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Magnetic properties of sediments in cores from the Mandovi estuary,
western India: inferences on provenance and pollution
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Abstract

Magnetic properties of sediments were investigated in 7 gravity cores recovered along a transect of the
Mandovi estuary, western India to understand their provenance and pollution. The maximum magnetic
susceptibility of sediments was at least 6 times higher in the upper/middle estuary than in lower
estuary/bay. The xfd% and yarm/SIRM of sediments indicated coarse, multi-domain and pseudo-single
domain magnetic grains, resembling ore material in the upper/middle estuary and coarse stable single
domain (SSD) to fine SSD grains in the lower estuary/bay. Mineralogy parameters indicated hematite
and goethite-dominated sediments in the upper/middle estuary and magnetite-dominated sediments in
the lower estuary/bay. Two sediment types were discernible because of deposition of abundant ore
material in the upper/middle estuary and detrital sediment in the lower estuary/bay. The enrichment
factor and Index of geo-accumulation of metals indicated significant to strong pollution with respect to

Fe and Mn in sediments from the upper/middle estuary.
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Environmental magnetism (EM) has proved to be a powerful diagnostic tool in numerous
depositional environments with applications in determining sediment sources (King et al., 1982; Oldfield
et al., 1985; Yu and Oldfield, 1989, 1993; Wheeler et al., 1999), assessing post-depositional, diagenetic
changes (Karlin and Levi, 1983; Zhang et al., 2001), paleoclimatic (Bloemendal et al., 1992; Vigloitti et
al., 1999; Rey et al., 2005; Hayashida et al., 2007) and pollution studies (Bitykova et al., 1999;
Petrovsky et al., 2000; Schmidt et al., 2005; Yang et al., 2009; Gudadhe et al., 2012). In this
investigation we present the magnetic properties of sediments in cores from the Mandovi estuary,
western India (Fig. 1). As the Mandovi is a monsoonal estuary it receives abundant river runoff and
sediment discharge only during the wet, monsoon season (June-September) and negligible runoff
during dry season (October-May). Estuarine circulation is dominated by tidal and wind-induced currents
during dry season and, intrusion of saline water has been reported up to 45 km from the mouth of the
estuary (Manoj and Unnikrishnan, 2009). Since 1940, mining for Fe-Mn ores has been an important
activity in the drainage basin of the Mandovi River. As fine-grained ore deposits are stored on the
shores of the estuary abundant ore material is flushed into estuary during heavy monsoon rains. Ore
deposits are also loaded onto barges at several Iron-ore loading dock stations along the upper estuary
(see Fig. 1) and transported through the channel of the estuary to the port, where they are loaded onto
merchant ships for export. As a consequence one would expect spilling over of ore material from
barges into the estuary. The amount of ore material exported is increasing year after year. About 31
million tonnes (mt) of ore deposits were transported through the Mandovi estuary in 2004 (Rangaraj
and Raghuram, 2005). The estuarine sedimentation in Mandovi estuary is thus influenced by detrital
sediments, ore material and organic sediments. During early diagenesis Fe and Mn minerals get
dissolved and reduced forms of these metals are available abundantly in the pore waters and
detrimental to the benthic organisms. The purpose of this paper is to report the magnetic properties and
Fe and Mn contents of sediments in cores from the Mandovi estuary in order to determine the sources
and diagenetic signatures of magnetic minerals in different cores and pollution level of Fe and Mn in the

sediments due to ore mining activities.

Seven sediment cores were collected along a 32 km transect of the Mandovi estuary (Fig. 1),
using gravity corer and with the help of a scuba diver. The length of recovered sediment varied in each
core and it was longer in cores from the upper/middle estuary and shorter in cores from the lower
estuary/bay (Table 1). The sediments in the cores were sectioned at 1 cm interval and were oven dried
at <40°C. For magnetic measurements the dried samples were gently crushed and transferred into
tightly packed, plastic bottles. The procedure for magnetic measurements and calculation of

environmental magnetic concentration (y xarm and SIRM), grain size (Xarm/SIRM, Xarw/Xir, SIRM/Y)



and mineralogy (S-ratio) parameters given elsewhere (Walden et al., 1999; Kumar et al., 2005) was
followed. The range of values of magnetic parameters for all cores is given in Table 1. Figs. 2A-D
shows the distribution of magnetic properties of sediments in representative cores. Selected sediment
samples were analyzed for mineralogy on a Rigaku X-ray powder diffractometer, using nickel filtered
Cu Ka radiation (Fig. 3)

The grain size analysis of sediments was carried out by using a laser Malvern Laser Particle
size analyzer (Master sizer 2000), after separating the sand fraction. Thereafter the percentages of
sand (<2000 pum - >63 um), silt (<63 um - >4 um) and clay (< 4 um) were calculated in each sample
and shown in Figs. 2A-2D. The total carbon content of the sediments was determined by using a NC
soil analyzer (FLASH 2000 Organic Elemental Analyzer); Soil NC was used as standard reference
material. The total inorganic carbon content was calculated from CaCO; content, which was measured
using a coulometer (UIC, Inc-CM5130 acidification module). Organic carbon (OC) content was then
calculated by subtracting total inorganic carbon from the total carbon in the sediments. The
geochemical analysis of metals was carried out on a Perkin Elmer Optical Emission Spectrometer
(Optima 7300 DV) and the entire method was reported in Prajith et al. (2015). The reproducibility of the
geochemical analyses for metals was better than +10%. Age of the sediments by ?'°Pb excess method
was not successful (Prajith et al., 2015). As the CaCOj; content of the sediments is <2% it is not
possible to determine the age of sediments by radiocarbon method. Since the estuarine sediments
contain a mixture of different proportions of terrestrial and marine organic matter and also labile and
refractory organic matter, the ages based on total organic matter in estuarine sediments have
limitations and should be interpreted cautiously. As we have no other option we have determined the
total organic carbon (TOC) ages of sediments in cores from the upper estuary, lower estuary and bay,
measured by Accelerator Mass Spectrometer (AMS) at NOSAMS facility, Woods Hole Oceanographic
Institution, USA. The sediment intervals for which the AMS ages of TOC were obtained are shown in
Fig. 2A, Fig. 2C and Fig. 2D. As the §'*C of organic carbon of the dated sediments indicate terrestrial
organic matter (-27 to -26%) in the upper estuary and marine organic carbon (-23 to -22%e.) in the lower
estuary and bay and we believe that the ages are reliable. The ages of sediments from the upper
estuary indicate modern sediments (Fig. 2A), whereas those in the lower estuary and bay showed
maximum ages of 1588 years A.D. and 539 years A. D., respectively at the bottom portions of the cores
(Figs. 2C-D). The age vs. depth plots for the sediments of the lower estuary and bay are given as

inserts in Fig. 1.



For convenience of description of results, the magnetic properties of sediments from one
representative core in each environment, i. e., upper estuary, middle estuary, lower estuary and
Aguada Bay are described here in detail. The sediments exhibit significant variations in color, texture,
OC, Fe and Mn content and rock magnetic parameters, both spatially and temporally (Table 1; Fig. 2A-
D). The sediments in cores from the upper/middle estuary are reddish brown or, reddish brown to
brown in colour (Figs. 2A-B). The sediments in the upper estuary are clayey silts intercalated with sand-
dominated sediments, and those in the middle estuary are sandy silts in the lower part and silty sands
in the upper parts of the core (Fig. 2A-B). The sediments from the lower estuary were brownish in the
upper part and dark brown in the lower part of the core (Fig. 2C). Silty clays intercalated with sand-
dominated sediments were characteristic in the upper section of this core. The sediments of the
Aguada Bay were brownish in the upper part and greenish in the lower part. Sandy sediments in the
lower part of the core were overlain by silty clays at middle part and then by sandy silts in the upper
part (Fig. 2D). The OC content varies from 0.4% to 4.5% in different cores and increases towards core

top, almost in all the cores.

The magnetic susceptibility (y) values of estuarine sediments are usually low (<50x10°m’kg™”;
Booth et al., 2005), but the values up to a maximum of 125x10°m®kg™”" have been reported in tidal flats
sediments (Zhang and Yu, 2003). The y values reported here are unusually high and ranges from 229
to 2194x10®m>kg™”" with a mean value of 617x10°m?kg™ in cores from the upper estuary and, from 360
to 1779x10°m’kg™" with a mean value of 655x10®m>kg™" in cores from the middle estuary (Table 1). The
maximum y values in different cores from the upper estuary are 5 to 10 times higher than the minimum
wr Values in the same cores. Similarly, the maximum v value and Fe content in cores from the upper
estuary are ~6 and 3-4 times higher than those from the lower estuary/bay, respectively (Table 1). The
Yarm iS sensitive to single domain ferrimagnetic mineral and SIRM is an indicator of ferrimagnetic
minerals concentration (Maher, 1988). The y; values of sediments at several intervals in these cores
are comparable with that of ore material and suggest that ore material is directly transported and
deposited to this part of the estuary. Very high values of y; xarm @nd SIRM in the upper/middle estuary
sediments (Table 1) may indicate high proportions of iron ore material. Further, the mean Fe (18-25%)
and Mn (0.67-1.15%) of sediments in cores from the upper/middle estuary were 3-5 and 10-12 times,
respectively higher than in Post-Archean average Australian Shale (PAAS; 5% and 0.09%,
respectively; Table 1) and thus suggesting deposition of ore material rich in Fe and Mn in the

upper/middle estuary.



X-ray diffraction studies also indicated higher proportion of iron ore minerals in upper/middle
estuary than in lower estuary/Aguada Bay (Fig. 3). The S-ratio of sediments provides a measure of the
relative amounts of soft ferrimagnetic (low-coercivity) to hard anti-ferromagnetic (high-coercivity)
minerals (Evans and Heller, 2003). It ranges from 44 to 99%, with lowest mean ratios in cores from the
upper/middle estuary (73-80%) and highest mean ratios in the lower estuary/bay (90-93%; Table 1).The
mean S-ratios of sediments from the upper (73%) and middle estuary (80%) are close to that of ore
material (88.7%) and indicate abundant high coercivity minerals, such as hematite or goethite. The IRM
acquisition curves of sediments from the upper/middle estuary and ore material are, however, similar,
and IRM increases gradually with increasing applied field (see Figs. 4A-B). This indicates the presence
of high concentration of hard magnetic (anti-ferromagnetic) minerals. On the other hand, the IRM
values are much lower in sediments from the lower estuary/bay than in upper/middle estuary. The IRM
acquisition curves indicate IRM reached saturation at ~0.3T, except in a few samples from the upper
portions of the cores (Figs. 4C-D). The IRM saturation at 0.3T indicates the presence of soft magnetic
(ferrimagnetic) minerals (Walden et al., 1999). Both S-ratios (Table 1) and IRM acquisition curves (Figs.
4C-D) of sediments from the lower estuary/bay indicate magnetite is the dominant mineral. In other
words, there is a distinct change in magnetic minerals from hematite and goethite-dominated in the

upper/middle estuary to magnetite-dominated in the lower estuary/bay.

The y% is an effective measurement for detecting super-paramagnetic (SP) grains, whereas
xarv/SIRM ratio is an indicator of domain state of magnetic minerals (Dearing et al., 1997; Walden et
al.,, 1999). The plot of yw% and xarm/SIRM of sediments of all the cores on the diagram (Fig. 5) of
Dearing et al. (1997) indicates that the sediments from the upper/middle estuary contain <10% SP to
<50% SP grains with abundant coarse, multi-domain (MD) and pseudo-single domain (PSD) grains,
and those from the lower estuary/bay contain <10% SP to >75% SP grains (Fig. 5). The plot of y:«%
and yarw/SIRM ratios of ore material on this diagram (see Fig. 5) suggests that it also contains
abundant coarse MD/PSD grains with <50% SP grains. The yarw/SIRM ratios of sediments from the
upper/middle estuary plot on either side of the boundary line separating MD+PSD and coarse stable
single domain (SSD) grains. The low yarw/SIRM ratios of sediments from the upper/middle estuary and
ore material (Table 1) suggest abundant coarse MD+PSD grains (see Yang et al., 2009). The y«%
values of sediments in the upper/middle estuary (more than 60% of samples) are <4 and reach a
maxima of 8 and, those from the lower estuary/bay go up to 10 (Fig. 5). Dearing et al. (1997) and
Walden et al. (1999) proposed low x4 (<4%) indicates high proportions of non-SP grains and ore is the
source material for these sediments. The % and yarw/SIRM ratios thus indicate abundant ore

material in sediments of the upper/middle estuary.



The Fe of the upper estuary sediments shows weak correlation with yy, direct correlation with
SIRM/y;s and inverse correlation with S-ratio (Figs. 6A-C). This implies that Fe is mainly contributed by
anti-ferromagnetic minerals in this part of the estuary. Moreover, high SIRM/yy, low S-ratio and inverse
correlation between the two in these sediments (Figs. 2A and 6D) indicate dominance of ore material.
Comparable SIRM/yj ratios of upper estuary sediments and ore material (Table 1) argue abundant ore
material in the sediments. Walden et al. (1999) and Frank and Nowczyk (2008) proposed high SIRM/x;s

ratio when associated with low S-ratio indicates the dominance of hematite and goethite.

The increase in OC content coincides with decrease in Fe and Mn towards core top in
sediments of the upper estuary (Fig. 2A). On the other hand, the increasing S-ratio towards core top
supports increase of fine-grained magnetites and decrease in anti-ferromagnetic minerals (Fig. 2A).
These observations suggest that the decrease in Fe and Mn content towards core top may not be due
to diagenesis but due to decrease in deposition of ore material and increase in deposition of detrital
magnetite transported from land. On the other hand, low magnetic concentration parameters coinciding
with high magnetic grain size ratios, high OC and relatively low Fe at lower sections of the core from
middle estuary (Fig. 2B) indicate enrichment of fine-grained magnetic minerals either due to authigenic
formation of magnetite by early diagenesis or deposition of fine-grained, detrital magnetite during low-
energy conditions of the estuary. Similarly, the upper section of the same core exhibits high magnetic
concentration parameters coinciding with low magnetic grain size ratios, high Fe and low OC (Fig. 2B)
suggesting increase in relatively coarser magnetic particles, most probably due to the deposition of ore
material. However, similar mean S-ratio% of both sections (80; Table 1) implies dominant contribution

from anti-ferromagnetic minerals compared to the fine-grained, diagenetic or detrital magnetite.

The organic carbon-rich, clayey sediments at upper sections of the core in the lower estuary
(Fig. 2C) and middle section of the core in the bay (Fig. 2D) exhibit high %%, ¥arv/SIRM and S-ratio
indicating high proportions of SP grains and abundant fine stable single domain (FSSD) grains and
authigenic magnetite. Abrajevitch and Kodama (2011) suggested that the bulk of single domain (SD)
fraction is biologically produced and is likely to be authigenic. Here ferric iron (Fe**) may have been
reduced to divalent state (Fe?*) during early diagenesis and magnetite could have formed by authigenic
and/or biogenic processes. Low sedimentation rates (1 mm/year) at upper sections of the cores in the
lower estuary/bay (Fig. 1) may have facilitated the formation of authigenic magnetites. The dark brown,
organic carbon-rich (~3%) clayey silts in lower estuary show uniformly low magnetic concentration/grain
size ratios and high S-ratios indicating reductive diagenesis in the sediments (Fig. 2C). High
concentrations of redox sensitive metals (V/Al, U/Al and Mo/Al) indeed suggest reducing conditions in

these sediments (Fig. 7). The oxidative decomposition of organic matter in sediments lead to sulphate



reducing conditions, in which detrital/biogenic magnetites and other iron oxides become progressively
reduced or, transformed into pyrites or greigites (see Bloemendal et al., 1992; Kumar et al., 2005; Rao
et al., 2010; Roberts, 1995; Liu et al., 2004; Hayashida et al., 2007; Rowan et al., 2009). Greigite is a
ferrimagnetic iron sulphide that forms before pyrite. Kao et al. (2004) suggested that the formation of
greigite/pyrite may be limited by the rates of supply of decomposable organic matter, dissolved sulfur
and reactive iron. As detrital magnetites get dissolved in reducing conditions, high S-ratios (Fig. 2C)

may indicate the formation of greigite, which exhibits high S-ratios (Roberts 1995).

Magnetic susceptibility () has been used for determining pollution (Bitykova et al., 1999;
Petrovsky et al., 2000). Very high yy, low yarw/SIRM, %% and S-ratios indicate abundant anti-
ferromagnetic minerals with coarse, MD+PSD grains and high proportions of non-SP grains in
sediments of the upper/middle estuary, similar to that of ore material. Further, the mean enrichment
factor (mEF) and Index of geo-accumulation (l4e,) of metals are the indices to compute the sedimentary
metal source contributed by anthropogenic or natural sources. The mEF and lq, values of Fe and Mn
(Figs. 8A-B) indicate that the sediments from the upper/middle estuary are in the range ‘significant to
strong pollution’ and those from the lower estuary/bay are in the range ‘minimum pollution’. High Fe and

Mn contents in the upper/middle estuary are due to ore material transported into the estuary

Magnetic properties, mineralogy, geochemical characteristics and AMS ages of the sediments of the
Mandovi estuary indicate (a) high sedimentation rates and ore material-dominated sediments in the
upper/middle estuary and, low sedimentation rates and detrital-dominated sediments in the lower
estuary/bay. (b) Magnetic minerals are influenced by early diagenesis at high OC intervals in the cores.
(c) The Fe and Mn contents of sediments in cores from the upper/middle estuary exhibit significant to
strong pollution with respect to these metals. We suggest that the mining and transport of ore through
the estuary will further deteriorate the benthic environment and detrimental to the productivity and

health of benthic fauna in the estuary.
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Figure captions

Fig. 1.

Location of sediment cores in the Mandovi estuary. Locations of iron ore loading docks, iron ore
plant and ship building plant along the shore of the estuary are also shown. Number in
parenthesis (next to the name of the sampling station) indicates distance of the core from mouth
of the estuary. The plots of age (calibrated AMS age) vs. depth in the core for the cores from the

lower estuary and bay are also shown as insert figures at respective locations.

Figs. 2A-D. Down-core variations of sand, silt and clay content, organic carbon (OC), Fe and Mn

content and magnetic parameters of the sediments in cores from the upper estuary (A), middle

estuary (B), lower estuary (C) and Aguada Bay (D)

Fig. 3 X-ray diffractograms of ore material and core top sediments from representative cores. Q-quartz,

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

H-hametite, M-magnetite, G-goethite, F-feldspar.

A-D. Selected isothermal remanent magnetization (IRM) acquisition curves of the sediments in

different cores. IRM acquisition curve of ore material is also shown in Fig. 4A.

The plot of % versus yarw/SIRM ratio of sediments from representative cores. Coarse SSD —
coarse stable single domain grains; Fine SSD - fine stable single domain grains; SP- Super-

paramagnetic grains. Iron ore values are also plotted.

Correlations of Fe with y (A), SIRM/x; (B) and S-ratio (C) and S-ratio vs. SIRM/x; (D) of

sediments in different cores from the Mandovi estuary.

Down-core variations of redox-sensitive elements (Al-normalized ratios) and OC in sediments
from the lower estuary. Dashed vertical line indicates the element/Al ratio of Post-Archaen
average Australian Shale (PAAS).

(A) Mean enrichment factors (mEF) and (B) Index of geo-accumulation (lge,) of Fe and Mn in
sediment cores. The defined categories of degree of pollution based on the EF of metals
following Lee et al. (1994) and Sutherland (2000) and, lg, values following Forstner et al. (1990)

are also shown in the figures.

Table caption

Table 1. Range and mean values of magnetic parameters, Fe and Mn concentrations in sediment cores

from the Mandovi estuary.
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Table 1 Range and mean values of magnetic parameters, Fe and Mn concentrations in sediment
cores from the Mandovi estuary.

Upper estuary Middle estuary Lower estuary Aguada Bay |
ron
(3 cores) (2 cores) (1 core) (1 core) ore
Length of recovered 5479 cm 72-79cm 56 cm 47 cm
sediment in cores
Min 229.5 - 287.1 360.1 - 458.1 413 52.9
Xit Max 1188.1 - 2194.2 728.5-1779.2 322.3 349.7 2130
(10°m’%g”") | Mean 617.0 655.6 121.7 154.7
SD 481.1 355.9 69.7 90.9
Min 1-1.3 1.4-15 0.1 0.2
XARM Max 22-25 21-3.2 2.3 1.2 56
(10°m’kg”") | Mean 1.6 1.9 0.9 0.6 '
SD 0.4 0.2 0.7 0.3
Min 28.1-77.1 64.2 -79.8 5.0 7.1
SIRM Max 225.0 - 349.2 147.9 - 282.8 425 52.3 999.6
(10°Am*Kg™) | Mean 123.2 116.9 14.5 22.4 '
SD 63.1 53.6 74 13.1
Min 0.1-0.4 0.1-0.2 0.1 0.1
. Max 5.9-6.8 7.3-6.7 11.0 7.6
xfd% Mean 2.7 3.1 4.5 2.5 2.4
SD 1.7 1.8 3.3 1.6
Min 09-17 1.4-29 1.4 2.3
/ Max 53-6.4 43-44 12.3 10.9 28
XARM/Xif Mean 3.1 3.2 6.6 4.8 :
SD 1.0 0.8 3.1 2.5
Min 9.2-15.1 11.7-15.8 8.8 13.0
Max 23.8-39.7 20.5-21.8 16.3 16.0
SIRMXi Mean 23.4 18.1 12.3 14.5 436
SD 7.9 1.7 1.7 0.8
Min 49-9.9 8.2 - 14.1 12.8 16.6
Xarm/SIRM Max 17.9-41.2 24.6-26.4 112.1 70.0 6.1
(10°mA™) Mean 15.6 17.7 54.9 33.1 :
SD 5.5 2.7 27.7 16.5
Min 43.65 - 63.2 69.1-70.5 82.5 78.0
S-ratio Max 80.7 - 94.2 93.6 - 94.74 99.8 100.0 88.7
(%) Mean 72.7 80.1 92.8 89.8 '
SD 8.1 4.4 3.8 5.3
Min 16.0 13.9 3.0 34
Fe Max 31.7 22.8 8.4 11.3 50.0
(%) Mean 24.8 (5.05) 18.0 5.4 7.2 '
SD 3.3 2.2 1.0 25
Min 0.54 0.31 0.05 0.04
Mn Max 1.98 0.99 0.29 0.30 1
(%) Mean 1.15 (0.085)" 0.67 0.14 0.13 :
SD 0.33 0.16 0.05 0.07

* The values in brackets are for the Post- Archean average Australian Shale (PAAS).




