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ABSTRACT _

BLACK, K. P.; HEALY, T. R., HUNTER, M . G., 1989 . Sediment dynamics in the lower sect ion
of a mixed sand and shell-lagged tida l estuary, New Zealand. Jou rna l o{ Coastal Research , 5
(3), 503 -521. Cha rlott esville (Virginia), ISSN 0749-0208.

A ser ies offield inve stiga t ions and a numerica l hy dr odyna mi c model wer e app lie d to de te r mi ne
the sediment t ranspo rt characteris tic s in t he lower section of 8 large , t ida lly-dom ina ted es tua ry
at Wh angarei Harbour, northeast Ne w Zea land. Th e resul ts s how 8 cons is ten t pa ttern in th is
unusua l case wh ere s he ll lag and shell /sa nd mixes ha ve a dominant influe nce on the net sedi ­
me nt transport eve n tho ug h the es t ua ry is su bjec ted to a wid e ra nge of compete n t flows we ll
8bo~e the sandy se d ime n t t hreshold . A des cri pt.ion of th e est ua ry's se d imen t t ranspo rt ca paci ty .
th e infl uen ce of lag ged bed s. th e re lati on ship of morph ology and sed ime nts to tida l dy namics ,
es pec ia lly tidal -cycl e velocity re si dua ls , a nd t he implication s for a prop osed marine te rminal
in t he s tudy region a re presen ted a nd di scussed.

ADDIT IONA L INDEX WORD S: S ed iment dynam ics , t idal in let , t idal de lt as, nu mer ical
modell ing , velocit y residuals

INTRODUCTION

Wangarei lies in t he far north of th e Nort h
Island of New Zea land near a devel op ing Pin us
radiata softwood indust ry re quiring port facil­
it ies. Whe n a s ite nea r t he deep entra nce to
Wangarei Ha rbour was accepted as pot entially
the most su ita b le, th e port a u t ho ri ty, th e
Northland Harbour Boa rd, ini tia te d a se r ies of
estuarine inves tiga t ion s. Th e pr oposed port site
is sit ua ted on a broad Hol ocen e barri e r s p it
which se parates th e harbour fr om t he ocean ,
and the site is shared wi t h New Zeal a nd 's sole
oil refinery. To assess the pr oposed te rmina l's
potent ia l in fluen ce on t he existi ng fac ili ties a nd
on the lower h a r bour in genera l , a detai le d
hydrodyna mic a nd se di me nt dy na mi c investi­
gation was es tablis he d which t he n became t he
largest tha t had been undertaken in a New Zea­
land est ua ry. Th e field program was a ug mented
by numer ica l h yd r odyn amic a nd sed i ment
dynamic modell in g (BLACK, 1983) and numer­
ical and ph ysi cal hyd rodyna mic mode lli ng by
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the Da n is h Hyd raul ic Institu t e (DHI, 1982) .
Th e la t ter mod elling is not di scussed here but
it assisted t his s tudy by pr ovid ing bac kgrou nd
infor ma t ion a nd an a ddit io na l fr a mewo r k to
assess t he descr ip t ive mo de ls of se d i me nt
dyn amics in t he region .

Whanga rei Harbo ur is one of se vera l large
m es o- t id al es ta u ri ne l a goon s on t he north ­
eas t New Ze al a nd coast . In t he r el a t iv el y
unp ol lu t ed wa ters of th is r eg ion , these estu­
a ries s up por t a proli fic she ll-fish pop u lat io n ;
coc k les (Chion e s tu tc h b u ryi) , d og cock les
(Dosinia sub rosea a nd G lycy me ris lat ico s­
tata ), sca l lops (Pecte n nou vou z elandae), p ip is
(Pap h i es aus t rale ) , t uat ua (Pap hies s ub­
tria ngu la t u m) and horse mu s s el s (A tri na
ze landica ) are a mong t he mos t co m mo n (BIO­
RE SE ARCHES , 1976) . Altho ugh sa ndy sed ­
im ent is i n r e a dy s u p p ly a lo ng th e coast
(H EALY, 1981 a ), s he ll detr itus is bei ng co n­
s ta ntly produ ced by t he resident s he llfis h
with t he res u l t t hat the bed in t he estua ry is
cha r a c teri zed by locall y -va r y ing mix tures of
sa nd and s he ll lag .

Co ncentratio ns o f s he l l grave l l a g we r e
foun d to pl a y an important stabi lizi ng rol e in
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determining the overall characteristics of
the inlet stability and sediment dynamics.
The shell was not only effective locally, but
it also reduced sediment transport overall by
limiting the availability of sand that could
go into suspension in the strong flood and
ebb-tidal currents. The interaction between
bed type and flow dynamics is one of the pri­
mary considerations of this paper, which
deals with the relationships between current
flows, bed type and harbour morphology. The
principles ofestuarine sediment transport in
such an inlet are concurrently examined.

SITE DESCRIPTION

Whangarei Harbour (Figure 1) is meso-tidal
with a spring tidal prism of 186 x 106 m" (MIL­
LAR, 1980). Currents reach 1.1-1.3 m.s -1 in the

entrance at spring tides. The lower harbour is
a drowned river valley mostly contained by bed­
rock except for the spit at the south side which
is composed of holocene sands (HEALY, 1981b).

Depths vary from about 30 m in the entrance
throat to around 8 m in the Shoal Bay and the
Main Shipping Channels. The two major shoals,
Snake and McDonald Banks (Figure 1), repre­
sent the flood-tidal deltas relative to the
entrance cross-section, and the Main Shipping
Channel and Shoal Bay Channels around Snake
Bank carry the bulk of the flow to the upper
reaches (Figure 1). A striking feature of Snake
Bank is its namesake; a snake-like ridge com­
posed almost entirely of pipi shell detritus
which weaves across its centre (Figure 2). Sand
platforms are common around the fringes of the
lower harbour from the entrance to One Tree
Point and in McLeod Bay.

km

5
I £ Tide gauge

»" 5m depth contour

Figure 1. Whangarei Harbour on New Zealand's Northland coast.
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Figure 2. (a) Oblique air photo of Snake Bank ebb shield . The sinuous shell ridges give ri se to its name.
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Figure 2. (b) The dominant sediment transpo rt directions a rc inferred from the morpho-bathymetry . large-scal e bedform s , and
full tid al cycle velocity vector residuals (Black 1983 ).

EXPERIMENTAL TECHNIQUES

Many of the details of the field investigations
at Whangarei are provided in HEALY et al .
(1987) so that only a brief summary will be
given here.

The nature of the sea bed was determined
from a programme of diver observation , under-

water photography and video , and bed sediment
sampling (BLACK , et al ., 1981 ; BLACK, 1983).
These results were then applied to interpret a
sid e-scan sonar survey of the region (BLACK
and HEALY, 1983).

The underwater video was operated from the
Royal New Zealand Navy diving tender "Man­
awa nui" which drifted or motored along the

Journal of Coastal Research , Vol. 5, No.3, 1989
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channels with the camera suspended from the
stern while the sea bed was observed and
recorded on video film onboard. A lead weight
was tied approximately 0.4 m below the camera
to provide a scale, a measure of camera height
above the bed and an indication of bottom com­
pactness. Positions were fixed with Motorola
Electronic Distance Measuring (EDM) equip­
ment which was accurate to within + 1- 1 m
during static tests. Reference transponder sta­
tions were accurately placed by Northland Har­
bour Board surveyors.

The side-scan sonar survey was conducted
with assistance from the Royal New Zealand
Navy Hydrographic Branch over a 6 day period
from 14-20 October, 1981. An E. G. & G. dual
channel 100 kHz side-scan sonar was towed
about 5 m above the sea bed. Decca EDM equip­
ment was employed for horizontal position fix­
ing.

During the study, the Royal New Zealand
Navy Hydrographic Branch undertook a full
hydrographic survey of the lower harbour and
the ebb-tidal delta to provide accurate bathy­
metry for the proposed numerical and physical
modelling and the overall field investigations.

Vertical current profiles were measured at a
large number of sites at half to one hour inter­
vals over full-tidal cycles for both neap and
spring tides using a Braystoke BFM-010 multi­
parameter current meter. This meter simul ta­
neously recorded speed, direction, temperature
and salinity, while a built-in depth sounder pro­
vided accurate distances above the sea bed.
Velocity was measured by counting impeller
revolutions and a 100 s time interval was
selected to average ou t shorter-period turbu­
lent current fluctuations. The profile measure­
ments were supplemented with drogue tracking
(BLACK et al., 1982; BLACK, 1983) and 4 Aan­
deraa RCM-4 current meters (DRI, 1982;
BLACK, 1983) were each deployed for 2 months
at 4 sites. In the tidally-dominated environ­
ment, the drogues were suspended some 1-2 m
below the surface to allow them to pass over
most shoaling areas a nd therefore the meas­
ured speeds will primarily reflect near-surface
currents rather than those near the bed. Their
paths were fixed using Motorola EDM equip­
ment. Detailed measurements of sediment
transport and sediment thresholds were made
at several locations in the harbour and experi-

mental procedures were described in BLACK
and HEALY (1982, 1986).

NUMERICAL HYDRODYNAMIC
MODELLING

As the lower harbour is well-mixed and 2­
dimensional modelling was considered to be
appropriate, simulations of tidal flows were
made with the numerical hydrodynamic model
(2DD) of Black (1983) which solves the 2-dimen­
sional depth-averaged momentum and conti­
nuity equations for long waves,
where momentum is given by

au luau vaUj-+r3 -+- -fVat ax oy

ga~ gU(U 2 + V2
) l/2

- ax - C'2(d + ~)

Pa ~ ,WIWx
+ -----

p(d + ~)

ra2U a2u1aV
+ A H Lax2 + ay2Jat (1)

luav vaVj fU
+r~ --+-- +

t-' ax ay

ga~ gV(U2 + V'2)l!2
- ay - C~(d + ~)

Pa 'Y IWIWx+------
ptd + ~)

la
2v (J2Vj

+ All ~ +--=----2
dx dy

and continuity is given by

a~ a a
-=- + - (d + ~)U + - (d + ~) V = 0 (2)
at ax . ay

U, V are mean vertically- averaged velocities in
the x, y directions respecti vely, g the gravi ta­
tional acceleration, ~ the sea level above a hor­
izontal datum, d the depth below datum, f the
Coriolis parameter, p the water density, W the
wind speed at 10 m above sea level, 't the wind
resistance coefficient, p, the density of air, C is
Chezy's C, A H is the horizontal eddy viscosity
coefficient and ~ is a vertical integration cor­
rection factor (normally taken as 1).

2DD is semi-explicit and solves the hydrody­
namic equations using a leap-frog, time-step­
ping procedure. The model includes a flooding
and drying algorithm which was employed to

Journal of Coastal Research, Vol. 5, No.3, 1989
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simulate the inundation and exposure of the
inter-tidal sand banks. Depths were digitized
on the cell walls (e.g. BLACK and GAY, 1987)
rather than the more typical mid-point repre­
sentation (LEENDERTSE, 1967). Twice as
many depths are input which improves bathy­
metry resolution without increasing CPU
requirements (BLACK, 1983). A 250 m-square
grid of 24 by 23 cells was established for lower
Whangarei Harbour and this resolved the
important general flow features which are of
interest in this paper.

Because of computer memory limitations, the
up-harbour sea level boundary condition on the
western model boundary was obtained from a 1­
dimensional model simulation of the entire har­
bour (Figure 1). The explicit, I-dimensional
model, 100 of BLACK (1983) includes all the
terms in equation 1 with V set to zero. The eddy
diffusion term was retained in the model with­
out the derivative in y, and this has a standard
physical interpretation if one assumes that the
harbour flanks are free slipping. The I-dimen­
sional model included the longitudinal density
gradients associated with the measured salin­
ity changes from 34 %6 at the entrance of 26 %0
in the upper reaches (MILLAR, 1980). This
term has a small but significant influence on
the tidal behaviour (BLACK, 1983) over the
entire harbour but it has a negligible influence
over the smaller 2-dimensional model domain,
where vertical stratification was also negligi­
ble. A no-flow (U = 0) condition was imposed at
the upstream boundary while river inputs,
which are small in Whangarei Harbour, were
included in the appropriate cells.

The calibration and verification of the 1­
dimensional model employed tidal water level
and velocity comparisons. An example in Fig­
ure 3 shows that the model predicts the tidal
water levels in the upper reaches (Figure 1)

using the ocean water level as the input bound­
ary condition at the seaward end. The bed fric­
tion coefficient (zo) used in the model which
gave this calibrated result was z, = 0.0010 m
which compares favourably with the average
roughness length of z., = 0.0007 m obtained
from velocity profile measurements throughout
the lower harbour (BLACK and HEALY, 1982),

After calibration of the I-dimensional model,
the time series of mean sea levels at the 2­
dimensional model boundary was extracted
from the I-dimensional simulation at the cross-

section through One Tree and Reserve Points.
The transverse variability about the mean sea
level along this boundary, was determined by
matching the model to the discharges in the two
major channels measured with current meters.
The 2-dimensional model was then given a
detailed calibration (BLACK, 1983) using the
46 available time series of measured velocities
(see later) as well as a series of drogue tracking
experiments. An example of the resulting cali­
bration is shown in Figure 4a,b. Notably, while
the determination of mean level with the 1­
dimensional model can be recommended as a
useful general procedure, the method to find the
transverse boundary gradients was applied
only because computer memory limitations pre­
vented the application of the more prudent pro­
cedure of moving the boundary away from the
region of interest.

RESULTS

SEA BED DESCRIPTION

The sea bed investigations and side-scan
sonar interpretation are summarized in the bed
facies maps of Figure 5 and examples of bed
types are shown in Figure 6. The percentage of
sea bed covered by shell is large with the major
channels being almost entirely floored by shell
detritus. In the vicinity of the proposed marine
terminal and the lower section of the Main
Shipping Channel, the bed is distinguished by
a compacted shell lag, often coated by algae
coexisting with some sponge (Figure 6b), while
in the entrance, the shell lag persists but it is
clean and free of algal growth (Figure 6a).
Upstream in the Main Shipping Channel, the
bed is composed of cobble, shelly-gravel and bio­
mass cover on the northern side changing to
some loose sand and broken shell and then bed­
forms on the southern side (Figure 6c, d). A
compacted lag occurs over much of the Shoal
Bay Channel.

While stored sand is abundant on the banks
and outside the entrance to the harbour, exten­
sive sandy deposition is not evident in the
major channels. This means that the sand has
been and is continuing to be winnowed out leav­
ing only the coarser, less-easily entrained shell
and cobble sediments on the channel floors
(BLACK and HEALY, 1982, 1983; MEHTA and
CHRISTENSEN, 1983). Thus, where no sand is

Journal of Coastal Research, Vol. 5. No.3. 1989
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Figure 3. I-dimensional model verification run for 3-DEC-81 with roughness length Zo = 0.001 m compared to the actual tide
levels at Whangarei Port located 16 km from the entrance.

available for entrainment, the local sandy bed­
load sediment transport in the channels is
essentially zero. Moreover, a low suspended
load transport is indicated where the lag is
algae-encrusted because the fragile algae will
not grow in a "sand-blasted" environment. The
presence of pink coralline algal growths, which
cannot flourish if the bed sediments are agita­
ted so that they roll or rub together, similarly
suggests that the lag sediments are also stable.
Conversely, clean shell in the harbour entrance
testifies to the passage of suspended sediment
through the entrance throat or mobility of the
shell detritus.

Bedforms

The major exceptions to the lagged channel
floors are the bedforms lying along a distended
ridge of sandy sediment linking Snake Bank
with the south side of the entrance throat, the
deposits of sand to the south-west of Darch
Point and the distended ridge of sand on the
south side of the lower section of the Shoal Bay
Channel. Otherwise the major zones of active
bedforms lie near the 5 m contour on the flanks
of the channels; in particular on the south of the
Main Shipping and Shoal Bay Channels.

Large, well-defined sand waves occur south of
Darch Point in deposits of non-cohesive sands
with minor fractions of broken shell. These bed-

forms, the biggest measured in the study area
with wavelengths up to 50 m and heights of 1.6
m, disappear abruptly to their north off Darch
Point where the bed returns to a stable algae­
encrusted conglomeration of rock and shell
(Figure Gb), These types of sudden transitions
of the bed type are a feature of the region; sandi
shell boundaries are abrupt enough for them to
be observed by divers in some locations.

BATHYMETRIC STABILITY

The lower harbour was surveyed by the Royal
New Zealand Navy in 1981. A previous survey
had been undertaken in 1959/61 and Figure 7
shows the bed level changes that occurred over
the 20 year interval. Sounding accuracy is lim­
ited to about 0.2 ill in each survey so that the
differences are expected to be insignificant
unless they exceed at least 0.4 m. Moreover,
errors in horizontal position fixing and sound­
ing reductions may increase the error, partic­
ularlyon the steep channel flanks where small
horizontal deviations may result in vertical
inaccuracies. Accordingly, only the changes
exceeding 0.4 m are shaded in Figure 7 to show
the regions where erosion/deposition may be
significant.

The harbour is seen to be extremely stable
with much of the region unchanged over the 20­
year period. A notable example is the stability

Journal of Coastal Research, Vol. 5, No.3, 1989
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Figure 4a. Flood tide drogue paths in Whangarei harbour compared with the 2-dimensional model (200). The straight lines
joining the drogue position fixes are not necessarily representing the actual flow path.
Figure 4b. Comparison of velocities measured in the entrance throat with the 2DD simulation for the calibration period 14-NOV­
81.

in the entrance throat where depths have
remained constant over large areas. In other
locations, changes exceeding 0.4 m are patchy.
The only area of significant change occurs to the
north of One Tree Point and along the southern
side of the Main Shipping Channel. In expla­
nation, the Shell Cut Reach Channel, north of
One Tree Point, was dredged by the Northland
Harbour Board between bathymetric surveys.
The large differences of - 4.0 m and - 2.2 m in
Figure 7 show where the channel was taken
through an existing sand bank to link with the

Main Shipping channel, while the accretion to
the south of Reserve Point is dredge spoil. The
other changes to the north and south are appar­
ently attributable to the alteration to the
hydrodynamics after dredging. An important
result of this comparison is the stability vari­
ation across the One Tree Point Channel. On
the south side, where the bed is composed of a
high percentage of sand, the erosion there
reflects the expected increase in the currents
arising after the dredged channel attracts
higher flows into the Main Shipping Channel.

Journal of Coastal Research, Vol. 5, No.3, 1989
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N

l

.•..

Figure 5. Simplified bottom sediment facies for Whangarei Harbour based on integration of side- scan sonar survey, underwater
photographic and underwater video surveys. SCUBA diver observations, and bottom sediment analysis. The boundaries between
facies arc schematizcd.

However, although the tendency is for erosion,
depth changes are less than 0.4 m and insignif­
icant at the adjacent north side of the channel
where shell content on the bed is higher. This
is a clear indication that the general bed sta­
bility was enhanced by the shell lag sediments.

In summary, the comparisons of bathymetric
surveys show the lower harbour to have been
extremely stable excluding the effect of the
channel dredging. This had already been
inferred from the sea bed observations showing
coarse, compacted, algal-encrusted shell lag
over much of the harbour floor, implying a gen­
eral bed stability and low suspended sediment
load.

TIDAL FLOWS

Current meter site locations and the maxi­
mum measured speeds scaled to a spring tidal
range of 2.2 m are shown in Figure 8. Currents
are fast in the entrance channel and exceed 1
m.s - I during the spring tides. High flows are
also evident in the two major channels and near
Darch Point.

Sediment Threshold

The sandy sediment threshold speeds calcu­
lated using the method of BLACK and HEALY
(1986) were compiled for three cases with the

Journal of Coastal Research, Vol. 5. No.3, 19!19
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Shell Thresholds

Over the shell beds , the roughness is taken as

Zo = h2
/ 2L = 0.005 m (3)

(4)Zo = kg/ 30 .2

Here kg, the Nikuradse equivalent roughness,
is approximately 0.01 m , reflecting the projec­
tion of the sh ells a bove the bed . Thus , Zo =

0.0003 m.
This compares with a roughness length of

0 .0002 m obtained by BLACK and HEALY
0982 , their Table 1) using measurem ents of
vertical velocity profiles above shell bed s . Over
planar sand beds, BLACK and HEALY (1986)
suggested a roughness length of Zo = 0.0001 m .
With these roughness lengths, the threshold
velocities at 1 m above the bed determined
using Table 2 in BLACK and HEALY (1986) are
presented here in Table 1.

As is indicated by the presence of megaripples
in th e harbour (Figure 5) , the velocity me a­
surements (F ig u re 8) consistently exceed the
sediment threshold speed of 0.29 m.s - 'over the
sandy beds. The currents in the channels over
the shell lagged beds also exceed the threshold
speed of about 0.45 m.s -' . Thus , the flows have
the ca pa city to move sandy sediments around
most of the lower harbour a nd the stability of
the region is not simply due to incompetent cur­
rents .

Several experiments to find in situ shell
thresholds in Whangarei Harbour are reported
by BLACK (1983). In each of these experiments ,
no movement of th e shell bed was seen even
though shells were observed in cur rents up to
0.9 m.s- t at 1 m above the bed. This observation
concurs wi th the series of measuremen ts by
MEHTA and CHRISTENSEN (1983) on the

Figure 6 (a-d ) (Adjacen t column l. The nature of th e bed in Whan ­
gare i Harb ou r: (a ) Gra vel s he l l lag from the entran ce gor ge co m­
prised mainly of the Dog Cockle (G lycymeri s lati cos ta ta Jand sca llop
(Pecten nouuouzelandae). (hI Algal and sponge growths on gra vel
rock and shell lag off Dar ch Point. (c and d) Sandy ripples on megar­
ipples and shelly sand off the southeastern t ip of Snake Bank .
Lar ge va ria ti on ov e r s ma ll di stan ce s was co mmon in Whangar ei
Harbour.

typical sand size of 0.3 mm (i) over a planar
sand bed ; (i i) over a planar shell bed ; and (iii)
over typical megaripple fields with heights of
h = 0 .2 m and wavelengths of L = 4.0 m. Over the
megaripples the roughness length is found as,

.Iou r n a l of Coasta l Research , Vol. 5 . No.3 , 1989
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Figure 7. Lower Whangarei Harbour showing comparison of 1959/1961 and 1981 hydrographic surveys undertaken by the Royal
New Zealand Navy, Hydrographic Branch. Depth changes in metres.

Florida coast. In Whangarei Harbour, currents
were never fast enough to move the shells even
though both SCUBA and underwater video
observations were made during periods of
spring tides.

MEHTA et al, (1980) measured the fall veloc­
ity of disarticulated common bivalve shells and,
for the cockle (Chione stutchburyi) which is
common in Whangarei Harbour, they report a
mean fall velocity of 0.24 m.s- I

• BLACK (1984)
confirmed this result by measuring fall veloci­
ties of several common shell types from Taur­
anga Harbour, another tidal estuary on the east
coast of New Zealand's North Island. This high
fall velocity compares with 0.032 m.s- I for 0.3
mm quartz sand (RAUDKIVI, 1976). Over a
planar bed, the Yalin threshold curve (e.g.
MILLER et al., 1977) predicts a critical friction
velocity (u.) of 0.059 m.s- 1 for a density of 2790
kg.m -3 and a shell size of 5 mm. Applying this
in the Karman Prandtllogarithmic vertical

velocity profile equation with Zo = 0.0003 m,
one obtains for the critical erosion velocity at 1
m above the bed,

U l er = 5.75 U. 10glO ( 11zu ) = 1.18 m.s- 1 (5)

This very high velocity exceeds most of the
measurements in Whangarei Harbour. More­
over, the threshold speed may increase for
larger shells (50-60 mm shells are common) or
if the shells have been imbricated by mechani­
cal current action or bound together by biolog­
ical action. Contrary to this, the shells have a
large surface area and are subjected to a higher
form drag in proportion to their weight than a
sand grain. This may temporarily reduce the
threshold speed making them unstable until
they rest with an orientation that reduces the
form drag to below threshold levels. Experi­
ments in Whangarei Harbour showed that loose
shells, when dropped to the sea bed in fast cur­
rent flows, initially rolled or vibrated, but typ-

Journal of Coastal Research, Vol. 5. No.3. 1989
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Figure 8. Maximum measured current speeds Icm.s- I ) at peak tidal flow scaled to a common spr-ing tide range of 2.2 m.

Table 1. Sediment threshold speeds over three types of bed
fora sandy grain size of 0.3 mm and quartz density of 2650
kg.m- 3

ically found low form drag orientations within
seconds of their impact with the bottom, and
observable movement ceased (BLACK, 1983>'

While there may be some error in the esti­
mateof the shell threshold speed, it is clear that
the shell lagged beds are highly stable as dem­
onstrated by the field experiments and the cal­
culation of the threshold velocity. With biolog­
ical action to bind the bed sediments, the
measurements confirm that the algae­
encrusted shell lags which commonly occur in
the channels are likely to be completely stable.

Bed type

planar sand bed
planar shell bed
rippled sand bed

Roughness
length (rn l

0.0001
0.0003
0.005

Threshold
speed

(m.s- I )

0.46
0.43

0.29

Thus, the long-term stability of the harbour
is seen to occur in a bed facies environment
dominated by the presence of the shell lags on
the channel floors. Juxtaposed within this envi­
ronment are the sudden transitions to pockets
or distended "pathways" of sandy sediment,
often lying adjacent to overgrown and stable
lag beds (Figure 6b). The following sections of
this paper examine the mechanism that makes
this possible, isolating the flow characteristics
that determine local bed type.

IMPLICATIONS FOR NET SEDIMENT
TRANSPORT AROUND SNAKE BANK

The bedforms extending from Snake Bank to
the entrance are distinguished by a notable
variation in their character across the ridge.
The bedforms on the south side are reversing
megaripples with typical wavelengths of 3-5 m
and heights of 0.15-0.20 m. A short distance to
the north, an abrupt and marked increase in
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Figure 9. Snake Bank /load-tidal delta and the inter-tidal
zone up to One Tree Point showing current meter measure­
ment sites and the current direction at peak /low during the
tidal cycle.

terms of the gross morphology, the entrance end
of Snake Bank is a flood-tidal delta relative to
the entrance throat, while the up-harbour end
is partly an ebb shield and partly an ebb-tidal
delta relative to the constricted cross-section
between One Tree and Reserve Points, with the
shell ridge separating the two hydrodynamic
environments.

Shoal
Bay

(

\
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~o

<,
-,

-,

1 krn
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their wavelength occurs (putting them into the
sand wave category) and they develop an up­
harbour or flood orientation, These northern
sand waves persist into the shallow inter-tidal
zones on the face of Snake Bank as seen in the
aerial photograph of Figure 2.

The presence of the sand waves on the north­
ern side of the sediment ridge is indicative of an
asymmetrical tidal flow (BOOTHROYD, 1978,
modified after HARMS et aZ., 1975), which is
flood-directed in this case. Confirming this, the
morphology of the area is that of a flood ramp
(HA YES and KANA, 1976) to the Snake Bank
delta which receives the decelerating flood cur­
rents from the entrance gorge. The flood ramp
is bounded by a second ridge of sandy sediment
along the adjacent Shoal Bay Channel, while
the bed between these two ridges of loose sand
is predominantly an algae-coated shell lag.

With flood dominance on the flood ramp, the
bounding ridges of sand are expected therefore
to lie in zones where currents are more neutral
between the flood ramp and adjacent ebb dom­
inant flows. In this case, Snake Bank follows
closely the HAYES and KANA (1976) model of
a typical flood-tidal delta with identifiable fea­
tures of ebb shield, ebb spit, flood ramp and
flood channel. The ebb spit lies between the
flood dominated flood ramp and the ebb domi­
nated flow in the channel.

Shallow water currents recorded at several
locations around Snake Bank (Figure 9) are
consistent with the implications from the bed­
forms and morphology. Flood dominance occurs
at the north-east of the flood ramp and contin­
ues along the north-east side of Snake Bank.
Ebb dominance occurs adjacent to the shipping
channel. Thus, the supportive evidence sug­
gests that the net circulation of sediment
around Snake Bank is depicted by the direc­
tions shown in Figure 9.

The Shell Ridge RESIDUAL CURRENT VELOCITIES

Snake Bank is subjected to a net flood flow on
the entrance side of the snake-like shell ridge
and net ebb flow to its north (Figure 9). As con­
firmed by the orientation of sand waves in the
aerial photograph of Figure 2, the snake-like
shell ridge separates the ebb and flood domi­
nant zones and is therefore sub-aerial deposi­
tion in a zone between opposed net currents. In

To determine the net flow directions through­
out the harbour, residual velocities and dis­
tances were determined for all current meter
sites (Figure 10) after scaling to a constant
tidal range. The residual velocity was defined
as the net current over one complete tidal cycle
obtained by vector averaging the measured
velocities which exceeded a selected threshold.
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Figure 10. Measured tidal cycle residual distances at 1 m above the sea bed for periods when the speed exceeded 0.3:! m.s- l

The residual distance was this velocity multi­
plied by the time that the currents exceeded the
threshold. With a zero threshold speed, the time
multiplier is constant (12 hrs 25 mins in semi­
diurnal tides) and the residual distance and
velocity are equivalent. However, for other
thresholds, the residual distance gives an indi­
cation of current asymmetry above threshold as
well as the period that this asymmetry acts and
is accordingly a better indicator of net bedload
sand transport. To depict net sediment circu­
lation, residual distances were calculated with
a threshold speed everywhere ofu, = 0.33 m.s "",
an average threshold for Whangarei sands
(Table 1). Both the profile measurements and
the velocities provided by the hydrodynamic
model were employed.

Profile Measurements

Figure 10 shows that the measured flows have
a strong ebb dominance at the south side of the
entrance with ebb dominance continuing up the

Main Shipping Channel as far as One Tree
Point. The large flood-directed vector on the
flood ramp confirms previous results. To the
immediate south of this on the sediment ridge,
currents pass from flood dominated through
neutral to become ebb dominated. This again is
consistent wi th previous deductions from the
morphological and bedform analyses around
Snake Bank. In the Shoal Bay Channel, cur­
rents are flood dominated next to Snake Bank
and turn net ebb around the face of McDonald
Bank. The flood vector next to Snake Bank is a
continuation into the channel of the flood dom­
inance measured on the bank in shallow water
(Figure 9).

HYDRODYNAMIC MODEL RESULTS

On its regular grid, the numerical model's
comprehensive spatial representation of the
flows provides the detail necessary to specify
the relationship of current flow to bed type
throughout the lower harbour. The model, 2DD,
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was applied in Whangarei Harbour to several
applications, but for this paper, the most rel­
evant of these is the determination of sediment
transport patterns as depicted by the residual
distances. As already noted. The model has
been calibrated using all of the velocity mea­
surements in the harbour (BLACK, 1983), so
the correspondence to be seen between the
measured and model predicted residual dis­
tances is to be expected.

Calibrated model flow patterns at 2-hourly
intervals during the tidal cycle are shown in
Figure 11. The major features evident in the
model simulation are the large inter-tidal del­
tas and harbour margins which flood and dry
during the tidal cycle. The fastest currents pass
along the Shoal Bay and Main Shipping Chan­
nels while McLeod Bay receives only low flows.
Strong currents occur at the entrance and
Marsden Point, and where the flow streamlines
converge at Darch Point. The shell ridge on
Snake Bank turns the ebb currents to the north
around the obstruction.

Residual distances were calculated in each
cell by accumulating modelled velocities above
the mean vertically-averaged velocity thresh­
old of U = 0.40 m.s -1 at 1 minute intervals over
the tidal cycle (Figure 12, cf profile measure­
ments in Figure 10). Patterns of net circulation
predicted by the model are summarized in Fig­
ure 13.

Clearly, there is potential for sediment to
travel around closed loops within this region in
conjunction with a throughput at the entrance
and the One Tree Point boundaries. For exam­
ple, the net flood currents on the flood ramp con­
tinue north-west to create an unbroken "sedi­
ment pathway" to the north of Snake Bank,
with return transport in the Shoal Bay Channel
reuniting with the flood ramp, up-harbour
residual to the south of Darch Point. This
potential for local recirculation within a region
implies that interference with a closed loop can
be expected to have an influence around all of
the loop. The size of the loop shown by the 2­
dimensional model demonstrates the scale of
the potential for interaction between different
regions in an estuary. In Whangarei Harbour,
while the flood ramp is seen to be directly con­
nected to the Shoal Bay Channel and the north
of Snake Bank, the Main Shipping Channel is
primarily a one-way transport pathway
directed out of the harbour.

MORPHOLOGICAL AND EROSION/
DEPOSITION IMPLICATIONS

While numerical sediment transport model­
ling was undertaken in Whangarei Harbour,
the processes responsible for the variable bed
types are better understood in terms of the cur­
rent residuals. In I-dimension, consider a sandy
bed divided longitudinally into equal compart­
ments with varying current intensities and
residual distances in each. For simplicity we
assume that the residual distance is a linearly
proportional measure of the bedload sediment
transport capacity. Sediment transport rates
have been shown to be proportional to the cube
of the velocity excess above threshold (GADD et
al ., 1976; BLACK and HEALY, 1982) but the
residual distance, defined using the cube of the
velocity excess, gave results mostly similar to
the linear case (BLACK, 1983) and the linear
assumption is adequate for this discussion.

Scour will occur in a compartment if its resid­
ual is greater than the one upstream and dep­
osition results from the opposite condition. In
general terms, net loss conditions are reflected
by increasing residuals in the (net) downstream
direction and vice versa. This is essentially a
restatement in terms of the residual distance of
a commonly accepted understanding of the
mass conservation equation over sandy beds in
steady flows. The residual distance is intro­
duced to account for flow unsteadiness and sub­
situtes for the flow velocity.

In this context, the presence of shell lags is
expected to reflect erosive conditions, i.e. sand
cannot settle because the potential for output
from the region, as indicated by the residual
distances, is greater than the input. Con­
versely, sandy beds should occur where the
residual distances are at least neutral or
decreasing in the downstream direction. It
should be noted that this result does not depend
on absolute current speed above the sandy sed­
iment threshold.

A second important factor, which only arises
over lagged beds, is the "availability" of sandy
sediment (BLACK, 1983, 1984, 1987). If only
limited inputs are available, such that the cur­
rent has the potential to carry much larger
quantities, then the residual distance will no
longer be in proportion to the actual sediment
transport rates. Returning to the I-dimensional
condition, deposition can only occur in the first
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Figure 11 (a-f). Numerical simulation of flow patterns in Whangarei Harbour at various stages of the tidal cycle (hours after
low water for the spring tide of 14·DEC·81 1.
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Figure 12. Model tidal cycle residual distances for velocities exceeding 0.4 m.s " [ for a spring tidal simulation on 14-DEC·81
with ebb and flood velocities scaled to a common tidal range of 2.6 m.

"cell" where the material entering from
upstream exceeds the amount that the local cell
can remove. Otherwise, deposition will not
occur, even if the residual distances decrease
downstream.

Whangarei Harbour

When the nature of the bed is assessed in
terms of the local variation in residual distance
(Figure 12), the occurrence of localized shell
and sand beds can be explained with the above
interpretation. The Main Shipping Channel is
subjected to a strong net ebb residual which
increases downstream near the entrance and
shell lags result. The bedforms on the channel
flank near One Tree Point occur where the
residual diminishes rapidly, changing from ebb
to flood dominated. Similarly, the bedforms
north of One Tree Point occur in the neutral
zone between the ebb and flood dominant flows.

The sediment ridge extending towards the
entrance from Snake Bank corresponds pre­
cisely with the region of neutral net flow pre­
dicted by the model. The lagged bed on the flood
ramp corresponds with the increasing flood
residuals there. The bedforms in Shoal Bay to
the north-east of Snake Bank occur where the
flood residual is diminishing and the contin­
uation of this to the south corresponds with the
neutral zone along the south side of Shoal Bay
Channel. The Shoal Bay Channel is subjected to
net ebb residuals which increase downstream
and is lagged. The large bedforms south of
Darch Point occur where the ebb residual rap­
idly decelerates there. Thus, there is corre­
spondence without exception to this principle
throughout the lower harbour where tidal cur­
rents are above the medium sand threshold.
Figure 12 shows currents are rarely above
threshold in the McLeod Bay channel and this
is in accordance with the occurrence of finer
sediments there.
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Figure 13. Schematic diagram showing sediment transport loops and pathways revealed by the residual velocities and distances
from the 2 dimensional model taken in conjunction with field observations and measurements.

IMPLICATIONS FOR THE MARINE
TERMINAL SITE

The proposed marine terminal (Figure 1) is
sited on Marsden Point at the southern end of
the Main Shipping Channel and the dredged
basin is seen to extend from Marsden Point
across the channel and onto the ebb spit extend­
ing from Snake Bank. The existing 8-m deep
channel margin platform in the Main Shipping
Channel is to be dredged to 13 m below chart
datum.

In view of the above results, the southern end
of the dredged basin (where the shell lag pres­
ently exists) will be subject to deposition only if
the currents are reduced to a level where the
sediment inputs from the channel exceed the
carrying capacity of the flows after construc­
tion, The net ebb imbalance is presently dis-

tinctive in this region and the above analyses
strongly suggest that deposition therefore
should be minimal. It is noted too that the
design includes reclamation designed to main­
tain the present channel cross-sectional area
after dredging, and thus keep average current
changes in the cross-section to a rniniumum.

The northern edge of the dredged basin dis­
sects the ebb spit from Snake Bank. In view of
the capacity for sediment transport identified
there, it would be expected that some sediment
will deposit in the north-west corner. Because
of the alteration to the hydrodynamics caused
by construction, it is not possible to accurately
determine the deposition quantities with exist­
ing measurements. Numerical sediment trans­
port modelling was required <BLACK, 1983)
and while this is not under discussion here, it
was found that sedimentation in the dredged
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basin should lie in the range of 10,000-30,000
m3.yr- l

. This result reflects the stability and
low net sediment transport rates identified in
Whangarei Harbour and is much less than one
would expect for a sandy harbour subjected to
currents of about 0.8 m.s- I

. For example, a cur­
rent of this strength will transport approxi­
mately 0.07 kg.m-l.s- 1 of sand (BLACK and
HEALY, 1983). Over a dredged basin of 450 m
width and if the current acts for about 8 hours
per tidal cycle, this converts to an upper limit
of 230,000 m3.yr- l, assuming all material
entering the dredged basin remains there.

CONCLUSIONS

Several experimental procedures were util­
ised to describe the nature of the bed and spec­
ify the sediment dynamics of the lower section
of a large estuary. Much of the bed is floored by
a shell detritus, particularly in the major chan­
nels. Algae coating and the presence of the
shells indicate low sediment transport rates
and a stable bed. Comparisons of bathymetric
surveys revealed that the lower harbour is very
stable with essentially no change to bathyme­
try in many areas over a 20-year interval.
Recorded tidal flows were found to be faster
than the threshold speed for typical sandy sed­
iments, but not competent to disturb lagged
shell beds. This concurred with the bathymetric
comparisons showing a stable harbour. Exami­
nation of the morphology of the Snake Bank
flood-tidal delta indicated that bedform inter­
pretation, gross morphology implications and
direct current measurements provided a con­
sistent description of circulation around the
bank. This was extended to include other mea­
surements, especially interpretation from
residual velocity distances and, with results
from a numerical hydrodynamic model, the sed­
iment circulation patterns in lower Whangarei
Harbour were described. U sing the model
results, the location of shell and sand beds was
explained in terms of spatial changes to sedi­
ment transport capacity and the availability of
sandy sediments. The suitability of a proposed
marine terminal site was interpreted using
these results.
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[1 RESUME 0
Plusieurs campagnes de terrain et un modele numerique hydrodynamique ont permis de determiner lcs caracteristiques du trans­
port sedimentaire dans la section infcricurc d'un large estuairc a dominante tidale: Whangarel Harbour au NW de la Nouvelle
Zelande. Dans ce cas inhabituel au les trainees de coquillcs ct les melanges sables coqui l les ont nne influence dominante sur le
transport sedimentaire net, les resu ltat.s soulrgnent un roseau coherent, memo si l'cstuairc est soumis a une large gamme de flux
dont la competence est largement au dessus du seu i l de mise en mouvement du sediment. Decrit la capacitc de transport sedi­
mentaire dans I'estuaire. Presentc et discute l'influence des Iits de tr ai ncc.Tes relations rnorphologie, sediments, dynamique tidale,
particulierement la vitesse resjduel le des courants de ma ree , et ce que cela impliquc pour l'implantation d'un terminal marin
dans la zone etudiee.-Catherine Bressolier, E.P.H.E., Montrouge, France.

[, RESUMEN [J

Se ha aplicado una serie de investigaciones de campo y un modelo numcrico hidrodinarnico para determinar las caracteristicas
del transporte de sedimentos en la seccion inferior de un gran cstuario mareal en Whangarci Harbour, en cl nordeste de Nueva
Zelanda. El resultado muestra un patron estable en este caso inusua l en el que las mezclas de arenas eonehiferas y cementadas
tienen una influencia dominante en el transportc neto de sedimentos aunque cl cstuario este sujeto a flujo bien por encima del
umbral de movimiento. Se presenta y analiza una descripcion de la capacidad de transporte de sedimento de] estuario, la influencia
de los lechos ccmcntados, Ia relaci6n entre la morfologia y sedimentos y la dinarnica rnareal , especialmente las velocidades rcsid
uales de los ciclos de marea y las implicaciones para una terminal marina propuosta en Ia region de estudio.·-Departmenl of Water
Sciences, University of Santander, Cantabria, Spain.

[ ] Zusammenfassung C'
Eine Reihe von Feldforschungen und ein numerisches hydrodynamisehes Modell wurdcn angewandt, urn die Merkmale des Sedi­
menttransports im unteren Abschnitt eines grojscn , durch die Gezeiten beherrschten Astuars bei Whangarei Harbour, Nordost­
Neuseeland, zu bestimmen. Die Resultate zeigcn cin konsistcntcs Muster fur diesen ungewohnlichen Fall, wo Muschclrcstc und
Muschel-Sand-Gemische einen vorherrschenden Einfiup aufden Netto-Sedimenttransport haben, obwohl der Astuar einem breiten
Spektrum bedeutender Strornungen unterworfen ist, dercn Geschwindigkeit uber der fur sandiges Sediment notwendigen Schwcl le
liegen. Vorgestellt und diskutiert werden cine Beschreibung dcr Kapazitiit des Astuars in Bezug auf Sedimenttransport. dor Ein­
ftull von rcsidualen Sedimentbiinken, die Beziehung von Morphologic und Sedimenten zur Gezeitendynamik und die Foigerungen
fur den beabsichtigtcn Bau eines Hafens.-flelmu/ Brnclener, Geograph isches l nstitut , Unioersittit Dusseldorf, F.R.G.
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