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EXECUTIVE SUMMARY

Sedmentation

Estimates of sedimentation rates in Port Philliy Bare made us@lithogenic and

fallout radionuclides. These estimates were derived from the distribution of these
radionuclides in the bottom sediment profile, and fromirirstu production and

removal of??®Th from the water column. Four sediment cores and a frozen slab sample
were collected from four sites in theyBa Februay 1996. There was good agreement

in the distribution of*°Ph., and?**The, in a sediment core and a frozen slab sample
from the same site. Thigi@ement, tgether with measurements of #f&The, inventory

in bottom sediments, indicates that the sampling techniques had sucgesshikred

the top lger of sediment.

The distribution of rcess™*%®b €*°Ph,,) in bottom sediments does not show simple
exponential decrease with depth, indicating that post-depositioraigrof sediments,
changes in the sedimentation rate, or both have occurred. Cs-137 has appeeentl
mobilised in bottom sediments, and cannot be used to determine sedimentation rates.
Log-linear plots of*°Ph. and depth indicate a rapjdixed surface lger of 2-3 cm

depth in Central Basamples, and two regions of different slope corresponding to the 3-
20 and 20-45 cm depth intervals.the Northern Baregion, the rapigil mixed surface

layer extends to about 10 cm depth.

Excess®Th (***The,) is present in the top 10 cm of CentrayBadiments. When the
distribution of botH'%Ph., and?**The, are considered in combination, the sedimentation
rate in the top 10 cm of sediments is constrained to be <0.9 @MO34 g/cry).

These two tracers also show thakimg of sediment is occurring to a depth of at least
10 cm in Central Ba and probalyl to a depth of more than 20 cm. The meaximgi
coefficient for the upper 10 cm in CentralyBa 490+50 mnf/y. Below 20 cm, a
different ming regime is indicated. Evidence for bioturbation to a depth of at least
55 cm is obtained from the presencé’@®h. at depths of more than 70 cm. This
conclusion is supported/the?*®Ra deficieng profile, which indicates that bioturbation
and/or bioirrgation is occurrig on a time scale similar to, or shorter than’@#a half-
life (5.8y).

Measurement d¥?®Th in the water column has enabled the determination of the
residence time of particles in the water column, and hence the flux of particles to the
Bay floor. At the time of samplipthe mean residence time of particles in the Central
Port Phillip By water column is 1&2 d. This time corresponds to a normalised particle
flux of 0.15+0.02 g/cnily in Central By at the time of samplin This flux is four

times the upper estimate of sedimentation derived 3&Rg., and?**The,, indicating

that most of the suspended sediment in the water column is resuspended bottom
sediment.

Water column mixing

The input of the shorter-lived Ra isotop&$Ra and*®Ra) to Port Phillip Bpis
dominated i their flux from bottom sediments. The water column distributiof &fa
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(half-life 3.7 d) indicates that at the time of samgline water column was vertically
well-mixed at the shallower sites (<20 m depth) on a time scale of JisJ#he
deeper Central Baregion there is evidence for restrictedking of near-bottom water
with overlying water. However, there is also evidence that verticahgiof Central
Bay bottom water is aidedytstrong (20 knot) winds.

Assumiry stead state, the total fluX*Ra from bottom sediments can be derived from
the decy of excess??‘Ra in the water column. This total flux is 4 tinggeater than that
attributable to molecular diffusion, indicating that advectixehange of porewater and
surface water is a significant process in Port Phillip 8&adiments. Based on the
porewater concentration &t'Ra, the porewater flux in the CentralyBagion is 6.8 x
10° cm?/cm/s. If this flux is ypical of the entire Bg a volume of water appxanately
equal to 1.7 times the volume of Port PhillipyBa exchanged across the sediment-
water interface eacyear.

The standing crop 6f®Ra in the Port Phillip Bawater column is a balance between
input from bottom sediments, and lossgglbcy in the water column, and/ladvection
to Bass Strait. The flux 6f°Ra from bottom sediments is determined from its activity
deficieng in bottom sediments with respect to its paféfith. By determinimgy this

flux, an estimate of the residence time of water in theiS8aade. Based on thi#Ra
deficieng in three cores from the Central and Northerg Bgions, this time is
estimated to lie in the range 234-39@slarhis range could be reduced considgrabl
the future anaksis of more sediment samples.
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1. INTRODUCTION

Radionuclides can provide valuable information on ttierg and rate of pfsical and
biogeochemical processes occurring in estuaries and oceans. These processes include
sedimentation, ming of bottom sediments, rates of water columging, and the

movement of water across the sediment-water interface. A major advantage of the use of
radionuclides is that tlyeact as tracers of natunalbccurring processes in the

environment, and so intrusive situ measurement techniques are usuadit required.

In addition, radionuclide measurements can give a 'time averaged' signal of the process
of interest, integrated over a few half-lives of the radionuclide.

This stug has two main aims. The first is to determine sediment accumulation rates in
Port Phillip By (PPB). The second is to estimate rates of water colunimgni

including the &change of water across the sediment-water interfgamelasuring Ra

and Th isotopes in the water column.

The presentation of results and their discussion in this report has been divided into two
sections. These sections cover

» sedimentation processes, including, sediment accumulation and sedixiegt mi
rates, water column residence time of suspended particles, and particulate fluxes to
the sea floor; and

* water column m¥ing processes, including verticalxmg rates, surface water-
porewater exchaye, and the residence time of water in PPB.

The radionuclides measured in this stéall into two broad categories; fallout and
lithogenic. A brief description of their origins and uses follows.

1.1. Fallout Radionuclides

The fallout radionuclide$°Pb,**'Cs and'Be have been used to derive sedimentation
rates occurring over time-scales ranging from months to decades (e.g.yAqpetlb
Oldfield 1992, Sharmat al, 1987). These radionuclides are removed from the
atmosphereypprecipitation or dy deposition. Most of this fallout becomes attached to
sedimentay particles. Pb-210 (half-life 22y is the most useful nuclide for

determining longer-term sedimentation rates. This nuclide is form#teldecy of

22Rn in the atmosphere, and can give sedimentation information pertaining to the last
60-100y. The shortest-livedBe (half-life 54 d), is producedylrosmic rgs, and has a
useful range of about 6 monthshas been used to syushort-term miing rates of

surficial bottom sediments (Krishnaswastial, 1980). Cs-137 (half-life 39) is an

artificial radionuclide, and was first detected in the atmosphere as a result of nuclear
bomb testing. Providing it remains bound to sediment, the first appearari@soin a
sediment profile can be used as a chronological marker (Robbins and Edgington, 1975),
corresponding to a date of about 1958 in the southern hemisphereqiCGile 1993).



1.2. Lithogenic Radionuclides

1.2.1. Radioactive disequilibria

Nuclides of thé*® and®**Th decg series (Figure 1) occur natusgih rock-forming
minerals and sedimenis a closedystem, the nuclides in these series eventualdich

a state of secular equilibriurm this state the actiyitof each member of the series is

the same. The time scale for the establishment of secular equilibriun?ig fet@he

238 series, and ~3pfor the?**Th series. However, mgmatural gstems are not

closed, and the different chemysof the nuclides often results in radioactive
disequilibria between members of a desaries (e.g. various authorslvanovich and
Harmon, 1992). Such disequilibria is illustratgdthe Th-Ra parent-daughter
relationship in sediments which have berpased to saline water (Moore 1992).
Radium is much more soluble than Th in saline waters, and can be mobilised and
transported awafrom its parent, resultmin deficieny of Ra activiy at its source, and

an ecess at its destination. The molyilif Ra in coastal waters, together with the fact
that it eists as four isotopes with a range of half-lives, has enabled it to be applied to
mary marine studies, such as tracing of water movement in oceans (Moore, 1992), the
estimation of surface water-porewatgclkeange (Bollinger and Moore, 1993; Webser
al., 1994; Hancock and Murya1996) and the estimation of water residence time in
estuaries (Turekiaet al, 1996). The particle-reactive nature of Th isotopes make them
suitable for determingparticle settlig rates and water column residence times
(Sanstchet al, 1979; Nozaket al, 1981), and nxing rates in surficial bottom
sediments (Hulet al, 1987).
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Figure 1. (a) The 2**U and (b) ***Th decay schemes



1.2.2. Application to Port Phillip Bay

The cycling of Raand Thin PPB isillustrated in Figure 2. Raexists naturally in the
environment as four isotopes with arange of half-lives; °Rahas a half-life (t,,) of
1600y, **Ra (t,, = 5.8y), **Ra (t,, = 11 d) and **Ra (t,, = 3.7d). Most of the
dissolved activity of the shorter-lived Ra isotopes (**Ra, “*Ra and **Ra) in PPB is
produced in bottom sediments by the decay of Th bound to the surface of sediment
grains. Some of this Rais then desorbed into sediment porewater, and effusesinto the
water column. The extent and rate of effusion gives a measure of exchange processes
occurring across the sediment-water interface (section 4.2). Once in the water column,
Ra acts as a conservative tracer of water movement. Since it is unsupported, the decay
rate of “*Ra can give an indication of the rate of water column mixing (section 4.1).

The decay of ?®Rain the water column produces #2Th, which is rapidly scavenged by
suspended particles. The deposition of these particles onto the floor of PPB removes
?2Th from the water column. The production/removal equilibriawhich is established
gives an estimate of the flux of particles to bottom sediments (section 3.3).

Most of the ?’Ra (and ?°Ra) in the water column is eventually advected to Bass Srait. By
balancing this rate of advection with the flux of “?Ra from bottom sediments, an estimate
of the residence time of water in PPB is obtained (section 4.3).

Pb-210
Cs-137
Be-7

suspended - adSOTPON 1, 558 _deCay pa oog

sediment (dissolved) A (halt-ife 6 y) |5
Ra-226 |
(half-life 1600 y)
deposition of fallout Ra-224 water
nuclides and (half-life 4 d) qugmn
"excess” Th-228 mixing
effusion of
v dissolved Ra

Figure 2. The fate of fallout and lithogenic (Raand Th) nuclidesin Port Phillip Bay.



2. METHODS

2.1. Sample Collection

Sampling occurred on 27 and 29 FebyuE396. The five sampling sites are shown in
Figure 3, and their coordinates listed in Table 1. Sediment samples were collected at
four sites (labelled 1-4), forming a transect from Central PPB (site 1) to Hobsgnis Ba
Northern PPB (site 2). Sediment core samples were collected and retyadigdrs.In
addition, a vertical frozen slab of bottom sediment was collegt&u $itu freezing of
sediment onto aluminium plates. The use of diversiasdu freezing was necessao
minimise disturbance of the sediment profile, which was fitibid in its upper Igers,

and to ensure that the top of the core was recovered. The core tubes were pushed into
the sedimentythe divers, and the top of the tube sealed with a rubber bung. The diver
then reached into the sediment and sealed the bottom of the tube with another bung. The
tube was thenxgracted, carried to the surface in a vertical position, and packed with dry
ice. The tube was kept in an ugi position at all times prior to and dugifreeziry,

which occurred within one hour of collection.

Two types of core tubes were used - a perspex tube 50 cm in length and 10.5 cm in
diameter, and a PVC tube 1.5 m long and 5 cm in diameter. The cores were transported
intact and frozen to the Canberra labonafor processing. The perspex cores were cut

into horizontal 2 cm sections while frozen. These sections were weighed, and allowed to
partially thaw. The outer 5 mm edge of the sediment section was discarded in case the
coring procedure had caused smegrifihe PVC cores were split in half vertigall

allowed to partialf thaw, and the sediment cut horizontafito 6 cm sections. Again,

the outer 2-3 mm of each section was discarded.

A frozen slab sediment sample was collected at site 1. Aevgloped box filled with

dry-ice pellets was dropped into bottom sediment from a height of about 1 m above the
sea floor. Sediment then froze onto aluminium plates that had been taped to the wedge.
After a pre-set time the wgd was retrieved, and the plates with the frozen sediment

slab removed. The slabs of sediment were kept frozen untitéehed the laboratgr

where the sediment was sectioned at 2 cm depth intervals. Once again, a 2y@mm la

of sediment contacting the plate was rejected in case of smearing.

Water samples were collected from five sites (sites 1-5, Figure 3). Surface, mid-depth
and bottom water samples were taken gisiiNiskin bottle sampler. The bottom water
samples were taken apgnmately 1 m above the sediment.

2.2. Laboratory Analysis

The water content of sediment was determinednang at 50° C. The dengibf the
sediment was determineg measuring the volume and weight of the wet sediment
sample, and weighing the sediment aftgirdy. The seawater volume is calculated from



the reduction in weight duringylng, and deducted from the original wet volume to
give the volume of grsediment.

The dy sediment was measured using gamma spectrpimethe method of Murraet

al. (1987). This technique involves theximg of the solid sample in pg@ster resin, and
counting using high-pustgermanium detector. measure$*Ra,'*’Cs, Be, **Ra,

228Th and®*°Pb. A subsample of theydsediment was also measuradaipha
spectromtey (Martin and Hancock, 1992). Yield tracers were added to the sample, and
the sample completetissolved g digestion with acids (HNg) HF, HCIQ,). The
radionuclides were then chemigaibolated, and electroplated onto a metal disc. The
alpha activiy of the disc was counted using an ion-implanted alpha detector, and the
activity of each isotope in the sample determined from the known gaivibe tracer
isotope. This method was used to determine Th isotéffa$ (**°Th and®?®Th) in all
samples, Ra isotope¥Ra, ?*Ra,***Ra and®’Ra) in water samples, aAtfPo (as a
measure of*°Pb) in sediment samples. The determinatioft % via®%o is more
sensitive than the diregamma spectrometric determinationdPb, and'%o was

used to determinexeess**%Pb in all sediment samples (section 3.2.3.). The agtifit

all nuclides was corrected for dgcand the reported activities refer to the time of
collection.

Sand, sandy gravel, gravelly Melbour ne
sand

Sand/silt/clay, sand/clay/silt, r’\

silt/clay, ~

|:| sand/silt = .

Sllty/clayey )
sand o>

Geelong

145°

Figure 3. Sampling sites in PPB, and the distribution of sediment types (from Beasley,
1966).
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Table 1. Summarof water sample data. Radionuclide acyiwihits are mBd/; uncertainties correspond to 1 SD.

Site Coordinates  sampling sample Suspended  **Ra 228Ra 2%Ra 2821 2281 22%Raex B Thad  2Thaea”®Ra Trn
(region) (degrees S;E) date depth sediment (R) (days)
(mg/L)

1 38°09.12; 27/02/96 surface 1.9 2.5+0.1 19.2+2.4 45+1.4 0.08 £0.03 0.34 +0.07 4.1+1.4 0.26 £0.08  0.014 +0.004 13.8 +4.4
(Central) 144°54.40 12 1.4 2.5+0.2 19.0+1.4 3.0+0.9 0.02 +0.01 0.20 £0.04 2.8 +0.9 0.18 £0.04 0.009 +0.002 9.6 +2.3
24 3.8 2.5+0.2 19.8 +1.6 10.7+1.2 0.15+0.02 0.37£0.05 10.3+1.2 0.22+0.05 0.011 +0.003 11.3+2.9
2 37°54.12; 27/02/96 surface 3.3 2.4 +0.1 16.0 £0.8 6.1 +£0.7 0.09 £0.02 0.34 £0.04 5.8 +0.7 0.25 £0.04 0.016 +0.003 16.0 £2.8
(Northern) 144°54.30 6.5 2.5 2.3+0.1 17.7 £1.1 4.7 £0.6 0.04 £0.02 0.22 +0.04 45 +0.7 0.18 +0.04  0.010 +0.003 10.3 +2.6
12 7.9 2.7 £0.3 18.9£2.2 6.5+1.5 0.22 +0.05 0.98 £+0.11 55+1.5 0.76 £0.12 0.040 +£0.008 42.2 +8.3
3 38°06.05; 29/02/96 surface 15 2.3+0.2 14.6 £1.3 2.1+0.4 0.01 £0.02 0.12 +0.02 1.9+0.5 0.11 £0.03  0.008 +0.002 7.6 £1.9
(Central) 144°54.19 12 1.9 2.7 £0.2 18.6 £1.1 4.0 £0.6 0.05 +0.02 0.29 +0.03 3.7 £0.6 0.24 +0.03 0.013 +0.002 13.2£2.0
23 1.8 2.7 £0.2 17.1+£1.5 4.4 +0.8 0.03+£0.01 0.17 +0.03 4.2 £0.7 0.14 £0.03  0.008 +0.002 8.1+2.0
4 38°01.21; 29/02/96 surface 2.8 2.3+0.2 15.4 £1.8 3.5+0.6 0.11 +0.02 0.35+0.04 3.2 +0.6 0.24 £0.04 0.016 +0.003 15.9+£3.5
(Northern/ 144°54.19 9 1.9 2.1+0.1 15.3 +0.7 3.2+0.5 0.04 £0.01 0.28 +0.05 3.0£0.5 0.24 £+0.03  0.016 +£0.002 16.0 £2.3
Central) 18 1.9 3.3+0.2 18.4+1.4 4.2 £0.6 0.03 £+0.02 0.22 £0.05 4.0 £0.6 0.19 £0.06  0.010 +0.003 10.5+£3.1
5 38°03.35; 29/02/96 surface 2.5 2.4 +£0.2 15.7 £1.1 3.2+0.4 0.08 £0.02 0.23 +0.04 3.0+0.4 0.15+0.04  0.010 +0.003 9.7 £2.7
(Surround/ 144°45.77 7.5 2.9 2.5+0.1 14.7 £1.0 2.8 0.4 0.06 £+0.02 0.23 £0.04 2.6 0.4 0.17 £0.04 0.011 +0.003 11.4 £3.2
Central) 14 2.9 2.7 £0.2 16.2 +1.2 3.1+0.5 0.03£0.02 0.17 £0.05 2.9+0.5 0.14 £+0.05  0.009 +0.003 8.8 £3.4
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3. SEDIMENTATION STUDY

The Central Bgarea of PPB has the greatest water column depth (~25 m) and the
thickest lger of deposited sediments (~2 m; Hagtisl, 1996), and it wasxpected

that cores from this area would provide the least disturbed long-term record of
sedimentation in the gaFour sediment samples were selected for detailegisasal

from two sites in Central BaTwo samples were aiyaked from site 1; a short core

(SC1, depth 43 cm) and the frozen slab sample (FS1, depth 35 cm). These samples were
selected to compare the sediment profiles obtaiged/d different sampling

techniques, in case either technique had resultedximgnor loss of surface sediment.

Two cores were collected from site 3, a short core (SC3, depth 44 cm) and a longer core
(LC3, depth 127 cm).

One core was selected for aysa$ from Northern PPB (site 2, Hobson's/Ba he water
depth in this area is ~13 m, and sediment thickness is estimated to be about 0.5 m. The
core selected for analis (SC2) was about 36 cm long.

Data for the five sediment profiles are summarised in Tables 2-6. Radionuclide data are
expressed as mBg/gyweight of sediment.

3.1. Physical Characteristics of Bottan Sedment

The sediment in all cores from Central PPB was predomynfand silt and cls. The
cores appeared homogeneous, with no visible stratification. The gd@f the cores
is related to water content by

P [w+ (@oo-w)i p,)]

wherew is the percentage weight of water in the wet sedimentpgisdthe dry

sediment dengit The value opy in Central PPB cores did not yasignificantly with

depth, or between cordss mean value was 1.88 g/trithe relationship betweegpand

depth inLC3 is shown in Figure 4. The value@is highest at the surface (~0.84), and
decreased with depth (0.72 at 1.2 m), indicating increased compaction of the sediment.
This trend isypical of other cores from Central PPB.

The plysical characteristics of the NorthernyBaore (SC2) differed from Central PPB,
having higheipq(2.28-2.54), and higher sand content. The changenith depth is

also more marked in this core (Figure 4), ranging from 0.77 at the surface, to 0.34 at
36 cm depth.
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Table 2. Core SC1 sumnyafThe uncertainties in the radionuclide activities are derived from counting statisyixs onl

depth | water |porosity Th-230 Ra-226 Pb-210 Pb-210ex Cs-137 Be-7 Th-232 Ra-228 Th-228 Th-228ex Ra-228 AR Th-
content 232
(cm) (%) (mBg/g dry weight)
14 72.7 0.83 33.8 + 14] 159 + 1.0] 505 £ 1.7 346 £ 20| 23+ 0.7) 124+ 45 50.5 + 18] 38.7 % 2.3] 56.3 £ 13] 176 2.6] 0.77 = 0.05
3.7 72.2 0.83 37.8 + 21 174 + 0.8] 55.5 £ 14) 381+ 16| 16+ 05 08+ 39 545 + 29| 353+ 1.7] 46.7 £ 09| 114 + 1.9] 0.65 0.05
5.6 68.6 0.80 36.6 + 1.7] 170 £ 1.1] 49.0 £ 18] 32.0 21 13+ 0.7] -18+ 49 55.6 £ 2.3] 39.8 £ 25| 42.7 £ 13] 29+ 2.8 0.72 0.05
7.7 70.3 0.82 354 + 17] 171+ 1.0] 44.0 £ 15| 269 £ 18] 25+ 0.7 52.9 + 22| 36.2 24 40.6 £ 12] 44+ 2.7 0.68 0.05
9.7 68.0 0.80 353 + 1.3] 189 £ 1.0] 378 £ 15] 189 £ 18] 16+ 0.7 54.1 + 17] 471+ 24| 42.8 £ 12| 43+ 2.7) 0.87 0.05
11.7 69.4 0.81 355 + 1.6] 20.3 £ 0.7] 38.6 £ 15] 183 £ 17] 31+ 0.6 56.8 + 22| 449 £ 1.7] 442 + 09| -0.7 19| 0.79 0.04
13.8 69.4 0.81 36.2 + 16| 18.1 + 1.0] 345+ 1.0] 164 + 14] 29+ 0.7 54.6 £ 2.1 422 £ 23] 423 £ 11 01+% 25| 0.77 0.05
15.8 67.8 0.80 36.9 + 18] 18.1 £ 0.6] 334 % 1.0] 153 £ 12] 21+ 0.4 54.0 £ 24| 419 £ 1.3] 431+ 08| 12% 15| 0.78 + 0.04
17.8 65.8 0.78 20.1 + 0.8 21+ 0.5 47.7 + 18] 446 £ 1.0 -31+ 2.1
19.8 67.0 0.79 39.8 + 2.1 209 £ 09| 30.2 £ 08| 93+ 12| 20+ 0.6 62.9 + 3.0] 50.5 £ 2.1 476 £ 11 29+ 2.4] 0.80 = 0.05
23.9 68.3 0.80 182 + 09| 29.1 £ 1.0 10.9 £ 13] 15+ 0.7 47.0 £ 2.3] 456 £ 12| -14+ 2.6
28.0 67.6 0.80 36.5 + 14] 189 £ 05| 26.6 £ 09| 7.7+ 1.0] 2.7+ 0.5 56.3 £ 1.9] 498 + 14 484 + 08| -14+ 1.6| 0.88 + 0.04
32.1 64.5 0.77 156 + 54| 323 % 1.1 24 0.6 46.6 £ 1.7] 433 £ 08| -3.3% 1.9
36.0 65.5 0.78 385 + 15[ 19.7 0.9] 26.2 + 0.8] 65 % 12| 18+ 0.8 59.8 + 20 48.7 24| 50.0 11 13+ 2.6 0.81 0.05
40.3 64.2 0.77 170 0.8] 21.0 £ 09| 40+ 12] 12+ 0.7 479 + 2.2] 46.9 £ 11 -10+ 2.5
44.8 66.3 0.79 36.7 + 17] 178 05| 239 £ 06| 6.1+ 08| 15+ 0.3 55.5 + 24| 50.6 £ 12| 484 + 0.7] -2.2 % 14| 091 + 0.04
Table 3. Frozen slab samples FS1 surgmar
depth (cm) | water content (%) | porosity Ra226 | Pb210 | Pb210ex | Cs137 | Ra228 | Th228 |  Th-228ex
mBqg/g dry weight.)
1 78.5 0.87 186 + 2.7] 52.6 £ 22 340 35| 05+ 19 478 + 7.0] 671+ 2.8] 286 + 11.2
3 75.2 0.85 220 + 19| 604 + 1.9 384 + 27| 25+ 12 414 + 48| 642 + 22| 25.7 6.0
5 72.3 0.83 17.0 + 1.0 53.6 + 1.6[ 36.6 + 19 29+ 0.7] 38.0 £ 24| 473 + 12 138 + 3.6
7 70.1 0.82 174 + 0.9] 505 + 14f 331+ 17( 25+ 0.6] 394 + 21| 451+ 12 75+ 3.2
9 70.0 0.81 18.8 + 10[ 459 + 14 271+ 17( 16+ 0.6] 373+ 25| 432 + 13[ 87+ 4.1
11 70.8 0.82 173 + 0.7] 415+ 14 242 + 16[ 18+ 0.5] 381+ 1.7] 36.8 + 10f -13+ 2.0
13 70.2 0.82 154 + 0.9] 35.2 + 5.7] 198 + 58| 2.0+ 0.6] 40.2 + 23| 371+ 11 31+ 2.5
15 68.9 0.81 17.7 + 13| 363+ 1.3 18.6 + 18 12+ 0.9] 36.2 £ 3.4 402 + 15[ 40+ 3.7
17 68.5 0.80 16.2 + 14| 313+ 8.5 151 + 8.6 29+ 0.9] 39.2 + 3.6] 40.1 + 15[ 09+ 3.9
19 66.0 0.78 199 + 16| 335+ 1.2 136 + 20| 26+ 11[ 426 + 4.1] 414 + 17( 12+ 4.4
21 67.8 0.80
23 68.6 0.80 159 + 2.0] 314+ 1.0{ 155+ 22| 19+ 14 303 + 5.2] 420 £ 20| 11.7 + 5.6
25 68.4 0.80
27 67.3 0.79 189 + 14| 274 + 10 85+ 17 12+ 0.9] 40.6 £ 3.5] 438 £ 15[ 17+ 3.2
29 67.7 0.80
31 67.7 0.80 18.0 + 18| 274 + 10 94+ 21| 33+ 12 412 + 4.6] 457 + 19 45+ 5.0
33 66.7 0.79
35 65.5 0.78 16.9 + 16| 250+ 08| 81+ 18[ 19+ 1.1f 518 + 4.3] 578 20| 6.0+ 4.7
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Table 4. Core SC3 sumnyar

depth | water | porosity Th-230 Ra-226 Pb-210 Pb-210ex Cs-137 Be-7 Th-232 Ra-228 Th-228 Th-228ex Ra-228 AR Th-232
content
(cm) (%) (mBg/g dry weight.)
0.15 76.3 0.86 148+ 07 [470% 1.6/ 32.2 + 17
0.85 76.3 086 ([371% 1.6/ 17.6 + 0.8] 52.1 + 1.6/ 345 + 18] 13+ 0.6 5.0+ 3.8[54.2 + 2.0 36.0 + 2.0[54.1 + 12181 + 2.3] 0.66 + 0.04
32 722 0.83 169 + 0.7[ 469 + 1.3/ 30.0 + 15[ 22+ 06| 28+ 36 342 + 1.8] 46.0 + 1.0 118 + 2.0
5.3 69.2 081 [363+ 1.7/ 19.7 + 1.1f 453 + 1.3] 25.6 + 17 29+ 09 0.0+ 4.4] 56.8 + 2.3[ 439 + 26511 + 13[ 72+ 29[ 0.77 + 0.06
74 67.9 0.8 372 + 1.7/ 18.0 + 0.8] 42.0 + 1.6/ 24.0 + 18] 27+ 0.7 58.9 + 24375 + 2.0 435 + 1.0[ 6.0+ 22| 0.64 + 0.04
9.4 67.2 0.79 19.0 + 1.0 33+ 0.8 45.0 + 2.4] 458 + 12[ 09+ 2.7
115 67 079 ([373+% 22| 189 + 0.6 356 + 1.0/ 16.7 + 12[ 33+ 05 574 + 2.2 449 + 1.5/ 46.3 + 09 15+ 1.7/ 0.78 + 0.04
135 67.5 0.8 193 + 0.6 19 + 0.4 433 + 14| 424 + 0.8 -09 + 0.8
15.6 67.6 0.8 42.2 + 19| 185 + 0.6] 345 + 1.1] 16.0 + 13[ 16+ 05 60.8 + 2.5 426 + 14) 418 + 0.7] -08 07 07+ 0.04
19.7 66.3 079 [411% 1.7/ 182 + 1.0{ 332 + 1.1] 15.0 + 15[ 24+ 0.7 595 + 2.2 483 + 24| 444 + 12 -39 + 1.2/ 0.81 + 0.05
23.8 66.6 079 [399+ 2.1 196 + 0.9 302 + 1.1] 10.6 + 14 24+ 0.6 57.1 2.6] 46.0 + 2.1| 456 + 11f -04 + 1.1/ 0.81 + 0.05
279 66.7 079 [353+ 2.1{ 157 + 0.6 29.4 + 0.6 13.7 + 08 23+ 05 584 + 2.6 40.1 + 1.5/ 39.6 + 0.7] -05 + 0.7 0.69 + 0.04
319 65.4 0.78 209 + 0.9 21+ 0.7 48.8 + 2.1 46.1 + 11 -27 + 11
33.9 65 078 [39.2+ 25[ 187 + 05[27.0 + 07| 83+ 09| 23+ 0.4 58.7 + 2.5 448 + 1.2| 45.1 + 07] 03# 0.7/ 0.76 + 0.04
37.9 65.1 0.78 19.0 + 0.6 32+ 05 49.7 + 15/ 478 + 09 -19 + 0.9
43.3 62.7 076 [362+ 19| 16.4 + 0.5[ 26.8 + 0.8] 104 + 09 20+ 0.4 52.0 + 24[ 432 + 1.2| 416 + 0.7] -16 + 0.7/ 0.83 + 0.04
Table 5. Cord.C3 summay.
depth (cm) | water content (%) | porosity Th-230 |  Ra226 | Pb-210 | Pb-210ex | Cs137 |  Ra228 |  Th-228  [Ra-228 AR Th-232
(mBg/g dry weight.)
3 74.3 0.84 338 + 18]205 + 241450 + 14(245 + 28|40 <+ 16547 =+ 25|417 + 25]|510 + 2.4
9 69.2 0.81 3%8 + 19]201 + 19454 + 11253 + 22|22 + 12|52 =+ 181|465 + 47557 + 2.0
15 68.5 0.80 399 + 22]197 + 16455 + 11(258 + 1946 + 13|59 =+ 28[428 + 38460 + 2.5
21 67.4 0.80 363 + 26]182 + 11381 + 10[199 =+ 15|24 + 09582 =+ 26|484 + 26507 = 2.4
27 65.6 0.78 362 + 32]194 + 06283 + 1189 + 13|25 + 05538 + 41|54 =+ 15]494 + 3.9
33 64.7 0.78 363 + 22]194 + 05277 + 1083 + 11|23 + 03|51 =+ 29[479 + 113|444 + 2.5
39 63.6 0.77 332 + 22]197 + 05273 + 08|76 + 09|13 + 05|56 =+ 32|486 =+ 14]465 = 2.9
45 62.0 0.75 %6 + 21]184 + 05273 + 10|89 =+ 11|24 + 04588 =+ 29[498 =+ 13]492 + 2.6
57 64.0 0.77 3%8 + 19]199 + 05233 + 08|34 =+ 0918 =+ 04601 =+ 27[509 =+ 12]494 + 2.3
69 62.7 0.76 3%1 + 24]190 + 05218 + 06|28 + 08|14 + 04|59 =+ 32|57 =+ 12]529 + 3.2
81 63.0 0.76 387 + 22)184 + 05186 + 0602 =+ 0812 =+ 03[615 =+ 30|57 + 113|547 + 2.8
87 60.7 0.74 371 + 15]204 + 11 03 + 08]558 + 20(491 =+ 27[491 < 1.8
93 60.6 0.74 457 + 18]192 + 04]191 + 2401 =+ 24]05 + 03[604 =+ 23|5.2 + 11]552 + 2.3
105 60.8 0.74 381 + 24]192 + 05|176 + 07(-16 + 0901 =+ 04[540 =+ 30|51 =+ 113|570 = 3.1
117 59.9 0.74 365 + 24]25 + 07204 + 06|-21 + 09]01 =+ 04|55 =+ 31|601 =+ 18]526 = 3.1
124 57.7 0.72 388 + 26|25 + 04|27 + 07(-18 + 08|04 =+ 03|56 =+ 35|50 =+ 11]539 =+ 3.3
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Table 6. Core SC2 summary

depth water porosity Th-230 | Ra226 | Pb210 | Pb-210ex | Cs137 | Th232 | Ra228 | Th-228  [Ra-228 ARTh-232
(cm) | content (%) mBg/g dry weight.)

05 57.1 0.71 231 + 09220 + 09[387 + 10]167 + 13[15 + 06393 + 13[344 + 20412 + 10]J08 + 006
17 50.8 0.66 22 + 10180 + 09[390 + 16[210 + 18[12 + 07385 + 13304 + 22346 + 10]079 + 006
2.9 46.8 0.62 172 + 08 08 + 04 314 + 17333 + 08

4.2 43.9 0.60 21 + 07198 + 08[332 + 11[134 + 14[26 + 06397 + 11]350 + 19363 + 10]08 + 005
54 414 057 182 + 07 13 + 04 302 + 15340 + 08

6.7 40.7 056 207 + 09]175 + 09311 + 15[136 + 17]07 + 07368 + 13]202 + 20[316 + 09]079 + 006
79 389 054 179 + 08 13 + 06 36 + 19[333 + 09

9.2 375 053 189 + 08[182 + 04319 + 12[137 + 13[16 + 03]367 + 12[318 + 09[351 + 05[087 =+ 004
11 37.2 053 168 + 06 11+ 04 334 + 14341 + 08

13 38 054 215 + 10]187 + 04]293 + 12]106 + 13[15 + 02373 + 01]353 + 09354 + 05]095 + 002
15 343 050 171+ 03 16 + 02 326 + 07331 + 04

18 33.2 0.48 211+ 08]167 + 03245 + 10[78 + 10[12 + 02381 + 11]330 + 07333 + 04]08 + 003
20 32.7 0.48 172 + 05 10 + 03 308 + 11327 + 07

22 29.7 0.44 179 + 08]164 + 02]200 + 10[45 + 10[11 + 01]316 + 11]306 + 05[320 + 04[097 =+ 004
24 29.8 0.44 161 + 02 10 + 01 326 + 05322 + 04

27 283 043 269 + 11[163 + 03[208 + 09[34 + 09[09 + 02]328 + 12[305 + 08[319 + 06]093 + 004
31 25.6 039 148 + 02 07 + 02 216+ 06295 + 04

35 23.6 037 177 + 08]161 + o03]168 + 07]07 + 08[10 + 01276 + 10]316 + 06317 + 04114 + 005
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Figure 4. Porosytas a function of depth in cores from Central and Northern PPB

3.2. Radionuclide Distribution in Sediments

3.2.1. Be-7

Be-7 was onf detected in the top 2.7 cm of core SC1£52nBq/g). Given its short
half-life (53 d),’Be was notxepected tojield sedimentation information. However it

can be used to give an indication of the rapidftsediment miing. When théBe
measurement uncertainties are considetdch{Bqg), it is clear that if sediment mixing

is occurring in the top 2 sections (the top 4.6 cm) of core SC1, it is occurring on a time
scale equal to or longer than one half-lif€Bé.

3.2.2. Cs-137

Cs-137 is detected throughout the short cores SC1 and SC3 (depth ~43 cm), and to a
depth of about 80 cm inC3. If **'Cs has remained péically and chemicaylimmobile

in the sediment, its detection would correspond to a date no earlier than 1958. This gives

a mximum age of about 4¢ears for sediment at a depth of 80 cm, corresponding to an
averge sedimentation rate of 20 mydver the last 4Qears. However, the diffusion of
solutes in sediments is affecteglthe strength of their adsorption to sediment grains
(Lerman and.ietzke, 1975; also section 4.2.2), and Cs adsorptignbaaelatively

weak in highy porous, saline sediments, such as those in CentrallREB3,*'Cs is
present below the depth at whicfPh. is measurable (Figure 5), corresponding to an
age of at least fou"°Pb half-lives (~9@ears). This observation can piile explained

by the desorption of*’Cs into porewater and its diffusion into deeper sediment,
renderirg it of little use for sedimentation studies.
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Figure 5%, and'*'Cs inLC3.*3'Cs activiy (right vertical axis) is detected at a
greater depth thaft®Phy,, indicatirg that it has been mobilised.

3.2.3. Pb-210

There is no significant difference between &b profile in the frozen slab sample

(FS1) and the short core (SC1) taken at site 1, indicating that both collection techniques
had recovered the surficial sediment, and that there had been little or no disturbance of
the core profile during sampling. Further evidence for the complete rgaafvaurficial
sediments is providedytihe?*®The, inventoy (section 3.3.2).

The?*Ra activiy is relativey constant with depth in all sediment sampéeserally
lying in the range 15-20 mBqg/d.is generalf assumed that net losses of the gaseous
daughter of**Ra ¢%"Rn) from bottom sediments are sm#iithis assumption is valid,
the#**Ra activiy of the sediment gives the activitf supported'%Pb activiy. The level
of unsupported™Pb, or '&cess*%Pb activiy (**Ph.,) is given ly the difference
between thé*Ra and*%Pb activities. With increasindepth thé*°Pbactivity should
decrease as a result of radioactive geapproaching th&°Ra activiy at infinite depth.
Hence*'%Ph., activity should approach zero with increasing depth.

In the ideal situation, whefé®b in bottom sediments remainsypically and
chemicaly immobile, and where sedimentation rate and sediment wet ylersidins
constant with depth, a plot &fPhs, against depth should appimate the form

y = Ae™. A least squares linear regression of a log-linear plof®h., against depth

would thenyield a slope 0f2.303b. The sedimentation rate(mm/) is determined
from A/b, where) is the decaconstant of*%Pb, given by In2/t,, (Appleby and

Oldfield, 1992)If the sediment wet dengithanges with depth due to compaction or
changes in the sediment characteristics, a log-linear pfétRit., against cumulative
dry mass, rather than depth, should be used to determinghis case has units of
g/lcntly. For all Central Basamples, the chaa in sediment wet dengitvith depth (as
derived from ly g andpy) is small in the 0-45 cm depth interval, &n®h., has been
plotted against depth (Figure 6). The Northery Bare (SC2) shows significant
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changes in sediment wet density with depth, and #°Pb_, has been plotted against
cumulative dry mass (Figure 7).

The #°Pb,, activity in SC1 (Figure 6) decreases from about 36 mBg/g in the top 3 cm of
the core, t0 6.1 +0.8 mBg/g at the base of the core (45 cm depth). This decrease can be
represented by three areas of different slope, corresponding to the upper 3 cm, 3-20 cm,
and 20-45 cm depth regions. Regions of variable slope occur at al sites, suggesting that a
change in sedimentation rate may have occurred. If thisisthe case, the proper
interpretation of these plots requires the selection of a suitable dating model. Therationale
for model selection is outlined in the following section (3.2.4). However, the non-linear
segments may also be due to different regimes of post-depositional mixing of bottom
sediment. For example, mixing which occurs on atime scale which israpid comg)ared
with the half-life of “°Pb would result in relatively constant concentrations of *°Ph,_,
such as occursin the top 2 or 3 cm of the Central Bay sediments, and the top 10 cm of
SC2. Slower mixing can result in exponentia decrease of *°Pb, with depth, asisseenin
the 3-20 and 20-45 cm depth intervals. Neglect of this mixing will lead to an over-
estimation of sedimentation rates if these rates are based solely on radioactive decay of
?%Pp (Robbins, 1978). The extent and rate of mixing in PPB cores s discussed below in
section 3.3.
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Figure 6. Central Bay depth profilesfrom site 1 (top) and site 3. The apparent
sedimentation rates are shown for each linear regression segment for the short cores. As
discussed in the text, these rates are upper estimates due to the effects of sediment mixing.
Linear regression has not been applied to LC3.
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Figure 7. Northern Bay core (site 2). Due to changing wet sediment density with depth,
?Ph,, in this coreis plotted against cumulative dry mass.

Selection of dating models

Two models are commonly used to date sediments with apparent variable sedimentation
rates. These are termed the constant initial concentration (CIC) model, and the constant
rate of supply (CRS) model (Appelby and Oldfield, 1992). The CIC model assumes that
the concentration of ?°Pb in depositing sediment has remained constant, with consequent
variation of #°Pb flux with changes in sedimentation rate. The CRS model assumes
constant flux, which means that the **°Pb concentration will vary as sedimentation rate
changes.

When selecting the appropriate dati ng model, the sources of *°Pb,, must be considered.
Major sources are likely to be fallout “°Pb from the atmosphere, and *°Ph,, associated
with fluvial sediments. A third source, in situ production of “°Pb in the PPB water
column by dissolved #®Rais small compared with atmospheric fallout, and can be
ignored. The parameter that helps to determine the relative contribution of the two main
sources isthe inventory (1,,) of #°Pb,_ in bottom sediments. A close agreement between
|, and the calculated standing crop of #°Pb,, due to atmospheric flux would normally
indicate that direct atimospheric deposition is the main source of “°Ph,, to the sediments,
and the CRS model is likely to be the best choice. However, if |, is much higher than
predicted by atmospheric deposition, a significant fraction of *°Pb, may have been
delivered in association with sediment transported from the catchment. In this case the
flux of #°Pb,, could vary, and the CIC model may be appropriate. The sediment
inventory (1) of aspeciesis determined from

- Sam &)

19



where, in this case; is the”%Ph., concentration of sediment in depth secficendm

is the mass of sediment per unit ag/ar(?) in that section. From the distribution of
1%, in coreLC3, the value ofp, at site 3 is 330 mBg/cmOnly LC3 data can be

used to determinky, in Central Bg, since unsupported’Pb «ists at the base of the
shorter cores. ThHePh, inventoy in Northern PPB can be determined from SC2. This
value (350 mBq/cr) is similar to Central PPB.

The estimated standjrcrop of?*%Ph,, due to atmospheric fallout in the PPB region is
160-200 mBg/crh(Turekianet al, 1977), which is oyl 50-60% oflppin Central By.

The the remaining 40-50% must therefore have another source. Some xfirthis e

2%, must have come diregtirom the catchment, and/or been developed within the
Bay by desorption of**Ra from freshwater fluvial sediment as it encountered salinit
However, due to the shape and estuarine nature of PPB, there are other possible sources
of 2!%Ph,, to Central Bg which could &plain the high value dfy, and which could still

lead to the CRS model being the most suitable model. These other sources include (1)
2%, associated with sediment which yrtaave been transported from shallow areas

of the By and preferentia}l deposited or ‘focussed' in the deeper areas of Cenyal Ba
and (2)**%Pb in Bass Strait water. From this grsés neither fallout nor catchment can

be unequivocayl identified as the dominant source’?dPh, to the Bg. Since it is not

clear which dating model is appropriate, both models are considered below.

The CIC model

By assumig the concentration 6f%b in depositig sediment to be constant, theaC
model allows the segments of different slope to beyaadlpiece-wise, with each
segment corresponding to a period of constant sedimentation, axddimdle
corresponding to instantaneous shifts in sedimentation rate. All sediment samples from
Central By show a similar Iger of constant'%Pb activiy in the surface 2-3 cm

(Figure 6). This is usuallinterpreted as being causeddediment miing which is

rapid compared to thé%b half-life (Krishnaswamet al, 1971; Koideet al,, 1973),

and this depth interval is not included in the regressiorysisalA linear regression of
2%, in the 3-20 cm depth interval of S@iklds a sedimentation rate of

3.8+0.3 mmy. The slope of the lower segment in Figure 6, corresponding to the depth
region 20-45 cmgives a sedimentation rate of 12 nym/

A similar calculation on data from the other Centray Badiment samples, FS1 (3-

20 cm depth) and SC3 (2-12 cm deptingld rates of 4.30.3 and 4.50.4 mmy.

Again, the sedimentation rate was appayemtlich greater in deeper sediments. The

rates derived for these three Centray Beofiles are indistinguishable given their

associated uncertainties. Assuming the sedimentation rate is constant throughout Central
Bay, the rates can be averaged to obtain a weighted mean, the weights being determined
by the measurement uncertginthe weghted mean is 4.20.2 mmy. Based on the

mean porosit (0.80) and dr sediment densit(1.9 g/cnf) in the 0-20 cm depth region,

this rate is equivalent to 0.156.005 g/criy.

For the long cord,C3, the non-lineamtof the log-linear plot is more pronounced. This
plot shows 3 distinct regions of relatiyelonstant*%Ph., activity. Again, this profile
can be gplained ly variable sedimentation rates, grdistinct regions of localised
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rapid mking, although in this case the effects appear to be nxtmenge, particulayl in

the upper 20 cnit is possible that these regions of constafith., activity were created

by local artificial mking (on a length scale of 10-20 cm) during collection and freezing.
This core was much longer and narrower core than the shorter cores, and there was
evidence that some distortion of the upper core profile occurred during freezing,
particularly in the highy porous surficial sediments.

The Northern Bgcore (SC2) shows two regions of different slope (Figure 7); a surface
zone of apparent rapid ring extending to a depth of about 10 cm, and a region (10-

35 cm) wheré*°Ph,, decreasesx@onentialy. The lower segmenields a

sedimentation rate of 0.46.04 g/cnily, or 3.6+0.3 mmy based on the mean porosity
(0.45) and densit(2.3 g/cni) of sediment in this depth interval.

The CRSmodel

If the flux of?*°Pb to bottom sediments has remained constant, the age of sediment at
depth z {;) can be estimated from

-_1q-1.0
tZ— Aln% |H

wherel, is the cumulativé'%h., inventoy above depttz (Robbins, 1978). Using a

value of 330 Bg/mhfor total?*®Ph., inventoy (Ipp, Section 3.2.4) the age of sediment in
SC1 has been calculated as a function of depth, and plotted (Figure 8). Also plotted are
the AC model ages, which are significantllder than the CRS ages, particylaréar

the surface. The sedimentation rate derived from the CRS ages, githendbope of the
curve, is 8 mny. Application of this model to other CentralyBeoresgives a similar
sedimentation rate. This rate is a factor of 2 higher than that derived usinigthe C
model, and is not consistent with other estimates in this report (sections 3.3 and 3.4).
Sediment miing may be responsible for this high value.

cc

age (y)

Figure 8. A comparison of sediment ages in core SC1 derived using@ren@ CRS
models. The sedimentation rate derived from the CRS model is about twickCthe C
rate.

21



3.2.4. Th-228

Th-228 (half-life 1.9y) can be used to estimate sedimentation rates over a period of up
to a decade (Koidet al, 1972; Huket al, 1987). This nuclide is produced in the water
column ly the decg of *®Ra (section 1.2). Settling particles scaveff§eh, leadimy to

an excess of?®Th activity (**®*They) on the particles over it8®Ra parent. Thé&®Theyin

the deposited sediment (given the difference between thi€Th and***Ra activities)

can be used to determine sedimentation rates in a similar marfifi&tie

Excess’?®Th is detectable to a depth of ~8-10 cm in SC1, FS1 and SC3. A regression of
the log-linear plot of?®The, against depthields a sedimentation rate of 128.8 mm/y

in the top 10 cm of core SC1, and rates of ¥2.% and 15.42.0 mmy in the top

10 cm of FS1 and SC3. These values are not signifycdifitrent, and the weighted

mean for Central Bais 14.0+1.3 mmy. This rate is a factor of three higher than the
corresponding rate derived usifi§Ph.,. The difference could be due to an increase in

the sedimentation rate over the last decade, or it could be due to sedixiegt fitie

1%, data is not consistent with an increased sedimentation rate in the upper 10 cm,
indicating that mixirg is the most liket explanation.

3.3. Sedment Accumulation and Mixing Rates

Bioturbation is reported to be a significantxmg process in PPB sediments (Batdal,

1996), and will result in the transport of sediment grains and associated radionuclides to
greater depths in the sediment. Depending on the ratexofgnthis process can

increase the apparent sedimentation rate if the rate calculations are bagezhgbiel
reduction of*%Pb activiy at depth i radioactive dega(Robbins, 1978)f mixing is

occurring in PPB sediments, the sedimentation rates derived above are 'apparent’ rates
only, and are upper estimates.

The effect of sediment accumulation ancimg on the depth profile of tracers in
sediments has been modellgdGhristensen (1982) using a one-dimensional advection-
diffusion-decg equation, i.e.

o(puc) _ 0 B pue) L 0(puc)

ot _ED 0z [ 0z

-Ap,C

whereK is the sediment mixicoefficient (crily), S is the sediment accumulation rate
(cmk), A is the decaconstant of the tracerty, p, is the bulk densjtof the sediment
(g/cnT wet sediment), andis the activiy concentration (mBgj) at depttz (cm). The
well known steag state solution to this equation is

A= Age™

where
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andA (given ly pyc) refers to the actiwtdistribution in mBg/crof the tracer in the

bulk sediment at depth and A is the activiy atz= 0. The values df are determined

as in the previous section, from the least squares linear regression of the log-linear plot
of the tracer against depth. Here the sediment bulk gessissumed to be constant,

which is appraimated in the top 40-50 cm of Central PPB sediments. Rearranging
equation (2) gives,

S=Ab-Kb
and
K =\/b? - Sb. (3)

Hunter (pers. comm., 1994) showed that if the depth distribution of two tracers with
different half-lives were known, the values®&ndK could be derived. The half-lives

of 2!%Pb and??®Th differ by a factor of about 12, anceess activities of both are present
in the top 10 cm of Central Baediment. Under the assumption of constant
sedimentation and mixing in the top 10 ¢®ns determined from

A 1 1
Pb _ “'Th _ 4
béb b7, %/% b, E )

where the subscripts Pb and Th derfdteb and®?®Th. Weighted means ok, andbrs,
are derived from the three CentralyBaofiles, and are 0.0740.004 and 0.25%20.026
cm* respectivel. From equation (4)Sis calculated to be 0.040.9 mmy. The
sedimentation rate in Central Be therefore <0.9 mm/ If we constrairSto be
positive, the sedimentation rate can kpressed as 0.48.45 mmy, and from
equation (3) the corresponding valuekos 490+50 mnfly.

The positive value dk shows that nxing is occurring in the upper 10 cm of bottom
sediments. Given that the slope of tHf®h., linear regressions in Figure 6 is constant to
a depth of 20 cm for SC1 and FS1, and 12 cm for SC3, it iy likdlSandK are

constant to these depths. The changes in slope at around 20ydre thee to different
rates of miximg below this depth, with the increagigy shallow slope sypestirg mixing
rates mg be even more rapid in deeper sediments. The depthxafgnindicated lp the
%1%, distribution is >45 cm for the short cores, and/ie as high as 70 cm irC3.

This mixing depth is consistent with ti&Ra deficieng profile in LC3, which provides
evidence for the bioturbation of sediments at depths of up 60 cm in Centrgd®a
section 4.2.4).
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3.4. The Depositional Rate of Suspended Particles

3.4.1. Water column residence tine of??®Th

Thorium isotopes can be used to estimate particle removal rates and satsnin

oceans and estuaries (e.g. Broedhtal, 1973;Li et al, 1979), allowing the
determination of the flux of particles to the sea floor. This technique offers an
independent estimate of the sedimentation rate, as wgiliag an estimate of the

water column residence time of particles. The disadgastaf this technique are (1) it
cannot quantif how much of the sediment flux is resuspended sediment, and so the
sedimentation rate estimate is an upper limit, and (2) the sedimentation rate estimate
applies to a time period of just a few weeks prior to samgplin

The technique utilises the particle reactive nature of thorium, and assumgstead
between then situproduction of thorium in the water columw its soluble parent, and
its subsequent removal. The removal processes are radioactiyealetéhe adsorption
of Th onto suspended particles followegdtbeir subsequent deposition onto the sea
floor. The relative activities of parent and dhater nuclidegive a measure of the
residence time of the Th dghter in the water column, and hence the residence time of
suspended particles in the water column. Broeekat (1973) showed that the mean
life-time of #?®Th with respect to removal from the water colum, could be derived
from

Trh = [RI(L-R)IWA

where R is the dajhter/parent activit ratio, **Th,.d**Ra,, and®®\, is the decay
constant of?®Th. #®Ra, in this ratio is the dissolved®Ra activiy in the water column,
and®*®Th,.qis the combined activjtof dissolved®®Th and*?®*Th adsorbed to
suspended particles.

In this stug, water samples were not filtered, and suspended particles were included in
the ana}sis of the 'total' sample. The aysib procedure included an acid leach, and so
the measured Ra and Th activities of the water sample include patisstlved

activity, but also a particle-bound component. The fraction of particle-bGtRd

activity in the water column is small (<1% of the total), and the meadtifea

activities are essentigltissolved. However, a Ige fraction of Th isotope actiyitin

the water column is particle-bound. This fraction will include noy @il sorbed to the
surface of particles, but also Th leached from the mineral phases that make up the
particles.

The?®Th in this leached phase will have been generated within the mineral lattice, and
since the determination of,, requires a measure of just #5&Th generated in the water
column ¢?®Th,.g), the leached?®Th activity must be deducted from the measu&dh
activity. This is done ydeducting an actiytequal to the measuré#Th activity to

give >®Tha.4 since thé>?Th and®®Th activities in the mineral phases will be
approimatel equal, and the dissolvé&Th activity to is likely to be negligible,

meaning that virtuayl all the measured contribution ©fTh activity can be assumed to
come from the mineral lattice of the sediment.
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The values of**Tha.4 R, andrtry, are given in Table 1. Becausg measures the
residence time of°Th in the water column, it includes both the time taken for
scavenging of dissolved®Th by suspended particles, and the time for the removal of
these particlesybsettlirg. Thus the values af, derived from this work represent an
upper limit for the particle residence time in the water columorder to estimate the
relative manitudes of thé?®Th scaveging time and particle residence time,
measurements of dissolved and particul&teh were made on two PPB water samples
collectedJune 1997. These samples had similar levels of SS to the FehB%#
samples. The dissolved (<0.4) ??®Th activity in these samples was found to be only
about 10% of the total water sample. Based on these measurements, the mean time for
scaveing of Th is ~1 dg, which is short, compared to the time for particle removal.

The values of, range from 8 to 43 ¢a, with most valueging between 8 and 16
days. Apart from the bottom water sample from site 2, the valueg, at each site are
not significanty different from each other, and do not show a trend with dépth.
water column with no vertical ming, sinking particles would show a monotonic
increase of?®Th,.q and hencer, with depth. The time taken for a particle to settle
through the water column could then be estimated from the difference batweéthe
surface and the base of the water column. The lackydfand intr, with depth at most
sites in PPB gsypests that the time scale for vertical mixiat these sites is short
compared to the time taken for particles to settle tjivabe water column. This
observation is consistent with the conclusion drawn in section 4.1.

The bottom water sample from site 2 (Hobson'g)Bas high values of bot, andC,.
This ma be due to an accumulation of settling particles near the bottom, or repeated
resuspension of receptiieposited sediment. Since site 2 was the shallowest site
sampled (13 m depth), the rate of sediment resuspengioave or current action is
likely to be greater than at deeper sites.

3.4.2. The flux of particles to the Bay floor

Knowledge ofty, allows an estimate of the flux of particulateg)(to the bottom
sedimentslt is assumed here are that stestdite &ists with respect to input and
removal of particles in the Baand that Th removal from the water column is due
entirely to the settlig of suspended particles onto the floor of thg.Ba

Both these assumptions are reasonable. No significant change in the rate of sediment
input into the By occurred over the time scale relevant to the estimate,d20-30

days), and the fraction of suspended particles lgstdvection to Bass Strait is

negligible compared to losseg $edimentation. This is because the mean residence time
of particles in the water column (~10 d, see below) is much less than the residence time
of water in the Bp (~270 dgs, Walkeret al, 1992).

A further check on the efficiegof the removal of dissolved®Th and its deposition

can be madeybcomparing the depositional flux required to sustairfifihe, inventory
(Fr1) in bottom sediments with the production raté’8th in the water columrif all
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the??®Th produced in the water column is deposited onto the sea floor givedhv,
then

_228
Fm= )\ThCRa H

whereH is the water column deptbr, is the water column concentration’6fRa. The
228Th., inventoy (I11) is calculated following the same procedure asdgequation

(1)). The values ofy, in three Central Basediment samples (SC1, FS1, SC3) are

30+5, 48+8 and 356 mBg/cnt, and the flues required to sustain these inventories
(given by Al are 10.91.8, 17.4+2.9 and 12.%1.8 mBg/cnily. These flxes

compare well with the average CentrayBeater column production rate %fTh

(15.5+1.4 mBg/cnily), indicating that the efficieryoof deposition of?®Th is high. This
comparison also provides further evidence that our sampling procedures recovered the
surficial sediment.

The flux of particulates to the Bdloor (F,) can be estimated by

- _C.H

p

()
T p

whereC, is the suspended particulate concentration of the water columr, isrttie
particle residence time, which is estimatgdieductimy the®?®Th scaveging time (~1
day) from 1rh. Because&C, andt, are relativef constant with depth, mean values of
these parameters have been used in equation (5) to Bgaveach site (Table 7). At
site 2, orny the surface and mid-depth samples have been averaged,Bat $ois site
only applies to the top half of the water column. The mean of the vallgsabthe two
Central By sites (1 and 3) is 0.18.03 g/cmily. This is close to the fluxes determined
using sediment traps in the CentralyBagion (0.12 g/cfiy; Youet. al 1996).

The fluxes derived above ontorrespond to a 2-3 week period in Febyu896, and
are dependent on the valueGafat the time of samplm However, the avege
suspended solids concentration in the CentrglrBgion over the lastyears (2.5 mdgy/,
A. Longmore, pers. comm.) is close to the mean of our measureméptmid@@entral
Bay (sites 1 and 3) in Febryat996 (2.1 md!). Thus,F, probaby represents a good
estimate of the lagiterm averge flux of particles onto the floor of CentralyBa

The value of, at site 2 (0.0830.25 g/cmily) is much lower than the sediment trap
estimates (7.@/cnly; You et. al, 1996). This is probatdue to the fact thdt, at this

site is based on th@&, content of the upper half of the water column, whereas the
sediment traps were situated less than 2 m from the sealfla@uld appear therefore,
that unless there was an unusphlibh influx of sediment into the Baat the time the

traps were in place, the high sediment trap estimates are due to local resuspension of
bottom sediment.
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Table 7. Mean suspended sediment concentrat@y)s€°Th residenceéime (1),
particle flux ), and normalised particle fluxgj.

site H Co "1, Fo M
(m  (mg/L) (g/ently) (g/ently)
1 25 2.3 10.6 £2.1 0.20 +0.04 0.16 £0.03
2* 13 2.9 12.2+4.0 0.11 +0.03 0.09 £0.02
3 25 1.8 9.6+2.8 0.17 £0.04 0.14 +0.04
4 19 2.1 13.2+3.2 0.11 +0.02 0.09 £0.02
5 14 2.9 9.0+1.3 0.16 +0.02 0.13 £0.02

" The bottan water sanple is not included in the detaination of themean values

of C, andrt, at site 2.

** A mean **°Th scavenging the o 1 day has been assed, and deducteidom tr, to giver,
(see text).

3.4.3. Conversion to sednentation rate

When usig these fluxes to estimate sedimentation rates, differences in the composition
of SS and bottom sediment must be considered?*ffik content of sediment has often
been used to normalise the concentrations of radionuclides in sediment, thus correcting
for variable content of low activitmaterial, such as ganic matter. Thé*Th of SSin
Februay 1996 was about 20% lower than the bottom sediment, perhaps indicating a
higher organic matter content of SS. This organic matter is presydetgmposed or
regycled when it is deposited (Wilsat al, 1993). Thusk, must be reducedyt20% if

it is to be used as an estimate of the apparent sedimentation rate. This regiesian

mean normalised particle flug,f of 0.145+0.022 g/crily in Central By region,

equivalent to 3.80.6 mmy usirg surficial Central Bg sediment porogitand density
values. The value af, at each site is given in Table 7.

Again, it is noted that, is not necessayilthe rate of sediment accumulation, because it
includes resuspended sediment. As an estimate of net sedimentation rate it is therefore
an upper limit, and the true rate must be <0.17 gjcror <4.4 mmy. Althoughr, in

the Central Bgagrees reasonablvell with data obtained from sediment traps, the
sedimentation rate calculated here (in yyndiffers by a factor of about three from that
reported in the Port Phillip Ba&Final Report (Harrigt al, 1996). This is due to the use

of different sediment dengitaind porosit values to convert sedimentXies to a linear
sedimentation rate.

3.5. Summary of Sedmentation Results

The sedimentation stydesults are summarised in Table 8. The tightest constraint on

the sedimentation rate is obtained from the combined bottom sediment depth profiles of
1%, and*®They. These tracers constrain the sedimentation rate to be <0y ovm/
<0.034 g/crfly. They also show that sediments in Central and Northern PPB are
certainiy mixed to a depth of 10 cm, and are propabixed to a depth of least 20 cm.

27



This mixing means that the sedimentation rate derived dyr&ciin the distribution of
1%, in cores (4.3 mny/in Central Bg) is an upper estimate.

A measure of the rate of suspended particle deposition was derived from the
production/removal equilibria 6f°Th in the water column. The mean residence time of
particles in the water column of Central PPB was found to be abouy4@uthe time

of sampling (Februgrl996). This procesgelded an equivalent sediment flux of

0.145 g/crAly to the floor of Central PPB. However, this estimate gnbvides an

upper limit to the sedimentation rate, due to theyikeesence of resuspended sediment
in the water column.

Harriset al (1996) estimated the total sediment input to the PPB to be 85,000 tonnes/y
over the period 1992-9H.this sediment is assumed to be deposited unifoavér the

Bay (area 1950 kn), the corresponding sedimentation rate is 0.004 gycidowever,

1%, inventoy calculations indicate that focussing of sedimeny beoccurring in

the deeper regions of PPB. These deeper regions (>15 m) cover about half of the surface
area of the Bg and contain most of the silt andykediments in the Balf all the SS
delivered to the Bais considered to preferentialleposited in these deeper areas, the
calculated sedimentation rate in these areas is doubled, to 0.0G8/g/dnis rate is

well within our best estimate of the sediment accumulation rate in Central Bay

(<0.034 g/crily), which in turn is much lower than the depositional flux of particles to
the Bay floor (0.15 g/cry). Such a high depositional flux indicates that most (>80%)

of the suspended sediment in PPB is resuspended bottom sediment.

Table 8. Summarof sedimentation results. Units are myrttbp value) and g/cffy
(brackets).

Method
Region  |[sites [““Phy core préile 2 tracer core Particle flux from
profile, water colunn
“BThy, a2 Pbex  |production of?The,
Central (1,3 [<4.3 <0.9 <4.4
(<0.163) (<0.034) (<0.17)
Northern |2 <3.9 <1.7
(<0.46) (<0.11)
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4.  WATER COLUMN MIXING PROCESSES

4.1. Vertical mixing

4.1.1. Source of short-lived Ra isotopes to PPB

The sources of dissolved Ra to estuaries include seawater, groundwater, Ra dissolved in
river water, Ra desorbed from riverine suspended sediment, and diffusion of Ra from
bottom sediments. For the Igest-lived Ra isotopé”°Ra, all sources contribute

significantl to the standing crop 6f®Ra in PPB. However, the input of short-lived

isotopes #*Ra,**’Ra, *?*Ra), from rivers, seawater and groundwater is insignificant
compared to their flux from bottom sediments (see discussion in section 4.3). There is
some generation f’Ra by its parent¥°Th) in the water column, but based gpital

water column SS concentrations, this is <10% of the total water columnyaetivit

22%Ra. Consequent] more than 90% of the water column acyivif ***Ra is estimated

to originate as a continuous flux from bottom sediments.

Once Ra has diffused into the water column, it behaves esseasialconservative

tracer of water movement. And because the water column content of Tl isweRa
isotopes are essentialinsupported in the water column. Thus the water column
activities of Ra isotopes in combination with their radioactive ylesi@s can be used to
yield information on water column mixjrates. The shortest-lived isotop&Ra (half-

life 3.7 d) is especiafluseful for this. Ay ?*’Ra activiy the water column in excess of
228Th activity must have been generated and released from bottom sediments within a
time frame of dgs-weekslf vertical mixing of the water column is occurgron a time
scale similar to, or lager than thé*Ra half-life, a verticaf*’Ra concentration gradient
will arise.

4.1.2. Water column activities of **“Ra

The water column activities 6f°Ra,**Ra and®®’Ra are given in Table 1. The relative
uncertainties of*Ra measurements werghj and its activities are not reported.
Included in Table 1 is the unsupportedter column activit of **Ra ¢**Ray,), given

by the difference between the water column agtioft *“Ra and its paret®Th;

22"Rax is therefore a measure%BfRa activiy which has diffused from bottom
sediments.

For ?®Ra and?®®Ra there is no ghificant difference in concentration between the sites.
Nor is there aptrend with depth. Howeve?**Ra,shows some variation between sites,
with the highest concentrations occurring at site 2.*ffRe., activities of the surface,
mid-depth and bottom samples are indmishable at sites 2, 4 and 5. This result
indicates that vertical mixgof the water column is occurgron a time short compared

to the half-life o"*’Ra. When the measurement uncertainties are considered, this time
scale corresponds to less than 1 .¥sdar miking between surface and bottom water.
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In the Central Baregion, however, a verticdl'Ra, gradient is present at site 1, and
possiby at site 3. At site 1, the bottom sample has the high., activity (10.2+1.2
mBqg/L). This activiy is about three times that of the mid-depth and surface samples at
this site. The concentration profile at this site indicates that the top half of the water
column had been rapidhmixed, but that nxing between bottom water and water above
it had been restricted. This observation indicates the presencgaiacine between

12 and 24 m depth. Unfortunatethe saliniy/temperature/ dengiprobe failed to

function propery during sample collection, and the presence of yieagxline could not

be confirmed. However, saliginnd temperature gradients are common in the Central
Bay area in summer (A.ongmore, pers. comm.). Determination of the mixing rate of
bottom water and water above it is not warranted without time-series measurements,
and/or a more higllresolved depth distribution 6t'Ra than was obtained from this
study. Nevertheless, the fact tHafRas concentration in surface and mid-depth water at
site 1 is similar to other gions of PPB sggests that theyznocline had been

established oglrecenty, else water had been recgrablvected to Central Bdrom a
region of the Bawhere the water column was wellsad.

It is interestiy to note that the bottom water at site 3 had a much IGiiRa.,
concentration than site 1, despite the close proyiaifithe sites, and similar water
column depths. This could be due to strong winds (up to 20 knots) which occurred on
Februay 28, the dg separating sampling at site 1 (Feby2r) and site 3 (February

29). These winds nyshave been strong enough to mix bottom and surface water in the
previousy stratified Central Ba

4.2. Surface Water-Porevater Exchange

4.2.1. The flux of ?*’Ra from bottom sediments

It has been shown that Ra isotope datayed information on the>dent of surface
water-porewaterxehange in the Bega estygdiWebsteret al 1994; Hancock and

Murray 1996). The characteristics of PPB make it ideal for theysitidediment-water
interactions using Ra, because ngatl the short-lived Ra isotopes in the PPB water
column have originated from bottom sediments, whengdhe continualt produced by
insoluble Th parents (see section 4.1.1). The most important removal processes of Ra
from the water column will include radioactive dgcaptake ly suspended biota and
deposition to the Bafloor, and advection too Bass Strait. The water column residence
time of suspended particles (10 d, section 3.4) is long compared’t8Rhehalf-life,
indicating that biota are not likglto be sinificant removal pathwafor ?*Ra. The
residence time of water in PPB is estimated to be at least 98@s#ee section 4.3

below), and so the fraction of Ra lost to Bass Strait wily del sgnificant for the

longer lived isotopes?®Ra and”®®Ra. Thus if steadstate is assumed, the flux of Ra
from bottom sediments will equal the rate of loss of Ra from the water column by
radioactive deag and the total flux of*‘Ra from bottom sediment&{Fy) can be
estimated from

224 FS :224/\ RaCWC H (6)
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wherec, is the mean water colunifi'Ra concentration, calculatest averaging the
surface, mid and bottom water samples at eachf$e. is the??*’Ra decy constant,
andH is the depth of the water column at that site. The valuESrfat each site are
given in Table 9.

4.2.2. Diffusion of ?*’Ra

Two processes are liketo control the flux of dissolved Ra from bottom sediments into
the water column. These are molecular diffusion of Ra across the sediment-water
interface, and the phical exchange of surface water and porewater due to surface water
currents and bio-irrigationybanimals in the sediment (Nicholsenal, 1996). A

diffusive flux of Ra from sediment to water column occurs because the Ra concentration
in bottom sediment porewater is much higher than theyrgrsurface water. This flux

can be estimatedylassuming that diffusion of Ra across the sediment-water interface is
controlled ly one-dimensional diffusion of iorxehangeable Ra within bottom

sediments. Because Ra isotopes are continpoteshted within the sediments, and are
continually exchanging between porewater and ioweange sites on the sediment, the
total amount of ionsechangeable Ra contained within the sediments must be
considered. Hence

Ce= @Cpw t Cs

where@is the sediment porogitCe is the total concentration of ion-excigeable Ra in
sediment (dissolved + adsorbe@),is the component & adsorbed to sediment
grains, ana,y is the Ra concentration in porewater. BGandCs have units of
activity/unit volume of sediment,,, has units of actiwfunit volume of porewater.
Thusqc,y is the concentration of dissolved Rgeessed as actiyitunit volume of
sediment.

The distribution of Ra between sediment and porewater can be desgribed b
desorption functio® (Websteret al, 1995).In essence? represents the fraction of
total ion-exchageable Ra in sediments that exists in porewater, ie.

@Cow = OCe (7)

The equation descrilbgrthe rate of chage with time of ion-exchageable Ra within
sediments can be written as

aC, _ oF,
“~e=_Td_)C + 8

wherez is the vertical coordinate (positive upwardsis the rate of production of ion-
exchangeable Ra, arig, is the diffusive flux of Ra through the sediment, given by

oc
Fy, = —C/Dsd—;"” ,(Ullman and Aller, 1982). (9)
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Here I is the diffusion coefficient of Ra in sediment, and is estimated from the
relationship

Ds = ¢"Do

when@>0.7; Dy is the diffusiviy of Ra in water (7.45 x 10cnf/s at 18° CLi and

Gregoy, 1974). The temperature of bottom water at the time of sampling was ~18° C,
and based on a porositf 0.82 in surficial in Central Besediments, Dis 5.0 x 10

®cn/s. Using equations (6) and (8) we obtain

0Ce
F, =6D 10
d s aZ ( )
By introducing D' as the effective diffusiwtfor Ce, such that
D' =D, (11)

equation (8) becomes

2
ot 0z

At stea state aa(ie =0, and solving foC, gives

C.~Ae|~ 22, Y (12)
DA

whereA is a constant to be determinegthe boundar conditions at the sediment-water

interface.In the derivation of (12) it has been assumed that as—oo,% - 0. At

the sediment-water interface (z = 0) we h&ye= A+% . Neglecting the presence of a

significant concentration gradient on the water side of the sediment-water interface (a
good assumption)Zo should match the Ra concentration in the water collintimis is

the caseC is small compared tG,, and A ~ _}\Z' From equations (10) and (12) the

diffusive flux of Ra across the sediment-water interface is

A

T

F, = AD'

=C_,JAD' (13)
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Because of the short half-life &'Ra, the length scale of variation®f due to
diffusion (given ly W) is also short, an€__ (C.at z=-w) is attained at a depth

of a few mm. The method for estimati@,, is outlined in Webstest al, (1995).1ts

value was determined from desorptioperiments conducted on sediment collected
from site 3, and found to be 7.5 mBgfthe value of for >*"Ra (0.024) was then
derived using this value &__, and thé?’Ra porewater concentration of the same

sediment ¢, = 0.18 mBg/cr). Substitutiiy these values into equations (11) and (13),
gives a diffusivé®Ra flux ¢2%Fq) of 3.8 x 10° mBg/cnf/s at the sediment-water
interface. This is 24% of the tot&fRa flux ¢%4F¢) from bottom sediments at site 3,
derived using equation (6).

Nicholsonet al (1996) calculated flux enhancement factors for some solutes in PPB
sediments from benthic chambers measurements. These factors give a measure of the
enhancement of the flux of a solute due to non-diffusive processes such as bioirrigation,
and are derived from the ratio of the measured flux of a solute across the sediment-water
interface to the flux attributed sojgio molecular diffusion. The values ranged from 0.3

for NO, to 8.0 for Si. From?*4 and?**F,, the??*Ra flux enhancement factor in Central

Bay is 4.2, which lies in the middle of the range of factors for other solutes.

4.2.3. Rate of porewater exchange

As noted above, molecular diffusion?fRa can account for onR4% of**/F.
Consequenyl, non-diffusive transport must account for at least the remaining 76%.
Based on benthic chambetperiments (Nicholsoet al, 1996; Berelsoet al., 1994),
this transport appears to be laggéue to the pysical exchange of surface water and
porewater. Thus, the flux of watd¥,{) crossing the sediment-water interface can be
estimated from

F, = (224|:s_224|:d )/(224pr_2246wc)
Herec,w represents th&“Ra concentration of porewater advected across the sediment-
water interface. Our measured valuegfis an averagé‘Ra porewater concentration

in the top 10 cm of Central Baediment (0.18 mBY). Since it is possible that
porewater mghave been transported from depths greater than 10 cm, there is some
uncertainy in our calculated value &f,. However, assuming,, to be representative of
advected porewateff,, at site 3 is 6.8 x T0cm’/cn¥/s. Over aear, this flux amounts

to a significant fraction of the PPB water column. Baraple, if our calculated value

of Fy is typical of the whole of PPB, a volume of water apjoraately equal to 1.7

times the volume of PPB is advected across the sediment-water interfageaach

Berelsoret al. (1994) determined the flux of Cs crossing the sediment-water interface in
benthic chambers depled on the floor of PPB. The Cs was injected to the chamber,

and its loss monitored. Theoncluded that the loss of Cs from the chamber was much
greater than could be accounted fgmilecular diffusion, indicating that non-diffusive
processes such as irrigational advective transport between sediment porewater and the
overlying water were primaniresponsible for the Cs loss. Using the rate of loss of Cs
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from each chamber and the corresponding initial Cs concentration, we calculate the flux
of water across the sediment-water interface in chambers from Centrial Beage

from 7.2 x 10° to 34 x 10° cm*/cn¥/s. The value oF, at site 3 (derived above using Ra
data) lies close to the lower end of this range, and provides independent evidence for the
presence of advectivexehange of surface water and porewater. The agreement between
the?*Ra flux technique and the benthic chamber techniques is reasonable, given the
uncertainy in c,w, and considering the greater statistical variation associated with spot
measurements using chambers, compared to Ra-derived porewasnihich have

been averaged over a much larger area.

Table 9. Summarof parameters used to derfr& s

Cu 224]:
C S
site | water column (mean water colun **Ra,y) (x 10°
depth () (mBg/L) mBag/cm?/s)
1 25 6.1 3.3
2 13 5.2 15
3 25 3.0 1.6
4 19 3.3 14
5 15 2.8 0.9

4.2.4. Depth of bioturbation

The flux of dissolved Ra from bottom sediments leaves a tenypdeéicieny of >’Ra
activity with respect to its parefit’Th. Figure 9 (a) shows a plot of tfiéRa/3*Th

activity ratio (AR) against depth farC3. The?*®Ra”**Th AR increases from about 0.7
at the surface of the core, to a value consistent witly aha depth of about 70 ci.
bottom sediments were a closgdtem, with no net gain or loss of radionuclides,
nuclides of thé**Th-series would reach secular equilibrium withiny@@rs. Their
activities would then be the same, and the AR gftao nuclides in the series would be
equal to one. The fact th&fRa’**Th AR is <1 in the top part of the sediment profile
indicates’®®Ra is continuall beirg lost from this rgion.

As noted in the previous section, the length scale of diffusion for Ra is given by
}/\/}\_D’ (equation (12)). Using the valué B’ derived above, the length scale for

2282a diffusion is calculated to be about 6 cm. Becatisa deficieng occurs to a

depth of 60-65 cm, it is clear that non-diffusive processes hayedpéa important role
in exporting radium from deeper sediments. The processes mogttbkied responsible
for this export are bioirrigation (waterxehange) and/or bioturbation (sedimenkimg).
Burrowing shrimps and worms can aid sediment redistribution and water movement
through sedimentsytcreating tunnels, and these animals are reported to be active in
PPB sediments at a depth of 40 cm, and perhaps deepeetBlrdl996). For thé**Ra
deficieng to be maintained, these irrigation and/okimg processes must be occurring
on a time scale equal to or shorter tharftfiRa half-life (6years). There is strong
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evidence for bioturbation at depths of 50 cm or more from the presence of significant
concentrations dt°Ph, in the depth interval 20-72 cm (Figure 6). Based on our upper
estimate of sedimentation (0.9 myn/*%Phs, would not be detectable below 15 cm
without sediment mixing to aid its transport to greater depths.

@ (b)
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Figure 9. The_C3 depth profile of (a) th&#*Ra’**Th activity ratio, and
(b) cumulative’?®Ra deficieng.

4.3. Residence Time of Water in the Bay

4.3.1. Input and output fluxes of ***Ra

The standing crop of dissolved Ra in the PPB water column catpbessed as a
balance between input and outpuiés, i.e.

Fs + I:riv + Fgw = H/\Racwc + Rad + Rbio (14)

where the- terms on the left side of the equation are inputefi) with subscripts
denoting Ra flux from bottom sediments (s), riverine inputs (riv), and groundwater
(gw). The right side includes output or loss terms. These include yt@ecgHAC,,
whereH is the average water column depth of thg,Ba, is the Ra degaconstant, and
Cuc IS the mean water column concentration of Ra in the Bther loss terms include
the removal of Raypadvection or miing to Bass StraitR,q), and removal of Ra by
biological uptakeRyio). If the Ra concentration is relatiyatonstant throughout the
Bay, Ryg can be epressed as

Rad:Hw (15)

w
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wherecgsis the Ra concentration of Bass Straight water tamglthe mean residence
time of water in the Ba Equations (14) and (15) show that if the input and output Ra
fluxes can be quantified, the residence of water in PPB can be determined.

The best isotope for this sty **Ra, because (1) it is shown below that the input of
?2,Ra to PPB is dominatedla single quantifiable term, the flux from bottom sediments
(**F9); (2) the?®®Ra concentration in PPB water is mughbater than Bass Strait water,
and (3) the concentration &#Ra in the PPB water column shows little variation
throughout the Central and NorthernyBagions, which are the areas containing most
of the PPB water. Thus PPB can be assumed to be a welttinox with respect to

ZRa

Because of its relativglong half-life, the””®Ra decg term in equation (14) is small,
and most of thé°®Ra in the PPB water column is eventyaltivected into Bass

Straight. Consequetlthe method used to estimaté s (section 5.1) cannot be used to
estimate?®®F. Instead?F can be estimated/tzonsideringy the interated deficieng of
2282a E) in bottom sediments with respect to its paféfith (Thomsoret al, 1975;
Turekianet al, 1996). The causes GfRa deficieng in bottom sediments have been
described in the previous section, and its integrated gdsviialculated from

_w 232~ _ 228
E—;( C —""C)m

where®*’C; and?*®C; are the sediment concentration%Th and**®*Ra in depth section
i, andm is the mass per unit area of that section. Assuming this defjdedae ony to
losses of Ra to surface water, and that stetate applies, the flux of from bottom
sediments required to sust&ins

%5 = Nrae (16)

where®®\g, is the?*®Ra decy constant. A plot of cumulativé and depth in.C3 is
shown in Figure 9(b). Whefé®Th and***Ra data are missing, the'Ra deficieng has
been interpolated. Cumulatigereaches a mé@mum of about 26%37 mBg/cn] at a
depth of about 80 cm. From equation (265 at site 3 is 324 mBg/cndly.

The depth profile of th&?®Ra’**Th AR in the two short cores from Centraly§$C1

and SC3, Tables 2 and 4) is comparable Wi, indicating that?®Fs is relatively
constant in this region of the Ralrhe same treatment of the NortherryBare (SC2)
datayields 37+4 mBg/cnfly for 22, which is also similar to the Central Beaalue.

Given the different pysical characteristics of sediment in Northern PPB, and the shorter
depth of sediment in whict®Ra deficieng is present, this similasitis probably
coincidental. A third measure Fs was obtained from a long core taken at site 4, in
the Northern-Central Baregion {C4). However, on this occasion the sediment was not
sectionedInstead a method requiring the measurement of Ra and Thyitwanl

samples was used. The entire core wasethand the value & determined from the

total mass of sediment, and the measured defigieffé®Ra in the mixture.

Equilibrium betweer®*Th and*?®Ra at the base of the core (1 m depth) was confirmed
by measurement of a separate sample taken priondagniThe value of*%F; at this
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site (3448 mBg/cnfly) is indistiguishable from the Central Bastimate, a result
which is not surprisig given the similariy in sedimentype.

The similariy of these three measures’8¥s suggests that the flux 6°Ra from

bottom sediments is relatiyetonstant at around 34 mBg/@mover a large proportion
of the Ba. However the Bawide flux of *?®Ra is required to determing and no
measure of?®Fs was obtained around the edge of thg Baere sediments are coarser
grained (Greilaclet al, 1996), consisting mawbf sand and gravel (light shading,
Figure 1). This region comprises about 25% of the area of theaBd theé>*Th
concentrations of sediments in this region areyikelbe lower than other areas of the
Bay. Since?®?Th is the source df®Ra in sediment, it is probable tHaiF; is also lower
in this region. The implications of this lower flux for residence time calculations are
considered in the following section (4.3.2).

Other?®Ra input terms can be estimated from data supplied in Hamis(1996). The
total inflow into the By from rivers and creeks is estimated to be about %4. ifhe
dissolved?®®Ra concentration in fresh surface water is ugdaW (<1 mBgL), and a
riverine Bay-wide flux of <0.07 mBg/crily is expected. Sediment input to theyBia
estimated to be 85,00¢t/Assumimg that***Ra and?**Th activities of the incoming
freshwater sediment are in secular equilibrium, and that the desorptive f6%saof
from this sediment is similar to that observed in surficial sediments in the Central Bay
(~40% of the?**Th activity), then the extent of desorption®fRa from this sediment as
it encounters saline water is about 22 mBg/g. This loss amounts tevaidia
desorption flux of 0.10 mBg/city. These two components Bf, (dissolved and
desorbed) amount to 0.2 mBg/in

The groundwater flow into the Bas estimated to be greater than 1 ¥sn(Otto, 1992).

The Ra content of this water is not known, and it will depend on numerous factors such
as saliniy and composition of the host soil/rock. Based on concentrations reported in the
literature, groundwateéf®Ra concentrations greater than 300 niBaye uncommon

(e.g. Osmond and Cowart, 1992; Martin and Akber, 199800 mBqL is taken as an

upper limit for groundwater entering PPB, and an input volume of®imused, the

value ofFg, will not exceed 1.0 mBg/cAfy. Thus the combined riverine and

groundwater flux of?*Ra is probalyl no greater than 4% of the bottom sediment,flu

and to a first appsamation can be ignored.

The rate of removal of Ra from the water columrblmlogical uptake is also unknown,
but other estuarine and near-shore studies have concluded that this uptake is
insignificant (Hancock and Murya1996; Kasemsupaet al, 1993).In ary case, if the
main pathws for biological removal of Ra from the water column ysuptake by
suspended biota, followed lbeposition onto the Beloor, biological removal does not
need to be considered sepanrated a removal process. This is because the flux of
biologically-bound Ra to bottom sediments will reduce®iRa deficieng therein.
Consequenyl, this process has alrgaldeen incorporated into left side of equation (14)
as a negative component’6{Fs.
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4.3.2. Calculation of water residence tme

By nededing F.ivy, Fgw andRyio, and rearranging equations (14) and (15), the mean
residence time of PPB water can be estimated from

_ H(c,. —¢cy)
tw - (F -H 228/\ BSC ) (17)
S Ra™~wc

The?*Ra concentration of Bass Strait water near the entrance of PPB was measured in
June 1997. Two samples were collected, one about 5 km south of the entrance, and
another about 1 km south of the entrance. The latter sample was collected during rising
tide, and therefore represented water entering tye Be?*°Ra concentrations of the

two samples were 0.8 and 2.0 mBgéspectivel. >’Ra in open ocean water is usually
<0.5 mBgL (Broeckeret al, 1973), and it is possible that the higfféRa activiy in

the water entering PPB represents a proportion of PPB water prgwi@nsiported out

of the B on the ebbing tide, returning on the flood tide. Pattiaratchl (1996)

calculated that 3-5% of PPB water leaythe Bg returns on the followigtide. Based

on this calculation we have assigned a nonfiff&a concentration of 0.5 mBgto

Bass Strait water. Sin@g>>Cgg the error i, resultirg from the uncertaintin the

2,Ra content of Bass Strait water is smalll.

Other values assigned to parameters in equation (17) are1lZ.tnBqgL for c,. (the
mean of measurements from the five sites), 13.5 rH fi@ghe average PPB depth), and
34 +3 mBg/cnfly as the Bgwide averagé?®F (the mean of flwes from the three cores
from Central and Northern PPB). Using these valiygs,calculated to be 0.70.08 y
(262429 d).Implicit in this estimate df, is the assumption th&tF is spatially

constant in the Ba As discussed in the previous section, it is possible that the region of
the Ba where sand and gravel sediments dominate (about 25% of the area of)the Ba
may have a lower value 6f%. Constraints om, can obtainedyassuming the flux

from this rejion lies between the Central Bfux (34 mBg/cnily) and zero. The
assumption of zero flux from sand and gravel sedimgelds an upper estimate of 0.96
+0.11y, andt,, is constrained to lie in the range 0.64 to y@234-390 d). Cleayl this
range could be reduced consideydty the ana}sis of more sediment samples from
different regions of the Ba
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5.  CONCLUSIONS

Sediment cores in Central PPB show evidence of post-depositiotiagnthereby
limiting the effectiveness of sedimentation rate determinationg &b and’Th.
The sedimentation rate is found to be <0.9 y(@/034 g/crfiy) in the top 10 cm (and
probaby 20 cm) of Central Basediments. The mean xmg coefficient in this depth
interval is 49G:50 mnf/y. Below 20 cm, sediment ming may be more rapid, and
mixing may be occurring as deep as 60 cm.

The mean residence time of particles in the CentraMBder column at the time of this
study, estimated from the rate of removaf8iTh, is 10+2 days. Based on this time, the
normalised flux of suspended sediment to the floor of Central PPB is £0100%

g/lenfly. This estimate)x@eeds the mamum sedimentation rate derived usfiigPb and
%2%Th in cores b a factor of more than four, indicating that >80% of suspended particles
in PPB are resuspended bottom sediments.

The PPB water column was vertigallell-mixed on the time scale of about 1.%sl&n
areas other than CentralyBén Central Bg there is evidence of inhibited xmg of
bottom water on one sampling occasion, indicating the presence/afi@acpne.

The flux of?*"Ra from bottom sediments is 4 timgreater than the flux attributable to
molecular diffusion, indicating significankehange of surface water and porewater by
advective processes such as bioirrigation. Based dii‘&e content of porewater, the
flux of porewater across the sediment-water interface in CentysisHEa8 x 10
cm/cn/s.

From??Ra mass balance, the residence time of water in théid3ain the range 0.64-
1.07years. The angsis of more sediment samples is required to further constrain this
estimate.
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