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ABSTRACT. A geochronological survey of the Bengal shelf area involved results from more than 20 sediment cores dated
using gamma spectrometry and the nuclides 137Cs, 28Ra, 225Ra, and Z%Ph. In some cores, which contained older sediments,
325} and 14C were determined to examine the possibility to extrapolate the obtained chronologies to century and millennial
scale. Geochronological work in thisregion isfaced with problems of cyclone-induced sediment reworking, grain-size effects
on fallout nuclides, scarcity of carbonates, unknown C reservoir effect and sedimentation rates that are too high to obtain
sediment coreslong enough to establish a chronology. Despite these problems, comparison between the results of the different
dating methods provided the most reliable sediment balance to date for the submarine delta of the Ganges-Brahmaputrariver
system and indicated that on atime scale of several centuries at |east 35% of the annual sediment load is deposited.

INTRODUCTION

With an estimated sediment load of 1.7 billion tons (Milliman and Meade 1983) or 1 km3 annually,
the Ganges, Brahmaputra, Meghnariver systemisone of thelargest in the world. About one third of
the sediment load is deposited, at least temporarily, on the flood plain of the delta (Allison et al.
1998; Goodbred and Kuehl 1998; 1999). Thefate of the remaining two thirds of sediment is not well
known.

Where the sediments enter the Indian Ocean, there is a shallow water region (the “inner shelf”) with
amean depth of 7 m, extending roughly 300 km along the shore and 60 km offshore (Moore 1997,
Figure 1). A volume estimate shows that this area of shallow water should be filled up in less than
150 years. However, there have been few changes along the deltafront and coastline during the | ast
200 years (Allison, 1998). Consequently, the sediments must be in dynamic equilibrium on theinner
shelf. Tidal currents that mostly transport sediment westward (Barua et al. 1979) and tropica
cyclones that episodically redistribute large amounts of resuspended fine-grained sediment, are the
dominant processes of sediment transport.

The submarine canyon “ Swatch of No Ground” (SONG) cuts deeply into the inner shelf and isa
major sediment trap and transport divide (Segall and Kuehl 1992; 1994; Kudrass et al. 1998), in
which at least 10% of the total sediment load is temporarily deposited (Michels et al. 2000). Some
of the sediment also may be transported directly onto the Bengal deep-sea fan (Kuehl et a.1989,
Weber et al. 1997). A much greater sediment sink is the clinoform foreset* beds of the submarine
delta at water depths of 15-80 m (Kuehl et al. 1997; Michels et al. 1998), where at |east 20% of the
total sediment load accumulates. They show evidence of cyclone or earthquake-induced destabiliza-
tion of the sediments (Kuehl et al. 1997; Michels et al. 1998).

To obtain these values for the sediment balance sediment cores must be acquired to establish abso-
lute chronologies. Coring is hampered by the fact that the sedimentsin the shallow water region are
well-sorted silts and sands (Segall and Kuehl 1994) that piston and gravity corers cannot penetrate.
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The sediments often do not contain carbonates (Segall and Kuehl 1992). Organic carbon, if present,
consists of woody fragments of terrestrial origin that are certainly reworked (Segall and Kuehl
1994). The deposition rates are often so high that the cores do not contain sediments from before
1954, the time of the first global anthropogenic bomb fallout in the environment (Kuehl et al. 1989;
Kudrass et al. 1998). Reworking by cyclones results in graded layers, for which grain-size effects
inhibit the use of excess-radionuclide dating models (Michels et al. 1998). It is therefore desirable
to obtain information from as many geochronological methods as possible to obtain constraints for
the sedimentation rates.
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Figure 1 Bathymetric map of the study region showing the locations of the coring sites. KL= heavy piston
corer, SL=gravity corer, KH= vibrocorer.

We combined the results of an extensive gamma spectrometric study (2°Pb, 137Cs, 228Ra) of more
than twenty cores of young sediments and extended the chronology with 14C ages for older carbon-
ate-containing sediments and applied the 32Si method to one core. Even though these geochronol og-
ical results were consistent, the limited availability of cores and geochronological problems owing
to sedimentation processes put severe constraints on the accuracy of the sediment balance.

METHODS

Core samples from the submarine delta and SONG were taken during two cruises with the research
vessel “FS Sonne” in 1994 (S093) and 1998 (S0126). Core positions are givenin Figure 1. We used
a vibrocorer (KH) for sandy sequences, obtaining cores up to 3.8 m long. In muddy sediments, a
gravity corer (SL) and a heavy piston corer (KL) produced cores up to 17 m long.

Coreswere cut in half lengthwise onboard after multi-sensor corelogging. Most samplesfor gamma
spectrometric dating were taken onboard from the centre of the sediment column, where disturbance
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due to the coring could be excluded. The samples were freeze dried, placed in PVC beakersto a
defined height, diameter and weight, sealed air-tight, and stored for at least four weeks to attain
radioactive equilibrium between 214Ph and 26Ra. A well-type detector with an active volume of
240 cc and an n-type detector of 25% relative efficiency was used for the gamma spectrometric mea-
surements. Both detectors are specially designed for extra-low background. Spectra were taken
using standard EG& G Ortec electronics (92X and 92X-I1) and evaluated using GammaVision soft-
ware. The efficiencies of the detectors were calibrated using the IAEA standard materials RgU-1,
RgTh-1, and RgK-1, as well as standards prepared by adding the standard radionuclide solutions
ML1 and ML4 (PTB) to sediments from core 105KL below 4 m depth and drying.

For data handling, LabData software was used (Suckow and Dumke 2001), which also routinely
computes sediment ages using the constant flux (cf), constant initial concentration (cic) and constant
sedimentation rate (csr) 219Pb age dating models (Appleby and Oldfield 1992). Sedimentation rates
resulting from the 137Cs val ues were derived using the lowermost sample in which 13’Cs was detect-
able and assigning it an age of 40 years (S093) or 44 years (S0126), corresponding to the beginning
of 137Csfallout in 1954. An additional age estimate was derived from the gamma spectraon the basis
of the deficiency of 28Rareativeto 222Th (Dukat and Kuehl 1995). Radium is leached from the sed-
iments during transport in water. After deposition, the resulting radioactive deficiency decreases
until secular equilibrium with the parent nuclides 2°Th and 232Th is again attained. 2%Ra can be
treated as stable since its half-life (1600 a) is long compared with the haf-life of 28Ra (5.75 a).
When the 228Ra/?2%Ra activity ratio is used instead of 228Ra, geochemical variations within the sed-
iment pile are removed from the depth profile. The 228Ra/?26Ra activity ratios measured by gamma
spectrometry were plotted versus depth and compared with theoretical ingrowth curves.

From those parts of the cores for which gamma spectrometric data indicated sediments older than
severa centuries, severa kilograms of sediment were sieved to extract sufficient carbonate material
for radiocarbon dating. These samples were sent to Beta Analytic Inc. (Florida, USA) for AM S dat-
ing. To estimate the reservoir effect, two sediment-feeding worms that were found alivein core 21SL
were dated using miniature counters in Hannover (Jelen and Geyh 1986).

To determine the 32Si activity, the procedure for extraction of biogenic silica described by DeMaster
(1980) was used. These samples were send to GNS in Lower Hutt, New Zealand, where the silica
was purified, and the 32Si activity measured by “milking” the daughter isotope 32P. A |ow-back-
ground liquid scintillation counter (Quantulus 1220) was used. Details of the purification and mea-
surement procedure are described by Morgenstern et al. (2001). Ages were calculated using a 32Si
half-life of 140 a (Morgenstern et al. 1996).

RESULTS

The results of gamma dating of samples from the corestaken along transects S, A, and D have been
described by Michels et al. (1998, 2000) and Kudrass et al. (1998). All cores from transectsB and C
(Figure 1) at the middle of the main delta front contained measurable 137Cs down to the bottom of
the core. The two longest of these cores are 318 cm (52K H) and 380 cm (15K H). Concentrations of
210Ph,,, . and 137Cswere found to be afunction of grain size, as observed in earlier studies (Dukat and
Kuehl 1995; Goodbred and Kuehl 1998; Michels et al. 1998). Core 33KH contained cross-stratified
sands in the upper 50 cm and no detectable 137Cs down to adepth of 135 cm. Below this depth, clay
lumps within the sand contained detectable 13’Cs. Core 31K H was al so cross-stratified, contained no
137Cs down to a depth of 90 cm, but the four samples from below this depth had 137Cs activities up
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to 3 Ba/kg (Figure 2). The other cores from these transects had measurable 137Cs and 29Ph,,; activ-
itiesin nearly al samples (Figure 2).

For sediments below the layer containing 137Cs, the mean value of the 22Ra/226Ra activity ratio for
all cores was 1.8 with a standard deviation of +0.1. In all cores containing 13’Cs-free sediments
below a certain depth, these ratios increase with increasing depth. But the northern cores from
transects B and C did not show measurable leaching of radium in the depth profile, and in these
cores the 222Ra/226Ra activity ratio was less than 1.8 throughout the core (Figure 2).

A 325j sample from 475-515 cm depth in core 23K L had a specific activity of 4.9+ 0.43 dpm/kg. On
the basis of gamma dating, the age of this sediment layer is 39 years (Michels et a. 2000). There-
fore, an initial 32Si activity of 5.9 dpm/kg was calculated for this region, using decay correction.
Specific 22Si activities in samples from core 105K L decrease with increasing depth. Calculation of
325} agesis described by Morgenstern et al. (2001).

The sediment worms found in 21SL yielded a 1C value of 101.8 + 1.6 pMC and a &!3C value of
—19.7%o. The 1C activity of carbonates from core 105K L did not decrease with depth, whereasin
core 107KL they did.

DISCUSSION

Radionuclide inventories of 137Cs and 29Ph,, . showed a good linear correlation of inventory with
sedimentation rate (Figure 3). This demonstrated that the 137Cs and 219Pb,, . was transported with the
sediment and was not due to direct in-situ atmospheric deposition. In the latter case, the inventory
would be constant for all sedimentation rates. So the sedimentation was focused at the depocenter of
the deltafront and the “ Swatch of No Ground”.

The absence of 137Cs in the fine to medium-grained sand of the northern cores from transects B and
C (Figure 1) was interpreted as a grain-size effect: coarser grained parts of a graded layer contain
less 137Cs than synsedimentary finer grained parts. Thisis observed in the sand layersin other cores
(Michels et al. 1998). Even if the sediments contain no 137Cs, they may be very young. This was
indicated by the anthropogenic fallout detected in deeper sediments, which contain ahigher percent-
age of clay. Asdl cores from transects B and C contained measurable 13Cs down to the bottom of
the core, and since the known pattern of atmospheric radionuclide deposition with respect to time
was not discernible in the depth profiles, only minimum sedimentation rates can be derived from
210Ph,,, . and 137Cs. In these cases, a sedimentati on rate can be estimated from the 228Ra/226Ra activity
ratio only (Dukat and Kuehl 1995). For at least two reasons, this estimate is not very precise:

1. Theinitial 23°Th/232Th activity ratio might not have been constant, but varied with the coring
site. For example, cores 30KL, 22KL, 23KL from “Swatch of No Ground” had 228Ra/26Ra
activity ratiosof 1.7, 1.7 and 1.8, respectively, in sediments below the interval containing 137Cs.
Thisratiowas 2 in core 95K L, taken just out this submarine canyon. While this difference was
within two standard deviations of the mean of all sediments, it could also be due to a transport-
related density sorting of minera grainswith different initial 238U/232Th ratios.

2. The amount of leached radium is unknown and not necessarily constant: Moore (1997) found
the radium activitiesin shallow water in thisregion are higher than can be explained on the basis
of sediment leaching and that these activities show seasonal variation depending on the mon-
soons. Thus, the amount of leached 228Ra should also vary with the radium concentration in the
water. Taking these two factorsinto account, wefitted the theoretical ingrowth curvesfor 226Ra
aswell as possible to the depth profiles. The large spread between the minimum and maximum
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Figure 2 Depth profiles for the radionuclides measured by gamma spectrometry for
cores 31KH (@), 32KH (b), 52KH (c), 95K L (d) as examples for cores from the foreset
beds. 2%Rais measured as activity of the daughter 214Pb (352keV) and 228Raas activity
of the daughter 212Pb (238.6keV ), where both mother-daughter pairs can be assumed to

be in secular equilibrium.
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Figure 2 (Continued) Depth profiles for the radionuclides measured by gamma spec-
trometry for cores 31KH (a), 32KH (b), 52KH (c), 95KL (d) as examples for coresfrom
the foreset beds. 22°Ra is measured as activity of the daughter 24Pb (352keV) and 228Ra
as activity of the daughter 22Pb (238.6keV), where both mother-daughter pairs can be
assumed to be in secular equilibrium.
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sedimentation rates was mainly dueto thedifferent initial ratios derived from the standard devi-
ation (+0.1; Figure 2) of the mean 228Ra/226Ra activity ratio of al sediments. The resulting esti-
mate certainly cannot be treated as more than a reasonable guess. But since all of the other geo-
chronological methodsfailed for transects B and C, these estimates are the best available for the
sedimentation rates.
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Figure 3 Linear dependence between the radionuclide inventory of 137Cs and 21°Ph,, . and the
sedimentation rate. Only cores containing the lower boundary of 137Cs-bearing sediments are
included.

A general problem for the interpretation of the radionuclide depth profiles for the sandy topset beds
wasthat they could indicate a sedimentation rate (assuming final deposition, i.e., deposition without
subsequent reworking) or the depth of maximum recent reworking (assuming dynamic equilibrium
between sediment transport to the core position and away from it). Wave energy during tropical
storms is probably high enough to rework sandy sediments down to a depth of 30 m (Barua and
Kana 1995; Booth and Winters 1991). On the basis of 137Cs alone, no decision was possible, since
the sediments could have been reworked by a storm several weeks before the coring, so that grain-
size effects could have produced the measured pattern of radionuclides. The 228Ra |eaching indi-
cated by lower 228Ra/?25Ra activity at the seafloor than below, it pointed to an increasing age of the
sediment with depth. In these cases, final sediment deposition several years ago was more plausible.
But processes on a larger time scale (severa decades) could, however, rework the sediment again.
Other cores from water depths greater than 30 m consisted of multi-layered clay-silt-sand
seguences, each representing a single major transport and deposition event. Also in these cases, find
deposition was more probable. So while continuous reworking and final deposition cannot be distin-
guished in general, final deposition becomes more probable with increasing water depth, and for
some cores evidence as described indicated final deposition. For the cores 33KH, 32KH and 49KH
a decision was not possible and for the sediment balance computations they were, therefore, not
taken into consideration.

Assuming final deposition, we took the sedimentation rates given in Table 1 as a preliminary esti-
mate and calculated the volume of sediment deposited annually using the kriging procedure of the
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Surfer® software. Based on the sedimentation ratesfor all cores from the foreset beds (Figure 1) esti-
mated from 137Cs activity, this resulted in aminimum annual sediment volume of 2.4x108 m? depos-
ited in the foreset beds. Application of the same procedure using the values derived from the 22Ra/
226Ra activity ratio instead of the minimum va ues for sedimentation rates from 137Cs yielded a sed-
iment volume of 3.1x108 m3. With the numbers given in the introduction, these volumes correspond
to 24% and 31%, respectively, of the annual sediment load of the Ganges-Brahmaputrariver system.
Varying the parameter values for the numerical interpolation process (e.g. for the kriging parame-
ters, like anisotropy, angle of the main axis of the search ellipse) resulted in only 10% variation
around these values.

Table 1 Locations, radionuclide inventories, and sedimentation rates of the sediment cores dated by
gamma spectrometry

Mean 137Cs

210ph csr-sedimen-  ¥7Cs sedimentation  228Raestimate

inventory tation rate inventory  rate for sedimentation rate
Core East North (Bg/m?) (cm/a) (Bg/m?) (cm/a) (cm/a)

Best Range
estimate

96K L 89.577 21.350 128.4 n.d. 41.2 >28 50 30-70
30KL 89.564 21.307 154.9 21.0 219 22.8 22 18-25
22KL 89.485 21.252 160.3 22.0 18.7 20.7 20 18-25
23KL 89.390 21.186 79.5 16.0 10.4 12.4 13 10-20
95K L 89.665 21.167 16.1 1.0 0.7 0.8 2 1-3
103KL 89.800 21.299 85 n.d. 29 2.7 5 2-10
105KL 89.783 21.189 179 2.6 1.6 1.2 2 1-5
107KL 89.767 21.110 3.0 0.5 0.1 0.2 1 0.2-2
33KH 90.247 21.264 0.2 n.d. 0.1 >3.2 n.d. n.d.
31KH 90.229 21.202 14.1 n.d. 0.8 >2.8 5 3-20
34KH 90.237 21.191 19.9 n.d. 0.9 >5.1 7 4-10
32KH 90.219 21.163 58.3 n.d. 33 >55 7 3-10
16KH 90.214 21.145 80.2 n.d. 6.2 >7.2 10 6-15
15KH 90.203 21.106 445 n.d. 3.7 >4.7 7 4-10
50KH 90.666 21.104 21.3 n.d. 0.0 >6 6 3-10
51KH 90.658 21.073 85.1 n.d. 8.2 >6.7 20 550
52KH 90.667 21.012 779 n.d. 4.1 >6.3 9 7-20
86KL 91.154 20.989 69.7 5.0 7.1 4.7 5 2-20
83KL 91.156 20.918 16.6 2.0 0.9 0.9 n.d. n.d.
3SL 91.492 21.030 95.0 6.2 4.1 39 4 2-10

14C ages were determined for samples from two cores containing older sediment (105KL and
107KL). Since the reservoir effect in this region is not known, it was estimated to be between 530
and 610 aon the basis of the measured activity (102 pMC) in the worms found in 21SL and the 110
—109 pMC of the atmospherein 1996 and 1997 (Doug Harkness, personal communication). One has
to assume that the reservoir effect has a seasonal cyclicity owing to variations in the discharge from
the Ganges Brahmaputrariver system. Therefore, we used a value of 600 a, but believed that it can-
not be better constrained than to one or two centuries. An additional, and probably more severe
problem concerning the 1C ages resulted from the fact that the carbonates (sand dollars and mollusc
shells) were most probably not formed in situ, but reworked and then redeposited in the foreset beds.

Ages for core 105K L derived from gamma spectrometric dating using 29Pb,, . and 137Cs are com-
pared in Figure 4 (left) with 32Si-derived sediment ages and 14C ages determined using a reservoir
effect of 600 yr. The correlation of the age estimates derived for the different time scales was much
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Figure 4 Comparison of ages derived from gamma spectrometry, 32Si and 14C for cores 105K L (left) and 107KL (right).
A 600 yr reservoir effect has been applied to the 14C ages. The thick solid and dashed lines are sediment ages cal culated
assuming a constant sedimentation rate of 2.6 and 1.3 cm/a, respectively. A fourth 32Si sample from a core depth of 6.0 m
yielded an age at the detection limit of the method.

better than expected. Our interpretation was that the sediment chronology resulting from gamma
spectrometry can be extrapolated reasonably over several centuriesif one keepsin mind that the sed-
imentation rate cannot be estimated with a precision of better than 50%. The other dating methods
faced similar problems and cannot be considered to be more precise. On the other hand, the sedi-
mentation rate cannot be extrapolated to millennia (Figure 4, right): 107KL shows lower sedimenta-
tion rates on atime scale of several millennia derived from 1#C. This was understandable when sed-
imentation at the delta front is taken into account. The lowest sedimentation rate at a specific
position should be when this position isin the bottomset area of the deltafront. Sedimentation rates
peak in the foreset beds, and thereis probably no net sedimentation in the topset beds—only rework-
ing of the sediment. Therefore, we expected lower sedimentation rates for older sediments when the
core position at that time was seawards of the foreset beds.

CONCLUSIONS

Geochronological work in the Bengal shelf area was hampered by storm-induced sediment rework-
ing, grain-size effects, problems to obtain cores long enough to establish a chronology longer than a
century, scarcity of carbonates, and an unknown 4C reservoir effect. Nevertheless, agamma spectro-
metric survey using the nuclides 13Cs, 210Pb and 228Raresulted in an estimated sediment volume of
2.4-3.1x108 m? deposited annually in the foreset beds, corresponding to 24-31% of the total annual
sediment load of the Ganges-Brahmaputra river system. Comparison of ages derived from gamma
spectrometry with those from 32Si and 14C indi cated the gamma data are reliable within the respective
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error and can probably be extrapolated up to atime scal e of afew centuries. Asthe depocenter moves
southward, different sedimentation rates were obtained when the sedimentation rates obtained for a
time scale of decades (gamma spectrometry) were compared with those obtained for atime scale of
millennia(*C). Hence, along-term sediment bal ance based on C ageswould probably be morereli-
able than one based on gamma spectrometry, but is hampered by the problems encountered in the
attempt to obtain cores with alength of several tens of meters from the submarine delta. On the other
hand, sedimentation processes, like storm-induced reworking, or grains-size effectsin graded layers,
arebetter studied and understood on the short time scal e of decades using gammaspectrometry. Inany
case, an environment like the Bengal shelf in which complex processes take place requires as many
geochronological approachesas possibleto obtain areliablechronol ogy.
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