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ABSTRACT

Radioanalytical techniques for 21°

210

Pb dating of sediments

have been established, Pb is measured indirectly via

a-spectrometric determination of its a-emitting grand-daughter

210 226

Po, Ra is quantified indirectly via separation and

gas—-phase a-scintillation counting of its radioactive rare-

222

gas daughter, Rn| Sediment cores recovered from the Cilicia

Basin in the Eastern Mediterranean, Loch Lomond, a freshwater
loch in west central Scotland, and Loch Goil and Gareloch,
two fjord-like sea-~lochs of the Clyde Sea Area, have been

examined for their 21OPb and 226

210

Ra distributions, Where
appropriate Pb chronologies covering the last 100 to 150y
have been developed, - Complementary studies include radio-
caesium and stable lead analyses,

in interpreting 210Pb chronologies, the importance of
correcting data for a number of sediment properties has been

(1) 226Ra concentrations should be measured

emphasised, Thus,
throughout the length of cores before making correction for
supported 210Pb contributions, (2) it is essential to correct
210Pb specific activities for variable water contents produced
in surficial deposits by compaction processes, and (3) in the

case of marine sediments, variable salt-residues from interstitial
210

waters must be quantified and allowed for in Pb activity
calculation,
Based on the exponential decrease of excess 21OPb with

depth, a sedimentation rate of around 16 mg,cm-zy"1 (0+34mm,y~ 1)

is estimated for the Cilicia Basinj; +this may, however, best be



regarded as a lower limit estimate of the accumulation rate
since there is considerable evidence to suggest that the

sediment surface was not recovered during sampling,

For Loch Lomond, a sediment accumulation rate of 22 mg,cm-2

y'-1 (1.0 mm,y-1) is estimated, The presence of 137cs in this

core, largely confined to the upper 2 to 3 cms  of the deposit,

210

is consistent both with the Pb-derived time-scale and with

recovery of surface material,

210

In the principal area of study, the Clyde Sea Area, Pb

is shown to be in sufficient excess over that required for

226

secular equilibrium with Ra to permit its use as a geo-

chronological indicator in the region, In Gareloch and Loch
Goil, considerable differences are apparent in the patterns and

rates of recent sediment accumulation, For example, in

210py,_pased sedimentation rate of 540 rng_cm"zy-'1

2. -1

Gareloch, a
(1.5 cm,yﬁ1) is derived, while values of 200 mg,cm “y

2

(6 mm,y-1) and 123 mg cm_ y_1 (3.5 mm,y-1) are similarly

estimated for two stations in Loch Goil, Sedimentation rates

estimated from radiocaesium (134Cs and 137Cs) distributions are

210

in generally good agreement to those based on Pb, The major

21OPb to the deposits is shown to involve river and

source of
stream particulate inputs, Modern fluxes of stable lead to the
deposits are considerably greater than those of pre-industrial
times, Both radionuclide evidence and X-radiographs of frozen
cores indicate Loch Goil sediments to be homogeneously reworked
by bioturbation to depths of 4 to 6 cms, Of particular interest,
226Ra concentrations are considerably greater in the upper few
centimetres of Loch Goil sediments than those at depth, This.

226

'excess' Ra is attributed to its enrichment in siliceous

marine organisms, the remains of which are subsequently



incorporated into bottom deposits,

Sediment cores analysed in this study have been collected
by a variety of coring devices, viz, conventional small-
diameter gravity corers, mini-Maclkereth and Craib corers, the
latter two samplers beiqg specifically designed to collect
undisturbed samples of surface sediment, One of the major
features of this study is the comparison of results from both
Craib and gravity cores of Clyde Sea Area sediments, Highly
significant differences in the vertical distribution of tracer
species are evident in cores collected with these different
samplers at identical locations, As a result, the applicability
of conventional small-diameter gravity coring for collection of
sediments is questioned, particularly in studies, such as
210Pb datinz, to which recovery of vertically undisturbed material

is critical,



CHAPTER 1
INTRODUCTION

1,1 Sediments: Composition and Properties

Sediments have been the subject of intensive investigation
by oceanographers and marine geologists for many years, Indeed,
much of our present knowledge of chemical proéesses occurring
within the sea has derived from studies on underlying sediment
deposits, Although the sediment matrix is highly wvariable,
with a wide variety of materials contributing to the overall
chemical composition, four major sedimentary components can be
recognised - namely, detrital, authigenic, biogenic and cosmo-
genic fractions, Detrital or lithogenous material is that
which derives from the land and comprises particulates which
result from the mechanical weathering of rocks and minerals
exposed at the earth's surface, Rivers are by far the largest
transporters of detrital material to the major water bodies
" (fig, 1) and in addition, carry many species introduced in
solution through chemical weathering, In the open ocean, a
further significant source of lithogenous sediment arises from
submarine volcanic activity, (Terrestrial volcanic eruptions
can also contribute to sedimentation, e,g, through ash falls),
Authigenic materials are solid phases which form in-situ
through precipitation, adsorption and diagenetic reactions,
Examples are barite, zeolites (phillipsite), iron oxides and the
much studied manganese nodules, The biogenic component of
sediment derives from the biological activity of the overlying

waters and consists of the skeletal (mainly opal and calcite)



FIGURE 1 Annual transfer of erosion products to the
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and brganic remains of organisms and plants, The cosmogenic
fraction comprises material derived from outside the earth's
atmosphere and, although quantitatively insignificant in
comparison to the other components, is present to some extent
in all sediments, Such material includes micrometeorites
and tektites |

The relative composition of any particular sediment depends
very much on its environment of deposition, However, in all
environments, sediments appear to exert an imﬁortant influence
on the composition of the overlying waters due to the remark-
able ability of their constituents to efficiently remove many
substances from solution,

Under ideal circumstances, sediments are deposited in a
layered sequence, each layer being representative of the
particular environmental conditions pertaining at the time of
deposition, Consequently, if a vertical column of undisturbed
sediment is recovered from the sea~floor, subsequent chemical,
physical and biological examination of its various strata can
disclose a record of past geological/chemical environments,

' Occasionally, however, this record is to some extent blurred

due to partial homogenisation of the upper layers of the

deposit through physical/biological disturbance, Interruption
of the steady accumulation of material can also arise through
episodic surges of sediment supply, e,g, turbidites in the
deep-sea (Ericson and Wollin, 1968) and slumping, or the effects
of violent climatic events in inshore or loch areas, Meade

- (1973) concluded that periodic flooding of some rivers through
hurricane activity can produce in one week an amount of detritus
equivalent to that normally supplied by the same river in several

years,



For many years, deep-sea sediments, recovered by gravity
or piston corers, have been carefully examined and much
evidence of changing climatic and geologic conditions on time
scales extending to millions of years has been gathered,
Recently, however, investigational emphasis has turned to study
of coastal marine, estuarine and loch sediments, This change
in priorities has been induced by rising concern over the
increasing volume of non-degradable materials. (petroleum,
heavy metals, artificial radionuclides, aliphatic hydrocarbons)
entering the hydrosphere from man's cultural activities over
the last 200 years, For instance, some metals are now being
introduced to the atmosphere and hydrosphere in concentrations
equivalent to and in some cases exceeding those mobilised
naturally in the major sedimentary cycle (Goldberg 1971,
Patterson 1971), While the precise nature of the removal
processes involved is still poorly understood, general trends
are apparent; a significant fraction of discharged wastes,
including many heavy-metals and man-made radionuclides, exhibit
~ non-conservative behaviour (i,e, are chemically/biologically
reactive) in the hydrosphere, are concentrated by sedimentary
material (through a combination of ion-exchange, adsorption
and absorption reactions on to Mn/Fe oxides, living and
dissolved organic material and clay minerals) and are rapidly
transferred to sediments, Estuarine and loch systems
(traditional sites for human settlement) adjacent to local
centres of dense population and industrial development face
" the greatest burden of anthropogenic discharge and are also
often subject to high concentrations of the above reactive
particulate materials, As a result, marked increases in the

concentration of many heavy metals in the upper layers of



sediment deposits from such environments (and normally attributed
to human activities) are regularly observed (Presley et al,,
1972; Bortleson and Lee, 1972; Aston et al,, 1973; Chow

et al,, 1973; Thomson et al,, 1975; Edgington and Robbins,
1976; Matsumoto and Wong, 1977; Goldberg et al,, 1977);
surface concentrations are often many times greater than

natural levels found at depth in the sediment, Many artificial
fallout radionuclides encountered globally due to nuclear
weapon detonations and locally due to their controlled release
as wastes from nuclear power and fuel reprocessing plants

are also found concentrated in surface sediments, (United
Nations, 1972; Miller and Stannard, 1975; National Academy

of Sciences, 1971; Mitchell, 1975),

The extent to which sediments can be regarded as permanent
traps or sinks for deposited materials remains to be established,
however, since remobilisation of certain species can occur with-
in the sediment column in response to diagenetic changes induced
by changing pH or redox potential, At present this topic
represents a major field of geochemical investigation,

Estuarine sediments are generally chemically reducing below a
relatively thin aerated upper layer and species undergoing
removal processes on to particulate phases, under oxidising
conditions in overlying waters, can become chemically unstable
after burial, when the environment becomes reducing, For
example, redissolution of some species (e, g, Fe/Mn) into
interstitial waters of sediments can occur, followed by upward
. migration towards the sediment/water interface where a
concentration gradient exists, Such diffusing species can
subsequently reassociate with solid materials encountered in

the oxygenated surface layer of the deposit or diffuse out of



the sediment in response to the concentration gradient,

(The possible importance of trace-metal, metal-organic inter-
actions in stabilising dissolved metals in pore waters has

been emphasised in recent years, (Singer, 1972; Elderfield

and Hepworth, 1975; Yen, 1977), Sediments can therefore
under some circumstances be regarded as a source of materials
to overlying waters, rather than as a repository for them,
Turekian (1977)) however, has suggested that the failure thus
far to obtain direct evidemce for the existence of anthropogenic
changes in the open ocean concentration of heavy metals is
largely a result of their previous entrainment in estuarine and
coastal marine environments, While there may be movement of
some heavy metals into and out of solution, the dominant cycle
remains internal to the estuary and little material escapes to
the open sea (see for example Evans et al (1977) describing the
internal cycle of Mn in an estuarine situation, and Benninger

et al (1975) outlining a budget for 210

210

Pb in Long Island Sound
and indicating that all of the Pb input can be accounted for
within the sediment),

Clearly then, the estuarine environment, even without the
superposition of inputs arising from the activities of man, is
a particularly complex one because of the variety of sources
from which chenical and material inputs are received and the
diversity of biogeochemical/biogeophysical interactions,
(Burton and Liss, 1976; Church, 1975; Riley and Chester, 1977),
Figure 2 summarises the major exchanges of material occurring
- within the estuarine system,

The enrichment of heavy metals/radionuclides in sediments -

and sediment pore waters also has implications regarding their

uptake by organisms and therefore their potentially dangerous
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return to man through the food chains, Although sediment, by
removing considerable fractions of heavy metals/radionuclides
from solution, can reduce their availability to many marine
organisms (phytoplankton, free-swimmers), association with
particulate material may.increase the possibility of uptake by
benthic fauna, (Templeton and Preston, 1966; Duursma . and
Gross, 1971). Thus some of the highest concentration factors
for trace elements in marine organisms have been reported for
benthic filter feeders (Duursma and Gross, 1971), Oysters

65

have been reported to concentrate Zn up to 250,000 times the

amounts present in water (Chapman et al,, 1958; Preston, 1966),
Studies of the distribution of plutonium between water, biota

and sediments in the Great Lakes have shown that phytoplankton
strongly concentrate plutonium from solution with a concentration
factor of x5000; however, the benthic food chain exhibits

even higher concentration factors due to the relatively high
concentration of plutonium in the sediments (Edgington et al,,
1975), Sediments, by retaining trace elements/radionuclides

can make these species available to organisms for longer periods
of time than if they had remained in solution or were

suspended in water,

Thus sediments, due to their pre~ and post~depositional
reactions, exert a dominant influence over marine geochemical
processes in general, A basic knowledge of the geochemical
processes occurring within estuarine, coastal marine and loch
systems in addition tobeing of immediate importance with regard
to study of anthropogenic pollutant effects is also essential
to the overall future understanding of oceanographic problems,

To quantify and evaluate the record of man's involvement in the

sedimentary cycle, to differentiate this from diagenetic



processes occurring within the sediment and to measure the
residence time and fluxes of materials into and out of
sediments, a reliable chronology is required for such deposits,
For this reason, considerable research effort has been
focussed on the investigation of patterns and rates of recent

sediment accumulation in coastal marine and loch environments,



10

1.2 Geochronology of Recent Sediments

The rate of sediment accumulation in the deep sea is in
the order of mm 10-3y, Absolute chronologies for such deposits
_ have been provided by radiometric dating techniques using
isotopes with relatively long half-lives such as 14¢ (t% = 5,730y),

2307, (ty = 75,200y) and 231p, (t; = 32,500y) from the natural

decay series, and 40g_40

Ar (t% =1,24 x 102y)(references in
Thomson and Walton, 1972), Palaeomagnetic, palaeontological
and chemical stratigraphic marker techniques have also been
applied, The palaeomagnetic sequence of polarity reversals of
the earth's magnetic field at various times in the past has been
particularly useful in this respect; the timings of these

4OK_40Ar

reversals on the continents have been established by
dating and the discovery of equivalent reversals in deep-sea
sediments has allowed precise correlation over the past 5 million
years, (Harrison and Funnell, 1964; Opdyke et al,, 1966;

Cox, 1969), While these methods have been of considerable

value in dating over extensive periods of time, they are not
applicable to coastal marine and loch deposits where rates of
accumulation are several orders of magnitude greater (mm,y-1
to cm.y-1). Interest in these sediments lies in the detailed
investigation of patterns and rates of sedimentation in the
last 100 to 200 years,

Before the development of suitable radiometric techniques
for dating recent sediments, chronology had been based largely
on stratigraphic and palynologic methods applicable over this
time range, For instance, the unique observation of exotic

materials such as cereal or pollen, of known time introduction,

at a specific horizon in the sediment has been used to introduce

calendar dates to sediments, (Wright, 1971; Davis, 1968;
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Davis et al,, 1973; Bradbury and Waddington, 1973), Magnetic
'studies have also been of some value, Recent investigations

of freshwater sediments from northwest England (Mackereth, 1971;
Pennington, 1973) and Northern Ireland (Batterbee, 1973) have
shown that lake sediments can record past changes in the geo-
magnetic field, The magnetic parameters of use in investigat-
ing loch deposits are declination, inclination and intensity of
the natural remanent magnetisation, In particular, variations
in declination (the horizontal component of magnetic remanence)
with depth, can be used to date sediments through comparison of
observed measurements in sediments with recorded observatory
and archaeomagnetic results over the past 400y, The last
westerly maximum in declination occurred early in the 19th
century (ca, 1820) and the depth in sediment of this turning
point can be used to assign an approximate calendar date to the
sediment, (Mackereth, 1971), (The dating range of this method
can be extended to 10,000 years if a constant periodicity ih
declination of 2,700 years is accepted, On this basis good
agreement has been observed with 140 derived ages in Windermere
sediment (Mackereth,1971)), The presence in certain deposits
6f annual laminae or varves (alternating bands of light and
dark material due to seasonal changes in the major component of
sediment input) has also been of some use in investigation of
the recent sedimentary record, However, varving is retained
only in deposits which are not subject to physical or biological
disturbance such as low-energy anoxic basins and fjords where
bottom currents are weak and the population of benthic fauna

low,

Application of these stratigraphic methods, however, is of

limited usefulness only, for two reasons,



(1) the number of sediment deposits in which these
datable horizons exist is limited,

(2) at best, such horizons (varves excluded) can give
only historical averages of sediment accumulation
rates over the last 100 to 200 years, and they
therefore lack the necessary precision and detail;

such averages may not accurately reflect rates of

accumulation in the upper layers of deposits (where,
for example, water content often increases sharply),

A variety of direct methods of determining sedimentation
rates have also been established, viz, through introduction of a
distinctive layer of material to the sediment surface (Bloom,
1966) or the positioning of stakes as markers against which the
rise in sediment can be observed (Runwell, 1964), Sediment
traps suspended in the overlying water column have also been
used, However, these techniques are appropriate only for long
term studies and are subject to error such as washout of marker
horizons or atypical deposition in the region of the sediment

trap/stake caused by the device itself,

| Clearly then there has been a distinct lack of a reliable

and rapid method of general applicability for introducing a time
parameter of the required accuracy to detailed investigations

of recent sedimentation processes such as exchanges occurring

at the sediment/water interface or sediment composition changes
resulting from anthropogenic effects, To a large extent this
difficulty has now been overcome through the development and

210

application of the Pb radiometric dating technique,
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210

History and Theory of Pb Dating

Three natural radioactive decay series (fig 3), each of
which has a parent of very long half-life, have remained in
existence since the time of nucleosynthesis, During
geological time, the three parent nuclides have continuously
generated their shorter-lived daughter isotopes through radio-
active decay and in a closed system (i,e, where there has been
no transfer of matter to or from the system),'the condition
known as 'secular equilibrium' has been attained such that a
steady state exists for each nuclide in the series, i,e,
production rate equals radioactive decay rate, Thus in an
undisturbed geochemical system, the activities of each nuclide
in any one series are equal,

The secular equilibrium steady'state condition is, however,
frequently not encountered in sediments, The various members
of the radioactive decay series have widely differing physical
and chemical properties, Thus their dissimilar responses to
the natural processes of weathering, solution and precipitation,
which ultimately give rise to sediment deposits, result in the
separation of parent/daughter pairs within the series; natural
series dating techniques result from the subsequent growth (or
decay) of these isotopes back to secular equilibrium, In other
words, natural series dating of sediments depends upon the
disequilibrium which exists between the various members of the
decay series in sediments, aﬁd the geochronological methods are
essentially of two kinds,

(1) where a time scale is provided by the extent of decay
of an unsupported nuclide, and

(2) where a time scale is provided by the growth of a

daughter towards equilibrium with its parent in



FIGURE 3

The 238U, 235U and 232Th decay series:

vertical arrows denote alpha decay and

slanted arrows, beta decay: The numbers

beneath each symbol of the isotopes

denotes the half-1ife
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a material in which originally there was an

insignificant (or known) concentration of the daughter
210

L 4

Pb is a member of the 238U natural decay series
(fig, 3) and has a half-life of 22,26y (Hohndorf, 1969),
The dating technique is of the general form outlined in (1)
above and its application is discussed in detail in a later
section, The isotope is brought into the major sedimentary

cycle in the following way, The radioactive rare gas isotope

222pn, which has a half-life of 3,825d (Tobailem, 1955) is a

210 238 222Rn

precursor of Pb in the “7"U natural decay series,

is released from surface rocks and soils into the atmosphere,
There, because it is unreactive and gaseous and therefore has a
long atmospheric residence time relative to its half-life, it

decays through a series of short-lived daughters to produce

210Pb, Radon daughters, however, are chemically reactive in

the atmosphere and are quickly adsorbed on to atmospheric dust

210

particles (Feely and Seitz, 1970), The Pb is then returned

to the earth's surface either in precipitation or in dry fallout,

Its residence time in the lower levels of the atmosphere (tropo-

sphere), based on disequilibrium measurements of 21‘OPb and its

daughters in aerosols and precipitation, has been calculated to
be of the order of days or weeks (Burton and Stewart, 1960;
Peirson et al,, 1966; Francis et al,, 1970; Moore et al,, 1973;

Poet et al,, 1972),

210

A further source of atmospherically derived Pb is that

due to its possible production in nuclear weapon detonations,

This, however, is an unresolved question, Peirson et al (1966)

210Pb may be

208

and Jaworowski (1969, 1970) have indicated that

produced in nuclear explosions through the reaction Pb

(2n,vy) 21OPb, while Beasley (1969) and Feely and Seitz (1970)
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210

concluded from their respective measurements of Pb in soil

samples at test-sites, and in the atmosphere immediately

210

following tests, that Pb is not produced by this mechanism,

210

The use of atmospherically derived Pb as a geochrono-

logical tool was first proposed by Goldberg (1963), who applied

the technique to permanently accumulating snowfields, From

210

the observed Pb distribution in Greenland glaciers a mean

accumulation rate, in good agreement with that derived from

stratigraphic markers, was obtained, This result suggested

210

that both the flux of excess Pb and the rate of ice

accumulation had been fairly constant over the time interval
dated, Subsequently the technique was applied to the Antarctic

ice sheet by Crozaz et al (1964), The 210

Pb activity was again
found to decrease exponentially with depth and the annual rates
of water accumulation derived from the decay curve were again in
good agreement with independently derived dates, Windom (1969)
applied the technique to a group of Alpine glaciers and, although
in this case some difficulty in establishing a time scale was

226

encountered due to a high dust contribution of Ra supported

210Pb, the general reliability of the technique was established,
Following this success in dating ice-sheets, the applicability
of the method to lake and marine sediments was examined,

Krishnaswami et .al (1971) found an excess 210

Pb over and above
that required for equilibrium with its parent in cores from
various European lakes and an Indian lake, With the initial

210Pb was uniform

assumption that the rate of deposition of
with time for a given lake, the results were in reasonable
agreement with those obtained by other methods, Koide et al

(1972) derived a mean sedimentation rate of 6.0 mm y-1 on the



17

. 0
basis of 21 Pb measurements for a lake Mendota core which was
in good agreement to that previously derived by Bortleson and
Lee (1972) for the same lake based on pollen analysis,

While early profiles of 210Pb in lake sediments had shown

exponential decrease in 210

Pb activity from surface to depth
consistent with the assumptions of Krishnaswami et al (1971),
some later profiles exhibited reduced or constant activity within
a zone of varying thickness at the sediment/water interface,
Rates of sedimént accumulation in Lake Superior deposits

investigated by ragweed pollen and 210

Pb techniques were
consistent if a small depth of physical/biological mixing was
considered, (Bruland et al,, 1975), Robbins and Edgington
(1975) found mainly classical 210Pb profiles in a study of a
suite of cores from L, Michigan, However, certain samples
exhibited constant 210Pb activity in their surface strata which
again could best be explained by considering a model in which

a zone at the top of the sedimentary column was assumed to be
completely homogeneous as a result of rapid physical/biological
revorking, Robbins et al (1977) compared the depth distribution

210

of Pb with that of the benthic macroinvertebrates in L, Huron

sediments and found a high degree of correlation, >90% of the

invertebrate population being found within the zone of constant

210py, activity, Robbins and Edgington (1975) and Robbins et

al (1977) concluded from their evidence that many sedimentary

deposits were subject to rapid reworking by burrowing organisms

210

and that the observed depth distribution of Pb (and other

radionuclides) was a useful indicator of the extent of this

210Pb_

mixing, A sedimentation rate could be derived from the
profile below the depth of active burrowing and mathematical

models were developed which included the effects of biological
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disturbance, and which satisfactorily explained the 210

Pb and
137Cs radionuclide profiles,

The earliest attempts to determine the applicability of the
210Pb dating technique to coastal marine sediments were perform-
ed on the varved anaerobic deposits of the Santa Barbara Basin
(Koide et al,, 1972, 1973), Annual layers were readily
separable in these deposits and provided excellent standards
against which to first test the reliability of the method in the
coastal environment, The mean rate of sediment accumulation

210

derived from the Pb data was 0¢39 cm y—1, in good agreement

1

with hhiat estimated from the mean varve thickness of 0<4 cm y
Koide et al (1973) extended the geochronology from varved to
unvarved anoxic marine deposits and concluded that the method
was valid for dating over periods of a century or more, Since
then the dating technique has enjoyed widesprcad application to
provide a reliable time—-scale against'which anthropogenic inputs
to, and diagenetic changes within, recent sediments could be
assessed, A limited number of studies have now been conducted
on oxic marine sediments, (Thomson et al,, 1975; Koide et al,,
1975; Goldberg et al,, 1977; Farrington et al,, 1977;
Matsumoto et al,, 1977), The technique has also found some
application in determination of rates of accumulation in

estuarine marsh environments (Armentano and Woodwell, 1975) and
to peat bogs (Eakins, 1977, personal communication),

The excess 210Pb observed in the surface sediment of marine
and loch systems has two sources, In addition to that
derived from atmospheric fallout, 210Pb produced in-situ by

decay of 226Ra present in the waters overlying the deposit, also

226p, is highly soluble,

210

contributes to a varying degree, ¥hile

it is apparent from every study to date, that the Pb
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226

produced from decay of Ra in solution, together with that

derived from atmospheric deposition, is rapidly scavenged by
particulate/biological mechanisms and transferred to the
underlying sediments in a time which is very short relative to

its half-life, Schell (1977) estimates the residence time of

210Pb in inshore and coastal waters of Washington State to be

around 60 to 160 days, depending on distance from coast and

wvater depth, Goldberg (1963) and Klein and Goldberg (1970)

210

have also demonstrated the short residence time of Pb in

natural waters,

210

In addition to the unsupported Pb in marine and

lacustrine sediments, there also exists a background supported

210 226

Pb activity due to the presence of Ra in the sedimentary

210

materials, This Pb is in secular equilibrium with its parent

226Ra and its activity is often low relative to that of excess

210Pb, Since the dating technique depends upon the decrease

in excess 219Pb activity with depth in the sediment column it

is necessary to correct for supported 210Pb, This is
particularly important at depth in the core where excess 21on
and supported 210Pb are of similar magnitude, The difference

210 210

between the total Pb and the supported Pb effectively

limits the period over which the dating technique is applicable

and the accuracy with which the sedimentation rate can bhe

210

determined By correcting for supported Pb, the effective

range of the method can normally be extended from ca, 100 years
to around 150 years (assuming reasonably high analytical

precision in experimental determination of total 210Pb and

210

supported Pb),



Application of the Datine Method

The dating method depends upon the measurement of two

quantities in the sediment, (1) the total 210

210Pb,

Pb and (2) the

supported The difference between these quantities

210

gives a measure of the excess Pb, the exponential decrease

of which with depth due to radioactive decay is the basis of

the dating technique, For the purposes of evaluating excess
21OPb, supported 210Pb is normally assumed to be in secular
equilibrium with 226Ra, thus
A = 4 - A (1)
210 210 226
Pbys Ebror Ra
where, the A210 and the A226 are the measured values of
Pb Ra
TOT

210 226 . . . "

the total Pb and Ra in the sediment, respectively, The
226 210

Pb is determined either
210

activity of Ra-supported

independently or from the measured values of Pb at depths

210

in the core sufficient for all excess Pb to have decayed,

In its simplest form, the model involves four assumptions,

as outlined in Robbins and Edgington (1975),

210

(1) that there has been a constant flux of Pb to the

sediment,

(2) that there has been a constant rate of sediment

accumulation,

(3) that there has been no pbst-depositional migration of

210Pb within the sediment,

(4) that the supported 2'OPb activity is constant with depth,

Under these conditions,vin ideal (unmixed) sediments

210

experiencing no compaction, the profile of Pb should show

exponential decrease with depth and,

A _ At
210 B 210P )
Pb b
( xs) " ( /420

z
e , and t =7

20

(2)
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where,

510 are the measured activities

A and A
(21 Opy, (

PbXS) =0

Pb at time t (or depth z cm,) and time zero (or

xs) t

of excess 210

depth zero) respectively, and s is the sedimentation rate in

cm,y’1, A plot of log, A210 against depth should yield a

PbXS

a straight line in which the slope corresponds to —%, from which
a value of s in cm,y_1 can be derived,

However, most rapidly accumulating coastal marine and loch
sediments exhibit very high water content in their upper strata
(up to ca, 85% by weight), The percentage weight loss upon
drying and porosity (water volume fraction) are presented for
a typical core in fig, 4 , The porosity often exhibits
exponential decrease in the upper layers of the deposit, in
which case a constant sedimentation rate described in terms of
cm‘y-1 is inappropriate since the thickness corresponding to
one year's increment is rapidly decreasing with depth of burial
due to compaction; this despite constant rate of accumulation
of solid materials, Coﬁsequently it is preferable to measure
the rate of sediment accumulation in terms of the weight of
dry material depositing per cm2 per unit time, The accumulation
rate w(mg,cm-zy-1) is related to the sedimentation rate
s (cm,y-1) by the expression

w = pS, where,
0 (g,cm-B) is the in-situ density of the sediment (i.e,
weight of dry sediment pervcm3 of deposit), corresponding to
s, The in-situ density o is also related to the porosity
by the expression
p =p (1-w), where,

o is the measured density of the dried solids, and = is the
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appropriate porosity,

In areas where sediments are rapidly compacting (i e, the
sedimentation rate in cm,y,"1 is rapidly changing with depth),
a mean value for the sedimentation rate can nonetheless be
evaluated from equation (2), However, for some purposes
this may not be of sufficient accuracy and it is preferable
therefore to correct for compaction in some way, One method
is to measure the rate of sediment accumulation directly in
terms of weight of dry sediment deposited per cm2 per unit time
as defined above, thereby, in effect, normalising to zero
water content throughout the length of the column, Thus
equation (2) is applicable in rapidly compacting sediments if

2

z is expressed in units of mg, cm,” from which a sedimentation

rate in mg, cmnzy_1 is evaluated,
Correction for compaction has been performed in other ways,

viz, by normalising 210

Pb activity against the concentration
of a second component of the sediment assumed not to be subject
to variable input (i,e, its concentration per unit volume in
the absence of other effects would be constant); for example,
Goldberg et al (1974) normalised 210p, activity against
aluminium in Santa Barbara coastal sediments, (In the case
of marine sediments this method has the advantage of correct-
ing for salt dilution of sediment material), Pennington et
al (1975) evaluated a mean rate of sediment accumulation from
structured 137Cs profiles in deposits of Blelham Tarn,
Subsequently they corrected for increasing water content
towards the sediment/water interface by normalising to a
constant annual input of potassium and hence obtained a more

accurate estimate of the thickness of each annual increment,

An alternative approach is to normalise the observed depth
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to a corrected depth which would have been the true depth in

the absence of compaction (Matsumoto 1975, 1977), Robbins and
Edgington (1975) developed an explicit function relating depth

to age in homogeneous compacting sediments and described a
rigorous mathematical expression applicable to the analysis

of 21OPb profiles in rapidly compacting but otherwise undisturbed
sediments

A complication can arise in the interpretation of 210

Pb
profiles in coastal marine and loch sediments due to physical/
biological'post-depositional disturbance of the surface layers,
As described previously, this can result in the observation of
a constant activity of 210p,, (or other radionuclide) with

depth in surface sediment, In these cases the rate of
sediment accumulation can usually be determined from the excess
_ 21OPb profile below the zone of active mixing, The effect of
mixing in the upper layers of deep-sea deposits on the
profiles of long-lived (22°Th/232Th) radioactive and stable
species has been discussed by Goldberg énd Koide (1962) and
Berger and Heath (1968), Recently a number of models have
been developed to relate the effects of biological mixing in
recent coastal and lacustrine sediments on the distribution of

210

the relatively short-lived radionuclides such as Pb and

13704

—
e

ﬁéggins and Edgington (1975) developed a steady-state

mixing model with the basic assumption of complete
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redistribution of particles entering the mixing zone in a time
short with respect to further input of material (i, e, rapid

and complete homogenisation), and showed that this would account
for measured distributions of 21OPb in sediments from L, Michigan,

Robbins et al (1977) further showed that the quantitative effect

210

on the distribution of Pb of a mixing process with the above

assumption could be determined from considerations of mass

210

balance alone (i,e, flux of Pb to the sediment, decay within.

the mixed zone and the flux of 210Pb through the bottom of the
mixed zone); They derived the expression,
A =4a/0 + %i) (3)
where Am = activity of excess 210Pb in the mixed zone
AS = activity of excess 210Pb added to the
sediment surface,
d = depth of the mixed zone

210

The distribution of excess Pb activity, A, within the

sediment is

A = A_ within the mixed zone, and )
A=A e_h(z-d)/w below the mixed zone
(from which the rate of sediment accumulation can be
determined) , In deriving this expression they showed that the

effect of mixing was to reduce the activity of 21OPb in the
mixed layer from that which would have occurred in undisturbed
sediments by the factor (1 + %g),

An alternative approach is to treat mixing as a diffusive
process brought about by thé burrowing activities of bottom-
dwelling organisms and hence to evaluate a biological mixing
or diffusion coefficient for the sediment, Modelling on these

lines has met with some success (Goldberg and Koide, 1962; Bruland,

1974: Robbins, et al,, 19773 Guinasso and Schink, 1975), Such
, .
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treatments involved the use of the general diagenetic equation

and Fick's laws of diffusion to derive an expression which

210

describes the distribution of Pb (or other radionuclide)

with depth, The general expression (Berner, 1971; Bruland,
1974) is of the form

& - = &5 Saz ~— M (5)
wvhere, A = concentration of excess 210Pb in dpm,gm1
K, = biological mixing coefficient in cmzy—1
s = sedimentation rate in cm.y_1
A = decay constant for 210py, 4n y'-1
z = depth in sediment in cm,
This expression shows that the concentration of 210Pb at

any depth in the sediment is dependent upon (a) the biological
mixing of the surface sediments, (b) the sedimentation rate

and (c¢) radioactive decay, Solutions to this equation under
various limiting conditions have for the sake of "convenience
and sanity" (Guinasso and Schink, 1975) retained the concept of
a constant biological mixing rate within a well defined thick;
ness of sediment (i, e, below the mixed zone Ky = 0), Both
steady-state (%% = 0) solutions and alternatives with time-
dependent influx of materials to the sediment have been

presented (Guinasso and Schink, 1973; Robbins et al,, 1977),

For 210Pb, %% is assumed to be zero, in which case the above
expression reduces to
Kbgzg - 5%% - M = 0 - :izgin the mixed (6)
and - S%% -~ AM = 0 - below the mixed zone (7)
As K. = e (i e, rapid and complete biological mixing) the

b
solution to the former equation is identical to that of

Robbiﬁs et-al (1977) (i,e. equation 4) The solution to the
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= Aoe-Kt, i,e, equation 2,

latter equation is simply A i
210

t

Fundamental to the general approach to Pb dating described

so far, is the assumption of a constant initial concentration

210

of excess Pb per unit dry weight of material in each section

210

of the sediment; in other words both a constant flux of Pb

to the sediment and a constant rate of deposition of solid

210

material are assumed, While this general approach to Pb

dating has met with considerable success, Oldfield et al (1978),

in recent studies of deposits from the New Guinea Highlands and

210

Loch Erne, N, Ireland, observed Pb profiles which were

incompatible with a deposition model based on these assumptions,

In these studies evidence was found for the apparent dilution

210

of excess Pb due to an increased rate of sediment deposition

towards the sediment surface, By adopting an alternative

approach to 2'0Pb dating which allowved for a changing rate of

210p,,

sediment accumulation, Oldfield et al (1978) derived
dates from these profiles which were both internally consistent
and compatible with external ‘evidence, Details of the
development and application of the method are described inv
Appleby and Oldfield (1978), This approach, originally
proposed by Goldberg (1963) for dating Greenland glaciers and

2307, qating of pelagic sediments,

assumes that while the flux of excess 210Pb to the sediment

Sackett (1965) for 231Pa and

in unit time has been constant, the quantity of dry material
depositing in unit time may have varied, The age of any

horizon can then be found from the expression



T A 510 = T A0 e (8)
(“""Pb ), (<""Pb__)
) TOT
-2 3 2 Ao
and, t —gxlgl log (210pPb, (),
2 A210p,
xs/TOT
where, % A(210 ) = the total integrated excess 210Pb
Pb .
xs 0T activity in dpm, en™2 in the
sediment column,
5, A(21O ) = the total integrated excess 210Pb
Pb
xs'z activity in dpm, cm™ 2 below
depth z cm,
and t = the age of horizon z,

This approach has the advantage that where the rate of
sediment accumulation has been constant, both the constant
initial concentration (C,I,C,) and the constant rate of supply
(C.R,S,) models (Oldfield et al (1978)) will yield identical
results, If the deposition rate has fluctuated over a long
period of time however the C,I,C, model (in contrast to the
C.R,S, model) cannot be used to derive accumulation rates or
date horizons, Strictly speaking, however, the C,R,S, model

210

requires determination of the in-situ density and excess Pb

activities throughout the length of the column,

28
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Complementary Radiomectric Dating Technirues
210

In general then, Pb has been shown to be a reliable
indicator in investigations of patterns and rates of recent
sediment accumulation, with a dating range of around 100 to
150 years, Complementary radioisotope technicques also exist
which havevbeen of some value in sediment studies over periods
of ca 0 - 10 years and O - 30 years, These arise from two
sources, (1) two further short-lived members of the natural

decay series, 22 234

8on (ty = 1:9y) ana 2”*Th (t; = 241 4.); and
(2) artificial nuclides,

In the aquatic environment, thorium isotopes tend to
behave chemically in like manner to those of lead, i,e, thorium
isotopes present in solution are highly insoluble and are
rapidly removed to the sediment by adsorption on to settling
particulates, Their use in studies of sedimentary processes

210

therefore arises in a similar fashion to that of Ph, Koide

228

et al (1973, 1975) found an excess of Th over and above that

23 a 228

supported by its parent 2Th (an Ra) in surface layers of

Santa Barbara and Baya California sediments and made use of a
decreasing 228Th/232Th activity ratio with depth to date over a
time period of a decade, Similarly, aAller and Cochran (1976)
found an excess of 234Th above that expected for radioactive
equilibrium with its parent 238U in the upper strata of
sediments from Long Island Sound, They utilised this unsupport-
ed 234Th to obtain information on short-term (seasonal) sediment
revorking and rapid diagenetic changes occurring within the
upper few cms, of the deposit, In addition to their potential
use as short-term chronometers, the presence of an excess of
either isotope in the upper layers of a core can provide

permissible evidence that an undisturbed core has been retrieved
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and sampled without loss of surface material (Xoide et al,,
1973),

The use of artificial nuclides in dating sediments is
essentially a form of stratigraphic marker which covers the
last 20 to 30 years, These nuclides made their first
significant appearance in the environment in the late 1940's
due to their production in nuclear weapon detonations and
their controlled release from nuclear pover and fuel
reprocessing plants, Following the Castle fest in 1954, in
the Pacific, the concentrations of fission nuclides in the
atmosphere exceeded those of their natural counterparts, In
the early 1960's production of man-made nuclides in weapon
tests reached a significant maximum and atmospheric fallout
in the northern troposphere peaked in 1963, The entry of
radionuclides from fallout into natural waters has thus resulted
in uptake by lake and marine sediments, and this 1963 peak, when
recorded in sediments, can be used as a horizon for dating the
sediment layer accumulated during 1963-64, Furthermore, the
maximum sediment depth at which artificial radionuclides are
found can be regarded as an indication of the 1954 horizon,

Krishnaswami et al (1971,‘1973) found a distinct peaked
distribution for ’5Pe in recent Santa Barbara basin cores,
By attributing this peak to maximum atmospheric fallout in
1963, excellent correlation was observed between 55Fe derived
sedimentation rates and rates based both on annual varves and
21OPb methods, Krishnaswami therefore concluded that sr)-Fe
shoved promise in dating coastal sediments deposited during
the last 20 years, |

In comparison, records of fallout plutonium in marine

sediments have shown quite different trends, Both Koide
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et al (1975) and Goldberg et al (1977) failed to observe a
plutonium peak in studies of anaerobic, biologically
undisturbed coastal sediments, In contrast, a continuously
increasing concentration of plutonium-239 and -240 from
depth to near the sediment/water interface was found, although
in both instances the first appearance of plutonium was
observed in strata corresponding to 1954 on 21OPb radiometric
evidence, consistent with that expected from the onset of
nuclear testing, However, Koide et al (1975) did observe a
maximum 238Pu activity at a depth in their cores which (again

210Pb data) corresponded to the burnup in 1964 of the

from
American System for Auxiliary Power (SNAP) 9A Satellite,

From this evidence they concluded that there could have been
no significant migration of plutonium in the anoxic sediments
and that the unexpected profile could best be rationalised by
invoking the wind or river-borne transport of material,
containing sorbed plutonium, which had been eroded from the

239Pu and

continents, However, Noshkin (1972) detected both
137Cs at depths in cores from Buzzards Bay far in excess of
those expected from the known sedimentation rate in the
deposits, Redistribution of plutonium within the deposit
either through molecular diffusion or bioturbation or a
combination of both had apparently occurred, Recentlyz
Livingston and Bowen (1975) have claimed evidence of the
upward migration of plutonium in Buzzards Bay sediments,

In contrast, Edgington et al (1975) determined the vertical
distribution of plutonium and 137Cs isotopes in a suite of
cores from L, Michigan and found not only correspondence of

the 137Cs and plutonium profiles but excellent agreement

between sedimentation rates calculated from the positions of
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the early 1950's and 1963 horizons and those determined

radiometrically with 210

Pb, Clearly there exists some
confusion regarding the geochemical behaviour of plutonium
in the aquatic environment which to some extent limits its
usefulness in dating sediments,

137Cs has also been used fairly extensively in sediment
studies, However, once again, conflicting results have been
obtained,  Goldberg and Bruland (1974), in quoting a

significant value of 10_9 to 10-8 cmzs—1 for the diffusion

137Cs

coefficient of in sediments, argued that the distribution

of the isotope could be markedly altered by post-depositional
diffusion processes, Thus they concluded that 137Cs

migration represents a major obstacle to its use as a

geochronological tool even in sediments accumulating at a

1

rate of several cm,y This mobility of 13705 in sediments
has been extensively investigated (Duursma and Bosch, 1971;
Lietzke et al,, 1973; Lerman and Lietzke, 1975) and it has
been widely accepted that its utility in determination of
sedimentation rates is limited, For instance, Lerman and
Lietzke (1975) measured the concentration of 137Cs in lakes
Erie. and Ontario sediments and found them to increase
continuously from depth to the sediment-water interface, This
they attributed to a combination of 137Cs diffusion and
integrative effects in the overlying water column smoothing
the time-dependent input of the nuclide, Nevertheless, in
certain instances, the observed depth distribution pattern of
137Cs has corresponded closely to that expected from
atmospheric fallout and it has been suggested by some that

the isotope can be regarded as a reliable chronometer for

dating sedimenﬁs over 20-30 years, (Pennington et al,, 1973;
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Ritchie et al,, 1973; Pennington et al,, 1976; Batterbee et
al,, 1976), In these cases, consistent results were obtained
vhen sedimentation rates based on 137Cs maxima were compared
with those derived from other dating techniques (Penninston

et al,, 1973, stratigraphic marker; Pennington et al and

Batterbee et al,, 1976,'210

Pb dating), These results sugrested
a low diffusional mobility of 137Cs in sediments, In any case,
‘as Krishnaswami et al (1971) have observed, the effect of
diffusion would merely be to broaden the peak rather than to
alter its position, Moreover, Robbins and Edgington (1975)
determnined 137Cs distributions in L, Michigan cores and found
the profiles to be in generally good agreeinent with time-scales

210

based on Pb measurements, In some cases, however, they

observed a downward displacement of 137Cs peak activity relative

to that expected on the basis of 210

Pb dating, and agreed with
the conclusion of Xrishnaswami et al (1973) that an apparent
downward displacement of peak activity must arise as a result
of physical or biolozical mixing, As outlined previously, a
mathematical model was developed which, including a surface
mixing depth ofm~4cms, satisfactorily accounted for the obsecrved

210Pb

137Cs profiles, while giving consistent results with
chronologies,

It would seem therefore that the use of man-nade radio-
nuclides as definitive indicators of rates of sediment
accumulation is questionable and appears to depend upon the
particular geochemical environment of the area under study,
Their reliability as geochronological tools is dependent upon
the time-dependent atmospheric flux of the nuclides being

faithfully recorded within the sediment column, which appears

to depend upon the following;
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(1) the rate of sediment accumulation; +this must be
sufficiently high to be compatible with the inherent
sampling resolution, If the total activity of
the nuclide is contained within the upper few cms,
of the deposit it would be impossible to derive a
meaningful sedimentation réte;

(2) the chemical nature of the sediment; this will
effectively control the post-depositional mobility
of the nuclides;

(3) the extent of physical/biological mixing; this will
control the depth at which the peak activity is
observed;

(4) +the delay between a£mospheric rainout on to both
the waters overlying the deposit and the surface
soils of the catchment area and incorporation of the
nuclide into the sediment; this must be short for
the pattern of atmospheric fallout to be duplicated
in the sediment,

Despite these reservations, man-made nuclides together

2238 234

°Th and Th, are clearly of considerable value when

used in conjunction with 210Pb to investigate recent sediment-

with

ary processes, Even in the absence of distinctive marker
horizons with which to introduce time-scales, their presence
and distribution in the upper layers of the sediment are useful
in indicating the recovery of the topmost layers of the deposit
and in establishing the extent to which the sample has been
s;bject to physical/biological disturbance, Artificial
nuclides released locally from nuclear fuel reprocessing plants
and reactors can also be of considerable value in this context,

Temporal variations in output are normally well documented and



since effluents generally contain a range of radiochemical
species of widely differing marine behaviour and radioactive

134Cs, t1 = 21y; 6000, t1 = 5+26y) these can
2 2

half-life (e, g.
be useful as tracers of both water movement and sediment

processes,
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13 Background to the Areas under Study

The main aim of this research project is a preliminary
investigation of sedimentation processes in sea-lochs of the

2105y, qating

.northern region of the Clyde Sea Area using the
technique, During the project it becane possible to expand
the study to include analysis of sediment cores both from the
nearby freshwater loch, Loch Lomond and from an inshore marine
basin (the Cilicia Basin) on the south coast of Turkey,

The following sections describe background information on these
environments with detail roughly in proportion to the amount

of time afforded to each study, While certain aspects of this
information may not seem of immediate relevance to the major
objectives of the project, they are nevertheless included

since they firstly ensure a fairly comprehensive review of

each area of study and secondly may well be of a more

general interest’

Clyde Sea Area

General

The Clyde Sea Area (fig, 5), situated on the west coast
of Scotland, consists of three distinct regions; an upper
shallow drowned estuary, a broad outer firth to the south, and
a series of séven narrow fjord-like sea-lochs which run north
wards into the hicghlands of Aragyll, These water bodieshlie
.to the north of a line (lat, 55°15') which joins the tip of
the Mull of Kintyre to Girvan on the Ayrshire coast and
together constitute an area of greater than 2,500 km2, The
physical dimensions of the various water bodies are presented
in table 1, The hinterlands of the estuary and mainland

firth support a highly developed industrial and urban

community with a total population of well over 23 million




FIGURE 5
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CLID: 3ZA ARTA

PHYSICLL DINSNSIONS O THS

Section Coastline 'Area Volune
(km) (km?) (km3)

Total Clyde Sea Area 2,500.0%. | 165+0%x
Zstuary | 17040 6940 0+9
Inner Firth 1350 78
Gareloch 330 205 0«21
Loch Long 570 36-2 1+3
Loch Goil 9+0 031
Boly Loch 110 4.9 0.07
Loch 3Striven 33.0 15-0 0+5
Loch Riddon/ 670 44¢5 127
Kyles of 3Zute

Loch Fyme 1330 2100 133

* Natural

¥%*  Cambray

et al,, 1975,

Tnvironment Research Council, 1974

‘All other information from Clyde River Purification

Board basecline data;

Leatherland, 1976,
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(around half the population of Scotland), The firth is the
main shipping channel into western Scotland, serving in part
the industrial and commercial needs of the region, and in
addition, together with the sea-lochs, constitutes one of the
major recreational areas of the country, The region also
supports a very valuable commercial fishing industry, the main
catches being herring, white fish, shell-fish and salmon,
Since the initial work of Mill (1892) the Clyde Seca Area
has been the subject of considerable interdisciplinary
scientific investigation, Information from these studies
has been collected and presented in review form in a report by
the Clyde Study Group (Natural Environment Research Council
[N,E,R.C,], 1974) which in addition to summarising existing
knowledge identified areas where future research effort might
be most advantageously concentrated, Some of the basic
information from this report and other sources is presented

"in table 2,

Geological Setting

The Clyde Sea Area cuts across the Highland Boundary
Fault, a major dislocation in the earth's crust which forms a
natural boundary between the Scottish Highlands and the Midland
Valley, Rocks belonging to the three main divisions,
igneous, metamorphic and sedimentary, occur in the region,
Ancient, resistant, metamorphic rocks are confined to the north
of the Fault and form part of the great Dalradian sequence
which occurs throughout the south-west Highlands, These rocks,
which have a thin peaty soil covering, are predominantly composed
of quartzose micaschists with subordinate grits, slates,
quartzites and limestones (Johnstone et al,, 1966), In

contrast, thick sequences of younger, more easily eroded
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sedimentary rocks are confined mainly to the area south east
of the Highland Boundary Fault (i_ e the Midland Valley) .
These rocks are composed in the main of Upper Palaeozoic
Lavas, Upper and Lower 0ld Red Sandstone and Carboeniferous
sequences; thick coal seams are present and surface covering
is of peat, sand, gravél moraines and boulder clay (MacGregor
g

agranite

and MacGregor, 1948), Intrusive igneous rocks (e, g,
and appinite) occur as outcrops in parts of the Ilighland
region,

During the Pleistocene, the Clyde Sea Area was covered
by an extensive ice sheet, and the present bathymetry of the
region is largely a result of the differing response of the

various rock-types to the erosive action of the retreating

glaciers,

Drainage

he Clyde catchment, total area around 3,265 Y can bhe
subdivided into three major basins, two of which drain directly
into the upper Clyde estuary, The first of these and the
largest single catchment is that of the Clyde Basin (2,600 km2),
which, in addition to the River Clyde itself, draining the
plateaux of south and east Lanarikshire, includes two further
major tributaries, the Helvin and the Carts, which drain
respectively the Campsie Fells and the Renfrewshire hills,
The second major catchment emptyinz into the Clyde estuary
is that of L, Lomond (785 kmz) wvhich drains a mountainous
recion to the north and the Campsie Fells and Fintry hills to
the east, before discharging into the upper estuary via the
R, Leven, The third major catchment is that of Ayrshire

] - 2 . . .
which is approximately 2,350 km™ in area and is drained
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by short fast-flowing rivers, The Highlands of Argyll are
drained by a large number of short mountain streams and
together with direct run-off from the hills, this represents
the major freshwater input to the various sea-lochs,

(N.E.R,C,, 1974),

Water Circulation

The tidal characteristics of the Clyde 3Sea Area have been
investigated since the mid-1800's and tidal ;anges have been
shown to be small in comparison to other estuaries of the
United Ilingdom (Milne, 1974; Collar, 1974), Measurements of
salinity and temperature have also been performed for many
years, In the firth, horizontal and vertical profiles of
temperature and salinity exhibit only very gradual variations,
indicating a system which is relatively stable and unlikely
to be subject to density induced currents (Johnston et al,,
1974), Near-shore water movement is predominantly wind-
controlled, while circulation in offshore waters is more
complex and depends upon a number of factors including winds,
tides and estuarine circulation (Dooley and 3teele, 1969
Johnston, 1974; Clyde River Purification Boara (C R P 3B,),
1973), Tidal patterns and water circulation in the upper
estuary have been particularly weli characterised and hydraulic
models of the system have.been developed by Thom (1949) and
Thomson (1969), Vertical profiles of salinity indicate the
estuary to be intermediate in nature between a partly-mixed
and a well-mixed system,

Until recently estimales o water residence times in the
area had been limited, Mill (1892) and Craig (1959), using

salinity and freshwater input data, estimated replacement
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times of around nine days and nine months for the waters of
Loch Fyne and the Firth of Clyde respectively, while the
C R,P B, have inferred relatively long residence times for
water in some sea~lochs based on monthly surveys of temperature,
salinity and dissolved oxygen, In these latter surveys,
evidence was obtained for an annual cycle in which large
gradients developed in the vertical profiles of these parameters
during the summer months (C R,P,B,, 1974a), This was
partiéularly true of dissolved oxygen content in Loch Goil
where virtually anoxic conditions have been observed in bhottom
wvater in late summer, followed by a rapid increase in oxygen
levels in early winter (fig, 6 ), These results have been
interpreted in terms of water stratification during the summer
months, with entrainment of bottom water and very little
vertical mixing, followed by rapid winter 'overturn'; this
phenomenon has been used as evidence of relatively long
residence times for water in the sea~lochs, (C.,R,P B,, 1974b),
Hovever, the definitive studies of MacKenzie (1977) and
McXinley (1978), based on the measurement of the radiocaesium
isotopes, 134Cs and 137Cs in Clyde Sea Area waters, have placed
estimates of water renewal times, water mixing processes and
water transit times in the area on a much firmer basis,

137CS (t, = 30y) and 13405 (t; = 2¢1y) arc present in the

2

Clyde Sea Arca due to their controlled reclease in waste fronm
the nuclear powver and.fuel reprocessing plant at Windscale
in Cumbria, (137Cs is also present in the marine environment
as a result of its production in nuclear explosions; however,
in the Clyde Sea Area, output from YVindscale is by far the
dominant source), Caesium isotopes behave essentially

conservatively in sea-water and following their discharge from
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FIGURE 6 Variation of dissolved oxygen in tHe

Dissolved Oxygen (% Saturation)

bottom water of Loch Goil during 1974,
(Clyde River Purification Board, 1974a)
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Vindscale, a significant proportion of these isotopes are
transported northwards through the North Channel and around the
west coast of Scotland, Their 'point-source' releasc and the

134Cs/137Cs ratio make

halving-time of around 22y for the
these isotopes ideal tracers of inshore water movement

processes, Morcover, a small proportion of the radiocaesium
isotopes passing through the Clyde Sea Area are incorporated

into surface sediments and this is of considerable value in

sediment studiés of the area,

The levels of radiocaesium discharge from Windscale show
considerable variation with time and by 'pulse matchina' of
Windscale output data with observed radiocaesium concentrations
in the North Channel and in the Clyde Sea Area, mean water
transit times of around 6 months from Windscale to the North
Channel and about 2 months from the North Channel to the
northern parts of the Clyde Sea Area have been derived
(MacXenzie et al,, 1978; Baxter et al,, 1978), A value of
45 months has been obtained for the mean residence time of
water in the area based on radiocaesium mass budget
calculations, Furthermore, the observation of homogeneous
vertical profiles of radiocaesium in the area has shown the
system to be rapidly mixed vertically with the exception of
Loch Goil and Loch Fyne where radiocacsium profiles indicate
the presence ol summer stratification resulting in relatively
long residence times for deep wvater (in agreement with the
results of the C,R,P,3,) due to the formation of a strong
.pycnocline, MacXenzie (1977) also determined the concentrations
of 226Ra and 228Ra in Clyde Sea Area water and, while the

rather more complex behaviour of radium isotopes in the area
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limited their effective use in water mixing studies, the
radium distribution reflects water residence times consistent
with those derived from radiocaesium data,

The waters of the Clyde Sea Area can exchange with those
~of the Atlantic Ocean and the Irish Sea via the North Channel,
Radiocaesium measurements have indicated that around 90% of
water in the area is of Irish Sea origin, while the Atlantic
Ocean contributes around 9% and freshwater 1%, (McKinley, 1978;
Baxter et al , 1978), This is consistent with the data of
Toppine (1974) and Cambray et al (1975) for trace metal input
to the Clyde Sea Area which suggested a large Irish Sea

contribution,

Sediments )
In a detailed study of the distribution of the superficial
sediment deposits of the Clyde Sea Area, Deegan (1973)
recognised three major sedimentary facies (coarse littoral,
transitional and deep silty~clay), the distribution of which
is largely controlled by bathymetry (fig, 7 ),
The coarse littoral facies (S; (g)S; (g)mS; gns; nsG,
in fig 7 ), include clean sands and sediments with a
significant sravel fraction (w335 of the material beina coarser
than 625 pm), Grain size and mineralogy are highly variable
and since these facies are norinally coniined to water depths
of less than 40 m their distribution is restiricted for the
most part to a narrow strip close to shore,
The transitional facies (mS and Sm) bear more reseublance
to the deep silty-clay facies than to the coarse littoral
facics, the dowminant component being a mud whieh includes

voriable quantities of sand and shell debris, Areal

3 Al
: ] i i i imited, : . ax e coarse
distribution is again limited, in most parts the



FIGURE 7 Surface sediments in the northern section
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littoral facies tending to merge direétly into the deep
silty-clay facies,

The decep silty-clay facies (M) is the most abundant and
widely distributed sediment in the region, occurring in all
the deeper vater areas of the firth and in the central deeps
of the sea-lochs where if results from infilling of low
energy 2lacially scoured hollows, This sediment is a very
fine grained brown to grey mud and lithologically is the most
invariant facieé in the region, the included éand fraction
normally comprising less than 1%,

There is considerable variation in the thickness of
surface sediments associated with the three sediment types,
While those of the coarse littoral facies vary from zero to a
few tens of cms,, the surficial sediments of the deep silty-
clay facies are much thicker, often merging without any
noticeable lithological break into the Flandrian clays which
lie bencath large areas of the firth,

The sources of sediments in the area have received very
little investigation with the exception of those of the Clyde
estuary which have been studied by Gair (1967) and Fleming
(1969), The general conclusions from these studies indicated
that little or no material is supplied to the estuary from the
open waters of the firth and that the majority of sediment
entering at the head of the estuary from the Clyde catchment
is devnosited within the estuary itself, It would seem there-
fore that new sediment material denositing in the Firth of
Clyde is derived from that carried down to the various sea
lochs by mountain streams or direct run-off and from rivers

draininec the Ayrshire Basin, since there is little evidence

to suerest that sediment is supplied to the area to any areat



Vextent from the open sea,

‘Patterns of sediment accumulation in some regions of the
Clyde Sea Area have been considerably influcnced by man's
activities over the last century, This is particularly true
of the upper estuary where dredging operations arec continuously
carried out to keep shipping channels open, The material fronm
this operation, some 300,000 tonnes of sediment per year, is
dumped near the mouth of L, Long, The deep water south of
Garroch Head (100 m) has been used by Glasgow'Corporation for
over seventy years as a site for the disposal of sewage and
industrial sludge at a present annual rate of around 14 tonnes,
As a result of this practice, an area of sediment of some
20 km? is now highly contaminated to a depth of 50-60 cm,
(Mackay et al , 1972; Halcrow et al , 1973; Baxter and
Harkness, 1975).

Information on the rates of sediment accumulation in the
areca is sparse, Baxter and Harkness (1975) used T4c/12¢
ratios to derive an 'artificial' sedimentation rate of
~0T5 cm‘y"1 for the Garroch Head dumping ground and a 'natural'
sedimentation rate of around U3 to 0«6 mm‘y-1 for this and
nearby areas, The only other quantitative estimate of
sedimentation rates in the region was that of Iloore (1931) who
made use ol sediment traps suspended at various depths in the
water column and, in so doing, discovered seasonal fluctuations
which were attributed to periodic diatom bloons; delicate
bandiny (attributed to the seasonal diatom bloom) observed in
sediment cores from Loch Striven indicated a sedimentation

rate of MU«5 cn y_1 for this locale, Indirecct evidence for a

. . . .
rererally slow rate of sediment accumulation throu~hout the

i : h idespread distribution of manganese
area is suggested by the widespre:



nodules (Buchanan 1891; Calvert and Price,1970; Ku and Glasby,
1972) , Abundant Fe/lln is present in the Clyde area (cf. a
value of 445 for manganese in a nodule free sediment .in lover
L, Fyne), and manganese oxide minerals have in fact been found
in all of the Clyde sea-lochs except the Gareloch, the iloly
Loch and Loch Riddon, However, finds have been concentrated
along the length of L, Fyne with smaller localised accumulations
elsewhere, The scattered occurrence of the nodules in the
sea-lochs and in the north-west of the Clyde have prompted
Murray and Irvine (1894) and Allen (1960) to suggest that the
source of the manganese might be the mountain streams draining
Highland rock types, It is interesting to note that some of
the nodules exhibit remarkably high concentrations of minor

elements, e, g, 1500 ppm of Zn, and 800 ppm of Pb have been

recorded (Deegan, 1973),

Biolocy

Biologically, the Clyde Sca Area is highly productive and
much is known of the occurrence and distribution of both micro-
and macro-organisms (references in N 11 R C,, 1974), Long-term
studies by the Scottish Marine Biolosical Association (S.M.,B A,)
at Millport have established the periodicity of the planktonic
outhreaks in the area, The firth and sea-lochs are subject to
an annual spring "outburst" of phytoplankton, the precise time-
and size of which varies from year to year, secondary and
usually smaller blooms occurrinyg throuchout the summer months,
The benthic fauna, particulafly those species inhabiting the
sandy and rocky substrates of the Firth of Clyde have been well
characterised; in general, however, less is known about the

i it livine i ' ] its The sediiments
benthic communities livine in muddy denosits, The sedine



of the upper estuary and the Garroch Head dumping ground have
received detailed investigations by the C,R,P,B, to assess the
effects of pollution on the fauna of the mud bottom, Hackay

et al (1972) have reported a change from a molluscan/echinoderm
community outside the dumping ground to a polychaete community
within the dumping zone; In the estuary itself, both the
diversity of species and numbers of flora and fauna are

relatively restricted because of the effects of pollution,

Pollution

The major pollution problem in the Clyde Sea Area is
organic in nature, organic material being introduced to the
system from three main sources:

(1) +the direct discharge of domestic and industrial seware,

(2) the dumping of sewage and industrial sludge off Garroch
Head, and

(3) +the release of nitrate rich effluent into the Irvine
Bay area from industries in Ayrshire (Annual Reports
of the C R P,6B,, 1972, 1973, 1974; Mackay and Topping,

1970, Mackay et al,, 1972),

Additionai sources of organic pollutants are polychlorinated
biphenyls and trace organic substances discharged from a variety
of industrial sources and oil pollution which is a potentially
serious hazard, Finnart on Loch Lone serving as a major deep-
water o0il terminal for 300,000 ton tankers, Non-orgzanic
pollutants include toxic heavy metals (lead, copper, zinc,
cadmium, mercﬁry) relcased from industirial concerns, In
addition, the afea receives thermal pollution from the discharge
of heated water from coal and oil-fired power stations, Radio~-

active materials are released from several sources, The lloly
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Loch and Gareloch serve as bases for the American and British
nuclear submarine fleets respectively, and radioactive
contamination can occur due to accidental or controlled releases
(Best, 1970) The Clyde Sea Area also receives radioactive
isotopes discharged from the nuclear fuel reprocessing plant

at Windscale as outlined previously and from the Hunterston
reactors on the Ayrshire coast, Further sources of pollution
in the region are contaminants present in rainfall and in Irish
Sea water entefing the area (Cambray et al,,’1975), The most
highly polluted area is the upper estuary which receives around
106 m3d-1 of sewage, having undergone various degrees of treat-
ment In addition, the lower estuary receives an estimated
0-045 x 10° m3a~1 of partially treated and untreated sewage,
During periods of low fresh water input during the summer the
estuary can become anaerobic for a length of some 20 km below
the tidal weir in Glasgow. This is a serious problem since it
threatens the valuable salmon fisheries of the L, Lomond
catchment and the R, Leven, Because of the relatively restrict-
ed environment, the ability of some of the sea-lochs to cope
with any high degree of pollution, particularly organic, is

questionable (C,R,P,B , 1974),

Areas of Study

Particular areas of interest in this study have becn the
sea-lochs, Gareloch and Loch Goil, and background descriptions
to these lochs are given below,

Gareloch is 8 km in length and has an average breadth of
16 km, It forms an arm of the Clyde Estuary and runs in a
north north-west direction, The total surface area of the loch
is just under 11 km2 about three times smaller than the area

of its drainage basin, Along its centre the loch has an average
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depth of about 33 m, The entrance to the loch is both shallow
(a sill which extends across its mouth has a depth of only 9 m
at low water) and narrow (a sandyspit extends from the eastern
shore narrowing the entrance to less than 0«3 km); The loch
is shown in vertical profile in fig, 8 Although no major
freshwater input occurs at the head of the loch, many large
burns discharge directly along both banks, The major source
of sediments is likely to be input of particulates carried.in
from the Clyde Estuary, Waters are well-mixed throughout the
year and as a result are well oxygenated,

Loch Goil forms a north-west trending fork which branches
roughly halfway to the head of Long Long, The loch is 8 km
in length and has an average breadth of about 1.2 km, Its
surface area is 8¢5 km2, roughly ten times less than the arca
of its catchment, The entrance to the loch is relatively narrow
(v0+6 kmj and is protected by a shallow sill of depth just under
13 m, The loch in vertical profile is shown in fig, 9;
A deep basin of >80 metres depth is situated roughly three-
quarters of the way to the loch-head The major fresh-water
inputs are those from the River Goil and Lettermay Burn which
enter at the head of the loch, However, numerous fast
flowing streams descend the steep slopes of the surrounding
hills to discharge in several places along both shores, Such
river run-off from the catchment is almost certainly the chief
source of sediment since, as indicated previously
relatively little sediment appears to be supplied to the
northern areas of the Clyde Sea Area from marine sources, The

waters of the loch become stratified during summer and, as a

result; bottom waters are depleted in oxygen by autumn,



09 S | ]
o7 I
“ | 1
0c [ _ | i
! I ! i
0~ “ } | !
] | | " -
| | |
ybingsuaja ! . uoyDn}s | .
09 ¢ Ho ot SREN A cuo_mhww_ | PDay20j2iDg
07 | " _ ”
| 1
| |

0C

.

T€L61L T1BH '000C ¥484D AF[eITwpy

uo peseg) S¢ X UOI}el0088X® [BOTI3IdA $Q000°0G: L 2T®OS TBRUOZTJIOH

‘G3dop 3503€0I08 JO SIXE DJUO[B UOL}00S puUE SUOTJI9S [BILS}BL : YD0[9I%Y Q quNDId

09
07

0l



55

00L [ 7001
08 [ " 108
09 | 09
o7 [ .m m ,m 107
Oc T ! ! ! 102
ot " " “ J0
buay 4207 ZuoNDIS m Eo.;smm - € uonDIS m Preden
0oL T | 1109 cuo._m 1109 Yoo, ‘ 1109 c_oo._" 100l
08 [ ! o {08
091 | " 109
07T 107
ocr 102
ol 1,

"(GL61 wersey ‘9pLe FIT() Kppearupy

Uo pastg) Cg X UOTQBISGOBXD [BOIGI®A Q000°0G | 9[¥OS [BRUOZTIIOH

‘UY3dop 3}Se3e8Id JO SIXE DUO[B UOI300S PUE SUOL}00S [BJIO}B] :[TOLH (OO

6 HUNHIL

(w) yidag



56

Loch Lomond

Geographically and geologically Loch Lomond (fig, 5 )
;an be regarded as a modern day freshwater extension of the
Clyde Sea Area, The loch is the largest in the United Kingdom
and runs north-south between latitudes 55°57' and. 56°16' in the
counties of Dumbarton and Stirling, It stands at a height of
only 8 m above present day sea-level. Like the Clyde Sea Area,
Loch Lomond cuts across the Highland Boundary. Fault, The
loch can he conveniently divided into two distinct halves, each
of which exhibit very different topographies. To the north,
at a point not far from the line of the Highland Boundary Fault,
the loch closely resembles the fjord-like sea~lochs of the
Clyde Sea Area, being long, narrow, deep and steep-sided and is
tightly enclosed by high mountains,/ Here the bedrock is
predominantly of mica-schist and schistose grit, To the south,
the loch is shallow and wide and the bedrock is largely of 0Old
Red Sandstone and Carboniferous sandstones, marls and basalts,
The narrow fjord-like northern region is characterised by very
few islands while in the south a series of large densely wooded
islands extends across the basin (Tippett, 1974; Dickson, 1978),
The physical dimensions of Loch Lomond are presented in table 3,
The drainage area of Loch Lomond is around ten times as
extensive as the water surface, the most important single source
of water flowing into the loch being the Falloch Water which
drains the rugged land of the Highland zone and enters at the
northern tip, The major river input in the south is the
Endrick.Water which, after draining a large catchment including
much of the Kilpatrick Hills and the Campsie Fells, flows into

the south east corner, Although the area of land drained by

the Falloch Water is about half of that drained by the Endrick,



Length
Max, Width

HMax, Depth

57

PHYSICAL DINEYSIONS OF LOCH LOMOMD
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the former supplies more than 75% of the freshwater input to
the loch due to the much greater rainfall in the mountainous
Highland region, A number of smaller rivers drain into the
loch on its western shores, The entire outflow from Loch
Lomond is at Balloch in the south-west where the R, Leven
flows 9 km through the Vale of Leven to enter the Clyde
Estuary at Dumbarton (Tippett, 1974),

L, Lomond was formed by glacial erosion during the ice-
ages of the Pleistocene and emerged in its present form at the
end of the L, Lomond readvance which, on the basis of 140 dates
from Late~glacial marine shells in Loch Lomond, occurred

0 "¢ years B.P, (Sissons, 1966, 1967).

between 11,700 - 10,50
The Late-glacial period was characterised by very large
fluctuations in sea-level and there is considerable evidence

(in the form of marine clayey silts, shoreline land forms and
the presence of marine plankton and absence of freshwater plants
at depth in sediments) to suggest that during periods of
relatively high sea-level, Loch Lomond was in fact a sea-loch,
having a direct connection with the Firth of Clyde (McDonald,
1974; Dickson et al,, 1978), One such marine incursion, when
sea-level reached a maximum elevation of A/33 m,0,D, is believed

14¢ years B P, (just prior to the

to have occurred around 12,500
L, Lomond readvance), when the southern part of the loch was
ice-free, During the L, Lomond readvance, the Loch Lomond
glacier extended as far south as Alexandria in the Vale of

Leven where a moraine ridge was formed which acted as a temporary
barrier between the loch and the Clyde estuary; in so doing,
this ridge controlled both the level of the freshwater loch and

the extent to which sea-level was required to rise in order that

salt-water could re—enter the basin, Recent studies of deep-
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wvater cores from the southern basin of Loch Lomond have produced
evidence that the loch did in fact experience a more recent

marine incursion which 14

C dating has shown to have lasted some
1450 yéars from 6900 to 5450 B P, (Dickson et al,, 1978),

Loch Lomond is a warm monomictic lake, During the summer,
the south basin of the loch (with a maximum water depth of <20 m)
remains well-mixed; however, from June to October, the deep
northern basin is thermally stratified, three distinct layers of
water developing with little or no vertical mixing, The surface
layer extending to a depth of about 20 m is effectively heated
by the sun and well-mixed by wind and current action, while the
bulk of the underlying water remains unheated throughout the
summer In late autumn, the thermocline breaks down due to
cooling of surface waters and thorough mixing of water follows
(Tippett, 1974),

Biologically, the loch is not considered highly productive,
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