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Six sediment cores from the Carlsberg Ridge (CR) were
studied for elemental concentration, magnetic suscep-
tibility (), grain size and clay mineral distribution,
and sedimentation rate to decipher possible detrital
and diagenetic contributions. The sediments were
characterized by very low Y, moderate total organic
carbon, high CaCO; content and high accumulation
rate (3 cm/ kyr). Clay mineralogical and geochemical
data suggest major continental source from the Arabian
Sea, and very low Mn distribution, absence of tephra
and characteristic magnetic signatures rule out vol-
canic or hydrothermal input. Consistent peaks around
10, 25, 45, 60 and 80 cm depth and high uranium are
due to sedimentary diagenesis.

Keywords: Diagenesis, elemental concentration, mag-
netic susceptibility, sedimentation rate.

THE Carlsberg Ridge (CR) in the Indian Ocean separates
the Arabian Basin from the Somali Basin. The CR has a
typical rough morphology with non-transform disconti-
nuities similar to slow-spreading ridges like the northern
portion of the Mid-Atlantic Ridge (MAR). Previous stud-
ies'” on the CR have specified half-spreading rate varying
between 1.2 and 1.5 cm/yr, and the sub-bottom profiler
records indicate the presence of isolated sediment cover
only in the NW part of the CR. Although some studies’
have considered the possibility of hydrothermal activity
along the CR to explain higher concentrations of Cu and
Ni in the Arabian Sea sediments, there is no direct evi-
dence. Unlike the Pacific and Atlantic Oceans7’8, the CR
sediments are not metalliferous, and are devoid of sul-
phide minerals.

In a recent cruise to the CR, an unusually large event
plume was encountered”'’, indicating sporadic volcanic
and tectonic activity along the slow-spreading CR caus-
ing cataclysmic release of hydrothermal fluids. However,
our attempts during the SK-207 cruise did not show such
anomalous results'' and suggested no hydrothermal input
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in the area. During surveys by the National Institute of
Oceanography (NIO), ~120 km NW section of the CR
was mapped using multi-beam bathymetry system, where
upper mantle and lower crustal rocks were recovered'’.
Here we discuss the presence of diagenetic and detrital
signatures in the sediments from the axial valley and flank
regions of the CR using new geochemical, radiochemical,
clay mineralogical and magnetic susceptibility data, and
present the sedimentation rates.

Methodology
Sampling techniques

In a small portion out of the 440 km long section, a small
segment of axial valley and flank region of NW CR in the
Indian Ocean encloses thick sediments, from where six
sediment cores were collected using spade and gravity
corer (Figure 1) during SK-114 and SK-154 of ORV
Sagar Kanya cruises. Spade core sediments (SPC-01 and
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Figure 1. Sample locations in axial valley and flank region of Carls-
berg Ridge with bathymetry contours. 1 =SPC-01, 2=SPC-02,
3 =GC-03, 4 = GC-04, 5 = GC-05 and 6 = GC-06.
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Table 1. *°Th isotopes in SK-154, GC-04 core sediments

Depth (cm) CaCO0; % 23 (dpm/g) 24U (dpm/g) 2Th (dpm/g) Z0Th (dpm/g)  °Th,,. (dpm/g)
0-2 32.3 0.39 £ 0.01 0.63 £0.01 0.46 + 0.04 8.87£0.37 8.24 £0.37
46 37.3 1.12£0.02 1.52+0.03 0.69 £ 0.06 11.04 £ 0.51 9.51 £0.51
30-32 49.0 0.51 £0.01 0.64 £ 0.01 0.63 £ 0.05 9.75 £ 0.33 9.11 £0.33
40-42 53.6 0.79 £ 0.01 1.09 +0.02 1.10£0.10 12.57 £0.58 11.48 £0.58
55-60 24.2 1.98 +0.04 3.45+0.07 0.37 £ 0.04 4.11+£0.21 0.67 £0.22
68-70 482 0.85+0.02 0.82£0.02 1.12£0.11 9.19 £ 0.48 8.38+£0.48
95-100 38.6 0.80 £ 0.02 1.36 £ 0.03 1.04 +0.08 6.95 £ 0.29 5.59 £0.29
108-110 44.8 1.01 £0.02 1.47 £0.03 1.14 £0.07 7.19 £0.25 5.72+£0.26
120-125 43.9 1.22 £0.02 0.76 £ 0.01 1.53+0.14 7.55+£0.39 6.79 £ 0.39
122-125 42.6 0.75 £0.01 1.05£0.02 1.20 £ 0.14 7.28 £0.47 6.23 £0.47

0.75 dpm = 1 ppm for 2**U; 0.242 dpm = 1 ppm for ***Th.

SPC-02) of SK-114 were sub-sectioned @ 2 cm interval
up to 10 cm and then @ 5 cm up to the end, whereas four
gravity cores (GC-03, GC-04, GC-05 and GC-06) from
SK-154 were sub-sectioned @ 2 cm interval from top to
the end of the core.

Grain size and clay mineralogy

Sediment texture was determined by the standard pipette
analysis"’ and oriented slides of 2 um size clay fractions
were made using 1 ml of treated sample for X-ray diffrac-
tion measurements carried out on Philips X-ray diffrac-
tometer (PW 1840) with Ni-filtered CuK ¢ radiation, from
3° to 22° 2@'min, operated at 20 mA and 40 kV. Percentage
of clay minerals was determined by weighted peak area
method'®. Total organic carbon (TOC) was estimated by
following the wet oxidation method"” with dichromate.
CaCO; % was determined using CO, Coulometer of UIC
Inc., Model 5014. For this purpose, about 15-20 mg of
the sample was used to acidify with 1 N HCI solution to
liberate CO,. The accuracy was <0.1% and the precision
was better than + 5%.

Chemical composition

Transition metal concentration of Fe and Mn by XRF,
and Si and Al by ICP-MS was determined at NGRI,
Hyderabad. For precision and accuracy of the analysis,
six internal and international standards (JP-1, NIM-P, JB-
3, GSR-3, JSB-1 and JB-2) were included. To determine
magnetic susceptibility (¥), sediment samples were filled
in non-magnetic, plastic sample holders of 8§ cc capacity
and oven-dried at 40°C. Low-frequency mass-specific
magnetic susceptibility () of the samples was measured
on a Bartington magnetic susceptibility meter (model MS2).
After switching on the instrument, it was allowed to warm
up for half an hour. The mass-specific magnetic suscepti-
bility (xis 10° m’kg') was calculated from the data
obtained with the MS2 meter.
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Radiochemical measurements

Uranium—thorium (U-Th) radiochemical separation and
purification were carried out following the standard pro-
cedure'®, and *’Th decay method was employed for
determination of sedimentation rates (Table 1). The Z*°Th
excess (i.e. portion of 2**Th not supported by the decay of
**U in the sediments) was calculated by subtracting the
U from the total “*°Th activity, using the equation:
T hey (dpm/g) = Z°Th (dpm/g) — Z*U (dpm/g).

234

Results

The present study includes various results on the sub-
sections up to 100 cm depth. Elemental results are pre-
sented here on carbonate free basis (cfb), unless, other-
wise mentioned.

Axial valley sediments

Totally three cores were obtained from the axial valley
during SK-114 (SPC-01) and SK-154 (GC-03 and GC-04)
cruise. The relative abundance of clay minerals in SPC-
01 sediments (clayey-silt) indicated that illite (23—40%)
and chlorite (22-46%) were the most dominant minerals
than smectite (6—38%) and kaolinite (13—-20%). Smectite
was the highest only in the top surface; otherwise, it was
the lowest among others (Figure 2 a). Illite, kaolinite, clay
(Figure 2a), TOC and carbonate (Figure 3 a) displayed
higher value peak at 8-10 cm depth. Sand (8-12%) de-
creased and clay (31-46%) increased with depth (Figure
2 a). Fe and Mn content also increased from 20 cm depth
(Figure 3 a).

The GC-03 core sediments behaved similarly, where
CaCQO;, TOC and illite increased with depth, and sand (7—
3%), and smectite (39-4%) showed a decrease. Kaolinite
and chlorite displayed large variation and mixed beha-
viour. Noticeable changes occurred at 50 to 54 cm depth,
where smectite, kaolinite, chlorite, sand, clay and Mn
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Figure 2 a—c.

were higher (Figure 2 5) and CaCO;, TOC, Fe and sus-
ceptibility showed lower values (Figure 3 5). Fe was
higher at the surface (7.3%) and varied little with depth,
and had small peaks at 26 and 42 cm depth (Figure 3 b).
Mn showed small increase from the surface to 48 cm
depth, with small peaks at 24 and 46 cm, and then
decreased to 0.06%. Susceptibility also showed small in-
crease with depth (0.3-1.2 Xj;) and a break from 46 cm
depth (Figure 3 5). TOC was the highest (0.51%) at 80 cm
depth.

The olive grey sediments of GC-04 exhibited distinct
changes at 55-60 cm depth. Up to 50 cm depth, there was
overall decrease in sand, illite, kaolinite and chlorite, and
increase in clay and smectite content (Figure 2c). Car-
bonates declined sharply (53-14%) from 40 to 60 cm
depth, where Mn, Fe and TOC had higher peak value, indi-
cating lithological changes (Figure 3 ¢). TOC and Fe val-
ues were constant up to 44 and 48 cm depth respectively,
and then increased (Figure 3 ¢). Mn displayed a peak at
10 and 50 cm depth. The silty-clay sediments had com-
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Profiles of clay minerals and sand-silt—clay content for SPC-01, GC-03 and GC-04 respectively.

paratively higher susceptibility value at the surface (1.6),
which decreased down core to 0.36 Xjr with a change at
48-50 cm depth.

Flank sediments

Flank sediments include two cores from the north (SPC-
02 and GC-05) and one from the south (GC-06). Illite and
chlorite dominated the silty-clay sediments of SPC-02.
The down-core profiles showed decrease in smectite, kao-
linite, sand and silt content and increase in illite, chlorite
and clay proportions (Figure 4 a). Similarly, carbonates
and Fe showed an increase, while Mn (0.6-0.1%) and
TOC (0.3-0.1%) decreased (Figure 5a). Fe had a large
range compared to Mn.

Silty-clay sediments of GC-05 exhibited similar down-
core trends, where illite, chlorite and clay showed an increase,
while smectite, kaolinite and sand decreased (Figure 4 b).
Fe had a wide range and decreased with depth up to 2%.
Mn had a small peak around 22-40 cm, where Fe was
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Figure 3 a—c.
SPC-01, GC-03 and GC-04 respectively.

comparatively lower. Noticeable changes in carbonate,
Mn, Fe and TOC content were marked from 50 to 60 cm
depth (Figure 55). TOC was noticeably high (0.4%) at
52 cm and magnetic susceptibility (MS) was maximum
(0.37 Xy) at 48 cm depth.

GC-06 core sediments (SW flank) were silty-clay, where
illite and clay showed a gradual increase, and others
showed a down-core decrease (Figure 4 ¢). MS decreased
with increase in Fe with depth (Figure 5c¢). Higher Mn
occurred for 36-56 cm sections, but noticeable changes
were seen from 75 to 80 cm depth, where Fe, Mn and
TOC content increased and CaCO; dropped to 48%.
Similarly, higher peak value for carbonate and Mn, and
lower peak value of Fe and TOC occurred at ~60 cm
depth (Figure 5 ¢).

All the cores had similar down-core trends for Si and
Al (Figures 6 and 7 respectively), with peaks at around 6,
10, 14, 26, 33, 52 and 80 cm. Similarly, Mn/Al ratio had
higher peak values at different depths (Figure 8). In most
cores, the Mn/Al peak was seen around 40 cm depth.
Variation in K content for axial valley sediment (1.3—
3.9%) was comparatively smaller than that for the flank
sediments (0.8-8.0%). Except for GC-05, the down-core
profiles of all other cores showed an increase of K with
depth (Figure 9).

U-Th dating

The decay curve up to 125 cm depth (excluding the 55 cm
plot) appears to be linear (Figure 10). The estimated
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Profiles of carbonate, Mn, Fe, total organic carbon {TOC) and magnetic susceptibility (¥) for

sediment accumulation rate from “**Th,, decay profile for
GC-04 core works out to be 3.03 £ 0.14 c/kyr (n =11,
r=-0.6 and P < 0.05) for the top to 125 cm down core
(11 samples, excluding the one at 55 cm). With this rate,
the base of the core at 100 cm depth was estimated to be
33 kyr old.

Discussion
Source of CR sediments

Terrigenous source: The CR sediments are silty-clay
throughout, except for the top 50-60 cm in the axial valley,
where presence of both silty-clay and clayey-clay indi-
cates mixing of the sediments (Table 2). Despite differen-
tial inputs, the Si and Al down-core profiles (Figures 6
and 7 respectively) are analogous and strongly imply a
single (terrigenous) source for the CR sediments. The
flank sediments of the CR are characterized by high illite
(40-50%) and low smectite (<20%), whereas the axial
valley sediments have comparatively low illite (30—40%)
and high smectite clay (30—40%). Illite is most abundant
clay mineral in the Indus River sediments and in the Iran-
Makran soils'’. Illite is also the dominant clay mineral in
the northern Arabian Sea sediments, which has the high-
est concentrations in sediments in the areas between the
Indus Fan and the Persian Gulf'®. The ODP site 728 A in
the NW Arabian Sea also has illite and chlorite as the
most dominant clay minerals influenced by the terri-
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Figure 4 a—c.

genous fractions'®. The northwesterly wind system which
was dominant during the Holocene, appears to be respon-
sible for sediment transportation to the Arabian Sea®.
Therefore, high illite and chlorite (~20-30% in the
axial valley and ~18-35% on the flanks) in the CR
sediments strongly points towards Arabian Sea source,
which in turn has a mixed source, predominantly from the
Indus.

The supply of smectite clay to the Arabian Sea sedi-
ments from the Bay of Bengal®' or far from the southern
latitudes below the equator due to melting of ice has been
doubted by previous workers”>. The Indus River origi-
nates in Tibet and follows the Indus Suture Zone through
the Dras volcanics (island arc basalts and dacites) in the
Himalayan mountain ranges and arid regions of Pakistan—
India and drains to the Arabian Sea. The major source of
smectite to the eastern Arabian Sea is from the Deccan
Trap, whereas the Arabian Peninsula, Persian Gulf and
Gulf of Oman have minor contribution of smectite in the
western Arabian Sea'”. The smectite abundance from 25°N
to 5°N (close to the CR) in the Arabian Sea has been
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Profiles of clay minerals and sand—silt—clay content for SPC-02, GC-05 and GC-06 respectively.

reported'’ to be constant or <20%. It is reported that the
high smectite band (>40-50%) exist around 20°N in the
Arabian Sea is due to dispersion of smectite by the Nar-
mada and Tapti rivers towards west by the westward and
northward currents and oceanic circulation'’, and that the
smectite from the rivers is not transported towards south
as revealed from the decrease in smectite content (<10%)
along the South Indian margin'’. Therefore, it is opined
that smectite (10—20% on the flanks) in the CR sediments
is derived from the Arabian Sea (similar to illite) and not
from the Indian margin. However, presence of high smec-
tite (30-40%) in the axial valley further point towards an
additional source, which appears remote due to the altera-
tion of volcanic basalts in the absence of volcanic or
hydrothermal activity in the CR. Therefore, the source of
smectite for the axial valley sediments is the most likely
from the African soil, brought to the CR by the northerly-
bound equatorial currents, and the arid source'’ is doubt-
ful due to low crystallinity of the smectite clay.

The observed increase in K content with depth in almost
all the sediment cores from the axial valley and flank

CURRENT SCIENCE, VOL. 96, NO. 8, 25 APRIL 2009
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Figure 6. Profiles of Si content for axial valley and flank sediment cores. A

. . . . Figure 7. Profiles of Al content for axial valley and flank sediment cores.
regions (Figure 9) suggests the larger detrital input for

the deeper samples. Relatively high kaolinite (12-15% in

the valley and 13-22% on flanks) is probably derived Biogenic source

from the tropical soils of southern India and Africa—

Madagascar due to northerly-bound equatorial circulation = TOC variation in the sediments (0.3-0.5%) is normal and
currents from south of the CR, as suggested earlier' . within the range of deep-sea sediments. The flank sedi-
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ment cores were retrieved between 3700 and 4600 m water
depths. The higher CaCO; (47-76%) in the flank sediments
suggests no effect of dissolution of CaCOj; and indicates
deeper lysocline depth. The sediment cores from depth
range 43004400 m in the axial valley have compara-
tively lower carbonates (17-58%), which shows an
increase with depth (Figures 3 a—c) and supports deeper
lysocline in the CR. The CR crest is known for high bio-
logical productivity and samples have high foraminiferal
abundance. Higher carbonate content (>70%) in the flank
sediments also indicates higher sedimentation rates in the
area, and that high biological productivity and high sedi-
mentation rates are responsible for high carbonate flux in
the CR area, which is also acting as a strong diluent on
the other elemental phase, as observed earlier™.

Volcanic source

Magnetic fractions in sediments are normally derived
from volcanic and terrigenous inputs, biogenic minerals and
diagenetic alteration®*. Absence of tephra material (vol-
canic) in sand-sized fractions of the CR sediments clearly
indicates absence of volcanic activity in the area. Ab-
sence of distinct susceptibility peaks in the down-core
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Figure 8. Profiles of Mn/Al ratio for axial valley and flank sedi-

ments.
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profiles of all the sediment cores further suggests no vol-
canic or hydrothermal contribution from any nearby
source. Both these indicators imply that the sediment
source for the CR is non-volcanic.

Hydrothermal signatures

Enrichment of Mn is considered as one of the important
hydrothermal signatures, as Mn could be incorporated
either by diagenitic or hydrothermal source. Mn profiles
for all the cores showed no significant enrichment in the
top sediments (Figures 3 and 5), which behaved as nor-
mal pelagic sediments®. Sharp peaks of Mn observed at
different depths in all the cores appeared to be typical of
oxidation fronts in diagenetic system®®® and suggest that
higher Mn may not be due to hydrothermal input and that
diagenetic processes play a key role. Although Mn varia-
tion was low to moderate (0.06—1%) for valley sediments,
the overall range was up to 0.5% and spikes of 0.7 and
1% were observed at a few depths (8—10, 50-52 and 56—
58 cm, Figure 3c¢) in GC-04 core sediments. Although
Mn ranged from very low to moderately high values for
flank sediments (0.03-1.5%), the actual range remained
up to 0.6%, leaving spikes of >1% at 38 to 42 cm depth in
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Table 2. Sediment texture and major clay minerals from Carlsberg Ridge
Core Sediment Major type Decreasing abundance
Location Sample no. depth {(cm) type sediment of clay minerals
Axial valley SK-114, SPC-1 0-20 Clayey-silt Clayey-silt 0-2: SIKC
20-26 Silty-clay 2-4: CIKS
4-8: ICKS
8-26: CIKS
Axial valley SK-154, GC-03 0-44 Silty-clay Clayey-silt and 0-22: SICK
44-46 Clayey-silt Silty-clay 22-36: ICKS
45-80 Silty-clay 36-50: ICSK
80-82 Clayey-silt 50-100: ICKS
82-86 Silty-clay
86-88 Clayey-silt
8894 Silty-clay
94-96 Clayey-silt
96-98 Silty-clay
98-100 Clayey-silt
Axial valley SK-154, GC-04 0-2 Clayey-silt 0-38: Silty-clay 0-8: CISK
2-16 Silty-clay 38-62: Clayey-silt 8-28: CSIK
16-18 Clayey-silt 62-100: Silty-clay 28-62: SCIK
18-20 Silty-clay 62-100: ICSK
20-22 Clayey-silt
22-32 Silty-clay
32-34 Clayey-silt
34-38 Silty-clay
38-62 Clayey-silt
62-70 Silty-clay
70-72 Clayey-silt
72-90 Silty-clay
90-92 Clayey-silt
92-100 Silty-clay
NW flank SK-114, SPC-2 0-32 Silty-clay Silty-clay 0-32: ICSK
NW flank SK-154, GC-05 0-100 Silty-clay Silty-clay 0-100: ICKS
SW flank SK-154, GC-06 0-56 Silty-clay Silty-clay 0-100: ICSK
56-58 Clayey-silt
58-60 No sample
60-100 Silty-clay
S, Smectite; I, Illite; K, Kaolinite and C, chlorite.
Table 3. Inter-element relationship of axial valley sediments
SPC-01; N=8 GC-03; N=35 GC-04; N=38
Fe Mn TOC Fe Mn TOC MS Fe Mn TOC MS
Depth 0.45 0.62 -0.43 -0.08 -0.22 0.29 0.69 0.72 0.01 0.16  -0.90
Fe 0.95 0.47 023 -0.23 -0.25 0.26 0.02 0.75
Mn 0.58 0.25 -0.65 0.04 0.05
TOC 1.00 0.67 0.20
r=0.67,CL =95% r=033,CL =95% r=0.32, CL =95%

r = Correlation coefficient; CL. = Confidence level.

GC-05 and 0.7% at 42—44 cm depth in GC-06 (Figure 55
and ¢ respectively). The ternary diagrams®’ show that the
field occupied by the CR plots is close to that of the Pa-
cific sediments (Figures 11 and 12) and strongly rule out
the possibility of hydrothermal activity, which could be a
possible cause for the Mn enrichment.

Diagenetic signatures

The CR sediments have dissimilar down-core MS profiles
compared to Fe and Mn content (Figures 35, ¢ and 55,
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c), and inverse relationship between TOC and CaCOj;
(Figures 3 a—c and 5 a—c) suggesting diagenetic influence.
In the absence of hydrothermal input in the CR, the
observed strong correlation of Fe and Mn in SPC-01
(0.95, Table 3), or significant correlation in GC-05 (0.35,
Table 4), and the sudden increase in Fe and Mn at
~26 cm depth in SPC-01 (Figure 3 @), at 45 cm depth in
GC-04 (Figure 3 ¢), and at 80 cm depth in GC-06 (Figure
5¢) is possible due to strong diagenetic influence in the
sediments. Most Mn peaks occurring at different depths
in the CR sediments were sharp, which is typical of
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Table 4. Inter-element relationship of flank sediments
SPC-02; N=10 GC-05; N=39 GC-06; N=39
Fe Mn TOC Fe Mn TOC MS Fe Mn TOC MS
Depth 0.68 -0.25 -0.95 -0.89 -0.27 0.21 0.67 0.24 0.02 0.33 -0.91
Fe -0.19 -0.58 039 035 0.56 0.11 0.26 0.15
Mn 0.18 -0.26 0.11 -043 -0.03
TOC 1.00 0.14 0.18
r=10.58, CL = 95% r=031, CL =95% r=0.32, CL =95%.
100 3 SK-154, GC-04 y=-0.0212x +8.4531
3 r=-0.603
I .
g. 10 3 ® s o - . -
§ 1 § . $=3.03 cm/kyr
0.1 T T T T . . —
0. 20 40 60 80 100 120 140
Depth (cm)
0 230 . . . . Bauer Deep
Figure 10. Th ex profile for GC-04 sediment core showing sedi-

mentation rate =3.03 cnvkyr (excluding plot ~58 cm). Correlation
(—0.6) is above the level of significance (0.55 for n = 11).

Al Al Al

Figure 11. Ternary diagram of Al, Fe and Mn for axial valley sedi-
ment cores {SPC-01, GC-03 and GC-04). EPR, East Pacific Rise.

migration of oxidation front in a diagenetic system?®.
Changes in Mn concentration of the sediments containing
little organic matter is possible due to penetration of oxy-
gen at depths®. The CR sediments contained a small
quantity (<0.6%) of TOC, and the down-core profiles for
axial valley sediments showed an increase in Mn and
decrease of TOC at about 15 cm depth in SPC-1 (Figure
3 a), indicating consumption of oxygen due to diagenesis.
Similar inverse relation for Mn and TOC of GC-03 was
observed at ~ 40 cm depth (Figure 3 5), and ~ 10 and 26 cm
depth of GC-04 (Figure 3 c). However, increase in TOC,
Mn and Fe at ~45 cm depth of GC-04 (Figure 3 ¢) may
reflect oscillation of oxic—anoxic boundary layer due to
pulsed sedimentation. The down-core profiles for flank
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Figure 12. Ternary diagram of Al, Fe and Mn for sediment cores
from flanks (SPC-02, GC-05 and GC-06).

sediments also showed an inverse relation of TOC and
Mn in the surface sediments of SPC-2 (Figure 5a), and
displayed lower TOC value (<0.2%) for peak value of
Mn (1.6%) at ~40 cm depth of GC-05 (Figure 55) and
GC-06 (Figure 5c). However, as observed for the axial
valley, the increase in TOC, Mn and Fe at ~85 cm depth
in GC-06 (Figure 5c¢) for the flank sediments is due to
non-diagenetic effects.

Possibility of winnowing of high U in samples repre-
senting jumps of TOC, Mn (Figures 3 a—c and 5 a—c) and
sand (Figures 2 a—c and 4 a—c), particularly around 50 cm
depth has been ruled out as *°Th depth profile (Figure
10) showed no winnowing except for the one low **°Th
excess at 55 cm depth. Therefore, high U in the analysed
samples indicates diagenetic mobilization of U and that
the internal sedimentary diagenesis has given rise to con-
sistent peaks at around 10, 25, 45, 60 and 80 cm depth.

Conclusion

Clay mineralogical, geochemical and U-Th isotopic stud-
ies of sediments from the CR showed that the major
sediment sources are continental, biogenic and diagenetic.
The illite-rich sediments had high accumulation rates
(3 em/kyr) and were typically characterized by low Mn,
very low j, moderate TOC and high carbonate content.
Absence of Mn enrichment, very low MS and monoto-
nous down-core profile in all the cores rule out volcanic
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or hydrothermal contribution in the sampling area. The
2Th depth profile showed no winnowing, and internal
sedimentary diagenesis appeared responsible for U
enrichment and consistent peaks at different depths.
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A process for organic water
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We present a local, self-sustaining, natural and eco-
nomic way to secure a quality drinking water resource
for a town or city. Most local rainfed aquifers in the
environs of cities suffer from long-term contamination
by chemical waste — either fertilizers and pesticides or
urban effluents. We propose a process by which such
aquifers can be restored to quality. This is accom-
plished by first changing the land use of the catchment
area of local aquifers to forest, and then by a yearly
evacuation of water in the aquifer till quality is re-
stored. A model is used to estimate that, typically, by
yearly evacuation of the aquifer, pollution in the aqui-
fer water is reduced to 10% of its initial value in 5-7
years. This is an organic process to purify the water in
the aquifer. We also find that the area required for
this falls within 10% of the total area of the city, well
within the green area norm for a city.

Keywords: Chemical waste, green area, organic water,
rainfed aquifers, yearly evacuation.

IT is common knowledge that our planet is faced with a
major problem in the available water resources'. This
problem has two dimensions:

(1) The first is with respect to the quantity of water
available. With increasing population, the demand for
water, both for human consumption and agriculture, has
been steadily increasing. Also, the melting of glaciers,
deforestation and general environmental degradation, in
particular, of rivers, have cut the retentivity, flow and
availability of water on the planet.

(2) The not so obvious problem, which is perhaps more
serious, has to do with the quality of water, which has
deteriorated over the last 50 years, so as to render most of
it unfit for drinking. How has this happened?

Excessive urban migration has inflated cities beyond
manageable limits, to produce such quantities of effluents
so as to render both the local groundwater and rivers
flowing by cities to be criminally polluted. This has hap-
pened mostly due to leaching of contaminants from land-
fills, indiscriminately disposed anthropogenic toxic waste,
unplanned application of agrichemicals and surface run-
off from farm lands’.

More surprising is the state of groundwater in the rural
areas which do not have waste-disposal problems like the

*For correspondence. (e-mail: ravi@nplindia.org)

1100

metropolitan areas. The pollution here has occurred due
to the heavy doses of fertilizers and pesticides used for
modern agriculture. The cumulative effect has been to
contaminate the near-surface groundwater base with fer-
tilizers and pesticides. This pollution is long term and has
no simple solution.

The USGS has extensive data available for the quality
of groundwater for various kinds of land use across the
country. One such set of data is shown in Figure 1 for the
Long Island—New Jersey coastal drainages®. It is evident
that the quality of water in the undeveloped areas is far
superior to the one where there is urban or agricultural
land use. The quality can only improve further for the
case of a protected forest, where the root system of trees
provides additional filtering of pollutants.

Quality drinking water is thus hard to come by except
in wilderness areas, which are generally far away from the
populations that require water. Transport of water from
such areas to cities is then a high-entropy, high-cost,
major pipeline project. Furthermore, transport of a fun-
damental and local resource like water is ecologically
unsound and wasteful.

The other possibility for producing potable water is the
technological fix of chemical treatment (reverse osmosis
and resin), but this has the disadvantage of high cost,
leaching of important healthy minerals — which yields
only processed and not mineral water, and producing a
sludge which causes a disposal problem. This makes it
impractical for poor, underdeveloped and remote areas.

We now describe a process for purification of natural
aquifers that occur in the environs of a human settlement,
but have been cumulatively polluted by human activity
over the years (we use the term ‘human settlement’ to
mean any village/town/city and hereafter, we abbreviate
it further to a ‘settlement’ throughout the text). The water
stored in these aquifers is purified in the process and a
local, self-sustained source of high-quality drinking water
is created.

Shallow ground waler Supply wells
Urban Agricultura Undeveloped Domestic Public

g y 4 y 4

Pesticides
'
Nitrate )
Volatile ' 4
organics *
Percentage of samples with concentrations equal to or greater than

health-related national guidelines for drinking water
Percentage of samples with concentrations less than health-related
national guidelines for drinking water

Percentage of samples with no detection

f\ acticides, ha jas, and pesticide metaboltes sampled In water
“ Sclvents, refrigerants, fumigants and gasoline compaunds in water
Figure 1. Selected indicators of groundwater quality for various

kinds of land use in the Long Island—New Jersey coastal drainages.
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Using a conservative figure of 3 1 per person per day,
we get the annual requirement of drinking water for the
settlement. Once aquifers with the appropriate recharge
capacity have been located, we must create and protect
forests on their entire catchment, so that the total recharge
capacity is equal to or exceeds the requirement computed
above. Further pollution can be eliminated by changing
any urban or agricultural land use in the catchment to a
protected forest area. This enables the water recharging
the aquifer to be free from agricultural and other contami-
nants like fertilizers and pesticides (nitrates, phosphates,
fluorides, etc.), and instead makes it rich in natural
minerals.

A simple way to estimate the groundwater recharge for
an area based on rainfall and pan evaporation data is pre-
sented elsewhere’. After estimating the total evaporation
loss and subtracting it from the total rainfall, we find the
balance available for recharge and run-off. For a large
and heterogeneous area, the aquifer potential or recharge
has to be determined from the hydrogeology of the area.
This can be done using, for example, empirical data from
the curve number technique, which gives the recharge
from the porosity data of the local terrain.

Once the land use in the catchment area of the aquifer
has been changed to forested land, our process of purifi-
cation involves yearly evacuation of water in the aquifer
by pumping out for agriculture (or other use) to a location
outside the aquifer catchment. The efficacy of this
method is illustrated using a simple but realistic model.

After annually pumping out the contaminated water in
the aquifer for a period of 5-7 years, the fresh recharge
flowing into the aquifer through the protected forest then
gives us high-quality spring water ideal for drinking. We
call this as ‘organic water’. As outlined above, the process
involves an integration of natural processes.

One of the most pressing issues in this process is the
timescale in which the water in aquifer can be decon-
taminated and purified. We now turn to this. Once the
land use is changed and no fertilizer is applied to the
ground, the unpolluted rainwater will pick up contamina-
tion from the top sublayer, leaving it less polluted in its
passage. The rainwater will then move to the next sublayer
carrying some pollutant picked from the previous
sublayer. Assuming the same initial pollutant concentra-
tion (uniform) in the sublayers, the concentration in this
sublayer, after mixing with the incoming rainwater, will
be more than that for one sublayer above. Thus, the pollu-
tion concentration gradient in the soil will be positive
with depth. Every succeeding rain will keep lowering the
concentration of the pollutant in the soil, thus washing it
into the aquifer.

We shall consider this problem using a simple model
shown schematically in Figure 2. This model needs some
relevant parameters to be specified. We discuss below,
stepwise, these parameters, details of the model and the
results.

CURRENT SCIENCE, VOL. 96, NO. 8, 25 APRIL 2009

(i) We assume an unsaturated zone of porous soil of
depth, H. This is simply the layer of soil that starts at the
ground level and extends down till the subsoil level at
which the aquifer begins. A unit volume in this layer
fractionizes thus: m is the volume fraction of polluted
water which we term specific moisture, s is the volume
fraction of soil matter, leaving a fraction (1 —m —s) as
empty volume.

(i1) Rain falls on the ground, which is the top of this
layer. On subtracting the loss due to evaporation and run-
off the balance, which is the recharge rainfall, percolates
down through it to the aquifer. We shall consider only
soluble contaminants (as insoluble ones will not percolate
down in the recharge). The model does not distinguish
between contaminants.

(iii) We have a dilution model of pollution, in which
we assume ideal mixing between the specific moisture in
the soil and the inflowing rainwater. Thus, when a certain
volume of rainwater enters a sublayer of the soil, the pollu-
tion concentration in the sublayer becomes the weighted
average of the two.

(iv) The initial pollution concentration in the soil and
its depth profile are inputs to the model. For simplicity
and convenience in discussing the model, we take the ini-
tial concentration of pollutant to be uniform through the
depth, H, of the unsaturated zone. However, the model
equations apply to any given concentration profile.

(v) A difference equation for the above model can be
written in the following way. Each rainfall event results
in a recharge pulse of at most a few centimetres of water

Evacuate/Pump Out Polluted Aquifer Water
to outside entire catchment

Recharge Rainfall R

Ground level

Unsaturated Zone

Unel volume fractions

m = specific moisture

§ = soil ( particulate matter )

(1=m=s) free volume H

(N sublayers)

sublayer of thickness Az at depth z l
pollution conc. p,,(z)
(after passage of n recharge rainfall packets)

Aquifer

Figure 2.
aquifers.

A schematic of the model for purification of unconfined
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percolating down into the ground. The total depth H is
divided into N sublayers, each of depth Az = H/N. Rain-
fall recharge is then divided into small packets of height
Az, such that the recharge water at most completely fills the
empty volume in the thin sublayer. Thus, ¢.x=1—-m —s.
Choice of the size of recharge rainfall packet, and conse-
quently the value of « is not important, as the results are
independent of this.

Consider a thin horizontal sublayer of unit area and
thickness Az at depth z below ground. Let p,(z) be the
pollution concentration in this thin sublayer at position z
after n packets of recharge rainfall have passed through
the sublayer. Recharge rainwater with volume Az, carry-
ing a pollution concentration p,(z—Az), enters this
sublayer from the sublayer above at (z — Az). The incom-
ing recharge water mixes completely with the specific
moisture in the sublayer, having pollution concentration
Pn1(2), lowering the pollution concentration in the sublayer.
With no sources or sinks of water in the sublayers, this
mixing can be expressed mathematically as:

mpn—l(z)+apn(Z_AZ)
m+a '

Pa(2)= (1)
Given an initial pollution concentration profile, eq. (1)
can be solved iteratively, as each packet of recharge rain-
fall percolates down the sublayers, to obtain the new pro-
file of pollution concentration after the passage of the
rainfall packet. The profile depends additively on the
number of such packets. Thus, the heterogeneity of rain-
fall over the year does not play a role. Only the total
recharge rainfall is of consequence. The new profile can be
plotted, after a number of packets equivalent to the aver-
age total yearly rainfall have passed through the sublay-
ers, to monitor the yearly pollution concentration profile.
We, therefore, present the results in terms of the total ef-
fective annual recharge.

We have ignored effects of diffusion in deriving the
above equations. Diffusion terms do not affect the aver-
age velocity of downward displacement of pollution. It is
also straightforward to have the specific moisture m
depend upon depth. In this case, m gets replaced by m(z)
in the above equation.

Our results are summarized by the simplistic piston
model® and are consistent with it’. It states that purifica-
tion is achieved when the total recharge inflow, which is the
annual recharge multiplied by the number of years, is equal
to the specific moisture, m, multiplied by the depth, /7.

To understand this better we need to breakdown the
hydrology of precipitation, P, into its various and distinct
parts. Once rain falls on any area, first, there is surface
evaporation loss, S. This depends on the climate and the
soil. Next, we have to account for run-off and transpira-
tion from the vegetal cover. For example, on flat agricul-
tural land or flat pasture or woodland, the run-off is
small, and for forests, transpiration is more than that for
the pasture. On the other hand, on land that is contoured
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by slopes, a large portion of the balance goes in the run-
off. Also, if the soil is impervious, like clay, run-off is
dominant. Depending on their geographical location,
aquifers present varying situations.

There are four main parameters in this estimate.

(1) Rainfall: (i) A rainfall, P ~ 50-60 cm, presents arid
condition. This would apply, for example, to Delhi, where
after surface evaporation, only 15 cm may be left for re-
charge, transpiration and run-off, of which we find 60%
recharge for the forested catchment, or 9 cm of recharge.
(ii) A rainfall, P > 100 cm (e.g. Bangalore, Pune, Dehra-
dun) will have no more evaporation than in (i) above and
could leave 75 cm for recharge, transpiration and run-off,
of which as much as 30 cm or more may be available for
recharge.

(2) The specific moisture or field capacity, m: (i) For
sand, m = 0.05 (e.g. desert conditions in Rajasthan, Guja-
rat). (ii) For sandy loam as occurring around some areas
in Delhi, m = 0.15. We shall use a typical average value
of m=0.10.

(3) The depth, H, of the unsaturated layer can vary
from aquifer to aquifer. We have shallow aquifers in
mind, which can vary from A =10 to 30 m, and for our
estimation we use an average value /= 20 m.

(4) The specific characteristics of an aquifer: The ratio
of the catchment area to the aquifer area, . Assuming R
to be the normal recharge (in cm), we can define a
catchment augmented effective recharge £, = R X r.

Based on the above model, we present below results
for a typical situation with the following parameters:
Specific moisture m = 0.1, soil fraction, s = 0.2, effective
recharge (annual), £, =R xr=35cm, depth of aquifer
H=20m.

The initial groundwater pollution is assumed to be uni-
form. A yearly plot of the groundwater pollution profile
is shown in Figure 3. The curves correspond to profiles

1.0 . . =TT '

08+ ‘ [ 4
06 ‘ 1
04 F \ |

02 I | |

Pollution concentration (arbitrary units)

A - L e A

8 10 12 14 16 18 20
Depth (m)

-

0.0

Figure 3. Groundwater pollution profile as a function of depth below
ground into the unsaturated zone at yearly intervals after flushing with
recharge rainwater. The aquifer is 20 m deep, specific moisture
m=0.1, soil fraction s=0.2 and effective recharge E. =35 cm. The
curves from left to right correspond to profiles after one to six years
respectively.
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after each consecutive year respectively. For the given
aquifer characteristics, in 6 years the aquifer water pollu-
tion drops to about 10% of the original. In the absence of
diffusion terms, the change in the slope of the profiles is
an artifact due to a finite chosen value of the number of
sublayers N and dz.

Implementation of such a scheme requires the follow-
ing:

(1) An intervention in public policy that for towns and
cities, all nearby aquifer catchments be declared vital
state assets and be protected. To maintain water quality,
the entire catchment area of the aquifer has to be pro-
tected — this area must fall outside the urbanized zone.

(2) Cooperatives or water companies to step in and
manage drinking water services derived from these aqui-
fers. This is highly profitable economically. The land we
are talking about is strictly agricultural with its land use
fixed and thus cannot be valued as regular real estate. The
main cost is the renumeration to farmers who own the land.
A renumeration of even four times the maximum agricul-
tural income from the land, makes hardly a dent in the
earnings from the service.

(3) A period of 5-7 years for such quality drinking
water sources to be operational.

The main advantages of the process are that there is no
use of chemical technology and no toxic waste is pro-
duced. It uses a natural percolation process for rainwater
to come into the aquifer. Foresting the catchment pro-
vides good foliage and humus to supplement water reten-
tivity. The roots of the trees consolidate the soil and
provide additional natural filtration to enhance the quality
of the water. Run-off and erosion are reduced, thereby in-
creasing the groundwater recharge. Hence recharge esti-
mates in the examples are lower bounds. Natural, green
wooded area, which is less than 10% of the city area, is
required for this purpose. This falls neatly into the urban
planning norm of having about 20% green area in a city.
Due to it being a natural process, the main costs involve
the remuneration given to farmers whose land has been
converted to wooded area. Even if the estimated remunera-
tion is about five times the annual income of the farmer
from the said land, the cost of generating pure drinking
water of high quality is extremely cost effective compared
to the ecological and financial costs involved in bottling
and transporting water from remote, unpolluted wilder-
ness sources, such as mountain streams, or purification of
water by chemical or osmotic process.

At present, it is estimated that almost half the world’s
population has no access to good drinking water. This is
considered an essential cause of several debilitating water
borne diseases. This is the primary component in pre-
ventable human mortality. At a cost of US$ 0.02/1, the
annual cost of providing 2 litres of good drinking water per
day per person works out to approximately US$ 15 bil-
lion for every billion people. The UNEP experts have esti-
mated® the cost of providing safe drinking water and
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proper sanitation to everyone in the world by 2025 at
US$ 180 billion. Needless to say, the present cost in
terms of health is much more. Providing a simple, natu-
ral, low cost, local and self-sustaining solution to the drink-
ing water problem is vital. Organic water will do just that.
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Role of sorption properties and water
status in control of seed longevity
patterns
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The longevity behaviour of two oil-rich seeds, soybean
(Glycine max (L.) Merrill) and safflower (Carthamus
tinctorius) were compared using their water absorp-
tion properties. The nuclear magnetic resonance char-
acterization of water in different moisture equilibrated
seeds was studied in relation to the viability of both
the crops. The component analysis of the transverse
relaxation showed the presence of different compo-
nents in soybean and safflower at corresponding rela-
tive humidity. Even though a more deleterious third
component (structurally bound water) was observed
at higher relative humidity in both the crops, the dif-
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ference in its relative population clearly shows the
linkage between molecular mobility of water and lon-
gevity. The dehydration and rehydration isotherms
studied under the ambient relative humidity pointed
towards the possible development of extra polar sites
in soybean along with the varied behaviour of these
two seeds under fluctuating relative humidity condi-
tions, which is a common phenomenon in ambient
storage conditions. Thus, the present study emphasizes
that the sorption properties along with the structural
partitioning of the seed water, which are influenced by
the chemical composition of seed, play an important
role in the longevity behaviour of seeds besides other
factors like lipid peroxidation.

Keywords: Dehydration—rehydration isotherms, nuclear
magnetic resonance, safflower, seed deterioration, soybean.

THE deterioration of seeds, resulting in the loss of vigour
and viability is inexorable'. Storage temperature and seed
moisture content are the most important factors control-
ling seed longevity. The physical state of water in the
seeds during storage or prior to pre-germination imbibi-
tion strongly influences the staying quality and success of
subsequent germination. The importance of different
properties of water in determining seed longevity has also
been recognized’. Deteriorative reactions proceed more
rapidly if the moisture content is high in the seed, and
consequently the moisture status would constitute a threat
to longevity. Water also acts as a solvent for most of the
biochemical reactions, and hence loss of this solvent will
reduce the diffusion rate of solute substances to an active
site and thereby reduce the pace of deleterious metabolic
activities. With decreasing water content the molecular
mobility reaches a minimum, thereby increasing the seed
longevity”.

Nuclear magnetic resonance (NMR) spectroscopy is a
non-destructive method used to study the water status in
different biological systems. Seed water status refers to
the measurement of water properties in relation to the
seed, and is used in a relative sense®. Water status can be
described either by measuring the moisture levels of tissue
water content or by measuring the energy status of cell
water. Moisture levels of seeds are an important determi-
nant of seed longevity’. The longitudinal and transverse
components of NMR relaxation times of protons can be
used in understanding both the compartmentation and
transport of water in tissues of plants as well as seeds’.
The differential mobility of water molecules can be de-
termined using the difference in their relaxation rates,
which also enables us to calculate their relative amounts
in the tissue’’. The NMR relaxation times have been
used for the characterization of seed water in different
species” . The water in dry seeds, mostly in the bound
state, is structured and non-freezable'”, but the storage
quality of seeds is largely dependent on free or bulk water
which fluctuates with the relative humidity of the sur-

rounding air®.
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The difference in the moisture sorption patterns and the
thermodynamic status of water in seeds which controls
the seed deterioration reactions'*, may differ considera-
bly between seeds of different species. The chemical
compositions of seeds appear to play an important role
in determining the general storability behaviour of seeds
of different species, though information on comparative
performance of seeds having different chemical composi-
tion is scanty. With lipid peroxidation playing a critical
role in seed deterioration, seeds containing high levels of
polyunsaturated fatty acids are expected to exhibit poorer
longevity'>'*. In the present study two oil-rich seeds,
soybean and safflower, having different storability were
compared with an objective of an in-depth understanding
of the influence of water sorption properties on the dete-
rioration patterns.

For the present study, seeds of soybean (Glycine max
(L.) Merrill) cv IS 335 and safflower (Carthamus tincto-
rus) c¢v A-1 were obtained within three months of
harvest from the National Research Centre for Soybean,
Indore, and University of Agricultural Sciences, Dharwad
respectively. The physically pure seeds were taken and
the protein, carbohydrate and oil contents were estimated
according to standard procedures', for an overview of
the chemical composition of these two crop seeds. The
seeds were packed in polythene bags (700 gauge) under
ambient conditions of storage, with an average tempera-
ture of 25 = 2°C (max 40°C and min 13°C) and average
relative humidity (RH) of 65 £2% (max 93% and min
14%) up to one year.

The germination percentage was measured for both the
crop seeds using the between-paper method, in four repli-
cations of 50 seeds each at 25°C following the standard
ISTA method'®. The germination test was conducted ini-
tially and at three months interval up to one year under
ambient storage conditions.

Three sets of soybean and safflower seeds having an
initial moisture content of 10.5 and 6.8% respectively,
were weighed accurately to 30 g each. Seeds were taken
in perforated muslin bags and equilibrated over saturated
salt solutions at 25°C in air-tight desiccators. RH of 30,
50, 70 and 90 was obtained with the saturated salt solu-
tions'"'®. Seeds incubated for equilibration were weighed
daily until constant weight was attained on four succes-
sive weightings (at which point the seeds seemed to be
equilibrated), and absorption curves were drawn with
equilibrium moisture content on the Y-axis and RH on the
X-axis. The seed moisture content and spin—spin relaxa-
tion time (73) were measured as follows.

Seed moisture content was determined in three replicates
by oven-drying the seeds at 103°C for 17 h to constant
weight'®. The moisture content (%) was calculated as
(W, —Wy)/W ) x 100, where W, is the initial weight of the
seed (g) and W, the final weight of the seed after drying (g).

NMR relaxation times were measured in six replica-
tions on moisture-equilibrated seeds. The seeds were
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placed in 10 mm diameter glass tubes with a column height
of about 2 cm and corked immediately to avoid exchange
of moisture with the surrounding atmosphere. The tubes
were then placed in the probe of Bruker NMS 120 pulsed
NMR spectrophotometer according to the procedure des-
cribed by Krishnan®.

Seed water spin—spin relaxation time (7;) was meas-
ured using Brucker NMS 120 minispec NMR analyser at
20 MHz and ambient temperature of 25°C, by studying
the decay of the transverse component of magnetization
using the Carr-Purcell Meiboom Gill method". Seed mate-
rials were tested with the following settings. Number of
datapoints, 150; pulse separation, 0.5 ms; dummy echo,
3, and number of scans, 4. The T values were determined
by measuring the exponential decay of the signal and the
in-built program of the instrument was used to calculate
this. According to Ratkovic'’, three different water com-
ponents can be identified in seed systems using spin—spin
relaxation time. The three components of 75 (75, 75 and
T,.) are given by the equation

M, = Clexp(=t/T,)] + Cplexp(=t/Top)]
+ Clexp(—t/T20)],

where C,, C, and C. are related to the relative populations
of the three componentszo’zl. The components of spin—
spin relaxation were analysed using least square fit analy-
sis in the region of specified limits using a computer pro-
gram®.

The procedure followed to estimate the hysteresis loop
through moisture absorption and desorption isotherms
was modified after Moharir and Nam Prakash®. Two rep-
lications of 100 seeds each of soybean and safflower were
weighed separately and hydrated in a closed desiccator at
100% RH and 27°C for conditioning or hydration of
seeds. The increase in weight was recorded after 2, 4, 6,
24, 26, 28, 30 and 48 h. The hydrated seeds were then
kept in an open petri plate of 6” diameter and left to be
dried at 27°C and ambient RH (60 £ 2%). The decrease in
weight was recorded after 2, 4, 6, 24, 26, 28, 30 and 48 h.
This is termed as the dehydration cycle. The dehydrated
seeds were again transferred to 100% RH at 27°C and
their weight was recorded at intervals as before. This is
the rehydration cycle. By plotting the dehydration and
rehydration values at each interval, the dehydration—
rehydration curve was drawn.

The major chemical constituents of the seed, i.e. carbo-
hydrates, proteins and lipids were determined in two rep-
lications of 10 g seed of soybean and safflower at a
moisture content of 9.39 and 7.49% respectively. The saf-
flower seed had high carbohydrate content of 48% fol-
lowed by 38% oil content and 10% protein content,
whereas the soybean seed had 37% carbohydrates, 19%
oil and 39% protein. Thus, even though both are rich in
oil their chemical composition was different, with soy-
bean being a protein oil-rich and safflower a starch oil-
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rich seed. The germination was recorded at three months
interval up to one year under ambient laboratory condi-
tions with an average temperature of 25 £ 2°C (max 40°C
and min 13°C), and average RH of 65 £2% (max 93%
and min 14%). A gradual decline was observed during
this period, with germination falling from 92-95 to 66—
79% in soybean and safflower respectively. Decline in
germination was rapid in soybean beyond 6 months of
storage which coincided with higher RH and temperature
conditions, whereas it was steady and gradual in saf-
flower throughout (Figure 1).

The equilibrium moisture content was determined at
30, 50, 70 and 90% RH at 25°C in soybean and safflower
seeds having initial moisture content of 6.8 and 5.4%
respectively. The equilibrium moisture content (EMC)
values attained by both the seeds were almost equal up to
50% RH; at higher RH levels the soybean seeds attained
higher EMC, which was almost 1.5 times higher than that
of safflower. The absorption curves were of sigmoidal
type for both the species, albeit a steeper slope was
observed for soybean (Figure 2). Total increase in mois-
ture content with respect to initial moisture content was
3.5 times in soybean and 2.3 times in safflower.

The spin—spin relaxation time 7, (ms) of seeds equili-
brated at different RH levels showed a progressive decrease
with increase in EMC values (Table 1). The 7, values
varied from 84 to 65 ms in soybean, as against 114 to
103 ms in safflower. At a given RH or at similar EMCs
(up to 50% RH), the spin—spin relaxation times were
higher for safflower seeds than for soybean seeds.

T, was further partitioned to determine different com-
ponents of seed water and their relative populations at in-
creasing levels of RH. Initially only two components
were observed up to 70% RH. At 90% RH, three compo-
nents were found in both species. The component with
long relaxation time (7,,) increased with increase in RH

Germination (%)
-
'

Time period (months)

Figure 1. Germination (%) at 25°C of soybean and safflower seeds
stored under ambient storage conditions of average temperature
25 £ 2°C {max 40°C and min 13°C) and an average relative humidity of
65 + 2% for one year period.
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up to 70% (Table 2). The relative populations of two
components (73, and 7T,) were not altered with increase
in RH (70%) but at 90% RH there was an alteration in the
populations in both soybean and safflower seeds. Interest-
ingly, the proportion of the slow relaxing component was
higher in safflower at any given RH level (Figure 3).

The moisture adsorption and desorption patterns of soy-
bean and safflower were determined on the basis of dehy-
dration and rehydration behaviours under vapour-
saturated atmospheres. The moisture content of soybean
and safflower seeds reached 14.3 and 18.8% after condi-
tioning for 48 h at 100% RH and 27°C. These were then
subjected to air-drying for different periods. At the end of
the dehydration cycle of 48 h at ambient RH and tempera-
ture, the moisture content of these two kinds of seeds was
found to be 10.6 and 5.8% respectively. A second cycle
of rehydration at 100% moisture vapour-saturated condi-

Equilibrium moisture content (%)

Relative humidity (%)

Figure 2. Absorption equilibrium moisture content curves of soybean
and safflower seeds at different RH levels at 25°C.

Table 1. Equilibrium moisture content (EMC) and spin—spin relaxa-
tion times (7>) of soybean and safflower seeds at different relative
humidity (RH) levels

Soybean Safflower
RH (%) T> (ms) EMC (%) T, (ms) EMC (%)
30 84+0.9 5.7 114 2 5.60
50 82+1 7.4 1112 6.96
70 801 11.98 106 £2 10.28
90 6512 20 1032 12.92
1106

tion resulted in an increase in seed moisture content to
17.5 and 18.4% in soybean and safflower seeds respec-
tively. Thus, after the rehydration cycle the safflower
seeds attained almost the same moisture content as that
recorded in first hydration cycle, whereas soybean seeds
gained more moisture upon rehydration. The difference in
moisture content attained at saturation after the first
(hydration) and second (rehydration) cycles of moisture
vapour conditioning was 3.2% in soybean and 0.4% in
safflower. Thus, even though the difference in moisture
absorption upon rehydration following dehydration was
more in soybean, interestingly, there was a larger area
under the hysteresis loop in the case of safflower (Figure 4).
The pattern of loss of germination under ambient con-
ditions of storage was similar in the two species up to
6 months of storage, which coincides with the low moisture
content of soybean and safflower seeds (7.83 and 6.94%
respectively) during this period. After 9 months of stor-
age a marked difference was noted in the moisture con-
tent and germination of soybean and safflower seeds,
which was even more pronounced after 12 months of
storage, by which time the moisture content and germina-
tion of soybean were 11.13 and 66% respectively, com-
pared to 8.96 and 79% in safflower. Survival of seeds
under ambient storage depends more on their moisture
content than on any other factor’®. This has been attri-
buted to the notion that physiological reactions, deleterious
to seed longevity, increase with the increase in seed mois-
ture content, in addition to influencing the incidence and
survival of storage pathogens. In the present study, a clear-
cut difference was observed in soybean and safflower
seeds with respect to germination (Figure 1), patterns of
moisture sorption, moisture equilibrium (Figure 2) and
physical status of seed water, determined by partitioning
of different components of seed water at different levels
of relative humidity, and retention and release of mois-
ture by the seed in a fluctuating environment (Figure 4).

100003
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Figure 3. Relative population of 7> components (7, represents extra-
cellular free water, 7, cytoplasmic bulk water and 7. structurally
bound water) at different RH levels in soybean (Soy) and safflower
(Saf) seeds.

CURRENT SCIENCE, VOL. 96, NO. 8, 25 APRIL 2009



RESEARCH COMMUNICATIONS

Table 2. Different components of spin—spin relaxation time (7,) of soybean and safflower seeds at
different RH levels
Toq (ms) T2 (ms) Ty (ms)

RH (%) Soybean Safflower Soybean Safflower Soybean Safflower
30 575.2 530.4 46.2 50.7 - -

50 598.2 530.6 47.7 50.8 - -

70 709.4 5553 50.6 51.0 - -

90 650.4 726.8 473 57.2 3.15 1.7

Tsuy Top, T are three different components of 75 (73, represents extracellular free water, 7%, cytoplasmic

bulk water and 7>, structurally bound water).
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Figure 4. Hysteresis loop of dehydration and rehydration cycles

measured as gram water/100 g dry wt of seeds over a time period in
soybean and safflower seeds.

The pattern of moisture absorption by the soybean and
safflower seeds was similar in the two crops up to 50%
RH, but it shot up dramatically in soybean at RH of 70%
and above, whereas the rise remained slow and gradual in
safflower, resulting in a difference of about 7% in the
EMC at 90% RH between the two crops (Figure 2). The
higher absorption values in soybean can be attributed to
higher amount of macromolecules other than lipids, viz.
proteins and starch, which are hygroscopic in nature®*
Walters' compared the results from studies made by dif-
ferent workers on water-sorption isotherms of seeds of a
number of crop species having different chemical compo-
sitions, viz. pea, soybean, lettuce, peanut and sunflower,
and noted that at similar levels of RH protein oil-rich
seeds of soybean achieved a significantly higher EMC
compared to that of lettuce, peanut and sunflower respec-
tively, whereas high protein, low oil pea seed attained
EMC even higher than that of soybean. Walters inferred
that the relative hygroscopicity of the major seed con-
stituents, i.e. proteins, starch and lipids, plays a major
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role in their sorption behaviour. The present study has
clearly established this point under identical conditions of
RH and temperature by examining the pattern of water
sorption in two different crop species, i.e. soybean and
safflower. Results of the present study also indicate that
more than the absolute moisture content attained by the
seed, it is the proportion of various seed water compo-
nents that plays a greater role in seed deterioration. 75,
which represents the mobility of water molecules within
the seed, is modified by seed structure and chemical con-
stituents of its tissues. The 7, values are influenced by
many factors such as proton relaxation, cell size and
structure, chemical composition and viscosity of cellular
constituents, and their magnetic susceptibility’. The deli-
cate balance between the total water content, macroscopic
and microscopic distribution of water in different sites,
macromolecule-water interactions and exchange between
different water phases (liquid, glass or gaseous) deter-
mines the NMR relaxation times of seed tissue water.
Soybean seed with its high protein + carbohydrate con-
tent showed a rapid moisture uptake at higher RH, and a
slow release upon dehydration, which probably was due
to the development of additional polar sites of attachment
of water molecules in it. At high moisture content,
changes will occur in the properties of macromolecular stru-
cture and hence, in the status of water in their vicinity®
These irreversible macromolecular structural changes can
advance the process of deterioration, resulting in the non-
viability of the seed. In the present study, 7, decreased
with increase in moisture content at different RH levels.
The reduction in 75 could be due to the increase in inter-
action between water and the macromolecules in the tis-
sues?. Further, 7, was partitioned into two fractions
based on the relaxation time up to 70% RH. The slow
relaxing fraction with long relaxation time was identified
as extracellular free water, since the macromolecular con-
centration was comparatively less in the extracellular
space of the tissues®'’. The fast relaxing 7, fraction was
generally identified as intracellular bulk water due to its
short relaxation time?’. At 90% RH, with the increase in
EMC level, interestingly, a third component, 75,
appeared in both soybean and safflower seeds. Based on
its shortest relaxation time, it was identified as macro-
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molecular-bound water. This kind of tissue water parti-
tioning was earlier followed by many workers”*?!. In the
present study, it was significant to note that a larger pro-
portion of seed water content in soybean remained as cy-
toplasmic bulk water, whereas in safflower the major
proportion of total seed water content remained as ex-
tracellular free water, which could be rapidly released
upon dehydration. At RH above 70%, the EMC attained
by soybean seed was nearly 65% higher than that of saf-
flower, of which nearly more than 30% was found to be
in the bound form as against less than 10% in safflower
(Figure 3). This is of a significant relevance during dete-
rioration, as the nature and kinetics of chemical reactions
are greatly influenced by the state of water, rather than
the absolute water content within the seed'.

The phenomenon of hysteresis, which occurs in absorp-
tive substances with a high degree of structural rigidity,
was examined on the desorption and reabsorption patterns
of the two species. Due to its rapid dehydration in the ini-
tial stages and virtual lack of any moisture gain (over the
initial level) during rehydration, safflower seeds showed
a larger hysteresis loop than soybean (Figure 4). The
faster dehydration seen in safflower could possibly be the
result of a larger proportion of the seed water content
remaining as extracellular free water than the cytoplasmic
bulk water as found by NMR 7, partitioning and
needs further confirmation. The gain of excess moisture
by soybean seeds, upon rehydration may be due to
appearance of additional polar sites for bound water at
higher RH as a result of tissue swelling27. The ability to
readily release moisture at a lower external RH and gain
slowly at a higher one, as in the case of safflower, is a
property favourable for better seed longevity. Discrete
changes in the proportion of seed water also suggested
that seed ageing reactions were regulated by the thermo-
dynamic status of water in the seeds'>”".

Thus differential absorption and desorption patterns of
soybean and safflower seeds, coupled with differential par-
titioning of water components in the two species due to
their characteristic chemical constituents, are identified as
one of the key factors contributing towards better longe-
vity of safflower compared to soybean seeds under fluctu-
ating environmental conditions (temperature and RH),
particularly at RH above 70%.
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Species and site effects on leaf traits
of woody vegetation in a dry tropical
environment

S. K. Pandey, Hema Singh* and J. S. Singh

Department of Botany, Banaras Hindu University,
Varanasi 221 005, India

Selected leaf traits (leaf area, leaf weight, specific leaf
area and chlorophyll content) from eight woody species
at four sites in the dry tropical Vindhyan forest were
investigated in order to assess their variability across
species and site conditions. The morphological traits
such as leaf area and leaf weight were more variable
than biochemical traits such as chlorophyll content.
There was significant effect of species and site, and the
site X species interaction was also significant for all
traits. These traits were correlated except for specific
leaf area, which was independent of leaf area. A com-
bination of traits could discriminate between the sites.
Between-site variability in leaf traits was smaller (1.3-
1.5-fold) than between-species variability (1.7-12.5 fold).
The larger inter-species variability reflects marked
genotypic variability in the leaf traits, while the smaller
between-site variability reflects phenotypic plasticity
leading to adaptation to site conditions.

Keywords: Dry tropical forest, inter-species variability,
leaf traits, woody species.

LEAF traits are often cited as the principal traits to relate
plant resource use, biomass and ecosystem functioning' .
In addition, these traits are easy to quantify and conve-
nient to compare among a large number of plant species.
Leaf traits may be divided into two groups: functional
traits and structural traits. Functional traits reflect the index
of plant growth and metabolism. On the other hand, struc-
tural traits are indexes of biological characteristics of dif-
ferent plant species, and reflect the adaptation strategies
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of plants to the environment. These traits, among others,
include leaf area, leaf dry weight, specific leaf area
(SLA) and chlorophyll content. SLA is the ratio of leaf
area to leaf dry weight and, being strongly correlated with
relative growth rate, maximum rate of photosynthesis3
and competitive ability, is often considered a key trait
linked to plant functioning”®. It has been argued that SLA
can provide important clues regarding future changes in
community composition due to global change, if dryness
is going to be altered in much of the tropics. The high-
SLA leaves are productive® but are necessarily also short-
lived and vulnerable to herbivory'®''. On the other hand,
low-SLA leaves perform better in resource-poor envi-
ronments’.

Leaf area plays an important role in light interception,
water and nutrient use, growth and yield potential'>'*,
Leaf size and SLA decline along gradients of decreasing
moisture and/or nutrient availability'> . Lower SLA, due
to thicker and/or denser leaves contributes to long leaf
survival, nutrient retention, and protection from desicca-
tion!, whereas small leaf size reduces boundary layer
resistance, and helps maintain favourable leaf tempera-
tures and higher photosynthetic water-use efficiency un-
der the combination of high solar radiation and low water
availability®>>.

Chlorophyll is the most important pigment for photo-
synthesis*°. Chlorophyll concentration in leaves and
canopies can be an indicator of photosynthetic capacity,
developmental stage, plant productivity, environmental
stress and nutrient management’’ ~’. Measurement of leaf
chlorophyll content is also an indirect approach to esti-
mate soil nitrogen® .

Since the leaf traits are considered important for under-
standing vegetation response to a broad range of envi-
ronmental factors, we examined four leaf traits, viz. leaf
area, leaf weight, SLA and chlorophyll content in eight
woody species on four sites of a dry tropical forest in the
Vindhyan highland. We addressed the questions: (i) How
much do the woody species occurring in a dry tropical
environment differ in these leaf traits and how much are
these leaf traits affected by site conditions? (ii) Can a
combination of these leaf traits across species discriminate
between the sites?

The study was conducted on four sites, viz. Ranitalli,
Neruiadamar, Bokrakhari and Hathinala of the Vindhayan
dry tropical region (21°29'-25°11"N lat.; 78°15'-84°15’E
long.), Sonbhadra District, Uttar Pradesh in 2008. The
elevation above the mean sea level ranges between 313
and 483 m. The area experiences a tropical monsoon cli-
mate. The sites are located between two meteorological
stations, Obra and Renukut. Ranitalli site is nearest to
Obra and Hathinala site is nearest to Renukoot. Mean
annual rainfall is 926 mm at Obra and 1146 mm at Renu-
koot™. The soils are residual ultisols, sandy loam in tex-
ture, reddish to dark grey in colour and are extremely
poor in nutrients®. Among the four sites, the mean rainy
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