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Forethought.
This thesis will explore the impact of volcanic eruptions upon the environment and peoples
of northern Britain. Before a detailed investigation of the theoretical and practical
considerations of this question, consider the following account, which is taken from "The
life of St. Columba", written in the Seventh Century A.D:

"While the Saint was living in the island of 10 ... he saw a heavy
rain cloud that had risen from the sea to the north, on a clear day.
Watching it as it rose, the saint said to one of his monks ... 'This
cloud will be very hurtful to men and beasts; and on this day it will
quickly move across and in the evening drop pestiferous rain upon
Ireland ... from the stream that is called Ailbine to Ath cliath
(Dublin) and it will cause severe and festering sores to fonn on
human bodies and on the udders of animals. Men and cattle who
suffer from them, afflicted with that poisonous disease will be sick,
even to death'. Following the saint's instruction ... Silnan arrived
with the Lord's help, at the place aforesaid; and found the people of
that district ... devastated by the pestiferous rain falling upon them
from the cloud"
[Adamnan's Life a/Columba. From the translation by Anderson & Anderson 1961)

Does the above account describe the impact of an Icelandic volcanic eruption upon the
people of Ireland? This study will investigate that possibility.
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This thesis is an exploration of the potential impact of volcanic eruptions on the ancient
settlement and environment of Northern Britain, in particular the environmental changes
which may have occurred as a result of the eruption of the Icelandic volcano Hekla in the
Second millennium B.c.

Along the Strath of Kildonan in Caithness lie upwards of 2000 hut circles [Barclay et al.
1985], which the archaeologists of Historic Scotland believe were abandoned in a
relatively short period of time, at approximately 1150 B.C. The abandonment of the
Strath is a stark illustration of the abandonment of marginal lands which has been noted in
many areas of the British Isles. Marginal lands are here considered to be those which lie at
an altitude, or a latitude which discourages or prevents intensive agricultural exploitation.
Field surveys have shown that there was a widespread abandonment of settlement in the
late Second Millenium B.C. in northern Scotland [Barclay et al., 1985; Hunt 1987; J.
Barber pers comm]; as well as other marginal areas of the United Kingdom [Annable
1987; Burgess 1980, 1985; Fleming 1985; Gates 1983; Halliday 1982; Jobey 1980, 1981.
1983 Smith et af. 1981]. Traditional explanations for such changes in settlement pattern
emphasise the consequences of a climatic transition in progress during this period, from
Sub-Boreal to Sub-Atlantic climatic conditions [Frenzel 1966; Godwin 1975].

The abandonment of mediaeval upland settlement in the Lammermuir hills of Scotland. in
the face of a gradually worsening climate [Parry 1975] is a useful analogue for the
response of Bronze Age peoples to a similar deterioration in climate. However, while a
gradual deterioration of climate may have played the key role in causing the abandonment
of marginal lands across the British Isles, the apparent suddenness of the Late Bronze Age
settlement abandonment in northern Scotland, has led to speculation that an "external
trigger mechanism" may have accelerated the process. Prior to 1989 speculation as to the
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nature of the "external forcing mechanism" focused primarily on disease. Burgess [1985]
argued plausibly that an event such as the "Black Death" may have occurred in the British
Bronze Age, and led to the contraction of settlement. Other, equally plausible
explanations, again advanced by Burgess [1985], proposed economic or social collapse as
alternative hypotheses. In 1988 Baillie and others noted the coincidence of extremely
narrow growth increments in Irish bog-oaks and acidity peaks in the Greenland ice-cores
which were taken to indicate volcanic activity [Hammer 1977, 1984; Hammer et al. 1980,
1981, 1987, 1988]. This coincidence led to the suggestion that an Icelandic volcanic
eruption, and a subsequent severe climatic deterioration was the trigger mechanism for the
sudden abandonment of land in northern Scotland [Burgess 1989; Keys 1988]. The
discovery, in Scottish peat bogs, of tephra from Icelandic volcanic eruptions of the Late
Second Millenium B.C. [Dugmore 1989]. focused further attention on the environmental
forcing associated with such events. It is this hypothesis that this work examines.

The value of volcanic tephra horizons as isochrones has long been recognised and the use
of them in palaeoenvironmental studies has been advocated by Buckland et al. [1981] but
the use of tephra horizons in this context. has to date, been sadly lacking in critical
analysis. There is a danger that any historical or environmental change may be ascribed to
a convenient volcanic eruption. As Renfrew [1979 p.582] notes:
"... it is necessary to recognise and discount the common tendency among
archaeologists and historians to assume a causal link between the distant and
widely separated events of which they may have knowledge. An eruption here, a
destruction there, a plague somewhere else - all are to easily linked in hasty
surmise"
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To this might be added a further caveat:
the need to avoid the assumption that the external forcing mechanism
identified was of sufficient magnitude to bring about the environmental
change observed.

These themes are pursued throughout this work.

Is it possible that eruptions of Icelandic volcanoes might have been an initial agent of
change responsible for the abandonment of settlement along the Strath of Kildonan and
elsewhere in the Scottish Highlands? At present there are two broad categories of
volcanically-induced impact which might have induced the abandonment of these
settlements:

1. Climatic fluctuation associated with volcanic eruptions.

2. The impact of volcanic emissions on down-wind ecosystems.

Both hypotheses are investigated in detail. In Chapter One the evidence that volcanic
eruptions may cause environmental deterioration is investigated. Volcanic eruptions are
detected and presented as "stress" exhibited in certain tree-ring chronologies during and
after eruption years. It is suggested in this thesis that while some trees may experience
stress during eruption years, many do not. Those that do state stress were growing in
marginal locations. It is reasoned that it is necessary to establish in what ways a tree's
environment may be considered marginal, before one can speculate as to the nature of any
external forcing mechanism.
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In Chapter Two the mechanisms by which volcanic eruptions are held able to cause a
deterioration in climate are reviewed in detail. The different indices by which the scale of
a volcanic eruption is judged are analysed, and it is suggested that the Hekla eruptions of
the Second Millenium B.C. were not of exceptional magnitude. The degree of
temperature reduction in the wake of modem eruptions is studied and the modelled and
observed scale of temperature response to volcanic eruptions is seen to fall far below the
degree necessary to cause drastic environmental change. Indeed it is noted that in many
cases this is minimal, falling well within the standard deviation of normal temperature
fluctuation. The implications of this, for models which propose an exceptional human
response to an unexceptional temperature reduction in the wake of a volcanic eruption are
considered.

In Chapter 1bree the possibility that the slight reductions in temperature may trigger
severe disruption to atmospheric circulation patterns is considered. It is shown that many
of the studies which advocate this hypothesis are based on poor records of both eruption
frequency, and of the frequency of the climatic phenomenon studied. In several cases it is
pointed out that precursors of the meteorological event occurred several months before
the volcanic event held to be the cause or trigger. It is concluded that it is unsafe to
assume that a significant shift in atmospheric circulation patterns will follow a major
volcanic eruption.

Having examined the theory by which volcanic eruptions may cause climate change, this
dissertation examines two volcanic events which are held to have caused major climate
change are studied.

Chapter Four examines the eruption of the Indonesian volcano Tambora, and its
association with the "year without a summer" 1816. This major southern hemisphere
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eruption is studied because it is necessary to consider whether such an event, occurring in
prehistory, may disrupt climate sufficiently to bring about the abandonment of territory in
northern Scotland. It is shown that temperature trends had been deteriorating for several
years prior to 1816, and that social, economic and climatic trends together were
responsible for the perception of 1816 as a "crisis" year.

The climatic impact of a major northern hemisphere eruption, that of the eruption in
Iceland of the LaId fissure is 1783, is considered in Chapter Five. This eruption is
associated, in Europe, with a cool summer and a harsh winter. The conventionally
accepted perception of the climatic impact of this eruption is largely based on the personal
observations of Benjamin Franklin, who was in Paris in 1783. Extensive documentary
evidence is presented which demonstrates that in many parts of Europe climatic conditions
were distinctly different to Franklin's observation. The climatic impact of this eruption is
considered and a new model, by which volcanic eruptions may cause warming, rather than
cooling is proposed.

It is shown that events on the scale of the Laki fissure and Tambora eruptions, do not
provide unequivocal evidence of a severe climatic deterioration. In the light of this
review, the ability of the much smaller eruptions of the Icelandic volcano Hekla to cause
severe Climatic deterioration, and hence prompt the abandonment of settlement in
Scotland are called into question.

Having considered the climatic impact of volcanic eruptions in detail, the impact of
volcanic emissions on downwind ecosystems in north west Europe is investigated in
Chapter 6. The existence of a mechanism by which volatile volcanic gases and aerosols
may be transported across large distances is demonstrated, and the Laki fissure eruption is
again used as an analogue for prehistoric volcanic events. Considerable documentary
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research, presented here for the first time, proves that severe "acid damage" occurred
across a wide area of Europe in 1783. The palaeoenvironmental implications of this event
are discussed, and it is proposed that the impact of acid volatiles, on sensitive ecosystems,
may be a more effective agent of environmental change than minimal temperature
fluctuations.

An alternative mechanism is presented, which emphasises the severe and discriminatory
impacts of the acid volatile emissions from Icelandic volcanic eruptions. Documentary
research carried out in the course of this project has identified severe crop damage across
eastern England and Western Europe, in the summer of 1783, which was probably caused
by the deposition of acid volatiles emitted by the Laki fissure eruption in Iceland. The
present understanding of these impacts is then reviewed, and used as a basis for presenting
a tephra related mechanism of environmental change which is predicted to have had a very
selective and discriminatory impact upon specific environments in northern and western
Britain.

This hypothesis is examined by a study of the geochemical history of sediments retrieved
from a range of lake and mire sediments in the Highlands and Islands of Scotland, and the
degree of the geochemical response to tephra deposition is investigated.

The geochemical study involves the application of Energy Dispersive X-ray Micro
Analysis [EDMA] to the investigation of palaeoenvironmental change. A significant part
of this work involves exploring the limitations and advantages of this technique, and
developing a theoretical framework upon which models of environmental change may be
constructed.
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A pilot study was conducted and the results of this analysis are presented and discussed.
The research strategies were refonnulated in the light of this research and fresh cores
retrieved from lacustrine and mire environments in the Highlands and islands of Scotland.
The results of these analyses are presented in the relevant chapters and in the discussion
which closes this work.

Chapter one.
Dendro-chronological indications of volcanic activity.
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Summary of Chapter.
This chapter deals with the principle biological indicator for volcanically induced
environmental change tree-rings. The subject is dealt with at several levels. The
significance of the Irish bog-oak chronology and the correlation between narrow growth
rings and acid peaks in the Greenland ice-cores is considered. To aid in the interpretation
of the Irish evidence, tree-ring studies in general are considered and alternative hypotheses
to volcanic eruptions are presented. Dendro climatic data gathered on a regional scale is
analysed for any evidence for volcanic forcing of climate. In Europe it can be seen that
there is no association between bad years indicated by the dendrochronology and known
volcanic activity. In North America a dendrochronological response to volcanic activity is
noted, but the evidence is ambiguous. Far from presenting a picture of general climatic
deterioration the North American tree-ring records show that some regions benefit from the
climatic disturbances indicated in others. Several American studies are considered in detail
and it is noted that while there appears to be a plausible correlation between each study
and known volcanic activity, there is little agreement between different studies. Finally the
Irish chronology is reinterpreted in the light of this discussion and it is suggested that
climatic stress need not be the only volcanic mechanism responsible for the narrow treerings in Ireland.

Introduction.
The physiological response of trees to environmental stress is recorded in their annual growth
increment. Studies of ring-width [Lamarche 1984. 1974; Baillie 1988]. ring-colour [Filion et aI,
1986], isotopic ratio [Epstein & Krishnamurthy 19901, damaged annual rings [LaMarche et aI,
1984] and late and early-wood density [Briffa et a11988, 1990; Conkey 1986; Graumlich &
Brubaker 1986; Scuderi 1990], allow the reconstruction of the macro and micro environmental
influences on a tree's location. The longevity of particular tree species, the survival of others in
fossil form and their wide latitudinal and geographical distribution, penr.its the reconstruction of
climatic change [LaMarche 1974; Fritts et al. 1979, 1981] and allows an assessment of the
climatic significance of individual eruptions.

12

Tree-ring response to environmental forcing is often used in an attempt to reconstruct the
environmental impact of volcanic eruptions [LaMarche & Hirschboek 1984; Lough & Fritts
1987], and to improve eruption chronologies based on incomplete data [Scuderi 1990]. Historical
sources decrease in both number and quality prior to 1500 AD, and for obvious reasons are
concentrated in the Mediterranean [Stothers & Rampino 1983 a & b; Sullivan 1988] and China
[Pang et af. 1988; Xiangding & Xuhzi 1991; Defer 1991] the use of dendrochronology may
counter this regional and temporal bias. Acidity peaks in the Greenland ice core might be thought
to record significant eruptions [Hammer et af. 1980] and provide a chronology which is
independent of location and personal observation, but the proximity of Iceland and the Alaskan
and Aleutian ranges to the Greenland ice sheet may have introduced an obvious bias in favour of
such eruption sources. The position of the Jet Stream and circum-Polar vortex over north west
U.S. and Canada and frequently over Iceland may add to this selection in favour of eruptions in
Iceland, Alaska and the north western Rocky mountains. Rather than measure the injection of
climatically significant levels of acid gases into the stratosphere [Baldwin et af. 1976 Pollack et af.
1976], favourable tropospheric winds may inevitably lead to the overestimation of the acid output
of northern hemisphere volcanic eruptions; while that of low latitude or southern hemisphere
eruptions may be under estimated. The physiological response of trees

to

climatic change

generated by a volcanic eruption may allow us to remove one part the geographical bias from both
the historical and the ice-core records by broadening the basis of the study.

Most dendrochronologies are in broad agreement and trace the general trends of northern
hemisphere climatic change of the past 500 years, in particular a sudden cooling in the early 1800s
and a steady warming since the mid nineteenth century [Briffa et af. 1988, 1990; Fritts et af. 1979;
Jacoby et af. 1985.1988. 1989]. Such broad reconstructions of climatic change emphasise the
macro-scale changes in environment at the cost of local micro-scale reconstructions [Yadav 1993;
Yamaguchi 1993]. It is the local environment. however, which conditions the responsiveness of
the tree to environmental forcing. If a tree-ring response were shown to be related to a volcanic
eruption. should we assume then that evidence for environmental stress in a tree-ring record
reflects volcanic influences at the macro rather than the micro scale? I shall show that many
studies fail to identify volcanically induced climatic change, and that there is little correlation or
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coherence between those which claim to. This chapter will demonstrate the need for caution in the
construction of environmental models based on the interpretation of tree-ring records, and
question the common assumption that some tree-ring stress previously correlated with volcanic
eruptions is indicative of severe widespread climate change.

Volcanism, tree-ring records and Northern Britain.
The principal evidence for an environmental deterioration in Northern Britain in response to
volcanic eruptions, comes from a study of tree-ring width minima recorded in trees growing in
northern Ireland. Using deciduous oaks, Quercus petraea and Quercus robur, from Ireland,
northern and southern Germany and northern England, Pilcher et al. [1984] were able to develop
a 7272 year tree-ring Chronology for western Europe. This chronology securely dated the
incidence of decade length periods of particularly narrow tree-rings in Irish bog oaks [Baillie &
Munro 1988]. These were then associated with the record of volcanically induced acid peaks in
the Greenland ice cores [Baillie 1988, 1989 a & b, 1991 a & b; Baillie & Munro 1988; Hammer

1977, 1984; Hammer et al. 1980, 1981] [Table 1.1]. As a result the suggestion was made that
volcanic eruptions were able to cause significant climate change in Britain and Ireland [Baillie

1988, 1989, 1991].
GREENLAND ICE CORE
IRISH OAK.
ACIDITY.
RING- WIDTH MINIMA.
4400 ± 100 BC
4370 BC
3195 BC
3250 ± 80 BC
1645 ± 20 BC
1628 BC
1159 BC
1120 ± 50 BC
207 BC
210 ± 30 BC
540 AD
516± 4AD.
Table 1.1. Correlations between ring-width minima in Irish Bog oaks acidity peaks in the
Greenland ice core. After Baillie and Munro 1988 and Hammer et al. 1980.
The Irish tree-ring chronology is unique in that the narrow rings persist over decadallength
periods. This is in direct contrast to the narrow or damaged rings noted elsewhere [Discussed
below], which are predominantly single year events. The long tenn stress indicated in the Irish
tree-ring record led to speculation [Baillie 1988, 1989 A & B; Keys 1988; Burgess 1989;
J.Barber pers comm.] that volcanically induced environmental stress in northern Europe may be
more severe than suggested by current research, and may persist over decades rather than the few
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years that most other research suggests [See Chapters 2 & 3]. Disruption of northern hemisphere
atmospheric circulation over Britain in the wake of a major eruption it was hypothesised might
have brought about colder and wetter conditions in the first summer following an eruption [Kelly

& Sear 1984], but there is no known mechanism by which a single volcanic eruption may severely
modify climate for a period of up to twenty years.
Table 1.2.

Irish Oak Ring
width Minima
1159 BC.

Associated Phenomena.
The Hekla 3 eruption. Greenland acidity peak, 1120 ± 50 BC.
Abandonment of the Strath Of Kildonan. Late 12th Century BC.
Movement of the "Sea People" Ca. 1200 BC.
Fall of Mycenae. Ca. 1200 BC.
Plague in Ireland 1180 - 1131 BC.
Hittites leave Anatolian Plateau. 13th Century BC.
Libyan peoples migrate towards Egypt. Ca. 1200 BC.
Catastrophic flooding in Hungary. Ca. 1200 BC.
Rise in level of the Caspian Sea. Ca. 1200 BC.
Wide tree rings in Turkey. 1159 BC
Deepening of lakes in Turkey. 1200 - 1100 BC.
Lowered snowline in Norway. Ca. 1200 BC.
Crop fail ure in China.

207 BC.

Unknown eruption. Greenland acidity peak. 210 ± 30 BC.
Irish murrain of cattle. 210 - 200 Be.
Stars invisible in China. 208 Be.
Chinese famines. 207 -204 Be.
Chinese dynastic change. 202 BC.
Frost ring event. 206 BC.

540 AD.

Unknown eruption. Greenland acidity peale 516 ± 4 AD.
European Mystery Cloud. 536 AD.
Chinese atmospheric disturbance 540 AD.

Table 1.2. Phenomena associated with Irish ring-width minima. Data from Baillie 1988, 1989;
Burgess 1989; Bryson & Goodman 1980; Kuniholm 1990; Pang et al. 1987, 1988, 1989; Stothers
& Rampino 1983 a & b; Warner 1990

A review of historic and environmental phenomena in years which the Irish tree-ring record
suggests environmental stress may serve to illustrate the scale of environmental disruption which,
it has been argued by various researchers, were caused by the eruptions of volcanoes [Table 1.2].
The Hekla 3 eruption, in particular, appears to have had a wide geographical impact. Is it possible
that a volcanic eruption on this scale could be the agent for narrow tree-rings in Ireland, land
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abandonment in Scotland, raised sea levels, lowered snowlines, the near collapse of Mediterranean
civilisations and crop failure in China; as suggested by Baillie [1989 a & b], Bryson and Goodman
[1980], Burgess [1989], Kuniholm [1990], Pang et al. [1988, 1989], Stothers and Rampino [1989
a & b] Warner [1990]? This question will be addressed below by reference to the tree-ring
response to far larger eruptions.
Is the framework of dating and correlation between eruption and tree-ring chronologies "tight
enough" to allow such associations to be made? Alternative forcing mechanisms must be
considered, but frequently are not. For instance a sunspot minima greater than that associated
with the Little Ice Age occurred in the three centuries before Hekla 3 erupted [Eddy 1977, 1992].
Many of the historical and environmental phenomena associated with the eruption of the volcano
could have been generated by such an event. There is a danger that any historical or
environmental change may be ascribed to a convenient volcanic eruption. As Renfrew [1979 p.
582] notes;

".. .it is necessary to recognise and discount the common tendency among archaeologists and
historians to assume a causal link between the distant and widely separated events of which they
may have knowledge. An eruption here, a destruction there, a plague somewhere else - all are to
easily linked in hasty surmise ... "

Are the correlations between the Irish ring-width minima and Greenland ice-core acidity
fortuitous, or do they genuinely record a severe climatic deterioration caused by a volcanic
eruption? Are there alternative hypotheses which may account for the narrow tree-rings? Can the
mechanisms by which a volcanic eruption triggered a tree-ring response be reconstructed? Do
such reconstructions have a measurable significance at the macro- or micro-scale? Do eruptions
on the scale suggested by the ice-core acidity evidence affect environments across wide areas? A
study of research into tree-ring response to climate change, and of work which attempts to link a
physiological response in trees to volcanic eruptions may answer these questions.
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Tree-ring studies.
Environmental conditions at any location will control the response of a tree to environmental
stress generated by external forcing. The most sensitive tree-ring chronologies are those from
trees which are growing at their physiological limits, which in practise means growth at the
altitudinal or latitudinal tree-line. Temperature in the short growing season is the primary
limitation on tree growth in such locations. But while many tree-ring chronologies are in accord,
in recording yearly and decadal temperature cycles [Jacoby et al. 1989], there are others where
ecological stresses particular to a location obscure this signal [Graumlich & Brubaker 1986;
Jacoby et al. 1988a]. Trees growing in marginal locations respond to their environment in an
integrated manner. Therefore soil conditions, soil temperature, soil moisture, air temperature,
precipitation, aspect, slope and direct solar radiation all playa role in conditioning a tree's
sensitivity to environmental stress. Cambial division may occur in a growing season as short as six
weeks, but photosynthesis, root extension and other processes, such as nutrient cycling in the soil,
take place through a much longer season. A tree's response to environmental stress may therefore
be either buffered or enhanced due to environmental conditions in previous years and a significant

time lag response may be introduced [Jacoby & Ulan 1982; Lough & Fritts 1987].

Environmental conditions specific to each tree's location may enhance or limit the response to a
volcanic eruption. As a result little correlation exists between chronologies which attempt to
reconstruct episodes of particular stress, such as may occur in response to volcanic eruptions ..,
[LaMarche & Hirschboek 1984; Conkey 1986; Scuderi 1990], and between chronologies which
record other extreme environmental phenomena such as drought [Cook et al. 1992]. Local
conditions may also introduce a time-lag response of up to five years to an episode of
environmental stress [Lough & Fritts 1987]. In such cases the correlation of a tree's response to
volcanic activity becomes problematic; especially given the estimates of background volcanic
activity suggested by McClelland et al. [1989], that at least 400 eruptions> VEl 5 and 2835 > VEl
4 should have occurred in the past 4000 years.

The particular environmental conditions which allow the classification of a tree's location as
marginal must be identified, since the environmental factors which condition a tree's response may
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not be solely in response to climate. Was it possible that the stress recorded in the Irish Oak trees
was in response to forcing mechanisms not related to climate change?

Tree-rings, volcanic eruptions and climate forcing? Alternative hypotheses.
Not all climatic forcing can be traced to mechanisms operating within the earth's ocean,
atmosphere, cryosphere system. Anderson [1992] suggested that an association existed between
tree response, surface winds and the Maunder sunspot cycle; while Kullman [1992] suggested the
earth-sun geometry as another mechanism controlling tree-line conditions. Caution must be used
when advancing the suggestion that volcanic eruptions are the sole or primary mechanism
responsible for climate change.

Sunspot minima are linked to periods of diminished solar output and climatic extremes, the Little
Ice Age occurred during one such episode, the "Maunder Minimum" [Eddy 1977, 1992]. Meko
[1992] reported a clear relationship between dendrochronological indications of drought
conditions in the Great Plains of North America and sunspot minima. D'Arrigo and Jacoby [1992]
found that dendrochronological indications of cooling in northern North America coincided with
the timing of the Maunder sunspot minima in the seventeenth Century AD and in the mid 1800s.
Graybill and Shiyatov [1992] also noted that growth minima in the northern Soviet Union
coincided with the Maunder sunspot minimum.

Not all occurrence of ring-width minima can be related to climatic change. Jacoby et al. [1988b]
noted the strong correlation between narrow tree ring and earthquake occurrence along the San
Andreas fault in California. Yadav and Kulieshius [1992] also noted the occurrence of narrow
tree-rings in response to earthquakes in Kazakhstan, Central Asia.

Following the eruption of the Alaskan volcano Katmai in 1912, Griggs [1922] noted that the
response of trees growing in the area of the eruption was widely different. Trees growing on a bog
experienced an enhancement of their environment and recorded improved growth. The deposition
of quantities of tephra improved the hydrology and the nutrient status of the bog. Trees growing
nearby but rooted in a mineral soil experienced stress and recorded 1912 as a poor year!
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Denton and Karlen [1977] noted that many fossil trees found in alluvium and glacial moraine in
the White River valley and Skolai Pass in Yukon Territory, had been killed by the direct impact of
tephra from relatively proximal Alaskan volcanoes. Surviving trees may have recorded the stress
of these episodes with a narrow tree-ring. Yamaguchi [1983, 1993] observed that the eruption
frequency of Mt. St. Helens in Washington State, was recorded by narrow tree-rings in proximal
and down wind trees; a response generated by tectonic disturbance and tephra fall. Likewise
Yadav [1992, 1993] noted tree-ring indications of the eruption frequency of Kamchatka in Siberia
which were linked to tectonic disturbance and tephra fall rather than climatic change.

Reduced growth increments may also be induced by stress generated by atmospheric pollution
[Peterson el al. 1991]. Cobb el al. [1968] noted that following damage by photochemical
oxidants, the ponderosa pine, Pinus ponderosa, was severely infested by the bark beetle

Coleoptera scolytidae. While acknowledging that climatic deterioration is are the most probable
cause of narrow or damaged tree-rings, the studies outlined above illustrate that climatic change
may not be the single critical factor. The emissions from a volcanic eruption are capable of a
direct impact on downwind flora and ecosystems. This possibility should be taken into account
when interpreting the Irish record.

There may also be a degree of auto-correlation between periods of poor weather, reduced growth
increments and volcanic eruptions. The suggestion has been made [Pyle 1989; Rampino el al.
1979] that climatic change may itself cause volcanic eruptions. Rising or falling sea levels may
affect slope stability [McGuire 1992] as may tectonic pressures when glaciers and ice-sheets
advance or retreat [Danny Harvey 1988].

Decline as a naturally occurring phenomenon in forests must also be considered. Sinclair [1964,
1966] highlighted several instances of the catastrophic reduction in specific tree species in north
America unrelated to climate, volcanism, pollution, people or infestation. I Ie speculated that a
natural cycle of growth and decline may occur within specific tree species in a forest environment.
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Care must be exercised in the interpretation of Dendrochronological records lest an assumption of
volcanic forcing of the plant is made in the absence of supporting evidence.

Northern Hemisphere Climate Change: A Clear Volcanic Signal?

1. EUROPE.
Briffa et al. [1990], reconstructed Fennoscandian summer temperatures for the past 1400 years,
based on raw mean ring widths and the maximum latewood density of conifers from the
Tornetrlisk region of northern Sweden. Growing at high latitudes this record is sensitive to
climate change and is worth considering in detail.

Positive.
Year
Anomaly

Negative.
Anomaly
Year

(OC)

eC)

Individual Summers
2.07
2.05
1.99
1.71

1761
1831
1703
1937

0.78
0.79
0.67
0.52
0.49

1158-1177
1748-1767
749-768
1087-1106
1551-1570

0.35
0.34
0.33
0.29
0.27

1152-1201
1403-1452
1750-1799
719-768
926-1011

-1.65
-1.58
-1.57
-1.53

1139
1109
961
800

-0.93
-0.73
-0.65
-0.55
-0.53

1127-1146
795-814
1601-1620
848-867
1344-1363

-0.58
-0.42
-0.34
-0.31
-0.23

1108-1157
1576-1625
780-8l4
1867-1916
1345-1394

Twenty year means

Fifty Year means

Table 1.3 Largest temperature anomalies and trends in Fennoscandia. From Briffa et al. 1990.

It is clear that none of the worst individual summers in Fennoscandia correlate with acid peaks in
the Greenland ice core [Hammer et al. 1980; 1981]. Equally neither the worst twenty years nor
the worst fifty years in their reconstruction can be linked to known volcanic activity. To imply a
volcanic agency for these events therefore is doubtful. Summer temperatures can be seen to vary
on an decadal time scale [Figure 1.1]. Attempts to link volcanic activity to these trends given the
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probable background levels of activity [McClelland et al. 1989], would be dubious. There is no
record in this work that the Laki fissure eruption in 1783, nor to the Tambora eruption in 1815
had any significant impact on climate. The acidity trace of both eruptions are several orders of
magnitude greater than the eruptions associated with the severe Irish ring-width minima [Hammer
1977, 1984; Hammer et al. 1980,1981] yet they appear to have had no impact on marginal trees in
Fennoscandia. Is the Irish tree-ring record more sensitive to climatic change than those of
Scandinavia or were other external forcing mechanisms involved in Ireland?

Working over a shorter time scale, 1750-1850, Briffa et al. [1988] reconstructed summer
temperature patterns for Europe. Thirty seven long chronologies were used from southern Spain
and Greece in the south to Finland and Norway in the north [Figure 1.2]. This work identified
several years where significant departure from the mean occurred [Table 1.4].

UNITED KINGDOM.
+

SCANDINA VIA.

CENTRAL EUROPE.

+

+
1761

1782

1772
1782
1790

1799
1812
1814
1816

1816
1829

1829
1831
1838
1852

1860
1864
1867
1868.
Table 1.4. Years with a departure greaterthan 1 °C from the 1951-1970 mean. After Briffa et a/.
1988.
None of the significant temperature departures in Table 4 are associated with an acidity peak in
the Greenland ice core. For example 1782 is recorded as a poor year in the U.K. and in
Scandinavia, and this was a year of crop failure in Britain, but a significant volcanic eruption is not
recorded for this year. A European climatic deterioration in response to the eruption of the Laki
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fissure in 1783 is not recorded, a conclusion supported by Hughes et al. [1984]. The eruption of
the Laki fissure, in 1783, is associated with a cool summer in Europe [Franklin 1784]. But Schove
[1954] noted that in the Finnish tree-ring record the summer of 1783 was recorded by extremely
narrow rings, caused by extremely high temperatures and drought rather than by cool wet
conditions. Current research [Briffa & Schweingruber 1992] indicates that the summer of 1783
was warmer than the 1951-1970 mean, and of critical importance,

theor~tical

computer based

models of climatic response to volcanic eruptions do not currently suggest that wanning should
follow a major northern hemisphere eruption. Documentary research undertaken in the course of
this thesis has identified a volcanic component to this wanning which is discussed in detail in
Chapters 5 and 6, below.

The work of Schove [1950, 1954] similarly fails to indicate a significantly narrow tree-ring for
1816 but confmns the conclusions of Briffa et al. [1988]. Briffa and Schweingruber [1992]. and
Graybill and Shiyatov [1992], that 1810 saw the beginning of a short cool period in Europe. The
tree-ring evidence suggests that Europe experienced cold conditions between 1810-1817 and
1832-1838 and slight warming between 1819-1828 and 1868-1875, but with these exceptions
similar conditions were rarely found across maritime and continental Europe. The poor
correlation across Europe between incidences of extreme departure from the mean in any
particular year encourages extreme caution in assuming that the Irish tree-ring minima indicate
Europe-wide, or even global climatic change.

This study of European temperature reconstructions illustrates the dangers of assigning ring-width
minima to the influence of conveniently dated volcanic eruptions. None of the minima in Tables
1.3 and 1.4 are caused by a volcanic eruption, and the most climatically significant eruptions of the
Holocene failed to trigger a narrow ring in Europe. Departures from the temperature norm of up
to 2°C are recorded, well beyond estimates for the degree of temperature change caused by the
eruptions of Tambora and Laki [Sigurdsson 1990]. Given this, attempts to prove climatic stress
from the correlation of narrow tree-rings and volcanic activity must be viewed with suspicion.
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2. North America.
A study of North American dendroclimatic studies, in particular of studies which record climatic
extremes or which claim to record environmental forcing caused by distant volcanic eruptions
further aids the interpretation of the Irish ring-width minima.

The response of trees to environmental supposedly forcing induced by volcanic eruptions is
conditioned by the environmental factors specific to each location. Climatic cycles progress with
or without the influence of volcanic eruptions, and many North American chronologies present a
broadly similar picture of cooling in the early 1800s, and wanning from the mid 1800s [D'Arrigo
& Jacoby 1992; Jacoby et al. 1985, 1988; LaMarche & Stockton 1974, LaMarche et al. 1984]. In

continental locations such records of climatic conditions are widely replicated. Villalba's [1990]
reconstruction of climate in northern Patagonia also indicates a cold period in the early 1800s, and
wanning since 1850. Some Chronologies however, display a marked absence of trend [Conkey
1986; Graumlich & Brubaker 1986; Jacoby et al. 1988]. Local environmental factors obviously
dominate the tree ring response to external forcing at these locations. It is from within the
variation in these records that the influence of volcanic eruptions must be detected.

The correlation of volcanic eruptions with anomalous North American tree-rings was first noted
by Giddings [1941], and Oswalt [1957]. They observed that Alaskan White spruce trees Picea

glauca, growing at the limits of their environmental tolerance, experienced physiological stress,
expressed by narrow tree rings, associated with poor latewood growth, in the year 1783. This
was the year of the major eruptions of the Laki fissure in Iceland, and of Asama Yama in Japan.
The occurrence of this ring was sporadic in the tree-line spruce of the Copper and Kuskokwim
Rivers, and common in the Yukon River spruce in Alaska. The sporadic occurrence of the narrow
ring in 1783 confirms the importance of local environmental factors in conditioning a tree's
response to environmental stress associated with an eruption. Growth for 1783 was unusual in
that the trees put on limited latewood, suggesting that the environmental effect was felt towards
the end of the growing season. Twentieth century data suggests late wood growth begins in
August [Oswalt 1957]. The Laki eruption began on June 8th [Th6rarinsson 1969] and continued
for eight months and so would, in principle, have been capable of affecting latewood growth.
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Oswalt's study demonstrates that both macro and micro-environmental factors may condition the
physiological response of a tree to external forcing mechanisms.

Several other studies of tree response to the influence of volcanic eruptions serve to emphasise the
importance of micro-environmental factors. The eruption of the Indonesian volcano Tambora in
1815 is widely held to have been responsible for "the year without a summer" in the nonhern
hemisphere in 1816, with particularly severe impacts in North America [See Chapter 4]. This cool
sununer, if truly exceptional, should be clearly recorded in the North American tree-ring record. If
a volcanic eruption of the magnitude of Tambora fails to leave a clear signal in
dendrochronological records of climate change, we must begin to doubt the ability of the much
smaller eruptions associated with the Irish ring-width minima to do so.

Jacoby et at. [1988] found only limited tree-ring evidence for a poor summer in 1816. In a study
of three proximal chronologies constructed from white spruce trees, Picea glauca, growing at the
latitudinal tree-line in northern Quebec [Figure 1.3] two were shown to record a poor year in
1816 while the third did not [Jacoby & Ulan 1982; Jacoby et aI1985]. The response of each
chronology was conditioned by the geomorphology of the site. Trees sampled at Kuu.ijuarpik and
Richmond Gulf grew in an east-west trending narrow valley, protected from wind but shielded
from low angle sunlight. The third record was obtained from the Castle Peninsula, a south facing
slope. Trees at Kuujjuarpik and Richmond Gulf recorded distinct stress in 1816 and 1817.
However, both sites failed to record the warming trends evident in other records [Jacoby et al.

[1989]. In contrast the chronology obtained from the south facing Castle peninsula did not record
specific cooling in 1816, but indicates a cool period from the early 1800s followed by increased
growth over the past 150 years which is in accordance with the trends recorded in most other
chronologies [Figure 1.4]. The depletion of solar energy due to the presence of volcanic aerosols
in the stratosphere in 1816 may have been insufficient to trigger a physiological response in trees
growing outside the ravine but sufficient that trees growing within the ravine experienced stress
recorded by narrow rings in 1816 and 1817. This study demonstrates that the geomorphology of
the site limited the levels of solar energy reaching the growing trees. It was probably a further
reduction in solar energy as a result of a stratospheric aerosol cloud which triggered a tree-ring
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response to a volcanic eruption. Recovery from the stress recorded in 1816 and 1817 took thirty
years. However, the continued cooling suggested by other records may have conditioned this
response and recovery coincided with the initiation of a wanning trend and it would be unwise to
ascribe the stress recorded over a thirty year period to the impact of a single volcanic eruption.
To interpret the Irish record we need to identify the environmental conditions which rendered the
Irish trees sensitive to external forcing.

The occurrence of "light rings" in the black spruce tree, Picea mariana, growing at the tree-line in
northern Quebec, was taken to indicate a shortened growing season by Filion et ai, [1986]. 65
light-rings were identified in the period AD 1308-1982, of which 43 were correlated with volcanic
eruptions identified by Simkin et ai, [1981] with a VEl> 4 [See Chapter 2]. Light-rings occurred

in 1784 and in 1816 and 1817 which suggests that the eruption of the Laki fissure and Tambora
may be recorded by this tree-ring study. The occurrence of light-rings in 1816 and 1817 mirrors
the record from Kuujjuarpik, also from northern Quebec [Jacoby et al. 1988a]. However, as with
other tree-ring records the occurrence of this diagnostic feature is sporadic and not all the trees
sampled marked eruption years with light-rings. The correlations established by Filion are
problematic in that the index of volcanic effectiveness used, the VEl, is a poor measure of the acid
output of an eruption. The volume of acids emitted in an eruption is the primary measure of its
ability to act as a climatic forcing agent [See Chapter 2 for a detailed review of this process]. The
incomplete nature of eruption records makes the simple correlation of a narrow tree-ring with a
volcanic eruption an insufficient indication that one may have caused the other. The mechanisms
by which an eruption may have had an impact at any tree-ring site must be established before any
attempt at association is made or accepted.

Three proximal tree-ring records in Maine north eastern U.S.A. also fail to record a consistent
response to a major volcanic eruption. Conkey [1986] investigated the response of the red spruce
tree, Picea rubens, at three sites along the mountains of Maine in the north eastern United States,
to the eruption of Tambora [Figure 1.5]. All three sites were above 900m elevation,
representative of the highest stands of red spruce in the region and therefore sensitive to
environmental forcing. There was little evidence to support the assertion of the researchers
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Stommel and Stommel [1979] that the summer temperatures in 1816 were unique.
Reconstructions based on the tree-ring record from Traveler Mt. suggested that the spring of
1816 was one of the coldest in the series, but reconstructions based on records from Elephant Mt.
failed to indicate that the spring of 1816 as exceptional. In contrast, the spring of 1808 was
recorded as severe at Elephant Mt but was not recorded as exceptional at Traveler Mt., no
suggestion exists that this narrow ring occurred in response to a volcanic eruption. Correlation
exists between all three records in the 1830s, 1860s, 1870s, and 1880s, but again there is no
suggestion that this is in response to volcanic forcing. This study again confinns that volcanic
forcing of climate is insufficient to generate a response in all trees at marginal locations, and that
severe ring-width minima may occur in years in which there is no evidence for a significant
volcanic eruption. Macro-climatic factors are shown here, as elsewhere, to be an insufficient
explanation for all variation in tree-ring response to environmental forcing. Should we therefore
assume a consistent, severe and long lived climatic impact in Ireland in the wake of major volcanic
eruptions?

Graumlich and Brubaker [1986] reconstructed annual temperatures for Longmire, Washington, by
studying the growth of mountain hemlock [Tsuga mertellsiana] and subalpine larch [Larix /yaWs]
growing at or near the timberline of the Cascade Mountain Range. These chronologies had a
positive response to summer temperature and a negative response to spring snow depth. The
temperature trends indicated by this record are in accord with other proxy records in Washington
state such as the fluctuations of the Mt. Rainier glacier [Burbank 1981, 1982] but are not in good
agreement with the reconstructed temperature record for other areas of the western United States.
Sudden sharp cooling is identified starting in 1800 and ending in 1820. Any tree-ring response to
the eruption of the volcano Tambora is obscured by the response of the Longmire chronologies to
local environmental conditions. A cooling trend is identified throughout the nineteenth century, in
clear contrast to the trends identified in the work of Jacoby et af. [1985, 1988] and LaMarche and
Stockton [1974] and LaMarche et af. [1984].

The examples discussed above highlight the pitfalls involved in assessing the palaeoclimatic
impact of any volcanic eruption. Each demonstrates the role and importance of the local
environment in conditioning a tree's response to external environmental stress. My conclusion is
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that the local environment of the tree, the conditions under which it lived and its ability to respond
to an external environmental stress must be identified and built into any such study. The
correlation of tree-ring stress with volcanic eruptions in the studies above, was largely noted by
me as fortuitous, and an unspecified, but typically severe climatic impact was assumed not proven.
Correlations between tree-ring minima and volcanic eruptions must specify the mechanism by
which the eruption was able to trigger a response in the growing tree. These must be based on
correlations with ice-core acidity records [Hammer 1977, 1984; Hammer et al. 1980, 1981] or
with estimates of volcanic degassing [Devine et al. 1984; Palais & Sigurdsson 1989] as these are
the o'nly effective measures of the ability of an eruption to force climatic change.

Volcanically induced Circulation anomalies and tree-ring response.
Several studies [below], which have attempted to reconstruct the means by which volcanic
eruptions are able to modify climate, can be criticised in terms of the probable efficacy of the
"volcanic cause" to produce the observed tree-ring response.

LaMarche and Hirschboek [1984] noted stress in trees, especially the subalpine bristlecone pines

[Pinus longaeva and Pinus aristata] across a wide geographical area from California to Colorado.
This stress was caused by frost damage associated with anomalous weather conditions which they
correlated with volcanic eruptions. Unlike evidence from Alaska which suggested stress in the
latewood stage [Oswalt 1957], LaMarche and Hirschboek found evidence for unseasonably low
temperatures both in the late wood growth and in the early spring growing period. Latewood frost
damage appears to have occurred at several localities sometimes separated by several hundred
kilometres. Seventeen frost rings were counted in the period 2035 BC - 1884 AD of which eleven
were correlated with volcanic eruptions with a VEl greater than 3. Based on these correlations the
suggestion was made that the occurrence of frost damage could be used to construct a proxy
record of climatically effective volcanic eruptions. According to Lamarche and Hirschboek [1984]
frost damage could have been caused by a southward shift in the position of the sub-polar low
pressure zone in the north Atlantic in the year following a major eruption, as argued by Wexler
[1956] and Lamb [1970]. This pattern of circulation would have brought unseasonable cold polar
air to the western U.S.A. during the main growing period of the tree.

Nevertheless the
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occurrence of frost ring damage in early growth was not widespread, and with the exception of
1902, appeared to be restricted to one locality for each event. This again suggests the importance
of local mitigating or exacerbating micro-climatic factors. The sporadic replication of frost
damaged rings within any year does not suggest that harsh conditions were widespread and that
local conditions mitigated or exaggerated the response of the tree. Can the occurrence of frost
damaged or narrow rings be taken to indicate an unseasonable macro-scale circulation anomaly
caused by the influence of a distant volcanic eruption?

Further analysis questions LaMarche and Hirschboek's correlations of tree-ring damage and
volcanic activity. Hirschboek's [1979] enhancement of Lamb's [1970] record of volcanic events is
used, but while this approach forms an improvement on earlier work, this record of volcanic
events is demonstrably incomplete. The increase in volcanic activity since AD 1500 must be the
result of an improved record rather than an increase in global volcanism. If the figures for
Twentieth century approach the real eruption frequency [Figure 2.1] we must ask the question
"can any reliance be placed on correlations between 'recorded' volcanic events and frost damaged
rings in the historic and pre-historic period?"

Not all damaged rings were associated with years of volcanic eruptions, nor do all significant
volcanic eruptions correlate with a damaged ring! Neither the 1641 eruptions of Awu in Japan and
Gunung in Indonesia [Komagatake in Hammer et aI's. 1980, ice core data], nor the 1783
eruptions of the Laki fissure in Iceland and Asama Yama in Japan, nor the eruption of Tambora in
1815 appear to have caused frost damage. The absence of frost-damage in the wake of the
eruptions of the Laki fissure in 1783 and Tambora in 1816 is particularly damning. The acid
output and hence the climatic effectiveness of both eruptions was greater than any other of the
Holocene [Devine et at. 1984].

Some frost rings were linked with eruptions which erupted outside the time-lag response of the
tree. A frost ring securely dated to 1626 Be was linked to an eruption with an ice-core acidity
peak dated to 1390 ± 50. The "correlations" were further undermined by Parker [1985] who
pointed out that some were made using climatically ineffective minor eruptions, such as Vesuvius
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in 1785, which were unlikely on theoretical grounds to have had a significant climatic impact [See
Chapter 2]. LaMarche and Hirschboek [1985] defended their work by pointing out that to be
recorded by the tree, the induced low temperature must have occurred in the short growing
period, and if the putative causal eruption occurred before or after this time then the tree would
not have recorded the event in its ring structure. This argument undermined their earlier reliance
on a theoretical displacement of north Atlantic climatic circulation, and ignores the long term
impact of a stratospheric aerosol layer on global temperatures and circulation [See Chapter 3].
Their correlations therefore, while interesting, are questionable.

Fritts and Shao [1992] also used dendroclimatic evidence in an attempt to reconstruct North
American circulation anomalies, specifically unseasonable storm tracks in Western North America.
Correlations between tree-ring anomalies and volcanic events were noted with eruptions in 1816,

1822, 1835, and 1845; but only one event, 1816, was associated with a major acid producing
eruption [Hammer et al. 1981] This study demonstrates that stress in tree-ring records does not
only occur in response to volcanic eruptions and that neither can one be inferred from the other.

Increases in Optical Depth and tree-ring response.
In an attempt to avoid reliance in this context on a "theoretical displacement" of atmospheric
circulation pattern, Scuderi [1990] linked a direct physiological response in trees to the presence
of volcanic aerosols in the upper atmosphere, similar to that observed by Jacoby et al. [1988].
The formation of a stratospheric aerosol layer by the oxidation of acid gases should lead to an
increase in optical depth, and hence a decrease in solar "receipts" at the surface, which might be
recorded in a tree's annual growth increment. This process is described by Baldwin et al. [1976],
Mass and Schneider [1977], Self et al. [1981], Rampino and Self [1982], Pollack et al. [1976],
and Deepak and Newell [1982] [See Chapter 2]. By emphasising the direct impact of the
presence of volcanic aerosols in the stratosphere on tree growth, Scuderi [1990] felt able to
present his data as a proxy record of both the incidence of volcanic eruptions and as a measure of
their effectiveness as climatic forcing mechanisms.
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Working at three tree-line sites near Mt. Whitney in the Sierra Nevada of California, Scuderi
identified narrow rings in the temperature-sensitive subalpine Pinus balfouriana. He proposed that
the narrow rings were linked to the increase in stratospheric optical depth following volcanic
eruptions. He further suggested that the absence of volcanic activity was responsible for periods of
increased growth; particularly during the mediaeval climatic optimum AD 1000 - 1250 and 18901980.

Scuderi observed 53 severe ring width events in the period 500 BC - 600 AD, eight of which
correlated with known volcanic eruptions. A further 38 severe ring width events were observed
between 600 - 1980 AD, eight of which again correlated with known volcanic eruptions.
Contingency analysis of these results, by Scuderi, suggested that the correlations observed
between ring-width minima and the incidence of known volcanic eruptions was significant. As a
result the suggestion was made that the 75 ring-width minima recorded by Scuderi, for which
there was no known eruption, may indicate unknown volcanic eruptions.

The potential to enhance the eruption record, especially given the paucity of the eruption records
when compared to the estimates of McClelland et ai, [1989] that approximately 100 eruptions
>VEl5 occur per 1000 year study period, made Scuderi's study attractive. However, as with the
work of LaMarche and Hirschboek [1984] no tree-ring response was associated with the
eruptions of Tambora or Laki, the largest acid emitting eruptions of the Holocene and
theoretically capable of a major climatic impact. This is an important point. The eruption of
Tambora is the only event since 1800 which is held to have depressed global mean temperature by
> 0.7°C [Post 1977, Stommel & Stonunel1979; Devine et al. 1984; Self et al. 1984; Stothers
1984; Sigurdsson & Carey 1984; Palais et al. 1989; Sigurdsson 1990]. No other eruption has
approached this figure, the maximum being a depression of> 0.2 > 0.3°C, which falls within the
standard deviation of normal temperature fluctuation [Angell 1990] and which is unlikely to be
detected above the background noise in the data. The eruptions of Krakatoa, 1883, and Agung,
1963, are associated with a minimal ring width, but the scale of response was not significant.
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The failure of the tree-ring minima studied by Scuderi to record significant volcanic events
suggests that the technique is not infallible as a proxy record of volcanic eruptions [Pyle 1992].
Scuderi's suggestion that climatic amelioration may be caused by the absence of volcanic eruptions
is also doubtful. Many external forcing mechanisms exist, of which the most important are
changes in the level of solar activity. Eddy [1977] presented clear evidence that cyclical changes in
solar activity were associated with climatic phenomenon. An increase in solar activity is associated
with the mediaeval climatic optimum and a decrease with the Little Ice Age. Scuderi's attempt to
explain these events solely by their correlation with volcanic eruptions is therefore dubious.

The use of Scuderi's tree ring chronology, as a proxy record of volcanic eruptions, is further
undermined by the lack of correlation between this and the chronologies established by LaMarche
and Hirschboek [1984]. Of the forty nine frost-rings, reported by LaMarche and Hirschboek, for
the White Mountains and the western Rockies since 50 B.c., only five events correspond with
any of the ring-width minima reported by Scuderi. The assumption cannot be made, that each
ring-width minima is likely to represent the climatic impact of a volcanic eruption.

Alternative responses? Warming and Cooling.
This review of tree-ring response to volcanic eruptions has largely assumed that climatic cooling
follows a volcanic eruption. Schneider however [1983], speculated that volcanically induced
circulation anomalies could cause global climatic warming as well as cooling. Does the tree-ring
record support this suggestion?

Hoyt and Siquig [1982] suggested that volcanic forcing had a greater influence on the
temperatures of continental interiors than maritime regions. Evidence to support this was
presented by Lough and Fritts [1987] who showed that, in eruption years, both cooling and
warming was recorded by north American tree-rings. Temperature response was found to be
conditioned by both the latitude of the eruption and the season and by the location of the tree.
Cooling trends were identified in central and eastern US states and warming in western US states.
The magnitude and extent of the temperature response varied, with the warming trends in western
states most obvious in the winter records and cooling in the east most marked in the summer.
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Volcanic eruptions occurring in latitudes >50 degrees north and between 20 degrees north and 10
degrees south generated the clearest response. Eruptions occurring in mid latitudes between 20
and 50 degrees north were observed to have little impact on global air temperature. High latitude
eruptions were associated with a warming tendency in central northern states and cooling in south
eastern states. Low latitude eruptions generated warming in the Pacific north western states and
south western Canada and significant cooling in central and eastern states [Figure 1.6].
Washington State was seen to experience slightly warmer summers, while Philadelphia
experienced cooler annual temperatures for up to two years after eruption years. The assumption
that the impact of volcanic eruptions is restricted to temperature declines is seen to be
unsupported. But the temperature differences were in the order of 0.2°C - 0.8°C. Are temperature
departures on this scale likely to trigger land abandonment and the collapse of civilisations
associated with the ring-width minima in the Irish Record? In the case of low-latitude eruptions,
in particular, since significant warming may clearly occur as well as cooling.

This work is a valuable addition to both tree-ring studies and to the study of the climatic impact of
volcanic eruptions. The warming and cooling shown to occur in eruption years, by Lough and
Fritts [1987], suggests that cooling should not be the only response modelled, and this possibility
should be considered when discussing the Irish record.

Discussion.
The physiological response of trees growing in marginal zones to external influences, will be
governed by micro-meteorological and micro-environmental conditions specific to each location
and attempts to extrapolate climatic and environmental change on a macro scale from these
records must be treated with caution. The correlations between tree-ring chronologies which
claim to record the climatic or environmental impact of volcanic eruptions are poor, as are the
correlations between climatic reconstructions and eruption chronologies based on chronologies
obtained from a wider area. Any attempt to extrapolate environmental conditions across a wide
area from the physiological response of trees growing at marginal locations must be made with
great care. The tree-ring response to major volcanic eruptions is sporadic and often not repeated
in proximal chronologies.
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Rather than assume a non specific deterioration in climate or solar receipts, a study of the factors
which make a tree's location marginal may identify the specific mechanisms by which a volcanic
eruption was able to trigger a recorded response. In these locations slight changes to the
environment may have the potential to affect tree growth, since their ability to respond to
environmental change is severely limited. Hence trees growing in marginal zones may respond to
the short term, 2-3 year climatic deterioration associated with climatically effective eruptions, and
put on limited growth. Narrow or damaged tree-rings need not be taken to indicate great climatic
fluctuation, rather they demonstrate that slight climatic or environmental change has a severe
impact in marginal locations. The Irish tree-ring chronology need not then indicate a series of
volcanic eruptions and uniquely severe climatic deteriorations.

Irish tree-rings reinterpreted.
Baillie and Munro's [1989] statistical analysis of the correlation between narrow Irish tree-rings
and ice-core acidity peaks demonstrated a significant relationship between the two phenomena.
Ninety percent of the trees sampled exhibited stress in response to the Hekla 3 eruption. It appears
probable that the volcanic eruptions recorded in the ice-cores did affect the environment of the
Irish bog-oaks. However, the discussions above suggest that it is unsafe to assume that the
environmental change indicated by the Irish tree-ring record was a widespread phenomenon. The
range of phenomena and dates associated with the Hekla 3 eruption occupy most of the 12th
century Be, and it is unwise to assume that the Hekla eruption was the sole such event in the
entire period. Nor was the Hekla 3 eruption of the magnitude which might be expected to
generate the global phenomena ascribed to it [Devine et al. 1984]. The continuing debate
concerning the scale and precise climatic impact of the far larger eruptions of the Laki fissure and
Tambora, suggest that care be exercised when ascribing wide ranging and extreme phenomena to
the far smaller eruptions recorded by the Irish chronology.

The narrow rings in the Irish chronology need not indicate that poor climate was widespread. The
work of Briffa et al. [1988] demonstrates that tree growth in the western fringes of Europe is
rarely synchronised with tree growth in central and eastern Europe. Similarly Lough and Fritts
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[1987] demonstrated that in North America, volcanically-induced circulation anomalies might
result in warming as well as cooling in the areas affected. This must be true for Europe and Asia
also. Narrow tree-rings in Ireland need not, and probably do not, indicate an episode of cooling
across Europe and Asia. An amelioration in Near Eastern Turkish climate is indicated by broad
tree-rings in the Turkish record at 1159 Be [Kuniholm 1990].

The environmental stress indicated by the Irish chronology persisted for decades. We must ask
therefore "does the Irish chronology record severe and long lived climate change, a time-lagged
environmental response to external forcing or an unspecified deterioration in the environment in
which the Irish trees survived?" There are no known mechanisms by which a volcanic eruption
may alter north Atlantic climatic circulation patterns for up to twenty years. Either the eruptions
recorded in the Irish tree-ring chronology, and the Hekla 3 eruption in particular, were more
climatically effective than any other known, or there is another mechanism responsible. Many
studies indicate that local environmental conditions control the response of a tree to external
environmental forcing [Conkey 1986; Graumlich & Brubaker 1986; Jacoby et af. 1988].

In what ways can the environment of the Irish trees be interpreted as marginal, and how maya
volcanic eruption have intensified this for decadallength periods? The Irish trees exhibit stress
which may be interpreted as occurring in response to a persistent environmental deterioration or
as a time-lagged environmental response to a single event. Jacoby et af. [1988] noted that trees
growing in a marginal location in Quebec experienced stress in the years 1816 and 1817, when the
aerosols from volcano Tambora may have diminished solar receipts. Recovery from this stress was
slow, but difficult to isolate from the general climatic trends established elsewhere. It is therefore
difficult if not impossible to isolate evidence for climate change for a single decade in prehistory.
Nevertheless the mechanisms by which the Irish chronology was vulnerable to long term stress
may be identified. The trees from which the Irish chronology is constructed cannot be considered
marginal in respect of either the altitude or the latitude at which they growing. They did,
however, grow in a situation which may be considered unique for oak trees, on raised bogs on
peat up to seven metres in depth [Pilcher 1992]. There are specific conditions which make a
raised bog an unattractive situation for an oak tree to grow. Raised bogs are an acidic
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environment, with a low pH and a low base status. They also have poor nutrient supply and a low
Cation Exchange Capacity and can also be waterlogged [Ashmore el at. 1988].

Baillie [1982 p.

200] discussed the narrowness of the Irish tree-rings in respect of German chronologies, and
suggested that this was due to the poor levels of nutrient in the Irish peat. The Irish oak trees can
be considered likely to exhibit stress in response to their environment throughout their lives, but to
exhibit particular stress following some volcanic eruptions. Irish oak trees may then be considered
marginal in respect of the acidity of the bog, the nutrient availability and the degree of
waterlogging.

Could a volcanically induced climatic change result in a significant increase in rainfall and
subsequent waterlogging of the bog? This question will be discussed in detail in Chapter 3, but no
significant increase in rainfall has been observed following nineteenth and twentieth century
eruptions. If not the local "climate" then we must consider whether the acidity and nutrient status
of the bog were vulnerable to volcanic eruptions. Acid rain will reduce the base status and lower
the pH of an acid sensitive environment. In a raised bog, the replenishment of bases removed by
acid rain may take decades [Mulder et at. 1989]. Icelandic volcanic eruptions may produce large
volumes of acid gases and aerosols. Tephra from Icelandic eruptions has been found in Northern
Ireland [Pilcher & Hall 1992] and Scotland [Dugmore 1989] which demonstrates that eruption
clouds may travel from Iceland to northern Britain. Could the Irish tree-ring chronology record
episodes of acid deposition and the slow replenishment of leached bases? We must consider the
possibility that rather than generate an unspecified and extreme degree of climate change, the
volcanic eruptions recorded in the Irish chronology may have had a direct impact on the acid
sensitive ecology of Northern Britain and Ireland. Such a model identifies the specific conditions
by which the environment of the Irish Oaks may be considered marginal, and the specific
. mechanisms by which Icelandic volcanic eruptions may have a significant impact on this
environment.

Chapter t,vo.
Climatic responses to volcanic eruptions.
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Summary of Chapter.
This chapter discusses the theoretical and empirical framework on which much of the
debate which associates volcanic eruptions and climate change has been based. Historical
records are used to suggest that there is some justification for the assumption that a
volcanic eruption may bring about climate change, but the often loose (and convenient)
correlation of historical events and volcanic eruptions is challenged. In this chapter The use
and construction of various eruption chronologies are considered and it is demonstrated
that many of them are inadequate. Alternative records of volcanic activity, in particular
ice-core acidity are considered. Measures of a volcanic eruption's ability to effect climate
change are discussed. In particular the "Dust Veil Index" [DVIJ and "Volcanic Explosivity
Index" [VEl] are examined. As an estimate of the potential of an eruption to perturb
climate, the DVI is shown to be inadequate in that it over emphasises the importance of
dust output and employs a circular argument to establish the relationship between
"climatic flux" and eruption magnitude. The degree to which temperatures have
responded to Twentieth Century A.D. eruptions is considered and the mechanisms by
which a volcanic eruption may perturb climate are discussed. Understanding of the IIekla 3
eruption placed in the context of these issues.

Why have volcanic eruptions been identified as having the potential to effect environmental
change? We need to understand the climatic mechanisms by which environmental change may be
caused in regions which are distant from the eruption. In particular was the Hekla 3, eruption of
the magnitude which could trigger the typical scale of settlement abandonment described by
Burgess [1985, 1989] and could it have caused the global and climatic phenomena described by
Baillie [1988,1989 a & b; 1991 a & b] and Pang et al. [1987, 1988, 1989]?
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Volcanic eruptions and surface cooling.
The assumption that cooling will follow a volcanic eruption is based on observations made by
Benjamin Franklin in Paris, in 1783. Franklin described atmospheric and climatic phenomena,
which we now know were the result of the LaId fissure eruption in Iceland.

"During several of the summer months of the year 1783, when the effect of the sun's rays
to heat the earth in these northern regions should have been greatest, there existed a
constant fog over all Europe and great part of North America. This fog was of a
permanent nature; it was dry, and the rays of the sun seemed to have little effect towards
dissipating it, as they easily do a moistfog arising from water. They were indeed rendered
so faint in passing through it that when collected in the focus of a burning glass, they
would scarce kindle brown paper. Of course, their swnmer effect in heating the earth was
exceedingly diminished.
Hence the surface was early frozen.
Hence the first snows remained on it unmelted, and received continual additions.
Hence the air was more chilled, and the winds more severely cold. Hence perhaps the
winter of 1783-4 was more severe, than any that had happenedfor many years.
The cause of this universal fog is not yet ascertained. Whether it was adventitious to this
earth ... or whether it was the vast quantity of smoke, long continuing to issue during the
summer from Hecla in Iceland, and that other volcano which arose from the sea Ileal' that
island, which smoke might be spread by various winds over the northern part of the world,
is yet uncertain. It seems however worth the enquby, whether other hard winters,
recorded in history, were preceded by similar permanent and extended summer fogs."
[Franklin 1784].
Franklin's observations make it possible to suspect and even detect the impact of other volcanic
eruptions in extant historical records.
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In 44 B.c., Plutarch described the veiling of the sun's rays

".. the obscuration of the sun's rays. For during all that year its orb rose pale and without
radiance, while the heat that came down from it was slight and ineffectual, so that the air
in its circulation was dark and heavy owing to the feebleness of the warmth that
penetrated it, and the fruits impeifect and ha/fripe, withered away and shrivelled up on
account of the coldness of the atmosphere" [Plutarch cited in Stothers & Rampino 1983a).
Not all volcanic eruptions are so clearly identified with atmospheric veiling, but a strong ice-core
acidity signal [Herron 1982] suggests that an unknown volcanic eruption was responsible for
similar phenomena in the year A.D. 536:

"The sun became dim .. for nearly the whole year ...so that the fruits were killed at an
unseasonable time" [John Lydus cited in Stothers & Rampino 1983b, Stothers 1984].

"... the sun gave forth its light without brightness, like the moon, during this whole year,
and it seemed exceedingly like the sun in eclipse,for the beams it shed were not clear, nor
such as it is accustomed to shed" [Pro cop ius cited in Stothers & Rampino 1983b].

"... the sun was dark and its darkness lastedfor about eighteen months; each day it shone
for about four hours, and still this light was only afeeble shadow ... thefruits did not ripen
and the wine tasted like sour grapes" [John of Ephesus, cited in Stothers 1984].

Similar accounts can be found in Chinese historical annals [Pang et al. 1987, 1988, 1989]. One
such has been dated to 1600 ± 30 BC, and correlated with narrow tree-rings in the Irish Record
[Baillie & Munro 1988], frost-damaged tree-rings in California [LaMarche & Hirschboek 1984],
and an acid peak in the Greenland ice-core [Hammer et al. 1987].

"At the Time of King Chieh the sun was dimmed ... Winter and summer came irregularly
... Frosts in the sixth month ... The five cereals withered ... therefore famine occurred"
[Pang et al. 1989]
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The common themes in the accounts above are a reduction in the energy of the sun's rays as they
reach the earth and a veiling or dimming of the sun. The comments of Franklin in 1784 allow us to
suggest that these phenomena indicate the presence, in the atmosphere of volcanic aerosols. It
would be easy to assume that similarly cool summers, hru::sh winters and poor harvests generated
the environmental stress indicated by the Irish tree-ring record. A severe, if unspecified,
environmental deterioration could then be postulated with some degree of "theoretical confidence"
and volcanic influence on settlement abandonment in northern Scotland postulated. But is the
dating framework secure enough to allow this interpretation to be suggested with confidence?
Are such descriptions firm enough to allow us to construct models of critical environmental
change in upland Scotland, in which volcanic eruptions appear to be the only independent
variable?

Correlating historic climate records and volcanic eruptions: the need for caution.
The need for caution can be demonstrated by further investigating one of the cases cited above, for
which the Chinese "Annals", Irish and American dendrochronological research and ice-core
evidence appear to be in agreement in recording the impact of a major volcanic eruption, the
eruption of Thera. It was suggested that several lines of evidence, tree-ring width minima and icecore acidity peaks, have actually recorded the impact of the eruption of the Greek island of Thera,
in Minoan times [Hammer et af. 1987; Manning 1988]. Pang et aI's. [1989] estimated date for this
event was reached by "counting back" the generations from a "secure date" of 841 BC. To the
cynical this gives a sixty year window around 1600 BC within which any convenient volcanic
eruption may be "blamed" for the "impacts" detected. It is unrealistic to suggest that only one
significant volcanic eruption, that of Thera, occurred within this time frame [McClelland et af.
1989]. Vogel et af. [1990] and Beget et af. [1992] list at least three other major eruptions which
took place within this period: Avellino in Italy, Mt. St. Helens in Washington State, and
Aniakchak in Alaska. To further disturb the "Theran" argument, the dating of the acid peak in the
Greenland ice-core record has been revised from 1390 ± 50 BC [Hammer et af. 1980] to 1645 ± 7
BC [Hammer et af. 1987]. Subsequently Hammer and others [1988], Cadogan [1988] and Pyle
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[1989], suggested that it was unlikely that the eruption of Thera was the culprit for all or any of
the phenomena which researchers were attempting to assign to it. A strict interpretation of dates
places the ice-core acidity peak outside the time frame suggested by the Chinese Annals. The
"absolutely" dated tree-ring records indicate environmental stress in the period 1628-1626 B.c.
[LaMarche & Hirschboek 1984; Baillie & Munro 1988], which is at least 10 years after the icecore acidity peak date, and only just within the sixty year range suggested for the poor summer in
China. The desire to link such phenomena and the stretching of the dating frameworks involved is
an attractive but questionable practise and one which is discussed in depth by Baillie [1991 a & b].

All such attempts to link (and hence infer associations between) historic eruptions and
environmental phenomena and human "impacts", rely on the accurate and precise association in
time of the two events. The account above suggests that this does not occur for the eruption of
Thera. A more general investigation of eruption chronologies constructed since 1970 suggest that
such associations are not reliable when based on eruption data gathered earlier than the twentieth
Century.

Eruption Chronologies.
The use of eruption chronologies to prove that volcanic eruptions are the major independent
variable in the generation of transient but powerful "fluctuations" such as cooler temperatures,
damaged tree-rings, disturbed atmospheric circulation patterns, famine and social unrest, remains
problematic. The mere association of an eruption and an environmental phenomenon thought
worth recording in the past is not proof of a dependent relationship.

"There is no question but that the available data suggest an unmistakable coincidence ill
time between the occurrence of major volcanic eruptions and an accompanying or
subsequent minimum in curves of sUlface temperature. The important question remains
whether this represents a causal relationship or a mere coincidence in time". [Ellsaessar
1986 p.1184].
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A review of four eruption chronologies constructed since 1970 will illustrate the problem [Figures
2.1 & 2.2]. In 1970, Lamb's seminal work on volcanic activity and climate change published an
eruption chronology for the years 1500 - 1969. This recorded 380 known eruptions. Ten years
later Hirschboek [1980] presented a revised eruption chronology which recorded 4796 eruptions
for the same period, a very significant increase on Lamb's figure. Simkin and others [1981] raised
this figure to 7664 eruptions and Newhall and Self [1982] further increased the number of known
eruptions in this period to 7713.

While the upgrading of eruption chronologies presents a manageable problem the deterioration in
the temporal quality of the data is less easily accounted for. The difference between the number of
eruptions recorded in the twentieth century and in the sixteenth century can be seen on Figures 2.1
and 2.2 and in Table 2.1. The marked rise in the number of volcanic eruptions recorded in each
century is a factor of better reporting rather than a real increase in eruptive activity.

Lamb 1970. lIirschboek 1980. Simkin et ale 1981. Newhall & Self 1982.
1600-1699.

27.

176

436

270.

1900·1969.

57

1942

3018

3480.

Table 2.1. Recorded eruptions Sixteenth and Twentieth centuries.

The paucity of eruption data in earlier periods is illustrated in Figure 2.1 which shows that 3018
eruptions were recorded between 1900-1969 and 11 were recorded between 1 and 100 AD.
[Simkin et at. 1981]. The data is also weighted, for obvious reasons, by observations made in
Europe [Stothers & Rampino 1983 a & b] and in China [Pang et ale 1986, 1987, 1989].

The role and application of the Volcanic Explosivity Index [VEl] will be reviewed below but
recent work on eruption frequency and scale in the Twentieth century A.D. [McClelland et ale
1989], indicate eruption frequencies per 1000 years of 12 aDO-VEl 1, 12 000-16 000- VEl 2,
4000-5000-VEI 3, 600-VEI 4, 65-VEI 5, 25-VEI 6 and 1-5-VEI 7. This gives a total expected
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eruption rate of approximately 30 000 per 1000 years. The fact that only 19 eruptions 3 VEl 5 are
known of [Simkin et al. 1981], out of an expected frequency of 100, shows that caution must be
used in the application and correlation between eruption chronologies and other "proxy" data.

The poor nature of the data makes any attempt to prove an association between recorded
historical eruptions and weather by statistical analysis a doubtful exercise. Equally problematic is
any attempt to suggest that mere association is sufficient to suggest that one of the few recorded
eruptions might be responsible for archaeological, palaeoenvironmental or historical phenomena.

Within the twentieth century A.D., despite improved reporting and recording of eruptions,
volcanic events have sometimes gone unrecorded. Simkin et at. [1981 p.25 their Figure 5] show
that the number of recorded eruptions dropped steeply during the First and Second World Wars.
Hoyt [1978] suggested that an unrecorded major eruption in 1928, of Paluweh on the Lesser
Sunda Islands, Indonesia, was responsible for the reported atmospheric turbidity and a decrease in
Northern Hemisphere summer temperatures of 0.3°e. Sedlaek and others [1983] monitored
sulphur concentrations in the stratosphere between 1971-81 and noted several injections of
volcanic sulphates into the stratosphere for which no eruption had been recorded or reported in
the literature.

This analysis shows that the dating framework within which volcanic events and historical or
environmental records of climate change are related cannot be regarded as accurate. It is not
sufficient to assume a causal relationship between an eruption and an environmental response. Not
all eruptions modify climate and it is not sufficient to model an unspecified, but large, volcanic
event, and an unspecified, but severe, degree of climate change. To deal with this problem an
eruption must be categorised, the size of an eruption must be estimated, and the degree of climatic
change expected to follow modelled. Two attempts to do this are the work of Lamb [1970] who
constructed a measure known as the DUST VEIL INDEX, and Newhall and Self [1982] who
constructed the VOLCANIC EXPLOSIVITY INDEX.
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TilE DUST VEIL INDEX.
An attempt to quantify the "climatic effectiveness" of volcanic eruptions was made by Lamb
[1970, 1972, 1977], who worked on the principle that the passage of the sun's rays through the
atmosphere was primarily inhibited by the volume of dust emitted in an eruption. The climatic
effectiveness of any single volcanic eruption could therefore be assessed by an measuring, or
estimating, its dust (i.e. tephra) output Lamb's measure of climatic effectiveness was termed the
Dust Veil Index [OVI] and has formed the basis for much subsequent work. Focusing on the
volume of dust emitted by different eruptions, and using the 1883 eruption of Krakatau as a
standard, Lamb constructed a classified chronology of eruptions. The volume of dust emitted in
an eruption was correlated with available temperature records, and Lamb's research suggested a
positive correlation between low temperatures and a DVI ~100.

Lamb emphasised the importance of the role played by the fine dust thrown into the stratosphere
during an eruption. Lamb further suggested that stratospheric circulation would pass dust from
low latitude eruptions around the world whilst dust from high latitude eruptions would remain in
the hemisphere of origin. Different climatic impacts were therefore modelled for eruptions which
occurred at different latitudes. Several other controlling parameters were suggested, in addition to
the latitude of the eruption, which ought to have a key role in causing climate change, these were;
the residence time of the dust in the atmosphere, the size of the dust cloud, the maximum
departure from average temperature and the greatest depletion of incoming solar radiation.

It is worth exploring the relationships of the parameters used by Lamb in his formulae as these
constitute the basis for much later work. The DVI could be calculated in three ways:
DVI = O.97RDmax Emax tmo.

DVI = 52.5tdmax Emax tmo.
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DVI

=4.4qEmax tmo.

Where RDmax = the greatest percentage depletion of direct solar radiation shown by the average
monthly temperatures for the hemisphere concerned.

Where Emax = the greatest proportion of the earth affected by the dust veil. Emax

= 1 for

eruptions between 20° latitude north and south; 0.7 for eruptions between 20° and 35° north and
south; 0.5 for eruptions between 35° and 42° north and south; and 0.3 for eruptions occurring
above 42° latitude.

Where TDmax = the estimated average lowering of temperature for the most affected year over
the middle latitudes of the hemisphere affected.

Where q

= the estimated volume in cubic kilometres of solid matter injected into the atmosphere.

Where tmo = the residence time of the dust in the atmosphere.
Lamb considered that those eruptions achieving a DVI of 100 or over were capable of a significant
impact on climate.

There are problems with the use of Lamb's indices. Values of R, T, and t, are calculated from
observations in mid-latitudes but these are not necessarily where the maximum effect of a low or
high latitude eruption would be felt. Calculating the DVI of an eruption based on recorded values
of T (temperature lowering) could lead to a circular argument. This is because any temperature
variation from the nonn is directly related to the size of an eruption, and not to any other external
forcing factors such as variation in the output of energy from the sun [Eddy 1977, 1992], or
fluctuations in the earth's orbit [Kukla 1979]. Problems also lie in the use of an inadequate
Eruption Chronology, and in the assignment of a values for RDmax (greatest depletion in Solar
radiation) and Emax (latitudinal dispersal of the dust cloud) from proxy records. Inadequate data
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exists from which to assign a DVI to eruptions prior to the nineteenth century, or to small
eruptions, or where several eruptions were closely spaced. As a result there is a real risk of
entering into a circular argument where temperature declines are used to support estimates of the
value of RDmax, which value is then held as a measure of the degree of eruption magnitude. It is
simply not safe to assume that all temperature departures in eruption years are the result of
volcanic activity. Estimates of Emax fail to take into account the possibility of other phenomena
such as dust storms being interpreted as being of volcanic origin. Of Lamb's 250 DVI estimates
only 10% were based on measured observations of a decrease in solar radiation or fall in
temperature, whilst 48% were based on non-quantitative descriptions of eruptions such as may be
gleaned from travellers' accounts and eye witness observations [ef Burton 1875; NordenskiOld
1876]. Problems also arise in the existence, accuracy and relevance of temperature records.
Accurate and precise temperature records do not exist beyond the seventeenth century [Manley
1974] and reliance on other types of observations of climatic severity can be misleading. Baillie
[1982 p.248] noted three instances of the "worst winter in living memory" within a five year
period in Ireland 1766-71. Temperature series constructed from observations made in a
continental interior may not be relevant for conditions on the continental fringe and obviously the
opposite must be equally true.

In order to assess the value of the DVI as a tool to be used in reconstructing the climatic impact of
prehistoric eruptions, several studies which have linked the DVI to environmental change, will be
reviewed below.

Applications of the DVI.
Pursuing Lamb's theme, other workers announced significant negative deviations in surface
temperature following the injection of volcanic dust into the stratosphere [Mitchell 1971; Mass &
.Schneider 1977]. In an early attempt to refine the use of the DVI as a major climatic forcing
mechanism, Cronin [1971] investigated the periodicity with which volcanoes had erupted in the
mid Twentieth Century A.D. He suggested that the eruption of volcanoes at lower latitudes where
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the stratosphere is lower, had a greater climatic impact than the eruption of volcanoes at high
latitudes, where the stratosphere is higher. Cronin's work was undennined by the use of an
inadequate "Eruption Chronology". Several significant twentieth century eruptions A.D. were
ignored. In particular eruptions of Alaskan volcanoes (Trident in 1952 and Spurr in 1953), and of
Bezymianny on the Kamchatka peninsula, in Siberia in 1956, and the Japanese volcano
Tokachidake in 1962, were all absent from his analysis.

Bray [1974] used the DVI in an attempt to correlate volcanic activity and glacier response in the
northern and southern hemispheres over the past 40 millennia. In an attempt to prove a
monocausal relationship between the two phenomena, this work demonstrates the problems
inherent in such an approach. His work was hindered by an inadequate eruption chronology. The
response of glaciers to volcanic forcing was inconsistent, in some cases it was synchronous and in
others lagged by up to 100 years. Both the accurate dating of volcanic eruptions which occurred
up to forty thousand years ago and the estimation of their DVI was problematic. The DVI was
inadequate to explain all glacier response and the inconsistent response time suggested further
problems with the use of the DVI to account for climate change.

The theme of glacier response to significant DVI events was pursued by Bradley and England
[1978]. Between 1947-1963 glaciers in the North American High Arctic experienced a continuous
loss of ice at a rate of circa 3500 kg/m2/yr. After 1963, this loss fell to 350 kg/m2/yr. They
suggested that the DVI of 800 calculated for the 1963 eruption of the Indonesian volcano Mt.
Agung, indicated its responsibility for this phenomenon. As with the work of Cronin [above],
Bradley and England ignored or were unaware of significant DVI events between 1947-1963.
They also assumed a "temperature response" to volcanic eruptions which was not quantified. In
fact, in the first year after the eruption of Mt. Agung, a decrease in northern hemisphere
temperatures of no more than 0.42°C is reported and temperatures had returned to normal by the
third year after the eruption [Hansen et af. 1978; Newell 1981a; Rampino & Self 1982]. The 1963
eruption of Mt. Agung is therefore unlikely to have been the sole cause of north American glacier
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fluctuation and the DVI is shown to be an inadequate measure of volcanic ability to force climate
change.

There is obviously a flaw in the deterministic application of the DVI in studies of climatic change.
Miles and Gildersleeves [1978) suggested that the problem lay in the reliance on questionably
complete eruption chronologies, but it may equally lie in the assumption that volcanic eruptions
are the sole or major independent variable capable of generating climate change.

The DVI is seen to be an inadequate measure of the climatic effectiveness of a volcanic eruption.

In the case of prehistoric eruptions which may have had an impact on the north British
environment, the calculation of a DVI would be largely inaccurate. The "responsible" eruptions
are not always clearly identified, and to calculate a probable DVI from a climatic response which
itself has been estimated as a result of supposedly related settlement abandonment, or tree-ring
stress would lead to a circular argument. It is not sufficient to demonstrate that narrow tree-rings
in Ireland apparently correlate with apparently large ash-producing eruptions, which might have
caused a climatic deterioration in Northern Britain. The DVI is therefore an inadequate measure
for such purposes. Other estimates of magnitude were subsequently developed as a result of some
of the failings described above.

The Volcanic Explosivity Index.
An alternative measure of volcanic eruptions was proposed by Newhall and Self [1982) who
suggested that it was the volume of dust injected into the stratosphere which determined the
climatic effectiveness of an eruption and advanced a Volcanic Explosivity Index [VEl), as a
measure of this effect. The VEl depends on an estimation of five parameters of magnitude first
suggested by Walker [1980, 1981). These are:
1. Magnitude. Determined from the volume of volcanic ejecta.
2. Intensity. Determined by the volume of ejecta per unit time calculated from column
height and velocity.
3. Dispersive power. Determined from column height.
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4. Violence of the eruption. Analogous to intensity but meant for instantaneous rather
than sustained eruptions.

5. Destructive potential. Determined by the extent of devastation, actual or estimated,
caused by an eruption.
VEl

CRITERIA
DESCRIPTIVE

VOLUME OF EJECfA(m3)

ERUPTION
COLUMN HEIGHT

(kml

o
1
2

3
4
5
6
7
8

non - explosive
sma))
moderate
mod -large
large
very large
very large
very large
very large

<104
104 - 106
106 - 107
107 - 108
108 - 109
109 - 1010
1010 - 1011
1011 - 1012
>1012

<0.1
0.1 - 1.

1 -5
3 - 15
10 - 25
>25
>25
>25
>25

Table 2.2. The Volcanic Explosivity Index.

As with the DVI, estimates of the VEl are necessarily based on estimates of variable quality, but
being based on volcanologically-derived data it removes the circularity of argument which was
built into the use of RDmax and Emax in estimating the value of the DVI. Based on these factors
a Volcanic Explosivity Index was assigned to known eruptions on a scale of a - 8 Table 2.2.

Eruptions assigned a VEl ~4 are those which are estimated to have produced at least 108 m3 of
ejecta and achieved column heights of 10 - 25 km. These estimates are independent of
observations of temperature depression, atmospheric effects, decreases in radiation receipts or by
climatic observations in mid-latitudes. As such the estimates of magnitude reached are climatically
independent. Attempts to link significant VEl events and climatic change avoid some of the
pitfalls which undermined the use of the DVI. Cruz-Renya [1991] subsequently demonstrated that
using the VEl, the scale and frequency of volcanic eruptions could be fitted by a Poisson
distribution. Thus one eruption of VEl ~7 and 100 VEl 4 can be expected in a 500 year period if
time is viewed as a statistically "normal" sample population.
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While the VEl includes estimates for magnitude and stratospheric penetration, a significant degree
of climatic forcing associated with volcanic events assigned a VEl 34 is assumed rather than
demonstrated [Hingane et al. 1990; MukheIjee et al. 1987]. In a critical review of the application
of this index to studies of climate change, Bradley [1988] found a statistically-significant
temperature anomaly when the 44 known events with a VEl ~4 between 1883 and 1981 were
analysed through a "superposed" epoch analysis. However, the observed temperature reduction
was small, between 0.05 to 0.1 °C, and seen only in the month following the eruption. When the
eruptions were divided into three latitudinal zones, no significant temperature departure in either
the latitudinal zone, or the northern hemisphere as a whole was observed. Large, but historicalIyrare events, such as the 1912 eruption of the Alaskan volcano Katmai, assigned a VEl of 5 or
more, were correlated with temperature depressions <O.4°e lasting for 2 to 3 months.
Temperature responses of this degree seem an unlikely catalyst for long-term environmental
change in northern Britain and there appears to be no evidence that any large eruption, of VEl <4
has had a significant effect on low frequency temperature changes.

Eruption chronologies based on personal observations are inevitably weighted by both time and
location, hence the vast increase in recorded eruptions in the twentieth century and the dominance
of Mediterranean eruptions and Chinese observations in the early historic records. Poor recording
and geographic weighting have hindered attempts to isolate "clear volcanic signals" from the
. background noise of the environmental and historical records.

ICE CORE DATA.
Proxy records of volcanic eruptions constructed from material deposited on the Greenland and
Antarctic ice cap have may the potential to identify climatically-significant eruptions with greater
reliability and precision. The annual deposition of snow in the Earth's polar regions contains a
wide range of atmospheric, climatic and environmental information [Lorius 1990]. The
accumulation, in Greenland, of annually deposited snow, over a period of 150 000 years, preserves
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this information in consecutive dateable layers. Though the precision of the record deteriorates
with time as it becomes more difficult to identify annual snow deposition, some the acids and
particles emitted by some volcanic eruptions will, with luck, be preserved in each "annual" layer.
Prominent acidity peaks or micro-particle concentrations, in ice-cores can be used as reference
horizons [Langway et af. 1988], and allow an estimate to be made of climatically significant
volcanic activity which is not biased in time and space by human "observation".

Acidity~

Acid concentrations within ice cores may be a good source of information on both the occurrence
and the intensity of volcanic events. Hammer [1977, 1984] and Hammer and others [1980, 1981]
constructed a chronology using acidity concentrations in the Dye 3, Crete and Camp Century ice
cores from Greenland. The concentration of these acidity peaks can be used as both an indicator
of climatic impact and of global acid fall out. Since it is the volume of acids injected into
stratosphere that forces climate change, the acid level in the ice-core offers a means to check the
acid output and hence potential climatic impact of historically-famous eruptions, and identify the
occurrence of unrecorded events ..

Rather than recording all eruptions, ice-core acidity peaks are best viewed as providing a record of
the occurrence of volcanic events which have the potential to affect climate [Sigurdsson 1982].
This removes much confusing noise from the Eruption Chronology and records the occurrence of
eruptions which may not have appeared in other records. Several such ice-core acidity peaks
appear to correlate with ring-width minima in the Irish record [see Chapter One]. For further
information Table 2.3 presents a list of eruptions with significant acid peaks and estimates of their
add fallout in Greenland and on a global scale.

Trends in global volcanism can also be detected and correlated with global temperature trends.
Ice-core acidity records [Table 2.3] indicate that the highest rates of volcanic activity since AD
533 occurred in the periods AD 1250-1500 and AD 1550-1700; the initial and culminating phases
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of the Little Ice Age. Similar work in both Greenland and Antarctica [Dia et al. 1991; Legrand &
Delmas 1987] allow the ice core acidity record to be refined and the removal of the inevitable
latitudinal bias which the proximity to Greenland of the volcanic areas of Iceland, Alaska and
Kamchatka has introduced. Both Dia et al. [1991] and Legrand and Delmas [1987] record a major
acid peak in 1810, which preceded the massive eruption of the Indonesian volcano Tambora in
1815 and suggest this pre-Tambora event which is absent from eruption chronologies compiled
from "personal observations" and historical records, was on the scale of the 1963 M t. Agung
eruption.

Langway and others [1988] present ice core acidity evidence for an unrecorded acid producing
event in 1259 AD, which produced an ice-core acidity signal on the scale of that produced by the
Laki fissure an Tambora eruptions. The omission of an event of this scale from eruption
chronologies derived from other sources illustrates their failings, and demonstrates the futility of
using such compilations to assign statistical significance to the correlation of known eruptions and
climatic extremes.

Often the magnitude of acid peaks has allowed an estimate to be made of the comparative
magnitude of each eruption. Clausen and Hammer [1988] analysed the acid signal of the 1783
eruption of the Laki fissure and the 1815 eruption of Tambora and suggested that global acid
6

emission for each event was over 200 X 10 tons. The identification of the acid peaks associated
with climatically significant events in relatively recent times will allow an estimation to be made of
the climatic effectiveness of the smaller eruptions thought to have had a significant impact on the
north British environment in the past.
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Volcanic acid
fallout in
Greenland.
kgkm2.

Location.
Indonesia
Iceland
Alaska
Indonesia
Indonesia
Iceland
Canary lsI.
Iceland
?

Date
1963
1947
1912
1883
1815
1783
1730-36
1724-30
1666?

Pacaya
Awu
Adiksa
Komagatake
Unknown
Raudubjallar
Unknown
lIekla 1
Eldgja
Unknown

Guatemala
Indonesia
Indonesia
Japan
?
Iceland
?
Iceland
Iceland
?

1664
1641
1641 }
1640
1600/01
1554
1257/58
1104
934
622/23

Camp Century.
Unknown
Unknown
Unknown
lIekla 3
Thera
llekla 4
Unknown
MI. Mazama
lIekla 5
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Location
?
?
?
Iceland
Greece
Iceland

Date nco
50±30
210±30
260±30
1120±50
1390±50
2690±80
3150±90
4400±110
5470±130
6060±140
6230±140
7090±160
7240±160
7500±160
7640±170
771O±170
781O±170
7910±170

CRETE.
Agung
lIekla
Katmai
Krakatoa
Tambora
Laki
Lanzarote
Krafla
Unknown

·

?

Usa
Iceland

·
?·

?

?
?

?
?
?

·

?

?

}

Global acid
fallout
XI06

9
6
37
21
58
116
36
63

20
5
30
55
360
280
60
55

60

100

81

190

61
23
128
51
189
52

50
20
300
45
165
45

192
72
54
99
98
96
255
156
90
119
102
79
124
51
412
69
73
95

120
45
35
60
125
60
160
200
60
75
65
50
80
35
260
45
45
60

Table 2.3 • Magnitude of volcanic events estimated from the annual acidity layers in icecores in Greenland. Based on figures retrieved from Hammer el al. [1980) and upgraded
after Clausen and Hammer (1988) & Langway el al. [1988).
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Micro-particle content.
As with acid output, so the tephra emitted in volcanic eruptions may be deposited in the annual
layers of an ice-core. Betzer et al. [1988] discovered the long range transport of mineral particles
up to 10 000 km from their source and Ram and Gayley [1991] have discussed the long range
transport of volcanic material to the Greenland ice-sheet. Micro particle concentrations in an icecore may therefore indicate the occurrence of large ash-producing volcanic eruptions.

Several "peaks" in micro particle concentration in an Antarctic ice-core drilled at the AmundsenScott South Pole Station [Thompson & Moseley-Thompson 1981] were found to correlate with
known volcanic eruptions Krakatoa. Indonesia 1883; Coseguina. Nicaragua in 1835; Tambora.
Indonesia in 1815 and Mayan. Luzon in 1766. Examination of particles under a scanning electron
microscope [Moseley-Thompson & Thompson 1982] confirmed the volcanic origin of the
material. Micro particle concentrations may therefore offer an alternative or complimentary
record of eruption history.

Correlating results from Antarctica, Greenland and Devon Island. Danny-Harvey [1988] found
that large increases in atmospheric aerosol loading had occurred during the "Late Devesian-Glacial
Maximum". The optical depths indicated by the aerosol content of the ice-core were calculated
and the results suggested that increases in aerosol content at that time would have lowered the
global mean temperature by 2-3 degrees centigrade. a significant contribution to global cooling.
Petit et at. [1990] also linked the dust record in the Vostok [Antarctic] ice-core, with
palaeoclimatic trends in the southern hemisphere. and confinned the work of Danny-Harvey
[1988] that a significant increase in dust loading of the atmosphere occurred in the Late-Glacial
cold maximum. However they estimated that the maximum volcanic contribution to the ice-core
dust levels was never greater than 20% of the total micro-particle content.
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This discussion of the construction and application of Eruption Chronologies has been necessary in
order to demonstrate that the simple association of an eruption with environmental phenomena
elsewhere is insufficient proof of a causal relationship. Both the DVI and VEl were shown to be
inadequate both in terms of the number of eruptions recorded and the criteria measured. Even in
the twentieth century eruptions have gone unrecorded. Extreme caution must be exercised in any
attempt to link: the few eruptions identified in prehistoric times with palaeoenvironmental change.

In order to be considered climatically significant, a volcanic eruption must emit a significant
volume of acid volatiles. Even where a temporal association between an eruption and an
environmental phenomenon elsewhere is demonstrated, if the eruption was not acid-producing a
relationship between the two events cannot be assumed or accepted. Ice-core data provides a
partial proxy record by which acid emissions and dust output can, in appropriate circumstances, be
reconstructed. The correlation of an acid-producing eruption and environmental phenomena may
suggest a link between the two events. A further measure of this relationship may be found in the
environmental response of trees to volcanic forcing of climate. The record of stress in the dendrochronological record and acid peaks in the ice-core record may indicate that an historic or
prehistoric eruption had an environmental impact elsewhere - but matters may also be more
complicated.

Models: Volcanic Eruptions and Climatic Impact.
To evaluate the potential environmental impact of volcanic eruptions on the north British
environment, it is necessary to review the mechanisms by which they are held able to modify
climate. Many theoretical studies assume that surface cooling will follow the introduction of
significant levels of volcanic material into the atmosphere [Handler 1989; Kelly & Sear 1984;
Lamb 1970; Mukherjee et al. 1987]. It has been suggested that there may be both direct
environmental responses to such cooling [Scuderi 1990], as well as disruptions caused in the
patterns of atmospheric circulation [Lamb 1970]. Surface cooling may cause environmental stress
in specific locations [Pyle 1992], but the disruption of circulation patterns in the lower atmosphere
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is thought more likely to generate significant terrestrial environmental change [Handler 1989;
Kelly & Sear 1984; LaMarche & Hirschboek 1984; Lough & Fritts 1985].

Investigations of the potential of volcanic eruptions to affect climate have concentrated on the
disturbance to the net radiation budget of the earth which may follow the introduction of volcanic
material into the atmosphere. The net radiation budget of the earth is attained through the
balance between incoming solar insolation and energy deficits resulting from emitted longwave and
reflected shortwave radiation [Ardanuy et al. 1992]. The effect of volcanic ejecta on the global
energy budget is determined by radiative transfer calculations at visible and infra-red wavelengths
and a cooling effect due to volcanic ejecta has been observed [Baldwin et al. 1976; Pollack et al.
1976; Lamb 1970, Mitchell 1971; Hansen & Lacis 1990; Sigurdsson 1990]. The accepted measure
of the transmission of solar radiation through the 'atmosphere is of degree of optical depth.
Optical depth is the logarithm of the transmission of sunlight through the atmosphere, an increase
in the optical depth by 0.1 % translates to a reduction, by 10%, of the amount of sunlight reaching
the lower atmosphere. Pollack [1981] measured the influence on transmitted energy of the
tropospheric and stratospheric plume of the May 1980 eruption of Mt. St. Helens. He showed that
an increase in the stratospheric load of silicate and acid particles and the multiple scattering of
intercepted sunlight would lead to an increase in global albedo, tropospheric cooling and
stratospheric warming.

Are these cooling mechanisms effective enough to allow us to accept that volcanic-forcing of
climate is responsible for the environmental stress and settlement abandonment postulated in
northern Britain? A study of the mechanisms involved and the criteria by which volcanic
eruptions may be judged climatically significant will allow this question to be addressed.
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Volcanic eruptions and climate change: mechanisms.
Volcanic mechanisms which result in a disturbance to global albedo may be summarised under four
headings. A fifth mechanism which may result in significant tropospheric wanning has been
identified as a result of the research for this dissertation, and will be presented in detail below.

1. Cloud Condensation Nuclei.
The introduction of volcanic gases and tephra into the troposphere can raise the levels of
condensation nuclei and generate cloud formation. This may raise tropospheric albedo and lead to
localised surface cooling [Ardanuy et at. 1992]. The residence time for particulate volcanic
material emitted into the troposphere is thought to be limited. Studies of the May 1980, Mt. St.
Helens eruption indicated that fine ash particles may aggregate into larger particles in the eruption
plume, which may lead to fallout within hours or days of the eruption [Carey & Sigurdsson 1982;
Gilbert et al. 1991; Rogers et al. 1981] and any climatic impact may be limited to the short-term.
No study has assigned a significant role to this mechanism and we cannot assume that
unseasonable rainfall is the mechanism by which volcanic eruptions had a significant environmental
impact in northern Britain.

2. Volcanic Dust.
Basaltic and silicate material injected into the stratosphere will increase the global albedo and
absorb and reflect solar radiation which may lead to surface cooling and stratospheric warming
[Baldwin et al. 1976; Hansen & Lacis 1990; Pollack et al. 1976; Ogren et al. 1981). A volcanic
aerosol containing basaltic and silicate particles> 1 pm in diameter may absorb solar radiation and
radiate infra-red radiation. This may lead to warming which, in principle, may counterbalance the
cooling effect an aerosol cloud. This effect is likely to be short-term since the residence time for
such material is limited to weeks [Deepak & Newell 1982). Chou et aI, [1984] estimated that such
infrared wanning may reduce the cooling effect of the volcanic aerosol by c. 40%, while
Harshvardhan [1979] found that infrared warming by volcanic aerosols could reduce the net
radiative loss of an atmospheric column by approximately 30%. The role and importance of
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particulate matter in generating significant surface cooling has been the subject of considerable
debate, with particular reference to their atmospheric residence time [Farlow et al. 1981;
Mackinnon et al. 1984].

Early studies of volcanically generated climate change suffer from an over estimation of the
importance of stratospheric residence time of volcanic dust [Lamb 1970]. The assumption that the
residence time of the volcanic dust would extend over several years was shown to be incorrect.
Stratospheric residence times for particulate matter> 1pm in diameter failed to extend beyond two
to three months after many eruptions, while climatic fluctuations persisted into the third year
[Farlow et al. 1981; Mackinnon et al. 1984]. Exceptions to this settling rate were discussed by
Reitmeijer [1988], who suggested that residence time of sub-micron sized tephra in the
stratosphere was related to their size and shape. This was confirmed when sub-micron sized dust
particles from the 1982 eruption of EI Chich6n were detected in the atmosphere in 1989
[Reitmeijer 1990]. While these findings model the behaviour of volcanic dust from Holocene
eruptions, the finding of tephra up to 300 pm in diameter in ice of Wisconsian age [69000-79000
yr B.P.], in the Dye 3 ice core [Ram & Gayley 1991], raises interesting questions about the long
range transport of tephra and the longevity of its residence in the stratosphere in earlier periods.

The importance of particulate matter in generating long-term cooling was called into further
question as a result of studies of the May 1980 eruption of Mt. St. Helens. Whilst this was an
extremely explosive event, assigned a VEl of 5 [Simkin et al. 1981], the eruption had minimal
climatic effect, and caused an estimated depression in polar winter temperatures of <0.1 °C [Kerr
1981; Robock 1981]. The failure of this eruption to generate significant cooling focused attention
on the mechanisms by which volcanic material was able to generate climatic fluctuation. In a
study of the temperature response to eruptions with a VEl 5 [Self et al. 1981) an "inconsistent"
climatic response to such eruptions was noted. While some large explosive eruptions appeared to
have been associated with a hemispheric temperature departure, of ~T = 0.2 - 0.3°C, for 2 - 3
years, some appeared not to be related to any temperature departure and in one case, the 1956
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eruption of Bezmymianny, there was an increase in ~T.

The failure of the 1980 eruption of Mt.

St. Helens to produce a climatic perturbation where the smaller, VEl 4, 1963 eruption of
Indonesian volcano Mt. Agung, had lowered tropospheric air temperatures by < 0.3 - O.4 c C
[Angell & Korshover 1985] confinned the importance of sulphur output in this context. Where
Mt. St. Helens is estimated to have introduced < 0.64 million tonnes of sulphur into the
stratosphere, Mt. Agung is estimated to have introduced> 30 million tonnes of sulphur into the
stratosphere [Kerr 1981], increased optical depth by 0.3 [Pollack et al. 1976] and decreased solar
transmittance by approximately 1.5% [Sigurdsson 1990]. Sampling of the stratospheric aerosol
following the Mt. Agung eruption showed that it was mainly composed of sulphuric acid
[Castleman et al. 1974]. To put this in perspective, Sulphate concentrations in the wake of the
Mount St. Helens eruption were 216 times the normal background level [Gandrud et ai, 1981],
whilst the specific measurements of S02 taken 24 hours after the 18 May eruption showed a 1000
% enhancement over non volcanic concentrations [Hobbs et al. 1981; Inn et a/. 1981].

The climatic effects of a volcanic eruption are not a simple function of the volume of tephra, nor of
the explosive energy of the eruption. The presence in British sediments of Icelandic tephra
[Dugmore 1989; Pilcher & Hall 1992] need not indicate the occurrence of a climatically-significant
eruption. The review of both the DVI and VEl has demonstrated that neither the explosivity, nor
the magnitude of the erupted mass, determine the ability of a volcanic eruption to generate climatic
fluctuation and that measures based on these criteria are an ineffective record of the occurrence of
such events. Eruptions with a small VEl or DVI were shown to be able to generate climatic
perturbations whilst larger eruptions measured by these criteria failed to have any such effect
[Deepak & Newell 1982; Rampino & Self 1982, 1984; Self et at. 1981]. The significant criteria by
which a climatically-significant volcanic eruption may be detected is in the volume of acid volatile
material emi tted.
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3. Erupted Volcanic Gases.
The knowledge that volcanic dust of> 1 micron in size had an extremely limited residence time in
the stratosphere, was countered in terms of its potential for inducing climatic fluctuations, by the
knowledge that sulphate aerosols had:
(i) A much longer residence time.

(ii) Were a significant factor in increasing the optical depth of the atmosphere.
(iii) Reduced the amount of solar radiation reaching the earth's surface [Turco et al. 1982].

The introduction of volcanic gases into the stratosphere will also disturb the global albedo. Acid
gases are oxidised into an aerosol form, primarily from S02 to H2S04 , The aerosol cloud impedes
and backscatters solar radiation which may result in surface cooling and stratospheric warming
[Baldwin et al. 1976, Pollack et al. 1976; Sigurdsson 1990]. The impact of an aerosol cloud of
this nature can be detected for up to three years following an eruption, but it is unlikely to
generate cooling in excess of normal temperature fluctuation after year one [Bradley 1988; Kelly
& Sear 1984; Taylor et al. 1980]. The relative importance of acid gases in comparison to

particulate matter will be discussed below.

In the stratosphere the residence time of acid volatile material is enhanced beyond that of silicate
dust. Sulphur gases are converted to sulphuric acid aerosols, these acid aerosols are the main
inhibitor of incoming solar radiation [Pollack et al. 1976; Rampino & Self 1982; Rampino et al.
1985]. Eruptions which introduced sufficient volatiles into the stratosphere, to increase optical
depths by 0.1, appeared to be climatically significant [Oeepak & Newell 1982].

The photochemical conversion of volcanic gases to an aerosol form within the stratosphere has
been observed to be relatively slow, and maximum perturbation of global albedo may not occur
until several months after an eruption.

Following the 1963 eruption of Agung, peak sulphur

aerosol levels were not reached until one year after the eruption [Castleman et al. 1974] and
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following the 1983 eruption of EI Chich6n maximum optical depth perturbation did not occur for
11 months [Ardanuy et al. 1992].

Recent large eruptions failed to increase Optical Depth sufficiently to cause major climate
perturbation. Electron microprobe analysis of volcanic tephra allowed estimates of sulphur and
halogen yields of specific eruptions to be made. Devine et al., [1984], and Palais and Sigurdsson
[1989], correlated observed mean surface temperature decrease with sulphur yield. They found a
direct link between the sulphur output and temperature response. It is interesting to note that
when the sulphur output of the Hekla 3 eruption is fed into the regression equation successfully
applied by Devine et al. [1984] and Palais and Sigurdsson [1989] to Twentieth Century A.D.
eruptions, the estimated temperature response is a fall of 0.1 °e.

A sulphur-aerosol cloud will reduce transmittance of solar energy to the ground and back scatter
solar energy within the stratosphere. As a result the lower atmosphere should be cooled and the
stratosphere warmed. In the wake of the 1963 Mt. Agung eruption a stratospheric warming in the
order of 6°C was observed [Hansen et al. 1978] and a fall in northern hemisphere surface
temperature of approximately 0.3°e [Rampino & Self 1982] is reported. Similar results were
obtained following the 1982 eruptions of EI Chich6n, in Mexico. The lower stratosphere was
warmed by approximately 6°C [Parker & Brownscombe 1983], but sea surface temperatures
exhibited a maximum cooling in the order of O.15°e which is not a significant temperature
departure from the normal [Parker 1985]. The monitoring of sea-surface cooling was obscured by
a particularly strong EI Nino event which resulted in warmer than average sea temperatures
[Handler 1986, 1989; Handler & O'Neill 1987; Parker 1988].

4. Non-eruptive volcanic degassing.
Non-eruptive, volcanic degassing may also emit significant levels of sulphur and of greenhouse
gases such as CO 2 which may theoretically lead to surface warming. Stoiber et al. [19871
suggested that at least 6.8 million tonnes of sulphur was produced by volcanoes which are actively
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degassing but non eruptive. The ability of such emissions to reach the stratosphere was suggested
by Jakosky et af. [1986] who postulated that heat energy from the volcano supplied the necessary
buoyant rise to reach the stratosphere. Volcanogenic emissions of CO2 however, are not
estimated to approach the anthropogenic enhancements of recent decades [Allard et af. 1991;
Dittberner 1978; Gerlach & Graeber 1985; Gerlach 1991]. However volcanic enhancements of the
atmospheric content of CO2 may be significant, if a critical threshold is approached [Caldeira &
Rampino 199].

5. Tropospheric Loading In Excess Of Settling Rates.
Volcanic material emitted by a fissure eruption may also lead to short term but significant
tropospheric warming. The frequent eruptive activity associated with a fissure eruption may
counterbalance the settling mechanisms which reduce the warming effect of 1 and 6 above
[Discussed in detail below]. The presence of sulphur aerosols in the lower atmosphere can lead to
wanning in the bottom lkm of the atmosphere [Preining 1991].

The identification of the mechanisms by which volcanic eruptions may affect climate is insufficient
to assess the relative impact of individual eruptions. The discussion above illustrates that much
theoretical debate fails to identify the degree of cooling to be expected from specific volcanic
eruptions [Angell & Korshover 1985; Miles & Gildersleeves 1978; Sear et al. 1987; Taylor et af.
1980]. Nor did it point to a prediction of, nor the degree (if any) of disturbance to global
atmospheric circulation patterns. In order to assess the ability of these events to disturb climate
and hence have an impact on the environment of northern Britain, the temperature and circulation
response of several eruptions in the Nineteenth and Twentieth Century A.D. will be reviewed next.

ANALYSIS OF TEMPERATURE TRENDS.
Superposed Epoch Analyses have been used to establish the scale of the impact of volcanic
eruptions on climate [Taylor et af.J 1980; Kelly & Sear 1984]. A recent study [Mass and Portman
1989] of Nine volcanic events between 1883 and 1982, Krakatau in 1883. Tarawera in 1886, Mt.
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Pelee/Soufriere/Santa Maria in 1902, Ksudach in 1907, Katmai in 1912, Agung in 1963, Awu in
1966, Fuego in 1974, and EI Chich6n in 1982; investigated the question of climatic effect and
causality. They concluded that whilst for the largest eruptions, there was the suggestion of posteruptive cooling of 0.3°C in the composite temperature records, there was no obvious volcanic
signal in pressure and precipitation. Temperature declines, of a similar scale to post eruptive
cooling, were noted to have occurred within the ten months preceding the eruptions with a
pronounced temperature rise in the 2-3 months immediately preceding the event. These anomalies
generally fall within the normal standard deviation present in the temperature records.

Conversely the apparent cessation of volcanic activity between 1880-1935, is held responsible for
raising mean temperatures by O.2-0.5°C [Pollack et al., 1976; Miles and Gildersleeves 1978].
Given a standard deviation for northern hemisphere temperatures, of O.7°C in January, and O.2°C

in July [Self et al. 1981; Kelly and Sear, 1984] it is difficult to accept that volcanic activity is the
source of any or all of these perturbations and that changes on this scale could trigger the
abandonment of settlements in northern Scotland.

This discussion has considered at length the theoretical framework on which the impact of
volcanic eruptions on surface temperature has been based. It has been shown that in many
instances the arguments are inadequate. Many eruption chronologies are seen to be insufficiently
accurate to demonstrate volcanic cause and environmental effect. They are also, in addition, are
geographically- and temporally-biased. The mechanisms by which volcanic eruptions are held able
to perturb climate have been examined and many of these have been shown to be in need of
revision. That volcanic eruptions may perturb surface temperatures has been demonstrated both
theoretically and by observation, but temperature response has been shown to be limited, and in
many cases to fall within the normal variation of the climate, making volcanic forcing difficult to
detect. However, it has been established that a sulphur-rich eruption, such as the Hekla 3
eruption, may perturb climate, though admittedly to a limited extent. It is difficult to justify a
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model which would suggest that a fall in northern hemisphere mean temperatures of 0.1 °C would
bring about the drastic response postulated by archaeologists.

Is it possible that the minor temperature fluctuations identified in the wake of volcanic eruptions
may disrupt global atmospheric circulation patterns? This question will be addressed in the
following chapter.

Chapter three.
Volcanic mechanisms of circulation disruption.
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Summary of Chapter.
This chapter analyses the theories and mechanisms which have been advanced in earlier
attempts to link atmospheric circulation disruption and climatic change on a
hemispheric scale to the presence in the upper atmosphere of a stratospheric aerosol
created by material ejected in a volcanic eruption. Critical criteria are established
against which different models of circulation disruption are assessed. It is established
that all the models presented fail to satisfy the criteria necessary to associate
unequivocally a climatic phenomena with a particular volcanic eruption. The
possibility that volcanic eruptions may be responsible for regional or sub-regional scale
climatic change, rather than the hemispheric scale events studied in this chapter, is
introduced.

A whole battery of climatologists [Lamb 1970, 1972; Kelly 1977; Schneider & and Mass
1975; Flohn 1978, 1979], have suggested that insolation caused by volcanic eruptions could
engender climate change in the North Atlantic region by affecting the exchange of energy
between the different components the weather systems, including components such as the
atmosphere, the oceans, the continents, and the polar ice masses. The temperature decrease,
related to an increase in the optical depth of the stratosphere, caused by an eruption would it is
said affect the strength of the upper air westerlies and associated weather systems. Volcanic
eruptions, it was argued, could be a significant variable in the triggering of low frequency
"climatic fluctuation". A stratospheric volcanic aerosol would both reduce the amount, and
alter the distribution of solar energy reaching the Earth's surface. This in turn would affect the
strength of the upper air westerlies and the associated upper air advection currents. The upper
air westerlies are a major factor in determining climate in western and northern Europe, and in
North America. Studies of the surface temperature response and global dispersion of the
eruption cloud of El Chich6n in 1982, showed that the surface temperature decrease after
volcanic eruptions was in the order of a few tenths of a degree centigrade [Robock and
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Matson 1983]. Stratospheric veiling was initially restricted to a narrow range of latitudes
[Figure 3.1], before slowly dispersing around the Earth [Figure 3.2], and as a result the
consequent cooling was non-uniform over the surface of the earth. Such differential cooling
may generate a volcanically-induced temperature gradient between the equator and the poles
and between the sea and land. Since the land masses of the continents cool before the oceans
a further gradient will be established. There will be an increase in air pressure sea level on
land relative to the air pressure over the oceans. In response to this, the air pressure at sea
level over the oceans must be reduced [Handler 1989]. Because the majority of land is in the
northern hemisphere, the induced cooling will transfer air mass from the oceanic anti cyclones
in both northern and southern hemispheres to the continents especially to southern Eurasia. It
is the redistribution of air mass, anomalous sea level pressure gradients, and anomalous winds,
which are argued result in anomalous climate on a global scale.

High latitude eruptions may result in cooling at high latitudes and enhance the thennal gradient
between the poles and equator, conversely the cooling effect of low latitude eruptions at the
equator may diminish the thennal gradient. Cooling of the Oceans at the Equator may reduce
the northwards shift of the Inter tropical Convergence Zone and reduce monsoon rainfall
[Mukherjee et al. 1987]. Since, ultimately it is the temperature differential between these
areas which drives the Earth's atmospheric circulation, volcanically induced cooling may
theoretically have an impact on global circulation patterns.

In the months following an eruption, the aerosol cloud from a low latitude eruption may move
pole-wards [Figure 3.2], while that of a northern hemisphere eruption will be confined to the
hemisphere of origin [Cadle et al. 1976; Danielsen 1981; Jakosky 1986; Handler 1986; Kelly
& Sear 1984]. The influence of volcanic aerosols may not then be simply modelled since

northern and southern hemisphere eruption will disturb the global heat balance in different
ways, and the aerosols from a low-latitude eruption may have different consequences as they
travel northwards.
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Volcanic forcing of the climate system is necessarily irregular and while a response may be
observed, a single volcanic eruption is unlikely to be able to overcome the thennal inertia of
the oceans and cause rapid and persistent climate change. But it may enhance changes already
in progress [Hansen & Lacis 1990]. Circulation modelling by Hunt [1977] indicated that

following a single volcanic eruption the:

"impact of volcanic debris on the dynamical behaviour of the general circulation was
quite small, at most slightly reducing the zonal wind".
Would such a disruption to the normal patterns of atmospheric circulation have a serious
environmental impact in north Britain? Could this have triggered the physiological response
observed in the Irish dendrochronology and the apparent abandonment of settlement in the
Scottish Highlands? It would be simple to suggest that the disruption of north Atlantic
circulation patterns following a volcanic eruption accounts for environmental stress in
northern Britain [Baillie & Munro 1988]. But if we accept that an eruption is responsible for
fluctuation on a particular scale, how may we account for similar fluctuations for which no
eruption is recorded? Do we suggest that unrecorded eruptions accounted for these events? A
real danger of circular reasoning exists. The studies reviewed below will be assessed in the
light of this discussion.

To investigate the relationship between volcanic aerosols and climatic circulation in the North
Atlantic, the major studies which claim to have established a relationship between volcanic
aerosols and circulation response are reviewed here. In particular the response of the Indian
and Sri Lankan monsoons and of the El Niiio / Southern Oscillation is examined.

Theoretical Considerations.
The complex interaction of the many feedback processes which control the atmospheric
circulation patterns of the Earth, are imperfectly understood and difficult to model [Hansen &
Lacis 1990; Robock 1984]. Global circulation patterns will fluctuate naturally without the
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contribution of nominally independent variables such as reduced insolation caused by a
volcanic aerosol cloud. The temperature fluctuations which drive atmospheric circulation are
often as great, if not greater than the observed temperature response to a volcanic eruption
[Sigurdsson 1990], and minor climatic fluctuations may persist and be magnified as a result of
the thermal inertia of the oceans [Hansen & Lacis 1990]. Volcanic activity is not the only
agent which may affect insolation, decreases in solar output, orbital fluctuation and the
dynamic nature of the climate system itself may introduce change and the influences of these
are not easy to isolate in the environmental record [Chester 1988; Eddy 1977; Gilliland 1982;
Kukla 1979; Kullman 1992]. As a result, identification of a clear volcanic signal is difficult
and volcanic forcing of circulation must be sufficiently large in scale to be discernible "above"
the background noise of the Earth, ocean, cryosphere system [Cook et al. 1992; Fitzharris et

al. 1992].

Critical Approach.
Several studies have identified a link between volcanic activity and circulation response, but
does a critical review of the evidence suggest that volcanic eruptions are capable of disrupting·
atmospheric circulation? The danger exists that the mere correlation of an eruption and a
climatic fluctuation will be accepted as proof of a dependent relationship, despite the fact that
many eruptions fail to produce the significant levels of acid volatiles necessary for the
formation of a stratospheric aerosol cloud [Rampino & Self 1984].

Chronologies of Eruption and Climatic data.
Many attempts to identify volcanic influences on circulation have relied on imperfect eruption
chronologies, temperature data of uncertain quality [Walton 1985]. Records of climatic
phenomena which are often incomplete and subject to review [Quinn et af. 1978, 1987] and
the correlation of volcanic eruptions with climatic phenomena, such as below or above
average monsoon precipitation [Handler 1986b; Mukherjee et af. 1987] and the El Nino /
Southern Oscillation [Handler 1986a; Handler & Andsager 1990; Nicholls 1988, 1990]. The
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use of such data makes any attempt to assign cause and effect or identify dependent and
independent variables of doubtful value.

Statistical analysis.
Establishing a clear relationship between volcanic eruptions and circulation response relies on
the use of incomplete records of eruptions and climatic phenomena. Statistical relationships
based on such data are questionable. Kelly [1977] summarised the problems inherent in many
studies which claimed to have established a dependent relationship between volcanic activity
and circulation disruption:

" ... many claims made/or climatic cycles 0/ allY period are based 011 doubtful
statistical allalysis" [Kelly 1977 p. 617].
The correlation of a volcanic eruption with anomalous circulation patterns may be fortuitous
and composite data sets, where the atmospheric responses to a series of volcanic eruptions are
overlaid in a "Superposed Epoch Analysis", have been constructed in an attempt to overcome
this problem. The use of these analyses creates a new series of problems, when the results
obtained from the composite may be weighted by one or two strong associations, and the use
such information in studies of the volcanic "forcing" of climate [Kelly & Sear 1984; Handler
1986a] has been criticised [Mass & Portman 1989; Parker 1985; Nicholls 1990].

Within climatic systems it is extremely difficult to identify the operation of cause and effect,
the significance of external forcing and the nature of the external forcing mechanism [Handler
1986a; Nicholls 1988]. As a result the sensitivity of climate systems to external forcing can
only be estimated. The precise mechanism by which volcanic aerosols may be responsible for
circulation disruption must be modelled. How. for instance, might an eruption affect the
position of the Inter Tropical Convergence Zone [ITCZ]? Interactions between different parts
of the global climate system make it difficult to identify the point at which external forcing
may have been applied [Handler & O'Neill 1987]. The fortuitous coincidence of a volcanic
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eruption may not have forced the circulation disturbance observed. As a result the sensitivity
of climate systems to external forcing can only be estimated.

In response to the problems highlighted above, studies of circulation response to volcanic

eruptions must fulfil specific criteria:
A) Accurate eruption chronologies must be employed.
b)

The mechanism by which the volcanic eruption was able to reduce
insolation must be sustainable in the light of current theory. i.e. studies
based on the DVI or VEl as measures of the climatic effectiveness of an
eruption are suspect.

C) Accurate chronologies of climatic phenomena must be employed.
D) The mechanism by which the eruption may have disrupted circulation must be
specified.
E) A consistent response-time between an eruption and a climatic phenomena

must be established.

Disruption of the Atmospheric Circulation over the North Atlantic.
Several studies claim to have identified consistent volcanic forcing of northern hemisphere
atmospheric circulation. Wexler [1956] suggested that the theoretical circulation response to
a major eruption would be an expansion of the circumpolar vortex, an intensification of the
upper level trough over North America in January, and a southerly displacement of summer
westerlies. In this model July's weather would follow a similar pattern to May's and bring
cooler weather to northern latitudes in the critical months of the growing season. Lamb
[1970, 1972] expanded Wexler's study and suggested that the sub-polar low pressure zone, in
the north Atlantic, was displaced southwards in the first July following a climatically
significant eruption. Lamb suggested that the likely impact of volcanic eruptions with a DVI

> 100 for the weather in the British Isles in the summer is that:
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"There is on average a southward displacement of the pressure minimum in the first
July after a great eruption towards, or over, the British Isles ... Examillation of the
July pressure gradient index suggests a tendency for more than usual northerly
components in the British Isles - North Sea region developing over the years
following high latitude eruptions ... The same tendency is apparent in the second July
after equatorial zone eruptions" [Lamb 1970 p. 493].
and that in the winter there is:

"evident logic in the apparent expectation that the following two or three winters
(after an eruption) have a tendency to enhanced atmospheric circulation, more
prevalent westerlies and hence mildness, and that this tendency is set up immediately
after high latitude eruptions: for these are the situations in which the chilling effect of
the volcanic dust is likely to be concentrated over the higher latitudes, with an
enhanced thermal gradient between the area so affected and the lower latitudes that
are either unaffected or becoming free of the volcanic dust veil" [Lamb 1972 p. 424].
Lamb suggested that in north western Europe, milder, wetter winters and cooler, wetter
summers should follow a significant volcanic eruption. He also noted that low-latitude and
southern hemisphere eruptions should have a delayed impact on northern hemisphere
atmospheric circulation patterns. The quality of the eruption chronology used and the
emphasis placed on dust rather than sulphur emissions prevent an unqualified acceptance of
Lamb's findings. Lamb may simply have identified the fortuitous coincidence of volcanic and
atmospheric events. Even if volcanic eruptions do cause atmospheric circulation disruption,
could the small scale short term disruption to atmospheric circulation identified, have had the
serious impact on settlement in north Britain which has been suggested [Baillie 1989; Burgess
1989] and trigger the long-term stress indicated by the Irish dendrochronology?

Kelly [1977] suggested that a link existed between the following three properties: winter
temperature in central England, south-westerly wind frequency at London, and Lamb's DVI.
A correlation was said to exist between winter temperatures and periods when the DVI was
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greater than 100. Taking Lamb's work further he proposed that a periodicity could be detected
apparent in a 6.5 to 8 year cycle. However, Kelly was aware of the dangers inherent in
assuming volcanic activity to be the sole independent variable responsible. He also and
suggested that seismicity, variation in the Earth's rotation, atmospheric circulation and
volcanicity could be combined in an interactive loop with a timescale of about seven years.

The qUality of Lamb's eruption chronology, problems with the estimation of the DVI
[Discussed above] and Kelly's acceptance that it was the level of volcanic dust emitted which
significantly reduced solar insolation, undermine these studies. The data on which Kelly's
association is based is therefore flawed and do not demonstrate a clear circulation response to
volcanic forcing. This work is important however, in establishing that volcanic activity need
not be considered the sole or main independent variable responsible for circulation anomalies

The theoretical basis on which the work of Lamb [1970, 1972] and Kelly [1977] was based
now appears questionable. In particular the use of inadequate Eruption Chronologies, the use
of the DVI and VEl as measures of the climatic effectiveness of an eruption, and the uncertain
time-lag between volcanic eruption and circulation response, undermine the validity of their
conclusions. It is unlikely that Lamb's chronology accurately records the levels of climatically
significant volcanic activity, and it is the volume of acid gases emitted not the output of dust
which reduces insolation in the long-term. There may indeed be a relationship between southwesterly wind frequency and winter temperatures in central England, but the suggestion that
the DVI is also related to this phenomenon is questionable. The degree of response identified
cannot be claimed to represent the forcing of the climate system by volcanic aerosols.

While the work of Lamb [1970, 1972] and Kelly [1977] failed to demonstrate a clear link
between volcanic activity and circulation disruption, observations of recent volcanic activity
has refined the models by which such disturbance may occur.
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EI Nino / Southern Oscillation [ENSO].
The EI Nino is a manifestation of the Southern Oscillation; an atmospheric pressure gradient
between a high pressure system centred in the south east Pacific Ocean and a low pressure
centre centred over Indonesia. This system nonnally transfers air mass and warm water from
the eastern to the western tropical Pacific ocean [Ramage 1986]. During an EI Nino the
pressure gradient between the two centres collapses and surface wind direction reverses. As a
result sea surface temperatures warmer than nonnal by I-3°C appear in the eastern tropical
Pacific ocean between 5°N-5°S and 90 oW-180oW. The Southern Oscillation Index [SOn
which is a measure of the amount of air mass transferred from land to ocean was devised by
Walker and Bliss [1932] as a measure of this phenomena. Pressure records at Tahiti measure
the air mass transferred to the oceans while records from Darwin, north east Australia are used
to estimate the transfer of air mass from the oceans from the oceans to the Eurasian /
Australian land mass.

A case can be made which relates fluctuation in the Southern Oscillation with responses in
pressure in circulation systems around the world [Figure 3.3], and a tentative link has recently
been established between extreme ENSO events and climatic phenomena in Europe {Fraedrich

& MUller 1992]. The EI Nino / Southern Oscillation [ENSO] has been related to wetter than
usual winter conditions in New Mexico, U.S.A. fD'Arrigo & Jacoby 1991] and drier
conditions in the Pacific north west [Lough & Fritts 1985]. Low-index years also appear to be
wanner in south-western Canada and cooler in the central southern United States [Lough &
Fritts 1985]. Walker and Bliss [1932] noted that when the SOl was low or negative, monsoon
rains in India were likely to fail. Handler and O'Neill [1987J noted an apparent relationship
between Atlantic Ocean tropical cyclones and the intensity of the Indian monsoon. The
forcing of this phenomenon by an external mechanism may therefore have an impact on global
circulation patterns, recent work described below, suggests that low latitude volcanic
eruptions may trigger the ENSO and associated phenomena world-wide. Handler [1986a & b]
and Handler and Andsager [1990] presented evidence which suggested that the sea surface
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temperature in the eastern equatorial Pacific Ocean was significantly warmer than normal
[Figure 3.4] within nine months of the eruption of a low-latitude volcano eruptions,

~

20°

north and south [at the >95% confidence level], and that sea surface temperatures were
significantly cooler than normal, 9-13 months after the eruption of a high latitude volcano.
[Figure 3.5]. The suggestion was made that the EI Nino/Southern Oscillation [ENSO] was the
direct result of the introduction of volcanic aerosols into the stratosphere. The ENSO
phenomenon is associated with the simultaneous shift of the ITCZ to the longitude of the
eastern Monsoon. Since monsoon circulation appeared to be connected to circulation in the
north Atlantic these papers appeared to demonstrate a clear mechanism by which low-latitude
volcanic eruptions might disrupt global circulation. Handler [1986a] concluded that the
stratospheric aerosol of a low-latitude volcanic eruption:

"... could produce the global scale climate anomaly ... o/which ENSO is just a part".
At face value this work appears to be firm evidence for a clear volcanic influence on low
frequency circulation anomalies, however these studies fail many of the criteria established
above.

Precursors of the ENSO. A Critical Analysis.
A note of caution with reference to the statistical reliability of the data was raised by Parker
[1988] who confirmed Handler's observations but noted that:

"the occasional sequences 0/ extreme temperatures ill the random samples underline
the need/or numerical modelling studies to complement statistical investigations".

Eruption Records.
In order to identify a clear volcanic signal, Handler [1986a] selected eruptions assigned a VEl
~4

in the period 1866-1982 in years for which there was no prior eruption and ignored years

when both high and low-latitude eruptions occurred. The VEl is an inadequate measure of the
ability of an individual volcanic eruption to trigger climatic change [Bradley 1988; Deepak &
Newell 1982; Chester 1988; Rampino & Self 1984; Sigurdsson 1982]. Handler's correlations
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were established using the VEl and as such the suggested dependence in the relationship
appears questionable.

Records of Climatic phenomena.
The record of EI Nino events used was also inaccurate. Handler used the data of Quinn et al.
[1978] to list the strong and moderate EI Nino events between 1935 and 1984. Handler
[1986a] believed that only three ENSO phenomena were not preceded by the eruption of a
low-latitude volcano, and suggested that unrecorded eruptions could account for this. But a
revised list of ENSO phenomena [Quinn et al. 1987] showed ten ENSO events which were
not preceded within six months by major low-latitude volcanic eruptions; in 1940-1941, 1943,
1951, 1957-1958, 1965, 1972-1973, 1976-1977, 1982-1983. While eruptions have gone
unreported in the 1980's [DeLuisi et al. 1983; Sedlacek et al. 1983J, to accept Handler's
argument that each of the ten cases above may have been preceded by unrecorded volcanic
eruptions, then we must assume that 75% of major low-latitude eruptions in the past 50 years
must have gone unreported! This is, of course unacceptable.

The use of composites.
Nicholls [1988, 1990J criticised the use of composites to investigate the temperature and
pressure data. While Handler had found a significant positive pressure anomaly following
significant eruptions, Nicholls [1988] pointed out that the same data set contained evidence of
a significant negative pressure anomaly before the eruption [Figure 3.6]. Post-eruption
pressure anomalies may be a part of a trend which begins before the eruption so a dependent
relationship appears unlikely. Indeed we may need to consider an alternative hypothesis where
the air pressure anomaly may trigger the volcanic eruption [Rampino et al. 1982]. Nicholls
[1990] pointed out that of the 12 eruptions used by Handler and Andsager only four were
followed within 12 months by a strong or moderate ENSO event. He suggested that the
composite was weighted by the strong 1982-1983 EI Nino, and that a case by case analysis
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undermined the case that there was a dependent relationship. Of the six major low-latitude
eruptions for the period between 1935-1984:

"One of the six was followed by a moderate EI NirlO .. .Another one {EI C hich6n in
April 1982J occurred in a strong EI Niiio year but 4 months after the first appearance
of positive SSTA's ... Two eruptions {Rabaul in May 1937; Bagana in February 1952J
were not followed by ENSO events. In fact the east equatorial Pacific cooled after
these two eruptions. The remaining two eruptions {Agung in March 1963: Fernandina
in June 1968J were not followed by strong or moderate EI Nilio events" [Nicholls
1990 p. 426].

Handler assumes that the correlation of an eruption and an ENSO is the result of a dependent
relationship. Of the 12 eruptions used by Handler, 8 occurred between March and June but El
Nino is usually under way by March. The precursors of this phenomenon are imperfectly
understood and those suggested are not present in all events [Ramage 1986; Wright 1986].
Rasmusson and Carpenter [1982] found that many of the precursors of an El Nino could be
detected up to 12 months before the event. Wright [1986] found that anomalously high sea
surface temperatures, low pressure, low cloudiness and weak winds occurred in the south east
Pacific Ocean in the December-January-February prior to an ENSO year and in the same
period the equatorial Atlantic is anomalously wann. There appears to be a relationship
between these precursors and the ENSO and all occur before the volcanic eruptions advanced
as the forcing mechanism.

The case against assuming dependent relationship between the eruption of low-latitude
eruptions, sea surface temperature anomalies, and atmospheric circulation is further
undennined by the work of Angell [1988] who investigated the impact of low-latitude
eruption on continental temperatures. Angell suggested that following a low-latitude eruption
there was a tropospheric thermal pulse which originated at the equator and spread pole wards,
cooling continental temperatures and decaying as it did so. The ENSO phenomenon appeared
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to mask the thermal impact of the volcanic aerosols. Tropospheric temperatures cooled after
the eruption of Agung 1963, but warmed after EI Chich6n in 1982 when a strong ENSO was
under way, Angell concluded:

flit seems clear that the effect o/volcanoes on sUlface or tropospheric temperatures
(especially in the tropics) cannot be accurately gauged without first considering the
state 0/ the sea surface temperature in the Eastern Tropical Pacific, i.e. the relation
between air temperature and volcanism cannot be considered in isolation" [Angell
1988 p.3703]

The hypothesis that low-latitude volcanic eruptions may be the external mechanism
responsible for EI Nino is seen to be unproved. The studies concerned fail to satisfy the criteria
set out in the introduction to this chapter that the eruption and climatic chronologies used be
accurate and consistent, that the mechanism by which the volcano may trigger the phenomena
be established, and that the time lag between the two be consistent. Related studies of Indian
Monsoon disruption will also be considered below.

INDIAN MONSOON DISRUPTION.
If volcanic aerosols are capable of disrupting global atmospheric circulation, then the Indian

Monsoon ought to respond to volcanic eruptions. Handler [1986b] predicted that monsoon
seasons which followed low-latitude eruptions would exhibit below average precipitation, and
that high latitude eruptions would precede monsoons with above average precipitation. He
further suggested that as the aerosol cloud from a low-latitude eruption moved northward, its
influence would be reversed. Hence below average precipitation in monsoon years which
followed low-latitude eruptions would be followed by a monsoon with above average
precipitation.

Since reporting of low-latitude aerosols suffers is poor, Handler [1986b] used EI Nino events
were used as a proxy record of significant eruptions. This introduced a dangerous circularity
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into the Handler's argument. It was established above that the relationship between the ENSO
and Volcanic Activity was not a dependent one, yet this assumption underpins Handler's
[1986b] work. Walker and Bliss [1932] had already established that a relationship existed
between the strength of the Indian Monsoon and a low or negative SOL An EI Nino could
therefore be expected to occur in association with the Indian Monsoon and Handler's use of El
Nino as a proxy indicator of the occurrence of significant volcanic eruptions introduced the
likelihood of auto correlation. If it is accepted that the EI Nino is a valid measure of volcanic
activity, then volcanic forcing of the Indian Monsoon System is proven by default. Handler
claimed that the association of volcanic eruptions and Indian Monsoon precipitation was
above the 99% level of significance, but what he was in fact establishing was the relationship
with the ENSO phenomenon, noted by Walker and Bliss fifty four years earlier.

Handler assumes that eruptions reported as "significant", that is assigned a VEl >4, were able
to reduce insolation, but this has been shown to be an inadequate measure of an eruption's
ability to reduce insolation [Bradley 1988; Deepak & Newell 1982; Chester 1988; Rampino &
Self 1984; Sigurdsson 1982]. The time-lag for the response of the Indian monsoon to the
presence of an aerosol is not established and as a result some of the correlations are
questionable. Hence the June 10 1886 eruption of Tarawera [38°S 176°E] is correlated with
the response of the 1887 monsoon, whilst the June 11 1968 eruption of Fernandina [OOS
92°W], is correlated with the response of the monsoon in 1968.

The problems highlighted above make it difficult to accept Handler's basic premise that the
low-latitude volcanic eruptions will affect Indian monsoon precipitation. Independent studies
of monsoon precipitation following volcanic eruptions fail to confinn Handler's findings.
Mukherjee et al. [1987] noted below average precipitation in the Sri Lankan monsoon
following low-latitude eruptions [20 0 N to 20 0 S] assigned a VEl of 4 or more. But above
average rainfall in the second year following a low-latitude eruption, as suggested by Handler
[1986b), was not observed. Consistent behaviour on the part of the eruption cloud was
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assumed. Twenty significant eruptions were identified and deficient rainfall was reported in
between 53 and 80 per cent of eruption years, but the eruptions used occurred in every month
except, March, July and December and it is unrealistic to expect that eruptions occurring in
different seasons will disrupt the ITCZ in the same way. Climatic response was not consistent
and below average precipitation was reported in between 53 to 80 per cent of eruption years.
The VEl is used to indicate the occurrence of climatically significant eruptions. This study also
fails to satisfy the criteria set out above which will allow the acceptance of a proven dependent
relationshi p.

Hingane et al. [1990] tested the relationship between eruptions assigned a high VEl and the
Indian monsoon further by examining the surface temperatures over India in the years
identified by Handler [1986] and Mukherjee et al. [1987] as significant. Did Indian surface
temperatures reflect the cooling which Handler and Mukherjee et al. suggested as the trigger
for the circulation anomaly responsible for deficient rainfall? There was no evidence for a
persistent decrease in surface temperature following low latitude eruptions. There was
however an abrupt and significant drop in temperature in the two months following northern
hemisphere eruptions. Again while these results are interesting they are questionable.
Theoretical studies suggest that the cooling effect of the volcanic aerosol may not reach its
maximum until seven to eleven months after an eruption [Ardanuy et al. 1992; Castleman et

al. 1974] and that the aerosols from a single eruption are incapable of overcoming the thermal
inertia of the climatic system in such a short time [Mass & Portman 1989]. Hingane and
others note years when two or more low-latitude eruptions occurred within twelve months
with the potential to overcome thermal inertia. Three in 1902, two in 1950-1951 and four in
1965-1966. There was a drop in mean annual surface temperature for three years following
1902 relative to temperatures in that year; 0.45 DC in year one, 0.50 DC in year two and 0.65 DC
in year three. Following the 1965-1966 eruptions temperatures dropped by OAODC in 1967
and 0.53 D C in 1968. However a temperature increase was observed following the 1950-1951
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eruptions O.6°C in 1952 and O.2°C in 1953 and a consistent temperature and circulation
response to multiple eruption events cannot be assumed.

Indian Monsoon and North Atlantic Circulation.
Handler and O'Neill [1987] established that a correlation existed between deviation from the
average occurrence in the frequency of Atlantic ocean tropical cyclones and below average
precipitation in the Indian monsoon. It was suggested that this occurred in response to the
reduction in solar radiation following the introduction of a volcanic aerosol into the
stratosphere at low-latitudes. In the period 1900-1986 there were 19 years in which a low
latitude aerosol is recorded. As in the work of MukheJjee et al. [1987] the presence of
volcanic aerosols at low-latitudes appeared to coincide with a reduction in the northward
seasonal shift of the tropical climate system. 94% of the seasons listed had a below average
frequency of tropical cyclones, and 74% of such seasons had below average monsoon rainfall.
Linkages were also apparent with other regions whose climate appeared to respond in tandem:
low precipitation in S.E. Australia and northern South America, and high precipitation in
south western U.S.A., and the Central Pacific Islands. In the North Atlantic the suppression
of the northward shift of the system would result in the high level westerlies being south of
their normal position and this should bring a cooler summer to the northern hemisphere.

The responsibility of volcanic aerosols for any or all of these events is questionable.
Synchronicity between different circulation systems is to be expected since none operate in
isolation. External forcing of any part of this system may generate a response in related
systems which may ultimately extend around the globe and the evidence that volcanic
eruptions have had an influence on this system within the last 100 years is open to question.
The studies above demonstrate that it is difficult to estimate the impact of volcanic aerosols on
an event as predictable as the Indian and Sri Lankan monsoon. We cannot assume that a
particular circulation response will follow volcanic eruptions with similar characteristics, nor
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can we assume a consistent temperature response. Even if we accept a volcanic influence on
monsoon precipitation there is no suggestion that disruption is severe or long lived.

VOLCANIC INFLUENCES ON CIRCULATION: DISCUSSION.
The above discussion has demonstrated that there is no easy correlation to be made between
volcanic activity and circulation disturbance. The complexity of the global climate system
prevents the assumption of a dependent relationship based on the simple association between
an eruption and a circulation anomaly. An investigation of the ENSO phenomenon has
demonstrated the importance and existence of precursors which commonly occur before a
volcanic eruptions. The thermal inertia of the global climate system appears to be the single
most important factor.

The studies which have concentrated on establishing a statistically probable response to a
volcanic eruption fail to satisfy the critical criteria established above. As a result we cannot
assume that a particular circulation anomaly occurred in response to any of the acid peaks in
the Greenland ice-core. Circulation disruption does not appear to be the likely cause of
volcanically induced environmental stress in northern Britain. Localised insolation may have
an impact on the environments affected.

The localised modification of climate by volcanic eruptions can be illustrated by two events,
the eruption of the Laki fissure, Iceland, in 1783; and the eruption of Tambora, Indonesia, in
1815. Both these eruptions fulfil all the criteria to be climatically effective. Both are several
orders of magnitude greater than the Hekla 3 eruption and both are associated with extreme
weather events. An investigation of these events then, will serve as a yardstick to assess the
impact of the Hekla 3 eruption. The size of the acid peaks associated with physiological stress
in the Irish tree-ring record indicates single rather than multiple eruptions. Ice-core acidity
attributed to the prehistoric eruptions of Hekla is far lower than that found in 1783 and 1816
when major volcanic eruptions occurred [Clausen & Hammer 1988] which have been
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associated with climatic forcing [see Chapter 6]. The significant acid peaks in the Greenland
ice-core do not suggest that the eruptions which occurred during the prehistoric period were
of the magnitude where severe forcing of climate change may be anticipated; but rather events
capable of generating small scale short term climatic disruption.

Chapter four.
Climate in the Northern Hemisphere follo,ving the Tambora
eruption.
"The Year ,vithout a summer"
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Summary of Chapter.
This chapter investigates the possible association between the eruption of the Indonesian
volcano Tambora and a "poor summer" in the northern hemisphere in 1816. Several
strands of evidence are used: temperature records, economic relationships, and
palaeoenvironmental records such as tree-rings and ice core evidence. It is shown that the
summer of 1816 was not unique, and that the association of the volcanic eruption with the
weather in that year is a matter of historical perception rather than environmental fact. It
is shown that it is unwise to assume that poor climatic conditions, which may be observed in
one location, may be safely extrapolated across a wider region. In fact many areas of
Europe and North America did not experience a "year without a summer" despite the
prevalent myth. The palaeoenvironmental implications of this are considered and it is
suggested that a major southern hemisphere eruption could not bring about sufficient
environmental change to have triggered settlement abandonment in Scotland.

Introduction.
Could a southern hemisphere eruption have generated sufficient climate change to have caused the
environmental and archaeological stress in Britain recorded by Baillie and Munro [1988] and
Burgess [1985,1989] which has been associated with acid peaks in the Greenland ice-core record?
The climatic phenomena and social and economic stress associated with the eruption of the
Indonesian volcano Tambora in 1815, are investigated. This event is used as an analogue to
examine the impact such an event may have had on northern Britain in prehistory.

Atmospheric circulation patterns may result in the movement northwards of the volcanic eruption
clouds from low-latitude or southern hemisphere eruptions. This transport will result in the
reduction of insolation, first at the equator and up to a year later in high northern latitudes
[Robock 1984a], and the response of northern hemisphere climate to southern hemisphere
eruptions may lag by up to one year. Lamb [1970, 1992], Kelly and Sear [1984] and Handler
[1986b] monitored the response of northern hemisphere climate to southern hemisphere eruptions,
and believed that a link could be observed between poor northern hemisphere summers and major
southern hemisphere eruptions. The observed temperature response to volcanic eruptions in the
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Twentieth Century has been minor [Bradley & Jones 1992]; but reduced insolation at either the
equator or northern latitudes may result in the southwards displacement of the North Atlantic
Polar Front, which would bring unseasonable low temperatures and high rainfall to northern
latitudes [Kington 1992; Lamb 1992].

There is ample evidence to suggest that northern hemisphere climate in the summer of 1816,
following the eruption of the Indonesian volcano Tambora in 1815. was exceptional and that the
eruption was responsible. The evidence for this will be reviewed and then critically examined.

Eruption Dynamics.
The volcano Tambora, on the Island of Sumbawa, Indonesia. erupted on AprilS. 1815. This event
was probably the largest eruption to have occurred in recorded history and possibly in the entire
Holocene and has been assigned a VEl of 7 by Newhall and Self [1982]. Volatile emission was
14

considerable with an estimated total acids output [Figure 4.1] of 3.94 X 10 grams [Devine et al.
13

14

1984], an estimated sulphuric acid output [Figure 4.2] of 5.25 X 10 grams - 1.75 X 10 grams
[Palais & Sigurdsson 1989; Sigurdsson & Carey 1992] and an erupted mass [Figure 4.3] estimated
17

at 2.4 X 10 grams [Stothers 1984]. Both the explosivity, and the massive volatile output. makes
this eruption theoretically capable of generating northern hemisphere climate change [See Chapter
2]. The magnitude of the eruption and its occurrence in well documented historical times, makes
it an ideal event from which to study the impact of southern hemisphere eruptions on northern
hemisphere climate. If southern hemisphere eruptions are able to modify the environment in the
northern hemisphere, the eruption of Tambora should provide unequivocal evidence of this.

Eruption impact?
The eruption had a devastating effect on the peoples of the Indonesian archipelago, resulting in up
to 90 000 000 deaths [Stommel & Stommel 1983], but in the northern hemisphere the eruption is
associated with the crisis year of 1816, the "year without a summer" [Post 1977; Stommel &
Stomme11979, 1983; Harrington 1992]. The year 1816 is enshrined in American folklore as:

"Eighteen hundred andJroze to death,"
and in Europe the bad weather and famine of that year has been described as:
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"The last great subsistence crisis in Europe." [Post 1977].
The June of 1816 was recorded as the coldest ever in the city of New Haven, Connecticut U.S.A.
[Landsberg & Albert 1974], and the European city of Geneva had its coldest ever July and
Summer for the period 1753-1960 [Post 1977]. July 1816 was the coldest recorded in Lancashire,
England, between 1753 and 1945 [Manley 1946] and the date of the European wine harvest in
1816 was the latest on record [Post 1977].

Descriptions of 1816 in North America.
The most striking accounts of severe weather in the summer of 1816 come from the north eastern
United States of America and the records of the Hudson's Bay Company in Canada. There were
three outbreaks of severe frost in Ontario, southern Quebec and the north-eastern United States
associated with unseasonable north to north-westerly winds. Frosts were reported between June
7-12, July 5 - 7, August 21 - 22 and September 25 - 28. The frequent recurrence of frosts had a
serious impact on the crops grown by many subsistence farmers in New England and by
indigenous people in Canada [Stommel & Stommel1979; Suffling & Fritz 1992] and competition
for scarce resources apparently led to conflict between different groups of settlers in Canada [Ball
1992 p.194].

Charles Dewey recorded the weather in new England in his journal:

"Frosts are extremely rare here in either of the summer months; but this year there
was frost in each 0/ them. June 6th the temperature about 44 Degs through the
day - Snowed several times.
June 7th no frost, but the ground frozen in mallY places .... Moist earth was frozen
half an inch thick.
June 8th, some ice was seen ill the morning - earth very little/rozell - I/O frostwind still strong alld piercing from the NW. Cucumbers alld other vegetables
nearly destroyed.
June 9th less wind and some warmer.
June 10th, severe/rost in the morning ... The trees on the sides a/the hills
presentedfor miles the appearance 0/ having been scorched.
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June 29th and 30th some frost.
July 9th frost, which killed parts of cucumbers.
August 22nd cucumbers killed by frost.
August 29th severe frost. Somefields of Indian corn were killed on the low
grounds, while that on the higher was unhurt. Very little Indian corn became ripe
in the region." From Stommel & Stommel [1979].

The Hudson's Bay Company representative Peter Fidler, at Brandon House, Manitoba, recorded a
severe cold spell on June 5:

"A very sharp frost at night killed all the Barley, Wheat, oats and garden stuff above the
ground except lettuce and onion" In Ball [1992].

June 8, 1816. The North Star. Danville, Vermont.

"The weather. The wind during the whole day was as piercing and cold as it
usually is the first of November and April. Snow and hail began to fall about ten
o'c/ock, A.M. and the storm continued till evening ... the cold the preceding night
having been so severe, that the ground was considerably frozen and water, in
some instances,froze nearly half an inch thick." In Stommel & Stommel [1983].

June 15, 1816. The North Star. Danville, Vermont.

"M elancholy weather ... on the night of the 7th and the morning of the 8th a kind
of sleet or exceeding cold snow fell ... Saturday morning the weather was more
severe than it generally is during the storms of winter ... Considerable snow has
fallen in this state and N. Hampshire. Probably 110 one living in the COUI/try ever
witnessed such weather, especially of so long continuance." In Stommel &
Stommel [1983].

David Humphreys, President of the Connecticut Society of Agriculture wrote:

"The principal injury done by early and late frosts,fell
Indian

COrtI.

011

our most important crop,

Of this there is not more than half the usual quantity: alld ill mallY places in
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this neighbourhood, not more than a quarter part sufficiently hard and ripefor being
manufactured into meal" In Stommel & Stommel [1983].

Famine followed the poor summer, but this was largely confined to the poor and to subsistence
fanners living in isolated locations. Despite the apparent shortage of grain in New England,
sufficient com was produced to enable one hundred thousand barrels of grain to be exported to
Europe. This questions the assumption that most of the grain had been destroyed by the
unseasonable weather.

North American social and economic factors.
The apparent shortage of grain and high demand from Europe resulted in speculation and
increased price. Between 1800-1811 wheat was $1.30 a bushel, in early 1817 it rose to $2.45
[Stommel & Stommel 1979 p.139]. In consequence the price of basic commodities rose and the
poor suffered.

Halifax Weekly Chronicle:
"great distress prevails in many parishes throughout Quebec province from a
scarcity of/ood. Bread and milk is the common/ood 0/ the poorer classes at this season
of the year; but many of them have no bread" In Stommel & Stommel [1983].

Following the harsh summer, migration from the eastern states to newly opened lands in the west
increased [Stommel & Stommel 1979, 1983]. Ball [1992] studied the economics of the fur trade
as a proxy indicator of social and economic stress in central Canada and found that the decade
1810 - 1820 was a period of stress, intensified by the arrival of groups of settlers from Europe.
Suffling and Fritz [1992] found that indigenous people in northern central Canada suffered famine
in 1816, but to a lesser degree than they had experienced in the years 1812 -1815. Numbers of
moose, caribou and hare had declined for several years prior to 1816. A drought through much of
1815 had seriously damaged the potato crop and late summer rain had ruined the wild rice harvest
and fishing. Conversely the cold dry conditions experienced in 1816, while causing distress, did
allow the raising of a potato crop which staved off famine. For the indigenous peoples of Canada
1816 appears to have been marginally less stressful than previous years.
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This analysis suggests that factors other than climatic conditions in a single season are involved in
the perception that 1816 was a "crisis year". The role of the summer frosts cannot be ignored but
the rising price of basic commodities, the pressure of immigration and a dwindling resource base
must also be considered. These combined to cause hardship in some sections of the community,
and the "memory" that conditions in 1816 were exceptionally hard.

1816 in Europe.
While not experiencing the severe cold spells described in North America, Europe also suffered
from inclement weather, famine and social unrest. Summer temperatures were lower and rainfall
was higher than average across much of Europe in the summer of 1816. Post [1977] reported that
every region of Germany experienced cold and wet weather during the crop cycle of 1816. In the
Netherlands the harvest was a complete failure and the potato crop rotted in the ground in several
cantons of Switzerland. All the Swiss and French wine growing stations recorded 1816 as the
latest date for the grape harvest in the period 1782-1879. Food riots are recorded in Zurich,
Poitiers, Paris, and in Scotland, England and Ireland [Post 1977; Wood 1965].

Newspaper accounts suggest that much of Europe suffered from the inclement climate:

"Melancholy accounts have been received from all parts of the Continent of the
unusual wetness of the season; property in consequence swept away by illundation
and irretrievable injuries done to the vine yards and corn crops. In several
provinces of Holland, the rich grass lallds are all under water, alld scarcity alld
high prices are naturally apprehended and dreaded. In France the interior of the
country has suffered greatly from the floods and heavy rains." The Norfolk
Chronicle. 20 July 1816.

"Should the present wet weather contillue, the corn will inevitably be laid, and the effects
of such a calamity at such a time call1lot be otherwise than ruinous to the farmers and
even to the people at large." The Time~. 20 July 1816.
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Other European evidence suggests, however, that it is unwise to assume that conditions reported
in one region were prevalent everywhere. For example while western, eastern and central Europe
suffered from poor weather and low harvest yields, northern Europe was experiencing good
weather and surplus yields. The Baltic States and Russia had a surplus of grain to export to
central and western Europe in 1816 [Neumann 1990, 1992; Bednarz & Trepinka 1992]. S6ren
Pedersen, an Executive officer of a parish in SW. Sjreland, Denmark, wrote of 1816:

"This year was again a lovely fertile year, not only on account of the quantity of
fodder but also because the kernels were so big. This was important for our
country as this commodity was very much coveted inforeign lands ... where there
has been a general crop failure." In Neumann [1990].

This contrasts markedly with accounts in English Newspapers and with his own description of
1811:

"Theyear 1811 ... a hard and barren year. There was a shortage of both grain and
hay because of the too dry summer." In Neumann [1990].

Despite the clement conditions which prevailed in northern Europe, in many central and western
districts the summer of 1816 was cold and wet. Was the eruption of the volcano the previous year
responsible for these anomalies? Other factors may be identified, as in North America, which
place the reputation of 1816 as an "uniquely arduous year" in doubt.

European social and economic factors.

In Europe, 1816 was also a year of social stress. More than 300 000 soldiers had been disbanded
following the end of the Napoleonic wars [Wood 1965]. In France an unpopular regime had been
re-imposed by the victory of the Allies at Waterloo in 1815. 1816 was the first year for more than
twenty years in which war had not been fought across Europe. The cumulative effect of the earlier
warfare, blockade and economic instability cannot be ignored. These factors may have intensified
the problems experienced as the result of the poor weather and food shortages.

A classification of harvest yields in Switzerland between 1812-1819 [Table 4.1], shows that poor
harvests had been commonplace for several years prior to 1816.

91

Year
1812
1813
1814
1815
1816
1817
1818
1817

Yield.
2
3

3
2
1
2
6

6

Table 4.1. Classification of Swiss harvests. 1812·1817. 1 = dearth. 6 = abundance. [After
Brugger 1956; Post 1977].

In central Europe, the Hapsburg Empire also suffered economic and social crisis in 1816, but the
poor harvests of that year were preceded by several years in which crop yield had been low, and a
Bubonic plague epidemic intensified hardship in the Balkans [Post 1977]. In continental Europe,
both poor weather and unique social and economic pressures combined to cause a "crisis year".

Was the volcanic eruption was responsible for the poor summer climate? Was the climate in 1816
unique? How do the mild conditions in Denmark and elsewhere fit into models of volcanic forcing
of climate?

Climate and 1816: a unique year?
The association made between the eruption of Tambora in 1815 and the widespread reporting of
poor and apparently anomalous weather conditions in 1816, may be no more than coincidence.
Landsberg and Albert [1974] pointed out that the temperature series for New Haven, Connecticut,
recorded between 1780 and 1968;
"were as close to statistical normality as one could find."
This point is reinforced by a consideration of temperature data from North America and Europe,
shown in Table 4.2.
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Station.

Period of
Record.
New Haven.
1780-1968
Philadelphia
1738-1972
Edinburgh.
1771-1960
Copenhagen.
1801-1970
Wilno.
1781-1960*
Berlin.
1756-1970*
Vienna
1775-1969
Hohenpeissenburg. 1771-1960
Budapest.
1781-1970
Rome.
1811-1969*

Mean. Std.Dev.
Degs c.

20.9
23.6
18.3
16.2
17.4
18.0
19.2
14.0
21.3
23.5

0.9
0.6
1.3
1.1
1.2
1.2
1.2
1.3
1.0
0.9

Coldest..

Degs C.

Year

18.4
21.8
15.2
12.9
14.5
14.8
16.7
11.4
18.7
20.9

1816
1764
1832
1840
1928
1732
1913
1816
1913
1953

Temp 1816.
Degs C.

Std Dev.

18.4
22.1
16.9
15.2
16.7
16.1
18.7
11.4
19.7
22.1

2.5
1.5
1.5
1.0
0.7
1.9
0.5
2.6
1.6
1.4

Table 4.2. Summer temperatures, in degrees Celsius, at selected stations, showing the
position of the summer of 1816. ( * = Interrupted sequence) After Landsberg & Albert
[1974].
While all the stations above report temperatures below the mean for 1816, most fall within two
standard deviations of the mean cannot be treated as manifestations of extreme or freak weather.
Hohenpeissenberg, Bavaria, which like New Haven experienced its coldest year, is a high altitude
station, and one might expect it to be more sensitive to any climatic perturbances than low level
stations. Though based on a limited sample, the data presented in Table 4.2 does not suggest that
1816 was exceptionally harsh at all stations in the northern hemisphere. If a volcanic forcing
mechanism is accepted for climate in 1816 in regions where records show that this year was harsh,
how are extreme temperatures in other regions in other years to be explained?

Qualitative records of climate in North America.
D.C. Smith et al. [1981] constructed a temperature record for Maine which stretches back to
1785. These are based on instrumental records back to 1810 and on "qualitative" records, personal
journals for the period back to 1785, which allow the climatic "trend" to be reconstructed with
some accuracy. For the whole period 1785-1885, the climate of Maine was cool with short
periods of wanner weather. May frosts were not uncommon, and occasionally occurred in June
and August. June frosts occurred in 1778, 1794, 1797, 1800,1807,1816,1817,1832, and 1833.
August frosts occurred in 1796, 1816, 1835 and 1836. Baron [1992] also noted the occurrence of
late spring or early autumn frosts in 1793, 1796, 1812, 1816, 1817, 1835 and 1836. The summer
of 1816 may be considered exceptional in that summer frosts occurred in both June and August.
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But Summer frosts appear to have been common in the late Eighteenth century and early
Nineteenth century and the association of summer frosts in 1816 and a major volcanic eruption in
1815 does not necessarily imply that a dependent relationship existed between the two
phenomena.

Farming practice also suggests that summer frosts were considered a possibility. Seeds were often
planted indoors and the seedlings were only transplanted outside after all chance of frosts appeared
to have passed [Smith et al. 1981]. Summer frosts had not occurred for eight years before 1816.
The settlement of migrants from Europe with little experience of summer frosts, and the years
which had elapsed since their last occurrence in 1807, may have played a role in creating the
conditions where farmers were either not prepared for summer frosts or no longer considered
them a possibility.

The summer of 1816 does not appear unique when compared with records of other years. Baron
[1992] studied eight weather diaries for this period and concluded that 1816 was not as cold as
1812 in northern New England, nor as cold as 1817 in southern New England. However, Baron
[1992] suggested that 1816 was exceptional because of the extreme shortness of the growing
season, measured as the length of time between the spring thaw and autumn frosts. In 1816, this
was 70-80 days compared to a mean of 150 days for the period 1789-1841. The coincidence of
the short growing season and the volcanic eruption need not be taken to imply a dependent
relationship. Similarly short growing seasons were noted in 1808, 1824, 1829, 1834 and 1836.
Catchpole [1992 a & b] used ships' logs and observations of sea ice data as proxy indicators of
climate. 1816 was not shown to be an exceptional year as harsh conditions with extensive sea ice,
late thaw and early freeze were apparent throughout the period 1811 - 1817. Again climatic
conditions in 1816 do not appear to have been uniquely or excessively harsh.

1816 appears to be coldest in a sequence of cold years which lasted from 1812-1818 and which
fell between two periods of relatively wann weather 1799-1810 and 1819-1832. When viewed
critically, the qualitative data does not suggest that 1816 was an exceptional year for North
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American climate, but that the hardship experienced in that year has come to represent the decade
as a whole in North American folklore.

This brief study of qualitative data suggests that the summer of 1816 was not as unique as it has
been presented. Quantitative data also questions the historic perception of the unique nature of
the summer of 1816.

Analysis of temperature records.
The analysis of temperature data recorded 170 years ago has many problems, not least of which is
how the data is analysed and presented. A common method of assessing the degree of historic
climate change is to compare historic temperature records with a "norm" established from
Twentieth Century measurements. In the early nineteenth century northern hemisphere
temperatures were still influenced by the "Little Ice Age". Comparisons with Twentieth Century
records may suggest the entire period was colder than the norm and fail to highlight individual
poor years or seasons. The summer of 1816 will therefore be considered in the context of the
early Nineteenth century.

A second problem is how to measure extreme weather? Studies of daily, weekly, monthly, annual
or seasonal averages will present a range of sometimes conflicting results. For example both the
mean annual and June temperature for 1816 is the coldest on Record at New Haven Connecticut,
but both 1812 and 1817 experience colder summers (measured as the June/July/August mean).
Daily temperatures are not easily accessible, and the sources used here have condensed this data
into monthly daytime mean temperature. Details such as the location of thermometers, location
and calibration are often missing. Establishing means and standard deviation is also problematic
since these may have little significance. The data presented below will illustrate that temperatures
varied on a decadal scale in the early nineteenth century. The length of the quantitative records is
also problematic and for North America few temperature series stretch beyond 1805. These
problems can often render detailed statistical analysis meaningless. Even if a statistically
significant temperature departure was observed in a particular year, this does not imply that a
volcanic eruption was responsible. This study will primarily concentrate on comparisons of the
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summer mean, the justification for this lies in the critical nature of the success of the growing
season for communities under stress. A further test shall be applied by a study of the
palaeoenvironmental evidence for climatic stress at this time.

Temperature series for North America.
Sigurdsson [1990] and Baron [1992] have compiled temperature series for north-eastern U.S.A.
which shows that 1816 was not the coldest summer in the early 1800's and was part of a cooling
trend which began in 1810 [Figures 4.4,4.5 & 4.6]. In Brunswick, New Jersey, the summers of
both 1812 and 1815 were colder than 1816 [Figure 4.4]. The cool period ended with a marked
recovery in temperature in 1818. In New Haven, Connecticut, the summers of 1812 and 1817
were both colder than 1816 and the whole period can be seen to be one of considerable variation
in temperature [Figure 4.5]. In eastern Pennsylvania 1818 again marked a recovery in mean
summer temperatures from those which prevailed between 1810-1817 [Figure 4.6] . June
temperatures are presented for comparison and although 1816 is clearly the coldest month in the
period reviewed. a downward trend in monthly mean temperature can be observed from 1810. In
north eastern America the summers for the whole period 1809-1817 appear to be cool and when
viewed in this context 1816 does not appear exceptional.

It might be argued on the evidence from New Haven [Figure 4.5] and Pennsylvania [Figure 4.6]
that the influence of the volcano on climate can be detected in a slight worsening of climate in
1816 and 1817, but this is challenged by data from Brunswick [Figure 4.4] where such a trend is
not apparent. It is difficult from this, admittedly limited data set, to argue that the temperatures in
1816 were uniquely cool.

Temperature series for Europe.
The data presented below has been assembled from a variety of sources. With the exception of the
data retrieved from Neumann [1990]. which was already tabulated, all other temperature data has
been gathered from the published lists of monthly temperature data, primarily from Manley [1974]
and Mossman [1896]. Monthly mean temperatures have been transformed into a figure for the
summer season by calculating the mean temperature for June, July and August.
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A regional trend is apparent in the European temperature records studied below. Neumann
[1990], tabulated temperature data for nine north European cities presented here as figures 4.7,
4.8 and 4.9. In Stockholm, Voyri, Trondheim, Copenhagen, and Gothenburg 1814 was cooler
than 1816 [Figures 4.7 & 4.8]. In Uppsala and St. Petersburg the summer of 1816 was warmer
than that of 1812 [Figure 4.9]. The summer of 1816 does not therefore appear to have been
exceptionally cool in northern Europe.

In western Europe temperature series are available for central England [Manley 1974] and
Edinburgh [1896]. I was unable to locate monthly temperature data for France. The English
temperature record [Figure 4.10] is very similar to the north American record. A cool period
began in 1809 and continued until 1817. Temperatures recovered steeply in 1818. The summer of
1816 was the coldest year in a series of nine cold years and was also the coldest summer in the
period 1800-1830 with a mean daily temperature of 13.4DC. The summer of 1816 appears to be
less unique when it is compared to the summer of 1823, when summer mean temperatures fell to
13.60C. The seven summers prior to 1816 had all recorded summer mean temperatures of less
than 15°C. Temperatures in 1823 fell to 13.6°C, following a summer in 1822 where the mean
temperature had been 15.9°C. There is no suggestion that a volcanic forcing mechanism was
responsible for the cool summer in 1823, but this single cool year appears more remarkable than
1816 which fell at the end of a cool trend.

In Edinburgh both 1816 and 1817 were cool [Figure 4.11], however the range of mean summer
temperatures for the period 1800-1830 is considerable with the wannest summer in 1826 reaching
61.50 Fahrenheit, and the coldest in 1830 falling to 54° Fahrenheit,. The cool summer of 1816 falls
at the end of a cool period which began in 1809 and can be viewed as part of a cooling trend.
There is no suggestion that the cold summer of 1830 was caused by a volcanic eruption. As in
England a cold summer was recorded in 1823 which was almost as cool at 55.1 ° Fahrenheit, as
1816 at 54.8 0 Fahrenheit, and appears all the more exceptional as it is not preceded by a series of
cool years.
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This analysis of temperature series has not provided conclusive evidence that a volcanic forcing
mechanism is apparent in summer temperatures in 1816. Neither has it shown that temperatures
and climate in the summer of 1816 were particularly unique. In Scotland and England, the
summer of 1816 was cool. On the other hand temperatures in 1823 approached those of 1816 and
a volcanic mechanism for these years is not suggested. The "year without a summer" falls at the
end of a series of cool summers and the summer of 1816 cannot be interpreted without taking this
trend into account. This summer may be interpreted as a natural event falling at the end of a
period of deteriorating climate.

Alternatively it may be argued that volcanic forcing of climate may be detected in the abrupt fall in
temperatures recorded in many areas in 1816. The presence of a volcanic aerosol may have acted
to intensify an already deteriorating trend but this argument is difficult to sustain when
temperature departures were as great, or greater in other years, such as 1823, for which no
external forcing mechanism has been suggested.

The limited instrumental data available has failed to indicate that the summer of 1816 is unique or
that a volcanic forcing mechanism can be detected. Palaeoenvironmental data may cast further
light on the problem.

Palaeoenvironmental evidence.

Ice core data.
Alt et al. [1992] studied the climatic conditions on the ice caps of the Canadian high Arctic
Islands. The oxygen isotope ratio in the Agassiz and Devon Island ice cores indicated warming
rather than cooling in 1816. Holdsworth et af. [1992] studied the oxygen isotope ratio and the net
accumulation rate from the ice cap of Mt. Logan, Yukon, and found no evidence for a climatic
deterioration in the Yukon in 1816. However they did identify cooling in 1850, a year which is
remembered by the Yukon Indians as "the year with two winters" and which is not associated with
a volcanic eruption.
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Growth stress patterns in trees can be used to reconstruct climatic conditions with some accuracy.

North American tree-ring studies.
Tree ring response to volcanic forcing of climate is discussed in detail in Chapter One, but
examples which relate to 1816 are discussed here. Lough and Fritts [1987] suggested that
volcanic eruptions were responsible for a wide range of climatic change across North America
including both increases and decreases in temperature. Lough [1992] reconstructed the climate of
1816 in western North America from tree-rings and found that climate was not anomalous in
either 1816 or in the decade 1811-1820 and that it was slightly warmer than the 1901-1960 mean.
Other decades of the first half of the nineteenth century exhibited larger negative temperature
departures and these were not associated with the volcanic eruptions of the magnitude of
Tambora. Severe growth reduction in Canadian High Arctic fir trees began in the early 1800's but
the coldest regional temperatures in 1816 were confined to eastern Canada, while temperature
departures in western Canada were unexceptional [Jacoby & D'arrigo 1992] which is in agreement
with the findings of Lough [1992] in western North America. In Colorado, Cleaveland [1992]
found evidence for abnormal growth in 1816 rather than stress; and the studies of Lamarche and
Hirshboek [1984] found no evidence for climatic stress in 1816 in either Colorado or California.
In Maine, a state closely associated with hardship in 1816, Conkey [1986] found little evidence
that 1816 was a year of exceptional climatic stress. In northern Quebec, Jacoby et al. [1988]
found only limited evidence for dendroclimatic stress in 1816 and noted that it was largely limited
to locations where the environmental conditions for tree growth were was particularly marginal.
Graumlich and Brubaker in Washington State [1986], and Luckmann and Colenutt in the middle
Canadian Rockies [1992], found that high alpine tree-ring chronologies failed to exhibit evidence
for extreme conditions in 1816, but found that pronounced growth reduction had also occurred
throughout the entire decade 1810 - 1820. Fayle et al. [1992] studied spruce trees [Picea glauca]
growing at the tree-line in Manitoba and again detected a decline in growth for two decades before
1816, though a maximum low growth was recorded in 1817 and 1818. The "year without a
summer" appears on this evidence to have been limited to eastern North America, while central,
southern and western regions experienced normal or better than normal conditions.
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European tree-ring studies.
Working in Fennoscandia Briffa et al. [1990] reconstructed temperature trends and short-term
temperature anomalies for that region. Their work indicated that 1816 was not a year of particular
stress in northern Europe. The work of Briffa et al. [1988], Briffa and Schweingruber [1992] and
Graybill and Shiyatov [1992] confinns the instrumental data that 1810 saw the beginning of a
short cool period in Europe which lasted until 1817. The work of Briffa et at. [1988], suggested
that the summer of 1816 was cooler in both the United Kingdom and central Europe. Using tree
ring evidence, Briffa and Jones [1992] suggest that 1816 was the coldest summer since 1750 in
Britain, and the second coldest, after 1814, in central Europe, but that conditions in Scandinavia
were near normal.

Summary of palaeoenvironmental evidence.
The palaeoenvironmental data confinns the instrumental data, that the summer temperatures are
not cool everywhere, and that those regions which did experience cooler than average summer
temperatures in 1816 did so at the end of a cool period which began in 1810. Western Canada and
the western and Central United States experienced either an average or warmer than average
summer. Colder than average condition appear limited to Northern and Eastern Canada and the
north eastern United States. Even within these regions the evidence is not unequivocal, as tree
ring studies from the State of Maine itself [Conkey 1986] do not suggest that the summer was one
of particular environmental stress. In Europe the western and central regions experience worse
than average conditions but northern areas experienced near normal or better than average
conditions.

We cannot therefore assume that the correlation of poor weather and volcanic activity in one
region can be extrapolated across a wider area. A uniform drop in temperature cannot be
observed in North America or Europe, and a temperature response on a hemispheric scale appears
unlikely on this evidence.
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Circulation disruption.
Many observers report wet weather throughout the year with 130 days of rain counted in
Switzerland from April to September 1816 [Post 1977 p.21]. Could a volcanically induced
anomaly in atmospheric circulation patterns be responsible for the regional pattern of climate in
1816? Edinburgh rainfall in 1816 was 25.24 inches, the mean for 1770-1896 was 25.85 inches.
The distribution of rainfall through the year was unusual, with 5.22 inches falling in July and 10.44
inches falling between July and September [Mossmann 1896]. Similar levels of rainfall occurred
in 1817 and 1819 [Post 1977 p.17].

The circulation patterns for the summer of 1816 over Europe suggest that the subtropical high
pressure system the "Azores High", which usually extends north-eastward and influences Europe's
summer, failed to occupy its usual position [Von Rudloff 1967; Kington 1992]. Instead the
"Icelandic Low" was positioned well to the south of its usual summer position [Figure 4.12] and
brought unseasonable polar air to Europe [Lamb 1967, 1992]. This circulation anomaly is
associated with the high rainfall observed for 1816 in many parts of Europe. This anomaly in not
uniquely associated with volcanic eruptions, the synoptic map constructed for July 1816, is very
similar to those constructed for July 1993 for which no volcanic forcing mechanism is suggested.
However it should be noted that several areas, northern Scotland, the Outer Hebrides, Shetland,
Orkney and large parts of Scandinavia had a drier than usual summer [Figure 4.13] and escaped
the hardship experienced across much of Europe [Kington 1992; Lamb 1992].

Milan
1815
1816
1817
Paris
1815
1816
1817
London
1815
1816
1817

April.

May.

June.

July.

Aug.

Sept.

76
84
6

113
76
77

85
109
48

181
74
105

116
79
84

10
54
54

30
13
1

29
38
65

79
54
102

32
97
59

15
51
50

32
63
62

68
53
3

58
55
115

48
60
35

45
108
108

45
63
68

30
55
23

Table 4.3. Precipitation (mm) at selected European stations [From Neumann 1990].
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Discussion: Tambora and the" year without a summer"
In the discussion above, instrumental temperature records, weather journals, rainfall records, social
and economic conditions, and palaeoenvironmental evidence have been considered. While some
regions experienced temperature minima and social and economic stress, other areas did not and it
is clear that a general hemispheric cooling did not occur. Neither can the climate of 1816 be
considered in isolation. The dearth and famine in 1816 appear to be the culmination of a series of
poor years and were not solely caused by climatic fluctuation. It is difficult to conclude that the
summer of 1816 exceptional. The climatic phenomena reported cannot be assigned with any
confidence to the external forcing of climate by an aerosol cloud from the volcano Tambora. The
suggestion by Lamb [1970, 1992] and Kelly and Sear [1984] that low latitude eruptions such as
Tambora will cause a southward displacement of north Atlantic circulation, can account for the
regional nature of the climatic phenomena. Nevertheless these models also propose several poor
years following the initial perturbation. The contrary situation occurs for 1816 which appears to
be the climax of a deteriorating trend, rather than the beginning of one. If we accept that the
circulation anomaly was caused by the eruption of Tambora in the previous year, the resultant
amelioration of climate in northern and western regions must also be attributed to the influence of
the volcano. If we accept this model, then the likely impact of a southern hemisphere eruption on
the critical areas in this study appears to be the amelioration of normal summer conditions in
northern Scotland. We cannot therefore assume that the major eruption of a southern hemisphere
volcano will automatically result in a deterioration of the environment in the areas of northern
Scotland which were becoming marginal for human settlement in the bronze age.

Could a major northern hemisphere eruption cause sufficient climate change to bring about
settlement abandonment? This question will be addressed in the following chapter.

Chapter five.
Climate in Britain and Europe and the Laki fissure eruption.
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Summary of chapter.
Could Icelandic volcanic eruptions, and the IIekla 4 and lIekla 3 eruptions in particular, have
brought about environmental change by triggering a climatic deterioration? "Conveniently
dated" volcanic eruptions are often used by researchers to explain change in both human
society and ecosystems. Such approaches assume a uniform, if unspecified, degree of climatic
change, caused by the eruption of a physically remote volcano. This approach is challenged in
this thesis by an analysis of the climatic phenomena in Europe which were associated with the
eruption of the Icelandic volcano Laki in 1783. The observations of Benjamin Franklin are
related and contrasted with the observations of Gilbert White, and though there are
similarities between the two accounts, the descriptions of climate in 1783 are fundamentally
different. An attempt is made to resolve these differences by use of monthly temperature
records for England and Scotland compiled by Manley [1974J and Mossman [1896J; and by
extensive research which draws on previously unexploited documantary material. The summer
of 1783 in Britain is shown to be one of exceptional warmth which does not conform to existing
models of climate response to volcanic eruptions. This warming is investigated and a new
model is advanced to suggest how tropospheric temperatures may have responded to forcing by
volcanic eruptions. This model combines the role of emissions of the volcano and the inhibition
of outgoing radiation, with atmospheric circulation patterns at a regional/sub regional level.
The notorious winter of 1783/84, also previously related to a volcanic eruption, is also
investigated, and it is shown that it was in fact neither extreme nor exceptional when placed in
the context of the climate of the late Eighteenth and early Nineteenth centuries. The cool
summer of 1784 is similarly demonstrated to be unexceptional. It is illustrated that it is unwise
to assume that "climatic extremes" recorded in one area, have an influence far beyond the area
in which they are observed, and a plea is made for a realistic approach to the use of volcanic
eruptions as scapegoats in cases of sudden, difficult to explain environmental or social change.
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INTRODUCTION.
In order to investigate the association between Icelandic volcanic eruptions and environmental change
in Britain, the eruption of the Laki fissure in Iceland in 1783 was selected and the climatic and

environmental phenomena associated were investigated. Few volcanic eruptions approach the scale of
emissions reached by the Laki eruption [Figure 5.1] and if, with the added contribution of the related
eruption of the Grimsvotn caldera in Iceland [Thordarson et al. 1987; Thordarson & Self 1988, 1993]
as well as the eruption of the Japanese Volcano Asama-Yama, the eruption failed to generate clear,
unequivocal evidence of a climatic response, then the use of volcanic eruptions as a handy culprit to
account for change in societies or ecosystems remote from the volcano becomes questionable.
Personal observations of the climate in 1783 and compilations of temperature data are examined
below in an attempt to resolve this issue.

The Laki eruption of 1783: eruption dynamics.
The eruption of the Icelandic fissure volcano LaId in 1783 was one of the largest producers of sulphur
and acid volatiles in the Holocene [Figure 5.1]. It emitted sulphuric acid on a scale which should have
resulted in a measurable effect on climate [Devine et al. 1984]. The total volume of acids emitted, the
principal engine for volcanically-induced climatic change [Pollack et al. 1976; Deepak & Newell
1982], is demonstrably greater than in any other northern hemisphere eruption in the Holocene;
9.9XlO13 grams of acid of which 9.19XlO13 grams was H2S04 [Devine et al. 1984; Sigurdsson et al.
1985; Palais & Sigurdsson 1989; Thordarson et al. 1987,1992; Thordarson & Self 1993].
Approximately 60% of the total volume was erupted in five eruptive episodes between June 8 and
July 8th; each of which was associated with the opening of a new fissure and a short period of
phreatomagmatic activity [Thordarson et al. 1987, 1992; Thordarson & Self 1993]. Thordarson and
others [1987,1992; 1993] concluded that although the eruption frequently possessed sufficient energy
for the eruption column to reach altitudes of 5km a.s.l., and was also able to breach the tropopause
during the initial stage of each eruptive episode, the majority of emissions were confined to the
troposphere. If detailed observations of the recorded climatic phenomena associated with this
eruption are inconsistent, we may begin to question palaeoenvironmental interpretative models which
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are based on the assumption of a unifonn climatic or environmental response to smaller volcanic
eruptions in prehistory [Figure 5.1]. Perhaps these had a lesser effect on climate than previously
assumed.

The personal observations of Benjamin Franklin.
In 1783, Benjamin Franklin was Ambassador to France for the United States of America. The
account, reproduced below, of the atmospheric and meteorological phenomena which he observed in
the summer, autumn and winter of that year has been accepted as a classic description of the impact of
a major volcanic eruption on climate. Indeed it may be seen as the foundation stone [Lamb 1970] for
much of the research into the association between volcanoes and climate change which has taken
place in the succeeding 200 years.

"During several of the summer months of the year 1783, when the effect of the sun's
rays to heat the earth in these northern regions should have been greatest, there
existed a constant fog over all Europe and great part of North America. Thisfog was
of a permanent nature; it was dry, and the rays of the sun seemed to have little effect
towards dissipating it, as they easily do a moist fog arising from water. They were
indeed rendered so faint in passing through it, that when collected in the focus of a
burning glass they would scarce kindle brown paper. Of course, their summer effect
in heating the earth was exceedingly diminished.
Hence the swface was early frozen.
Hence the first snows remained on it unmelted, and received continual additions.
Hence the air was more chilled. alld the winds more severely cold. lIellce perhaps the
winter of 1783-4 was more severe, than any that had happenedfor many years.
The cause of this universal fog is not yet ascertained. Whether it was adventitious to
this earth .... Or whether it was the vast quantity of smoke, long continuing to issue
during the summer from lIecla in/celand, alld that other volcallo which arose from
the sea near that islalld, which smoke might be spread by variolls winds over the
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northern part of the world, is yet uncertain. It seems however worth the enquiry,
whether other hard winters, recorded in history, were preceded by similar permanent
and extended summer fogs" [Franklin, 1784].

The clear conclusion to be drawn from Franklin's observations, is that the conditions which he
observed in Paris, were typical of a far wider area stretching from Europe to North America. The "dry
fog" is obviously not water vapour as the sun was unable to disperse it. If it was of volcanic origin, as
Franklin speculates, then his account is a reasonable description of the presence of an acid aerosol
layer in the upper atmosphere. The impedance of the sun's rays by a volcanic aerosol layer can result

in surface cooling [Hansen & Lacis 1990; Sigurdsson 1982, 1990]. Franklin describes the ability of
the sun to heat the ground in the summer of 1783 as "exceedingly diminished" and that in
consequence the following winter was cooler than normal.

Franklin described a cool summer and a harsh winter, but were these phenomena caused by the
volcanic activity in Iceland in 1783? If the conditions observed by Franklin were indeed caused by the
influence of the volcano, then these phenomena should have been reported and duplicated over a wide
area. The association of the climatic phenomena, the atmospheric phenomena and the volcanic
eruption makes an assumption of dependence a simple step. If we accept Franklin's account as a
model for the influence of other volcanic eruptions on climate then the search for other associations
between anomalous weather and volcanic eruptions and the extrapolation of these conditions over a
wide geographical area becomes a useful and respectable exercise. Franklin's account of the weather
in 1783/84 could conveniently be taken as the basis on which to forward a model of climatic
deterioration in response to other, lesser, Icelandic volcanic eruptions in prehistory.

Is it possible to support Franklin's observations with other contemporary European records? Did other
areas of Europe experience similar atmospheric and meteorological conditions? I have discovered the
following account of Gilbert White, which must challenge any model based solely on the work of
Benjamin Franklin.
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The personal observations of Gilbert White.
Gilbert White's "Natural History Of Selbourne" [1789] contains another contemporary description of
strange atmospheric phenomena and weather in 1783. While similar in many respects to Franklin's
observations, his descriptions of climate are strikingly different

"The summer of 1783 was an amazing and portentous one, and full of horrible
phenomena;for besides the alarming meteors and thunder-storms that affrighted
many counties of this kingdom, the peculiar haze or smokey fog, that prevailedfor
many weeks in this island and in every part of Europe, and even beyond its limits, was
a most extraordinary appearance, unlike anything known within the memory of man.
By my journall find that I had noticed this strange occurrence from June 23 to July
20 inclusive, during which period the wind varied to every quarter without making

any alteration in the air. The sun, at noon, looked as blank as a clouded moon, and
shed a rust colouredferruginous light on the ground, andj100rs of rooms; but was
particularly lurid and blood coloured at rising and setting. All the time the heat was
so intense that butchers' meat could hardly be eaten on the day after it was killed; and
the j1ies swarmed so in the lanes and hedges that they rendered the horses half
frantic, and riding irksome." White [1789] .

White's descriptions of the smokey fog, the blank sun and the lurid colours of the rising and setting
sun, would be recognised by any volcanologist as the result of stratospheric veiling caused by a
volcanic eruption. His descriptions of the atmospheric conditions are not dissimilar to those of
Franklin, and the atmospheric phenomena described in both accounts are clearly the result of the
volcanic dust and gases finding their way into the upper atmosphere. Both accounts demonstrate that
the atmospheric effects of the volcano were clearly observed over a wide area.

Gilbert White differs strongly from Benjamin Franklin in his account of the extreme summer heat. On
this count both records are mutually incompatible. If the volcano caused a cool summer in Paris it
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seems reasonable to expect a similar summer in Hampshire. Alternatively it may be reasonable to
suggest that based on the evidence from England, Paris should have been experiencing a hot summer!
By these accounts both sites appear to be experiencing extremes of weather, is it reasonable to blame
the climatic phenomena at both or any of these locations on the eruption of the volcano Laki? If
southern England was experiencing a hot summer at the same time that adjacent northern France was,
according to Benjamin Franklin, experiencing a cool summer, while both sites describe the
atmospheric effects of the eruption, then we must begin to question the association made between the
eruption and the cool summer. The assumption that the climatic phenomena associated with the
eruption of LaId was widespread, and by proxy the climatic phenomena of other volcanic eruptions,
may also be questioned.

The exclusive use of the accounts of either Franklin or White would allow a researcher to model
either anomalous heat or cold! Even if the eruption of LaId in the summer of 1783 is responsible for
the anomalous weather at both locations, which should a researcher select? The similarities and
contrasts which exist between the two accounts indicate that it is not safe to accept single,
uncorroborated, descriptions of anomalous weather and assign them to a remote physical causes such
as a volcanic eruption.

It is not the purpose of the above discussion to cast doubt on the veracity of Benjamin Franklin's
statements. What it attempts to demonstrate is that observations of poor climate, even when
positively correlated with an eruption cannot be held as proof of a causal link between the two events.
Nor can such observations be held to be true for a wider geographical area, no matter how attractive
the correlation, unless corroborating temperature records or reliable observations exist. Any attempt
to relate ecological change or human response to the influence of a distant volcanic eruption must be
made very carefully indeed. If a researcher is to use a remote volcanic eruption as the agent of change
in their research area it is necessary to specify the exact mechanism by which such an impact was felt.
It is no longer sufficient to establish that a volcanic eruption occurred in that or the previous year and
assume a climatic response of sufficient scale to bring about the changes observed. A study of the
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warm summer of 1783 offers an opportunity to explore the mechanisms by which the warming may
have occurred and relate them to volcanic activity.

Temperature analysis.
It is not intended in the analysis of temperature trends below, to identify a statistical association
between temperature response and the volcanic eruption. In Chapters 3 and 4 it was shown that
volcanic forcing was merely one of many variables responsible for climatic variability. Temperature
records over 200 years old are an insecure base on which to suggest a dependent relationship, or to
identify the full range of forcing mechanisms involved. This research sets out to investigate whether
one of the largest volcanic eruptions of the Holocene, in terms of sulphur output, can be associated
with temperature fluctuation which could be considered with temperature fluctuation which could be
considered exceptional, As a result this analysis presents temperature trends and attempts to place the
temperatures associated with the Laki eruption in the context of temperature range and variability of
the late 1700's.

The summer of 1783.
Does the response of climate to the eruption of the Laki fissure, in the summer of 1783, offer any
clues to the suggested abandonment of land in northern Britain in the Bronze Age? The monthly
temperature records for Britain [Manley 1974; Mossman 1896] were analysed in an attempt to isolate
a volcanic signal in the climatic records. Climatic response in the summer of 1783 is contrary to
models of climatic response to northern hemisphere eruptions proposed by many researchers [Kelly &
Sear 1984; Lamb 1970, 1972; Sear et at. 1987] which suggest that rapid surlace cooling or unstable
circulation should occur in the weeks immediately following a northern hemisphere eruption. On the
contrary, qualitative and quantitative data from Europe suggests that late June and July in particular
were notably hot [See Barker 1789; Manley 1974; Mossman 1896 and research presented below] and
that atmospheric circulation was dominated by a stable high pressure cell [Kington 1980; 1988].
Models of climatic response to volcanic eruptions have emphasised the need for a clear injection of
volcanic material into the stratosphere as a prerequisite for subsequent surlace cooling of hemispheric
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temperatures [Pollack et al. 1976; Baldwin et al. 1976; Sigurdsson 1990]. The dynamics of the Laki
eruption ensured that, throughout June and early July 1783, the tropopause was frequently penetrated
by the eruption cloud and the tropospheric content of dust and gases was continuously enhanced
[Thordarson et al. 1992; Thordarson & Self 1993]. Was the exceptional wannth during this period a
result of the presence of the Laki aerosol cloud in the troposphere? An analysis of the atmospheric
and climatic phenomena during the summer of 1783 may offer an answer to this question.

Contemporary Records.
Reliable contemporary observers have left records which establish the presence of considerable levels
of volcanogenic material in the atmosphere in the summer of 1783, similar accounts may be found
after many historic eruptions [Stothers & Rampino 1983]. The observations made in the summer of
1783, however, are unique in their association with hot rather than cool weather.

Benjamin Franklin, who was the United States Ambassador to France in 1783, described the summer
presence of a constant fog which neither wind nor sun was able to disperse [Franklin 1784]. He found
that this fog had weakened the sun's rays:

"They were indeed rendered so faint in passing through it that when collected in the
focus of a burning glass, they would scarce kindle brown paper".
This is a clear indication of the presence of an aerosol layer in the atmosphere, and Franklin's
experiment demonstrates that the energy reaching the earth's surface had been diminished;
conventional models suggest that surface cooling should have followed.

But consider the following contemporary accounts which were located during the research for this
thesis. Temperature records for this period in Frane are difficult to obtain, but qualitative records
challenge the common infemce from Franklin's account, that the summer in France was cool:

"Extract of a letter from Paris, July 4th. 'For considerable time past, the weather has been
very remarkable here; a kind of hot fog obscures the atmosphere, alld gives the sun, much
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of that dull red appearance"'. [General Evening Post July 12 & The Ipswich Journal. july 19
1783]

"The hot fog still continues at Paris, the heat has been excessive, and thunder storms
frequent" [The Morning Herald and Daily Advertiser. July 26, 1783].

On June 25th Parson Woodforde, at Weston Longeville, Norfolk, recorded in his diary [Woodforde
1984]:
"Very uncommon Lazy and hot Weather. The sun very red at setting",
and on July 28th,
"This has been the hottest day this year, and I believe the hottest that I ever felt, many
say the same".
Other material presents similar evidence. The Meteorological Register kept at Lyndon Hall. Rutland,
by Thomas Barker [1771-1789] mentions "thick moist air" on June 21 st and "very thick Smoaky air"
on June 25th. On June 26th, Barker records very hot temperatures and an obscured sun:
"calm, very thick air, very hot till evening, sun scarce sholle".
The letters of the poet, William Cowper [King & Ryskamp 1981], confirm Barker's observations and
clearly associate hot temperatures, mists and a red sun:
June 13th,
"The weather is still as hot, and the air asfull of vapour"
June 29th,
"So long in a country not subject to fogs, we have been cover'd with olle of the
thickest I remember. We never see the sun but shorn of his beams, the trees are scarce
discernible at a mile's distance, he sets with the face of a red hot salamander alld
rises with the same complexion".

Horace Walpole writing on July 15th [Cunningham 1938J also appeared to link volcanogenic aerosols
with unseasonable heat and a constant mist:
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"/ am sorry your Ladyship has suffered so much by the heat.. .I am tired 0/ this
weather .. .it parches the leaves, makes the tUlf crisp ... and keeps one in a constant mist
that gives no dew but might as well be smoke. The sun sets like a pewter plate red
hot."

Contemporary newspaper accounts associate a sulphurous stench and the intense heat:

"As the storm came on in most places the thermometer kept rising. Where the rain/ell
the thunder was most violent; where there was no rain the sulphurous stench
remained in the air the greatest part o/the next day, when the heat was more intense
than be/ore." [The Sherbourne Mercury July 21,1783].

Gilbert White, a careful observer of natural phenomena, described both the atmospheric phenomena
and the summer of 1783 in great detail [White 1789]:

".. the peculiar haze or smokey fog, that prevailed/or many weeks in this island... was
a most extraordinary appearance. By my journal I find that / had noticed this strange
occurrence/rom June 23 to July 20 inclusive. All the time the heat was so intense
that butchers' meat could hardly be eatell Oil the day after it was killed."

All the accounts above suggest that the atmospheric phenomena, the "peculiar haze, or smokey fog",
the obscured noonday sun, and lurid colours at sunrise and sunset, and reduced visibility are the result
of a volcanic eruption. They clearly establish the presence of significant levels of volcanic aerosols in
the troposphere. The "sulphurous stench" "the dry haze" and red appearance of the sun at rising and
setting are all linked to descriptions of intense heat. None of the above describe the expected climatic
or circulation response to a major northern hemisphere eruption [Kelly & Sear 1984; Lamb 1970,
1972; Sear et al. 1987]. there is no evidence for rapid cooling. nor for unstable weather circulation.
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Quantitative records.
Quantitative studies confinn these descriptions by contemporary English observers observers. High
pressure and hot weather were common across Europe throughout late June and much of July
[Kington 1988]. In the Central England temperature record [Manley 1974], July temperatures for
1783 appear exceptional [Figure 5.2], while both June and August lie close to the mean for 17701790 [Figure 5.3 & 5.4]. The June mean temperature for 1783, 14.8°C, is only 0.14°C above the
twenty year mean. The mean temperature for July 1783, 18.8°C is the warmest in the Central England
Temperature record [Manley 1974], and 2.7°C above the mean July temperature 1770-1795 [Figure
5.5]. August 1783, averaging at 15.8°C, was slightly cooler than the 26 year mean. Wanner than
average July temperatures were not limited to central England. Mossman's records for Edinburgh
[1896] shows that July 1783 was the second warmest July in the series from 1764-1896 [Figure 5.6].
Similarly, July was the warmest month in the Copenhagen temperature series from 1768-1893 and the
fifth wannest in central Europe [Kington 1980]. In Edinburgh, the August mean temperature for
1783, was 14.67°C, which falls exactly on the 26 year mean.

Why were July temperatures in 1783 so exceptional? Gilbert White described the occurrence of the
haze and the summer heat between June 23rd and July 20th and several other accounts also associate

dry fogs, haze, sulphurous stench and temperature. Throughout this period a high pressure cell sat
over southern Britain and north west Europe and a low pressure cell sat to the north and north west
of Iceland [Kington 1980, 1988]. The weather observations made by Thomas Barker, at Lydon Hall
Rutland [Manuscript: National Meteorological Library Bracknell] associate steeply rising
temperatures and "thick air". The synoptic maps of Kington [1988] suggest that this coincided with
the onset of a stable high pressure system [Figure 5.7].

Within a high pressure cell air descends and diverges, surface winds would therefore have travelled
from north west Europe towards Iceland, it is therefore difficult to account for the transport of
volcanic material reported in Europe at this time by low altitude winds. However under the
circulation conditions prevalent from June 21 st the transport of volcanic gases to Britain may have
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followed the model illustrated by Figure 5.8. Volcanic material confined to the troposphere may have
been transported to north west Europe by high altitude winds converging on the high pressure area.
The stability of the cell would ensure a concentration of gases at the bottom of the atmospheric
column. This concentration could have caused the reduced visibility and "dry fog" noted above.
Could these conditions have played a role in generating the high temperatures in July 1783?

Volcanically-generated warming of the lower atmosphere: theory and model.
Fissure eruptions may not achieve a clear injection of material into the stratosphere, and the majority
of gas and material emitted may be confined to the troposphere [Tripoli & Thomson 1988]. The fine
dust and gases emitted in the early eruptive episodes of the Laki fissure eruption appear to have
inhibited outgoing radiation in excess of the reduction of incoming solar radiation, with the result that
net warming occurred. The cooling which is conventionally expected to follow a volcanic eruption
depends on the formation of a stratospheric aerosol [see Chapter 2]. The photochemical conversion
of volcanic gases to an aerosol form within the stratosphere, has been observed to be relatively slow,
and maximum perturbation of global albedo may not occur until several months after an eruption
[Ardanuy et af. 1992; Castleman et al. 1974]. While the formation of the stratospheric aerosol is not
well advanced, and its cooling effect minimal, silicate and basaltic particles also emitted in the eruption
are present in the stratosphere. Such particles have the theoretical ability, at least in the short-term, to
counterbalance aerosol-induced cooling due to the opacity of the volcanic aerosol to longwave and
particulate absorption of infra-red radiation causing atmospheric warming [Pollack et af. 1976; Chou
et af. 1984; Harshvardan 1979]. Several workers [Preining 1991; Chou et al. 1984; Harshvadhan

1979] have indicated that absorption of shortwave radiation by tropospheric aerosols has the potential
to cause atmospheric warming near the ground, thereby reducing the cooling effect of the eruption.
Preining [1991] noted that shortwave absorption by natural and anthropogenic aerosols near the
ground not only caused heating that has been estimated at about I°Kd- 1, but that emissions of
particles into the lower stratosphere also had an important warming effect. Chou and others [1984]
estimated that such infrared warming may reduce the cooling effect of the volcanic aerosol by c. 40%,
while Harshvardhan [1979] found that infrared warming by volcanic aerosols could reduce the net
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radiative loss of an atmospheric column by approximately 30%. These estimates are based on the
behaviour of material emitted into the atmosphere during conventional explosive eruptions. The
weather phenomena recorded in June and July 1783 suggest that fissure eruptions are capable of
reducing net radiative loss from an atmospheric column to an even greater degree.

The high pressure cell represents an air column in which volcanic gases and aerosols might have been
concentrated. Radiative loss may then have been reduced in excess of the estimates of Chou et af.
[1984] and Harshvardn [1979] and surface warming may have followed. In addition the research of
Preining [1991] demonstrates that a concentrations of aerosols in the bottom kilometre of the
atmosphere may also lead to warming. The conjunction of these conditions may have led to the warm
temperatures recorded in July.

All the evidence presented above points to the emissions of the Lald fissure as being at least partially
responsible for the extreme weather experienced in late June and July 1783. The warming generated
by the absorption and reflection of short and longwave radiation, by volcanic material confined in a
stable high pressure cell, may be in excess of the capacity of an immature stratospheric aerosol layer
to impede incoming solar energy. This work does not suggest that the volcanic aerosols acted
independently in generating the warm July. The air source was already naturally warm and stable
atmospheric conditions were necessary to allow the enhancement of air temperatures by the volcanic
aerosol.

A detailed study and the acquisition of new material by the present author, presented above, has
demonstrated that volcanic eruptions may affect climate on the regional/sub regional level. The
warming which occurred in July 1783 is explained by combining eye-witness accounts and an
understanding of atmospheric circulation with modern studies of the warming potential of aerosols in
modem pollution episodes. The summer of 1783 demonstrates that volcanic modification of climate
need not automatically result in lowered surface temperatures. Nor that it is necessary to infer, or
right to assume, a global environmental impact in the wake of a major volcanic eruption. A new
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model has been proposed above which suggests that such volcanic eruptions may have particular
impacts in very small areas. This model relies on stable circulation, an air mass which is already
warmed and tropospheric concentrations of volcanic material. The volcanic material then inhibits
outgoing solar radiation and warming follows. Given a different set of antecedent conditions; winter
temperatures, a high pressure cell originating in the polar Arctic, a cold or snow covered ground
surface and similar eruption dynamics, atmospheric warming may not necessarily result in northwest
Europe ..

The winter of 1783/84.
The winter of 1783-84 is recorded in Iceland as the "volcano winter". In the aftermath of this
eruption a quarter of Iceland's' population perished. Statistics such as these, the statement by
Benjamin Franklin and Icelandic folk lore have all combined to present this winter as exceptional.
This perception is common in much research and allows the assumption that prehistoric eruptions may
have triggered similar phenomena [Thorarinsson 1979; Sigurdsson 1982; Jackson 1982]. However it
is important to askjust how exceptional was this "volcano winter"?

Temperature trends in Iceland.
Was the "volcano winter" in Iceland in 1783/84 exceptional? Let us first examine other winters that
happened during this period and place this winter in the context of the weather of that period. The
available evidence suggests that the winter of 1781-82 was unusually severe in most of Iceland.
Except for short periods they were the severest frosts that people could remember, and the governor
of Bessastathir wrote that it was the coldest winter since he had come to Iceland in 1770 [quoted in
Ogilvie 1986]. 1782 was an unusually cold year in Iceland, with sea ice appearing off the north coast
in mid-march, [Table 5.1] and reported around much of the coast through spring and summer [Ogilvie
1986]. J6n J6nsson [quoted in Ogilvie 1986] recorded that there were nineteen ships anchored off
Hrfsey in Eyjafjord, afraid to leave because of the danger of sea ice. In July, the fields of Sudur
Ml1lasysla were still covered in snow. In OalasysJa there were night frosts throughout the summer and
heavy snow fell at the beginning of July. J6n J6nsson recorded that all hope of a harvest ended as
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early as mid September. In Smefellsnessysla, the hay harvest was stopped by bad weather and rain,
with mild southerly winds being replaced by frost and snow.

The following winter of 1782-83 was also hard. In the north, the cattle had to be kept and fed
indoors from mid December to March. There were such amounts of snow "that old people can
scarcely remember its like" [quoted in Ogilvie 1986]. The winter was also hard in the north and east,
but in the south the winter, though cold, was dry and not considered severe. While in 1782 sea ice
had appeared off the south coast, in 1783 it was absent. Nonetheless it appeared off the north, east
and west coasts throughout the summer up to August of that year [Ogilvie 1986; Schell 1961].

The winter of 1783-4, the "volcano winter", was also poor, the impact of the climate intensified by
the stresses created by the series of hard winters and the environmental pollution caused by the
eruption [See Chapter 6]. The end of the winter was usually a time of shortage [Anddresson 1984,
Rafnsson 1984], and after a summer where both pasture and livestock suffered, the people of Iceland
were in a very poor shape to cope with yet another severe winter. Undoubtedly the economic reliance
on livestock rather than grain and the colonial practises of the Danish crown, primarily a monopoly
control of trade, worsened the situation [Jackson 1982; Andresson 1984; Gunlaugsson 1984]. It must
also be acknowledged that the greatest number of human deaths did not occur in the "Famine winter",
but later in 1786-87, with the Smallpox epidemic of that year [IIalfdanarsson 1984].

The "volcano winter" was therefore the third in a series of harsh winters. The winter of 1783/84 is
viewed as catastrophic, but the severity of the winter must be viewed in the context of the impact of
the volatile emissions of the eruption and the impact these had on vegetation and livestock [discussed
in Chapter 6]. These combined with the severe winter to create exceptional hardship. Volcanic
forcing of climate is therefore not the sole independent factor which might be held responsible for the
reported hardshi p of the season.
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With the catastrophe in Iceland caused by a possible combination of climatic, volcanic and economical
factors, what other evidence supports Franklin's [1784] suggestion that in Europe the winter of 178384 was exceptionally cold?

Winter temperatures in Britain: the Edinburgh temperature record.
Winters of extreme hardship were not unknown in Scotland. The annals collected by Mossman
[1896], while not statistically useful, reveal the presence of very severe winters.
These were in:
1595:

"Ane horrible tempest of snaw, whitk lay upon the ground."
1615:

"In February the Tay was/rozen over so strongly as to admit
of passage for both man and horse."
1634-35:

"The most tempestuous and stormy that has been seen in
Scotland these sixty years past."
1655:

"Severe and protracted storms,followed by a/rost which continued to April."
1675:

"Great cold "the most aged never remembered the like. Ale/roze."
1698:

"An extreme cold and winter like spring, great want offood
and seed, sheep alld cattle died ill great Ilumbers."
1732:

"A great/all 0/ snow. Ice so strong as to bear mall alld horse.
Lambs succumbed to the excessive cold."
1739:

"Snow lay deep Oil the ground/or six weeks."
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1765:

"Severe snowstorm, many lives lost in the Border counties."

These annals serve to indicate that severe winters were not unknown in Scotland in the period before
temperature records were kept. None of these events correlate with the eruption of acid rich, and
theoretically climatically-significant volcanoes. The winter of 1783-84, when the cooling effect of the
stratospheric aerosol should have been at its greatest, was not considered unusual in Edinburgh, while
the winter of 1784-85 was recorded as exceptional:

"From the 18th of October 1784 to the present time, which is a period of 143 days,
there have been only 26 in which the thermometer has not been from 1 to 18 degrees
and a half below the freezing point, which is a more constant succession of cold
weather than has been known in this climate. Last year there were 89 days offrost
and in the year 1779 there were 84; in 1763 there were 94 days offrost, and in the
celebrated winter of 1739 there were only 103, which are 12 fewer than the present
winter" [Edinburgh Magazine. Quoted in Mossman 1896].

Mossman's [1896] collation of temperature records for Edinburgh allows a reconstruction of
temperature trends. It is obvious that the winter of 1783-84, based on the means of January and
February, was not exceptional. In the period 1764-1830 there were seven other winters which were
as cold or colder than that associated with the eruption of Laki [Figure 5.9]. Using a more restricted
sample based on the mean of January and February temperatures between 1764 and 1800, shows that
January and February temperatures in 1784 were a mere 1.2 standard deviations below the 36 year
mean [Figure 5.10]. A broader sample taking in data from 1764-1830, shows clearly that the winter
of 1783-84 was not particularly severe [Figure 5.11]. The conclusion which must be drawn is that the
winter temperatures in Edinburgh, associated with the eruption of the Laki fissure, were not
exceptional. The year concerned can be seen to be part of a temperature series in which extremes of
cold and warmth fail to correlate with volcanic events. The volcano can not be held responsible for
causing extreme weather events in Scotland.
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\Vinter temperatures in Britain: the central England temperature record.
In England, as in Scotland, analysis of temperature records indicate the occurrence of harsh winters in
years which are not associated with recorded volcanic eruptions. Cooler Januarys are recorded in
1775 and 1779 [Figure 5.12]. February 1784 is wanner than February 1785 [Figure 5.13]. Mean
temperatures reveal that the winter following the eruption of Laki was the fourth most severe between
1733-1833 but it is also part of a declining trend in air temperatures. Any suggested correlation of
one volcanic eruption, with one of fourteen winters between 1733-1833, which falls beyond one
standard deviation below the mean must be considered of dubious significance [Figure 5 ..13].
Working on Manley's data, the climatologists Dyer [1976], and Matyasovsky [1989] see this year as
part of a warming trend, the recovery from the Little Ice Age, and not exceptional.

Discussion: extreme weather and the Laki eruption.
It seems plain that the severe weather in Iceland, blamed on the eruption, must be considered to be
part of a deteriorating trend. Sea ice data and records compiled from contemporary annals [Jackson
1982, 1984, Ogilvie 1986; Schell 1961] indicte that Icelandic climate was deteriorating and that
Icelandic economy and society was undergoing a period of stress. In the context of this thesis, the
people of Iceland could be considered a marginal society and vulnerable to a combination of
economic, climatic, volcanic and medical factors. The vulnerability of Icelandic society to
environmental stress conditioned its response to the volcanic eruption. This example is particularly
valuable in the context of the main subject of this thesis, the abandonment of marginal lands in
northern Britain in the Bronze Age.

The assumption of previous writers [Baillie 1988; Burgess 1989] that the Hekla 3 eruption caused a
severe climatic deterioration and forced the abandonment of marginal lands in Scotland must be called
into question when an eruption, such as Laki in 1783, which was theoretically capable of a far greater
climatic impact. failed to produce the expected "extreme" climatic phenomena. The failure of the
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Laki eruption to trigger severe and long lasting climatic deterioration is significant for any models
which attempt to correlate the Hekla 3 event and the "Upland Crisis" in Britain.

It has been demonstrated that the large scale climatic response to the eruption of the Laid fissure was
not on the scale which would trigger abandonment of land in northern Britain. However an
explanatory model has been proposed above, and is expanded in the following Chapter 6. This model
suggests how the recorded concentration of significant quantities of volcanically generated volatile
gases could occur on a regional/local scale in the lower atmosphere. Specifically this model suggests
that the hardship recorded in Iceland was created, in part, by the direct impact of volatile emissions on
vegetation and livestock, not by a lowering of air temperature. This raises the possibility that the
distal transport of volatile gases could bring about severe disruption of the environment in Britain?
This possibility is discussed in the following chapter.

Table 5.1 A summary of the seasons. Iceland 1781-1784. After Ogilvie 1986.
Year. District.

Winter.

Spring.

Summer.

Autumn.

North
South
1781 East
West

Mild
Mild
Mild
Mild

Variable
Reasonable
Reasonable
Reasonable

Good
Mild
Good
Good

Variable
Variable
Variable
'Vet

North
South
1782 East
'Vest

Severe
Severe
Severe
Severe

Severe
Severe
Very cold
Very Cold

Cold & Dry
Cold & Dry
Very cold
Very cold

Very cold
Cold
Very cold
Cold

North
South
1783 East
'Vest

Severe
Reasonable
Severe
Cold

Variable
Mild
Cold
Reasonable

Variable
Cold
Cold
Cold

Cold
Cold
Cold
Cold

North
South
1784 East
'Vest

Severe
Severe
Severe
Severe

Very cold
Very cold
Very cold
Very cold

Cold
Cold
Reasonable
Cold

Reasonable
Reasonable
Reasonable
Reasonable

122

Discussion:
Volcanic eruptions, climatic change and society.
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The preceding chapters have investigated the theoretical, modelled and actual impact of volcanic
eruptions on climate in great detail and found little evidence for severe climatic change in the wake of
the most severe volcanic eruptions of the Holocene. This must call into question any assumptions
made previously of the climatic impact of the Hekla eruptions of the Second Millennium B.C. The
calibre of these arguments, in press and in conference, has largely been based on finding the widest
possible range of environmental phenomena which may have been related in time to an eruption, and
then assuming that the eruption was large enough to have directly caused the phenomenon [Baillie
1989b; J.Barber Symposium on Lairg 1991]. In fact the Hekla eruptions did not approach the scale of
the Tambora and Laki eruptions, and are extremely unlikely to have been responsible for the volcanic
equivalent of a "Nuclear Winter" [Rampino 1988; Turco et af. 1982, 1983, 1984a & b, 1985]. But it
is this argument which has found its way into the popular mythology [cfBBC Television's Horizon
documentary "A Time Of Darkness"].

Do the Tambora and the Laki fissure eruption offer any clues as to the events which may have
occurred in the Second Millennium B.c.? It is difficult to separate any volcanic signal in the weather
for these years from the existing trends. While there are stations reporting exceptionally inclement
weather, others appear to experience clement or average conditions. The ensuing famines appear to
be the culmination of several bad years and it is difficult at this distance in time to isolate

meteorological from social and economic factors as the sole cause of hardship. Just as the failure of
the Danish government to act quickly in the face of Icelandic hardship in 1783-84 exacerbated the
situation in Iceland. So high grain prices rather than a real shortage may have intensified the hardship
of the poor, across central Europe, in 1816. The perception of 1783 and 1816 as crisis years can be
seen to be the result of the complex interaction of social, economic and environmental factors, should
we expect the events of the Second Millennium B.C. in northern Scotland to be any less complex?

The aftermath of both eruptions leads to the conclusion that volcanic eruptions cannot be conclusively
blamed for extreme weather phenomena, no matter how attractive the apparent association. The
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temperature records do not support any conclusion that eruption or post-eruption years are
exceptional. Both Laki, 1783 and Tambora, 1815, fulfil all the criteria to be climatically effective.
Both emitted vast volumes of acids and both were massively explosive. Neither eruption can be
shown to have caused extreme temperature fluctuation, nor to have caused long lasting changes to the
circulation pattern.
The possible climatic impact of a volcanic eruption cannot then be considered in isolation. Perhaps
these events can be used to model population response to environmental stress in northern Scotland.
The factors involved can be broken down as follows:
1)

The perception of the climate as unusually harsh.

2)

An uncertain economic situation.

3)

A vulnerable section of society ..

4)

Population pressure (in this case from immigration).

5)

The perception that elsewhere conditions would be better.

6)

A series of several poor years and gradually deteriorating
climatic conditions.

How then can the Hekla 3 eruption be held able to have caused extreme climatic fluctuation. The acid
output of Hekla 3, on any analysis is orders of magnitude below that of either Laki or Tambora. It
does not appear reasonable to model a climatic decline in the wake of this eruption great enough to
have caused widespread landscape abandonment when far more effective eruptions have patently
failed to do so. Any model which does utilise the coincidence of a volcanic eruption must take into
account the social and economic factors which were so important in 1783-5, and 1815-17. It must
also account for the existing temperature trends and whether the society concerned is marginal in any
way. It must also take into account other means by which the volcanic eruption may have an impact
on the environment, other than climatic, and these shall be considered in detail below.

Chapter six.
The environmental im pact of volcanic emissions.
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Summary of chapter
Studies of the potential of Icelandic volcanic eruptions to modify the environment of the
British Isles have concentrated on the degree of induced climate change [Lamb 1970, 1972;
Kelly 1977; Kelly & Sear 1984], but the complex interaction of the processes which control
the atmospheric circulation patterns of the earth are imperfectly understood and difficult to
model [Hansen & Lacis 1990; Nicholls 1988, 1990]. As a result it is difficult to account for
change in the palaeoenvironmental and archaeological record by modelling a climatic
response to a volcanic eruption. An alternative mechanism, by which Icelandic volcanic
eruptions may bring about environmental change via the transport and deposition of
significant levels of acid volatiles and halogens, is proposed. Documentary evidence
suggests that during the Laki fissure eruption, in the summer of 1783, severe acid damage
to crops and trees occurred in eastern England and northern Germany, and that acid
pulses killed fish in Scotland. Similar events may account for episodes of environmental
stress identified in the palaeoenvironmental record which are difficult to explain by induced
climate fluctuation.

Recent research has focussed attention on the potential impact of the emissions of Icelandic
volcanic eruptions on the British Isles. Dugmore [1989] and Pilcher and Hall [1992] have
identified tephra from Icelandic volcanoes in peats in Ireland and Scotland and Blackford et al.
[1992] found Icelandic volcanic ash, from the Hekla 4 eruption, in association with a midHolocene pine [Pinus sylvestris] decline in Caithness, northern Scotland. Baillie [1988] and
Baillie and Munro [1988] have associated stress in Irish oak trees with volcanically-induced acid
peaks in the Greenland ice-core [Hammer 1977, 1984; Hammer et al. 1980, 1981], and Burgess
[1989] speculated that the Hekla 3 eruption may have been responsible for the crisis apparent in
the British archaeological record in the Late Second millennium Be. Attempts to explain these
relationships have suggested that an induced climatic change was the primary mechanism
responsible [Baillie 1989 a & b], but the degree to which atmospheric circulation responds to
volcanic forcing has been called into question [Hansen & Lacis 1990; Hunt 1977; Nicholls 1988,
1990], and the scale of surface temperature response has been observed to be minimal [Bradley
1988; Kelly & Sear 1984; Mass & Portman 1989; Newell 1981; Self et al. 1981]. It is therefore
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unsatisfactory to suggest that stress in the palaeoenvironmental or archaeological record,
associated with a volcanic eruption, has inevitably occurred in response to volcanic forcing of
climate.

Volcanic eruptions which possess the theoretical ability to bring about climate change are those
which emit substantial volumes of volatile gases [Rampino & Self 1984]. "Climate change
theories" require that these be injected into the stratosphere to form an aerosol layer which will
reduce insolation [See Chapter 2]. If the volatile gases are not injected into the stratosphere and
remain in the troposphere they must inevitably settle out and be deposited on sea and land. The
possibility that substantial volumes of potentially toxic volcanic volatile emissions may be
deposited on distant ecosystems, offers an alternative mechanism by which environmental change
may be brought about.

The discussion below explores the impact of these substances when delivered to an ecosystem in a
variety of ways. This is done by analysis of medical, chemical, biological and historical literature.
The proximal impacts of volcanic gases in Iceland are investigated as this will fonn a baseline on
which to base estimates of impacts on distal environments. Much of the historical material
presented below was discovered by archival study during the course of this research.

Volatile yield.
The volatile gases emitted during an eruption range from such ubiquitous and hannless elements
as silicon, iron, and sodium to a wide range of harmful acids and halogens such as chlorine,
fluorine, and sulphur [Table 6.1]. The yield of volatiles is not only dependent on eruptive mass
and the atmospheric residence time of the eruption cloud, but also on the composition of erupting
magmas. Thus the volatile yield of silicic or rhyolitic eruptions is likely to be an order of
magnitude lower than a basaltic or trachytic eruption of a similar mass. The average yield of
sulphuric acid from silicic magma eruptions is within the range 100-500 ppm, this is a marked
contrast to the yield of basaltic eruptions, which normally fall within the range 1000-5000 ppm
[Bernard et al. 1991]. The massive 131 A.D. eruption of Taupo, New Zealand, emitted 35 km 3 of
silicic magma, but had a low yield of Sulphur, Chlorine and Fluorine [Newnham 1991].
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Conversely fissure eruptions, which are not massively explosive in the conventional sense, may
yield vast quantities of volatile gases. The 1783 eruption of the Laid fissure in Iceland, was
basaltic and is noted for its large sulphur output, 9.9 X 10 13 grammes [Thordarson et al. 1992].
Residual gas analysis, of minerals from this eruption suggest that 500 million metric tons of
pollutants passed into the atmosphere [Oskarsson et al. 1984]. Trachytic eruptions, however,
may yield significantly greater volumes of halogens than sulphur; the eruption of Tambora, 1815,
yielded 2 X 10 14 grammes of chlorine and 1.7 X 10 14 grammes of fluorine [Devine et al. 1984:
Palais and Sigurdsson, 1989]. The estimated volatile output of the Hekla 3 eruption was
considerable with an estimated yield of; 1.58 X 1011 g Sulphur, 2.48 X 1011 g Chlorine, 4.84 X
lOs metric tons H2S04 and 2.55 X lOs metric tons HCI [Devine et al. 1984], and a total acids
output of 7.39 X lOs metric tons [Palais et al. 1989]. The magnitude of an eruption is therefore
an ineffective means of assessing its volatile output, however the acid peaks identified in the
Greenland ice-core record the incidence of eruptions with a substantial acid output. These acid
peaks may indicate the occurrence of eruptions with the potential to deposit acids and halogens on
distal environments. The eruptions of Hekla 3 and Hekla 4 are associated with both an acid peak
in the ice-core record [Hammer et al. 1980] environmental change in northern Europe [Baillie &
Munro 1988]. I therefore ask a different question. Could environmental change sufficient to
effect Bronze Age peoples in Upland Britain have occurred as a direct result of the deposition of
volcanic volatiles, rather than as a result of an induced climate change?

DAMAGE CAUSED BY VOLATILE GASES.

Proximal damage.
A study of the environmental damage associated with eruptions in Iceland itself will establish the
scale of response in proximal vegetation. This will be used to assess the likely degree of impact of
volcanic volatiles on distal ecosystems.
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Toxicology of volcanic gases,
AMMONIA.
Animal Thresholds.

IOOppm in air.

Plant Thresholds.

lOppm in air.

Irritation of mucous membranes, coughing, dyspnea and vomiting.
Conjunctivitis,retention of urine, lung oedema.
"cooked" appearance becoming brown on drying.

Animal Thresholds.

5000ppm in air.

Asphyxiation, drowsiness, weakness.

Plant Thresholds.

No marked effect.

CARBON DIOXIDE.

CARBON MONOXIDE.
Animal Thresholds.

lOOppm in air.

Plant Thresholds.

500ppm in air.

Shortness of breath, impairment of hearing and vision.; dizziness, at
high concentrations unconciousness and death.
Epinasty, chlorosis, shedding of leaves.

aUORINE.
Animal Thresholds.

0.1 ppm in air.

Plant Thresholds.

0.1 ppm in air.

Powerful caustic irritant, conjunctivitis, skin irritation, bone
degeneration, mottling of teeth, lung inflammation.
Marginal leaf lesions, shedding of leaves.

HYDROCHLQRIC ACIQ.
Animal thresholds.

5ppm in air.

Plant Thresholds.

IOppm in air.

Irritation of mucous membranes, spasm of the larynx. higher levels can
result in pulmonary oedema.
Marginal leaf lesions, shedding of leaves.

HYDB,QELUQRIC ACm,
Animal Thresholds.

3ppm in air.

Plant Thresholds.

Variable.

HYDRQQE~

Ulcers in respiratory tract. Skin bums, degeneration of subcutaneous
tissues, gangrene, eye irritation, blindness, lung oedema.
Marginal leaf lesions, shedding of leaves.

Sl.!LEHI12E,

Animal Thresholds.

20ppm in air.

Plant Thresholds.

Ippm in air.

Skin irritation at 20 ppm, respiratory paralysis at 500ppm, photophobia,
inflammation of cornea and respiratory tract.
Chronic degeneration depending on concentration.

Animal Thresholds.

IOppm in air.

Eye irritation, burning of trachea, lung oedema, lung paralysis.

Plant Thresholds.

Ippm in air.

Chronic degeneration depending on concentration. Chronic, yellowing and
bleaching of leaves. Acute, collapse of marginal and inter-coistal areas, drying
to ivory or brownish red.

Animal Thresholds.

0.1 ppm in air.

Burning. rapid disintegration of tissue, lung damage.

Plant Thresholds.

Variable.

Scorching or charring, depending on moisture content and size of aerosol
droplets.

SULrHUR J2IQXI12E,

Sl.!LPHURIC AgO.

Table 6.1. [After Wilcox 1959: Mandl 1974: Blong 19841.
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Historic annals suggest that the deposition of volcanic volatile material has been a recurring
problem throughout Icelandic history.

The Hekla eruption 1341 A.D.

"Coming up offire in Mt. Hekla with great sandfal/ ... greatfamine. Great loss of stock,
both sheep and cattle, so that between the flitting days and the feast of St. Peter, Skalholt
alone lost 80 cattle." The Annals of Skalholt. Translated in Th6rarinsson [1967].

"A greater part of the cattle stock in the south of the country perished because of this
ashfall ... Many farms were deserted in the Skalholt district alld on Rangarvellir."
Gottskallksannall. Translated in Th6rarinsson [1967].

"Thenfire came up ill Mt. Hekla with such great sandfall that much stock died as a result
during the spring and both sheep and cattle died out on Rangarvellir." Einar Haflithason.
Translated in Th6rarinsson [1967].

The Hekla eruption 1693 A.D.

"nearly ruined in pastures and meadows .. .In the following eleven places the meadows and
pastures are unusable and in some of them the home-fields yield litt/e." Rev. D.
Halld6rsson. Translated in Th6rarinsson [1967].

Halld6rsson also recorded that all the woodland trees in Thj6rsardalur were injured:

"and look decayed and withered, none of them with a leaf to be seen and that in the
middle of May." Rev. D. Halld6rsson. Translated in Th6rarinsson [1967].

''for a long time afterwards here, has no Ice/alld moss to be had from the moulltaills"
Jarthab6k. Translated in Th6rarinsson [1967]
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Following the 1693 eruption of Hekla, chroniclers also described the death of Ptarmigan in areas
where the grassland had been severely damaged, up to 120 Km from Hekla, and trout died in large
numbers in lakes and rivers up to 180 km away [Th6rarinsson 1979].

Hekla 1766/68.

"in many places through the summer there was heard neither the sound of the churn lIor
the shout of the shepherd." Rey M. petersson. Translated in Th6rarinsson [1967].

Volcanic eruptions in Iceland in 1783: Grimsvotn caldera and the Laki fissure eruption.

Volatile emission and proximal impacts.
The year 1783 was marked in Iceland by the eruption of the Grimsvotn caldera and the Laki
fissure. The eruption of the Grimsvotn caldera, which began on July 18th has only been
recognised recently [Thordarson et al. 1987; Thordarson & Self 1988, 1993] and no study has
been made of its volatile output. Nevertheless, it is reasonable to assume that a contribution was
made to the consderable volume of volatiles emitted by the Laki fissure, which is studied in detail
below. The Laki fissure eruption was associated with the most extreme examples of the impact of
volatile emissions on proximal ecosystems. After the 1783 eruption of the Laki fissure in Iceland,
grass growth across the island was stunted and 50% of the cattle [Figure 6.1], 79% of the sheep
]Figure 6.2], 76% of the horses and 24% of the human population had died by the end of 1784
[Hilfdarnarson 1984; Jackson 1984; Ogilvie 1986; Petursson et al. 1984; Th6rarinsson, 1969,
1979,1981] and remote settlements were also abandoned [Gunnlaugson 1984; Guthbergsson &
Theod6rsson 1984; Rafnsson 1984].

The Laki fissure eruption began on June 8 1783, and continued until early February 1784
[Th6rarinsson 1969]. During this period up to 9.9 X 1013 grammes of acid were emitted [Devine

et al. 1984; Palais & Sigurdsson 1985; Sigurdsson et al. 1985; Thordarson et al. 1992]. The
eruption cloud also contained hydrochloric and hydrofluoric acids lPetersson et al. 1984].
Thordarson et al. [1992] suggested that 60% of the total volume was discharged over the first 48
days. An estimate of the discharge of sulphur dioxide in June and July based on this work
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suggests 13.75 X 1011 grammes/day. Fissure eruptions rarely possess sufficient energy to
penetrate the stratosphere [Tripoli & Thompson 1988] and Thordarson and others [1992]
concluded that although Laki eruption frequently possessed sufficient energy to reach altitudes of
Skm above sea level the majority of emitted material was confined to the troposphere [Thordarson
et al. 1992]. The resultant damage to plants and animals and the social and economic hardship
which ensued in Iceland is recorded in harrowing detail.

The Sheriff of RangarvaUsysla recorded:
"The grass was singed and seemed to wither and stopped growing, so now there is a great
lack of grass everywhere." [Translated in Ogilvie 1986].

The Sheriff of Kj6s district recorded:
"then the eruption, both in the western sea, and ill Skaflafell district occurred with dust
andfumes and megrass, which had been green, was made quite yellow and white by the
sulphurous rain. After that the grass withered to the roots." [Translated in Ogilvie 1986].

The Sheriff of Snrefellsness recorded:
"The air has smelt strongly of sulphur...The mouths of sheep and cattle have also been
yellow with sulphur..and all the animals have been restless." [Translated in Ogilvie 1986].

The Sheriff of Suthur Mulasysla recorded:
"Leaves on trees withered so that ill June it looked as though it was far into October. The
grass ill the homefields became pale and in some places stopped growing." [Translated in
Ogilvie 1986].

Magnus Ketilsson in Dalasysla recorded:
"From early June and to this time we have lived in continual smoke alldfog, sometimes
accompanied by sulphur-steam and aSh/ails. The grass has withered and the livestock
have been extremely restless." [Translated in Ogilvie 1986].
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Across Iceland cultivated fields turned yellow and grass withered down to the roots. Birch trees
and shrubs withered and shed their leaves. Clover [Trifolium repens] disappeared for up to three
years in districts over 100 Km distant from the fissure. Across the island the Icelandic moss

[Lichen islandicus], which in many places supplemented the human diet, disappeared
[Th6rarinsson 1979 p.154; Andresson 1984 p.232].

Animals and humans also suffered the effect of volcanic emissions.

J6n Steingrimsson in Sfda district Wrote:

"The pestilential effect of the fire caused death and damage to horses sheep and cattle
after the following fashion. The horses lost all flesh; on some the hide rotted all along the
back; manes and tails decayed and came off at a sharp pull. Knotty growths appeared
about the joints particularly around the fetlock. The head swelled inordinately,
whereupon followed a paralysis of the jaw, so that the beasts could not graze or feed,Jor
what they were able to chew droppedfrom their mouths again. The entrails corrupted, the
bones withered, quite drained ofmarrow .... .sheep suffered yet more grievous harm; there
was hardly a member but knotted, particularly the jaws, so that the knots pushed out
through the skin close to the bone. Brisket, hips and legs - around those parts large bony
excrescences developed which caused the leg bones to curve or else deformed them in
various ways. Bones and knuckles as soft as if chewed lungs, liver and heart, ill some
swollen, in some shrivelled, the entrails rotten and soft,Jull of sand alld worms. The shred
offlesh that remained was after the same fashion. What passedfor meat was both rallk
and bitter, alld thereto full of strong poison, wherefore the eating of it proved the death of
many a man, notwithstanding that people tried to cure it, clean it and salt it, according as
their skill and means permitted.

Cattle, too, were subjected to this same plague, large growths formed on jaws alld
collarbones, the leg bones sometimes split, sometimes knotted variously, with knobs as
large as a man could grip with both hands. Of the hips and other joints the same was
true; they became deformed, alld thell knitted alld so lost all pliancy. The tail fell off with

134

the tuft of hair, sometimes half of it sometimes less. The hooves loosened and slipped off,
or sometimes split in the middle (a beast becoming footsore was theftrst sign of the
pestilence). The ribs were deformed all along the side and then broke apart in the middle,
being unable to support the weight of the beast when it needs must lie on its side. No
knuckle bone was so hard that it might not easily be shaved with a knife. The hair of the
hide fell off in patches, the inward parts were soft as already said of the sheep, and in
many respects unnatural. Afew cows that were not overly crippled were saved by pouring
back down their throats the milk that could be pulled from them. In this matter one thing
was noteworthy, namely that calves thrown during these hard times had excellent marrow
in their bones with but little withering, although the dams hadfamine withered marrow in
every bone.

Those people who did not have sufficient old and wholesomefood, throughout this time of
pestilence also suffered grievous distress. On their breastbones and ribs, the back of
their hands, their insteps leg and joints, bumps and knots and hard knobs appeared. Their
bodies puffed up, the gums swelled and cracked, with sore pains and toothache. The
sinews contracted especially at the hough, which disease is called Scorbutus, that is to
say curdle or water dropsy in its extreme stages. Of this pestilential disease having so
severely aff/icted any mall that his tongue rotted and fell out, I know no instance here or
elsewhere, unless there be truth in a certain report to that effect, concerning a man of this
parish, who died in the district of Sudurnes, he having often in the past been troubled by
a sore throat.

The pestilence affected the inward powers and parts, causing weakness, shortness of
breath, throbbing of the heart, excessive discharge of urine and enfeeblement of the parts
thereto pertaining,from which ensued diarrhoea, dysentery alld worms in the intestines,
sore boils on the neck and thighs and particular loss of hair in many both young and old.
This sickness and the mortality thatfollowed in its train proceeded, ill my judgement,
from insalubrious air, overmuch drinking of water, and unwholesome food such as was
the flesh of the plague stricken beasts and also the Barley which the person then in
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authority was so forward in proffering; in which matter the observed facts speak for
themselves, that people died having store of barley, but survived wondrously if they had
plenty of rye".
From Steingrimssom 1915-1917. Translated by Hannesson, in Th6rarinsson [1979].

An English visitor to the island also witnessed the sufferings of man and beast at first hand and
noted the social and economic consequences of the eruption.

"The volcanic eruption having thus been productive of devastation and sickness, both
among man and beast a greatfamine ensued and unexampled misery throughout the
country, naturally ensued. The peasant, who, with the loss of his cattle was likewise
deprived of his sole means of subsistence, and of the best and most valuable part of his
property, had nothing else (after having eaten the animals that died offamine or
sickness) wherewith to satisfy the painful cravings of hunger but skillS and old hides,
which he then boiled and devoured. Many, driven to the last extremity, have killed the few
healthy sheep and cattle that still remained, and afterwards, when these had been
consumed, wandered with their wholefamilies down to the sea side, where they have
become an intolerable burthen and source of impoverishment to the inhabitants of the
coast. At the same time, too, that the uplands are become desolate, the condition of the
inhabitant of the coast is become so much the more pitiable; as he can

I/O

longer continue

his laborious toil through storms andfrosts, with vigour and energy, ullable as he is to
obtain the smallest quantity of butter or other strengthening articles offood to add to his
present wretchedfare: and being reduced to water, too as his only drink, since whey
which was his usual beverage is denied him. All this, as is known by long and sad
experience in Iceland, renders the fishermen weak and dispirited, alld unfits themfor
ordinary occupations: thus, hanging on each, the misery that began with one runs
through all. The want of skins for sea-clothing will likewise for some years be a great
obstacle to the carrying on of the fisheries with advantage; for although, since the
mortality among the cattle, there is so great a quantity of hides in the country that they
are considered as scarcely of any value, yet it is well known that those 0/ animals which
have died 0/ hunger are ill gelleralunfit/or use, and these therefore will neither answer
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the purpose ofmaking coats or even of being manufactured into the shoes in use in the
country ...

The loss of the horned cattle and sheep was very severely felt by the Icelanders, but that
of the horses was equally so, especially by the inhabitants of the interior of the country,
who thus found themselves deprived of their last resource, the means of having provisions
and other necessaries conveyedfrom the coast, through long and tedious roads. Nay,
many who are totally destitute of horses are under the necessity of carrying every load of
hay into the outhouses upon their own backs, andfrequently from a very considerable
distance. Nor is their any likelihood of these invaluable animals being soon replaced...

All the quadrupeds of the island had thriven wondelfully and gained strength, during the
mild winter and beautiful spring of 1783 .. but this did 1I0t prevent them from dying off in
considerable numbers, during the week or fortnight immediately subsequent to the
eruption, with inflammatory diseases caused by the poisonous quality of the food. Such
was particularly the case with the sheep, of which, in the district of Skaptefield, it was
remarked that, whereas in Iceland they generally walkfacing the wind, they now
regularly turned away from it; naturally anxious to avoid the strong sulphurous smell,
which the injected breezes brought along with them ... Nor was the situation of the cows
and the horses much better,for although the disease was to them not equally fatal, yet
they became excessively lean, and, even in the best season of the year the cows gave
scarcely any milk ...

In addition to the inflammatory disease just mentioned as so fatal to sheep: so early as
the commellcement of autumn 1783, when they were collected from the hills, several of
them were foulld to be attacked with a distemper hitherto unknown to the natives. The
poor animals could neither walk nor stand; their teeth were loose so as to prevent them
from chewing their food: their cheeks were full of swellings: and their joints were
contracted. Towards Christmas the disease began to show itself in a still greater degree,
even among the stall-fed sheep, and also amollg the horned cattle, which rendered it
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necessary for them to be slaughtered. Many, however,fell victim to the distemper much
sooner than expected, when the disease attacked them internally. Thus it was found that
the hearts, liver, lungs and kidneys were covered on all sides with boils and ulcers: they
were in some cases much swollen in others quite destroyed and hollowed out: one of the
kidneys wasfrequently considerably distended, while the other was proportionably
shrivelled. The jaw-bones were perforated as if they had been bored with an instrument,
and the ribs were knit together in a most extraordinary manner. The bones were reduced
to a substance resembling gristle, and even the hardest became at the joints so tender,
that they might easily be separated from each other...

No striking external marks of disorder were perceptible among the horses, out of the
district of Skaptafield, but it had nevertheless prevailed there, if not as the sole cause, yet
certainly in union with others, to produce a general destruction both among them and the
horned cattle: many having died suddenly when they had a plentifUl supply of hay; others
when in pasture of which there was a sufficiency of grass, of which they were never
deprived either by ice or snow. To our utter astonishment we saw horses in the most
miserable state of leanness, in the richest meadows, and even actually starved to death,
having preferred eating substances the most injurious, such as the wood of houses, the
hair off each others coats, or whatever else was within their reach, rather than touch the
grass of last year's crop, still remaining in the pastures. This appears to me to be a
sufficient proof of the poisonous state of the herbage, during the year 1783, and although
the circumstance has not yet been investigated, I am fully convinced, that the entrails of
the horses, have been equally, with those of other animals, infected with the distemper.
The few inhabitants, who had still left with them some of the old hay, of the year 1782,
preserved their cattle in a healthy and good condition, but even here when the /lew hay
came illto use, the disease began to appear among them." Stephensen 1785 pp.229-248.

In Blong [1984]

The degree of climate change associated with this eruption was discussed previously [Chapter 5];
but this study written accounts, made at the time of the eruption, suggests that it was the emission
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of acids and halogens which had the most serious impact on the environment and on the lives of
the unfortunate Icelanders. The recorded effects described above are almost certainly due to the
reaction of plants and animals to the deposition and ingestion of halogens, acid rain or acid aerosol
droplets. The symptoms exhibited by the animals are typical of fluorosis, but fluorine was not the
only noxious volcanic emission [Table 6.1]. The eruption cloud also had high concentrations of
sulphuric, hydrochloric and hydrofluoric acid [Petursson et a/., 1984; Devine et at., 1984; Palais
and Sigurdsson 1989; Thordarson et at. 1992], all are potentially damaging to plants [Le Guern et

at. 1988] and in combination can affect the thresholds at which damage occurs [Mandl et al.
1975]. Lichens are particularly sensitive to air pollution [Seaward 1988] and their disappearance
following volcanic eruptions is another indicator of the degree of air pollution.

The inhalation of ash may cause lung lesions while the ingestion of ash particles clinging to fodder
or grazing will have a deleterious effect on the digestion of animals [Th6rarinsson 1981].

Direct impacts such as the death and sickness of livestock and the destruction of crops are
obvious, but the associated effects should also be noted. Peasants were forced to slaughter their
few surviving livestock in order to stay alive. The death of the horses meant that the acquisition of
supplies and the working of the farm became a major problem for people already weakened by
famine. Those people who were forced to abandon their land became a burden on other
communities and coastal communities were no longer able to trade fish for dairy produce and as a
result their diet was restricted. The social and economic impact of this eruption therefore
persisted long after the chemical impact had been neutralized.

The Eldfjell eruption, volatile emission and proximal impacts, 1973.
Following the eruption of Eldfjell, 23/25 of June 1973, the concentration of fluorine sixty
kilometers away in Myraldur was 3000 ppm in air: where the threshold for plant damage is only
0.1 ppm, [Garrec et al. 1977; Th6rarinsson 1979]. The pine needles of mature conifers turned
brown, young conifers were killed and mosses were severely affected or eradicated. Sheep
exhibited symptoms of chronic fluorosis within the Imm tephra deposition isopach and acute
sickness was observed within the 0.5mm tephra deposition isopach [Th6rarinsson, 1979]. To put
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that figure in perspective: during the 1755 eruption of the Icelandic volcano Katla, large quantities
of tephra fell on the Orkney Islands [Mitchell 1757] and Pilcher and Hall [1992] suggest that
tephra deposition in Ireland, from the Hekla 4 eruption, was in the order of 1 tonne km- 2 . The
critical isopach at which tephra deposition may result in damage to plants and animals, may
therefore lie far beyond the Icelandic mainland.

A consistent theme running through these accounts is the destruction of plants and the death of
animals. These are consistent with the damage to be expected from volatile deposition [Table
6.1]. While these events undoubtedly represented times of severe hardship for the people of
Iceland, little mention was in the accounts to fluctuations or changes in weather or climate.
Climate was important, but perhaps as a factor which could mitigate or exacerbate the impact of
the volcanic material. A mild winter would be necessary to mitigate the destruction of spring
pasture or crops, but a severe winter would increase the pressure on suddenly limited pasture,
crops or animal resources in a subsistence economy.

Non-eruptive emissions and plant tolerance.
Volatile output from volcanoes is not limited to eruptive activity. For example Mt. Etna, Sicily,
emits 30 tons of fluorine daily through non- eruptive degassing, as well as annual outputs of
sulphur dioxide which are the equivalent of the total industrial emissions of modem France
[Allard et al. 1991]. Despite this output, only small concentrations of hydrogen fluoride have
been detected in surveys of the leaves of plants downwind of the emissions [Mandl 1975; Garrec

et aI1977]. Synergistic relationships between volatiles may lessen the intensify their impact. The
emission of sulphur dioxide in train with the fluorine may have caused the stomata of the plants to
close and thus hinder the absorption of fluorine [Reinert 1984]. Alternatively the vegetation
growing in the vicinity may develop tolerance by natural selection and long exposure to these
emissions. Austrian pine [Pinus nigra] growing on the slopes of Mt Etna were first planted at the
turn of the century and initially had a mortality rate of 80%. The trees growing today are the
descendants of the surviving 20% and have a high tolerance to fluorosis and acidification.
Austrian pines planted from fresh stock had the same 80% mortality rate as the original planting
[LeGuem et a/1988]. While these studies demonstrate the potential of non-eruptive emissions to
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damage immediately proximal environments, they are unlikely to be lofted to sufficient altitude to
cause damage over a wide area.

Having established above that the volatile-gas emission of Icelandic volcanic eruptions have been
capable of a serious impact on proximal ecosystems in Iceland. Dispersal and transport of
volatiles will now be examined. Could volatiles be transported and deposited in sufficient
concentrations to cause serious environmental disruption in Britain? The theoretical mechanisms
by which volatile gases and tephra may be transported over great distance are examined below,
and documentary evidence is presented which suggests that extreme volatile damage occurred as
far away as eastern England in the summer of 1783.

Volatile dispersal.
Acid gases and halogens may be transported considerable distances [Fisher 1981; Heidam 1986;
Rahn & Lowenthal 1986] and be deposited as dry particles [Fowler 1984], as acid rain and snow
[Davies et al. 1984, Koerner & Fisher 1982; Oskarsson 1992] or as an acid fog, mist or dew
[Wisniewski 1982]. Volcanic aerosols and gases can be transported considerable distances to the
polar ice-caps, but often in extremely low concentrations [Herron 1982; Hammer et at. 1980; Petit

et al. 1990; Ram & Gayley 1991]. The distribution of volatiles following an eruption will depend
on the mass distribution and sorting of the tephra during the plinian phase of an eruption, the
height of the eruption column and the velocity of transport. The suspended load within the
eruption cloud contains the finest particles of the erupted mass and thus the fraction of finer
particles is expected to increase towards the margins of the tephra deposit. Chuan et al. [1981]
found that while the particle size distribution of the eruption cloud from the 1980 eruptions of Mt.
St. Helens was multi-modal, the phreatic aerosol was characterized by a monomodal size
distribution of less than 10 micrometers. Mackinnon et al. [1984] found that a significant portion
of the eruption cloud of EI Chichon consisted of particles between 10 and 50 microns in size, and
that this size range had the longest residence time in the stratosphere. Significantly it was these
smaller particles that were coated with sulphuric acid droplets and gels as well as with a wide
range of other volatiles.
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Rose [1977] demonstrated that the dominant component of a volcanic aerosol is thought to be
particles of acid, predominantly sulphur dioxide which rapidly converts to sulphuric acid.
Sulphuric acid is the agent in which water vapour and other volcanic acid emissions are dissolved.
Droplets of dilute acids become attached to airborne tephra grains and leach soluble elements
from the particle. Effectively this process also results in the scavenging, by tephra particles, of
acids and halogens from the gas plume. Oskarsson [1980] investigated the distribution of fluorine
following the 1970 eruption of Hekla, and described the transport mechanisms which are used
here as an analogue for most other volatiles. In the vicinity of the erupting volcano, volatile
distribution is controlled by the particle size of the deposits, but at a distance from the eruption the
distribution of mass of the tephra becomes important. Adsorbed soluble fluorine reached a
maximum at a distance from the volcano determined by the velocity of the transporting medium.
Curiously and importantly, this process will be less effective near the source of the emissions,
where an aerosol has not formed, than at distances downwind where aerosol production is at its
greatest, and where the passage of time has facilitated the adsorption of toxic materials onto the
tephra grain. The finest tephra particles are therefore those which travel the greatest distances,
have the longest atmospheric residence time and scavenge the greatest volume of toxic volatiles
from the eruption cloud. Plant damage caused by tephra deposition need not therefore be
associated with a massive ashfall. In fact the reverse may be true.

The phenomenon was described in Alaska in 1913, following the eruption of Katmai.
"Leaves of the currants, Salmon berries alld mallY other of the shrubs alld
herbs .... were blighted by the dust or acid rain which fell there. This effect,
curiously enough, did 1I0t occur ill the district of thicker ash"[Martin 1913].

Acids and halogens adsorbed onto the surface of tephra grains may therefore be transported over
long distances. The deposition of acid volatiles either as an occult dust, or as acid rain, or both,
may have serious consequences in ecosystems which have a limited capacity to neutralize acid
inputs. Tephra layers recovered from lakes and peats in Britain and Ireland may act as isochrones
[Buckland et a1. 1981, Dugmore & Buckland 1991; Einarsson 1986] which indicate the deposition
of toxic pollutants and it is these which may have brought about changes detectable in the
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palaeoenvironmental record. Evidence of the distal damage caused by the emissions of Icelandic
volcanic eruptions is presented below.

Distal damage.
Icelandic eruption clouds are conventionally transported to the north, east and south-east of
Iceland [Figures 6.3 & 6.4] by the prevailing westerly winds [Th6rarinsson 1980]. Tephra fall has
been reported in the Faroe Islands [Mitchell 1757; Persson 1971; Th6rarinsson 1980] and
Scandinavia [NordenskiOld 1876; Th6rarinsson 1967] and acid rain associated with volcanic
eruptions has been reported in Norway and Sweden [Th6rarinsson 1981].

In more detail, the LaId fissure eruption caused notable plant damage in Scandinavia.

The Bishop of Bergen wrote:

"Here we could only smell the smoke and yet we got sick. It was thefog which
approached the country, which must have diluted the poison, it/ell on the leaves 0/
various vegetation which then withered. It is, there/ore, no wonder that the valleys and
fields in Iceland were quite destroyed and became useless as pastures/or the cattle. [Brun
1786. In Th6rarinsson 1981].

In Copenhagen S.M. H6lm wrote:

"At the time when the acrid rain/ell in Iceland an unusually penetrating rain fell in
Trondheim, at some other places ill Norway alld also in the Faroe islallds. Because of
this rain the leaves on the trees were partly burned through and the grass on the ground
turned almost black." [H6lm 1784. In Th6rarinsson 1981].

Newspaper accounts also reported crop damage.

"In this week the haymaking started at some places. the rye crop round here is poor.
Other crops seem to grow well. However, although the barley in most places has
exuberant spikes the paleae are beginning to turn white alld the leaves yellow, but nobody
knows why, unless it could be the result of the thick

"SUIl

smoke" which has been in the
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areafor about two weeks. Today a northern wind has cleaned up the air which is now
quite clear" A letter in The Stockholms Posten, 11 July 1783. [In Th6rarinsson 1981].

"South Halland 16 July. The so called "sun smoke" has now for many weeks been
continuously resting over our horizon and is so thick that the sun has been completely red
in the morning and in the evening. If the origin of this smoke were exhalations from the
ground, it should have disappeared with wind or after rain, but the opposite is the case:
after a rainy day it has been almost stronger than before. Probably it is injurious to the
vegetation, because broadleaf trees as well as some other foliate plants wither and drop
their leaves. In addition noxious dew occurred at midsummer time in some places and
damaged the trees and the summer corn, which turned yellow. Together with a heavy
drought (as since Easter the ground has not been drenched) the crop, especially the rye,
has been attacked by a tiny grey insect, which in some places has destroyed a third of the
crop." A letter in The Gorebergs Allehanda, 22 July 1783. [In Th6rarinsson 1981].

"Eidsberg Parish in South Hal/and, 11 August. With aching heart and tears in their eyes
thefarmers in the parish harvest their crops, as in general the harvest is poorer than the
oldest people can remember ... Many fields look so that it is impossible to see what kind of
crops had been sowed there. MallY farmers who normally harvest two barrels expect llOt
even a single bushel this lime and the same is the case with the oats." A letter in ~
Stockholms Posten, September 4th 1783. [In Th6rarinsson 1981].

These accounts demonstrate that damage to crops in Scandinavia occurred in 1783, but little
evidence has been presented for the impact of volcanic emissions outside this area, beyond
accounts of tephra fall in Caithness [Geikie 1896] and the death of insects and a tarnishing of
kettles in Kent [Lamb 1970]. Th6rarinsson's tephra isopach maps are now being reinterpreted
[Hunt 1993] and significant southerly tephra distributions have been identified in Iceland, along
with the identification of twenty-seven tephra fall locations in Ireland and Scotland [Figure 6.5].
Theoretically the presence of tephra in British sediments implies the transportation and deposition
of volatile material to the British Isles, either adsorbed onto tephra grains, as a gas or in solution
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in a variety of fonns. These may be deposited at concentrations above the critical threshold for
damage to plants and animals, or concentrated by micro and macro meteorological factors to the
degree that damage will follow. New documentary evidence, presented below, illustrates the very
real potential for crop damage in Britain, possessed by toxic material transported from volcanic
eruptions in Iceland.

Volcanic pollution Britain 1783.
An examination of contemporary records has revealed extensive evidence for acid related crop
damage in the summer of 1783 [Table 6.2], which is presented below in summary form. The
summer of 1783 in Europe is remarkable for the smokey haze which obscured the sun and reduced
visibility:

"We never see the sun but shorn of his its beams, the trees are scarce discernible at a
mile's distance" [Cowper 1783, in King & Ryskamp 1981].

Benjamin Franklin speculated that the fog may have had its origins in an Icelandic volcanic
eruption [Franklin 1784] and a letter published in a Scottish newspaper confirms that the haze was
not simply water vapour:

"A letter from Provence, July 11 tho
... fog sometimes emits a strong odour and is so dry it does not tarnish a looking glass
and instead of liquefying salts it dries them." The Aberdeen Journal. Monday August
18th.

Gilbert White observed:

"... the peculiar haze or smokey fog, that prevailedfor many weeks in this island and in
every part of Europe, and even beyond its limits, was a most extraordinary appearance,
unlike anything known within the memOlY of mall. By my journal I find I had noticed this
strange occurrence from June 23 to July 20 inclusive ... " [White 1789]
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These are not descriptions of a stratospheric aerosol layer nor are they descriptions of a fog
composed of water vapour. A letter from Germany, published in the Ipswich Journal, suggests

..

that the fog was composed of acid gases at sufficient concentrations to damage trees:

"Extract of a letter from Embden, July 12th.
The thick dry fog that has so long prevailed seems to have spread over the whole sUlface
of Europe; several mariners have also observed it at sea; in the day time it veils the sun
and towards evening it has an infectious smell; in some places it withers the leaves, and
almost all the trees on the borders of the Ems have been stripped of theirs in one night."
[The Ipswich Journa1. Saturday August 9th 1783].

Severe damage to plants was reported in eastern England:

"Throughout most of the eastern counties there was a most severe frost in the night
between the 23rd and 24th of June. It turned most of the barley alld oats yellow, to their
very great damage,' the walnut trees lost their leaves and the larch and firs in plantations
suffered severely." [The Sherbourne Mercul)'. July 14th 1783]

This event is described in greater detail in several accounts. The Reverend Sir John Cullum
described the impact of an unseasonable frost on the 23rd of June 1783.

"About 6 o'clock, that morning I observed the air very much condensed ill my window
chamber; and on getting up was informed by a tenallt, who lives lIear, that finding
himself cold in bed about 3 o'c/ock in the morning, he looked out at his window, and to
his great surprize saw the ground covered with a white frost; alld I was aftelWards
assured, on indubitable authority, that two men at Barton, about 3 miles off, saw between
3 and 4 o'clock that morning, in some shallow tubs, ice of the thickness of a crown piece.
and which was not melted before 6.

This unseasonable frost produced some remarkable effects. The arista? of the barley,
which was coming into ear, became brown and weathered at their extremities, as did the
leaves of the oats; the rye had the appearance of being mildewed; so that the farmers
were alarmedfor those crops. The wheat was not much affected. The Larch, Weymouth
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Pine, and hardy Scotch fir, had the tips of their leaves withered; thefirst was particularly
damaged and made a shabby appearance the rest of the summer. The leaves of some
ashes very much sheltered in my garden suffered greatly. A walnut-tree received a
second shock (the first was from a severe frost on the 26th of May) which completed the
ruin of its crop. Cherry-trees, a standard peach tree, filbert and hasel-nut-trees, shed
their leaves plentifully, and littered the walks as in autumn. The barberry-bush was
extremely pinched, as well as the hypericum peiforatum and the hirsutum: as the last two
are solstitial and rather delicate plants, I wondered the less at their sensibility; but was
much surprized to find that the vernal black-thorn and sweet violet, the leaves of which
one would have thought must have acquired a peifectfirmness alld strength, were injured
full as much. All these vegetables appeared exactly as if afire had been lighted near
them, that had shrivelled and discoloured their leaves. ----- penetrahile frigus adurit.

At the time this havoc was made among some of our hardy natives, the exotic mulberry
tree was little affected; afig tree, against a north-west wall remained unhurt, as well as
the vine on the other side, though just coming into blossom. I speak of my own garden
which is high; for in the low ones about Bury, but a mile off, the fig trees in particular
were very much cut." [Cullum 1783].

Similar accounts are found in several newspapers published in eastern England.

In Cambridge:
"... on Monday lIight last, [June 23rd] a very sudden and extraordinary alteration ill the
appearance of the grass alld corn growing in this neighbourhood. The occasion of it is
supposed to be owing to all unexpected changefrom excessive heat to its opposite
extreme intense cold - in so much that the grazing lalld, which only the day before was
full ofjuice alld had upon it the most delightful verdure, did, immediately after this
uncommon event, look as if it had dried up by the sun, alld was to walk 011 like hay. The
beans were turned to a whitish colour, the leaf and blade appearillg as if dead. The stag
of the wheat did also undergo the like change; but the ear not being entirely shotforth the
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farmers hope the corn will not be impaired." Our brackets [Cambridge Chronicle and
Journal. Saturday July 5th. 1783]1.

In Ipswich:

"On Wednesday June 25th it was first observed here, and in this neighbourhood, that all
the different species of grain, viz, wheat, barley, and oats, were very yellow, and in
general to have had all their leaves but their upper ones in particular, withered, within
two or three inches at their ends,' the forward barley and the oats most so. The former
had not yet quitted their spatha or what is called by husbandmen at least their hose, but
their awns appeared as far as they did appear, were withered also. Many of the oats were
in their panicle, or had entirely quitted their hose, and all the ends of their calyces, or
chaff husks were withered in like manner,' but the grain within them did not appear to
have suffered the least injury, being sufficiently protected by their coverings. The ears of
wheat likewise, which were equally forward, were neither injured liar discoloured, except
in the awns of what is generally called bearded wheat. About this time, andfor 3 days
both before and after, there was all uncommon gloom in the air, with a dead calm. The
dews were very profuse. The sun was scarce visible. even at mid-day, alld then entirely
shorn of its beams so as to be viewed by the naked eye without pain." [The Ipswich
Journal. Saturday July 12th, 1783].

The damage described is too selective to have been the result of frost damage; it is difficult to
imagine a midsummer frost which would blight a fir tree but have little effect on a mulberry bush.
The wheat crop was not damaged while the husks and leaves of Bearded wheat, barley, oats, rye
and beans are all described as withered, spotted or discoloured while the grains protected by the
husk were undamaged. Pasture and beans are reported to be dried. Some trees species are
reported as shedding their leaves while the larch, Weymouth pine and Scotch fir had the tips of
their leaves withered. Cullum described the damaged plants in his garden as appearing "exactly as

if afire had been lighted near them."

These symptoms are typical of damage by acids and

halogens [Lang et al. 1980; and see also Table 6. 1]. The sensitivity of trees to acid depsoition
has been discussd by Gilbertson and Pyatt [1980], who found that species of Pillus and Larix were
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very sensitive to acid deposition defoliation and could be protected features such as walls and
other vegetation and is further confinnation of the nature of the 'event' in the Reverend Cullum's
garden.

Barrett and Benedict [1970] suggested that wheat was less susceptible to acid damage than barley
and Craker and Bernstein [1984] found that wheat was able to efficiently buffer sulphuric acid.
Auoride may also have been present in the aerosol but Maclean and Schneider [1981] found that
wheat exposed to fluoride did not exhibit signs of foliar damage. The damage to the leaves of the
trees, and in particular the scotch fir, is typical of the damage caused by the absorption of sulphur
dioxide [Caput et af. 1978]. Leaf lesions may be observed at a pH <3.5 and serious leaf damage
will occur pH 2.8 [Watt Committee on Energy Report 1984]. The shedding of leaves is a classic
response to concentrations of fluorine and hydrofluoric acid, and charring is typical of damage
caused by a sulphuric acid aerosol. The micro-climate within a forest or plantation, can enhance
the effect of acid deposition [Unsworth 1984]. The mulberry is able to absorb and accumulate
sulphur dioxide and hydrogen fluoride [Chia-hsi et af. 1982] which may explain its why it
appeared unscathed. All the symptoms described above suggest that volatiles were present in
sufficient concentration to cause serious plant damage. The Laki fissure eruption is the most likely
source for these volatiles.

Kirchner and others [1992] emphasized the role of micro- and macro-climate in determining the
impact of acidification episodes. Certain themes common to these accounts, calm anti-cyclonic
weather, heavy dews and frosts, suggest that the phenomena described are the result of an
extreme episode of acidification, classed by Wisniewski [1982] as a "special event," these are
associated with dews frosts and fogs. The process of coalescence gathers water soluble material
on the leaf into one spot, concentrating any contaminants present, with the result that necrosis
follows [Jacobsen 1984; Lang et af. 1980]. The fonnation of a frost may also scavenge volatiles
from the lower layer of the atmosphere, and cause a net flux of chemical compounds onto plant
surfaces which are released when the frost melts [Giordiadis et af. 1993]. Usually plants are able
to replace leached cations, even when treated to a low pH rain, but exceptional damage and
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leaching can occur when the cell membrane has been damaged, either by gaseous pollutants such
as sulphur dioxide, or by frost, or both [Miller 1984].

Fish kill in Scotland.
If the accounts above detail the damage caused to plants by the volatile emissions of the LaId
fissure, the following account of a fish kill observed in Scotland following a thunder storm appears
typical of an acid pulse.

"On Wednesday night we had a great storm of thunder and lightning, accompanied by a
very heavy fall of rain. No damage was done ill this city,' but we are sorry to have
accountsfrom different parts of the country that they have not been equally fortunate. We
hear, that next morning, after the storm of thunder and lightlling here, there were found
in the dam above the sawmills on the water of Leith, a number of different kinds floating

on the swiace of the water supposed to be killed by lightning." [The Caledonian Mercury.
Saturday July 5th, 1783].

Waters may be polluted by an acid pulse, where acids which had been dry deposited over a period
of time into are concentrated by one burst of rain and washed into a body of water; lowering the
pH to levels which may be lethal to fish [Brown & Tumpenny 1988; Gagen & Sharpe 1987;
Leivistad & Muniz 1976]. The concentration of volcanically-generated fluoride, deposited over
several days, into a short lived toxic pulse, is illustrated by Oskarsson [1992] and Gudmundsson et

al. [1992; see also Figure 6.7].

Scale of damage.
A comparison of the descriptions of plant damage in Iceland and East Anglia suggest that distance
had not lessened the toxicity of the volatile material. Icelandic records talk of withered pasture
and of the leaves of trees withering and being shed. All these phenomena are described in East
Anglia, the localized damage to plants described in England is clearly as severe as that described
in Iceland. The description of the fish kill from Leith in Scotland, suggests that toxic material was
either deposited dry as an "occult" dust between June 8th and July 3rd, or that the rain from the
thunder storm described was polluted with volcanically-derived volatiles.
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Meteorological factors.
What meteorological factors might have led to these pollution episodes? The micro-climatic
factors which led to the pollution episodes have been discussed above. What more general
atmospheric circulation patterns might have transported toxic material to Britain and Europe in
June and July. The work of Kington [1980, 1988] demonstrates that during the critical period, the
dominant wind direction was from the south west; how then might volcanic material have been
transported from Iceland to Britain against the prevailing wind? Anti-cyclonic weather dominated
Europe's weather between June 21 and July 20 [Figure 6.8] while a low-pressure area existed in
the vicinity of Iceland [Kington 1980, 1988]. Under these conditions volcanic material could not
have been transported to Britain by surface winds, since these will converge towards a low
pressure centre and diverge from a high-pressure cell. The dynamics of the eruption of the Laki
fissure in 1783 ensured that the majority of emitted material was lofted to high altitudes but
confined to the troposphere. The dispersal of material ejected to high altitudes depends on the
speed and direction of high level rather than surface winds. High altitude winds converge on high
pressure areas, volcanic material may therefore have been transported to Europe by high altitude
winds converging on the high pressure cell. The removal of acid particles, smaller than lpm in
diameter, from the atmosphere, is by turbulent diffusion and depends on windspeed, surface
roughness and the temperature stratification of the atmosphere [Fowler 1984]. This process is
inefficient and during calm, dry, anticyclonic weather there will be an increase in particle
concentration and a decrease in visibility [Whelpdale 1978; Leavey & Sweeney 1990].
Meteorological factors which limit atmospheric dispersal and produce ground level exposures may
lead to pollution episodes [Scorer 1968]. A schematic model which explains this phenomenon is
presented as Figure 5.8.

Remarkably the weather journal of Thomas Barker [1777 -1789], kept at Lyndon Hall, Rutland,
describes both decreasing visibility and calm weather over the critical period.

June 20th, "Chiefly cloudy, calm and sometimes wetting". June 21st: "Cloudy and calm, thick

moist air." June 22nd: "Hot, some sunshine, calm and thick air". June 23rd: "lIot, calm. SUllny
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and thick air". June 24th: "Sunny, calm, very thick smokey air". June 25th:"Calm, very thick air,
very hot till evening."

The conjunction of a stable, high pressure cell, calm conditions, high altitude convergent winds
carrying volcanic material and the increase in particle concentration in the atmosphere inferred
from the record of Barker, led to the pollution episodes between June 23rd - 25th [Figure 6.9].

This chapter has established that the toxic emissions from Icelandic volcanic eruptions may cause
serious damage to the environment in Britain. The palaeoenvironmental implications of this will
be discussed below.
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Discussion:
Acid deposition in 1783.
Implications for palaeoenvironmental studies
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The documentary evidence described above and in Table 6.2 suggests that the Laki eruption of
1783 caused significant environmental damage in southern Britain and western Europe due to acid
deposition rather than climatic change. This has important implications for the interpretation of
palaeoecological and archaeological records in Britain where Icelandic tephra falls, such as that of
Hekla 4, have been located [Dugmore 1989]. So far such locations are limited to northern Britain
and Northern Ireland (Dugmore, 1989; Bennett et al. 1992; Pilcher and Hall, 1992), and
Scandinavia (Th6rarinnson 1967, 1981) yet if this interpretation of the documentary evidence is
correct, the impact of volcanically generated volatiles, transported in a gaseous or aerosol form,
on vegetation may extend well beyond this region. Soil sensitivity to acid loading also needs to be
considered. The soils in south eastern Britain generally have high 'critical loads' (Bull, 1991) and
are therefore relatively insensitive to acid deposition. However, Skiba et al. (1988) and Smith et

al. (1993) have demonstrated that large areas of upland and northern Britain are sensitive to
minimal levels of acid deposition and have a limited capacity for recovery. Therefore volcanic
events with lower volatile emissions than the 1783 Laki fissure eruption may have possessed the
potential to have a long-term toxic effect on acid sensitive ecosystems in these regions and this
needs to be considered in palaeoenvironmental research.

Baillie and Munro (1988) noted a correspondence between evidence for volcanic activity recorded
in the Greenland ice-cores (Hammer et al., 1980) and environmental deterioration indicated by
narrow tree rings recorded in the Irish dendrochronology. One of the features of the Irish tree
ring record is that the narrow tree rings persist for up to 20 years. Baillie (1989) suggested that
these may be taken to indicate climatic impact and/or long term water logging. However, any
climatic perturbation that does occur as a result of volcanic activity typically lasts only 6 months
after an equivalent delay (Sear et al. 1987). In recognition of this problem, Baillie (1989) raised
the possibility of a 'short trigger period which raises the water tables quickly and from which the
system takes time to recover'. However, mire hydrologists suggest that ombrotrophic peat lands
have a zone of high lateral hydraulic conductivity in the surface peat (the 'acrotelm'; Ingram, 1978)
which would be likely to conduct rapidly away any excess precipitation which occurred over a
relatively short period of time. Impacts due to acid pollution may provide a more plausible
explanation. Direct physiological stress from contact with leaves and branches would constitute a
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short tenn acute impact but the longer term effects could be caused by leaching of buffers and the
lowering of the bog pH (Lee et al. 1988). The low nutrient status of the bog and the sensitivity of
the Irish Bog oaks to aerial inputs is illustrated by Pilcher (1990), who noted a positive
relationship between the growth of sub fossil oaks growing on peat and the inputs of nutrients via
summer rainfall. Pilcher (1990) also speculated that the end of the Irish bog oaks woodland, may
have been brought about as the result of the increasing acidity of the peat. Even a small change in
the base status of the already acid peat substrate would be likely to have deleterious effects on the
trees. A slow replacement of base cations by inwash or by atmospheric deposition may then have
followed (Mulder et al. 1989), and the time lag involved between base depletion and base
replacement may then account for the persistent stress recorded in some Irish bog oaks.

Acid impacts may also explain the apparent cultural catastrophe in northern Scotland at the time
of the Hekla 3 eruption (Burgess, 1989). Even in environments marginal for human survival, it
seems unlikely that minor temperature changes and short lived increases in soil moisture would
provoke mass desertion of quite large areas of occupied land. Severe direct damage to one
season's crop followed by selective soil acidification over a longer period may have been more
significant.

The eruption of Hekla 4 around 4000 BP is associated with the recession of pine in northern
Scotland and both direct effects of acid pollution and volcanically induced climatic perturbation
have been invoked as possible causal mechanisms (Blackford et al. 1992). The evidence and
arguments we have presented here suggest that the former mechanism is likely to have been more
severe than the latter. This is contrary to most previous speculation on the cause of this event
which usually includes increased mire surface wetness as a key factor (Bennett. 1984; Bridge et al.
1990; Gear and Huntley, 1991). While there is some evidence for long term increases in mire
surface wetness, it seems unlikely that this would arise as a result of short lived climatic
perturbation for the reasons discussed above. Gaseous emissions from historical eruptions of
Hekla, much smaller than Hekla 4 and Hekla 3 have been associated with crop damage in Iceland
(fh6rarinsson, 1969). there seems little reason why volatiles produced in the prehistoric eruptions
of this volcano could not have been transported to the British Isles and Europe.
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DISCUSSION
Following a volcanic eruption a range of environmental impacts may occur at a variety of
geographical scales. While specific effects may be relatively easy to identify close to volcanic
sources, this becomes increasingly difficult and more speculative as larger areas and the induced
degree of climatic change is considered. Contemporary documentary evidence, reviewed here,
clearly suggests that during the Laki fissure eruption 1783, acid pollution occurred in several
locations distant from the volcanic source and probably beyond the limit of recorded tephra
deposition. This was due to a particular combination of the nature of the fissure eruption itself
and the atmospheric conditions prevailing during the initial eruptive episode. This study has
necessarily been constrained by space in the material presented, and largely limited to British
sources. The British newspapers studied make frequent mention of similar events on the
European mainland, more detailed accounts of these ought to be easy to locate by interested
workers with access to the relevant archives. This work does not attempt to replace one volcanic
mechanism of environmental change with another, but rather suggests that the distal impact of
volcanic gases deserves serious consideration. Where an environment is vulnerable to acid
deposition, or where local meteorological conditions intensify the impact of volatile material, the
resultant environmental stress may be more important than that arising from climatic perturbation.

The nature of the environemntalresponse in northern Scotland will be investigated by an
investigation of the geochemical response to tephra deposition in a variety of sediments extracted
from several locations. The results of these investigations will be discussed in the following
chapters.
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Climatic conditions
Reduced visibility
Smokey haze
'Uncommon gloom'
Profuse dews
Sun partially obscured

Source
Cowper, 1783
in: King and Ryskamp{l981)
Ipswich Journal
July 12th, 1783

Location

East Anglia
(Ipswich)

June 22nd-28th

Cambridge Chronicle and
Journal July 5th, 1783
Cullum (I783)

Cambridge

June 23rd

Frost

Bury St Edmunds

June 23rd

Severe frost

Sherbourne Mercury
July 14th 1783

East counties of
England

June 23rd-24th

Severe frost

White (1789)
Caledonian Mercury
July 5th, 1783
Aberdeen Journal
August 18th. 1783
Ipswich Journal
AUllust 9th. 1783

Uk and EUTOQe
Leith, Scotland

June 23rd-July 20th
July 2nd

Haze. smokey fog
Storms, heavy rain

Provence, France

July 11th

Odorous, dry fog

Embdcn, Gennany

July 12th

Thick, dry fog
'Infectious smell'

I

Dama~e

reported

Cereal crops yellowed
Wheat:least damage (awns of bearded wheat)
Barley:withered awns
Oats:Calyces withered, grain unaffected
Dried pasture
Beans and 'stag of the wheat' whitened. dying
Barley and oats brown and withered
Rye mildewed
Wheat unaffected
Larch, Weymouth pine, Scotch flf: leaf tips withered
Ash, waIn ut, cherry, peach, filbert, hazel: leaf loss
Barberry, Hypericum perforatum, H.hirsutum, Blackthorn, sweet violet
'pinched'
Mulberry, fig, vine in sheltered places undamaged
Barley and oats yellowed
Walnut leaf loss
Larch and firs 'suffered severely'
Various fish killed (attributed to lightning)

j
I
I

Withered leaves
Leaf loss in trees

I

Chapter seven.
Analytical methods and Pilot Study.

158

Summary of chapter.
This chapter will discuss the use of Energy Dispersive X-ray micro Analysis [EDMA] in the
study of palaeoenvironmental change. The application of the technique, questions of
geochemical stability and mobility and the theoretical framework by which the results may be
interpreted are all discussed. The methods by which tephra was extracted from the sediments
and counted will also be discussed. A pilot study will then be analysed.

SEDIMENT GEOCHEMISTRY INTRODUCTION.
Conventional methods used to assess the geochemical content of sediments rely on techniques such as
Atomic Absorption Spectrophotometry, Flame Photometry, or techniques which create aliquots of
particular elements which are then titrated or measured by optical depth. While these are accurate all
have several limitations: the most serious of which is that they are all very time consuming, and as a
result necessarily limit the range of elements which may be considered, the number of locations from
which samples may be analysed, and the sampling interval selected. Use of such conventional
techniques to investigate the impact (if any) of Icelandic volcanic eruptions on the environment of
northern Scotland was rejected in favour of a relatively new approach to the analysis of sediment
geochemistry which involved the use of a Scanning Electron Microscope fitted with an Electron
Microprobe. This technique has the advantage of being, relatively quick, extremely accurate and
allows a wide range of elements to be analysed. In addition these advantages allowed more sample
locations to be considered and a closer sampling interval to be used than might have otherwise been
the case. In addition, the use of an Electron Microscope to reconstruct palaeoenvironments is a new
and potentially powerful technique, and in part this research is conducted to investigate the feasibility
of the method.

Method.
Cores were extracted as for pollen analysis, and to avoid mobilising elements within the sediment the
cores were kept cool and out of direct sunlight. The Samples were extracted from the undisturbed
central part of the core by the simple expedient of pushing a clean glass tube into the sediment. The
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tube and sediment were then slowly oven dried overnight in order to remove moisture content. Once
dry the tubes were capped and stored.

A portion of each sample was then mounted on a 13 mm diameter carbon stub. Trial and error, and
inexperience ,resulted in a wide range of sample sizes tested being used before the a standard size was
established. The ideal sample size was found to be a light "peppering" of material, from the glass tube
onto a 13mm carbon stub. which was secured by conductive carbon cement and given a light coating
of antistatic Duron spray to eliminate the problems caused by a electrostatic charges, an alternative to
this is to place the samples in a vacuum chamber and to give the samples a fine coating of carbon.
When dry, the samples were placed in an electron microscope. Two machines were used in this study;
at Nottingham Trent University a Cambridge Stereoscan 600, and at the University of Plymouth a Jeol
-6100. The use of two machines raises the question of replicability which will be addressed later. The
samples were then analysed by means of electron probe X-ray microanalysis, with a Link System 860
Series 2 Computer using a ZAF-4 program which detected the presence and relative proportion of
every element from and above sodium. In the EDMA procedure. an electron beam strikes the solid
specimen and a series of interactions occur, including the production of X-rays. These are detected
by a lithium drifted silicon director and passed on to a multi-channel analyser. Suitable areas for
examination on each sample were selected for analysis using the microscope visual display monitor,
and analysed at a magnification of 500 x for 100 seconds of live time at 20kv. As a result of such
factors as the variable geometry of the sample face to the X-ray beam, the quantitative accuracy of
this procedure on biological samples may be restricted to ±1O% relative of the true value (see Pyatt
and Lacy, 1988. Goldstein et al. 1984),. To ensure accuracy, 10 random areas were examined in
each case, and three replicates were employed. The EDMA approach generates data in the fonn of
percentage values, which inevitably limits direct comparisons with the type of infonnation provided by
more conventional techniques (e.g. Atomic absorption spectrophotometry), typically on a notably
fewer elements and this has resulted in resistance to its use. However, the interpretation of data
generated by EDMA is considered below, and a theoretical framework advanced which will allow the
meaningful interpretation of the data. Though the EDMA technique is capable of identifying most of
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the elements in the spectrum the results of such an analysis would produce an overwhelming volume
of data. In order to reduce this infonnation to a manageable size a range of elements are selected.
The relative proportion in the core of all the elements specified is calculated by the ZAF-4 program
and nonnalised to 100%. This process is not as subjective as it may sound since the program will
identify, and warn, if elements are present which have not been specified. There is also a visible check
as the probe operator observes the acquisition of the spectrum graphically on a computer monitor
which will identify any elements which have not been selected. This process will however ignore
fluctuations in the ratio of elements present in trace concentrations, and these must be selected with
care. This will be discussed further where the pilot study is analysed, and assessed, see below.

Issues of replicability.
The replicability of the data is addressed at several levels.

1. Replicability between cores and between analytical methods.
The geochemical signature for the Late-Glacial/Holocene transition is clearly identified on all the long
cores, which were extracted from various locations and were analysed on two different machines.
This signature corresponds closely with those established by other workers using conventional
techniques, most notably Bennett et al. [1992], Mackereth [1966] and Pennington et al. [1972].

2. Replicability between different Scanning Electron microscopes.
A substantial part of one core, from the Strath of Kildonan, was examined on machines in both
Nottingham and Plymouth and the results were found to be in close agreement. Replicability can be
enhanced by careful working procedures. The unit must be carefully calibrated on a wide range of
elements to a high standard. The standards used in this analysis were set in the factory and checked
during frequent services. The carbon stubs were placed in a holder in which a cobalt pin had been
mounted and polished flat. The detector was recalibrated on this cobalt standard every time a new set
of samples were loaded into the scanning electron microscope. Frequent recalibration ensures that the
results obtained are as accurate as the system will allow.
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Care must be taken to ensure that the sample holder within the electron microscope is at the optimum
height in relation to the dispersed energy detector, and related to this the detector itself must be
placed as close to the samples as possible.

When the electron beam strikes the sample the dispersed energy is detected and analysed. The degree
of dispersed energy can be greater than the technical ability of the detector to cope with, and the
detector may cease counting until the data already gathered have been processed. Care must be taken
to ensure that "Dead" time, is kept to below 20% , this is done by reducing the energy striking the
sample.

3. Replicabilty between different measures of Si.
In an attempt to identify geochemical responses to tephra deposition a count of tephra grains in the
cores was made under polarised light using an optical microscope, and the results plotted against the
geochemistry. Tephra is predominantly silica and the ratio of silica identified by the microprobe, to
the physical count of tephra in the core is exact [See Chemizones 2,4 and 6 in the Strath of
Kildonan]. The close correspondence between what was in effect two measures of silica, carried out
several months apart, is a clear test of the replicability of the EDMA data.

4. Geochemical similarities between cores. Identification of trace elements.
The peak ratios of elements which indicate industrial pollution occur at the same depth in cores of
similar length extracted from the island of Barra in the Outer Hebrides and the Strath of Kildonan in
Caithness. In particular a peak ratio of copper can be found in both cores at around 270 cm.

5. Relationship between interpretations of EDMA results and established palaeoecological
models.
The ana!ysis here of Loch Sediments retrieved from the Outer Hebrides suggest that the lochs did not
become acidified until relatively recent times, post "industrial revolution" times. This is in clear
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agreement with the observations made by several workers for the timing of acidification in Scotland
and Scandinavia [Kreiser et al. 1990; Battarbee 1990].

Interpretation of results.
The principal argument against the adoption of EDMA for the analysis of palaeoenvironments is that
the results are not produced in a form with which many workers are comfortable. Rather than express
the precise milligrammes/gramme, millilitres/litre, or parts per million, EDMA results are expressed as
a ratio of the total elements analysed in a sample. This raises issues of comparability between
individual samples, and also the possibility that apparent increases or decreases in the ratio of an
element may arise, not from a genuine increase or decrease in the concentration of a specific element,
but because of the increase or decrease in an other element. Given a firm theoretical foundation these
problems are not insurmountable and it should be pointed out that conventional pollen analysis, which
by any standards is a well established technique, is subject to the same criticisms. In consequence all
geochemical changes described in this and later chapters are changes in proportion - not total
concentration.

A: Relationship between elements, zonation and facies modelling.
The interpretation of any single element is problematic as most elements have a variety of sources.
The advantage EDMA enjoys over other techniques is that a wide range of elements may be analysed.
Therefore the relationship between several elements can be used to reconstruct environmental
processes. For example, Mg has several probable sources: from mechanical weathering, the
breakdown of chlorophyll, or from rainfall. The elements which rise or fall in tandem with Mg may
give clues to the environmental sources involved. When associated with K, mechanical erosion can
be suggested. With Na and CI rainfall intensity is indicated. P or S may imply the breakdown of
chlorophyll. The assumptions on which these associations are based are presented in Table 7.1, and
are based on the work of Bengtsson and Enell [1986],Engstrom and Wright [1984], Mackereth
[1966] and Pennington et al. [1972]. Having established that a relationship exists between several
elemenL~,

sections of the core can then be identified where these relationships are maintained. The
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maintenance of a relationship between several elements over several centimetres implies that the
controlling environmental variables may be stable. These areas can then be identified and separated
from other areas of the core, where the relationships have been disturbed or the ratio of the elements
has fallen, or where the ratio of other elements dominate the zone [for convenience these zones will
be referred to as Chemizones]. All of these circumstances indicate that the balance between the
controlling variables operating within the environment has been disturbed. Each chemizone can then

be viewed as a chemically defmed litho-facies, representing a particular sedimentary environment.
The relationships between each facies in the core may then be used to reconstruct the changing
environment and the changing relationships which once operated within the environment.

B: Behavioural trends.
The behaviour of each element in the core and the behaviour of groups of elements may be interpreted
as a product of the relationship between time and of the processes operating within the environment.
That being the case, the geochemical data presented in the investigations below can be interpreted.
Fluctuation along the X-axis of the graphs of geochemical changes with depth down the sediment
cores is an expression of time, and fluctuation along the y-axis indicates change in the controlling
variables and fluctuation of the environmental processes operating in the landscape. If this is
accepted, then the models devised by Butzer [1982] to interpret change in environmental systems may
be adopted.
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Table 7.1. Possible sources of elements used in analysis.
Magnesium. Mg.
Sources: Often associated with mechanical weathering, the breakdown of chlorophyll in terrestrial and
aquatic plants. Also precipitated in rain in exposed western environments.

Potassium. K.
Sources. A clastic mineral. Commonly used to infer episodes of soil erosion in a catchment.

Silicon. Si.
An abundant element. Can indicate, soil erosion, and biogenic activity. Si can be found in the silicified
remains of aquatic flora and fauna.

Aluminium. AI
Sources. An abundant inorganic element. deposition can indicate, soil erosion, the depletion of bases
from a soil and the influence of the sea.

Sulphur. S.
Sources. Primarily associated with biological productivity in a lake, and often correlated with Si.
However S can also be deposited in Industrial pollution.

Chlorine. CI.
Sources. Sea water, Rainfall.

Titanium. Ti.
Sources Commonly used to indicate mechanical erosion.

Calcium. Ca.
Sources. Present in some lake sediments as a clast, it can also be associated with humic and fulvic
acids. Thus Ca concentrations in a core may indicate the deep weathering of a soil profile.

Vanadium. V.
Sources. A rare trace element and a component of several minerals.

Iron. Fe.
Sources. A common element. Can indicate the chemical weathering of a catchment soil. I.E.
Podzolisation and / or the acidity of catchment waters.

Nickel. Ni.
Sources. Nickel is a common element and has a variety of sources. It is difficult to interpret.

Sodium. Na.
Sources. Can indicate the depletion of bases in a soil but is frequently associated with climate and in
particular, rainfall intensity.

Copper & Zinc. Cu & Zn.
Sources. Background levels in most sediments, but peaks indicate industrial pollution. Can be used for
dating.

Manganese. Mn
Sources. Mechanical or chemical weathering. Where Mn dominates Fe mechanical erosion is
suggested, but where the opposite is true chemical weathering of soil profiles is implied.

Phosphate. P.
Sources. Many, can be sorbed by many elements in particular by iron. However can indicate a nutrient
in wash and the activities of people.
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Butzer [1982] described seven models which we can adopt [Figure 7.1].

i) Static equilibrium. In which no external force disturbs the equilibrium of the system investigated.

ii) Static equilibrium with recovery.

In which a slight variation is observed around the mean. This fluctuation may be an integral part of
the system and need not imply the presence of an external force or a significant change in the balance
of external forces.

iii) Unstable equilibrium with stabilisation at a new level.
Where a new equilibrium is achieved in the absence of the existence of any threshold. This may imply
that such variation is a random process and part of the internal order of the system.

iv) Metastable equilibrium with a threshold separating different equilibrium levels.
The existence of a threshold may imply the action of an external force such as climatic warming or
cooling.

v) Steady state equilibrium with no net change in equilibrium level.
This behaviour is typical of several of the elements analysed, in particular nickel. Variation around the
mean is frequent and apparently random, and significant environmental forcing cannot be assumed
where an element fluctuates in this manner.

vi) Dynamic equilibrium with a long term trend.
Variation around the mean is frequent, but there is a long tenn trend in the mean itself. This suggests
that each minor fluctuation around the mean may not be environmentally significant, but that the longtenn trend in the mean is. For example see Ca in the Strath of Kildonan analysis; where there is a
steady decline in the mean of this element throughout the Holocene. This must reflect the declining
base status of the catchment soil, and specifically the concentration of this element in the soil.
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vii) Dynamic metastable equilibrium.
With long tenn trends separated by a threshold to a new higher (or lower) level. The process of
destabilisation, and the establishment of new equilibrium levels, may indicate a change in the
environment

TEPHRA EXTRACTION.
In order to investigate the geochemical response of catchments to the input of volcanic tephra it is
first necessary to locate it in the core. This is not easy and several were tested before a simple method
was devised.

X-ray examination of the core.
Butler [1992] demonstrated the use of X-ray examination as an accurate means of establishing the
degree of bioturbation and locating mineral material in peat cores. Dugmore and Newton [1992]
extended this technique to the location of tephra horizons within a core. The technique was used in
this analysis but the results proved disappointing and expensive. The peat core extracted from Borve
Bog, was examined by X-rays. No tephra layers were located, but many mineral horizons were. The
mechanics of the technique, in particular the degree of exposure and the current used to obtain the
best results were difficult to detennine and varied depending on the density of the organic material
and the degree of wetness. Several exposures were necessary to establish the correct exposure for
even one short 20 em segment of the core and the waste of X-ray film was considerable. In view of
these problems the use of the technique was not pursued. The results of the X-ray examination of the
Borve core were used by Pratt [1992].

Bulk sampling.
In order to examine the entire length of each core contiguous samples were taken from each ten cm
section. This ensured a complete coverage of the core, which could then be analysed to locate tephra
concentrations. This technique proved quite successful at locating low concentrations of tephra
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within the core. Once tephra was located in any 10 cm segment the section was subsampled at
contiguous 1 cm intervals for tephra counting and geochemical analysis. This method has been
described recently by Pilcher and Hall [1992].

Isolation of the tephra grains from the organic matrix.
The method devised by Dugmore [1989] was tried. This involves a complex acid digestion and the
mixture of several volatile reagents. After experimentation this method was rejected as being too
dangerous given the equipment at Sheffield and my level of skill. A simple method to remove the
organic matrix of the core is to bum the material in a Muffle Furnace at 370°C for 4 hours. This
method was simple and effective but had the disadvantage of introducing charcoal into the mounted
samples which occasionally obscured the mineral material. Finally a simple and effective method was
devised at the University of Plymouth by a technician, Anne Kelly, which is presented in Table 7.2.
This method has the advantage of being simple, cheap and effective and does not involve the
application of particularly volatile chemicals.

Tephra counts.
Seven transects were made along the long axis of each slide and the tephra grains present, if any, were
counted. This method has been used by Bennett et at. [1992] and found to accurately indicate the
maximum and minimum concentrations of tephra in the core.

Tephra identification.
Tephra was extracted from Icelandic sediments kindly supplied by Dr Paul Buckland. This material
was mounted on glass slides and formed a reference against which problematic identifications could be
checked. Care was taken that fragments of opaline phytoliths were not misidentified as tephra. To do
this the phytoliths keys provided by Gilbertson [1991] and Powers and Gilberston [1987] were used.
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Tephra Extraction Method.
l.Place Icc material in a plastic centrifuge tube and add 10 m1 NaOH 10%.
2. Heat in a water bath for ten minutes.
3. Filter through 180 micron sieve into beaker washing through with de-ionised water.
4.Centrifuge (2000 rpm 5 minutes), decant.
5. Continue step 4 until all beaker fluid has gone.
6. Wash residue into tubes with de-ionised water, centrifuge, decant until the water becomes clear.
7. Pour a small amount of H20 2 into sample tubes and mix well. Transfer liquid back into beakers, and
top up with H20 2 (to 50mI).
8. Heat beakers gently over water bath for 2 hours (do not allow to boil)
9. Pour into centrifuge tubes, washing beakers thoroughly so that all material is transferred.
10. Wash, centrifuge and decant (X4.).
12 Transfer Liquid to labelled vials and allow to separate.
13. Pipette a small amount of solution onto glass slide. Evaporate water gently using hot plate set at
its coolest setting.
14. Place a small amount of mounting medium (Canada Balsam or Euparal) in centre of slide and
allow to warm on hot plate.
15. Remove and cover with a glass slip.

Table 7.2. A simple method for extracting tephra from organic material.
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Pilot Study.
Loch HelIisdaIe, South Uist.
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Environment and climate of the Outer Hebrides.
The relevant information on the modern terrestrial environment of the area has most recently been
described in Pankhurst and'Mullins [1991] and Boyd and Boyd [1990]. The local bedrock is Lewisian
Gneiss and comprises mainly coarse-grained meta-igneous gneiss [Smith and Fettes 1979]. In places,
there is a thin covering of till which is provisionally attributed to the Devensian [See Peacock 1984,
for discussion]. The wind climate is usually considered of great importance for understanding many
aspects of life in the Hebrides [Angus 1991, Manley 1979, and especially Murray 1973]. Although
there have been suggestions that at least parts of the Outer Hebrides have been treeless throughout
the Outer Hebrides [Birks and Madsen 1979], more recent work points clearly to the former presence
of trees [see Angus 1979, Bennett and Fossit 1989, Bennett et al. 1990, Brayshay 1992, Bohncke
1988, Edwards 1990, Gearey 1992, Pratt 1992, Whittington and Ritchie 1988, Wilkins 1984]. In
general, the history of the terrestrial vegetation of the islands is well-known from the studies of
Bennett et al. [1990] Brayshay [1992], Edwards [1990], Blackburn [1946], and Heslop Harrison and
Blackburn [1946]. In brief, between 10,500 to 10,200 years B .P., the area was partially covered by
an open vegetation of Empetrum with grasses, sedges, and Huperzia selago. From 10,200 to 4,000

B.P. the landscape appears to have contained woodlands with Quercus, Alnus, Ulmus, and perhaps
Pinus [which are now extinct as native genera in the Outer Hebrides], together with Fraxinus, Betula
and Corylus/Myrica, with open ground between woodland copses. Although Cal/una was present
from early in the Holocene - about 9,500 B.P., frequencies of Calluna become sufficiently high to
suggest a fairly wide spread of blanket bog occur from about 5,500 years B.P., and becoming
especially marked at about 1400 B.P.

INTRODUCTION
The application of EDMA to palaeoenvironmental studies is a new, and currently little practised,
analytical approach. In order to investigate the potential of the technique and highlight areas where
improvement was necessary, or possible, a pilot study was conducted. This involved the application
of EDMA to a core which was also subjected to palynological [Brayshay 1992] and Diatom [Pyatt et
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al. In prep] analysis. The results of this study are presented below together with comparisons of the
use of these different palaeoenvironmental techniques.

Palaeoenvironmetal investigations of Loch I1ellisdale.
The loch was chosen for study because of its isolation, its apparent low productivity, and its
topographic situation; which renders it relatively protected from the strong Atlantic winds which blow
from the west and south west, and which otherwise might be assumed to have led to significant
disturbance of loch-bed sediment by waves. The latter problem as thought very significant by
Pennington et al. [1972]. It is located at 75 m O.D. in the enclosed, remote and inaccessible glacial
trough of Glen Hellisdale which has been eroded into the east flank of Beinn Mhor (620 m) on the
mountainous, east coast of the Outer Hebridean island of South Uist (National Grid Reference NF
828310 & Figure 7.2).

In common with much of the mountainous eastern side of South Uist, the area is today characterised
by its bleakness and an absence of permanent modern habitation. The climate and vegetation of the
immediate area have most been summarised by Bennett et al. [1990]. This site had advantage of
being only 3 km distant from the radiocarbon-dated study of the nearby site of Loch Lang, 3 km to
the west (Bennett et al. 1990), the palynological investigations of the early and middle Holocene by
Edwards (1990), and the pioneering early palynological studies by Blackburn (1946), and Heslop
Harrison and Blackburn (1946) (Figure 7.2).

The present soils of the area are described in Hudson (1991) and Hudson et al. (1982), who have
recognised three soil mapping units of the Lochinver Association in the Glen.

1.

Alpine/sub-alpine lithosols, described as map unit 398 by the Soil Survey of Scotland
[Hudson et al. 1982] are found on the broad mountain flanks which support mountain
heath communities. The only land use possible is rough grazing.
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2.

Peaty gleys and rankers mapped as soil unit 396 by the Soil Survey of Scotland [Hudson et

al. 1982] is found in the upper glen and abutting the western shores of the loch are peaty
gleys, peaty podzols and rankers which support various bog communities, with a few
scattered shrubby trees of Salix aurita and one individual of Sorbus aucaparia. The only
landuse possible is poor quality rough grazing.

3.

Peaty gleys, peat, some peaty podzols and peaty rankers of soil map unit 394 [Hudson et al.

1982], which again support bog communities, is found in the lower glen and along the

eastern

shore of the loch. Grazing values of this soil are low.

Over what time period did these soil types evolve? Studies of the changing chemical composition of
Holocene sediment cores by Bennett et al. [1990] from the adjacent Loch Lang, which has essentially
similar bedrocks and surficial deposits, are of particular importance. These authors concluded that
from approximately 10,730 to 10,200 years B.P. that lake sedimentation in Loch Lang was dominated
by the inwash of minerals physically eroding from catchment soils. Soils stabilised from 9,500 years

B.P. to 6,500 B.P. and continued to be stable leading to the deposition of predominantly organic
sediment in the loch until about 550 years ago, when soil erosion, attributed to human activity became
important and led to mineral sediments becoming more important.

METHODS
The 4.98 metre core reported here was obtained by Russian peat corer from a sponson-stabilised boat
in March 1987. This core did not reach the base of the lake's infill deposits. After extraction, it was
sealed in plastic tubing, wrapped in polythene film and further black, heavy plastic sheeting and stored
in a refrigerated room kept at 4 degrees Celsius. The results of pollen analytical studies are described
in Brayshay (1992) and Kent et al. [in press].

In the pilot study, EDMA analyses of the elemental compositions of the sediments were determined
using samples taken at 25 cm intervals from the central, uncontaminated part of the refrigerated core.
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CORE DESCRIPTION.
The core retrieved comprised six distinct sedimentary units

Youngest

Description

Depth

Unit 6.

0- 20 cms

Organic silty clay with orange mottles

Unit 5.

20 - 90 ems

Blue/grey, silt/clay with charcoal at 90 ems.

Unit 4.

90 - 400 ems

Brown, weakly organic lake mud, with a 0.5 ems

thick band of charcoal at 390 ems.

Unit 3.

400 - 425 cms

Brown, weakly organic mud becoming

increasingly rich in clay with depth.

Unit 2.

425 - 460 cms

Blue/grey, silt/clay.

Unit 1.

460 - 498 cms

Grey/brown, weakly organic silty clay
Oldest

No sedimentary structures were seen in the deposits sampled. An AMS radiocarbon date of 7900±70
years BP. (uncalibrated) (UtC-1666) was obtained from sediments from 215 - 216 cms depth. Other
attempts to "AMS-date" critical points of this core failed, because of lack of organic matter (typically
<0.1% LO!).

POLLEN ANALYSIS
A detailed analysis of the palynology of this core is presented in Brayshay [1992] and Kent et al. [in
press]. The palynology is presented here in a skeleton form in order to plaee the sediment chemistry
in its vegetational context [Figure 7.3.
Oldest LPAZ

Interpretation LSCIA-LSCIB: Late Devensian.
LSCIA: Empetrum, Juniperus, Pinus, Huperzia. 498 - 455 ems.
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LSCIB: Huperzia, Polypodium, Artemisia, Juniperus. 455 - 425 ems. Non-tree/shrub pollen make
up 80% of the total pollen assemblage.

Interpretation LSC2- LSC4: Early to middle Holocene.

LSC2: Betula, Juniperus, Empetrum, Gramineae. 425 - 400 ems. Total tree pollen increases rapidly
from 20 to over 40% total pollen;

LSC3A: Corylus/Myrica, Betula. 400 - 355 ems. The proportion of tree pollen expands to over 50%
of total pollen present.

LSC3B: Betula. 355 - 320 ems. Woodland taxa are poorly represented in a tree pollen assemblage
that now represents over 65% of the total pollen assemblage. Isoetes frequencies increase to between
5 and 12%.

LSC4: Corylus/Myrica, Betula, Pinus, Quercus, Ulmus. 320 - 170 ems. Total tree pollen is over
80% of the assemblage near its upper boundary. The first occurrence of All/us at 215 - 216 ems depth
is dated to 7900±70 years B.P. (uncalibrated) (UtC-1666). Parts of this zone are characterised by an
abundance of Isoetes lacustris.

Interpretation. LSC5-LSC7: Middle Holocene to Present.

LSC5: Corylus/Myrica, Betula, PiflllS, Gramineae, Cyperaceae, Ca/lwla. 170 - 90 ems. This zone is
defined by the decline in tree pollen present, from the 80% at the end of the previous zone to below
20% and the upper boundary of this zone. There is a small peak of pollen of Cannabis at 135 ems,
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with a few grains of "cereal-type" pollen at 110 cms. Charcoal increases dramatically in abundance in
this sub-zone.

LSC6: Huperzia, Polypodium, Artemisia. 90 - 20 cms. Pollen preservation is poor, and this
biostratigraphic zone is co-incident with clay deposits, as opposed to organic muds.

LSC7: Cal/una, Gramineae, Cyperaceae, Sphagnum. 20 - 0 cms. Tree pollen representation is below
2% of the total assemblage.

Youngest
Discussion
There is a remarkably clear and precise parallelism between the events in Loch Hellisdale and the
adjacent site of Loch Lang, which encourages the extrapolation of the Loch Lang radiocarbon-dated
sequence to the Hellisdale deposits. The present evidence appears to offer a satisfactory basis with
which to interpret the information of diatom frequency and sediment chemistry described below.
Closer examination of the antiquities of the "dated" andlor correlated sediments present in the Loch
Hellisdale core, and especially when it is compared with the Loch Lang data (see Bennett et al. 1990),
suggest that the Hellisdale sequence may have been affected by notable changes in the rate of
sedimentation, andlor contain undetected hiatuses. For example, approximately 2,250 years of early
Holocene sediment is represented between the depths of 415 cms and 215 cms, whereas the next 50
cms of sediment is dated to the period (approximately) 7,900 to 4,000 years ago (see Figure 7.4).

SEDIMENT CHEMISTRY
A range of eleven elements were selected for analysis; Aluminium, Calcium, Iron, Potassium,
Magnesium, Titanium, Sulphur, Chloride, Vanadium, Nickel and Silicon. Variations in their relative
abundance are shown in Figure 7.5. The geochemical history of the sediment column was been
divided into four "chemizones" on the basis of similarities in elemental composition. Ni can be seen to

'.
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exhibit steady-state equilibrium, with considerable variation around the mean, and as a result, it is
difficult to use this element to interpret processes operating within the landscape

Chemizone Zone SCI 498 425 ems.
Youngest
425 cm. High AI, Ca, Fe, Ti, K,

Low Si, S, Cl.

450 cm. High AI, Ca, Fe, Ti, K, .

Low Si, S, CI

475 cm. High AI, Fe, Mg, Ti.

Decline in K. Low S, Si, Cl.

498 cm. High AI, K, Mg, Ti.

Low S, Si.
Oldest

Summary
High proportions of all these elements occur, with relatively lower abundance of sulphur and silicon.
Peak frequencies of several metals are attained at 425 -450 cms by several elements - Ca, Fe, K, Mg,
and V which define zone SCI.

Interpretation.
The basal chemizone SCI corresponds exactly with the presence of mineral-rich silt and sands in the
Hellisdale core. Chemizone SCI is dominated by the presence of elements - Ca, Mg, K, and AI which are primarily associated with the erosion, transportation and sedimentation within the lake of
particulate mineral matter as a result of widespread mechanical weathering of soils and sediments in
the catchment. In the context of this chemizone, these elements exhibit steady state or stable
equilibrium. But in the context of Chemizone SC2 it can be seen that they exhibit metastable or
Dynamic metastable equilibrium. This implies a significant change in the processes operating within
and upon the landscape. The relatively high levels of vanadium and titanium may also reflect
mechanical erosion, although they are rarely discussed in this context. They occur in the metamorphic
bedrocks in the catchment and display broadly similar trends to AI, Mg, Ca and K throughout the
lake sediment column. The highest levels of all these elements occur near the top of this zone at 425
ems, suggesting greatest erosional input at that level. The palynological evidence described below
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supports this interpretation, providing independent evidence of a cold, relatively open environment
with much bare rock. These deposits were correlated with the Loch Lomond stadial.

Chemizone Zone SC2. 400 • 300 ems.
Youngest
300 cm. Peak: in K

Decline in S.

325 cm. Stable.

Decline in S.

350 cm. Increase in Peak in S, Si.

Stable.

375 cm. Increase in Si, S, Cl.

Decline in AI, K, V.

400 cm. Increase in S.

Decline in AI, Ca, Fe, K, Mg, Ti.
Oldest

Summary
The zone is defined by a marked peak in sulphur, and the rise and stabilisation at a high ratio of
silicon. Ca, Fe, K, and Mg decline to stable low levels. Palynological zones LHD2a and LHD2b are
defined respectively by rising and falling abundances.

Interpretation
A significant change in the processes operating within the landscape is indicated by the nature of the
boundary between this and the preceding chemizone. With the exception of S, CI and Ni all the
elements analysed reach a new equilibrium at the boundary between the zones. The ratio of S in the
core increases from 01 to 1.6 % across the zones, but rather than achieving a new, higher equilibrium

it peaked at 350 cm, following which the ratio of S declines to 0.23% at 300 cm. Comparisons
between the behaviour of these elements in Hellisdale chemizone SC 1 and the base of SC2 suggests
that the previous widespread mechanical erosion within the catchment had greatly declined by this
later time. The greater part of chemizone SC2 is, in contrast, dominated by the relative abundance of
both sulphur and silicon. Sulphur is not associated with the introduction of detrital minerals into
lakes. This feature suggests that it is associated with anaerobic respiration. In this Hellisdale context,
the present evidence suggests that it is most likely to be a product of the decay of organic matter
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within the lake. The trends in the relatively abundance of silicon are exactly opposite those of
aluminium, suggesting that the increased relative frequencies of silicon are not the result of the influx
of alumino-silicate mineral matter. Silicon is abundant in freshwater diatoms and sponges. There is a
distinct parallelism between the relative abundance of silicon, sulphur levels and the actual numbers of
diatom frustules counted at each level (Figures 6.5 and 6.6) suggesting that mu,ch of the increase in
silicon levels observed in chemizone SC2 is the result of the deposition of biological silica within the
lake. There are no data on phytolith frequencies in the sediments which precludes the possibility of
determining the input of silica derived from higher plants in and around the lake. The chemical
composition therefore suggests two important developments:

(1) The catchment of the loch had developed a significant vegetation cover which had greatly

reduced the extent and/or intensity of mechanical erosion of soils and sediments - an explanation
which is supported by the palynological evidence described above.
(2) That there was a marked increase in biological activity within the loch.

Both changes would be brought about by climatic and environmental improvement with passage from
the Loch Lomond stadial into the Holocene interglacial. The minor increases in AI, Ca, Fe, K, Mg
and decrease in Si and S at 325 - 300 cms merit further research. The principal stratigraphic
association is the major increase in the abundance of [soetes, associated by Vuorela [1980] with
human disturbance of catchments. This fluctuation might, therefore, be the result of minor decrease in
biological activity within the lake and/or an increase in the products of mechanical erosion entering the
loch. The extent to which this effect is a local, regional or purely random fluctuation is not clear.
Chemizone Zone SC3. 300 -75 ems.
Youngest
325-75 cm. High ratio of S & Si.

Low ratio AI, Ca, Fe, K, Mg, Cl.

300 325 cm. Recovery in S.
Oldest
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Summary
Silicon rises slowly to maximum frequencies of nearly 90%, whilst sulphur rises and falls from a peak
at 200 ems. Low and essentially stable frequencies occur in AI, Ca, Fe, K, Mg and Ti.

Interpretation
Chemizone SC3 is characterised first by stability in the relative abundance of the most abundant
elements AI, Ca, Fe, K, Mg, Ti: and secondly by declines in the abundance of silicon and sulphur
from the relatively high values reached at 200 cms. These data indicate a biologically-active loch into
which a minimum of mechanically-eroded sediment was entering. However some minor changes can
be detected. There is a progressive decline in the abundance of Ca - suggesting the progressive loss
by weathering and leaching of carbonates, perhaps as a result of podzolisation and/or the spread of
peats. There is a small increase in the relative abundance of AI - possibly also the result of
podzolisation within the catchment. At about 200 cms, the quantities of silicon and sulphur show
parallel declines, suggesting a small change in biological activity within the loch.

Chemizone Zone SC4. 75 - 0 ems.
Youngest

acm. Recovery in Si, S, CI, V.
50 cm. Peak in Fe.

Decline in Fe, AI,
Recovery in S, AI.

Decline in Si.

Oldest
Summary
The zone is characterised by relatively high frequencies of AI, Fe, Ti and a progressive increase in
sulphur from negligible levels at 75 ems. Silicon is comparatively low in abundance throughout.
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Interpretation
The start of chemizone SC4 is marked by the evident change in sediment lithology from organic mud
to clays/silts. 1)1e accompanying changes in chemical composition are fairly complex. This
lithological evidence of an influx of eroded soils and sediments into this part of the loch suggests that
the fall in the relative abundance of silicon is the result of a reduction in algal life in the lake and is not
the result of a significant reduction in erosion of mineral soils and sediments around the lake. Again
the Si curve parallels the diatom counts (Figure 7.6). The increase in the proportion of sulphur runs
counter to these trends and suggests it is the result of the decomposition of biological debris washing
into the lake from the surrounding catchment Only the most minor of changes are shown by several
elements - AI, Ca, Mg, K - again suggesting sources of these elements in the sediments and soils of
the catchment, had by this time become extensively leached, and perhaps podsolised. The increase in
Fe is more difficult to interpret. Peaks in Fe are often detected at or near the sediment/water interface
in lake sediments - as a result of the mobilisation of Fe where anaerobic conditions occur. This is
probably the situation in Loch Hellisdale. On the other hand, Fe is abundant in the podsols and peats
of the area. However, the peak Fe levels in this core occur between 75 and 25cm, and are associated
with allogenic-clastic sediments which have been derived from erosion of sediments and soils known
to be podsolised. It appears possible that these peak are not an simply an artefact of the precipitation
of iron in oxidised surface sediments, as noted by Carignan and Flett [1981], they may also relate to
the history of sediment transport.

Discussion
The compositional changes in the Hellisdale loch sediments noted by EDMA suggest that a series of
changes in climate, vegetation, soils, and land use have been clearly detected. The patterns found
possess striking similarities to those reported at Loch Lang [Bennett et al. 1990], as well as elsewhere
in northern Britain [e.g. Bennett et al. 1990, Mackereth 1965, 1966, and Pennington et al. 1972].

This lake sediment evidence suggests that in Glen Hellisdale, the Loch Lomond stadial was
characterised by extensive erosion and deposition within the loch of detritus derived from
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unweathered sediments and soils in the catchment. This is in contrast to the very recent episode of
accelerated erosion noted near the top of the core in which the source minerals had by this time
become weathered and leached in a landscape with extensive podsols and peat cover. The start of the
Holocene is marked by the sedimentary consequences of increased biological activity within the lake
and stable soils in the catchment which were followed by a long period of comparative stability in the
surrounding landscape. Minor changes are detectable from approximately 200 ems, which may be
associated with podsolisation and/or peat growth. Whilst there are specific indications in the core's
lithology of human activity in the catchment (charcoal layers and the upper clay/silt deposit) there are
only suggestions of minor soil erosion associated with prehistoric activity within this catchment. This
broadly corresponds with the conclusions from nearby Loch Lang [Bennett et al. 1990].

Several further aspects merit emphasis. The parallelism between the trends in silicon, sulphur and
total diatom counts is marked [Figures 6.5 and 6.6], and emphasises the need to distinguish between
biological activity within the lake as a source of sediments, and the influx of biological debris from the
surrounding catchment. The interpretation of sulphur in this loch core presents problems. Whilst the
initial peak at 375 cm corresponds with a peak in the diatom population and was interpreted earlier as
a result of the scale of the biological decay processes, similar peaks in diatom numbers at 175 and 75
cm do not correspond to peak frequencies of sulphur. Mackereth [1965] suggested that the
mechanism for the precipitation of sulphur into lake sediments may be largely biological. In general
throughout this core, the strength of the relationship found between the proportion of sulphur and
diatom numbers was not as strong as was expected. Recent work, however, suggests that inorganic
sulphur reaches such catchments from a variety of sources including recent aerial pollution [Rudd
1986]. This sulphur will be reduced and stored in the sediment as organic sulphur compounds and
this process may have clouded the link between diatoms and sulphur in the upper part of this loch
core. Rudd further suggested a link between sulphur content and lake acidity, since the reduction of
sulphate to organic sulphur compounds is responsible for the consumption of H+ ions. Nevertheless,
such correlations will not necessarily occur, since Nriagu [1983] demonstrated that an anoxic
hypolimnion was necessary for the reduction of inorganic sulphur. The acidity of source sediments

182

and soils in a catchment and lake acidity have been shown to be not necessarily related. In particular,
Battarbee et al. [1985] demonstrated that soil acidification does not necessarily lead to lacustrine
acidity; especially where waters have a low alkalinity and where acids generated in organic horizons
can be neutralized by cation exchange and weathering in mineral horizons. However, the general
correlations between mineral input and peak biological activity observed by the present studies in
Loch Hellisdale appear to reflect changing trophic conditions in the waters of the loch.

Whilst the source of chlorine in these sediments is precipitation which has the composition of dilute
sea-water in the Western Isles [Waters ton et al. 1979], the relative proportions of chlorine observed
do not fluctuate in any interpretable manner, corresponding to the observations of Pennington and
Lishman [1971] on iodine in relation to precipitation and loch sediments in northern Scotland.
Further checks also failed to detect the presence of significant amounts of sodium in the core. The
reasons for this absence are not clear. The relative frequencies of the rarely reported vanadium and
titanium correspond broadly with those of AI, Ca, Mg, and K indicating that they reflect the erosional
loss of mineral matter from the catchment soils and bedrocks. Nickel fluctuates in a manner that is at
present very difficult to explain and it presumably reflects the rate at which streams happen to be
eroding more nickel-rich gneissic bedrocks in the catchment. The study has failed to detect any
evidence of lead, zinc, chromium, copper or any other elements associated with the long distance
transport of atmospheric pollutants from industrial areas. These have been detected for example in
Loch Lomond and Lough Neagh [Farmer et al. 1980, Rippey et al. 1986] respectively 200 km to the
south east, and 300 km to the south. It is impossible to infer a lack of a north-west transport of such
pollutants because of the uncertainty of age of the uppermost sections of the Hellisdale core. In
several ways the pattern of Holocene lake sediment chemistry, retrieved from Loch Hellisdale
resembles those initially identified by Mackereth [1966] in his studies of mountain lakes in the English
Lake District, and in western Scotland by Pennington et al. [1972]. Whilst some of the early
assumptions and models have been subsequently re-evaluated fBengtsson and Enell 1986, Engstrom
and Wright 1984], many aspects of the basic picture of soil erosion and stabilisation remain
unchallenged. Metallic elements in lake sediment cores from the northern parts of the British Isles
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have also been investigated by several workers including Farmer et al. [1980] in Loch Lomond and
Rippey et al. [1982] in Northern Ireland. In these cases the investigators noted an increase in metal
concentration in the upper levels of sedimentary profiles broadly associated with the relatively recent
historical past

SYNTHESIS
Consideration of all these data indicates that despite its relative isolation Glen Hellisdale has been
shown to respond quickly and (essentially) in tandem to sites on the Scottish mainland to the major
climatic changes which affected the Late Devensian and early Holocene. The Loch Lomond stadial
and its termination appear to be well-evidenced in all three sets of information. In Glen Hellisdale, the
period was characterised by a very cold climate, with tundra and arctic scrub, bare rock, widespread
soil instability and mechanical erosion which introduced significant quantities of base-elements into the
water body to be deposited as mineral-rich sediments.

Discussion
The Loch Hellisdale sequence begins in the Late Devensian and indicates the presence of bleak
landscape with (sub) arctic plant communities associated with much bare rock, and the erosion of
fresh, mineral-rich soils or sediments. This environment produced a relatively base-rich lacustrine
water body. Diatom numbers were low, perhaps as a result of climatic severity. The change to the
Holocene interglacial is very clear and marked in the pollen-, sediment chemistry- and diatom
evidence. The patterns of change evidenced by each of these datasets in the core reflect the
interactions of a number of factors - climatic fluctuations, the progressive colonisation by tree taxa,
changes in the nature of the ground cover, erosional rates and soil types, and the activities of people.
Quantitative studies of the total numbers of diatoms in the loch sediments have been rendered difficult
by the suspicions raised about periods of varying sediment rate, non-deposition. or erosional hiatuses
in the core. Nevertheless. fluctuations (in both numbers and taxa) have been detected which appear to
appear variously to relate to the changing nature of the water body - as detected by the changing
chemistry of the associated loch sediments. whereas other fluctuations appear to relate to other - often
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unclear - environmental agencies. There are hints of pre-Neolithic human activity in the landscape,
but the evidence is unclear. Later human activity appears to have been a significant influence on the
vegetation and soils in the catchment, and hence for the water and sediments in the loch. The relative
proportions of vanadium and titanium in the lake sediments appear to a further source of information
on the past presence of physical erosion of soils and sediments in the catchment Sometimes distinct
relationships have been detected between actual counts of the numbers of diatom frustules present,
and the relative proportions of sulphur and silica in the loch sediments, suggesting the importance of
biological decay processes in determining the geochemistry of the sediment body. Where it is possible
to make comparisons with other sites, the patterns of change detected at Loch Hellisdale correspond
broadly with those identified at adjacent Loch Lang, as well as other sites in the Outer Hebrides and
west coast of Scotland. There is, however, no evidence in the upper parts of the core from this
remote loch for the long distance transport and input of metallic elements from agricultural or
industrial sources.

Criticism of pilot study and reformulation of research strategies.
The pilot study of material retrieved from Loch Hellisdale and the clear association between the
palynological and geochemical data demonstrated the value of the application of EDMA to the
analysis of palaeoenvironmental change. It demonstrated that EDMA of sediment chemistry can
explore the relationship between the sediment geochemistry and the evolution of the terrestrial and
benthic environments. A clear similarity was observed between the geochemical history of the
sediments of Loch Hellisdale, reconstructed by EDMA, and the analyses of other lochs in the
Hebrides and the mainland which employed more conventional geochemical methods [Bennett et al.
1992; Mackereth 1966 Pennington et al. 1972]. Despite the fact that results from EDMA are
presented in the form of ratios it has been possible to identify climatic processes operating at the LateGlaciallHolocene transition, and clearly identify the onset of industrial pollutants in the steep rise in
acid indicators at the top of the core. The sediment chemistry also proved sensitive to anthropogenic
modification of the environment.
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A clear correspondence was observed between the environmental history as reconstructed by
geochemistry established by EDMA and the Palynological Analysis.

The pilot study also highlighted areas where the technique could be improved. The use of EDMA to
analyse sediment chemistry, presents data in the fonn of the ratio of the selected element in the core
rather than the conventional fonnats by which chemistry is presented, i.e. ppm, millilitres/litre,
milligrammes/gramme. As the ratio of all the elements specified will always approximate to 100% the
interpretation of minima or maxima may be problematic. The observed change in ratio of an element
may be the result of a genuine change in the content of that element in the core, or the result of a
variation in the concentration of another element. This can be overcome by adopting a suitable
theoretical framework, by adopting multiple working-hypotheses, facies modelling, investigating the
associations between several elements and considering the nature of change in the ratio of an element

.

around a hypothetical mean. In this way the processes operating within and upon a landscape can be
investigated and reconstructed.

The range of elements analysed was not wide enough to establish rainfall intensity, or industrial
activity. The range of elements analysed should have been widened to include Na, Cu and Zn.
Vanadium was found to be of little value for palaeoenvironmental research excluded.

This pilot study and established the value of EDMA in the analysis of palaeoenvironments, and
established a theoretical framework with which to interpret results obtained by EDMA. Further cores
were then extracted and analysed.

Chapter eight.
Geochemical investigations of environmental change in
lacustrine sediments from North and South Uist.
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Summary of Chapter.
Three Lochs on the Outer I1ebridean islands of North and South Uist were cored in the hope
that they would contain tephra deposits and preserve any associated environmental change in
the geochemistry of their sediments. Minimal quantities of tephra were found and no
geochemical response to its deposition was noted. Several episodes of soil erosion were noted in
each Loch, and the role of anthropogenically derived atmospheric pollutants in modifying the
lacustrine environment was highlighted. The erosion of calcareous material from the machair
and dunes which line the western coastline of the islands, and its deposition in the lochs, was
seen to be important in the maintenance of the lacustrine environment in the face the
progressive acidification of the catchment soils.

Loch A'Barpa.

Loch A'Barpa lies on the island of North Uist, to the north of the A867 road, grid reference NF
835663 [Figure 8.1]. The landscape here has been severely disturbed by glacial activity, the
dominant landfonn is hummock and hollow terrain. With the exception of Ben Langass [90
metres] which borders the loch and Uneval [140 metres] which lies to the north-west, there is
little variation in relief. Machair vegetation and shell sand lie just three kilometres to the west,
and the sea in Orasay bay is within 500 metres of the loch. The underlying bedrock consists of
Lewisian Gneiss, but hummocky glacial drift is also found in the area. The loch is bordered by
three main soil types.

1.

Organic soil, described as map unit 4 by the Soil Survey of Scotland [Hudson et al.
1982]. Map unit 4 is blanket peat, which is acid, base deficient and has a high water
holding capacity. This soil type is the principal one which borders the loch and borders
the entire northern shoreline. The dominant land use is poor rough grazing. Peat
cutting has occurred around the townships.

188

2.

Peaty podzols and peaty gleys occur. These are described as map unit 391 of the
Lochinver series by the Soil Survey of Scotland [Hudson et at. 1982]. This soil unit
forms on hummocky valley moraines and is restricted around the loch to the
south-western comer where the loch drains into Orasay Bay. The soil formed on this
material is acidic and base poor and land use is limited to rough grazing.

3.

Peat, peaty gleys, some peaty podsols and humic gleys occur. These are described as
map unit 392 of the Lochinver series by the Soil Survey of Scotland [Hudson et at.
1982]. This soil unit is formed on hill slopes and is found here on the slopes of Ben
Langass. The soil is acidic and base deficient. The dominant land use is poor rough
grazmg.

Other soil types which may have had an influence on the loch sediment are the extensive range
of brown calcareous soils of the Frazerburgh series, which lie on mach air and shell sands within
three kilometres of the western end of the loch.

Archaeological remains are found on the flanks of Ben Langass. and evidence for cultivation in
the form of Feannagean (relicts of spade cultivation) and peat cutting are in evidence.

The loch is oligotrophic and over 10 metres deep and it appeared possible that sediment would have
accumulated here throughout post glacial times. The maximum sediment depth recovered was 126
cm and it is unlikely that this represents the accumulation of sediment throughout the Holocene.
However, the presence of sedimentary structures in the core and the geochemical trends discussed
below suggests that this accumulation is an undisturbed body of sediment. No volcanic tephra was
observed during investigations on a geological microscope under polarised light, or in the studies
using a Scanning Electron Microscope. Comparison will be made between the geochemical
reconstruction from this site and from the lochs of Obisary , Hellisdale and Druidibeg also in the Outer
Hebrides [Figure 8.1]. Loch A'Barpa is also interesting since the loch was Calcium bombed from a
helicopter in the spring of 1990, in an attempt to raise the pH of the loch and ostensibly to lower the
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aluminium uptake of the fanned salmon. This is a shallow loch and the sediment column is unlikely to
have experienced anaerobic, reducing conditions, this is important as under reducing conditions the
location of elements in the core may be drastically altered and subsequently bear no relation to the
processes which led to their deposition {Carignan & Flett 1981].

Core description.
Disappointingly only 126 cm of sediment was retrieved from the loch. This consisted of
homogenous lake mud, with few distinguishing features. Darker bands of material were noted
at 28,33.5,38,41, 74, 78, and 92 cm; these were sampled for geochemical analysis.
To allow clearer interpretation the core has been divided into a series of chemizones. The
interpretation of this data is facilitated by the construction of a series of facies and presented in
Figure 8.2a and 8.2 b.

Chemizone BPI. 126 - 80 cm.
Youngest.
80cm.

Peak in P, Mg.

Recovery in Si.

Decline in Fe.

90cm.

Peak in Mg, Fe, Ca.

Recovery in P.

Decline in K, S i..

92cm.

Peak in K.

Increase in Ca.

Decline in P.

100 cm.

Peak in P.

Recovery in Si.

Decline in Fe.

HOcm.

Peak in Fe.

126 cm.

Peak in Si.

Decline in Si.

Oldest.

Summary.
At 126 cm, the base of the core, is marked by a high ratio of Si, 68%. At 110 cm Fe ratios rose
to 65% and dominated the core chemistry. At the same depth the ratio of Si fell to 28%. At
100 cm the ratio of Fe fell to 25% and Si ratios rose to 45%. At 92 cm the highest ratio of K
in the core occurred, rising to 12%; this episode is also associated with a rise in the
concentration of Ca, to 8%. At 90 cm K fell to the lowest ratio recorded in the entire core,
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0.3%. Si ratios also declined, to 20%, while ratios of Mg, Fe and Ca peaked at 4%, 62% and
9% respectively and ratios of P began to rise from 0.3% to 1.2%. At 80 cm the ratio of Fe fell
to 37% and Si rose to 48%.

Interpretation.
With the exception of Fe, the minerals that dominate this chemizone are typical of a neutral
body of water. The periodic increase in Fe indicates that paludification of catchment soils was
underway and raises the possibility that episodic acidification of the loch may have occurred in
the past.. However, other elements that are indicative of the acidification of soil and waters, S
and Mn are largely absent and any such putative episodes may have been minor. Si in lake
sediments is primarily autocthonous and biogenic [Battarbee 1986], and in Loch A'Barpa low
ratios of Si coincide with high ratios of Fe. High Fe ratios appear to have suppressed the
biological productivity of the loch and may indicate changes in the nutrient status of the Loch
from Mesotrophic to Oligotrophic.

The substantial increase in the ratio of K at 92 cm, to 12% is the highest the entire core.
Inwashes of this mineral commonly indicate an episode of the mechanical erosion of the
catchment soils [Mackereth 1966, Pennington et al. 1972], and this is probably the explanation
here. This episode may be interpreted as the result of changing patterns of land use, or
environmental change. Whatever the cause, the ratio of K at 92 cm points towards a
disturbance of soil stability within the catchment.

The inwash of K into the loch at 92 cm was followed at 90 cm by an increase in the ratio of P,
of the base elements Ca and Mg, and by a substantial increase in the ratio of Fe. Ratios of P
and Ca may be either autochthonous or allocthonous to the loch, indicating either an increase in
biological productivity within the loch itself, or the leaching of this material from the catchment
soils. Williams et al. [1971, 1976] considered that detrital apatite comprised a high proportion
of total P in lake muds with a high calcareous content; while Engstrom and Wright [1984]
considered that inorganic phosphorous occurs primarily as a sorbed component of amorphous
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iron oxides. The peak in the ratio of P in the core, between 90 cm and 80 cm, follows the peak
in the ratio of K at 92 cm, and is also associated with a peak in the ratio of Fe at 90cm, and a
recovery in the ratio of Si at 80cm. The continued high ratio of P when Fe declined suggests
that the high ratio of P at this depth is not the result of sorbtion by Fe. The rise in Ca and Mg
may have been caused by the leaching of these bases from

catchmen~

soils in the face of soil

acidification. The high ratio of Fe at this depth supports the above explanation that the most
probable source for this mineral is via the chemical weathering of the catchment soils.

An anthropocentric interpretation of this sequence would suggest that an attempt was made to
farm the catchment soils, which in tum triggered the erosion episode. In their disturbed state
the leaching of Fe from the soil was intensified, which in turn resulted in the high ratio of Fe
following the peak: in K. An alternative hypothesis that excludes human influence relies on a
significant change to the environment which triggered the soil erosion and subsequent leaching.
The absence of Na from the core at this depth does not suggest an increase in rainfall, nor does
the leaching of Fe indicate a severe fall in temperature.

Regardless of the nature of the environmental forcing, the geochemical sequence in this
chemizone does not suggest that significant acidification of the loch waters had occurred in the
past and that feedback mechanisms must have existed which countered trends towards
acidification. The existence of such a mechanism has been previously suggested by Battarbee
[1990], and prior to the industrial revolution changes in the pH of many studied waters appear
to have progressed at the rate of 0.1 pH units per 1000 years [Renberg & Hellberg 1982;
Atkinson et al. 1990].

Chemizone BP2. 78· 50 cm. Chemizone BP2a. 60 cm.
Youngest.
50cm.

Peak in Si.

Decline in Fe.

60cm.

Peak in AI, ea & Na.

Decline in Fe.

70cm.

Peak in Fe

Decline in P.
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74cm.

Peaks in K, Mg, Ti & Fe.

Decline in Si.

78cm.

Peak in Si.

Decline in Mg, P & Fe.

Oldest

Summary.
Chemizone BP2 is very similar to Chemizone BPI. The geochemical sequence in this zone
begins at 78 cm with a Si ratio reaching 70% indicating a return to mesotrophic conditions in
the loch waters. Four cm higher, at 74 cm, Si declined to <40% and the proportions of K, Mg,
Ti, and Fe peak. At 70 cm Fe peaked at 58%. Chemizone BP2a at 60 cm marks peak
proportions of AI, Ca, Mg and Na. At 50 cm a decline in Fe and increase in Si records a return
to mesotrophic conditions and a reduction in the rate of weathering of the catchment soils.

In terpretation.
The rise in Si ratio in the loch indicates an recovery in its trophic status. This recovery is ended
by a phase of mechanical erosion at 74 cm depth suggested by peaks in K, Mg and Ti. The
minerals associated with the erosion episode in this chemizone suggest that it was different to
the episode which occurred in Chemizone BPI. The peak proportion of K, at 74 cm, is
associated with, rather than succeeded by Fe, which indicates base depletion of the catchment
soils occurring at the same time as mechanical erosion was occurring. Acceleration of base
depletion in the catchment soils is indicated by the high proportion of Fe, 70%, recorded at 70
cm. The introduction of Fe into the loch sediment again coincided with a reduction in Si. The
presence of Fe and the decrease in Si suggests that the waters of the loch became acidified and
oligotrophic for a short period.

The trend described above is interrupted at 60 cm by high ratios of AI, Ca, Mg and Na, which
indicate a short term but severe impact of the sea on the loch waters. Occurring in tandem,
these peaks probably record processes that are allocthonous to both the loch and its catchment
soils, for example the sea, or the input of salts in precipitation as described elsewhere by
Waterston et al. [1979]. Whether this marks the ingress of the sea into the loch or a marked
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climate change in respect of the oceanicity of the weather regime or rainfall, is open to
speculation. However, this episode appears to have countered the trends of acidification
indicated at 70 cm, because at 50 cm Si proportions rose to 78%, the highest level reached in
the entire core; while at the same depth Fe proportions fall to 0.1 %, the lowest prop onion of
this mineral recorded in the entire sediment record.

If an "anthropocentric interpretation" of the geochemical sequence is pursued, then this zone
represents a period of renewed exploitation of the catchment, and subsequent weakening of soil
structure. The episode of soil erosion indicated by the peaks in K and Ti may have been
prompted by a renewed phase of exploitation. However the proportion of K in Chemizone BP2
is lower than in Chemizone BPI and suggests that this phase of exploitation was not as intense
as the previous. This phase of exploitation may have been ended by a period of oceanicity of
climate, indicated by Chemizone BP2a, following this episode the loch and catchment appear to
return to mesotrophic conditions.

An alternative hypothesis, as in Chemizone BPI, relies on either a significant environmental
change or the natural lowering of erosion thresholds within the soils of the catchment. The
rapidity with which Fe is mobilised and then dominates the geochemical sequence following the
episode of erosion, may reflect a more depleted base status of the soil; or alternatively the
acidification of, and hence the degradation of soil structure and subsequent lowering of
erosional thresholds. However, elements which indicate soil acidification and the acidification of
waters, such as Mn and S, are still present in very low proportions, while bases such as Mg are
still available. This would suggest that either the catchment soils were not degraded into
podzol ic conditions at this time or that there was little relationship between the acid status of
the soil and the loch chemistry. The latter hypothesis is in accordance with the observations of
Jones et al. [1986, 1989] and Battarbee [1990].
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Chemizone BP3. 41· 28 em
Youngest
28 em

Peak in P, Fe.

Decline in Si.

30cm

Peak in Si.

Decline in Fe.

33.5 em

Peak in Si.

Decline in Mg, Fe.

38cm

Peak in Mg, Fe.

Low Si.

40 em

Peak in K, Fe.

Decline in P.

41 em

Peak in P. Fe.

Decline in Si.

50 em.

Peak in Si.
Oldest.

Summary.
Successive changes in sediment texture forced a frequent sampling interval in this chemizone. A
recovery in the trophic status of the loch is indicated by the Si peak at 50 cm. This is followed
at 41 cm by a decline in Si and an increase in P and Fe. High proportions of Fe were recorded
between 41 and 38 em. Fe features more prominently in this chemizone than in either BPI or
BP2, but base elements such as Mg are also present, while Mn and S are present in low ratios.
At 40 cm an episode of mechanical erosion occurred, evidenced by the small increase in K. The
peak proportion of K in this chemizone, 4%, is lower than those which occurred in zones BPI
and BP2, 12% and 8% respectively. At 33.5 em Fe and Mg declined and Si recovered.

Interpretation.
Chemizone BP3 is similar to BPI and BP2, with the geochemical cycle Si, P, Fe, K and Mg.
At the bottom of this zone the Si peak, which may be interpreted as indicating mesotrophic
conditions is succeeded by peaks in P and Fe. Phosphate deposition is often difficult to
interpret in lake sediments as it is often co-precipitated with iron [Engstrom & Wright 1984].
In this case, since Fe ratios remained high after P proportions declined so co-precipitation of
these minerals appears unlikely. The relatively high proportions of Pat 41 and 28 em, 1.15%
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and 1.2% respectively, suggest that the loch was occasionally nutrient enriched A smaller
episode of mechanical erosion than those noted in Chemizones BPI and BP2 occurred at 40 cm
and this was accompanied by an inwash of Mg into the basin. The cycle is completed by a
recovery in the relative abundance of Si to 77% and decline in Fe.

If the proportion of K at 40 cm is the result of anthropogenic modification of the catchment, it
appears to have been happening on a smaller scale than in previous episodes. However, if the
physical component of the soil disturbance has declined, the chemical component, Fe, has not.
In this zone the chemical weathering of sediments in the catchment, indicated by Fe dominates
the sequence and the loch appears to be switching to oligotrophic conditions when Fe is
deposited in the loch sediments.

Chemizones BPI - 3 exhibit a geochemical cycle which suggests that feedback mechanisms
operated to bring the loch back to mesotrophic conditions and the catchment soils to stability
despite the leaching of periodic leaching of Fe from the catchment soils. This cycle is
dominated by the succession of Si, K, P and Fe.

The chemistry of the loch and the catchment soils approached a critical threshold in this
chemizone. The marked contrast between Chemizone BP3 and BP4 suggests that a sudden and
drastic environmental change occurred from which the loch and its catchment has so far been
unable to recover.

Chemizone BP4. 28 - 3 em.
Youngest
4 cm. Peak in Mg, Ti, AI.

Recovery in Ni.

5 cm. Peak in Mn, S, P, Na, CI, Cu.

Decline in P, Cl.
Decline in Mg.

6 cm. Peak in Mg. Minor peak in K.
7 cm. Peak in Si.

Decline in Mg.

8 cm. Peak in Mg, Fe.

Decline in Zn.
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10 cm. Peak in Zn, Cu.

Recovery in S i.

Decline in Mn, S,
P, CI, Cu, Ca.

20 cm. Peak in Mn, Mg, S, P, Na, Cu.

Decline in Si.

CI, Cu, Ca.
28 cm. Peak in P, Fe.

Decline in Si.
Oldest

Summary.
In chemizone BP4 several minerals which are present in low proportions in chemizones 1 - 3
feature prominently. In particular the proportion of S, and Mn, increased by several hundred
percent; S from <2% to 13.8% and Mn from 0.6% to 4.4%. CI and Na also exhibit a similar
trend, but these indicate the influence of oceanicity and rainfall on the catchment rather than
autocthonous processes occurring within the catchment soils [Waters ton et al. 1977]. This
change occurs suddenly at 20 cm depth where peak proportions of S, Mn, P, Na, CI, Cu, and
Ca occur. These elements exhibit Dynamic Metastable equilibrium, and this sudden change in
the proportions of the minerals within the core suggests that a significant environmental change
had occurred. A similar episode, but of lesser intensity occurred at 5 cm depth. Though a trace
metal here, the peak relative abundance of Cu, approximately 1.2%, occurred at 20, 10,5 and
3 cm. At 10 cm Zn rose to its highest value of the whole core, 0.98%. Mechanical erosion is
indicated by a minor peak in K at 6 cm depth. Si proportions declined at 20cm to 21 %, almost
the lowest proportion of this mineral in the whole core, but was relatively stable between 7 and
4cm.

Interpretation.
A significant change in the sediment chemistry occurred in this zone which suggests that the
loch waters became acidified, and that this process occurred rapidly. Below this zone Sand Mn
are present at low ratios whilst within and above this zone both elements dominate the sediment
chemistry. Minerals which peak at 20 cm can be divided into two groups, those which indicate
an increase in the influence of the sea on the chemistry of the loch water's Na, Ca and CI; and
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those which indicate an acid water chemistry S, and Mn and an abundant nutrient supply P.
The range of minerals which peaked at 20 cm depth indicate that a significant threshold has been
crossed. A similar event though on a smaller magnitude occurred at 5 cm depth. The most
probable mechanism for this sudden environmental change is the onset of the Industrial
Revolution and the deposition of acid materials in the catchment [Mitchell et at. 1985; Rippey et

al. 1982].

The introduction of Chemizone BP5 into this sequence is caused by the need to consider the
impact on sediment chemistry of Calcium bombing of the loch, which was carried out in the
Spring of 1990. Studies of the sediment composition and morphology under a Scanning
Electron Microscope revealed that calcium pellets were distributed to a depth of 3 cm in the
core.

Chemizone BPS.
Youngest.
0.5 em. Peak in Na, Ca.

Recovery in Mn, P, AI, .

Fall in Mg, Fe

CI, Si

1 cm. Rise in Mg, Fe, Zn.

Stable Na.

Steep fall in Mn, S, P,

Cl.

2 em. Peak in Ca, Mn, S, P,

Recovery in N a.

Decline Zn, Fe, Si, Cu.

AI, Cl
Decline Mg, Ti, AI, Na,

3 cm. Peak in Ni, Zn, Fe, Cu.

Ca.
Oldest.

Summary.
Pellets of introduced Calcium could be observed when the sediments were studied under the
electron microscope and care was taken to focus the electron beam away from these to avoid
artificially weighting the sediment chemistry. This zone is introduced at 3 cm depth by a decline
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in the proportions of Na, Ca, Mg, AI, and P; and peaks in the proportions of Fe, Cu, Ni, and
Zn. At 2cm depth all these minerals plus Mn, CI and S recover while Fe, Cu, Ni and Ti
decline. All the elements which rose in ratio at 2cm stabilise or fall slightly at 1 cm, but Mn, Fe,
Ni, Zn and Ti record increases in ratio. At 0.5 cm depth Na, Ca, AI, P, Mn, CI, S, Si, and Ti
increase in proportion, while Mg, Cu, Fe, Ni and Zn decline. At 0.5 cm Ca reached, 11 % the
highest proportion of this mineral in the entire core, as did Na at 5% .

. Interpretation.
There are two peak values and one decline of Ca in this Chemizone. Are any or all of these in
response to the deliberate introduction of this carbonate mineral into the loch. If these
proportions are the result of deliberate introduction what, if any was the response of these on
the sediment chemistry?

The Ca was introduced in an attempt to raise the pH of the loch and lower the AI intake of
Salmon fanned in the loch; to what extent was this successful? In tandem with the rise in ratio
of Ca at 2 cm depth Zn, Fe, Cu and Si are suppressed but Mn, S, P and AI ratios increase.
These responses do not produce unequivocal evidence for a reduction in the acidity of the
waters. Mn, Sand P ratios in partiCUlar, which commonly indicate acid, eutrophic waters,
increase in tandem with Ca. Fe is the only mineral, commonly taken to indicate a tendency
towards acidity, which declines at this point. Could the rise in P to 1.4% at 2cm depth indicate
increased nutrient availability in the loch brought about by the faecal input of farmed fish and the
decomposition of unconsumed food? At 1 cm depth the value of Ca declines, as do the values
of those minerals which rose in tandem with Ca at 2 cm. The proportion of Fe rose at 1 cm,
but again this trend does not present equivocal evidence for a clear response to the introduction
of allocthonous Ca, particularly since the increase in the acid indicator Fe, is accompanied by an
increase in the base indicator Mg. At 0.5 cm depth values of Ca and Na were the highest
recorded in the whole core, and the relative abundance of Mn, P and AI also increased. At the
same depth, proportions of Fe and Mg decreased. These responses of Mn, P, and AI, to the
Ca peaks in this zone may imply that the "Calcium bombing" was a failure. The ea peaks and
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Fe declines do occur in tandem and may imply a recovery in the pH status of the loch. In
Chemizone BP5, between 3 and 2 cm, when Ca climbed from 2% to 7 %, Fe declined from 40
to 26%. Between 1 and 0.5 cm Ca ratios rose from 5.5% to 11 %, while Fe declined from 45%
to 19%. Ostensibly this is a significant response to the deliberate anthropogenic introduction of
Ca. However, greater variation in the Fe content of the core can be observed at other depths in
the core, between 90 and 80 em (65-25%), 70 and 60 cm (55-29%), 38 and 33.5 cm (44-23%).
Nor do all the declines in ratio of Fe correspond to a peak in Ca. At 90 cm a peak in the
proportion of both minerals occurred. Interpretation of the Fe profiles in the top few cm of a
sediment profile is further complicated by the fact that oxidizing conditions, peculiar to the
uppermost part of the sediment column, may result in the accumulation of Fe at this point
[Carignan & Hett 1981]. The response of Fe may then have little to do with the introduction of
Ca into the waters.

Discussion.
Calcium bombing, success or failure?
On this evidence it appears that the introduction of allocthonous Ca failed to have a marked
effect on the acidity of the Loch A'Barpa. If the principal aim was to reduce the ratio of AI in
the water column, it appears that this also failed, since it can be seen that AI proportions
increase in chemizone BP5 in tandem with increases in the ratio of Ca. Calcium bombing is a
controversial means by which to address problems of water acidity [New Scientist 1990]. The
process relies on the dissolution of the introduced carbonate in the loch waters, but observations
have suggested that the once the surface irregularities of the Calcium pellet have been smoothed
by dissolution, processes all exchange between the loch water and the allocthonous calcium will
cease. Once this occurs the introduced Ca will cease to have an impact on the chemistry of
either the loch waters or deposited loch sediment. Studies of the calcium pellets in the loch
sediments under a the loch sediments under Scanning Electron Microscope revealed that the
their surfaces had been smoothed, and few surface irregularities were observed. A further
problem arises if the peak ratio of Ca in Chemizone BP5 is ascribed to the anthropogenic
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introduction of allocthonous material; from 20 cm depth upwards peaks in Ca, Na and AI, are
associated with peaks in the minerals P, Mn, CI and S, which are indicators of acid conditions.

The artificial introduction of Ca to a water body and ultimately to a sediment column should be
portrayed by a increase in proportion which suppresses the proportion of other minerals in the
core. To what extent is the

ea observed in the core, and in particular in Chemizone BP5 the

result of autoethonous or alloethonous Ca? The nature of the analytical technique used here is
such that a genuine increase or decrease in the ratio of an element in the core will inevitably
result in an apparent decrease or increase in the ratio of other elements within the core and in
particular in the ratios of minerals which normally respond in tandem to the introduced material.
It is for this reason that successful interpretation of EDMA results relies on the construction of
a facies model. From 74 em depth, in Chemizone BP2, to 0.5 cm depth in Chernizone BP5,
variation in the ratio of Ca in the core is strongly paralleled by Na and AI [See Figure BPI].
This indicates either a similar source, or that these minerals respond to similar environmental
conditions. The allocthonous introduction of Ca should then have resulted in the suppression of
Na and AI, but this did not occur, which suggests that the peak ratio of Ca in Chemizone BP5
does not reflect the introduction of allocthonous Ca.

The proportions of Sand Zn, good indicators of acid stress [Holdren et al. 1984] fluctuate and
decline in the top 5cm of the core apparently in response to increase in the ratio of Ca.
However, several studies have noted a decline in the deposition of these minerals at the top of
sediment cores, and this has been taken elsewhere to indicate a genuine fall in the output of
industrial contaminants [See Berge et al. 1990; Renberg et al. 1990; Rippey 1990]. The rise in
Ca may therefore be a consequence of a decline in the deposition of Sand Zn rather than the
direct cause of the decline in the proportion of these minerals in the core. Evidence from two
other Lochs from the Outer Hebrides also reveal an increase in Cn ratio at the top of the
sediment column. These lochs [Discussed below] have not had calcium introduced artificially.
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From the above discussion it is obvious that the impact of Calcium bombing on the pH of Loch
A'Barpa is difficult to detect in this study of sediment geochemistry. It appears that processes
which may reverse the acidification of the loch may already be occurring and that the
introduction of Ca into the loch has had little impact on the progress of these processes.

Alternative Calcium sources. Influence of the sea? Erosion of sand dune and Machair?
Rainfall in the Outer Hebrides has been observed to be primarily dilute sea water [Waters ton et

al. 1979] containing dissolved substances acquired from the atmosphere and the ocean. There
must therefore be a close relationship between such elements as Sodium, Chloride and Calcium.
Maitland and Holden [1983] observed a clear correspondence between the ratio of Sodium and
Calcium in the inland waters of the Outer Hebrides. The relationship in this core between
Sodium and Calcium is clear, demonstrating the real influence of the sea on the chemistry of
Loch A'Barpa. A correspondence with the trends in CI can also be observed, but this is clearest
above 20 cm in depth.

The close theoretical and observed relationship between Ca and Na allows us to suggest that
where peaks in the proportion of either element occur in tandem these indicate the influence of
the sea, but that where peaks in either element occur independently of the other, dilute sea water
may not be the source.

The close correspondence between Na and Ca in Chemizone BP5 suggests the influence of the
sea may be more important than the introduction of Ca by helicopter. At 90 cm a peak occurs
in the ratio of Ca which is independent of Na. An alternative hypothesis to account for the
presence of this element is from the soil improvement practise of liming via the introduction of
shell sand. Since this rise in Calcium follows immediately after what appears to be a substantial
disturbance of the landscape indicated by the high proportion of K at 90 cm, the latter
hypothesis appears the most likely.
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Finally and perhaps most significantly, similar peak ratios of Ca can be observed near the
surface in the sediment chemistry of Lochs Druidibeg and Obisary, below, which have not been
the subject of calcium bombing. The peak in the proportion ratio of Ca in Chemizones BP4 and
BP5 may reflect the erosion of calcareous material from machair and dunes to the West and
deposited in the loch. This would account for the disparity observed where high Ca proportions
are not associated with other indicators of the influence of the sea.

Geochemical Trends.
A study of Figures 8.2a and 8.2b illustrates that few of the minerals in the sediment core behave
independently of the other minerals present. A strong association can be observed between Na,
Ca, and AI, and a slightly weaker association can be noted between those three and P and Mg.
A strong association can also be observed between Mn, P and S. All seven minerals behave
similarly in Chemizones BP4 and BPS, above 28 cm depth. Trends in the input of Mg are
classically interpreted as indicating mechanical erosion and this can be seen at 92, 74, and 40
cmdepth.

Dating the core.
Cu, and Zn do not respond in tandem to any other minerals, and the source of these may be
allocthonous to the loch, the catchment or even the Outer Hebrides. As trace metals these may
indicate the onset of atmospheric pollution brought about by industrial activity in Europe
[Rippey 1990] and as such are a good means of dating that part of the core [Holdren et at.
1984]. Therefore in the Loch A'Barpa sediment core the peak ratios in these minerals at 20 cm
may indicate a date of between 1820 and 1880.

Fe and Mn are commonly used to reconstruct palaeo-redox conditions of the catchment soils
[Mackereth 1965,1966]. Here Mn is closely related to CI and S rather than Fe. Fe proportions
in the core rose after each episode of mechanical erosion and dominated the geochemistry in
Chemizone BP3. Peaks in Fe suppress the biological activity of the loch, indicated by Si
proportions. Si commonly has a biogenic source and the decline in concentration of this mineral
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in tandem with peaks in Fe suggest that the loch was periodically oligotrophic in Chemizones
BPI and BP2.

Throughout the length of the core Fe and Si are negatively related. The presence of Fe in the
sediments may be the result of the leaching of Fe from sediments and their acid status. Since
peaks in Fe are related to decreases in Si it seems clear that the trophic status of the water body
has fluctuated throughout the time recorded by the sediment column. Hebridean lochs may
fluctuate between a range of trophic states through time, or even concurrently across the loch
itself [Boyd 1979; Glentworth 1979; Waters ton et al. 1979] and the changes recorded in the
sediment chemistry may record these processes.

Non-Anthropogenic environmental change.
In this discussion, non-anthropogenically induced environmental change is interpreted as events
which are not directly attributed to the activity of people, but it is difficult to isolate
environmental change in the Outer Hebrides which does not have an anthropogenic component.
The environment of the Outer Hebrides. the soils, flora and fauna, have been subtly altered by
human influences over thousands of years [Bennett et al. 1990; Boyd 1979; Glentworth 1979].
The geochemistry suggests that a significant environmental change occurred at 60 cm, where
peak ratios in Na, Ca, and AI. These minerals primarily have an allocthonous source, in dilute
sea water deposited as rainfall, and may indicate an episode of increased rainfall. Alternatively
these minerals may have been leached from the catchment soils in response to growing acidity.
Were this to be the case a rise in S should also be anticipated, since this did not occur an
increase in rainfall would appear to be the most likely source for this episode.

Anthropogenic Impact?
The use of geochemical data to attempt the reconstruction of a detailed environmental history of
a catchment is still in its infancy and in the absence of palynological or radiocarbon dating it is
difficult to estimate the periodicity of anthropogenic inputs into the sediment core, or to
estimate how long the material has been accumUlating. However, the acidification of waters has
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been demonstrated to be a relatively recent event in many areas [Battarbee et al. 1985; Holdren

et al. 1984; Renberg 1990] so it would appear that 20% of the core has accumulated in the past
200 years. Comparison with Bennett et aI's [1990] radiocarbon dated sediment core, from
Loch Lang on South Uist, suggests that the material retrieved from Loch A'Barpa may have
accumulated in the past 1500 years. Mechanical erosion is indicated by trends in the element
potassium; three substantial increases in the proportion of this element occur at 92 cm, 74 cm
and 40 cm, and a lesser increase can be observed at 6 cm. The trend in this element is one of
declining input into the basin. Each successive peak is smaller than the preceding one. An
anthropocentric interpretation of this trend would suggest three phases of clearance or
landscape utilisation, each of which was either less intense, or generated less disturbance to the
soils than the preceding event. These erosion episodes may be related to episodes of increased
population pressure, rather than to new phases of settlement [Dodgshon 1988]. At Loch Lang
Bennett et al. [1990] noted changes in the ratios of inorganic material at 2235 BP and again at
480 BP. This present analysis indicates that erosional episodes occurred more frequently in the
Loch A'Barpa catchment, or that the analytical [EDMA] method used here is better able to
identify such episodes than flame photometry or atomic absorption. An alternative hypothesis
would suggest that the ratio of K available for erosion had diminished, but given the character
of the Lewisian Gneiss (parent material) this seems unlikely.

Mg rises at 92 cm and stays at a high level until 70 cm. Mg is an important base element and its
incorporation in the loch sediments at this point may point to increased soil erosion in response
to cultivation.

Summary.
This analysis of lacustrine sediments from a remote Hebridean loch demonstrates that even in
such isolated environments, human modification of the environment is one of the principal
environmental determinants. Three clear phases of landscape disturbance are identified each of
which has a distinct geochemical signature which suggests that intensification of anthropogenic
exploitation rather than other environmental variables were responsible for these episodes.
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Anthropogenic activity is also probably responsible for the sudden change in the acidity of the
lacustrine sediments at 20cm. The influence of the sea is also identified as a major
environmental determinant. At several points in the core the influence of the sea appears to be
the major variable operating upon the environment of the loch. The deliberate introduction of
carbonate material into the loch was detected, but this strategy does not appear to have had the
desired effect. The application of EDMA to the study of this loch demonstrates that it is
sensitive enough to identify phases of anthropogenic activity, rainfall intensity and the
deposition of industrial contaminants. A further test of this technique will be the degree of
replicability between this and the other lochs analysed below.
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Loch Obisary.

Loch Obisary lies on the eastern side of North Uist, grid reference NF 896661 [Figure 8.1],
sandwiched between undulating blanket peat to the west and the high ground of Eaval [347
metres] and Burrival [140 metres] to the east. The underlying bedrock is Lewisian Gneiss. Tills
derived primarily from the gneiss material underlie the dominant soil type abutting the loch, the
peaty podzols of the Lochinver series.

Three soil types are found around the loch:

1.

Peaty podzols and peaty gleys, described as map unit 391 of the Lochinver series by the
Soil Survey of Scotland [Hudson et al. 1982]. This soil is base poor and acidic and is
only suitable for rough grazing.

2.

Peaty gleys and peat, described by the Soil Survey of Scotland as map unit 394 [Hudson

et al. 1982] which develop on stony, sandy loam colluvium. This is a minor soil type
abutting Loch Obisary, but a major one on the islands as a whole. The soil is base poor
and acidic and is only suitable for rough grazing.

3.

Peaty gleys and podzols formed on very steep hillsides described as map unit 396 by the
Soil Survey of Scotland [Hudson et al. 1982]. This soil develops on colluvium and is
base poor and acidic and capable of supporting only limited amounts of rough grazing.
In terms of area occupied, this is the least important of the soils around the loch, but in
tenns of the contribution of terrestrial material to the loch it may be the most important,
as the steep slopes which support this soil drop straight into the loch, from the slopes of
Eaval and Burrival.
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Much of the peat to west of the loch has been cut for fuel, and Feannagean, evidence of fonner
spade cultivation is common. Most of the islands in the loch are grazed by sheep. Several
building structures of the prehistoric and historic age are located around the loch.

The loch is connected to the sea by an open channel into the sea loch, of Loch Eport. This
channel ensures that the influence of the sea features strongly in the sediment chemistry, and
acts as a strong counter to processes of loch acidification. As a result, surface waters are
brackish, whilst at depth full-strength sea water can be found [Boyd & Boyd 1990]. There is
evidence that fish farming has been practised in the loch until quite recently. The loch sediments
were sampled because of its great depth. Loch Obisary is up to 45.3 metres deep [Waterston et

al. 1979] which offered the potential for a considerable accumulation of Holocene sediments,
unfortunately only 110 cm of material was recovered by the boat launched corer which was
disappointing. The ingress of the sea under certain conditions appears to have set up currents
which either prevents or disturbs the accumulation of lacustrine sediment. The core described
below was retrieved from the deepest section of the loch at NF 897615, to the south-west of
Eilean Fada

Core Description.
The sediment retrieved consisted of featureless grey black gyttja. Contiguous lO cm samples
were taken down the core and prepared in the manner described above. Small quantities of
tephra were observed [Figure 8.3] when this material was examined. Compared to the results
obtained at the Strath of Kildonan, these figures are low and sub-sampling of the core between
O-lOcm and 70-80cm failed to reveal any tephra at all. Despite the low tephra count the two
areas with the largest tephra counts were sampled at lcm intervals for the geochemical
investigation.

To allow clearer interpretation of this material the core has been divided into 4 chemizones refer
to Figure 8Aa & 8Ab.
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Chemizone OBI. 110 - 80 em.
Youngest.
80 cm. Peaks in Zn, Ni, Mn, Fe, Cu.

Decline in Sit

90 cm. Peak in Si, AI.

Decline in CI.

100 cm. Peak in Na, Cl.

Decline in Si, AI.

110 cm. Peak in Si, S, AI.
Oldest.

Summary.
At the base of the core peaks in Si, S and AI were observed. S with a proportion of 15%, is
higher here than at any point in the whole of Loch A'Barpa. The rise in the proportion of Na
and CI at 100 cm suggest an episode where the influence of the sea dominated the sediment
chemistry. At 80 cm peak ratios in Zn and Cu occurred which may indicate the deposition of
industrial pollutants. The ratio of Mn also peaks at 80 cm and this may record the acidification
of the loch waters.

Interpretation.
Although the whole core is of a similar length to the sediment accumulated at Loch A'Barpa, the
geochemistry of Chemizone OB 1 indicates that it is considerably younger. In this chemizone
the value of S in the core falls from a peak of 14% to a background value of 6%. This is a
similar sized peak, but a far higher background proportion, to those achieved in the top 28 cm
of the Loch A'Barpa core. In Loch A'Barpa this ratio of S was taken to indicate the
acidification of the waters concurrent with the onset of industrial pollution, if this is the case
here then the whole core may have been accumulating for less than 200 years. Local conditions
may influence the ratio of S in the core. However, the presence of Zn and Cu at 80 cm is
another indicator that this material has accumulated in the industrial period [Nriagu & Coker
1983; Rippey et al. 1982]. Rippey [1990] suggested that significant quantities of Zn were not
deposited at the equally remote Lochan Dubh, in the north-west Highlands of Scotland, until the
1880s which suggests that the sediments examined here may have accumulated rapidly over a
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short period of time. The influence of the open channel to the sea is graphically demonstrated
by the background proportion of Na in this core, circa 4% and peak a ratio in Chemizone OB 1
of 27%. Background values of Na at Loch A'Barpa were 0.5%, with a peak of 5%. The supply
of Na to the loch reduced the tendency towards acidification which normally follows the onset
of industrialisation elsewhere.

Chemizone OB2. 79·70 em.

Youngest.
70 cm. Peak in N a, CI, AI.

Decline continues.

71 cm. Peak in Mg, Na, Cl.

Decline continues.

72 cm. Peak in Si.

Decline in K, Ti, Ni, Fe Mn.

73 cm. Peak in K, Ti, P, Mn, Ni.

Decline in Fe.

74 cm. Peak in Fe. Rise in Ti, Ni.

Decline in Mg, Si.

75 cm. Peak in Mg, AI.

Decline in Zn, Ti, Ni, Mn, Fe, Cu.

76 cm. Peak in Zn, Ti, Mn, Fe, Cu.

Decline in Mg.

77 cm. No significant alteration.

No significant alteration.

78 cm. Peak in CI, Si.

Decline in Fe, AI.

79 cm. Peak in AI, S. Rise in Si.

Decline in Ni, K, Fe, Cu ..

Oldest.

Summary.
In this chemizone three episodes of environmental change occurred. At 76 cm peak values of
Zn, Cu, Ti indicate an intensification of industrial pollution; while peak values in Fe and Mn
suggest the acidification of the catchment soils and waters. At 75cm increases in the ratios of
the base minerals Mg, Na, CI occurred. An ingress of sea water into the loch is the most
probable cause for this event. At 73 cm a peak in K occurred which was accompanied by a
peak in P which suggests that soil erosion has occurred, accompanied by an inwash of organic
material into the loch.
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Interpretation.
In this Chemizone the high ratios of minerals which were probably generated by industrial

pollution [Holdren et al. 1984] is further evidence that the entire core has been accumulating for
a relatively short period of time. S proportions remained constant, around 10%, but the
influence of this mineral was countered by the influence of bases supplied by the sea, in
particular at 75 cm. The peak in the value of K, at 8.7%, indicates an episode of soil erosion.
Such episodes may be the result of a direct anthropogenic modification of the catchment soils.

In the case of Loch Obisary, the steep slopes of Burrival, which supports the peaty gleys of soil
map unit 396, slope directly into the loch and erosion from these may have occurred naturally
rather than have been prompted by the activities of people. No geochemical changes are
observed in this chemizone which might be attributed to the influence of tephra on the
catchment soils and waters.

Chemizone 3. 70 - 20 em.
Youngest.
30cm.

Rise in Fe begins.

Decline in P, Mg, .

40 cm. Peak in P, Mg.

50 cm. Peak in Si.

60 cm. Peak in Ti, S, Fe.
Oldest.

Summary
In this Chemizone the indicators of industrial pollution and loch acidification decline while the
indicators of biological productivity, nutrient supply and base availability, all increase.

Interpretation.
The decline in indicators of industrial pollution and acidification is related to an increase in the
ratios of minerals which indicate a recovery in base status and biological productivity, P, Mg,

211

AI, CI and Ca. This pattern has been noted at Loch Tinker, in the Trossachs, and at the Round
Loch of Glenhead, in Galloway [Rippey 1990]. The explanation advanced is that the
accumulation of Mg, AI and P in this zone indicates the rapid accumulation of sediment in the
loch [Rippey 1990]. This explanation fails to account for the mechanisms which have prompted
the increase in sediment accumulation. The peak in Pat 40 cm suggests that the level of
biological productivity within the loch was greatly enhanced, which implies a change in the
trophic status of the loch from oligotrophic to mesotrophic. This may have been brought about
by natural mechanisms operating within the loch to counter acidification the existence of which
has been speculated upon [Jones et al. 1986; Battarbee 1990] or by ingress of base rich
material from the sea, or by a combination of both.

Chemizone OB4. 20·1 em.

Youngest.
1 cm. Peak in Cu, Ni, Fe,

Rise in Ca.

Fall in K, Zn, P, Na, Mg.

2 cm. Peak in K, Zn, P, Na, Mg, Cl.

Fall in Ca.

3 em. Peak in Ca.

Decline in S, Fe, Mn.

4 cm. Peak in S, Mn, Fe.

Fall in Ca.

5 cm. Recovery in Si.

Decline in S.

6 cm. Peak in S, Ca.

Fall in Si.

7 em. Peak in Si.

Rise in Ca begins.

Fall in S.

8 cm. Peak in S.

Fall in Fe, Mn.

9 cm. Peak in Fe, Mn. Rise in S.

Decline in Zn, Cu.

10 em. Peak in Zn, Cu,

Decline in P.

20cm.

Decline in P.

Oldest.
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Summary,
In this chemizone the ratio of minerals which are indicative of acidification, Fe, Mn and S
increased substantially. S rose to 26%, Fe rose to 35% and Mn to 0.8%. Peaks in all three
minerals occurred at 9cm and 4cm, and between Mn and S at 9cm, 6cm and 4 cm. Zn and Cu,
indicators of pollution, peaked at 10 em, and Cu also peaked to 3.9% at lcm. Si values vary in
response to the performance of acid indicators. Peaks in S, Mn and Fe inevitably result in a
decline in the ratio of Si in the core. Two substantial increases in the proportion of Ca, to over
19%, occurred in this chemizone, at 6cm and 3 cm. The first of these, at 6 cm, coincides with a

peak in acid indicators, while the second, at 3cm, coincides with a decline.

Interpretation.
In this zone between 20 cm and 4 cm the indicators of acidification, S, Mn and Fe dominated
the sediment chemistry, which suggests that the acidity of the loch rose to its highest level. In
Chemizone OB4 the acidity of the loch water rose to the point where biological productivity
was diminished. This is indicated by the behaviour of Si and S. There are two main sources for
S in lake sediments:

1. As a by product of the decomposition of lake flora and fauna [Rudd 1986].
2. From the deposition of industrial pollution [Jones et al. 1986].

Si in lake sediments is primarily the result of biological productivity within the lake [Battarbee
1986]. If this is so indicators of biological productivity and decomposition by-products should
be in accordance, and this is the case throughout much of the core. In Chemizone OB4
however, the relationship between Si and S is a negative one, peaks in S are related to minima
of Si. The source of S in this chemizone may be industrial pollution rather than the
decomposition of lake flora and fauna. On this evidence the waters of Loch Obisary did not
become acid and Oligotrophic until quite recently, perhaps within the last 120 years, if the
evidence of Cu and Zn at 76 cm is interpreted correctly.
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Above 4 cm the proportions of indicators of acidification decline, apparently in response to the
presence in the core of a high value of Ca 6 and 3 cm. For much of the core, the proportion of
Ca rarely climbed above 6%, but in this chemizone it rises to over 19%. There has been no
suggestion to date that Ca was artificially introduced to the loch, in a deliberate attempt to
reduce acidity, nor were calcium pellets observed when the samples were studied in the
Scanning Electron Microscope.

Two hypotheses are proposed to account for the peak ratios of Ca:
1. Autocthonous production of Ca within the loch.
2. The introduction of calcareous material into the loch.

If production of Ca at these points was autocthonous to the loch, any increase in its relative

abundance should persist across more than one contiguous sample. The peak ratios of Ca were
confined to samples taken from 6cm and 3 cm and if autocthonous internal productivity was the
source it occurred during a relatively brief periods when the loch environment became less acid.
There is no evidence in the sediment chemistry that the peak in Ca at 6 cm occurred in response
to a fall in acidity. At this depth, a peak in Ca corresponds with peaks in Sand Mn and a fall in
Si and Mg. This does not suggest the return of neutral pH conditions. At 3cm the peak in Ca
proportion 20%, does coincide with a decline in the ratios of acid indicators, and a limited
recovery in the ratio of Si occurred. However, minerals which indicate a rejuvenated base
status, Na, and CI, perhaps via the influence of the sea, also decline. In the face of this
argument, the internal productivity of Ca within the loch appears unlikely.

Any "natural" introduction of calcareous material to the loch requires a recognisable source.
The correspondence of peaks in the ratio of Ca with minima in the ratio of minerals which
indicate the influence of the sea, suggests that the Ca was not introduced in sea water; or
produced in the loch following a modification of its trophic status following an ingress of sea
water. An alternative source of calcareous material exists in the shell sands of the extensive
machair and dune systems on the western side of the island. The sand dunes of Baleshare are
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only 10 kilometres to the west of the loch and the environmental disturbance episode which saw
the formation of the dunes, could have resulted in the transport of calcareous material to the
loch. Work in progress [Gilbertson et al. in press] indicates that the machair and dune systems
have been disturbed and eroded several times in their history, and that the most recent episode
occurred within the past 100 years. This hypothesis accounts for the limited duration of the Ca
peaks, and for the fact that no other mineral which indicates a base rich environment rises
increases its ratio at these points, as would have been the case had the Ca peaks recorded a
change in the productivity of the loch.

Indicators of the influence of the sea, Mg, Na, CI remain relatively constant in this chemizone,
but AI proportions are much lower than in the two preceding chemizones. from a mean of 9% in
zones 2 and 3 to a mean of 5% in zone 4. However, there are no peaks which might indicate
the ingress of substantial volumes of sea water into the loch basin. Perhaps the direct influence
of the sea has diminished in recent years facilitating the acidification of the loch?

Discussion.
The argument presented above suggests that the material retrieved in this study from Loch
Obisary has accumulated within the past 200 years. Considerable depth of sediments would be
expected to have accumulated in a loch of this depth [45.3 metres] and the fact that they have
not suggests that a mechanism acts within the loch to prevent accumulation, or to periodically
scour the basin clear. The probable source of this mechanism is the ingress of the sea during
extreme storm conditions. Minerals which indicate industrial activity in Europe, Cu and Zn, are
present from 80 cm depth and the sediment accumulated in Loch Obisary may well have
accumulated post the industrial revolution. The loch is open to the sea via a narrow inlet and
the influence of the sea on the sediment geochemistry can be seen throughout the sediment
record. This acted to prevent the acidification of the loch until the top 10 em of the sediment
record. The acidification of the loch is indicated between 10 em and 3 em by peak proportions
of in Cu and Zn followed by consistently high values of Fe, Mn and S. This trend is
interrupted by the introduction of Ca into the basin, the most probable source of which is from
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dune blowout from the links and machair to the west The trophic status of the loch is currently
in a state of flux. Some acid indicators, Sand Zn have declined in the top 3 cm, while others,

Fe and Mn have recorded an increase. Unfortunately for the loch the main counter to the
processes of acidification, the contribution of bases by sea water entering via the small open
channel, declines at the top of the core.

Anthropogenic influences.
The deposition of industrial pollutants in this environment is clearly seen in Chemizone OB4.
This is unquestionably an anthropogenic modification of the environment. The direct impact of
the people of the island on the physical environment of the loch and its catchment is less easy to
detect. Only one episode of physical erosion, marked by a peak in the proportion of K at 73 cm
can be observed and this may be the result of natural erosion from the slopes of Eaval and
Burrival. This erosion may have occurred in response to the overgrazing of the slopes and
subsequent destabilization of the thin soils, but in the absence of further evidence this suggestion
must remain tentative.

Summary.
Despite the different locations a clear similarity can be observed between the environmental
history of Loch Obisary and Loch A'Barpa. In both case the sediment appears to have been
accumulating for a short period of time. In both there is clear evidence for the onset of the
industrial revolution with the deposition of contaminants such as

eu and Zn. In both the

acidification of the loch waters is demonstrated to be a relatively recent event and both Lochs
are demonstrated to be sensitive to the introduction of allocthonous acid materials, this may be
significant for any consideration of the likely response of the Hebridean environment to the
deposition of acid materials emitted by an Icelandic volcanic eruption. Both environments also
demonstrate the importance of identifying the range of allocthonous influences on an ecosystem.
We have already discussed the role of industrial contaminants, but in both ecosystems the
influence of the sea is seen to be important; in Loch A'Barpa this is exerted via the chemistry of
sea water, while in Loch Obisary this is via the direct ingress of the sea. A second allocthonous
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influence is detected in the introduction of Ca into both lochs. In the discussion of Loch
A'Barpa the question was raised as to whether the deliberate introduction of Ca had played any
role in modifying the lacustrine environment, particularly in the face of other, larger peaks in the
values of Ca. The analysis of Loch Obisary demonstrates that the erosion of machair and shell
sands from the west has played a constant role in returning the loch waters to a neutral pH. The
use of EDMA is seen to be sensitive enough to identify such macro-scale influences but also to
reconstruct the environmental response of each loch to the imbalances caused by the
introduction of allocthonous material.
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A third loch was selected for examination Loch Druidibeg, on South Uist

Loch Druidibeg.

Loch Druidibeg, NF795375 [Figure 8.1], lies on South Uist, in a shallow basin "scoured" from
the Lewisian Gneiss by glacial activity. The loch is fed by streams from the east which drain
acid peats, and from the west by brackish water which drains from lochans which have fonned
in the lee of the machair. The loch was selected for coring as the size of its catchment ought to
have ensured the transport and deposition of tephra in the loch sediment. However, the loch is
shallow, exposed to the wind and in many areas was found to have a rocky bed, but sheltered
bays do contain an accumulation of silt. A core was retrieved from one of these, NF795385,
but the maximum depth of sediment recovered was 106 em. The shallow nature of this core
makes it unlikely that sediment has been accumulating since Late-Glacial, but the presence of
sedimentary structures in laminations suggests that the accumulation is undisturbed. The
shallow nature of the loch and its sediments ensures that anaerobic conditions will not have
occurred and hence no significant movement of minerals in the core should have happened.

In comparison to material retrieved from the Strath of Kildonan, the tephra content of the core
was very low [Figure 8.5]. The tephra count was obtained by sampling contiguous 10 cm slices
of the core (see above for methodology). The highest count was 6 grains retrieved from
between 20 - 30 em, but when this area was sub-sampled no tephra was identified and no
geochemical trace was identified during analysis on the Scanning Electron Microscope.

Three main soil types abut the loch. These are mainly on hummocky moraine, derived primarily
from the Lewisian Gneiss, or on steep rocky slopes.

1.

Peaty podzols and peaty gleys formed on hummocky moraine, described as map unit
391 of the Lochinver series by the Soil Survey of Scotland [Hudson et al. 1982]. This
soil is base poor and acidic and is only suitable for rough grazing.
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2.

Peaty gleys, peat and some peaty podzols formed on dissected rocky terrain, described
as map unit 395 of the Lochinver Series by the Soil Survey of Scotland [Hudson et al.
1982]. This soil is base poor and acidic and will only support poor grazing. This soil
can be improved by liming with shell sand.

3.

Humus-iron podzols and non-calcareous gleys formed on hummocky, "bouldery"
moraine; described as map unit 388 of the Lochinver series by the Soil Survey of
Scotland [Hudson et al. 1982]. The parent material for this soil unit is normally loamy
sand. This soil unit is cultivated where relief allows but land use is commonly
restricted to grazing.

In addition to the three main soil units, soils formed on calcareous shell sands can be found in
close proximity. These are described as map units 259 and 262, brown calcareous soils and
calcareous gleys by the Soil Survey of Scotland {Hudson et al. 1982]. These are base rich and
are an abundant source of calcium. The transport of shell sand by people or by aeolian action
must inevitably have an impact on the chemistry of the loch waters and sediments.

The loch chemistry is therefore influenced by a wide range of contrasting environments; acid
peats and waters to the north, south and east, and calcareous sands and the sea to the east. As a
result the pH and chemical content of the water varies considerably. A study of water chemistry
[Waterston & Lyster 1979] found that pH varied from 7.23 in the east to 6.30 in the west, that
sodium varied between 18.7 % - 12.8%, and calcium varied from 10.9% - 4.4%; this variety
inevitably complicates the interpretation of the sediment chemistry.

To allow a clearer interpretation the geochemical data has been divided into three chemizones
[See Figures 8.6a and 8.6b for detail] ..
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Chemizone DR!. 106 - 30 em.
Youngest.
30 cm. Peak in Cl.

Decline in Zn, Ni.

40 cm. Peak in Zn.

Minima in Cu

60 cm. Peak in Si, Zn, Cu.

Decline in Fe, Ni.

70 cm. Peak in Fe.

Minima in P, K, Ti, Si.

80 cm. Peak in P.

Decline in Si.

90 cm. Rise in P, Fe.

No significant alteration.

100 cm. Peak in Si.

Decline in P,S,Ti,AI,Ca,Cl,K,Mg.

106 cm. Peak in P, S, Ti, K, AI, Ca, CI, K, Mg.

Oldest.

Summary.
At the base of the core high values were observed in a wide range of minerals, the majority of
which declined consistently until 70 cm. At 60 cm and 40 cm depth peaks occurred in the
relative abundance of Cu and Zn. Na barely features in the sediment chemistry, which is
surprising given the vicinity of the sea. The value of S at the base of the core, 3.4 %, is the
highest achieved in the whole sediment column, but falls to 0.5 % at 100 cm and rarely climbs
above this ratio. Conversely Mn an indicator of acid conditions which usually responds in
tandem with S barely registered a presence in Chemizone DR!. Mg has two potential sources:
it can accompany K during episodes of mechanical erosion, or it ean be deposited i.n tandem
with Na and CI in rainwater. In this Chemizone it is clearly associated with K. The proportion
of Fe in the core rises steadily from 20 % at 100 cm to 75 % at 70 em. This increase is initially
associated with a rise in the proportion of P between 100 and 80 em.

Interpretation.
This is a shallow core and it is unlikely that the sediment has been accumulating over millennia.
What changed in the environment of the loch that resulted in the accumulation of sediment in
this small bay? The minerals which peak at the base of the core may indicate the nature of these
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changes. At 106 cm the highest ratios of K, Mg, Ti, AI, Ca, CI, and S occurred. The values of
P were the highest until 27 cm. Taken together K, Mg and Ti can be used to indicate an
episode of landscape disturbance which resulted in soil erosion into the loch [Engstrom &
Wright 1984; Mackereth 1965, 1966]. The high values of P may be the result of the input of
detrital organic matter, this is in accordance with the occurrence of an episode of soil erosion.
A nutrient input should result in an increase in biological productivity and the peak in S may
record the subsequent decomposition of flora and fauna which bloomed in this episode. If a
general landscape disturbance occurred in the region, the machair and dunes to the west may
have been destabilised. The episodic destabilization of the dune systems of South Vist has been
demonstrated by Gilbertson et al. [in press]. Such an event would account for the peak in

ea at

this depth. The most obvious source of CI and AI is sea water or the brackish water of lochs
which lie between the mach air and the blacklands. Taken together, the elements which peak at
106 cm can be taken to indicate a phase of landscape disturbance.

Between 100 cm and 70 cm the proportion of Fe in the core rose from 20 % to 70 %. Whereas
Si fell from 75 % to 20%. Fe is an indicator of the rate of leaching from catchment soils and
subsequent acidification of waters [Engstrom & Wright 1984]. The values of Mn in this core
are very low, but this element is a good indicator of increasing acidification and peaks do occur
in tandem with peaks of Fe. Si is a good indicator of the biological productivity of the loch
which again is closely tied to the acidity of the water. In this chemizone, indeed throughout the
entire core, trends in these minerals are in almost exact opposition [Figure 8.6b]. In this
chemizone, the trends in Fe and Si suggest that the pH of the loch fell between 100 cm and 70
em, and then recovered between 70 and 30 em.

The sediment accumulation appears to have been initiated by an episode of soil erosion. The
enclosed nature of the bay sampled may have protected the accumulated sediment from the
action of wind and current and encouraged the creation of a benthic micro-environment in the
bay which allowed the creation and accumulation of sediment. The values of Cu and Zn at 60
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cm and 40 cm indicate that the material at this point has probably been deposited since the onset
of the industrial revolution.

Chemizone DR2. 29 - 22 em.
Youngest
22 cm. Peak in K, Ti, Si, P, AI,
23 cm. Peak in Mg.

Decline in Mg,
Increase in S i.

Decline in Ti, K, P.

24 cm. Peak in Ti, Cu, Zn, Fe.

Decline in P, S, K, AI, Mn.

25 cm. Peak in Mn, K, CI, Ca,
AI, S, P.

Decline in Fe,

26 cm. Peak in Fe.

Decline in P,Ti,Zn,K,Si,AI,Cu.

27 cm. Peak in P, Zn, Cu.

Decline in Ti, K

28 cm. Peak in K, Ti, Si, AI, Ca, P

Decline in Fe, Cl.

29 cm. Peak in Ti.

Decline in Cu, Zn.

Oldest.

The close sampling ratio in this chemizone is the result of the detection of tephra located
between 20cm and 30cm [Figure 8.5]

Summary.
The proportion of Na in this chemizone remained extremely low. S recorded only one minor
increase, at 25 cm to 1.4 %. Peaks in K occurred at 28 cm, 25 cm and 22 cm, These
corresponded with peaks in Si, Ti, AI, Ca and P. Values of CI and Mn also peaked at 25cm.
Peak ratios in Zn and

eu occurred at 27 and 24 cm. Minima in the ratio of Fe occurred in

tandem with peaks in the ratio of Si, peaks in Fe at 26 cm and 24 cm are associated with minima
in Si.
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Interpretation.
Three episodes of mechanical erosion are indicated here by peaks in the ratio of K. Associated
with the high ratio of K Are peaks in Ca, CI, AI and P. These relationships suggest that some
soils around the loch may have been disturbed. The peaks in Ca and CI do not correspond with
a peak in Na. A direct impact of the sea or intensification of rainfall is therefore unlikely. To
the west of the loch, calcareous Brown Earths and Gleys, which are suitable for cultivation, are
found. The parent material for these soil units is calcareous shell sand, which if eroded may
have provided the geochemical traces identified at 28 cm, 25 cm and 22 cm. If the source of the
eroded material was the podzols and peats, which lie to the north, south and east of the loch,
then the peaks in Ca and CI are difficult to account for. Equally if organic, base poor material,
had been eroded into the loch, evidence for an increase in acidity, peaks in Fe, Mn and S and a
decline in Si should be expected. But these predictions did not occur.

At 27 cm and 24 cm peaks occur in the proportions of Zn and Cu in the core. The deposition of
these minerals is primarily associated with industrial pollution [Holdren 1984; Rippey 1990] and
is further evidence that the sediment in the core has accumulated since the onset of the industrial
revolution.

Chemizone Dr2. 21·1 em.
Youngest.
1 cm. Peak in Si, Na, Ca.

Decline in Ti, Fe, Mn,

10 cm. Peak in Ni, Mn.

Decline in Si.

20 cm. Peak in Si.

Decline in Zn, Cu, Fe,

21 cm. Peak in Zn, Cu, Fe.

Decline in K, Ti, Si, P, AI,

Oldest.
Summary.
This chemizone is introduced at 21 cm by high values of Zn and Cu, which are associated with
an Fe ratio of 78%. At 20 cm the highest ratio of Si, 88%, in the entire core was recorded; at
the same time Fe fell to the lowest ratio recorded, 5%. At 10 em Fe and Mn ratios rose. Mn
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rose to 34%, a significant increase compared to a mean for the core of 2%. At 1 cm peak ratios
of Si, Ca and Na occurred.

Interpretation.
The core was sampled to investigate tephra impacts, not the history of acidification, hence the
upper part of the core was not sampled in detail for geochemical analysis. The peaks in Cu and

Zn at 21 cm are the highest in the core and indicate an intensification in the deposition of
industrial pollution. An intensification of acid deposition may intensify the leaching of Fe from
the base depleted soils which abut the loch and this would be indicted in geochemistry by a peak:
in Fe. At 21 em, the indicators of industrial pollution are accompanied by an increase in the
ratio of Fe. The acidification of the loch, in recent times, is indicated at 10 cm by a rise in the
ratio of Mn, from 1% to 34%. The trend towards acidification appears to have been halted at
the surface of the core where peaks in the ratio of Si, Na and Ca occurred. These elements do
not indicate the persistence of acid conditions, rather the opposite. The high proportion of Na,

(2.6%), coupled with high values of Ca and Si and an extremely high value of Fe, (4%)
suggests that the loch sediments record the onset of neutral/alkaline conditions after a period of
acidification which was probably brought about by the deposition of acid contaminants in
industrial pollution.

Summary
The analysis of the geochemistry of Loch Druidibeg has further demonstrated the vulnerability
of Hebridean lochs to the deposition of industrial contaminants. This subtle means of
anthropogenic modification can be seen to have had a profound effect on the lacustrine
environment. The role of the sea can also be seen to be of importance, particularly in the
modification of any trends towards acidification. This continuous nature of this influence may
be nearly undetectable in the geochemistry but EDMA clearly identifies major episodes where
quantities of calcareous material is introduced into the loch. Only low concentrations of
volcanic tephra were identified in this sediment, which may have accumulated within the past

224

200 years, but nonetheless the geochemistry demonstrates the sensitivity of Hebridean lacustrine
environments to the input of acidifying material.

Discussion, Geochemical signals for environmental change in three I1ebridean lochs.
A clear similarity can be observed between the environmental trends evident in Loch Druidibeg
and Loch A'Barpa and Loch Obisary. In all three cases episodes of landscape disturbance are
indicated; the influence of the sea can be seen to have played a major role in maintaining the
lacustrine environment despite the acidification of terrestrial sediments, and the deposition of
industrial contaminants can be seen to have played a major role in the creation of the lacustrine
environments which we observe today.

Anthropogenic influences can be identified at two levels.

The first is direct, indicated by episodes of mechanical erosion in the soils of both the loch
catchments and also of the calcareous soil of the dune systems and machair which lie downwind
to the west The disturbance of catchment and more distant soil is evidenced in each loch and
the episodic nature of these events may be related to phases of human exploitation, or
environmental degradation. In all three lochs the deposition of calcareous material is clearly
indicated by the geochemistry, and this appears to have been more effective at maintaining a
neutral pH than the deliberate introduction of carbonate material into Loch A'Barpa.

The second means by which people appear to have modified the environment is less obvious on
the landscape, but clearly capable of bringing about a major change in the lacustrine
environment. This is indicated by the recent acidification of all three lochs which is typical of
environmental changes which have been noted in other remote bodies of water in northern
Europe. Three hypotheses may account for this change:

1,

That the acidification of the waters is the natural consequence of gradually falling pH
[Renberg & Hellberg 1982; Atkinson et al. 1990].
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2.

Changes in land use resulted in an increase in the transport of ions from the catchment
soils to the loch [Rosenqvist 1978, 1979].

3.

The deposition of sulphate ions in rainfall intensified following the industrial revolution
and it is this deposition which acidified the loch [Mitchell et al. 1985; Rippey et al.
1982; Rippey 1990]

The first hypothesis finds little support in contemporary literature. Many studies have noted a
gradual acidification of European water bodies since the Late-Glacial, but these changes were
very slow, <0.1 pH unit per 1000 years [Renberg & Hellberg 1982; Atkinson et al. 1990]. In
none of these studies was a rapid change in pH status noted in the absence of evidence for an
external forcing mechanism. The lower chemizones exhibit no evidence for a consistent fall in
pH and this hypothesis appears unlikely.

The second hypothesis was advanced by Rosenqvist [1978. 1979], who suggested that a decline
in fanning intensity would lead to the regeneration of acid heath land or forest. This in turn
would lead to the accumulation of an acid humus and the release of protons into the water body.
This argument does not account for acidification where there has been no abandonment, nor
where fanning practises have been intensified [Renberg et al. 1990]. There is currently no
evidence for acidification of waters in areas where the archaeological record attests to land
abandonment [Anderson & Korsman 1990; Patrick et al. 1990; Renberg et al. 1990; Timberlid
1980]. Nor does Rosenqvist's hypothesis account for the recent nature of the acidification
which has been observed in many remote European locations [Jones et al. 1990]. In the case of
the Outer Hebrides there have undoubtedly been significant changes in land use in the past 200
years [Boyd & Boyd 1990; Caird 1979] which may account for the change in chemistry evident
at 20 cm depth. However, studies by the University of Sheffield, Department of Archaeology
and Prehistory, suggest that such changes may have occurred on several occasions since
prehistoric times, why then is the most recent set of changes the only one associated with the
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acidification of the island waters? Rosenqvist's hypothesis also fails to account for the increase
in the presence of Cu and Zn noted at the onset of lake acidification, which are unlikely to be
allocthonous to the loch catchment but are likely to have a distant industrial source [Rippey et

al. 1982; Rippey 1990]. therefore the second hypothesis is also unsatisfactory.

The third hypothesis links the sudden change in sediment chemistry to the onset of the industrial
revolution and the subsequent transport and deposition of contaminants. Similar changes in
chemical profiles have been dated to circa 1800 AD [Appleby et af. 1990; Atkinson & Haworth
1990; EI-Daoushy 1990; Jones et al. 1990; Nriagu & Coker 1983; Renberg et al. 1990]. The
Outer Hebrides currently receive between 0.4 - 0.8 grams S-m2 a-I [Derwent et af. 1988]. The
acidification of Scottish mainland lochs with similar profiles have been clearly associated with
industrial pollution [Kreiser et al. 1990; Rippey 1990; Wik & Natkanski 1990] The acidification
of Loch A'Barpa is also Marked by an increase in the concentration of Zn and Cu which are
primarily deposited in industrial pollution [Clymo et al. 1990; Holdren et al. 1984; Kreiser et al.
1990; Renberg et af. 1990]. Industrial pollution is therefore the most probable cause of the
rapid change in sediment chemistry at 20cm depth.

The behaviour of the minerals in the core demonstrates the vulnerability of the Hebridean
ecosystem to the deposition of acid generated at a distant source. The impact of a major
Icelandic volcanic eruption on the environment may have been similar to the events which occur
at 10 cm depth in this core.

This study has demonstrated a clear potential for the application of EDMA to the examination
of palaeoenvironmental change in a lacustrine environment. The broad range of elements
studied chosen after the pilot study of Loch Hellisdale clearly provides a wide range of
interpretable environmental data. The fluctuation and balance between autocthonous
environmental variables operating within the loch catchment and allocthonous variables from
without, is clearly identified, which is a further demonstration of the sensitivity and potential of
the technique.

Chapter nine.
Geochemical investigations of the Borve bog, Barra.
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Summary of Chapter.
This chapter presents the results of the geochemical analysis of sediments which had
accumulated in a basin mire on the lIebridean island of Barra. No tephra related response is
noted, but the Late-Glacial/Holocene transition is clearly illustrated, as is the evolution and
degradation of the soil resource through the Holocene. Anthropogenic modification of the
environment is seen to be operating at a number of levels.

Borve Bog, Barra.

With the exception of Loch Hellisdale, the cores retrieved from North and South Uist were very short
and only recent environmental change could be inferred from an interpretation of the sediment
geochemistry. It also proved difficult to isolate volc"anic tephra from the diatomaceous material which
was the main constituent of the lake core sediments. This is a proble~ which has been encountered
by other workers [A. Dugmore pers comm], and is in contrast to the relative ease with which tephra
has been isolated from peats [Ougmore 1989; Pilcher & Hall 1992]. In response to this problem a
core was retrieved from a basin peat which lay at an altitude of 65m 0.0. at the head of the Borve
valley [NF 677009], on the Hebridean island of Barra [Figure 9.1]. The landscape in which the mire
was set has been explored during extensive archaeological exploration of the Borve valley by the
University of Sheffield [Branigan 1988; 1990] and it was known that up to 5 metres depth of sediment
had accumulated in the basin.

The valley has a long history of land use, dating back to the Neolithic [Branigan 1988] and
irrespective of whether volcanic forcing of the environment occurred at this location, the use of
EOMA to investigate the environmental history of the upper Borve valley was an interesting
application of the technique. The sediment geochemistry was also complemented by a palynological
study of the core by K. Pratt [1992]. Reference will be made to the palynology of the core and this
material will be presented here in outline form.
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The valley itself is open to the west and is exposed to the influence of the sea. The mire is set below
Grianan [294m] and Hartaval [353m].

A wide range of environmental influences are brought to bear on the mire at the head of the Borve
valley. The valley itself is short, it is only 3.6 km from the mire to the sea at Borve point and
encompasses a wide range of soil types; from brown calcareous soils and brown earths to peats and
podzols. The landscape is also varied; dune, mach air, moor and mountainside are all nearby and these
include a wide range of environmental conditions. The machair and dune soils of the west coast are a
base rich environment capable of sustaining arable and pasture and exposed to the influence of the sea,
whilst the soils of the upper valley are characteristically base poor and acidic; and this has exposed the

mire to a wide range of conflicting influences. The mire itself is bounded by acid soils of the
Lochinver Association, fed by streams draining acid soils and lies below the steep northern flanks of
Hartaval. Overgrown talus slopes extend from the slope of Hartaval into the mire which suggests that
active physical processes took place in the past. No estimate could be made of the age of the talus
slopes. However, in 1993 a mass movement of peat and mud reached the mire from a starting point
on Hartaval, O.5km distant and 200 metres above the mire.

Soil Morphology.
The underlying solid geology is Lewisian Gneiss and the soils of the upper valley are formed of drift
derived from this material. The valley itself was probably glacial in origin, but little detail is known of
the glacial history of the region [Whittington & Ritchie 1988].

Soil Units.
Three soil units are found at the head of the Borve valley.

Unit 392. The mire at the head of the Borve valley lies within soil map unit 392, and consists of Peaty
gleys, podzols and rankers formed on Lewisian gneiss.
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Unit 394. The hill slopes to the north of the mire are dominated by soil map unit 394, which develops
on gentle to strong slopes and which consists of Peaty gleys, peat and some podzols and rankers.

Unit 396. The steep hillside to the south of the mire are dominated by Peaty gleys, podzols and
rankers of soil map unit 396, which develops on steep rocky hillsides.

The immediate influences on the mire geochemistry therefore are those of organic, acid, base poor
sediments. However, the physical and chemical characteristics of the calcareous soils of the
Frazerburgh Series which lie down the valley to the west, the direction of the prevailing wind, must
also be taken into account as these represent a potentially moderating influence on the mire
environment. The soils of the Frazerburgh series consist of three soil map units, 259,260 and 261 the
component soils of which are Brown Calcareous Soils, Calcareous Regosols and Calcareous Gleys.
When disturbed the component materials of these soils may be easily eroded and transported by wind.
Human disturbance of the coastal soils may therefore be recorded in the geochemistry of the valley
head mire.

Core description.
A 5.00 metre core was retrieved from the deepest area of the mire using a Russian peat corer. Two
complete cores were taken using a 25 em overlap between each sample. Each core was wrapped in a
polythene sheet, labelled and placed in plastic guttering for protection. The base of the mire was
reached but the auger was unable to retrieve the basal 15 em of sediment.

0-15 em. Active root zone of surface vegetation. Plant macro fossils of Eriophorum,

Molinia and Sphagnum.

Clear transition.
15-27 em. Highly organic, abundant fine - medium roots. plant macro-fossils

Molinia and Sphagnum. Poorly humified. Low mineral content.

Gradual transition.

Eriophorum,
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27-60 em. Highly organic, poorly humified, but highly comminuted organic matter.
Common roots, low mineral content. Ericaceous plant macro-fossils.

Gradual transition.
60-64 em. Highly organic, poorly humified but highly comminuted, common medium
roots. Shell sand.

Gradual transition.
64-80 cm. Highly organic, poorly humified. Common fine-coarse roots. Shell sand.

Gradual transition.
80-175 em. Highly organic, well humified. Rare roots.

Gradual transition.
175-206 em. Highly humified organic material, stones and shell sand. Woody macro-

Gradual transition.
206-215 em. Laminated peat. Highly organic, low mineral content. Rare roots. Rare
plant macro-fossils. Low mineral content.

Sharp transition.
215-275 em. Well humified peat. No mineral content.

Gradual transition.
275-380 em. Well humified organic matter. Phragmites roots

Sharp transition marked by Erica roots.
380-440 em. Organic lake mud. Gyttja. Common tree roots and bark.

Sharp boundary
440-469 em. Poorly sorted inorganic sand and occasional organic laminae.

Gradual transition.
469-480 em. Well sorted sand/silt. Low organic content.

Sharp transition.
480488 em. Poorly sorted coarse sand, low organic content.

Sharp transition.
488-496 em. Fine silty sand. Organic laminae

fossils.
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Gradual transition.
496-500 em. Organic silty clay. Fine plant macro- fossils.

Tephra distribution. [Figure 9.2]
Samples were prepared and tephra extracted from the core following the method outlined above.
Tephra concentration throughout the core was low [See Figure 9.2]. The peak concentration, 13
grains, was located between 370-380 cm. A second peak, of six grains, was identified between 70-80
cm. These levels were sub sampled, but no tephra was identified in any of the sub samples.
Insufficient tephra was isolated to allow geochemical analysis of the shards or and attempt
tephrochronology [Westgate & Gorton 1981], a problem which has been encountered by other
workers [Hall et al. 1993]. The distribution of the tephra within the core is too low to allow a
reconstruction of depositional processes involved [Thompson & Bradshaw 1986].

Sediment Geochemistry.
The geochemical history for the entire core is presented in Figure 9.3a & b. However for ease of
analysis the core has been broken down into a series of Chemizones, each of which has an
accompanying figure which allows detailed examination of the trends and associations in each
chemizone.

Chemizone nVl 380-500 ems [Figure 9.4a & 9.4b).
Summary.
This chemizone can be subdivided into two sections. Section A, between 460 - 500 cms, is dominated
by elements which indicate mechanical erosion, K, AI, and Si. Whilst Section B between 450 - 390
cms is dominated by elements which indicate the chemical weathering of a soil profile, Ca, Mn, Fe, S
and the influence of the sea AI, CI and Na. Elements which feature little in this zone are Cu, Zn. The
division between the two sections corresponds precisely to a sharp change in the nature of the
material in the core from inorganic sands, clays and silts to organic lake mud. Most of the elements in
this chemizone exhibit Dynamic Metastable Equilibrium, in which long-tenn trends are separated by a
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threshold to a new equilibrium. This threshold represents a significant change in the environment in
the Borve Valley.

Interpretation.
Chemizone BVl records two distinct environments which are sharply divided at 450 ems. The lower
is characterised by minerals which indicate episodic mechanical erosion and an unstable landscape; and
the upper is characterised by an increase in the proportion of elements which indicate chemical
weathering processes.

Chemizone BVIA. Glacial! Post Glacial conditions.
Peaks in K, the principal indicator of mechanical erosion, suggests that two phases of mechanical
erosion occurred; the first at the base of the core at 500 cm, 23 %, and the second at 470 cm 27 %,
which had ceased by 460 ems. These are the highest proportions of K in the entire core and are
separated at 480 cm by a low proportion, 5 %. This depositional pattern has been observed in other
studies, most notably those of Mackereth [1965, 1966] and Pennington [1972] and has been
interpreted as the consequence of the climatic oscillations which marked the Late-GlaciaVHolocene
transition.

Further evidence of climatic fluctuation is provided by the behaviour of Na and Mg. These elements
can be used an indicator of the oceanicity of climate [Waterston et al. 1977]. The proportion of these
elements in the core can be seen to increase steadily from the base of the core upwards and this may
reflect a change in the pattern of atmospheric circulation, from one where atmospheric circulation
originated in the continental interior to one where the atmospheric circulation originated over the
oceans.

Peaks in the proportion of K which occur at the base of long cores extracted from northern or
western basins in Britain are conventionally interpreted as indicating cold conditions and intense
solifluction [Atkinson & Haworth 1990; Engstrom & Wright 1984; Pennington 1981 a & b J. The
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pattern of K presented in Chemizone BVl would therefore represent two cold periods separated by a
episode of wanner climate when processes of solifluction are reduced In immediately post-glacial
periods, with immature soil development and little soil stability or vegetation the sediments are easily
transported by aeolian and fluvial processes. The proportion of K in the core therefore, declines as
soils and vegetation cover develop. As soils and vegetation develop the erosion of sediments
becomes less likely and the thresholds at which erosion will occur are raised. If this hypothesis is
accepted, the pattern of K at the base of Borve bog indicates two periods of recovery from
glaciaVperiglacial conditions. The lowest was ended by a return to cold conditions, the second was
ended by the evolution of soils and the raising of the threshold at which mechanical erosion of
catchment sediments occurred.

Aluminium has several sources and may suggest mechanical erosion, the influence of the sea, or the
paludification of catchment soils. The interpretation of AI therefore relies on the nature of the
associated elements. In this chemizone AI is initially associated with peaks and troughs in K, but
when the influence of K on the sediment chemistry diminished at 450 cm, the proportion of AI in the
core remained high. The behaviour of AI above 360 cm may be associated with an increasing
influence of the sea, indicated by the pattern of deposition of Na,. However, AI is also associated
with the proportion of Si, which is an indicator of mechanical erosion. The behaviour of AI in this
chemizone is therefore slightly ambiguous.

Silicon may also have several sources; either as a product of mechanical erosion, or from the skeleton
of diatoms and hence related to biological productivity. A decline in Kin post-glacial lake sediments
has been noted by Mackereth [1965] and Engstrom [1983] and is thought to be the result of the
dilution of the base metal proportion of the core by an increase in biogenic production of Si.
Alternatively, the peak in Si at 480 cm may be an artefact of the analytical technique and be the result
of the decline in K, AI and Na rather than an increase in biological activity or erosion.
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The pattern of elements in this zone may record the Windermere Interstadial and Loch Lomond readvance, as experienced in the Outer Hebrides. The pattern of elements identified in this zone is
strikingly similar to the pattern observed at Loch Hellisdale, above, and by Bennett et al. [1990].

Chemizone BVIB. Fullllolocene conditions.
The transition between the two chemizones is distinct occurring at 460 cm. The elements which
feature prominently in this zone indicate the operation of chemical processes in a developing soil
rather than physical processes operating in an immature landscape.

There is a sharp decline in the proportion of K at 460 cm from 27 % to 2 %, and an equally sharp
decline in AI and Si, at 460 cms. The physical processes which are characteristic of the environment

in chemizone BVIA are no longer indicated by the geochemistry above 460 centimetres; instead there
is a increase in the proportion of Ca, Na, Mg Fe, Mn and S. These elements are not precipitated
under cold conditions, nor are they commonly associated with the physical erosion of soils, or the
chemical weathering of immature soils [Engstrom & Wright 1984]. They are however precipitated
from organic soils under relatively warm, moist conditions. It is interesting in this respect that calcium
was deposited in the basin at 460 cm, twenty centimetres before Fe proportions in the core increased
and thirty centimetres before the proportions of S proportions increased. Calcium is a base which is
selectively leached from a soil as acidity increases and before mobilisation of Fe, Mn and S occurs.
The mobilisation of Fe, Mn and S at 440 cm depth implies the existence of organic acid soils early in
the Holocene history of the Outer Hebrides.

The proportion of CI in the core increases at 430 cm from 0.2 % To 1.4 %. The principal source of
this element in sediments is sea water. In the case of Borve bog this must indicate rainfall patterns or
intensity and is closely associated with the proportion of Na and Mg in the sediment which are also
deposited as dilute rainfall in sea water [Waterston et al. 1977; Maitland & Holden 1983].
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Pollen analysis
The pollen analysis corresponds with the geochemistry in that two distinct environments are
represented. The lower zone is characterised by Polypodiaceae, Caryophyllaceae, Rumex and Salix
spp. and by low pollen concentrations. This is a suite which has been ascribed to the early Flandrian
in other studies of the Hebridean environment [Birks 1991] and is in broad agreement with the
interpretation of the sediment geochemistry in chemizone BVIA.

The geochemical evidence indicates the existence of a sharp boundary between Late-Glacial and
Holocene environments, which is outlined in Chemizones BVIA and BVIB. This change is also
apparent in the palynology. Pollen concentrations rose dramatically in the sediments associated with
chemizone BVIB, and the pollen suite was dominated by Cyperaceae, Gramineae, Ericaceae and
Sphagnum. This suite suggests the onset of a mire environment and base poor sediments, which is
entirely in accord with the geochemistry.

Summary Chemizone BVl
This chemizone records the climatic fluctuations at the end of the Late-Glacial, the rapid start of the
Holocene, the formation of soils and soil acidification and the increasing influence of the sea on
sediment chemistry.

Chemizone BV2. Tephra impact?
This chemizone was delineated by the tephra concentration identified between 370 and 380 cm. No
tephra was identified when sub samples were examined under either an optical or Scanning Electron
Microscope, and tephra could not be concentrated sufficiently to attempt tephrochronology, a
problem which has recently been encountered by other workers [Hall et al. 1993]. The geochemistry
of the sub-samples was ascertained in an attempt to identify any environmental disturbance which may
have occurred in this zone.
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Summary. [Figure 9.5a & b)
The proportions of Ca, and Mg declined throughout this zone from 380 to 371 cm before increasing
at 370 cm. Between 371 and 370 cm Mg rose from 3% to 17%, and Ca from 4.5% to 12.8%.

The proportions of Mn, Zn, CI and Na behave in tandem in this chemizone, peaking at 379 and 377
cm. With the exception of Zn these elements also peak at 370 cm. High proportions of S and Fe
dominate the sediment chemistry between 375 and 372 cm. Cu is present at very low concentration
and remained below 0.5% until 370 cm, when it climbed to 1.6%. Ni does not exhibit any
interpretable trend. K, P, Ti, and Si also behave in tandem in this chemizone peaking at 378 and 376
cm. AI parallels this trend but the peaks are not as pronounced. With the exception of AI most of the
elements in this zone exhibit Steady State Equilibrium, and although peaks in the proportion of several
elements are evident, no long-term change in trend occurs and the environmental forcing which the
peaks represent was short lived. The exception in this zone, AI, crossed a threshold at 376 cm and
fell to a new, lower, equilibrium.

Interpretation.
There is no evidence of environmental change in response to the deposition of tephra in this
chemizone and much of the geochemistry is difficult to interpret The lower half of this chemizone is
dominated by indicators of physical erosion and the upper by indicators of the chemical reduction of
soils and acid conditions in the mire.

The geochemistry indicates episodes of soil erosion at 378 and 376 cm with peaks in K, Si, Ti, P and

AI, but these are minor episodes compared to those which occur in chemizones 3 and 5 and which are
not associated with tephra deposition. Could an episode of acid deposition, associated with the tephra
concentration, have brought about the episodes of soil erosion in this chemizone?

The highest proportions of Mn in the entire core occurred before each of the soil erosion episodes. At
379 cm the proportion of Mn rose to 2.7% and at 377 cm to 2.8%. However, while the proportion
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of Mn may indicate acid conditions it is not the only element which may do so. Both S and Fe also
indicate the acid status of the mire and are present in far higher proportions than Mn. In this
chemizone the proportion of Fe twice reached 70%, at 374 and 372 cm; the proportion of S reached
47% at 375 and 373. Mn is the only indicator of acidity which is associated with these episodes of
soil erosion, and in the context of this mire the proportions of Mn identified cannot be considered to

be a major indicator of acid status and acid deposition. A significant change in the acidity of the mire
did not occur before the episodes of soil erosion. However, the relative abundance of Fe and S do
indicate that acid conditions returned to the mire following the episodes of soil erosion.

Alternative hypotheses for the episodes of soil erosion are that they were anthropogenic or that they
occurred in response to a natural change in the environment. Either of these interpretations is in
accord with the palynology described by Pratt [1992] who noted a decrease in Betula and Erica
across this zone and an increase in Gramineae.

In this zone the proportions of Mn, Zn, CI, Mg and Na are closely associated. The presence of CI,
Mg and Na indicates that this association is related to rainfall intensity. With the exception of
occasional peaks [i.e. at 80 cm] the proportion of Zn in the core is very low, typically below 0.7%
and may have been either deposited as a trace element in rainfall or leached from sediments.

The peak in the relative abundance of Cu at 370 cm appears significant when viewed within the
limited context of this chemizone, but when seen in the context of the whole core [Figure 9.3a & b.] it
is not significant

The top of this zone, at 370 cm is marked by peaks in the proportions of all the elements which may
be used to infer rainfall or the oceanicity of climate; Na, Mg, AI, CI, and Ca [Maitland & Holden

1983; Waterston et al. 1979]. The proportions of Mg and AI at 370 cm are the highest achieved by
these elements in the entire core and may indicate a short-lived intensification of rainfall or an increase
in the oceanicity of the climate.
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There is no evidence in this chemizone for any environmental change which may have been forced by
the deposition of acid gases and/or aerosols generated in an Icelandic volcanic eruption. However, as
oilly 13 tephra grains were counted from a 10cc sample of material and none in any of the Icc subsamples this result was not unexpected. Limited environmental change is indicated by the
geochemistry, but this may have occurred in response to an anthropogenic disturbance or to a
naturally occurring change in vegetation.

Chemizone BV3. 360-80 ems [Figure Borve 9.6a & b).
This the largest chemizone in the core and incorporates three bands of sediment, identified largely on
the degree of humification, but which largely correspond to the geochemistry.

Summary.
This chemizone incorporates two peaks in the proportion of K, at 310 cm and 150 cm. The
proportion of Kat 150 cm was the greatest Holocene concentration of this element Si peaked at 310
cm in correspondence with the peak in K, but a substantial increase in the proportion of Si in the core
occurred between 210 and 150 cms, which was not associated with any increase in n K. The
behaviour of Si in this chemizone was mirrored by Fe, and between 210 and 150 cm increases in Si
correspond with decreases in Fe. Ti is often used to indicate erosion and here it parallels the trends in
Si precisely.

The proportions of Fe and S were high between 360 and 220 cm. Peak proportions of P in this zone
occurred at 360, 230 and 140-130 cms. The proportion of P in the core between 130 and 140 cms
was the highest reached in the entire core. The highest proportion of Na, 12 %, in the entire core
occurred in this chemizone at 110 cm, but this was not accompanied by rises in Mg. Despite this
peak consistent changes in the nature of Na did not occur. Peaks in the proportion of Cu and Zn
feature prominently in this chemizone, at 300,270, 140 and 80 cm, and may be used to suggest a
dating framework for this part of the core [Farmer et ale 1980; Rippey et ale 1982].

240

Interpretation. Mid Holocene. Anthropogenic land-use intensification.
In this chemizone, most of the elements studied exhibit steady state equilibrium with no net change in
. equilibrium level. This chemizone therefore is one in which no major environmental change is
indicated by the sediment geochemistry. Indicators of the oceanicity of climate, Na, Ca, CI and Mg
do not exhibit a consistent change in trend and climatic change cannot be inferred from these
elements.

The proportion of Ca in Borve bog may not indicate oceanicity but may instead indicate periods when
the stability of the dunes and machair of the Frazerburgh series, 3 km to the west on the Atlantic
coast, had been disturbed. Two such episodes can be identified; one which begins at 300 cm, peaks at
290 cm, 12%, and returns to a low proportion by 220 cm; and a second shorter lived episode which
begins and peaks at 200 cm and returns to a low proportion at 180 cm. This episode is matched by
the physical characteristics of the core, fine mineral material, interpreted as sand blow from the coast
was noted between 200 and 183 cm. The organic content of the core fell at this point to the lowest of
the Holocene [Figure 9.7]. There is no relationship between high proportions of Ca in this zone and
S, Fe and Mn. The deposition of Ca in this zone, does not appear to have had an impact on the mire
r

environment as reflected by the proportions of Mn, Fe, S which indicate acidity.

The changing environment of the mire is indicated by Mn, Fe, Sand Si. A rise in pH levels between
210 -150 cms is indicated by a consistent increase in the proportion of Si in the core and fall in the
proportion of S and Fe. The cause of this recovery is not evident in the geochemistry. The physical
characteristics of the core are in accord with the interpretation of the geochemistry and between 207
and 150 cm wood macro fossils were identified. Trees growing on the mire surface would indicate
that the mire environment was drier and that pH had risen sufficiently for trees to grow.

Between 150 - 140 cms the proportion of Si in the core fell from 50% to 15% while the proportion of
S rose from 2% at 160 cm to 48% suggesting a return of acid conditions. There is no evidence that
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this episode is linked to increased rainfall. However, the increase in the proportion of geochemical
indicators for acid conditions in the core is associated with the greatest Flandrian peak in the
proportion of Kat 150 cm, (17.8%) and an inwash of clay sediment into the core. Si, Ti, and K
exhibit Dynamic Metastable Equilibrium; a threshold was crossed at 210 cm and a higher, dynamic
equilibrium achieved. A second threshold was crossed at 150 cm, above which a new, lower dynamic
Equilibrium was achieved. The proportion of K changes dramatically at this point, falling from a
proportion of 17% at 150 cm to 0.4% at 160 cm.

All three elements which exhibit dynamic metastable equilibrium indicate a significant disturbance of
the local landscape, which began at 230 cms, intensified, peaked at 150 cms and ceased suddenly by
140 cm. In the context of the Borve valley this episode may indicate an anthropogenic disturbance of
the environment which gradually grew in intensity but ceased over a relatively short period of time.

If the increase in the proportion of K is interpreted as the result of anthropogenic disturbance of the
landscape, the major peak in the proportion of P which occurred between 150 - 120 ems may be
reflect the utilisation of the landscape by people. The increase in the geochemical indicators for acid
conditions in the mire may therefore be the result of increased water run-off following a clearance
.
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episode. If the anthropogenic interpretation is pursued, the decline in the relative abundance of P at
170 cm may indicate a reduction in land use intensity. The palynology of this zone appears to support
this interpretation (see below).

Several peaks in Cu and Zn occurred in this zone. These elements are allocthonous to the mire and
the conventional interpretation for increases in the concentration of Cu and Zn in sediment cores is
that they indicate the onset of industrial activity in Europe [Rippey et al. 1982]. In remote western
and northern parts of Scotland such deposition has been dated to the 1880's, but these episodes
occurred at relatively shallow depths [Rippey 1990] whereas in Borve bog a prominent peak in Cu
and Zn occurred at 270 em, which is very deep to be ascribed such a recent date. Peaks in these
elements suggest a source which is allocthonous to the mire. They must considerably predate the
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industrial revolution. In this respect it is worth noting here that a similar peak in Cu occurred at 270
cm in the core retrieved from the Strath of Kildonan, in Caithness [Discussed below]. Both elements
achieved their highest proportion at 80 cm depth.

Palynology.
In Pratt [1992] an increase in the proportion of Gramineae pollen in a core was interpreted as the
result of anthropogenic modification of the environment. A Gramineae peak at 140 cms corresponds
with a major increase in the proportion of P in the core, from 0.5 to 9 %. Although the interpretation
of P in sediment geochemistry is problematic it is often interpreted, when in tandem with other
evidence, as evidence for human activity and an increase in the inwash of nutrients into a mire. Thus
the peak in P between 130-140 cms and the corresponding increase in Gramineae may indicate
anthropogenic of the upper Borve valley.

Chemizone BV4.
This chemizone is delineated because of the concentration of tephra noted in the analysis of a bulk
sample taken between 70-80 cm. When sub-sampled no tephra was noted in any of the samples
examined under either optical or scanning electron microscope.

Summary. [Figure Borve 9.8a & b)
No significant changes in the environment are indicated in this chemizone. Indicators of soil erosion
and stability K and Ti, fell to below 1% at 79 cm and throughout this zone they exhibit stable
equilibrium. Proportions of Si are also low, below 2% with the exception of 7% reached at 76 cm
and 22% reached at 72 cm. The peak of 22% which occurred at 76 cm is low compared to the
proportions achieved in chemizones 1,3 and 5; In this zone Si exhibits dynamic steady-state
equilibrium, and none of the peaks indicate the occurrence of long tenn environmental change.
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Ca proportions between 79 and 74 cm are high and reached 13.6% at 79 cm, but slowly declined to a
low proportion of 2% by 71 cm. Between 79-71 cm Ca exhibits dynamic metastable equilibrium with
a declining trend, and this event may represent a long term environmental change.

The proportions of both S and Fe are consistently high in this chemizone and also exhibit dynamic
metastable equilibrium, the proportions of both are maintained at the higher level until 70 cm. A
minor increase in the proportion of P, 1.7% occurred at 76 cm. AI proportions rise throughout this
zone. The proportions of Cu and Zn remain at background levels throughout. No trend is
discernible in the proportions of Na~ Mg, CI or Mn.

Interpretation. No environmental response to tephra deposition.
There was no evidence in the sediment geochemistry that the deposition of six tephra grains was
associated with a detectable disturbance of the environment. No soil erosion occurred, indeed the
geochemistry suggests that the landscape remained stable throughout this zone. The mire
environment appears to have returned to acid conditions, indicated by the high proportions of Fe and
S, but there is no evidence that this is the result of the deposition of acid material from an Icelandic
volcanic eruption. The increase in the proportion of Ca in this zone appears to have had no effect on
.
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the proportions of S and Fe. In the absence of indicators of rainfall, the most probable source for the
trend in Ca is the calcareous soils of the Frazerburgh series. The higher equilibrium achieved by Ca
in this zone may indicate a disturbance to these soils and subsequent erosion by wind. The deposition
of Ca was not at a sufficiently high concentration to reduce the acidity of the mire as indicated by the
proportions of S and Fe. There is a slight increase in the relative abundance of Si at 72 cm. This may
be the result of a concentration of tephra in the core, but none was observed in this sample when
studied under a Scanning Electron Microscope, and this increase may not be environmentally
significant. The values of S and Fe peaked at 71 cm. This may indicate acid deposition associated
with tephra deposition, but given the normal range of the proportions of these elements, significant
environmental forcing by an external mechanism is unlikely. After peaking at 80 cm the proportion of
Cu and Zn in the core indicates that the deposition of atmospheric contaminants, originating in
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industrial pollution, was not a significant external factor operating on the mire environment. An
increase in the percentage content of P occurred at 76 cm. It is difficult to assign any significance to
this peak: given the slight nature of the increase when compared to the proportions of P in chemizones
3 and 5.

The geochemistry in this zone demonstrates that the presence of tephra in a sediment core is not
sufficient evidence to imply the occurrence of an episode of environmental change.

Palynology •
The palynology fails to highlight any changes to the environment in this zone. Cyperaceae values
remain constant, Ericaceae values fall and Gramineae rises slightly.

Chemizone BVS. O·70cm [Figures 9.9a & BJ.

Summary.
The proportions of the indicators of rainfall, Na and Mg, decline consistently throughout this
chemizone from 60 to 10 cm and exhibit dynamic equilibrium with a declining trend, before i,ncreasing
at the mire surface. CI, another element which may suggest rainfall remains relatively stable
throughout this chemizone, but the percentage of this element also increases at the mire surface, from
0.1 % at 10 cm depth, to 7% at the surface. The pattern of AI in this zone is paralleled by Ca which
suggests that both elements had the same source.

The base status of the sediments and the stability of the catchment soils are indicated by K, Ti and Si.
The percentage of K increases between 60 and 30 cm, rising to 5% at 30 cm, which suggests a slight
but consistent disturbance of the landscape. The proportions of Ti and Si also increase between 60
and 20 cm. Above 20 cm the proportions of all three elements decline. The relative abundance of P
increased at 60 cm, to 2.8%, and remained high until 10 cm. This increase represents a consistent
change in the deposition of P in the core, rather than a short lived peak.
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Acid conditions are indicated by S, Fe and Mn. The proportions of S and Fe are low in the bottom
section of this zone, up to 24 cm and high in the upper section, from 24 cm to the top of the core.
The proportion of Mn does not respond in tandem with S and Fe.

No peaks in the proportion of Cu and Zn occur in this zone.

Interpretation. Recent Anthropogenic exploitation.
Indicators of base input, soil erosion and anthropogenic activity, K, Ti, Si and P dominate this
chemizone between 60 and 30 cm, above 30 cm the percentages of these elements decline, whereas
the elements which indicate acid conditions, S and Fe, recover.

The increase in the relative abundance of K, Si, Ti and P between 60 and 30 cm suggests that a slight
but significant disturbance of the upper Borve valley continued throughout the time represented by
this sediment accumulation. All four elements exhibit Dynamic or Metastable equilibrium. In each
case a threshold was crossed at 60 cm, which was followed by a period of stability, when the
increased proportion of these elements was maintained. The percentages of K, Si and Ti, cross a
.

I

second threshold at 30 cm and decline, P crossed a threshold at 20 cm, following which the
proportion of this element also declined. Human use of the upper Borve valley may be the source of
this episode. The lower Borve valley and the littoral zone at its mouth contains the most fertile soils
on the island of Barra and the use of these may have been accompanied by a disturbance of the upper
valley. The trend in the proportion of Ca in this zone does not suggest that the soils of the
Frazerburgh series had been disturbed to any extent. A change in land-use strategy rather than an
increase in population, or degradation of more fertile soils, may therefore have been the impetus for
the exploitation of the valley head. The geochemistry suggests that the exploitation of the valley head
has declined in recent years, this is in accord with the observations of Caird [1979] and Dodgshon
[1988].
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At 30 cm, indicators of acid conditions in the mire increase, this may be concomitant to the decline in
the proportion of base indicators in the core or reflect a real increase in the acidity of the mire. The
geochemical trends in the upper 20 cm of the core are difficult to interpret, the upper 15 cm of the
core is obviously part of the active root zone of the current mire surface and the influence of present
day conditions on the geochemical trends in the core must be considered.

The proportion of Cu and Zn suggests that the deposition of industrial pollutants has not played a
significant role in the production of the acid status of the mire environment.

The obvious change in the trends of most elements in the core at 19 cm suggests that the acrotelm
[Ingram 1978, 1987] lay between 10 and 20 cm. The acrotelm is the upper sedimentary zone, where
depositional processes are ongoing, in contrast to the catotelm which is all the sediments below the
acrotelm which are considered to be geochemically stable [Ingram 1978, 1987]. An analysis of the
chemistry of the acrotelm cannot usefully be compared to the sediment chemistry of palaeo-sediments.

Discussion.
Sediment geochemistry, anthropogenic activity and environmental change in the Bor~e valley.

Geochemical trends in the core.
The analysis of the sediment geochemistry of Borve bog has shown that the application of EDMA to
mire sediments, as opposed to lake sediments, allows the reconstruction of general environmental
trends and specific episodes of environmental disturbance. K, Ti, Si and AI, can be seen to act in
tandem and record short lived episodes of landscape disturbance, and also longer periods when these
elements achieved a new equilibrium indicative of persistent disturbance. The geochemical trends also
help to highlight the nature of the forcing mechanisms responsible. Episodes associated with the
establishment of new equilibria may indicate climatic change, vegetational change, soil evolution or
human activity. Anthropogenic disturbance is most clearly suggested between 260 and 140 cm.
Landscape disturbance of the coastal zone may be indicated by the proportion of Ca in the core. Ca
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exhibits dynamic metastable equilibrium, and episodes of high or low equilibria may represent the long
term stability of the soils of the Frazerburgh series.

Peaks in the proportion of P are difficult to interpret as this element may be co-precipitated with other
elements. However, there are episodes where peaks in P are associated with other indicators of
anthropogenic disturbance, between 150 - 120 cm and 60 - 20 cm. In these cases P may be associated
with the activities of people in the landscape.

The indicators of acid conditions and soil reduction, S, Fe and Mo, exhibit dynamic metastable
equilibrium. S in particular has a high proportion between 430 - 230 cm and 100 - 71 ems, decreasing
to lower equilibria outside these zones. The high abundance of S in the core from 430 cm onwards
suggests that the soils of the upper Borve valley were acidic very early in the Holocene, an
observation which is supported by the palynological evidence [see Pratt 1992 and Figure 9.10].

Trends in rainfall are more difficult to reconstruct than episodes of landscape disturbance. Na, Mg
and Cilargely exhibit steady state eqUilibrium, however, some trends are discernible. The Lateglacial/Holocene transition is clearly . indicated by an increase in CI, which is the only elementI which is
unequivocally associated with rainfall, and which may indicate a distinct change in the degree of
oceanicity of climate.

Episodes of landscape stability and instability are clearly identified at the base of the core, which
clearly correspond to the patterns of Late-glaciaVHolocene transition previously identified by
Mackereth [1966] and Pennington et al. [1972] on the British mainland. These trends were also
identified in the pilot study conducted on material retrieved from Loch Hellisdale on South Uist, but
here the wider range of elements studied allows a more detailed appraisal of this climatic episode.
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Industrial activity?
The proportions of Cu and Zn in the core are typically regarded as useful indicators of industrial
pollution, and may therefore be used as isochrones [Holdren et al. 1984; Rippey 1990]. Peaks in the
proportion of both elements occurred at 300 cm, 270 cm, 140 cm and 80 cm. There is a constant
background concentration of both elements and at these concentrations there is little association
between the two elements [See Chemizone BV2]. However, the correspondence between peak
proportions of these elements suggest that when the proportions of both rise above background
concentrations they have the same origin, and this is most probably anthropogenic in origin; this
interpretation does however present problems of dating. Conventional dating of concentrations of
either elements would ascribe a date in the 19th century AD [Rippey et al. 1982], but it would seem
unrealistic to assume that 3 metres of sediment had accumulated in the last 200 years and only 2
metres in the preceding 10 000. The palynological study by Pratt [1992] also suggests that the
sediments were laid down in the mid-Flandrian Perhaps the peaks at 270 and 300 cm have their origin
in the smelting of metals in the European Bronze age? The source for these concentrations is an
interesting research problem and in this respect it is interesting to note that the similar length core
extracted from the Strath of Kildonan, Caithness, also has a substantial peak in Cu at, curiously and
coincidentally, 270 cm. A study of other cores is obviously needed to address this problem.,
Irrespective of the dates ascribed to the peak proportions of these elements, the low proportions in the
upper 80 cm of the core suggest that the deposition of industrial contaminants has not played a
significant role in the modification of the environment at the head of the Borve valley.

Geochemistry and Palynology.
The relationship between the geochemical and palynological interpretations of environmental history
of the Borve valley are complimentary. The summary presented by Pratt [1992], Figure 9.10 here,
suggest that peaks in Gramineae occurred between 120-150 cms, 200-220 cms and at 320 cm. The
Gramineae peaks correspond to episodes when the geochemical indicators of physical landscape
disturbance exhibit dynamic metastable equilibrium, cross a threshold and achieve and attain a higher
equilibrium expressed by a consistently higher proportion in the core [Figure 9.3a & b]. These
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episodes suggest a clear relationship between the vegetational and geochemical history and may
indicate the modification of the landscape by people. A detailed comparison of the geochemical and
palynological history is beyond the scope of this immediate project, but will be made at a later date.

Correlation IIellisdale and Borve.
A clear and striking relationship can be seen between the geochemical history of the Borve bog and
Loch Hellisdale. Both cores illustrate the Late-GlaciallHolocene transition, record the chemical
weathering of catchment soils and mid-Holocene episodes of soil erosion which may be
anthropogenic. However a clear difference can be observed in the degree and timing of the
acidification of both environments. Borve mire appears to become an acid environment very early in
the Holocene, whereas Loch Hellisdale does not acidify until relatively recent times. However, these
trends are in accordance with recent observations made of the timing and nature of lake and sediment
acidification [Battarbee et al. 1985]. Many lakes set in the midst of catchments dominated by acid
soils and peats which developed in the mid-Holocene, maintained a near neutral pH until the onset of
the industrial revolution and the subsequent deposition of industrial contaminants, predominantly acid
rain [Battarbee et al. 1985; Renberg 1990]. In both locations the EDMA has identified processes
operating within the local environment
such as soil erosion and soil development and identified
.
I
processes which are allocthonous to the immediate environment, such as the deposition of industrial
pollutants, and climatic change. The relationship between the two sets of analyses has been a further
successful test of the application of EDMA to the reconstruction of palaeoenvironments and of the
replicability of the technique.

Tephra.
Tephra concentrations identified throughout the core were very low and only identified in the analysis
of bulk samples. No attempt has been made to interpret the tephra distribution in the core given the
sparse concentration. It proved impossible to isolate sufficient under the Electron Beam of the
Scanning Electron Microscope to attempt to establish the provenance of the eruption. Given the low
numbers of tephra in the core it is not necessarily the case that the tephra identified here identified
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here originated in Iceland [Rietmejer 1988, 1990; Rose & Chesner 1990]. Despite the lack of tephra
related environmental change in the sediment-geochemistry, some episodes of environmental change
were identified at Borve and the technique has been shown capable of producing results which will
allow meaningful interpretation. A core of similar length was extracted from a mire in the Strath Of
Kildonan. Sufficient tephra was extracted from that core to allow a meaningful investigation of
environmental responses to tephra deposition.

Chapter ten.
Geochemical investigations of the Strath of Kiidonan.
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Summary of chapter.
The palaeoenvironmental history of the Strath of Kildonan is reconstructed by an examination
of the geochemistry of sediments which had accumulated in a basin, below a prehistoric
settlement. The geochemistry suggests that the sediment has accumulated since the LateDevensian Late-Glacial. A detailed reconstruction of the climatic oscillations which
characterise this period is made. In the Strath of Kildonan, the climatic oscillations appear to
be typical of continental rather than British models of this period. The geochemistry of the
Holocene sediments suggest that most environmental change in this area has been of a gradual,
rather than abrupt nature. The significance of this for models which draw sharp boundaries
between palaeoenvironmental facies is considered. Three tephra concentrations were identified
in the core, and these were examined in detail. Tephra concentration was established by a
physical count, using an optical microscope. A striking correspondence was noted between the
geochemical proportion of Si in the core, and the physical count of tephra. This is a further
test of the replicability of the EDMA results. The geochemical analyses suggests that two of the
tephra concentrations did not cause any environmental change. However, one tephra deposit
does appear to have triggered an environmental disturbance. This episode is considered in
detail. Human use of the landscape is suggested by increases in the phosphate conteQt of the
core and by episodes of soil erosion. An intriguing concentration of copper occurs at depth in
the core, and a tentative suggestion is advanced that this l!1U record smelting activities in prehistory. A regional environmental correlation between the Strath of Kildonan in Caithness,
Borve bog on the island of Barra and Loch Hellisdale on the island of South Uist is established.

The Strath of Kildonan, which lies along the border between Caithness and Sutherland is central to the
whole theory that an environmental catastrophe occurred in the late 2nd millennium B.C. Research
conducted by Historic Scotland identified up to 2000 hut-circles along the Strath. which appeared. in
the light of the historical evidence. to have been abandoned concurrently. The archaeological
justification for this thesis has not been presented in peer reviewed press and may be open to
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challenge. How accurate is the archaeological evidence that simultaneous abandonment of settlement
can be hypothesised? There is however no doubt that the Straths and Glens of northern Scotland
were densely settled in the mid second millennium [Barclay 1985] and that an hiatus in settlement is
apparent in the archaeological record across much of this area in the late second millennium B.C. and
large areas of upland and northern Britain [Burgess 1985]. The archaeological interpretation of the
upland settlement record led to several theories, most of which suggested a catastrophic event as the
trigger for settlement abandonment [Burgess 1895]. The most recent of these has been the hypothesis
that distant volcanic eruptions brought about sufficient environmental degradation that the
abandonment of marginal settlements was inevitable [Burgess 1989; Baillie 1989 a & b] an hypothesis
which has attracted the attention of the National press [Keys 1988] and television [BBC Television
Programme Horizon: A Time of Darkness; Channel 4, Archaeological Magazine Down to Earth] and
the funding which has supported this research.

To finally test the application of EDMA to the study of palaeoenvironmental change, and the
hypothesis that the Icelandic Hekla 3 eruption was responsible for the postulated abandonment of the
settlements along the Strath in the late Bronze Age, it was inevitable that at least one core should be
extracted from a suitable location in the Strath of Kildonan [Figure 10.1]. A core was extracted from
a basin mire on the south side of the Strath at National Grid Reference NC917194. The mire had
formed in a basin created between a lateral moraine, of uncertain date, and the adjacent hillside.
Hypothetically, therefore, the oldest basin sediments may have their origin in Devensian Late-Glacial
and accumulated across the Late-Glacial/Holocene transition and throughout the Holocene. The mire
site had the added attraction that it lay below a settlement of Bronze Age date [John Barber pers.

comm.]. The sediments in the core extracted from this location may therefore cover the lateGlacial/Holocene transition, the evolution of the north Scottish environment through the Holocene,
the impact of people upon this environment, and should record any "drastic" environmental change.
The site of Altnabreac from which tephra had been extracted previously [Blackford 1993; Dugmore
1989] lay 15km to the north-west, and tephra may therefore have accumulated in this basin.
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Method.
The mire was probed to establish the deepest point, and a 4.9 metre core was then extracted using a
large chambered Russian peat corer. A 25 cm overlap was established between each sample and three
sampling points used to ensure minimal disturbance of the sediment. Each sample was placed in a
plastic gutter and then wrapped in heavy duty polythene.

The Physical Environment.

Parent Materials.
The geological structure of the Strath consists of faulted sandstones and conglomerates, of variously
Middle Devonian and Moinian age, igneous rocks also occur [Phemister 1960]. More than 80% of
the district is covered by surficial deposits associated with Pleistocene glacial activity, but the fabric of
this material is largely reworked local bedrocks. The soils of the district then are fonned on
weathering-resistant, base-poor acid rocks, granites, granulites and schists, and sedimentary rocks
which are more easily weathered but still base-poor [Futty & Towers 1982; Hudson 1988]. The
district has been extensively modified by ice movement, and there is an extensive covering of drift and
till. In the Strath of Kildonan, this process has introduced erratics of quartzite, sandstones and grits.
.

t

Climate.
The principal climatic variables controlling the sedimentary environment of the Strath are rainfall and
temperature. Average annual rainfall is in the range of 1200 mm and although winter temperatures at
low altitudes are mild, these are offset by cool summers [Birse 1970]. The environment of the glen
itself has been assessed by Birse [1970] as Boreal and very humid.

Soil Map Units.
The geomorphology, land use, altitude and degree of exposure to wind all determine the distribution
of soil types in the area. On morainic mounds peaty podzols are found, while deep peats occur where
moraines and underlying relief have acted together to create deep basins. The soil associations of the
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valley are complex. Relief, drainage and parent material combine to produce a wide range of related
soil types. These are mapped in Futty and Dry [1977] and Futty and Towers [1982]. A common
denominator however, is that with the exception of some alluvial soils, all are base- deficient and
acidic and support a limited range of moor land vegetation, heather, sedges, grasses and mosses.
Cotton grass grows at the sample site. The limited range of modern vegetation probably presents a
false impression of the vegetation which could grow here. In the valley of the Craggie Water,
protected from grazing pressure, extensive birch woodland can be found. These trees grow within
200 metres of the sample location.

A. Well drained Brown Earth. Mapped as unit 71, of the Braemore/Kinsteary Associations, these
are well-drained to imperfectly-drained soils on shallow drift and well-weathered parent material. The
base status of this soil varies from moderate to good. This soil is found on gentle slopes and is
associated with hummocky moraine. In intervening hollows gleys and peats formed. These soils are
closely associated to Bronze Age settlements

B. Imperfectly drained Brown Forest Soils and Humus-iron podzols, mapped as unit 25 of the
Arkaig Association. Formed on hummocky moraine, boulderiness and wetness restrict land use to
rough grazing.

c. Peaty podzols and deep peat mapped as unit 26 of the Arkaig association.

These are formed on

hummocky moraine and in the basins formed between the moraines and hillsides of the Strath. This
unit has extremely limited land-use potential and is largely limited to Deer Forest and Conifer
Plantation. The core analysed below was extracted from a deep peat typical of this unit.

D. Humus iron podzols, gleys and rankers mapped as unit 125 of the
CountesswellslDalbeattielPriestlaw associations. Formed on colluvium these soils are marginal for
anything other than rough - moderate grazing and have a low to moderate base status.
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E. Organic Soils fonn a part of most of the soil associations mapped in the Strath and the dates for
the onset of peat growth are an interesting measure of the evolving environment of the Strath. An
unpublished survey carried out by Historic Scotland, produced a wide range of Radio carbon dates
for peat initiation, from 5370 ± 60 BP to 880 ± 90 BP. The location of these peats are located along
the transect marked on Figure 1. [Table 1].

The range of dates for peat initiation along the Strath, demonstrates the need for caution, when using
the date for onset of peat fonnation in one site, as indicative of palaeoenvironmental conditions
existing across a wider area. Local micro-environmental conditions are demonstrably more important
in the Strath of Kildonan, than macro-scale factors such as regional soil development, mean
temperature and rainfall.

5370 ± 60 BP
4650 ± 50 BP
4320 ± 80 BP
4150 ± 50 BP
3600 ± 50 BP
2860 ± 150 BP
2630 ± 50 BP
1730 ± 50 BP

880 ± 80 BP
Table 10.1. Radio carbon dates for Peat initiation in the Strath Of Kildonan.

The sediment texture, organic content, degree of humification and plant macro-fossil type can be used
to construct a model of climatic and environmental change. The environmental implications of the
sedimentary succession can be interpreted and can be set against the geochemical history presented
below.
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Core description

0-10 cm.

10 - 35 cm.
35 -100 em.

100 -130 em.
130 - 215 em.
215 - 272 em.

272 - 282 em.
282 - 320 em.

320 - 330 em.
330 - 340 em.
340 - 348 em.
348 - 377 em.

377 - 405 em.

405 - 415 em.
415 - 466 em.
466 - 473 em.
473 - 481 em.
482 - 490 em.

Youngest
Growing surface of the bog (Acrotelm). Abundant coarse roots, little
humification.
Clear boundary.
Organic sediment. Abundant fine roots, well humified peat.
Diffuse boundary.
Organic sediment. Abundant tree macro fossils in well humified matrix Betula
twigs. Corylus nut at 69 cm. At 90 cm Abundant large ( 3 cm - 1.5 cm) fragment
of wood and bark.
Sharp boundary.
Organic sediment Well humified, rare wood macro fossils, Betula I
Pinus twig.
Organic sediment. Well humified. Rare fine roots. No tree macro fossils.
Diffuse boundary.
Poorly humified organic sediment. Abundant coarse roots. No tree
roots, but
abundant tree bark.
Diffuse boundary
Organic Sediment. Common tree twigs or root (Betula)
Diffuse boundary.
Organic sediment. Well humified, common fine roots. Rare plant
macro-fossils.
Diffuse boundary.
Organic sediment. Moderately humified common coarse roots.
Sharp boundary.
(Cal/una?)
Organic horizon. Abundant, poorly humified strong coarse roots
Sharp boundary.
Moderately well humified organic sediment. Common roots.
Diffuse boundary.
Organic clay silt. Rare plant macro fossils. Common fine roots.
Organic content declines with depth towards underlying strata. Lake
sediment
Sharp Boundary.
Grey plastic clay. Common coarse roots but these appear to penetrate from
higher strata rather than fonn part of the fabric of this unit.
Diffuse boundary, between underlying organic and overlying inorganic sediment.
Clay silt. Drop stones, angular moderate - small quartz.
Organic sediment. Clay silt, very abundant fine roots.
Clear boundary.
Organic clay silt. Rare plant macro fossils, some seeds. Lake sediment.
Diffuse boundary
Organic band, rare plant macro fossils, rare common roots.
Diffuse boundary
Inorganic. Grey, very plastic clay.
Sharp Boundary.
Organic silt. Very rare fine roots.
Oldest
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Environmental interpretation.

Youngest.

20·35 em.
35 -100 cm.
100·282 em.
282·340 cm.
348 - 377 cm.
377·405 cm.
405·415 em.
415 - 473 cm.
473 • 48l.cm.
482·490 cm.

Wet.
Drier bog surface.
Alternatively wet / Dry conditions.
Wet.
Wann. Holocene / Late-Glacial transition. Developing soils.
Cold Stadial.
Wann. Interstadial.
Wann. Periglacial / Interstadial.
Cold. Stadial.
Wann. Interstadial.
Oldest.

Tephra distribution.
The tephra content of the core was established using the method outlined in detail above. The initial
coarse sampling identified three distinct tephra peaks [FigurelO.2], between 10 - 20 em, 50 - 60 em
and 180 - 190 cm. Fine resolution sampling of these areas established the distribution and
concentration of tephra within these zones [Figure 10.3]. The tephra distribution within the core shall
be discussed below when the geochemistry of the core is discussed.

Geochemistry.
Samples for geochemical analysis were taken at 10 centimetre intervals. In addition, distinct
sedimentary units, areas of tephra concentration and the upper 30 centimetres of the core were
sampled in greater detail. The outline geochemical history conforms to the pattern observed at Loch
Hellisdale on South Uist and Borve mire on Barra, as well as, in outline, the work of Mackereth
[1966] and Pennington et al. [1972]. In brief the core appears to outline the Devensian Late-Glacial /
Holocene transition, the development of soils and the declining base status of the sediments once they
had developed [FigurelOA]. The geochemical history of the mire is now considered in detail and to
allow closer examination the core has been divided into distinct geochemical units.
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Chemizone KLIA & KLIB 190 - 490 em • [Figure 10.5].

Late-Glacial climatic oscillations. Late-Glacial/Holocene transition. Early Holocene.

This chemizone consists of the bottom 3 metres of sediment It has been delineated to highlight the
distinct contrast between the Late-Glacial and Holocene environments and the nature of the Late":
Glacial I Holocene transition. This environmental change is apparent at 350 cm. Below this depth,
the geochemistry is dominated by elements which are characteristic of the mechanical weathering of
an unstable environment, K and Si; while above 350 cm the elements are characteristic of the
chemical weathering of developed soils [FigureI0.5]. This chemizone is considered in detail below.
To allow a detailed interpretation chemizone KLI has been sub-divided into two zones. KLIA and
KLIB.

Chemizone KLIA. 330 - 490 em. [Figure 10.6].

Late-Glacial climatic oscillations. Late-Glacial/Holocene transition.

Summary.
All of the elements which feature prominently in this zone typify mechanical erosion. Several
elements which peak in this zone, such as Fe and Mg are open to several interpretations, here they are
interpreted as indicating mechanical erosion.

High proportions of K occurred at 476 em 6 % and 400 em 5%. These values are the highest
achieved by K in the entire core. Between 490 - 480 cm, and 470 - 410 cm the proportions of K
declined to below 2 % and from 400 em to 330 cm the proportion of K steadily declined to below 0.5
%. Ti, a trace element, but a consistent measure of mechanical erosion throughout this study follows
the trend exhibited by K. Mg, Fe and AI also peak in this zone at 476 cm.

P is not detected in the core between 350 and 460 em but is present between 490 and 476 cm. Pmay
be co-precipitated with other elements or may reflect organic productivity of the environment Cu
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and Zn exhibit similar behaviour to P. Both are present in relatively percentages between 476 - 490
cm, but fall to a new, much lower equilibrium above 470 cm.

Si can indicate biogenic productivity and/or mechanical erosion, and has a consistently high relative
abundance in chemizone KLIA, never falling below 65 %. The value of Si declined when the
proportion of K increased at 476 and 400 cm, and increased when the proportion of K declined
between 410 and 470 cm.. This relationship is not entirely conditioned by the way in which the ZAF
program calculates the proportion of elements present in any sample. The percentage of K may rise
by 3% at 476 cm, but the proportion of Si falls by 30%. A significant part of the abundance of K in
this zone my reflect biogenic productivity. The value of Si remained high until 340 cm. This was
associated with a distinct change in the nature of the sediment

Sand Mn peaked at 410 cm and between 466 - 476 cm. These elements conventionally indicate
chemical weathering of sediments and it is interesting to note that these peaks coincide with organic
bands in relatively inorganic sediments.

Interpretation.
Between 490 cm and 380 cm most of the elements analysed exhibit dynamic metastable equilibrium.
Sharp changes occur in the proportion of elements which indicate opposing climatic conditions, and
new, stable, equilibria are established at higher or lower proportions. Environmental change is rapid
but having occurred, stability is achieved and maintained until a significant change occurs in the
controlling environmental variables.

High percentages of K and Ti are conventionally interpreted as indicating periods of soil erosion and
instability typical of periglacial conditions [Mackereth 1966]. AI is closely associated with to Ti and
K in this zone. Several interpretations may be advanced for high proportions of AI but when in close
association with indicators of mechanical erosion, and in the absence of elements which would
support alternative hypotheses such as rainfall or leaching, then it may also indicate mechanical
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erosion. The trends exhibited by Na also paralleled K. Na may indicate mechanical erosion, and in
these circumstances the extensive association of elements which indicate mechanical erosion suggest
that this is the most likely interpretation. If this interpretation is accepted, then chemizone KLIA is
punctuated by two episodes of cold. All four elements exhibit dynamic metastable equilibrium, rising
and falling steeply to new equilibria

The initial cold episode, at 476 em, is preceded by high values of P, Mn, Cu and Zn, and low
proportions of K and Ti. The elements which peak in the bottom sediment are not typical of those
which indicate warm conditions, but examination underneath a dissecting microscope showed that
these sediments were an organic Gyttja. The elemental composition of sediments found at the base of
similar cores have not previously been studied in the detail allowed by EDMA, and perhaps
environments in immediately periglacial sediments have a geochemical signature which is different to
that which characterises fully warm or cold conditions? This question will have to be addressed in
future studies of other cores extracted from similar environments.

Between 476 cm and 400 cm the elements which indicate soil erosion fall to a lower equilibrium.
Between these points the proportions of CI, S, Mn and Si increase. These elements indisate chemical
weathering of sediments, increased rainfall and an increase in biological activity and suggest a warmer,
wetter climate. The geochemistry indicates that interstadial conditions came to an abrupt halt at 400
cm with sharp rises in K, Na, AI and Ti, all elements which in association indicate mechanical erosion,
and a fall in CI, S, and Si which in association reflect warmer conditions. At this point in the core the
sediment changes sharply from an organic clay silt to a stiff, plastic inorganic clay. Between 400 and
380 cm the elements which indicate cold conditions achieved a high equilibrium which indicates
persistent cold conditions. The trends exhibited can be interpreted in the light of established climatic
models, and record the Older and Younger Dryas and the Allerod and Loch Lomond Stadials. Above
380 cm the geochemical evidence suggests that environmental change occurs slowly and steadily
rather than rapidly and abruptly as it did between 490 and 380 cm. This of itself may indicate a
change in environment and climatic conditions.
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A significant change in environment is indicated at 377 cm. From this depth most of the elements
analysed exhibit dynamic equilibrium with a long term trend. However these trends are in opposition.
The proportion of elements which indicate mechanical erosion and cold conditions decline steadily
while the proportion of elements which indicate climatic amelioration, and the development of soils
rise steadily. The percentages of K, AI and Ti decline from 380 to 350 cm, falling to near trace
concentrations. Across the same depth the values of CI, Si, Sand Mn increase. This trend suggests a
declining rate of soil erosion, developing soil structure and vegetation, which itself suggests a climatic
recovery. The geochemical trends between 380 - 350 cm records the Loch Lomond stadiallHolocene
transition.

Summary of Environmental trends in Chemizone KLIA.
Climatic oscillations in the Late Devensian period and the onset of the Holocene are clearly indicated
in chemizone KLIA. The chemistry at the base of the core, between 480 and 490 cm indicates
relatively warm conditions and stable sediments, which are interrupted by a sudden return to cold
conditions at 476 cm. Cold conditions are maintained until 470 cm, following which warmer
conditions are indicated until 400 cm. A return to cold climatic is indicated at 400 cm. From 380 cm
to 350 cm indicators of mechanical erosion decline while indicators of an improving climate increase.

Chemizone KLIB [Figures 10.5 & 10.7].
Summary.
A distinct change in the sediment geochemistry and morphology occurred at 350 cm. This change can
be seen clearly in Figure 10.5, and is characterised by a sharp rise in proportions of several elements,
S, Fe, Mn, Ca, CI, Mg and Na, which maintain equilibrium at the higher concentrations achieved.
The suite of elements which dominate this chemizone are distinctly different from those which
dominated chemizone KLIA, and the values of K, and Si fell to a very low percentage in this zone,
<0.5 % and <I % respectively. These changes suggest that distinctly different environmental
conditions existed in this zone to those which were characteristic of the preceding. Ni, Zn and Ti
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exhibit steady state equilibrium and it is unlikely that changes in the relative abundance of any of these
elements in this chemizone reflect the fluctuation of a variable which has an influence on
environmental conditions. The percentage of Ca rose at 340 cm from 3 % to 40 %; S rose from 5 5
to 20%; Fe, from 2 % to 10 %; and Mn from 0.2 % to 1.6 %. S and Ca exhibit Dynamic Metastable
Equilibrium, with long tenn trends separated by a threshold to a new level. The new long tenn trends
established however, are different. The long tenn trend of S across this zone records an increasing
representation, while that of Ca records a decreasing percentage. Mn and Fe exhibit similar
behaviour to S. Interpreted together, these elements suggest that a significant environmental variable
has altered, probably the acid status of the soils in the Strath or the nature of the mire environment.

Na, Mg, and CI also exhibit Dynamic Metastable Equilibrium, together the increase in the proportion
of these elements indicates a distinct change in rainfall regime. The value of Cu in the sediment peaks
between 290-280 cm, and between 260-200 em, rising to 4.5 %. This behaviour can be interpreted as
Metastable Equilibrium and indicates a major change in a source variable.

Interpretation.
This chemizone records changes to the immediate mire environment and the onset of full Holocene
conditions. The sharp decline in the proportion of elements which indicate mechanical w9athering of
sediments associated with the sharp increase in the relative abundance of elements associated with the
chemical weathering of soils supports this interpretation. The establishment of full Holocene climatic
conditions is also indicated by the rise in the proportions of Na, Mg and CI, which indicate rainfall
[Waterston et al. 1979; Maitland & Holden 1983] and here may indicate the onset of oceanic climatic
conditions. The distinct threshold crossed at 350 cm suggests that a significant change in rainfall
regime occurred which may be associated with the chemical weathering of the catchment sediments.

A distinct change in the sediment morphology was recorded at 348 cm which is recorded by the
geochemistry at 340 cm. The sediment changed from an organic clay silt, which may have been a lake
sediment, to a moderately well humified sediment more typical of a palaeosol. The geochemical
indication of this change is a steep fall in Si in the core from 90 % at 350 cm, to 15 % at 340, and <
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10 % from 330 cm onwards. Given the decline in the proportions of other indicators of mechanical
erosion, the principal source for Si in this zone is the siliceous skeletons of freshwater diatoms. The
sediment morphology suggests that the mire infilled and a soil formed. It is probable that the local
change from a benthic to a terrestrial sediment was responsible for the steep fall in the representation
of Si in the core; but this change itself is indicative of evolving sediments across a far wider area. The
steep rise to a new threshold at 340 cm recorded in the relative abundance of S, Mn, Fe and Ca in the
sediment suggests that a significant variation in an environmental variable occurred at this depth.
Locally this change is expressed by the formation of a soil on the mire, but in the context of the wider
environment of the Strath it indicates the formation of acid soils which were relatively base deficient.
The soil formed on the lake clay was organic, acid and base deficient. Despite a marked increase in
the proportion of Ca in the core at 340 cm the long term trend of this element is one of decline. A
declining trend can be identified in this chemizone, but a long term trend can also be observed
throughout the entire core above 340 cm [Figure 10.5], which confirms the limited base status of the
local environment.

The peaks in Cu in this zone are difficult to interpret. Conventionally they would be taken to indicate
industrial activity [Rippey 1990] but
in sediments which record the industrial revolution, peaks
in the
.
i
proportion of Cu are associated with peaks in Zn. This was the case with the sediments analysed from
the Borve valley, Barra, discussed above. At this depth in the Strath of Kildonan core, it is difficult to
propose an anthropogenic origin the high proportion of Cu but to hypothesise that it originates in the
local environment is difficult. When present at trace levels Cu and Zn are commonly associated with
soil erosion but other indicators of soil erosion are absent and this explanation seems unlikely. One
explanation could be a simple error or anomaly, but as the electron beam is re-calibrated between each
analysis it is unlikely that each of the samples which record a high proportion of Cu between 290 and
190 cm incorrect. A similar peak in Cu occurred at approximately the same depth in the core
retrieved from the Borve Valley, Barra, and it is possible that both record the same event. Could the
peak in Cu record the local smelting of copper? Obviously this question will need to be addressed in

265

more detail than this present study allows, but the coincidence of high values of copper at the same
depth in two cores may be more than coincidental.

Summary of environmental trends in Chemizone KLIB.
This zone indicates a distinct change in the weathering processes operating upon the sediments of the
Strath, from physical to chemical processes. The long term trends of the elements which indicate
chemical weathering suggest acidification and the reduction of base availability. An increase in rainfall
intensity is indicated. The local environment of the mire altered significantly between 340-350 cm and
a soil formed over the mire. The soil was succeeded by the accumulation of organic material. These
trends are not typical of periglacial conditions and the range of evidence presented above suggests an
early-mid Holocene date, perhaps the Atlantic period.

Chemizone KL2. [Figure 10.8].
This chemizone was delineated by the location of a concentration of tephra between 180-190 cm .
[Figure 10.2]. The detailed distribution of tephra at this depth was established by the analysis of
contiguous 1 cm3 samples [Figure 10.3]. Samples for geochemical analysis were taken at the same
sampling interval.

Summary.
The tephra identified in this zone consisted of clear and sepia coloured glass shards which exhibited
concoidal fractures. The location of tephra across this zone is typical of a near- normal pattern of
distribution, which is slightly positively skewed downwards. The peak concentration of tephra
occurred at 185 cm where 55 shards were counted. The proportion of several elements appear to
respond to the concentration of tephra in this chemizone. The proportion of K through much of this
chemizone was low, <1 %, but at 185 cm K rose to 1.7 %. The trend in the percentage of Si between
184 and 190 cm is almost exactly parallel to that exhibited by tephra. Ti also peaked at 185 cm and
the trend in the proportion of this element is again similar to the distribution of tephra in the core. The
percentage of P also appears to be related to the deposition of tephra in the core. Other elements
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analysed do not appear to respond to the deposition of tephra. Na, Mg and CI exhibit stable
equilibrium. Between 181-189 cms, AI exhibits Stable Equilibrium with a long-tenn rising trend. S,
Mn and Fe exhibit stable eqUilibrium between 181-189 cm. Ca maintained a declining trend across
this chemizone. Cu, Zn and Ni are all present at very low proportions, <0.8% and do not exhibit any
trend which indicates change in an environmental variable. At the base of this chemizone an increase
in the proportion of K, P, Ti and Si, and a decline in the value of S occurred. These changes were far
greater than those associated with the tephra fall.

Interpretation.
Comparison between the distribution of tephra in this zone and tephra distribution observed in other
studies [Persson 1971; Thompson & Bradshaw 1986] suggests that one episode of tephra deposition
occurred which was turbated both up and down the core. There is no evidence that the deposition of
this tephra resulted in a significant deterioration of the environment The remarkable association
between tephra distribution and the trends exhibited by K, Si and Ti may be a reflection of the
chemistry of the tephra shards. Tephra is predominantly silica and the proportion of this element in
this zone may be a direct result of the concentration of tephra shards in anyone sample. The same
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interpretation is possible of the K . and Ti in this zone. K and Ti are also common constituents of
tephra grains [Devine et al. 1984; Dugmore 1989; Sigurdsson et al. 1985; Thorarinsson 1981]. An
alternative hypothesis which may account for the response of elements to the tephra deposition is that
Si, Ti and K record an episode of soil erosion which occurred in conjunction with the tephra
deposition. The distribution of tephra across this chemizone and the very similar response of K, Si,
Ti and P suggest that all five variables record the same episode. This distribution is only slightly
skewed which suggests that little soil erosion occurred in response to the tephra deposition. The
close association of P to the tephra is difficult to interpret. P has been noted as a constituent of
basaltic volcanic eruptions, of the eastern Icelandic volcanic zone [J akobsson 1979] and the
proportion of P detected by the micro-probe may well be a chemical constituent of the tephra in the
samples. Alternatively the proportion of P may indicate an environmental response to the tephra
deposition. Could the tephra fall have been associated with the death of plants on the mire and hillside
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above and be responsible for P enrichment of the mire? A few papers have suggested that tephra
deposition on mires can have a beneficial impact on their nutrient status [Martin 1913; Thorarinsson
1967] but these studies deal with the impact of heavy tephra falls, proximal to the source, which have
significantly altered the hydrology of the mire environment, not a relatively light tephra fall at a
considerable distance from the volcano.

The trend in the representation of Ca across this zone continues the decline exhibited in previous
zones. There is no evidence that the tephra fall was responsible for an enhancement of base status
which may have prompted an increase in organic productivity and hence of the proportion of P. A
light dusting of tephra and a low level of sulphur deposition can act as a fertiliser in base rich
sediments [Blong 1984], but the geochemistry of the mire and the nature of the sediment itself
indicate that this was an acidic base poor environment.

There is no geochemical evidence for the deposition of acid volatiles associated with the tephra. The
proportions of S, Fe and Mn do not appear to change in response to the tephra deposition. Nor is
there a change in the trends exhibited by these elements, which would indicate fluctuation in any
environmental variable which might have had an influence on the proportion of these elements in the
I

core.

The scale of any environmental disruption associated with the volcanic event must be considered.
Within the context of chemizone KIA, the response of K, Si, Ti and P to tephra deposition, indicates
a significant enhancement of the proportion of these elements, and in the environmental variables
which affect their concentration. However, in the wider context of the environmental changes
recorded by the geochemistry throughout the entire core, the degree of environmental change which
occurred in chemizone KL4 is minimal. This is illustrated by the sharp increase in the proportions of
these elements at 180 cm which is not associated with any tephra fall.
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Summary of environmental trends in Chemizone KL3.
A tephra deposit was identified in this zone which was closely associated with the changes in
proportion of K, Si, Ti and P. An environmental response is indicated by the geochemistry, in
particular by the concentration of P. The exact nature of this environmental impact is ambiguous but
a nutrient enrichment of the mire appears to have occurred in response to the deposition of tephra.
The degree of environmental change indicated however, was minimal compared to geochemical
changes observed elsewhere in the core, which were not associated with tephra falls.

Chemizone KL4. 60·180cm [Figure 10.9].
The sampling interval across this chemizone was 10 cm. However, in order to test the relationships
observed in the tephra zones where the sampling interval was much closer, and the relationship
between the elements analysed potentially much closer, the sediments between 150 - 160 cm were
sampled and analysed in the same manner as the tephra zones.

Summary.
Chemizone 4 is characterised by a considerable enhancement of the proportion of P. In chemizones 1,
2 and 3, P does not rise above 0.8 % and only approached this figure on two occasions; in chemizone
,

~

4 the proportions of P are consistently higher than 1 %. P exhibits Dynamic Metastable Equilibrium
and maintains the higher equilibrium reached at 180 cm until 150 cm. This chemizone is introduced at
180 cm by a sharp increase in the proportion of K, Si, Mg, Na, and P. The association of these
elements may indicate an episode of erosion. An equally steep decline in AI, CI and S occurred at the
same depth. From 181 - 180 cms, the proportion of K rose from 0.5 - 4 %, Si from 0 - 35 %, and P
rose from 0.5 - 1.1 %. Between 182 and 180 cm, Na rose from 3.5 -5.8 % and Mg rose from 0.3 0.75 %. Between 181 - 180 cm the percentage of CI fell from 8 - 2 %, AI from 36 - 2 % and S from
22 - 8 %. At 170 cm the proportion of K, Si and Ti had returned to the level concentration achieved
at 181 cm and the proportion of S had recovered but P maintained the higher proportion it had
achieved at 180 cm. The proportions of K, Si and Ti increased between 120 and 80 cms perhaps
indicating a phase of erosion. Several elements, Ni, Cu and Zn, exhibit stable equilibrium and do not
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indicate long term change in their controlling variables. There is steady increase in the percentages of
CI and Na between 160 and 157 cm and a peak in both also occurred at 151 cm. The long term
declining trend in the proportion of Ca does not continue across this chemizone and a cessation of
base depletion is implied. After recovering from the decline which took place at 180 cm, S maintained
relatively stable equilibrium across this chemizone. Greater fluctuations are observed in the
proportion of Mn and Fe and the relative concentration of both elements is consistently higher
between 155 - 110 cm as is the proportion of Mg.

Interpretation.
This chemizone is introduced by steep increase in a wide range of elements which taken together
indicate a physical disturbance of the landscape. The proportion of K at 180 cm was the highest
recorded in the entire Holocene record. When this is associated with equally steep increases in the
proportion of Ti, and Si, and Mg and Na, the association can be interpreted as indicative of a greater
degree of short term landscape disturbance than is indicated elsewhere in the core. The indicators of
landscape disturbance return to the concentrations at which stability is maintained at 170 cm but the
proportion of P, which also rose steeply at 180 cm, did not decline until 110 cm. The increase in the
mean equilibrium of P may be best appreciated by referring to Figure 10.4, where the behaviour of
1

this element through the entire core can be estimated. The relative enrichment of the sediments by P
may be responsible for the stability in this zone of the base status indicator Ca and for the stability of
the acid indicator S. The relationship of these elements suggest that processes of soil degradation,
indicated by rising proportions of S and declining proportions of Ca in preceding chemizones, ceased
in this chemizone.

Several hypotheses may account for these phenomena.

1. Anthropogenic.

The episode of landscape disturbance was associated with the activities of people. This may be the
result of clearance, changing land-use strategy, or an intensification of land-use. Following the
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disturbance of the soils a new equilibrium was achieved and the soils ceased eroding. The continuing
anthropogenic presence then maintained the phosphate enrichment of the bog.

2. Natural.
Soil erosion does not require an anthropogenic trigger. The acidification of the soils of the hill slope
above the basin could have progressed to the point where they became unstable. Alternatively a
natural change in the vegetation cover could have occurred. Such a change does not require dramatic
climatic change and could have been the result of a gradually deteriorating soil resource or climatic
change or a combination of both. As suggested above, once the bog has been enriched by an inwash
of nutrients and bases the organic productivity of the bog may have been enhanced and led to the
higher representation of P.

Discussion.
The enhanced proportion of P in the sediment does not appear to be reflected in acid status of the
mire. Although the percentages of S and Ca remain stable, there is no evidence in the geochemistry to
suggest that the acidity was ameliorated, only that it stabilised. The high percentages of P in this zone
is not associated with any element with which it may commonly be sorbed or co-precipitated, such as
!t

Fe. The production and deposition of P, in this context does not appear to have been the result of
autocthonous processes occurring within the bog. Nothing in the geochemistry suggests that a
significant alteration of climatic variables coincides with either the inferred initial erosion episode or
the later proportion of P. Significant changes in vegetation in the north-eastern highlands of Scotland
are known to have occurred at about this general period. The "Pine decline" ca. 4000 BP being one
such; however this decline is associated with deteriorating climate, acidifying soils and volcanic
eruptions [Blackford et al. 1992] and it is difficult to conceive how any or all of these could be
responsible for the relative enhancement of P in the core and the stability of S and Ca. If it is
accepted that the source of P in this chemizone may be the result of allocthonous productivity then
the anthropogenic hypothesis appears to be the most attractive. Human activity may have destabilised
the soils which then returned to an state of equilibrium. The continued human presence and use of the
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land around the basin may then have led to the production and deposition of phosphate. In this
interpretation it should be noted that a settlement of postulated Bronze Age date lay on the hillside
150 metres from and 50 metres higher than, the core extraction site. In the light of this discussion the
most likely hypothesis for the phenomena described is that they occurred as the result of a disturbance
of the landscape followed by a period of exploitation.

A second environmental change is indicated in this chemizone, beginning at 130 cm, which is
associated with a change in sediment texture and the presence of tree macro-fossils. At this point the
proportion of P declined to a low equilibrium, while the percentages of Si, Ti and K increased. If the
hypothesis advanced for the high proportion of P, above, is accepted then the decline in the
proportion of P may indicate a cessation, or change in anthropogenic modification of the environment.
This may have been because of the episode of landscape instability indicated between 110 - 80 cm.
Alternatively, exploitation of the soil resource may have resulted in its degradation, erosion and
subsequent abandonment.

The trends indicated by K, Ti and Si between 130 - 80 cm, suggest an episode of landscape
instability, which occurred between 130 - 100 cm, which was followed by a slow return to stability
I

between 100 - 80 cm. These trends correspond to sedimentary units within the core. Between 130 100 cm the sediment was well humified but contained rare wood macro-fossils. At 100 em there was
a sharp division between two sedimentary units, largely delineated by abundant wood macro-fossils
above 100 ems. The immediate environment of the basin does not however appear to have been
degraded and hill slope processes and processes taking place within the mire must be separated from
each other. The presence of tree macro-fossils in the sediment, including a Hazel nut at 69 cm
suggests that the sediment within the basin was drier and that pH had risen. Between 130 - 90 em the
proportion of S was at a low equilibrium indicating a lower pH. The closely sampled sediments
between 150 -160 cm did not exhibit the close association between elements noted in the tephra zone
above, KL2, or in the tephra zones discussed below. KL4 and KL6.

272

Summary of environmental trends in chemizone KL4.
This chemizone is introduced by a short lived episode of landscape disturbance which was followed by
an enhanced representation of P. The landscape disturbance and enhancement of P have been
attributed to anthropogenic activity. The accelerating acidification of the sediments, indicated by the
proportions of Ca and S in chemizones appears to have ceased and a balance between base availability
and acidity achieved. The input of P declined and was followed by an episode of landscape instability.
This episode of landscape instability was associated with, and succeeded by a distinct sedimentary
change and the presence of abundant tree-macro fossils in the core. This evidence suggests that the
mire was drier and less acid.

Chemizone KL5. [Figure 10.10]
This chemizone was delineated by the location of a concentration of tephra between 50-60 cm [Figure

10.2]. The detailed distribution of tephra at this depth was established by the analysis of contiguous 1
em3 samples [Figure 10.3]. Samples for geochemical analysis were taken at the same sampling
interval. An extra variable is considered in this zone,. the distribution of tephra grains which show
signs of erosion. This distribution is plotted on figure 10.3.

Summary.
As in Chemizone KL3 there is a close association between the distribution of tephra and the
proportions of Si and K. All three variables exhibit Dynamic Metastable Equilibrium with a trend
which rises from 55- 50 cm. From 57 and 56 cm the proportions of Fe, Mn, and S decline steadily to

50 cm. The distribution of tephra between 50 - 60 cms is skewed, with a steady decline in the number
of tephra grains counted between 50 and 60 cm from 52 to 11. The behaviour of Si and K is similar
to the tephra distribution. However, when interpreting these trends the provenance of both elements
must be considered. Do these trends record an environmental response to tephra distribution? Or
alternatively are these trends the result of the geochemistry of the tephra grains?

\
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The highest proportion of S in the entire sediment record occurred in this zone at 58 cm (27.5%); and
the highest proportion of Fe below the Acrotelm [Ingram 1978, 1987] occurred at 57 cm (33 %).
This point coincides with a minima in the tephra distribution. However with the exception of these
peaks the long term trend of S, Fe and Mn is one of decline from 60 to 50 cm. The proportion of Ca
in the sediment increased considerably at 55 cm, to 41 % followed by a steady decline to 10% at 51
cm.

Cu, Zn and Ni do not exhibit any trend which may be interpreted as indicating fluctuation of an
environmental variable and P exhibits stable equilibrium across the zone.

Interpretation.
Do any of the trends described above and presented in Figure 10.10 suggest an environmental
response associated with the deposition of tephra. A series of hypotheses is presented below.

1. No environmental response to tephra deposition.
Hypothesis.
The trends exhibited by Si and K are a result of the influence of tephra geochemistry on the EDMA
,j

analysis, and do not indicate any landscape disturbance. The peaks in S and Fe, which indicate
acidity, are the result of a short term fluctuation of an existing controlling variable and not the result
of the influence of an extra-ordinary variable such as the deposition of acid material emitted in a
volcanic eruption. The long tail of tephra extending down through the core is the result of
bioturbation and the operation of settling mechanisms.

2. Environmental response to tephra deposition.
Hypotheses.
A. Tephra deposition occurred at 50 cm, this triggered a short phase of soil erosion which intensified
a trend in the proportion of elements associated with mechanical erosion. The long tail of tephra
extending down the core is the result of bioturbation.
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B. Tephra deposition occurred at 58 cm and is associated with peaks in Ti, Mg, Na and an increase
in AI and Ca. All of these elements are associated with the geochemistry of tephra grains emitted in
the Hekla eruptions [Devine et al. 1984]. The associated peak in S is the result of sulphur deposition
which occurred in tandem with the tephra fall. The tephra fall and acid deposition resulted in a
destabilization of the catchment sediments and/or vegetation. This resulted in erosion into the basin
indicated by the long tenn trend in tephra, Si and K.

To investigate the hypothesis advanced in (2.A) the microscope preparation slides from which the
tephra counts were obtained were re-examined. Silica fragments which were ignored in the initial
count as not satisfying the morphological criteria established above, were re-examined. Silica
fragments which were clearly phytoliths, using the classifications established by Powers and
Gilbertson [1987] and Powers et al. [1989] were rejected, but fragments were noted which may have
been eroded tephra grains. These were silica fragments which had been abraded and damaged, but
were similar in size to tephra grains. These were counted and plotted against the distribution of
tephra which had been correctly identified earlier and a clear relationship between the two established
[Figure 10.11]. Tephra grains which show signs of abrasion are interpreted here as having been
deposited outside the basin, and then transported to the sediments by post-depositional processes
which brought about the abrasion. The distribution of these across the zone suggests ongoing soil
erosion, resulting in a peak input at 150cm.

Discussion.
The geochemical and physical evidence in chemizone KL4 suggests that there was an environmental
response to the deposition of tephra. The nature of this response depends principally on the
interpretation of the distribution of tephra across the zone. If tephra deposition took place at 58 cm
depth then hypothesis (2.A) may be supported, if however tephra deposition took place at 50 cm then
environmental disturbance was minimal. The distribution of abraded tephra shards in the core is
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critical to either argument. When the abraded shards and the trends in K and Si are viewed together,
an episode of landscape disturbance is indicated.

Is there any geochemical evidence for the mechanism by which the eruption may have disrupted the
environment? There are two models which explain the impact of volcanic eruptions on environments
remote from the volcanic source. The first of these is climate change. This has been extensively
examined in the preceding chapters and the assumption that volcanic eruptions may cause climatic
deterioration on the scale necessary to bring about environmental degradation has been challenged and
essentially dismissed. There is no evidence in the geochemistry, in particular in the relationship and
behaviour of Na, Mg and CI for any intensification of rainfall. Nor is there any evidence for an
intensification of leaching which might be associated with a climatic deterioration, the trends of S, Fe,
Mn and Ca do not change significantly. The second hypothesis advanced in this research is that
tephra deposition may be accompanied by the deposition of acid volatiles. Acid deposition and plant
damage on the scale which occurred in eastern England in 1783 may have occurred in the Strath of
Kildonan in association with the tephra fall. If this interpretation is accepted, then the conjunction of
tephra and the highest proportion of S in the entire core may be significant and record such an tephra
event. The resultant plant death may have then resulted in the destabilization of the soils of the hill
.,

slope above. However, neither model is unequivocally supported by the geochemical evidence and
further testing of this hypothesis and the examination of the geochemical response to tephra
deposition is needed; ideally the research should be extended to other locations where there is no
doubt as to the size and nature of the volcanic event [This is now underway, Grattan and Newnham,
looking at the geochemical and palynological response to tephra deposition in Lake Taharoa, New
Zealand].

Chemizone KL5. 50 - 20 em. [Figure 10.12].
This chemizone was delineated by the tephra deposits between 50 - 60 cm and 10 - 20 cm. Between
20- 30 cm the sediment was sampled for geochemistry in contiguous 1 cm samples. This was to act
as a blank against which the analysis of zones with tephra concentrations could be compared.
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Summary.
This chemizone was introduced by a steep decline in the proportion of K and Si elements which had
peaked in association with tephra at the top of chemizone KIA. Having declined to a lower
equilibrium level at 40 cm neither element exhibits instability. K exhibits stable equilibrium and Si
exhibits stable equilibrium with a long-tenn increasing trend. The long tenn increase in the proportion
of Si is also exhibited by P, and Ti. S, Mg and Ca also exhibit similar trends but the proportion of
these elements declines across the chemizone from 30 - 20 cm. Cu, Zn and Ni do not exhibit any
interpretable trend and Fe and Mn exhibit metastable equilibrium, no significant fluctuation in an
environmental variable can be inferred from their proportion. Al exhibits Dynamic Meta-Stable
Equilibrium, rises to a higher eqUilibrium state between 30 and 24 cm before declining to a lower
equilibrium at 22 cm.

Interpretation.
There is no geochemical evidence for sudden environmental change in this zone. Indictors of
landscape instability K, Si and Ti exhibit stability or slow change. The proportion of indicators of
acidity and base status in the sediment exhibit meta stable equilibrium with a steady long Jerm fall in
the proportion of both elements and in consequence can be used to indicate neither acidity nor
alkalinity. The trends in both elements may be the result of the result of the nonnalisation of the data.
Both elements are products of chemical weathering of the sediments, whilst Ti and Si indicate
physical weathering. All four elements may therefore be interpreted in association to indicate the
dominant weathering processes, in this zone it appears that physical weathering was the dominant
process.

The close sampling interval between 20 - 30 centimetres is a blank against which the closely sampled
tephra zones can be assessed. None of the geochemical associations noted in the tephra zones were
repeated here, in particular the close association between Si, K, and to a lesser extent Ti and P were
observed. These relationships will be discussed in detail below.
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Summary of environmental trends in Chemizone KL5.
A gradual increase in landscape disturbance is indicated by the trends in Si and Ti, but K does not
follow these trends and so any disturbance may have been minimal. Environmental disturbance is not
indicated by any elements achieving a higher, or lower equilibrium following a period of instability.

Chemizone KL6. 10·20 em. [Figure 10.13].
Chemizone KL6 was delineated by the concentration of tephra between these points in the core
[Figure 10. 2 & 10.3]. The tephra shards were formed of clear and blue glass with concoidal
fractures.

Summary.
As in other zones where a tephra concentration was identified there is a distinct association between
the distribution of tephra across the zone and the representation of associated elements, in particular
of K and Si. The proportion of Fe peaked at 17 cm, and it is interesting to note that this coincides
with a minima in the tephra count. This phenomenon will be interpreted and discussed below. With
the exception of the peak concentration at 17 cms, the long term trend in the proportion pf Fe across
this zone in one of decline. Mn exhibit meta-stable equilibrium and no environmental change can be
interpreted from its proportion. Cu, Zn and Ni do not exhibit any interpretable trends. Ca and S
continue the trend established in chemizone KL5, and the percentages of both elements decline across
the chemizone. The proportion of AI rises gradually from 17 cm to a peak at 13 cms and then slowly
declines. to the minimum proportion in the zone (10 %) at 11 cm. The percentages of Ca, P, CI, Mg,
Na and Zn peak at 11 cm. In the case of Na the peak representation at 11 cm is part of a rising trend
through the core, but in the case of the other elements which peak at 11 cm, an environmental change
is indicated.
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Interpretation.
A limited environmental impact can be detected in response to the tephra deposition. The changing
values of Si, AI and K run parallel to the distribution of tephra across the zone. However, as in other
areas where tephra is concentrated in the core, the interpretation of Si and K, and in particular their
provenance is open to question. K, AI and Si are component parts of tephra from Iceland [Devine et

al. 1984; Dugmore et al. 1992; Jakobsson 1979]. These percentages may therefore reflect the
distribution of tephra shards through the chemizone. An alternative hypothesis is that the tephra
deposition has brought about an episode of landscape disturbance which is reflected in the input of Si
and K from adjacent soils into the basin sediments.

The landscape disturbance hypothesis is difficult to test. The representation of Ti, which may also
indicate landscape disturbance, does not closely follow the trends established by K, AI and Si, but
this element is also a constituent of the geochemistry of tephra which originated in the Hekla volcano
[Dugmore 1989] and as such its provenance in this chemizone is open to question. The proportions
and trends of other elements in the core do not appear to have been significantly perturbed by the
tephra fall. The trend of Ca and S is of a steady decline across the zone to 14 cm, followed by a
steady increase from this depth to 11 cm, which is followed by a decline. The long term Itrends in the
proportion of both elements began well outside chemizone KL6 and cannot be used to support a the
hypothesis of tephra related landscape disturbance brought about either by acid deposition, or climate
change.

The Fe peak at 17 cm is the second highest proportion of Fe below the acrotelm and it is interesting
to note that both this and the highest proportion of Fe are related to tephra concentrations in the core.
Is this peak related to tephra deposition or the deposition of acid volatiles and the subsequent
mobilisation of iron? The peak in Fe at 17 cms coincided with a minima in the tephra concentration
and this relationship may be related to the acidity of the sediments. Hodder et al. [1991 suggested
that under acid conditions silicate glasses may be dissolved and this may explain the relationship
between an Fe peak and a minimum tephra count. On balance it does not appear that this tephra fall
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brought about an environmental disturbance which can be detected or suggested by a geochemical
response in the sediments. However, the general question of geochemical responses to tephra
deposition will be considered in detail below. The proportions of Ca, CI, Mg, P, Sand Zn all peak at
11 cm. The association of Ca, CI, Mg and Na, can be used to suggest rainfall intensity; the peak in S
could then be interpreted as an increase in acidity in response to this. However, at 11 cm depth the
active root zone of the bog is approached and the concentration of these elements may indicate the
chemistry of recent rainfall rather than a palaoenvironmental change, or may indicate the current
location of the water table.

Summary of Environmental trends in ehemizone KL6.
A tephra deposit was identified in this zone but the geochemical response to the tephra fall did not
indicate an episode of landscape disturbance. The interpretations of several elements are ambiguous,
as the elements which are closely related to the tephra fall are both the principle geochemical
indicators of landscape disturbance, and common constituents of Icelandic tephra. Trends in the
representation of S and Ca, which were established much deeper in the core, continued across this
zone. The peaks in the proportions of Ca, CI, Na, Mg may indicate the position of the water table.

Chemizone KL7. 0·10 em [Figure 10.14].
The upper 10 cm of the core are unlikely to contain geochemical evidence of palaeoenvironments and
is the active root zone of the bog. This zone also forms the acrotelm of the sediment. The acrotelm
has a fluctuating water table, is subject to periodic air entry, and contains peat forming anaerobic
bacteria [Ingram 1978]. Elements deposited in this zone are not immobile and environmental trends
cannot be reconstructed by the trends exhibited. An analysis was carried out, primarily to identify any
increase in the proportion of environmental contaminants which may have their source in industrial
pollution, the results are presented in Figure 10.14. The proportions of Zn and Cu are not enhanced
in this zone and little deposition of industrial contaminants is indicated in this location.
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Discussion: sediment geochemistry and environmental change in the Strath of Kildonan
[Figure 4].
The geochemistry of the core has been investigated in detail and presented in individual chemizones,
an overview is presented here.

Late-GlaciallIIolocene transition.
Two clear zones can be identified which represent the climatic oscillations at the Devensian/Holocene
transition and the Holocene. Within the Late-Devensian sediments several cold and wanner episodes
can be identified. These do not conform to the accepted British model of Windermere interstadial /
Loch Lomond re-advance / Holocene, but also indicate the presence of an extra warm phase more
typical of the Older and Younger Dryas periods indicated in European sediments. The sediment
morphology and geochemistry suggest that the climatic oscillations in the Late-Devensian / Holocene
transition consist of subtle changes beyond the scope of the research of this paper. A detailed analysis
of these changes will be the subject of future research.

Soil Evolution.
The development of the Holocene environment can be seen to be gradual. The proportion of K in the
(

sediment declines gradually over nearly a metre of sediment, while the representation of elements
indicative of the chemical weathering of developing soils, increase gradually across the same
sediments. The development of an organic soil is clearly indicated by the geochemistry at 350 cm.
The contrast between the two environments is clear. Below 350 cm the principle weathering process
indicated is mechanical, above 350 cm the principal weathering process is chemical. The evolution
and development of the Holocene sediment can also be reconstructed. A steady decline in base status,
and by inference a fall in pH is indicated by the trends exhibited by Ca. The depletion of base status
can also be inferred from the long term trend apparent in Mg and Na. Holocene landscape
disturbance is indicated by K, Si and Ti. Short lived increases in the proportion of any element in the
core are obvious, but the interpretation of short lived fluctuations in the representation of any element
may be problematic. These may have been caused by the fluctuation of several variables not all of
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which are significant in environmental tenns. However, episodes where the percentages of these
elements achieve a higher equilibrium in the core, may indicate alteration in an environmentally
significant variable. Such variables may be the interaction of people and the landscape, vegetation
change, soil development, or climate.

Anthropogenic Influences.
Anthropogenic influences may be inferred where episodes of landscape disturbance are associated
with indicators of nutrient enrichment. In several parts of the core it is apparent that a high
representation of P is associated with episodes of landscape disturbance and these may reflect the
activities of people within the landscape. These episodes appear to be episodic in nature and may
indicate episodes of more and less intense anthropogenic exploitation of the Strath. Anthropogenic
activity may also be indicated by the geochemistry of elements such as copper and zinc which can be
deposited as the result of industrial activity. In the Strath of Kildonan, Cu may have two sources. It
is a common constituent of metamorphic rocks [Berrow & Mitchell 1980] and may therefore originate
in the granitic rocks of the region, or it may be deposited from industrial pollution. The scale of the
increase in the proportion of Cu between 200 -330 cm is difficult to attribute to the erosion of granite
of Cu deposition occurred across the core and wast typically
clasts. A steady background presence
.
below 0.5 %. The peak concentration of Cu is not closely associated with any indicators of physical
and chemical weathering, so deposition from either of these mechanisms appears unlikely. If an
anthropogenic source is considered then industrial pollution is indicated far earlier than the 19th
century date suggested by most workers [Rippey et al. 1982]. This question will be investigated in
future research in sediments retrieved from other locations, but it is interesting to note that a similarly
high proportion of Cu occurred in the Borve bog, on the Island of Barra [discussed above] at 270 and
300 cm. and some fonn of working of copper, bronze or copper-affected vegetation may be involved.

Tephra deposition: environmental impacts.
The tephra falls identified in the Strath of Kildonan were the only deposits which were able to be
examined in detail and which had a detectable geochemical response. Tephras identified in other

282
locations did not approach the numbers counted here. Three tephra falls were identified in the
Kildonan core and the geochemical responses associated with these were investigated [Chemizones
KL2, 4 & 6; Figures 10.3, 10.8, 10.10 & 10.13]. A clear relationship could be observed between each
of the tephra falls and several elements in each chemizone. The distribution of tephra within and
across each chemizone is closely paralleled by the proportions of K and Si. In zone KL2 the
proportions of Si, K and P are related to the distribution of tephra [Figure 10.3]. In zone KL4 Si, K
and to a lesser extent AI are related to the distribution of tephra across the chemizone [Figure 10.10].
In chemizone KL6 the representation of Si, K, AI and to a lesser extent Ti, appear to change in
response to the changing distribution of tephra. These relationships may have arisen because of the
close sampling of sediments in the tephra zones. This possibility was tested by a similarly detailed
examination of areas of the core where tephra concentrations had not been identified, between 20-30
cms and between 150-160 cms. In neither of these areas were the proportions of K and Si positively
related to trends in AI or P. The values of K and Siwere related but both elements may indicate
landscape stability and a close degree of association is not to be unexpected.

All of the elements which are closely related to tephra distribution may be chemical constituents of the
tephra shards themselves [Devine . et al. 1984, Dugmore 1989; Jakobsson 1979] and this possibility
I
must be considered when using geochemical trends to reconstruct environmental processes. When
this research was instituted it was not anticipated that such a clear relationship would occur between
tephra fall and the EDMA analysis of sediment geochemistry, but this is clearly the case. However,
the distribution of tephra and associated elements across the zone may indicate the depositional
processes involved and by extension, whether an episode of environmental disturbance is related to
the tephra fall.

In chemizones KL2 and KL6, tephra and related elements have a "near normal distribution" and such
distributions do not suggest that major environmental disturbances occurred. Nor in either case is
there any evidence of acid deposition in association with these events. In chemizone KL4 however,
the distribution of tephra is considerably skewed and indicates landscape disturbance and post-
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depositional mobility of tephra grains within the landscape [Figures 10.10 & 10.11]. Did the
landscape disturbance occur because of the tephra deposition, or was it just chance coincidence? If
the explanation for the distribution of tephra in this zone, advanced above, is accepted, then the tephra
fall was associated with a the highest representation of S in the entire core, and the highest value of Fe
in the entire core. These associations may, of course, be fortuitous, but in the light of the research
presented in chapter six above, the possibility that these elements indicate the deposition of acid
volatiles and associated landscape disturbance must be considered. Currently only one tephra horizon,
identified as I1ekla 4, has been associated with an environmental response, a decline in the pollen
concentration of Pinus sylvestris in Scotland [Blackford et af. 1992]. But further examination of the
material from the Strath of Kildonan is necessary before we can assume that these events are related.
The second highest representation proportion of Fe in the core is also related to tephra deposition in
KL6. The EDMA based examination of the geochemical response to tephra deposition clearly
indicated which of the tephra falls may have been related to environmental change. In this respect it
has proved a powerful tool. Its application in future studies would help to identify environmentally
disruptive tephra falls and allow the focusing of other palaeoenvironmental tools to their investigation.

A common conclusion of this research has been the need to avoid the assumption that every volcanic
event is environmentally disruptive. The geochemical evidence presented above suggests that only
one of the three tephra horizons investigated in detail here was associated with environmental
disruption. Caution must be exercised if the real value of tephra related palaoenvironmental studies, is
not to be undermined by the casual application of volcanic forcing of environmental change to every
palaeoenvironmental problem. It should also be remembered that 1783 was remembered as "The year
of The Ashie", when the fields of Caithness were choked with ash fall from the Laki fissure eruption
and crops were blighted as a result [Geikie 1893]. Yet no modern environmental scientist working in
the field has found this relatively recent major ash fall.

It is apparent from a study of the geochemistry, that across the time scale of the Holocene that much
environmental change occurs as the result of long tenn change. In this respect it is apparent that the
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climatic subdivisions employed in many studies such as 'Boreal, Sub-Boreal, Atlantic, and SubAtlantic' are not clearly defined by the geochemistry. To use the tools of facies modelling, the
environmental sub-divisions employed in palaeoenvironmental reconstruction may have had a gradual
confonnable transition rather than the sharp boundaries drawn on pollen reconstructions.

Regional environmental correlations Borve bog, Strath of Kildonan, Loch lIellisdale.
The compositional changes in the geochemistry of the sediments examined in this study suggest that a
series of changes in vegetation, climate, soils and land use have been clearly detected. All three cores
record the Devensian Late-Glacial climatic oscillations in great detail. The climatic oscillations
observed in the Loch Hellisdale and Borve bog sediments are in broad agreement with those noted
elsewhere in Western Scotland and in England [Bennett et al. 1992; Mackereth 1966; Pennington et

al. 1972]. The quality of the core retrieved from the Strath of Kildonan, allowed its examination in
great detail and the Devensian Late-Glacial climatic oscillations appear to be mire complex in the
north east of Scotland than in the West and south. This is a question which will be studied further by
an examination of other material in the future.

The onset of full Holocene climatic conditions is clearly seen in the geochemical composition of the
sediments. In Loch Hellisdale the Benthic environment appears to have maintained a near neutral pH,
until relatively recent times, despite the early acidification of the terrestrial sediments. This is in
accordance with the observations of lacustrine studies from elsewhere in the British Isles [Battarbee et

al. 1985]. In contrast to Loch Hellisdale both the Borve, and Strath of Kildonan sediments indicate
the acidification of the terrestrial sediments relatively early in the Holocene. Again this is in
accordance with the observations made in other studies [Dimblebey 1962, 1965, Hudson, 1988,
1992; Hudson et al. 1982]. However, as well as identifying environmental processes operating at the
macro-scale, environmental processes operating on a sub-regional, and perhaps smaller, catchment
sized scale, have been identified and discussed. This demonstrates the ability of EDMA to produce
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results which contain evidence of the environmental variables operating within a landscape at the
macro and micro scales.

Anthropogenic activity in the landscape is suggested in all three cores by the episodic soil instability
and in the Borve and Kildonan cores by substantial increases in the representation of phosphate, which
are frequently associated with soil instability. In addition to the direct impact of humans working
within the immediate environment of the sediment basins there is also the suggestion of landscape
disturbances outside the immediate catchment The first of these is the deposition of sedimentary
material which must have eroded and transported by aeolian activity from elsewhere. The second is
the transport and deposition of metals which probably have their origin in the smelting of metals. In
both the Borve and Kildonan cores there is a correspondence between the peaks and troughs recorded
by copper. In addition, there is the suggestion of prehistoric metal working, with a substantial
increase in copper in both cores, at depths which must indicate the pre-industrial revolution era.

Substantial concentrations of tephra were only identified in one core, from the Strath of Kildonan. Of
three tephra falls identified in this core, only one is associated with any evidence for environmental
change. This is very significant for any work which blindly assumes that any tephra fall wjll indicate
an environmental disturbance. This study has identified the sparse nature of tephra fall across
northern Scotland, in most locations it is very difficult to detect. Once it has been detected not all
tephra falls are necessarily going to generate deleterious environmental change. We cannot therefore
assume, that an environmental disturbance associated with any tephra in the Strath of Kildonan, or
elsewhere, necessarily indicates that an environmental deterioration occurred across the north of
Scotland. We may however incorporate the possibility into new hypotheses which must then be
examined by future research.

Discussion.
The impact of Icelandic volcanic eruptions upon
the ancient settlement and environment of northern Britain.
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This work set out to consider the impact of Icelandic volcanic eruptions upon the environment of
northern Britain. To do, so the theoretical and observed impact of volcanic eruptions were
considered in detail.

The principal evidence that volcanic eruptions may have caused a deterioration in the environment of
northern Britain, lies in the extremely narrow growth increments recorded by oak trees growing on
raised mires in Ireland [Baillie & Munro 1988], which coincided with acidity peaks in the Greenland
ice-core [Hammer et al. 1980]. The response of tree-rings from around the northern hemisphere to
volcanic forcing was studied, and it was shown that the response of each chronology was conditioned
by site specific environmental factors, rather than any reduction in hemispheric mean temperature. In
the light of this discussion the "marginality" of the Irish Bog-oaks was considered. It was suggested
that the acidity of the mires and their base status, may have played a significant role in conditioning
the response of the Irish Bog-oaks to volcanic forcing of the environment.

Climatic forcing.
The mechanisms by which volcanic eruptions may cause environmental change were considered in
great detail. The theories and models by which volcanic eruptions may cause a climatic qeterioration
,
were investigated and it was shown that there are no theoretical grounds to justify the suggestion that
volcanic events of the magnitude of the Hekla eruptions of the Second Millenium B.C.,
wereresponsible for the volcanic and prehistoric equivalent of a "Nuclear Winter" in Northern
Scotland [See Turco et al. 1982, 1983; & Rampino 1988]. The scale of any temperature response to
the Hekla eruptions was considered and it was estimated that the maximum perturbation of
hemispheric mean temperature would have been in the order of a reduction of 0.1 cC. This is well
within the nonnal deviation of mean temperature and it is difficult to conceive that a temperature
reduction on this scale would have prompted the abandonment en masse of the Strath of Kildonan.
The possibility that such a reduction in temperature may have set up a temperature and pressure
gradient between the sea and land, with an associated disruption of atmospheric circulation was
considered. It was shown that all the studies, to date, which propose such a response, are
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theoretically flawed, and are based on inadequate eruption chronologies and inadequate chronologies
of the climatic events studied [See Nicholls 1988 & 1990 for a detailed criticism].

The consideration of the theoretical models by which it is proposed that volcanic eruptions may
perturb climate, and prompt a response in affected societies was further studied by an analysis of the
social and climatic impacts associated with two eruptions: those of the Laki fissure eruption in 1783
and the Tambora eruption in 1815. In both cases it was shown that the common perception of severe
climatic deterioration in these years was inaccurate. In the case of the Laki fissure eruption, it was
shown that the assumption that the summer of 1783 was cooler than normal, is mistaken. This
assumption has been based on the account of Benjamin Franklin, which has gained a wide audience,
rather than on the wealth of conflicting contemporary evidence unearthed by this study and on easily
available temperature data [See Kington 1980; Manley 1974; Mossman 1896]. On the basis of this
research a new model by which volcanic eruptions may cause regional warming was proposed. The
winter of 1783-84 was shown to be unexceptional when viewed in the context of other, colder winters
which occurred in the second half of the Eighteenth century, for which no volcanic prompting has
been proposed. The failure of the Laki fissure eruption to generate an unambiguous climatic
deterioration is significant for this thesis, since this eruption was one of the largest of the flolocene,
and several orders of magnitude greater than the prehistoric eruptions of Hekla which are central to
the archaeological debate in Scotland and Ireland[See Devine et al. 1984]. Despite the ambiguous
climatic response, it is undeniable that the people of Iceland experienced a serious crisis in the years
which followed. This crisis was examined and it was shown that the vulnerability of the Icelanders to
the volcanic eruption, to poor weather, and the perception that this was a "crisis" year had been
enhanced by several factors. These were:

1. The maladministration of the Danish colonial authorities.

2. Several harsh winters and poor summers preceding the volcanic eruption year.
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3. The destruction of summer pasture and livestock by noxious volcanic gases.

4. The famine and epidemics which followed.
[See Ogilvie 1986 & Th6rarinsson 1979, for detail].

Icelandic society was shown to be vulnerable to volcanic eruptions as the result of the combination of
social, economic, climatic and volcanic factors, rather than to the eruption of the volcano alone. We
must discuss the responses of Bronze Age society in northern Britain to volcanic forcing in a similar
light, and consider the possibility that a range of factors must be considered for the proposed
abandonment of the Strath of Kildonan, rather than seek to blame a "convenient" volcanic eruption
alone. The responsibility of the volcano Tambora for "the year without a summer" was also
investigated". It was shown that the common perception of this year as exceptional is a myth, and
that in fact 1816 has come to represent a harsh decade in popular mythology. Temperature records
suggest that temperature trends had been declining for several years prior to 1816 and that 1816 was
not universally cold in Europe and North America. As in 1783-84 it was shown that in 1816 a
specific range of social and economic factors conspired to present 1816 as a year of particular climatic
stress.

Studies of both eruptions highlighted the fact that not all areas experienced climatic or economic
stress, despite the common perception that harsh climatic conditions were associated with both
events. We must consider the Bronze Age abandonment of northern Britain in the light of both
events. Despite the magnitude of the eruptions, the temperature and climatic responses they produced
must be considered, at best, to be minimal. In the case of both eruptions, regions which remember the
years as being of particular crisis were already experiencing, social, economic and/or climatic stress.
We cannot assume therefore, that the climatic or other forcing caused by the Second millennium
eruptions B.C. eruptions of Hekla, were of themselves sufficient to bring about the abandonment of
settlement in northern Britain.
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Volatile dispersal and impacts.
The marginality of the Irish Bog-oaks was considered, and the possibility was raised that the
deposition of quantities of acid volatiles, emitted in Icelandic volcanic eruptions, had lowered the pH
of the mires on which the trees were growing, and that it was these hydrological and pedological
effects which resulted in the narrow growth increments recorded by the Irish oaks. Perhaps the
deposition of such volatiles in the Strath of Kildonan may have prompted the ancient abandonment
abandonment?

The Laki fissure eruption of 1783, was again used as an analogue and extensive documentary
investigation of its impacts was conducted. It was demonstrated that extensive evidence exists for
widespread and severe acid damage across Europe in 1783. The probable source for these acid
volatiles was the Laki fissure eruption. A model was proposed by which the deposition of such
volatiles may have severe and long-lasting effects on particular ecosystems. The Strath of Kildonan is
today mapped as extremely sensitive to acid deposition [Bull 1991], as are large areas of northern
Scotland [Skiba et al. 1988]. The events of 1783 demonstrate that Icelandic volcanic eruptions may
emit large quantities of acid volatiles and that these may be transported to Europe. The lI]sh Bogoaks may therefore be experiencing stress in response to the deposition of acid volatiles on an acid
sensitive, base deficient environment. Such events may be of greater significance in the
palaeoenvironmental record than the assumption of a severe response to demonstrably minor
temperature fluctuations. in this context we may consider again, the account presented in the
forethought.

"While the Saint was living in the island of 10 ... he saw a heavy rain cloud that had risen from
the sea to the north, on a clear day. Watching it as it rose, the saint said to one of his monks ...
'This cloud will be very hurtful to men and beasts; and on this day it will ... drop pestiferous rain \
upon Ireland ... and it will cause severe and festering sores to form on human bodies and on the
udders of animals. Men and cattle who suffer from them, afflicted with that poisonous disease
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will be sick, even to death'. ... Silnan arrived ... at the place aforesaid; and found the people of
that district ... devastated by the pestiferous rain falling upon them from the cloud"

[Adomnan's Life o/Columba. From the translation by Anderson & Anderson 1961]

The events of 1783 and the response of the Irish Bog-oaks to distant volcanic events, suggest that the
description above of a "pestiferous rain" falling from a cloud, " which had risen from the sea to the
north" may record the impact of an Icelandic volcanic eruption.

Geochemical analysis.
If the hypothesis presented above is correct, or if Icelandic volcanic eruptions are capable of causing

any degree of environmental stress, then this may be recorded in the geochemical history of
sediments, associated with tephra concentrations, which have accumulated in suitable basins.

The technique adopted, to study the geochemistry of sediments retrieved from the Highlands and
Islands of Scotland was Energy Dispersive X-ray Micro Analysis [EDMA]. The use of EDMA to
study palaeoenvironmental change is a relatively new application of the technology, which is not
without controversy, since the data produced is in the form of the relative proportion of each
, element
in the sample, rather than in conventional formats such as rnilligrammes/gramme, ppm etc. Part of this

study has been to develop and investigate the suitability of EDMA for the study of environmental
change. A theoretical framework was proposed within which the data produced by EDMA can be
interpreted in a meaningful manner. This framework involves the interpretation of the curves
produced by each element and the construction of geochemical facies composed of associated
elements, which together may indicate particular environments or influences.

A pilot study was conducted. Sediments retrieved from Loch Hellisdale, on South Uist, were studied
by a variety of palaeoenvironmental techniques. It was seen that environmental reconstructions based
on a study of the palynology and the changing frequency and abundance of diatom species, were
compatible with the interpretation of the geochemistry of the laoch sediments. However, it was
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established that the range of elements studied was limited and as a result these were extended to
incorporate copper and zinc.

Lacustrine sediments on North and South Uist.
Sediment cores were retrieved from three further lochs on North and South Uist. These were
disappointingly short. Minimaal quantities of tephra were detected and no other "environmental"
response to tephra deposition was observed. However, the geochemical investigation of these loch
sediments demonstrated the value of EDMA to the investigation of environmental change. In all three
cores, the influence of environmental variables specific to each catchment were identified, as were a
range of environmental variables which operated upon the catchment but which originated outside. In
each loch, episodes of soil erosion were noted, which suggests the anthropogenic disturbance of
catchment soils. In each loch the influence of the machair environments, which lie to the west, is
demonstrated to be of importance in maintaining the equilibrium of the lacustrine environments in the
face of the progressive acidification of catchment soils. In this respect, it is interesting to note that the
deliberate introduction of calcium into Loch A'Barpa, was less effective than the natural ability of
calcareous material eroded from the dunes and machair of Baleshare, to reduce or reverse the acidity
of the loch waters. It was demonstrated that the environment of all three lochs was sens~tive to the
deposition of acid materials, in all three the deposition of copper and zinc coincided with a
deterioration in the lacustrine environment. Thus although no response to tephra deposition was
observed, it was demonstrated that the lacustrine environment of these remote lochs was sensitive to
the deposition of acid material, which is significant to any consideration of the impact of volcanically
generated acid volatile material.

Borve Bog.
A core was retrieved from Borve Bog which lies at the head of the Borve valley on the Hebridean
island of Barra. This bog lies within an archaeologicaUy-rich landscape [Branigan 1988, 1990], and
offered the potential to study the geochemical history of the mire throughout the Devensian LateGlacial and Holocene. the impact of people upon the environment throughout that period. and the
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impact, if any, of volcanic tephra deposition. Although minimal quantities of tephra were located
within the core, and no geochemical response to this was observed, environmental changes could be
observed and interpreted in a meaningful manner using EDMA studies of the sediment core.

The nature of the Late-Glacial! Holocene transition was investigated through a study of the
geochemistry of the sediments. The climatic fluctuations which characterise this period were clearly
illustrated by contrasting episodes of mechanical erosion and stability. The slow evolution of soils
during the Holocene could also be suggested by increasing stability and an increase in the proportion
of elements which typify chemical rather. than physical erosion. A prehistoric episode of atmospheric
contamination is suggested by a peak in the proportion of copper in the core at 270 cm. The
provenance of this peak will have to be studied further before an equivocal statement as to the
question of Bronze age smelting can be made. However, other episodes of anthropogenic soil
disturbance were clearly indicated by a consistent increase in the proportion of elements which
indicate mechanical erosion and of elements such as P which might indicate the presence of people
and or livestock. The anthropogenic exploitation of the upper Borve valley can be seen to have been
episodic, and may have coincided with episodic exhaustion of the richer soil resources further down
the valley, indicated by an increase in the proportion of calcium in the sediment. As in all, the studies
discussed above the onset and environmental impact of the industrial revolution is clearly indicated.
The study of the sediments retrieved from the Borve bog demonstrated that EDMA is capable of
producing information which will allow the reconstruction of environmentally determinant variables
operating both within, and from outside the immediate catchment of the basin.

The Strath of Kildonan.
The geochemical analysis of the core retrieved from the Strath of Kildonan presented clear evidence
for an environmental response to tephra deposition, as well as a evidence for a broad range of
environmental change and evolution. The broad reconstruction of environmental history was similar
to that presented in the analysis of the sediments analysed from Loch Hellisdale and Borve bog. The
Late-Glacial! Holocene transition was very clearly illustrated, as was the evolution and degradation of
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the soil resource throughout the Holocene. The impact of people upon the sediment chemistry was
again very clearly illustrated, with a rise in the proportion of phosphate in the core being associated
with indicators for the physical disturbance of the landscape. The response of the geochemistry to
tephra deposition is interesting. Three tephra concentrations were identified. For two of these both
the geochemistry and the distribution of tephra through the sediment suggests that environmental
disturbance was minimal. For one however, both the geochemistry and tephra distribution suggests
that an episode of landscape disturbance occurred. This episode is associated with the highest
proportions of sulphur and iron reached in the entire core which may be significant for the hypothesis
advanced in this thesis, that the principal mechanism by which volcanic eruptions may disrupt the
environment in northern Britain is via the transport and deposition of acid volatiles. However, caution
must be urged when suggesting that all tephra horizons located in British sediments may be associated
with a phase of environmental degradation, only one of the three tephras identified in the Strath of
Kildonan, will support an hypothesis that environmental degradation ensued.

The application of EDMA to the investigation of environmental change.
This thesis has demonstrated that EDMA is a powerful research tool capable of isolating and
identifying the operation of environmental variables within a variety of environments. Th,e careful
formulation of research strategies and methodologies should overcome the resistance to the wider
adoption of this technique.

Icelandic volcanic eruptions and environmental change in northern Britain.
This thesis has investigated the question of the possible environmental impact of volcanic eruptions
upon the environment in great detail. It has concluded that there is no evidence which would suggest
that the Hekla eruptions of the Second Millennium B.C. were of the magnitude from which significant
climatic deterioration can be reliably inferred. It has also demonstrated, by a study of the two largest
volcanic eruptions of the Holocene, that volcanic eruptions may not be the sole agent of stress either
climatically or socially. It is the environmental and social conditions which exist before the eruption
which conditions the degree of response to the eruption. An environmentally specific model has been
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advanced by which the volatile acid emissions of an Icelandic volcano may bring about environmental
change, but it must be emphasised that the sensitivity of the environment to such deposition, is as
important as the scale of volatile deposition.

This study has also highlighted the possibility that a mechanism exists by which volcanic eruptions
may bring about warming of the lower atmosphere on a local/regional scale.

It is unlikely, except in exceptional circumstances, that a volcanic eruption alone may act as an agent
of environmental change. The Hekla eruptions of the Second Millenium B.C. were not, on the basis
of current estimates of magnitude, on the scale where they may be considered likely to have been the
sole agents of social or environmental change. This thesis has demonstrated that the criteria by which
an environment or society may be considered to be marginal must be estimated before any assumption
of the degree of volcanic forcing may be made.

Throughout this work, Renfrew's [1979] warning, against the assumption of causality based on a
loose temporal association has been applied. It is hoped that this work has not itself fallen into that
pitfall, and that it may act to move the debate on the impact of volcanic eruptions in prehi,story onto a
more critical and scientific level.

Did the lIekla 3 eruption cause the abandonment of the Strath of Kildonan?
This thesis has not been able to prove or disprove this hypothesis. It has rejected the hypothesis that
the Hekla 3 eruption may have brought about a severe and long lasting climatic deterioration. But in
its place an explanatory model has been advanced by which the acid volatiles emitted in some
Icelandic volcanic eruptions may have a severe impact on the acid sensitive environments, which the
Strath of Kildonan may be considered to be.

John Grattan Plymouth. December 1993.
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