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ABSTRACT

OBSERVATIONS OF POCKMARK FLOW STRUCTURE
IN BELFAST BAY, MAINE

by

Christina L. Fandel
University of New Hampshire, May, 2013

Vertical current and CTD profilesere acquireaver asmall,sphericalpockmark
and alarger, more elongatedockmarkin Belfast Bay, Mainein July 2011 These
observations shosd evidence for mixing within the pockmarks, a rotational pattern that
resembles open cavity flow, and incipient motion along the rims. Over the center of each
pockmark, observations of uniform temperature properties belom at& indicative of
mixing within the pockmark. The observed amplex rotationalstructure over each
pockmarkshowssignificantrotation with depth and a greater degree of rotationng
ebbing tide. These observations aealitatively consistent with circulation patterns
predicted bycavity flow modelsCritical Shields parameters for cohesive sediment were
estimated at the rim and center of each pockmark and were only exceeded along the rim.
During the infrequently observed upwelling events, and in the absence of flocculation,

suspenéd sediment would be unable to settle through the water column.
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CHAPTER 1

INTRODUCTION

1.1 Belfast Bay

Penobscot Bay is situated along the central coast of Maine and is the largest
estuarine embayment within the Gulf of Maine. Regional circulation is driven by tidal
currents that are modified by wirdtiven stress at the surface. Locatedhim the
northwestern quadrant of Penobscot Bay, Belfast Bay comprises a shallown(y 70
muddy environment that is fed by the Passagassawakeag River to the northwest and the
Penobscot River to the northeast. Seafloor topography in Belfast Bay is rilied
hundreds of large, spherical to elongated depressions, referred to as pockmarks.

Andrews et al., 2010imultaneously acquired backscatter, bathymetric, and
seismicreflection data within &5 kn¥ region of Belfast Bay in 2006. The surveyed area
ranged in depth from 7 to 46h and consisted of an estimatedrd7 pockmarks.
Pockmark morphologyn Belfast Baytransitions from more spherical the northern
regionto more elongated further souttnere he bay significantly constricts in siZehis
morphological transition to a more elongated shape with progression south is a
characteristic that is also observed in other regional pockmark feelgl8(ue Hill Bay,

ME; Passamaquoddy Bay, New Brunswiclkan@da) and is suggested to be related to

increased undirectional, neabed flow (Brotherset al, 20132.



Methaneescape from Holocene estuarine sediment has been evoked as the
primarily mechanism of pockmark formation in Belfast Bay based on multiple
geophysical dataobservations of shallow natural gas within this sediment package
(Barnhardtet al, 1997;Christian, 2000; Andrewst al, 2010) Historical bathymetric
datadating back to 1872 document the presence of multiple pockmarks within Belfast
Bay and suggest that at least a portion of the field existed about 140 years ago.
Furthermore, the Belfast Bay pockmada notprotrude below the Pleistocene/Holocene
unconformity and are therefore suggested to be no older than 11,000 years.eSemt
degassing activitywithin Belfast Bay remains comversial with evidencexistingboth
for (e.g.Kelly et al., 1994; Barnhardet al., 1997) and against (Usslet al, 2003) an
actively venting field A recent pockmark presence/absence analysis of Belfast Bay
indicated no change in maescale (> 5m) pockmark frequency or distributidretween
the years 1999 and 2008set longterm pockmark evolution and maintenance
mechanisms remain uncertafithough multiple studies have obtained geophysical data
within the Belfast Bay pockmark fielde@. Kelley, et al, 1994; Ussleret al, 2003;
Rogerset al, 2006 Andrews et al, 2010), none have investigated thew structure and
circulation patterns in the vicinity of these pockmarksalysis of the flow and sediment
dynamicsaroundpockmarks will lead to a better understanding of mgrale pockmark
evolution in Belfast Bay as well gsrovide valuable insight regding therequired
frequency of repeat hydrographic surveys to properly characterizeretjenal
bathymetry.

This study examirgethe verticaltemperature, salinitygnd current structure over

two pockmarks in Belfast Bay, Maine to investigate thehmaaisms of longerm, post



formation maintenancdwo pockmarks were studied: a spherjpatkmark with a45m
diameter and 12n of relief located in 2Im water depth in the northern part of Belfast
Bay and a more elongated pockmark with8) m diameter ad 17m of relief located in

24 m water depth in the southern region of Belfast B timevarying structure of the
water column was examined by completing multiple Conductivity, Temperature, and
Depth (CTD) casts over the center of each pockmark tmmaplete tidal cycle. Vertical
current profiles were measuredsing bottoramounted Acoustic Doppler Current
Profilers positioned at the rim and center of each pockmnle results of these
observations are summarized within three separate pepensrising Chapters 24 of

this thesis. Each chapter is comprised of an independent abstract, introduction, methods,
discussion, and conclusion section.

Chapter 2 presents the majority of the survey methods used in this study as well
as summarizes thaverall current observations. This paper investigates the evidence for
mixing within these depressiomasd examines the influence of roughnasduced form
drag on the local flow regime. Chapter 3 examines the rotational structure observed over
the sampld pockmarks and introduces a conceptual flow model that may explain near
shore, pockmark circulation patterns, specifically in Belfast Bay, Maine. Chapter 4
estimates periods of incipient motion from nbad current observations and measured
grain size chracteristics.Maximum grain size estimations under terminal settling
velocities are examined to infer whether or setiment is expected to settle towards the
seafloor or remain in suspension, specifically during periods of predicted incipient
motion. Broad conclusions of all three studies are summarized in Chapter 5 and future

researcldirections are discussed.



CHAPTER 2

OBSERVATIONS OF POCKMARK FLOW STRUCTURE
IN BELFAST BAY, MAINE, PART 1:
MIXING

2.1 Abstract

Field observations of current profiles ateinperature andalinity structure were
used to examine vertical mixing within two pockmarks in Belfast Bay, Maine. The
morphology of the sampled pockmarks is distinctly different, the first is nearly circular in
shape and locataed 21 m waterdepthwith a 45 m diameter and 12n of relief and the
other is more elongated and locate@5 m waterdepthwith an 80m diameter and 1vh
of relief. Hourly-averaged current profiles were acquired from botinounted acous
Doppler current profilersADCP9 deployed on the rim and center of each pockmark
over successivd?2 hour periods in July 2011. CTD casts at the rim and center of each
pockmark show warmer, fresher water with evidence of both active and fossil
thermocline structure in the upper water column, abe8itmbabove the rim, and well
mixed water below to the llom of each depression. Vertical velocity observations show
up-welling and downwelling events that extend from above the rim and into the depths
of each pockmark indicating active overturning of the water column and mixing of flow
above and below the rimAn anomalous temperature rise wasarly simultaneously

recorded by temperature sensas both the rim and center ADCRmnd occurs
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coincident with an overturning event below the rim. Vertical profiles of horizontal
velocities show depth variation bo#t the center and rim consistent with turbulent
logarithmic layers, and suggests that form drag may be significantlemndilg the local

flow regime. Current and temperature and salimbgervationsobtained over the
sampled pockmarksuggest active ming and overturning within the pockmarks, and
enhanced turbulence over these depressions from upstream bathymetric irregularities

induced by other, distant pockmarks.

2.2 Introduction

Pockmarks are roughly conical depressions in the seafloor thaty@oally
associated with suburface fluid and ga®xpulsion These cratelike features are
distributed in a variety ofjlobal geologic environments ranging from shallow coastal
regions(e.g.,Brothers et al., 2011; Wildiset al., 2008) to deep offshorsettings €.g,
Hovland and Judd, 198&{ovland and Svensen, 200@ockmarks range in size from
less than Into over a kilometer in diameter and are believed to be formed by the gradual
or instantaneous release of underlying gas, groundwater, ewatee(e.g, Scanlon and
Knebel, 1989; Christodouloet al, 2003).

A major source of uncertainty in pockmark research relates to age estimation and
mechanisms for lonrterm maintenance, specifically in nawtively venting fields.
Observations othe curent structure as well as the physical properties of the water
column within and arounthese depressiorse needed to improve our understanding of
sediment transport within pockmarkehese observationgill better constrain models for
age approximatiorand offer insightinto mechanisms of poe$brmation pockmark

5



maintenance. In addition, many pockmark fields are associated with abundant biological
communities within individual pockmarks.g.,Gay, et al, 2005; Hovlandet al, 2005;
Ritt, et al, 2011 Wildish, et al.2008), and investigation of current floim the vicinity of
pockmarkswill lead to more accurate estimations of faunal and nutrient distribution
patterns in these seafloor depressions.

Belfast Bay idocatedin centralMaine in the nohwestern quadrant of Penobscot
Bay and consists of an extensive pockmark fi@iagure 2-1) (Scanlon and Knebel,
1989) Belfast Bay is characterized as a shallowb@0n deep estuarine environment
with predominant fresiwater input by the small Passagasakeag River to the
northwest and the larger Penobscot River to the northeast (USGS, 2010). Belfast Bay
contains over 00 pockmarks within a 2En? area (Andrewset al, 2010). Pockmark
morphology transitions from a nearly circutdrapean the shallower, northern region 4o
more elongated shape in the deeper, southern reBiogenically derived rathane
release from Holocene estuarine mud has been identified as the primary method of
pockmark formation in Belfast Bay, yet the relativegdssing activity and maintenance
mechanisms of the pockmarks remain unresolved (Kedeg|, 1994). Although much
research has addressed pockmark formation, specifically in BelfasteBayScanlon
and Knebel, 1989; Kelleyt al, 1994; Rogerset d., 2005; Brothers,et al, 2012), few
studies have acquired physical currentt@mperaturaneasurements in the vicinity of
pockmarks.

This study presents field observations of the evoluticth@Verticaltemperature,

salinity, and current structure evtwo pockmarks in Belfast Bay, Maingoth



pockmarks showvevidence of active mixing of water withthem and a turbulent flow
structure induced by internal pockmark circulation and upstream bathymetric

irregularities.
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2.3Methods

Field observations of thiemperature, salinitgndcurrentstructure were obtained
over the rim and center of two pockmarks in Belfast Bay with conductivity, temperature,
and depth (CTD) casts and bottonounted acoustic Doppler current profileADCPS.
Candidate pockmarks were selected from a 5 by Eesoluton bathymetric map of
Belfast Bay produced from a multibeam survey conducted by the U.S. Geological Survey
in cooperation with the University of Maine in 2006 and 20BBtherset al, 2011)
Pockmarks were selected based on proximity to other pocknaegksh restrictions of
the instrumentation, and characteristic morphology. The chosen pockmarks are both
located within regions of high pockmark density and consist of a spherical pockmark in
21 mwater depth with &5 m diameter and 18n of relief locatedn the northern region
of the bay and aelongated pockmark in 2% water depth with 80 m diameter and 17
m relief locatedto the south(Figure 22). The northern pockmarls located near a
complex convergence zone of tidal currents flowing aroundbistesisland, whereas the
southern pockmaris located in a narrower channel to the west of Islesboro Island where
tidal currentsarestronger and more aligned with the direction of the channel. Data were
obtained in the northern pockmark from 26 July 1&®I through 28 July 1100 EST
(Julian days 207-:209.6), and in the southern pockmark from 28 July 1700 EST through

30 July 1000 EST (Julian days 20291.6)during a rising spring tide
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are referenced to mean sea level.
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Wind speed, direction, and gust speed were obtained from meteocablstgitons
located on shorenear the townships of Belfast and Searsport, MaifWeather
Underground Organization, 201{figure 2-1). Observations were made about r80
above mean seal level at the Belfast weather station andal®dve mean seal level at
the Searsport weather station. Wind speed, direction and gust data were collected and
distributed by Weather Underground, Inand averaged over lir intervals. Although
winds were variable over Belfast Bay, the general agreement between the two distant
sites suggests that the length scales of the variability would not greatly influence the
interpretation of our resultsWave heights were generally small, with limited swell in
Penobscot Bay and with low energy (order OrfiSsignificant wave heights), high
frequency sea waves with short periods (ord8rs) that were spun up and down by the

local diurnal wind patterns.

2.3.1 Bathymetry

A high-resolution bathymetric survey was conducted over each pockmark for a
complete tidal cycléy making many (of order 50) cri€sossing transects using tRéV
Cocheco (Figure-2). Bathymetric data were acquired using a sidminted ODOM
THP 200 singg-beam echo sounder operating at 2k8z Submeter positioning
accuracy was achieved using an Omnistar 8200 HP differential GPS system that
continually received differential GPS corrections via satellite transmission. Bathymetric
data were post processenhd gridded to 2.5m resolution using Computer Aided
Resource Information System (CARIS) Hydrographic Information Processing System

(HIPS) 7.0 software. Tidal observations were acquired from NOAA tidal station 8418150
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located to the south in Portland, Maj and used to reference bathymetric data to the
mean sea level. Temporal corrections were applied to account for the known offset in the

tidal wave arrival time between Portland and Belfast.

2.3.2 Current Observation

Threecomponenturrent velocityprofiles were concurrently acquired at the rim
and center of each pockmark over the l8sampling period. Upwartboking RDI
Workhorse 30.kHz ADCPswere installed on triangular aluminum frames abouotdn a
side with height of 0.52n and 0.63m above bottom in the rim and center of the
pockmarks, respectivelfFrigure 23). Velocity profiles were sampled in regularly spaced
0.5m bins through the water column beginning 2m87rim location) and 2.24n (center
location) above the seafloor. TA®CPssampled currents in each bin at §.@tervals
and recorded averaged currents ovanih periods. The center current meter mount
additionally housed a Nortek Aquadopp acoustic current meter positioned &bdve
the seafloor that sampled atHz arnd recorded nedbed mean currents over rhin
periods. Currents were further averaged after data collection dwentervals and over
4 adjacent vertical bins to yield mean thmmenponentcurrent profiles with better than
0.0@5 m/saccuracy. All ADCPand Aquadopp data were synchronized to withis 1
UTC during sampling.

Current meter mount locations at the center and rim of each pockmark were
estimated by calculating a tiraerage of the recorded GPS data over a time interval
within £ 2 minutes of ta recorded deployment time (Figure2R Rim current meter

mounts were visible within singleeam echo sounder backscatter data at each pockmark
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site and their location was approximated by obtaining a mean position from manual
inspection of multiple backatter profiles. The relative offset between the temeraged

and the backscattelelineated position of the rim current meter mount was applied to the
time-averaged position at the center and designated as the location of the center current
meter mount. e associated uncertainty of each estimated ADCP location was
approximated by calculating the quadratic sum of the individual uncertainty sources, and
estimated to be within about-+3.5 m horizontally at the northern pockmark and within
about +/ 1.8 m horizontally at the southern pockmark. The approximated position of the
center current meter mount in both pockmarks is along the northeastern sidewall which is
consistent with internally measured orientation angles recorded by the ADCPs.

Pitch and roll anigs were measured internally by each ADCP with accuracy of
+/- 0.5deg The rimADCPswere deployed on approximately level ground, with a tilt
angle of about 2legand 7degfor the northern and southern pockmarks, respectively.
The centeADCPswere orented at a significant angle of aboutd®pand 17degwithin
the northern and southern pockmarks, respectively. However, these tilt angles were
internally accounted for within the RDI sensors when resolthegrthogonal velocity
components and wednsistent with the bathymetric slopes at the estimatsation of
the ADCPs. Becauseeach ping, 0.35 was adjusted for orientatiothere are no adverse
effects in the estimated current structure as a result of théemeled position of the

ADCPs Thesame is true for the singfmint Aquadopp current meter.
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Figure 2-3. Image of current meter mount deployed in the center of each pockmark.
The various parts labeled by letters arghe (A) acoustic release, (B) RDI Workhorse
300 kHz ADCP and (C) Nortek Aquadopp acoustic current meter.
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The estimated ADCP locations and approximate beam angles based on observed
tilt angles areshownin Figure 24 along a nortksouth crossectional view of the
bathymetry collected over each pockmarkhese bathymetric profiles are relative to
mean sa level and indicate the nearly symmetrical shape of both pockmarks, yet more
elongated morphology of the southern pockmédngthto-width ~ 2.2) than the
northern pockmark (widtho-length ~ 1.2) The rim pockmark ADCPs deployed on
nearly level ground, have all four acoustic beams that reach the sea surface at the same
bin elevation, and thus can accurately observe current structure within a short aiétance
the surface. TheADCPs deployed at the ceéer of each pockmark, however, were
positioned a@ significant angle that results imdividual acoustic beam#at extend to
different elevations within the water column. Measurements obtainaelond the
maximumelevation samplely all beams were elimated This maximum elevation was
around 4m and 8 m below the surface over the northern and southern pockmark,

respectively.
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Figure 2-4. N-S crosssectional view of bathymetry across each pockmark with the
x-axis indicating the distance from theapproximate pockmark center and the yaxis
indicating elevation referenced to mean sea level. The approximate location of each
current meter mount is marked by a gray triangle. The extension of the acoustic
beams from the current meter mounts are marked bysolid and dashed lines. Note,
current data collected at ranges greater than the maximum distance reached by all

acoustic beams were eliminated.

16



2.3.3 CTD Observations

CTD casts were obtained near the center of each pockmartrant2rvals for a
single tidal cycle to assess the timrarying structure of the water column over each
pockmark. Data were acquired using a Seabir@1TD profiler and posprocessed using
the SeaBird data processing software. The density structure over both pockmarks was
impacted by salinity and temperature variations with depth. Accuracy aothauctivity,
used to derive salinitygnd temperature sensors of the Seabird profiler were estimated to
be within 0.001S/m and 0.02C, respectively based on manufacturers specifinati
Additionally, seawater temperature was measured ovarirbperiods at the ADCP
transducer locations in both RDI instruments and the Nortek Aquadopp. Temperature
sensor accuracy of the Nortek Aquadopp and RDICPs is 01°C and 04°C,
respectively. These observations were calibratéd situ using the SeabirdCTD
observations.

In the following, a righthanded coordinate system is adopted with vertical datum

at mean sea levahdz coordinate positive upwards.
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2.4 Results

2.4.1 Environmental Conditions and Depth-averaged Currents

Depthaveraged current data and wind conditions observed during the field
experiment are displayed in Figure52 Hourly averaged wind speedirection and
gusts are indicated for both wind stations in Belfast and Searsport. Observed winds
showed oscillations related to the diurnal sea breeze with speeds increasing in the late
afternoon. Wind directions were determined by weak frontal systems thatlcausipt
180degchanges every couple of days. Winds rotated from northeast to southwest during
the northern pockmark deployment period and oscillated between northeast and
southwest during the southern pockmark sampling period.

Current nagnitude and déction data are deptiveraged oveB layers including
the surface layer from the surfaceth@® approximate average depth of the thermocline
about8 m, the midwaterlayerfrom 8 mto thedepth of theim, and the deep layer from
the rim depth to the botom of the pockmark (Figure-2). Current direction data
represent the direction that the current is flowing. Tida#yillating surface flow is
modified by winddriven currents and ranges in magnitude from @.25 m/g butis

typically in the rang®.05 to 0.10m/s.
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The midwater column current€8 m < z < rim depth)are morestronglytidally
dominated, particularly in the southern pockmarkerve current oscillations closely
follow tidal phasesMid-water column currents over thrthernpockmark are more
variable and influenced by windliven stress at the surface as well as converging tidal
currentsaround Islesboro IslandCurrent magnitudes range from O to Or2Gsin this
layer, and are typically stronger than the surfacdeepcurents indicating a suburface
maximum in the currenvertical structuredue to the higivelocity tidal flow. Similar
current observations at the rim and center of each pockmark suggest a nearly uniform
horizontal variation in the flow from the rim to thenter at mid depths.

The currents in the deep lay@r< rim depthyare much weaker, ranging from 0 to
0.05m/s and do not always show strong tidal oscillations. Rotatistrakture in the
deep layer ixomplex with currents rotating both clockwise and couokeckwiseover

depth andrarying in structuréhrough time.
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Figure 2-5 (Previous Page).Tide, wind and depth-averaged currents during the
northern and southern pockmark sampling periods with time (Julian Days) on the
x-axis. Upper panel shows mean sea surface elevation from bottom pressure data
and the times (circles) of the CTD casts. Windmeed and direction obtained from
meteorological stations nearBelfast (light gray) and Searsport (dark gray) are
shown in the next 2 panels. Triangles indicate hourly wind gusts. Lower 3 panels
show hourly-averaged current magnitude directions depthaveraged over the
surface, mid, and deep layers, respectively, delineated by the average depth of the
thermocline (8 m) and depth of the pockmarkrim (21 and 24 m). Data displayed in
blue were obtained from the current meter mount located along the rim of either
pockmark and data displayed inteal were obtained from the current meter mount
located at the center of either pockmark.
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2.4.2 Salinity and Temperature Observations

Variation of salinity and temperature profiles shswwong density structure over
the northern and southern pockmarks. The twaging salinity and temperature
structure of the water column was observed from multiple CTD casts acquired over the
center of each pockmark (Figure® Salinity profiles show general increase in salinity
with depth near the surface and constant salinity below abce®B 10 depth. Sharp
excursions in the salinity profiles of about @&uoccur around 5n and 12m depths
below the surface. These salinity variations may repteaa advected flow from a
previous mixing event.

Temperature profiles show diurnal thermal heating and cooling effects throughout
the day with a characteristic deepening of the thermocline around mid day. Uniform
temperatures are observed to extend frdewameters above the rim to the bottom of the
pockmark, suggesting a homogeneous, weXed deep layer throughout the depression.

An increase in temperature is observed in the last two casts obtained over the northern
pockmark and was also recorded by thottommounted ADCP temperature sensors.
The observed rise in temperature evolved uniformly across the profile and extended to

the bottom of the pockmark.
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Figure 2-6. Salinity and temperature profiles acquired over the center of the
northern (left panel) and southern pockmark (right panel). The upper panel shows
tidal observations during the moored current meter sampling period where gray
dots along the tidal wave indicate the time at which the individual CTD casts were

acquired. Horizontally dashed gray and black lines denote the depth of the rim and
bottom of each pockmark respectively
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The time evolution of the ne#ottom temperature recorded by the rim and center
ADCPsis displayed in Figure-Z. A 0.3C rise in temperature beginning at Julian Day
208.8 occurs over an approximatelyh® time period. The apparent time lag in
temperature recorded at the rim and center of each pockmark is related to the relative
location of the temperature sensor within ttveo ADCPs. At the rim, the ADCP
temperature sensor is located internally, whereas at the center, the ADCP temperature
sensor is located externally and therefore more quickly responds to changes in
temperatureDepthaveraged vertical velocities below then from the center mounted
ADCP show up and dowwelling events with magnitude of about 0.10.15 m/s
coincident with the rise in temperature and suggest a strong vertical mixing event
extended fronthe center of the pockmark to above the (igure 27). The initial rise
in temperature occurred coincident to relatively strong upsdagtted vertical velocities
below the rim and is followed by a similarly strong dewalling event that decreases in
magnitude as the temperature stabilizes. At the soupfmkmark, a similar gradual rise
in temperature was measured at both the rim and center ADCP locations, and was
associated with a weak, net downward velocity over the duration of the deployment

period.
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