THE UNIVERSITY OF

7 WAIKATO Research Commons

gty 16 Whare Winanga o Waikato

http://researchcommons.waikato.ac.nz/

Research Commons at the University of Waikato

Copyright Statement:

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand).

The thesis may be consulted by you, provided you comply with the provisions of the
Act and the following conditions of use:

e Any use you make of these documents or images must be for research or private
study purposes only, and you may not make them available to any other person.

e Authors control the copyright of their thesis. You will recognise the author’s right
to be identified as the author of the thesis, and due acknowledgement will be
made to the author where appropriate.

e You will obtain the author’s permission before publishing any material from the
thesis.


http://researchcommons.waikato.ac.nz/

WAVE INDUCED SEDIMENT TRANSPORT
ON INTERTIDAL FLATS IN A
FETCH LIMITED ENVIRONMENT,
PINE HARBOUR MARINA, AUCKLAND

A thesis
submitted in partial fulfilment
of the requirements for the Degree
of
Master of Science (Technology)
in Earth Sciences
at the University of Waikato

by

Joanne Margaret Hull

University of Waikato
1996




ABSTRACT

This study investigates the nature of sediments and the role of tides, currents, waves and
winds in driving sediment transport on the intertidal flats and shallow subtidal areas in the
vicinity of Pine Harbour Marina which is situated in a shallow embayment adjoining Tamaki
Strait in Hauraki Gulf, northeast North Island, New Zealand. The results from these
investigations along with the study of the marina approach channel and dredge spoil dump
site are used to examine the causes of sediment infilling the approach channel to the marina.
This work was undertaken in support of two resource consents (H/9205 and H/9258) granted
to Pine Harbour Marina by the Auckland Regional Council to undertake maintenance
dredging to excavate 4,500 m’ of sediment from the navigation approach channel between
June and October 1994.

The sediments of the intertidal and shallow subtidal regions in the vicinity of Pine Harbour
Marina were characterised and sediment mixing depths and transport patterns investigated
with sedimentation rods, tracer studies, beach surveys and hydrographic surveys. The
forcing processes of tide, wave, current and wind in the embayment were also investigated
with hydrodynamic monitoring and a wave generation model for fetch limited environments
was used to hind cast wave conditions. The data was collected, in conjunction with a
monitoring program of the physical impacts of the 1994 dredging, to identify sediment
transport pathways and to obtain quantitative sediment volume changes over the intertidal and
subtidal channel areas.

Pine Harbour Marina is situated in a fetch limited low wave energy environment, dominated
by local wind generated waves. Wave generation model WGEN3DD for limited fetches, was
set up to hind cast wave conditions from wind data recorded at the site. The wave climate is
characterised by wave heights (H,) between 0.1 m to 0.4 m, and wave periods (T,) between
1.0 and 2.0 s. Large wave events are rare, but wave heights (H,) up to 0.5 m and periods
(T)) of 2.5 s are generated by wind speeds greater than 10 m/s from the northwest where
fetch is greatest.

Wind driven circulation is important over the shallow intertidal region. On a day-to-day basis
suspended sediment is transported north driven by the prevailing south-westerly winds.
However large infrequent storms from the north have a greater impact on sediment transport
over short time periods where significant volumes of sediment are entrained beneath high
energy waves. Greater sediment transport occurs over the intertidal region than the subtidal
region because sediment threshold velocities are more frequently exceeded in the shallower
water depths. Thus sediment deposited in the approach channel to Pine Harbour Marina is
infrequently entrained as wave orbital velocities are attenuated before they reach the bed in the
deeper water.

A sediment tracer experiment was undertaken using artificial fluorescent particles to identify
the pattern of fine grained sediment dispersion over the intertidal flats. The dominant
sediment transport direction detected was towards the southeast during a westerly storm, and
a significant concentration of tracer particles accumulated in the approach channel.

Sediment depth of disturbance rods on the intertidal flats indicate that sediment mixing depths
were generally less than 1.5 cm due to shallow disturbance created the movement of small
(h=1.0-1.5 cm) wave ripples. Depth of sediment disturbance increased to between 2.0 and
3.0 cm associated with storm periods. The maximum sediment mixing depth recorded by
sedimentation rods was 6.2 cm. Similar mixing depths of 2.5 cm were recorded during
mixing depth experiments involving short cores through buried dyed sediment and vertical
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Abstract

mixing of fluorescent tracer particles. Fluorescent tracer was mixed to a maximum depth of
17 cm, which was not attributed to wave action but rather to bioturbation.

Six monthly beach surveys indicated 2.5 cm of accretion occurred over the mid tide region on
the northern intertidal flats. This volume of sediment accretion accounts for approximately
half of the dredgings material dumped on the intertidal flats. The remaining dumped sediment
was resuspended by wave action and either transported back into the approach channel to
Pine Harbour Marina, or removed from the area in suspension.

Within 9 months of dredging of the approach channel, an average of 0.5 m of sediment
deposition occurred along the northern side of the landward 700 m of approach channel.
This was estimated to be approximately 5,250 m’ + 2,100 m’ of sediment infilling the
channel. The increased rate of sediment infilling the approach channel is attributed to natural
sediment accumulation combined with the rapid transportation of some dredgings sediment
back into the channel.

Initially dredgings sediment appeared to consolidate in situ, but became dispersed as a
shallow layer extending up to 100 m over the intertidal flats north of the approach channel.
Over the course of the investigation the dredge mounds were observed to be eroded by small
drainage channels which became incised into the silty sediment at various locations
transporting fine sediment from the dredge mound and intertidal flats into the approach
channel. Some 12 months after dredging, the dredge mounds were dissipated and only
remnant blocks of gravel to boulder sized fragments of bed rock were left.

This investigation has shown that a significant amount of dredge spoil deposited on the
northern intertidal flats during the 1994 dredging operation became transported back into the
approach channel within 9 months of the completion of the dredging works. An alternate
disposal site for future maintenance dredging works in the approach channel at a further
distance from the channel edge would reduce the likelihood of “recycling” of dredged
material. Possible alternate disposal options for management of dredge spoil from future
maintenance dredging could include: sidecasting disposal further from the channel; offshore
disposal site - adjacent or distant; contained disposal; or landfill.
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CHAPTER ONE:
INTRODUCTION

1.1 Introduction

Pine Harbour Marina, located near Beachlands, in south-east Auckland is situated partly
on low lying land, and extends some 200 m over intertidal flats on the western side of the
Beachlands - Maraetai Peninsula (Figure 1.1). The marina approach channel was dredged
to a design depth of between 2.0 and 2.6 m below chart datum (CD) through sandy
Holocene marine sediments of the intertidal sand flats, and carved in shore platform
Miocene flysch deposits. Since the marina was opened in 1988, sedimentation in the
approach channel has been faster than predicted in the hydraulic studies undertaken by
Raudkavi (1986). Subsequently, hydrographic surveys of the approach channel in 1993
revealed that depths were reduced by up to 1 m in the area between 300 and 700 m from
the entrance to the marina basin, necessitating removal of approximately 4500 m® of
sediment (Kingett Mitchell & Associates, 1993a).
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FIGURE 1.1: Location of Pine Harbour Marina in Manukau City, Auckland.



Chapter One: Introduction

Resource consents were granted in 1994, under the Resource Management Act 1991
(RMA), to Pine Harbour Marina by the Auckland Regional Council to undertake the
required maintenance dredging and disposal. The dredging was undertaken using a barge
mounted hydraulic back hoe, and the dredged material was deposited on the adjacent sand
flats to the north of the channel between June and October 1994. As a condition of the
resource consent (as detailed in the Fourth Schedule of the RMA 1991), a monitoring

program to assess the effects of the dredging on the environment was undertaken.

The monitoring program was undertaken in conjunction with an investigation into the
broader issues of sediment transport pathways on the intertidal flat surrounding the
marina approach channel and the processes driving these patterns. An understanding of
sediment transport patterns and sedimentation rates in this intertidal fetch-limited

environment is fundamental to solving the practical problems of channel sedimentation.

1.2 Objectives

The aims of this research are firstly, to monitor the physical effects of the dredging and
disposal of dredgings material on the intertidal sand flats that took place at Pine Harbour
Marina, between June and October 1994; and secondly to document the nature and origin
of sediments and the sediment transport pathways and rates across the intertidal flats, in
order to assist future decision making regarding continuing maintenance dredging of the

navigation approach channel to Pine Harbour Marina.
The specific objectives of the research are:

1) To determine the patterns of sediment transport on the intertidal sand flats in the fetch

limited environment fronting Pine Harbour Marina.

2) To determine the role of tides, currents, waves, and winds in driving sediment
transport at the site.

3) To determine the stability of dredgings at the disposal site and ascertain the role of

physical processes in their dispersal.

4) To assess the implications of disrupting the littoral system with dredging and dredge

spoil disposal and dispersion on intertidal flats fronting Pine Harbour Marina.



Chapter One: Introduction

1.3 Thesis structure

In this chapter, the context of the thesis has been introduced. The main issues of the
sedimentation problem experienced at Pine Harbour Marina are highlighted, and the
reasons why this study was undertaken were stated, along with the specific objectives to

be met in this research.

~ Chapter 2 describes the geographical setting of the study. A brief literature review of
previous work undertaken on sediment transport in fetch limited intertidal environments is

included.

Chapter 3 investigates the characteristics of the intertidal and subtidal sediments and
quantifies any volumetric beach changes that occur as the dredge mound disperses from
the dump site, involving the monitoring of sedimentation rods, periodic beach surveys

over the intertidal flats and hydrographic surveys over the approach channel.

Chapter 4 examines the forcing processes of tides, currents, waves, and winds in the
local region, and involves the use of a wave generation model WGEN3DD.

In Chapter 5 a fluorescent tracer study is presented, the results of which are used to infer
sediment transport patterns that occur as a result of the forcing processes over the
intertidal flats.

In concluding, Chapter 6 summarises the main findings of the thesis, identifying the
sediment transport patterns on the intertidal flats and the processes which drive these
patterns. These findings will be applied to the sedimentation problem at Pine Harbour
Marina, and be used to offer recommendations for future dredging and disposal options.
Finally, areas requiring further research in order to better understand sediment transport in
the fetch limited environment in the vicinity of Pine Harbour Marina will be highlighted,
along with the potential for future research projects in the region to expand upon this

research.



Chapter One: Introduction

1.4 Study context

Numerous ports, harbours and marinas require ongoing maintenance dredging in order to
maintain water depths for the safe and convenient passage of vessels in navigation
channels and at berthing and mooring facilities. These developments necessitate
dredging, reclamation, and coastal subdivision and earthworks that alter the natural
coastal zone processes and impact on processes occurring in these systems. In order to
make rational management decisions in controlling coastal development and minimising
adverse effects, it is necessary to have an understanding of natural processes and systems

operating in these zones, such as sedimentation rates and sediment transport pathways.

The Resource Management Act 1991 (RMA) is New Zealand’s governing legislation
concerning development of natural resources. The New Zealand Coastal Policy Statement
(1994) accompanies the RMA in controlling coastal developments such as dredging,
reclamation and coastal subdivisions. The purpose of the Resource Management Act
1991, as set out in Section 5 of the Act, is “...to promote the sustainable management of
natural and physical resources”. By sustainable management the Act means “...managing
the use, development, and protection of natural and physical resources in a way, or at a
rate, which enables people and communities to provide for their social, economic, and
cultural well being and for their health and safety while: sustaining the potential of natural
and physical resources (excluding minerals) to meet the reasonably foreseeable needs of
future generations; safeguarding the life-supporting capacity of air, water, soil, and
ecosystems; and avoiding, remedying, or mitigating any adverse effects of activities on

the environment”.

The New Zealand Coastal Policy Statement 1994 was prepared and recommended by the
Minister of Conservation. It details policies intended to achieve the purposes -of the RMA
in relation to the coastal environment of New Zealand. The Coastal Policy Statement
includes: national priorities for preservation of the coastline; protection of coastal
characteristics with special value to tangata whenua; activities involving subdivision, use
or development of coastal environment; the Crowns’ interests; matters to be included in
all Regional Coastal Plans, and responsibilities of the Minister of Conservation relating to
types of activities having significant, or irreversible, adverse effects, and areas of coastal
marine area that have specific value; implementation of New Zealand’s international
obligations; procedures used to review policies and monitor effectiveness, and any other
matters relating to the purpose of New Zealand’s Coastal Policy Statement. Regional
Coastal Plans identify restricted activities, and recognise resources and features unique to
each region, with the option of including specific policies to apply to important regional

1ssues.
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1.5 Pine Harbour Marina development

1.5.1 Marina development

The Pine Harbour Marina complex covers an area of 20 hectares situated in a shallow
mesotidal low wave energy environment of the western side of the Beachlands - Maraetai
Peninsula, approximately 1 km south of Beachlands, in Manukau City, Auckland. It is
situated in an existing stream valley flat and extends west over the tidal flats. Undulating

rural land borders the marina to the north, south and west.

Planning for the 555 berth marina at Pine Harbour commenced in 1984. Approvals were
obtained by 1986, and development of Pine Harbour Marina began in 1986. The marina

was officially opened and has been in operation since April 1988.

Approximately 440,000 m® of material was excavated to form the marina basin which
covers an area of around 9 hectares (Wilkens and Davies, 1986). The excavated material
was used to form the reclamations, and fill the area behind the marina basin for car and
boat parking, and commercial facilities (Shirley, 1991). Breakwaters and seawalls were
built from 24,000 m’ of basalt rock imported from an Auckland quarry. Wave dissipation
beaches were also placed at the entrance to the marina to minimise wave energy entering
the marina basin (Wilkens and Davies, 1986).

The 1.5 km navigation channel was dredged through Holocene marine sediments in the
outer channel and through Miocene flysch deposits of the Waitemata Formation landward
(Healy, 1994). The channel's design depth was 2.4 m below CD, relative to the lowest
astronomical tide (LAT), at the marina entrance and 2.6 m below CD seaward, to provide.
all tide access to the marina basin. This required the removal of approximately
130,000 m” of “silt” (Wilkens and Davies, 1986). The dredging was carried out using a
hydraulic excavator mounted on a barge loading bottom dump barge. The dredged
sediment was then disposed of at sea (Shirley, 1991). The marina basin design depth
was 2.4 m below CD at the entrance, grading up to 1.9 m below CD landward. The
purpose of the channel bottom sloping seawards, was to encourage the migration of
accumulated sediment towards the sea as a density current (Raudkavi, 1986; Wilkens and
Davies, 1986).

Two existing streams within the land catchment draining toward the marina complex were
realigned to discharge to the south of the marina onto the intertidal flats (Bioresearches,
1985).
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1.5.2 Pre and post-construction monitoring

In compliance with the original Water Right that was granted for marina construction, a
series of pre and post-construction surveys have been carried out. Wilkens and Davies
(1986) carried out the original EIA which included a section on hydraulics by Raudkavi
(1986). Investigations into the effects of the development on aquatic and terrestrial
habitats, and pre-construction surveys were carried out to gather baseline information on
the condition of sediments and shellfish (Bioresearches, 1985, 1986). Post-construction
surveys for shellfish and sediment quality monitoring took place after six months, twelve
months and at two yearly intervals (Bioresearches, 1988, 1989, 1991, 1993). The time
interval between later surveys was extended to four years as little change in condition was
been found (Bioresearches, 1993).

1.5.3 Sedimentation problem

The approach channel to Pine Harbour Marina suffered sediment deposition affecting
navigation, especially in a 300 m sector of the channel between 400 and 700 m from the
entrance to the marina basin, within two years of construction (Healy, 1994). A feeder
channel to service the boat loading ramp was originally excavated to a depth of 2.0-2.6 m
below CD; within two years this channel had completely filled in, involving
approximately 3,000 m® of sediment deposition (Healy, 1994). Sediments within the
channel are typically very fine sand to silt, and are finer than sediment immediately
adjacent the channel on the sand flats (Kingett Mitchell & Associates, 1993a). This rate
of channel infill was not predicted in the original environmental impact assessment, which
predicted 10-15 mm of deposition which would require maintenance dredging at intervals
of only about 20 years (Raudkavi, 1986).

Sedimentation within the marina approach channel was greater than originally predicted.
Hydrographic soundings of the marina approach channel, undertaken by Kingett Mitchell
& Associates, in March and July 1993 indicate that channel water depths were reduced by
up to one metre in the landward section of the channel, between the first and second
landward navigation markers, when compared to the design depths of 2.4 and 2.6 m
respectively below CD (Kingett Mitchell & Associates, 1993a). There was concern for
vessel safety when entering or leaving the marina at low tide. Thus maintenance dredging
in the landward section of the channel was required in June 1994 for the safe navigation

of vessels through the approach channel to Pine Harbour Marina.

Concern was raised by local residents about the source of muddy deposits occasionally
blanketing and despoiling the intertidal zone along the shoreline from Beachlands Point to
Maraetai Beach. The possibility of this being attributed to the marina dredging operation

necessitated investigation.
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1.5.4 The 1994 dredging requirement

A minimum channel depth of 2.0 m below CD is required for safe vessel movement into
and out of the marina. In 1994 some 4,500 m’ of sediment was estimated as requiring
removal from the approach channel to Pine Harbour Marina. Kingett Mitchell &
Associates (1993b) based this volume upon a channel width of 25 m, across which 10 m
of width required 0.75 m to be dredged, and 15 m required 0.5 m to be dredged, over a
channel length of 300 m.

Under the RMA 1991, permits are required for the disturbance of the seabed and for the
release of material to the water column that results from dredging activity, sections 12 and
15 RMA (Kingett Mitchell & Associates, 1993a). The resource consent application was
made to the Auckland Regional Council for a consent to carry out dredging of the
approach channel to Pine Harbour Marina. Permission to carry out maintenance dredging
of the approach channel to the marina was granted in April 1994 via two resource
consents: to disturb the seabed during dredging (permit no. H/9205); and to discharge
sediment into the water column during dredge disposal (permit no. H/9258). These
consents were subject to a number of conditions and required the setup of a monitoring
program which took place from April 1994 to December 1995.

The dredging operation took place from June to October 1994, using a hydraulic back hoe
excavator which was mounted on a floating barge (Plate 1.1). Dredging took place
sporadically over eight weeks, dependant on weather patterns which affected the stability
of the barge. The excavated material was side cast onto the adjacent intertidal flats to the
north of the approach channel, the dump mound extending the length of the dredged area
parallel to the channel (Plate 1.2).
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Plate 1.1: Dredging of the approach channel to Pine Harbour Marina was undertaken
using a hydraulic back hoe mounted on a floating barge.

Plate 1.2: Dredged sediment excavated from the approach channel to Pine Harbour
Marina was dumped on the adjacent intertidal flats north of the channel.



CHAPTER TWO:
STUDY SITE AND LITERATURE REVIEW

2.1 Geographical setting

Pine Harbour Marina is located 1 km south of the small rural settlement of Beachlands, in
Manukau City, Auckland. The marina is located in a shallow tidal embayment on Tamaki
Strait coastline in Hauraki Gulf. Plate 2.1 illustrates the extensive intertidal flats fronting
Pine Harbour Marina, and the exposed shore platforms and chenier shell ridges north of
the marina approach channel. The different catchment land uses are evident in Plate 2.1,
including pastoral farm land, forestry, and earthworks. The embayment is sheltered from
the Hauraki Gulf by numerous islands including Rangitoto, Motutapu, Motuihe and
Waiheke Islands (Plate 2.2). These landforms also reduce fetch for wave generation in
the embayment between Howick and Beachlands Points.

2.1.1 Regional geology

Auckland’s regional geology (Figure 2.1) can be broadly characterised into two main
groups. Underlying the eastern half of the region are fine grained greywacke basement
rocks of the Waipapa Group, deposited in the Triassic (c. 200 m.y.a). These were
upthrust during folding and faulting during the Jurassic to form the rugged hills east of
Whitford (Kermode, 1992). In the west, the Waitemata Basin filled with a 2 km thick
succession of sediments, derived from neighbouring lands, in the Early Miocene
(24-15 m.y.a). These sediments consisted of mainly flysch sequences with conglomerate
and rare limestone layers (Kermode, 1992). The area was extensively blockfaulted in the
late Miocene to Pliocene (7-2 m.y.a), during which the Hunua Ranges and Maraetai Hills
were upthrust, while the Manukau Harbour and Waitakere Ranges to the west were
downthrown. This raised the greywacke hills to the east of Beachlands, and exposed the
Waitemata Formation along the coastline as cliffs. Shore platforms of Waitemata
Formation were cut by wave action eroding the cliffs around the Waitemata Harbour
(Kermode, 1992). More recently, during the Pleistocene and Holocene (0-2 m.y.a),

coastal and shallow marine sediments accumulated in inlets and around islands.
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PIATE2.1: View to the south towards Waikopua Creek with Pine Harbour Marina in the
foreground. Catchment landuse, is varied including pastoral farm land and forestry at
Whitford. Evidence of earthworks at Whitford Land(fill and with expanding subdivisions
can be seen in the top right corner.

PIATE 2.2:  Pine Harbour Marina is located in an embayment between Howick and
Beachlands Points adjoining Tamaki Strait and is sheltered from Hauraki Gulf by
Beachlands coastline and Rangitito, Motutapu, Motuihe, and Waiheke Islands.
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FIGURE2.1: Geology of Auckland urban area.

2.1.2 Harbour morphology

2.1.2.1 Hauraki Gulf and Tamaki Strait

Pine Harbour Marina is located in a semi-enclosed bay, at the mouth of a shallow inlet
which joins Tamaki Strait, in Hauraki Gulf, north-east North Island, New Zealand
(Figure 2.2). Hauraki Gulf is a shallow, partially enclosed sea bounded on 3 sides by the
North Island of New Zealand and open, on its northern side, to the Pacific Ocean (Harris,
1985). Hauraki Gulf, at the 100 m contour, encloses approximately 10,000 km”. The
gulf is the continuation of a down faulted rift valley, extending from Firth of Thames to
the northern tip of Coromandel Peninsula (Bowman & Chiswell, 1982). Tamaki Strait is
a drowned river valley creating a narrow waterway (6-10 km wide) connecting Firth of
Thames and Waitemata Harbour. Water depths in Tamaki Strait are shallow, on average
less than 10 m.

Hauraki Gulf is dotted with numerous islands, both sedimentary and volcanic in origin.

The coastline on which Pine Harbour Marina is located is sheltered from ocean swells

approaching Hauraki Gulf from the north and north-east by Rangitoto, Motutapu,
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Motuihe and Waiheke Islands. Fetch is limited by these islands and the coastline around
Howick and Beachlands, and restrict wave heights. Shallow water depths in the
embayment between Howick and Beachlands Points and in Tamaki Strait (depths reach

4 m approximately 4 km offshore) also restrict the development of large waves.
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FIGURE2.2: Water depths in the vicinity of Pine Harbour Marina and Tamaki Strait.

2.1.2.2 Intertidal flats

Gently sloping intertidal sand flats extend 1,000-1,400 m from the north-south oriented
coastline, covering approximately 60% of the inlet at low tide. Shore platforms of
Waitemata Formation extend up to 200 m from the sea cliffs exposed along the northern

sector of the Beachlands coastline, and to the south in the upper reaches of the tidal inlet.

Sediments veneering the wave cut shore platforms are comprised of medium to fine
sands, with some shell gravel, which grade to coarse silts towards the head of the
embayment and offshore. A large chenier shell ridge joins Motukaraka Island to the
Beachlands coastline to the north of Pine Harbour Marina.

Tidal inlets or embayments, like estuaries, are areas of active sedimentation receiving
fluvial inputs of sediment with the discharge of rivers and streams into the coastal zone.

Sediments are also introducted to the marine environment through erosion of the
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coastline. The Waitemata Formation flysh sequences of sandstones and mudstones
forming sea cliffs exposed around the Hauraki Gulf are readily eroded. Evidence for this
are the numerous shore platforms of Waitemata Group sediments cut by wave action and
subaerial weathering (Gordon, 1993). Flysh sequences of mudstone and sandstone
weather to fine silts and sand, and are the principal source of Holocene sediments in the
Waitemata Harbour and along the Auckland coastline (Gordon, 1993).

Fine grained sediment is usually dispersed, but once in the marine environment clay
minerals flocculate and settle out of suspension in muddy coagulations near the head of
estuaries and fluvial inputs. Sediment source dominates the sediment size distribution of
the tidal flat where sediment is generally muddy, reflecting source and poorly sorted due
to the low energy levels experienced in intertidal environments. Sediments can become
consolidated due to biological processes, for example the trapping and binding of

sediment by filamentous algae organisms and faecal pellets and mucus (Gordon, 1993).

2.1.2.3 Tides

In Hauraki Gulf tides are essentially semi-diurnal although there is some diurnal variation
in height (Harris, 1985). The principal component is the M2 tide (Greig, 1990). Tidal
ranges are 1.0 to 3.0 m along the coast. In confined areas, such as estuaries, heights
differ. A tide in an embayment such as inner Hauraki Gulf is a co-oscillating tide, and is
the result of superpositions of the ocean tidal wave at the entrance, which drives the
system, and the reflected wave (Harris, 1985).

S4 electromagnetic current measurements at Pine Harbour Marina indicate that tidal
currents are weak (< 20 cm/s) and unable to entrain sediment, however they can transport
sediment entrained by wave action in the net direction with tidal assymetry. Tidal currents
flow towards the south-east in flood tide and towards the north-west during the stronger

ebb tide. Currents in the marina approach channel flow parallel to the channel to the east
and west with the tide.

A comparison of tidal elevations predicted from tidal constituents for Auckland and Pine
Harbour Marina, using THANAL tidal prediction program, is presented in Figure 2.3.
Tides are similar at both sites, although there is some variation in the MSF constituent
which creates a fortnightly variation in tidal amplitudes (W. de Lange, pers. comm.).
This variation is negligble during the neap tide, but is more pronounced during the spring
tide where Auckland’s tidal range is greater than for Pine Harbour Marina by
approximately 0.1 m. There is no significant difference in the time peak high tide is
reached between the two locations, although it appears that high tide at Pine Harbour
Marina is reached slightly before high tide in Auckland.

13
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FIGURE 2.3: Comparison of tidal range between Port of Auckland and Pine Harbour
Marina predicted using THANAL tidal prediction program.
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2.1.2.4 Waves

Beachlands coastline on which Pine Harbour Marina is located is sheltered from ocean
swells by surrounding landforms and offshore islands. Local wind generated waves are
of primary significance, however fetch is limited in all directions which restricts wave
generation. Winds in the Auckland region are predominantly from the south-west, west
and north-east (Hurnard, 1980). South-westerly winds prevail especially during the
winter, and easterly winds are likely in late summer and autumn. Data from Musick Point
(March 1980 to October 1981) indicate that winds from the south-west occur 31.3% of
time, with westerly winds occuring 14.3% of the time (Figure 2.4) (Wilkens & Davies,
1986).

No previous waves and current measurements were made in the embayment prior to this
investigation which determined that significant wave heights (H,) are between 0.1 and
0.4 m and wave periods (T,) 1-3 s. During storms, waves (H,) generated across the
10 km fetch from the north-west can reach up to 0.5 m. Waves are diffracted from the
southern shores of Rangitoto and Motutapu Islands, and are transmitted through the
channel between Browns and Motuihe Islands, across north-west Tamaki Strait and onto
the western shores of the Beachlands coast. Waves from the north and north-east are
excluded by Beachlands coastline and Motukaraka Island.

Waves generated by the prevailing west and south-westerly winds are limited by the short
4 km fetch that extends across the embayment to Howick. Locally generated sea waves
from the south-west (H, = 0.1-0.2 m) dominate the wave climate, and propagate in the
direction of the prevailing south-westerly winds (Figure 2.4). Littoral drift is driven by
the dominant wind generated waves acting over the tidal flats. Wave energy resultants
from the wind energy indicate a northerly component aligned towards 70° (Healy, 1994).
Along the Beachlands coastal sector south-westerly wind generated waves drive the
littoral drift north from Waikopua Creek to Motukaraka Island (Figure 3.9).
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FIGURE 2.4: Wind rose from Musick Point, March 1980 to October 1981 and calculated
wave energy resultant aligned towards 70° (Healy, 1994 after Wilkens & Davies , 1986).

2.1.2.5 Currents

Wind driven circulation in Hauraki Gulf is composed of surface currents mainly directed
0-25° left of wind direction except in nearshore regions where currents are modified by
local topographic features (Proctor & Greig, 1989). In Tamaki Strait currents are
generally orientated along the coast in the same direction as the wind. Proctor & Greig
(1989) used a depth-averaged 2D numerical model to simulate tidal conditions under
various wind conditions. The model showed that a north-easterly wind generates currents
that flow east to west from Beachlands to Howick, the current following the coastline
turns towards the south-west as it crosses the embayment before continuing to flow

towards Howick in the west. Under south-west and north-west winds the opposite
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situation occurs, with currents flowing west to east parallel to the coast from Howick to
Beachlands, turning towards the north-east as the current encounters the embayment,

before continuing east parallel to the Beachlands coastline (Proctor & Greig, 1989).

Tidal currents are weak (<20 cm/s) and are predominantly ebb and flood in the absence of
wind up the approach channel and over the tidal flats. The tidal assymetry produces a net
current which can transport suspended sediment north. In relatively shallow depths, the
water responds rapidly to wind stresses and there is a strong tendency for the surface
currents to be aligned with the wind direction (Niedoroda & Swift, 1991). The effect of
wind stress on the water surface can enhance or reduce the net current depending on the
direction. Strong wind flowing in the same direction as tidal currents will increase the
strength of the current. In the opposite situation strong winds opposing the tidal flow

may retard current velocities and produce a net current in the opposite direction.

2.1.3 Catchment characteristics and sediment supply

The shallow tidal embayment, in which Pine Harbour Marina is located, receives
sediment input from three large catchments, drained by creeks delivering sediment into the
coastal system (Figure 3.9). Catchment geology, hydrology and land use determine how
much fluvial sediment is input into the tidal inlet. The largest of the catchments, at
appproximately 24 km?, is drained by Turanga Creek, which forms the major channel in
the tidal inlet and is joined by the smaller Mangemangeroa Creek, which has a catchment
of approximately 11 km®. The second largest creek to enter the tidal inlet is Waikopua
Creek which drains approximately 14 km” of catchment. Each of these catchments has
underlying Waitemata Formation flysch geology which weathers to mud and sand sized
particles. Pastoral land is evident in all catchments, but Waikopua Creek also collects
drainage from some forested areas. With the expansion of Auckland’s urban area, new
subdivisions and land development in these catchments deliver greater quantities of
terrestrial sediments to the coastal environment. As pastoral land is developed the
protective vegetation layer is removed for earthworks increase the exposure of soils to

erosion and wash out with any rainfall events.
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2.2 Sediment transport studies in fetch limited environments

and intertidal flats

Descriptions of sediment transport in the literature has tended to be biased towards
microtidal environments (Short, 1991; Carter, 1988). Studies of processes and
morphodynamics on open coasts appear to have received most attention, to the
disadvantage of sediment transport studies in environments, such as low wave energy
intertidal flats. This research will contribute to a better understanding of sediment
transport in fetch limited intertidal environments which are poorly described in the
literature.

A high proportion of meso to macro tidal beaches are in sea, or wind wave (fetch limited)
environments, owing to the semi protected nature of many macro tidal environments.
Fetch is the distance over which the wind blows, the greater the fetch the more the wave
will have developed due to the longer period of wind stress applied to the surface of the
water (Komar, 1976). Fetch is limited by local topographic features, shape of the
coastline, and occurance of offshore islands, which impede the passage of the wind over
the water, thus limiting significant wave heights and periods.

Few studies are found in the literature of sediment transport studies on intertidal flats.
Many workers (Wright & Short, 1983; Short, 1991; Masselink & Short, 1993) have
proposed morphological beach models which accommodate higher wave energies. With
decreasing wave energy macro tidal beaches eventually grade into tide dominated tidal
flats, however little is known about their dynamics (Short, 1991). Studies of
morphologies of beaches indicate that tidal flats occur with the transition to lower wave
energy environments and also occur in estuarine conditions (Short, 1991). Beach tidal
flats are characterised by a steep coarse grained beachface which abruptly changes into
fine grained, very low gradient (0.1 degrees) rippled tidal flats. Depending on the
location the flat may be, uniform, accomodate low amplitude bars, or ridge and runnel
topographies. These low energy environments are exposed to episodic higher wave
energy, the impact of which on the tidal flat will depend on the actual wave climate, the
tidal flat gradient and sediment grain size, tide range, and competing tidal currents and

wind and wave induced currents.
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CHAPTER THREE:

THE SEDIMENTS:

INTERTIDAL FLATS &

MARINA APPROACH CHANNEL

3.1 Introduction

This chapter describes intertidal and subtidal sediments in the vicinity of Pine Harbour
Marina, and quantifies volumetric changes in beach and channel sediments which occur as
a result of disposing of dredging material from the Pine Harbour Marina approach channel
onto the adjacent sandflats. Numerous investigative methods were employed including:
sediment sampling and analysis; beach surveys of intertidal flats; probing of intertidal flat
sediments; hydrographic surveys of Pine Harbour Marina approach channel; and beach
surveys of the dredge mound.

3.2 Intertidal and subtidal sediment characteristics

3.2.1 Textural analysis of surficial sediments

The surficial sediments on the intertidal flats fronting Pine Harbour Marina were
extensively sampled in February 1995. 50 samples were collected along 3 lines at
approximately the high tide, mid tide and low tide levels (Figure 3.1a). Measurements of
bedforms and observations of the dominant biogenic and terrigenous components were
made upon sample collection, and the raw data compiled as Appendix 1.1. Nine subtidal
samples were also collected by divers from offshore of the marina, around Motukaraka
Island and offshore from Sunkist Bay during March 1995 (Figure 3.1a). Channel
samples were taken in September 1995 to investigate the texture of sediment infilling the
approach channel (Figure 3.1b). Further to this, SCUBA diver observations and
descriptions of sediment texture were made along 3 transects offshore from: Sunkist Bay;
Motukaraka Island; and between the approach channel to Pine Harbour Marina and
Motukaraka Island (Figure 3.1a) during December 1995 (Appendix 1.2).
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FIGURE 3.1a: Location of intertidal and subtidal sediment sampling sites in the vicinity of
Pine Harbour Marina. SCUBA diver transects are represented by lines a, b and c.

Fifty samples from the intertidal flats were analysed following standard textural analysis
procedures of Folk (1968) to obtain gravel, sand and mud fraction percentages. The sand
fraction of each sample was analysed using the University of Waikato Rapid Sediment
Analyser (RSA) to obtain qualitative and descriptive measures of sediment grain size and
sorting. The RSA consists of a fall tube, 1.90 m in height, with a pan in the bottom
connected to a balance which measures the amount of sediment settling out of the fall tube
after the sediment has been released. Release of sediment triggers a timer connected to the
balance. Settling velocities of different sized grains vary, with larger grains settling
sooner than fine silts. The RSA computer programme calculates the mean grain size,
sorting, skewness and percentage of each size class (Appendix 1.3). RSA gives a good
indication of hydraulic properties of sediments and allows many samples to be analysed
relatively quickly. Results are presented as both moment method and graphical method
calculations, however moment method is considered a better representation because it is
computational (Folk, 1968).
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FIGURE 3.1b: Location of channel sediment samples 1 to 7, and location of bulk density
cores from dredgings sediment (D) and from natural intertidal flat sediments (N).

Subtidal sediment samples and selected samples from intertidal flats, with mud content
greater than 5 %, were analysed following the methodology of Lewis & McConchie
(1994) to determine the proportion of clay and silt in the mud fraction, these results are
compiled as Appendix 1.4. The weight of each dried subsample is representative of the
proportion of the total mud fraction remaining in suspension above that specified depth at
that specified time. Temperature affects the viscosity of water and therefore settling
velocities. The temperature was noted, as this affects the viscosity of the water, and the

sampling depths adjusted accordingly (Lewis and McConchie, 1994).

3.2.2 Results

Mean grain size

A map of the distribution of mean grain sizes of surficial samples is illustrated in ~ Figure
3.2 which shows the dominance of fine sands (2.5 to 3.0 @ or 0.2 to 0.1 mm). Sediment
along the narrow beach face is comprised of coarse sand with a high broken shell gravel
component. Sediments become finer offshore. Areas of very fine and muddy sediment
occur closer to the head of Waikopua Creek. Muddy sediment is also evident along the

northern side of the approach channel to Pine Harbour Marina where the dredgings were
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dredgings were deposited. Coarse sediments comprise the shell ridges to the north of the
approach channel and some shelly-gravel covers the shore platform immediately to the
north of the approach channel.

Sortin

Sorting represents the standard deviation or range of grain sizes occurring within a
sample. A low standard deviation is typified as a well sorted sample compared to
sediment with a high standard deviation, described as poorly sorted. Sorting depends on
two major factors which are the size of grains supplied to the system and the environment

and processes acting on the grains supplied.

Figure 3.3 illustrates the pattern of surficial sediment sorting across the intertidal
sandflats. Sediment was generally better sorted further offshore, and are poorly sorted
around the dredging dump-ground, where there was a large range of grain sizes from
boulder to gravel sized terrigenous rock fragments, weathered from shore platform, to
fine sand and silt and abundant broken shell. The poorest sorted sediments are near the
chenier shell ridges and close to where terrigenous inputs are high, such as near eroding
cliffs. Poor sorting is common in sediments that are bimodal, that is sediments that have

more than one source.

Skewness

Figure 3.4 illustrates the skewness of surficial sediments on the intertidal flats.
Skewness represents the symmetry of the particle size distribution, with a positively
skewed sediment distribution dominated by fine grains, and vice versa for negative
skewed sediment (Boggs, 1987). Sediment distribution curves may be negatively
skewed due to fine sands being winnowed and coarse grains left behind in a lag (King,

1972), or from addition of coarse grains, such as broken shell.

At Pine Harbour the texture of surficial sediments on the intertidal flats is dominated by
negatively skewed sediment, that is although the mean grain size is fine sand the
distribution of sand grains is asymmetric and skewed towards coarser sand grain sizes.
The opposite effect is evident along the beach face, where the distribution curve is
positively skewed by fine sediments amongst the abundant broken shell material on the

beach. Through the mid tide region sediment distribution is near symmetrical.

Ratio of sand to mud

Figure 3.5 demonstrates that the silt and clay content of sediment increases offshore, and
silt content of sediment is higher closer to the head of the inlet near Waikopua Creek.
Sediment has a high silt and clay content on the northern intertidal flats adjacent to the

channel where dredgings material was deposited. The silt and clay content of sediment
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decreases with distance from the dredgings and percentage of sand in samples increases.
This is evidently an effect of the dredgings dispersion from the disposal site, as fine
sediment is transported from the dredgings and becomes dispersed over sediment to the
north, thereby increasing the clay and silt content of this sandy sediment. Gravel content
of sediment is highest close to shore where fluvial inputs are high and sea cliffs are
actively eroding.

3.2.3 Discussion

Sediment grain size is similar over most of the intertidal flats, with mean grain size
between 2.5 and 3.0 @ (0.2-0.1 mm) on the lower to mid intertidal regions. Beach
sediments and the chenier shell ridge are generally coarser, containing broken shell
gravel. Muddy sediment (< 0.1 mm) occurs near the head of the inlet, and around the
dredgings where fine silt sized sediment dredged from the approach channel was
deposited on the adjacent northern intertidal flats. Offshore sediment is finer, comprised
of at least 75 % silt and clay. Grain size distribution shows decreasing sand content with
increasing water depth, which is the general pattern observed in low-energy embayments
(Blatt et al. 1980).

Sediment source is the main control on surficial sediment grain sizes and sorting on the
intertidal flats. The abundance of fine sediment distributed over the intertidal and subtidal
region is attributed to a greater supply of finer clasts eroded from local catchments and
delivered to the littoral system. There is little variation in sediment sorting across the
intertidal flats as most sediment is moderately to moderately well sorted Poorly sorted
sediments are the result of bimodal sources and occur near the dredgings mound and near
streams and cliffs where erosion and fluvial inputs deliver sediment of varying size
classes.
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FIGURE 3.2: Spatial distribution of mean grain size of surficial sediments over intertidal

flats fronting Pine Harbour Marina
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FIGURE 3.5: Ratios of sand, clay and silt in selected samples in the subtidal and intertidal
regions fronting Pine Harbour Marina.
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3.3 Characteristics of dredgings sediment

Dredge spoil from the 1994 dredging operation at Pine Harbour Marina was dumped on
the adjacent intertidal flats. The dredgings material has been characterised in terms of
texture, bulk density, moisture content, and clay mineralogy which relate the sediment
properties to the stability of the sediment. The sediment structure of dredgings material
was examined with scanning electron microscopy (SEM). The origin of sediments
infilling the approach channel to Pine Harbour Marina was investigated using
mineralogical finger-printing, and the possibility of the dredgings sediment as the source
of muddy sediment occasionally despoiling Sunkist Bay was also investigated through a

comparison of clay mineral suites from samples along the coastline.

3.3.1 Texture of dredgings sediment

Particle size is important to the hydraulic and engineering behaviour of sediment, with the
dominant grain size largely determining sediment properties. Dredgings sediment were
comprised of approximately 66% silt, 18% clay and 16% fine sand (Figure 3.6). The
sediment grain size distribution of dredgings sediment was significantly different from the
fine to medium sand characteristic of the broad intertidal flats. A comparison of sediment
from the intertidal flats with sediment samples from the dredge mound, subtidal region
and within the approach channel to Pine Harbour Marina is presented in Figure 3.7 and
clearly demonstrates the difference in composition of sediment from these locations.
Sediment from the dredgings, offshore and in the channel have a greater percentage of silt
and clay, and less gravel and sand than intertidal flat sediments.

Intermixed with the fine sand and silt sized sediment of the dredgings were gravel to
boulder sized fragments of basement shore platform, excavated from the bottom of the
channel, and abundant shell material including Paphies australus and Austrovenus
stuchburyii (Plate 3.1). The sediment surface was pitted with bioturbation holes which
allowed the expulsion of pore water during consolidation, and there may have been stress
failures where flocs of fine sediment were removed from the mound. The presence of
small ripples (H = 1 cm and A = 4 cm) over parts of the dredgings (Plate 3.1) were

indicative of active sediment movement of very fine sand from the dredgings mound.
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FIGURE 3.6: Textural composition of dredgings sediment.
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FIGURE 3.7: Comparison of gravel, sand, silt and clay composition of sediment from
intertidal flats, dredgings material, the approach channel and subtidal region.
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PLATE 3.1: a) Dredgings mound in November 1994 showing some boulders amongst the
fine silt sized sediment. b) Bioturbated sediment surface of dredgings mound illustrating
abundance of gravel sized fragments of shore platform, broken shells and development of

rippled surface in sandier sediment (marker pen for scale).

PIATE 3.2: a) Dredge mound sediment with low bulk density and high moisture content
was characteristically pitted with bioturbation holes, with greater pore space, and
comprised of fine sediment. b) Dredgings sediment which appears partially consolidated
and has higher bulk density and lower moisture content than (a).
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3.3.2 Bulk density and moisture content

The bulk density and moisture content of dredgings and intertidal flat sediments were
compared. Sample cores (6 cm diameter, 4.4 cm height) were taken in the dredgings and
on the intertidal flats (Figure 3.1), and the bulk density of sediment determined by the wet
sediment weight over the volume of the core (density = mass/volume). Average bulk
density of the dredgings sediment cores were between 1.52 and 1.80 g/cm’ (Figure 3.8).
The average bulk density of the natural intertidal flat sediments were slightly higher
ranging from 1.89 to 1.92 g/cm®. This reflects the difference in sediment composition
and consolidation of the two sediment bodies. The mass of sediment per unit volume is
related to the specific gravity of the soil, volume of pore spaces, and whether the spaces
are filled with fluid or gas.

The moisture content of sediment was determined by drying bulk density cores in an oven
at 105°C for 2 hours. The weight of water in the sediment is expressed as a proportion
of the oven dry weight of the sediment in Figure 3.8. Moisture content was about 25%
for intertidal flat sediments, and about 45% in dredgings sediment owing to the greater
amount of pore space in the dredgings material which increases the capacity for pore
water storage. As bulk density increases moisture content decreases as grains are

repacked during consolidation.

The dredgings sediment was very fine and had greater porosity and was less dense than
natural sediment. The bulk density changes as a result of repacking. Cores taken from
areas in the dredge mound that were visibly different had different bulk densities. Fine
dredgings sediment that were bioturbated and appeared pitted had a lower bulk density
than cores taken from areas of the dredge mound that were visibly sandier and appeared
to be more compact (Plate 3.2). The bioturbated dredgings sediment was assumed to
have undergone less consolidation and grain repacking than dredgings sediment that had
higher bulk density.
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FIGURE 3.8: Comparison of bulk density and moisture content of sediment cores from
dredgings sediment (D) and from the natural intertidal flat sediment (N). Core locations are
indicated in Figure 3.1b.

3.3.3 Clay mineralogy of dredgings sediment

The clay mineralogy of dredgings sediment was determined with XRD analysis to further
investigate the composition of the dredge spoil, and the source of fine sediment infilling
the approach channel by comparing clay mineral assemblages of sediments from possible
sources along the coastline (Figure 3.9). This mineralogical finger-printing also
addresses the separate issue of the source of mud occasionally despoiling nearby Sunkist

Bay and investigates the possibility of the dredgings material as the source.

3.3.3.1 Methodology and results

Preparation of samples for XRD clay mineral analysis was undertaken following the
Standard Methodology of the NZ Soil Bureau (Whitton & Churchman, 1987) and Hume
& Nelson (1982). Slides were made of the clay solutions by using the dropper on glass
slide technique in which an eye dropper is used to transfer as much clay suspension as
can be held on the slide when resting level. The slide was left to dry in air, and
underwent XRD analysis. For positive identification of clay mineral species the untreated
slides were also glycolated; heated to 550 °C; and boiled in 10% HCI (Hume & Nelson,
1982).
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FIGURE 3.9: Location of sediment sampling sites for analysis of clay mineral assemblages
with XRD (indicated by triangles), and numbered sites 1 to 12 refer to water sampling sites
for turbidity monitoring.

Similar clay minerals were present in all samples. Major basal reflections (001) occurred
at 13-15 A (smectite or undifferentiated mixed layer clays), 10 A (illite or illite-smectite
mixed layer clay), 7.25 A (kaolinite), 427A (gypsum), 3.65A (quartz). Calculations of
relative amounts of clay minerals can be made from peak intensity measurements on x-ray
diffractograms. These are normally carried out by measuring peak height or peak area,
however for poorly crystalline clays in which the diffractogram curve is often poorly
defined only the peak height can in practice be reasonably determined (Hume & Nelson,
1982). The positions of 001 reflections and relative heights of clay mineral peaks used in

the semi-quantification of clay minerals are presented in Table 3.1.
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TABLE 3.1: Clay mineral assemblages of samples along Beachlands coastline and relative
abundances. Peak heights are measured in millimetres (mm). (S = smectite;
MLC = undifferentiated mixed layer clays; I = illite; I-S = illite-smectite mixed layer clay;
K = kaolinite).

Sample S MLC I I-S K Semi-
quantification
Wairoa R 13 mm 10 mm 12 mm S~K~]
Umupuia Stream 75 mm | 25 mm 30 mm S>>K~MLC
Maraetai Stream 20 mm_| 83 mm K>>I-S
Te Puru Stream 5 mm 10 mm K>MLC
Sunkist Bay 1 28 mm | 10 mm 16 mm S>K>SMLC
Sunkist Bay 2 30 mm | 15 mm 17 mm S>K~MLC
Offshore Sunkist Bay | 10 mm | 12 mm 12 mm MLC~K~S
Offshore Motukaraka Is | 13 mm | 10 mm 10 mm S>K~MLC
Dredgings 22 mm | 11 mm 12 mm S>K~MLC
Dredgings core 1 17 mm | 13 mm 12 mm S>K~MLC
Dredgings core 2 44 mm | 33 mm 10 mm S>SMLC>K
Waikopua Creek 8 mm 11 mm K~S
Turanga Creek 30 mm 20mm | 15 mm S>I-S>K
Mangemangeroa Creek | 31 mm | 15 mm 18 mm S>K~MLC

3.3.3.2 Interpretation

All samples contained poorly crystalline clays including smectite, undifferentiated mixed
layer clays and kaolinite and occasionally illite-smectite mixed layer clays. All samples
contained gypsum from marine water, and quartz. Semi-quantification of the clay
minerals by measuring peak intensity (height) from XRD diffractograms indicates that
smectite is the most abundant clay mineral. Poorly crystalline kaolinite and mixed layer

clays were also common and occurred in approximately the same proportions.

The similarity of clay mineral assemblages from samples is not unexpected as the local
geology is similar. Waitemata Formation sea cliffs and shore platforms are exposed
extensively along the Beachlands coastline and underlies the catchments of Waikopua
Creek, Turanga Creek, and Mangemangeroa Creek (Figure 2.1). Basement greywacke
rocks underlie Te Puru Stream catchment in the east, and is exposed in upper Waikopua
Creek catchment. All sediment was sampled from areas where sediment has relatively

short residence times which do not allow for the diagenetic alteration of clay minerals.

Smectite was abundant in all samples along the Beachlands coast, except from Maraetai
and Te Puru Streams which drain catchments of greywacke basement rocks that do not
weather to smectite clays (Naish, 1990). Naish (1990) describes the transformation of
volcanic glass to smectite under conditions of high salinity. Smectite originates from the
alteration of volcanic rock fragments which are weathered from Waitemata Formation
flysch sequences (C. Nelson, pers. comm.). The abundance of smectite reflects the

contribution of weathered shore platform and sea cliffs to the coastal sediment budget.
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Similarly Waitemata Basin sediments are also rich in smectite clay minerals derived from
the Waitemata Formation (Gregory & Thompson, 1973).

Other clay minerals identified by XRD were poorly crystalline. Poorly crystalline
kaolinite originates from weathered soils, compared to highly crystalline kaolinite which
originates directly from source rocks. Abundances of highly crystalline illite and kaolinite
reflect greywacke source lithology (Naish, 1990) which were rare in the samples with
illite only found in Wairoa River samples and highly crystalline kaolinite from Maraetai
Stream. Undifferentiated mixed layer clays were poorly crystalline indicating they are

weathered from soils in the local catchments.

Clay mineral assemblages in sediment from the dredgings were similar to sediment
sampled from Waikopua, Turanga and Mangemangeroa Creeks with greater proportions
of smectite and approximate equal proportions of mixed layer clays and kaolinite.
Slightly lower abundances of smectite clay minerals were present in sediment from
Waikopua Creek, this may be attributed to greywacke source rocks in the upper
catchment which do not weather to smectite. Similar proportions of clay minerals,
reflecting the abundance of smectite, were detected in subtidal samples and samples from
Sunkist Bay. No illite or highly crystalline clay minerals were present in dredgings

sediment.

The implications of the mineral finger-printing of samples from along the Beachlands -
Maraetai coastline are that sediments infilling the approach channel to Pine Harbour
Marina originate from north bound turbid plumes transporting fine sediment from
Waikopua, Turanga and Mangemangeroa Creeks in the south. Mineralogical evidence
indicates that sediment infilling the approach channel does not originate from streams and
catchments to the north by the absence of illite and highly crystalline clay minerals which

would be present in sediments weathered from greywacke source rocks.

3.3.4 Structure of dredgings sediment

Coring of the dredge mound was undertaken in April 1995. The core was split
lengthwise and the sediment structure described (Figure 3.10). A layer of fine black
predominantly silt-sized dredgings sediment was evident overlying natural sandier
sediment of the intertidal flats. Sediment was removed from the core for textural and clay
mineralogy analysis, and the structure of dredgings sediment from the core examined
using scanning electron microscopy (SEM). Sediment removed for SEM was mounted
on stubs and freeze dried in liquid nitrogen. Stubs were then coated with a layer of gold
palladium in a vacuum with inert gas, to make the sample conducting thus avoid the build

up of negatively charged areas when in the SEM.
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FIGURE 3.10: Sediment textures and observations of core through dredgings sediment
deposited on intertidal sand flats adjacent to the approach channel to Pine Harbour
Marina.

A variety of clay mineral structures, depending on the mineral type, size and shape of the
particles and whether these are aggregated or fully dispersed have been formed and
recognised using SEM (Smart & Tovey, 1981). SEM examination of dredgings sediment
from the core at Pine Harbour Marina revealed the sediment structure is largely controlled
by clay minerals and fine silts which mask the sediment grain surfaces. Plate 3.3 shows a
series of SEM micrograms of dredgings sediment. Different clay minerals have different
structures which can be used to positively identify the clay minerals from SEM
micrograms. Clean crystal faces are rare as most grains are covered by a clay skin type
layer. Although the clay skin on many grains is the most obvious feature, from XRD
analysis these clay minerals are most likely to consist of kaolinite, smectite and
undifferentiated mixed layer clays. Kaolinite occurs in plate-like minerals which are often
stacked and curled sheets of clay minerals may be smectite (Hume, 1978). The clay skin
coatings on grains affect the behaviour of the sediment primarily by increasing sediment
thresholds.
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PIATE 3.3: a) Sediment from dredge mound showing cohesive nature of sediment grains
which are coated with fine silt and clay minerals; b) Plate like stacks of kaolinite clay
minerals mask sediment grains, c¢) “Wax-like” clay skin masking sediment grains; d)
Curled sheets of smectite clay minerals.

3.3.5 Discussion

3.3.5.1 Stability of dredged sediment

Dispersion of dredge spoil from the mound is dependent on properties of the dredged
sediment, as resuspension is sensitive to the mechanical properties of sediment. Cohesive
coastal and estuarine sediments are generally referred to as “mud”, and are a complex mix
of materials including water, cohesive sediments consisting of many different clay
minerals, organic matter, and small amounts of sand and silt (Dyer, 1986). In cohesive
sediments the particles are considered to be flocculated (Mehta & Lee, 1994), and they
behave differently to non-cohesive sediments such as sand. Each grain is held by
cohesive forces which bond the grain to its neighbours at discrete points of contact (Mehta

& Lee, 1994). Thus because of the nature of the grains, cohesive sediments have greater
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threshold velocities for entrainment of particles into suspension than cohesionless

sediments.

The behaviour of cohesive and non-cohesive sediments is different after deposition.
Cohesive sediments undergo consolidation as pore water is progressively removed from
the sediment. Consolidation is associated with a collapse of sediment structure resulting
in an increase in bulk density and shear strength as the weight of overlying flocs causes
buried aggregates of particles to condense under the weight. Once the deposit is more
than a few flocs thick the squashing begins and causes a slow expulsion of pore water
and a gain in shear strength of the mud (Dyer, 1986). As such characteristics of the
sediment vary with time and depth. Cohesive sediment becomes harder to erode the more

it consolidates and the shear stress of sediment increases.

3.3.5.2 Source of fine sediment occasionally deposited on Sunkist Bay

Mineralogical finger-printing of sediment along the Beachlands - Maraetai coastline
implies that it is likely that occasions of muddy sediment despoiling Sunkist Bay occur
after wind and wave conditions induce onshore movement of high suspended load waters
from wave stirring of sediments deposited offshore of Sunkist Bay and Motukaraka
Island. These subtidal sediments originate from erosion of the local catchment dominated
by weathering of Waitemata Formation coastal cliffs and shore platforms, and subtidal
deposition of fine sediment transported north by turbid plumes from streams to the south.
Sediment offshore from Sunkist Bay and near Motukaraka Island is dominated by silt and
fine sand. Shore parallel bedforms were observed by SCUBA divers on 20/12/95
(Appendix 1.2) with lighter coloured muddy sediment in troughs suggesting movement of
fine sediment onshore, exacerbated by north-east to north-westerly wind conditions.

In a similar investigation into the mud siltation problem at Maraetai undertaken by
Ballance (1994), XRD scans of samples from offshore Maraetai, Maraetai boat harbour,
Te Puru Stream and Whitford Forest were compared to identify the source of the mud
sized sediment. The conclusion of this report was that the mud accumulating in the sea at
Maraetai was nothing other than locally derived mud being delivered to the coast by the
local streams. However, since all streams draining the Hunua Ranges and surrounding
areas would be delivering similar material to the coast, it was not possible to say how far
the marine mud at Maraetai had been transported (Ballance, 1994).
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3.4 Suspended sediments

3.4.1 Turbidity

Perceived water quality depends largely on appearance. The traditional approach to
assessing water quality is by measuring the level of light scattering in water using
nephelometric turbidity measurements (NTU) as a relative index of light scattering.
Different nephelometers, even though standardised identically give different turbidity
values on the same sample, that is, the measurement is instrument-specific. The most
commonly used nephelometer in water management is the laboratory based Hach 2100A

model which has become the industry standard.

The portable Hach 16800 model was used to determine the turbidity of water samples
surrounding Pine Harbour Marina. The Hach 16800 is calibrated to standard NTU
sample vials which are purchased with the instrument, however the effects of transporting
the Hach 16800 into the field may cause some contamination of the light sensors in the
instrument and the results are therefore not absolute indicators of turbidity levels. The
Hach 16800 used in this study was calibrated to NIWA Ecosystems Hach 2100A model
using 10 water samples collected during long term turbidity monitoring along the
Beachlands coast on 26/4/95. The data resulting from water samples analysed with the
Hach 2100A model indicated turbidity values 1.8051 times larger than the Hach 16800
NTU values (Figure 3.11). Accordingly, Hach 16800 NTU levels were multiplied by
1.8051 to adjust to equivalent Hach 2100A NTU.
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FIGURE 3.11: Comparison of Hach 16800 with Hach 2100A (NTU) based on comparison
of 10 water samples collected from along the Beachlands coastline on 26/4/95.

39



Chapter Three: The sediments

3.4.2 Suspended solids

Suspended particles in water can include a range of materials including grains of rock-
forming minerals such as quartz, clay mineral particles, detrital organic matter, virus
particles and living cells of bacteria and algae (Davies-Colley, 1994). Suspended solids
of water samples were determined using standard APHA (1992) water monitoring
methods. The suspended solids measurement measures the mass of suspended particles
that can be captured from a measured volume of water by filtration onto a filter made of
glass fibres. This measurement does not distinguish between particles of different

composition and grain size and different optical behaviour (Davies-Colley, 1994).

For samples collected in this study, suspended solids are related to turbidity in that they

generally increase in linear proportion to each other (Figure 3.12).
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FIGURE 3.12: Comparison of turbidity and suspended solid levels from 12 samples collected
along the Beachlands coastline on 17/1/95.

3.4.3 Monitoring of water clarity

During the 1994 dredging operation at Pine Harbour Marina intensive turbidity
monitoring was undertaken involving the analysis of water samples collected at a central
point in the approach channel approximately 1300 m from the marina entrance, 1-2 m
above the bed of the channel. Under permit H/9205 for dredging of the approach channel
to Pine Harbour Marina, “trigger” levels imposed by the Auckland Regional Council were
35 NTU for turbidity and for suspended solids concentration 100 mg/l. If levels in
excess of trigger levels were recorded during dredging a review of the dredging operation
was required. This situation did not arise. During the course of this study the long term

variation in turbidity and suspended solids levels in the littoral zone along the Beachlands
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coastline were investigated, and these natural background turbidity levels have been
compared with the levels of suspended sediment during the dredging operation. Water
samples for turbidity and suspended solids analysis were collected 1-2 m above the bed at
various sampling sites along the Beachlands coastline from Waikopua Creek to Te Puru
Stream (Figure 3.9).

3.4.3.1 Turbidity during dredging

A period of intensive turbidity monitoring was undertaken over the course of a tidal cycle
and at weekly intervals during the dredging operation to assess the immediate impacts of
dredging on water clarity in the region. Samples were taken at the 1300 m marker in the
channel (Site 3) and at similar water depths 200 m to the south of the channel (Site 5)
(Figure 3.9).

Results of monitoring throughout the dredging are compiled in Appendix 2.1. During the
dredging operation turbidity levels at the designated site were between 5 and 26 NTU on
15/6/94, and 9 and 25 NTU on 22/6/94. Turbid plumes beside the dredge barge were
visible as sediment was excavated and deposited, the finer sediment remaining suspended
for longer periods of time and created a turbid cloud in the vicinity of the works
(Plate 3.4). Plumes of suspended sediment beside the dredge had turbidity levels from 25
to 70 NTU recorded on different occasions.

PLATE 3.4 Turbid plume surrounding dredging works as sediment is stirred into suspension
with excavation and deposition through water column.
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Turbidity levels also increased due to natural processes not attributable to the dredging at
the time of the dredging operation. Under 20-30 knot winds and after a period of rainfall
on 25/6/94 a turbid zone extending around Sunkist Bay and Motukaraka Island was
sampled and measured turbidity ranged from 50-67 NTU (Hach 16800) and suspended
solids 169-307 mg/1.

3.4.3.2 Natural background turbidity and suspended solids levels

Water clarity varied in the long term and was influenced by the amount of rainfall and
catchment runoff delivering sediment to the marine environment, wave heights entraining
sediment, wind speed and direction causing surficial currents along the shoreline, and
tidal currents which move turbid plumes along the coast. Long term turbidity and
suspended solid levels were investigated at sampling sites along the Beachlands coastline
(Figure 3.9) to examine the natural fluctuations in these levels. Raw data from long term
turbidity monitoring, and graphs of relative turbidity and suspended solid levels recorded
at 3 monthly intervals from October 1994 to November 1995 are presented in
Appendix 2.2.

Average turbidity along the Beachlands coastline was less than 10 NTU from October
1994 to November 1995 (Figure 3.13). Greatest variation in turbidity was from water
samples collected in the marina approach channel and basin and near Waikopua Creek.
Turbidity at these sites increased up to 40-45 NTU on occasion due to a combination of
factors including periods of rainfall, high wind speed and large waves, and stage of tidal
current. High turbidity inside the marina basin is attributed to turbid plumes travelling
along the coast becoming trapped inside the breakwaters. In comparison intensive
turbidity monitoring indicates that turbidity levels generated by the dredging works were
between 9 and 25 NTU in the marina approach channel. This is slightly higher than
natural background turbidity levels in the same location of 9 NTU = 6 NTU, but was not
in exceedance of “trigger” levels.

Average suspended solid concentrations along the littoral zone from Waikopua Creek to
Te Puru Stream were between 15 and 50 mg/l from October 1994 to November 1995
(Figure 3.14). Suspended solids concentrations increased up to 100 and 200 mg/l on
18/7/95 along Sunkist Bay to Te Puru Stream. Variation in suspended solids
concentrations of most samples was in the order of 10-20 mg/l, however the greatest
fluctuations in suspended sediment concentrations were detected near Waikopua and
Te Puru Streams, and in the marina basin which possibly reflects the component of
organic content eroded from the catchment which varies with the amount of rainfall in the

catchment and volume of freshwater delivered to the marine environment.
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Overall turbidity is dependent on weather conditions and tide. Local wind generated
waves entrain sediment in the shallow water depths along the coastline and the
embayment. The turbid plumes are in turn transported along the coastline by the net

current which is related to tide and wind driven circulation patterns.
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FIGURE 3.13: Mean natural background turbidity (NTU) levels of water samples collected
from the littoral zone from south to north along the Beachlands coastline and in the marina
approach channel. Sites 5, 6 & 7 are located near Waikopua Creek, sites 1-4 in the vicinity
of Pine Harbour Marina, and sites 8-12 north of Pine Harbour Marina along Sunkist Bay
to Shelly Bay.
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FIGURE 3.14: Mean natural background suspended solid levels (mg/l) of water samples
collected from the littoral zone from south to north along the Beachlands coastline and in
the marina approach channel. Sites 5, 6 & 7 are located near Waikopua Creek, sites 1-4 in
the vicinity of Pine Harbour Marina, and sites 8-12 north of Pine Harbour Marina along
Sunkist Bay to Shelly Bay.
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3.5 Beach surveys

3.5.1 Methodology

Beach surveys were undertaken by Greenfield Surveyors Ltd along 6 shore normal
transects across the intertidal flats fronting Pine Harbour Marina (Figure 3.15). Transects
were surveyed at six monthly intervals. The elevation of the tidal flat was surveyed
relative to Port of Auckland chart datum (CD) which is the lowest astronomical tide
(LAT). The extent of shore platform exposed along the profile and surficial sediment

lithology was also recorded during surveying.

Surveys were undertaken before dredging commenced in June 1994, and in December
1994 at the conclusion of the dredging operation. Further beach surveys were undertaken
in June 1995 and December 1995 to monitor any subsequent beach changes due to the
deposition of dredgings material onto the intertidal flats along the northern side of the
approach channel. Accretion or erosion over the intertidal beach sections can also be used

to give an approximation of any volumetric beach changes.

The beach sections were also probed to determine the thickness of sediment veneering the
shore platforms. The tidal flats were probed along the survey transects approximately
every 25 m, this was adjusted if the shore platform abruptly changed gradient, to about
300 m offshore or until probing became difficult. Probing was undertaken using steel
rods in 1 m sections, with additional lengths added as the depth of sediment veneer

increased.

3.5.2 Results

Ascii files of survey data were input into TECHBASE for analysis-and construction of
section profiles. The elevation of the intertidal flats above CD for beach sections 1 to 6

are presented in Figures 3.16 to 3.21, along with the lithology of surficial sediments.

Greatest changes in elevation were recorded on the northern intertidal flat, with maximum
accretion occurring along Section 1 where 0.5 m of sediment was deposited over the
chenier shell ridge, and between 0 and 0.1 m of sediment deposited over the remaining
length of section excluding the shore platform, in June 1995. Most accretion occurred in
the mid tidal flat area, this was also evident along Sections 2 and 3 although net sediment

accretion was between 0.02 and 0.03 m.
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Along the southern intertidal flat changes in sediment elevation was negligible. Sediment
elevation remained constant, fluctuating in the order of a few centimetres.
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increase, reflecting the gradual infilling of the boat ramp channel.
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The extent of shore platform exposed along each section remained constant with no long
term change in sediment veneering shore platforms. Pockets of sandy sediment were
occasionally recorded over the shore platform on the northern intertidal flat but were
subsequently transported away. Likewise shore platform on the southern intertidal flat
did not experience an increase in sediment veneer. Accretion of silty sand was observed
along all sections on June 1995, possibly settling from turbid plumes along the coastline
or from the onshore movement of fine sediment. The shell ridge which links Motukaraka
Island with Beachlands coastline along Section 1 appears the most dynamic and was
observed to vary in thickness as shells accreted along the southern side of the shell ridge

(Plate 3.5). Parts of the chenier shell ridge were overlain by sandy sediment in

subsequent surveys.

PLATE 3.5: Series of shell ridges on the northern intertidal flats. The shell ridge in the
background extends from Beachlands coastline to Motukaraka Island (just out of frame on
the left). Accretion of shells is evident on the southern side of the shell ridges.

Figures 3.22 & 3.23 illustrate the depth of sediment veneering shore platforms extending
from Beachlands coastline. The shore platform extends between 100 and 150 m from the
beach face at a gentle angle veneered with up to 0.5 m of sediment, before abruptly
changing gradient and dipping more steeply offshore to reach a maximum thickness of
sediment veneer between 200 and 350 m from the beach face. Maximum sediment veneer
is greatest over shore platform on the southern intertidal flats towards Waikopua Creek.

Sections 5 and 6 have between 2.0 and 3.25 m of sediment veneering the shore platform.
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Along the northern intertidal flats sediment depth of veneering the shore platform is
generally less than in the south, greatest veneer is 2.0 m on Section 2.

3.5.3 Discussion

A trend of greater sediment accretion along the northern intertidal flat than the southern
intertidal flat is evident. This accretion maybe due to the addition of sediment into the
littoral system, particularly the deposition of dredgings from the Pine Harbour Marina
approach channel along the northern intertidal flats. The release of this sediment trapped
in the channel into the downdrift side of the littoral transport system is an addition to the
sediment budget along the northern intertidal flats. The channel interrupts the passage of
sediment along the coastline from south to north, and restricts the amount of sediment
moving onto the northern intertidal flats and in consequence reduces the amount of
sediment transported downdrift to Beachlands Point and Sunkist Bay.

The accretion of approximately 2.5 cm of sediment in the mid tide region along the
northern intertidal flats since deposition of the dredgings indicates that the dredgings have
dispersed across the intertidal flats. Sediment accretion is less along the lower intertidal
flats and over the shore platform. Sediment accretion was greatest along Section 1. This
is mostly due to accretion of shells along the southern side of the shell ridge, and may
also be attributed sediment accretion as a result of opposing currents which form the shell
ridge and variations in wave energy over the changing chenier shell ridge. Two smaller
shell ridges were observed to be accreting along the lower tide regions on Section 2 and
3. Shell ridges experience regular ridge formation by alternating erosion and accretion
(King, 1972). During storms minor ridges can be built up and once they are initiated
further material can be added. Longshore movement can cause the elongation of the
chenier ridges.

An estimate of the volume of sediment accreted over the northern intertidal flats, assuming
an average accretion of 2.5 cm (0.025 m) of sediment over the mid tide region,

approximates to a total volume increase over the region of:

Volume change =0.025 m x 100 m (length of profile) x 700 m (northern intertidal flats)
=2,100 m*

Accretion of 2,100 m® of sediment is about 45% of the dredgings material deposited
adjacent to the approach channel on the northern intertidal flat. The remainder of the
dredgings material has either been transported offshore, carried in suspension from the

intertidal system, or more likely been washed back into the approach channel.

47



SECTION 1

318945E 319045E 319145E 319245E 319345E 319445E
a) TN T T T T T
318945E | gt -
698569N PPIETIOE o = e S (RN =+
- 319539E
x . u . ' 699598N
319045E 319145E 319245E 319345E 319445E
b)
JUNE 1994 KEY
1094 " v swmwesne SILTY SAND
. AL SHELL
DECEMBER 1995 s ROCK
3.00
C) 2.75
2.50
8 2.25
o 2.00 |
_§ 175
= 150 KEY
g 125
,‘é) 1.00 June 1994
2 075 : December 1994
e 0.50 | 4 v+t June 1995
025} B December 1995
0 00 1 1 | I 1
o 100 200 300 400 500 600

Distance (m) from M.L.W.S to M.H.W.S
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¢) Elevation of intertidal flat. VE =50.
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3.6 Sedimentation rods

3.6.1 Introduction

Sedimentation rods record the depth of sediment disturbance and any net change in
sediment level relative to the top of the sedimentation rod. Sediment mixing depth is
generally accepted as representing the thickness of the nearshore sediment transport layer
(Sunamura and Kraus, 1985). It is a result of the reworking of the surficial layer due to

sediment transport by waves and currents.

Several methods have been developed to measure the thickness of the active layer.
Komar and Inman (1970) used the burial of sediment tracers to define the thickness of the
layer of motion. Greenwood (1987) describes the use of depth of activity rods and
washers to measure local bed elevation responses to storms in a fetch limited tideless
environment. This method was also developed and used by Dolphin (1992) to measure
patterns of scour and accretion on intertidal flats in fetch limited environment. The
purpose of depth of disturbance rods is to indicate the depth to which sediments are

disturbed or mixed and the thickness of sediment that is entrained (lifted) into suspension.

3.6.2 Methodology

Sedimentation rods were established between 1/6/94 and 3/6/94, along the six shore
normal beach survey sections (Figure 3.15). The sedimentation rods were installed to
monitor any net changes in the surface of the intertidal flats as a result of the addition of
sediment from the dredgings. A further six rods were installed from Sunkist Bay to
Maraetai to record any periods of muddy deposition reported by local residents in order to
investigate the relationship of these events with dredge spoil dispersal. In addition to
these 12 rods were installed in the dredgings mound on 12/7/94 to monitor the erosion of
the dredgings mound. However most of these additional sedimentation rods suffered

from human interference and washout, and no records were obtained from them.

The sedimentation rods consisted of an aluminium or steel rod, 0.5 cm in diameter and up
to 1.0 m long. At the designated sites, the aluminium rods were driven into the sediment
(steel rods were used in the bare rock) until they were stable, usually about 0.5 m. A
length of hollow plastic pipe was fitted over each rod to make the rods more visible. A
loose fitting washer was then placed over each rod. When sediments are re-worked and
carried into suspension the washer falls to the new surface level and is buried as
sediments are deposited. Depth of disturbance rods measure the occurrence and

magnitude of these processes.
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The sedimentation rods were measured and photographed at monthly intervals. At each
visit the distance from the top of the rod to the surface was measured, indicating elevation
changes, and the distance to the washer was also measured (Figure 3.24). The rod was
also photographed to keep a record of surrounding bedforms (Plate 3.6). Following each

recording the washer was returned to the new surface level.

Sedimentation rod

Distance to sediment

Distance to washer

Sediment surface

Washer, L ]

FIGURE 3.24: Schematic diagram of sedimentation rod illustrating the distances measured
from the top of the rod to the sediment level, and from the top of the rod to the washer. The
washer is returned to the sediment level after measuring.

PLATE 3.6: Illustration of sedimentation rod used to measure the depth of sediment
disturbance on intertidal flats fronting Pine Harbour Marina.
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3.6.3 Results

Raw data of the monitoring of the sedimentation rods around Pine Harbour Marina are
listed in Appendix 3.1. The measurements taken from the top of the rod to the sand, and
the top of the rod to the washer were used to calculate the depth of sediment disturbance
that occurred since the last measurement was taken. Depth of disturbance is calculated by

subtracting the distance to the sand from the distance to the washer.

For much of the study period depth of disturbance was less than 1.5 cm. This shallow
disturbance is due to small wave ripple (A = 1.0-1.5 cm) movement over the intertidal
flats. Depth sediment of disturbance over the northern intertidal flats increased to between
2.0-3.0 cm on occasion, and the deepest depth of disturbance was 6.2 cm on 17/10/94.
This corresponds to a period of high winds recorded in Auckland City over late
September/October which would have generated larger waves and stronger orbital
velocities to mix sediment to greater depths (Figure 3.25). In general depth of
disturbance was highest for rods furthest offshore (Figure 3.26).
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FIGURE 3.25: Average daily wind speeds (m/s) recorded at Auckland City, May 1994 to
March 1995 (National Institute of Water and Atmospheric Research, Wellington).

Figure 3.27 shows the relative changes in sediment level at each rod. Greatest accretion
of 4.0 cm was recorded in the mid tide region on Section 2 on 29/11/94, however this
was subsequently eroded and sediment level returned to the previous level.
Sedimentation rods along the northern intertidal flats recorded a small amount of accretion
less than 1.0 cm, while along the southern intertidal flats there is a very small net erosion.
These small changes in sediment level are insignificant as the sediment level fluctuated in
the order of = 2.0 cm in the long term. The sediment rods were observed on some
occasions to have a local scour effect on the sediment at the base of the rod. This
scouring may have reduced the amount of accretion recorded on the northern intertidal

flats, and increased the amount of erosion around rods along the southern intertidal flats.
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located along beach survey section lines 4, 5 and 6 south of the approach channel to Pine

FIGURE 3.26 continued: Depth of sediment disturbance as recorded by sedimentation rods
Harbour Marina.



Chapter Three: The sediments
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