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Executive Summary

Sediment accumulation rates in the main mud daposibne of Moreton Bay have
been estimated by examining profiles of sedimerg<oollected in November 1999
from the western (water depth 4 m), central (d€oth) and eastern (depth 13 m)
regions. Profiles of fallout radionuclidés%®b,**'Cs and'Be) and lithogenic
radioncuclides (Ra and Th isotopes) were examioestiablish sediment
chronologies, and to ascertain the depth and fateéxing in the sediment profile.
Measurements of major and trace elements werenadsie to establish proxy age
horizons distinguished by changes to sediment cltexatics resulting from recent
human activities.

The sediment was mostly comprised of fine-grairiagi minerals with no apparent
stratification. Profiles of Ra and Th isotopes shbat post-depositional mixing is
occurring to a depth of at least 35 cm. Be-7 dadiécates that mixing is most rapid in
the upper 4 cm, occurring on a time scale of weéeksonths. Between 4 and 35 cm
the time scale of mixing is less than 10-15 yeAlthough there is no direct evidence,
slower mixing (on a time scale of 20 years or marejediment below 35 cm cannot
be ruled out.

The thickness of the mixed layer has consideraddyced the temporal resolution of
?1%p geochronology, and the time frame over whiciait be applied. A simple 2-
layer mixing model was applied to th@Pb profiles, whereby mixing below 35 cm
was assumed negligible. This model yielded an agpanean bulk accumulation rate
of 0.62 cm yi* (equivalent to 0.41 g cfyr™ of dry sediment) for the most central

site in the main mud lens of the Bay. The appdbaiit accumulation rate at the most
easterly site is 1.2 cmy1(0.69 g crif yr* of dry sediment). These mean rates pertain
to the last 60 years, and are considered uppetsioie to the possibility of slow
mixing below 35 cm.

Sediment core inventories 8fPb show that fine sediment is being focussed tosvard
the eastern edge of the mud zone. This trend isistemt with a process of
resuspension and transport of sediment from shabodeeper water. If tHe’Pb
accumulation rate at the most central site of thie @one is applied over the entire
mud-dominated region, the annual fine-sediment teivered to central Moreton
Bay, averaged over the last 60 years, is equal liess than 450,000 tonnes of dry
sediment.

Attempts to verify”%Pb accumulation rates were made usitigs measurements,
optically stimulated luminescence (OSL), and majad trace element analysis with
limited success->'Cs profiles were consistent with tHf8Pb accumulation rates, but
OSL dating was unsuccessful because the quarttoedme-grain and poorly
bleached to be accurately dated. Nor could proxyragrkers be established using
major and trace element data; analysis indicateslitde change in the geochemical
composition of the sediment to a depth of 1.8 ntdpxions were sulfur (S) and
arsenic (As), both of which showed an overall iaseewith depth. Lead decreased by
50%, and zinc by 20% with depth. The higher PbAamdoncentrations near the
surface may reflect anthropogenic activities, hatihcrease in S and As in deeper
sediment is most likely a result of diagenesisr{fation of sulphide minerals) rather
than anthropogenic input.



Contents

LN IR (O 1 10 L 1] N 4
Y I (0 10 T 4
SAMPLE SITES AND COLLECTION. ...uuuiiitneeiiteeeeneeeeieeeeniesssneessneseesnnesssneesssnssssnessssneessseseesneeseneeens
F N A ] 1 6

(@120 N @] V] = 1= =S TP 6
[ Y U I 1S TP 7
SEDIMENT’S PHYSICAL CHARACTERISTICS 1. i ttittiiitiiiteettiteeeta et eeaa e st e saessasestessnessnsesnessnsssneasnsssnns 7
RADIONUCLIDE PROFILES AND CORE CHRONOLOGIES.......uittuiiittnieitieestneeisasestasseesnssssanesssnaessensnes 7
FALLOUT RADIONUCLIDE INVENTORIES. .. .tuttutitniitetteitettesit et s et ssbssanessaeeansstnssanssansstneeansasernnns 14
TRACE ELEMENT PROFILES. ... tutituittiittittittneetette et ett e saeesa s sssessassaneesa st ean st sanseaesteasneassees 16
[T L35 [ ]\ N 20
210D GEOCHRONOLOGY. ...t eteeeeeeeeeeeeee et e et e et e eee et et et e ee e e e eee et e et et e et e eee et et et e et e eeeeeneeeeeeneenes 20
VERIFICATION OF ACCUMULATION RATE ESTIMATES. ..u . tetuteieteeet e et e et e e et e e eaneeesanessennesenneesenns 22
COMPARISON WITH OTHER ESTIMATES OF SEDIMENT ACCUMULBION .....ucivtneiiteeeeneeeeteeeeeneeseaeeeannss 22
(010 ]\ (O I8 5] [0 ] 1 23
L A O 24



Introduction

This report presents the findings of Part A of Rha®f the two-yeaBediment Source
Project (Project SS). The project was initiated by SEQRWQMS with thedaf aim of
understanding the nature and origins of sedimardsaasociated nutrients being
delivered to Moreton Bay. Work undertaken in thedyestages of SEQRWQMS
identified sediment as playing a major role in degradation of numerous habitats
within the catchment (WBM Oceanics and SinclairdtitiMerz, 1995). Phases 1 and
2 of our study confirmed the terrestrial originfiole-grained sediment in the Bay
(CSIRO, 2000), and identified potential sourcethed sediment using the SedNet
model (Prosser et al., 2001) that predicts hillslapd channel erosion, and sediment
loads delivered from Southeast Queensland catclsmieéhase 3 of the study tests the
model predictions by examining the history of seeltation in the Bay (Part A), and
by using spatial tracers to determine catchmentcesyPart B).

The main aim of Part A of the study is to deterntimerate of accumulation of fine
sediments in the central mud-dominated area of MarBay. In particular, the study
aims to establish whether the rate of sedimenvelglihas varied significantly since
European settlement, and whether this change lemsdseassociated with changes in
the physical and geochemical characteristics ahsenat delivered to the Bay. This
was done by measuring profiles of fallout and lgloic radioncuclides, and major
and trace elements in sediment cores collected fhenmain mud zone in the Bay.
By establishing a sediment chronology | intendedewelop a relationship between
sediment delivery to the Bay and the history otlatent land-use.

Methods
Sample sites and collection

Collection of sediment cores occurred on Novemierl999. Divers collected cores
from 3 sites containing the largest mass of fir@rgrd sediment (mud) in the
deposition zone spanning the central and westgiomne of the Bay (Figure 1). The
three sites (Table 1) spanned the width of the mmaid zone. Site-1 is the most
easterly site in the deepest water (depth 13 ng;5(9 m water depth) is the most
central, and Site-3 is a shallow near-shore area \hter depth).

Divers either pushed Perspex core tubes into ttensat (short cores up to 75 cm) or
hammered in PVC tubes (long cores up to 2 m). Qeege retrieved in an upright
position, and placed upright in dry ice until froz&he cores were kept frozen during
transport to the Canberra laboratory, and remdirozen until required for analysis.
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Figure 1. Study sediment core sites shown withdibgibution of mud in Moreton
Bay (from Heggie et al., 1999).



Table 1.Sediment cores collected.

Site  Location Core description Comments
1 S 27° 16.445 MBSC1(0.65m long, 10cm diameter)Eastern side of mud
E 153° 13.209’ LC1 (1.30m long, 5cm diameter) zone in 13 m water;
Brisbane River paleo-
channel
2 S 27°16.921’ MBSC2(0.55m long,10cm diameter) Central area of mud
E 153° 10.539° MBLC2 (1.8m long, 5cm diameter) zone; 9 m water

3 S 27° 18.549" SC3(0.40m, 10cm diameter) Western side of mud
E 153° 09.521’ LC3(0.88m long, 5 cm diameter) zone; Shallow, near-
shore; 4 m water

Analysis

After thawing, the cores were sectioned in the latory into depth intervals ranging
from 1 cm to 6 cm, with near-surface sections sathpt smaller depth intervals.
Water content (for porosity) and dry mass was da&texd for each section. Sediment
dry density was also determined.

High-resolution gamma spectrometry (Muretal., 1987) was used for analysis of
238U, #Ra,*'%Pb,#*®Th, ***Ra,**'Cs and'Be in all samples. Samples were cast in
resin and counted for 1-2 days using intrinsic garimm gamma detectors. The
detectors were calibrated using CANMET uraniumBlceb, and thorium nitrate
refined in 1906 (Amersham International).

Radiochemical separation and alpha spectrometrytiiMand Hancock, 1992) was
used to give improved estimates’0Pb in selected samples (¥4Po analysis) and
determine thorium isotopes. This method involveslaldition of a tracer isotope of
known activity (supplied by Amershaml% uncertainty), followed by radiochemical
separation and electroplating. The electroplatedsdivere counted using high-
resolution alpha spectrometry.

Major and trace element concentrations were deteanusing XRF analysis (Norrish
and Hutton, 1969). Major elements were fused ithaum borate matrix. Tracer
elements were determined using the pressed powekkiooh

Chronometers

The two fallout chronometers used in this study'axeess?*°Pb, and*'Cs. Both
radionuclides accumulate in soils and sedimengsrasult of atmospheric fallout.
Radioactive'®Pb (half-life 22 years) occurs throughout naturs,the ‘excess’
component found in sediments is usually generatelda atmosphere by radioactive
radon gas. Once formed, atmosphé¥eb rapidly attaches itself to dust particles,
and is deposited as dry dust or with rainfall. &atf*°Pb leads to the accumulation of
1% activity over and above that already presettiérsediment. The additional
1% is termed ‘exces$'Pb, and is determined by the difference betweerotiaé



21%h and®Ra activities of the sediment. Once isolated byabuthe exces§"Pb
activity of sediment decreases due to radioactaeay. Under favourable conditions
the rate of sediment accumulation can be deterniyatie shape of the exceés®b
depth profile (Appleby and Oldfield, 1992).

Cs-137 (half-life 30 years) is an artificial “marade” radionuclide originating from
the atmospheric testing of nuclear weapons thaamegthe 1950s. The testing
resulted in atmospheric fallout 5¥Cs on a global scale, and it is detected in surface
soils in all continents. Olley et al. (1990) cakteld that the detection b¥Cs in
Australian soils indicated that the soil has begrpsed td*'Cs fallout during or after
1958. Assuming immobility in the sediment profillee relationship between fallout
history and detection maké&&Cs an important chronological marker in sediment
profiles.

Results
Sediment’s physical characteristics

Divers reported the presence of holes ~1cm in dianie the mud surface at Sites 1
and 2, indicating the presence of burrowing maexgié.

All cores from the central region of the mud zo8éds 1 and 2) contained mainly
fine-grained silt and clay (<20m particle size). These cores showed no apparent
stratification (layering) although the upper 20 afisediment at Sites 1 and 2 had
light-brownish colouration compared to deeper seditnindicating oxidation, and by
inference, post-depositional mixing. Shell fragnsemere present in some sections,
and at Site-3 the sand and shell content was oeradity higher than at the other sites.

Data from four cores are given in Tables 2-6. Theskide one short core from
Site-1 (MBSC1), a short core and a long core frote-3 (MBSC2 and MBLC?2), and
a short core from Site-3 (MBSC3). All cores exhtuigh porosity, ranging from 0.9
at the surface, decreasing to 0.7 in the deepdshseat.

Radionuclide profiles and core chronologies

The activities of long-lived thorium isotope84Th and***Th) are remarkably
constant with depth in all cores, suggesting an@pmately constant sediment
source, and/or the presence of a post depositirmmbgenisation process (vertical
mixing).

Be-7 (half-life 53 days) is detected to depth aidin core MBSC1, indicating rapid
mixing to this depth at a time-scale of weeks taths. This core was the first core
processed in the laboratory, and the detectidBefin this core is due to the short
delay between collection and measurement by gamearemetry. The delay in
measurement of the other cores precluded deteatit®e in these cores.



Table 2. Site-1 short core MBSC1. Radionuclideiigtunits are Bq kg. Values in minor font are measurement uncertaintiad correspond
to+1 SD.

Depth porosity 'Be BCs “Pb “Ra  Excess “*Th “Th **Th “’Ra “!Ra
ZlOPb 232-|-h

0-1 0.878 12.8 48 1.7 04 52.0 26 12.6 08 39.4 27 33417 248 14 22613 19.4 20 0.581 o0.067
1-2 0.876 205 61 1.7 05 57.0 23 15.3 11 41.7 25 22.4 24 0.691 o0.088
2-3 0.864 177 47 1.5 o4 14.1 o7 30.1 08 244 o7 21708 19.6 12 0.651 o0.043
3-4 0.847 15.7 56 1.9 04 56.6 22 12.7 08 43.9 23 19.8 13 0.611 o.0s58
4-5 0.844 3.5 64 1.7 04 13.1 os 32113 239 11 23010 20.1 13 0.626 o0.048
5-6 0.837 25 06 486 50 13.8 08 34.8 51 324 22 22.8 07 229 18 0.707 o0.073
6-8 0.820 2.0 o5 48.7 18 13509 35220 324 20 24.2 0.7 235 12 0.725 0.062
8-10 0.813

10-12 0.799 2.3 05 46.8 23 14.2 09 326 25 33314 26.0 12 26.112 26.3 06 0.790 o0.038
12-14 0.784

14-16 0.787 2.0 04 43.0 13 140 09 29.016 31.3 22 254 09 246009 27.1 oes 0.866 0.064
16-18 0.785

18-20 0.784 2.3 04 429 18 13109 29820 33114 253 11 25905 269 11 0.813 o0.048
20-24 0.769

24-28 0.749 1.7 os 29.2 08 29.6 16 0.914 o.079
28-32 0.738

32-36 0.761 25 o5 46.9 22 157 07 31.2 23 31212 277 11 26.112 28.1 14 0.901 o.057
36-40 0.756

40-46 0.703 2.2 02 41.1 15 151 03 26.0 1.5 33.4 20 33.4 06 344 os 1.030 o0.0s8
46-52 0.720 1.9 o3 15.4 05 22.6 29 33.4 20 31907 33.7 12 1.009 o0.063
52-58 0.742 1.7 02 33.3 16 15.0 03 183 16 33.815 27.6 13 3350s 34.1 o5 1.006 0.035
58-65.5 0.743 1.5 02 33.6 12 14.6 03 19.0 12 334 20 35.0 056 34.6 os 1.036 o0.058




Table 3. Site-2 short core MBSC?2

Depth Excess “*Ra

(cm) Porosity '*'Cs 2% 2Ra 2% 2321h 230Th 228Th 28Ra 232Th
0-1.5 0.838 2.806 44.0s2 12.6 08 31453 19.4 20

1.5-25 0.832 3.308 15.3 11 30.710 24709 21508 22424 0.7300.082
2.5-3.8 0.820 44518 14.7 05 29.8 1.9

3.8-4.8 0.822 1.307 49266 14.8 11 34.4 67 20.4 23

48-6.5 0.810 2.003 14.9 o3 32916 22.5 06 0.6840.038
6.5-8.5 0.793 2705 45718 139 07 31.819 30513 25511 21.610 20.615 0.6750.057
8.5-10.7 0.788 41914 14.7 05 27.2 15 31.214 26512 20.211

10.7-13 0.778 2.605 14.7 o5 23.3 13

13-17 0.771 2105 47518 144 07 33119 32212 26.611 23410 23.715 0.7360.054
17-21 0.762 1902 39.716 143 03 25416 32317 25215 23.014 25.008 0.7370.044
21-25 0.749 2503 46.718 149 o5 31819 32312 26.711 24711 24812 0.7660.034
25-30 0.694 2702 39.013 157 03 23.313 34914 28312 26.212 29.107 0.8140.037
30-35 0.682 2105 41.814 157 07 26.116 34412 26110 27.011 32.017 0.8290.039
35-40 0.706 2501 33.811 148 02 19.011 34613 26.311 27.711 30.105 0.8580.035
40-45 0.693 2404 35911 143 07 21613 30.808 25.609 26.009 30.316 0.8770.035
45-50 0.702 1304 25309 149 06 10.4 11 32911 25809 29.710 31408 0.9330.036
50-55 0.699 0.706 24.812 14.1 08 10.7 14 34213 26510 30.112 33.920 0.9090.045




Table 4. Site-2 long core MBLC2.

Depth Excess 22823
(cm) Porosity '*'Cs  *%Po “Ra “%pp #32rh 230Th 228Th Ra 232Th

0-6 0.824 34712 146 13 20.118 304 13 23411 209 10

6-12

12-18 0.795 37112 146 13 22518

18-24

24-30 0.735 34912 146 13 20.31s8

30-36

36-42 0.770 31510 146 13 16.916

42-48 0.744 2.2 07 36510 13.6 11 22915 31.9 11 24609 26.9 11 28.924 0.9060.081
48-54 0.728 1.8 04 30.409 14.6 12 15815 33.7 24 26.220 31.5 24 31.515 0.9350.073
54-60 0.725 1.3 05 26441 141 07 12342 32.0 15 31.4 08 31.816 0.9940.050
60-66 0.724 09 05 24410 14.7 06 9.7 12 33.1 13 25311 30.7 12 30.713 0.9270.054
66-72 0.721 0.7 04 22408 12.8 05 9.6 09 324 13 24611 29.4 12 32520 1.0030.074
72-78 0.719 0.4 04 18407 141 06 4.3 09 322 11 26410 345 12 33.221 1.0310.074
78-84 0.723 -0.606 16.807 14.1 05 2.7 09 323 10 23.608 32.0 07 33.921 1.0500.073
84-90 0.729 -0.306 14.807 136 08 1.2 11 32.2 14 24311 32.2 14 34.420 1.0680.078
90-98 0.704 -0.710 13.1 13 32.6 08 25.007 33.6 09 33.130 1.0150.095
98-106 0.699 -0.4 05 14.8 os 36.118 1.1280.056
106-114 0.710 -0.107 15908 15.1 09 0.8 12 32.0 15 25.813 31.2 15 35.022 1.0940.086
122-130 0.689

130-138 0.687 -0.2 04 15.9 o7 32.0 15 33.7 08 33.016 1.0310.050
138-146 0.729

146-154 0.688 -0.7 06 17.1 o9 32.0 15 31.8 09 34.820 1.0880.063
154-164

164-174 0.693 -0.103 16.4 04 32.1 14 25.812 325 14 31.310 0.9750.053
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Table 5 . Site-3 short core MBSC3

Depth  Porosity ~'Cs “Pb “Ra Excess ““Th “Th “*Th “’Ra ““Ra

(cm) 210pp ZTh

0-1 0.89 1506 31011 126 08 16914 25211 18109 17909 19.8 19 0.786 0.083
1-2 0.87 0.8 04 29511 14.1 06 15413 20.8 14

2-4 0.90 1.9 04 25309 11.0 06 14.311 24310 18.3 1.0 0.753 0.041
4-6 0.90 1.0 07 23508 10.6 09 12912 16.8 21

6-8 0.88 1.3 04 23.708 11.7 o7 12011 21.808 17.207 15907 18.0 14 0.826 o.071
8-10 0.85 1.6 o6 24410 116 08 12813 18.4 18

10-12 0.84 1.2 o5 24209 128 o5 11410 22410 18309 17.809 17.8 09 0.794 0.044
12-16 0.84 2.0 04 26909 11.3 06 15611 199 14

16 -20 0.85 0.9 06 25309 125 08 12812 26811 20.809 22109 22.1 09 0.825 0.038
20-24 0.83 1.3 01 21.209 126 05 8.6 10 26.109 23509 22008 226 10 0.866 0.049
24 -28 0.82 1.2 04 20.706 114 06 9.3 08 23.709 16.707 21408 21.4 08 0.906 o0.041
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Excess'%Pb is determined from the difference betw&€Rb and*°Ra activities. At
all sites exces8%Pb is highest in the upper portion of the sedinpeafile. At Sites 1
and 2 excesSPb is relatively constant to a depth of about 35 lomt decreases
steadily below 35 cm. At Site-2 excéd¥bbecomes undetectable below 84 cm
(detection limit ~2 Bq kg). The short core from Site-3 extends to a depibndf 28
cm, and its near-surface excéS¥b activity is lower than at other sites.

Cs-137 (half-life 30 years) is detected in all sorié becomes undetectable below
about 70 cm depth at Site-2 (detection limit 0.7kBel). The interpretation 6t%b
and*®'Cs profiles at each site is discussed separaté&ybe

Ste-1

Figure 2 (a) shows depth profiles'8fCs and excese%Pb for core MBSC1 (depth

65 cm). Note the bottom horizontal axis (exc@®b activity) is log scale. Detectable
quantities of*’Cs and excess%Pb are present at the base of the core. EXt¥4sis
highest in the upper 8 cm (about 40 B kglecreases slightly over the next few cm
to a more or less constant value in the 10-36 ¢emial (~30 Bq kg), and then
decreases linearly to 57 cm depth.

Figure 2 (b) shows a depth profile of #58Ra/**Th activity ratio (AR) for MBSCL1.
The AR is less than one to a depth of about 40B®tow 40 cm the AR is consistent
with a value of one. Ra-228 (half-life 5.7 yeassjhe radioactive decay product of
232Th. In closed systems with no loss or gain of Ré Bim a**’Ra’**Th AR equal to
one is expected. However, because Ra is much rohrkels in salt water than
thorium, a®*®Raf**Th AR of less than one is often seen in the sur@ger of marine
sediments. Thi&*Ra deficiency indicates that Ra is being exportest @ time frame
equal to or less than about t#6Ra half-lives (10-15 years). Ra-228 export is partl
due to molecular diffusion, but it is also aideddiglogical activity. Bioturbation and
bio-irrigation aid Ra loss by flushing water thréuiipe sediment, and by rapidly
transporting deep sediment upwards towards thensediwater interface where Ra is
more easily lost by diffusion through pore watermost porous sediments the effects
of diffusion on*?*Ra deficiency is limited to a depth of just 5-10.¢&he observation
of ?*Ra deficiency to a depth about 40 cm is almosaa#yt an indication of
sediment mixing, probably to a depth of 30-35 ctmisThypothesis is supported by
the relatively constarft®Pb activities in the upper 35 cm of sediment, andwphur
concentrations (see below).

Using this approach, the bulk accumulation ratet(ih for wet sediment) at Site-1 is
estimated to be 1£0.2 cm y#, equivalent to about 0.69 g &myr* of dry sediment.
This rate pertains to the last 60 years of sediatiemt (about thre&°Pb half-lives).
The presence of detectaliféCs at the base of this core (65 cm) adds suppaonirto
estimation of the bulk accumulation rate using eg¢&Pb. If the upper mixed layer
is assumed to extend to 30-35 cm below the surfaeal*’Cs has penetrated to a
depth of about 30-35 cm below the mixed layer, egjent to 25-30 years based on
the?!Pb accumulation rate. Since detectiod°d€s corresponds to the deposition of
sediment within the last 42 years, a bulk accurionatate of 1.2 cm yt would make
it detectable to a depth of about 50 cm below telnf the mixed layer (total depth
80-85 cm). This is 15-20 cm below the base of 80BSC1. Since the application of
137Cs chronology requires the determination of thetlepwhich™*’Cs is no longer

12
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detectable, a proper applicationd{Cs chronology requires the analysis of deeper
sediment from a longer core taken at this site.

We emphasize that the accumulation rates derivieg 65Pb and*'Cs are upper
limits. Although the*%®b and®®Ra/**Th AR profiles indicate that rapid mixing is
constrained to the upper 35 cm of sediment, sloxingion a time-scale of >20 years
may be occurring below 35 cm. Slow mixing may righicantly enhancé®Ra
export, but it may still producg®Pb profiles consistent with exponential decrease,
even in the absence of net sediment accumulatioRoit Phillip Bay, where
burrowing macro-fauna are believed to be abundhetmixing depth was estimated
to be at least 50 cm (Hancock and Hunter, 1999.gresence of burrow openings in
sediment at Site-1 and Site-2 suggests these amamahklso active in Moreton Bay. If
slow mixing is occurring below 35 cm depth, 6tPb estimates of sediment
accumulation will be too high.

Ste-2

Figure 3 shows depth profiles of cores MBSC2 and_®IB. Again,**’Cs and excess
1% persist to the base of the short core (MBSC2n3%8lepth). MBLC2 was the
longest core collected, and allowed the examinaifsediment well below the upper
mixed layer. This core was collected within a fewtens of MBSC2, and it can be
seen in Figure 2, which superimposes the ex¢&3b profiles of MBSC2 and

MBLC2 on the same plot, that he data from the tawes are broadly consistent. As
at Site-1, excessPb activity is approximately constant to a dept8®tm. On a log
scale the exceg8’Pb activity then declines in a more or less lirfaghion to a depth
of 80 cm, below which is it undetectable. Using dipproach outlined above, with its
accompanying assumptions, the mean bulk accumnledie of sediment is estimated
to be 0.62:0.05 cm yr', equivalent to 0.41 g chyr™ of dry sediment deposition
based on the porosity and dry density of sedinretiie Bay. Cs-137 is detected to a
depth of about 70 cm, equal to a penetration dep#bout 30-35 cm below the upper
mixed layer. This yields a mean bulk accumulatiate of between 0.7-0.8 cmyr
pertinent to the last 42 years. Given the assumgticherent in the derivation of the
1% rate, and the uncertainty in the exact depthebase of the upper mixed layer,
the rates derived using both chronometers are lyrcadsistent.

Ste-3

Excess%Pb shows a relatively small change from the surfat¢ke base of the core
MBSC3 (depth 28 cm). Cs-137 is present throughueiprofile. Thé?®Raf**Th AR
indicates that mixing likely occurs throughout teegth of the core. Apart from
excess'%b inventory calculations (see below) there ilsedimentation
information that can derived from this core.

Fallout radionuclide inventories

Sediment inventories of exces8Pb can provide information on the extent of
deposition occurring within specific areas in theeyBThis information can be used to
determine if sediment focusing is occurring in Bagy, as well as providing a check
on whether thé'%b accumulation rates are feasible. The ex¢d3b inventory is
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found by integrating the exceS8Pb activity in the cores from the surface down to a
level where the exced8Pb activity is considered to be consistent witlozét

Site-2 the exces3%Pb inventory, determined from the profile of MBLG€,6700 Bq
m? yr’. At Site-1 the excess’Pb inventory at the base of MBSC1 is 8290 Bfyn

! However, since exce8¥Pb is still detectable at the base of this cosetoital
inventory is likely to somewhat greater. Assumingess’*°Pb continues to decrease
exponentially with depth below 65 cm, the expedtegntory is estimated to be
10500 Bq nf yr*. The inventory at the base of the core taken f&ite-3 (MBSC3)

is 1450 Bq rif yr*. The shape of the%Pb profile at this site, together witffPb data
from an adjacent (longer) core indicates that #teess’'Pb inventory at this site is
almost certainly <2500 Bq fyr ™.

Excess'%Pb inventories and other characteristics of eaehese summarized in
Table 6. The gradient in the excé¥®b inventories, from a low value at the
shallowest site (Site-3) to the highest value atdbepest site (Site-1) indicates a
trend within the mud-dominated zone of greaterraedt accumulation with
increasing water depth. This in turn suggestssbdiment is being preferentially
deposited or “focussed” in deeper water, a conatusonsistent with a process of
resuspension of sediment in relatively shallow watad deposition in less turbulent
water.

Another potentially significant piece of informatican be obtained by comparing the
sediment exce$s’Pb inventories with the value expected from diegntospheric
fallout (2100 Bq rif yr' at Brisbane; Turekian et al., 1977). This compuarisan
indicate whether the sediment accumulation ratksileged using exce$s®Pb and
137Cs are feasible, although the inventories cannaisee as proof that the rates are
valid. Delivery of sediment (ie. eroded solil) frahe Bay’s catchment will bring with

it exces$Pb derived from direct fallout in the catchmentisTéatchment flux is an
additional source exce§¥Pbto the Bay, and will lead to sediment inventorigghkr
than that expected solely from direct fallout ie 8ay. Knowing the sediment
accumulation rate allows an estimate of the catcitinm@ut term, which, when added
to the fallout value gives an expected inventorye@aA measured inventory less than
the expected value would indicate that the accumamaate has been overestimated.
Due to the probability of sediment focussing, tbawerse is not necessarily true.

In calculating catchmert%Pb fluxes, thé'%Pb activity of sediment delivered to the
Bay is estimated from the activity of three Brisb&iver sediment samples collected
in the upper estuary (average activity 60 B)kghe?**Ra activity of sediment in
the Bay is about 15 Bq Kgand so the exce8SPb activity of depositing sediment is
estimated to be 45 Bq Rglf the upper limit of the bulk sediment accumidatat
Site-1 is assumed (4.8 kgmr?), an exces$Pb flux of 216 Bq rifyr'is

calculated. When this flux is added to the flux tludirect fallout onto the Bay (66
Bq mi%yr™; Turekian et al., 1977), a total flux of 282 Béfyn™ is obtained. This flux
equates to an expected inventory of 9070 By(determined from

flux x half -life/In2), a value in reasonable agreement with measureresimilar
calculation using Site-2 data yields a catchmepaiiri12 Bq rif yr' (assuming an
accumulation rate 0.62 cm3); and a total expected inventory of 5700 B§, mgain,
close to the measured value.
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These’*%Pb budgets are consistent with the bulk sedimentraalation rates
estimated fronf*®Pb and>'Cs profiles, and indicate that these rates arélfieas
However, this consistency cannot be taken as atesotunfirmation. It is possible, for
example, that the sediment accumulation rate iByeis much lower than the
apparent!Pb rate, and that the elevated exé&¥b inventories seen in the mud-
dominated zone are mainly due to sediment focussing

Table 6. Summary of sedimentation results deterenfrem :Pb data

Site | Water | “*°Pb inventory?! | Apparent sediment

depth | (Bqm? accumulation rate
(m)
(cm yi) [ (kg m?yr?)
1 13 8,290; (10,500)| 1.2 4.8
2 9 6,700 0.62 2.5
3 4 1,450; (<2,500)| n.d. n.d.

3 At Site 1 and Site 3 the entire core inventoryldawt be determined because exc&¥2b was still present at the
base of the core. Measured values are given with@akets; values in brackets are inventories eséichfrom the
predicted excess%b profile below the base of the core.

n.d. not determined

Trace element profiles

Major element concentrations were presented ind*Rasport, and showed little
change with depth. Trace element data from MBSGRMBLC?2 are given in

Table 7. Also included are trace element measurenwéra Brisbane River sediment
sample, fractionated to <}0n. This sample was collected from a channel bank at
Moggill Crossing, and had been deposited duringmehigh flow.

As was seen in the major element and Th isotopesumements, most trace elements
in the core profiles show no significant changehvdépth. Exceptions are S and As,
which show significant increases with depth, andaRth perhaps Zn, which decrease
slightly. Site-2 profiles of these elements arevainan Figure 4. The data from the
two cores are overlain, and it is apparent thaptioéiles of the two cores are broadly
similar.

The S concentration at Site-2 (Figure 4(a)) inaeasapidly below a depth of about
30 cm. This increase is almost certainly duantaitu sulphide formation in the
sediment, rather than a change in the mineraloggdiment being delivered to the
Bay. Due to the low availability of oxygen belowetkediment surface, dissolved
sulphate in seawater is reduced to solid-phasailpiigle, leading to an increase in
the total S content of the sediment. The increasbelow 30 cm provides more
evidence for the presence of a rapidly mixed lay¢he upper 30-35 cm of sediment
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Table 7. Trace element concentrations in cores Bite2. Units argg g™

Depth

(cm) V Cr Co Ni Cu Zn  Ga As Rb  Sr Y Zr Nb Mo Ag Cd Sn Cs Ba La Ce Pb
MBSC2

13-17 23 114 15 77 75 218 31 193 19 2 <0507 5 <15202 25 45 27
21-25 19 110 15 6.4 77 215 33 19 18 3 <05<033 <15207 22 51 28
30-35 21 119 17 96 78 205 32 198 19 3 <0506 4 <15229 31 54 28
40-45 23 107 18 78 78 198 33 203 18 1 <0504 5 <15219 29 59 30
50-55 21 121 18 58 77 214 34 191 18 5 <0507 4 <15223 25 51 31
MBLC2

24-30 119 106 38 40 20 124 21 89 89 211 27 191 202 22 53 32
30-36 23 114 18 80 76 197 32 194 20 2 <05<034 <15224 19 51 27
42-48 115 22 97 80 201 34 192 <0504 4 <15228 30 48 30
48-54 129 108 28 43 26 123 22 89 80 204 28 194 15 1 03 07 3 23 213 21 54 30
54-60 32 121 16 83 82 19 32 203 19 1 <0514 4 <15245 29 52 31
60-70 31 105 15 76 79 176 31 187 18 4 <0509 5 <15225 20 53 32
74-78 21 96 20 93 75 31 182 18 <0505 3 42 208 24 39 27
78-88 22 96 17 135 82 164 33 197 18 2 <0510 3 33 246 26 51 21
88-96 31 95 19 120 86 165 33 198 18 3 <0516 4 <15244 28 60 20
96-104 28 97 17 92 83 173 33 204 18 2 <0504 <05<15247 24 49 21
104-112 22 94 15 155 81 174 33 204 18 1 <0511 3 <15249 19 58 15
114-122 129 106 38 39 21 98 22 137 83 191 26 200 15 1 01 04 3 20 224 21 54 19
122-130 134 107 29 41 22 99 22 16,8 82 199 26 197 15 1 -0.2 03 2 25 217 21 51 18
138-146 139 110 37 40 20 96 23 138 82 200 26 201 16 1 -0.1 03 2 22 228 22 54 17
154-164 141 110 36 42 44 106 23 126 87 166 27 186 15 1 02 -01 3 1.9 209 20 56 18
164-174 51 17 13.0 26 215 22 4 <0513 6 <15 17
Brisbane River grab

Surface

<10um 44 157 22 79 56 135 41 221 20 4 <05<0344 <15312 38 52 33
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(eg. Hancock et al., 2000), and for the use of@y@f approach to model tA€Pb
profiles.

Although arsenic concentrations (Figure 4(b)) aoeawvariable than S, the increase
in As below 80 cm is significant. The mean concatiin of As in the upper 80 cm is
about 8ug g*, similar to the single Brisbane River sample (€ab). Concentrations
below 80 cm are higher by a factor of between hd2 The cause of this increase is
uncertain, but it is appears to be related to ¢dex state of the sediment. It is
suggested that redox dependent solubility conth@senrichment of As in anoxic
sediments (Calvert, 1976), and the correlation ®BAd S in sediment below 80 cm
(r? = 0.71) suggests a causal relationship. The imcatjpn of As into the Fe-
sulphide phase is the most likely explanation fer ielationship, with the source of
the extra As being seawater. A second possibleaagfibn for the higher As
concentrations is a change in the source of sedifr@n the catchment, with a
higher proportion of As-rich soils being deliveliedhe past. A third possibility is
anthropogenic sources, such as arsenates usedtasdes and herbicides. The
history of its use in the Morton Bay catchment hasbeen researched by this study,
but compounds of As were reputedly popular agncaltchemicals in the US and
Australia between 1900 and 1950 (Merry et al; 1983yorth et al., 1999).

Pb and Zn both show enhanced concentrations ingper 70 cm of sediment. The
enhancement is about 50% for Pb, and 20% for Za.dépth of the enhanced
concentrations broadly corresponds with the presefiexces$*Pb suggesting
increased Pb and Zn input within the last 60 yeEns. source of the additional metals
is not certain, but given the 60 year time frameytimight be anthropogenic. Lead
isotope measurements currently being made as pére #hase 3 study may provide
a more definite link to human activities. Howeweven if an anthropogenic link is
established it is not certain that these metalsprdlvide time markers for the same
reason that'%b data is non-definitive; ie. possible mixing hel85 cm.

Discussion
21%p geochronology

Where the upper layer of sediment is extensivekeahitwo approaches have
commonly been used to estimate sediment accumujdlie two layer mixing model
described above, or more complex modelling of sedinransport within the mixed
zone involving the determination of mixing rates.chses where two tracers with
suitable half-lives are found within the mixed zptiee effects of mixing and
accumulation can sometimes be disentangled. Trssthneacase in central Port Phillip
Bay sediment, where excés®b and exces$®Th profiles were used in combination
to constrain mixing and sedimentation rates inujpyeer 20 cm of sediment (Hancock
and Hunter, 1999). Due to the more rapid exchamdéooeton Bay water with the
ocean, production 6f®Th is five times lower in the central Moreton Bagter

column compared with Port Phillip Bay, and exce8Bh is not seen in the sediment
profile. The half-life of Be is too short to be used as an alternative cmeter.
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In applying the 2-layer mixing model in conjunctiatith **Pb geochronology,
constant*®Pb activity in sediment at the base of the mixgeias assumed. This
assumption is reasonable given the apparent thsskoiethe mixed layer. The activity
of exces$'%b in sediment accumulating at the sediment susféiteertainly vary

as a result of the sporadic nature of flooding ftbeBay’'s catchment and the highly
variable rate at which sediment is delivered toBag. However the homogenising
effect of bioturbation in the mixed layer and tle&tively large depth to which
mixing occurs will have the effect of smoothiftdPb activity variations to the point
where constarft:%b activity at the base of the mixed layer candasonably
assumed. For example, an estimated 5.4 milliongsmf sediment was transported to
the Brisbane River estuary during the 1974 flooddwi, 1979), reported to be a one
in 100 year event. If this sediment load is corraot the entire load was evenly
distributed across the mud-dominated zone, a sedilager about 7 cm thick would
have been deposited. This sediment thicknessakatwvely small fraction of the
thickness of the mixed layer. Even if the excé®b activity of the 1974 sediment
was significantly lower than was normal for depiogjitsediment, as might be
expected during such a large event, mixing withe35 cm layer would have
resulted in a relatively minor change in the exé&¥%b activity of sediment at the
base of the mixed layer.

The main effect of a large flood on tH&b profile in the mud-dominated zone of the
Bay would have been the production of an emergsrlof relatively constarit’Pb
activity immediately below the base of the mixegkla Such a layer might
correspond to the layer of approximately constaness’*°Pb activity seen between
50 and 70 cm at Site-2. TAEPb “age” of sediment at the top of this intervalgg”

in this context being the length of time since skdiment emerged from the base of
the rapidly mixed layer) is 30 6 years, an age consistent with the hypothesighia
constant activity layer represents, at least in, pposition that could have occurred
in 1974.

The definition of thé'%Pb “age” of sediment described above, has impbcatfor

the process of relating changes in sediment chariaiits to chronology. Due to the
homogenising effect of mixing in the upper 35 cnsoythe characteristics of
sediment with &*°Pb “age” of (say) 30 years will not necessarilyieef the
characteristics of sediment deposited 30 yearsRgther it represents an average of
the characteristics of sediment deposited ovepén®d of time sediment spends in
the mixed layer. At Site-2, this length of timetelenined from the mixed depth
divided by the mean accumulation rate (35 cm/0ré3/cY), is estimated to be at least
50 years.

As noted above, thé°Pb accumulation rates pertain to the last 60 yeaesning that
at Site-2 only sediment below 80 cm can be configiefated as pre-1940. The
limited time frame for thé'%Pb accumulation rates ages is due to the low eXt¥4s
activities at the sediment surface, and throughmaimixed layer. These low activities
are almost certainly due to the homogenising efd€atixing, whereby the relatively
high activity of exces§'%Pb accumulating at the sediment surface is dilbgebeing
mixed with low activity sediment. The restrictioh®d%Pb dating to post 1940
sediment eliminates, without more chronologicabination, the prospect of
determining the sediment horizon corresponding¢ognd post European settlement
(ca ~1850). If mixing is mainly responsible for titistribution of sediment in the
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upper 50 or 60 cm, the characteristics of pre-18&liment may be seen at a depth
immediately below the deepest sample in which esc@@b was detected (~80 cm
below the sediment surface). Alternatively, if est-1940 maximum accumulation
rate is applied to the 90 year period from 1850940, pre-European sediment should
be found below 135 cm. However, if accumulatiomsatrior to 1940 were
considerably higher than recent times (>1 ci) yris conceivable that the 180 cm
long core at Site-2 has not penetrated sedimerdsited prior to European

settlement.

Verification of accumulation rate estimates

Although agreement in our estimates of mean accatioul rates using‘%b and

137Cs increases confidence in their values, it is eanjsied that these rates may still be
too high. Slow mixing of sediment, and diffusion™!Cs through sediment

porewater, a process which was found to have oedua a significant extent in Port
Phillip Bay sediments (Hancock and Hunter, 1999y mesult in the apparent
agreement of'®Pb and**'Cs chronologies in MBLC2 being coincidental. Toifser

our accumulation rate estimates additional chragiold information is required.

The ambiguity of trace element profile interpreiat has not provided any proxy age
horizons with which to constrain accumulation rat@ptically stimulated
luminescence was applied to quartz grains from BB&C2 in an attempt to
independently date discrete sediment layers. Howyéve method did not yield useful
dating information due the fine-grained natureha ¢uartz in the sediment, and poor
bleaching of the quartz.

Other options for validating tHe’Pb chronology include radiocarbon dating of shell
fragments found in sediment below the mixed lagad detection of pollen from non-
native plant species such@sus pollen. Both these chronometers are theoretically
able to date sediment older than the earfié®b age (i.e. pre-1940). If successful,
these chronometers would not only help validd#eb accumulation rates, but provide
a marker delineating sediment associated with ger@fore and after European
settlement. Occasional shell fragments were founvam@ous depths in cores at Site-1,
and dating of these fragments might provide vaidtaof the?*Pb chronology,
although contamination of sediment with “old” shieigments is a potential problem.
Pinus pollen is associated with the onset of Europediesatnt, and its first
appearance in the core profile would give a timekeracorresponding to the period
1850-1900. This chronometer is more likely to yialdseful time horizon than
radiocarbon, but collection of additional coresaquired.

Comparison with other estimates of sediment accumation

Long-term accumulation rates
The long-term sedimentation rate in central Mordédaly can be crudely estimated

from the amount of sediment that has accumulatBdr(~Hekelet al. 1979) since the
sea-level reached its present level about 6,506 0. This long-term bulk
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accumulation rate (0.08 cm¥ris not directly comparable with oft®Pb rate due to
increasing compression of the sediment with inénggdepth in the sediment column.
Nevertheless, even allowing for a factor of twor@ase in the mass of dry sediment
per unit volume in deep sediment compared to sadtimehe upper 1 m, it is clear
that the equivalent long-term bulk accumulatior i&0.15 cm yr) is much lower (4
to 10 times) than the apparéhtPb rates at Site-1 and Site-2. Whether this diffeee
is a true reflection of the accelerated deliveryiné-grained sediment to the Bay
during the last 60 years or so depends on the ettevhich mixing below 35 cm has
perturbed thé*°Pb profile.

Contemporary estimates of sediment load

The major contributor of terrestrial sediment torgton Bay is believed to be the
Brisbane River. Recent estimates of mean annuahsed loads delivered to the
lower estuary of the Brisbane River have genetadgn around 300,000 tonnes (Eyre
et al., 1998; Moss et al., 1993; Envirotest 198@hough a pre-Wivenhoe Dam
estimate of 600,000 tonnes is given by the PoBridbane Authority (Anon., 1979)
based on a limited period of monitoring. Howevaetjraating the actual load of
sediment transported through the mouth of the RiverMorton Bay may be more
problematic. Using dredging records Eyre et al9@)3stimated that a mean annual
load of just 93,000 tonnes of sediment enters Mor&ay from Brisbane River.

Other sources of sediment to the main mud depostiome will include sediment
delivered by rivers to the north of the BrisbangdRj as well as a contribution from
atmospheric fallout. The latter is probably aro@000 tonnes per year over the
entire Bay (based on P data given by Dennison dval @998)).

Estimation of the sediment load into the Bay usitigb and"*'Cs core profiles is
complicated by the variations in the apparent aedation rate throughout the mud-
dominated zone. The most central site within thenmane of mud deposition

(Site-2) appears to be a reasonable representstitie average water depth &itPb
accumulation of the entire zone. If tH&8Pb estimate of sediment accumulation at this
site (2.5 kg rif yrY) is taken as the average for the 183 kone, the average annual
deposition load is 450,000 tonnes. As noted abibve estimate is an upper limit. A
better constraint on estimates of the sediment évaiering the Bay requires
verification of the?*°Pb accumulation rate (discussed above), and asaif/shore

cores from different regions of the mud zone.

Conclusions

* Sediment deposited in the deeper water regionseoimud-dominated zone of the
Bay is predominately made up mainly fine-grainesyahinerals. Rapid mixing
on a time scale of less than about 15 years isroogun the upper 30-35 cm of
the sediment column. Slower mixing may be occurkiatpw this layer.

« Application of a 2-layer mixing model f3°Pb profiles has yielded mean bulk
sediment accumulation rates over the last 60 y&a0s% and 1.2 cm Vrin the
middle and eastern areas of the Bay respectivelg.tD the possibility of slow
mixing below 35 cm these estimates are consideppdrdimits. Cs-137 data is
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consistent with thé'Pb accumulation rates, but it does not conclusigehyfirm
the?!%Ph estimates. Additional independent dating evidéscequired to validate
the?*%Pb estimates.

« Mixing has reduced the temporal resolution of &b geochronology and the
time frame over which it can be applied. As a resuhas not been possible to
establish the pre and post European settlemergdrofcirca 1850) in the
sediment profile.

* Major and trace element profiles show little changgla depth over the depth
range of the longest core (180 cm). Only S, Asakdbto a lesser extent, Zn, show
significant changes. The relationship between Sfs(increasing with depth)
suggests that sediment diagenesis is the causs wdhation rather than
anthropogenic input.

« 2®pp sediment inventories indicate that sedimeneisg*focussed” in the deep
water region of the mud-dominated zone.

» Extrapolation of my estimate of the sediment acdatian rate at the most central
core site over the entire central mud zone giveamamnual load of fine sediment
deposited in central Moreton Bay of 450,000t.yPue to the possibility of slow
mixing in deep sediment this value is an uppertliffine lower limit cannot be
determined with the data that is available. Addiilbchronological information,
such as might be provided Bynus pollen, is required to better constrain the load
of fine sediment delivered to central Moreton Bay.
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