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proximity. Farm women need to be given greater access 
to various farm tools and equipment to carry out their 
work more efficiently and with minimal drudgery. More-
over, they have little access to informal education and 
training. It is a known fact that agricultural extension ser-
vices are mainly composed of male subject matter spe-
cialists who tend to channelize knowledge and training on 
improved technology mainly to male farmers/workers on-
ly. The infrastructural facilities related to accommoda-
tion, transport and technical training of women workers 
are poor in the country. The central/state government  
departments, research and development institutions and 
non-government organizations (NGOs) should come for-
ward to promote improved technology to enhance labour 
productivity and reduce drudgery of women workers. 
They should also recruit women extension staff for effec-
tive transfer of technologies to farm women. The ICAR-
CIAE is providing necessary training on various tools and 
equipment to women facilitators from different states. 
These facilitators can act as resource persons for their 
own state to propagate the technologies8. 
 It is estimated that participation of women in agricul-
ture will increase to 45% by 2020 (estimated population 
of about 110 million) mainly because male workers get 
involved in other non-farm activities or migrate to towns 
and cities for other jobs. Therefore, women will play a 
major role in agriculture in future. To empower them, the 
following steps need to be taken: (1) Design tools/ 
equipment keeping in view the anthropometric data of 
women workers. (2) Organize demonstrations and train-
ings for rural women on various modern tools/equipment 
for proper and safe operation. (3) Encourage manufacturers/ 
entrepreneurs to fabricate improved tools and equipment 
and make them available in rural areas for purchase by 
users. (4) Assist farm women to obtain loans from banks/ 
other organizations to procure various tools/equipment. 
(5) Link with central/state departments, NGOs, banks and 
other stakeholders to promote these improved tools and 
equipment. 
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The discharge of terrigenous clastics by seasonal  
peninsular rivers is known to reach the upper slope of 
the eastern margin of India, which is presently  
impinged by the monsoon-sensitive intense oxygen 
minimum zone (OMZ); however, their mutual behav-
iour in response to changes in the intensity of past  
Indian summer monsoons (ISM) is not clear. The 
 18OG.sacculifer time-series of a sediment core from the 
upper slope off Chennai exhibits distinct enrichment 
(~0.4‰) during the last glacial period (30–18 kiloyears 
BP: ka), and depletion (~2.2‰) during the Holocene, 
suggesting a significant shift in ISM intensity. The 
monotonously increased terrigenous elements (Al, Ti 
and Mg) content and depleted  18OG.sacculifer during the 
Holocene suggest tight-coupling between ISM and  
terrigenous sediment input. Highly depleted redox-
sensitive Mn (<0.04%) (lesser than the source sedi-
ment content of 0.07%) throughout the last 42 kyr 
suggests well-sustained intense OMZ irrespective of 
ISM variation. 
 
Keywords: Bay of Bengal sediment, geochemistry,  
Holocene-LGM, OMZ, monsoon. 
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THE Indian southeastern margin sediments are dominated 
by terrigenous clastics derived from charnokites and gra-
nites1, which are discharged by seasonal peninsular  
rivers2. Hence, changes in terrigenous input to the west-
ern Bay of Bengal (BoB) should reflect changes in the 
strength of Indian Summer Monsoon (ISM) intensity. The 
chemical properties of these sediments have demonstrated 
a significant role of climate in regulating peninsular ero-
sion3,4. The enhanced terrigenous matter input to BoB by 
these pensinsular rivers is expected to increase productiv-
ity by enriching the photic zone nutrient load, which can 
affect oxygen minimum zone (OMZ) intensity. 
 A recent study has suggested that BoB-OMZ has 
reached a tipping point5. However, the discovery of venti-
lated Persian Gulf Water in the core of modern BoB-
OMZ6 and the unlikely de-oxygenation of interior of the 
BoB even after 2100 AD (ref. 7) together argue against 
the suggested ‘tipping point’ or its further intensification. 
It may be useful if the natural background status of BoB-
OMZ is provided for predicting its future status under 
global warming scenarios. Such natural background can 
be obtained from reconstruction of past OMZ from sedi-
ments at water-depths within the core of modern OMZ. 
 ISM is mostly responsible for the development and 
maintenance of strong OMZ in the BoB8,9. The bay’s 
OMZ (Figure 1) contains a complex mixture of aged  
 

 
 

Figure 1. Modern vertical distribution of dissolved oxygen in the 1 
grid (12.5–13.5N and 81.5–82.5E) (https://www.nodc.noaa.gov/ 
OC5/woa13/woa13data.html) proximal to the present sediment core  
location. The red colour filled circle is the water-depth at the core loca-
tion. 

waters10. Hence small changes in coastal productivity as a 
result of changes in terrigenous matter supply may affect 
its status significantly and in turn OMZ. Therefore, it is 
necessary to understand the past variation of BoB-OMZ 
in the light of ISM-driven biogeochemical processes. In 
this study, we present the past variation in terrigenous  
input and OMZ by utilizing geochemical record of sedi-
ment which is swept by the core of the modern OMZ. 
 A 282 cm long sediment core (GC-14A) was collected 
on-board ORV Sindhu Sankalp Cruise No. 50 (SSK50) at 
325 m water depth off Chennai, east-coast of India 
(133958N; 803430E) (Figure 2) within the core of 
present day OMZ (Figure 1). Tests of mixed species of 
gently crushed and ultrasonically cleaned planktonic  
foraminifera (equivalent to ~1 mg of carbon) from core-
top and bottom sections (0.5 cm and 281.5 cm) were  
radiocarbon-dated at the University of Arizona AMS  
facility. The measured radiocarbon ages were corrected 
for a reservoir age of 331 years11, and converted into cal-
endar age using CalPal-7 calibration12. The  18O meas-
urements were carried out for 65 sections on an in-house  
Thermo Delta-Plus continuous flow Isotope Ratio Mass-
Spectrometer (IRMS) utilizing ultrasonically cleaned 
250–355 m size tests of Globigerinoides sacculifer 
(without terminal-sac) (Figure 3). The standard precision 
of  18O measurement is 0.1‰. The average of long-term 
repeat measurements (n = 33) of NBS-18 (calcite) refer-
ence standard yielded  18O of 23.05‰ vPDB as against 
the certified value of 23.2  0.1‰ vPDB. Two distinctly 
 
 

 
 

Figure 2. Location of GC-14A sediment core used in the present 
study (red filled circle). The seasonally reversing East India Coastal 
Currents (EICC), which disperse the sediment along the east coast of 
India are shown with coloured arrows (blue: during Northeast mon-
soon; pink: during Southwest monsoon). 
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expressed consecutive depleted – and enriched – 
 18OG.sacculifer events identified as Bølling-Ǻllerød (BA: 
14.7–12.7 ka) and Younger Dryas (YD: 12.7–11.7 ka)  
respectively, were used as tie-points to tune the ages of 
intermediate sections with the chronology of a nearby 
sediment core (SK218/A) having eight radiocarbon 
dates13. 
 Sixty four salt-free, finely ground, oven-dried and  
accurately weighed sediment sub-sections were digested 
open in PTFE beakers using HF and HClO4. The incipi-
ently-dried digest was dissolved in 5 ml of supra-pure 
0.5 M HNO3 and diluted to 20 ml with deionized water 
for bulk sediment composition analysis (Supplementary 
Table 1). The Japanese Manganese Nodule Standard 
(JMS-1) and USGS Cody Shale (SCo-1) were used to 
monitor the accuracy of results. The analyses were done 
on Perkin-Elmer Optima 7300 DV ICP-OES calibrated 
with 5 matrix-matched multi-element calibration stan-
dards. The measured and reported values for the reference 
standards are given in Supplementary Table 2. The Corg in 
the de-carbonated sections of the upper 2.08 m of the 
sediment core corresponding to a maximum age of 32 ka 
was measured on Thermo Flash Elemental Analyser 
(EA). The Corg measurements are accurate to within 1% 
as obtained for 2,5-bis(5-tert-butyl-2-benzoxazol-2-
yl)thiophene (BBOT) standard. The  13Corg in few sam-
ples was measured on Thermo Delta-Plus IRMS coupled 
with EA. 
 Forty sediment sections were subjected to the extrac-
tion of dispersed sedimentary authigenic oxide particulate 
fraction following the standard procedure14,15, which  
 
 

 
 

Figure 3. Upper mixed layer dwelling planktonic foraminifera Glo-
bigerinoides sacculifer utilized for the oxygen isotope measurement. 
(Source: www.weiky.gl.ntu.edu.tw.) 

involves de-carbonation with 10% (v/v) acetic acid fol-
lowed by leaching by 0.02 M hydroxylamine hydrochlo-
ride in 25% (v/v) acetic acid. The dried leachate  
dissolved in 0.05 M HNO3 was analysed on Thermo ICP-
MS calibrated with Japanese Mn-nodule reference mate-
rial. The USGS A-1 and P-1 Mn-nodule reference stan-
dards were used to monitor the effectiveness of the 
leaching procedure. The analysed results for redox-
sensitive Mn and Co in reference standards (MnO = 
24.2% and Co = 0.34% as against certified values of 
23.9% and 0.31% respectively, in USGS A-1, and 36.2% 
and 0.21% against certified values of 37.6% and 0.22% in 
USGS-P1) indicate complete leaching of oxides. The 
simple regression analysis of the compositional data was 
carried out using a statistical tool ‘Correl’ available with 
Microsoft Excel. 
 The radiocarbon age for the core-top section is 1.8 ka 
and for bottom section (282 cm) is 42.7 ka. The overall 
 18OG.sacculifer variation is ~2.6‰ to 0.5‰ with distinct 
depletion at 14–15 ka and 10–1.8 ka and enrichment at 
38–36, 31–26 and ~12 ka. The holocene/marine oxygen  
 
 

 
 

Figure 4. (a) The time-series of  18OG.sacculifer (Figure 3) is compared 
with (b)  18O of Mawmluh Cave deposit of Meghalaya18 and (c) 10-
point running mean of NGRIP ice-core  18O (ref. 17). Two measured 
radiocarbon ages are shown with downward arrows and two tie-points 
(Younger Dryas and Bølling) adopted from a nearby radiocarbon dated 
sediment core13 are shown with upward arrows. 
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Table 1. Comparison of major element composition of bulk sediment of GC-14A sediment core with  
 bulk sediment composition of sediment sources for the core-location (data from ref. 33) 

 Present study 
  average (n = 64) Krishna River Kaveri River  Godavari River Average 
 

Al (wt.%) 6.1 3.4 4.8 4.3 4.2 
Fe (wt.%) 4.8 4.2 1.8 5.7 3.9 
Ti (wt.%) 0.4 0.6 0.3 0.9 0.6 
Mg (wt.%) 1.4 1.3 1.1 1.4 1.3 
Mn (wt.%) 0.02 0.10 0.03 0.10 0.07 
Ca (wt.%) 9.0 5.3 1.1 4.5 3.6 

 

 
isotope stage-2 (LGM) boundary is identified at 11 ka 
and the LGM conditions appear to have commenced at 
~38 ka lasting until ~18 ka. This timing of LGM condi-
tions is nearly consistent with the thoroughly evaluated 
timing of the evolution of LGM by Clark et al.16. The 
 18OG.sacculifer time-series is punctuated by warm intersta-
dials at 35–30 ka and at 25–20 ka suggesting that the 
oxygen-isotopic response of BoB surface to LGM climate 
is not smooth. Further, the BA and YD, typical of 
Greenland ice-cores17 are clearly reflected in the degla-
cial section of the  18OG.sacculifer time-series (Figure 4). 
Such D–O type of climate variability is also reported in 
cave deposits of Meghalaya18 and other sedimentary  
records from the eastern margin of India13 and from Ara-
bian Sea19–21, which formed the basis for reconstructing 
ISM variability. Hence, the present  18OG.sacculifer time-
series can be interpreted in terms of ISM intensity. 
 The ISM and northern high-latitude climate telecon-
nection is well-known, wherein the strengthening/ 
weakening of the ISM has been associated with the warm 
BA/cold YD19,20. The ISM intensity appears to have re-
mained nearly constant during LGM as the overall varia-
tion of  18OG.sacculifer is within 0.5‰ around an average 
of 0.6‰ (Figure 4). However, there are two intervals of 
weakened ISM at ~28 and ~38 ka within the redefined 
LGM16 reflected by enriched  18OG.sacculifer up to 0.5‰. 
These events may be the combined signals of a set of 
cold-stadials in the D–O type climate oscillations as they 
approximately coincide with their timings in Greenland 
ice-core (Figure 4). The dramatic shifts in  18OG.sacculifer 
from 0.2‰ down to 2.2‰ at the BA and from 2.2‰ up 
to 0.0‰ at the YD suggest extreme intensification fol-
lowed by rapid weakening of the ISM. Thus, ISM appears 
to have been remarkably unstable during the deglacial 
transition19–23. A moderate enrichment of  18OG.sacculifer is 
evident at 5–6 ka (Figure 4) suggesting mid-Holocene 
weakening of ISM. This weakened ISM (drought) is similar 
to that observed ~5 ka in other BoB sedimentary records24, 
cave deposits18 and Tibetan Lake sediments25 that caused 
the beginning of growth of Harappan Civilization26. 
 The modern ISM intensity influences the discharge of 
terrigenous clastics by peninsular rivers, which in turn 
might have influenced the status of BoB-OMZ27. How-

ever, whether ISM-OMZ coupling existed in the past-
BoB is not known and can be understood with the help of 
geochemical tools. 
 The depositional site of the present sediment core is 
bound in the north by discharge points of Krishna-Godavari 
rivers and in the south by Kaveri River (henceforth to-
gether ‘KGK’) (Figure 2). These river basins share a 
common tectonic and sedimentation history28 and the  
sediment discharged by them reaches the mid-slope  
region of the BoB29. Thus, the present core location 
represents a regional characteristic of sediments derived 
from KGK. Several marine transgressions have been re-
corded in the KGK basins since their opening in Creta-
ceous30. The upper 300 m thick sediment of the offshore 
KGK composed mainly of clay and silt deposited from 
Pleistocene to Recent31. In the light of this observation 
and progressive radiocarbon ages with depth in the pre-
sent sediment core as well as in another nearby sediment 
core13, it is unlikely that the sedimentation hiatus evident 
in Kaveri River basin during the marine isotope stage 5 to 
Holocene32 had influenced offshore sedimentation. Ex-
cept for the climate forced gradual sea level changes, 
there are no records of tectonic events in KGK basins 
during the time-period covered by the present sediment 
core. Therefore, the present record of terrigenous input 
variation may be considered as a reliable proxy for ISM 
variability. 
 The average composition of major elements (Al = 
6.1%, Ti = 0.4%, Fe = 4.8% and Mg = 1.5%) (Supple-
mentary Table 1) is nearly similar to the average compo-
sition of KGK sediment33 (Table 1), as well as Kaveri 
sediment (Al = 6.6%, Ti = 0.3% and Fe = 2.9%)34. The 
minimum Ca content in the present core is 2.2% (Sup-
plementary Table 1), which is also similar to the average 
Ca content of KGK (3.6%) (Table 1) and Kaveri sediment 
(Ca = 2.3%)34. Thus, the Ca content of 2.2% in the pre-
sent core is accountable for terrigenous component and 
any higher Ca than this would indicate the presence of 
calcium carbonate. The microscopic observations of the 
coarse fractions indicate that the sediment sections with 
higher Ca correspond to the sections with abundant  
foraminifera. Hence, the calcium carbonate component is 
biogenic. 
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 A mutually strong sympathetic association of Al, Ti 
and Mg (r > 0.8; n = 64) and their inverse association 
(r > 0.5) with Ca (Supplementary Table 3), as well as 
the co-variation of Corg with Ca in their time-series (Fig-
ure 5) together support presence of terrigenous clastics 
and biogenic calcite phases in the sediment. The minor 
elements V, Cr and Zn are associated with the terrigenous 
phase as evident from their strong sympathetic associa-
tion (r > 0.7) with terrigenous group elements and inverse 
association with biogenic Ca (Supplementary Table 3). A 
noteworthy depletion of Mn throughout the sediment core 
(Mn < 0.04%) (see Supplementary Table 1) compared to 
the average KGK sediment (Mn = 0.07%) (Table 1) sug-
gests that the sediment core location (325 m water depth) 
has been under reducing condition since the last 42 kyr, 
because, under the influence of OMZ, the sedimentary-
Mn is reduced and redirected to overlying OMZ-water35. 
Considering that the average terrigenous sediment sup-
plied to the core-location had around 0.07% of Mn, the 
0.02% to 0.04% of Mn recorded in the bulk sediment 
(Supplementary Table 1) must be a result of its partial 
loss from the sediment under extreme reducing environ-
ment. Hence, its changes through time can provide quali-
tative information on the past variation of OMZ 
intensity36. 
 The concentrations of Mn and Co in leachable fraction 
of the sediment core vary in a narrow range of 20–35 and 
1–3 ppm respectively, and exhibit strong positive associa-
tion with each other (r = 0.8). Their mutual coherence is 
expected as both are remobilized in the sediment with de-
creasing oxygen below the sub-oxic level. A significantly 
low leachable Mn and Co, than in the bulk composition 
of the sediment core (average Mn = 250 ppm and  
 
 

 
 

Figure 5. Productivity variation during the last 32 kyr recorded by 
organic carbon and biogenic carbonate-Ca in the studies sediment core. 
The values in the upper panel are the average of  13Corg in few samples 
belonging to ~16–12 ka and ~5–1.7 ka. 

Co = 8.7 ppm) (Supplementary Table 1) further confirm 
that the core location has always remained within  
the oxygen depleted environment throughout the last 
42 kyr. 
 The minimum Ca content of 2.2% at 270 cm depth in 
core (Supplementary Table 1), that is considered as terri-
genous-Ca, was subtracted from the bulk sediment Ca 
contents to obtain the biogenic-Ca. To extract the 
changes in input of terrigenous clastics, the bulk-
composition is normalized by estimated biogenic-Ca in 
respective sub-sections. The inter-elemental associations 
obtained for the biogenic-Ca normalized bulk elements 
(Supplementary Table 4) exhibit stronger and clearer 
grouping of terrigenous elements (r > 0.8) than in the 
bulk composition (r > 0.6) (Supplementary Table 3) and 
confirm that all the major and minor elements except Ca 
are associated only with the terrigenous clastic phase. 
 The time-series of the identified two groups of ele-
ments provide information on changes in terrigenous  
 

 
 

Figure 6. Time-series of carbonate-Ca normalized elemental compo-
sition. The colours of the lines are as those used for labels on the  
vertical axes of respective element panels. 
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input and productivity. The terrigenous elements exhibit 
distinct depletion between 35 and 15 ka bound by strongly 
enriched peaks during pre-LGM and the Holocene (Fig-
ure 6), suggesting that the KGK discharge was signifi-
cantly lower during LGM and began to increase with the 
commencement of Holocene. This pattern of river dis-
charge is not only consistent with our interpretation of 
LGM weakening and Holocene strengthening of the ISM 
based on  18OG.sacculifer, but also with several past mon-
soon records derived from sediments of the northern  
Indian Ocean19,20,23,37. The rapid weakening of ISM pre-
cipitation causing severe drought conditions within the 
Holocene at 5–4 ka (refs 24, 26) is also well-reflected by 
decreased contents of terrigenous elements (Figure 6) 
suggesting weakened river discharge. 
 The enhanced terrigenous matter input is expected to 
enrich coastal waters with nutrients and hence increase 
productivity9. To test this we assessed the Corg and  
biogenic-Ca variation in the last 32 kyr. The Corg shows 
distinct increase during deglacial period (16–12 ka) from 
~2% to 2.7% and a monotonous decrease from ~2.7% to 
~1.7% through the Holocene, with comparable trend in 
biogenic-Ca variation (Figure 5), which is in contrast to 
the terrigenous input (Figure 6). At the outset, the coher-
ent increase (decrease) of Corg and biogenic-Ca  
during deglacial transition (Holocene) suggest increased 
(decreased) marine production. The  13Corg of ~19.5‰ 
(vPDB) during the deglacial transition is followed by an 
increase of ~2‰ through the Holocene indicating dilution 
of marine organic matter by soil-carbon, which justifies 
the observed contrasting trends of productivity and terri-
genous input. The decreased productivity during Holo-
cene is not expected in the light of intensification of 
BoB-OMZ due to enhanced productivity resulting from 
increased terrigenous loading in coastal waters during  
intensified ISM years9. We speculate that the increased 
terrigenous input due to increased turbidite discharge  
particularly in coastal waters reduce photosynthesis by 
light limitation and strengthened the freshwater plug pre-
venting upwelling. 
 The sediment core retrieved from the core of modern 
OMZ off Chennai coast contains valuable information on 
summer monsoon intensity – terrigenous clastic input – 
OMZ linkage in the past. 
 The major and minor element composition of the sedi-
ments closely resembles the composition of source basin 
sediments indicating that seasonal rivers are mostly  
responsible for terrigenous clastic supply to the east-coast 
of India. The terrigenous sediment input has shown  
remarkable increase through the Holocene but with a  
distinct decrease at ~5 ka suggesting enhanced discharge 
of rivers throughout the Holocene except for sudden 
weakening during the mid-Holocene. The marine produc-
tivity appears to have decreased through the Holocene 
probably due to turbidite charging of the photic water due 
to intensified peninsular rivers. 

 The extreme depletion of redox-sensitive elements in 
the sediment as compared to their concentration in source 
basins suggests perennially intense OMZ-core in the  
region for the last 42 kyr. 
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Geotechnical site characterization through non-invasive 
and cost-effective electrical resistivity imaging (ERI) 
and induced polarization imaging (IPI) offers promise 
compared to conventional point-geotechnical site in-
vestigations (standard penetration test, SPT), for 
which a basic understanding of factors (grain size 
(sand, fines) and water content) influencing them is 
needed. Here we perform a multiple regression analy-
sis of ERI, IPI and SPT results in a site investigation 
at Lucknow, India. The results show that grain size 
and water content influence both chargeability and 
SPT values in a similar manner, while resistivity val-
ues are affected differently with a low RMS prediction 
error for chargeability. 
 
Keywords: Geoelectronic imaging, geotechnical site 
characterization, multi-regression analysis, grain size, 
water content. 
 
GEOMECHANICAL properties of near surface soils are rou-
tinely estimated through analysis of soil samples and  
invasive geotechnical testing that could include, for  
example, the standard penetration test (SPT), static cone 
penetration test (SCPT) and dynamic cone penetration 
test (DCPT)1,2. Although these geotechnical tests provide 
high-resolution data to geotechnical engineers, their ac-
quisition is fraught with heavy budgets as well as invasive 
and time-consuming methodologies. Furthermore, SPT and 
SCPT are not feasible for hard strata at shallow depths1,2, 
but knowledge of geomechanical properties to sufficient 
depths is needed for major civil constructions. The possi-
bility of predicting site geotechnical test results through a 
conjunctive use of geoelectrical (electrical resistivity  
imaging (ERI) and induced polarization imaging (IPI)) 
and few geotechnical data was explored3. Electrical data 
and SCPT results to delineate the subsurface lithological 
units were used4. It is well known among the geotechnical 
community that the SPT-N value is directly proportional 
to grain size and clay content, and inversely proportional 
to porosity and water content1,2,5. However, the relation-
ship between geotechnical parameters and geophysical 
measurements has been studied by only a few research-
ers. Resistivity of earth materials is inversely propor-
tional to porosity, clay content and water content whereas 


