waipaoang&dary System, NZ. Approximate regions
of enhanced steady-state accumulation (from Madled Kuehl, 2010) are shaded in gray.
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Waipaoa River Discharge
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Figure 2.2 — Time series of water discharge froemWWaipaoa River, and significant wave

height, low-pass filtered current velocity, wavdital velocity, SSC at 26 cmab, and seabed
elevation change from the Northern Tripod. Grasshadicate periods of tripod refurbishment.
Major water discharge events (>2000 1) occur in winter, spring, and summer. Wave events

occur year round, with the highest concentratiowimmter. Note also, that the seabed is net

depositional. Gap in seabed data in July is dutemuation of the acoustic signal by suspended

sediment.
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Figure 2.3 — Time series of river water dischasygnificant wave height, low-pass filtered
current velocity, wave-orbital velocity, SSC at@6ab, and seabed elevation change from the
Southern Tripod. Gray bars indicate periods @il refurbishment. Note that SSC values
remain below 0.3 g¥, and that seabed elevation is net erosional.
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Figure 2.4 — Time series of wave-current shearoml@U-,.) and near-bed acoustic backscatter
from the Northern Tripod. Events are defined asopls surrounding peald«. >0.03 m &,

with depositional events highlighted in green, gmal events in red, and no-bed-change events
in black. With few exceptions, elevated near-bealatic backscatter occurs during event
periods.
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Figure 2.6 — Frequency distributions of wave heiglave period, wave steepness, and near-bed
current speed, for the Northern (top) and Soutfieottom) Tripod sites. Deposition at the
Northern Tripod site occurs during relatively highves of short period (i.e. steeper), and
relatively slower current speeds, while erosior$eto result from events with shorter-height,
longer-period (i.e. less steep) waves and stroogieents. At the Southern Tripod, steeper
waves tend to correlate with the observed erosievahts.
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Northern Tripod Across-shelf Flux
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Figure 2.7 — Northern Tripod cumulative sedimeuxfin the across (top) and along-shore
(bottom) directions. Positive flux is offshorefjar to the north (bottom). In addition to total
flux (solid line), flux during each type of evestdepicted with a dashed line (see legend). Note
that the July event contributes the greatest amaofusuiy individual event to the total flux in

both the across and along-shelf directions.
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Southern Tripod Across-shelf Flux
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Figure 2.8 — Southern Tripod cumulative sedimamt fh the across (top) and along-shore
(bottom) directions. Positive flux is offshorejar to the north (bottom). Note that
cumulative flux is an order of magnitude lower e talong-shelf direction than at the Northern
Tripod site, and that across-shelf flux is negligip-0 g crif) at this site.
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Figure 2.9 — X-radiograph negatives from the NarthEipod (top) and Southern Tripod
(bottom). Darker material corresponds to materiabwer bulk density. Significant physical
lamination in the Northern Tripod x-radiographsgeees evidence of wave reworking of
existing seabed material, as well as the emplaceaid¢me-grained (presumably) river
sediment. Southern Tripod cores show increasedrbiation and minimal physical lamination,
consistent with the observed, less energetic nedrebnditions.
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Figure 2.10 — Example of time lag between rivechizsge, event-level bed stress, and
deposition at the Northern Tripod site. Approxietatl20 hours of event-level bed stress are
required between the peak in flood discharge axddebevation change. A similar relationship
was observed following each of the three majorltdisge events.
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Instrument | Instrument

Elevation — | Elevation -

NT ST
Instrument (cmab) (cmab) Purpose
Pressure sensor Water surface elevation

140 --

Acoustic Altimeter 30 Seabed elevation
Electromagnetic Point velocity measurement
Current Meter 30 -
Acoustic Doppler 00 30 Point velocity measurement
Velocimeter 1
Acoustic Doppler 550 Current velocities from ~2.5 mab to

Current Meter

250-surface

sea surface

(upward-looking) surface

Acoustic Doppler Velocity in 3-cm bins from 1.5 m to

Current Meter - 120-bed seabed

(downward-looking)

Optical Backscatter 30, 100, Point suspended sediment

Sensor 200 25,50, 100 concentration

Acoustic Backscatter Near-bed suspended sediment

Sensor 0-130 - concentration (1 cm bins)

Conductivity, Salinity, Temperature, Pressure,

Temperature, Depth 130 150 Depth

Settling Camera Determine floc size and settling
200 o velocity

Seabed Camera 200 - Assess seabed bedforms

Table 2.1 — Instruments deployed on tripod franoesHis year-long study.
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NT ST
Bed Building Bed Eroding | Bed Building Bed Eroding
Storm duration longer shorter | shorter longer
Wave height higher lower | lower higher
Wave period shorter longer no trend
Mean currents weaker stronger no trend, but < than at NT

Table 2.2 — Summary of relative conditions duriegasitional and erosional events at the NT
site, and bed-neutral (no-change) and bed-erodiagts at the ST site.
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Chapter 3:

In-situ observations of wave-supported fluid-mud geeration and deposition on an active
continental margin

3.1 Introduction

Small, mountainous rivers (SMR) deliver sedimenhtocean at rates
disproportionately high relative to their basinaace water discharge (e.g., Milliman and Meade,
1983; Milliman and Syvitski, 1992; Milliman and Faworth, 2011). On active continental
margins, the relatively short distance betweenrnweuth and deep-ocean sink allows for the
potential of rapid delivery of this fine-grained t@@al — and any associated nutrients or
pollutants — to an ocean sink (e.g., Milliman amtitski, 1992; Ogston et al., 2000; Traykovski

et al., 2000; Islam and Tanaka, 2004).

Recent research has identified gravity-driven sedinflow as the dominant mechanism
for seaward transport in many shelf settings anir@emments including active continental
margins (e.g., Gulf of Bohai — Wright et al., 198&| Canyon and shelf - Puig et al., 2000;
Traykovski et al., 2000; Waiapu shelf, NZ - Ma kbt 2008). Wave-supported fluid muds
(WSFM) are a specific type of gravity flow in whigkave energy resuspends, or maintains in
suspension, the material in transport (e.g., Wib20§0; Wright et al., 2001; Puig et al., 2004).
WSFM have been observed associated along activgimsge.g. Ogston et al., 2000; Traykovski
et al., 2000), passive margins (e.g. Jaramilld.e809; Kineke et al., 2006), and in the rock
record (e.g. Macquaker et al., 2010). Seabed dyrsgcain impact chemical (e.g., organic
material and porewater) and biological (e.g., in@yprocesses (e.g., McKee et al., 2004;
Wheatcroft et al., 2006). Furthermore, the medrarof transport can impact the sedimentary

record and thus its interpretation (Macquaker e28l10). The specific environmental
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conditions required to generate WSFM are diffitalpredict, and the high-sediment
concentrations generated are challenging to docuusémg acoustic and optical instrumentation.

As a result, the body of literature documentinghsflews is small but growing.

This study will investigate a WSFM which occurredtbe Waipaoa River shelf (New
Zealand) in July 2010, at a mid-shelf location néar40-m isobath. We will use a combination
of observational data and analytical solutionsljainderstand the conditions in which the
WSFM formed and compare them to the theoreticahidations, 2) describe and analyze the
resulting deposits, and; 3) predict temporal aratiappatterns of deposition associated with

WSFM along a cross-shelf transect.
3.2 Background
3.2.1 Regional setting

The Waipaoa River is a small, mountainous rivet tiains the Raukumura range on the east
coast of the North Island of New Zealand (Fig. 3The relatively small catchment (2205 ¥m

is located within the tectonically active Hikuramgargin, and receives considerable rainfall
(250 cm yt* at the headwaters, 100 cnihat the coast; Hicks and Gomez, 2000; Page et al.,
2001). River floods are relatively short-lived (g&ys) events, which tend to occur during the
austral winter months (July-September). Howevejomfloods (~1900 rhs* water discharge)
can occur in any season (e.g., Reid, 1999; Hadé,62014). Collectively, these forcings result
in an average annual sediment discharge of 15 Milchwputs the Waipaoa among the highest-

yield rivers globally (Walling and Webb, 1996; Heclnd Gomez, 2000).

The Waipaoa River delivers water and sedimentiRaeerty Bay, a relatively small (62

km?), shallow (<30 m) embayment which opens to thé-sastheast (Fig. 3.1). Sediment
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discharged during river floods is either tempoyastiored within the confines of the bay, or
advected offshore (e.qg., gravity-driven flow) (Beeteal., 2011; Hale et al, 2014; Kniskern et al.,
2014; Walsh et al., 2014). Wave energy has a niapact on the trapping efficiency of Poverty
Bay, and as much as half of the sediment froma@dflcan be stored within the bay when
discharge events occur during a period of quiesoesdnic conditions (Bever et al., 2011,
Kniskern et al., 2014). The continental shelf se@hof Poverty Bay is relatively narrow (< 20
km) and flat (average slope ~0%L4and is bounded on its seaward edge by a paintiflines

(Fig. 3.1). The fastest steady-state sedimentragtation observed on the shelf (~2 critlyr
occurs behind these anticlines (Miller and Kuebil@. The mid-shelf region between these
features shows significant physical lamination @&asd Kuehl, 2010) and minimal
accumulation on decadal scales (Miller and Kue®l,®, suggesting a highly energetic
depositional environment. Wave energy is the damimechanism controlling sediment
resuspension and off-shelf flux from the mid-sheith longer-period waves of lower wave
height (i.e., not locally generated) typically ritisig in seabed erosion, and shorter-period, taller
waves more likely to result in sediment depositarthe mid shelf (Hale et al., 2014). In
general, river-flood sediment escapes Poverty Bayaresult of sequential oceanic storms,
defined herein as extended periods of shear vglo6itd3 m &. When storms are of sufficiently
long duration (~120 hours), coherence between disaharge and the energetic ocean result in
the rapid transport of sediment to and beyond timimental shelf (Hale et al., 2014), a
phenomenon observed in similar SMR environmentsidisre (e.g., Ma et al., 2008; Wheatcroft
et al., 2010). The large and episodic terresseaiment signal, combined with the wide range of
oceanic forcing conditions, make the Waipaoa Sediarg System an excellent location in

which to study the fate of sediment from small SMRs
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3.2.2 Fluid muds

Fluid muds moving across an inclined surface ageagity-driven mechanism that can
transport large quantities of sediment across Iagitiyc gradients. Because of their extreme
concentrations, fluid muds have the capacity togpart sediment at greater magnitudes than
other advective processes (e.g. Ross and Meht8; Cafston et al., 2000; Traykovski et al.,
2000), and always with a component in the downs(bp®cally off-shore) direction. The
importance of fluid muds for sediment transport besn recognized in estuarine (e.g., Kineke et
al., 1986) and shelf environments near mouthsrgelavers (e.g., Wright et al, 1992). The
mixing of fresh, sediment-laden river water andysatean water can form aggregate particles
and generate convergent estuarine flow, developingar-bed layer of very high suspended-
sediment concentration (SSC) that can move seawater the weight of its own gravity (e.g.,
Kineke et al., 1996; Nichols and Biggs, 1985; Ogstbal., 2008). More recently, fluid muds
have been observed where bed stresses resuspendifitain in suspension) seabed sediment at
sufficiently high concentrations to allow for dovimse travel via gravity (~10 g e.g.,

Traykovski et al, 2000; Puig et al., 2004; Sculiyak, 2002). Examples of these flows on the
continental shelf include examples where resusparisidue to currents (e.g., near Huange
River, China— Wright et al., 1990), waves (e.gamteel River, CA — Traykovski et al., 2000), or

a combination of currents and waves (e.g., neag@eRiver, NZ — Ma et al., 2008).

Previous theoretical development has providedrémaework with which to predict the
behavior of WSFM, which in the simplest form candescribed as a momentum balance
between a downslope pressure gradient and an agplositom stress (e.g., Wright et al., 2001,
2002; Scully et al., 2002, 2003; Friedrichs andghfj 2004; Wright and Friedrichs, 2006; Ma et

al., 2008, 2010). In general, the pressure gradecontrolled by sloped), gravitational
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accelerationd), weight of sediment in wates)( depth-integrated suspended-sediment
concentration@), and the density of sediment). Bottom stress is controlled by the
coefficient of dragCp), and the maximum velocityu]), which is the square root of the sum of
wave-orbital velocity {y) squared, gravity-driven velocity)g) squared, and (depending on
theoretical development) current speed at the heigtne lutocline Y.) squared (Eq. 1, 2)(e.g.,

Scully et al., 2002; Friedrichs and Wright, 2004).
Ug=aRip|u|Cp™, where (1)

Rir=gsGos |ul? @)

Regardless of the specific version of this forclaubee, a pivotal assumption is that above the
critical bulk Richardson number (fRiof 0.25, sediment-induced stratification limitskiulence,
which eventually results in particle settling (e-frowbridge and Kineke, 1994; Scully et al.,
2002). Below R turbulent energy can continue to draw additi@eabed material into
suspension. When theRriterion is met, the entire bottom boundary lagdilled to its

maximum capacity with sediment (Friedrichs and \Wri@004).

Acquiring detailed observations of WSFM in fieldsked studies is challenging, due to
their localized and ephemeral nature. Furthermasig sensitive instrumentation capable of
detecting thin, near-bed layers in a harsh oceamamment is difficult. To improve our
understanding of the controls of WSFM dynamicsesahstudies have successfully generated
high-density formations in laboratory flumes (elgamb and Parsons, 2005; Houshmand, pers.
comm.), and numerical simulations (e.g., Ozdemal.e2010a; Ozdemir et al., 2011). These
studies provide the opportunity to control indivadly the specific drivers of WSFM (e.dJy,

SSC ,a), and to observe their behavior in detail. Howevelatively few field-based studies
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have evaluated the complexities associated with M/&ffmation in a natural setting. The
Walipaoa Sedimentary System provides an excellgmrtymity to study the formation of fluid
muds on the continental shelf, as sediment suppiy fiver floods coincides with strong
oceanic forcings (e.g., high waves, strong curj@ntsome cases, whereas in other events, the
river discharges into a quiescent ocean. Thistaof conditions allows for useful comparisons

of WSFM formation processes.
3.3 Methods
3.3.1 Instrumentation

The data presented here were collected as parttofer, year-long project on the
continental shelf offshore of the Waipaoa Riverl@Hzt al., 2014; Walsh et al., 2014). This
study of WSFM generation and deposition focuse4@mhours (~17 days) of data from early
July 2010. Data were collected at two locationsanrly bursts using acoustic and optical
instrumentation deployed on tripod frames (Fig),3ahich recorded the near-bed and water-
column movement of water and entrained sedimenxlfa concurrent changes to the seabed.
Tripod locations were selected based on previadies of seabed characteristics for the
Waipaoa shelf (e.g., Miller and Kuehl, 2010; Rosd Kuehl, 2010), and hydrodynamics within
Poverty Bay (Bever et al., 2011). More specifigailypothesized transport pathways from the
river to shelf depocenters were targeted for retedrhe “inner” tripod (NT in chapter 2) was
deployed on the inner mid-shelf at 37-m water dé€ptf. 3.1), where the seabed is characterized
by significant physical lamination (Rose and Kuet@l10). The “outer” tripod was deployed
~10 km seaward, down bathymetric gradient on theremid shelf at 50-m water depth (Fig.
3.1). This study uses data from optical backscattasors (OBSs), acoustic Doppler

velocimeters (ADVs), upward-looking acoustic Doppiarrent profilers (ADCPSs), pressure
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sensors, and an acoustic backscatter sensor (ABS)ransducers at frequencies of 1, 2, and 4
MHz (shallower tripod only). Data were collecteauily in six-minute bursts, which were then
time averaged to produce a single measurement @HEADV) or profile (ADCP and ABS) for
each hour. Wave heights were determined by extatipg from near-bed velocity and pressure
fluctuations using linear wave theory. Estimateeastvelocities were calculated using the
Grant-Madsen model (Madsen, 1994). Current veescit the top of the lutocline were
estimated from single point observations at 1 mabewve bed (mab) and extrapolating
downwards using the Law of the Wall. Seabed eienatas determined to the nearest 1 cm,
based on the strongest acoustic reflection obsdygkxv the lutocline. In addition ta situ
instrument data, wind speeds and directions wetr@a&rd from a hindcast climate model
(EcoConnect®) operated by the New Zealand Natibrstitute of Atmosphere and Water
(NIWA), which uses observational data to predicac conditions at a variety of spatial and

temporal scales.

OBSs were calibrated in the laboratory followingldgment, in a manner similar to that
of Ogston et al. (2000). Sediment from the tripmzhtion was added incrementally to a
continually mixed container, and the OBS resporsended. Subsamples were extracted at
each sediment increment, and filtered at Qudbto determine total suspended matter. The
resulting linear relationship between instrumespmnse and measured SSC was applied to the
time-series data. Unfortunately, OBS data frommnioge seaward tripod could not be calibrated,
as the instrument was destroyed by the harsh ca@aronment during a subsequent
deployment. Data from this instrument are preskmteéheir raw units (volts) instead of

calibrated units (g).
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ABS calibration required a multi-step process, rfiedifrom Thorne et al. (1993) and
Traykovski et al. (2003). The instrument was suaslge in a continually mixed 100-I container
in the laboratory. For low sediment concentratietisg '), calibration was similar to that of the
OBS described above, where sediment collecteckatitiod site was added to the well-mixed
container in small increments, with sub-sampletectdd and filtered to determine SSC at each
concentration and at multiple elevations within téwek. Data were corrected for spherical
spreading and distance from acoustic source (&fterne et al., 1993). As with the OBS, a
linear relationship between the acoustic respormse the 1-MHz channel and measured SSC
was expected (Fugate and Friedrichs, 2002), and @wbtermined, was applied to the time-series
data (Fig. 3.2). The 1-MHz channel was used fdh Iseabed elevation and SSC measurements
because it is less susceptible to attenuationdasatd sediment concentrations than higher-
frequency channels. Despite this advantage, aterdrations >1 ¢, the material in suspension
absorbs sufficient acoustic energy to result iaduction in backscatter amplitude from distal
bins (Thorne et al., 1993). To account for thig] aubsequently infer SSC, a recursive
algorithm was used, based on distance from thedssomrce, the observed instrument response,
and a sound-absorption parameter specific to tthiensat from the study area (eq. 14 in Thorne
et al., 1993). Sound absorption was determineididrgmentally increasing the SSC in the well-
mixed container to >10 ¢') and calculating the reduction in backscatter #om# from the
instrument in the first (most-proximal) bin to teecond bin (Thorne et al., 1993; Traykovski et

al., 2004).

The recursive algorithm works by adding the sigeduction due to the concentration of
the first bin to the signal in the second bin, actog for the amplitude reduction as determined

by the sound absorption parameter. This procasersrepeated for the entire ~1 m of ABS
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range. One drawback of this method is that aigefftly great concentrations, a numerical
instability prevents the recursive loop from clasiwhich results in physically impossible
concentration estimates (Traykovski et al., 2008BS instruments have been calibrated in a
similar manner to this study, using a maximum $883 g I', based on the sound absorption
parameters of their specific suspended-sedimetittiton (Traykovski et al., 2004). In flume
experiments with a similar grain-size distributtorthis study, observed SSC maxima were 50-
70 g I* (Houshmand, pers. comm.). In our study, we emplmagimum SSC of 50 §'l(Fig.

3.2). The sound-absorption parameter is reasoni&blet slightly conservative, based on the
favorable comparison of SSCs observed by the 2636DBS and the co-located ABS bin (Fig.

3.2).
3.3.2 Gravity-driven velocity

In this study, we estimate gravity-driven veloaising a combination of equations from
Scully et al. (2002) (Eq. 1, 2). Seabed slope detsrmined from local bathymetry sourced from
GeoMapApp (http://www.geomapapp.org), which usda dam previous NSF-funded studies
in this region (e.g., Kuehl et al., 2006). Bathyneedata were gridded at 144-m resolution.
Constant values were assumed for the densityio&tglsediment (2650 kg Hhand the
coefficient of drag (0.003). Current speeds, daptibgrated SSCs and wave-orbital velocities
were measured using the instrumentation as descaibeve. Based on calibrated ABS data, the
lutocline was typically coincident with the 1 §isocline, and was defined as such in this study
(Fig. 3.3). Under the assumption that gravity-envlow will only occur when the boundary
layer is full (e.g., Friedrichs and Wright, 200&).1 was only solved for time periods when the
lutocline was above the height of the predictedngauy layer (Fig. 3.3). A complete list of

variables and solutions, and their respective raicga be found in Table 3.1.
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3.3.3 Cross-shelf sediment transport

To address whether material resuspended at thetimmed site could have exited the
continental shelf during a wave-supported gravibyvfevent, a simple 2-D numerical
experiment was performed. In this experiment, Eeyas sequentially solved for every cell of a
cross-shelf transect from the inner tripod locatioa outer shelf where slope could maintain a
WSFM with no additional wave or current energy @3, 4riedrichs and Wright, 2004). Initial
Uy was calculated for each hourly burst (“packet"ylata where WSFM assumptions were met
as described above, based on conditions at the timped. ThenJy was calculated at each 144-
m cell of the cross-shelf transect, under the aptiomthat the SSC remains constant in every
cell. Due to the lack of oceanographic data betvtke tripod locations, |u| calculated along this
transect neglectéd.. Eq. 1 also required an estimatd ffor every water depth, which we
determined using linear wave theory in a methodmasd by Wiberg and Sherwood (2008)
based on significant wave heights and dominant vpaveds from the inner tripod. This
approach tends to overestimétg, though the impacts are likely trivial relativedther
assumptions in this method (i.e., constant cros#-§8C, and SS€50 g ['). Having
establishedJq for all cells at each observed SSC, every paclstwoved offshore (downslope)
based on the product bfy and time. Each packet is moved offshore for th@fibon of event
conditions observed (i.e. within the 405-hour-l@wgnt, packet 1 is subject to 405 hours, of
transport; packet 405 is subject to 1 hour). legieg with the simplicity of our approach, we
assumed that SSC remains uniform for each paagdyaless of changék,, Ug, ora.
Furthermore, we assumed that each packet behastedendently of all other packets (i.e., a

faster-moving sediment packet did not combine witlower-moving packet). The assumptions
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of our approach resulted in a conservative estireatbothUy, anddistance traveled by the

WSFM.

Having determined the gravity-driven velocity tbe duration of the event across a shelf
transect, we also investigated the potential teadord spatial distribution of sediment
deposition, based on flux convergence and divemyéng., Scully et al., 2002). Convergence
typically results in deposition, while divergen@naesult in either erosion or non-deposition
(e.g., Ogston et al., 2000; Scully et al., 200&) the inner tripod, we used the gradient of flux
and the bed slope to predict cumulative deposfiien solved eq. 13 from Scully et al., 2002).
Across the transect described in this section, seelthe gradient of flux to predict locations of
deposition, which were then compared with sedimegtcal and radiochemical studies of the

seabed (e.g., Miller and Kuehl, 2010; Walsh et24114).
3.4 Results
3.4.1 Observed conditions

This study focuses on near-bed conditions duriegdthb hours surrounding and
including the WSFM event in early July 2010. Thansport event was responsible for ~40% of
the net-annual cross-shelf sediment flux at 1 nrathe mid-shelf (Hale et al., 2014). The
calibrated ABS data in this study confirm that &erg in early July generated a WSFM at the
inner shelf tripod, with maximum concentration$d0 g I* (Fig. 3.3). The fluid-mud event
can be broken down into four phases. Initiallynase energy increased, sediment was
gradually brought into suspension, with the lutoelreaching the height of the wave-current
boundary layer after ~20 hours of wave forcing (Bd0-71, Fig. 3.3). Winds during phase |

strengthened from 5 to 10 rit,sand shifted clockwise from the northeast to thetlswest (Fig.
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3.3). Depth-integrated SSC during the initial ghags < 0.7 g cifi and current speeds ranged

from 0.05-0.15 m&

Phase Il of the fluid-mud event was a period ofteaed high wave energy( > 0.2 m
s1), from hour 72 to hour 132. The lutocline reachedaximum elevation of 0.26 mab, more
than double the height of the calculated boundaygr during the same time period (0.11 mab;
Fig. 3.3B). Depth-integrated concentration peakiet0.8 g crif, andV, was much faster than
during phase I, ranging from 0.10-0.45 W(Big. 3.3). Currents at 1 mab remained in the net-
offshore direction continuously, and were genersiigpnger than currents 3.5 mab, by an
average of ~0.08 m'gFig. 3.5). Winds during this period were strgrg0 m §'), and from the

south-southwest (260Fig. 3.3).

During phase Il (hours 133-178),, andV, decreased dramatically. Depth-integrated
SSC initially reduced to 0.5 g émuntil the collapse of the lutocline condensedsispended
material into ~50% of its previous volume, incregdine SSC accordingly (Fig. 3.3). Wind
direction remained from the southeast to southyrelt0-200, Fig. 3.3), though velocity
dropped below 5 m’s In phase 1V, the final event phase, the bountargr was periodically
filled with sediment until hour 350, when the higbacentration, fluidized layer disappeared
entirely (Fig. 3.3).U,, andV. remained relatively low during this period, andds were

generally light (< 5 m'Y and directionally variable.

Due to the lack of instrumentation focused withia bottom boundary layer at the outer
tripod, observations were somewhat limited. SSQ@.&56 mab increased associated with storm-
induced wave and current velocities (Fig. 3.4BhisTinitial peak in SSC appeared to decrease
after ~50 hours, despite continued strbhgand current velocities. Interestingly, SSC peaked

again following a reduction ib,, and current energy. The duration and shape s&tB&C
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peaks at the outer tripod were similar to peakb@OBS record from the inner tripod. Cross-
correlation of the OBS records from each tripodatamn (Fig. 3.4B) reveal a relatively strong
peak correlation fr= 0.59) at a time lag of 23 hours. Current spdeg®b and 3.5 mab were
similar in both magnitude and direction, and wesesistently strong and to the northeast (50

for hours 80-130, with little change in directiatata not presented here).

3.4.2 Empirical solution for downslope velocity

At the inner tripodUg was determined both with and without the inclusidN.in the
calculation ofy|. In general, the two compared favorably, thotwgithout” typically resulted in
WSFM velocities 0.005-0.01 m'‘daster. The values reported in this section (@&bl; Figs.

3.4 and 3.5) represent the more conservative esjmaich include/., unlike the cross-shelf
transport experiment whexg was neglected. During phase | of the WSFM, thecline
remained below the predicted boundary-layer heaglittherefore the criteria for gravity-driven
flow conditions were not likely met. During phdsecalculated, peak, gravity-driven velocities
were <0.025 m'§ coincident with the period of highest SSC at Hei(Table 3.1; Fig. 3.4). A
brief reduction in depth-integrated SSC occurreaiad hour 120, which, combined with a
period of enhanced,, had the net effect of slowirgy to <0.01 m 8. While conditions for
gravity-driven flow were met during phase lll, thepth-integrated SSC appeared to decrease
drastically, resulting in sloweyy(<0.02 m ). During phase IV, the boundary layer was filled
only periodically, and when criteria were mdg, approached a maximum of 0.01 th@able

3.1; Fig. 3.4).

3.4.3 Cross-shelf transport
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Predicted gravity-driven velocity tended to increasthe offshore direction due to the
generally increasing slope, for all sediment paskstamined in our numerical experiment. The
maximum gravity-driven velocity (0.26 nisoccurs during phase Il of the WSFM (hour 92;
depth-integrated SSC = 10.8 g3nL0 km seaward of the inner tripod, near the roinigod and
shelf break (Fig. 3.4). Of the 405 modeled sedinpackets that we initiate tracking at the inner
shelf tripod, 90 were capable of reaching the megibself-sustaining flow in the time available
(Fig 3.5). The sediment associated with thesea@Bgts (22% of total event time) represents
75% of the total sediment flux that passed therishelf tripod, below the lutocline, over the
course of the event (Figs. 3.4, 3.5). The timeafpacket to travel from the inner tripod to the
shelf edge (~12 km), under the influence of graalgne, ranged from 50-300 hours, with an
average of 132 hours (Fig. 3.4). Because the redjliaseline conditions for fluid mud
generation were not met during phase I, no padkats this time period exited the shelf due to
gravity-driven flow. Over the same time periodyss-shelf currents were capable of moving

sediment a net distance of 3 km offshore.

Cross-shelf current velocities (1 mab) were coastby offshore only during phase Il of
the WSFM,; all other phases of the event exhibited feversals consistent with semi-diurnal
tidal fluctuations (Fig. 3.5). Similarly, the heigbf the lutocline remained well above the top of
the predicted bottom boundary layer. Maximal SSlDeswere observed in the OBS data at
both the inner and outer tripod locations during §econd phase (Fig. 3.6). Furthermore, of the
60 packets generated during phase Il, 54 weretaldrit the shelf environment over the course
of the event (Fig. 3.5). Cross-shelf currentsmyithis same period moved 18 km in the offshore
direction, reaching the shelf edge in approxima®€hhours, which was similar to the travel time

of the fastest-moving gravity-driven sediment paske
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During phase lll, waning oceanic conditions (anel ¢tbrresponding reduction in SSC)
resulted in only 20 of 43 packets escaping thef gmelironment (Fig. 3.4). Because the ambient
cross-shelf currents experienced periodic flow reais during this phase (Fig. 3.5), the net off-
shelf travel distance due to currents was only 2 Bhase IV exhibited a continued reduction in
gravity-driven export, with only 16 of 173 packetgting the shelf. Similar to phase lll, cross-
shelf transport due to currents in phase IV wascaéid by tidal reversals, resulting in a net

distance of ~5 km.

Cumulative deposition, predicted using the gradagrilux and bed slope at the inner
tripod, was highest during phase Il (~0.04 m; Fi§).3 There was also minor deposition
(<0.005 m) predicted during phase lll. Seabedatlem as measured by the ABS increased by
0.03 m in phase Il, 0.05 m in phase lll, and 0.0xiphase IV (Fig. 3.6). Because seabed
elevation from acoustic instruments can changesédenent deposition and erosion, as well as
the instrument package settling into the seabedxaenined the time-averaged, tidally filtered
water pressure, which increased by ~7 cm over thesemf the event (Fig. 3.6). Deposition
was predicted between transect km 4-6, and imnmedgiaéaward of the outer tripod, for all

bursts in the cross-shelf dimension (Fig. 3.4).

3.5 Discussion

WSFM are localized and ephemeral, and documenti@gpin situremains a challenge.
Detailed observations of near-bed conditions allewo develop an understanding of at least
some of the processes responsible for WSFM formatievelopment, and collapse. The
differences in driving forces between the four é\atages have dramatic consequences in the
behavior of the WSFM, with implications for sedimh@ccumulation and off-shelf transport

(Table 3.1). Comparisons between the differenspidor WSFM, as well as the likely behavior
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of the WSFM across the shelf, allow us to undedstaatter the depositional environments

described in previous research (e.g., Miller anepu2010; Rose and Kuehl, 2010).
3.5.1 Evolution of the fluid mud event on the midedf

During the initial phase of WSFM generation on ithreer shelf, the gradually
strengthening wave climate resuspended local seahégtial to concentrations >14 | Though
there had been a series of smaller (<66&Hfloods in May and June prior to this event, there
was insufficient sediment available to overcomeftlotional forces in the balance from eq. 1.
While the sediment in suspension may have beespaated to the site at relatively low
concentrations, shear velocities during this pheee in excess of the threshold for
resuspension, (0.008 rit:sHale et al., 2014). SSC profiles exhibited aalitmic increase

toward the seabed (Fig. 3.2F).

In the second stage of the event, the SSC prdfiteiacreased logarithmically toward
the seabed, but reached an inflection point neawtive-current boundary layer, below which
concentrations remained relatively uniform downh® seabed, assuming a shape described by
Ozdemir et al. (2011) (Fig. 3.2). In fact, theokline appeared to be as much as 0.15 m above
the top of the predicted wave-current boundaryralyeing this stage, and this was coincident
with an increase in current speeds (and, correspoiytU-,), and SSC >>10 g'l(Fig. 3.3).
Numerical and physical modeling experiments sugtpedtat large values for SSC, standard
estimates of boundary-layer thickness may be imatewue to turbulence damping (e.g., Lamb
et al., 2004), and possible laminarization of fhelfzed layer (e.g., Trowbridge and Kineke,
1994; Winterwerp and Kessel, 2003; Ozdemir e28l1,1). During this second phase, Ras
well in excess of the critical value of 0.25, inatiog that gravity-driven transport should have

occurred (Table 3.1) (e.g., Trowbridge and Kinelk&94; Scully et al., 2002). Traykovski et al.
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(2000) observed gravity-driven velocities >20 cfros the Eel shelf during an event in 1998,
which Scully et al. (2002) subsequently modeledieately using the same formulations
employed in this study. On the Waipaoa shelf, Wseoved relatively slow gravity-driven
velocities at the inner shelf tripod (<0.03 i Eig. 3.4; Table 3.1). This difference in
downslope velocities between the Waipaoa and EBtésys likely results from a combination of
our conservative estimate of the depth-integra®@,&nd the extremely shallow slope of the

mid-shelf on the Waipaoa margin (0°L4elative to the Eel margin (0.34

During the third phase of WSFM, SSC decreased lppidund hour 130, coincident
with a rapid reduction i« (Fig. 3.3). This brief period of relative calrkdiy allowed for the
deposition of sand and coarser silts, leaving timdyfiner grains in suspension. Fine-grained
sediment is more acoustically transparent thanseoanaterial (Cartwright et al., 2013), and the
relatively low SSC observed from hours 133 — 155 waeflection of this; the absence of sand
grains prevented the complete absorption of thesttmenergy, and precluded the occurrence of
the numerical instability described in section 3.2During the brief increase in current speed
around hour 145, there was a corresponding inclieasear-bed SSC, suggesting that additional
material was resuspended from the bed, thoughnoatgh to completely attenuate the acoustic
signal within the layer (Fig. 3.3). The continutrease in the elevation of the lutocline at hour
155 resulted in a concurrent increase in SSC @FR), and may be attributed to two causes.
First, sediment suspended in the combined wavesguboundary layer collapsed into the wave
boundary layer, as both current and wave energiyedsed. Theoretically this would increase the
mass of sediment per unit volume (e.g., Traykoeslal., 2004). In addition, fluid-mud
concentrations should have resulted in a conditibare the sediment fall velocity was hindered,

which serves to maintain elevated SSC within theeW$ayer (Fig. 3.3; e.g., Mehta et al.,
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1986). This combination of hindered settling anoderate wave energy and tidal currents was
responsible for maintaining particles in suspen$iorthe final phase of the event, which lasted
for an additional 175 hours (hours 175-350; ~7.2syaThe lutocline height was coincident
with the height of the predicted bottom boundagetgoeriodically, corresponding in time with
tidally driven current-speed maxima (Fig. 3.3), ethsuggests the potential for modest gravity-
driven flow. Gravity-driven flux during this portioof the flow was correspondingly low, when

compared with the periods of higher SSC (Fig. 3.6).
3.5.2 Implications for cross-shelf sediment transpo

Our observations demonstrate that a WSFM occumieidglthis event at the inner-shelf
tripod location. In addition to our measurementgdlee inner shelf, a near-bed OBS on the outer
shelf tripod showed a SSC peak following the redncdf local wave and current energy,
suggesting the arrival of gravity-driven flow imilly generated elsewhere. WSFM was not the
only mechanism by which sediment could be adveitte¢de outer tripod site during this event.
Winds during the entire second and third phasé@WSFM were strong and from the south to
southwest, creating downwelling-favorable condisighig. 3.3). At the inner tripod,
downwelling was observed in the upward-looking AD@&ocity data ~50 h following the onset
of these conditions, and distinct water-column slegésted between hours 118-239 (Fig. 3.5).
Downwelling currents, however, would require ~5@ hraverse from the inner tripod to the
shelf edge, based on a cumulative summation cdtkeage current speed at the inner tripod site
(2 mab) during the period of enhanced downwellige enhanced near-bed currents prior to
and during this time period indicate that downwgloccurred in addition to, rather than in lieu
of, gravity-driven flow. As such, it is unlikelyy&t wind-driven downwelling currents were the

sole responsible mechanism for the initial puldesuspended sediment observed.
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Currents 1 mab were stronger in the offshore doadhan currents 3.5 mab throughout
phase Il, a condition that began well before dowhmgewas observed in the upward-looking
ADCP data (e.g., hour 76 vs. hour 118; Fig. 3EQrthermore, currents 1 mab were exclusively
in the offshore direction throughout phase Il (ne.tidally induced direction reversal), while
currents 3.5 mab and higher in the water columribgtelal periodic velocity modulation or
complete flow-direction reversals due to tidal foge(Fig. 3.5). The enhancement of seaward-
directed currents via gravity-driven flow has belemonstrated in other shelf environments
(e.g., near the Huanghe River, China — Wright et1890; near the Fly River, Papua New
Guinea — Martin et al., 2008), and was likely ocig throughout phase Il and into phase Il of

the WSFM event (Fig. 3.5).

Assuming that the calculated gravity-driven velpeias the only influence on
transporting sediment within the fluid-mud layee van make a conservative estimate of
sediment flux below the lutocline, and compareithvlux estimates in the overlying near-bed
(<1.2 mab) region. Data indicate the potentialsiobstantial sediment to have escaped the shelf
in the WSFM layer during this event, despite thede® gravity-driven velocities (<0.03 n)s
at the inner tripod site, and relatively short diaraover which they operated. At the inner
tripod, the cross-shelf cumulative sediment fluthivi the WSFM layer was ~1900 g éover
the course of the event (Fig. 3.6). This is neanyorder of magnitude greater than the
cumulative flux between the top of the WSFM layed a1.2 mab (~200 g ¢fmFig. 3.6). What
is more notable, flux during the WSFM event wasadtrexclusively during phase I, when flux
in the overlying layer was minimal, totaling only2€lg cn¥ (Fig. 3.6). Flux above the WSFM
layer was controlled by shelf currents that werkeast partially driven by coastal downwelling

during phase Il, which highlights the relative imamce of WSFM in exporting sediment from
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the shelf environment. This has not been docundgmieviously for the Waipaoa margin,
although cross-shelf transport in this manner asegn observed elsewhere (e.g., Ogston et al.,
2000; Traykovski et al., 2000; Jaramillo et al.02p Furthermore, despite the relatively low
velocities at the inner shelf tripod location, INSFM has the potential to accelerate as the

seabed steepens offshore.

Our analytical solution suggests that the fastesting packets (i.e. largest negative
buoyancy due to sediment loading) would require 5@ travel from the inner tripod to the
region of self-sustaining flow (Fig. 3.5). The sed pulse of elevated SSC observed at the outer
tripod occurred during a period of waning oceamnditions, suggesting the arrival of material
from farther inshore. The specific timing of theajs observed within this second pulse
resembles that of the OBS record at the innerdripag. 3.4), with a 23-h delay. Also, SSC
does not correlate witb«,. at the outer tripod during this period, indicatthgt material arrived
via an advective process rather than local resisspenThese results agree with observations
drawn by a numerical model associated with thisassh (Moriarty et al., 2014). During the
initial model simulation, which did not include grgy-driven flow, all river-flood material was
deposited in or near Poverty Bay. With the incoagion of a gravity-driven flow module, their
model accurately recreated the pattern of rivendldeposition observed by Walsh et al. (2014).
It is clear, therefore, that while downwelling oo®d during this event, and likely played a role
in cross-shelf sediment transport, WSFM was regptnBr an important, and likely dominant,

component of the sediment flux.
3.5.3 Sediment deposition in time and space

Shelf sediment deposition, to a first order, istoalied by convergence or divergence of

flux (e.g., Ogston et al., 2000; Scully et al., 2D0ldeally, the gradient of flux, therefore,
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indicates where we can predict temporal or spagalds in sediment deposition (e.g.,
Traykovski et al., 2000; Scully et al., 2002). ttve case of our analytical solution for gravity-
driven velocity, SSC exerts a first-order contreépboth terms comprising flux (velocity and
concentration) and as such, gravity-driven flow 8o are covariant. We are therefore able to
examine the spatial derivative of gravity-driveroagy, rather than flux, to predict convergence
along the transect described in our analyticaltsmiufor Ug. Predicting seabed change in
systems where sediment transport is driven by massical advective mechanisms, and flux
and flow do not necessarily vary together is adiff process, which would require a different
and more complex method (e.g., Ogston et al., 2B0O@ et al., 2001; Ogston et al., 2008). On
the Waipaoa shelf, gravity-driven velocities teadkw as the slope decreases between transect-
km 4-6, suggesting the possibility of enhanced dejom in this region (Fig. 3.4). This
correlates well with the findings of Miller and Khig2010), who observe enhanced sediment
accumulation rates >5 mm¥in this region of the mid-shelf (Fig. 3.1). Treabed
radiochemical data from Walsh et al. (2014) alsmaskigns of recent deposition of terrestrial-
sourced material in samples collected in this negioring September 2010, ~2 months after the

WSFM event.

We can also predict deposition through time, byngrang flux convergence and
divergence at the inner tripod site. Here, cunivgadeposition estimated from the gradient of
wave-orbital velocities and shelf slope (eq. 1$aully et al., 2002) compares favorably with the
depositional pattern observed in the ABS data (&ig). When the 5-cm change in observed
seabed elevation associated with a pressure cliaeg® tripod settling (Hale et al., 2014) is
accounted for, the similarity becomes even moreatsvand the prediction of deposition is

accurate to within 1 cm, which is the resolutiortled ABS (Fig. 3.6).
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Despite the limitations of our field instrumentatiand the assumptions necessary for
predictions of deposition, we can draw reasonastienates of seabed change due to oceanic
processes, both spatially and temporally (FigsaBd} 3.6, respectively). We did not extend our
transect off the shelf, but it is not unreasonablpredict sediment accumulation locally on or at
the toe of the morphologically complex slope (RAd.; Alexander et al., 2010). This work
builds on earlier studies, highlighting the imparta of sediment-gravity flows in the transfer of
sediment from river source to ocean sink, as veetha inter-related nature of transport

processes and seabed morphology (e.g., Traykowski 000; Scully et al., 2002).
3.6. Conclusions

In July 2010, high waves and elevated river disgh@ombine to rapidly export
substantial material from the inner shelf acrossittargin. Through wave resuspension and
advection from neighboring areas, near-bed SSC-at Svater depth offshore of the Waipaoa
River exceeded the threshold for gravity-drivemflowe observe SSC >50 7, Ibelow a
lutocline whose height is greater than that ofgredicted wave-current boundary layer. Using
instrument data from the inner shelf, includinglmated SSC from ABS, we can solve force
balances to estimate gravity-driven velocity, amel potential for off-shelf transport. Even with
conservative SSC values, we predict that 75% ofrtaeerial transported past the inner tripod
would have escaped the shelf. We are also ahlsgdhe gradient sediment flux to make simple
predictions of where we might expect sediment tuawlate in time (at one location), or in
space (over the duration of the event), with reabtnagreement to previous seabed studies.
Given sufficient time during which the boundarydays filled with fine-grained sediment,
WSFM flows can be an immediate link for terrestriadterial to the deep ocean. During this

entire study year, Hale et al. (2014) observedrs¢\@rge river floods, and several strong ocean
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storms, however only this single event was capabimmediately transporting river-derived
sediment off the continental shelf. Considetimat the majority of transport during this event
occurred in the bottom 10-20 cm of the water columghlights the importance of WSFM in

this, and likely other event-based systems.
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are areas of enhanced accumulation (from Millerkanehl, 2010). Dashed line is the cr-
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WSFM Phase (h)

C (g ctn

jul (m s)

Rip

Uy (m s?)

Phase | (50-71)

0.30-0.78 (0.6

9.26 — 0.42 (0.34

0.01 - 0.05 (0.03

0.000 — 0.002 (0.000

Phase Il (72-132)

0.93-10.8 (5.5

9.28 — 0.60 (0.42

0.02-0.39 (0.15

0.002 - 0.022 (0.011

Phase Il (133-176)

0.43-4.10 (1.5

7.15 - 0.62 (0.28

0.02-0.63(0.14

0.001 - 0.015 (0.005

Phase IV (177-350

0.08 —2.09 (0.4

.12 - 0.34 (0.19

0.01 - 0.41 (0.10

0.000 - 0.008 (0.001

Table 3.1 — Ranges and mean values for the vasi@nlé products of Egs. 1 and 2. Mean values

(in parentheses) are always highest during phase II
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Chapter 4:
A method for estimating down-core variability on mutiple time scales using x-radiographs

4.1 Introduction

Continental shelves serve as sediment traps foemabbeing delivered to the ocean on
both active and passive margins (e.g., Nittrou@r9] Kuehl et al., 1985; Sommerfield et al.,
1999). Physical delivery and reworking of sedimeat known to cause variations in the textural
properties of the seabed on the continental sbajf,(Sommerfield and Nittrouer, 1999; Hill et
al., 2000; Wheatcroft and Borgeld, 2000; Palinkeal.e 2005). A variety of techniques are used
to quantify these variations, with the goal of urstiending the processes responsible for the
formation of a specific deposit, or the generaldibons during the time period of strata
formation (i.e., were storms and floods more os kesergetic than at present). Sediment
properties used to establish conditions during dioo include grain-size distribution, porosity,
bulk density, and sedimentary structures (e.gtréier, 1979; Kuehl et al., 1986; Jaeger and
Nittrouer, 1995; Bentley and Nittrouer, 2003), hoeethe methods used to extract these data
typically require considerable time and/or resosiftceinvestigate. In the interest of maximizing
spatial coverage, data is typically incorporat@arficores in as many locations as possible. As a
result, down-core resolution is typically somewbaarse, with subsamples 1-2-cm thick
collected at intervals of 1-5 cm. In shelf aredere storm-generated strata are commonly ~1
mm to many cm in thickness with complex internalisture, coarse sampling presents the
possibility of missing potentially important evemisdetails in the strata. X-radiography is often
used a proxy for sediment bulk density and bené&fbts fine-scale resolution (~0.1 mm) (e.g.
Hamblin, 1962; Howard, 1968; Wheatcroft and BorgeleDO0; Wheatcroft et al., 2006; Drexler
and Nittrouer, 2008). Unfortunately, image acdiosi and processing often result in bulk-

density observations and measurements that areeatese, and core-specific (i.e., the absolute
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value of x-ray attenuation from one core does yically apply to other cores), which makes
direct comparisons difficult. As a result, x-ragliaphy has been mostly used as a qualitative
tool for assessing seabed character (e.g., Whéahord Borgeld, 2000; Wheatcroft et al., 2006;
Palinkas et al., 2005; Drexler and Nittrouer, 20R8se and Kuehl, 2010).

In this study, a method using x-radiograph imageguiantify the degree of physical
lamination preserved in the seabed is developatiemployed to assess stratigraphic changes on
continental shelves associated with major oceamilcri@er discharge events. Using cores
collected on the Waipaoa shelf (Rose and Kuehl)2®alsh et al., 2014) and the Rhone shelf
(Drexler and Nittrouer, 2008), quantitative estiesabdf the degree of physical lamination
preserved on a decadal-to-century scale are madaytdized to investigate seasonal changes
due to known physical forcings. Selecting thig phistudy locations provides the opportunity to
test our method across a variety of depositionalrenments. On the Waipaoa margin, shelf
sedimentation near a small, mountainous river gystas examined, where wave events are the
dominant force in shelf reworking (Hale et al., 2D1In contrast, deposition associated with the
Rhone River occurs on and near the subaqueousaeltiarge river, where flood events are
critical to strata formation (Drexler and Nittrou2008). This range of conditions allows for an
examination of the strengths and weaknesses oifrtiod for rapid core characterization using
x-radiograph images.

In each of these study locations, substantial pressresearch has been undertaken to
investigate the processes responsible for seditraamport and deposition. The Waipaoa study
benefits from the analysis of time-series tripothdallected during the same time period as the
cores analyzed (Hale et al., 2014), a numericalehofithe shelf hydrodynamics (Moriarty et

al., 2014), and geochemical and textural datalfer¢gion (Miller and Kuehl, 2010; Rose and
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Kuehl, 2010; Walsh et al., 2014). The processiestaiig the properties that characterize the
surficial deposits are reasonably well understoBohilarly, the Rhone region has been studied
extensively from both sedimentological (e.g., Dezxdnd Nittrouer, 2008), and process-based
standpoints (Durrieu de Madron et al., 2008; Fetral., 2008; Ogston et al., 2008; Ulses et al.,
2008; Marion et al., 2010). By developing a mettmdapidly quantify down-core sediment
variability using existing data, questions regagdsmall-scale spatial variability and the
potential impact of individual events on the longgnm geologic record are addressed
4.2 Background
4.2.1 Study locations
4.2.1.1 Waipaoa margin

Sediment cores from the shelf seaward of the Vaiitiver were collected in 2005, and
again in four cruises during 2010-2011 (Fig. 4. These cruises were part of the larger NSF-
funded Margins Source-to-Sink program, with thelgdaharacterizing the sediment transport
and deposition within the Waipaoa Sedimentary Sysi&/SS) over a variety of time scales
(Alexander et al., 2010; Gerber et al., 2010; Milad Kuehl, 2010; Rose and Kuehl, 2010;
Kniskern et al., 2014; Walsh et al., 2014). Carvese analyzed using geochemical and textural
techniques, including x-radiography. Previous msiéxamining x-radiograph images from this
area describe a radial pattern of decreasing paiylsimination with increased distance from
Poverty Bay, the point source of sediment to tlggore (Rose and Kuehl, 2010; Walsh et al.,
2014). The clay fraction within the seabed temdsitrease with distance from Poverty Bay,
while the variance about this mean decreases (Véalah, 2014). Even though sediment
reaches these distal regions episodically, mechbhsicting has resulted in similarly sized

particles which are rapidly mixed by physical amaldyical reworking. A similar pattern is
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observed irf*°Pb profiles, where cores proximal to the sedimentae show low activity and
non-steady-state profiles indicative of event-basstimentation, while distal cores exhibit
steady-state accumulation, which suggests thatgisi able to rapidly destroy evidence of
episodic sediment delivery (Miller and Kuehl, 2010)

In addition to the coring studies, acoustic andoapinstrumentation deployed within
Poverty Bay in 2006 (Bever et al., 2011) and onntindshelf in 2010-2011 (Hale et al., 2014)
monitored sediment and water movement. These tiga¢i®ns demonstrate that sediment
transport on the Waipaoa margin is event driventhé case of the 2010-2011 study year, ~40%
of the near-bed, cross-shelf sediment transpamatmid-shelf location occurred during a single
event in July 2011 (Hale et al., 2014). Coreseméid from the shelf in September 2010 show a
deposit of ~1-12 cm with evidence of wave resuspenand early signs of bioturbation (Walsh
et al., 2014). This corresponds well with the obaton of a wave-supported fluid mud
associated with the July event (Chapter 3). lro@et 2010, between the coring events in July
and September, the region was subject to only ddiianal river flood >1900 rhs®; the
threshold for a “major flood” as defined by Rei®9D). Bed elevation increased slightly (~1
cm) on the mid-shelf as a result of this flood #melensuing wave event, but in general, the
Austral spring and summer months were quiescensahjbct to relatively few resuspension
events (Hale et al., 2014). A gqualitative companisf x-radiographs reveals a general decrease
in the degree of physical stratification for thefaae layer between September and February
(Walsh et al., 2014).
4.2.1.2 Rhdne River mouth

Sediment cores were collected on the shelf seaofdtte Rhone River in October 2004

and April 2005 (Fig. 4.1), as part of a study chterazing sediment transport and deposition in
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the Gulf of Lions (DeGeest et al., 2008; Drexled dttrouer, 2008; Ogston et al., 2008; Ulses
et al., 2008; Marion et al., 2010)(Fig. 4.1). 3eent delivery in this system is episodic and
event-driven, with 80% of the annual sediment Idalivered during river floods (Drexler and
Nittrouer, 2008). Cores collected in October 2808dwed a ~5-cm-thick bioturbated surface
layer, resulting from a period of ~ 6 mos of neagrage discharge conditions (Drexler and
Nittrouer, 2008). The relatively fine-grained coosfion of this layer, combined with its
radiochemical signature, indicates that despitdatle of preserved physical stratification, this
layer was recently emplaced. X-radiographs of€cmdlected in October 2004 were described
gualitatively, and placed in one of three categonphysically stratified, partially stratified, or
bioturbated, and showed progressively more biokdgiixing with distance from the river
mouth (Drexler and Nittrouer, 2008). Between Oetob004 and the April 2005 coring event, a
series of discharge events occurred, includinglomger-duration (>11 day) floods. The second
of these floods had a peak discharge of ~4098’mand was waning during the April 2005
sampling event (Drexler and Nittrouer, 2008). Ehwas also a ~week-long period of elevated
wave heights (>2 m) in late January 2005.

X-radiographs of cores collected in April 2005 wqtelitatively described by Drexler
and Nittrouer (2008), and show a distinct, physycsiratified surface layer of 1-6 cm. This
layer was characterized by a low sand content @6)1Ghe presence of the radionucli@e, and
relatively low?'%Pb activity, indicating recent and rapid depositidmiverine material. Three
core locations in April 2005 were repeat occupatiohstations from October 2004, allowing for
the direct comparison of physical properties anddiegraph images. In these three examples,
the surface layer (3-6 cm thick) of physically sfrad sediment overlays a region of bioturbated

sediment, representative of the October 2004 sesinéalce (Drexler and Nittrouer, 2008).
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4.2.2 X-radiography
X-radiographs of sediment cores have been analyreaVer fifty years to describe

changes in bulk density, which reflect changesiendonditions under which a specific deposit
was formed (e.g., Hamblin, 1962; Howard, 1968; Algeal., 1994; Wheatcroft et al., 2006;
Drexler and Nittrouer, 2008). X-radiographs présenon-invasive mechanism by which to
procure highly detailed information about sedimsares. X-radiographs have been used to
evaluate bioturbation (e.g., Wheatcroft et al., @080 document the presence of flood-derived
material (e.g., Wheatcroft and Borgeld), and td@at® the specific processes likely responsible
for the formation of a deposit (e.g., Drexler anttiduer, 2008; Martin et al., 2008). According
to Beer’'s Law (eq. 1), received x-ray intensifyi¢ dependent on initial intensitl), material
thickness D), and a linear attenuation coefficiep),(which is controlled by electron density,
radiation energy, and packing density of the x-daymterial (e.g., Aylmore, 1993).

I=lpexp(1uD) - Equation 1
Previous studies have compared discrete measurgimigmbrosity with the corresponding x-ray
attenuation in order to infer bulk density, whishrélated to sediment grain size (e.g., Orsi and
Anderson, 1999; Migeon et al., 1999; Kowalczk, 208Heatcroft et al., 2006). Assuming
constant values for sediment grain density and velasity, porosityd() relates to bulk density
with the relationship described in Eq. 2.

& =1- pouik/Psediment - Equation 2
Though x-ray intensity is used as a proxy for igksity (and therefore sediment grain size),
images are most commonly analyzed and comparedajivadly, a seemingly necessary by-
product of the variability inherent in every specepplication. Possible inconsistencies inherent

to all systems include distance from source toyxregeiver panel, slab thickness, and x-ray
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exposure intensity, each of which has the potetudiaffect the intensities produced in the
resulting image. Even more importantly, imagesadien manipulated after acquisition, to
highlight changes in density that are not immediyatbvious, using adjustments to the image
window and level (e.g., Wheatcroft et al., 199The image window is the range of pixel
intensities, while the level is the midpoint. Arreaver window increases contrast, while
adjusting the level highlights either the darkemgr-bulk-density) or lighter (higher-bulk-
density) regions of a core. Through image manimnafeatures such as erosional contacts
(e.g., Drexler and Nittrouer, 2008), cross-stratlfsilts (e.g., Wheatcroft et al., 2006), and
parallel-laminated silts (e.g., Jaeger and Nittrpil895) become obvious.

Recently, several studies have employed image gsougtechniques and software to
guantify x-radiographs in a variety of ways (e.gfiland Weber, 2001; Wheatcroft et al., 2006).
In physically laminated settings such as varveésakoftware can detect individual stratum
(e.g., Saarinen and Petterson, 2001). In anotanple, the contrast in density between a
recently deposited flood layer and the underlyiegb®ed was sufficiently stark for the deposit
thickness to be estimated automatically (Wheat@béll., 2006). Other attempts have been
made to quantify grain density, as well as thegmes of biological burrowing (e.g., Wheatcroft
et al., 2006). Unfortunately, outside of a vergafic set of conditions, where cores contain
nearly perfect horizontal strata with minimal bidtation, these sorts of quantitative
measurements become increasingly difficult to emplo
4.3 Methods
4.3.1 Field Data

Waipaoa shelf sediment cores were collected onctwiges using an Ocean

Instruments® multicorer. Individual casts retur@sdmany as eight core barrels, at a maximum
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horizontal spacing of 2.5 m. Cores were examineohfwithin the same cast, as well as repeat
occupations of the same location, to address hoal k@riability affects the ability to monitor
temporal change. In all, 37 cores from 36 loc®tiwere collected and imaged in September
2010, and a total of 51 cores (36 repeat occupatibiBeptember cores) were collected in
February 2011. Small-scale spatial variability w&amined, using as many as 3 cores from 8
locations in February. Cores were imaged in polyzaate trays (8W x 2.5D x 60L cm), using a
Varian PaxScan 4030E flat panel digital imagingesysand an Ecotron EPX-F2800 portable
veterinary x-ray generator. Typical generatorisgstwere 50 kV and 25 mA.

Cores from the Rhéne were collected in two cruisssg a box-corer, and were sub-
sampled using polycarbonate trays (12W x 2D x @@l cThese constant-thickness slabs were
imaged using a Madison Medical Corporation Model MR0 portable X-ray system, with
variable exposure recorded on a Flashscan 35 digitay imaging subsystem. In total, 23
cores were collected in October 2004, with 19 comdected in April 2005. In this study, only
three cores were repeats from the same statioof athich were proximal (2-3 km) to the river
mouth, and in ~30-m deep water.

4.3.2 Porosity measurements

In each study, porosity was examined based on sesolb samples, which were
subsequently compared to their associated x-raysitly. Herein, we examine a total of 17
cores from the Waipaoa (7 from July, 10 from Febyyavhich were extruded at 1-2-cm
increments immediately following their collectio®amples were refrigerated until examination
in the laboratory, where porosity was measured éiginng, drying, and reweighing 5-15 g of
homogenized sediment, to determine the water cantanmost cases, the subsampled core was

collected in the same cast and adjacent to thgedraore, and we directly subsampled two x-
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ray trays for porosity. Because the absolute depttspecific strata varied between cores used
for x-radiography and cores used for laboratorysuesments, corresponding peaks of high
pixel intensity and low porosity were matched.
4.3.3 X-radiography

For the analysis of sedimentary structures, coren £ach study area were digitally
imaged and exported from their respective acquaisisioftware with adjustments to the window
and level similar between individual cruises. iflages presented herein are x-ray negatives,
where lighter colors correspond to higher-bulk-dgreediment. In addition, to test the
sensitivity of the method to discrepancies in imagipulation, a series of images of Waipaoa
cores were exported with a wide-range of valued&dh window and level. To compute the
down-core variability (DV), window and levels wesptimized to enhance visible structure
across the widest-possible range of pixel integsitiDifferent acquisition software was used for
the respective systems, and the digitization valses! for image optimization varied
accordingly. For the system used in the Waipaaadow and level were each typically 3000-
4000. For the Rhone software, window width was 3000, while the level was always 1 (the
midpoint). Following optimization, x-ray images ajres from both cruises were inspected
qualitatively, to estimate the degree of physiealarking in the surface layer, and to measure
the deposit thickness. These visual comparisoms used to determine the accuracy of the
automated method of core characterization deschleémlv.

Images were imported into image-processing softwaieminimize the effects of core
barrel edges, the mean intensity value of the 40@ec-most pixels (~5 cm) was determined for
each row within the x-radiograph. Qualitative exaation indicates that in this region, strata

remain relatively unaffected by friction along th#ge of the core barrel (i.e., no obvious edge
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effects). An algorithm was employed to automalycpick the top and bottom of the sediment
within each core barrel, and all cores had a smhglagth, within 10 cm. The resulting x-ray
intensity profile was smoothed using a Gaussiaerfilvith a window of 80 pixel, which
corresponds to a length of ~1 cm. This width waescsed to optimize noise without removing
the variability of interest from the signal. Tonepute DV, the mean of the absolute values of
differences between the x-ray intensity and thergd data was calculated for every row of
pixels. This method does not effectively identifriability in cases where event layers are
consistently >>1 cm, because the smoothed datacesgurrently with the raw signal. The
windowed filter should prevent disproportionatelgthDV due to persistent trends from external
forces (e.g. sediment compaction, uneven x-ray SX@).

Having characterized the DV for each core, spa@dtlerns across the shelf were
examined. To do so, DV values were interpolatedgua natural-neighbor technique, which
was selected because the dataset is irregulartedpdnterpolated contours were drawn at one
standard deviation using ArcGIS® software. In sashere multiple cores were collected at the
same location, all values were included when irdatng. Interpolations were made for both
September 2010 and February 2011 on the Waipatfaahéhe spatial coverage was similar
enough between the two cruises to allow for dicechparison. For the Rhéne, only the October
cores were interpolated due to a lack of sufficrepeat occupations.

To examine changes in surface strata due to envigatal factors between cruises
guantitatively, the fraction of total down-core wadnility (FV) in the surface layer was
determined. The fraction of total variability wastermined at averaging intervals of 1, 3, 5, and
10 cm, corresponding to observed event-layer tlaskas. FV was normalized by the total

number of pixels in each core, to remove the imfbgeof core length (i.e., longer cores would
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tend toward lower fractional variability if not noalized). Emplacement (or destruction) of an
event layer should have the effect of increasimglézreasing) FV accordingly. By determining
the FV, contrasts can be drawn between cores fraftiple cruises without the need to compare
the exact value of x-ray intensity.
4.4 Results
4.4.1 Physical properties of Waipaoa cores

Cores collected on the Waipaoa margin demonstratderange of porosities (Fig. 4.2).
Assuming constant values for water and particlesignporosity and bulk density can be
directly related. A negative correlation existbwmen pixel intensity and porosity in September
and February cores (Fig. 4.2). The overall refegiop was relatively strong for most cores
(Sept: mean®=0.74; Feb: mearf+0.75). If three cores (s319, s324, s405) witrepkionally
low r? values (<0.50) are excluded, the correlation impscto 0.88 in September, and 0.78 in
February. The slope of the linear relationship siaslar for all cores, across both cruises (Sept:
mean=-0.0012, std-0.00029; Feb: mean=-0.0011, €986@5). Although all cores exhibited
nearly the same slope, the y-intercept (or maxinponosity at O intensity) ranged considerably
(Fig. 4.2, Table 4.1). In September, the mean®&8, with a standard deviation of 0.03, while
in February, the mean was 0.47 with a standardatiewi of 0.05 (Fig. 4.2, Table 4.1).
4.4.2 Inherent-variability analysis

Image window and level are commonly manipulatekliglight specific core features
when visually inspecting x-radiographs. Not sisimgly, therefore, these same tools can have a
major impact on the value of the DV parameter. desaimported with no manipulation had the
lowest DV values, typically on the order of 1 fér@res. As contrast increases, DV tends to

increase (Fig. 4.3). The rate at which DV increadepends on the degree of physical lamination
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within the core. This suggests that while it isgble to artificially generate a core image with
high DV value despite minimal physical laminatiphysically laminated cores almost always
show higher DV than mottled cores. Most importartthe difference in DV due to small
changes in either window or level within a singbeecis minimal, suggesting that if the operator
uses “reasonable” values for each and is not iitesily generating high contrast, the resulting
DV will be related to physical patterns of densihange.

The Waipaoa study benefits from the use of repa@scat the same location, during the
same cruise. In some cases, these cores weretedlia the same cast (<2.5 m apart), and in
others, cores were collected as close as possilolee another given the accuracy of GPS,
ability of captain to occupy and hold station, anship that does not have dynamic positioning
(=300 m). The DV of cores at the same locationendtose collected on the same cast — can
vary by as much as a factor of two (core s445ii=8Vs405ii: DV=9.02), with the average
difference being 30% (Table 4.2). The differermeds to be particularly large in higher-DV
cores (Table 4.2). While higher-DV core locatigmeean DV >4) tend to exhibit more
difference between individual cores, and with amig exception the maximum DV from a low-
DV location is smaller than the minimum DV from iglinDV location (Table 4.2).

4.4.3 Spatial patterns of down-core variability (DV

At the finest scale (mm), raw pixel intensity dowes typically fluctuate drastically
around the low-pass filtered data. In cases af@lrhanges in density — like those
differentiating a low-bulk-density flood deposibim the previously existing seabed — the raw
intensity signal and the smoothed data can difies&antially (Fig. 4.4). As expected, the

smoothed data correlates with the raw intensistiata >1 cm thick, where inflection points
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correlate well with observed bed changes. To beattderstand controls on DV, spatial and
temporal patterns at both study sites are investia
4.4.3.1 Waipaoa margin

In the case of the Waipaoa, DV decreases radiallydistance from the sediment
source. DV ranged from 1.8 to 10.2 in Septemb&02®ith the highest values observed on the
mid-shelf. The absolute DV values are typicaligtsly lower in February 2011 than September
2010 (Sept: mean DV=4.93; Feb: mean DV=4.73), hawéw overall spatial trends observed
are similar (Fig. 4.5). Cores collected near aittiiw Poverty Bay show consistently high DV
(> 6.4), corresponding to their physically lamirthteature (Figs. 4.4-4.5). In general, the trend
is for higher DV north of the mouth, rather thae gouth, for both the September and February
cores (Fig. 4.5). The lower DV observed in cor@éected on the northern portion of the mid-
shelf in February is partially due to interpolat@amund the low DV observed in a single core
(Fig. 4.5). Moderate DV south of the mouth is olsed in the shallower water depths for cores
collected on both cruises.
4.4.3.2. Rhone River mouth

Cores collected near the Rhéne River display gosthacrease in DV as water depth
increases seaward of the river mouth (Fig. 4.8)e decrease in DV is gradual to the west, with
relatively high values observed >5 km from the riweuth. Due to the lack of cores collected
east of the river mouth, the rate of change indirisction cannot be assessed. DV values from
the Rhone are several orders of magnitude higlaer tthe Waipaoa, which reflects a difference
in the software and digitization used for imagewasitjon and export, not the actual variations in

density within the cores.
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4.4.4 Seasonal change (FV)
4.4.4.1 Waipaoa margin

To quantitatively evaluate seasonal change irasarfleposits, the FV of the surface of
every core is examined across a range of lengtes@@aig. 4.7). To test the accuracy of the
method relative to previous qualitative effortsiegwere first examined visually. Based on
visual inspection of the x-radiographs, the avethgkness of the physically stratified surface
layer was 2.7 cm in September (max = 12 cm), agtity} thinner in February (mean = 2.3 cm;
max = 10 cm). In general, the layer on the midfsdred northern regions tended to be thicker in
September, while the shallow and southern regibow/ed a thicker deposit in February (Fig.
4.8). Visual inspection to compare with the auttedanethod of this study reveals that of the
33 unique core locations, only 16 are visibly défet between the two cruises. Of these, 11
cores showed a more-distinct surface layer in $apée than in February (i.e., negative change
in FV), while 5 showed the inverse (Fig. 4.8). @¢es in the surface deposit (both positive and
negative) were observed mostly on the mid-shelty awifew exceptions along the perimeter and
within Poverty Bay. Sites where a surface depwag more evident in February (i.e., positive
change in FV) are mostly located in the southethdidahe mid-shelf region (Fig. 4.8).

Depending on the length scale over which the FV egdsulated, this method was able to
correctly identify a change in surface structuré%nof the 16 locations where the surface
deposits were visibly different between the two gling events. In fact, there was only one core
site(cores s337/s422) in which the method coulddetct the visibly identified change at any
length scale (Fig. 4.8). While the direction of ENange was correctly identified in a similar
number of cores at each averaging length, the peores that were correctly identified were

not the same (Fig. 4.8). For example, the locatiwhere FV correctly identified surface change
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using 10 cm and 5 cm averaging lengths were idangxcept that the 10-cm average also
correctly identified the direction of change in@e collected within Poverty Bay (cores
s339/s439). In general, highest accuracy was wbden the northern half of the mid-shelf
region; a region where the thickness of the philgistratified deposit changed dramatically
according to visual inspection (Fig. 4.8).
4.4.4.2 Rhone River mouth

The FV parameter was successful in predicting teaimnrface changes at each of the
three examples of repeat cores collected near themof the Rhone River (Fig. 4.9). Each core
was previously classified as “physically stratifietkspite an obvious biologically mixed surface
layer in the October x-radiographs (Drexler andriliter, 2008). In every core collected in
April 2004, a bioturbated layer beneath the 3 tor6of new deposition is observed (Fig. 4.9).
The surface layer was the thickest in core G3In{h €ores E33 and F32 show higher FV in
April for each of the 1, 3, and 5-cm length scalB¥. is higher when examined across the upper
10-cm of the core. Core G31 shows higher FV inilAgdronly the 3, 5, and 10-cm length scales.
4.5 Discussion

In this study, the method described above is dgesldo quantify the density variability
of ~50 cm cores (~100-year timescale) using x-radjolgs, and subsequently employed to
evaluate how this variability changes on seasoma scales. To test the wider-scale
applicability of this method, down-core charactiécsand seasonal change were examined in
two environments, each subject to a unique setioid forces: the Waipaoa margin and the
region near the mouth of the Rhéne River. In theap&ba example, cores are compared from
across the shelf, ranging from constantly rework@@s within Poverty Bay, to highly

bioturbated cores near the shelf edge (Walsh,e2@14). Repeat cores separated by five
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months are used to observe the destruction offacgulayer emplaced by a powerful event in
July 2010, responsible for the generation of a waygoorted fluid mud and 1-5 cm of
deposition on the mid-shelf (Hale et al., 2014ear the Rhéne River mouth, observations were
used study changes in seabed characteristics faliptive implementation of a flood layer in

April 2005 (Drexler and Nittrouer, 2008). Togethtrese results provide examples where a
guantitative interpretation of x-radiographs carubed to identify specific products of physical
processes.

The method used to estimate DV is not entirely tjtative, as subtle differences in the
exact physical setup of the x-ray system, or in lmnages are manipulated, can have
implications for the absolute variability. On th&00-year timescale of the Waipaoa cores, the
range of differences in down-core density vari&p#it a single location between cruises is
comparable to the difference in cores collectati@ssame location in the same cruise.
However, by examining the depths at which the rdesssity variation occurs within each core,
attempts can be made to distinguish between sroalk-spatial variability, and a tangible
change in the observed preservation of an eveat.lajhe expectation, therefore, is a reduction
in the FV observed in the surface of the core owee, as bioturbation and erosion remove
traces of previous flood deposits.

4.5.1 Pixel intensity, porosity, and bulk density

Using changes in bulk density to infer depositidmatory has been employed by
sedimentologists for decades (e.g., Nittrouer, 18t@hl et al., 1985; Jaeger and Nittrouer,
1995; Sommerfield and Nittrouer, 1999). Previouslss have relied on the time consuming,
relatively low resolution¥1 cm) method of drying and weighing subsampleslegsribed in

section 3.2. For example, the high-porosity ldgeated at 7-9-cm depth in core s324 (Fig. 4.4)
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may have gone unnoticed were it not for the x-rgidiph image, as the subsamples examined in
the laboratory were collected immediately above lagldw this stratum. Alternatively, high-
resolution multi-sensor core loggers can be usedeklier these require full-length core barrels,
and are difficult to utilize in the field due toctenical and spatial constraints. In this study, x-
radiograph images are employed, which are otherugsd to examine specific sedimentary
structures invisible to the naked eye. From thesges, meaningful information regarding
decadal to century depositional patterns can ba&ed, along with an understanding of
seasonal changes in surface variability.

In the case of the Waipaoa margin, the slope ofalaionship between pixel intensity
and porosity is relatively well constrained, withlypone or two outlying cores (319, 324, 405)
on either cruise (Fig. 4.2). Each of these oug}yinres was collected at an area where small-
scale spatial variability is particularly high, whiresults in additional challenges when
comparing samples from one core to an x-radiognaggige of an adjacent core within a
multicore set. Given that the attenuation coeffitig) is expected to behave linearly (Eqg. 1), the
relationship between pixel intensity and porosigymot appear surprising. However, given the
number of variables and degree of discrepancy érttten this type of system, the correlation is
encouraging for several reasons. One interestinglasion drawn from this similarity is that,
after establishing this relationship, only a singteosity value for any core is required to infer
porosity at all depths of x-rayed cores. Furtheambased on the similarity in the relationship of
pixel intensity to porosity between cruises (Fig)4the potential DV is the same for all cores,
in both cruises. While there exists the possipitir bias due to either image processing or

instrument setup (Fig. 4.3), the range of obsepirel intensity values varies in a repeatable,
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predictable manner, indicating that this bias dossaffect the interpretations made using this
methodology.

Stark contrasts between layers of differing bulkgiges control DV in our system. This
seems to contradict the findings of Wheatcroftl e{2906), who observe the highest variability
in bulk density within bioturbated layers. Thefdrence in these results stems from a difference
in method: our study averages pixel intensity axtowizontal lines, and compares between
these averages to determine DV (Fig. 4.4), ancktber is focused towards the horizontal
physical layering. Their study, on the other hazainpares the range of pixel intensities in a
given area, which is designed to highlight the clexpnatrix of small-scale borrows made by
benthic organisms.

4.5.2 Interpreting decadal and seasonal patternstba Waipaoa margin

In general, the spatial pattern observed in thedd\the Waipaoa margin compares well
with observations made in previous studies (Rosekarehl, 2012; Walsh et al., 2014). Similar
to these past studies, a radial pattern of decrgd®V with distance from Poverty Bay is
observed (Fig. 4.5). The degree of physical lationgboth DV-interpreted and qualitatively
assessed) decreases over a shorter distancedoutiethan the north, which may be due to the
effects of Coriolis forcing on the river plume,@sserved in a numerical simulation of the region
(Moriarty et al., 2014). Interestingly, water-coln observations of sediment flux near the mid-
shelf show a general trend to the northeast, bueots indicate that there also exists the
capacity for transport to the southwest (Hale ¢t28l14), indicating that event-based sediment
transport (i.e., correlated velocity and suspergkstiment fluctuation) may behave differently
than the mean components. DV from February isaflgtteduced in the northern shelf (Fig.

4.5), corroborating the observations of Walsh ef20114), who examined x-radiograph images
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qualitatively. The destruction of surface stratd associated reduced DV is possibly due to
seabed erosion and transport under relatively gargsconditions, bearing in mind that the
threshold for resuspension in this region is exedetliring ~80% of the study period (Hale et
al., 2014). Thus, seabed density changes chawmettdyy DV are affected by processes
operating on both short-term (daily to monthly) dowlg-term (decadal) time scales. To quantify
seasonal change in surface variability the FV patams examined (Figs. 4.5, 4.7, 4.8).
Because the contrast in density between eventdayet the underlying seabed is the
source of most DV in this system, and because tiation tends destroy strata, surface FV
should decrease in the months following event-l&yeplacement, assuming no subsequent
events (e.g. Wheatcroft et al., 1997; Walsh eéi14). When examined qualitatively (i.e.,
visual examination), cores from 24 locations on\Weapaoa shelf display physically laminated
strata near the surface (Fig. 4.8). In 18 of tleeses, mostly on the northern half of the mid-
shelf, the layer is more distinct (i.e., less bibaied) in the cores collected in September than
those collected in February 2011, reflecting th@lawement of a WSFM deposit in July 2010,
and its subsequent deterioration. Depending otetigth-scale used, the method for
determining FV correctly identifies changes in tiegree of physical lamination in the surface of
as many as 20 cores (Fig. 4.8). The most acclaaggh scale over which to average to identify
surface change is 3 cm, similar to the averagesieftuockness of 2.3-2.7 cm. This indicates
that the density contrast between the surface kayerthe previously existing seabed has been
modified; either reduced via bioturbation (where iBYeduced in February), or enhanced due to
physical reworking (where FV is increased in Feby)(&ig. 4.8). Results were similar when
using the 5-cm and 10-cm length scales (Fig. 418)s is likely due to the fact that at these

length scales, both the higher-than-average suRs¢and the underlying region of low FV are
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included. At greater averaging length scalesfFYieés no longer successful at predicting surface
change. At the farthest-offshore location (s323334visual inspection of the x-radiograph
indicates wave resuspension in the upper 1-cm meSer 2010, but not in 2011. FVis
correspondingly higher in September 2010 than Flr2011, when examined on the shortest
FV length scales (1, 3 cm; Fig. 4.8). At 5 andchf the enhanced surface FV is averaged out
by the underlying low FV layers, and the trend \hdbserved at the shorter lengths disappears
(Fig. 4.8). This highlights the importance of userange of length scales and a moderate
understanding of the system, to determine the aqgstopriate averaging length for a given
sedimentary environment. Future research will fomugxtracting information regarding deposit
thickness based on changes in the surficial F\agating length scales.

4.5.3 Interpreting decadal and seasonal patternanthe Rhéne River mouth

The distribution of DV near the mouth of the Rh&tieer resembles the pattern of
physical stratification described by Drexler andttduer (2008)(Fig. 4.6). DV decreases rapidly
seaward of the river mouth, as water depth ince@éiSg. 4.6). The reduction is more gradual
to the west, as water depth remains relatively teorts Sediment is transported predominantly to
the west in this system (Durrieu de Madron et24lQ8), but cores were not taken east of the
mouth to illustrate the drop-off in DV that is ligeobserved in this direction.

While the sample size is smaller here, each offthree repeat cores can successfully
identify the increased FV in the surface layer duee (Fig. 4.9), assuming that an appropriate
averaging length scale is employed. For the radbtithin surface layers at E33 and F32 (3 and
5 cm, respectively), FV is greater in April 200athOctober 2004, at 1, 3, and 5-cm lengths, but
lower at the 10-cm length. FV is controlled by gagallel laminae observed in the internal

structure of this recently emplaced, river-genetdligod deposit. Inspection of the x-
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radiographs from October 2004 reveals that thet ar@snatic density contrast occurs at 8-10
cm in each of these cores, between bioturbatednsediand older, physically stratified sediment
(Fig. 4.9). As aresult, FV appears higher in ®eta2004 than April 2005, but only when this
deeper layer is included (i.e., with the 10-cm agerg length). Alternatively, for the thicker, 6-
cm event layer observed in core G31 from April 208keraging over the shortest interval (e.g.,
1 cm) suggests that FV is greater in October 2603 ¢.9). FV at site G31 between the two
cruises is very similar at the 3 and 5-cm lengtides; and it is not until the obvious boundary
between recent flood sediment and older, biotuthagéeliment is incorporated (i.e., the 10-cm
averaging length) that FV is clearly greater in iIRpOO5 than October 2004 (Fig. 4.9). If the
approach assumed a characteristic deposit thiclamesenly examined FV at that averaging
length, the importance of the deposit at this liecatay have been overlooked. However, by
using a range of length scales, this method isldaps identifying the observed spatial
variations in the deposit thickness.
4.5.4 System Comparison

That our method is able to characterize the stiyfeeabed deposition accurately in each
of these systems is encouraging, given the diftaemn their environmental conditions. In the
Waipaoa, the distance between sediment sourcenandit-shelf (>15 km) allows for sediment
sorting based on depositional energy. As a relsath DV and FV here are controlled by the
strong contrasts between layers of relatively laigt low bulk density (Figs. 4.4, 4.5, 4.7). The
density contrasts observed between strata seeantmtDV in most of the system, more so
than minor laminae within an event layer. The darg here is that cores collected within
Poverty Bay (the initial site of rapid, temporampasition), despite being subject to continuous

wave reworking, actually have lower DV values tllaose on the mid-shelf in September 2010
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(Fig. 4.5). The internal structure of the deppfatys a more important role here, as deposits are
generally thicker, and the density variation bemvdeposits is minimal. This result is similar to
the pattern observed in the textural data from Watsal. (2014), where cores collected within
Poverty Bay and on the outer shelf have a relativalform clay fraction (and therefore similar
bulk density), whereas the mid-shelf exhibitsghhilegree of variance about the mean clay
fraction. Thus, at this point, somaeoriori knowledge is required to infer the potential canise
reduced down-core density, as well as to estatiishhength over which to examine FV. The
true value of this method is that it can rapidlg @ccurately quantify spatial patterns and
seasonal change in seabed density, using date ttiatrently being collected for qualitative
assessment.

Cores with the highest DV on the Rhone were mazsiliected within 5 km of the
sediment source (Fig. 4.6), as is typical of lamgesrs discharging into relatively calm, semi-
enclosed environments (e.g., Palinkas et al., 200%eatcroft et al., 2006). The density contrast
between bioturbated and physically laminated sediroan be important, as observed in FV at
longer length scales in the shallow cores. That,4she dominant control on DV in this river
mouth deposit is minor density fluctuations witkimata, which reflect changes in grain size. In
the case of the western-most transect on the Rihélitee grain-size distributions show that cores
in water deeper than 30 m have minimal sand comtaththave a nearly constant clay and silt
distribution (Drexler and Nittrouer, 2008), whicbroesponds well with our observations of
higher DV in shallow water relative to deep. Tbiservation is similar to the observations from

within Poverty Bay, and lends credence to the waibale applicability of our method.
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4.6 Conclusions

Textural data from shelf sediment cores provideartant information regarding system
behavior on a variety of time scales. Generatiegée data in a laboratory can be a time-
consuming, resource-intensive prospect. In thidysta method is developed using commonly
collected x-radiographs that are typically examigedlitatively, to examine the spatial
variability of a region’s depositional history ordacadal scale, and to quantify seasonal changes
in the seabed based on strata implementation astdudgon. Extracting quantifiable data from
x-radiographs is rapid, non-destructive, and raiegxisting technology, without the need for
additional equipment that is both expensive, ankybuOur method is not perfect, and at present
has only been proven effective in areas with distapatial patterns and strong seasonal signals.
That being said, the interpretations enabled byrbthodology developed in this study compare
favorably to those of previous studies which usedoad suite of textural and radiochemical
tools. DV quantifies the longer-term depositionaitory at an individual location, and through
spatial interpolation can address questions regashelf dynamics, and the interaction between
short-term deposition and long-term accumulatibN. further quantifies this change on a (e.g.,
seasonal) scale, normalizing DV to examine chamgt® surface layer over time. The
previous studies against which this methodologgssed were conducted in very different

depositional environments, yet the accuracy otélenique is similarly high in both.
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Figure 4.5 — Century-scatiowr-core variability (DV) based on cores collected in Septen
2010 (left) and February 201fight). While not identical, both images do a waable job o
replicating the observations of previous studiess@rand Kuehl, 2010; Walsh et al., 2014).
reduced variability in the northern half of theht-hand image ifikely due to physica
reworking, but is especially dramatic due to intéaion about a single core on the north
mid-shelf.
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September 2010 February 2011

Maximum Maximum

station | Slope Porosity | r? Slope | Porosity r?
s319 -0.0007 0.47 0.39 | s427 | -0.0014 | 0.53 0.85
s323 -0.0014 0.53 0.84 | s441 | -0.0013 | 0.48 0.70
s351 -0.0015 0.49 0.81 |s412 | -0.0012 | 0.45 0.71
s325 -0.0016 0.56 0.96 | s404 | -0.0013 | 0.40 0.83
s318 -0.0014 0.51 0.92 | s405 | -0.0006 | 0.39 0.38

s436 | -0.0010 | 0.44 0.88
s320 -0.0010 0.52 0.88 | s416 | -0.0008 | 0.48 0.75
s324 -0.0011 0.47 0.41 | s424 | -0.0010 | 0.50 0.84

s428 | -0.0010 | 0.50 0.63

s444 | -0.0009 | 0.49 0.85
mean -0.0012 0.51 0.74 -0.0011 | 0.47 0.74
STD 0.0003 0.03 0.0003 | 0.05

Table 4.1 —Slope of the relationship between x-ray intensitg porosity for cores collected on
the Waipaoa margin in September 2010 and Febr@ry.2Bold lines are used to group cores
collected at the same location on different cruidéste the similarity in the slopes, both
between individual cores, and between cruises.e s the relative strength of the relationship
(r* = 0.74).
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mean DV
Core DV | range
405i 8.4 0.6
405ii 9.0
436i 8.7 0.9
436ii 7.8
445j 7.8 3.8
445ii 4.0
4211 3.4 0.2
421ii 3.2
425i 6.1
425ii 11.8 38
425iii 7.3
426i 8.0 1.2
426ii 6.8
444i 2.9 1.2
444ii 4.1
451i 6.2
451ii 6.6 23
451iii 9.6
416 4.1 1.6
428 5.7

Table 4. 2 -DV values for cores collected at the same locagtther on the same multicorer
cast (e.g., i, ii, iii), or during repeat occupatsoon the same cruise (outlined in bold). DV range
is greatest in cores with typically high DV, andiwbne exception, physically laminated cores
always exhibit greater DV than their bioturbatedrerparts.
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Chapter 5:
Summary and Conclusions

Sediment transport and deposition are intringidalked, and examining one without the
other will result in an incomplete understandin@afedimentary system. This study builds on
previous research by constraining deposition acdraalation by monitoring ocean forcings
with in situinstrumentation focused on the near-bed, and auntdpthese observations with
repeat seabed core collection. The research ctedloo the WSS extends our understanding of
SMRs by demonstrating examples of both previoubseoved and novel behavior. As with
other SMRs, sediment flux is stochastic, controldely by the interplay between river
discharge and ocean forcing. That said, local gawty (Poverty Bay) inserts a time lag in the
river-ocean coherence expected for a SMR systenchwias not been documented previously.
During storm events of extreme duration, depositiam occur concurrently with discharge,
however the more-common case involves a seriessospension and advection episodes that
lead to cross-shelf sediment dispersal. Tectommtrols have resulted in a relatively low-
gradient shelf, however the capacity remains fomi§icant offshore transport due to gravity-
driven flow. A wave-supported fluid mud occurradatidg the longest-duration event of the
2010-2011 study year. It was responsible for 40%hefet-annual cross-shelf transport, and
generated a seabed deposit that could be obserwerhdiographs of sediment cores.
Examining the down-core variability of bulk densftseserved in these cores provides insight to
the frequency of event occurrence and preservatdonger time scales.

Chapter 2 investigates the relative importancallafvents that occurred during the 2010-
2011 study year. The nine events during which ditipo is observed on the mid-shelf exhibit
waves of greater height, and longer period, aratively slow current velocities. Waves of this

nature suggest that forcing conditions were gegedriaically, and did not represent the arrival of
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waves from distant Southern Ocean storms. In aeptthe ten instances of seabed erosion at the
mid-shelf occur with waves of shorter height anagler period, and relatively fast current
velocities, suggesting the arrival of wave energgoaiated with storms located away from the
study area. During this year of study, only orsgance of deposition coincident with river
discharge occurs at the tripod sites. This hidiitéidhe role of Poverty Bay in mitigating river-
ocean coherence, as well the magnitude of the éveptestion.

Chapter 3 examines this long-duration, river-oceatmerent event closely, providing
strong evidence for the presence of WSFM. The @sthae process of calibrating acoustic
instrumentation for use in high-concentration eowiments is relatively rare, but provides the
information necessary to solve the force balanceeld from simple buoyancy theory. Even at
the conservative gravity-velocities computed ushig analytical solution (<3 cm'}, sediment
associated with this WSFM is capable of reachimgstielf edge in a matter of days.
Extrapolating along a transect from the mid-shelfhe shelf edge suggests that due to increases
in the seabed slope, the actual travel time idylikalf that suggested by the original estimate.
Furthermore, the relative amount of sediment ippsaosion within the WSFM is so great that the
total sediment flux associated with this gravitywdn flow is more than 7 x greater than near-
bed flux outside the flow. The time series of saeht flux can be further extrapolated to predict
when deposition may occur during a WSFM event, elt a8 where on the shelf these deposits
should be located. These deposition predictioasarroborated by observations of bed-
elevation change from this study, and seabed geaistry results presented elsewhere (Walsh et
al., 2014).

Chapter 4 employs x-radiographs of sediment carexamine the spatial distribution of

sedimentary facies, as a proxy for the type of de@ssociated with the WSFM event. In
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addition to long-term down-core variability, chasge the seabed surface due to biological and
physical reworking are quantified. Despite thesb&intrinsic to x-radiograph acquisition and
processing, a strong and consistent relationshipdan pixel intensity and porosity emerges.
This relationship is not only found among coredeméd on a single cruise, but in fact is
repeated within cores collected on a subsequergs;rnwhen using the same instrumentation.
The method developed for quantitatively extracestmates of down-core variation in sediment
bulk density from x-radiographs produces interpadagpatial surfaces for the degree of
lamination, which mimic the results of previousdas relying on time-exhaustive laboratory
analyses and visual examination. This new mettwdssess down-core variability (DV) is
capable of identifying depositional patterns obedran the scale of decades to centuries. After
normalizing for total variability, temporal changesn be identified in the seabed surface due to
the implementation of new strata or the destruatibold strata based on a shift in the fractional
variability (FV) occurring in the surface sedimeidstimates of FV are normalized to both the
length of the core, and the total variation in tbate, further enhancing their ability for direct
comparison of seasonal seabed evolution. The@mients in which this method was tested
exhibit different depositional styles, with scatasging from the entire continental shelf seaward
of the Waipaoa River, to a localized region nearrtiouth of the Rhone River.

In summation, these results present a meanintgplferward in understanding the links
between sediment source and sink, as well as betnesr-bed process and seabed product.
Observations made on hourly time scales are usexpiain seasonal change in sedimentary
facies, which in turn, helps provide an understagaif century-scale accumulation patterns.

This research highlights the importance of indialdevents on the annual sediment-transport
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budget, and demonstrates the need to considemteuitne scales of observation when

evaluating system dynamics.

111



References

Allen, G.P., Salomon, J.C., Bassoullet, P., Du BanhY., De Grandprée, C., 1980. Effects of
tides on mixing and suspended sediment transponiicrotidal estuaries. Sedimentary
Geology 26, 69-90.

Aylmore, L.A.G., 1993. Use of computer-assisteddagraphy in studying water movement
around plant roots. Advances in Agronomy 49, 1-54.

Alexander, C.R., Walsh, J.P., Orpin, A.R., 2010.d&im sediment dispersal and accumulation
on the outer Poverty continental margin. Marine IGgp 270, 213-226.

Algeo T.J., Phillips, M., Jaminski, J., Fenwick99¥. High-resolution x-radiography of
laminated sediment cores. Journal of Sedimentasg&eh A64, 665-703.

Bever, A.J., McNinch, J.E., Harris, C.K., 2011. lHydynamics and sediment-transport in the
nearshore of Poverty Bay, New Zealand: Observatibmgarshore sediment segregation
and oceanic storms. Continental Shelf Researcb®1526.

Bentley, S.J., and Nittrouer, C.A., 2003. Emplacetpmodification, and preservation of event
strata on a flood-dominated continental shelf: $ballf, Northern California.

Brackley, H.L., Blair, N.E., Trustrum, N.A., Catdr,, Leithold, E.L., Canuel, E.A., Johnsont,
J.H., Tate, K.R., 2010. Dispersal and transfornmatiborganic carbon across an episodic,
high sediment discharge continental margin, Wai@edimentary System, New Zealand.
Marine Geology 270, 202-212.

Cacchione, D.A., Sternber, R.W., Ogston, A.S., 2B¥tom instrumented tripods: History,
applications, and impacts. Continental Shelf Re$ea6, 2319-2334.

Cacchione, D.A., Drake, D.E., Kayen, R.W., Stergh&.W., Kineke, G.C., Tate, G. B., 1995.
Measurements in the bottom boundary layer on thazam subaqueous delta. Marine
Geology 125, 235-257.

Cartwright, G.M., Friedrichs, C.T., Smith, S.J.120A test of the ADV-Based Reynolds flux
method for in situ estimation of sediment settMedpcity in a muddy estuary. Geo-Marine
Letters 33, 477-484.

DeGeest, A.L., Mullenbach, B.L., Puig, P., Nittrou€.A., Drexler, T.M., Durrieu de Madron,
X., Orange, D.L., 2008. Sediment accumulation @western Gulf of Lions, France: The
role of Cap de Creus Canyon in linking shelf arappslsediment dispersal systems .
Continental Shelf Research 28, 2031-2047.

Drexler, T.M., Nittrouer, C.A., 2008. Stratigraplsignatures due to flood deposition near the
Rhbéne River: Gulf of Lions, northwest Mediterrané&ea. Continental Shelf Research 28,
1877-1894.

112



Durrieu de Madron, X., Wiberg, P.L., Puig, P., 2088diment dynamics in the Gulf of Lions:
The impact of extreme events. Continental SheleBResh 28, 1867-1876.

Fain, A. M. V., Ogston, A. S., Sternberg, R.W., 208ediment transport event analysis on the
western Adriatic continental shelf. Continental EResearch 27, 431-451.

Farnsworth, K.L., Warrick, J.A., 2007, Sourcespéisal, and fate of fine sediment supplied to
coastal California: U.S. Geological Survey Scieatifivestigations Report 2007— 5254, 77

p.

Ferre, B., Durrieu de Madron, X., Estournel, Csédl, C., Le Corre, G., 2008. Impact of natural
(waves and currents) and anthropogenic (trawl)sgsasion on the export of particulate
matter to the open ocean Application to the Gulfioh (NW Mediterranean). Continental
Shelf Research 28, 2071-2091.

Foster, G., Carter, L., 1997. Mud sedimentationh@ncontinental shelf at an accretionary
margin - Poverty Bay, New Zealand. New Zealand Jalusf Geology and Geophysics 40,
157-173.

Friedrichs, C.T., Wright, L.D., 2004. Gravity-dein sediment transport on the continental shelf:
implications for equilibrium profiles near river mihs. Coastal Engineering 51, 795-811.

Fugate, D.C., Friedrichs, C.T., 2002. Determiningaentration and fall velocity of estuarine
particle populations using ADV, OBS and LISST. Goental Shelf Research 22, 1867—
1886.

Ryan, W.B.F., Carbotte, S.M., Coplan, J.O., S. @A. Melkonian, R. Arko, R.A. Weissel, V.
Ferrini, A. Goodwillie, F. Nitsche, J. Bonczkowsk, Zemsky, 2009. Global Multi-
Resolution Topography synthesis, Geochem. Geo@wsssyst., 10, Q03014

Gerber, T.P., Pratson, L.F., Kuehl, S., Walsh, ARexander, C., Palmer, A., 2010. The
influence of sea level and tectonics on Late Rleete through Holocene sediment storage
along the high-sediment supply Waipaoa continesttalf. Marine Geology 270, 139-159.

Gomez B., Carter, L., Turstrum, N.A., 2007. A 2400ecord of natural events and
anthropogenic impacts in intercorrelated terrelstima marine sediment cores: Waipaoa
sedimentary system, New Zealand. GSA Bulletin 1%95-1432/

Guilléen, J., Bourrin, F., Palanques, A., DurrieuMdadron, X., Puig, P., and Buscalil, R., 2006.
Sediment dynamics during ‘wet’ and ‘dry’ storm etsean the Tét inner shelf (SW Gulf of
Lions), Marine Geology 234, 129-142.

Hale, R.P., Ogston, A.S., Walsh, J.P., Orpin, AZR14. Sediment transport and event
deposition on the Waipaoa River shelf, New Zeal@uwhtinental Shelf Research.

113



Hamblin, W.K., 1962. X-radiography in the studystfuctures in homogeneous sediments.
Journal of Sedimentary Petrology 2, 201-210.

Healy, T., Stephens, S., Black, K., Gorman, R.eCBI., Beamsley, B., 2002. Port redesign and
planned beach renourishment in a high wave enenggysmuddy coastal environment ,
Port Gisborne , New Zealand. Geomorphology 48, 16B-

Hicks, D. M., Gomez, B., 2000. Erosion thresholdd auspended sediment yields, Waipaoa
River Basin, New Zealand. Water Resources Res&#ch129-1142.

Hicks, D.M., Gomez, B., Trustrum, N.A., 2004. Evenospended sediment characteristics and
the generation of hyperpycnal plumes at river mguast Coast continental margin,
North Island, New Zealand. Journal of Geology MI22,—485.

Hill P.S., Milligan, T.G., Geyer, W.R., 2000. Conis on effective settling velocity of suspended
sediment in the Eel River flood plume. Continel8helf Research 20, 2095-2111.

Howard, J.D., 1968. X-ray radiography for examioatof burrowing in sediments by marine
invertebrate organisms. Sedimentology 11, 249-258.

Jaeger, J.M., Nittrouer, C.A., 1995. Tidal contrafsthe formation of fine-scale sedimentary
strata near the Amazon River mouth. Marine Geol®fy, 259-281.

Jaramillo, S., Sheremet, A., Allison, M., Reed, A.Holland, K.T., 2009. Wave-mud
interactions over the muddy Atchafalaya subaquebnsform, Louisiana, United States:
Wave-supported sediment transport. Journal of Gesaphl Research 114, 1-18.

Keil, R. G., Mayer, L. M., Quay, P. D., RicheyEl, & Hedges, J. I. (1997). Loss of organic
matter from riverine particles in deltas. Geochinet Cosmochimica Acta 61, 1507-1511.

Kineke, G.C., Sternberg, R.W.,Trowbridge, J.H.,A99uid-mud processes on the Amazon
continental shelf. Continental Shelf Research 563-696.

Kineke, G.C., Higgins, E.E., Hart, K., Velasco, P006. Fine-sediment transport associated
with cold-front passages on the shallow shelf, Glilflexico. Continental Shelf Research
26, 2073-2091.

Kniskern, T.A., Harris, C.K., Mitra, S., Orpin, A.R014. Rapid response sampling of a flood
deposit on the waipaoa Shelf, New Zealand. Contaié&helf Research, this issue.

Kniskern, T.A., Warrick, J.A., Farnsworth, K.L., ®h&tcroft, R.A., Godi, M.A., 2011.

Coherence of river and ocean conditions along tBaNést Coast during storms.
Continental Shelf Research 31, 789-805.

114



Kowalczk, A., 2005. The application of digital xdiagraph imaging for the determination of
bulk density. Report from NSF Summer Intern Progedidirginia Institute of Marine
Sciences, Gloucester Point, VA.

Kuehl, S.A., DeMaster, D.J., Nittroer, C.A., 198&ture of sediment accumulation on the
Amazon continental shelf. Continental Shelf Rede&r209-225.

Kuehl, S., Alexander, C., Carter, L., Gerald, Lerker, T., Harris, C., McNinch, J., Orpin, A.,
Pratson, L., Syvitski, J., Walsh, J.P., 2006. Ustéerding sediment transfer from land to
ocean. Eos 87, 281-286.

Lamb, M.P., Parson, J.D., 2005. High-density susio&is formed under waves. Journal of
Sedimentary Research 75(3), 386-397.

Lamb, M.P., D'Asaro, E., Parsons, J.D., 2004. Therdustructure of high-density suspensions
formed under waves. Journal of Geophysical Rese@rcbans 109, C12026.

Lofi, J., Weber, O., 2001. SCOPIX - digital prodagsof X-ray images for the enhancement of
sedimentary structures in disturbed core slabs:-\@&mne Letters 20, 182-186.

Ma, Y., Wright, L.D., Friedrichs, C.T., 2008. Obgations of sediment transport on the
continental shelf off the mouth of the Waiapu Rj\wé¢ew Zealand: Evidence for current-
supported gravity flows. Continental Shelf Rese&8h516-532.

Macquaker, J.H.S., Bentley, S.J., Bohacs, K.M.2@¥ave-enhanced sediment-gravity flows
and mud dispersal across continental shelves: Raiapyy sediment transport processes
operating in ancient mudstone successions. Ge@8g947-950.

Madsen, O. S., 1994: Spectral wave-current bottoomtary layer flows. Proc. ASCE 24th Int.
Conf. on Coastal Engineering (ICCE), Kobe, Jap&8CE, 384—398.

Marion, C., Dufois, F., Arnaud, M., Vella, C., 2010 situ record of sedimentary processes near
the Rhéne River mouth during winter events (GulLimins, Mediterranean Sea).
Continental Shelf Research 30, 1095-1107.

Martin, D.P., Nittrouer, C.A., Ogston, A.S., Crotkd.S., 2008. Tidal and seasonal dynamics of
a muddy inner shelf environment, Gulf of Papuardalof Geophysical Research 113, 1-
18.

Miller, A. J., Kuehl, S. A., 2010. Shelf sedimeidaton a tectonically active margin: A modern
sediment budget for Poverty continental shelf, Nm&land. Marine Geology 270, 175-
187.

Milliman, J.D., Meade, R.H., 1983. World-wide ddiy of river sediment to oceans. The
Journal of Geology 91, 1-21.

115



Milliman, J.D., Syvitski, J.P.M., 1992. Geomorpiectonic control of sediment discharge to the
ocean: The importance of small mountainous rivEing Journal of Geology 100, 525-544.

Milliman , J.D., Farnsworth, K.L., 2011. River dierge to the coastal ocean: a global synthesis.
Cambridge University Press, New York, NY.

Moriarty, J.M., Harris, C.K., Hadfield, M.G., 201A.hydrodynamic and sediment transport
model for the Waipaoa shelf, New Zealand: sengytiof fluxes to spatially-varying
erodibility and model nesting. Journal of MarBeence and Engineering 2, 336-369.

Mullenbach, B.L., Nittrouer, C.A., 2000. Rapid dsjimn of fluvial sediment in the Eel Canyon,
northern California. Continental Shelf ResearchZA®1-2212.

Mullenbach, B.L., Nittrouer, C.A., 2006. Decadatoed of sediment export to the deep sea via
Eel Canyon. Continental Shelf Research 26, 2157217

Nichols , M.M., Biggs, R.B., 1985. Estuaries. InARDavis, (Ed.), Coastal Sedimentary
Environments. Springer, New York, p. 77-186.

Nittrouer, C.A., 1979. The process of detrital seelt accumulation in a continental shelf
environment: an examination of the Washington stiifD. Thesis, University of
Washington, 242 pp.

Ogston, A.S., Cacchione, D.A., Sternberg, R.W. gikan G.C., 2000. Observations of storm and
river flood-driven sediment transport on the nomth€alifornia continental shelf.
Continental Shelf Research 20, 2141-2162.

Ogston, A.S., Sternberg, R.W., 1999. Sedimentpransvents on the northern California
continental shelf. Marine Geology 154, 69-82.

Ogston, A.S., Drexler, T.M., Puig, P., 2008. Seditraelivery, resuspension, and transport in
two contrasting canyon environments in the south@esf of Lions. Continentla Shelf
Research 28, 2000-2016.

Orpin, A.R., Alexander, C.R., Carter, L., KuehlAS.Walsh, J.P., 2006. Temporal and spatial
complexity in post-glacial sedimentation on thddaccally active, Poverty Bay continental
margin of New Zealand. Continental Shelf Reseaf;2205-2224.

Orsi, T.H., Anderson, A.l.,, 1999. Bulk density tadtion for X-ray tomographic analyses of
marine sediments. Geo-Marine Letters 19, 270-274.

Ozdemir, C.E., Hsu, t.J., Balachandar, S., 2010userical investigation of fine particle laden

flow in an oscillatory channel: the role of parighduced density stratification. Journal of
Fluid Mechanics 665, 1-45.

116



Ozdemir, C.E., Hsu, T.J., Balachandar, S., 201duerical investigation of lutocline dynamics
and saturation of fine sediment tin the oscillatooyindary layer. Journal of Geophysical
Research: Oceans 116, C09012.

Page, M., Trustrum, N., Brackely, H., Gomez, B.s&aM.,Marutani, T., 2001. Waipaoa River
North Island, New Zealand. In: Marutani, T., Bregr] G., Trustrum, N., Page, M. (Eds.),
Source-to-Sink Sedimentary Cascades in Pacific Ran-Systems, pp. 86—100.

Palinkas, C.M., Nittrouer, C.A., Wheatcroft, R.Agngone, L., 2005. The use ‘@e to identify
event and seasonal sedimentation near the Po &ter; Adriatic Sea. Marine Geology
222-223, 95-112.

Palinkas, C.M., Ogston, A.S., Nittrouer, C.A., 200bservations of event-scale sedimentary
dynamics with an instrumented bottom-boundary-lagpod. Marine Geology 274, 151-
164.

Puig, P., Palanques, A., Guille, J., 2001. Neatenotsuspended sediment variability caused by
storms and near-inertial internal waves on the Emicontinental shelf ( NW
Mediterranean ). Marine Geology 178, 81-93.

Puig, P., Ogston, A.S., Mullenbach, B.L., Nittrou€rA., Sternberg, R.W., 2000b. Sediment
transport processes at the head of the Eel subenaaimyon. EOS Trans. AGU 81, AGU
Fall Meeting 2000, OS61A-14, 632.

Puig , P., Ogston, A.S., Mullenbach, B.L., Nittroug.N., Parsons, J.D., Sternberg, R.W., 2004.
Storm-induced sediment gravity flows at the heathefEel submarine canyon, northern
California margin. Journal of Geophysical Resed@®, C03019.

Pullen, J.D., Allen, J.S., 2000. Modeling studiéthe coastal circulation off Northern
California: shelf response to a major Eel rivenficevent. Continental Shelf Research 20,
2213-2238.

Reid, C., 1999. Waipaoa River at Kanakanaia: emewaf flood data. Unpublished report to the
Gisborne District Council, New Zealand, 52 pp.

Rose, L.E., Kuehl, S.A., 2010. Recent sedimematatterns and facies distribution on the
Poverty Shelf, New Zealand. Marine Geology 270,-1%0.

Rose, L.E., 2012. Poverty shelf, New Zealand froenHolocene to present: Stratigraphic
development and event layer preservation in resptimsediment supply, tectonics, and
climate. Ph.D. Thesis. The College of William andry] 288 pp.

Ross, M.A., Mehta, A.J., 1989. On the mechanidsitotlines and fluid mud. Journal of Coastal
Research 5, 51-61.

117



Saarinen, T., Petterson, G., 2001. Image analgsimtques. In: Last, W.M., Smol, J.P., (Eds.)
Tracking environmental change using lake sedimeoitame 2: Physical and geochemical
methods. Kluwer Academic Publishers, Dordecht, pp-40.

Scully, M.E., Friedrichs, C.T., Wright, L.D., 2002pplication of an analytical model of
critically stratified gravity-driven sediment trgoet and deposition to observations from
the Eel River continental shelf, Northern Calif@nContinental Shelf Research 22, 1951-
1974.

Scully, M.E., Friedrichs, C.T., Wright, L.D., 2008umerical modeling of gravity-driven
sediment transport and deposition on an energetitreental shelf: Eel River, northern
California. Journal of Geophysical Research 102031

Shahidul Islam, Md., Tanaka, M., 2004. Impactsafytion on coastal and marine ecosystems
including coastal and marine fisheries and apprdacmanagement: a review and
synthesis. Marine Pollution Bulletin 48, 624-649.

Sommerfield, C.K., Nittrouer, C.A., 1999. Moderrcamulation rates and a sediment budget for
the Eel shelf: a flood-dominated depositional emvinent. Marine Geology 154, 227-241.

Sommerfield, C.K., Nittrouer, C.A., Alexander, C.R999.’Be as a tracer of flood
sedimentation on the northern California continemargin. Continental Shelf Research
19, 335-361.

Slingerland, R., Driscoll, N.W., Milliman, J.D.,iNer, S.R., Johnstone, E.A., 2008. Anatomy
and growth of a Holocene clinotherm in the GulPafpua. Journal of Geophysical
Research 113, FO1S13.

Sternberg, R.W., Larsen, L.H., 1976. Frequencyediraent movement on the Washington
contintnatl shelf: a note. Marine Geology 21, M34-M

Traykovski, P, Wiberg, P., Geyer, W.R. 2007. Obagons and modeling of wave-supported
sediment gravity flows on the Po prodelta and camspa to prior observations from the
Eel shelf. Continental Shelf Research 27, 375-399.

Traykovski, P., Geyer, W.R., Sommerfield, C., 20R4pid sediment deposition and fine-scale
strata-formation in the Hudson estuary. Journ&edbphysical Research 109(F02004), 1-
28.

Traykovski, P., Geyer, W.R., Irish, J.D., Lynch;.J2000. The role of wave-induced density
driven fluid mud flows for cross-shelf transporttve Eel River continental shelf.
Continental Shelf Research 20, 2113-2140.

Trowbridge, J.H., Kineke, G.C., 1994. Structure dgdamics of fluid muds on the Amazon
continental shelf. Journal of Geophysical Rese88;965-874.

118



Ulses, C., Estournel, C., Durrieu de Madron, XlaRques, A., 2008. Suspended sediment
transport in the Gulf of Lions (NW Mediterraneamypact of extreme storms and floods.
Continental Shelf Research 28, 2048-2070.

Walling, D.E., Webb, B.W., 1996. Erosion and seditngeld: a global overview. IAHS
Publications 236, 3—19.

Walsh, J.P., Alexander, C.R., Gerber, T., OrpilR.ASumners, B.W., 2007. Demise of a
submarine canyon? Evidence for highstand infillbmgthe Waipaoa River continental
margin, New Zealand. Geophysical Research Letigrs 30606.

Walsh J.P., Corbett, D.R., Kiker, J., 2014. Sherirt evolution of event deposits on the Waipaoa
River margin, New Zealand. Continental shelf Redgahis issue.

Warrick, J.A., Milliman, J.D., 2003. Hyperpycnadment discharge from semiarid southern
California rivers: Implications for coastal sediméndgets. Geology 31, 781-784.

Warrick, JA., Xu, J., Noble, M.A., Lee, H.J., 20B8pid formation of hyperpycnal sediment
gravity currents offshore of a semi-arid Californiger. Continental Shelf Research 28,
991-1009.

Wells, J.T., Coleman, J.M., 1981. Physical Proceasel fine-grained sediment dynamics, coast
of Surinam, South America. Journal of Sedimentatydfogy 51, 1053-1068.

Wheatcroft, R.A., Stevens, A.\W., Hunt, L.M., Milag, T.G., 2006. The large-scale distribution
of internal geometry of the fall 2000 Po River ftbdeposit: Evidence from digital X-
radiography. Continental Shelf Research 26, 499-516

Wheatcroft, R.A., Goni, M.A., Hatten, J.A., Pastk, G.B., Warrick, J.A., 2010. The role of
effective discharge in the ocean delivery of pattite organic carbon by small ,
mountainous river systems, Limnology and Oceandgr&b, 161-171.

Wheatcroft, R.A., Wiberg, P.L., Alexander, C.R.nBey, S.J., Drake, D.E., Harris, C.K.,
Ogston, A.S., 2007. Post-depositional alteratich preservation of sedimentary strata. In:
Nittrouer, C.A., Austin, J.A., Field, M.E., Kravitd.H., Syvitski, J.P.M., Wiberg, P.L.
(Eds.), Continental Margin Sedimentation: From et Transport to Sequence
Stratigraphy. Blackwell Publishing Ltd., Oxford, Ugp. 101-155.

Wheatcroft, R.A., Borgeld, J.C., 2000. Oceanic dazposits on the northern California shelf:
large-scale distribution and small scale physicapprties. Continental Shelf Research 20,
2163-2190.

Wheatcroft, R.A., Sommerfield, C.K., Drake, D.EqrBeld, J.C., Nittrouer, C.A., 1997. Rapid

and widespread dispersal of flood sediment on tmtharn California margin. Geology 25,
163-166.

119



Woeffel, F., Elgar, S., 2003. Wave-induced sedintiemtsport and sandbar migration. Science
299, 1885-1887.

Wiberg, P., 2000. A perfect storm: Formation anteptal for preservation of storm beds on the
continental shelfOceanography.3(3): 93-99.

Wiberg, P.L., Sherwood, C.R., 2008. Calculating @generated bottom orbital velocities from
surface-wave parameters. Computers and Geoscidacé243-1262.

Winterwerp, F.C., van Kessel, T., 2003. Siltatigrsediment-induced density currents. Ocean
Dynamics 53, 186-196.

Wright, L.D., Wiseman Jr., W.J., Yang, Z.S., Borlthd.D., Keller, K,H., Prior, D.B.,
Suhayda, J.N., 1990. Processes of marine dispmandadposition of suspended silts off the
modern mouth of the Huanghe (Yellow River). Comitaé¢ Shelf Research 10, 1-40.

Wright, L.D., Boon, J.D., Xu, J.P., Kim, S.C., 1992e bottom boundary layer of the bay stem
plains environment of lower Chesapeake Bay. EstadCioastal Shelf Science 35, 17-36.

Wright, L.D., Friedrichs, C.T., Kim, S.C., Scully.E., 2001. Effects of ambient currents and

waves on gravity-driven sediment transport on cwrmtial shelves. Marine Geology 175,
25-45.

120



2014

2011

2006

VITA

Ph.D., Geological Oceanography, Universit\aishington
Dissertation Title: “Investigating sediment trandpmn the Waipaoa margin: linking

situ observations with preserved deposits”
M.S., Geological Oceanography, University aisMngton
Master’s Title: “Sediment input to a submarineyam Effects of Typhoon Morakot in

Fangliao canyon, SW Taiwan”

Sc.B., Brown University
Thesis: “The geologic evolution of coastal ponds”

121



