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Abstract  

Environmental magnetic and geochemical analyses combined with 210Pb dating were carried out on a 

sediment core off Goa from Arabian Sea to reconstruct the sedimentation history of last three and a 

half centuries and to investigate the impact of onshore iron ore mining on the offshore sedimentation. 

A drastic increase in sedimentation rate and mineral magnetic concentration parameters divides the 

core into two units (1 & 2) at a depth of 41 cm (1982 AD). The high magnetic susceptibility values 

in Unit 1 sediments are coeval with increased iron ore production on land and illustrate the role of 

terrestrial mining on the increased offshore sedimentation. The early diagenetic signals were 

observed in Unit 2 of the core with low concentration parameters, coarse magnetic grain size and 

magnetically hard mineralogy. The geochemical data of the core also record the Little Ice Age (LIA) 

climatic events of Dalton and Maunder solar minima. 
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Anthropogenesis 

  



 
 

Introduction 

Iron and manganese mining in Goa, a coastal state of India, is carried out by open cast method which 

necessitates the removal of surface material overlying the ore formations. The total land area covered 

by these mines is approximately 30,325 ha, which is about 8% of the total geographical area of the 

state (www.cseindia.org/node/386). There were 334 mining leases in existence out of which 82 were 

in operation during the period 2009-10 (www.goadmg.gov.in/MiningArea.aspx). The average annual 

iron ore production in Goa was about 28 million tonnes (Mt) during the years 2002 – 2011 and the 

mining waste generated during this period was thrice the amount of production.  The two major 

rivers in Goa, Mandovi and Zuari flow through the mining belt (Fig. 1) and bring the mining wastes 

as dissolved and particulate load to the Mandovi – Zuari estuarine system. The transport of ore in 

barges through the waters of Mandovi and Zuari estuarine system to the Mormugoa Port for export 

also generates a lot of waste  adding up to the water – and wind – borne mining waste.  

The environmental impact of Goan iron ore mining is discussed in various publications. The effect of 

mining on foraminiferal abundance (Nigam et al., 2005), trace metal concentration (Alagarsamy, 

2006; Fernandes and Nayak, 2009; Mesquita and Kaisary, 2007; Zingde et al., 1976), rare earth 

element geochemistry (Shynu et al., 2013, 2011), and magnetic properties (Kessarkar et al., 2015; 

Prajith et al., 2015; Singh et al., 2014) were mainly assessed in the Mandovi – Zuari estuarine system 

and the impact of the mining on the coastal environment is poorly known. A biomarker study 

(Kurian et al., 2009) of a 700 year sediment record of primary productivity from the inner shelf of 

Goa (14.98ºN, 74ºE, water depth ~ 45 m) has showed large shifts during the last ~ 50 years which 

has been attributed to indicate the greatly enhanced productivity in response to high solar irradiance 

as well as anthropogenic input of nutrients. Whether these shifts during the last 50 years are related 

to the increased iron ore production since 1950s is not known. Here, an attempt is made to 

reconstruct the history of sedimentation in the inner shelf of Goa using mineral magnetic and 

geochemical techniques and to assess if the offshore sediments are affected by mining-related 

activities on land. 

Materials and Methods 

1. Study area and sampling 

Goa State in India lies within the geographical coordinates located between 14.90° - 15.80°N and 

73.68° - 74.33°E covering an area of 3,701 sq. km. Geologically, it is a part of the Dharwar Craton of 

the South Indian Shield and is covered mostly by the metamorphic rocks of Archean – Proterozoic 

age. The Deccan Traps of Late Cretaceous to Eocene are exposed in a small area along the NE 



 
 

border of Goa. In most of the areas these rocks are covered by a thick layer of laterite and 

aluminous–laterite of Pliocene to Pleistocene time (Gokul et al., 1985). The climate of Goa is humid 

tropical with an annual average rainfall of 300–350 cm of which a major portion is received during 

the south-west monsoon.  

The 1.03 m long gravity core (named as SASU 177 - GC 5) investigated in this study was collected 

from Arabian Sea off Goa at 15.50°N; 73.65°E, during the 177th cruise of RV Sagar Sukthi in May 

2008 (Fig. 1). It was collected from a water depth of 24.6 m. The top 100 cm of the core was sub-

sampled at 1 cm interval. The sediment samples were sealed in plastic bags immediately after 

sectioning and were stored.  

2. Chronological Framework 

The chronology and the sedimentation rate of the sediment core were established using 210Pb dating 

method (Koide et al., 1972; Krishnaswami and Lal, 1978). The short half life of 22.3 years of 210Pb 

makes it ideal for estimating recent sedimentation rates.  210Pb activities of the sediment core were 

analyzed indirectly by measuring the activity of its granddaughter 210Po (half life=138.4 d) which is 

in radioactive equilibrium with 210Pb (half life=22.3 yr) using isotope dilution alpha‐spectroscopy 

(Flynn, 1968). Briefly, 2 -3 g of powdered sediment sample was digested in presence 209Po tracer by 

successive acid treatments and final solution was brought in 0.5N HCl. From this solution, Po 

isotopes were auto deposited on silver planchets. The alpha activity of Po isotope source was assayed 

using the EG&G ORTEC ion implanted detector coupled to a multi channel analyzer. The activity of  

210Pbexcess was estimated from the relation: 210Pbexcess = 210Pbtotal - 210Pbsupported where 210Pbtotal is the 

total 210Pb activity measured in the sample and 210Pbsupported is the 210Pb activity which is assumed to 

be in equilibrium with the parent nuclide. In the present case, the average value of 210Pb (0.37 dpm/g) 

in the lowermost section from 55 – 101 cm is taken as the parent supported value. The 210Pbexcess 

value was computed by subtracting this value (0.37 dpm/g) from total 210Pb activity.  

3. Environmental Magnetic Measurements 

Magnetic susceptibility () of the samples was determined on dried samples using a Bartington MS-2 

magnetic susceptibility meter and a MS2B dual frequency sensor. The samples were oven dried at 

40ºC and gently crushed before packing it into the 10 ml plastic vials. Magnetic susceptibility was 

measured at both low frequency (0.47 kHz) and high frequency (4.7 kHz) (LF & HF respectively) 

and the frequency dependent susceptibility (FD) was determined from the expression FD % = [(LF - 

HF) /LF] x 100 (Mullins and Tite, 1973).  



 
 

Anhysteretic remanent magnetization (ARM) is imparted to the sample by the combined effects of a 

large alternating field (AF) and a small constant DC field. This is done by slowly reducing a peak AF 

to zero while at the same time applying a constant DC field to the sample (Moskowitz, 1991). In this 

study, ARM was measured using a Molspin AF demagnetizer and Molspin Spinner magnetometer in 

a 0.05 mT bias field and a 100 mT peak alternating field. The obtained ARM value was then divided 

by the weight of the sample in order to get the susceptibility of ARM (ARM) which is a grain size 

dependent parameter. Saturation Isothermal Remnant Magnetization (SIRM) was imparted using a 

pulsed field of 1T using a Molspin pulse magnetizer. After the acquisition of SIRM, backfields of 

20mT, 40mT, 100mT, 300mT were applied. Soft IRM and Hard IRM was calculated from these 

values using the expressions  

   Soft IRM = SIRM – IRM20mT 

   Hard IRM = SIRM – IRM300mT. 

The quality of the magnetic measurements was ensured with a Bartington reference material, which 

was run after every five measurements.  

4. Determination of Organic & Inorganic Carbon  

The readily oxdizable organic carbon content was determined by the Walkey-Black method 

(Walkley, 1947)  adopted and modified by (Jackson, 1958). The dried sediment samples were 

oxidized with K2Cr2O7 and H2SO4 in the presence of Ag2SO4. It was then back titrated with 0.5N 

ferrous ammonium sulphate solution to a one drop end point after adding H3PO4, NaF and 

diphenylamine indicator. CO2 Coulometer was used for the determination of total inorganic carbon 

(TIC). The accuracy of the measurements was ensured with a Calcium Carbonate standard.  

4. Major and trace element analyses 

The major and trace element concentrations in the core were measured using ICP – MS and AAS. 

The powdered sediment samples were digested using a 7:3:1 acid mixture (HF: HNO3:HClO4) in 

Teflon beakers. After the digestion, the solution was filtered and analysed using ICP – MS 

(Inductively Coupled Plasma Mass Spectrometer Thermo Scientific, XSERIES 2, Quadrupole) at 

CSIR - NIO. The Fe content in the sediments was measured using AAS (Atomic Absorption 

Spectrophotometer – Thermo Scientific S Series). The USGS standards W-2 and MAG – 1 were 

used to ensure the quality of the results.  The repeatability of the analyses for Fe was better than 

±5%.  



 
 

Results 

Estimation of Sedimentation Rate 

The 210Pbexcess depth profile is shown in Figure 2. The sedimentation rates were estimated from this 

profile following the Constant Initial Concentration (CIC) model (Koide et al., 1972; Krishnaswami 

and Lal, 1978). In this method, it is assumed that sediments are having a constant initial excess 210Pb 

concentration and the decrease of 210Pbexcess activity with depth is solely due to radioactive decay. 

The 210Pbexcess activity decay with depth shows mainly two trends, first between 0 and 41 cm and the 

second one between 41 and 51 cm. The sedimentation rate in the top 41 cm of the core  was 

estimated to be 1.57 cm/yr and corresponds to depositional years between 1982 and 2008 AD (year 

of collection). The sediments between 41 and 51 cm of the core have a lower sedimentation rate of 

0.19 cm/yr (Fig. 2) and the corresponding calendar age for this section is 1982 – 1929 AD. Dating 

the remaining part of the core was not possible with the 210Pb method due to its short half life. From 

the age - depth model, if it is assumed that sedimentation rate in the area before 1929 AD would have 

been similar to the second unit with slower sedimentation rate, time span covered by the core (on this 

assumption) could be ~348 yrs (2008 – 1660 AD). In a previous study, a sediment core off Goa 

(14.98° N, 74° E, Water depth ~ 45 m) has yielded a closer sedimentation rate (0.15 cm/yr; Kurian et 

al., 2009 – Fig. 2). The two units 0 – 41 cm and 41 – 103 cm, with two different sedimentation rates 

are hereafter referred as Unit 1 and Unit 2 respectively. 

CaCO3 and Corganic variation 

CaCO3 values vary from 3.0% - 39.4% and organic carbon (Corg) values vary from 2.0 – 3.1 % in the 

core (Fig. 3). The CaCO3 values are low and nearly constant down up to 95 cm of the core, thereafter 

showing a distinct increase to ~40. Corg on the other hand vary narrowly between 2 – 3%. 

Environmental Magnetic Parameters  

The major environmental magnetic parameters are classified based on their dependence on the 

magnetic mineral concentration, grain size and mineralogy.  

1) Concentration Parameters 

The low and high frequency susceptibilities (LF, HF), Susceptibility of Anhysteric Remanent 

Magnetization (ARM), Saturated Isothermal Remanent Magnetization (SIRM) are proportional to the 

concentration of magnetic minerals present in the sample (Thompson and Oldfield, 1986). The 

downcore profiles of these concentration-dependent magnetic parameters reveal low values in the 



 
 

Unit 2 and intermediate to high values in the Unit 1 with a gradual increase from 41 cm towards the 

top of the core (Fig. 3). The average values of LF, ARM, SIRM of Unit 1 are 79.1 x 10-8 m3Kg-1, 

0.89 x 10-5 m3Kg-1 and 1249.6 x 10-5 Am2Kg-1 respectively. In Unit 2, the average values of these 

parameters are 19.4 x 10-8 m3Kg-1, 0.05 x 10-5 m3Kg-1, and 205.8 x 10-5 Am2Kg-1 respectively. 

Slightly increased values of LF, ARM and SIRM (24.7 x 10-8 m3Kg-1, 0.05 x 10-5 m3Kg-1 and 278.5 x 

10-5 Am2Kg-1 respectively) are observed in the depth range of 83 – 90 cm. 

2) Grain Size Parameters 

RM is a measure of the concentration of magnetic minerals of stable single domain size range 

(Oldfield, 1991; Thompson and Oldfield, 1986). The ratios of ARM /LF, ARM/SIRM, and 

SIRM/LF are also indicators of the grain size of magnetic minerals. The higher values of ARM /LF, 

ARM/SIRM indicate a fine magnetic grain size while a higher value of SIRM/LF indicates a coarse 

grain size (Oldfield, 1991; Thompson and Oldfield, 1986; Walden, 1999).  ARM /LF and 

ARM/SIRM ratios show higher values in the Unit 1 of the core indicating a finer grain size. High 

SIRM/ARM ratios (>100) indicate the dominance of multi domain grains and the low ratios (<30) 

indicate dominance of stable single domain grain size (Yu and Oldfield, 1993). The average 

SIRM/ARM ratio for the top 41 cm of the core is 35 while for the remaining part of the core it is 

104. Similarly ARM /LF and ARM/SIRM ratios have values 11.4 and 73.2 x 10-5 mA-1 in the Unit 1 

of the core and 2.6 and 24.9 x 10-5 mA-1 in the Unit 2 respectively.  

The biplot of fd % vs. ARM/SIRM (Fig. 4) is an indicator of the magnetic grain size and the 

concentration of super paramagnetic (SP) grains (Dearing et al., 1997; Maher, 1998). The sediments 

representing Unit 1 are scattered in the ‘coarse stable single domain (SSD)’ and ‘Fine SSD & 

mixtures’ range and the contribution from SP grains is below 50%. The samples from Unit 2 plot on 

the boundary between ‘multi-domain & pseudo single domain (MD & PSD)’ and ‘coarse SSD’ with 

varying contribution from SP grains. All these parameters point to the fact that the magnetic grain 

size coarsens down core and the Unit 1 of the core is composed of mainly Stable Single Domain 

(SSD) grains while the Unit 2is composed of coarse SSD or MD grains.  

3) Mineralogy of Magnetic Minerals 

IRM is a function of the magnetic mineralogy and grain size (Oldfield et al., 1999). Hard isothermal 

remanent magnetization (HIRM) is an indicator of concentration of remanence carrying imperfect 

antiferromagnets such as hematite and goethite while soft isothermal remanent magnetization (Soft 

IRM) can be used to approximate the concentration of remanence carrying ferrimagnets such as 



 
 

Magnetite ((Dekkers, 2007). In these samples the ratio between soft and hard IRM values for the 

Units 1 and 2 are 8.87 and 5.54 respectively. The decrease in Soft IRM/ HIRM ratio indicates an 

increase in hematite concentration in the bottom section of the core. S-Ratio can also be used as a 

parameter to study the relative concentration of magnetite and hematite in the sample. S - ratio 

values close to unity represent a magnetite only mineralogy while a lower S - ratio corresponds to the 

presence of hematite. The top 41 cm (Unit 1) of the core shows an S- ratio of 0.90 (relatively higher 

magnetite content) and the Unit 2 shows a decrease (0.85) indicating relatively higher hematite 

concentration.  

Major and Trace elements 

The Fe concentration in the sediment core varied from 3.38% to 8.00% and the Mn concentration 

ranged between 310 ppm – 921 ppm (fig. 9). Fe showed slightly higher values in Unit 1 (6.77%) 

compared to Unit 2 (6.09%) while the concentration of Mn in Unit 1 (779ppm) was quite high 

compared to Unit 2 (489 ppm) sediments. The maximum concentration of Fe was at 74 cm depth 

while for Mn, the maximum values were seen at 10 cm depth. 

Discussion 

The coeval increase in sedimentation rate and mineral magnetic parameters divide the core into two 

sections at a depth of 41 cm corresponding to an age of 1982 AD (Fig.3). The higher sedimentation 

rate (1.57 cm/yr) in the Unit 1 indicates that the inner shelf region off Goa is acting as a depocentre 

of sediment accumulation in recent years. This is extremely consistent with a record from the 

mudflat region of Mandovi River (one of the two rivers contributing sediments to the continental 

shelf) where a higher sedimentation rate of 1.42 cm/yr in the top 35 cm (roughly corresponds to year 

1980AD) is reported with a slower sedimentation rate (0.14 cm/yr) in the bottom section of their 

record (Singh et al., 2014) (Fig. 2). Lower sedimentation rate (0.19 cm/yr) in the Unit 2 of our  study 

is also comparable to the published value on a sediment core from the continental shelf off Goa from 

a slightly deeper region (Fig. 2 - 45m water depth, sedimentation rate 0. 15 cm/yr, Kurian et al., 

2009). 

The increase in sedimentation rate and magnetic mineral concentration in the Unit 1 of the core is 

possibly  due to the extensive open cast iron ore mining in Goa, which covers almost eight percent of 

its total geographical area. Though the mining in Goa started well before its independence in 1961 

from Portugal, it gained its momentum by 1970s and increased thereafter. Iron ore production in Goa 

has increased from 1.09 Mt in 1953 to 30.7 Mt in 2007 (Nayak, 2002; Pascual et al., 2013).  The 

open cast mining produces a lot of rejects which are transported by wind or water to the estuary and 



 
 

then possibly to the offshore areas. The transportation of the ores and pellets by mechanised barges 

along Mandovi and Zuari estuaries to Mormugao Harbour for export, also contribute significant 

amount of material to the river and estuarine system. An increase in suspended particulate matter 

(SPM) content in the Mandovi estuary with time  after 1980  has been attributed (Nayak, 1998; 

Nigam et al., 2005; Shynu et al., 2012) to the increased supply  of mining induced sediments to the 

coastal regions of Goa. Mining was mainly concentrated in South Goa region in the initial stages 

(Sanguem and Quepem administrative units known as talukas locally) where manganese ore was 

abundant. As the demand for Mn ore diminished, the mining sites shifted from south Goa to iron ore 

deposits of north Goa (Bicholim taluka) (Panchang et al., 2005 and the references therein). The 

reason for the very sharp rise in linear sedimentation rate (0.19 to 1.57 cm/yr) at 1982 may be due to 

this shifting of mining sites to the catchment area of Mandovi River. The increase in mineral 

magnetic properties after 1980s is also evident from the published record of a mudflat sediment core 

from Mandovi River (Singh et al., 2014). The comparison between the sedimentation rates and 

magnetic properties of present study from the offshore region with the results from estuary  (Singh et 

al.,2014) confirms the acceleration of mining activity post 1980 in this region (Fig. 5). 

A plot of decadal variation in the production of iron ore in Goa during 1950 – 2008 (Fig. 6; Nayak, 

2002; Pascual et al., 2013) along with the changes in magnetic susceptibility illustrates the manifold 

increase in the mining in Goa and its impact on the offshore region during the last five decades. This 

increase was also accompanied by an increase in the sedimentation rate and magnetic mineral 

concentration as indicated by the increased values of LF and Fe concentration in the top section of 

the core. The influence of mining on the magnetic mineral concentration is clearly visible from the 

synchronous increase of LF and iron ore production. 

A scatter plot of iron content versus magnetic susceptibility (Fig. 7a) shows that the Unit 1 is 

characterized by high susceptibility and high Fe content whereas Unit 2 shows low susceptibility but 

medium to high Fe content. Although a rapid change in Fe concentration is not observed between the 

two units, a gradual increase in Fe concentration is visible towards the surface. In Mandovi estuary 

too, a gradual increase in Fe content towards the top in cores was reported before (Veerasingam et 

al., 2015). A gradual reduction in Fe content in sediments was reported (Prajith et al., 2015) with 

high values in the upper (24.8%) reducing in middle (18.0%) with a further reduction in the lower 

estuary (5.4%). A drastic decrease in the susceptibility from a mean value of 617 x 10-8 m3kg-1 in 

upper estuary to 121.7 x 10-8 m3kg-1 in lower estuary was reported before (Prajith et al., 2015). 

Further LF values were found (Kessarkar et al., 2015) to decrease from upper estuary to the offshore 

area. Magnetic susceptibility values of Unit 1 are comparable to the previously published values of 



 
 

shelf sediments (Kessarkar et al., 2015) in the vicinity of our core. Table 1 compiles the values of 

major mineral magnetic parameters obtained from different studies in the Mandovi – Zuari estuaries 

and the offshore region. The present study, when compared with the published values, imply that 

only a portion of the anthropogenic material is reaching the offshore area while a major portion of it 

is being deposited in the estuary itself.  

The bivariate plots of ARM versus LF (King’s plot) and ARM/SIRM versus LF (Fig. 7c, 7d) can be 

used to decipher the concentration and grain size of magnetic minerals (Blaha et al., 2011; King et 

al., 1982). The higher values of ARM, LF and ARM/SIRM in Unit 1 (In Fig. 7c and 7d) indicate the 

presence of high concentration of magnetic minerals which are fine grained in nature. Sediments in 

unit 2 are relatively depleted in magnetic minerals and are magnetically coarse grained. Magnetite, 

hematite and goethite are the predominant minerals in the iron ore deposits of Goa (Prajith et al., 

2015). The increase in S ratio and Soft IRM/ HIRM values towards core top suggest an increase in 

the concentration of fine grained magnetite and a decrease in antiferromagnetic minerals in Unit 1. In 

contrast, coarse grained antiferromagnetic minerals  are high in unit 2. The biplot of S - ratio and 

LF (Fig. 7b) illustrates this change and separates the mining influenced sediments from the natural 

background signals.   

The magnetic susceptibility (LF) values were also compared with the Konkan – Goa rainfall for the 

years (1980 – 2008) to study the influence of rainfall related runoff if any (Fig. 8). The comparison is 

only made for the period with high sedimentation rate. The graph shows similar trends indicating that 

the deposition of magnetic minerals was primarily associated with rainfall. The low rainfall years 

were marked with low values of magnetic susceptibility while the strong monsoon years resulted in 

increased susceptibility. The enhanced monsoonal precipitation in the catchment area may have 

facilitated increased runoff from rivers and thereby increasing the magnetic mineral concentration in 

the sediments. Monsoon rain was found to act as a main agent in the process of transport of mine-

waste to the Mandovi and Zuari estuaries ((Nayak, 1998 and references therein) which transport 

sediments to offshore Goa. 

The combination of 210Pb dating and magnetic analyses allowed us to reliably determine the onset of 

mining induced changes in sedimentation and thereby differentiate the time periods of varying 

natural and anthropogenic influences. A sharp increase of these parameters in the Unit 1 indicates the 

increasing anthropogenic effects due to mining. Comparatively low values of concentration 

parameters LF, SIRM, ARM in the Unit 2 provides information about the background magnetic 

signal and to assess the post depositional alteration if any. 



 
 

Influence of diagenesis on the magnetic minerals 

The variations in the mineral magnetic concentration parameters in the Unit 2 in this core are mainly 

related to the natural sedimentary processes but may also be affected by post depositional processes. 

Changes in the sediment source, particle size and post-depositional diagenesis can influence the 

magnetic properties of sediments (Dong et al., 2014). For assessing the sediment source changes, a 

discrimination diagram of La-Th-Sc (e.g., Nath et al., 2000) was used (Fig. 9). All these three 

elements are not affected by changes in magnetic mineralogy. Data of sediments from both the units 

overlap and have a similar spread which indicates that the sediment source and the composition 

remained same throughout the depositional period. Diagenetic alteration of iron oxides is possible 

due to changes in redox conditions in the bottom water and within the  sediments which can also 

drive the deposition and decomposition of organic matter (Henshaw and Merrill, 1980; Karlin and 

Levi, 1983). These post depositional changes alter the existing magnetic mineral assemblages by the 

dissolution of existing minerals and the formation of new minerals and degrade or reprint the detrital 

magnetic signatures carried by them (Wheeler et al., 1999). Many studies have documented magnetic 

mineral diagenesis in the organic-rich sediments from the Arabian Sea (Bloemendal et al., 1993, 

1992; Hounslow and Maher, 1999).  

 The rapid decrease in magnetic mineral concentration parameters in the 54 – 83 cm section 

(corresponding to 1908 – 1755 AD) in Unit 2 suggests the possible influence of early diagenesis in 

this depth (Fig: 3). The post depositional degradation of the organic matter rich sediments (average 

Corg concentration in this core = 2.61%, which is relatively high) causes the dissolution of detrital 

ferrimagnetic minerals and formation of iron sulphides (gregite, pyrite, mackinawite etc) in sulphidic 

environments (Rowan et al., 2009). The high surface area to volume ratio causes fine magnetic 

grains to dissolve earlier than coarse grains during early diagenesis (Yamazaki et al., 2014). 

Coarsening of magnetic grain size and the change in magnetic mineralogy at this subsurface depth 

(54 – 83 cm) may be due to early diagenesis. The coarsening of magnetic grain size is manifested by 

the ARM /LF and ARM/SIRM ratios (Fig: 3) and the plot of ARM/SIRM vs FD% (Fig: 4) and 

indicate that fine grained ferrimagnetic minerals are selectively dissolved in this section (See 

Bloemendal et al., 1992; Karlin and Levi, 1983). The low value of S – ratio in this period marks an 

increase in concentration of antiferromagnetic minerals like hematite and a decrease in the 

concentration of soft magnetic minerals like magnetite. The high values of LF and the low 

concentration of Corg below 83 cm (Fig: 10) indicate the reduced influence of early diagenesis and 

can be treated as the ‘natural magnetic background signal’.  In addition to the diagenetic changes, 

climatic influence is also visible in the lower part of the core. The down core variation of LF with 



 
 

the total solar irradiance data (Lean et al., 1995), Corg and CaCO3 concentrations reveal that the core 

records the small-amplitude Holocene climate events Dalton minimum (~ 1790 – 1830 AD) and 

Maunder minimum (~ 1645 – 1715 AD) during the Little Ice Age (LIA) (Fig: 10). The Dalton 

minimum is marked in this core by an increase in Fe and Mn and a decrease in Corg concentration 

(Fig: 10). The reduction in Corg concentration indicates a decrease in the productivity during this 

period  which may be due to the drastic reduction in the summer monsoon strength during the solar 

minima of Little Ice Age (Agnihotri et al., 2002; Gupta et al., 2013; Kurian et al., 2009). 

Conclusions 

The mineral magnetic properties and geochemical studies of a dated sediment core from the inner 

continental shelf off Goa, west coast of India provide a clear record of historical changes in 

terrestrial mining induced sedimentation in the area. This study has enabled us to reconstruct the 

sedimentation history of the last three centuries and to understand the impact of iron ore mining in 

Goa on the offshore sedimentation. The results indicate that the sharp increase in the sedimentation 

rate along with an increase in mineral magnetic parameters at a depth of 41 cm corresponding to an 

age of 1982AD is a result of the increased iron ore mining activities in Goa. The rock magnetic 

record also reveals that the iron ore mining related sedimentation off Goa has intensified in 1970’s, 

even though the mining in Goa has commenced at the beginning of 20th century. A close 

correspondence of increasing susceptibility values with the increased iron-ore production is noticed. 

The natural background magnetic signal was different from the mining-induced sediments which 

allowed us to understand the intensity of mining induced changes in the sediment history.  

The rapid reduction of mineral magnetic concentration parameters along with an increase in the 

mineral magnetic grain size in 54 – 83 cm (subsurface) depth reveals that fine grained magnetites are 

selectively dissolved in this unit due to the early diagenesis as a result of redox changes and organic 

matter decomposition. Mineral magnetic and geochemical changes were found to correlate with 

periods of the Dalton and Maunder minima of Little Ice Age (LIA).Our study proves that the open 

cast iron ore mining in the state of Goa, India is affecting the sedimentation in the offshore region 

and may be detrimental to the oceanic environment. This study also indicates that environmental 

magnetic properties of coastal sediments can reflect the land use changes in the source areas.  
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Description of figures and tables 

Figure 1: Map showing the mining areas in Goa, India (Shaded Red) along with the rivers and major 

cities (Modified from http://cseindia.org/mining/1district_goa.htm). The sampling location is also 

shown in the figure. 

Figure 2: Figure showing the changes in sedimentation rate obtained from different studies around 

Goa using 210Pb dating technique. 1) Present study, 2) Singh et al, (2014), 3) Kurian et al (2009). The 

locations of these sediment cores are shown in the figure for comparison. 

Figure 3: Down core variation in linear sedimentation rate, CaCO3, Corg and environmental magnetic 

parameters (of concentration, grain size and mineralogy of the magnetic minerals) indicating a clear 

difference between two units. 

Figure 4: A figure of fd% versus ARM/SIRM ratio indicates a distinct change in magnetic grain size 

and the concentration of super paramagnetic (SP) grains in two units.  

Figure 5: Comparison between the mineral magnetic properties obtained from this study from the 

inner shelf off Goa (Black) with the study from Mandovi mudflat region (Singh et al., 2014) (Red). 

Figure 6: Comparison between the magnetic susceptibility and iron ore production (decadal scale) in 

Goa (Production data from Nayak, 2002; Pascual et al., 2013)  

Figure 7: Scatter plots between a) LF vs Fe, b) LF vs S - ratio, c) ARM vs LF and d) ARM/SIRM vs 

LF showing a distinct zonation between the pre-mining and post-mining period. 

Figure 8: Figure showing the relationship between Konkan – Goa rainfall and the magnetic 

susceptibility during the years 1980 – 2007.  

Figure 9: La–Th–Sc ternary diagram showing the provenance characteristics of the sediments. All 

the points fall closely indicating that the provenance has remained same throughout the time period 

the core has covered. 

Figure 10: Graph showing the variation of LF with Fe, Mn, Corg and CaCO3 and Total Solar 

Irradiance (TSI) concentrations. The shaded region in the top indicates the anthropogenically 

influenced zone while the shaded region in the middle indicates the influence of early diagenesis.  

Table 1: Comparison between major mineral magnetic parameters obtained from different studies in 
the Mandovi – Zuari estuaries and the offshore region. (* from (Singh, 2007) - Fe concentrations not 
given separately for each section by the author.) 
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Figure 2: Figure showing the changes in sedimentation rate obtained from different studies around 
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Figure 3: Down core variation in linear sedimentation rate, CaCO3, Corg and environmental magnetic 
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Figure 4: A figure of fd% versus ARM/SIRM ratio indicates a distinct change in magnetic grain size 
and the concentration of super paramagnetic (SP) grains in two units.  

 

 

Figure 5: Comparison between the mineral magnetic properties obtained from this study from the 
inner shelf off Goa (Black) with the study from Mandovi mudflat region (Singh et al., 2014) (Red).  



 
 

 

Figure 6: Comparison between the magnetic susceptibility and iron ore production (decadal scale) in 
Goa (Production data from Nayak, 2002; Pascual et al., 2013).  

 

Figure 7: Scatter plots between a) LF vs Fe, b) LF vs S Ratio, c) ARM vs LF and d) ARM/SIRM vs 

LF showing a distinct zonation between the pre-mining and post-mining period. 

 



 
 

 

Figure 8: Figure showing the relationship between Konkan – Goa rainfall and the magnetic 
susceptibility during the years 1980 – 2007.  

 

Figure 9: La–Th–Sc ternary diagram showing the provenance characteristics of the sediments. All 
the points fall closely indicating that the provenance has remained same throughout the time period 
the core has covered. 



 
 

 

Figure 10: Graph showing the variation of LF with Fe, Mn, Corg and CaCO3 and Total Solar 
Irradiance (TSI) concentrations. The shaded region in the top indicates the anthropogenically 
influenced zone while the shaded region in the middle indicates the influence of early diagenesis. 



 
 

Table 1: Comparison between major mineral magnetic parameters obtained from different studies in the Mandovi – Zuari estuaries and the 
offshore region. (* from (Singh, 2007) - Fe concentrations not given separately for each section by the author.) 

 


