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STATEMENT

”Befylliﬁm—lO is produced by Cosmic Rays (CR) in the
éarfh's atmosphere. It has a simple chemistry in the
étmosphere and oceané and gets quickly removed to the
deep-sea deposits in times much shorter than its half-

life, l.5xlO6 yrs. Owing to its long half-life, it isjﬁ%L

~wmost~suitable“radioisotopewfor“studying”prGCessesW*“”"

~involving time scales of a few million years,

This thesis is primarily concerned with the studies
of deep=-sea sediments and ferromanganese nodules based on
measurements of lOBe, U-Th series radionuclides, trace
metals and mineral phases. Such studies have been performed‘

and used for understanding

(i) the effect of meltwater on +°Be distribution in the

sediments,
(1i) the nature of CR intensity variations,

(iii) the growth rates of the ferromanganese nodules and
(iv) the depositional history of authigenic elements in

the ocean.

The CR intensity variation is an important parameter
for understanding the propagation and origin of CR. The
records of CR historylcan be derived by studying either |
extraterrestrial (e.g. moon and/or meteorites) or
terrestrial (deep-sea sediments) samples. The advantage

of studying deep-sea sediments is that the records preserved
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-’iﬁ-ﬁﬁém3are ‘sequential! in character, whereas records
contained in the extraterréstriél samples are ‘'integral'
over time and space. -The distribution of lOBe in a sediment
column is a residuum of several complex processes viz.

sedimentation, climate, geomagnetic field and CR intensity

variations.

The paleochemistry of the oceans can be deciphered by
studying the ferromanganese nodules. These nodules are

indicators of long-term variations in the oceanic environments
since they are known to be authigenically precipitating from

sea water.

For the sake of clarity in the presentation, some of
the chapters in the thesis have been divided into two parts
(1) studies of marine sediments and (2) studies of ferro-

manganese nodules,

In Chapter I, a brief introduction of CR followed by
lOBe~production in the earth's atmosphere is given. The
deep-sea sediments and ferromanganese nodules are ideal
repositories which hold records of past climate, mangnetiém,
volcanism, oceanic chemistry, influx of extraterrestrial
matter and CR intensity variations. The introduction of:
time framework is the basic need for unravelling these
processes and events in a proper chronological fashion.

So far, mostly U-Th decay series radionuclides have been
used to determine the rates of accumulation of deep-sea

deposits.
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” i7;ﬂ_gihe;measurements of these radioisotopes are restricted
_only upto about 400,000 yrs. Due to its long half-life,
klOBe provides chronology in the range of one to five m.y.

The basic assumptions behind dating by radioisotopes are

that their input rates are constant and they do not migrate

after deposition. The range of validity of these assumptions

needs to be established for different isotopes under
different environments of deposition. In the marine sediments

lOBe to find out the effect of meltwater input on

I have used
its distribution and to study the CR intensity variations
while in ferromanganese nodules it has been used as the
chronometer to determine their growth rates and for finding

the depositional history of authigenic elements in sea water.

In Chapter II, are given the description of the samples
and the various experimental techniques employed viz.
chemical, radiochemical purification and counting‘of lOBe
and U=Th series radionuclides, atomic absorption spectro-
photometry and the X-ray diffraction methods, lOBe has
been measured by beta counting as well as by atom counting
methods. A total of two sediment cores and thirteen
nodules from world oceans have been analysed in the
present investigation. The activities of lOBe are
reproducible within the errors of the measurements
(+#5-10%). There is an excellent agreement between the

lOBe measurements obtained by beta counting and atom
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ountlng methods. It has been shown that for high precision

” brk the beta counting method is still as good as the atom
counting method.

The results of the various measurements are presented

in Chapter III and discussed in Chapter IV.

o Marinesediments Ty

To evaluate the CR intensity variations in the past and

the effect of meltwater on lOBe deposition in deep-sea

sediments, very precise measurements (+5%) have been made

\fon two sediment cores viz. NOVA III-16 (Central Equatorial
Pacific) and INMD-Box 50 (North Atlantic) respectively.
These are the most precise measurements reported so far.

lOBe activities in the sediments can be

The variations in
due to (1) changes in the sedimentation rate, (2) meltwater
input, (3) geomagnetic field intensity variations,’(4) bio-
turbation and (5) CR intensity variations. The tWo cores
analysed in this investigation have been chosen in such a
manner that they have minimal bioturbation, known meltwater
input and constant sedimentation rates as evidenced by the
studies of U-Th series radionuclides, l4C, magnetic
reversals and 1118 . Since the lOBe production rate varies
inversely‘as the square root of geomagnetic‘dipole‘moment,

the measured lOBe activities have been corrected er the

past variations in the geomagnetic field intensity.
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 The box core INMD-50 is studied to find out the effect
of meltwater input on its lOBe concentration. Based on the
%5180 stratigraphy, two segments, one each from the warm

lOBe. It is found

 and cold periods have been analysed for
that thé mégneticufielducorrected ;OBe activity (on a calcium

carbonate free basis) changed from 5.24+0.31 during the

Holocene warm period to 4.18+0.17 dpm/kg during the earlier
~cold period. The‘%}BO variations show that this core had

a 3% meltwater input (which means an increase of 18% in |
loBe) during the Holocene warm period. Thus the net 1054
excess is 1.06+0.35 dpm/kg, of which 0.75 dpm/kg (;8%)
corresponds to meltwater input and the remaining 0.31 dpm/kg
represents CR intensity variation (about 7#£).

The loBe data on NOVA III-16 show that CR variations

have been less than +33% over the mean value in the‘bast

bl m.y. The power spectrum analysis of the data using
Maximum Power Entropy Method has yielded the periodiﬂﬁﬁi5(yé/
500, 300 and 197 kyr. I have also combined the data on
NOVA III-16 and that of Inoue and Tanaka (which though iess
precise, extend upto the past 2 m.y. and their samples |
are from nearby locations). The combined data indicafe CR
intensity variations of about 1+950% over the mean value.
Power spectrum analysis of this combined data yields
periodicities ranging from 177 to 1667 kyr out of which

the most prominent ones are 484, 300 and 214 kyr. These

are about the same as the ones obtained from NOVA III-16 data.



'V_:Ferroménqanese nodules :
The long term-averaged growth rates of three small

lOBe and

and ten large nodules'have been determined by
lOBe/gBe'methods. The rates obtained by these methods are

bin excellent agreement with each other and with the rates

—reported-in-the-literature.—In—eight—of thenedules the -

short-term-averaged growth rates have also been determined

by 2307,

230 232 231
Thexc/ Th and Pa,, . methods and the

exc’ v
agreement in most of the cases is very good. Hgowever in a

few cases there is discordancy which may be due to changes -

in short term growth rates compared to the long term ones.

The lOBe growth rates, extrapolated-to-surface
activities and inventories do not show any trend either
as a function of latitude in a given ocean or from ocean

lOBe are only 1-22%

to ocean. The nodule inventories of
compared to their overhead water column inventories. The
thicknesses of water column from which the nodules

10

_ o |
effectively scavenge all the ~"Be (as well as “30Th)

activity have been calculated to be in the range of 2-900 m.

The 9Be concentrations of ocean water calculated
from the measurements of lOBe in seawater and lOBe/gBe
in the nodule surfaces are in good agreement with the
reported oceanic 98@ concentrations implying thereby

the “Be in the nodules (like lOBe) is mostly authigenic.
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Having determined the growth rates of the nodules,

“pr have studled their mlneralogy and comp031tlon to elucidate

L‘the oceanic history of some of the elements.

As far as mineralogy is concerned, out of the thirteen
nodules studied in the present investigation ten have only
gj«MnOZ while the remaining three have E)—MnOQ, todorokite

and birnessite as the principal phases of manganese-minerals.,

In nodules which contain EB—MnOQ there is no change in

- Mmineralogy with depth. Of the other three only in one nodule

are all minerals present at all the depths whereas in the
remaining two the todorokite and birhessite phases are not

present in the deeper sections.

The concentration of fourteen major and minor elements
viz. Mn, Fe, Co, Ni, Cu, Zn, Cr, Pb, Be, Mg, Ca, Ba and Al
have been measured in different depth sections_of,the‘»
nodules. It is found that Mn, Fe, Co, Ni, Cu, 2Zn, Pb' Be,
Mg, Ca and Sr are almost quantltatlvely leached by elther
104 NHZOH HC1 or 6M HCl. It thus appears that these elements
mostly re31de in the authigenic phases of the nodules. On
the other hand Cr, Ba and Al are dlstrlbuted between tpe
authigenic and detrital phases of the nodules since
their leaching efficiencies vary from 10 to lOO/

The measured ooncentratlons of the elements studled are
in good agreement with the average values reported for
the nodules from the world oceans. The interelement

correlations of the authigenic elements show that Mn is
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,$Wéii éofrelated with Ni, Cu and Mg while Fe is anti-
correlated with Ni and Cu. Ni-Cu, Zn-Ni, Zn-Cu, Mg~Cu,
Ni-Mg, Mg=~Zn, Sr-Pb and Co=Pb are internally well
correlated (correlation coefficients are greater than

0.6 for 64 observations).

The most striking feature of the ferromanganese

nodules is their compositional:heterogeneity. This has
been attributed to the variations in the (1) sources and
rate of supply of elements from continents, hydrothermal~
activities and interstitial pore waters, (2) chemistry of
sea water, (3) mineralogy and (4) the activities of
bacteria responsible for fixing manganese. Besides these
there may be diagenetic changes in the interior of the
nodules. Although the nodules show large compositional
variability (the concentration of various elements vary
by a factor of 50), an attempt has been made to delineate
the depositional history of the elements in the ocean by
choosing those nodules, in which the mineralogy has not
varied with the depth. The lOBe growth rates have been
used to convert the depth intervals into the time intervals.
The ratios of elemental concentrations in the deeper
sections have been normalised to the surface (recent
deposition) concentratidns and these have been plotted

as a function of time separately for Pacific and Atlantic
plus Indian Oceans., The data on the Pacific Ocean nodules

show larger scatter compared to that of the other two.
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~ In the Pacific ocean‘during the paét 10 m;y. the
deposition of Mn, Fe, Co, Niy Zn, Pb, Be, Mg, Ca and Sr
varied by as much as i50% except for Cu which shows higher
deposition (upto a factor of four) compared to the present

day value.

Co, Ni, Pb, Mg, Ca and Sr have deposited 20-60/ lower
| compared to the present day value. Zn and Be show scatter

(£50%) while deposition of Cu was high by about 20%.

The scatter in most of the cases 18 expected if one
considers the chemical reactivities of these eleménts in
seawater, Most of these elements have residence times which
are of the same order or less than the mixing time of the
oceans (10°-10% yrs). The scatter is probably due to regional

variations in the conditions responsible for nodule growth,

In Chapter V are presented the important conclusions

drawn from the present investigation. These are

l, In properly chosen sediments in excess lOBe due to
meltwater input is clearly measurable.
2. During the past 2 m.y. the CR intensity variations

have been about +50% with periodicities of 500,

300 and 200 kyr.
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7rThe-most suitable radiohuclide'for dating small as well
as'large nodules is lOBe and the thicknesses of water
column from which nodules effectively scavenge their

Be and Th isotopes are of the order of lOl-—lO2 m.

The elements Mn, Fe, Co, Ni, Cu, Zn, Pb, Be, Mg, Ca

and Sr are present in the authigenic phases whereas
Al, Cr and Ba are present in bqth authigenic and

detrital phases of the nodules.,

Manganese nodules have shown large compositional
variability in time and spéce. From the present study
it appears that there have not been any global trends
in the deposition pattern of authigenic elements
during the past about 10 m.y. Local and regional

factors are perhaps responsible for their chemical

heteroged§6ﬁy.
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CHAPTER - T

INTRODUCTION-

The earth is a unique planet of our solar system

_which has a huge water mass, the oceans. The ocean

floor occupies an area of about 3.6x108 km2,‘the top few

kilometers of which is composed of sediments. In addition,

203 of the ocean floor is covered by authigenic minerals

called the ferromanganese nodulés.' These deep-sea sediments
, .and'ferromanganese nodules are considered as ideal
‘;repositories for the retrgﬁal of several terrestriél and
;Lextraterrestrial events and processes recorded in them.
% fThevintroduction of time parameter in these studies is the
l',prihe need for deciphering the records. One of the most

suitable candidates for this purpose is the long=lived
10

cosmogenic radioisotope Be»(half—life=1.5x106 YIS,

Yiou and Raisbeck, 1972).

In the marine sediments, I have ‘used lOBe to find
~out the Cosmic Ray (henceforth designated aé CR) intensity

variations in the past two million years and to study the

10

-effect of meltwater input én Be concentration in the

deep-sea sediments. While in ferromanganese nodules,
which are known to be primarily authigenic deposits, loge
has been used as a chronometer to deduce theif growth
Tates and for understanding the paleochemistry of fourteen

authigenic elements in the oceans during the past ten

million vyears.,
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lOBe

. In this‘chapter, I will discuss the production of
by CR followed by its -application to the study of marine
 sediments and of ferromanganese nodules.

10

~ I.1 Cosmic rays and production of ~“Be

Galactic cosmic rays are particles with a typical

___power law spectrum of the form :

J‘:kE—Y loccoo-onccaoo--o(l)

where J is flux (number of particles per unit area per

~ unit time per sterdian) E is energy in MeV, k is a
constant and Y is the spectral index (=1.6 to 2.2). They
mainly consist of protons (93%), alpha particles (6#%) and
a small fraction of heavier nuclei. The average energy of
primary cosmic rays is few GeV/nucleon and the integral
flux is about 2 protons/cm2(4n) (Pomerantz, 1971). The

GCR are isotropic in nature except possibly at very high

19¢v). The origin of GCR is still far from

energy (>10
clear. However, according to the present view, most of
“the GCR originate in our galaxy and get accelerated by
the interstellar magnetic fields. Hillas (1975) gives‘a

complete review on GCR.

Matter exposed to cosmic radiation undergoes nuclear
interactions resulting in characteristic changes in its

isotopic composition. A number of stable and radioactive



smogenic isotopes have been detected and measured in

’hé terrestrial and extraterrestrial samples (Lal and
éﬁers,‘1967).

Measurement of cosmogenic isotopes in the extra-
jterrestrial (meteorites, interplanetary dust and lunar
étérial) and terrestrial (rain water, glaciers, marine
,, ,,é,d iments and manganese ,no,d.u,lgg...)msﬁa,mp,l@_s;m,u,ld enable us
to investigate the'history of the CR intensity variations,
'évolution of our solar system and the various geophysical
i and geochemical processes operative on the earth (Lal,'

; 1963; Lal and Peters, 1967;Forman and Schaeffer, 1979).

The cosmic ray-induced-nuclear transmutations on

the earth take place mainly in the atmosphere which is

\CQmposed of light atomic nuclei (78« N2 and 21y 02). A

inpmbér of radioisotopes with varying half-lives are

prbduced by the interaction of CR with the earth's

~ atmosphere some of which have found applications in
studying meterological and oceanographic processes. [See

 Lal and Peters (1967) for a comblete review on the
.production of radionuclides in earth's atmosphere by1CR
and its applications in earth sciences]. Out of these

10

isotopes, Be has been chosen for the present investigation

~ because of the following reasons

a1, Owing to its long half-life, it is very suitable for
studying processes involving time scale(of million
years viz. the deposition rates of deep-sea sediments

and manganese nodules.



i

Tts source and sink functions are fairly well known.
lQBe is produced by the spallation reéctions.of CR
with the atmospheric nitrogen and oxygen nuclei,

the important nuclear reactions are

n(*%0, 4p3n)1%e, p(*C0, 5p2n)i%e

, n(l4N, 3p2n)lOBe, p(l4N, 4pn)loBe

The measured cross sections in oxygen are 1.0 and

2.9 mb for protons of 135 and 550 MeV (Amin et al., 1972a)

and in nitrogen 1.5 and 2.6 for 450 and 2950 MeV protons

10

(Reyss et al,, 1981). Most of the Be production comes

. from GCR in the energy region 50-500 MeV. Its average

2 min™ (Amin et al.,1975).

production rate is 1.08 atoms cm™
» Its production is maximum near the poles while fall-out is
maXimum in the mid latitudes due to the discontinuity in
5  the tropopause (Lal and Peters, 1967 Finkel et alss 1977).
 After being produced in the earth's atmosphere, it gets
attached to aerosol particles and is brought down to the
earth via precipitation and is finally incorporated into
the marine sediments and ferromanganese nodules in times
short compared to its half-life. The residence time of
Be isotopes in the ocean has been calcqlated to be in the
range of 100-6000 years (Merrill et al., 1960, Yokoyama
et al., 1978 Raisbeck et al., 1979a, 1980;Krishnaswami

et al., 1982),



-

; lQBe decays to boron-10 by beta emission

7Eﬁaxﬁ”=of555 MeV). The production rate of 1035, is
 small - nevertheless its concentration in the terrestrial

_samples is sufficient to‘permit measurements with the

method of low-level beta counting, when combined with

f proper radiochemical techniques (Table I.1). This so

called-conventional -B=cC ounting-technique_req uires fairly
large amounts of samples (about few hundred grams)'and

stable, sensitive and low background detectors to measure

?3its activity. Using this conventidnal counting technique
1086 was first detected in deep-sea sediments by Arnold
(1956) and Goel et al. (1957) and in a ferromanganese

 nodule by Somayajulu (1967) and in the Greenland ice

~ sheet by McCorkell et al. (1967).

Recently the sensitivity of radioisotope dating is

improved by counting atoms themselves rather than their

10

f decays (Mullar, 1977). For example in the case of Be

10 108¢ which is

one decay per hour implies 2x10 atoms of
really a large number. A system even with an efficiency
of 10_5 would be able to count it easily. The so called
Ultrasensitive Accelerator Mass Spectrometry technique
which has revolutionized the whole field of dating, has
been successfully applied to measure a number of radio-

129 105, 26, 36c; l4c ing 32g;,

isotopes viz.
Comprehensive reviews on this have been given by Gove

(1978) and Mast and Mullar (1979). With the development
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in terrestrial materials

: 'Ranges of lOBe concentration and lOBe/gBe ratio

105, lOBe/gBe
(dpm/kg)  (atom ratio)

References

Raisbeck et ‘al.(1979b)

Brown et a,l,,.,(,lQB.l )

(13-50)x10™° -
| (0.5-5)x10"° -
water | | |
Polar (17-120)x10~° -
Snow o
Marine 27 (1-6)X10—lo
sediments
Ferro- 6-120 (0.8-6)x10"°
_manganese
‘nodules
Soils 0.5 -

Raisbeck et al.(1979a,1980)

Krishnaswami et al.(1982)

McCorkell et al,(1967)
Raisbeck et al.(1978,1981)

Amin et al.(1966,1975)
Finkel et al,(1977)
Tanaka and Inoue (1979)

Somayajulu (1967)

Bhat et al. (1970)°
Krishnaswami et al.(1972)
Guichard et al.(1978)

Ku et al. (1979)

Brown et al. (1981)
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fof the'mass épectrémetric technique, it has now become
 ,po$sible to measure the raiher low lOBe concentrations

in natural reservoirs which have hitherto beeh not possible
by the conventional'decay counting technique. Using this
. ultrasensitive accelerator mass-spectrometric technique

lOBe has been measured in rain Waters, ocean waters,

—~antarctic-iece—and-soilts—(Table—T+1)s

The measurements of cosmogenic radionuclide lOBe in

the marine deposits have got two potential.applicatiQns,

which are discussed in separate sections given below.

FI.2 lOBe in marine sediments

The continents are being continuously eroded mainly

16

- by rivers and streams. Annually’they carry 4x10 litres

16 gm of suspended load (Martin and

of water with 2x10
Meybeck, 1979). This transported solids slbwly seftle

on the ocean floor to form sediments. The marine sediments
have been broadly classified into three groups (1) red
clays (2) calcareous ocozes and (3) silicious oozes.

Table I.2 lists the various dating methods employed for
finding the sedimentation rates of marine sediments
(Goldberg and Bruland, 1974;Burton,bl975;Ku, 19763 Turekian

and Cochran, 1978). The most common ones are those based

on uranium-thorium series radionuclides.

The limitations of the U-Th series methods are that
they are applicable only upto 400,000 years. The K-Ar

- method is applicable to those sediments which have volcanic



Half-life Dating range ' |
(yrs) . (yrs) References
methods*
1.3x10° 10°-10'©  Dymond (1966)
6 6 . 7 . -
1.5x10 107-10 Amin et al. (1966, 1975)
Tanaka et al. (1977)
Fanaka—and-TInoue-(1979)
2.48x10° 10°-10°  Thurber (1963)
4 4 .5
7.52x10 107=10 Volchok and Kulp (1952)
4 4 .5 o o
7.52x10 107-10 Piccioto and Wilgain (1954)
Goldberg and Koide (1962)
3.43x10% 10%-10°  Sarma (1964)
Sackett (1965)
4 4 .5 ' .
6.20x10 107-10 Rosholt et al., (1G61)
| 3 3.4 . |
5.76x10 10°-10 Arrhenius et al. (1951)
| 3 3 .4 . R
1.62x10 10°-10 Koide et al. (1976)
325 1.05x102 10°-10%  Kharkar et al. (1963, 1969)
2105, 2.22x10% 10'-10°  Koide et al. (1972)
2222, 19 1 -10  Koide et al. (1973)
Non ~radiometric methods
”Amino-acids ' 4 6
racemization - 107=10 Bada et al. (1970)
Magnetic = 3‘ 6
reversal - 10~-10 Harrison and Funnell (1964)

Opdyke (1972)

* using naturally occurring radionuclides



;iminerals while magnetic‘reversél-methOd‘gives age at
discrete stages in time. There was a great need to
| develop a dating method in the range of 1-5 m.y. The

lOBe was

  idea of dating sediment cores using cosmogenic
first suggested by Peters - (1955). Subsequent

measurements by Amin et al. (1966, 1975). and Tanaka et

al., (1977) had shown that rates obtained by 1%Be method

~and other methods agreed well,

The variations in lOBe activities in a sediment
core arise due to several extraterrestrial and terrestrial
processes (Somayajulu, 1977). These are

i. Changes in the sedimentation rate:

In the sediments, 10

Be activities vary inversely
with the sedimentation rate. Inoue and Tanaka
(1976) have studied a sediment core from the Samoan

lOBe. Based on

Island arc in the Pacific Ocean for
trace element concentrations and the occurrence of
glassy fragments at various depths, they attributed

the lower 10

Be activities to the dilution of the
core material with volcanic products. However such

changes. are localised phenomena,
ii. Changes in the earth's magnetic field

It is well known that the earth's magnetic field
has flipped (from normal to reversed polarity)

number of times in the past (Opdyke 1972). Black
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(1967) has calculated a‘change.in,lOBe production
rate by a factor of two during the reversal period.
The assumption made in his calculation is that at
the polarity reversal the geomagnetic field was
zero for times long enough to attain equilibrium
as'far'aSW;QBe“”production”iswconcerned. However,
experimentally it has been found that the earth's
magnetic field reversals lasted for times less than
1000 years (Kawai et al., 1975). Consequently a
factor of two increase would be a gross upper limit
and that the corresponding lOBe changes should be

very small,

Recently Raisbeck et al. (1979c) have analysed
lOBe.in a core on which magnetic stratigraphy was
done., They did not observe any difference between
the lOBe activities in the samples below, in between
and above the zones of normal and reversed polarity
which again indicates that the zero field if present,
was of a short duration. Though field reversals
may not change the loBe production, the variations
in the geomagnetic field intensity do affect it.

The observed activities have to be corrected for |

these variations.
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"Meltwater effect :

Snow from Greenland and Antarctica contain 18.6x10~0
and 23xlO"6 dpm/litre.respectively of‘lOBe activity
(McCorkell et al., 1967; Raisbeck et al., 1978). The
ice sheets formed during glacial periods melt in the

interglacial periods (Flint, 1971) adding 1%Be rich

iv.

lOBe

water to the ocean. Being a reactive element
gets quickly removed to the sediments. Hence the
sediments from a region where meltwater had entered
should record excess of lOBe corresponding to the

interglacial layers compared to the regions deposited

during glacial periods.

Bioturbation :

Benthic organismsmcdyan up the surfacial sediment .
(Goldberg and Koide, 1962% Berger and Heath, 1968;
Berger et al., 1977; Nozaki et al., 19775 Peng et al.,
1977, 19795 Krishnamurthy et al., 1979). Because of
this the top few centimeters of the sediment column
gets mixed up by the burrowing organisms. The effect

of this is to smear the lOBe variations if any

(Krishnaswami and Lal, 1980).

CR intensity variations

The ihtensity variations as recorded on the earth
are of two‘types. One is due to the modulation

effect from carth's magnetic field and the other



~is the change in the primary CR intensity. The
metecorite data suggéstS‘that averaged over certain

periods of time, as defined by the half-lives of

(53 10 2

the isotopes studied Mn, Be and 6Al), the CR

intensity during the past few million years has been

essentially the same as that of today within a

factor of two (Arnold et al., 1961). However this
analysis does not rule out any short term (104..105 yTs)

variations.

The analysis of CR variations by geochemical
methods is complicated but it is the only way to
obtain a continuous record of the CR variations in
the past (Schaeffer, 1975;Forman and Schacffer, 1979).
It was thought worthwhile to study the above
mentioned various changes by systematically analysing
the sediment cores. Previous workers did not attempt

to make continous measurements of 10

Be in the
sediment core (Arnold, 1956;Goel et él., 1957;

Amin et al., 1975). During the course of our
investigation, Inoue and Tanaka (1979) attempted

to date piston cores by lOBe technigue. Their data

shows that 1©

Be variations are within +30% for the
last 2.5 million years, and seem to show a gradual
decrease with time, but the uncertainties in their
measurements are rather high (upto iBO%). However

it is possible to study quantitatively these
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T'vvariatiéns by making precise measurements (15#) in

well dated sediment cores. Oyt of the five factors
described above the present work was undertaken to
investigate the following two effects in detail :
chang@s‘due to meltwater input and due to CR intensity

variations.

10

(a) Effect of meltwater on ~ Be

To study this effect one should analyse a core from

a region where meltwater input is known to be present.

The sedimentation rate should be constant and the

bioturbation effects are known. I have analysed one
core INMD=Box 50 from the Atlantic ocean. To

ascertain the meltwater input, 85180 measurements

were done on the core in collaboration with Prof.
W.H, Berger of Scripps Institution of Oceanography,
U.S.A.

LELZ (b) CR intensity variations in the past :

In order to find CR intensity variations in the past,
one shbuld first estimate quantitatively the contri-
bution from all other factors. Only after applying
these corrections one can attribute the changes in
lOBe concentrations to the CR intensity variations.
It would be ideal to analyse sediment cores from a
region where sedimentation rate has remained fairly

constant, bioturbation is absent or minimal and

the meltwater effect is also negligible. I have
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analysed NOVA I1I-16, for OBe from Pacific

Ocean. Published data by Tanaka and Inoue (1979)
have also been méde use of for finding CR intensity
variations and to substantiate my work.

lOBe in oceanic ferromanganese nodules

Ferromanganese nodules were first discovered in 1876
during the Challenger expedition (Murray and Renard,
1891). These mYsterious objects cover about 20%

of the ocean floor. They are generally associated
with sediments of low accumulation rates. Their
shapes are commonly spherical, ellipsoidal and slab
like. Generally they have a nucleus consisting of
shark tooth or fragments of volcanic rocks. The
average thickness of manganese crust varies from
few millimeters to several centimeters. Typically
the nodules contain about 20% manganese and 15%
iron with copper, nickel, cobalt and lead ranging
from 0.1 to 1%. The principal phases in which
manganese is present are found to be todorokite,
birnessite and &-MnO, while iron is found to be

in the form of gBgthite. Complete reviews on
manganese nodules are given by Mero (1965), Cronan

(1976) and Glasby (1977).
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' The variability in the chemical aﬁd"physical
“haracteristics of marine férromanganese deposits suggests
lﬁat they may have multiple origins (Bonatti et al., 1972).
fAt‘present four main theories exist concerning the origin

fof this most abundant mineral on the ocean floor, some of

iWhich were proposed at about the time it was discovered

(Murray and Renard, 1891). Depending on their origin,
~deep sea nodules can be broadly classified into three

kinds of deposits.

i. Hydrogenous deposits : These deposits are formed
by slow inorganic precipitation of manganese and
iron from sea water (Goldberg and Arrhenius, 1958).
These are characterised by Mn/Fe ratio between
0.5 to 5. They have relatively high trace metal

contents.

ii. Hydrothermal deposits : These deposits are formed
by precipitation from volcanic hydrothermal solutions
(Murray and Renard, 1891; Bonatti and Nayudu, 1965).
These are characterized by variable Mn/Fe ratios
often with very high Mn or Fe contents and low

trace metal contents.,

iii. Diagenetic deposits : These deposits are formed in
sediments rich in organic matter where manganese
gets mobilized due to reducing conditions and

reprecipitated near the sediment-water interface
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(Lynn and Bonatti, 19693 Manheim, 1965). These

deposité ,re characterized bY high Mn/Fe ratios

andvlow ftrace metal contents.

Biogenic origin : According to this view the mang-
anese nodules are formed through piological rather
than inorganic processes (Graham, 1959, Graham and

Cooper, 19593 Eprlich, 1972 Greenslate; 1974).

1.3

1t has been found that nodules con%ainmawnumpgzwof
organisms. These organisms extract trace metals

from sea water and agglomerate to form manganese

nodules.

(a) Growth rates :

The growth rates associated with the types of
origins mentioned above are expected to be different.
The nature of manganesé accumnulation for the hydro-
genous precipitation should be slow and continuous,
whereas for hydrothermal origin, may pbe fast and
episodic. The diagenetic deposits will have their
manganese accumulated at rates faster than thooe
of the hydrogenous type and they are mostly found
in the regions where the deposition rate of organic

matter is relatively high (Bonatti et ales 1972).

A determination of the growth rates of these
deposits can;in.principle, clucidate the nature
of theilr origin. The growth rate of these nodules

itself has become & controversialtopic in the last
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 decade or so in marine geochemistry. Several radiometric
L'néhdnon-radiometric methods‘have been used to determine the
? kgrowth rates of these nodules (Table I.3). These dating
?f methods are essentiélly of two types : (i) those that are
- Qsed,to determine growth rates of the crust, like lOBe,
U~-Th decay series, magnetic reversals etc. and (ii) those
~that are-used-to-date-the-cores—only-evg. K-Ar, fission
tracks etc. The latter methods give lower limits on the
growth rates since it is assumed that eversince the core
material formed the nodule crust started accreting on it
~at a uniform rate. A complete review on various methods
used for dating manganese nodules is given by Ku (1977).
All these methods have consistehtly yielded growth rates
of the order of a few mm/lO6 YIS,

Of the various methods used to date the nodules,
the ones that have been most commonly employed are based
on the U-Th decay series radionuclides. These methods
also have been criticised and doubts have been raised
regarding the validity of the assumptions made (Arrhenius,
1967; Lalou and Brichet, 1972} Lalou et al., 1973, 1976).

The criticisms are as follows

i, The radionuclides used as chronometers are not
incorporated in the nodule matrix during their
growth but are adsorbed on the surfaces of pre-
existing nodules, Subéequently the radionuclides
diffuse into the nodule and create an exponential

decay-with-depth profiles,
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able 1.3 : Commonly used dating methods for ferromanganese

nodules.
Half-life Dating range References
(yrs) (yrs)

| 9 5 10 ,
Ar 1.3x107. 107-10 Barnes and Dymond(1967)
1.0x10%7 1 -109 Aumento(1969)
Anderson and McDougall(1977)
1.5x10°  10%-107 Somayajulu(1967) -
Bhat et al., (1970)
Turekian et al. (1979)
7.2x10°  10°-10° Guichard et al.(1978)
2.48x105 105—106 Barnes (1967)
Ku and Broecker (1967)
4 4 .5
7.52%x10 107-10 Ku and Broecker (1969)
Krishnaswami and
Cochran (1978)
~230Th/232rh 7.52x10%  10%-10° Barnes (1967)
, Barnes and Dymond (1967)
4 4 . 5 )
3.43x10 107-10 Ku and Broecker (1969)
Krishnaswami and
Cochran (1978)
~Non—radiometric methods
 Amino-acid - 104106 Bada (1972)
Tacemization
Magnetic- — 105-106

TIeversal

Crecelius et al.(1973)
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The relatively short half-lives of 2°OTh (75,200 yrs)

and 231Pa(34,300 yrs) restrict their measurcments to

the top surface of about 1 mm, a region dominated by
surfaée irregularities in the nodule topography as

well as diagenetic alteration (Burns and Burﬁ:§, 1978).

'"it is argued that the radionuclide depth profiles
could result from sampling artifacts in this region.
This hypothesis also implies that the nodules are

fossil deposits,

Both these hypotheses reject the application of
the radionuclide depth profiles in nodules as an
indicator of their growth rates and, based on other
arguments, suggest that they either form rapidly

or are fossil deposits recently exhumed. One approach

to resolve this would logically seem to be to measure
in the same nodule the depth profiles of radionuclides
with half-lives longer than 23OTh and 231Pa. lOBe
appears to be the most suitable candidate for this
because its measurements can be made upto a greater
depth (a few centimeters) much beyond the region of
surface irregularities thereby reducing the sampling
artifacts. Concordancy in the nodule growth rates

10 230 231

based on Be, Th and Pa profiles would

strongly argue against the diffusion hypothesis

(Bhat et al., 1970).
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",Whenbthe present investigation was undertaken in

1054 method

977; only three nodules Were‘dated by
(Dépth decay plots based on 2-3 points only). Out of
thése three, only in two cases a comparison was made
wifh the 230Th method. Hence the data bank and concordancy

checks were limited to three nodules and that too only

om the Pacific 6éééh;

In the present investigation ten large nodules from

10

Tworld,oceans have been analysed for Be wusing conventional

10

beta counting technique to establish the Be dating

fmethod on a world ocean basis. This conventional technique
 requires large amount of samples (about 100 gms) with

_constraints of radiochemically pure BeO source and on the

stability of the low background beta counting system. In

five of these, growth rates have been determined by

230

TheXC and 230Thexc/232Th methods also.

. Another argument raised against earlier measure@ents
  of lOBe in the nodules is that these large nodules are
',a typical ones, which are less abundant on the ocean floor

i compared to the smaller ones. So the 10

Be measurements

' have also been extended to small nodules which are most

abundant on the ocean floor. The measurements on three
small nodules were carried out using accelerator mass

Spectrometry in collaboration with Prof.K.K.,Turekian of

Yale University (Lanford et al., 1980; Thomas et al., 1981;

~ Krishnaswami et al., 1982). Here again growth rates have
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__been determined by the 230Th'and 231Pa méfhods for
comparison.

Depositional history of authigenic elements

lOBe dating of the nodules supplemented by trace

metal study should provide useful information about

the history of terrestrial and extraterrestrial

. processes as recorded by these objects and in

; éscertaiﬁing the authigenic deposition rates of the
elements in the oceans (Somayajulu et als, 19713

Krishnaswami and Lal, 1972 | Krishnaswami et al.,
1972 ). Fourteen major and minor elements (Mn, Fe,

Co, Ni, Cu, Zn, Cr, Pob, Be, Mg, Ca, Sr, Ba and Al)

have been measured at different depths in the thirteen
well dated nodulés from the world oceans. Mineralogical

studies of the nodule material at different depths

have also been carried out.

The experimental techniques employed, the results
obtained and their discussion are presented in the

following chapters.




CHAPTER - II.

EXPERIMENTAL - TECHNIQUES

The experimental procedurGS‘employed in the present

investigation involve sampling of sediments and nodules,

fhémical, radiochemical purification and couﬁting of lOBe,

ThwﬁﬁﬁiG§MR@QQQQMQLidegme:;adoiﬁfragiignwsiudies_and
jface metal measurements. A brief description of the samples

studied and the experimental techniques are described below:

II.1 Description of samples

¥II.l(a)§§diments :

Two sediment cores have been analysed in the
present study, NOVA III-16 comes from the Pacific
ocean while INMD-Box 50 is from the Atlantic ocean.
The lOBe'study was done on all the sections of
NOVA III-16 and in few sections of INMD-Box 50. The
measurements of U~Th series radionuclides are performed
only on the INMD Box-~50 core. The relevant details

of the sediment cores are given in Table-II.1.
}'II.l(b)Nodules:
FA total of thirteen nodules have been analysed

in the present investigation. Eight nodules are

from the Pacific ocean, two are from the Atlantic and

three from the Indian Ocean. A detailed physical

description of these nodules is given in Table-II.2.
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1.2  Sampling :
11.2(?)Sediments

The sediment cores NOVA III«lé and INMD-50 were
procured as full cores. NOVA III-16 wés_sampled by
Amin et al. (1975). 1In the case of INMD-Box 50, the

full core in the plastic liner was vertically mounted
with the top facing up. A perspex piston of appropri-
ate diameter was slowly pushed from the bottom of the

core using a jack. Several thin and thick sections

were sliced from the top using a stainless steel knife
(Krishnamurthy et al., 1979). All the samples were

powdered and dried at 110°C overnight for analysis.
fII.2(b)Nodules

The depth samples from each nodule were collected

by chipping with the aid of a clean stainless steel

chisel and hammer and/or a dental drill., For 1Oge

analysis, typically about 2-5 mm thick samples were
chipped upto a few cm depth from the top

(area = 19~360 Cm2); Sample thicknéss was directly
measured with a vernier callipers as well as
ascertained from the area of the nodule utilized for
chipping, the weight of the chipped material and
assuming a nodule density equal to 2.0 g/cm3(Ku,l977).
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The thickness obtained by the two methods was in
agreement within +£20%. 1In the case of RC 14 DAF
flat nodule, the top and bottom were not known

and seven samples were madé from the whole nodule

parallel to the surface having the largest area.

For U-Th analyses, sampling was done from a much

smaller area (about 10 cmz). A few millimeter thick
piece was removed and depth samples of about 100
micron thickness were obtained by scrapping with a
dental drill and about 10 samples were taken from
each such piece., In the case of two small nodules,
TF-5 and R/V VITIAZ, the entire surface was used for
sampling. The third small nodule A47-16(4) was hand-
picked from the top of a box core (Krishnaswami and
Cochran, 1978) - so its top and bottom sides were
known. Thirteen samples (50~100um) were collected
utilizing entire top surface of the nodule

(area = 19 cm?) for U-Th analysis. After the thin
sections five thick samples (about a few mm) were
chipped off. All the nodule samples were powdered
and dried at 110°C,

10

Measurement of Be

IT.3(a)Leaching of sediments

lOBegets adsorbed on to the clays

The cosmogenic
and precipitates on to the ocean floor. In this form

it is expected to be easily leachable from the core
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solution of EDTA (ammonium salt), about 10 ml per gram of
yfcf the nodule material.' While this method was faster since
~ Be could be recovered by TTA extfaction avoiding other
procedures (Amin et al. 1966), it has some disadvantages if
i@ne tries to analyse other cosmog@nic activities like 26Al,

Q
53Mn and S Ni since EDTA complexes of these elements are

~stable (Fairhall, 1960). Since the aim of the study is to
 find the depositional history of authigenic elements, it
“was felt necessary to look for a new leéching agent Which
_could only dissolve the authigenic part leaving the clay and
‘other_detrital components unattacked. My choice fell on
JNHQOH.HCl which was in fact used by Kharkar et al. (1963) in
an attempt to leach the authigenic lOBe in the sediments.
While a good amount of Mn was leached out only a very small
\éméunt of lOBe caﬁe along with it. Even if one assumes
fhat Be goes along with Mn, their result is not surprising
since the Mn content of the sediments is only of the order
of 1%, Arrhenius (1963) used a IM solution of NH,OH.HC1
for leaching manganese nodules and found that Mn, Cu, Ni and
Sr are almost quantitatively leached out of the nodules by
this reducing reagent. All these observations prompted the

OH.HCL.

use of NH2

About 100-200 g of the sample was boiled thrice for

bne hour in a 10 aqueous solution of AR gréde NH,OH.HC1

2
(40 ml/g nodule). The residue was washed, dried and weighed.
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The leachates were acidified with HCL, Ten percent

bf the solution wés kept aside for trace metal

studies and to the remaining 90% solution, stable

9Be carrier equivalent to 86.9 mg BeO was added in

the form of beryllium nitrate. To this NH4OH was added

and the precipitate was centrifuged and dissolved in

HCl1. This procedure was followed in the case of five
nodules, ARIES 39D, ANTP 50D, ARIES 19D, ARIES 12D
and ANTP 58D (Table II.2). In the case of GEOSECS
1D, RC 15 D5,RC 16 D10,RC 14 D4F and RC 14 D4S,

6M HCl plus few ml of HQOQ(ZO ml/g nodule) was used

for leaching.

Three small nodules have also been analysed
by atom counting method. The advantage with this
technique is that it requires samples of the order of a

fewgrams as compared to about 100 g in the case of

the beta counting technique. About 1-10 g nodule

material was leached twice with 6M HCl + H202

mixture at boiling temperature. Ten percent of the

solution was separated and to the remaining solution

Be carrier equivalent to about 30 mg BeO was added

in the form of beryllium nitrate,

Chemical and radiochemical purification :

The procedure adopted is essentially the same
as that given by Amin et al.(1966). The following

were the main steps
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The solution obtained after dissolution of samples,

was dried to make silica insoluble.

Bulk of the iron was removed by di-isopropyl ether

extration.

Removal of Mn by NaBrO3 precipitation in hot concent-

Removal of Ca, Mg, Ni, Zn etc. by adding NH4QH in

preéence of NH4Cl and filtering the solution.

Separation of Be and Al by selective dissolution in

3M NaOH.

Separation of Be from Al by Gooch~Haven's method

(Gooch and Havens 1896).

Further separation of Be from Al, Fe etc. by cation
exchange resin in 1.1 M HCl medium. A glass column

containing 60 ml of Dowex-50,200-400 mesh was used

(dia = 2.0 cm, length = 25 cm, flow rate one column volume

per hour). The same resin was used repeatedly after
regencration with 6M HCl, About 15 ml of 1.1 M HCl
solution containing Be was loaded on the column which
was followed by elution with 1,1 M HCl., The first
three column volumes were rejected and the 4th to 7th

column volumes which contain Be were collected.

U and Th were removed on anion exchange resin (Dowex-1,

100~-200 mesh) in 9M HCl and 8M HNO; medium respectively.
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Be Was precipitated by NH4OH(PH:6.5) in presence of

500 mg of sodium salt of EDTA and was extracted by TTA .

Finally Be was precipitated as hydroxide in presence of
10-20 mg of EDTA. The Be(OH)2 precipitate was filtered
ﬁ/andwignitedwat~95OQCminmthemﬁuynaceM£0£mabout—onewhour

to obtain BeO.

The pure BeO was pow:ﬁered in an agate mortar and
deposited onto a perspex holder (area = 4.08 cmz)

with a few drops of methanol.

For atom counting technique, the Be fraction
obtained after cation exchangé column was precipitated
in presence of 500 mg of EDTA (sodium salt) and
precipitate was ignited at 950°C. The chemically pure
BeO was sent to Yale University for phe lOBe
measurement. The chemical efficiengﬁé of samples
processed for atom counting technique ranged 60-~90y%
for small nodules while it was 40-80% for sediments
and 30-90% for large nodules by beta counting method.
Histograms of the efficiences in the different cases
are shown in Fig.II.l. A number of times the chemical
efficiencies of the samples were checked by AAS |

measurements, these values were in a good agreement

within +10x with that obtained by gravimetric methods.
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Fig.II.1l

L
: Histograms of Be chemical efficienqps

(a) for sediment samples used for beta
counting, (b) for nodule samples used for
beta counting and (c) nodule samples used

for atom counting.
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I1.3(d) Beta counting :

105, decays by beta emission (Lederer et al., 1967),

lOBe 10

"1/, =1.5x10° yrs

Samples were counted in a 2 rectangular gas flow
type beta counter (Lal and Schink, 1960) using 'Q'

gas (98.7# helium and 1.3% isobutane) as counting

gas. Typical background of the counter was 7.3+0.3
cph (counts per hour) with a counting efficiency of

32.3+0.8% for ‘% petas.

During the later stages, the counting efficiency

was improved to 47% by using a thin Cu holder

(area = 2.5 cm2) supported by a perspex holder.

In most of the cases, the sample activity

ranged from 10-25 cph, However in a few cases,

€.g. INMD-Box 50 samples, the activity encountered
was low, about 5 cph. Therefore a sccond counter
was made which had very low background (about 1 cph)

and a detection efficiency of about 45%.
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An exploded view of the counter assembly is given
in Fig.II.2 and the associated electronics in Fig.II.3,
The design of this system was similar to that of
Bhandari (1969). The system consists of a 27

rectangular gas flow perspex counter operating inside

the well of a NaI(Tl) crystal. ('Q! gas was used as
counting gas). The characteristics of the system

are given in Table II.3.

Atom counting

The loBe/gBe Tatios of some of the samples were
‘measured using MP Tandem Accelerator at Yale
University, U.S.A. (Lanford et al., 1980; Thomas

et al., 1981; Krishnaswami et al., 1982) and later -
on a few measurements were made at the Institut

fur Kernphysik, at Zurich, Switzerland (Suter et al.,

1981; Sharma et al., 1982).

At Yale, the lOBe concentration in BeO samples
were determined by comparing the lOBe/gBe ratios in
the samples with that of standards. A block diagram
of the system used for accelerator counting is shown
in Fig.II.4. 1In the present work, typically 1-2 mg
BeO was used for each measurement which yielded
a few hundred nA of BeO™ beam at the source. The
lOBe counts‘(abogt few hundreds) were integrated

for 400 seconds,
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Fig.II.2

Exploded view of the B-Y anticoincidence
system. Constructional details of the beta
counter are also given. Size of the shield

10 cm Pb+ 1 cm Fe) is 31x60x34 cm.
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Fig.II.3 : Block diagram of the electronics used for

the p-Y anticoincidence system.
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‘system.

Table II;3 ¢ Characteristics of the B-Y anticoincidence

11,

12,

Nal crystal size (dia x thickness)

)

l3xl2.cm

Layd
[4

Well dimensions-(dia x depth
Active area of B counter
sSource area

Starting voltage of B counter
Operating voltage of g counter
Plateau

Material of sample holder
Background of the B counter
Counting efficiency for 4OK betas
Figure of merit (%«

Stability

.
3+ 8x7+v6——cm

N O

5,0 cm

N

3.2 cm

1100 volts

1172 volts
About 300 volts
Copper

l.2 cph

44

1690

Stable over a
period of three

years.
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Fig.II1.4 : Schematic of the Yale MP Tandem accelerator

set up for atom counting.



540499i2Q 3

19qJ

BcooE YOLIMS QS
L NS
! dno ADPDJD =

ajgoroway — |
o B

jaubow BuizAjo

V.8 3

AW O ~ abojjoa ybiy

W3 LSAS SISATVNY 3IJ0L0SI WIANVL dN 31VA

J9Z1U0| SO

0sqy-
O /
MUU (a|goabuoy2)
- 3|dwog
\ ™4
< S]10} U0QJDD
4
<RSI A |
& suel [ ag agl _oog

uy ajodniponp |+7 ~ T€ - jaubopy 82.in0g




f11.3(f)

~40-

The lOBe/gBe sténdard used in this work was made
by dissolving BeO samples extracted from 135 MeV
proton irradiated water samples (sample A+B, Amin
et al., 1972a). The BeO dissolved had a specific
activity of (6.58+0.33)x10™> dpm/mg BeO. The BeO
Was‘dissolv@dwinWHETWHQS@awamdwsui%ab&ywdiiutedwwith
9Be carrier to yield a working standard with a

lOBe/gBe atom ratio of about 10™3C,

Along with the samples, several reagent blanks

10 . . '
were also run to assay Be contamination levels.

Purity checks :

In case of lOBe measurements by beta counting,
all the samples were counted at regular intervals
for about a month until the beta activity reached a
constant level. Immediately after deposition of
the sample in the holder there was usually short
lived activity which decayed within a few weeks.

To make sure that the measured activity was due to
lOBe, absorption measurements were performed using
mylar (polyethylene tetraphthalate, manufactured by
Dupont, U.S.A.) of different thicknesses (Fig.II.5),
The half-thickness (tl/z) of the beta radiation
(which is indicative of the beta energy) for all the

samples ranged from 17.5 to 25,0 mg cm“2 compared to

21.5 mg cmm2 measured for synthetic lOBe source
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Fig.II.5 : Plots of net counting rate versus absorber
thickness for synthetic loBe and three samples.
Half thickness (mg cm—2) of beta radiation in

all the cases are also indicated.
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(Amin et al., 1972;). Samplés which gave tl/2
values within +25% weré accepted for final counting,
otherwise they were repurified by cation exchange
column and/or TTA extraction. Some of the samples
were repurified and recounted to reproduce the

activity. In all the cases samples were finally

counted few months after their deposition. The
sediment samples were continuously counted for 7 to 15
days (to collect 2000-5000 counts to minimize the
counting error) while nodule samples were counted

for about 3 days. The background and efficiency

of the counter were monitored regularly.

210 226 232,230,227 238,234
Ra

Pb, , Th and U

measurements

In the case of sediments, about 2-10 g of the
sample was leached with dilute HC1l and the residue

was dissolved by HF+HClO4 treatment. Both the

232 234

solutions were combined and U, Th tracers and

stable Pb carrier were added. The solution was

transferred to a radon flask and flushed with

helium and kept for 222Rn growth for two weeks.

The radium concentrations were determined by 222Rn

emanation method (Broecker, 1965} Bhat et al.,1974).

222Rn determination,

From the solution left after
iron was precipitated with NH4OH in presence of

NH,C1 (pH=7-8) and the Pe(OH)3 precipitate was
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dissolved in HCl. From this solution U, Th and

Pb were separated according to the procedures given
by Bhat et al. (1969) and Krishnaswami and Sarin
(1976).

In the case of nodules, abocut 50-100 mg

material.was.digested in 8M HNOS(containinq a few

234 232

drops of H202) in the presence of Th and U

tracers. The solution was taken to near-dryness

and brought into 8M HNO., solution. BRadiochemically

3
pure U and Th (Bhat et al., 1970; Knrishnaswami and

Cochran, 1978) were electrodeposited on to platinum

planchets. 227Th was taken as an index of 231Pa.

2271, is only 18.6 days, all

231

Since the half~l1ife of
the thorium sources for Pa measurements were
counted within 2-3 days of their deposition

(Moore and Somayajulu, 1974).

For the estimation of chemical efficiencies
of Th, the Th plates were beta counted in a 2m
gas-flow counter (Bkg=2.5+0.04 cpm, counting
efficiency = 66%). The alpha counting of U=Th
sources was done using an Ortec surface barrier
detector (area = 450 mm?; depletion depth = 200
microns, counting efficiency = 29.0+0.5% for 4.0 MeV

232

of Th alphas) coupled to a Canberra amplifier



e

SYSLem (Canberra Industrles, Inc.9 Connectlcut U.S.A.)
followed by a 4096 channels pulse height analyser
(ND10O, Nuclear Data, Illinois, U.S.A.).

140 measurements

The Lac measurements were done on samples from

“INMD=Box 50 core 1n the PRL Radiocarbon laboratory

(Agrawal et al., 1965).

iI;é Mineralogy of nodules by X~-ray diffraction technique

This study was done only on the bulk samples of
manganese nodules. The sdmples were powedered to
5-10 pm size in an agate mortar. About 100 mg of
the sample was deposited on a glass slide and
scanned in the X-ray diffraction unit (PW1730
Phillips, Holland) using 35 kV as anode voltage and
25 mA current Monochromatic FeKa line (wavelength

= 1. 94/«) with Mn filter was used.

The three main manganese minerals (Burns and
Burns, 1977) reported are (1) birnessite (72 manganite)
with a principal X-ray reflection at 15.50(29),
correspondlng to a d spacing of 72 , (2) todoroklte
(lO/\mangan1te) with principal reflectlon at 11,5°
(28) and a second order reflection at 23,50(2@),

0
corresponding to d spacings of 9.8 and 4,97

respectively and (3) § -MnO,, with principal
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reflections at 46.5° and 85.5°(26), corresponding

to d spacings of 2.44 and 1.422 respectively. The
samples were scanned in the range 26=5° to 300,43~O to 50°,
and 83° to 90° (Figs.II.6 and II.7) where most of

the peaks from these three minerals are expected.

Measurement of trace metals in nodules

The concentrations of fourteen elemenfs, Mn,
Fe, Co, Ni, Cu, Zn, Cr, Pb, Be, Mg, Ca, Sr, Ba and Al
were measured in the leachates (NHQOH.HCl or 6M HCL)
of 64 sections of thirteen nodules using Atomic
Absorption. Spectrophotometer Model 305A (Perkin
Elmer, U.5.A,). 1In the case of 29 samples, the
residues left after leaching were also analysed for
trace metals. In 25 cases the residues were totally
dissolved by HF+HClO4 treatments. For the other
four, the residues were leached with 6M HCL and the
residues left after the leaching were brought into
total solution=-in these cases both the fractions
were studied. Table II.4 describes the details of
the nature of the flame, the linearity range,
dilution factor, wavelength used etc. In order to
suppress the ionization interference of Mg, Sr, Co,
Ba and Al all solutions and standards were made in

presence of 2000 ng/ml of K as a releasing agent.
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??ig.II.é : X-ray diffractograms for two sections of
ARIES 12D. 6-MnO,(D) is the only mineral phase

present in both the sections.
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X-ray diffractograms for two sections of nodule
A47-16(4). Three manganese minerals todorokite(T),

birnessite(B) and §-MnO. (D) are present in both

2
the samples,
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‘The'beryllium cohcéntfations were measured in the
samples by flameless atomic absorption spectro-photometry
’sing a HGA 500 graphite fﬁrnace coupled to a Atomic
béorption Spéctrophotometer. These measurements were done

;by the method of addition. Ten to twenty pl of the

olutions were made-to—10-ml-in—1IM —HEl-matrix with—and
ithout 9Be spike (2 ng/ml). Fifty pupl of these solutions
‘Were injected into the uncoated graphite tube with an
Eppendorf pipette. The solution was dried at 110°C for
35 sec.,, charred at 800°C for 25 sec. andratomized at
2650°C for 4 sec.. Deuterium arc was used as background

corrector for non-atomic absorption processes.

Along with the samples, USGS reference rocks,

sfandards W-1 and G-2 and several reagent blanks were

_ also measured,




CHAPTER - ITI
~ RESULTS

The method of calculation of the activities of
Be and of U-Th series radionuclides are described and
é,results of these are presented in this Chapter along

“h»the X-ray diffraction data and trace metal concent-

ons of manganese nodules.

O . .
Be measurements in sediments and manganese

nodules :

These are made using two different techniques
and hence the results obtained by the two techniques

are presented separately.

Beta counting method

The activity of lOBe (in units of 'distinte-
grations per minute per kilogram of the bulk sample!)

is calculated using the following equation

| C, . F._ . F. . 1000
lOBe activity(dpm/kg) = o " "Ea Sa et
60 . E E W.K.

Co ° “Ch °

cereresenaasaa (1)

Co = Net counting rate of the sample (cph)

Ea = External absorption factor




Sa

|

Co =

Ch

i

W =

where

Where

51—

'Sélf—absorption factorv
Counting efficiency
Chemical efficiency

Weight of the sample taken for analysis (g9)
10

Fraction of the leach used for

is calculated using the relation

PEazep’t .osl‘.lil.'(2)

lOBe beta

Absorption coefficient of
radiation in mylar

(=0.03466 cn® mg~*, Amin, 1970)

Thickness of the mylar used for covering

the source (=0.9 mg cm-2)

is calculated using the formula

E. wt | R ¢<))

Sa = m—

l—e"“t

Absorption coefficient of 106 peta

il

radiation in BeO(=0.0356 cm? mg—l,Amin,lQ70)

-2
Thickness of the source (mg cm )
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There was a slight difference in the procedure

pted for calculating the loée activities in sediments
nodules although the basic equation (1) employed

méined the same.

In the case of NOVA III-16 sediment samples, to
ermine the net‘lOBe'countingwratewof”a“éampleiﬁthé—grpss
7nting rate had been corrected for blank counting rate.
e:éounting rates of the blanks processed during the course
_investigation as well as that of two residues (after HC1
ach) varied from 1.2-2.7 cph (Table III.1) above the counter
¢kground and so a mean value of 2.2 cph had been used. The

lOBe activities

he net counting rates and the calculated
the various sections of NOVA-~III-16 are presented in
éble III.2. The overall errors given (3.4-5.8%) are
umulative of (1) counting statistics error (2.6-5.4%),
?),chemical efficiency error (1.8%) and (3) counting

fficiency error (1.3%).

~The two samples of INMD-Box 50 core were counted
n a low=level 8-y anticoincidence system described in the
ection IT.3(d). A reagent blank was run along with the
amples and counted to a precision of less than 3%. The
foss counting rate (3.16¢0.09 cph) of the blank is then
ubtracted from that of the samples (after appropriate

Phemical efficiency correction) to obtain the net 105,

ignals (cph) in the samples. From the net cph, the 105,
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Iable III.1 ¢ lOBe data on residues and blanks

’ Depth Residue Net beta 10
Sample interval weight rate Be¥
(g) . (cph) (dpm)
ARIES 39D 0 = 6.9(mm)  17.9 1.8 + 0.5 0.19 £ 0.05
ANTP 50D 0O~ 5.5 " 33.7 2.6 £ 0.5  0.27 % 0.05
ANTP 58D O =48t +—23:2——24974-0.9—— 0,27 % 0.10
ARIES 15D 0 - 3.8 " 9.5 1.2 £ 0.5  0.25 % 0.10
RC14 D4S 0-1.0'" 11,0 5.1 0.5  0.39 x 0.04
RC14 D4S  8.3- 9.2 ''  66.1  3.0:0.5 0.33 % 0.06
NOVA III-16 32 - 48(cm) 102.8 1.2 & 0.3 ND
80-G-3 10 =40 ! 80.8 1.4 + 0.2 ~ND
 Reagent - - 1.3 + 0.5  0.14 + 0.05
~ Blank+ Cto Cto
( 5 separate 2.7 + 0.4 . 0.27 + 0.04
¥*
analyses) | (2.2 + 0.05§%(0.22 + 0.05}
Reagent - - 1.6440.23 0.110+0.017
Blank++ T and " and
1.7440.26  0.11410.016
A0 i
(2 separate (0.11240.017)

analyses)

= Not Detectable
Calculated assuming the net beta activity is wholly due
to 1Be.

Number in paranthesis -indicates the mean value of the
separate measurements.

Used counter having Bkg = 7.3 + 0.3 cph (old system)

Used counter having Bkg 1.25 + 0.25 cph (new system)

I



Table III.2 : 1©

5 m

Be measurements in sediment cores¥®

10

; Depth Bé net Be concentration
ediment interval © counting (dpm/kg)
(em) rate (cph)
0 - 10 9.70 + 0.37 6.54 + 0.37
20 - 32 26.26 + 0,37 5,79 + 0.21
32 - 48 29,31 + 0,42 7.11 + 0.25
48 - 63 12.33 4 0,37 6.77 + 0.32
63 = 77 23.13 4 0.32 6.00 + 0.23
OVA III-16 77 - 88 23.00 + 0.33 7.63 + 0.31
‘ 88 - 99  25.18 % 0.39 7.18 + 0.28
99 =120 18.22 + 0.33 8.22 + 0.48
120 -135 21.77 + 0.34 7.28 + 0,32
135 -155 21.58 + 0.36 9.88 + 0.46
_ 4 - 15 2,72 + 0.08 4,56 + 0,277
MD-BOX 50 20 - 30 6.02 + 0.17 4,18 + 0,177

+ On CaCO3 free basis.

* Measured by beta counting

ThevCaCO3 contents of samples

4-15 and 20-30 cm were 92.8 and 80,6y respectively,
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‘activities are calculated using equafioh (l). Since the
éére is calcaréous, the lOBe,activities are calculated on

a CaC03 free basis and'are.given‘in Table III.2. The total
errors in the lOBe activities (4-6%4) are inclusive of

~'f(l) 3~5% error in counting stétistics, (2) 2% error in

_ the chemical efficiency, (3) 0.5/ error in the counting

_efficiency and (4) 2% error in the CaCO5 determination.

In the case of nodules, the net lOBe count
fi‘rate (after background subtraction) of the sample was used
 to calculate lOBe activity in the amount of sample taken
Q for analysis. A blank correction for this was applied in
the following manner. -five reagent blanks analysed

;OBe activities

~along with the nodule samples, yielded
ranging from 0.14-0.27 dpm (Table III.1). The mean value

0.2240.05 dpm was subtracted from the dpm values of the

samples calculated above. This net lOBe activity in the
sample was used to obtain the e activity (dpm/kg) and
specific activity (dpm/mg Be) given in Table III.3. It

should be added here that a total of six residues (after
either NH2OH.HC1 or 6M HC1+H202 leaching) of the noduigg

10

samples were also analysed for Be and their activities

(in units of dpm in total residue) ranged from 0.19 to

0.33 dpm (Table III.l). The overall errors on the 105,
activities presented in Table III.1 and III.3 are inclusive
of counting statistics (2.9-11.9%), counting efficiency
(2-3.7#) and chemical efficiencey (1.2-2.54). The '%Be/%Be

measurements include an additional 10#% error in the 9Be

determination.
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Ii.l(b)-Atom counting method :

The lOBe concentrations (atoms/g) and lOBe/gBe

(lOBe atoms/ ug).in the three nodules are

ratios
given in Table III.4. The concentrations of the

reagent blanks were negligible, typically 1-2

II.2

counts /400 seconds compared to several hundred

counts of 10

Be/400 seconds in the nodule samples.

An error of 10/ has been assigned to all the samples
while samples of R/V VITIAZ have been assighed an
error of +20y% based on several repeat measurements
of lOBe/gBe' standard over a period of about 2 years
(Krishnaswami et al., 1982).

210 226

Pb and Ra measurements

210

226

The concentrations of Pb and Ra are

calculated by standard procedures (Krishnaswami
et al., 1971; Bhat et al., 1974). The results of
these measurements in the nine sectiqns of INMD-Box

50 core are presented in Table III.5. The overall

210

errors in the Pb measurements are less than 5%

226

whereas in the case of Ra they are less than 2% .

210

The activity levels of reagent blanks for Pb

and 226Ra were negligibly small compared to the

samples.
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bl

‘able III.5 : 2lOPb and‘226Ra concentrations in sediment

‘core INMD-BOX 50

hple CaCo Concentration (dpm/g)

3

(1) 210p, 2265,  210pyx

92.0 5.5 + 0.3 3.5 + 0.1 2.0 £ 0.3

1.2 90.9 6.3 £ 0.3 3.8 £ 0.1 2.5 + 0.3
2.0 90.6 4.5 4 0.2 3.8 + 0.1 0.7 + 0.2
2.6 89.6 6.9 4+ 0.4 3.0 + 0.1 3.9 + 0.4
3.5 91.0 6.0 + 0.3 4.2 + 0.1 1.8 + 0.3
4.0 1.2 6.1 £+ 0.3 4.2+ 0.1 1.9 4 0.3
5.0 86.8 4.0 + 0.2 a4 + 0.1  -0.2 4 0.2
8.0 1.7 5.1 + 0.3 6.0 + 0.1  -0.9 + 0.3
_12.5 o1l 4.7 + 0.2 5.8 + 0.1 1.1 + 0.3

x 210p, = 21%p _ 2263,(a11 in dpm/qg)

excess
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- U=Th measurements

238 230
)5

The concentrations of U(ppm Th(dpm/g)

and 232Th(ppm) were measured in the seven sections

of INMD-Box 50 sediment core and seventy five sections

of eight nodules by standard procidures (Amin, 1970;
am
~ Krishnaswami,andwCochranv_iQJBQ%mesuitsma¥e—p£esentedww

o)
in TablesIII.6 and III.7. The 22 'Th(dpm/g) was

measured only in the fifteen sections of three

227

nodules (Table III.8)., The measured Th concen-

trations in the nodules have been used as an index

of the concentrations of its grand parent 231Pa,

assuming that the decay chain 231Pa "“‘}227/\0 """‘}227Th

behaves as a closed system (Moore and Somayajulu,1974).

The total errors in the reported measurements are |
in the range of 1,9-10.8% for Th isotopes, and.
4,2-15.3% for U.

Here also the activity levels of reagent blanks

were negligibly small. The 238U concentrations were

measured only in a few sections of each nodule and

an average value of these have been used for

2307y, and 2277p -

calculating exc exc

l4C measurements in INMD-Box 50

The L4c ages of three sections of INMD-Box 50

are given in the foot note of Table III.6.
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‘ 227 231 L
Table.;lx.s,. -Thexc( Pa XC) in nodules

e

Depth 027 *

Nodule ' interval (mm) Theye

| . (dpm/g)
0.107 ~ 0.162 50.3 & 3.1
| 0.162 - 0.224 37.3 % 2.7
A47-16(4) 00256 = 0.306 T 28.8 % 3.2
0.306 - 0{358 27,0 £ 2.5
0.358 - 0,430 22.4 + 2.6
- 0 - 0.025 43.9 # 3.0
0.025 - 0.054 37.7 £ 2.4
TF 5 0.054 - 0.098 20.0 £ 1.2
£ 0.098 - 0.172 12.4 + 1.5
0.172 - 0.249 6.8 £ 0.7
O - 0.024 93.9 & 4.7
0.024 - 0.043 49.4 + 2.4
R/V VITIAZ 0.043 -~ 0.069 32.0 + 1.8
0.069 - 0.087 13.6 + 1.2
0.087 - 0.105 20.8 + 1.8

Average 238U concentrations of the nodules A47-16(4),

TF 5 and R/V VITIAZ are 4.1 + 0.7, 8,8 + 1.0 and

9.3 + 1.5 dpm/g respectively.

* 2270, 227, U_ (All in units of dpm/g )

exc total - 21.96
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Mineralogy of manganese nodules

The minerals present in the various sections
of the manganese nodule samples were studied using
the X-ray diffraction technique and are given in

Table III.O.

Trace metaiwconqentratlons'ln manganese nhodules :

The measurements of fourteen major and minor
elements, Mn, Fe, Co, Ni, Cu, Zn, Cr, Pb, Be, Mg,
Ca, Sr, Ba and Al in NHQOH.HCl_or HC1l leaches and
in the insoluble residues of the nodules are given

in the Appendix.

The measured concentrations of the elements in
two USGS rocks are given Table III.10. The concen-
trations of various elements in W~1l and G=2 are
within +3.5% for major elements (Mg, Al, Ca and Fe)
and within +6 for minor elements (Mn,Cu,Ni,Cr,Co,
Pb,Ba, Sr and Zn) of those reported in the literature
(Flanagan, 1973 Sarin et al., 1979) except for Be
which agrees within +10%. The coefficient of
variation in W-1 is 2.3% for Mg, 2.6% for Al, 2.2%
for Ca, 2.1% for Fe, 3.4% for Mn, 4.9%4 for Cu,

8.0% for Ni, 2,0% for Cr, 6.4% for Co, 1.0% for Ba,
8«7/ for Sr, 4.3% for Zn and in G=2 4.8% for Mg,
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: X-ray diffraction study of nodules

; Depth
Nodule interval Minerals present
| (mm )
1 2 3 |
. 0-69 todorokite, birnessite, & -MnO,
ARIES 39D L
12.3-15.9 })—MnOZ
ANTP 50D 0-5.5 & =Mn0,
o
0-3.8 © =MnO,
RIES 15D 6.8-9.7 0 =MnO,
17.9~27.0 25~Mn02
0-4 7 o ~MnO
ARIES 12D 9.5-17,9 E;-Mno2
- 0.8~1,8 todorokite, birnessite, E}—Mn02
A47 16(4) - | -
7.5-9.9  todorokite, birnessite, & -MnO,
0-4.8 O =MnO,
12.8-21.0 e ~MnO;
0-0.5 & =Mn0,,
8.7-17.3 o -Mno,
0-3.2 © -Mno,,
GEOSECS 1D | -
6.9-12.5 & ~MnO
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1 2 3

0-4,6 o =MnO
RC16 D10 R
f 10.6~15,0 o -MnO,
0-6.6 © -Mno,
RC15 D5 16.2-22,6 @-~Min0y
28.6-36.9 O -Mno,
0-1.0 o -Mno,
RC14 D4S 2.6-8.3 © -Mno,
9.2-57.3 & -MnO,
0-5.8 © -MnO,
5.8-12.0 © =MnO,
12,0-17.4 © -MnO,
17.4-27.4 6-Mn02
27.4-34.5 & =MnO,,
34.5-45,9 S -MnO,

45,9-54,1 todorokite, birnessite, 6-1\/an2
R/V VITIAZ  0.4-2.0 o -MnO,
| 842-9.6 & -Mn0,

12.6-14,8 -

o ~MnO,,
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0.47 for Al, 4.1% for Ca, 1.5 for Fe, 5.4% for Ba,

~ 4.5% for Sr and 1.1% for Zn.

The concentrations of elements in the reagent

blanks were negligibly small compared to the sample values

and hence no corrections were applied,



CHAPTER - IV

DISCUSSION

The results of measuiements of lOBe, U~Th series radio-
fnuclides in sediment cores and manganese hodules, trace metals
 and X=ray diffraction studies in nodules presented in the

,Chapter—lll are discussed-here

- T-e

10g¢ results have important‘bearing‘on the under-

The
standing of the effect of meltwater addition to the ocean
during interglacial periods, the CR intensity Variatidns and

on the genesis of ferromanganése nodules. For the sake of
clarity the results on marine sediments and ferromanganese
nodules are,discusséd separately. Before,the‘data is discussed3
it is pertinent to discuss the reliability and reproducibility

of the lOBe data and the results of intercomparison between the

two methods employed for lOBevmeésurements.

10

Reliability and reproducibility of ~“Be measurements

The net 1Be counting rates and activities in the
samples ranged from 1.4 to 29.3 cph and from hégligible

to 27.1 dpm/kg respectlvely (TablesIII.2, III.3 and III. 4).
locmu&u ’

t BeAra%es of the seven reagent blanks and seven

residues(after 6M HCl or NH,OH.HCLl leach) of sediments

and nodules ranged from 1.2 to 3.1 cph, except for one

sample, RC 14 D4S (0-1 mm) which gave 5.1 cph (Table IITI.1).
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In all the cases the 19Be activity in the residues ranged
from negligible to 3% of thé activities found in the
corresponding leachates proving. thereby that NHQOH.HCl

and 6M HC1 almost quantitatively dissolve lOBe in
nodules. The data in Table III.1 also show that the

_contamination from the reagents used in this study is

negligibly small.

As mentioned in the section II.B(f), the purities of

the 1Oge samples were checked by half-thickness (t1/2)

measurements. Samples which did not give tl/2 values

within +25% of the value obtained for synthetic lOBe

source were repurified until they gave correct tl/2 values

In three cases in addition to half-thickness measurements

10

the samples were repurified and Be activities were

reproducible within +(5-10)x.

10

Intercomparison of Be measurements by beta and atom

counting technigques :

10

Most of the Be measurements were made using the

decay counting method, while about one-fourth were
measured by atom counting method. To have a check on
the reproducibility by both the methods, one sediment
sample and three sections of a nodule have been
investigated. After the final beta assay, the BeO
samples were sent to Prof.Wolfli's group (Eidgenossische

Technische Hochschule, Zurich, Switzerland) where they
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Table IV.1 : Intercomparison of 1050 measurements made by

decay and atom éounting teChniques

*
lOBe(atoms/g)
Sample
(Depth Decay counting Atom counting
, | (Ahmedabad) (Zurich)
NOVA III-16
(32-48 cm) (7.22 + 0.31)x10° (6.3 + 1.0)x10°

0 0

o)

(3.1 + 0.2)x10% (2.4 + 0.4)x10%

0
0

(1.4 + 0.1)x10* (1.3 4+ 0.2)x10"

21-27.8 mm (1.2 + 0.1)x10% 0

(1.2 + 0.2)x10%

'mple 1l is a deep sea clay from the Pacific whereas samples
4 are from manganese nodule, also from the Pacific (See
bles II.1 and II.2 for details).

Errors quoted for the decay counting data are inclusive of

1 ¥~ counting statistics and errors associated with chemical
and counting efficiencies. In the case of atom counting
the maximum uncertainty (il5%) is associated with lOBe
standard which is indicated (accuracy of the sample run is
about 2-3%).



~78—
'méasured loBé by accelerator mass spectrometry. The
’resulté.of intercompariébn are given in Table IV.1
(Sharma et al., 1982a). In three out of four cases the
agreement is excellént. Even in the fourth one the
results are in agreement within 2 sigma (standard

deviation).

This comparison also indicates that given sufficient
amount of sample the beta counting technique can still
_be used to determine the concentration of lOBe very

precisely.

Marine sediments studies :

lOBe concentrations

The effect of meltwatér on the
kof marine sediments and CR intensity variations are the
two parameters which have been studied in detail. As
 has been discussed in Section I.2, both CR intensity and
~meltwater effects can be studied from lOBe variations
'provided one finds a core which has (1) a.constant
sedimentation rate over its entire length as obtained
by independent methods, (2) bioturbation effects

in the core either minimal or absent and (3)

the continuous variation of magnetic field intensity in

lOBe production in the

the past and its effect on
atmosphere .- known. It shduld be noted that both these

effects cannot be simultaneously studied on the same core.



One has to make a choice so as to get cores from
\regidns of known meltwater input and regions where the
meltwater input is negligible. Such a choice has been
made. I have used INMD-Box 5d core from North Atlantic
for observing the meltwater-input effect on lOBe and

NOVA III-16 from Central Equatorial Pacific for the study

of CR intensity-variations. To study these two effects
quantitatively, one has to correct for the factors which
are responsigle for lOBe variations. These factors have
been taken into consideration. The most important of
these correction factors is the change in lOBe production
due to geomagnetic field intensity vafiations, which is

discussed below :

In order to establish the effect of a change in‘the
earth's magnetic field intensity on lOBe production,
I have followed the procedure of Ramaty (1965) who
calculated theAeffect of magnetic intensity variation on
L4c production. It has been found that lOBe production
rate varies inversely as the square root of geomagnetic_

dipole moment. The relevant equation is

pm 7 0.3 ,
%O_{M-Q] eeeeeen (1)

where P and P, are lOBe production rates correspdnding
to the magnetic dipole moments M and M, respectively

(subscript o denotes the average value for the past
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'2~m;y,). Hence the ﬁeaSUIéd loée'activifies can be
corrected for magnetic field variatibns. The calculation
reduces to finding out P/P, values during different time
periods in the past. The measured lOBe decay corrected

activities Ay, have to be divided by P/P_ to obtain

magnetic field corrected 1%e activities Ay The P/Po

can be calculated provided earth's past magnetic field
‘intensity is known. Fortunately data on the variations
of the earth's magnetic field intensity for the past

2 m.y. are available (Kawal et al., 1975; Wollin et al.,
1978). The geomagnetic field"intensity‘H haspeen used
in place of M in the calculations sinceM is proportional
to H and the proportionality constant does not vary
with time.

10

To evaluate the effect of meltwater on Be deposition

and the CR intensity variations in the past, very precise
lOBe measqrements (i5%) have been made on two sediment
cores viz. INMD-Box 50 and NOVA III-16 (Table III.2,
Sharma et al., 1982b; Somayajulu et al., 1982). It should
be noted here that these are the most precise lOBe
measurements reported so far. .Results on these cores

are discussed below separately.

Effect of meltwater input

As mentioned in the section I.Q(a), in order to
evaluate the effect of meltwater on lOBe, one should

analyse a sediment core from a region where meltwater
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input is known. In addition the coré shouldvhave
minimal bioturbationvénd constant sedimentation
-rates. The calcareous box: core INMD-50 from North
Atlantic ocean has been analysed for 25180

(to evaluate melt-water-input) , U-Th series

radionuclides (for finding bioturbation depth), . e
14

C (to determine accumulation rate) and lOBe.

The results of these studies presented in Chapter III.

3(a) (i) 18, stratigraphy :

6180 measurements are graphically

The results of
shown in Fig.IV.l (Somayajulu et al., 1982). These
measurements were performed on the planktonic

fogﬁinifer Globiqerinoide; rubber (pink variety).

The ESlSO increases from -l.Q'Q/OOto + 0.86 o/OO.,The

18

total range of the $~°0 signal is near 20/00. About

(o]
1.2 é(}

may be ascribed to a meltwater effect
(Berger and Gardner, 1975). A

3(a)(ii)Mixed layer thickness

Two methods are employed for determining the

bioturbation depth in the core (1) The 21%py

and (2) U-Th isotopes.,

210p, 226,

Table III.5 gives the CaCO,4 % and Pb,

and 21QPb activities. The 210

exc
O to 3.9 dpm/g. The 2lOPbexc values are expected

varies from
Pbexc

to decrease uniformly with depth in the core through
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l?O and 14C stratigraphies of the box core

INMD-50., The shaded areas indicate the segments

of samples analysed for lOBe. The numbers shown

are the magnetic-field-corrected lOBe activities

in units of dpm/kg on a CaCO, free basis.



(cm)

DEPTH in CORE

12

16

20

24

28

32

1.5
0

O

s
//

_

e

Gl

_

’5.24*0.3|

-

7.7

T

melt
water

1

11.4

e

o
CARBONAT

©

™
W

24.8

N
ﬂ
"C-AGE of BULK

“

(TOS yrs)

[y




-83~

mixed layer (Nozaki etval.,‘1977; Peng et al., 1979),.
But the déta on the box core INMD do not show this
simple pattern. Although there is a high value of

2 dpm “1%b__ /g in the section 0-0.7 cm, the value
increases again after going through a minimum of

0.7 dpm/g between 1 -and 2 cm and becomes zero after —
4 cm. This pattern.is similar to that found by
Krishnamurthy et al. (1979) in the western equatorial
Pacific and by Finkel et al. (1981) in the eastern
equatorial Pacific. Finkel et al, (1981) ascribed

the increase of 210

Pb to scavenging of radioisotopes by
manganese whose distribution shows downcore maxima.

It is clear from the Table III.5 that the mixed layer
thickness is about 4 cm which agrees well with that

obtained by U-Th method (described in the next paragraph)

and with the ash layer data of Ruddiman and Glover (19?2)
on a box core north to the INMD core. b
The Table III.6 shows CaCO, and U-Th isotope data.

The 238U and 23?‘_Th ranges from 2.3 to 1.7 dpm/g and
from 21.6 to 15.7 ppm. respectively while 230Thexc
(dpm/g) and 230Thexc/ 2327h(A.R.) vary from 11.6 to

6.0 and from 28.2 to 10.0 respectively.
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Fig.IV.2 : l4C ages of the sediment core INMD-Box 50 as

a function of depth. Number shown by_arrow

is the accumulation rate (cm/lO3 YIS ).
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to reduce cohtaminatidh_with'glacial sediments. The Table
III.2 lists the 10p, results on a carbonate—free basis. The
tghange from inter glacial sediments (4-15 cm) to glacial
sediments (20-30 cm) is from 4.56i0.27vto 4.l8iO.l7,dpm/kg.
The difference of 0.38+0.31 dpm/kg [(0.38/4.18)x100=9%]

can be explained as due to the meltwater deposition as

discussed below:

The average 8180 for the 4-15 cm (warm) is calculated
 to be~0.460/oommereas the corresponding average yalge for
the 20-30 cm (cold) period comes out to be.+o.450/oo. Using

these two values and assuming that molten snow had a %3180

averaging -30° /oo (Johnsen et al., 1972), it is calculated
that 34 of meltwater was introduced into the ocean water
during the period of deposition of the 4-1% cm section. The
;"1OBe concentration of Greenland ice. sheet Was measured by

McCorkell et al. (1967) to be 18x10~° dpm/1 - a value almost
identical to that measured in Antarctica by Raisbeck et al.
(1978). From the published lOBe data on ocean waters
(Raisbeck et al., 1980; Krishnaswami et al., 1982), it is
calculated that Greenland ice sheet is about 7 times

- enriched in lOBe compared to mean oceanwater., Consequently

the 3% meltwater input would résult in an excess 10

Be
concentration of 18% which is approximately what has been
observed within the uncertainties of the measurements

ive. (947)%.
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The above calculation is based on the assumption that
fkthe difference of lOBe activities during the warmer and

cooler periods is due to melt water only. The possible

~ changes in cosmic ray flux should also be taken into

consideration. It is known that the intensity of both CR

 ¥as wellasthe earth'S“magnetit“fieid“have9variéd inthe

~ past (Kawai et al., 1975; Somayajulu, 1977; Sharma et al.,
11982b). The measured lOBe values can be corrected for the

| production changes due to earth's magnetic field as discussed

in the section IV.3. The average intensity variations of the
earth's magnetic field during the two periods represented by
the samples viz. (4-15) cm and (20-30)cm were obtained from

”Nthe data of Kawai et al. (1975) and the corresponding changes
in lOBe production have been computed. It turns out that the
measured lOBe activity of the (4~15) cm section has to be
multiplied by a factor of 1,15 (due to 15% decreased in +YBe
production as a result of a 31% increased in magnetic field
“intensity compared to the 20—30 cm sample). This increases
the ;OBe activity of tﬁe (4=15) cm section from 4,56+0.27
to 5.2440.31 dpm/kg. The difference between this wvalue and
that of the (20-30) cm value is 1.06+0.35 dpm/kg. The 18%
increase (due to meltwater input) in the 105, activity
compared to the (20-20) cm value is 0.75 dpm/kg. The
remaining excess activity of 0.31 dpm/kg which amounts to

72 may be ascribed to the CR intensity variations, other

factors being constant.
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(p) CR intensity variations.in the past 2 m.vy. :

The CR intensity is defined as the intensity of
those CR particles which are responsible for lOBe
production in the earth's atmosphere. The variations

in CR intensity could represent the variations in

galactic CR particles impinging on the earth's

atmosphere. These variations in CR intensity can be

. 10 . .
derived from Be measurements in deep-sea sediment.

The lOBe activity in sediment core is governed by the

following equation

C = % At Ceereenareeanes(3)

where '
p = 19 production rate (dpm cm™2 yr“l)
S = Sedimentation rate (g cm™2 yr—l)

C = Activity of 105, (dpm g"l).

10 1
)

A\ = Decay constant of ““Be(yr

t = Time of deposition of the sediment(yr)

Equation (3) can be written as

p
Y: ‘g‘ .-o--ucoa'-c.-(4)

where Y = Ce/\t = Decay corrected activity

If P and S are constaht than

Y:COHStant lo.co!lc'ccnu't(5)
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if decay corrected activities are plotted against time
he poihfs’should‘lie on.a constant activity line provided
nd S remain constant. The Qariogs causes which can

fect P and S are already discussed. The lOBe activities

have been measured in ten sections of NOVA III-16 (Table III.2).

The Th isotope data on this core obtained by Amin
al.(1975) reveals that (i) it has a uniform accumulation
e 1.6 mm/106 yrs throughout its length (155 cm), which is
ntical to that obtained using magnetic reversal technique
in et al., 1972b) and (ii) . = the mixed layer thickness
ld be smaller than about 3 cm. Since the sample thickness
0-21 cm is much larger than the mixed layer thickness,
ioturbation effects in this core are not important. The
Tdimentation rate 1.6 mm/lO3 has been used to convert the
épth interval! of each section into "time interval! and

é measured lOBe activities have all been decay corrected.
ése decay corrected activities (Ad) range'from 5.79+0.21

9.88+0.46 dpm/kg (Table Iy.2, Fig.IV.3a).

This core has uniform bulk chemistry, based on major
lements compositions. The two major elements which are
ffective in scavenging elements like Be, Th etc. are Al and
Fe, the concentrations of which are 6.5+0.5 and 4.5+0. 5%
espectively. Hence one does not expect significant
ifferences in the scavenging of Be isotopes from seawater

Iring the period of deposition of NOVA III-16(less than 1 May.) s
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’ Fig.IV.3 : Plots of parameters (a) Ay (decay
\ corrected %Be activity), (b) P/PO
and (c) Admm (decay and magnetic field
corrected 1%%e activity) as a function

of time (Before Present) for NOVA III-16.
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ACcording to the present day glacial ice .

distribution (Flint, 1971) 854 of the total ice resides

in the Antarctica and little less than 9% in Greenland.
All the rest of the world's glaciers together constitute
about 6/ (=1.14x10%%kq). Assuming that 64 of the ice

formed during glacial period on the continents melts

totally during interglacial period and the meltwater

épreads uniformly over the Pacific, Atlantic and Indian

oceans (area = 3.2 x 1018

cmz, Sverdrup et al., l942),tbki

increase in the oceanic lOBe inventory will be less than

12 of that present in the water column. In this calculation

‘average values 23x10™° and 2,5xlO"6 dpm/kg have been used
for snow and ocean water respectively(McCorkel] et al., 1967,
Raisbeck et al., 1978,1979a, 1980; Krishnaswami et al.,
1982), Hence the meltwater input at the core location

 (central equatorial Pacific) is negligible.

Now the only other factor to be considered is the
variation of the earth's magnetic field intensity.» Using
the magnetic field intensity data of Wollin et al.(1978),
the factor P/PO has been calculated for several closely
spaced time intervals (about 25x103) during the past

2 m.y. The average P/PO for each analysed section of
 'NOVA IIT-16 is then calculated. The decay and magnetic
field corrected 1%%Be activity (Adm) is derived from the

corresponding decay corrected activity Ay and the P/PO

ratio using the relation



06

Ay, = Ad.(P/PO)"l erereneeees(6)

‘The (P/P_) and Ay values are given Table IV,2 and plotted
in Fig.IV.3(b) and IV.3(c) respectively. The Ay, values
‘range from 5.8+0.2 to 11.51+0.5 dpm/kg. This range must

#be 4 measure of the CR intensity variations. From Fig.IV.3(c)

it is seen that these variations are as much as +337. over

the mean during the past about 1 m.y. These variations are

| statistically significant as some of the points lie well

~ outside the 1 sigma (standard deviation) over the mean and
J the errors of the individual measurements. The CR intensity

_appears to be low at about 200 kyr and high at about 600 and

900 kyr. Since the variations do not show any systematic

;Tlinear trends , Power Spectrum Analysis of the data was done
by Maximum Entropy Method (MEM) for lag 9 (Burg 1967, 19785
Murty, 1981). This method requires . : the data poihts

 to be at equal intervals. A total of 13 points were read
off at 75 kyr intervals from the curve obtained by joining
the mid points of the data. The analysis yielded periodicities
of 1250, 500, 300 and 197 kyr (Fig.IV.4a) of which the last

~ three are prominent ones as NOVA III-16 data is only for the

 past less than 1000 kyrT.

Though less precise compared to NOVA III-16

10 .
measurements, a lot of data on Be in ocean cores are

available due to the pioneering efforts of Tanaka's group
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Fig.IV.4 : Power spectrum for (a) NOVA III-16 data
and (b) combined data. Numbers indicated

near the peaks are the periodicities (k.y).
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Inoue and Ta%ka, 1976, 1979; Tanaka et al., 1977, Tanaka

nd Inoué;vl979) and most of their cores were independently

dated by the magnetic reyersal technique (Kobayashi et al.,
1971). I have selected only those cores which had constant
deposition rates, which are free from volcanic effects and

.Which are from a closeby location to NOVA III-16 (Table

1V.2). Though this data extends upto 3 m.y., it could be
used upto 2 m.y. since the magnetic field intensity variations

beyond 2 m.y. are not known. The combined data on Ad re

a
m

plotted as a function of time (Fig.IV.5). It should be
ﬁéted that the P/PO correction factor for all the samples

amounts to less than +30x%.

Though there is large scatter in the data (Fig.
iV.S), an attempt was made to fit a least square line
(to find out if any gradual increase or decrease of CR
existed) through the data; it yielded a poor correlation
coefficient of - 0.11 for 26 data points. The :K? - test
7for 'goodness of fit' was also applied and the value of
: j(? is 617 (Bevington, 1969). This high value of 7(?

implies that a straight line fitting through the data
10

points is poor and thev Be data has no systematic linear

Trelationship with time.

The combined data shows variations as much as
 450% over the mean. It is clear from the Fig.IV.5 that

CR intensity was low at about 200,1300 and 1700 kyr and



 Fig.IV.5
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: Plot of decay and magnetic field corrected

lOBe.activities (Adm) as a function of time

(BwP,) for the composite data (ours plus the
ones selected from the measurements of Tanaka's
group). The solid curve is drawn by joining

the weighted-mean of data points in each 75 k.y.
interval. Where there is no point in a given
interval theAprecéding and succeeding ones are
interpolated. This curve should represent the

CR intensity variations.
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it was hlgh at about 550, 950 and 1800 kyr. The MEM power
;spectrum method is again used for the combined data. Twenty
‘51x points were obtalned by taking the weighted average of
the points in each 75 kyr interval. In two cases since
there is no data point in the interval, interpolations

were made between the weighted-average values of the

points before and after the interval. The power spectrum
analysis for lag 18 hasg yielded periodicities 1667, 882,
4 84, 300, 214 and 177 kyr (Fig.IV.4b). The common
'periodicities to both the NOVA III-16 and combined déta
’sets are 500, 300 and about 200 k.y. and represent CR
ihtensity}variations which had been as much as +50% based
on the combined data during the past 2 m.y. During the
past 1 myys the variations based on our more precise data
on NOVA III-16 had been upto +33%. The possible causes
for these long term CR intensity variations havé been

discussed by Forman and Schaeffer (1979). These are :

i) Variations in the distant sources.

ii) Time variations in the propagation conditions in

the galaxy.
;iii) Variations in the position of the solar system
- with respect to stationary spatial distribution
of CR in the galaxy.

Local events e.g. supernova explosions (Higdon and

Lingenfelter, 1973; Lingenfelter, 1979).
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_.The’obsefved periodicities,SOO, 300 and 200 kyr
ére'muéhrsmaller than the only expected periodic increase
'in the CR flux of the 10° yr time scale, which is supposed
to be caused by the passage Qf our solar system through

the spiral arm of our galaxy. The observed periodicities

and variations obtained in the present investigation should

be useful in understandin g The 0IL1lg in o f_GRand_itS“

propagation conditions.

! "
Ferromanganese nodules studies :

The results of the studies of the growth rates,
composition and mineralogy of the manganese nodules from
the Pacific, Atlantic and Indian oceans are discussed
separately. Besides, the implications of these results
towards understanding the depositional‘history of the

authigenic elements are also indicated.

4(a)Growth rates :

The distribution of a radionuclide in the nodule

is governed by the following equation

) ceansnooes (T7)

0N

c=C exp (- A

where
' C = Activity (dpm/g) of radionuclide at depth Z.
CO= Initial activity (dpm/g) of radionuclide at Z=0
)\: Decay constant of the radionuclide (m.y._l)

Z = Depth (cm), origin fixed at the nodule surface,

positive axis into the nodule.
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S = Average growth rate of the nodule (cm/m.y.)

~Logarithm of equation (9) yields,

lnC:ln CO"‘ ﬁsl'\"z .uon-ooao(8)
or dlnC*' i\__ (9)
dZ -_— S [ 2 2 TR SR SR

So the slope of activity versus depth plot gives
a measure of the nodule growth rate. The assumptions

made in calculating the growth rates are

(1) The radionuclide is incorporated into the nodule
matrix at a constant rate over the dating

interval (constant flux assumption).

(2) The radionuclide is immobile in the nodule material

over the dating interval (closed system assumption).

iV.4(a)(i)lOBe and loBe/gBe methods

The 10

Be activity and ;OBe/gBe specific activity
data are given in TablesI11.3, III.4 and IV,1 and
have been shown in FigaIV.6, IV.7, IV.8 and IV.9.

The average growth rates of the thirteen noduleék
analysed range from 1-8 mm/lO6 yrs over the past

5-10 m.y. These are in good agreement with the

lOBe on

previously reported measurements using
different nodules (Somayajulu, 1967; Bhat et al.,

1970; Krishnaswami et al., 1972 ., 1979 Guichard



Fig.IV.6
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Variations of + Be activity (dpm/kg) and
lOBe/gBe specific activity (dpm/mg) as a
function of depth for eight large nodules
(obtained by decay counting method).
Computer-based-best-fit-lines are drawn
through the data points to obtain the
growth rates (mm/lO6 yrs) which are also

indicated.
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Fig.IV.7 : Variations of lOBe activity (dpm/kg) and
’ lOBe/gBe specific activity (dpm/mg) as a
fdnction of depth for the RC 14 D4F nodule
(using decay counting method). The posgsible
explanations for the observed V! patterns

are discussed in the section IV.4(a).(i).
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Fig.IV.8
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Variations of 1%Be activity (atoms/g) and
lOBe/gBe specific activity (atoms/pg) as a
function of depth in three small nodules
(using atom counting method). Numbers
indicated are the growth rates (mm/lO6 yrs)
obtained by drawing least square lines

through the data points.
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Fig.IV.9
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10

Intercomparison of Be growth rates

(mm/10° yrs) for nodule ANTP 58D determined

- by decay counting and atom counting

techniques.
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et al., 19785 Ku et al., 1979, 1981; Reyss, 1979

Turekian et al., 1979; Nelson et al., 1980). The growth

10

rates calculated by “~Be and loBe/gBe methods are in good

agreement (within +354). It shows that although +%Be and

98e have different source functions, the parameter lOBe/gBe
can be usedf~asmamgoodmindexwoﬁwgyowthwmate—sincewi%Qaveids
possible uncertainties arising from temporal variations in

the uptake of loBe by nodules.,

It should be noted here that, todate including
the present work, thirty nodules have so far been dated
by the T98e method and all the growth rates fall in the
range 1-8 mm/lo6 yrs (Fig.IV.10a, Table IV.3). Fig.IV.10(a)
is the histogram of lOBe growth rates of the nodulesy It
is clear that most of the nodules have growth rates 1-4
mm/lO6 yrs, a range similar to that obtained on different
nodules using U~Th by Ku and Broecker (1969) viz. 2-4
mm/10° yIs . |

In the case of ANTP 58D the 1°

Be activity
flattens off after 12.8 mm (Table IV.l. Fig.IV.9). The
growth rates calculated for this nodule in the interval
(0-12.8) mm by decay counting (4 mm/lO6 yrs) and atom

counting (4.7 mm/lO6 yrs) are in excellent agreement (within

+15%) .
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Fig.IV.10 (a) Histogram of the growth rates of the nodules.

In addition to the data obtained in this work
all the data that are existing as of 1982 are
compiled. (Bhat et al., 19705 Krishnaswami .
et al., 1972 , 1979; Guichard et al., 1978;
Ku et al., 1979; Reyss et al., 1979; Turekian
et al., 1979; Nelson et al., 1980).

Histogram of lOBe inventory in nodules. Here
also all the data are compiled from references

given in Fig.10(a).
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The‘samble ARiES 39D (6.9 -~ 12.3) mm did not show any
:meaéuréble'lOBé activity by decay counting technique
(Fig.IV.9), however it could be measured by accelerator
mass spectrometry in the laborator? of Prof.Wolfli at
Zurich., The growth rate based on two points (one by

decay counting and the other by atom counting) is 2 mm/lO6

Nodule RCl14 D4F

This flat nodule from the south Indian ocean,

~ (Table VI.3) showed measurable activity of lOBe on both
sides which decrease towards the centre. Both the lOBe
and ;OBe/gBe ratio éhow an identical distribution pattern
(Fig.IV.7) and increase from the centre towards the sides.
The deduced growth rates on the two sides differ by a
factor of 2-3 from each other (1.9 and 1.4 on one side
and 5.2 and 4.0 mm/10° yrs on the other side by "%Be and
1%¢/%Be methods respectively. - Fig.IV.7 and Table IV.3).
The corresponding lOBe activifies extrapolated to the
surface are 29,7 and 11.0 dpm/kg whefeas the lOBe/gBe
ratios are 9.4 and 2.5 dpm/mg. respectively; U and Th
isotopes have been measured only on one side, i.e. the
side that has the slower growth rate by lOBe method, and
it is found that QBOTheXC - based rates are in excellent

agreement with the 10g, based ones (FigaIV,7, IV.10 and
Table IV.3).
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It is interesting to note that Reyss (1979) reported
10

Be andbhucléar track dafé on a nodule which showed thg
same behaviour as RC14 D4F and which also comes from a

nearby location. In his case the extrapolated-to-surface
values for both sides are;about the same showing thereby

that it has been grow1ng simultaneously from both sides.

This is the second observation of its kind which has

no unique and satisfactory explanation, However two possible

scenarios can be considered

i. The nodule was growing on both sides simultaneously
at rates differing by a factor of about 3., It is not
known how this nodule was lying on the ocean floor
and how it had different growth rates, Based on
trace metal analysis, it is seen that the side
with a faster growth rate has higher Mn (22,24%) and
Ni (0.91%) compared to the other side which has

14.4% Mn, and 0.39% Ni, Fe showed the opposite trend

(Appendix).

ii. The nodule was growing at a faster rater (4 0-5.2)
mm,/10° yrs and it flipped at about 3 m.y. B.P. and
started growing slowly (1.4-1.9 mm/10° yrs). This is
a case similar to that proposed by Krishnaswami and
Cochran (1978) based on Th isotope studies on smaller
and somewhat spherical nodules. Being flat, RC14 D4F

is not expected to flip frequently. However, if the
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nodule flipped about 3 m.y B.P, and started growing at a
éloWér rate, one should not see: any gradient beyond
& mm. (Fig.IV.7). Unfortunately, Th isotope measurements
were not made on both the sides and so the '"'flipping!''

230

age by Th method cannot be calculated,

Moore et al. (1981) based on U-~Th decay series

nuclides and nuclear track measurements on the two sides
of another nodule considered both the scenarios discussed
above and found the first one is more appropriate i.e.

the nodule was simultaneously growing from both the sides.

230

| ) 230 232 ]
4(a). (ii) ‘Th,,. and Thexc/ Th methods :

In Fig.IV.11l and IV.12 the depth variations of
#Oth e and 220mh_ /221 Lokivity ratios in the
eight nodules are presented. Based on least square
lines drawn through the data, the average growth
rates upto 1 m.y. are calculated (Table IV.3). Both
the methods yield rates that are in good agreement
(within +15%) and fall in the range of 1-5 mm/lO6
yrs, similar to that obtained (1-6 mm/lOé-yrs)

by earlier workers (Ku and Broecker, 1969;

Krishnaswami and Cochran, 1978; Krishnaswami et

al., 1979).



Fig.IV.11

=115

230 230 232

Th (dpm/g) and © Thexc/

exc Th (A.R.)

variations with depth in five large nodules.
Computer-based~best-fit-lines are drawn to
get the growth rates (mm/10° yrs). In the
case of RC 16 D10 the best fit lines drawn

through all the points yield growth rates

3.4 and 3.5 mm/10° yrs by 2°9Th__  and

exc
23OTh 232Th methods. These rates are

exc/
used for comparison with lOBe rates

(Table IV.3).
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Fig.IV.12

«116=

2
Depth variations of 3OTheXC(dpm/g) and

2307y, 232Th (A.R.) in three small nodules.
exc/

Growth rates (mm/lO6 yrs) are obtained by

drawing least square lines through the data

points.
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There may be short term variations (Qf the order of
104—105 yrs) in the noduleAgrowth rates. Such variations
cannot be seen by the 1%e decay technique used here
because of large sampling intervals.  However it is
possible to study these variations by analysing closely
spaced,thinMsectionsW(lzzlmmMusingwibe_accelezatorwl
mass spectrometry method. In the four nodules, A47-16(4),
TF-5, RC 16 D10 and R/V VITIAZ, the depth profiles of
Th isotopes have shown discontinuities. The detailed
fine structure study can be used to infer the growth
histories on the assumption that there has been no
sampling artifacts. The growth rates have been found
to vary from 0.8 to 7.3 mm/lO6 yrs (Krishnaswami et al.,

1982; Sharma and Somayajulu, 1982).

4(a). (iii) 23lpaexc method

The data given in Table III.8 has been plotted in

Fig.IV.13 and the average growth rates are calculated
(Table IV.3). These growth rates range 1-7.2 mm/10°
yrs which are in good agreement with the growth rates
obtained by the same method on different nodules by
other workers (Ku and Broecker, 1969; Krishnaswami and

Cochran, 1978).
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231

Fig.IV.13 Pa activity (dpm/g) variations with

exc
depth in three small nodules. Growth rates
(mm/lO6 yrs) are obtained by drawing best-fit-

lines through the data sets.
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EIV.4(a).(iV)Intercomparisoh of . growth rates by different

methods and growth models

The average growth rates of the thirteen
nodules obtained by different methods

are given in Table IV.3 along with other published

data. 1In most of the cases the agreement of the

lOBe and 23_OTh methods

growth rates determined by
on the same nodule is very good. (Fig.IV.14),
However in few cases there is discordancy as

discussed below.

, The depth distribution of the chronometric

tracers (lOBe, 2307y, and 231p, ) within the
exc exc

nodules can be modelled to yield growth rates if
the tracer nuclide is immobile in the nodule
after its incorporation in the matrix. Most of
the controversy in establishing nodule growth
rates from the distribution of radionqclides centres

around the validity of this condition.

The distribution of any radionuclide within
a nodule can be described in terms of one of the
three possible models : (1) The growth model-in
which the radionuclide depth profiles in the
nodules can be described in terms of its

incorporation through nodule growth and removal
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Fig.IV.1l4 :

Comparison of growth rates by lOBe and

23OTheXC methods. If growth rates by both

the methods are identical, points will fall

on the dotted line.
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through radioactive déca?.-.Tbis model predicts an
exponential decrease in the concentration of the radio-
nuclide with depth, if the gréwth’rate of the nodule has
H\remainedvconstant over the dating interval. Within the
resolution of the data most of the radionuclide profiles
—reported in-the—literature-do—in-fact-show-an-exponentially
decreasing trend with depth (2) The diffusion model-in
which the depth distribution of the radionuclide is assumed
to be controlled by its diffusion inward from the nodule
surface accompanied by its radicactive decay. This model
assumes a continuous supply of the radionuclide to the
surface (e.g. by adsorption of nuclides on pre-existing
nodules). It is implicit in this model that the nodule
has been in existence on the ocean floor in its present
size for an indeterminate period of time (3) The diffusion -
growth model-which combines features of £he above two
models and includes terms for nodule growth, redistribution
of radionuclides through diffusion/mixing and radioactive
decay. This also predicts an exponentially decreasing
concentration - depth profile for the radionuclides
analogod:ﬁ to the growth model. The concepts and mathe-
matical formulation of this model are identical to the
commonly used bioturbation/mixing models for lake and
marine sediments (Goldberg'and Koide, 1962; Guinasso and

Schink, 1975; Nozaki et al., 1977).
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Mathematically the above three models can be

summarized as follows

(1) Growth model

s —)\C:O. | ceeene...(10)

O_iQ_
NI

Solution C = Co exp{i(~§—) Z

Diffusion model

d=C
K =5 - AC =0 ceereenaa(11)
o V4
1
e N\ L2
Solution C = C_ exp —(~K) yA

~ (3) Diffusion growth model

2 N . ! P

doc dc \ _
K-—-——; - 5 a_z-—/c_ﬁo cereeeres(12)

dz

1
- 2 S0
. . S—(s%+ 4K \)
Solution C = € ex B
0 pL 2K ZJ

Where
S = Growth rate, C = Concentration of radionuclide

A

Decay constant, Z = Depth, K = Diffusion coefficient:

Il

Recently Ku et al. (1979) developed a mathematical
| model to describe radionuclide profiles in'nodules -

resulting from ''diffusion'' and ''diffusion-Growth''
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concepts. They ehoWed'that-for the diffusion model
(termed as ''exposure - diffusion'' model in their paper),
the logaritﬁ“m of the concentfetion of the nuclide would
have complex dependence w1th depth Z (In C would vary

approx1mately as Z ) rather than the simple exponential

decrease commonly observed. Ku et al. (1979) observed a
pattern in the growth rates : lQBe <230Th <231Pa, for-
their nodule Mn-139. They have argued thet any«homogenih
zation processes such as diffusion end mixing (largely>
due to sampling on‘ 'crenuléted_grthh surfaces) would
tend to reduce the concentration gradients of shorter-
1ived radieisotopes horedthan those of longer lived ones.
Thus they attributed.the higher growth rates derived from

230 231

Th yc and Pa , . data relative to that estimated from

105, profiles to diffusion/mixing of.23OTheXC and 231Paexcf

" Although their hypothesis could explain the observed

pattern of growth in Mn-139, the major problem associated
with such a mode; is the assumption of constant growth rate
for the nodule in the past several million years, an
assumption very difficult either to substantiate or deny
independent of radiometric data. Available data on the
growth rates of nodules based on lOBe and ?30Th/232Th
indicate that the pattern observed for A47-16(4) and

Mn-139 (i.e. the 1%Be rate less fhan 2307, rate) is not
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uhique and that for nodules TRIPOD 2D and R/V VITIAZ,

the "Be rate faster than the 2%°Th rate has also been

observed (Table IV.3, Fig.IV.15). This observation i.e.

the lOBe rate >230Th rate, would not be expected to result

exc
from mixing processes, since mixing would decrease the

gradients in the concentration=depth profilé”6f“23OThexc

more than that of lOBe, thereby the growth rates estimated

from 230TheXC data are relatively higher,

This allows one to conclude that discordant grdeﬁy

rates deduced from lOBe and 23OThexc most likely document
changes in nodule growth rates with time, rather than
homogenization of nuclide profiles by mixing procesées{
Therefore the observed radionuclide profiles in the nqdules

are interpreted as a reflection of their growth rates.

Fractional inventories and surface-extrapolated activities

of radioisotopes

In Figs.IV.10(b) and IV.15 are shown the growth rates,
extrapolated - to - surface activities and the inventories

of 10

Be of nodules so far analysed from the world oceans.
There is no clear-cut variation of these parameters

either as a function of latitude in a given ocean or from
ocean to ocean. It is also seen that I 105, (dpm/cmz) of

the nodules 1s0.,4-22% of what is present in the overhead
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Fig.IV.15

: Growth rates (mm/lO6 yrs) of nodules from the

lOBe method.:

world oceans obtained by the
Numbers in parentheses are the extrapolated-
to-surface activities (dpm/kg nodule).'X'
indicate locations from where two nodules

are analysed,
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iiWater columh.Viz. 1.08 dpm/cm2 (a case similar to that

T 230Th). Three possible explanations have already been

fo

 put forward by Bhat et al. (1970); Sharma and Somayajulu
(1979) viz. (1) Sporadic growth of nodules, (2) growth

and erosion such that the net growth is <20y and (3) that

g;thewgrﬁwing%noduleﬂonmwihe_ocpan floor is effectively

_scavenging elements from a few hundred meters of the water

column above its position,

L

I have also looked at the variation of all the three

lOBe parameters as a function of water depth at the nodule
stations. No correlation could be seen which means that
the nodule growth as determined by radiometric methods is
indpendent of water depth. In such a case the third
explanation appears important if one assumes that nodule
growth had been continuous, one can calculate the effective
thickness of the water column on the assumption that the

lOBe standing crop over the nodule is 1.08 dpm/cm2 that

the average oceanic depth of 4000 m and taking into account the
10 ’

Be inventory of the nodule. The water column thickness
for various nodules so far studied comes out to be 20-900 m

105 and 2-800 m for 2°0

for Th (FigeIV.16a and b). In
the above calculations it is assumed that the nodules grow
continuously. In the case of sporadic growth it would be
more, but may never :be equal to the entire water column

over the nodule,
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Fig.IV.16 : Histograms showing the effective thicknesses
(in meters) of water column from which nodules

scavenge (a) 230Thexc and (b) 1%Be.
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- 1v.4(c) %Be in ocean water

Since the direct l.OBe measureménts on seawater
have now been made (Raisbeck et al., 1979a, 1980;

Krishnaswami et al.,.1982) one can calculate the

oceanic concentrations of 9Be by using the lOBe

data and the ;OBe/gBe'ratios of the nodules
10

«@ﬂw“ﬂﬁexirapolaied;to:suriacemvalue)+mmIakingmmmBe/an

range as (2.5=15) dpm/mg and a mean lOBe concentration

of 2x107° dpm/kg seawater (Table I.1), it is

estimated that °

10

Be in seawater is in the range of"
(2-8)x107"" g/kg - which is in good agreement with
the range of ?Be measurements so far made in seawater
(Merrill et al., 1960; Measures and Edmong,1981).

9

This means_fhat most of the “Be in the nodules is

authigenic., The assumption made in above calculation
is that nodule matrix scavenges lOBe and 9Be in the
same ratio as present in the ocean water and hence

‘gBe will correspond

the above calculated value for
to the present day Be concentration at the

nodule location. It has been shown that like Be, Th
in the nodules is also authigenic (Krishnaswami and

Cochran, 19785 Moore, 1981),

IV.4(d) Mineralogy:

The various manganese mineral phases identified
in the bulk samples from different depths of the

nodules are given in Table III.9. All the nodules



contain gﬁ—MnOszhile some, of them contain E;-—Mno2 and

”‘todorokite'(lOX manganite) - and some others have ES-MnOQ,.
birnessite (72 manganite) and todorokite (lOX manganite).
Thus nodules can be classified into three groups‘oh the

| basis of these three phases as revealled in the X-ray
diffractograms (Barnes, 1967). The group labeled §§—Mn02
»weontainswwonlywwég—Mn9§fwmlhewgfeupwiabeiedﬂlOX~wmanganite
contains both lOX manganite and %S-MnOz. The group labeled

O
7A manganite contains all the three mineral phases,

Out‘of a total thirteen nodules, ten nodules
(ANTP 50U, ARIES 15D, ARIES 12D, ANTP 58D, TF 5, GEOSECS
1D, RC 16 D10, RC 15 D5, RC' 14 D4S and R/V VITIAZ)
belong to the ES—Man group while A47-16(4) belongs to
72 manganite group. The X~ray diffraction patterns of
different depth sections in these nodules do not show any

significant change in their mineralogy. In the case of

the other two nodules ARIES 39D and RC 14 D4F, mineralogy of

different depth sections is not the same, The section

0-6.9 cm of ARIES 39D has .todorokite, birnessite and
ES—MnOQ while section 12.3-15.9 cm has only & -MnO,

as the principal manganese phase., Similarly all the

sections from O to 45.9 mm of RC 14 D4F have S_—Mno2 except

the section 45.9-54.1 cm which has todorokite, birnessite

and ES—MnO The depth variation in mineralogy has been

2‘
reported by Piper and Williamson (1981) on a 3 cm radius



noddule by pray method. Their study showed that birnessite
was preséht in the oQter'laYers and todorokite in the inner

layers.

V.4(e)Chemical Composition

The measurements of fourteen elements (Mn, Fe, Co;'~

Ni, Cu, Zn, Cr, Pb, Be, Mg, Ca, Sr, Ba and Al) in different

sections of the nodules are given in Appendix. These
measurements are mainly carried out either in the 10x

NHLOH.,HC1 or é6M HCl leaches and in a few cases in‘the

2
residues left after leaching. In those cases where the
residues have not been analysed the weight percentage of

the elements have been calculated based on the leach data only.

In Fig.IV.17, a number of histograms of percentage

of elements in 10¥% NH,OH,HCl or 6M HCl leach are given,erm 

2

which the following inferences can be made :

(1) NH,OH.HC1 and 6M HCl are good leachants for most
of the elements. The elements Mn, Fe, Co, Ni, Cu,
Zn, Pb, Be, Mg, Ca and Sr can be leached more than
90 with these reagents. Hé:reafter these elements
are termed as 'Authigenic elements' in the

discussions that follows.

(2) Al and Cr are leached less efficiently with

NH2OH.HC1 compared to HCl. Their leaching

efficiencies vary from 20 to 100#% and from 10 to
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Fig.IV.l7 : Histograms showing the percentages of
elements leached by 10#% NH2OH.HC1 and 6M HC1.
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100/ respectively. This may be because that  part
of these elements reside in thevanthigenic phases and

the rest in the deterital phases.A

Ba shows a complex behaviour. The NHQOH.HCl leaching

efficiency varied from 40 to 100% while for 6M HCl from

10 to 100%#., In manganese nodules some of the Ba is known
to be in the form of barite (Church, 1979) which can |
explain the poor leaching efficiency of the reagents for

this element.

The percentage of residues left after leaching with

NH,OH.HC1 or 6M HCl vary from negligible to 50%, On the

2
average, NHQOH.HCl leach yields more residue compared
to 6M HCL leach. It is because of the fact that NH,OH.HCI.

is a milder leachant of the two.

The above results are in good agreement with the
measurements reported earlier (Arrhenius, 1963; Moore

et al., 1981).

The range, mean and ratio of maximum to minimum
concentrations of the various elements in the analysed
nodules are given in Table IV.4. The measured mean
concentrations are in good agreement with the average

values reported for the world oceans (Cronan, 1976). -
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The most striking feature of manganese nodules

is perhaps their compositional heterogeneity. All the

measured elements show large variations. The mpaximum to

minimum ratios of the various elements vary even upto a

factor of 50 (Table IV.4). The variations in nodule

compositions have been attributed to the following causes

(Cronan and Tooms, 1969; Cronan, 1975, Heath, 1980).

(1)

(2)

(3)

(4)

(5)

(6)

Variations in the sources and rate of supply of

the elements in the ocean,

Local variations in the hydrothermal input due to

submarine volcanic activity,

Variations in the activity of bacteria capable of

fixing manganese (and other metals).

Variations in the mineralogy of manganese and

iron oxyhydroxides and their capacity to accommodate

other trace metals,

Variations in the interstitial pore water

composition,
Variations in the chemistry of seawater.

The interelement - correlation matrix for the

nodules is given in Table IV.,5. Mn is well correlated

with Ni, Cu and Mg while Fe does not show correlation

with any of the elements except with Sr for which
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correlation coefficient(r) 1is 0.47, Ni-Cu, Zn-Ni,

Zn-Cu, Mg-Cu, Ni-Mg, Mg-Zn, Sr-Pb and Co-Pb are internally
well correlated (r>0.6). Similar correlations have also
been found by earlier workers (Mero, 1960; Willis and

Ahrens, 19623 Cronan and Tooms, 1967; Cronan, 1969, 1970,

1975). Be does not show any correlation with any of the

elements.

The nodule A47-16(4) is from a mining rich area,
the 'Clarion Clipperton fracture zone' (Halbach, 1980).
It has 1.7% Ni and 1.6% Cu. and contains todorokite,
birnessite and%}}-MnO2 as the main Mn phases (Appendix,
Table III.9). This result is in good agreement with the
earlier observations (Chave and Mackenzie, '1961; Barnes,
1967% Cronan and Tooms, 1969; Cronan, 1975; Piper et al.,
1979) that the nodules rich in Ni and Cu have todorokite

as the principal manganese phases. This
2+ 2+

and f:;, -MnO,,

probably results from the ability of Ni and Cu ions

to replace the divalent manganese in todorokite structure

+4 0,~«3H,O0 as suggested by Burns

(Ca, Na, Mg, Mn'2)2 Hng

12 2

and Burns (1978).

The elemental abundances and flux contrasts of
various elements in the nodule RC 14 D4F is given in
Table IV.6. The two sides of this nodule significantly

differ in their chemical compositions and have shown



Table IV.6 : Elemental abundance and flux contrasts

in RC 14 D4F nodule.-
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Flemental abundance

Flux contrast

~Element = coptrast top/bottom top/bottom

Mn 0.65 0.24
Fe 1,23 0.45
Co 1.9 0.33
Ni 0.39 0.16
Cu 1.9 0.15
Zn 0.78 0.67
Pb 3.2 1.1

Be 1.1 0.46
Mg 0.75 0.27
Ca 17 0.63
Sr 2.1 0.80
Residue .47 -

Mn/Fe 0.53 -

% Growth rates used are 1.9 and 5.2 mm/lO6 yrs for the

top and bottom respectively.
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different surface—extrobolatéd 105 activities (Section
1vV.4(a).(i). The side which has shown relatively higher
surface-extrapolated value is named as 'top' compared to
the other side as ‘bottqm'. The bqttom layer (45.9 - 54.1

mm) is enriched in Mn, Ni, Zn, Mg and depleted in Fe, Co,

IV.4(f)

The bottom has 50% more residue compared to the top
(Fig.IV.18). The elements Mn, Co, Ni, Cu and Mg were
debositing four times faster in the bottom layer cémpared

to the top layer while the fluxes of Fe, Zn, Pb, Be, Ca and
Sr are same in both these layers within a factor of two.
Moore et al. (1981) have aiso found a similar behaviour of
the elements in the oriented 'Apple' nodule. If it is
assumed that the bottom layer was in contact with the
sediments, in which case the high abundance of Mn, Ni and

7n in this may be explained as due to their delivery

from pore waters present 1in the underlying sediments

(Manheim, 1976).

Deposition of authigenic elements in the past 10 m.Vye

Once the time scale is well established for each
nodule, the element abundance data can be used to unravel
the oceanic history of authigenic elements Mn, Fe, Co,
Ni, Cu, Zn, Pb, Be, Mg, Ca and Sr on the assumption that
these elements are authigenically precipitating from

seawater. In order to convert depth interval into time
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Fig.IV.18

Elemental abundance contrasts in the nodule
RC 14 D4F ohAtwo sides. Elements falling
below the horizontal line show enrichment in
the bottom (45.9-54.1 mm) compared to the

top (0-5.8 mm).
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interval in -each nodule I have used 'avorage' growth rates as
sbtained by OBe method (Table IV.3) except for TF & for which
.lOBe/gBe growth rate has been used. . Only those nodules
which do not show any variation in the mineralogy with depth

have been used for interpretation.

“Based 6n Mr; Fe; (Co#Ni+Cu)

plots for three different time spans viz. present, 4 m.y.
BR.P. and 8 m.Yy. B.P; have been made. In all cases the
points cluster in the centre of the triangles (Fig.IV.19).
According to Bonatti et al. (1972) this central field,

is for hydrogenous deposits formed by slow precipitation

of the elements from seawater under oxidising environments.
Suchvhydrogenous ferromanganese deposits are also charact-
erised by a Mn/Fe ratio between 0.5 to 5 and relatively
higher concentration of trace metals. In the present
investigation the Mn/Fe ratio varies botwoen 0.6 to 6.7
with a mean value of k3 (Table IV.4). Thus all the
aﬁalysed nodules appear to have a hydroged:bus origin.
Since the points in Fig.IV.1l0 do not shift with time from
the central field and mineralogy do not change with depth,
it implies that mechanisms/conditions in which these nodules
had grown from seawater remained about the same during

the entire growth period of the nodules.

Although nodules show a large variation in their

chemical composition, an attempt has been made to delineate

L0—concentrationsytrilinear
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Fig.IV.19

Trilinear plots of the nodules at three
different times during their growth period.
All nodules during the three periods fall

in the central field of hydrogeneous deposits
(Bonatti et al., 1972). The areas near the
left and right corners have been assigned

for hydrothermal and diagenetic deposits

respectively,
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the debositional history of authigenic elemenis Mn, Fe,
Co, Ni, Cu, Zn, Pb, Be, Mg, Ca and Sr during the past
about 10 m.y. The concenfratigns of the elements in the
deeper sections have been normalized to those of the
surface sections (recent deposition) and these ratios
"Whéve”beenwplot%edw&epafa%eiymfor_Eacific”opean and for
Atlantic plus Indian oceans (Figs.IV.20 and 1v.21). The
data on Pacific ocean show a much larger scatter compared

to those from Atlantic and Indian oceans.

In the Pacific ocean, during the past 10 m.y. the
deposition rate of Mn, Fe, Co, Ni, Zn, Pb, Be, Mg, Ca and
St has varied upto + 50%, whereas Cu shows higher depos-
itional rate by as much a factor of 4 compared to the

present deposition rate.

During the same period, in the Atlantic and Indian
oceans the deposition rate of Mn, Fe, Co, Ni, Pb, Mg, Ca
and Sr were low-by 20-60% whereas Cu shows a 207 higher
deposition rate compared to the present day value. Zn and

Be show variations by as much as +80x%.

Ni and Cu deposition rates

In thevcase Qf these two elements a more critical
evaluation was made. Both Ni and Cu show high correlation

(0.8 and 0.7 respectively - Table IV.5) with Mn which is




Fig.IV.20 :
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Ratio Ct/co (elemental concentration C, of
the element in the past normalised with
respect to the concentration CO in top most
layer of nodule) as a function of time for

Pacific ocean nodules,
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Fig.IV.21

: Ratio Ct/Co (elemental concentration Ct of

the element in the older section normalised
to that of the top most layer CO of the
nodule) as a function of time for Atlantic

and Indian ocean nodules.
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further improved if I take Mn/Fe instead of Mn. The

corresponding correlation coefficients for Ni-Mn/Fe and

Cu=-Mn/Fe are 0.91 and 0.94 respectively. If one plots

Ni/(Mn/Fe) and Cu/(Mn/Fe) normalized to the corresponding

One can expect a better trend as the Mn and Fe scavenging
effects have also been considered. Here again there is
large scatter(+150/4 for all the oceans). The scatter
probably‘reflects the chemical reactivities of the
elements. Mn, Fe, Co, Ni, Cu, Zn, Pb and Be have residence
times about 102—104 years (Brewer, 1975) which are either
less or comparable to the oceanic mixing times (about

lO4 yrs). Hence these elements do not get homogenized in
seawater with respect to any small perturbation in-their
supply. On the other hand the residence times of Mg, Sr
and Ca (about 106 - 107 yrs) is more than oceanic mixing

time. Even these elements show a scatter which is

probably due to their involvement in biocycles,

If one accepts the theory that nodules scavenge

- their authigenic material from <1000 m of their overhead

08¢ and 23%Tn) the

D

water column (as in the case of °
observed variations in the Ct/co and Rt/Ro rates can be

attributed to the bottom waters. It is likely that there
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Fig.IV.22 : Ratio R,/R  as a function of time (a) for Ni and
(b) for Cu for all the analysed nodules. R, and

R are the concentrations of Ni and Cu corrected

with Mn/Fe ratio at times t and o .
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is a substantial change with time in the concentration
of the analysed elements in the bottom waters., It thus
appears that regional and local factors are much more

important in controlling the chemiéal composition of the

nodules.



CHAPTER - V

CONCLUSIONS

The primary aim of this thesis has been to obtain
information on meltwater input, CR intensity variations,

growth rates of oceanic ferromanganese nodules using

cosmogehiéwlpéé and on the paleéchemistry of oceanWWater
using lOBe and measurements of major and trace elements
in the nodules. The following are the important conclusions

drawn in this regard:

1. In properly chosen sediments the lOBe excess due

to meltwater input during interglacials is measurable

as evidenced by the study on INMD Box core,

2. CR intensity variations have occurred during the
past 2 m.y. These have been upto +30% in the past
1 m.y. based on precise lOBe measurements feported
here. Based on the combined déta of mine and that
of Tanaka's group the variations had been as much :
as +50x over the mean during the past 2 m.y. The
important periodicities of these variations .are.

deduced to be 500, 300 and 200 k.y.

3. The most suitable radionuclide for dating small as
well as large nodules from the worid oceans 1is
lOBe. These nodules have growth rates of 1-4 mm/lO6

yrs. The comparison of the long term (millions of
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years) average growth rates based on Be isotope data
with the recent (<400,000 yrs) rates deduced from U-Th
series nuclides show that these rates are concordant

in most cases.

There appears to be no-global trends in the depositional

pattern of elements in manganese nodules. Whereas the
Pacific ocean nodules shéw a large compositional
diversity with time, those from Atlantic and Indian
oceans, though limited in number, indicate that on the
average the deposition of most of the elements have
been less in the past about 10 m.y. compared to the

present day deposition.
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