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Homenagem ao Professor Manuel Maria Godinho

Prefacio

Esta nota de abertura para o livro que acompanha o Simposio
“Modelacdo de Sistemas Geoldgicos” realizado na Universidade de
Coimbra em homenagem ao Professor Manuel Maria Godinho, por ocasido
do 70° aniversario do homenageado, tem por objectivo uma tentativa de
localizar o leitor na intengdo que, a meu ver, foi a dos promotores e
organizadores deste encontro, simultaneamente cientifico e de afectuosa
gratidao.

Em primeiro lugar, no que respeita a Ciéncia patente nas
apresentacoes, sao de salientar ndo s6 a variedade das matérias tratadas e a
diversidade dos interesses cientificos proprios, das origens e nacionalidades
dos respectivos autores, mas sobretudo o desejo de focalizar cada um dos
contributos em aspectos directamente relacionados com a actividade
cientifica do homenageado. A modelagdo de sistemas geologicos, a
problematica da energia, a deteccdo e caracterizagdo das emissoes de radao,
o estudo do ciclo do carbono, a geoquimica particular e a cartografia
geologica, entre outros assuntos igualmente relevantes, sdo, de uma forma
ou de outra, expostos pelos seus autores, conhecidos e reconhecidos nas
especialidades que cultivam. Quis aqui propositadamente destacar o capitulo
da geomatematica, ciéncia a que o Professor Manuel Maria Godinho cedo se
dedicou sendo, tanto quanto um ndo-gedlogo como eu poderd avaliar,
pioneiro desses estudos em Portugal. Este interesse, que continua a cultivar,
¢ para mim (que sou engenheiro, por formag¢do) particularmente relevante ja
que adoptei a ideia, talvez um tanto redutora, de que s6 ascende a verdadeira
categoria de Ciéncia — as chamadas ciéncias exactas — o conhecimento que
¢, ou pode ser, matematizavel. E a Geologia ndo escaparia, ndo escapard, a
este figurino.

Depois desta brevissima digressdo, necessariamente incompleta, muito
sumaria e geral, pelos temas do simpdsio ndo quero nem posso deixar de
acentuar o contexto € o motivo principal da sua organizagdo: uma
homenagem ao Professor quando completa a idade canodnica da jubilagio
universitaria. As instituigdes que se associam a homenagem comprovam a
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importancia, o alcance e o prestigio do homenageado e da sua obra. E o
mesmo se diz das ilustres personalidades presentes. A par delas, entre todos
nos, outros, que acorremos ao simposio, quer especialistas, quer leigos nas
Ciéncias da Terra, ha elos de ligacdo efectivos e fundamentais: a Amizade
pelo Manuel Maria Godinho e o aprego que todos temos pelas suas impares
qualidades humanas e de universitario. Para o Homem de Familia que se
preza de o ser acima de tudo ¢ com certeza uma felicidade maior ver-se
acompanhado da Dr*. Maria Raquel, sua mulher, dos filhos — Pedro e Luis,
também eles nossos confrades no claustro universitario — das noras e dos
netos, a quem dedica afectos que s6 os avos sabem concretizar.

Do professor, investigador ¢ Homem de Ciéncia alguém mais
qualificado que eu na circunstincia — colegas de especialidade,
colaboradores, discipulos, ou simplesmente alunos — se encarregara de
tracar registo fundamentado. Mas ndo vou passar o ensejo de, nestas curtas
linhas de prosa modesta, enaltecer o Homem de Cultura, amante de Poesia,
o Universitario que comecei a conhecer vai para um quarto de século, ja ele
era um respeitado catedratico da nossa Faculdade. Antes disso, Manuel
Maria Godinho havia marcado presenca, relevante (tanto quanto sei), no
Conselho Cientifico-Cultural da Universidade criado e dirigido pelo
saudoso Reitor A. Ferrer Correia, mas foi s6 quando o Professor Anténio
Ribeiro Gomes nos deu a ambos — € ao nosso colega e amigo Professor José
Anténio Pereira da Silva — a oportunidade de consigo colaborarmos
enquanto vice-presidentes do Conselho Cientifico da FCTUC por si
presidido (e efectivamente dirigido) que no dia-a-dia me fui apercebendo do
valor, do rigoroso bom-senso e das qualidades de trabalho e de inteligéncia
daquele a quem hoje, aqui, homenageamos. Nesses quatro anos — de 1987 a
1991 — criaram-se entre nds lacos de indissoltivel amizade e de respeito
mutuo que até hoje perduram e perdurardo. O cargo de vice-presidente do
Conselho Cientifico ¢ ingrato — nao da direito a benesses varias ou
gratificacdo remuneratéria, nem a dispensa ou reduciao do tempo de servigo
lectivo. Pelo contrario, consome insuspeitada dose de trabalho e ¢ muito
exigente em dedicagdo as mdltiplas tarefas que se ¢ chamado a
desempenhar, nem sempre as mais agradaveis para um investigador e
universitario. Mesmo assim, prevalecendo-me da sua amizade, tive a
ousadia de lancar o desafio ao Professor Manuel Godinho para que em tais
fungdes me acompanhasse, em 1993, quando fui eleito pela primeira vez,
convencido que estava de que o sentimento de cumprir um dever calaria
forte em quem voluntariamente se entrega ao servico da sua Universidade.
Com a generosidade que o caracteriza, aceitou e acompanhou-me até ao
final de sucessivos mandatos, em 1999.
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Manuel Maria Godinho — o Cidadao, democrata — ¢ um aspecto
importante de que ¢ necessario falar. Melhor do que a qualquer de nds, sera
justo deixar dizer o que aqueles que mais de perto t€m conhecido esta faceta
do carécter e da accdo do homenageado enquanto homem que sempre se
quis enraizar na comunidade que o viu crescer ¢ afirmar-se na Sociedade.
Quer como presidente de mesas eleitorais na sua freguesia, quer como
interventor e conselheiro (procurado e convidado) em problemas locais,
quer, ainda, como simples cidaddo que ndo foge, nem fugiu, as
responsabilidades de cidadania para que foi convocado. Nao sé na sua terra,
mas também na longinqua Guiné, onde, como oficial miliciano, teve que
servir. Manuel Maria Godinho honra-se por ter vivido a dificil pratica do
quotidiano de entdo. E um aspecto a que hoje deixou de se atribuir a
relevancia daquilo que para tantos foi determinante das suas vidas mas que
persiste na memoria de quem teve que atravessar essa realidade.

Nao escrevi aqui, nesta nota que pretendi fosse breve, sem o
conseguir, tudo o que seria justo dizer-se do homenageado e do Encontro
Cientifico que lhe ¢ dedicado. Creio, porém, ter focado o principal: a
relevancia do Simposio, a oportunidade da homenagem e alguns aspectos
que, a meu ver, definem tragos essenciais do perfil do Homem, do Cidadao e
do Universitario que em hora feliz alguém tomou a iniciativa de
homenagear publicamente — o Professor Manuel Maria Godinho.

Lélio Quaresma Lobo
Dezembro, 2010
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Radon in neotectonics and earthquake
prediction

Fabrizio Aumento'
'Geoscientific Consultant, Montefiascone (VT), ITALY, fabaumento@tiscali.it

Key-words: Radon, Neotectonics, Mapping, Earthquakes.

Abstract

Researchers world-wide have spent the last 60 years in trying to develop reliable systems
which might provide early warnings prior to the occurrence of earthquakes. Amongst the
techniques most studied have been variations in Radon concentration, as measured both in
the sub-soil and in ground water. In some cases major increases in Radon emissions,
followed by rapid decreases, were reported prior to major earthquakes; these gave very
successful predictions that earthquakes were forthcoming, the Haicheng (China)
earthquake of 1984 is a fine example of successful predictions. On other occasions
identical monitoring systems failed to provide reliable precursors, either false or even no
alarms at all were given, as in the Tangshan (China) earthquake of 1985. Poor results
continued in subsequent years. The L’Aquila earthquake of 2009 prompted us to report on
results of Italian studies on Radon gas variations as applied to exploration, neotectonics
and earthquake prediction. These studies are based on data stored from 1997 from two
arrays of twelve simultaneously recording Radon stations, one on the volcanic island of
Terceira, Azores, Portugal and the other on the Appenninic region of Northern Latium,
Italy. We show that it is not sufficient to study data from isolated recordings of variations in
Radon peak intensities. There is much more to be learned from multiple, long term data
analyses, these permit us to define the characteristic Radon “signals” in each area studied.
Unwanted interferences can then be removed from subsequent recordings. The residual
anomalies may be indicative of neotectonic activity in both time and space.

Introduction

A massive M=6.3 earthquake struck the town of L’Aquila in the Abruzzi
Region of Central Italy on 6™ April 2009, causing several hundred deaths.
The event initiated a series of heated debates, amongst these, the dubious
usefulness of Radon earthquake precursors was much discussed. Also under
fire came the advice given by Civil Protection in advising citizen to return to
the “safety” of their homes just hours before the main earthquake struck:

13
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authorities had completely disregarded the validity of anomalous Radon
emissions as possible seismic precursors. Indeed, Radon alone may not be
the answer to earthquake prediction; in the past it has given both
encouraging and false results; events in China in the late 90s were good
examples of unreliable precursors. But there is abundant evidence from
other past events to suggest that there may be some link between Radon,
active faults and telluric movements, sufficient to make it worthwhile to at
least take into consideration anomalous Radon emissions, especially when
combined with other possible precursors. Anomalous Radon signals had
been recorded at L’Aquila by Gianpaolo Giuliani from the Gran Sasso
laboratories, but these were not taken into consideration by Civil Protection.

Indeed, Giuliani was publicly derided by authorities, even to the point of

being accused of false alarmism. Senior Civil Protection staff were

subsequently charged with manslaughter for having completely disregarded

Giuliani’s evidence and incorrectly advising the population of L’Aquila on

that fateful night of 6™ April.

So, if Radon variations may at times be effective in the study of
earthquakes, to the extent that increases in levels of **’Rn were recognised
by TASPEI (IUGG Meeting, Perugia, 2007) as being possible earthquake
precursors, what stops the gas from giving a consistent, reliable early
warning signal? The situation is complicated by the very nature of Rn: a
radioactive, noble gas, with a very short half life, unable to combine with
other elements, but at the same time responsive to other natural
disturbances. When one measures the quantity of Radon gas being emitted
from below ground, one is in fact detecting the sum of a whole series of
factors affecting that emission before the gas reaches recording instruments.
This i1s true both for analyses integrated over time by passive SSNTD
detectors and for continuous real-time analyses as determined by electronic
instrumentation. Amongst those factors that play an important part in
affecting the gas flow, each of which must be accounted for, we find:

e The surrounding geology, its Radon-generating capability, and its
permeability (high for pyroclastics and low for clays, the latter having
effective sealant properties).

e Cyclic luni-solar effects (Radon “tides” produced by the gravitational
effects of the Moon and Sun), giving rise to two peak emissions every
24 hours (synchronous with marine and Earth tides). See Kiess et al.
1999; Aumento 2002.

e Content and microstructural location of Radon’s generator (Radium);
Radium residing deep within crystal lattices will generate Radon which
will remain trapped there and never reach the surface.

14
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e The tectonic stability of the area; small seismic shocks, even the transit
of heavy vehicles will dilate or tighten existing conduits (fractures,
hairline cracks, continuous porosity), which facilitate the migration of
Radon.

e The proximity to superficial aquifers; underground water flows tend to
pick up Radon in solution and transport it to sites of lower
concentrations.

e Similarly, air currents along faults and fractures will pick up and
transport Radon.

e The ambient humidity, rainfall, atmospheric pressure, winds, and
temperature.

e And finally, the telluric signals we are hoping to detect.

A single measurement of the Radon outflow at a particular site will
have been subjected to all these disturbances; this makes it difficult to pick
out the influence of a specific effect, including that due to tectonic activity.

Tectonic mapping

Time-integrated spot measurements, using nuclear track films (SSNTDs
such as LR-115, CN-85 and others), screened against humidity and buried to
standard depths for periods of up to one month have been used as survey
tools since the early ‘70s. At first they were used to detect buried Radon-
emitting ore bodies (U and Th deposits in particular). Subsequently in the
‘80s it was found that Radon mapping could be used to distinguish between
open/active faults/fractures from those which were sealed and inactive, even
when the latter still retained good morphological features.

In Northern Latium, from Lake Bolsena (a collapsed caldera) through
Viterbo (extinct Cimini volcanoes) to Lake Bracciano (extinct Sabatini
volcanoes to the South), nuclear track measurements below ground began in
1983. These were commissioned by an AGIP-ENEL Joint Venture intent in
finding geothermal activity, the fluids of which were thought to transport
Radon gas from thermal sources at depth to surface emissions. The project
was extended by the Italian National Research Council in its study of deeply
buried, open fractures, again as possible conduits for deep geothermal
fluids. After some 3,000 measurements, spread over several years, covering
the area (from 1 to 15 measurements per square kilometre), very few Radon
emissions were detected either along those faults of regional geological
significance (Appenninic trending faults, NW-SE) or those due to the
Bolsena caldera collapse. Both these systems appeared to be sealed and
inactive; but Radon emanations showed that they had been replaced by new

15
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systems of faults: active and open anti-Appenninic faults, trending NE-SW;
examples include the Celleno and Bagnoregio faults: see map of Figure 1
(Aumento & Cherubini, 2008).

The latter system is
particularly interesting
because, although
topographically featureless,
the Bagnoregio fault trends
from Lake Bolsena (E-NE),
- past the extreme eastern end
' of the town of Civita di
|7~ Bagnoregio and on to the
seismically unstable Umbria
Region to the East. Radon
emissions along this fault
line are commonly above
8,000 Bg/m?, and have
reached 40,000 Bg/m® in
places.

Figure 1. Lake Bolsena, Upper
Latium, tectonic map.

(The thick dark lines are active
faults/ fractures which are currently
leaking Radon. Inactive faults and
other tectonic lincaments are
represented by thin lines.)

This fault has often moved in the recent past; the last major
movements occurred in the 1670’s, when tuffs making up an upper section
of the town collapsed into the valley below.

Similar survey techniques were later used in geothermal exploration
campaigns in Mexico in 1979-1980 (Gutierrez Negrin & Aumento 1982), in
Zambia (Lake Tanganyika) in 1985-1987, on the island of Terceira in 1992-
1994 (Aumento 1994), and then over the Mojave desert, in California and
Nevada (1992-2000), again for geothermal exploration purposes. The
“anomaly” maps so generated provided useful indications as to where to
continue exploration, and where geothermal activity was no longer active
(Figure 2).

16
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Figure 2. Ground Radon concentrations measured around Pico Alto, Terceira. The
map was generated by contouring over 1000 integrative SSNTD stations.

Earthquake monitoring and prediction

Based on long-term studies world-wide since the early 1960’s, some
earthquake precursors had been tentatively identified (e.g., changes in ion
concentrations in water, variation in He, Ne, Ar, Rn and N, in the
environment, the abnormal behaviour of some animals, series of milder
foreshocks before major earthquakes, sudden water-level change in wells,
ground deformation, stress build-up in the country rocks (which may in turn
alter electric and electromagnetic properties of rocks). The problem with
these precursors is that they do not behave consistently: in China, for
example, a 1975 early warning and evacuation based on Radon and other
parameters saved 150,000 lives when a M=7.3 earthquake struck the
Haicheng area (Fu & Tatsuoka, 1984); similar detection techniques did not
save some 655,000 souls killed in Tangshan, China, later that year when a
7.8 quake struck unexpectedly; this was reportedly the second largest
earthquake ever recorded to have affected human lives: no precursors had

17



Modelagio de Sistemas Geologicos

been detected on that occasion (Geotimes, 2005). More effective was the
1995 Kobe (Japan) warning provided by groundwater Radon in wells:
concentrations in water started gradually increasing several years before the
earthquake, from an original 20 Bg/l, to 60 Bq/l, to a maximum of 250 Bq/1
just before the earthquake struck and Rn concentrations dropped back to 30
Bg/l (Igarashi, 1995). It seems that these early warnings are subject to so
many different influences that, when taken individually, they behave
erratically; they have therefore been discarded and considered unreliable by
many researchers. This makes earthquake prediction a controversial issue.

Nevertheless, as shown above for catastrophic events, major changes
in Radon concentration have been observed in several earthquake-prone
zones a few months/days/hours before, during and after large earthquakes
(Martinelli, 1999, Papastefanou et al., 1999, Coutinho et al., 2001, amongst
several others). Such behaviour was observed in deep mines, cellars and
wells where Radon concentration fluctuations due to disturbing environ-
mental factors could virtually be ruled out. Therefore, it is tempting to
consider a sudden erratic fluctuation in Radon concentration, particularly in
deep wells in an earthquake-prone zone, as a potential omen for an
earthquake (see for example Zhang Zhaocheng and Zhang Wei, 1999).
Again, this relationship is not valid consistently.

Because of the short half-lives of Rn isotopes, it is generally and
incorrectly believed that most of the naturally occurring Rn in the
environment is made up of the longer-lived ***Rn isotope (3.8 days half life)
generated only a few tens of metres in depth in the Earth’s crust. In effect,
fluid transport and open fractures/conduits can very efficiently carry both
*22Rn and the shorter-lived **’Rn isotope (Thoron, 52 seconds half-life) from
greater depths and over greater distances during their life times (Fleischer
and Mogro-Campero, 1978), especially when, in some volcanic rocks,
Thoron sometimes occurs as the predominant isotope. We have seen these
effects in action over geothermal fields, where fluids transport Radon both
vertically and laterally over several tens of kilometres.

A standard argument for explaining the variation in Radon
concentration in faults and water wells before, during and after an
earthquake is the variation in release of the gases entrapped in crustal rocks
due to pore collapse and/or opening of micro-fractures caused by stress
variations (Hushinuma et al., 1999; Tuccimei et al., 2010). Being an inert
gas, variations in Radon concentration cannot be due to chemical reactions
with other substances exposed by crack build-up in the rocks.

One major problem in using Radon as an earthquake precursor is in
the inability to identify the origin of Radon pulses recorded. Major Rn peaks
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are not necessarily due to telluric activity. We have recorded numerous
strong peaks without associated seismicity, at Vetralla (nr Viterbo, Northern
Latium), for example (Figure 3).

Uetralla cantina - dicembre 2006
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Figure 3. Radon emission concentrations measured continuously during the month of
December 2006 in a deep cave at Vetralla, Upper Latium. (The large peaks
registered had no associated seismic signals. The small peaks in between
are the standard, daily luni-solar controlled Radon emissions.)

It is therefore of primary importance to be able to sort out and identify
tectonically induced Radon peaks from other possible causes.

We have used results from two Radon networks, each consisting of up
to twelve multiple, synchronous underground monitoring stations (in
Terceira, Azores, Portugal and in Upper Latium, Italy: Aumento et al. 2002;
Aumento and Cherubini, 2008; Aumento, Cristaldi and Zucchetti,
2009).The distribution, timing, size and structure of the Radon pulses
recorded by the networks were analysed in detail and shown only in some
cases to be related to telluric modifications of the otherwise systematic luni-
solar tidal control; the latter is one of the main controlling factors in Radon
emissions, both as far as pulse time and strength are concerned (Figure 4).
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Figure 4. Radon emissions at Pico Alto integrated monthly during one calendar year
showing the relationship between Radon maxima, marine tides and phases of the
Moon.

Before selecting a site for the installation of continuous monitoring
equipment, data from ground-Radon surveys were used in Latium (Figure 1)
and Terceira (Figure 2) to chose the locations of active faults which might
possibly permit Radon fluxes to reach the surface unhindered. For the
Radon data to be useful, several monitoring sites must be operational in
each region so as to produce a well-spaced array capable of indicating the
timing, provenance and subsequent direction of Radon pulses. Each site
must be subject to a minimum of disturbances from external influences, as
discussed above. Deep, locked cellars or natural caves usually made the best
sites. Since one factor controlling Radon emissions is that of luni-solar
gravitational effects, Radon emission intensities recorded on a 60 second
basis by the instrumentation were subsequently re-plotted as a function of
lunar days/months and not calendar months. When there were no major
external secondary disturbances, emission intensities, plotted month after
lunar month, showed coincident peaks twice a day, morning and evening
directly related to sunrise and sunset times. A typical systematic graph was
then generated integrating several lunar months at a time, from which very
clear repetitive, monthly patterns emerged (Figure 5).
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Figure 5. Radon emissions for the first six lunar days of each month showing their
repetitive, synchronous pattern when undisturbed by tectonic or other influences.

If a major seismic event occurred during a particular recording period,
the new trace no longer coincided with those of previous months; the event
will be visible as a sudden, strong disturbance, in terms of both time and
intensity, and, given the availability of multiply deployed stations, will be
seen to come and leave from a particular direction. Such events have been
recorded on Terceira (Figure 6) and at Civita di Bagnoregio: these stations,
placed deep in caves, where there are few outside disturbances, have shown
the arrival of sudden Radon surges, with emissions ranging from
background values of 3,000 to 4,000 Bg/m*® to over 35,000 Bg/m?® in a
matter of minutes. Simultaneous, detailed recording of all meteorological
data by local authorities showed that these surges were in no way related to
atmospheric influences.

In the Upper Latium region of Italy, continuous monitoring
commenced on 10" October 1997 soon after the Assisi earthquake struck
(on 26™ September 1997). Recordings were interrupted only by instrumental
damage due to excessively humid conditions. Major Radon flux variations
were detected by our arrays from remarkably distant sources: in coincidence
with the aftershocks of the 1997 Assisi earthquake (10" October to 6™
December 1997), some 80 km away, and recently (2009) from the more
distant one at L’Aquila, 120 km away. In the case of these major
earthquakes, large, broad Radon peaks developed at each of the component
stations, with maxima exceeding 35,000 Bg/m?; peaks then lost intensities
within a few days (Figure 7). However, on several other occasions Radon
emissions recorded in Latium peaked repeatedly beyond 20,000 Bg/m?
(Figure 8), without accompanying telluric events. These may possibly have
been due to some very local events which had passed undetected.
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Figure 6. Tectonic map of the NE slopes of Pico Alto Volcano, showing active faults

and Radon flow patterns along these lineaments from their origin to sea level. Small
grey dots are Rn stations.
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Figure 8. Radon emanations recorded in a deep cellar at San Martino nel Cimino, near
Viterbo, Upper Latium. The vicinity to the Cimini hills (extinct volcanoes) aside, no
direct relatlonsh|E was found between these Radon pulses, tectonics or marine tides.
(12" Dec. 2009-7" Feb. 2010).
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Figure 9. Radon emanations from near the summit of Pico Alto, at Agualva caldera.
(Nov. - Dec. 1997)

On Terceira, although there were several instances of coincidences
between local, anomalous Radon emissions and a large number of M<2
earthquakes, statistical correlations between these small events and Radon
did not produce a convincing story. On the contrary, when more significant
events occurred, Radon stations could be seen to respond either to the stress
system of the regional Azores/Gibraltar tectonic regime (NW-SE) or to the
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more local NE-SW Pico Alto volcanic regime (Figure 6). Peak intensities
were seen to shift from one system to another as different tectonic regimes
came into play. For example, immediately after a major earthquake on the
adjacent island of Faial in July 1998, caused by movement on the regional
NW-SE system, Radon intensities measured over said system were observed
to drop steadily for several weeks. Subsequently, as underwater eruptions
from the nearshore Serreta volcano picked up in intensity, with activity
associated with the younger NE-W system, Radon stations over these
lineaments showed marked increases in emissions.

Radon emanating from the geothermal field beneath the eastern flanks
of Pico Alto volcano flows along open vertical faults/fractures, reaching the
surface and then flowing down slope to the sea (Figure 6). Each day, the
characteristic twin Radon peaks are first detected at the station nearest the
source, i.e., at Agualva Caldera (550 m elevation); these peaks are very
sharp and intense, and occur close to sunrise/sunset times (Figure 9),
unaffected by marine tide times. Subsequently, as Radon migrates along
interconnecting open fractures/faults, the Radon pulses are recorded
sequentially, with ever increasing delay, at the down-slope stations: at
Agualva Pump Station, then Pico dos Loiros and Rabbit Warren Stations.
By this time peaks are not quite as intense, or as sharp, because Radon has
travelled further, following a more complex set of fractures. Finally, the last
appearances of the Radon pulses appear at sea level over faults at the two
Farroco stations (Figure 6). By carefully synchronising the recordings at
these different stations, one can follow the movements of Radon as it flows
along faults/fractures down to the sea, picking up time delay and gradually
losing intensity as it travels away from the source.

Furthermore, tectonics can open/close different conduits, modifying
travel paths; travel pattern may become more complicated, and more
variable. Indeed, Radon emanation graphs recorded at Farroco (Figure 10)
were shown to be very variable, more complex, different from month to
month. Not only did the shapes of the peaks vary, but peak times changed as
travel paths became longer or shorter (Figure 11). In addition, sometimes
more than the two peaks a day (am and pm) were recorded: a small
percentage of the Radon may have found other conduits along which to
travel, giving another set of smaller, systematic peaks, indicative of the
arrival of a smaller fraction of the gas.

A particularly striking example of these time/path shifts was detected
at the Farroco station during three years of study: Radon was twice delayed
by several hours along its flow from source to sea (Figure 11), at first
gradually between July 1997 and April 1998, and again from May 1998 to
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May 1999, and then very rapidly to June 1999. These time shifts were seen
to be quite independent of marine tide times, the Radon emissions not
following the daily tidal delay progressions. Similar shifts were detected at
Farroco and at other sea level stations on several other occasions.

For lack of data transmission capabilities in real time, all foregoing
observations were performed in retrospect, in the laboratory, working on
previously recorded data. The system works well for Radon mapping, but it
is not suitable as an earthquake precursor in the short term. A central control
station needs to be set up for each network to receive signals from all
stations; data would be evaluated there in real time by experienced staff,
who would issue early warnings as necessary. In the volcanic regions
studied above, this is not quite so easy to accomplish: stations are often
lacking electric power supplies, and are deeply buried in tuffs and lava
flows, lithologies which shield all radio transmissions.

| O

Figure 10. Radon emissions recorded at the Farroco Station from July 1997 to June
1998 showing the variable patterns at that site.
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Figure 11. Radon emission times recorded at Farroco over a three year period for its
main peak, showing both gradual and sudden time shifts due to the opening/closing

of the faults/fractures available to the gas for its migration down to the sea. (July
1997-September 2000).
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Abstract

The International Association for Mathematical Geosciences (IAMG) is presented, starting
with its origins and looking at the multiplicity of means IAMG has created to fulfill its mis-
sion.

The origins

The International Association for Mathematical Geosciences (IAMG) was
founded on August 22™ 1968, in Prague under the name of International
Association for Mathematical Geology. According to its statutes, the aim of
IAMG is to promote international cooperation in the application and use of
mathematics in geological research and technology. This aim is often for-
mulated as: The mission of IAMG is to promote, worldwide, the advance-
ment of mathematics, statistics and informatics in the Geosciences.

IAMG was founded as a non-for-profit association at an impressive
historical moment, as can be seen in Figure 1. The tanks were entering Pra-
gue, while the fathers of IAMG were approving the foundation of the asso-
ciation.

IAMG celebrated its 40™ birthday in 2008, during the 33" Int. Geo-
logical Congress, which took place in Oslo (Norway). At the general assem-
bly held in Oslo in 2008, the name of the association was changed from /n-
ternational Association for Mathematical Geology to International Associa-
tion for Mathematical Geosciences. The purpose of the change was to have
a broader umbrella to cover all the areas which feel close to [AMG.
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Figure 1. Foto taken from the Hotel Europe, Prague, 21/08/1968, by Bert Rowell. Re-
produced in (Nemec, 1993).

*

IAMG is an associate member of the International Union of Geologi-
cal Sciences (IUGS) and of the International Statistical Institute (ISI). This
position, as a bridge between the two different fields of knowledge, is visua-
lised in the IAMG-logo (Figure 2).
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Figure 2. Logo of IAMG.

Nowadays, as shown in Figure 3, IAMG has 617 members in 56 coun-
tries.
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Figure 3. Distribution of IAMG members.

IAMG at present

Over the years IAMG has established several means to pursue its goals:
publications, congresses, awards, special lectures, student chapters, student
grants for research and travelling. Some details are given below. More re-
cently, in the line of cooperating with other organizations which are profes-
sionally concerned with applications of mathematics and statistics to the
biological sciences, earth sciences, engineering, environmental sciences, and
planetary sciences, IAMG became a member of the International Year of
Planet Earth.

Publications

IAMG publishes three scientific journals (Figure 4): Mathematical Geo-
sciences and Natural Resources Research, published by Springer, and Com-
puters & Geosciences, published by Elsevier. IAMG nominates the editors
and the editorial board of each journal.
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Figure 4. The three journals published by IAMG: Mathematical Geosciences, Com-
puters & Geosciences, and Natural Resources Research.

Furthermore, IAMG publishes with Oxford University Press a series
of monographs under the general title Studies in Mathematical Geosciences
(SMG), and a biannual Newsletter (Figure 5.). JAMG also publishes its
Conference Proceedings. In the past, the IAMG also published an online
series named Studies for Students, but this series is no longer active.
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Flgure 5. IAMG newsletter.

Mathematical Geosciences

Mathematical Geosciences (Figure 4, left) is the flagship journal of IAMG.
It was founded in 1968 as Mathematical Geology. The first issue was pu-
blished in 1969. Mathematical Geosciences publishes quantitative methods
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about geology, natural resources and the environment. It is an essential refe-
rence for those who develop and apply quantitative methods in the earth
sciences and in problems of geoengineering. At present, the index of rejec-
tions is 52%; the impact factor for 2008 is 0.883; and the 5 years impact fac-
tor is 1.123. Mathematical Geosciences produces 8 issues a year.

The main subject represented in Mathematical Geosciences is geosta-
tistics (see Table 1.), but there are other subjects well represented in the
journal. The common factor that characterizes them is that they are devoted
to mathematical methods applied to geoscientific issues.

Table 1. Principal subjects in Mathematical Geosciences (2000-2009). (Author: H.
Burger, FU Berlin.)

Subject Comments Frequency
Geostatistics 140
Spatial statistics Markov processes, etc. 67
Deterministic models Fluid dynamics; geophysical models 46
Classical statistics Multivariate; tests of hypothesis 45
Compositional data 31
Fractals 30
Stochastic models Deterministic and random combined 23
Artificial intelligence Neural networks; genetic algorithms 22
Time series 16
Mathematical morphology Pattern recognition 14
3D Modelling 7
Directional data 6
Historical 5
Image analysis Filtering, classification 4
Mathematical models 3

Computers & Geosciences

Computers & Geosciences (Figure 4, middle) was founded in 1975 as an
attempt to give visibility to the advancement of computational facilities in
the geosciences. It publishes all sorts of computational methods, from spa-
tial analysis and geomathematics, to modelling, simulation, statistical met-
hods and artificial intelligence, e-geosciences, geoinformatics, geomatics,
geocomputation, image analysis, remote sensing, and GIS. The term geo-
sciences is used in a broad sense, referring to the earth sciences: geology,
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geophysics, geochemistry, oceanography, environmental sciences, atmos-
pheric and planetary sciences, hydrology, physical geography, etc... At the
present moment, the index of rejections is 65%; the impact factor for 2008
is 1.188; and the 5 year impact factor is 1.442. Computers & Geosciences
publishes 12 issues a year.

A tabulation of subjects published in recent issues of Computers &
Geosciences (see Table 2) showed that articles dealing with GIS are the
most numerous in this journal, closely followed by studies in applied geo-
physics and data structures.

Natural Resources Research

Natural Resources Research (NRR) (Figure 4, right) is the youngest
journal owned by IAMG. It was founded in 1992, and the first issue was
published in the same year. At that time, the name of the journal was Non-
Renewable Resources}. The start of the new journal has not been an easy
one, and the ISI certification is still pending. NRR publishes quantitative
studies about natural resources, including environmental, economic and risk
aspects. Typical examples are the validation of sampling techniques; the
comparison of exploration strategies; strategies for mining development, use
and remediation; important factors for economical and/or technical success;
and stochastic and deterministic models.

Table 2. Principal subjects in Computers & Geosciences (period analysed 2000-2009).
(Author: H. Burger, FU Berlin.)

Subject Frequency
Geographic Information Systems, GIS 218
Applied geophysics 190
Data structures 190
3D GIS/3D Modelling 140
Artificial intelligence 117
Geostatistics 112
Modelling, simulation 99
Remote sensing 88
E-geoscience, WWW 87
Environmental geology 80
Geoinformatics 67
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Table 2 (continued)

Subject Frequency
Geochemistry, general 65
Engineering geology 62
Hydrogeology 45
Compositional data 39
Statistics 33
Mathematical geology 24
Nonlinear dynamics, incl. fractals, multifractals 16
Time series analysis 10

Studies in Mathematical Geosciences

The series Studies in Mathematical Geosciences is published by Oxford
University Press. In the words of its founding editor, Richard B. McCam-
mon, this series ... provides contributions from the geomathematical com-
munity on topics of special interest in the Earth sciences. As far as possible,
each volume in the series will be self-contained and will deal with a specific
technique of analysis. For the most part, the results of research will be em-
phasized. An important part of these studies will be an evaluation of the
adequacy and the appropriateness of present geomathematical and geosta-
tistical applications. It is hoped the volumes in this series will become valu-
able working and research tools in all facets of geology. Each volume will
be issued under the auspices of the International Association for Mathe-
matical Geology.

Presently, the series includes eight titles, some of which are already
sold out.
1. Use and Abuse of Statistical Methods in the Earth Sciences, Size

(Ed.) 1987.

2. Oil and Gas Forecasting: Reflections of a Petroleum Geologist, L.
Drew, 1990.

3. Geostatistical Glossary and Multilingual Dictionary, R.A. Olea (Ed.)
1991.

4. Techniques for Determining Probabilities of Geologic Events and
Processes: A Review, Hunter & Mann (Eds.) 1992.

5. Computers in Geology: 25 Years of Progress, J. Davis & U. Herz-
feld (Eds.) 1993.
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6. Modern Spatiotemporal Geostatistics, Christakos, 2000 - 3™ print-
ing.

7. Geostatistical Analysis of Compositional Data, V. Pawlowsky-Glahn
& R. Olea, 2004.

8. Statistical Methods for Estimating Petroleum Resources, Lee, 2007.

Meetings

Through its Meetings Committee, IAMG supports the organization of its
own yearly conference, except for years when the International Geological
Congress (IGC) takes place, in which the IAMG holds a set of sessions at
the IGC instead. The last meetings have been

o TAMG 2009 - Stanford University; Stanford, CA, USA; August 23 -
August 28, 2008; http://iamg09.stanford.edu;

o TAMG 2010 - E6tvos Lorand University; Budapest, Hungary; Au-
gust 29 - September 2, 2010; http://www.iamg2010-budapest.hu;
while the next meeting will be

o TAMG 2011 - Salzburg, Austria; September 5--9, 2011;\\
http://ilamg2011.at.

All these meetings are well attended by scientists working in Mathe-
matical Geosciences, and are thus an excellent place to make new acquaint-
ances in this field of research.

IAMG organizes special sessions at the meetings of the IGC, and also
invited paper meetings at the congresses of the ISI (International Statistical
Institute). The next meetings to take place are

o ISI: 2011 - 21-26 August, Dublin, Ireland;
o IGC: 2012 - 2-10 August, Brisbane, Australia.

But the IAMG also supports other related meetings and courses, such
as:

o CoDaCourse (Course on compositional data analysis), Barcelona,
Spain, 5-9 July 2010.

o Quantitative image analysis of minerals and rocks, 28-29 August
2010, Edtvos Lordand University, Budapest, Hungary.

o International School of Fluid Geochemistry, 21-24 September 2010,
Abbadia San Salvatore, Siena, Italy.

o CoDaWork (Compositional Data Workshop), Girona, Spain, 10-13
May 2011.
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Awards

The IAMG has 4 major awards. An international committee selects the win-

ners among the candidates nominated by members of IAMG. Any member

of the association can present candidates. On even-numbered years the fol-
lowing awards are given:

o William Christian Krumbein Medal - This is the highest award given
by the Association. It is awarded to senior scientists for career achieve-
ment, which includes distinction in application of mathematics or infor-
matics in the earth sciences, service to the IAMG, and support to profes-
sions involved in the earth sciences. There is no stipulated preference for
fields of application within the earth sciences.

o John Cedric Griffiths Teaching Award - This award is presented to
honor outstanding teaching, especially for teaching that involves appli-
cation of mathematics or informatics to the Earth's nonrenewable natural
resources or to sedimentary geology.

On odd-numbered years the following are given:

o Felix Chayes Prize for Excellence in Research in Mathematical Pe-
trology - It is a cash prize endowed in honor of Felix Chayes that is
given to recipients of exceptional potential and proven research ability.
The prize is given for outstanding contributions to statistical petrology
or related applications of mathematics or informatics.

o Andrei Borisovitch Vistelius Research Award - Given to a young sci-
entist for promising contributions in research in the application of
mathematics or informatics in any field of the earth sciences. A recipient
should be 35 years or younger at the end of the calendar year for which
he or she has been selected for the award.

Furthermore, the IAMG has established the figures of Distinguished
Lecturer, who prepares a series of lectures—preferably on a variety of sub-
jects in the mathematical geosciences—to be presented in places where
IAMG conferences are not normally held, and of Georges Matheron Lec-
turer, who should be a scientist with proven research ability in the field of
spatial statistics or mathematical morphology. This lecture is presented at
the annual conference of the [AMG.

The list of awardees, Matheron Lecturers and Distinguished Lectur-
ers of IJAMG can be found on www.iamg.org. The last ones have been
o 2009-2010 Roussos Dimitrakopoulos, professor, holds the Canada Re-
search Chair (Tier I) in “Sustainable Mineral Resource Development
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o

and Optimization Under Uncertainty — BHP Billiton”, at the Department
of Mining and Materials Engineering, McGill University in Montreal,
Canada;

2008 Donald Myers, Emeritus Professor of Mathematics and Hydrology
at the University of Arizona, USA;

2007 Vera Pawlowsky-Glahn, professor at the Department of Computer
Science and Applied Mathematics of the University of Girona, Spain;
2006 Larry W. Lake, professor of the Department of Petroleum and
Geosystems Engineering at The University of Texas at Austin (USA)
and director of the Enhanced Oil Recovery Research program,;

2005 Larry Drew, of the U.S. Geological Survey, USA;

2004 Frederick P. Agterberg, of the Geological Survey of Canada;

2002 John C. Davis, of the Kansas Geological Survey (USA) and author
of the classic text “Statistics and Data Analysis in Geology”;

while the Distinguished Lecturer for 2011 is a renowned Portuguese

scientist,

o

Prof. Dr. Amilcar Soares, from the Centro de Modelizagao de Reserva-
torios Petroliferos.

Other awards and honours established by [AMG are
The Best paper award — Each IAMG journal may select every year the
most outstanding paper. Selection of Best Paper is made by a commis-
sion appointed by the journal's Editor-in-Chief from members of the
journal's editorial board and the Association at large. Each selection
commission consists of at least five members.
The Best reviewer award, recently established by Mathematical Geo-
sciences to acknowledge the contributions of reviewers.
Honorary member, to recognize people for their contributions to
mathematical geosciences and/or to [AMG.
The Certificate of Appreciation, which recognizes exceptional work on
behalf of IAMG that is beyond normal expectations, or outstanding do-
nation to the IAMG of time, skill, or financial resources. It may recogni-
ze specific effort by individuals upon completion of major tasks. Exam-
ples: Editors, Chairs (and possibly members) of committees or commis-
sions that require unusual amounts of time, organizers of annual IAMG
conferences.
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Student Chapters

Student Chapters were established first in 2004. Up to date, the IAMG has
acknowledged 9 Student Chapters:

1. 2004: Southern Illinois University — Carbondale, Illinois, USA.
2004: China University of Geosciences — Wuhan, China.

2005: Freiberg University of Mining & Technology, Germany.
2006: University of Alberta — Edmonton, Alberta, Canada.
2006: Stanford University — Stanford, California, USA.

2008: Sun Yat-Sen University — Guangzhou City, China.
2009: University of Colorado at Boulder, Colorado, USA.
2009: ENSG — Nancy University, Nancy, France.

2010: ITC — University of Twente, The Netherlands.

A A Al

The 10™ application is now under consideration.

An TAMG Student Chapter is an active organization of IAMG student
members with the purpose of increasing the IAMG's visibility and promot-
ing mathematical geology, geomathematics, and geoinformatics. IAMG
Student Chapters are not autonomous institutions, but part of the IAMG. All
members and officers of an IAMG Student Chapter must be IAMG mem-
bers. A Student Chapter may receive funds from the IAMG and exercise its
own discretion in using them as long as the uses are compatible with the
goals of the IJAMG and are approved by the IAMG.

Mathematical Geosciences in Portugal

The disciplines of geostatistics and geomathematics, came to Portugal
thanks to the visionary mind of Prof. José¢ Quintino Rogado (Instituto Supe-
rior Técnico). In the late 1960’s he sent some of his students to take courses
in Fontainebleau with Georges Matheron (Geostatistics) and Jean Serra
(Mathematical Morphology), basically aiming to tackle the problems of the
mining industry (mostly in Angola, former colony), with the flourishing
new approaches.

Another important Portuguese pioneer in this field was Prof. Manuel
Maria Godinho. Some of his most important publications of the 70’s and
80’s in this field are listed at the end of this paper. They show his early and
broad interest for Mathematical Geosciences. He started in 1973/1974 a
course in Geomathematics, for the degree of Geology of the University of
Coimbra, that still exists! In the 70’s and early 80’s he did some work for
the National Uranium Company (ENU) using mathematical methods to op-
timize the design of open pits and geostatistical methods for ore reserve es-

39



Modelagio de Sistemas Geoldgicos

timation. In most of his research work he used geomathematical methods as
a tool to understand mineralogical and petrological problems. From 1990 to
2010 he published many more papers using geostatistics, factor analysis,
trend surface analysis (polynomial and Fourier series), analysis of character-
istics, fractals, correspondence analysis and other geomathematical methods.
The most elaborated are probably some papers using mathematical methods
to simulate the cooling of granitic plutons and heat transfer to the country
rock. In the last few years Prof. Godinho has dedicated most of his attention
to the carbon cycle, including also some mathematical modeling.

The Third International Geostatistics Congress, organized in Troia
(Portugal, 1992), and the first conference of the geoENV se-
ries—Geostatistics for Environmental Applications— which took place in
1996, were two remarkable milestones that definitively contributed to the
consolidation and the spread of those disciplines in different portuguese
schools and groups linked to the environment, the soil sciences, remote
sensing and petroleum.

Invitation

Let us finalize this short report with a warmhearted invitation to join our
group (Fig. 6). Together, we can promote and advance the various fields of
Mathematical Geosciences, alone we are nothing!

Acknowledgements
Thanks are due to Prof. Neves and Prof. Soares for providing information
on Mathematical Geosciences in Portugal.

Figure 6. IAMG 2009 annual meeting at Stanford.
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Abstract

The concept of extracting geothermal energy from hot granitic rock sources at depths of 3-
5 kilometres is enjoying a renaissance as a practical concept, and several prospects
worldwide are under development. It is noteworthy however that very few hot rock
prospects are being developed at latitudes affected by Pleistocene glaciation. Here we
examine three regions of high heat producing granites in the United Kingdom that were
located either beneath thick ice (Eastern Grampian Highlands of Scotland, North of
England) or beyond the ice limit (Cornubia). Heat flow measurements made in 30 relatively
shallow boreholes and mines (<300 metres) do not correlate well with heat production as
estimated from the concentrations of radiothermal elements, with anomalously low heat
flow values restricted to boreholes located in areas covered by Pleistocene ice sheets.
Maximum ice sheet thickness is estimated using a model of glacio-isostatic rebound and
used as a proxy for the magnitude of the glacial cooling and inter-glacial warming effects
on near-surface heat flow. No significant correlation is observed between measured heat
flow and heat generation despite all areas having large negative Bouguer gravity
anomalies indicating thick batholithic masses of granite underlying all boreholes. However
a strong correlation is observed between heat flow and maximum ice thickness suggesting
this is a primary control on present day heat flow at shallow levels. A deep borehole is
required to test this hypothesis. The geochemistry of these high heat producing granites in
Scotland is examined and their potassic and fractionated characteristics are used to show
that other plutons in Scotland may share their heat generating potential. It is concluded
that the East Grampian batholith in Scotland may have been mistakenly excluded as a
region of hot rock geothermal potential, and its inclusion would add significantly to the
UK’s hot rock resources. If this is a generic feature of glaciated terrains then many more
hot resources may be hitherto unidentified in the higher latitudes of the northern
hemisphere.
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Introduction

A scientific consensus has emerged that combustion of fossil fuels is
contributing to long-term changes in the planet’s climate system. The EU is
committed to reducing greenhouse gas emissions relative to 1990 levels and
the UK has set a reduction target of at least 80% by 2050 (anon 2010). This
means installing considerable renewable energy capacity and the UK'’s
strategic priority is to exploit its extensive onshore and offshore wind
resources while developing new technologies for utilising wave and tidal
resources. Policy-makers presently envisage only a minor role for
geothermal energy in the power generating mix by 2050 (anon 2010). In
other countries such as Germany the potential of deep, radiothermal granites
to fill some of the impending heat and power gap has been recognised, and
overcoming the considerable technological challenges in exploiting these
resources is being viewed as a major market opportunity (Nitsch 2008).
Increasing costs of fossil fuels, the need to reduce emissions and pressures
to secure indigenous energy supplies combine to bring the geothermal
option into consideration.

The partitioning of K, U and Th by silicic magmas and further
concentration by fractional crystallisation provides the geochemical basis
for high heat producing granites (HHP), radioactive decay being the
principal source of deep hot rock geothermal energy in crustal rocks (MIT
2006). HHP granites are typically uranium-rich and promising hot rock
resources usually generate 5-10 pW/m® through radioactive decay. High
enthalpy fluids (>150°C) can be extracted in a closed loop by injecting cold
fluids from the surface through an engineered facture system in hot rocks at
depth and returning steam or hot fluid to the surface to drive a turbine (MIT
2006). Such enhanced (or engineered) geothermal systems provide the basis
for optimism that geothermal energy sources may be available for
exploitation in many continental regions with no proximity to volcanic
activity. [Note that the descriptors hot fractured rock (HFR) and enhanced
geothermal system (EGS) are technically more correct but hot dry rock
(HDR) is in common usage. |

It has been three decades since the first HDR project at Fenton Hill
(Los Alamos, USA) but large-scale generation of power at commercial cost
from HDR sources has eluded available technologies. A breakthrough came
in 2009 following a proof-of-concept test at Innamincka in the Cooper Basin
in South Australia where a reservoir was stimulated at 4.25 km depth in
rocks at 247°C between two wells some 560 metres apart. The closed loop
test over six weeks successfully demonstrated fluid circulation between the
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injection and production wells (Wyborn 2010). The Cooper Basin resource
appears to be colossal. The operators, Geodynamics Ltd, recently submitted
evidence to the Australian Government stating that “there is in the order of
10,000 MW of long term, emission free, baseload generation capacity that
can be economically extracted from the company's tenements in the Cooper
Basin" (Geodynamics 2009). For comparison, this is a quantity well in
excess of the present total electricity usage in Scotland or Portugal.

The aim of this paper is to re-examine the data on which the EGS
potential of northerly regions of the UK was judged to be limited, and to
interpret measured heat flow patterns in granites in the context of glacial-
interglacial geothermal patterns. Elsewhere in northern Europe it has been
clearly demonstrated that post-Pleistocene geothermal gradients formerly
under thick ice sheets terrain have not yet reached a steady state and heat
flow estimated from gradients derived from shallow boreholes can very
significantly underestimate present-day heat flow at depth. Data used to
evaluate the UK potential in the 1980s are here re-examined in this light and
the geothermal potential reconsidered.

Heat generation and heat flow in UK granites

Following the oil crises of the 1970s the UK (and later the EU) developed a
major programme of research into its indigenous geothermal resources. Here
we consider only the deep geothermal resources of the UK, all associated
with HHP granites. The programme concluded that three regions hosted
interesting HHP granites (Wheildon and Rollin 1986), namely Devon and
Cornwall in SW England (Cornubia), the Lake District and Co Durham
(N.England), and the eastern Grampian Highlands of Scotland
(E.Grampians) (Figurel). Comparison of the heat flow in these regions,
however, indicated major differences in geothermal potential (Lee 1986).
(Note that all heat flow estimates for the N.England and E.Grampians are
taken from boreholes typically 300 metres deep whereas those in the
Cornubian granites are more typically 100 metres deep although the values
broadly coincide with much deeper estimates from the South Crofty and
Geevor mines in the Land’s End and Carnmenellis plutons respectively.)
Bodies of HHP granite can be identified by modelling the heat
production of rock samples from their concentrations of U, Th and K. The
granites of interest in this study are of Caledonian age (about 390-430 Ma)
in Scotland and N.England, and Hercynian (290-260 Ma) in Cornubia. Heat
production values for representative samples of Scottish granites have been

45



Modelagio de Sistemas Geoldgicos

calculated using data from our own laboratories as well as the literature. The
data indicate that most HHP granites are located in the east of Scotland,
primarily in the eastern Grampian Highlands (Figure 1) in a group of
plutons collectively termed the Cairngorm Suite (Stephens and Halliday
1984) and found from Cairngorm (Figure 1) eastwards. Four plutons,
namely Cairngorm, Ballater, Bennachie and Mount Battock, were
investigated in detail.
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Figure 1. Map of the locations of the main batholithic areas with containing heat
producing granites. Negative gravity anomalies underlie all three batholiths. Black
areas are granite bodies and dark grey areas are granite plutons identified by gravity
anomalies. Four plutons in the Eastern Grampian batholith discussed in the text are
indicated.

The Cairngorm Suite granites of the eastern Grampian Highlands have

a mean heat production of 6.0 pW/m’ (standard deviation 2.2), and many
fall in the range of the Big Lake granodiorite underlying the Cooper Basin,
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calculated to produce 7-10 pW/m® (Beardsmore 2005). This is currently
regarded the best large-scale EGS prospect in the world, producing water
temperatures during circulation tests in 2009 ranging from 212°C at the
wellhead to 244°C at the bottom of the hole (Wyborn 2010). Another major
project at Soultz (France) in the Rhine graben has granitic source rocks with
heat production calculated to range between 2-5 pW/m”. Indeed most of the
Cairngorm Suite samples significantly exceed the heat production of the
granites of Cornubia and N.England (means of 4.6 and 4.1 pW/m3
respectively), the former regarded as one of the best EGS prospects in the
European Union. These comparisons suggest that Scotland may have some
large granite plutons suitable for high enthalpy EGS and thus power
generation.

The E.Grampian (Cairngorm Suite) granites are generally high heat
producing but this is not matched by elevated levels of measured heat flow.
This apparent contradiction accounts for the low level of interest in these
granites as potential geothermal resources (Wheildon, King et al. 1984).
There are various explanations for this paradox, including:

e That the granites are present as shallow sheets rather than thick
plutons, leading to a much smaller volumetric contribution than the
areal distribution of granite outcrops might suggest.

e That the actinides are heterogeneously distributed with uranium in
particular concentrated nearer the surface where the survey samples
were collected, perhaps redistributed by hydrothermal processes.

e That there are large differences in heat flow from the mantle and
crustal basement rocks beneath the granites, with the basement in
Scotland (north of the major lapetus suture line representing the
accretion of the Avalonian microcontinent to Laurentia) having
significantly lower heat flow than the basement beneath the
N.England and Cornubian granites.

None of these explanations fully accounts for the major observed
differences in heat flow. The evidence of negative Bouguer gravity
anomalies suggests that a deep batholith (“East Highlands batholith™)
underlies the HHP granites of the E.Grampians region to a depth of 13 km
(Lee 1986), rather than sheets. Investigation of surface samples and those
from boreholes indicates that accessory minerals are often important
primary repositories of actinides but there is some grain boundary
redistribution of uranium and uraninite is also present. Some leaching of
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uranium might be expected in near-surface samples and so the estimates
used here, based on bulk analyses of surface samples, are considered likely
to be underestimates of the radioelement concentrations in deep rocks
(Webb and Brown 1984), but the depth profile of heat producing elements is
not know with any certainty. As for variations in mantle and deep crustal
sources, the area-weighted amplitude of the UK-wide background, omitting
measurements made in granite areas, is estimated as 52+9 mW/m’
(Wheildon and Rollin 1986). Comparison of this figure with the heat flow
map of the UK does not indicate any major difference between the
background heat flows in Scotland, N.England and Cornubia. As the
difference between the heat flows in HHP granites of Cornubia and Scotland
is of the same order this factor alone is only likely to make a small
contribution. Overall, these factors do not appear to account for the
magnitude of difference between those HHP that generate high heat flows
and those that do not. An alternative possible explanation is considered
below.

Influence of Late Pleistocene glaciation

It has been known for a very long time that protracted glaciation has a
significant effect on measured temperatures in boreholes, with greatest
effects closest to the surface and discernible down to about two kilometres
(Benfield 1939). Evidence from careful measurements in very deep
boreholes indicates that heat flow estimates in terrain formerly beneath thick
ice sheets are transient and may be significantly affected by changes in
surface temperatures. Estimates on long-term heat flow only become
reliable below about 2 kilometres depth (Majorowic, Safanda et al. 2008).
Recently such perturbations has been extensively modelled to retrieve
climate change information, and the unreliability of heat flow estimates in
northerly latitudes has been highlighted (Majorowicz and Wybraniec 2010).
In extreme cases such as Sidorowka-Udryn in Poland the gradient of
temperature with depth is zero and even negative within the top several
hundred metres of the borehole.

It is noteworthy that the sequence of low through intermediate to high
heat flow plutons in the UK HHP granites follows an approximately N-S
regional trend from Scotland through N.England to Cornubia. This prompts
the question as to whether this also reflects a glacial-interglacial transition
pattern. Late Pleistocene glaciation strongly affected much of the UK but
the effects did not extend as far south as the Cornubian granites and are
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concentrated in Scotland and upland areas of Wales and England (Clark,
Evans et al. 2004; Fretwell, Smith et al. 2008). The UK may represent a
microcosm of a European-wide ice margin effect following the last
glaciation (Majorowicz and Wybraniec 2010). The current published map of
heat flow in Europe has very few areas of high heat flow north latitude
50°N; even Iceland has a modest heat flow of about 60 mW/m® (Hurtig,
Cermak et al. 1992). A new map which attempts to model the glacial-
interglacial effects on heat flow applies corrections up to about 20 mW/m’
(Majorowicz and Wybraniec 2010) and generates a much less polarised
distribution, suggesting that some reasonably high heat flow regions do
indeed exist in northerly latitudes. The observed heat flow difference
between the E.Grampian and Cornubian granites is of the order of 50
mW/m? (Figure 2a), somewhat larger than the typical 20 mW/m?” correction
applied by the model (Majorowicz and Wybraniec 2010) and much greater
than the 5-10 mW/m?” suggested by the 1980s study of the UK’s geothermal
potential (Wheildon and Rollin 1986).
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Figure 2. (a) Relationship between calculated heat production and heat flow in
boreholes within granites located in three regions of the UK (Cornubia, N.England and
E.Grampian Highlands of Scotland). (b) Comparison of heat flow with ice thickness
during late Pleistocene glaciation over the UK (regression line significant at p<0.001).
Ice thicknesses derived from the model of Lambeck [17].

The UK offers an opportunity to examine the relationship between
apparent heat flow in relatively shallow (<300 metres) boreholes and
Pleistocene glaciation over a traverse from more than a kilometre of ice
sheet to unglaciated terrain within broadly the same lithology, namely high
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heat producing granites. Heat flow data obtained from thirty 100-300 metre
boreholes in granites from the E.Grampian, N.England and Cornubian
batholiths (Figure 3) were taken from a compilation of UK boreholes (Lee
1986). Because of its very high heat flow (often 120 mW/m?) the Cornubian
batholith is well represented with 22 boreholes, the other two regions have
four boreholes each. As a proxy of the magnitude of the glacial effect the
1995 glacio-isostatic rebound model of Lambeck is adopted in this study
(Lambeck 1995). Maximum ice thickness values were derived by
subtracting terrain elevation from the Lambeck model of ice surface
elevation (Fretwell, Smith ef al. 2008), and thickness contours are shown on
figure 3. Ice thicknesses at each borehole location were estimated from this
map.

Figure 3. Map showing the locations of the boreholes used in this study (white
circles) and contours of maximum ice thickness during Pleistocene glaciation from
Lambeck (1995) [17] used to estimate ice thickness over each borehole.

The most important factors that determine heat flow in thick granitic
plutons are heat production that can be modelled using measured
concentrations of U, Th and K in samples obtained from surface outcrops or
cores, and heat flow from beneath the pluton. In order to explore the
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possibility that the glaciation effect is important regression analyses of the
dependence of heat flow on heat production and ice thickness was
undertaken. It is assumed that the measured heat flows used in the study are
due to conductive heat transfer and have not been disturbed by fluid
circulation (quality selection was applied in the original datasets). A single
value for heat flow, heat production and ice thickness is used to represent
each borehole in this analysis. This approximation is justified on grounds
that radioelement decay is the dominant source of heat in HHP granites of
batholithic proportions (Pollack 1982) and the study aims to identify the
major controls on the geographical variation in heat flow in shallow
boreholes within broadly similar HHP granites, rather creating an accurate
model of heat flow at individual sites.

Figure 2a shows that there is no significant correlation between heat
production and heat flow between the different granite regions of the UK. In
contrast ice thickness does a significant inverse relationship with heat flow
(p<0.001) (Figure 2b). Thus there is a strong suggestion in the data that the
ice sheet effect is real and that heat flow estimates within glacial terrains
may reflect transient conditions and provide significant underestimates of
steady state heat flow. Confidence in this outcome comes from knowing that
the results conform to a well-established pattern of reduced apparent heat
flow in the regions of Pleistocene ice sheets in the northern hemisphere
(Majorowicz and Wybraniec 2010).

While this analysis oversimplifies a complex set of relationships, the
results suggest that glaciation has reduced current estimates of heat flow in
the N.England and E.Grampian regions, probably significantly in excess of
the 20 mW/m?” typical for northern Europe (Majorowicz and Wybraniec
2010). If this is correct then the decision not to prospect for hot rock
geothermal resources in the HHP granites of the E.Grampians of Scotland
(Wheildon, King et al. 1984) in favour of the HHP granites of England
would appear premature and may have overlooked a significant potential
resource.

Numerical modelling indicates that this transient glacial-interglacial
effect extends to around 2 kilometres depth and persists for approximately
twenty thousand years after melting (Majorowic, Safanda et al. 2008). Thus
estimates of heat flow in terrain affected by ice sheets during the Pleistocene
and deglaciated in the Holocene are likely to be strongly affected, especially
in boreholes of the depths used in this study (<300 metres).
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Reassessment of the geothermal potential of the Scottish
granites

This analysis suggests that high heat producing granites associated with low
heat flow in the northern regions of the UK should be re-examined. Most of
the HHP granites in northern England are concealed and were discovered on
the basis of strong negative gravity anomalies and proved by drilling.
Scotland however has a large number of exposed plutons some of which
may be candidates for geothermal systems. As well as the four plutons
shown on figure 1 there may be other granites among the Scottish plutons
that have HHP characteristics. To examine this possibility a database of
whole rock compositions of the Caledonian Newer Granite plutons in
Scotland was compiled from in-house analyses and the literature.
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Figure 4. (a) and (b) Heat Production as a function of K;O/Na;O and Rb/Sr respectively
in plutons for which accurate radioelement data are available. These whole rock
ratios are effective at discriminating the HHP plutons of Ballater, Bennachie,
Cairngorm and Mt Battock, separated from non-radiothermal granites by the dashed
line. (c) Application of these ratios to a much larger dataset including other plutons
within the Cairngorm suite and other suites within the Caledonian Newer Granites of

Scotland [8] with the aim of identifying other possible HHP plutons. Key for all
diagrams shown in (b).
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A subset of samples in the dataset includes analyses of the radioactive
elements from which heat generation was calculated, and the bulk
characteristics of these samples were examined for geochemical features
that typify the Scottish HHP granites. These HHP granites tend to be rich in
SiO,, and in mineralogical and geochemical terms they have bulk
characteristics typical of I-type granites, with high field strength element
abundances overlapping into A-types. Figure 4a shows that they are also
notably potassic in terms of the alkalinity ratio (K;O/Na,O). Rb/Sr is
usually taken as an indicator of fractional crystallisation, and figure 4b
shows this parameter on a logarithmic scale indicating that these HHP
granites in Scotland are strongly fractionated.

Applying both parameters to the full dataset results figure 4c shows
that many other granites plutons, both within the Cairngorm suite of the
E.Grampians and elsewhere in Scotland, have the same highly potassic
fractionated granite characteristics of those known to be high heat
producers. There is also a complementary group of plutons that are devoid
of these features and are very unlikely to be capable of supporting
geothermal systems.

It is particularly important to test the model for HHP granites
developed above, particularly the explanation of the heat production-heat
flow paradox. If the explanation is correct then Scotland may escape the
ranks of the geothermally barren. Testing would require drilling a borehole
up to two kilometres deep, and if successful there is the potential of adding a
new province of approximately the same size of the Cornubian province to
the inventory of national hot dry rock geothermal resources.

Conclusions

1. This work supports a growing awareness that good hot rock geothermal
prospects may be overlooked in terrains that have been under
Pleistocene ice sheets if evaluation is based entirely on heat flow
obtained from shallow boreholes.

2. Anomalies in the relationship between heat generation and heat flow are
highlighted, and heat flow is frequently lower than predicted from heat
generation (but never higher).

3. These negative heat flow anomalies lie exclusively at locations that lay
beneath thick ice sheets in the late Pleistocene, and most measurements
in these areas share this feature.
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4. High heat producing granites in Scotland have a distinctive potassic and
fractionated geochemistry. This can be used as a predictive tool to
identify other plutons with geothermal potential as well as those
without such potential.

5. If the concept of systematic underestimation of heat flow in heavily
glaciated regions is demonstrated in the east of Scotland by deep
boreholes then a large new region may be added to the UK’s potential
hot dry rock resources.

The era of hydrocarbon-based energy dominance is coming to an end, and
we are embarking on a new era of technological exploitation of emission-
free energy sources. Geology can make a major contribution through
geothermal energy extracted from radiothermal granites at depth. The
technology is highly challenging but rapidly developing. The potential
resources are considerable and widespread, unlike volcanic sources of
geothermal energy that are effectively restricted to plate boundaries. It is
important that the locations of useful resources are identified so that the
energy may be garnered as soon as the technology becomes available and
the commercial environment conducive. Of all the “green” energy sources
available, geothermal is almost unique in its zero carbon emissions, low
environmental footprint and capability of supplying baseload power
regardless of climatic conditions.
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