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ABSTRACT

Concentrations of Al, Fe, Mn and rare earth elements (REE) were measured in 122 samples of
suspended particulate matter (SPM) and 70 surficial sediments from the Zuari estuary and the adjacent
shelf to understand their distribution, provenance and estuarine processes. Concentrations of SPM
were low in the upper estuary, increased seaward with high values in the lower estuary and then
decreased at stations in the bay in all seasons. The distributions of mean XREE, Al and Fe along
transect imitate each other and resemble inverted bowl-shaped pattern, with high and identical values
at the lower estuary. The mean XREE, Al and Fe of sediment along transect showed two peak high
values, one in the upper estuary and another in the bay amid low values corresponding to the lower
estuary. The variations in the mean ratio of XREEspm/ZREEsgp along transect resembled that of mean
SPM at each station. The XREE of sediments in shallow shelf were close to that of the bay and,
decreased seaward with increasing depth. PAAS-normalized REE patterns of every SPM/sediment
sample revealed MREE- and HREE-enrichment with positive Ce and Eu anomalies. Ce/Ce* was
inversely correlated with Eu/Eu* and salinity and, directly correlated with Mn concentrations. The results
indicate that the REE of SPM/sediment is dominated by Fe, Mn ore dust and, its distribution along
transect is controlled by the estuarine turbidity maximum (ETM). The ETM and seasonal circulation in
the estuary controlled mixing and advective transport of particulates to the shelf during monsoon and,
into the estuary during dry season. This study indicates sediment contribution to the shelf from tropical,
minor rivers is controlled by hydrodynamic conditions in the estuaries and should not be
underestimated.
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1. Introduction

Rare earth elements (REE) form a key group of trace elements whose properties change systematically
and gradually across the series (from La to Lu). Because of their coherent and predictable behavior,
they have been used as geochemical tracers to characterize igneous rocks of various types, determine
detrital sediment sources and elucidate seawater circulation patterns, hydrothermal fluxes and past
oxygenation of the oceans (Piper, 1974; Henderson, 1984). The major sources of REE to the ocean are
fluvial, atmospheric and hydrothermal vent exhalations (Elderfield and Greaves, 1982; Fleet, 1984).
REE transported through fluvial source are extensively modified in the estuaries before reaching the
ocean. Estuarine processes that affect the distribution of REE are flocculation, salt-induced coagulation
of river organic colloids, adsorption-desorption reactions, remobilization due to early diagenetic
changes and re-suspension (Hoyle et al., 1984). The behavior of REE in estuarine water and sediments
across salinity gradient has been reported (Sholkovitz, 1976, 1993, 1995; Elderfield and Sholkovitz,
1987; Elderfield et al., 1990; Bau 1999; Chillou et al., 2006; Lawrence and Kamber, 2006; Censi et al.,
2007; Marmolejo-Rodriguez et al., 2007). The distribution of REE in estuaries affected by acid mine
drainage (Elbaz-Poulichet and Dupey, 1999; Johannesson and Zhou, 1999; Borrego et al., 2005) and
geology of the hinterland (Prego et al., 2009, 2012) have also been reported. However, there are not
many investigations on REE controlled by hydrodynamic conditions in the estuaries (Sholkovitz and
Szymezak, 2000; Hannigan et al., 2010). Further, the studies on REE distribution in Indian estuaries
are fewer, some examples being the Kavery River estuary (Ramesh et al., 1999; Singh and Rajamani,
2001) and Mandovi River estuary (Shynu et al., 2011). We report here the REE distribution in the Zuari
River (ZR) estuary that is located a few kilometers south of the Mandovi River (MR) on the west coast
of India (see Fig. 1A). Unlike MR, the main channel of Zuari River is dammed upstream and its
seasonal discharge (147 m®s™) into the estuary is much less than that of the MR (258 m® s™). Because
of the low seasonal river discharge and funnel-shaped bay off ZR one would expect greater impact of
the tidal and wind-induced currents in defining estuarine processes and sediment distribution. The
purpose of the paper is to report the distribution of REE in SPM and surface sediments of the Zuari
estuary and adjacent shelf for the first time and, relate their distribution with sources and hydrodynamic

conditions in the estuary.
2. Geological and estuarine settings of the Zuari River

The Zuari River (ZR) is a major river of Goa in the central west coast of India (Fig. 1A). It is ~50 km

long and originates in the Western Ghats (mountain regions) and drains through a narrow coastal plain.
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The main channel of ZR is connected to the Arabian Sea through a funnel-shaped, Mormugao Bay,
which is ~10 km long, 5 m deep and has a maximum width of 5 km at its widest end (Fig. 1A). The ZR
drains through rocks of Goa Group (Fig. 1B) belonging to the Dharwar Super Group of Archaean-
Proterozoic age (Gokul et al., 1985). The basic rocks of Goa Group are green schists and gneisses and
are largely covered by a residual weathered layer of rock (laterite), which is several tens of meters thick
(Mascarenhas and Kalavampara, 2009). The original unweathered igneous and metamorphic rocks
are, however, exposed only in coastal headlands or along steep slopes of high hill ranges. Sanvordem
Formations (Fig. 1B) consisting of meta-greywacke, conglomerate and argillites occupy large area
downstream of the Zuari River basin. The river runoff into the estuary is large in monsoon months and
is regulated by a dam in the upper reaches (see Fig. 1A). The river runoff measured downstream of the
dam during monsoon (June-September), post-monsoon (October- January) and pre-monsoon periods
(February-May) are 147 m®*s™, 7.3 m®*s™ and 0.8 m®s™, respectively (Rao et al., 2011). The estuary of
the Zuari River is classified as a monsoonal, meso-tidal estuary. The tide ranges are ~2.3 mand 1.5 m
during the spring and neap tides, respectively (Shetye et al., 2007). Tidal circulation dominates during
dry period (October to May). Tidal oscillations have been observed and saline waters penetrate ~45 km
upstream from the river mouth during dry period (Manoj and Unnikrishnan, 2009). Recent
measurements of currents made in the estuary at Cortalim (station Z4, see Fig. 1A) show maximum
values of longitudinal component of currents reach up to 80 cm/sec during spring tide (Dr.

Unnikrishnan, personal communication) .

The Mandovi and Zuari (Ma-Zu) River estuaries are inter-connected through Cumbarjua canal
close to their mouths (see Fig. 1A). Several big open cast iron and manganese (Fe-Mn) ore mines
operate in the drainage basins of the Ma-Zu Rivers. The ores brought from mines are stored on the
shores of the estuaries (Fig. 1C), loaded on to barges (Fig. 1C) at loading points and transported
through the estuary to the port or mid-stream point, from where the ore is exported in giant ships. Of the
30.7 million tonnes (mt) of pulverized ore material transported in the year 2004 (Nagaraj and
Raghuram, 2005), 19.1 mt of ore was transported through the MR and 11.6 mt was through ZR. About
11 mt of ore carried through the Mandovi was diverted to the port through Cumbarjua Canal and bay of

Zuari during the monsoon.



3. Materials and methods
3.1 Suspended particulate matter (SPM) sampling and chemical analyses

Two types of data were collected in the Zuari estuary during June 2008—May 2009: (1) Surface water
was sampled every alternate day at one station (Z4) in the mid-channel of the estuary from June to
September 2008. This station is referred to here as the “regular” station (Fig. 1A). (2) Surface water and
bottom sediment were collected at stations along the main channel of the estuary every month during
the spring tide. The stations are referred to as “transect” stations. Five liters of surface water sampled
at each station were filtered through 0.4 um polycarbonate membrane filter. Three Millipore filtration
units (Model No. X104-220-50) were used simultaneously to filter 5 | of water at each station, i.e., each
filtration unit takes about 1.7 | of water. De-ionized water was used to clean the filters. The SPM
retained on filter papers was dried and weighted. SPM is expressed as milligram per liter. Salinity of
surface water was invariably measured at all stations using conductivity sensor of a portable CTD
system (Seabird SBE19 plus). The accuracy of the system for temperature and conductivity are 0.005°
C and 0.0005 S/m, respectively.

A total of 122 samples of SPM were selected for determining the Al, Fe and Mn and, REE
concentrations (Table 1A). This includes 16 samples from the regular station in addition, samples along
transect stations. As we have sampled 6 stations (Z1 to Z6) during June—August, 8 stations (Z0 to Z7)
in September and 10 stations (Z0 to Z9) during October-May, the total number of samples from transect
stations are 106 (which can be summed up as: Z1-Z6: 6X3(june-AugustytZ0-Z7: 8X1septembert Z0-Z9:
10x8 october-May) = Total 106 samples). The procedure for preparing SPM for chemical analysis is as
follows: The SPM on the filter was carefully weighed and transferred to teflon beakers. The samples
were digested using ultra pure acids with HF + HNO; + HCIO, mixture in a beaker, kept overnight and
then dried on a hot plate. This treatment was repeated till the sample in the beaker was completely
digested. The final residue was dissolved in 20 ml of 1:1 HNOj;. Subsequently, 5 ml of 1 ppm Rh
solution was added as an internal standard and made up to the final volume (Govindaraju, 1994).
These aliquots were analyzed for trace metals and REEs using Thermo X Series Il Inductively-coupled
plasma mass spectrometer (ICP-MS) at the National Institute of Oceanography, Goa, India. Major
elements (Al, Fe and Mn) were analyzed using ICP-AES at the Department of Earth Sciences,
Pondicherry University, India. MAG1 (Marine mud) was used as an internal standard to check the
reliability of the analysis. Table 1B shows the certified values of major elements and rare earth

elements of MAG 1 and values obtained in our experiments. The reproducibility of the results was
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found to be better than 5% and 10% for major elements and REE, respectively. Table 2 shows the
concentrations of major elements and REE in SPM at the regular station. Table 3 shows the average
concentrations of major elements and REE in SPM at each station along with standard deviation (SD)
on seasonal basis, i.e., the concentrations of elements at each station are obtained by averaging
concentration values for four months - June to September (monsoon), October to January (post-
monsoon) and February to May (pre-monsoon). The Ce (Ce/Ce*) and Eu (Eu/Eu*) anomalies were

calculated, following Taylor and Mclennan (1985).
3.2 Sediment sampling and chemical analyses

Bottom sediment was collected along transect stations of the estuary, using Van Veen grab and the top
centimeter of the surface sediment was carefully peeled off by opening one flap of the grab and dried. A
total of 70 bottom sediment samples (50 from transect stations of the estuary and 20 from the
continental shelf - Table 1A) were selected for chemical analyses. As we have chosen bottom
sediments at 6 stations (Z1-Z6) each in August and September for monsoon period, 10 stations (Z0-Z9)
each in November and December for post-monsoon and 10 stations (Z0-Z9) each in March and May for
pre-monsoon, the total number of samples are 52 (6X2august and Septembert 10X2November and Decembert 10X2Mmarch
and May)- 1he sediments at stations Z2 during monsoon and Z0 during pre-monsoon were sandy with < 9
% silt and 5 to 6% clay. Since we could not collect enough <2 um fraction of the sediment, these
sediments were not analyzed. Therefore the number of samples at transect stations are 50. The <2 um
fraction of the sediment was separated from the sediments using Stoke’s settling velocity principle and
dried. Following the aforementioned procedure the <2 um fraction of the sediment samples were
digested and analyzed for major elements and REE concentrations. We have analyzed REE chemistry
of the <2 um of sediments because (a) fine fraction includes colloids, and coagulation of colloids is a
dominant process for removal of REE from the dissolved load in low salinity regions of estuaries
(Sholkovitz, 1995). (b) Fine fraction records re-suspension of REE due to adsorption-desorption related
to changes in salinity, pH and redox conditions (Hannigan et al., 2010) and allow us to explore the
processes influencing estuarine sediment chemistry. Table 4 shows average concentrations of major
elements and REE along with standard deviation (SD) in bottom sediments at each station on seasonal
basis, i.e., the concentrations of elements at each station are obtained by averaging concentration
values for two months - August and September for monsoon, November and December for post-

monsoon and, March and May for pre-monsoon season.



4. Results
4. 1 Concentrations and composition of suspended matter

The concentrations of SPM at the regular station (RS) during monsoon varied between 3.3 mg/l
and 68.6 mg/l while its total-REEs (XREE) varied between 111 ug/g and 164 ug/g (Table 2). The mean
YREE (145.8 +16.7 ug/g) was lower than the average SPM of World Rivers (174.8 ug/g; Viers et al.,
2009) and Post-Archaean average Australian Shale (PAAS: 184.8 nug/g; Mclennan, 1989). ZREE
increased with increase in SPM concentrations and, both were linearly correlated (r=0.64; p<0.001; Fig.
2A). Salinity of surface water at RS varied between 0 and 33 (Table 2). High concentrations of SPM
and XREE were associated with low salinity as well as with high salinity water and, both showed no
correlation with salinity (Fig. 2A). The Al, Fe and Mn concentrations of SPM ranged from 5.9-11.2%,
4.3-15.3% and 0.4-1.1%, respectively. XREE showed linear, positive correlation with Al and Fe (r=0.8;
p<0.001) and no correlation with Mn (Fig. 2B). PAAS-normalized REE patterns showed MREE- and
HREE-enrichment with positive Ce and Eu anomalies and exhibit no significant changes with variations

in salinity or SPM concentrations.

Spatial and seasonal variations in the mean SPM, IREE, Al, Fe and Mn along transect stations
and relationship of ZREE with SPM and salinity are shown in Fig. 3A. Throughout the text the mean
values of different parameters at each station given in Table 3 are presented and discussed. During
monsoon the SPM concentrations were high at stations in the lower estuary and decreased seaward
with increase in salinity at bay stations. During post- and pre-monsoons, the SPM was low in the upper
estuary, except at station Z9 during post-monsoon, increased seaward in the lower estuary (Z6-Z3) and
then decreased gradually in bay stations. Salinity increased seaward but showed no correlation with
SPM in all seasons. Except at station Z7 during monsoon, the variations in ZTREE, Al and Fe along
transect follow each other and resembled inverted bowl-shaped pattern, with high and near equal
values at middle stations (Z3 to Z6) in all seasons (Fig. 3A). Mn decreased gradually from upper
estuary to the bay in all seasons. ZREE was directly correlated with SPM in all seasons but showed no
correlation with salinity (Fig. 3A). PAAS-normalized REE showed MREE- and HREE-enriched patterns
with positive Ce and Eu anomalies at every sample and season (Fig. 3B). The Ce anomaly (Ce/Ce*)
values varied between 1.05 and 1.17, decreased seaward with near similar values at middle stations
(Z£3-Z7) during post- and pre-monsoons (Fig. 3B). The Eu anomaly (Eu/Eu*) varied between 1.27 and
1.68 with nearly identical values at landward stations (Z9 to Z4) and increased seaward at bay stations

(£3-Z0) during the monsoon and post-monsoon. During pre-monsoon Eu/Eu* values were relatively
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high in the lower estuary (Z7-Z4) and decreased away, either into the upper estuary (Z9-Z8) or bay (Z3
to Z0) (Fig. 3B). The normalized LREE to MREE ratio (L/M), showed a step-wise decreasing trend from
upper estuary to the bay in all seasons (Fig. 3B). The normalized LREE to HREE ratio (L/H), decreased
gradually seaward in the upper and lower estuary in all seasons. (L/H), however, increased seaward in

the bay during the monsoon and post-monsoon (Fig. 3B).
4.2 Variations in REE of the sediments in the estuary and continental shelf

Spatial variations in the mean XREE, Al, Fe and Mn of sediment in the estuary are shown in Fig. 4A.
Throughout the text the mean values of different parameters at each station given in Table 4 are
presented and discussed. The ZREE of sediment (XREEsgp) ranged between 175 and 320 ug/g (Table
4) and was higher than in suspended particulate matter (XREEspy: 89-169 ug/g; Table 3). The
variations in XREEgsgp along transect were opposite to that of ZREEspy. For example, the TREEggp
along transect showed two peak high values, one in the upper estuary and another in the bay amid low
values that correspond to the lower estuary in all seasons (Fig. 4A). The ZREEspy showed high values
in the lower estuary and decreased values in the upper estuary and bay (Fig. 3A). The variations in the
ratio of EREEspy to ZREEsgp along transect, however, resembled that of SPM in each season (see Fig.
3A). The Fe of sediment increased and Mn decreased seaward during the monsoon. The distribution of
Fe and Mn in sediments along transect, however, resembled that of XREEggp during the post- and pre-
monsoons (Fig. 4A). Al distribution was similar to that of Fe during monsoon and pre-monsoon, with no
significant trend along transect during the post-monsoon. PAAS-normalized REE patterns of sediment
were similar to that of SPM with MREE- and HREE enrichment and positive Ce and Eu anomalies (Fig.
4A). The Ce/Ce* and Eu/Eu* values were higher in sediments (Table 4) than in suspended matter
(Table 3). The distributions of Ce/Ce*, (L/M), and (L/H), in sediments along transect resembled that of

YREE in each season. The Eu/Eu* showed a seaward increasing trend in all seasons (Fig. 4B).

The XREE of sediment on the continental shelf ranged from 62 to 190 ug/g (Table 5) and
decreased seaward with increasing depth. REE showed linear correlation with Al (r=0.67) and Fe
(r=0.78). The PAAS-normalized REE patterns (Fig. 5A) were similar to that of estuarine sediments.
Ce/Ce* (0.89-1.27) and Eu/Eu* (1.38-1.64) values decreased with increasing depth, except the
sediment at 11 m water depth which showed relatively low Ce/Ce* (see Fig. 5A). Ce/Ce* values

showed moderate correlation with Mn concentrations (Fig. 5B).



The correlations of REE with Al, Fe and Mn in SPM and sediment along transect stations are
shown in Fig. 6. The ZREEspy was linearly correlated with its Fe and Al during the monsoon and pre-
monsoon and, moderately correlated during post-monsoon. It showed moderate correlation with Mn
during the monsoon and post-monsoon. The ZREEsgp however, showed no significant correlation with
Al during monsoon and post-monsoon and, moderate correlation during pre-monsoon. The XREEsgp,

however, showed strong to moderate correlation with Fe and Mn in all seasons.
5. Discussion
5.1 Occurrence of estuarine turbidity maximum in the lower estuary

The mean SPM concentrations increase seaward from upper estuary to the lower estuary and then
decrease seaward in bay stations (Fig. 3A). High concentrations of SPM in the lower estuary are
associated with low salinity surface water (1.4 to 9.8 between Z6 and Z3) during the monsoon and, with
high salinity surface water (ranging from 17 to 33 between Z7 and Z3) during the post- and pre-
monsoons. Higher SPM concentrations in the lower estuary than that of upper estuary and bay were
discussed at length in Rao et al. (2011) and it was suggested that the estuarine turbidity maximum
(ETM) played an important role in re-suspending bottom sediment and resulted in high SPM in the

lower estuary. We investigate below the influence of ETM on REE distribution in the estuary.

5.2 Sources of REE in SPM during the monsoon (wet season)

Linear correlation of ZREE with SPM, Al and Fe concentrations (Figs. 2, 3A and 6), indicate that the
SPM dominated by clays (aluminosilicates) and Fe-rich particulates controlled the REE concentrations.
Clays derived from the intense chemical weathering of hinterland formations and transported by the
river and, Fe-particulates drained from ore deposits on the shore (Fig. 1C) could be the sources for
REE. Smectite, kaolinite and goethite occur in SPM of the Zuari during monsoon (Kessarkar et al.,
2013). Coppin et al. (2002) reported strong REE sorption on smectite because of permanent negative
charge and, pH dependent REE sorption on kaolinite. Dissolved, colloidal and particulate Fe-Mn oxy-
hydroxides are expected to be flushed into the estuary from ore deposits (Fig. 1C) during heavy
monsoon rains. Since REE have strong affinity to co-precipitate and adsorb on to Fe-Mn
oxyhydroxides, (Elderfield et al., 1990; Andersson et al., 2005 and Marmolejo-Rodriguez et al., 2007),
the dissolved and colloidal REE may have scavenged/adsorbed onto the surfaces of Fe-O-OH and
MnO, and clay minerals at low salinities, then coagulated and transferred into the particulate form.

Several investigators reported large scale removal of dissolved, colloidal and particulate REEs in low
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salinity (<5) water zone of estuaries (Hoyle et al., 1984, Elderfield et al., 1990; Sholkovitz, 1993). In this
study ~REE showed no correlation with salinity (Figs. 2A and 3A). Despite low salinities at stations (Z7
to Z3) in the lower estuary, the SPM, ZREE, Al and Fe concentrations are high and, 2REE, Al and Fe
values are similar at Z3 to Z5 (Fig. 3A; Table 3). This may be due to the occurrence of estuarine
turbidity maximum (ETM). During monsoon the river flow is countered by the tidal and monsoon wind-
induced currents and results in the development of ETM in the lower estuary (Rao et al., 2011). As a
consequence bottom sediment may have been re-suspended, thereby increasing SPM and REE in the
water column and mixed up with the sediment brought by the river. In other words, the REE variations
induced by salinity changes along transect are overprinted by REE associated with re-suspended
particulates and, therefore no significant changes in ZREE, Al and Fe concentrations are observed (Fig.
3A). Although the concentrations of these elements show a decreasing trend at bay stations (Fig. 3A),
the mean Al values in SPM remain similar in the upper estuary (10.7), lower estuary (10.8+1.1) and bay

(10.040.9). This suggests strong influence of turbidity maximum even in the bay
5.3 Sources of REE in SPM during the post- and pre-monsoons (dry season)

The mean concentrations of SPM and its REE, Fe, and Al during the post- and pre-monsoons are
lower in the upper estuary than in lower estuary (Fig. 3A). In other words, high SPM at middle stations
(see Fig. 3A) largely coincide with inverted bowl-shaped pattern of *REE, Fe, and Al in the lower
estuary. Moreover, REE showed moderate to strong correlation with SPM (Fig. 3A), Fe and Al (Fig. 6)
during dry season. Since river discharge is low during dry season, the seaward increase of SPM was
attributed to the estuarine turbidity maximum (ETM; Rao et al., 2011), which is controlled by the tidal
and offshore wind-induced currents and funnel-shaped bay off Zuari; the latter may have been effective
in magnifying the energy and effectiveness of the tidal and wind-induced currents as they propagate
towards the narrower part of the funnel-shaped bay and made a greater impact on the erosion and re-
suspension of material. Thus the geometry of the bay and seasonal currents played major roles in re-
suspending bottom sediments and contributed high SPM, XREE, Fe and Al in the lower estuary.
Elderfield et al. (1990) reported REE maximum associated with turbidity maximum in the Delaware
estuary. As Z9 is an ore handling station, high Fe and Mn at Z9 (see Fig. 3A) indicate ore dust fallen
into the estuary may have locally influenced their concentrations (see Fig. 1C). Though the
concentrations of SPM vary at each station, the *REE, Fe and Al values are high and identical at
middle stations (Z3-Z7; Fig. 3A). This may indicate advective transport of re-suspended fine-grained

particulates of SPM by existing currents and homogenization of the concentrations of elements in the



SPM. Advective transport affecting the metal and nutrient distribution was reported in small, narrow
estuaries such as Waquoit and the Fly/Gulf of Papua (Huettel et al., 1998; Charette et al., 2005). Tidal
circulation dominates during dry season. Manoj and Unnikrishnan (2009) reported tidal oscillations and
seawater as far as ~45 km upstream from the mouth of Zuari during dry season. The homogenized
values of ZREE, Fe and Al at stations in the lower estuary may therefore reflect influence of tidal and
wind-induced currents in re-suspending bottom sediments and advective transport of particulates

upstream.

5.4 Relationship of 2REE in sediment and SPM

The distribution of ZREEsgp along transect is simply opposite to that of XREEspy. Since the sediments
with relatively low XREE (Fig. 4A) correspond to SPM with high XREE in the lower estuary (Fig. 3A) it
could be that the bottom sediments in lower estuary were re-suspended into the water column, thereby
increasing sediment particulates (SPM) and associated REE. The variations in the mean ratio of
YREEspym to ZREEsgp resemble that of mean SPM at each station (see Fig. 3A) implying particulates re-
suspended from bottom sediment by ETM are indeed responsible for high SPM and XREE in the lower
estuary. In other words, ETM played a major role for the coupling of ZREE of sediment and SPM.

During monsoon the Al and XREE of suspended matter are positively correlated. The Al
concentrations of sediments are, however, high (Table 4), showed no correlation with XREE during
monsoon and post-monsoon and moderate correlation during pre-monsoon (Fig. 6). The Fe and Mn of
sediment, however, showed moderate to strong correlation with XREE in all seasons (Fig. 6). It may be
because of the turbidity maximum, the REE associated with lighter, aluminosilicates (clay minerals)
were repeatedly re-suspended and the adsorbed REE are stripped off and transported further, while
REE associated with heavy, Fe, Mn particulates are retained largely in sediments. In other words, the
REE of sediments may largely be due to particulate Fe and Mn oxyhydroxides from ore deposits (see
below). The values of ZREE of sediment at shallow shelf (180-189 ug/g at 7 m; Table 5) are close to
that of the mean IREE of bay (195.5 ng/g). Moreover, ZREE showed linear correlation with Al and Fe
implying that the clays and Fe-oxyhydroxides contributed REE to the shelf region.

5.5 PAAS-normalized REE patterns in SPM and sediment

MREE- and HREE enriched REE patterns with positive Ce and Eu anomalies are characteristic of both

SPM and sediment (Figs. 3A, 4A and 5). They are different from that of the upper continental crust
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(Taylor and McLennan, 1985) and SPM of major World Rivers (Goldstein and Jacobson, 1988) which
show LREE enriched patterns. Since the REE patterns are consistent in all SPM/sediment samples and
in all seasons, they may reflect the composition of the dominant detrital material delivered to the
estuary/shelf. The MREE- and HREE-enriched REE patterns with positive Ce and Eu anomalies were
reported in the pre-cambrian metamorphic rocks (Fig. 1B; Dhoundial et al., 1987; Naqvi 2005; Desai et
al., 2009). As parent rocks are covered by thick laterites (Mascarenhas and Kalavampara, 2009) they
may not be the major source of REE in the estuary. Moreover, REE patterns of SPM/sediment do not
vary in dry season (Fig. 4A, 5A and 6) when river discharge into the estuary was negligible. This implies
that the clays transported by the Zuari River may not be dominantly influencing the composition of REE.
As ore handling is active at shore stations throughout the year (Fig. 1C), ore particulates flushed into
the estuary during heavy monsoon rains and ore dust spilled over into the estuary while transferring ore
into barges or, transporting ore to the port through the estuary may act as dominant source for REE.
Strong resemblance of REE patterns of Fe-Mn ores (Fig. 3A) with that of SPM / sediment in Zuari

estuary attests that the ore dust controlled REE composition.
5.6 Ce anomaly in SPM and sediment

Ce®" oxidizes to less soluble Ce** in estuarine and marine water and is rapidly removed to the sediment
by particle scavenging. As a consequence one would expect negative Ce anomaly in
estuarine/seawater and positive Ce anomaly in sediment below. Since positive Ce anomaly is
characteristic of every sample of SPM/sediment it must have been inherited from ore dust transferred to
the estuary from time to time. Positive Ce anomaly is a characteristic of Fe, Mn-oxide particulates (De
Carlo et al.,, 1998; Bau, 1999; Tachikawa et al., 1999; Ohta and Kawabe, 2001). The variations in
Ce/Ce* (Figs. 3B and 4B) along transect may indicate response of total Ce (dissolved, colloidal and
particulate) to the estuarine conditions. Ce/Ce* negatively correlates with salinity (Fig. 7A). The Ce/Ce*
in suspended matter decreased sharply at low (<10) salinities in the upper estuary, maintained similar
values at stations in the lower estuary and then decreased seaward at bay stations during the post- and
pre-monsoons (see Fig. 3B). Ce is one among the LREE. As the initial decrease in Ce/Ce* is
accompanied by decrease in (L/H), at low salinities (Fig. 3B), salinity-induced coagulation of river
colloids and fractionation among REEs may have been involved. Sholkovitz (1993) reported preferential
removal of LREE at low salinity region. The behavior of Ce/Ce* is same as that of ZREE in the lower
estuary and both showed high, near identical values at stations Z3 to Z6 (Fig. 3B). This indicates that
the Ce/Ce* values, similar to ZREE, are influenced by ETM. Ce/Ce* decreases seaward at bay stations
during the post- and pre-monsoons (Fig. 3B). Pednekar et al. (2011) reported increased productivity in
11



the estuary, immediately after the monsoon. The decrease of Ce/Ce* could be due to biologically
mediated oxidation of Ce** to Ce** and scavenging of Ce*" to the sediments. Sholkovitz (1993) showed
a two step decrease of Ce/Ce* in the Amazon estuary, one in low salinity zone and another in the zone
of high biological productivity. Ce and Mn are redox-sensitive elements and their distributions are
expected to be governed by similar mechanisms. Although Ce/Ce* is linearly correlated with Mn (Fig.
7B), Mn concentrations decreased more rapidly seaward (Fig. 3A), whereas Ce/Ce* showed elevated
and equal values at middle stations during dry season (Fig. 3B). It appears that the Ce is more
sensitive to physical mixing than that of Mn. Hannigan et al. (2010) suggested oxidation and slight

changes in physical mixing and particle settling lead to differences in Ce/Ce* value.

The distributions of Ce/Ce* value, Mn concentrations and XREE of sediments along transect
resemble each other (Figs. 4A-B) and are relatively depleted in the lower estuary implying that the
hydrodynamic conditions at the intersection of bay and lower estuary favoured erosion and re-
suspension of bottom sediments. Ce/Ce* decreases with increasing depth in the shelf sediments and is
linearly correlated with Mn (Fig. 5A-B). The low Ce/Ce* (0.89) in sediment collected at 200 m in the
oxygen minimum zone (OMZ; 150-1000 m; Sengupta and Naqvi, 1984) may be due to the reduction
Ce* to Ce*" at the sediment-water interface or during early diagenesis of organic-rich, sediments and

then diffusion of Ce®" into the water column.
5.7. Eu anomaly (Eu/Eu*) in SPM and sediment

Positive Eu/Eu*, similar to Ce/Ce*, is characteristic of every SPM/sediment sample (Fig. 3B, 4B and
5A) suggesting that it also may have inherited from ore dust. Positive Eu/Eu* in sediments of Vigo Ria
(Prego et al., 2009) and, SPM/sediment of the Mandovi estuary (Shynu et al., 2011) were attributed to
sediment-parent material. Eu/Eu* shows negative correlation with Ce/Ce* (Fig. 7D). The Eu/Eu* values
in suspended matter increased seaward at bay stations and decoupled with Ce/Ce* during monsoon
and post-monsoon (Fig. 3B). Hannigan et al. (2010) suggested that decoupling of Ce and Eu anomalies
could be due to the slow dissolution rate of Eu-humate complexes, differences in complexation
behavior of Eu relative to other REE, and the presence of allochthonous adsorbed Eu. Eu is more
stable in seawater and the rate of removal of Eu is less than the other REE (Nozaki et al., 2000).
Increase in Eu/Eu* is associated with decrease in (L/M), (Fig. 3B) and (H/M), (Table 3) at bay stations;
this suggests an overall enrichment of MREE during monsoon and post-monsoon. Since ore dust is
MREE and HREE-enriched, it is likely that the bay received more dust during this period. Nagaraj and
Raghuram (2005) reported that a part of the ore carried through the Mandovi estuary is diverted to the
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port through Cumbarjua canal (see Fig. 1A) during monsoon; this suggest that the bay off Zuari indeed
experiences increased barge traffic carrying ore during monsoon, i.e., ore carried through the Zuari
estuary and, the traffic that is from Mandovi. As ore is reloaded into giant ships at the port, located in
the bay (Fig. 1A), one would expect increased spillage of ore dust into the bay. In other words,
increased supply of ore dust to the bay water may have resulted in increased Eu anomaly. During the
pre-monsoon Eu/Eu* decreases with increase in (L/M), (Fig. 3B) and (H/M), (Table 3). As productivity is
high at bay stations during dry season, coatings of organic matter and Fe-Mn oxides may have
scavenged REE to the sediments. Eu/Eu* in SPM is therefore controlled by supply of ore dust and

biological productivity at different times at bay stations.
6 Conclusions

The distribution of REE was investigated in 122 samples of suspended matter and 70 sediments of the
Zuari estuary and adjacent shelf. The SPM, ZREE, Fe and Al concentrations in SPM are high in the
lower estuary but low in the upper estuary and bay in all seasons suggesting estuarine turbidity
maximum (ETM) played an important role in lateral variations of SPM and its elemental concentrations.
The positive correlation of ZREE with its Al, Fe and Mn in SPM indicates clays and Fe-Mn particulates
contributed REE. The sediment with relatively low XREE corresponding to SPM with high ZREE in the
lower estuary indicate coupling between SPM and sediment and, the role of ETM in re-suspending
bottom sediments. MREE- and HREE-enriched patterns with positive Ce and Eu anomalies in every
sample of SPM/sediment suggest that REE are largely contributed by Fe-Mn ore dust. Ce/Ce* and Mn
concentrations in SPM are linearly correlated with each other but negatively correlated with salinity.
Eu/Eu* in SPM is largely controlled by supply of ore dust and biological productivity. We suggest that
REE of SPM/sediment in the Zuari estuary are dominated by ore dust and their distribution along
transect of the estuary is controlled by hydrodynamic conditions. Despite Zuari is a minor river with low
discharge into the estuary, significant REE are transported to the continental shelf, suggesting that the

detrital supply from tropical, minor rivers should not be underestimated.
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Figure captions

Fig. 1. (A) Location of sample stations in the Zuari River estuary and adjacent shelf, west coast of
India. Insert Figure shows the location of sample stations on the continental shelf. (B) Geology
of the Zuari river basin (modified after Mascarenhas and Kalavampara, 2009) and (C)
Photographs showing Fe, Mn ore deposits stored on the shore of the Zuari estuary (left) and,
loading of Fe, Mn ores into barges (right).

Fig. 2. Relationship of ZREE with SPM concentrations and salinity (A), and with Al, Fe and Mn
concentrations (B) of SPM at the regular station.

Fig. 3A. Distributions of mean SPM, salinity and ratio of XEREEspm/ZREEsgp (left column), mean XREE,
Al, Fe and Mn of SPM (middle column) along transect stations of the Zuari estuary during the
monsoon, post- and pre-monsoons. The relationship of ZREE with SPM and salinity is also
shown in the right column. Shadow in the left and middle columns marks the stations in the
lower estuary and enables to distinguish the stations in the upper estuary and bay.

Fig. 3B. PAAS-normalized REE patterns of suspended matter (left column), distribution of mean Ce/Ce*
and Eu/Eu* (middle column) and, normalized mean (L/H), and (L/M), values (right column)
along transect stations of the estuary during the monsoon, post- and pre-monsoons. PAAS-
normalized REE pattern of ore deposits is also shown. Shadow in the middle and right columns
marks the stations in the lower estuary and enables to distinguish the stations in the upper
estuary and bay.

Fig. 4A. Distribution of ZREE, Al, Fe and Mn (left column) and PAAS-normalized REE patterns (right
column) in sediments along transect stations of the estuary during the monsoon, post-and pre-
monsoons. Shadow in the left column marks the stations in the lower estuary and enables to
distinguish the stations in the upper estuary and bay.

Fig. 4B. Distribution of mean Ce/Ce* and Eu/Eu* (left column) and, normalized mean (L/H), and (L/M),
(right column)in sediments along transect stations during the monsoon, post- and pre-
monsoons. Shadow in the left and right columns marks the stations in the lower estuary and
enables to distinguish the stations in the upper estuary and bay.

Fig. 5. PAAS-normalized REE patterns (A) and, relationship of Ce/Ce* values with Mn concentrations
(B) in sediments from the continental shelf.

Fig. 6. Relationship of ZREE with Al, Fe and Mn in SPM and sediments during the monsoon, post- and
pre-monsoons.

Fig. 7. Relationship of Ce/Ce* with salinity (A), and Mn concentrations (B) in SPM. A plot between
Ce/Ce* and Mn concentrations of sediments (C) and, Ce/Ce* and Eu/Eu* in SPM (D) are also
shown.
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Table 1A
Blrlémn?ga gg gﬁmples analyzed at the regular and transect stations of the Zuari estuary during monsoon, post-monsoon and

Parameters  Regular Station Transect Stations Oéféﬁlagge 'It')Oftg%PnLérl:ebser Il:gsetauments
analyz

Monsoon Monsoon Post-monsoon Pre-monsoon

g sl Salinity 16 26 40 40 122 CTD
Parielsta J SPM concentration 16 26 40 40 122 Filtration unit
matter Major elements 16 26 40 40 122 ICP-AES
(SPM) REE 16 26 40 40 122 ICP-MS
Sedinn Major elements 11 20 19 20 70 ICP-AES
REE 11 20 19 20 70 ICP-MS
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Table. 1B
Analytical results of certified and obtained values of USGS geochemical
standard MAG-1 (all trace elements values are in ug/g)

USGS Thiswork  *Accuracy (%) *Precision (%)
Elements certified

values. Mean of 2 analysis (+) (+)
Al (%) 8.66+0.16 8.81=+ 0.11 1.79 1.70
Fe (%) 458+042 491011 7.21 3.25
Mn (ug/g) 760 * 69 775.00+ 20 3.13 305
La 43 £ 4 43.33 + 1.05 0.77 3.41
Ce 88 = 9 90.20 = 2.74 2.50 4.30
Pr 9.3 9.65 + 0.33 2.68 4.82
Nd 38 =5 38.49 + 1.09 1.29 4.00
Sm 75 £ 0.6 7.63 £ 0.40 1.75 7.41
Eu 1.5 +014 1.57+0.07 1.87 6.33
Gd 58 0.7 6.10 £ 0.24 5.18 5.45
Tb 0.96 +0.09 0.98 + 0.06 3.02 8.89
Dy 52 0.3 547 £ 0.34 5.20 8.68
Ho 1.02 + 0.1 1.13 + 0.05 10.78 5.84
Er 3 3.10 £ 0.13 3.40 5.99
Tm 0.43 0.47 £ 0.02 10.47 7.15
Yb 26 0.3 2.66+ 0.06 2.62 3.29
Lu 04 £0.04 040t 0.02 1.87 6.13

$ o =
Accuracy % = | = ¢ rtifled value

M - Certified val
ean - Certifie vaue}x100

$Precisicon % =

Measured 1 - Measured 2 x 100
Average
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Table. 2

Concentrations of Al (%), Fe (%), Mn (ug/g) and REEs (ug/g) in suspended particulate matter (SPM-mg/l) at regular station in the Zuari estuary.

Dates Salinity SpM Al

Fe Mn

La

Ce

Pr

Nd Sm Eu Gd

Th

Dy

Ho

Er Tm

Yb Lu YREE (UH)y (M) (M)

CefCe

EulEu

4" Jun
BthJun
20"Jun
27"‘Jun
5t Jul
15" yul
19" Jul
26! Jul
11" Aug
16™ Aug
25" Aug
29" Aug
12" Aug
18" Aug
23" Aug

18" Oct
Mean

33.0
237
8.5
2l
6.3
19.3
15.2
1.1
0.0
3.4
13.6
259
2.4
b

10.9
26.4
12.2

12.7
28.0
20.2
18.6
56.5
rérd

17.4
13.5
68.6
31.0
4.4

6.3

1131
227

33
42

11.0
121
11.9
11.6
1=
10.2
11.3
13.2
12.2
11.3
59

9.9

12.9
11.3

41
9.5

10.7 5681
12.3 5849
10.5 4516
11.7 4793
11.9 5039
9.2 4564
113 5285
11.8 4793
15.3 10685
11.6 4053
6.0 7173
10.1 6726
141 8833
11.3 4377

43 4428
10.9 11857

20.4 10.7 10.8 6166

+10.6 186 2.4

PAASP
ASSWR®

uccd

10.0
8.7
8.0

27.7
30.0
30.0
27.2
30.0
245
294
294
287
271
204
233
26.3
26.7

222
239
26.7

649
713
69.4
646
70.2
58.2
69.3
68.6
74.0
63.0
485
55.6
66.1
645

50.5
57.3
63.5

6.0
6.5
6.5
59
6.4
54
6.4
6.4
6.3
5.9
4.4
52
57
5.9

47
5.3
5.8

26.5
285
283
259
286
235
28.0
27.8
286
252
19.5
225
26.0
257

20.8
23.0
25.5

56
5.9
5.8
5.3
5.9
4.9
5.9
5.8
5.8
5.3
4.0
4.8
5.3
5.3

42
4.8
5.3

1.4
{25
1.5
1.4
15
1.3
25
1.5
1.5
1.3
1.0
1:2
1.3
14

1.0
ez
1.4

5.0
53
5.3
4.8
5.3
4.4
5.3
51
5.2
4.8
37
4.2
4.7
4.7

3.9
4.4
4.8

0.9
0.9
0.9
0.8
0.9
0.8
0.9
0.9
0.9
0.8
06
(17
0.8
0.8

06
0.7
0.8

51
55
53
4.9
55
46
54
53
53
4.9
38
4.3
4.9
4.9

3.9
4.5
4.9

1.4
1.2
.2
1.0
1.2
1.0
1.2
1
1.1
1.1
0.8
1.0
i
11

0.8
0.9
1.1

3.0
3.2
3.1
2.9
32
27
3.2
3.1
32
29
23
26
3.0
29

23
27
29

0.5
0.5
0.5
0.4
0.5
0.4
0.5
0.5
0.5
0.4
0.3
0.4
0.5
0.4

0.3
0.4
0.4

25
2.7
26
24
27
22
27
2.7
2.7
25
1.9
21
26
24

1.9
22
24

0.4
0.4
0.4
0.4
0.4
0.3
0.4
0.4
0.4
04
0.3
0.3
04
0.4

0.3
0.3
0.4

150.6
163.6
160.8
148.0
162.5
134.2
159.9
158.5
164.3
145.6
111.5
128.3
148.9
147.3

117.4
131.7
145.8

2.7 2358 +3.0 7.5 £0.7 £2.9 £0.6£0.2%0.5£0.1£0.5+0.120.320.120.3£0.016.7
382 796 88 339 56 1.1 47 08 47 1.0 29 04 28 04 1848
58 1679 374 736 80 322 6.1 13 53 08 43 09 22 04 21 04 1748 115 060 0.52 0.97 1.07
30.0 640 7.1 26.0 45 0.9 38 06 35 08 23 03 22 03 1464 1.01 066 065 1.02 1.00

4.5 800

3.5 600

0.77 045 0.58
0.77 045 0.59
0.78 0.46 0.59
0.78 046 0.59
0.77 045 0.59
0.77 045 0.58
0.75 045 0.60
0.76 046 0.60
0.75 046 0.62
0.75 0.45 0.60
0.75 045 0.60
0.75 045 0.60
0.72 0.46 0.64
0.76 0.45 0.60

0.81 047 0.58
0.75 0.45 0.60
0.76 0.46 0.60

1.14
1.16
1.13
1.16
115
1.16
1.16
1.14
1.26
1.14
1.17
1.16
1.23
1.18

1.12
1.17
1.16

1.26
1.26
1.26
227
1.28
1.29
127
1.28
1.28
1.25
1.24
1.27
1.27
1.32

1.19
1.27
1.27

£0.02+0.01£0.01 £0.03 =0.03

Ce/Cé (Ce anomaly)= 3Ce,/(2Lagy*+Nd.,) and Eu/El (Eu anomaly)= Eugy HSm % GdCN)”2 (Taylor and McLannan, 1985)
a(L.fH)n, (LM), and (H/M)_ are PAAS normalized LREE/HREE, LREE/MREE and HREE/MREE. LREE are La to Nd, MREE are Sm to Ho and HREE are
Er to Lu (Rollinsen, 1993).
PAAS - Post-Archaean average Australian shale (McLennan, 1989)

-]
ASSWR - Average suspended sediment in World Rivers (Viers et. al., 2009)
UCC - Upper continental crust (Taylor and McLannan, 1985)
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Table. 3
Concentrations of Al (%), Fe (%), Mn (ug/g) and REEs (ug/g) in suspended particulate matter (SPM-mg/l) at transect stations in the Zuari estuary.

Stns. SalinitySPM Al Fe Mn La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu XREE (LH) (LM) (HM), CelCe EufEu

M o n s o o n (June to September)

ﬁ? 308 79 9.2 82 3162 21.7 51.0 4.7 20.6 49 1.4 3.8 07 40 09 24 04 2.0 0.3 1186 0.76 0.42 0.55 1.10 1.57
Z1 149 11.0 9.7 9.3 3908 24.0 556 5.3 22.8 48 1.2 43 08 45 1.0 26 04 22 03 1299 0.75 0.44 0.59 1.09 1.28
(4) +53 214 £1.041.3 +798 +23+56+05+23+05+0.1+04+0.1204+0.1+03£0.0+£02+0.0 £12.9£0.01 £0.01+0.01+0.00 +0.05

Z2 16.0 10.7 9.7 9.2 4535 25.1 59.5 55 241 51 13 46 08 48 1.0 28 04 23 04 137.8 0.75 0.44 0.59 1.11 1.30
) 272 442 122 £1.7 1179224 4.9 +0.6+2.1+04+0.1+05%01+05%0.1+0.3+0.1+0.2%0.0 +12.3 20.01 20.01 £0.0120.01 +0.06

Z3 9.8 16.1 11.3 11.2 4904 28.4 66.8 6.3 27.3 57 15 52 09 53 11 31 05 27 04 1552 0.74 0.44 0.60 1.10 1.28
) 464 6.3 £0.3+0.6 + 731 +1.1423+02+ 1.040.2+0.120.24 0.0 0.2:0.020.1£0.0+0.1£0.0 + 55 0.01+0.00£0.01+ 0.01 +0.02

Z4 7.7 229 11.511.2 4558 28.3 66.5 6.2 26.8 56 14 50 09 51 11 3.0 05 26 04 1534 0.76 0.45 0.60 1.10 1.28
) +55 +59 £0.3 +0.4 + 522 +1.6 3.3 +03+16+03+0.1+03+00+03+0.7+0.1+0.0+0.17+00 +8.7 +0.071+0.00+0.01+0.02 +0.03

Z5 29 220 114116 6393 28.3 67.6 6.2 27.2 57 14 51 09 52 11 32 05 27 04 1556 074 045 061 1.11 1.26
) +471 18920613 +2587+0.5+18+01+£0.620.2+0020.1£0.0:0.1£0.0+0.1£0.0+0.17£0.0 £ 3.7 £0.02+0.00+0.01+0.02+0.01

Z6 1.4 161 9.6 10.2 7555 24.4 585 54 23.6 5.0 1.3 44 07 45 1.0 27 04 22 0.3 1344 0.76 045 059 1.12 1.35
(4) 213 x106223%1.5 $3305+55%12.7+1.2£53+1.002*1.1+02%*1.120206%0.1£0.5%£0.1 £29.6 £0.02%£0.02+0.02+0.01%0.16

25’ 0.3 17.6 10.7 12.7 8891 30.5 74.2 6.7 29.7 6.2 15 55 09 55 1.2 33 05 28 04 1689 0.77 0.46 0.59 1.13 1.24

Post-mons o o n(OctobertoJanuary)
z

0 345 29 31 52 1961 149 331 3.3 14.0 3.5 11 2.8 04 29 06 1.7 0.2 1.4 0.2 80.1 0.77 040 051 1.05 1.68
(4) 204 %11 222%4.4 £1426 4.0 8.1 0.8+ 35*0.9%04%0.720.1£0.720.1204%0.0%0.3%0.0 £19.7 £0.08 £0.05 *0.05*0.02 *0.49

Z1 33.2 140 6.9 85 4519 221 51.2 50 213 46 1.2 41 07 44 09 26 04 22 03 121.0 0.72 0.43 0.60 1.08 1.33
(4) 210 #18.123.6 4.3 2141 3.7 +9.7 :0.923.920.8+0.220.8+0.1+0.820.2+0.5+0.1 0.4 0.1 22.0 0.05+0.01 +0.03 +0.03 +0.06

2 326 20.3 9.7 121 6346 23.8 56.0 53 23.0 5.0 1.3 44 08 47 1.0 28 04 24 04 131.2 0.69 043 062 1.09 1.32
) 204 #©1.1£1.2 0.9 £ 319 4.7 +11.6£1.1:4.6£0.94020.810.1+09:0.20.5+0.120.4 0.1 +25.9 +0.04+0.01 £0.03 £0.02 £0.05

3 30.7 13.7 10.211.1 7217 26.2 62.3 5.9 254 54 14 48 08 50 11 29 05 25 04 1446 0.75 044 0.60 1.11 1.29
) £1.8 £123:22+41.9 £1449+4.511.3:1.0£4.6+1.0+03:10202+1.2202:06+0.1+05+0.1 £26.7+0.05+0.02+0.01%0.01+0.03

Z4 296 11.0 10.4 11.2 8448 26.0 61.9 57 25.2 53 14 4.8 08 49 1.1 3.0 04 25 04 1434 0.74 045 060 1.11 1.26
(4) 204 261 20.8 21.0 £2561 2.9 8.7 0.8+ 34+0.840240.720,1£0.820.220.5+0.1+0.4 0,1 £19.7 £0.04 £0.02 0,01 £0.03 0,05

5 242 10.2 10.4 11.4 10457 27.0 65.0 6.0 26.3 55 1.5 50 09 52 11 31 05 26 04 1498 0.74 0.44 0.60 1.12 1.30
) 50 6.1 £1.0 1.1 24706 £2.3 6.1 0.6 £2.5 0.6 0.2 *0.5 0.1 0.5 £0.1 0.3 0.0 0.2+ 0.0 +13.7 +0.02 *0.01 £0.01 +0.01+0.03
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Table. 3 (Continued)
Stns. Salinity SPM Al Fe Mn La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu XREE(LH) (UM} (HM), cele EuEu

Post-mons oo n/ continued)

Z6 17.0 59 9.7 10.2 13678 28.0 66.7 6.1 27.0 57 1.5 51 09 52 11 31 05 26 0.4 1539 0.75 0.45 0.60 1.11 1.27
(4) 254 :19+19+2528391%26262%0.6+26=0.6%0220520.1+0.520.1£0.3+0.0¢0.2:0.0 144+ 0.020.01= 0.01+0.02+0.04
zZ7 10.0 5.2 7.0 8.3 12708 26.5 629 58 254 53 14 48 08 49 1.0 29 04 25 04 1450 0.76 045 0.59 1.11 1.29
(4) 6.1 £30 35237 5018 £24*57205+2.1%0520.1204%0.1%04+0.1*02%20.0202*0.0 *124%0.03%0.012 0.01%£0.01 £0.02
Z8 28 52 65 86 16522 253 595 55 242 51 1.3 44 08 45 1.0 28 04 23 03 1373 0.79 046 0.59 110 1.29
(4) 24 +26 £3544.3 1171 £43210.1£0.9+ 4.0 1.0 0.2 0.9 £0.1 £0.9%0.2 *0.6+0.10.5+0.0 +23.8 £0.02 +0.01% 0.01 +0.01 £0.02
Z9 0.9 124 85 15.0 20539 23.2 59.1 5.2 23.3 46 1.2 41 07 42 09 25 04 22 03 1319 0.78 048 0.61 117 1.28
(4) *0.8 *9.8 *1.2 3.3 #6751 2.2 £7.1 20525 20.4%0.1 0.4 ¥0.1£0.4%0.1 20.3*0.0*0.2 *0.0 *14.3 *0.03 *0.01%£0.01 £0.04 *0.01
Pre-monsoon

Z0 352 45 54 55 1984 184 419 4.2 18.0 41 07 35 06 3.7 08 22 03 1.8 03 1006 0.71 045 0.62 1.05 1.32
(4) +09 22123031 +1515232+7.6207+3.0+0.7+05+06+01204+0.120.3%0.00.2+0.0+16.7+0.04=0.06+0.070.01+0.09
Z1 343 11.4 9.4 101 4777 249 57.8 57 244 52 14 47 08 50 11 29 04 25 04 137.2 0.71 042 0.59 1.08 1.34
(4) +1.5 +6.1 +0.6 +0.8 + 557 +3.6 +96 +0.9+3.8 +0.8+0.2 +0.7 +0.1+0.8£0.2 +0.5+0.71+0.4 +0.1 +21.6 +0.02 +0.01 +0.02 £+0.03 +0.13
Z2 33.1 19.7 10.511.0 5941 27.3 646 6.2 26.7 5.7 15 52 09 54 1.2 3.2 05 27 04 1514 0.71 043 0.60 110 1.35
(4) 420+66212+05+718 +28+7.6+0.6+29+0.7+0.120540.1+0.5+0.1+0.3+0.0+0.2+0.0+16.4+0.01+0.07+ 0.01+0.02+0.18
Z3 32.3 28.9 10.210.3 5811 27.4 645 6.1 267 56 16 52 09 52 11 3.2 05 26 04 1511 0.74 043 058 1.10 1.39
4 +22 +223208+09 + 303 :t29+62+07+30205£03206201+0620.1:04201203200+157+£0.032001+0.02+0.0120.12
Z4 31.3 19.3 10.2 10.6 6298 27.4 644 6.2 267 56 16 51 09 53 1.2 3.2 05 26 04 151.0 0.73 043 0.58 1.09 1.42
8] 124 H05%*0.6 *1.0 *318 *27 63 *0.6%2.8 *0.5%0.3 ¥0.5 *0.1*0.5*0.1 *0.3%0.0%0.2 *0.0 *14.9 *0.03 *0.01*0.03 *0.01 *0.16
Z5 27.3 16.7 10.4 10.6 7348 28.0 66.1 6.3 27.3 5.7 16 52 09 53 1.2 3.2 05 27 04 1544 0.74 043 0.58 110 1.40
(4) +3.7 57 0.5 0.6 748 0.9 £2.1 +0.320.8 20.3£0.2 0.2 *0.0 *0.2%0.1 +0.1 £0.0 £0.71 £0.0 £ 5.2 £0.03 *0.01£0.03 £0.01 £0.17
Z6 21.2 141 11.4 121 9989 33.2 783 7.4 321 68 18 61 11 63 14 3.8 06 3.2 05 1825 0.73 044 059 110 1.34
(4) +36 +57+14+18 +1249+21+48+05+20+20.3+0220320.1+0.3+0.1+0.2+0.0+0.2+0.0+10.920.07+0.01£ 0.02+0.01£0.12
4y 4 15.1 10.3 10.1 10.7 12206 31.9 753 7.1 31.2 65 18 58 1.0 59 13 3.5 05 29 04 1752 0.77 044 0.58 110 1.41
(4) +35 +4.6 £0.4+04 +2508+4.9+11.5+ 1.1+ 48+1.1£0.3+£0920.2+0.9202+05+0.7+04+0.1+26.7+0.02+0.01x 0.02+0.01£0.14
Z8 48 89 93 11.7 23870 249 60.8 56 246 51 14 45 08 46 1.0 28 04 23 0.3 1391 0.77 045 0.59 113 1.38

2.8 £2.1 £0.7 £0.9 2293019482042 1.820420.1 20.4%0.1£0.3+0.1 £0.220.020.3+0.0 £10.7 £0.03%0.012 0.03£0.01 £0.12

Z9 0.9 89 7.2 123 23350 21.0 51.7 4.6 20.5 41 11 36 06 36 08 22 03 19 03 116.2 0.80 0.48 0.59 1.14 1.31
4) 1093413312 261831288207+ 3.1£0.6£020520.1+0.520.120.320.0203+0.1+184£0.0320.01= 0.02£0.03+0.05
The number in brackets in the first column indicates the number of samples analyzed at each station.
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Table. 4
Concentrations of Al (%), Fe (%), Mn (ug/g) and REEs (ug/g) in surface sediments at transect stations in the Zuari estuary.

Stns Al Fe Mn La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu SREE (UH) , (M), (HM), CeiCe EwEu

M o n s o o n (Augustand September)
Z1 11.3 11.9 13322 39.3 131.7 8.8 447 80 26 75 13 74 16 44 06 35 05 2620 0.90 048 0.53 142 1.57
(2) 04 208 +11281 8.8 £646+20+17.2¢2.0%0.7 +1.9%0.3 £1.820.420.9+0.1+0.7%0.1+101.5+0.15 +0.05%0.03 £ 0.31 +0.02

(z1§ 123 11.8 3460 36.7 941 83 352 7.3 23 6.6 1.2 69 1.5 41 06 3.5 0.5 2087 0.77 0.44 057 1.20 1.59
Z3 121 11.7 4146 34.4 90.6 7.7 340 69 22 62 11 65 1.4 39 06 3.2 0.5 199.2 079 0.44 056 1.22 1.57
(2) 207 08 *908 %24 +70%07%32%06%02+05%0.120.720.120.3+0.1+0.3%0.0*16.2 £0.00%0.010.00+0.00+0.03
Z4 121 11.7 5413 367 941 81 359 7.4 24 69 1.2 69 1.5 41 06 3.4 0.5 2096 078 043 055 1.19 1.55
(2) 406 *04 +283 *05+23 +02%0.1 0.1+0.1 0.1 0.0 0.1 0.00.1+0.0 £t0.0£0.0 * 1.2 *0.01+0.01+0.00 £0.04 *0.01
z5 123 11.5 5781 325 759 7.2 30.3 6.5 20 58 1.1 63 1.4 3.8 06 3.1 0.4 176.8 0.73 0.42 058 1.10 1.53
(2) 104 +1.9 +4953 +95 +251+25+10.0:2.2+0.8 +2.0+0.3 :2.0+0.4+1.2+0.2 +0.8+0.1+57.0 +0.04 +0.01 +0.04 +0.03 +0.06
Z6 100 9.6 7853 409 121.3 9.2 436 7.9 25 7.5 1.3 7.4 16 43 06 3.5 0.5 2522 0.87 0.47 0.55 1.27 1.54
(2) £33 +06 * 8294 *18.9%81.0:4.62254+39+12 +3.6+0.6+31+0.6+1.7+0.2+1.3%0.1+1462%0.20 +0.060,06+0.25%0.01
Post-mons oo n(Novemberand December)

Z0 107 89 1786 284 691 6.6 28.0 6.0 20 55 1.0 59 1.3 35 05 29 0.4 161.0 0.71 040 056 1.13 1.59
(2) %15 211 *58 *04 55 *0.1%0.1 *0.1%0.0 0.0 *0.0 0.1 *0.0*0.0 0.0 +0.1*0.0* 4.9 *0.02*0.01 £0.00 *0.10 *0.01
Z1 111 109 5563 350 96.2 7.8 353 6.9 22 64 1.1 66 1.5 40 06 3.3 0.5 207.3 0.79 0.45 0.57 1.26 1.57
(2) 4719 +20 2505 4.0 +13.8+0.9+46+0.7+0.2+0.720.1+0.620.1£0.4+0.1+0.3% 0.0+ 26.5 £0.02+0.01+0.00+ 0.03+0.01
Z2 106 10.6 4524 343 930 7.6 342 69 22 62 11 66 14 39 06 3.3 0.5 201.7 0.78 0.45 0.57 1.25 1.57
(2) 208 *06 430 0.1 *1.0 *02%0.1 £0.3%0.1 0.220.1 *0.3%0.0%0.1+0.0+0.1£0.0% 0.4 *0.02*0.02*0.01 *0.02 0.01
z3 101 91 3325 283 723 6.3 276 56 18 51 09 53 1.2 32 05 26 0.4 160.9 079 0.44 056 1.19 1.54
(2) %12 $11 2645 50 85 £1.1+42+1.0%0.3 20.9%0.2+1.0%0.240.6+0.1+0.5%0.1+23.8 0.03+0.01 +0.00 +0.06 £0.02
Z4 111 99 3350 293 77.0 6.6 293 58 1.8 53 09 55 1.2 3.4 05 27 0.4 169.7 0.77 0.45 058 1.19 155
() 110 03 1997 %62 +269+1527.7 £1.5%0.5 +1.320.2 £1.320.3+0.8 +0.1 :0.6%0.1 + 49.0 £0.05+0.01 £0.03 £0.15 £0.01
z5 105 10.5 10044 326 91.0 7.2 329 64 20 59 1.0 61 1.3 3.7 05 3.0 0.4 1942 081 0.46 0.57 1.28 1.56
(2) £10 %04 %10665 35 %192+07£5006%02%0.6%0.1*0.7%0.1t04%01+0.3%0.0% 31.5%0.05%0.02£0.01£0.1120.01
zZ6 107 11.3 10908 41.7 1236 9.3 439 81 26 7.5 1.3 7.7 1.7 47 07 3.8 0.5 257.0 0.86 0.47 0.55 1.34 1.56
(20 $20 220 *4864 *12 £ 6.6 *0.0%09 *0.1£0.0 *0.120.0 *0.0£0.020.120.0+0.120.0 * 6.3 £0.040.010.02%0.08%0.01
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Table. 4 (Continued)

Stns Al Fe

Mn

la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu XREE(LH), (UM), (HM), Ce/Ce EulEu

Post-mons oo n/continued)

Z7 10.4 10.4

(2) +1.7 +22 7838
Z8 10.8 10.3 3009
(2) =10 27 +888
Z9 11.8 13.3 2662
(2) 217 02 2657

Pre-monsoo

(z1§> 10.0 86 1795
Z1 93 93 5956
(2) 1.2 1.2 1634
Z2 96 93 4421
(2) 04 07 =806
Z3 74 62 2879
(2) +10 222 3234
Z4 102 99 5271
(@) z04 09 =940
Z5 9.8 11.7 20282
(2 114 215 220922
Z6 103 10.4 6709
@  i05 01 +289
Z7 99 11.2 27951
(2) +0.1 1.4 +24719
Z8 103 12.0 10183
2)

Z9 7.0 81 3827
(2) 151 290 %3132

16918 35.9 110.8 8.2 385 7.3 22 66 11 6.7 1.5 40 06 3.3 05 2271 0.87 048 055 1.38 1.48

46 £263 +12£73+1.0£03 +09+0.1+0.820220620.1205£0.1£43920.03£0.02+0.01£0.1220.02

30.0 69.5 64 274 57 1.7 51 09 54 1.2 33 05 29 04 1606 0.72 0.44 0.61 1.08 1.49
37 254 £1.2268+1.2204 £1.0£0.2%1.0£0220620.1£0.420.0%42.120.07£0.01£0.04+0.2220.07

326 89.2 70 316 6.3 19 56 1.0 60 13 3.7 06 3.2 0.5 1905 0.75 0.46 0.62 1.27 1.49
6.0 £718.2 £71.1+£6.0 £0.9£0.3 0.8 £0.1 £0.8£0.1 £0.4 £0.1 £0.3£0.0% 35.1 20.07 £0.03 £0.02 £0.03 £0.00
n (March and May)

30.7 76.5 7.0 298 64 21 58 1.0 6.2 14 3.7 06 3.1 04 1748 0.72 0.41 0.57 1.16 1.63

33.3 103.7 76 358 6.8 22 6.2 11 64 14 38 05 3.1
8.9 £33.5 £2.0 £10.5 1.8 0.6

0.4 212.2 0.86 0.47 0.55 1.39 1.56
1.6 20.3 1.7 £0.3 £1.0 £0.1 20.7 £0.1 £62.9 =0.04 0.02 £0.01 £0.07 0.00

30.1 859 6.7 304 6.1 1.9
144 £12.9 £09%4.4 £0.8%0.3

55 1.0 57 12 35 05 28 0.4 1818 081 0.45 056 1.31 1.57
0.8 £0.1 0.8 £0.2+0.520.1£0.4£0.1£26.5 0.01+0.00 £0.00 £0.01 £0.01

19.2 499 44 188 39 1.2 34 06 36 08 22 03 1.8 03 1104 0.75 0.44 0.58 1.16 1.55
£9.1 £31.6 £2.1£70.0£1.9£0.6 +1.8+0.3 +1.820.4%1.1£0.2+0.8%£0.1+61.7 £0.06£0.02+0.02+0.19 £0.02

31.2 895 70 318 63 2.0 57 10 58 13 35 05 29 04 188.7 082 0.46 056 1.30 1.55
57 £24.8 +1.3£81 £1.1204 £1.1+0.2 £+1.0£02%05+0.1 +0.5£0.0£ 45.0 £0.07 £0.02 £0.01 £0.09 £0.02

53.1 159.2 10.8 53.2 94 3.0 88 15 85 19 50 07 40 0.5 3196 097 0.50 053 1.36 1.54
31.2 £99.4 £55 £31.4 £4.7 £1.5 #4.6 0.7 4.0 £0.9 £2.2 0.3 1.7 £0.1 £188.1 #0.21 £0.05 +0.06 £0.06 £0.02

359 102.2 82 384 7.3 23 69 1.2 69 16 43 06 3.3 05 2195 0.81 045 055 1.28 1.54
0.8 £11.1 £0.2£0.2 0.1 0.1 #0.4 0.1 0.2 +0.1 +0.4 0.0 0.0 0.1 £ 11.0 £0.08 £0.04 +0.01 £0.12 £0.00

40.8 146.8 9.3 479 84 26 7.8 1.3 7.8 1.7 47 0.7 3.7 05 284.0 0.93 0.50 0.54 1.54 1.50
92 546 x24+16.2:24+0.7 x25%204 £23+05+1.4x02+1.0£0.1£938 *0.05+0.01£0.02+0.16+0.02

326 1015 7.1 338 6.2 1.8 55 1.0 56 1.2 34 05 29 0.4 2035 088 0.51 058 1.39 1.46

£0.2 £1.0 £11404 £82 2415 £2.1£123+1.9£0.4 £1.6x0.2£1.2+x03£0.7201205x01£71.1£0.13£0.05£0.04£0.17£0.08

283 778 6.2 281 55 16 48 09 49 11 31 05 26 0.4 1657 080 0.48 060 1.26 1.48
6.9 189 £1.22£4.6 20.8%0.3 #0.7 £0.1 £0.8 £0.2+0.4 +0.1 +0.4%0.1 £ 35.5 £0.05 £0.02 £0.01 *0.04 *0.05

The number in brackets in the first column indicates the number of samples analyzed at each station.
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Table.5 Concentrations of Al (%), Fe (%), Mn (ug/g) and REEs (ug/g) in surface sediments on the continental shelf off Zuari estuary.

Stns Depth (m) Al Fe Mn La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu X,REE (LH),, (LIMln [HfM)n cefce EuiEu
S1 7 115 7.8 430 314 802 7.3 302 67 22 60 11 65 14 38 06 3.1 04 1808 074 061 083 122 161
S2 T 11.0 94 2538 327 861 75 319 68 22 61 11 63 14 39 05 3.0 04 1899 078 064 082 127 160
S3 11 10.8 9.1 1217 284 728 64 275 60 19 54 10 57 1.2 34 05 27 04 1634 0.75 062 083 1.24 160
S4 15 109 8.8 1000 242 569 55 23.0 50 16 46 08 47 10 28 04 23 04 1334 073 061 085 113 1.56
S5 18 10.7 9.0 575 293 745 6.7 291 62 21 58 1.0 6.1 1.3 3.7 05 29 04 1698 072 060 083 122 1862
S6 14 114 79 327 186 411 43 179 39 12 36 06 38 08 22 03 19 03 1006 069 060 088 1.06 1.55
S7 1M 103 7.2 390 125 256 28 114 24 07 22 04 23 05 14 02 12 02 639 066 064 097 099 147
S8 19 10.8 9.1 511 285 746 6.8 283 6.1 21 57 1.0 6.1 13 36 05 29 04 1679 072 060 083 124 164
S9 19 11.1 9.1 487 279 707 65 272 59 19 55 10 59 13 35 05 28 04 1611 070 060 085 122 158
S10 32 10.7 86 498 26.7 688 6.2 26.0 56 18 52 09 56 12 33 05 27 04 1549 072 061 085 123 161
S11 20 10.7 9.0 509 304 789 7.0 300 65 22 60 1.1 64 14 38 06 30 04 1778 072 060 084 124 1862
S12 23 109 9.0 669 277 717 63 272 59 19 53 10 57 12 34 05 27 04 1611 072 061 085 125 162
S13 34 11.3 87 536 233 512 54 222 49 16 44 08 48 10 28 04 23 03 1254 070 059 085 1.06 158
S14 22 11.1 9.3 669 237 533 54 226 50 16 45 08 48 10 28 04 24 04 1288 070 060 086 1.08 157
S15 18 109 94 745 260 676 61 252 55 18 49 09 52 12 31 05 26 04 1509 073 062 085 124 162
S16 34 109 9.2 617 294 766 6.8 285 62 20 56 1.0 6.1 13 3.7 05 29 04 1711 073 062 085 125 160
S17 45 98 78 343 245 552 57 235 51 16 47 08 49 11 3.0 04 25 04 1333 069 060 087 1.08 154
S18 54 94 7.7 361 230 566 54 225 49 16 44 08 49 11 29 04 24 03 1311 070 0861 087 117 158
S19 102 6.2 46 218 144 274 32 127 28 08 26 05 29 07 19 03 16 02 721 059 058 098 092 144
S20 200 49 34 176 130 236 28 109 24 07 22 04 24 05 16 02 13 02 621 063 062 098 089 138
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