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EDITORIAL
John Gunn and David Lowe

Our previous editorials have focused on this journal and our policy concerning the types of material
we wish to see appearing within it. Inevitably this could lead to a danger of repetition and accusations
of "navel gazing". Hence, in this issue, we have decided to adopt a more global perspective to view
cave and karst journals in general, although confining ourselves primarily to English language
publications.
In Britain, apart from Cave and Karst Science, two journals publish a significant number of papers
on aspects of cave and karst science. These are the Proceedings of the University of Bristol
Spelaeological Society and Studies in Speleology, which is produced by the William Pengelly Cave
Studies Trust. Both journals operate a system of peer rev iew, and both include broadly similar
material to that covered by Cave and Karst Science. It is inevitable then that the question will arise
as to whether it would be better ifthere was a single cave and karst science journal, which might have
a wider circulation and would be able to select the "best" papers for publication . As editors we have
neither an "axe to grind" nor any control of policies; any such "merger" would have to be agreed by
the councils or committees of the organisations concerned. However, it would be interesting to hear
from anyone with strong and reasoned views either "for" or "against" such amalgamation.
The closest English language analogue to Cave and Karst Science (the Transactions of the British
Cave Research Association) is The NSS Bulletin produced by the National Speleological Society of
America. Until 1995 this was subtitled Journal of Caves and Karst Studies but from April 1996
[Volume 58, Number I] the headings were switched so that Journal of Caves and Karst Studies is
now the banner title with The National Speleological Society Bulletin as the sub-head. Like Cave and
Karst Science, the Journal ofCaves and Karst Studies publishes peer reviewed papers submitted by
both domestic and overseas authors. During the late 1980s and early 1990s the production schedule
of the Bulletin became quite erratic, as the editors struggled to attract good quality material. From
time to time the situation with the former Cave Science (while not so severe due to the sterling efforts
of Trevor Ford) presented some parallels here! Once again then, the question arises as to whether
some form of amalgamation between Cave and Karst Science and the Journal of Cave and karst
Studies would be beneficial to the international community of cave and karst scientists. Australasian
cavers also have their own scientific journal, Helictite, the Journal of Australasian Speleological
Research, which is published by the Speleological Research Council Limited, a non-profit limited
liability company. Although the articles published therein have a more restricted geographical
coverage than those in the two "Cave and Karst " journals, there is an area of commonality that could
perhaps be explored.
Moving from journals produced, and sponsored by, national caving groups, we must also consider
the International Journal of Speleology, which is sponsored by the International Speleological
Union. Without any bias, we feel that it is fair to say that this journal has had a somewhat chequered
history. It has never achieved its full potential, either in terms of circulation or reputation, when
compared to the other journals mentioned above. Perhaps there is scope to consider a pooling of
resources and effort to produce a high quality "International Journal of Cave and Karst Science ",
which would be circulated to all members of the British Cave Research Association and the National
Speleological Society, and would also be sponsored and promoted by the International Union of
Speleology, of which there are no individual members, and possibly also by the Speleological
Research Council Limited or the Australian Speleological Federation.
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Such a move would, of course, run counter to general trends in academic publishing, where new
journal titles appear almost daily. In addition, some academics would argue that there is no
advantage in "preaching to the converted", and that instead cave and karst scientists should aim to
publish their work in subject-specific journals, thereby alerting a wider audience to the potential
importance ofthe many aspects of caves and karst. These journals are generally perceived to have
a higher "status" and to attract more academic kudos than journals designed specifically for those
interested in caves and karst. Our view is that it should not be a case of "eitherlor" but of " both land".
It is important that the wider scientific community should be made aware that the study of caves and
karst can provide important insight into a broad range of scientific problems, but it is equally
important that the study of caves and karst be seen clearly as a serious scientific discipline in its own
right. Clearly the establishment of a leading "International Journal of Cave and Karst Science ",
equivalent in status to leadingjournals in the fields of archaeology, ecology, geology, geomorphology, hydrology and so on, would be one way to achieve this. However, there would be a great risk
of alienating the wider community of "cavers", many of whom gain valuable information from the
specifically cave and karst journals. Their support would be vital to the production of such an
international journal, just as the support of the BCRA membership is an essential contribution to
Cave and Karst Science in its present format.
We could go on to discuss many other excellent journals that publish articles on cave and karst
science in languages other than English: Karstologia, Acta Carsologica and Studia Carsologica, to
name but a few. However, that would lead us into areas of still greater complexity, as would
consideration of the possibilities of publishing an electronic journal!
At this point we must emphasise that the content ofthis editorial has not been discussed with the
Council of the British Cave Research Association. It is simply a collection of currently circulating
ideas, brought together with the intention of stirn ulating debate on these issues amongst Counci I and
membership of the BCRA, as well as other cave and karst scientists. Our own views and preferences
may be immaterial and are, in any case, embryonic at this stage. However, our hope is that we will
be informed by any ensuing debate, rather than being castigated for daring to describe such radical
potential changes! Needless to say, our other aim in writing this editorial is, as usual, to encourage
more people to submit papers to Cave and Karst Science. Without such contributions, the discussion
is indeed "academic"!

48

CAVE AND KARST SCIENCE Vol. 23 , No.2, October 1996
Transactions of the British Cave Research Associati on

Radon exposure during underground trips: a set of guidelines
for caving and mine exploration in Britain
Clark R.L. FRIEND (Editor)
The National Caving Association, Monomark House, 27, Old Gloucester Street, London WXIN 3XX
Abstract: The natural processes that lead to the formation and distribution of the radioactive gas radon and its
daughter products in caves and mines are exam ined, together with the ways that their presence can be recognised
and measured. Problems presented to those who visit the caves and mines are discussed and their potential
impact assessed. Against this broadly scientific background, those aspects of British law which relate to
potential radon exposure underground are considered and the guidelines recommended by the National Caving
Assoc iation are outlined.

INTRODUCTION
This paper is derived from a document prepared for the National Caving
Association (NCA) by its specially-formed Radon Working Party (National
Caving Association, 1996). The latter document was prepared in response
to the recent enactment of a law concerning safety of yo ung persons at
Outdoor Activity Centres. Prior to the establishment of the Radon
Working Party, only show caves and mines had resolved the requirements
of compliance with health and safety legislation in respect of the known
hazard from radon. There was also aneed to have guidelines for recreational
cavers, for whom there were no recommended limits of exposure to radon
and whose activities fall outside the provisions of the Health and Safety
at Work Act. Further, there was a need to obtain guidance for the owners
of caves, mines and land, as there were many potential problems due to
the commonly complex situations regarding the ownership of land,
mineral rights and cave/mine entrances. There was also some doubt over
the extent to which persons with the gift of access to caves were legally
liable for what happens underground with respect to radiation.
To rectify this si tuation the Radon Working Party was given the remit
to prepare a setof guidelines that would assist with setting up safe working
procedures to enable compliance with health and safety legislation. The
document was prepared in consu ltation with the Health and Safety
Executive (HE), who enforce health and safety legislation, and the
Nat ional Radio logical Protection Board (NRPB), who provide advice on
radiation matters. However, because there have been no tests in court,
these guidelines cannot be absolutely foolp roof. None-the-Iess, the
document sets out (a) the responsibilities that recreational cavers have to
themselves and each other, (b) a reasonable set of working conditions with
a monitoring protocol fo r professional cavers, and also (c) provides advice
to owners.
Research has demonstrated that the air in most caves and mines contains
varying concentrations of the radioactive gas radon and its daughter
products. Because it isa gas, the concentrations ofradon and its radioactive
daughter products are not constant at anyone location, being controlled
in a complex manner. Recognition of the presence of radon in caves and
mines potentially used by outdoor centres has highlighted the need to
consider the application of the Ionising Radiations Regulations 1985
(lRR), as they are places of work. Presently there is no indisputable proof
that cavers' health has been affected adversely by exposure to radon and
its daughters during caving activ ities. However, research in uranium
mines world-wide has shown that a risk does exist and although th is paper
is written from a British perspective there is international interest in cave
radon (Hyland and Gunn, 1995). Hence, it is hoped that the proposed
guidelines will be of wider interest. Professionals and others in positions
of responsibility are reminded that the information in the guidelines
shou ld be considered in conjunction with the requirements of the Cave
Instructor Certificate and the Local Cave and Mine Leader Assessment
Scheme , both administered by the NCA.

RADON: GENERAL INFORMATION
Radon (Rn) is the heaviest naturally occurring gaseous element, and is
part of the " Inert Gas" group of the Periodic Table. There are no stable
isotopes of radon and of its 20 known radioactive isotopes, three are
formed naturally by the radioactive decay of certain isotopes of uranium
and thorium. Isotopes are two or more atoms of the same element that
contain different numbers of neutrons, hence g iving them di fferent atomic
weights, but the same number of protons, giving them the same atomic
number. Different isotopes, for example radon's Rn 220 and Rn 222, have
identical chemical properties.
Uran ium (U) and thorium (Th), have long radioactive half-lives and
have been present in the earth's crust since the earth was formed . They are
found in ores such as pitchblende or in monazite and in granites,
associated with other minerals. Erosion of the earth ' s crust gives ri sc to
trace levels of uranium and thorium in sea water, which thus contaminates
any rock that is formed through marine sedimentary processes. In addition,
some plants and animals are capable of concentrating some elements,
including uranium, in their bodies. If, for example, uranium is concentrated
in this way, it gives ri seto elevated levels of uranium in rock derived from
the plant or animal bodies. Thus limestone will contain background levels
of uranium and thorium that can increase by substantial amounts locally .
Other sedimentary rocks, such the Northampton Sands, have mod erate
trace levels of uranium due to other concentrating processes acting during
deposition .
The radioactive decay of the uranium and thorium series parents occurs
by the emission of either an alpha particle (decays between isotopes in the
same row in Fig. I) or a beta particle (decays between isotopes in the same
column in Fig. I), together with the emission of various gamma particles
or rays. Both the ejected particle( s) and the decayed atom also hold some
energy, normally in the form of momentum, resulting from the decay. This
energy is normally measured in the units known historically as Mega
electron Volts (MeV); the larger the value the greaterthe energy . All three
particles or rays are known as ionising radiation, as they all have the
property of ionising molecules as they pass through the air. Alpha
particles consist of two protons and two neutrons that are ejected from the
nucleus of the decay ing atom, leaving the atom with two spare electrons.
A beta particle is an electron ejected from the nucleus when a neutron
transforms into a proton, leaving the atom with a positive charge. Fig. I
shows the decay paths and identifies the subsequent "daughter products"
of the radon isotopes th at eventually decay into stable isotopes of lead
(chemical sy mbol Pb), together with their half lives and energy of alpha
particles. Fig. I has been simplified to ignore a number of different decay
paths that occur at trivial levels. Given a fresh quantity of Rn 222, the
daughters will grow in number with passing time as shown in Fig. 2. Under
normal circumstances, radon will have reached some level of equi li brium
wi th its daughters that is dependant on many factors ; some of which can
vary on short time scales.
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Uranium Series (radon)
U238
4.5E9
y

Th 234
24 d
Pa 234
6.7 h

U 234
2.5E5 y

Th 230
7.7E4
y

Ra226
1600 Y

Rn222
3.82 d
5.49
MeV

Po 218
3.05 m
6.00
MeV

Pb 214
26.8 m

Bi 214
19.9m
Alpha u particle

Beta
P
particle

Po 214
2E-4 s
7.69
MeV

Pb 210
22.3 y

Bi 210
5.0 d
Po 210
138 d

Pb206
stable

Thorium Series (thoron)
Th
232
1.4EI
Oy

Ra228
5.8y

Ac228
6.1 h
Th 228

1.9y

Ra244
3.7 d

Rn 220
55.65

Po 216
0.155

Pb 212
10.6 h
Bi 212
60.6 m

TI208
3.07 m

Po 212
3E-7 s

Pb 208
stable

Actinium Series (Actinon)
U 235
7.0E8
y

Th 231

25 h
Pa 231
3300 Y

Ac227
22 y

Fr 223

Th227
19 d

Ra223
II d

22m
Rn 219
4.0 s

Po 215
2 E-3 s

Pb 211
36 m

Bi 211
2.1 m

T1207
4.8m
Pb207
stable

Figure I. A Simplified presentation of the Uranium, Thorium and Actinium Series.
Datafrom International Commission on Radiological Protection 1983. Trivial Branches have been omittedforclarityand
only principal alpha energies included.
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Figure 2. Rate of In Growth of Radioactivity from Daughters of Rn 222.

Measurement of radioactivity is based on measuring these particles. For
radon and its daughters, there are three different methods, each with
variations. The earliest method devised was based on the principle that the
ionising particle hits molecules in the air causing them to become ion
pairs. Friedmann (1983) developed an instrument that measures the
current flow from a collector held at a negative voltage to its chamber
caused by the ion pairs separating under the potential difference and
reaching the collector. Thus an indirect measurement of the number of
alpha particles may be made. Because of the energy associated with the
particle, many ion pairs are formed, hence amplifying the size of the
signal. This ionisation method will measure all ionising radiation within
the chamber, which includes the alpha and beta particles from radon
together with its daughters, plus any background gamma particles. A
variation of the ionisation method is to take an air sample, either directly
or by absorbing the radon onto charcoal, and subsequently measure it.
Whilst this can reduce the background gamma problem, it also loses the
contribution from the daughters.
The second method is based on measuring the ioni sing particles
themselves by means of their interaction with a solid state electronic
detector causing a current flow . Whil st gamma particles will interact
throu ghout the volume of the detector. alpha and beta particles are
measured by their interaction in the surface layer of the detector. This
technique can be used to look directly at the radiation in the air or, more
usually, by looking at the level of radiation collected on a filter. Although
the radon will pass through a filter. the daughters are very efficiently
collected due to their charge. There are two principle variants. One
measures the build up of radioactivity on the fi lter directly as air is sucked
through it, as employed in some direct measuring devices such as the
Thompson and Nielson ' Radon Sniffer' . The other, proposed by Kusnetz
(1956), looks at the fi lter paper after a period of time following the
collection of the dau ghters. Thomas ( 1972) subsequently proposed a
technique whereby counting the level of alpha particles after several
periods of time, enables the calculation of the concentrations of the
separate daughters. Some solid state detectors, known as spectrometers,
are ab le to measure the energy of the particle as well, and are thus able to
measure the individual isotopes directl y.
The third method is to measure the impact of the ionising particles on a
sensitive material that can subsequently be developed (similar to a
photograph) to display the individual impacts . Several types of plastic

have been produced that, on etching, will display the individual impact of
alpha particles. These have been incorporated by CampI in et al (1988) into
a simple passive detector and by the National Radiological Protection
Board (Bartlett, 1987) into a personal dosemeter. The sensitivity of this
material is relatively low and thus these detectors are normally exposed
to ai r for a period of several days or longer. Hence they are used to record
concentrations averaged over these longer periods, rather than the minutes
that the other two methods can achieve. The other feature of these devices
is that they record alpha particles from radon and its daughters that are
ejected in close proximity to the surface of the detector. As the NRPB
device has been designed such that only radon atoms can diffuse through
the detector housing, this devise records the level of radon in the air plus
the growth of daughters that takes place within the housi ng. Deliberately,
it does not measure the level of daughters present outside the housing.
(This results in an over estimate, since the external concentration of
daughters is unlikely to reach the equilibrium levels that will occur within
the housing.)
The measurement of radon and its daughters is a complex subject and the
National Counci l on Radiation Protection and Measurement of the USA
has produced a detailed publication on the topic (NCRP, 1988). For
cavers, apart from purchasing or manufacturing instruments, perhaps the
simplest means for making long term measurements is to use the same
material as the Camp lin et al (1988) detectors. This can be obtained from
Track Analysis Systems Ltd (1996). Hy land ( 1995) measured the
concentration of radon and daughters in a number of British caves and his
results are summarised by region in Table I.
Because radon is an inert gas, it can diffuse away from its birth place
relatively rapidly and, ifnear enough, reach the boundary of the grain of
rock within which it was born. Given small enough distances, the radon
atom can thus travel along a rock grain boundary to a pore and thence to
a crack and eventually into the free atmosphere. The proportion of atoms
escaping in this manner is also controlled by the half-life of the particular
radon isotope. Hence, the 3.9 second half-life ofRn 219 effectively means
that none is released. (Rn 219 was called actinon by its discoverers, as it
was erroneously thought to be derived from the element actinium, rather
than from U 235 .) The 56 second half-life ofRn 220 means that very little
escapes from the rock. (Rn 220 was called thoron by its discoverers, as it
was associated with the parent element thorium.) In the United Kingdom ,
it has become acceptable to ignore the impact of Rn 220 as a
counterbalancing assumption to the many other pessimistic assumptions
made in assessing the impact of radon. Thus the dominant radioactive
species of concern is Rn 222 or radon , whose name derives from its

Radon Concentration 8q m'l
Region
Minimum

Maximum

Mean

Standard
Deviation

Portland

10

974

454

326

North Pennines

14

27136

1115

2089

Mendip Hills

99

3621

11 29

1057

South Wales

127

19968

256 1

2773

Peak District

9

46080

8868

10724

Table I. Examples of radon concentrations (Bq m") measured in a number of
caves in various parts of the UK in the period 1991-1992.
(Data from Hyland. 1995)
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radioactive parent, radium. The rate of release of radon is therefore
dependant not only upon the concentration of uranium in the rock but also
the surface area of the rock. For example, highly fractured limestone will
ex pose more surface area than limestone with few fractures. Dust made by
minin g operations or eroded small particles of limestone will expose even
larger surface areas and Bottrell (1991) has postulated that they might
contribute significantl y to underground radon levels.
Once rel eased into the atmosphere, radon is subject to a number of
influences as it decays progressively through its daughters. The most
significant influence is air movement. The concentration of radon in the
open is quite small due to the efficient mixing caused by air currents.
Ventil atio n is a powerful means of reducing radon levels and has been
dep loyed effe ctivel y in show caves and houses to reduce radon
concentrations. However, in enclosed spaces the efficiency of air currents
can be limited and where elevated carbon dioxid e levels are known to
persist. hi gher concentrations of radon could build up. A second significant
factor is air pressure variation. A substantial pressure drop caused by a
dee p low pressure weather system passing across the country will cause
air to flow out of the cracks, carrying radon with it. Hence the radon
concentration will be elevated for a period linked to the time taken for the
low pressure to pass. The third influence relates to differences in air
temperatures. In winter, air outside acave or mine that is relatively colder
than th e air inside will tend to flow inwards, hence " pushing" radon back
into cracks. In the summer. with the reversal of relative temperatures,
rado n w ill be drawn out of the cracks . E lev ated summer radon
concentrations compared to those during the winter have been measured
in a number of caves by Middleton et al (1991) and Hyland (1995 ). A
potenti ally rel ated effect may be due to a reduction of radon's solubility
in water with increasing water temperature during the summer months.
An other influence is the charge left on the decayed atom, Po 218, an
isotope of polonium, is formed with an initially excess negative charge.
Di sregarding chemical reactivity, by which the po lonium atom could be
tran sformed into polonium oxide, the charged species will be attracted to
a surface. Toohey t ! al (1984) measured the plate-out of daughters on
surfaces. However. the attracting surface could conceivably be an airborne
particle, and the combination of decayed atom and airborne particle is
referred to as attached . A parameter called the unattached fraction (the
fraction of daughters not attached to particles) is significant in determining
the impact of the daughters. Larger attached particles are subject to a
settling out process. Further decay of Po 218 to Pb 214 could result in the
Pb 214 atom retaining sufficient energy to detach itself from the particle
and become unattached. The Pb 214 atom would then be subject to a
similar process. Both attached particles and unattached atoms of the
dau ghters can be removed by mechanisms such as scrubbing by water
sprays in active cave or mine systems. Filtration is also effective in
remo ving daughter products. These influences thu s create a ratio of radon
to daughters that is not dependent solely upon the radioactive decay of the
isotopes.

Measurement of radiological impact
The SI unit ofa 8equerel (Bq) is defined as the decay of one atom in one
second . Normally the decay rate is measured by detecting the particle or
particles emitted . There is a one to one relationship for alpha particle
emissions from radon and its daughters and thu s measurement of the
quantity of radon and daughters present can be made by counting the
number of alpha particles emitted in a given time. More conveniently for
impact calculations, concentrations of radon and daughters in air can be
measured and denoted in terms ofBq m·3 . Measuring systems using solid
state detectors or sensitive material are normally calibrated in units ofBq.
However, given the early use of measuring systems based on the ionisation
principle, a special concentration unit called the Working Level (WL) was
devi sed by the mining industry . This is based on a measurement of the total
alpha ionisation energy associated with radon and its daughters decaying
per unit volume of air. As one of the simplifying assumptions, in the
United Kingdom , the definition was further narrowed to include onl y the
alpha particles from Rn 222, Po 218 and Pb 214 . This is based on the low
level of thor on and the assumption that, given its relatively long half-life
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(22 years), the impact of Pb 210 can be ignored compared to that of its
three predecessors. Considering the potential variation in the ratio of
radon and daughters, due to factors discussed above, the Working Level
was a pragmatic unit suitable for use in mines and thus has no simple
relationship with the SI unit ofBq m· l. A relationship can be expressed by
use of another parameter, called the equilibrium constant. This is the ratio
of the actual measured alpha activity level to that from the same quantity
of radon that is in radioactive equilibrium with its daughters (see NCRP
1988). Care is needed to avoid confusion of.this equilibrium constant with
another frequently referred to concept, known as the Equilibrium Equivalent
(Radon) Concentration (EEC). The EEC is the concentration of radon , in
radioactive equil ibrium with its daughters, that emits the same potential
alpha energy per unit volume as that in the measured mixture.
The potential impact of exposure to radiation is measured in terms of
time integrated exposures or " dose". The dose of radiation received by a
person is related to the concentration of radon and daughters and the
length of time for which the air is breathed, that is Bq m·3 h. The SI unit
of dose is the Sievert (Sv). Account is also taken of the difference in nature
ofthe ionising particles that are de livering the dose. Dosimetric calculations
can be carried out to derive a relationship between the time integrated
concentration and dose. These calculations are based on estimating
energy deposited by the particle into the cells of organs in the body,
together with modifying factors to account for the potential of the particle
to cause damage. In th e case of radon and its daughters, th e organ of
interest is the lungs. Due to its inert nature radon will penetrate with
breaths of air into the farthest reaches ofthe lungs. The extent to which the
daughters penetrate into the lungs depends upon the unattached fraction
of daughters. The equilibrium constant characterises the amount of each
daughter present within the lungs. Based on this information, it is possible
to calculate the dose of radiation given by radon and its daughters to the
lungs from a given concentration, composition and unattached fraction.
It should be noted that the precision implied by this description is usually
inappropriate, as most measurements do not determine the equilibrium
constant, let alone the unattached fraction . In any case, the imprecision of
many measurements is larger than the effect of neglecting the unattached
fraction or assuming a typical value for the equilibrium constant.

Table 2. Dose limitsfor classes ofpersons as defined in the IoniSing Radiations
Regulations.

mSv

WLh
(precise)

WLh
(practical)'

50'

816

680

Any Other Person Dose
Limit

5

82

68

ICRP recommendation
for any other person

1

34

28

Employee
Dose Limit

Note : I The practical value is reduced from the precise value to take
account of associated ionising radiation from the decay of radon , radon
daughter products and other associated radioactive. material that is not
detected by instruments measuring Working Levels. The data are taken
from the Health and Safety Commission (1988) using International
Commission for Radiological Protection (1981, 1991 and 1993). The
ICRP values are based on workers rather than general public, since the vast
majority of those entering underground voids are adults of working age.
lAs soon as the level of exposure reaches 15 mSv reassessment of
procedures must take place.

An ionising particle colliding with a cell will deposit energy into the cell
causing damage. There are three potential outcomes of that damage - the
cell either dies, repairs itself or becomes cancerous. The major risk from
radon is therefore one of developing lung cancer. Information is available
to relate dose to risk of cancer. The International Commission on
Radiological Protection (lCRP) has made recommendations on the limit
to which persons should be exposed to radiation, and these have been
incorporated into United Kingdom legislation (Table 2) . They are based
upon typical doses received by workers exposed occupationally to
radiation, being equivalent to a risk level similar to that found in
hazardous occupations recognised as having high safety standards (ICRP,
1977). Since then, further evidence has shown that the risks were
underestimated, and a reduction in dose limits (Table 2) has been advised
by the ICRP (1991) . At present this has not been incorporated into United
Kingdom legislation .
An alternative approach to risk, based upon epidemiological studies of
uranium miners, has been studied by the ICRP. The equivalent unit of dose
used in the mining industry is the Working Level Month (WLM), which
is the exposure of a person to I WL for a period of 170 hours (a typical
time a person would spend exposed underground in one month). The
ICRP (1993) have more recently advised using the results ofthese studies
that were reported in Working Level units. One ofthe problems in quoting
data is that the basis for the conversion from measured units to dose has
changed over the past twenty years. Using an equilibrium factor of 0.5,
Kendall et al (1994) showed that exposure to 170 WLh is equivalent to a
time integrated exposure of 1.26x I 06 Bq m·lh or 144 Bq m-l y , that is, a
person breathing air with radon concentration of 144 Bq m- l continuously
for a whole year. The data quoted in this document should not be used
to derive relationships between units without consulting the source
docu mentation.

RISKS FROM RADON
To place these figures in context, the average concentration of radon
alone indoors in the United Kingdom is about 20 Bq m- l (O ' Riordan,
1990). Taking into account a wide range of factors, O'Riordan (1990)
calculated this to correspond to an annual dose of about I mSv to a person
living in the house. He also reported that the range of radon concentrations
found in houses across the country varies between 5 and 5000 Bq mol. It
has also been calculated that the annual average dose to a person living in
Cornwall dueto radon is about6.3 mSv, compared to 1.2 mSv fora person
living in London (Metters, 1992).
Because some houses have high radon concentrations and thus expose
persons living in them to substantial doses of radiation, there have been
a number of recommended action levels. The principle is that ifan action
level is found to be exceeded, steps should be taken to reduce the radon
concentration. Although the European Union (as the Community of
European Countries) recommended action levels of 400 Bq m- l for
existing houses and 200 Bq m-l for new houses (CEC, 1990), the NRPB
in 1990 recommended an action level of 200 Bq m-l for all houses. This
200 Bq m- l action level was calculated to correspond to an annual dose of
about 10 mSv to a person living in the house (O'Riordan, 1990), which
is consistent with the latest ICRP recommendations (ICRP, 1993).
Whilst the NCA do not wish to trivialise the risks involved, there is a
tendency for the media to sensationalise the risks from any source of
rad iation, including radon. In risk consequence terms, an average radon
concentration of20 Bq m- l in a home over a perso n's lifetime is estimated
to give rise to a lifetime risk of lung cancer equivalent to 0.3% (lCRP,
1987; O'Riordan, 1990). In other words, there is a probability of3 in 1000
that an individual would die from the specific cause of lung cancer due to
the lifetime exposure to radon in their home. It should be noted that the
prevailing risk of lung cancer in the community is about 6% and is
equivalent to a lifetime exposure to radon at a concentration around 400
Bq m-l within the home. Additionally, current medical opinion is that
lifetime smoking increases the risk of dying from lung cancer tenfold. It

Table 3. Statistical data for health risks associated with smoking and exposure
to radon (from Mellers, 1992).

Average in UK houses
(20 Bq mol)

House at radon
action level
(200 Bq mol)

Lifetime risk of
lung cancer due to
radon in general
population

3 in 1000

I in 100

Lifetime risk of
lung cancer due to
radon in smokers

3 in 100

I in 10

is considered that exposure to radon at 200 WLh per year for life doubles
the risk of dying from lung cancer. Note that estimates for smokers
exposed to radon suggest amultiplicative, not additional, risk of contracting
lung cancer (Table 3), though some opinion suggests that there may be
more variation (Doll, 1992; Peto and Darby, 1994).
Metters (1992) points out that areas with acknowledged high radon
concentrations such as Cornwall and Devon have lower death rates from
cancer than London or Manchester, which are areas of low radon
concentration, so it is clear that there is room for scientific debate. Other
work concludes that this kind of geographical study has shortcomings,
such that it does not contribute to a better understanding ofthe quantitative
risks from indoor radon (eg. Stidley and Samet, 1993). There is also
speculation over whether the application of risk factors for mines (from
which the exposure limits in legislation were derived) can be transferred
fairly to the conditions found in most caves. Air in mines tends to have
other particles (dust, fumes) that are themselves harmful and thus add to
the risks, though some studies have corrected for these risks.
The persons engaged upon caving activities as a recreation do so
willingly and as such accept the associated hazards of their chosen sport
- which are many. Some hazards are immediately obvious (for example,
the risk of drowning), whilst others are intangible (e.g. the risk of
contracting Weil'sDisease). Therisks involved in entering an underground
void relate to three main sources. First, the ability level of the individual,
e.g. climbing skills and/or use of technical equipment. Second, the
hazards of the void itself; for example the danger of rockfalls. Third,
aspects of the cave/mine environment, such as the possibilities offlooding
or bad air. The NCA recognises radon exposure as one potential
underground hazard, and will endeavour to ensure that members are kept
updated on the nature and extent of the risks as new information becomes
available. Deaths from radon -related causes are only likely to become
apparent some years after persons have given up active caving. However,
at present, the NCA is not aware of any information to suggest that there
is a high death rate from lung cancer among retired cavers.
It is possible to compute the approximate risk of death from exposure to
radon resu lting from a single caving trip. Although radon concentrations
vary considerably, a typical caving trip of around 4 hours duration would
lead to a person receiving a dose of around 0. 1 mSv from exposure to
radon (Table I). Using a risk relationship of 0.056 chance of death per Sv
(lCRP, 1993 ), the typical trip would create a chance of the order of 6 in
1,000,000 of dying subsequently from lung cancer induced by this
exposure. In comparison, it is possible to make an order of magnitude
estimate of the actual risk from caving. Although there are no census
figures it is estimated that there are about 10,000 active cavers in the UK.
Given the considerable variability of the frequency that this population
actually goes caving, an average of I 0 trips per year is probably optimi stic.
The actual numberofdeaths of persons on caving trips in the UK and Eire
between 1982-1993 was 3 I, of which 6 were of divers (B riti sh Cave
Rescue Co uncil, 1994). Because cave diving involves a very small
number of persons who expose themselves to hazards quite separate from
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those faced by ordinary cavers, th e deaths attributable to diving have been
ignored in this calculation . As deaths are about 2.5 per year this gives an
esti mated risk of death fo r a recreational caver from an accident in a cave
during one caving trip of around 25 in 1,000,000.
Ex posure to all radiation should be as limited as is possible but, as with
anything, there is a risk. It is the recommendation of the NCA that,
wherever possible, individuals should:
•

attempt to find out as much as possible regarding likely exposure
to radiation from radon on each trip undertaken ;

•

use known values to make rough calculations of the potential
cumulative dose during a year;

•

attempt to keep exposure within NRPB recommended values.

these definitions. The first type is concerned with the underground void,
whilst the second type is concerned with the land surface. Clearly they are
not mutually exclusive, but commonly are in practice. The key feature of
either type is that they have the legal right to control access either within
the underground void or across the land surface up to the entrance of the
underground void. The term "Owner" was used to include all other
alternatives who may hold the legal right of access. Whilst ownership of
a working mine is known, ownership of a natural cave or abandoned mine
is commonly not clear and could reside with the owner of either the
mineral rights or the land surface. These groups are:
i}

DEFINITIONS
Definitions of certain words and phrases were adopted to facilitate
understanding and help clarify legal matters. The phrase underground
void was adopted to cover any cave, mine, show cave, show mine or other
underground void, whether natural or artificial, into which a person could
enter. Two broad groups of persons were identified and sub-groups
defined as follows:

1.

Recreational
i)

Cavers and Mine Explorers being persons who explore
underground voids as a pastime. These persons have no contract
of employment underground for the activity they are engaged
upon. This category includes persons with specialist local
knowledge of a cave or mine who may be requested, on a
voluntary basis, to take a recreational party through that cave or
mine.

ii) Voluntary Group Leader being an adult leading or instructing a
group, normally on behalf ofa charitable organisation such as the
Scouts or youth group, who is in a position of acknowledged
authority. There is no contract of employment and no financial
reward.
iii) Members oflnstructed or Led Parties, ie. persons under the charge
of an Instructor or Voluntary Group Leader.

2.

Professional
i)

Instructors, being persons who provide a service of instructing
others in underground exploration techniques and practices in any
type of underground void. Such persons are normally either
self-employed or are employed by, for example, an Outdoor
Education Centre.

ii) Research scientists, being persons employed , engaged,
commissioned or directed to carry out scientific investigations in
all types of underground void .
iii) Show Cave/Show Mine Guides and other persons being employees
of a Show Cave or Mine Owner who either maintain the Show
Cave or Mine, or guide and assist visiting members ofthe General
Public who were excluded from further consideration.
iv) Employers, being those who employ the persons listed above, or
those who are self-employed.
Four groups of owners of underground voids and land were defined to
facilitate the explanation of legal duties. There are two distinct types of
persons, corporate bodies, lessees, licensees or other associations within
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Private Void Owners - ie. owners of a natural cave or abandoned
mine or other underground void or part thereof, which does not
form part of the owner' s business (eg. an owner of a private
estate).

ii) Private Land Owners - ie. owners who have control of access of
the land surface that is not part of the owner' s business, exclusive
of their legal relatio nship to the underground void (eg. a
householder)
iii) Business Owners of Voids - ie. owners of a natural cave or mine
(working or abandoned) or other underground void, or part
thereof, which does form part of their business (eg. Show Caves
and Mines).
iv} Business Land Owners - ie. owners who have control of access of
the land surface as part of their business, exclusive of their legal
relationship to the underground void (eg. a farmer).
Miners, Mine Managers and Mine Operators were excluded from the
document since their legal duties are already well understood. In addition,
members of the general public were excluded on the basis that those who
mightgo caving were caught by oneofthe defined groups and did not need
separate consideration.

UNITED KINGDOM LEGISLATION
Five pieces of Un ited Kingdom legislation were considered by the
Working Party; namely the Occupiers Liability Acts of 1957 and 1984,
the Health and Safety at Work Act of 1974, the Mines and Quarries Act
of 1954 and the Ionising Radiations Regulations of 1985. The Occupiers
Liability Acts creates a duty of care on the land owner towards visitors,
except those who willingly accept the risks. The Health and Safety at
Work (HaSW) Act creates a range of duties primarily on employers to safe
guard their employees and others from risks created by the work situation.
The Mines and Quarries Act creates a duty to secure entrances to
abandoned mines. The Ionising Radiations Regulations create a range of
specific duties on employers whose work invo lves exposure to ioni sing
radiations. Because of the nature of radon, the regulations were carefully
worded so as to also include work activities that took place in an
atmosphere that contained radon above a fairly low specified concentration.
Further details of this legislation can be fo und in the NCA document
( 1996).

GUIDELINES FOR MINIMISING EXPOSURE TO
RADON
These guidelines are designed to assist organisations and individuals
concerned with and engaged upon underground activities, to adopt
practices that will enhance awareness of the problems of and controlling
exposure to radon and its daughter products. These guidelines are in
amplification of the normal codes of practice fo r conducting parties
underground prepared by NCA through its various sub-committees. Also,
they provide a framework to which the Cave Instructor Certificatc and
Local Cave and Mine Leadership Assessment Scheme can refer.

These guidelines do not apply to underground voids where radon
concentrations are abnormally high, such as certain metalliferous
mines. In such places where only respiratory protection can provide
adequate protection from radon , specific advice must be sought from a
competent person before entering the underground void.

should comply with any conditions for entry to the underground void that
the land or void owner considers to be necessary to protect their legal
interest, including any duties under Section 4 of the HaSW Act

These guidelines take account of the fact that any health risks
arising from exposure to radon are cumulative and so any unnecessary
exposure should be avoided. NRPB have proposed for recreational
caving a time integrated dose limit of 106 Bq m- 3 h in any year (Kendall,
1995).

The work of research scientists is potentially so variable that it is not
practical to give general guidance. The comments in the HaSW Act will
app ly according to whether you are an employee or self-employed. You
should also comply with any conditions for entry to the underground void
that the Land or Void Owner considers to be necessary to protect their
legal interest, including any duties under Section 4 of the HaSW Act.

A.

6.

Research Scientists

Recreational
I.

Cavers and Mine Explorers

You should use the information available to plan trips that will minimise
your own exposure to radon and avoid, wherever possible, taking others
into underground voids that have high radon concentrations. If your
cumu lati ve time underground is likely to be in hundreds of hours, you
should seriously consider carrying a dosemeter. An alternati ve, but less
effective, way of estimating exposure is to use available data on radon
concentrations in the voids you visit to obtain an approximate cumulative
figure. You should comply with any rules that a land or void owner
imposes as a condition of entry to an underground void . Such rules could
be needed by the owner to protect their legal interests and may contain
references to radon.
2.

Voluntary Group Leaders

Voluntary Group Leaders are not covered by the HaSW Act but may be
held to have acommon law duty to members of their party. As part of their
leadership function, leaders should advise members of their party about
the hazard of radon and give them the best available information about the
levels of risk associated with the proposed trip. If underground voids
known or suspected to have high concentrations of radon are avoided, it
should be sufficient to advise the party that radon is present, but the
anticipated levels are such that the estimated risk is not out of proportion
to other ri sks. The party should also be made aware ofthe cumulative risk.
The Leader should ensure that the party complies with any rules made by
the Land or Void Owner (see above).
3.

Members of Instructed or Led Parties

Professional Instructors have duties under the HaSW Act to ensure that
members of their parties are provided with adequate information, instruction
and supervision . The principal measure to minimise exposure will often
be the choice of suitable underground voids or parts of underground void.
If yo u are a member of such a party you should follow the leader's
instructions relating to the parts of the void to be visited. Although
Voluntary Group Leaders are not covered by the HaSW Act, they may be
held to have a common law duty to members of their party, so you , as a
party member, should follow their instructions and advice on the areas to
visit.

B.
4.

Professional
Emp loyers

You are required to comply with the HaSW Act and the IRR. (Further
details can be found in the NCA document (1996)).
5.

c

Owners

7.

Private Void Owners

You have no duties under either the HaSW Act or the IRR because you
are not engaged in a business. Duties under the Occupiers Liability Acts
may be discharged by an adequate sign. However, if you "own" a mine,
you have a duty under the Mines and Quarries Act to maintain the
entrance(s) secure so as to prevent a person from entering accidentally.
8.

Private Land Owners

You have no duties under either the HaSW Act or the IRR because you
are not engaged in a business. Duties under the Occupiers Liability Acts
may be discharged by an adequate sign. However, if you have a mine
entrance on your land, you may have a duty under the Mines and Quarries
Act to maintain it secure so as to prevent a person from entering
accidentally.
9.

Business Void Owners

Most Business Void Owners are Show Caveor Mine owners. You have
duties under the HaSW Act and almost certainly under the IRR because
of the foreseeable presence of radon, at least insofar as access to that part
of the underground void that is defined as the Show Cave or Mine is
concerned. You should have already appointed a RPA . Other business
Void Owners should determine the extent to which the IRR apply and
hence whether they need an RPA. (Further details can be found in the NCA
(1996) document}. Duties under the Occupiers Liability Acts may be
discharged by an adequate sign. However, if you "own" a mine, you have
a duty under the Mines and Quarries Act to maintain the entrance(s) secure
so as to prevent a person from entering accidentally.
10. Business Land Owners
Although you have duties under Scction 4 of the HaSW Act to persons
at work entering an underground void through an entrance on your land,
these duties are limited to taking such measures as are reasonable to take.
The principal duty to comply with the IRR lies with the employer ofthose
persons (or self-employed person) who are entering the void and who
should have taken advice from their RPA. Your duties in respect of the
radon hazard are unlikely to extend beyond providing relevant information
to the employer. This duty is one of providing such information that you
hold on the hazard from radon to the person who seeks that information .
Duties under the Occupiers Liability Acts may be discharged by an
adeq uate sign.

Professional Instructors

Professional Caving Instructors have legal duties under the IRR. In the
first instance you should either, if self employed, appoint a Radiation
Protection Advisor (RPA), or if employed, be briefed by the RPA or
Radio logical Protection Supervisor appointed by your employer. (Further
details can be found in the NCA (1996) document} . In addition, you
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Tafoni (pseudokarst features) in the Maltese Islands
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HDI 3DH, UK
Abstract: In the Maltese Islands, small to medium sized shallow blind bulbous cave-like features and elongate
notches are common near the base of outcrops of the Upper Coralline Limestone, and are also found on steeply
sloping outcrops of other limestone formations. These features are identi fied as tafoni. Theories of the formation
oftafoni and similar features are reviewed. It is suggested that, in the Maltese Islands, tafoni are dissoluti on
phenomena initiated under a drift mantle or otherwise below ground, subsequently exhumed, and then enlarged
by subaerial weathering processes.

INTRODUCTION
This paper describes shallow cave-like features found during a
geomorphological survey in the Maltese Islands and assesses a number of
potential explanations forthem. The features have aconsistent morphology
and do not seem to result from normal karstic phreatic or vadose
dissolution processes, although they are confined to limestone outcrops
that in other parts show evidence of karstification, including rillenkarren,
true caves and more or less well-developed limestone pavements. The
features conform to published descriptions of cavities known as tafoni and
cliff foot recesses, which are known from arid regions in a number of
countries including Australia (Dragovich, 1967; Bradley et aI., 1978),
Pakistan (Wilhemy, 1964), Antarctica (Calkin and Cailleux, 1962),
Tunisia, Algeria, Morocco, Palestine (Smith, 1978; 1985), the United
States of America (Mustoe, 1983), Libya (Peel, 194 I; H. Mohamed,
Huddersfield University, pers. comm., 1996) and Jordan (author's
unpublished data). A similar phenomenon has even been reported from
Mars (Smith, 1983).

TERMINOLOGY
Smith (1978) divided shallow bulbous cave-like features which breach
the case-hardened faces of cliffs in western North Africa into four classes:

I. 'Cavernously weathered recesses' are bulbous features of the order of
2m high, 3m deep and 4m wide. In the recesses, 'fresh' limestone is
exposed. They show many signs of recent weathering, such as
flaking, and may have a little comminuted limestone on their floors.
2.

'Seepage recesses' are bulbous features, of similar size to the
'cavernously weathered recesses'. Their roofs and backwalls are
commonly covered by deposits of secondary carbonates and iron
oxide, and enlarged joints are present in the backwalls.

3.

'Basal tafoni' are small bulbous features, often around O.5m in
diameter, found at the base of cliffs. 'Fresh' limestone is exposed in
the backwall, roof and floor of the tafoni.

4. 'S idewall tafoni' are small bulbous features, again around O.5m in
diameter, found on cliff faces away fro m the base.
Although there is a clear differentiation between ' seepage recesses' and
Smith's (1978) other types, the differentiation between 'basal tafoni' and
' cavernously weathered recesses ' is essentially arbitrary and based on the
criterion of size only. Likewise, although tafoni are commonly concentrated
along the base ofcliffs, rapid removal of the talus at the base ofa c1iffline
can lead to former 'basal tafoni ' becoming 'sidewall tafoni' (see below).

Figure I. Location of the Maltese Islands.
(redrawn from Beckmann, I 987) .
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Formation

Thickness
(m)

Age

Descri ption

Depositional Environment

Upper
Coralline
Limestone

>160

MessinianTortonian

Brown, red and yellow algal
limestones with marly partings,
oolitic limestones .

Shallow shelf and intertidal,
(0-100 m) with algal reefs and
lime sand patches, cool
subtropical.

Greensand

0-15

Tortonian

Grey-green, weathering
orange-brown, sandy limestone,
abundant echinoids and giant
foraminifera, rare shark teeth and
marine mammal bone .

Very shallow shelf (5-40 m), with
very slow, episodic deposition,
cool subtropical.

Blue Clay

0-70

Serravilian

Blue-grey siltstones and shales, with Deeper (150 m) shelf marine with
a few shells.
abundant mud input probably
from mountain-building activity
to the north.

Globigerina
Limestone

22-204

Lower
Corraline
Limestone

> 188

Langhanian- Buff foraminiferal limestone,
Aquitanian
massive, with shells and echinoids .
3 phosphatic nodule beds contain
corals, shells, echinoids, shark teeth
and marine mammal bones .

Deeper (40-200 m) shelf marine,
cool subtropical. The nodule beds
reflect periods of slow deposition,
or even dissolution of the
limestone on the sea floor.

Chattian

Shallow shelf (10-200 m) marine,
with algal reefs and lime sand
patches, cool subtropical.

Pale brown, dense, semicrystalline
algal limestone, massive to
planar-bedded, locally silicified,
with some shell, echinoids and
foraminifers .

For the purposes of this paper, therefore, the term ' tafoni' is used to
encompass bulbous weathering cavities of all sizes and in all
geomorphological positions.

FORMATION OF T AFONI AND SIMILAR FEATURES A BRIEF REVIEW
A number of processes have been cited to explain the formation oftafoni
and basal recesses. It is clear that two major groups of processes lead to
these features. 'Seepage recesses' have a different origin from features
described by Smith (1978) as 'cavernously weathered recesses' and
' tafoni ' . Seepage recesses contain deposits of secondary carbonates and
iron oxide. Enlarged joints in the backwall of these features point to
solutional processes by 'karst waters'. The deposits of iron oxide and
secondary carbonate point to these being relict features that formed in
moister conditions than now obtain (Smith, 1978).
' Cavernously weathered recesses ' , as described by Smith (1978), are
currently affected by flaking and granular disintegration, sometimes
associated with the presence of salt. Loss of calcium and magnesium from
the backwalllimestone points to the importance ofsolutional processes in
the initiation of mechanical weathering. These features are suggested to
be still forming because their morphology leads to moisture precipitation
and absorption, followed by rapid heating and drying, though they were
thought to have been initiated in pluvial conditions (Smith, 1978; 1985).
A similar origin has been postulated for 'basal tafoni'. Dragovich (1969)
and Smith (1978; 1985) hold that ' basal tafoni ' are the result of concentrated
weathering at ground level, promoted by the availability of dew and fro st
close to the ground surface. Similar processes were cited to explain
' sidewall tafoni ' , which are found on cliff faces at places that are
structurally weak or particularly susceptible to granular disintegration
(Smith, 1978). Once ahollow has formed , thiscreatesamicro-environment
in which weathering is concentrated (Smith, 1978; 1985). A similar
mechanism, involving the growth of salt crystals in the rock porosity, but
not involving solution, was cited by Mustoe (1982) to explain coastal
zone ' honeycomb weathering' in the USA.
In western North Africa 'sidewall tafoni ' are concentrated in old rockfall
scars, perhaps because these were areas of concentrated weathering, or
because pressure-release weathering allowed the initiation of tafoni
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Table I . Stratigraphic tab le for Malta
(mostly after Bosence et al .. 198 1;
Pedley et ai. , 1990).

formation, or because the removal ofthe case-hardening allowed weathering
processes to operate (Smith, 1978). Wilhelmy (1964), Winkler (1967)
and Nir (in Smith, 1978) also suggest that chemical weathering behind
surface case-hardening may initiate tafoni . This process cannot, however,
account for the formation oftafoni on rock s on which a surface crust does
not form (Bradley et aI. , 1978). In these situations granular disintegration
caused by the growth of salt may be significant.
A further process was suggested by Gilbertson and Hunt (1990), who
described small tafoni -Iike features developed on building stones of a
Romano-Libyan farmstead in the Tripolitanian pre-desert. These had
clearly formed ai',er the building was erected, and could be demonstrated
to have formed just below the ground surface, as sediments accumulated
around the walls of the building. They suggested that these weathering
features formed as the result of the invasion of the building stones by soil
waters containing small concentrations of humic acids during the rainy
season, and the subsequent dissolution of intergranular cements by the
soil water. Drying of the soil during the summer led to the moisture
moving out of the stones by capillarity and evaporating from their
surfaces, leading to the reprecipitation of carbonates as a case-hardening.
It was clear from the association of these features with the archaeological
phasing that this process was extremely rapid , with cavities up to 0.25m
across (virtually the size of the stones) forming within 2-3 centuries at
most.

THE MALTESE ISLANDS
The Maltese Islands - Malta, Gozo, Comino, Cominotto and Fifla - lie
midway between Sicily and Tunisia in the Central Mediterranean (Fig. I).
The islands are predominantly limestone of late Oligocene to Mid
Miocene age (Table I). There is spectac ul ar interstratal karst (Bosence et
aI. , 1981 ; Pedley, 1990), including a number of circular collapse features
up to several hundred metres across. On biogeographical grounds, the
islands were probably emergent from the Messinian (Earl y Miocene)
onwards (Giusti , Manganelli and Schembri, 1996; P. 1. Schembri,
University of Malta, pers. comm., 1995). Structurally, the Maltese Islands
consist of a subhorizontal ' layer cake' deformed by a series of dome-like
upwarps and basin-like downwarps and cut by a series of NNW-striking
faults with vertical displacements of up to 240m and hori zontal
displacements of several kilometres (Pedl ey, 1990) into a seri es of horsts
and graben .

Tafoni in Upper Coralline Limestone. Bajda
Ridge. Malta.

Physiography in the Maltese Islands is controlled by geological structure
and lithotype. Table 2 shows the typical landform assemblages, including
karst features , associated with each unit. There are no perennial rivers on
the Maltese Islands, though there are a number of short perennial springfed watercourses.
The climate of the Maltese Islands is of the usual Mediterranean warm
semi-arid type, with predominantly winter rainfall averaging 583mm and
with a range of 225-10 15mm (Chetcuti et aI., 1992) . Potential
evapotranspiration rates are very high and there is a cons iderable moisture
deficit. Summer maximum temperatures reach 30.6'C. Wintertemperatures
are around 10' C (Chetcuti et aI. , 1992; Mayes, 1995). There is strong
evidence from Quaternary deposits for periods of severe aridity equivalent
to the glacial maxima in northern Europe, and for high rainfall and
perennial runoff during interglacials (Hunt, in press).

Formatio n

Landform assemblage

Upper Coralline Limestone

Steep-sided/c1iffed karstified plateaux,
limestone pavements, fissures. caves,
springs.

Greensand

Stecp, rapid ly-eroding slopes.

Blue Clay

Steep. rapidly eroding slopes, slumps
and shallow slides. chaotic undercliffs
on coast.

Globigerina Limestone

Gently undulating tablelands, some
large-scale solution features stoped up
from L. Coralline Limestone, rare
dolines, some water-filled.

Lowcr Coralline Limestone

High vcrtical sea cliffs, deeply-incised
valleys, often with strongly-developed
rillenkarren, limestone pavements,
caves, springs.

Table 2. Landform assemblages on the exposed Oligo-Miocene formations in
Malta.

METHODS
A number of the features were selected for measurement, with the
intention of producing examples from a variety of lithotypes. Actual
examples were selected on the grounds of access ibility. Sketch plans were
produced by offset survey with the aid of measuring tapes and a plumbline.
A number of plans are reproduced in Fig. 2. These indicate features which
provide evidence of format ional processes. Dimensions of measured
features and other characteristics are shown in Table 3.

TAFONI IN THE MALTESE ISLANDS
Tafoni are widespread in the Maltese Islands and can be found on
virtually every inland cliff. They can also be seen in the higher parts of
some coastal cliffs, especially in softer lithotypes, such as Pleistocene tufa
and Globigerina Limestone. Some tafoni , for instance near Manikata and
L ' lmbordin, are large and stable enough that, with modification, they
have been used as troglodyte houses by the Maltese.
The tafoni vary considerably in size Crable 3), from around O.4m
diameter to over 5m in diameter, and the re seems to be little pattern to the
size distribution. In a number of cases (e.g. 9 and 10 in Table 3), the
dimensions of tafoni are controlled vertical ly by the occurrence of
bedding-planes. The bedding planes in these cases seem to be flanked by
zones of calcium carbonate induration, which most probably limited the
dimensions of the cavity.
In several cases, (1-7, II), it is possible to demonstrate that the features
are developed in surfaces that were relatively recently exhumed . This is
so recent in cases 4 and 5 that the fill of these feature s has been left
' hanging ' (Fig. 2). In case 8, where there is no trace of exhumation, the
whole feature is case-hardened and thus inactive.
Only a few examples (2-4) had flaky backwalls similar to the 'cavemous ly
weathered recesses' of Smith (1978). Some of these had a fill of angular,
unsorted debris, as might be expected with fragments falling from the roof
and backwall. The other examples were empty (6, 8), had fine-grained
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Figure 2. Examples of selected tafollifrom the Maltese Islands. The numbers refer to the numbering in Table 3. (a

fill s (7, II ), or were associated with fine-grained superficial materials (9,
10). Several ( 1,6,8-10), are in exposed localities where wind-scour could
be expected to contribute to the smoothin g of the backwall an d the
removal of fine-grained debri s.

DISCUSSION
As discussed above, the range of sizes of these bulbous weatherin g
fe atures, and the fact that several seem to be relative ly recently exhumed,
mak es th e classification of Smith (1978) inappropriate to tafoni in th e
Maltese Islands. Evidence for th e contemporary flaking and granul ar
disintegration of the roofand backwall of several of these feature s is given
by the assoc iated fills (and possibly by assoc iated superficial debris in a
number of cases), though one feature was demonstrably relict.
Ev idence for the causes of initiation of these features is difficult to
locate. but the recent exhumation of several of the tafoni can be
demo nstrated. This perhaps provides evidence for initiation under the
ground . It is suggested that the mechanism proposed by Gilbertson and
Hunt ( 1990) is applicableto these examples, with at least partial dissolution
of limestone in the soil water zone followed by exhumation and the rapid
enlargement of these features by the mechanisms discussed by Smith
( 1978), including granular disintegration, salt growth, frost and localised
solution. Fine grained debris is most probably removed by aeolian action,
which probably also helps to ensure that the morphology of the roof and
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backwall of th e tafoni remain well-rounded. It is entirely possi ble that a
similar mech anism of subsurface weathering followed by exhumation and
further development is appropriate for examples elsewhere in the world,
fo r instance in North Africa. Concentration of these features at the foot
of slopes would then be consi stent with lowering of the ground surface at
the foot ofclifflines, for instance by intermittent fluvial activity. Ev idence
for formerly hi g her soi lltalus lines sho uld be sought to test thi s proposition .

CONCLUSION
Tafoni are widespread on th e Maltese Islands. An assessment of so me
tafoni leads to the recogn ition that Smith's (1978 ) class ification of these
features is not justified by the Maltese data. It also suggests that a key
component of the evolution of these features is partial su bsurface so lution
of the limestone bedrock by soil waters, prior to further subaerial
evolution.
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Table 3. Dimensions oftafoni and basal recesses in the Maltese Islands.
Dimensions in metres. Grid references are for the Maltese National Grid, except for site I, which is a protected locality.

Max.
width

Notes

0.70

0.95

Back wall very smooth.
Partially infilled by angular,
un sorted debri s. Substrate
case-hardened. Exposed by
recent soil erosion .

1.0

1.0

1.5

Backwall flaky. Partially
infilled by angular, unsorted
debris. Substrate not
case-hardened. Exposed by
road cutting.

Upper
Coralline
Limestone

0.95

1.0

1.2

Backwall flaky. No fill.
Substrate not case-hardened.
Exposed by road cutting

Kercem
Gozo 303885

Upper
Coralline
Limestone

1.2

1.5

1.2

Backwall flaky. Partially
infilled by angular, unsorted
debris. Substrate not
case-hardened . Exposed by
agricultural soil erosion.

Above base of small cliff
behind agricultural terrace

Kercem
Gozo 303885

Upper
Coralline
Limestone

0.8

0.8

0.9

Backwall flaky . Partially
infilled by angular, unsorted
debris. Substrate not
case-hardened. Exposed by
agricultural soil erosion.

6

On slickensided near vertical
fault scarp

Kercem,
Gozo 302884

Globigerina
Limestone

0.4

0.4

0.4

One of about 20 similar
features at this locality.
Backwall smooth ly rounded.
No fill. Substrate
case-hardened. Exposed by
fault movement.

7

Edge of horst, at base of low
cliff

L ' Imbordin
Malta
433739

Upper
Coralline
Limestone

5.0

7.0

15.0

Backwall smooth. Shallow
sandy silt fill. Substrate
case-hardened. ?Exposed by
soil erosion removing mantle
of Quaternary deposits

8

Part-way up small cliff, in
gu lly side

Bajda Ridge,
Malta
432782

Upper
Coralline
Limestone

2.0

2.5

3.0

Backwall smooth and +
case-hardened. No fill.
Substrate case-hardened.

9

At top of sea cliff, in the side
of a mesa-like feature.

Forna Point,
Gozo 301934

Globigerina
Limestone

0.6

0.4

5.0

One of a number of elongate
smoo thed features picking out
the rock between bedding
planes in this locality. No fill.
Substrate slightly case
hardened. Nearby superficial
materials si lty sands.

10

In the side of a small
mesa-like feature above low
sea cliffs

Xwieni Bay,
Gozo 324923

Globigerina
Limestone

1.0

0.7

3.0

One of a number of simi lar
elongate smoothed features in
this locality. No fill.
Substrate slightly
case-hardened. Nearby
superficial material s silty
sands.

II

In a road-cut on the glacis
slope above a steep coastal
cliff

M 'Taleb,
Malta
414707

G lobigerina
Limestone

0.9

1.2

1.6

Backwall smooth. A small fill
of silty sand. Substrate not
visibly case-hardened.

Geomorphological position

Locality

Lithology

Max.
height

I

On glacis slope at top of sea
cliff.

near
M'Taleb,
Malta

Pleistocene
tufa mound

1.20

2

In side of road cut.

Kercem,
Gozo
303885

Upper
Corall ine
Limestone

3

In side of road cut

Kercem,
Gozo 303885

4

Above base of small cliff
behind agricultural terrace

5

Max.
depth
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Tafoni in early Holocene tufa, Bajira. Malta
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Redefining the boundary between karst and pseudokarst
Charles A. SELF and Graham J. MULLAN
University of Bristol Speleological Society, Students Union. Queens Road, Bristol BS8 I LN
Abstract: The terms "karst" and "pseudokarst" suffer from a plethora of definitions, many of which are mutually
contradictory. This paper suggests a non-genetic classification, whereby karst terrain is described by a suite of
physical features, without reference to rock type o r dominant evolutionary process. Karst-like features in rocks
normally considered insoluble would therefore be c lassed as karst, and this definition could logically be
extended to include similar features in superficial deposits. Pseudokarst would then be used to describe
landforms such as g ulls and lava tubes that have their own unique characteristics and only mimic karst
superfici all y. The sandstone karst of Northumberland and the limesto ne pseudokarst ofthe Cotswolds are used
as examples.

INTRODUCTION
Widely divergent ideas as to what should be classified as karst have led
to a misunderstanding both of that term and the meaning of the term
pseudokarst. Prominent among recent examples is a paper by Marker and
Swart (1995) in which the cavernous quartzitic sandstones of the Western
Cape region of South Africa are classified as pseudokarst on lithological
rather than morphological grounds. They also offer genetic definitions of
karst and pseudokarst(in thi s case meaning karst-like features in arenaceous
rocks) that give such prominence to di sso lutional processes that the two
seem essentially the same, although that did not appear to be their
intention .
In contrast, Younger and Stunell ( 1995) used examples of cavernous
sand stones and peat piping in Northumberland to support the argument
that there is no fundamental difference between pseudokarst and karst.
Their use of pseudo karst as a synonym for piping/suffosion caves ignores
a number of other pseudokarst landforms. This restricted view is not
shared by the caving community and international pseudokarst symposia
are dominated by studies of gull caves. The intention of the present paper
is to develop the argument ofY ounger and Stunell and to clari fy what may
then be meant by pseudokarst.
Before attempting to define pseudokarst it is necessary to review the
meaning of the term " karst". This review is intentionally restricted to text
book definitions, as previous attempts to clarify the pseudokarst problem
(eg. Otvos, 1976) have not been successful. Previous writers have laid
stress on various aspects of the karst landscape in their definition s. but
have concentrated on two main points: underground drainage and so luble
rocks. Thus:
Sweeting (1972) states th at the essential characteristic of karst landforms
is the presence of vertical and und erg round drainage and ma in tains th at
all karst regio ns are areas of massive limestones.
White ( 1988) stresses that karst landscapes and their underl y in g caves
are created by the chemical so lutio n of the bedrock.
Bagli ( 1980) states exp licitl y that evapori tes and carbonates are
karstifiable and allows quartzite karstification only under conditions of
extreme tropical humidity and long timescales (silica being sparing ly
soluble in water).
Jennings ( 1985) is far more thoughtful and comments that solution is not
always the dominant process in karst areas. He di sc usses karst and
pseudokarst in some detail, but still maintains that differences in process
in the formation of apparently identical features in different rock types
justifies separate classification. Jennings then offers g lac ier karst as an
example of pseudokarst, neatl y (if in advertentl y) demonstrating the
confusion th at exists between the two terms.

lakucs ( 1977) admits " ... the definition of the karst concept as a state of
evolution, dependant on certain conditions, of a mountain-sized mass of
limestone does not preclude the manifestation of karst phenomena on
other rocks similar in some respect to limestone, under similar influences
and conditions n.
Only Ford and Williams (1989) give a definition independent of
process, saying " ... we now consider karst to comprise terrain typically

characterised by sinking streams, caves, enclosed depressions, fluted
rock outcrops and large springs n.
In contrast, Parker and Higgins (1990) give a purely process-related
definition : karst is the removal of solid soluble rock in solution, pseudokarst
is the removal of solid clastic rock in suspension.
This last view is clearly wrong and indeed has been recogni sed as so for
some time. Writing in 1971, Newson stressed the importance of physical
erosion in the form ation of caves. In the limestone karst areas of the Briti sh
Isles he found that under base-flow conditions the necessary velocity for
abrasion is never reached in swallet fed caves. Also, much of the dissolved
load derives from percolation water joining the streamway. With an
increase in discharge a different regime is initiated where allochthonous
material enters with the swallet water and calcareous sediment derived
from the cave walls is discharged from the resurgence. Greater flow rates
di sproportionally raise the particle size and quantity of sediment that can
be tran spo rted , with physical erosion increasing by orders of magnitude.
The enlargement of some swall et fed stream passages may be primarily
due to flood events, though episodic physical erosion is particularly
difficult to quantify . A genetic (so lutional) definition of karst would place
some of the largest limestone river caves of the world in pseudokarst - an
absurd notion.
Small-scale features in cave passages may also be produced by phys ical
processes. In the Halloch (Switzerland), scallops and flutes are concentrated
on th e floor and lower parts of the cave walls. This shows gravitational
con trol and so must be du e to corrasion by water co ntaining suspended
grains of sand (Bag li , 1981 ). I f scallops were purely of dissolutionai
origin they would be mo re unifo rmly distributed over the walls and roofs
of cave passages. Scall ops also form in the beds of surface rivers,
regardl ess of rock type. This does not deny that dissolution contributes to
the development of features in limestone that must be formed by purely
physical processes in less so luble rock types.
If identical landforms are created by a combination of processes that
vary only in degree of importance. they should be classified logether. Thi s
has some immediate advantages in class irying tropical quartzite terrain s
where the high rainfall and long time-scale allows karst formation by both
di sso lut ion (Bagl i. 1980) and by phys ical erosion (Martini. 1981 ). Caves
in conglomerate are almost always formed by a combination of the two
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processes. Such caves are of more thanjust academic interest - the longest
cave in Russia, the maze cave Bolshaya Oreshnaya (length 42km) is
developed in a limesto ne/dol omite conglomerate with an arenaceo us
matri x (Ts ik in, 1990).
Nevertheless. physical eros ion continues to be large ly ignored in karst
studies. This is probably becausc, as Ford and Williams (1989) say ,
chem ical erosion is easier to quantify th an physical erosion and therefore
more attractive to researchers. In addition, the water industry is primarily
interested in the chemical composition of its underground water sources.
Thus, lulled by the abundance of sol ution studi es, the majority of karst
workers have adopted a view of karst that, by being concerned with one
type of process to the excl usion of others, is not only unnecessarily
limiting, but also wrong.
In other branches of the Earth Sciences there has been a recognition in
recent years that genetic classifications can actually hinder the development
of our understanding of processes. Descriptive terminology, on the other
hand , will remain unchanged regardl ess of subsequent changes in the
theoretical und erstandi ng of processes. We should accept th e Ford and
Williams definition of a karst terrain with the morpholog ical elements
they list - these elements being known individually as karst features and
collectively as the karst suite. A karst terrain is therefore a landscape
whose dominant features are karst. This does not mean that all eleme nts
of the karst suite must be present, but that such features should be
numerous. Karst can occur as occasional features in other terrains, due to
local factors, and may also be found deep below the surface (palaeokarst,
hydrothermal karst) , where it is independent of the surface terrain . Karst
is, therefore, used as an adjective to describe certain morphological
elements, and as a noun to describe the landscapc itself. " Karstic" is an
alternativ e adjectival form in common usage.

-C

In the following two sections the morphological features of two
contrasting terrains in the British Isles are examined (Fig. I). These
demonstrate that all the features of the karst suite can be formed in a short
time in a virtually insoluble rock type, whilst superficially si milar
features, even when fo und in limestone, do not necessarily indicate a karst
landscape.

NORTHUMBERLAND: KARST WITHOUT
CARBONATE
A major spu r to the writing of this study was a paper by Younger and
Stunell (1995), which used as a study area the Fell Sandstone outcrop of
Northumberland. Thi s region has been explored extensively by one of the
present auth ors, (Mullan, 1985, 1989; Mullan and Wilson, 1987; Wilson,
1983, 1991 ).
The Fell Sandstone is a Visean (Lower Carbo niferous) formation that
crops out in an arc stretching from south-east Scotland through
Northumberland into the Brampton district of Cumbria. In the study area
the formation is between 240m and 300m thick and has a particularly
uniform lithology. It is mostly made up of well-sorted, friabl e, fine- to
med ium-grai ned quartzitic sandsto ne. Cross-bedding is w idespread. The
sandstone units are commonly separated by thin red and green micro-crossbedded argillaceous siltstones, with sporadic thin conglomerate bands
containing pebbles up to 25mm in diameter. In the context of the current
study it must be stressed that it has no significant calcareous content. The
outcrop forms barren, heathery moorland hills in a distin ctive craggy
escarpment around the Cheviot Hills, with a gentle dip slope towards the
east, south-east and south (Hodgson and Gardiner, 1971 ; Robson, 1956).
Because of the dip, the outcrop is generally only a few hundred metres
wide.

Fell Sandstone

Middle JuraSSic

o

100

km

Figllre I. Outcrop of the Fell Sandstone in Northumberland and the Middle
Jurassic of the Cotswolds.
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Caller Crag cave, Northumberland

This formation originally came to one author's notice because of its
caves but, as exploration and field work progressed, all the other distinctive
featuresofthe karst suite were found upon it. A comprehensive investigation
of the entire outcrop has not been possible, but the majority of the rock
exposures between Berwick on Tweed and Keilder have been visited .
Exposures occur at frequent intervals along the length of the outcrop and
none has been found that does not demonstrate at least one type of karst
feature. Examples of these will be discussed in turn.
Caves
To date more than ten caves have been discovered in thi s formation,
along with a larger numberofimpenetrably small elliptical tubes. Probably
the most distinctive from the point of view of this study is Routin Lynn
Cave (NGR NT 982368). This is an elliptical tube developed al<mg a
prominent bedding plane and shows distinct signs of formation by
flowing water, in that scalloping can be seen. It is, however, only 9.6m
long (Mullan, 1989), not the 15m quoted by Younger and Stunell (1995).
Most of the other known caves in the area are shorter and wider than this
and are to be found in the lines of long crags that are a distinctive feature
of the outcrop. Probably the most typical of these is Caller Crag Cave
(NGR NU I 15070). This cave has developed at the intersection of a
south-west/north-east joint and a north-westlsouth-east joint, giving a
chamber with three short continuations at floor level and an upper one
leadi ng out onto the top of the crag (Wilson, 199 I). The well-known St.
Cuthbe rt 's Cave (NGR NU 059353) may be an unusually wide example
of thi s type.
The most unusual find has been Murton Crag Cave (NGR NT 963496),
which is aim by O. 75m triangular passage that runs for about 10m parallel
to the cliff face, between two entrances, though it is blocked by a choke
about halfway through. It is clearly the product of water action and there

Rundkarren, Dod Law.

is no sign of any mass-movement contribution to its formation. In
contrast, Cateran Hole (NGR NU 102236), the longest cave in the Fell
Sandstone, is a single rift passage 3 7.8m long, entirely of mass movement
origin (Mullan, 1989).
With the exception of the landslip rifts, all the caves have been formed
by water action, probably by mechanical erosion (corrasion) following an
initial period of chemical weathering. A suggested mechanism is pyrite
oxidation in the less pure stratigraphical levels, which initially loosens the
sand grains from their matrix, making them susceptible to fluvial transport
(Younger an d Stunell, 1995).
The primary pathways for water movement must already exist in
karstifiable arenaceous rocks as they do in limestone. Lowe (1993) has
described how inception hori zons develop throughout bodies oflimestone
over periods of millions, or perhaps tens of millions, of years. These in itial
pathways can then be exploited by karst groundwater when conditions
permit. There is no reason to suppose that such a mechanism should be
restricted to carbonates.
Fluted rock outcrops - karren
These features have been noted at several localities within the area.
Mullan (1989) found "spongework" and rundkarren at Dod Law (NGR
NU 0043 10) and rundkarren at Routin Lynn; Younger and Stunell (1995)
note rillenkarren at St. Cuthberts Cave and on the Duddo Stones(NGR NU
931437), a late Neolithic stone circle made of local sandstone. Later
fieldwork has noted similar features at more than eighteen localities in the
area. Local tradition has suggested that there was an alternative mechanism
for karren formation at Dod Law crag. The karren. it is said, were made
by the chains where "the devil hanged his granny" (Mees, A, 1953).

Enclosed depressions
At Deadwater Fell (NGR NY 624980) there is a system of at least 15
dolines. Small streams si nk in a number of these, to feed a seepage area
at the base ofa small cliff. Well-developed caves are also present at this
location.

Sinking streams, underground drainage and springs
The aquifer potential of the Fell Sandstone has been recognised for some
time, as has the fact of conduit flow within it (Hodgso n and Gardiner,
1971; Turner et aI , 1993.) All the caves noted above are now dry, but an
active stream sink is found at South Yardhope Crag (NGR NT 925005).
Small cave entrance, Berryhill Crag.
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Rundkarren. Roulin Lynn.

where a small stream drops down a 1.5m waterfall in an enlarged joint, to
res urge at the bottom of the crag. A map showing the approximate position
of the active springs in the study area can be found in Younger and
Stunell ' s (1995) paper.

It can be seen thatthis virtually carbonate-free landscape contains all the
features of the karst suite. However, it does not come into the quartzite
karst special case defined by Bbgli (1980), as the extremely long timescale
(in the millions of years) that he postulated for quartzite dissolution in
South America is certainly not applicable here. On the contrary, Younger
and Stunell (1995) indicate a timescale for karren formation of only a few
thou sand years at most. Deeply eroded rillenkarren on the Duddo stones
must post-date their erection, some 3,800 years ago. Indeed the region was
subject to glacial erosion during the Devensian, which suggests that all the
karren forms , and the do line/seepage system on Deadwater Fell, must be
strictl y post-glacial.
The features forming this suite cannot owe their existence here to the
effects of chemical weathering, save in terms of small-scale initiation
processes. Their formation has come about through the action ofmechanical
processes. Despite this, they are morphologically indistinguishable from
the same types of feature found on carbonate rocks, and they are
indisputably karst. Similar features, notably karren , can be found on a

Stream Sink. South Yardhope crag (Fell Sandstone).

number of other rock types. Such elements may be classified as karst
features, but this does not necessarily make their location a karst terrain.
It is the presence of all the elements of the karst suite in substantial
quantities that allows the Fell Sandstone to be classified in this way.

THE COTSWOLDS: LIMESTONE BUT NO KARST
TERRAIN
The Cotswolds form an elevated tract of land that extends in a
south-westerly direction from Chipping Campden in the South Midlands
to south of Bath, where they lose their identity as they merge with the
dissected upland of the eastern Mendip Hills.
Geologically the Cotswolds comprise an interbedded sequence of mid
Jurassic limestones and clays, with some local sandy facies. There is great
lateral variation of the beds both in terms of thickness and lithology
(Kellaway and Welch, 1948). The two main limestone units, the Inferior
Oolite and the Great Oolite, dominate the topography because of their
more resistant nature. Th(; gentle south-easterly inclination of the strata
gives an extensive dip slope (on which rise the headwaters of the Ri ver
Thames) and an impressive scarp face overlooking the River Severn.
The Cotswolds are underlain by fine-grained sediments of the upper
Lias, which crop out to form low ground to the west of the scarp. Much
simplified, the upward geological succession is as follows : Upper Lias
(sand and clay), Inferior Oolite (limestone), Fuller' s Earth (clay), Great
Oolite (limestone), Forest Marble (clay with some limestone units). The
dip slope is predominantly of Great Oolite, passing into Forest Marble in
the lower ground to the east.
Near Cheltenham, in the north of the region , the Inferior Oolite attains
its greatestthickness (90m) and the hills exceed 300m in altitude. Here the
Inferior Oolite forms the Cotswold scarp face . In the south of the region ,
near Bath, a much attenuated Inferior Oolite forms only a minor feature
in front of the Great Oolite scarp. These essentially oolitic limestone
sequences include massive current-bedded freestones and shell y marine
limestones that have been worked extensivel y for building stone since
Roman times. In the southern Cotswolds, the Great Oolite is 30-40m thick
and includes the famous Bath Stone.

Resurgence at base of South Yardhope Crag.
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The surface drainage ofthe region follows a simple pattern. Ri vers rising
to the west of the Cotswolds flow to the River Severn. Rivers rising on the
dip slope flow to the River Thames. An exception is the (Bristol) River
Avon, a scarp stream that has cut through into dip territory, progressivel y

capturing a series offormerThames head streams (Self, 1995). As a result,
the Avon valley has become overdeepened in its middle part, where it cuts
through the escarpment.

remain relatively undisturbed . Gull caves are therefore formed by
bed-over-bed sliding within the strata. (F or details on the formation of gull
caves, see Cooper, 1983; Self, 1986, 1995).

The combination of permeable and competent limestones overlying
impermeable and incompetent strata has led to foundering in the regions
ofgreatest topographic gradient. In many cases the limestone has cambered
in the direction of slope, with consequent lateral extension of the strata.
Major joints within the rock sequence have opened to produce gulls. This
movement does not necessari Iy affect the near-surface beds, in which case
gull caves are formed within the strata. The steepest gradients are found
at the scarp edge and on the valley sides above the River Avon and its
tributaries.

The most extensive gull cave in the Cotswolds lies high on the flank of
the River Avon, 4km east of Bath. Sally's Rift (NGR ST 794650) is a
complex network of rift passages totalling 350m in length, formed along
two jointing directions. This makes it the second longest gull network in
Britain (after Buckland's Windypit in North Yorkshire, length 366m).

Hydrology
Both the Inferior Oolite and the Great Oolite are essentially massive
limestone units underlain and overlain by impermeable beds. Because of
lithological variations within the strata, some of the adjacent beds are
locally in hydraulic continuity with the oolites. For this reason, some of
the oolite aquifers are a little thicker than expected, but they remain
confined by thick clay sequences.
Differences in relief between hilltops and valleys commonly exceed
100m, so a profusion of karst features might be expected . This is not the
case. The open joint network of the oolite beds allows rapid groundwater
dispersal, commonly to more than one spring, so although drainage is
predominantly underground, it is by fissure flow and cave conduits have
not developed. Dye tracing experiments give rapid peak travel times
(1-5km/day) but extremely long, low-concentration "tails" that continue
for up to a month (Smart, 1977). This indicates that the major joints
provide conduit flow, but thatthere is considerable dispersal into subsidiary
fissures . No cave passages can be accessed at the springs.
The Cotswold dip slope is deeply dissected by valleys that commonly
begin as dry valleys above their perennial springs. These dry valleys are
steep sided and many are floored with stony clay of Pleistocene origin.
During wet weather they are active due to a combination of run-off from
impermeable surface beds and overflow from the unconfined Great Oolite
aquifer.
The dip slope also has a number of sinkholes, particularly in areas where
a thin covering of Forest Marble masks the Great Oolite beneath. These
sinkholes have small catchment areas, mostly field drainage, though some
are fed by seepages from limestone beds within the Forest Marble.
Pleistocene drift deposits can also provide small catchment areas. Few of
these sinks have been investigated by cavers and many have been infilled
by farmers. A notable exception is Boxer Pot (NGR SP 115359), where
adetermined effort enabled adepth ofabout40m to be reached in a narrow
fissure with no passable continuation at the bottom (Anon, 1969).
The Jurassic limestones of the Cotswolds are important aquifers,
supplying drinking water from both springs and boreholes. Though the
Cotswolds have subterranean water flow, there is no integrated drainage
pattern and therefo re no cave stream ways.
Gull caves
The combination of competent and strongly jointed limestones overlying
soft and impermeable clays has resulted in considerable foundering of the
strata in the Cotswold region . The areas most affected are the scarp edge
of the Mid and North Cotswolds, and the valley sides of the River Avon
and its tributaries. The Geological Survey map shows 45km 2 of disturbed
strata in the Bath region.
The foundering ofthe strata has been by both landsl ipping and cambering.
The latter is of particular interest to cave rs, as extension of the strata opens
up the joints to produce gu lls. Since this mass movement does not extend
uniformly through the rock sequence, the near-surface beds commonly

Sally ' s Rift is unusual among gull caves in that it has had a
geomorphological survey (Self, 1995). Calcite flowstone from the cave
has been dated radiometrically, giving ages from 78ka to greater than
350ka. The probable age of the first phase of mass movement is at the end
of the Anglian cold stage, when permafrost melting reduced the shear
strength of the underlying clays. The cave shows evidence of several
phases of mass movement. The cave walls have dissolutional etching of
sedimentary features in one of the joint sets, evidence for ancient
groundwater movement before the present topography was established
(ie. before the development of the valley of the River Avon). Such
highlighting of the cross-bedding is more usually seen on surface rocks
exposed to wind and rain, where physical processes dominate.
Other significant slip rifts include Isaac's Cave (NGR SO 985256) on
Cleeve Hill near Cheltenham (North Cotswold) and Coaley Rift Cave
(NGR SO 787997) near Uley (Mid Cotswold). Both are scarp edge caves.
Isaac's Cave is a network of perhaps 40m extent (Kay, 1974); Coaley Rift
Cave is a single large fissure 80m long (Wintle, 1970). Smaller caves are
periodically noted in the journals of local caving clubs.
Despite the huge extent of foundering of the scarp edge and of the valley
sides, relatively few major gull caves are known. One reason forthis is that
gulls are formed within the rock sequence and may have no connection
either with the surface above or with the hillslope. Many gulls are onl y a
few metres long, ending abruptly at narrow cross joints. Only when the
direction of movement is oblique to the jointing do gull networks form.
Gulls close to the surface on steep hillsides tend to be unstable and are
commonly filled with bouldery rubble and with surface-derived material.
Such gulls remain hidden unless exposed by construction projects or by
quarrying, which can include underground stone working.
The Cotswolds is a limestone landscape with underground drainage, but
currently this drainage is by unintegrated fissure flow and not through
caves. Occasional karst sinks feed the aquifer, but most rainwater enters
the ground directly. The only important caves of the region are the
pseudokarst gulls, but collapse and infill by material of surface origin
prevents access to all but a few of them. Although pseudokarst caves are
an important feature of the region, they are not common enough to define
even small areas of the Cotswolds as pseudokarst terrain.
The Cotswolds also fail to qualify as a karst terrain, though karst features
are undoubtedly present. Lowe and Waltham (1995) use the Cotswolds as
an example of fluviokarst in their definition of that term. However, the
su rface valleys that characterise fluviokarst are the result of low initial
permeability before caves develop, or reduced permeability due to ground
freezing in a periglacial environment. In both cases, the valleys become
dry as karst drainage is established. Smart (1977) has shown that the
Cotswold limestones are highly permeable and that the dry valleys are
periodically active with overflow from the aquifer. Using Lowe and
Waltham 's definiti on offluviokarstas a type of karst terrain, the Cotswolds
seem unsuitable as an example. Perhaps the definition should be extended
to include morphologically similar regio ns (such as the Cotswolds and the
Chalk down lands) where high initial permeability hinders cave
development. Using non-genetic language, fluviokarst could be separated
from karst and described independently as a landscape dominated by
surface valleys where a significant number of karst features are also
present. In regions where karst drainage is firmly established, fluviokarst
would also be a karst terrain. In regions such as the Cotswolds, it would
not.
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DISCUSSION
Expansion in the meaning of "karst"
In its original meaning, the term karst described the physical features of
the Kras region in northern Yugoslavia (mostly within what is now
southern Slovenia). The region has some spectacular river caves, but the
defining feature of this original "classical karst" is the presence of dolines
rather than true valleys. " Kras" is in origin a Slovene word meaning a dry,
stony area and " dolina" a general Slav tenn for a small valley (SuSterSic,
1994). The early usage of karst is described more fully by Kranjc (1994),
and the reader sho uld refer to this paper for additional detail.
The term karst was later used to describe other limestone regions outside
the old Yugoslavia, though not all had quite the same features. In
particular, mountain massifs made entirely of carbonates have no
impermeable strata to act as a rainfall collector, and so have no sinking
streams. Great differences in altitude between rainwater infiltration points
on the mountain tops and risi ngs in the valleys creates a different,
essentially vertical, style of cave. High on the mountain the surface rocks
may be frost-shattered, with stone-choked potholes the only obvious karst
features. Such a terrain is commonly called "alpine karst".
Karst has proved a very versatile term and differences between karst
terrains have had to be distinguished by prefixes. "Co ne karst" is a
landscape oflow conical hills fonned in wettropical climates, with broken
valleys or dolines between them draining into sinkholes. "Tower karst",
which is such a spectacular feature of Guangxi province in China, fonns
from residual cones steepened by water table undercutting from surrounding
alluvial plains (Lowe and Waltham, 1995).
Fossi1landscapes have also been brought within karst, with " palaeokarst"
used to describe features that were formed during past geological periods.
"Buried karst" is used to define karst features of surface origin, buried
under later sediments, and " intrastratal karst" for solution featu res fonned
at depth (Bosak, Ford and G lazek, 1989). Such deep circulating water may
be of meteoric, petroleum or connate origin and can have a considerable
di ssolved load and/or thennal energy (hydrothermal karst). Intrastratal
caves fo rmed by hot brines are commonly filled by mineral deposits,
particu larly sulphides( egoMississippi Valley Type lead and zinc deposits).
Morphologically, phreatic caves fonned by thennal and by cold meteoric
water have much in common. Similarities can also be found in the vadose
zo ne. At shallow depth, thennal water caves can develop upwards from
the water table by condensation corrosion (Szunyogh, 1990), a process
that is seen to a lesser extent in limestone caves formed by meteoric water.
In morc soluble rocks, condensation corrosion can be the main cave-fonning
process; in the gypsum karst flanking the Kugitangtau hills of eastern
Turkmenia, wann groundwater and very cold winter air temperatures
produce enough convection for rapid upward cave growth (Maltsev and
Self, 1992). In Boy Bulak limestone cave in Uzbekistan (depth 1415m),
condensation water in the topmost part of the system collects together to
fonn the small stream seen at the entrance (Bernabei and De Vivo, 1992).
This is still a karst stream, even though the water was generated within the
cave.
Co ndensation corrosio n becomes much more pronounced if there are
acid ic gases present in the cave air, the most important of which are
sulphur dioxide and hydrogen su lphide. These gases are commonly
present in water of hydrothermal origin, and are also produced by sulphur
bacteria in many different types of cave. Condensation and bacterial
processes must also be present in caves fonned in arenaceous rocks, but
their effect is very small . Theoretically they could assist in the chemical
breakdown of the bedrock cement, but the main cave-forming agents are
the traditional ones of sinki ng streams and rainwater infiltration.
The meaning of karst has also been extended beyond limestone to
describe terrains in dolomite and other carbonate rocks. Similar features
in soluble but non-carbonate rocks are usually described by putting the
mineral name as a prefix, ego " gypsum karst". These more soluble
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minerals fonn only a limited range of karst features compared to carbonates,
and are unfavourable forthe preservation of palaeokarst. The softness and
plasticity under pressure of evaporite minerals penn its rapid destruction
of any karst forms. An illustration of this is the Iron Age salt mine of
Hallstatt in Austria, where the old adits have disappeared by annealing,
leaving the mining tools buried within the salt (Bog Ii, 1980). Gypsum and
anhydrite landfonns are preserved only rarely in the palaeokarst record .
Chemical transfonnation between the two minerals, with accompanying
volume changes, occurs during both burial and uplift (Bosak, 1989).
Palaeokarst features are preserved mostly in carbonates and in arenaceous
rocks.
When describing collapse structures of palaeokarst origin in Canada,
Ford (1989) declared: " ... the Elk Point salt would appear to be one ofthe
world 's great interstratal karsts ". This statement is very far removed
from the original description of karst as a suite of landfonns in a part of
Slovenia. Karst as a term has evolved and expanded far beyond its origins,
encompassing most fonns of solutional erosion. Yet the study of the
physical erosion aspect of karst has hardly evolved at all. When karst
caves have been found in quartzitic rocks, long-timescale dissolutional
origin is often presumed (Bogli, 1980; Marker and Swart, 1995), even
though Martini (1981) has shown that, in the Transvaal region of South
Africa, such processes merely loosen the intergranular cements, and
physical erosion is responsible for cave formation.
Karst landfonns are created by both chemical and physical processes.
Newson (1971) has shown that, for limestone, the balance between
dissolution and physical erosion changes as a karst conduit develops,
though the two processes produce essentially the same features . Karst
landfonns in evaporites and in arenaceous rocks are simply extreme
members of a continuum of such features. If hydrothermal mineral
deposits in limestone can be accepted into karst, surely lithology alone
should not be allowed to prevent the course of a river that sinks and flow s
through a quartzite massif being described as a karst streamway.
If karst-like features in arenaceous rocks are to be accepted into karst,
regardless oftheir genetic origin, a case can also be made for inclusion of
subterranean conduits in superficial deposits. Younger and Stunell (1995)
have already suggested this, noting that pipe features in soil have asimilar
structure and hydrological function to caves in consolidated rocks. In the
particular case of pipes through peat, the erosion products tend to be
transported as humic colloids rather than as suspended particles. The
comparison with caves of dissolutional origin is hard to avoid. There is,
however, an interesting contrast between the long timescales required for
cave fonnation in compact quartzitic sandstones and the very short
survival times, to a matter of months, reported for some caves formed by
piping in poorly consolidated sandstone (Pearman, 1989).
Glaciers, particularly in the high Arctic, can produce an even more
karst-like terrain, with meltwater streams sinking into glaciers and cave
and pothole systems fonning within the ice. Rivers in meandering
passages with scalloped ice walls flow at the base ofthe glacier, emerging
at the snout as major springs. Extensive cave systems explored within the
Werenskiold and Torrell glaciers of Spitzbergen (Rehak and Ouhrabka,
1989) have many of the features of classic karst caves, providing the "rock
type" is ignored.
In general , the movement of water through channels in a solid material
tends to produce features that are recognisably karstic. These features are
the result of turbulence in the stream flow, so similar features are produced
whatever the mechanism ofremoval of material from the walls, whether
corrosion, corrasion or even melting. A karst definition independent of
process would allow field descriptions to be made without the risk of error
and future re-interpretation . Karst landforms should not be "tied" to any
one rock type or anyone process, and the common habit of regarding any
outcrop of limestone as karst is wrong.
Karst is thus the general tenn used to describe certain physical features
in the su rface and near-surface environments; namely sinking streams,
caves, enclosed depressions, fluted rock outcrops and large springs.

Collectively these features are known as the karst suite. A landscape can
be called a karst terrain if the dominant elements are karst. Karst is found
in many different rock types and can be formed by different processes. The
term karst is also used to describe deep-seated dissolution features.
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Pseudokarst
What then of pseudo karst? There is still a need for such a term to describe
features that are superficially simi lar to karst, but have some unique
element that is not found in karst. Tectonic caves are the result of extension
of the strata, unlike karst caves, which are produced by erosion; the cave
passages have characteristic asymmetry (fit features) that cannot be
formed in erosional conduits. Gull caves are produced by extension within
the strata during cambering and have similar asymmetric features to
tectonic caves; vertical displacement between the walls is also a common
feature. Lava tubes form while the host basaltic magma is solidifying, and
they are therefore primary features (syngenetic). Some sea caves have a
characteristic form due to the surging action of waves. Talus caves have
an unambiguous morphology, whilst caves of wind and frost origin, ego
desert rock arches, are similarly distinctive.
Pseudokarst may be regarded as a "broad church" term for superficially
karst-like features that can nevertheless be distinguished easily from
karst. Such features are not normally found together so, unlike karst, there
is no " pseudokarst suite". Pseudokarst is commonly only an occasional
e lement in terrains dominated by other features. On ly rarely do such
elements describe a terrain themselves, ego thermokarst: a periglacial
landform of enclosed depressions caused by the selecti ve thaw of ground
ice.
Karst and pseudokarst are not mutually exclusive; cliff-edge gulls and
sea caves are found in karst terrains, and occasional sinking streams are
fo und in otherwise non-karst terrains. On the Isle of Portland (Dorset),
ancient karst caves have been di ssected by recent gulling to produce
poly genetic cave networks (Cooper et a i, 1995).
Pseudokarst covers a numberof quite different features that superficially
resemble karst in some way. Such features have unique elements that
clearly separate them from karst. Pseudo karst terrains are known, notably
in the periglacial environment, but pseudokarst is normally represented
by sporadic features within other terrains.
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THE FUTURE
What of the future of the terms "karst" and " pseudokarst"? Perhaps the
future is already here, since the NASA Viking Space Mission transmitted
photographs of piping, thermokarst and probable lava tubes on the planet
Mars (Baker, 1981). T hough entitled "Pseudokarst on Mars ", Baker 's
paper identified many features that this review would call karst (eg.
vall eys that begin and/o r end in depress ions). In th e more distant future
the possi bility must be considered of karst-like features being found on the
outer planets of the solar system, or their moons. Should this most
versatile of terms expand yet again, perhaps to include "ammonia karst"?
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3-D vector processing of magnetometer and inclinometer data
David GIBSON
Department of Electronic and Electrical Engineering, University of Leeds, Leeds, LS2 9JT
Abstract: Cave surveying currently relies on visually reading a compass and clinometer. The price of
magnetometers and solid-state inclinometers is falling rapidly; thus an electronic compass/clinometer with
automatic data-logging is now feasible at an affordable price. However, the interpretation of the readings needs
to be done with care because if the instruments are not gimballed then small errors in " pitch" and "roll" can have
noticeable affects on the accuracy, with a 10 error in elevation and roll giving rise to a bearing error of over 3 0
in some cases. Surprisingly, perhaps, more than three axes of measurement are required to compensate for th is,
and for other sources of error - four axes are essential, and five or six are an advantage. The 3-D processing of
thi s information is straight forward to implement, but difficult to derive. This paper gives formulae for the
processing of multi-axis information, and explains the derivation using 3x3 rotation matrices. This paper was
first presented at the SCRA Science Symposium in February 1996.

INTRODUCTION
The use of electronic instruments in cave surveying was reviewed in an
earlier paper (Gibson, I 996a). This covered techniques such as 'global
positioning ' by time-of-flight measurements from surface transmitters,
and inertial navigation as well as the traditional 'point-to-point' methods.
The traditional type of cave surveying, using a compass, clinometer and
tape can be made easier by using electronic instruments and a data-logger.
Such instruments are expensive, but the basic sensors are now available
at an affordable price . Some instruments and sensors were reviewed by
Gibson (1996b). The aim of this paper is to describe, to an electronic
engineer, the essential signal processing that is required if one is to design
a cave-surveying tool around 'raw ' sensors.

Inclinometers
Inclinometers of several types and co nstructions are common in industry.
One version is simply a weighted optical encoder disc. Another type is the
so-called ' electroly tic ' design that utilises the flow of liquid in a tube fitted
with electrodes; measuring its varying resistance. The most compact
inclinometers are based around a micro-machined silicon capacitance
cell. The devices are available in a standard IC package. They are
essentially accelerometers, but in addition to responding to dynamic
forces they will measure the 'static ' acceleration due to the earth 's field .
Since they are vector devices they can sense ' tilt' , and they are marketed
for this purpose.

DESIGNING A 2-D COMPASS
COMPASS AND CLINOMETER SENSORS
Methods of reading amechanical compass and clinometer electronically
were discussed by Gibson (1996a). Here we will assume that electronic
sensors are to be used. In their basic form these will comprise magnetometers
to sense the earth's magnetic field and tilt or inclinometer sensors to detect
the gravity fie ld.

It is a simple operation to use two vector magnetometers at right-angles
to measure ' x ' and 'y ' components of the earth's field. Consider an
orientation where both sensors are hori zontal and give a maximum
positive output when pointed no rth . The outputs can then be written:

x
Magnetometers
A brief description of devices suitable for measuring the earth ' s magnetic
field can be found in a geophysics textbook such as Telford et al (1976) .
The two devices most suitable to construct are the proton magnetometer
and the flux-gate magnetometer.
The proton magnetometer utilises the phenomenon of nuclear magnetic
resonance or, more specifically, the precession of proton spin in a
magnetic fie ld. The physical principles of the device are outside the scope
of this paper; but although they may be unfamiliar to an electronic
engineer they are quite simple and such a device should, in theory , be
straightforward to construct. A basic proton magnetometer measures only
the field magnitude and not its direction . However it is possible to turn it
into a ' vector' device by a suitable arrangement of the energising coils.
The flux -gate magnetometer operates by measuring the magnetic field
needed to saturate a small piece offerrite. Thi s depends on the value of the
' background' flux from the earth's field . The flux-gate device is simple
in concept, but is notoriously difficultto set up correctly. It is, for example,
very prone to temperatu re drift. The advantage is that it is, inherently, a
vector device, and it can be made very small. Recently, a version of the
flux-gate has been designed that does not suffer from temperature effects
and which is therefore much easier to set up . The device can measure the
earth ' s field to the accuracy and resolution we require (see Gibson,
1996b), and would be a good choice to use as the sensing element of an
electronic compass.

= - A sin

8}

( I)

Y = A cos 8
where we assume that the sensors are aligned along local x' and y' axes;
that the gain A is the same for both, and that the bearing is measured
clockwise from magnetic north to the y' axis (x ' = 0) (Fig. I) .
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Figure I. 2-D compass orientation.
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The sensor outputs can be processed in software to give the compass
head ing, from the relationship:

X
Y
~

-Asine
Acose

---

(2)

-I(

Gain mismatch

X)
e= tan -y

The inverse tangent function is easily calculated in a microprocessor
using the infinite series:

tan

_I

X3

X

= x- -

X7

Xl

+ - - - + ... ,
357

(

Ixl < 1

)

e

Another method of calculating is to make use of a servo algorithm
similar to that used in a resolver to digital converter (RDC). A resolver is
a standard piece of angular positioning equipment that produces two
analogue signal outputs sine and cose. The RDC "guesses" the angle e'
and produces in hardware the product/sum:

A sin ecos e' - A cos esin e'

If the two channels have differing gains this will give rise to an angular
error that varies with position . Suppose the X channel reads 5% too high,
and the Y channel reads 5% too low. The errors are then:
(J

apparent 8

error

0

0

0

45 °

47.86°

+2.86

90 °

90 °

0

135°

132.14 °

-2 .86

180 °

18 0 °

0

225 °

227.86 °

+2.86

270 °

270 °

0

315°

312.14 °

- 2.86°

(3)

but memory is cheap enough that a look-up table is easy to implement. (A
table of 16-bit values of sinx from 0 to 90° in increments of 0.0 I ° would
use under 18Kb). Clearly, we need to process the quadrant information
(the sign of X and Y) separately; and for angles where IX/y\ > I we use
e=90° - tan· l ( Y/X). We also need to remember that (3) gives ein radians.

=

we can use a higher resolution - 12 and 14 bit DACs are not expensive. A
12 bit digitisation would give a resolution of 0.04° . Conversely, and
perhaps surprisingly, with only 6 bits we can still achieve a resolution of
2.9° or better.

(4)

Asin(e- e')

For small errors this produces a signal which is linearly proportional to
the error. This is used to drive a feedback loop (a voltage-controlled
osci llator, counter and ROM look-up table) which 'servos ' to bring the
error to zero. The operation is fast and accurate, and does not depend on
the value of A. Because it only involves mUltiplication operations it is ideal
fo r implementation in a digital signal processor. The control loop is
second order so it requires compensation, but this is a standard technique
covered in the data-sheets. (Semiconductor manufacturer Analog Devices
produces a range ofRDCs, together with Applications Notes explaining
their operation). Ten years ago RDCs were manufactured as thin-film
hybrid modules and were considerably expensive but, in recent years,
cheaper monolithic designs have become available. The signals from the
magnetometers might not be in precisely the form that the RDC requires,
so it may not be an advantage to specifically make use of an RDC chip;
howeverthe same technique can be implemented in software. Even if a full
servo algorithm is not used, a 'trial and error' approach may converge on
the result quickly enough for our purposes.

If the gain can be trimmed to one part in 127, or ±0.8% then the
maximum angular error is ±0.6°. With a 12 bit ADC (gain trimmed to I
in 2047 or 0.05%) we would have ±0.03°.
A similar error arises ifthere are offsets in the signals recovered from the
sensors and, of course, there is the linearity to consider. With good quality
sensors the probiems will not be severe. State-of-the-art low-drift, lowoffset op-amps, together with software self-calibration algorithms, will
add to the accuracy and resolution.
Axis alignment error
If the two magnetometers are not exactly at right angles then each will
pick up some for the signal destined for the other. Ifthe angle between the
sensors is too small by an amount £ (Fig. 2), then equation I becomes:

x

= -A(sin 8cos£- cos8sin

y= Acose

ERROR ANALYSIS
If th e XY compass moves out of a horizontal plane it will be subject to
errors, as we will discuss later. Assuming, for the moment, that it remains
hori zo ntal there are three sources of error we can consider:
conversion error (quantisation)
gain mismatch
axis alignment error
Conversion error (quantisation)
Qualltisation error is simple to deal with. Suppose the sensor outputs are
digitised to 8 bits in a sign/magnitude format (i.e. a count of ± 127).
Igno ring any rounding algorithms, we can say, to a fair approximation,
that the ADC output will be a count of 90 for angles of 45°±0.3°. The
resolution, at the 45° point is therefore 0.6°. At 90° the resolution is
slightl y better. To err on the safe side, and to ease the calibration routines
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Figure 2. 2-D axis-alignment errors.

E)}

(5)

e

So, if E is measured during a setting-up and calibration routine, we can
easily compensate for it. In fact, iff < 5° then cos£":: I and sinE::::::Eto within
0.4% (E in radians) so that:
X

-A(sine-£cosO)

Y

AcosO

hold it level. The bearing or heading is a rotation clockwise about the
Z-axis, viewed from above. The elevation or pitch cP is a tilt upwards,
about the local X' -axis. The rolllJlis a twist clockwise about the local Y'axis. These terms are some of the many that are used to describe 3-D
rotations - some other terms are explained in the glossary (Fig. 4). If each
of these transformations is applied singly it is straightforward to represent
them as operations on the fixed axes. The transformations are commonplace
in computer graphics but their derivation may be unfamiliar outside that
field . In matrix-vector terms the transformations are:

(6)

~ 0= tan -I ( £- ~)

i) Bearing/Heading. Rotate (clockwise viewed from above) about
fixed Z axis by angle e:

This simplifies the arithmetic a little, but even with the full expression,
the problem is hardly insoluble. The treatment of axis misalignment can
be extended to the case where both axes are at an unknown angle to the
heading indicator, whilst being approximately normal to each other. A
calibration routine, written in software, can enable axis alignment to be
determined and corrected for. A problem related to alignment and signal
offset, and which can also be calibrated out, is the 'orthogonality' of the
sensor, by which we mean the situation where the sensor gives a small
output even when the field is normal to it.

COS

0

0 0]

sin
cosO

HEAD = -sin 0
[

(7)

0

001

ii) ElevationlPitch. Rotate ('up' viewed from side) about fixed X-axis
by angle cP

3-D VECTOR MANIPULATION

PITCH=

[~ co~cP
o

We have seen that a 2-D electronic compass is straightforward to design,
but it was stated that it needed to be held horizontally. This fact is easily
verified. If the Y-magnetometer is pointed to magnetic north, so that the
X-axis points east, then rolling the compass east introduces an erroneous
X reading whilst the Y reading is unaltered. Similarly, with the compass
(Y axis) pointing east, an elevation introduces an erroneous Y reading
whi 1st the X reading remains unaltered.

(8)

sin cp

iii) Roll (clockwise viewed from y<O) about fixed Y-axis by angle lJI

ROLL= [

co~ ~ ~ Si~ ~]
-sin ~

To quantify the effect we need to obtain an expression for the X, Yand
Z fields in terms of the heading and elevation of the compass. There is a
third parameter - the 'roll' - which we also have to take into account. We
begin by defining the axes - the fixed axes will be X (due east), Y (due
north) and a third, Z axis vertically upwards (Fig. 3). The compass's local
axes,X', Y' and Z' will coincide when we point the compass due north, and

0

(9)

cos~

Our initial aim is to describe the position of the compass after it has been
rotated, elevated and rolled. Clearly the order of the transformations is
important because we want to describe the elevation and roll relative to the
local axes on the compass, and not the axes fixed in space.
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Figure 3. 3-D compass orientation.
The bearing or heading (j is a rotation clockwise about the Z-axis, viewed/rom above. The elevation or pilch t/> is a tilt upwards. about
the local X'-axis. The roll IJI is a twist clockwise about the local Y'-axis.
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MAGNETIC MEASUREMENTS:
DERIVING THE BEARING

Bearing, Heading, Azimuth, Longitude, Right Ascension
Bearing or heading is the direction measured around the horizon;
" north, south, east, west". Azimuth usually refers to true north for
astronomical measurements. Longitude and Right Ascension are
simi lar measurements referred to the terrestrial and celestial spheres.

z

Elevation, Pitch, Altitude, Latitude , Declinatio n
Elevation or pitch is the angle above the horizon, as would be
measured by a clinometer. The term 'altitude' is used in civil
astronomical observations; Latitude and Declination are similar
measurements referred to the terrestrial and celestial spheres.
Roll, Pitch and Yaw
In the flight of an aircraft (or spacecraft, missile, ship) pitch is the
ang le of the nose-to-tail axis to the horizontal. Roll is a rotation about
this ax is (o ne wi ng up, other down). Yaw is rotation about an axis
perpend icular to the plane of the wings.
Tilt - this has no precise meaning.
Angle of declination
The bearing of magnetic north, compared with that of true north. It
varies with time.
Angle of dip
This is the angle of the earth's magnetic field lines to the horizontal.
It is 90° at the magnetic poles and 67° in London; it varies with time
and position.

,

,
,

magnetic
north

' !:-, - - - --
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,

y

,

magnetic field ~ine

,

Figure 5. Dip angle oj/he Earth's magneticjield.
This varies with time, but is approxima/ely 67" in London. The flux densily is
around 48J.l T.

Having obtained an expression for the 3-D orientation of the compass/
clinometer, the next step is to write down the signals received by theX and
Y magnetometers. If the angle of dip of the magnetic field is ex (Fig. 5) then
these are sim ply:

[

'lo~l· ~o.sa

X M = TWISi

AM
]
-AM sma

(II)

= A", x

Figure 4. Glossary oJ Terms Jar 3-Dimensional Orientation.

( - sin Bcos lJf+ cos8sin.</!sin ljI)cosa}
The roll transformation rotates the frame about the Yaxis. We want it to
act on the Y' axis, so Yand Y' must coincide before we apply ROLL. Since
the other two transformations both move Y' , the roll must be applied first.
The elevation transformation rotates the frame about the X axis, i.e. in
the planex= O. We dont want itto operate in the local x '= 0 plane because
that might be tilted after the roll operation, but we do want the vertical
plane to include the local Y' axis (i.e. we tilt the cl inometer in the direction
we are pointing it). Thus Yand Y' must coincide before we app ly PITCH
but the other axes need not. Since the roll does not alter Ybut the elevation
does, we must apply PITCH after ROLL.
The third operation, a rotation about Z does not cause any problems
because it is not referred to any local axes. The transformations must be
appl ied in the order ROLL, PITCH, HEAD. The complete expression
(w ith the rightmost transformation app lied first) is shown in equation 10
in matrix-vector terms where the overall transformation is written as
TWIST for brevity .
(10)

{

+coslj>sm IjIsma

and similarly,

YM =

TWIsJ~].[ ~o.sa 1

'lo

0] [I

[

0] [

sin B
0
cos IjI
0
- s~nB cosB 0 . 0 cos</! -sin</!·

o

I

0

sin</!

cos</!

-sin IjI

By measuring XM and YM we can deri ve the apparent compass bearing 8 "
as shown in equation 2. We can see that in the absence of any elevation
or roll we have 8' = 8. Although the expression is complicated, it is
straightforward to demonstrate the effect of a small elevation or roll at
certain compass headings. With a bearing of magnetic north (i.e. 8 = 0),
and the angles expressed in radians, we obtain:

[

sin </!
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1 , so

e' = -lJItana

but

cos </!cos IjI

Although the expression looks complicated, we can see that if the
compass is horizontal (i. e. not pointing up or down, 1/>= 0) and is level (i.e.
not 'rolled ',
0) it reduces to TWIST = HEAD as we would expect.

1jI=

= -lJI tan a

o

1jI -

-cos</!sin IjI

~

tan e' = ( -

cosBcosljI+sinBsin</!sin IjI sin Bcos</! cosBsin IjI-SinBsin</!cOSIjI :
cosBsin </!cos IjI
-sinBcosljI+cosBsin</!sin IjI cosBcos</! -sin Bsin

-AMsma

(XM' YM and ZM are the signals received on the X, Y and Z magnetic axes.
X G , YG and ZG are the signals received on the gravity axes).

~ Si~ 1jI] =
cOSIjI

( 12)

= AM(cos 8cosl/>cosa-sin I/> sin a)

TWIST = HEAD PITCH- ROLL=

cosB

AM

e'«

M )

( 13 )

which shows that a roll of only 1° (0.035rad) will give rise to a bearing
error of 2.4° if the ang le of dip ex is 67°. In this orientation the elevation
does not contribute to the error because the X-axis magnetometer would
not detect any field as the elevation was changed. Due east, with 8 = 90°
we obtain, in a similar fashion:

I:::.e' == - cp tan (X

( 14)

where t18' is the deviation below 900. This shows that an elevation of only
I ° will give rise to a bearing error of2.4° . In this orientation the roll does
not contribute to the error. Another special case, at 8= 45°, shows that the
elevation and roll errors can combine so that a 1° error on each gives rise
to an error in 8' as high as 3.3°. Alternatively, the errors can cancel,
depending on the sense in which tJi and lJI are applied.
Having seen that the elevation and roll can contribute significantly to the
bearing error in complicated ways, we need to know how to avoid these
errors. Clearly one option is to double-gimbal the compass so that it is
always horizontal. This is the solution adopted in some range-finder
binoculars that have a built-in compass. (We could, of course, combine the
g imballing with an optical disc tilt sensor for the clinometer reading).
Another option wou ld be to measure the values of elevation and roll with
solid-state inclinometers and to use them in an algorithm to derive 8, tJiand
lJI. This has its attractions because we want to know the clinometer reading
tJi in any case.
We might assume, at first thought, that simply measuring the Zcomponent of the magnetic field would give us the information we require
- three axes allowing us to fix the direction of the compass along three
axes. This, however, is not so. Three axes describe a cone-shaped locus
of possible orientations. (This can be visualised by considering a cardboard
box and driving a skewer through opposite vertices. If the skewer is held
in a fixed orientation, representing the field lines, then the sides of the box
represent the local X, Y and Z vectors. The box can be spun around the
skewer without altering the magnitude of the local axes). A fourth
measurement is needed in order to fix the direction. This is easily provided
by incorporating an inclinometer, which we will describe shortly. It is
worth noting that we could fix the orientation of the compass with three
axes ifthere were three independent fields we could measure. Unfortunately,
gravity and magnetism provide only two fields.
Having established that two further axes are required we have the choice
between using a third magnetic axis, with one inclinometer axis; and two
inclinometer axes. Using a third (Z) magnetic axis only gives us a limited
amount of fresh information, because we could derive the reading from
measurements on the X and Yaxes, from:

( 15)

but we would be wrong to infer that there was no advantage in using a third
magnetic axis.
In the absence of any roll or elevation, (II) and (12) can be solved
ratiometrically using (2) without the value of AM being known. However,
in the presence of roll or elevation we cannot obtain the values ofsin8and
cose without knowing AM' which we can derive by measuring three
magnetic axes. Another important advantage of using a third magnetic
ax is is it can warn us if AM changes significantly during the operation. This
would be due to the proximity of ferrous objects that would distort the
field. The effect of metal on compass readings is well-known (e.g. Legg,
1995) but here we have a method of sensing the presence of such objects.
A third advantage of the Z axis comes when we consider the effects of a
gross roll orelevation, which we will do later. And lastly, equation 15 does
not, of course, give a unique value for ZM because we cannot derive the
sign.

TILT MEASUREMENTS:
DERIVING THE ELEVATION AND ROLL
For the moment, we will assume that the X and Y magnetic axes are
supplemented by two inclinometer axes. We begin by assuming that
inclinometers are aligned along the local X, Y' and Z' axes and give
positive signals when the axes are pointing upwards:

XG

=TW[s{~}UJ

(16)

= -AG cosq,sin IJI
and similarly,

YG = AG sincj>

Ze

(17)

= Ae cos<j> cos 'I'

(\8)

Manipulating the inclinometer data is straightforward. From the X and
Z axes we can derive:

-x

tan IJI = __G_

ZG

(\9)

or from the X, Y axes we can obtain:

(20)

If the sensors are calibrated, and do not drift (so we know AG ) then this
is sufficient to derive the roll and elevation to within a range of ±90°. If
we wanted to use a ratiometric technique that did not depend on absolute
measurement of AG , or if we wanted to allow for a full 360° of elevation
and roll, then we would need to use all three axes.
It may seem surprising that we can use two inclinometers to obtain two
of the wanted parameters tJi and 1jI, but that with two magnetometers we
were not able to derive any parameters. This is due to the particular
combination oflocal and fixed axes with which we specify the parameters.

CORRECTING THE MAGNETOMETER DATA
Having derived roll and elevation from two inclinometer sensors, it
remains to use this information, together with the angle of dip of the
magnetic field, to extract the compass heading 8. Eq uati ons (1\) and (12)
are simultaneous in sine and cosebut, since the sin8term is absent in (12),
they are easily solved to give:

YM
'
.
+smcj>sma
A
cos = ---'M"----_ _ __

e

-

(21 )

cos cj>cos a

XM

-

YM

- -

'

tan cj>sm IjI

' e= tan IjItan a - AM AM
sm
coscj>
cos IjIcosa

(22)

-~---''-'-----

The equations confirm that, as was remarked earlier, we cannot derive
a ratiometric solution from YJXM - we need knowledge of the third axis
to derive AM
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EXTREMES OF ROLL AND ELEVATION

Orientation
Elevation 90°

There are a few situations where the manipulation ofthe above equations
needs to be done with care. This is now discussed. The equations so far
derived allow us to measure compass bearing in the presenceofinstrument
roll and elevation . Normally we would expect to hold the instrument flat,
so the roll would be small, but the elevation - corresponding to the
clinometer measurement - may be large. In a surveying application we do
not, ultimately, need to know the roll but it is required in order to calculate
the bearing.
When the elevation is ±90°, (compass pointing vertically up or down)
the term ' bearing' has no meaning. The compass still faces a particular
direction, but this changes with the amount of roll and does not correspond
to anything useful. If ' bearing' has no meaning, the equations ought to be
insoluble, which is indeed the case. We can see from (16) and (18) that
with a±90° elevationXG and ZG are both zero, so we cannot derive the roll,
which can thus take on any value (what is zero divided by zero?). Without
a value for roll, 'II, we cannot use (22) to derive bearing. Further thought
shows that, although we could measure the effect of the roll by looking at
the XMand ZM magnetic axes, this would not give us a unique solution.
When the elevation is 90° the orientation can be achieved with many
distinct combinations of roll and bearing. In (21), with tP = ±90°, the
denominator is zero suggesting that cose = 00 , which is not possible. In
fact, inspection of (12), from which (21) was derived, shows that the
numerator must be zero as well; and that YM = -A~ina. cose can then take
on any value, from which we infer that the equation is solvable, but that
is undefined.

e

A simi lar situation must be allowed fo r in (22) should the roll'll be±90°.
Here we can derive the elevation, but (22) does not allow us to derive sine.
In the previous example, this was because the bearing had no meaning. In
this case, however, it is because the bearing cannot affect the signal
received on the XMaxis when the roll is 90°. Using the ZM axis allows us
to obtain sine without any problems, using:

x

~

y
+ ~ tan rj>cos lJI

sin8=cotlJl tana _ AM
AM
cosrj>
sinlJlcosa

(23)

If the compass is level then ZMgives no useful information, but for most
combinations of elevation and roll either ZM or XMcan be used as one of
the magnetic axes. A suitable algorithm might attempt to derive the
bearing from each of these axes.
We can see that the difficulties arise when one of the sensors is aligned
normal to the vector it is measuring. Not all axes cause the same problems
due, as was noted earlier, to the particular way we choose to specify <1>
and'll. It remains to check what happens when the magnetometer axes are
aligned normal to the magnetic field. If the compass is pointing due north,
and level, then the X-axis is normal to the field . If the elevation is 90 0 -a
(about 23° in London) then the Y axis will also be normal to the field. A
similar situation occurs for a heading of due east and a roll of a -90° .
Clearly there is, for every heading, some combination of roll and elevation
which will cause both the XM and YM axes to receive no signal. This
observation reinforces the result demonstrated earlier, that roll and
elevation could cause an error in the compass bearing of a 2-D device.
However, since we already know the values of <1> and'll, the lack of signal
does not cause a problem; and (21, 22) still have a solution. We can
summarise the orientation problems as follows:

e,

Roll 90°

Problem
No unique values of
bearing and roll
Cannot derive
bearing using XM>

Solution
None. Bearing has
no meaning.
Don't allow roll of
90°, or use ZM axis

YMaxes

N/ljI=23°1'll=Oo
E/<1>=ool'll=-23 °
S/IjI=-23°1'll=0° & so
on
Elevation or roll
outside ±90°

Neither XM nor YM
receives any signal.

Incorrect solutions
with XG, YG axes.

Can still solve for e
if we know <1> and'll.

Use third, ZG axis

So far, we have considered the problems that occur at specific orientations
but it would not be an adequate solution to simply define, in software, the
result that 010 = I because small deviations in the numerator or denominator
could lead to vastly different answers. The problem is not that bearing
cannot be defined at an elevation of 90°. It is that the bearing will be
increasingly inaccurate as we approach 90°. It is beyond the scope of this
paper to do a detailed error analysis, but this can easily be simulated on
a computer and used to predict the performance of a compass module. The
specifications for commercial modules (see Gibson, 1996b) do indicate
that bearing becomes inaccurate at high degrees of tilt.

SUMMARY
For a 2-D compass we discussed the sources of measurement error,
which included quantisation, gain and axis alignment. We demonstrated
a simple algorithm which, by using an inverse tangent function, would
allow us to derive the compass heading. We showed that a 2-D compass
could suffer from errors if it were not held accurately horizontal. This
could be achieved by double-gimbal ling the compass. The gimbal axes
could be used to derive elevation and tilt converting the device into a
compass/clinon,eter.
An alternative to gimballing would be to use electronic tilt sensors in a
3-D configuration in order to derive elevation and roll information, and
to use this to correct the compass bearing. Unless we knew the magnitude
of the magnetic field this would require a third magnetic axis to derive it.
We saw that other advantages of a third magnetic axis included the ability
to detect errors caused by the proximity of ferrous objects, and the ability
to work at high degrees of roll. (This would not normally be required in
a caving application).
The use of a third tilt axis, bringing the total to six axes, would allow us
to work with values of tilt outside ±90°. Again, this is not necessary for
cave surveying, but would be useful in a general application such as
borehole orientation.
Equations for the derivation of bearing and elevation using four, five or
six axes were presented, together with a general rotation matrix for
defining the orientation of the device. The possible reduction in accuracy
at high tilt was mentioned, but not analysed.
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How accurate is radio-location?
David GIBSON
Department of Electronic and Electrical Engineering, University of Leeds, LEEDS, LS2 9JT
Abstract: T he accuracy of a conventional cave survey, constructed using compass, clinometer and tape, and the
treatment of the associated surveying errors has been well-discussed. Such surveys are sometimes " corrected"
by means of radio-location; but the accuracy of radio-location techniques has not been widely debated. Properly
understood, radio-location errors can be subjected to the same treatments as other surveying results. As well as
the measurement errors of distance and angle, radio-location accuracy may be affected by the use, in conditions
where it is not valid, of the traditional 'quasi-static' model of the field lines.

INTRODUCTION
This paper reviews the sources of error inherent in the use of a radiolocation beacon, but it will not attempt to quantify them. In that sense it
will not directly answer the question posed in the title ofthe paper; instead,
the intention is to bring the sources of error to the notice of cave surveyors
and to encourage a theoretical and practical evaluation of radio-location
errors which have, hitherto, not been widely discussed. The subject has
received sparse attention in BCRA Transactions although Brooks and
Ellis (1956) show that attempts in using radio-location for verifying cave
surveys go back at least forty years. In the U.S.A. several cavershave done
detailed practical studies but this work has not been widely published, nor
widely disseminated in the UK.

RADIO-LOCATION TECHNIQUE
Radio-location using an induction loop is, by now, a standard procedure
and need not be explained in detail here. A definitive description of the
technique was given in Surveying Caves by Glover( 1976). More recently,
Bedford (1993) outlined the technique and presented (with circuit diagram and constructional notes) the electronic beacon previously designed
by France and Mackin .
Essentially, a hori zo ntal transmitter loop (vertical magnetic dipole) is
placed underground and the point on the surface immediately above this
is located using a receiver loop. At this "ground-zero" point the magnetic
field lines from the transmitter are vertical so a vertical loop (i.e. with its
axis horizontal) will pick up no signal because no field lines "cut"the loop.
The ground-zero point is confirmed by holding the loop vertical, spinning
it about a vertical axis, and confirming that there is no orientation where
a signal can be detected. To locate ground-zero from another location the
vertical receiver loop is rotated to give the direction of minimum signal,
and a bearing taken along the plane of the loop. A series of at least three
widely spaced bearings should, in theory, intersect exactly . In practice the
bearings allow the surveyor to construct a " polygon of confusion" which
describes a region, on the surface of the earth, in which ground-zero is
Iikely to occur.

This method, which could be termed ' depth by signal-strength' (DSS)
is used in some commercial radio-location equipment, but most amateur
designs have used a different method based on measurements of the field
angle. The reasons for this are not entirely clear; it may be due to the nature
of some amateur amplifier designs which make direct readings of field
strength difficult to obtain; or it may be that a discrete design, based on
the electronic components which were available 20 years ago, would have
been complicated. The measurement of depth by signal-strength has been
discussed in caving literature, but its dismissal may have been due to a lack
of insig ht into ratiometric techniques. Using a ratiometric technique
instead of trying to relate absolute signal strength to depth avoids the
perceived problems in maintaining the transmitter power and the receiver
gain. Currently available commercial equipment uses a micro-controller
to allow direct "real-time" readings of depth to be obtained. Brian Pease
(1995) is currently experimenting with a DSS device fo r cavers, but this
does not use a ratiometric technique.
The more common method of depth determination is to measure the
angle of the field lines. Away from ground-zero the magnetic field lines
are not vertical. By measuring the angle of the field to the ground (ex), and
knowing the distance to the ground-zero point (x), the depth of the
transmitter (d) can be calculated (Fig. I). This method assumes that the
field lines obey the parametric equations for a traditional "bar magnet".
The formula is:

Ground
Zero

x

~(8 + 9tan 2 a) - 3tan a

d

2

(2)

x

~O

The depth of the underground point can be determined in two ways. With
suitable equipment the most straightforward method is, perhaps, to
measure the flux density (say Bo) at ground zero and to compare this with
the signal (B I ) a short distance (y) above this. Using the ratio of these
readings provides a convenient way of calculating the depth , d, without
needing to know the transmitter power or absolute gain of the receiver.
The inverse cube law, which describes the change of flux density with
distance leads directly to :

~=[~l-I

(I)

Q
Figure 1. Determining depth by measuring the angle of the fie Id lines.
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This result is straightforward to derive, and has been familiar to cavers
for many years now. It is quoted by Mixon and Slenz (1964), also by
Glover (1976) in Surveying Caves. For a simple derivation see, for
example, Lee in an appendix to Glover (1973) or, more recently, see
Gibson (1994).
A convenient technique for depth estimation is to find the distance x at
which the field lines lie at 45° to the ground. The formula then indicates
that xld~.56 , so the depth is approximately twice the distancex. Another
technique would be to find the distance x at which the field lines were at
18.4°, for which xld = I.

MEASUREMENT ERRORS
Clearl y there is scope for errors of measurement to have a significant
effect. Most of the sources of error affect the depth measurement more
than they affect the location of ground-zero. The accuracy ofa position fix
also depends, of course, on the accuracy of the surface survey. Ideally
several bearings would be taken, in order to locate ground-zero as
accurately as possible. Then field-angle measurements at varying distances would be plotted, and used to obtain a best-fit curve from which the
depth would be determined . In practice, cavers might only make one or
two measurements but, if this is the case, the confidence of the result must
be called into question. Glover (1976) demonstrated various graphical
methods of converting a and x into depth. His graphs show how small
errors in reading can lead to large errors in depth. If a = 80°, for example,
then a I ° increase in a corresponds to an decrease in xld from 0.117 to
0.105 , which is 10%. Ata=45°thechangeisonly2.5%. MixonandSlenz
( 1964) also discussed angular errors in their paper.
Measuring the angle of the field lines on the surface requires the
surveyor to accurately sight on the ground-zero point. As he adjusts for
the null position, by tilting the receiver loop, he must ensure that it remains
pointing towards ground-zero. Obtaining an accurate null, and accurately
measuring the angle of the loop are crucial aspects of the technique; and
obtaining agood null is not always easy . There is a secondary field effect,
to be described later, which builds up rapidly away from ground-zero and
makes it increasingly difficult to get a deep null as the angle of the field
lines, a , decreases. Depth measurements should, ideally, be made with a
from 40° to 50°.

x
Ground
Zero ,\

0

\

Ifa ratiometric DSS technique is used there is a limitation caused by how
far above the ground the signal strength can be measured. Here, too, a
secondary field effect can contribute to the error by causing the aboveground field to behave in a different way to the underground field.
The underground transmitter must be set up as accurately horizontal as
possible. If the transmitter is only levelled to 5° the axial field line will be
displaced by 8.7% of the depth (i.e. tan 5°). This field line will not be
vertical but, from figure I and equation 2, it can be shown that for a small
tilt (say < 10°) the field line which is vertical as it leaves the ground will
be displaced by a third ofthe distance to the axial field line. Thus, with a
5° tilt the apparent ground-zero point will move by about 3% of the depth.
Significantly, if the transmitter loop is not completely horizontal there
will not be a field line which remains vertical as it leaves the ground. This
could cause the null to be less sharp since there will always be some lines
cutting the loop. In practice the loop can be levelled to better than 5°, but
a spirit level is essential, as is a neatly wound induction loop. The terrain
can be a source of measurement error because the ground-zero point may
not coincide with the surface of the ground (Fig. 2). If the ground is sloping
then equation 2 can still be applied, but x must be the true horizontal
distance to ground zero, and d must be measured from the altitude of the
field point. Distance d' must be determined by surveying. Another source
of error in addition to the obvious "sighting" errors is that it is possible to
detect a false ground-zero in particularly rough terrain, especially if the
estimation of the surface location is tenuous to begin with (Reid, 1990).

FIELD LINE DISTORTION
There is another source of error, potentially far more serious than the
measurement errors described above. It is caused by the magnetic field
lines departing from the supposed " bar magnet" shape. There are several
reasons for this.
i) The receiver loop may be too close to the transmitter

Unless the receiver is far enough away for the transmitter to look like a
point source, the field lines will not be of the simple 'bar magnet' shape
which is usually derived by considering a quasi-static field from a pointso urce dipole. In practice this means around five diameters, and this will
not normally be a problem unless a large transmitter or receiver is used.
For example, a 2m loop requires a depth of at least 10m in order to get an
accurate reading. With a smaller loop, good results can probably be
obtained closer than five diameters because a larger margin of error can
be tolerated. Not only are the field lines distorted in the immediate vicinity
of the transmitter loop, but the familiar inverse cube law breaks down too,
so equation I cannot be used for depth estimation. It is possible to derive
an expression for the field from a loop offinite extent but it is complicated
and therefore of limited application. One procedure is to integrate the
standard expression for ' retarded potential' over a suitably defined
current density distribution. Mixon and Slenz quote a result; and show
that it reduces to the simpler " bar magnet" field when the field point is at
a large distance from the loop.
ii) The field lines will be distorted by magnetic rocks

The distortion offield lines is exploited by geophysicists and archaeologists, who use magnetometers as surveying tools. Unfortu natel y, unless
a control grid of readings is correlated with an accurate compass and
clinometer survey, the extent of the problem will not be known.

d

iii) Distortion by conductive rock - the "phase" problem

Q

Figure 2. Rough Terrain.
Distance d' must be determined in addition to x and a.
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The absence of magnetic rocks and minerals does not imply that the field
lines are undistorted because conductive, but non-magnetic, rock can also
distort the field. Radio-location has to be used with care in areas where
there is much mineralisation. This effect is well-known to geophysicists
and archaeologists who utilise a magnetic gradiometer to induce a field in
conductive rock; the field gradient is then a measure of the di stortion of
the field lines, and allows the structure of the ground to be determined.

The effect of a magnetic field passing through conductive rock is to
introduce eddy currents. This generates a so-called secondary magnetic
field. This field is out of phase with the primary fie ld and therefore leads
to elliptical polarisation which prevents a deep " null" condition from
being obtained. The problem was discussed by Drummond ( 1987a) and
Gibson ( 1993a). It is worse at larger distances. The secondary field is of
use to geophysicists, who can use it to measure conductivity by a non contact means. (Pease, 1991 , 1995).

simple " bar magnet" theory; the 1/0 3 rule for flux density also breaks
down in the transition zone so, under these conditions, equation I cannot
be used for depth determination e ither. There is some indication (Pease,
pers. comm.) that, under these conditions, DSS gives rise to an overestimation of depth, whereas field-angle measurement gives rise to an
under-estimation.

ACCURACY OF RADIO-LOCATION
iv) The "Transition Zone " problem
The field from an induction loop can be divided into two regions. The
near-field (or induction field) predominates at distances less than 1J2n (A.
is wavelength). Thefar-jield( or radiation field) predominates at distances
greater than this. The two fields have very different properties. For a large
distance either side of 1J2n there is a transition zone where the field
grad ually changes from the induction "bar magnet" shape to concentrit:
circles which do not intersect the origin. The inference is obvious- within
the transition zone the field lines will not be the simple " bar-magnet"
shape which is predicted by the "quasi-static" model.

The measurement problems can be quantified and used to make an
estimate of the accuracy, which could easily be 5- 10% for depth, and
several metres for ground zero. The polarisation problems are less easy to
quantify. Depth determination starts to fail if a good null cannot be
obtained, eventually failing completely. In these circumstances a groundzero location can often still be performed. This only starts to fail if the rock
is anisotropic, or if the ground is inhomogenous in a radially nonsymmetric way (e.g. the antenna is located close to a fault-line or to one
side of a large cavity).

A VOIDING THE PROBLEMS

THE "POLARISATION" PROBLEM
The "transition zone" and " phase" problems can be discussed together
as a "polarisation" problem. One or other of the effects have been observed
by a number of cavers, though the effects are not always attributed to the
correct causes. For example, a comment like "we could not find a null
because the Signal was so strong" (Williams and Todd in Caves and
Caving, 35 , Spring 1987) should probably be attributed to the predominance of the secondary field . The transition zone is centred on 1J2n and
th is might be expected to be large at the low frequencies used for radiolocati on. However, the crucially important point is that the wavelength in
the rock is mu ch less than this. The transition zo ne moves inward to o(and
the wave length to 2no) where 0 is the sk in depth, given by:

8-

~
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(3)

Here Ol is 2n x frequency [Hz], ~ is magnetic permeability of the rock
[Hi m] , and a is electrical conductivity [!V l m]. Strictly speak ing this
expression is only true for a "good" conductor, but it appl ies to most rock.
(Rock is a "good" conductor by the mathem atical definition of a/OlE »
I unless it is very dry and the frequency is high ). Note that the skin depth
does not describe a physical skin in which the signals are constrained to
lie. The signals can and do penetrate further than the skin depth, which is
simply a useful mathematical "fi gure of merit" for the rock . A derivation
of the above result, with specific reference to " good" and " bad" conductors, was given by G ibso n (1996).
Skin depth can vary from a metre or two to several hundred metres fo r
the range of frequencies and rock types encountered by cavers. It is quite
conceivable that a radio-location beacon could be operating at depths
co mparable with the skin depth and where the transition zone effects
would be significan t. At this distance, seco ndary fields would also be
signifi cant. Interestingly, the optimum depth for communications (as
opposed to radio-location) may be around three sk in depths (Gibson,
1993b, 1994).
The subject of radio wave propagation through rock has been wellstud ied, although the results have often been prese nted in a mathemat ical
form which is not easy for non-mathematicians to interpret. Steven Shope
(1991) has summarised some previous results and presented them graphically, showing how the direction of the field lines at the surface depends
on the skin depth . Oneofthese graphs was reproduced by Bedford ( 1993).
Shope's graphs are extremely significant because they show that in so me
circumstances the resul t given by (2) can be very much in error. It is
intended that this will be the subject of further study by th e author. It is
worth pointing out that it is not only the field angle a which departs from

The problem of the transition zone is lessened considerably by using a
very low frequency, because the zone is further away, and because the
secondary fields have a lower magnitude. The FrancelMackin beacon
operates at 874Hz; several US designs operate at 3496Hz. Radio-location
at these frequencies is likely to be more successful than if it is done using
carrier-based speech systems; common frequencies for which are aro und
27, 87, liS and 185kHz; see Bedford (1994).

PRACTICAL MEASUREMENTS
Ian Drummond (1987b) has described some experiments which he, and
others, performed in Lechuguilla Cave in New Mexico. Amongst th em
was a series of radio-locations along a passage at a depth of up to 210m .
The purpose was to see if the magnetic field was well behaved, and if it
diverged symmetrically from the null point. Plotting the data (and resurveying part of the cave to check for errors) showed that the fi eld was
badly distorted in one area. This was attributed to minerali sation of a
particular cross-rift. The experiments confirmed the wisdom of performing a series oflocations to provide a control grid for a survey, rather than
relying on one single point at the far end of the cave to check the survey.
Drummond also found that the sharpness of the nulls depended on the
orientation of the antenna. The precision of the location on the surface was
much better along the passage than at right angles to it. This may well be
a secondary field effect, but Drummond has noticed a si mi lar effect on
other occasions and suggests (pers. comm. quoted in Gibson 1993b) that
it could be an anisotropic characteri stic of the rock.
In the UK, members of the BCRA 's Cave Radio Group are currently resurveying Kingsdale Master Cave and performi ng a series of radiolocation fixes. In addition to providing some simple tests of the acc uracy
of the radio-locat ion, this will pave the way for a set of experiments, at
different frequencies, wh ich will attempt to verify Shope's graphs.
An observation aris ing from experiments in several countries, is that the
UK suffers comparatively bad ly from high rock conductivity an d high
levels of background interference. The inferences are that polarisation
effects are likely to be worse, and th at nulls are likely to be less sharp. The
Cave Radio Group has demonstrated that !'adios which penetrate well in
the US do not operate so well in th e UK.
There will always be errors assoc iated with the measurements made
using radio-location beacons, and a proper understanding of them is
essential. Cavers who have used radio-location beacons have so metimes
misunderstood the operation of the device - Williams and Todd' s
comment was quoted earlier. Other cavers have (pers. comm .) taken
bearings of ground zero and , because the readings have intersected to give
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a triangle of error, the cavers have deduced that the beacon "was not
working properly". Another common mistake is to assume, without
justification, that the results obtained by radio-location are 100% accurate. Statements such as "we fixed the position by radio-location" suggest
a misplaced confidence that the technique has an unfailing accuracy .

SUMMARY
Radio-location works best at very low frequencies (below a few kHz)
and over distances which are short compared to the skin depth, but large
compared to the size of the loop. Its accuracy is affected not only by
measurement error, but by factors which are difficult to predict, such as
distortion of the field lines. To use radio-location to best advantage users
must understand the nature of the errors; they must know how to minimise
them, and should know how to deal with uneven terrain.
This paper was intended to make users aware ofthe possible inaccuracies
of radio-location, rather than to ascribe precise figures to the sources of
error. Occasional tests of accuracy have been made but not widely
reported ; and it is hoped that this paper will encourage further discussion
of both theoretical and practical aspects of the technique.
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Addendum
into the doline and to the skyline, more than 800m above. In the cave, the
passage is approximately 20m wide and at least 90m high, with very
smooth walls. This height is maintained throughout the cave and, generally, it is not possible to see the roof with normal caving lights.

A short section was missing from the text compilation provided for the
Yangtze Gorges Expedition 1994 Report (Cave and Karst Science,
Volume 22, Number 2). The omission was noticed neither by the Report
compi ler no r by the editors. The missing section is reproduced below,
together with a reduced version of the original Figure 7, to which the text
refers.

Climbing over and around boulders with deep water-filled holes between, leads to another lake. The passage here is narrower, but just too
wide to bridge across. A succession of lakes, mostly about 60m long,
alternate with wider, cobble- floored passage. Huge logs, worn smooth by
the force of flood water, are jammed among the boulders. There may be
a high level passage up on the left where the cave turns southeast for a short
section (Fig. 7). This may be a former upstream continuation of downstream Xio Zhai Tien Ken, active before the upstream cave was captured.

Downstream Xio Zhai Tien Ken

This is a classic through trip, leaving the daylight in Xio Zhai Tien Ken
and exiting into the Mie Gong He Gorge, 4.Skm away. It is currently the
deepest cave in China, measured from the lowest edge of the doline where
the path descends.

Beyond this point several small inlets enter the cave, and a longer (140m)
canal drains down between boulders. By keeping up high, a ledge is
reached, from which a 10m abseil drops back to the water. The cave
continues with a succession of long lakes, some separated by only a
boulder. I.Skm from the entrance is a larger inlet, and the water in the cave
is no longer static.

In dry conditions, most of the water from upstream Xio Zhai Tien Ken
is diverted into a tunnel and thence to a hydro-electric power plant. The
river in downstream Xio Zhai Tien Ken dries up, leaving static pools
among slippery rounded boulders. In flood conditions a torrent of water
sweeps overthe dam and across the floor of the doline into the downstream
cave. There would be little chance of escape for explorers in these
circumstances.

2.Skm from the entrance the most noticeable feature is a very strong
draught, which sends ripples across the surface of the lakes, especially in
The Wind Tunnel, a 300m-long lake. The draught is lost where the
passage starts to cut down, and a high level passage to Mie Gong He Dong
could exist here.

Large slippery boulders lead to the head of a 14m shaft, which drops
immediately into a deep blue lake. This is the fi rst of many such lakes,
whose combined length is nearly 2km. The water is cold and static. 30m
across the lake and with only a narrow lip out of the water, is a 6Sm shaft.
7m down the shaft is a ledge, and a little beyond that the drop is freehanging into a bigger lake. About Sm away there is a ledgeoutofthe water,
but the way on involves wading about 90m, to land between large rounded
boulders. Looking back there is a superb view up the entrance shafts, out

A 3m climb, for which a rope is useful, drops into a pool that is held back
by boulders before dropping noisily over a waterfall. I O.Sm and 4.Sm
shafts can be rigged alongside the waterfall , largely out of the force of the
water. A handline is advised on the 2m-high cascade immediately below.
The passage is now at its narrowest, less than I m wide, and this section

Xio Zhai

Xio Zhai Tien Ken
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Figure 7. Xio Zhai Tien Ken survey.
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could become impassable in wet conditions. Large tree branches are
jammed across the passage, almost blocking it. From this point daylight
can be seen faintly, high in the roof, but it is some distance before light
reaches the floor, and the exit from the cave is still nearly three quarters
of a kilometre away.
An inlet enters, the passage widens again to 2 or 3m, and more lakes lead
to a 7m climb down through boulders, for which a rope is useful. A large
boulder holds back a lake, on the other side of which is a 10m shaft. The
lake at the bottom meanders around a corner in the high canyon passage
and leads to the lip of a 40m shaft into the Mie Gong He Gorge. It is a
spectacular site, with the walls of the gorge overhanging by about 30m
some 700m above and another waterfall drifting lazily down the opposite
wall.
After descending the last shaft and swimming the lake at the bottom, two
more lakes in the Mie Gong He Gorge must be crossed. An indistinct path
on the right leads up, through dense vegetation, to the village ofYitz, and
from here it is another 3km to the road from Xin Long.
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Readers are invited to offer thesis abstracts, review articles, scientific notes, comments on previously published papers and discussions of general interest
for publication in the Forum of Cave and Karst Science.

THESIS ABSTRACTS
KING, H.K., 1996

KNEZ, M., 1996

The U-series Dating and Geochemistry of Flowstones from the Great
Orme Mine

The influence of bedding planes on the development of karst caves
(in Slovenian and with an English summary and abstract)

Unpublished PhD thesis, University ofLiverpool, P.
L693BX UK
[Available from the University]

o Box 147, Liverpool,

Seven calcium carbonate (CaC0 3 ) flowstones were collected from
various sites within the Great Orme Bronze Age copper mine in order to
establish an ante-quem age for thei r underlying ancient mining back-fill.
The age of each flowstone was obtained by analysing a succession of
samples using the U-series disequilibrium method and extrapolating a
best fit line through the dates to the base. Five of the flowstones were of
calcite morphology (determined by X-ray diffraction) and each contained
c. I ppm U. The dates (238 ± 0.22, 1.70 ± 0.63,3.93 ± 0.40, 3.52 ± 0.94
and 2.83 ± 1.05 ka BP) provide additional weight to the evidence for the
Bronze Age origins of the mine and the last three are comparab le to 14C
dates (3.63 ±0.2l, 3.41 ±0.05 and 3.115 ± 0.245 kaBP, respectively) from
adjacent wood and bone samples. The other two flowstr;mes were aragonite
and contained c.70ppm U. The dates (1.53 ± 0.00 and 0.1 ± 0.0 ka BP) had
neglig ible statistical errors due to the high V ·concentrations. The latter
date was obtained from a flowstone deposited in an area abandoned in the
1850s and shows that, with enough U present, very young ages may be
determined from secondary carbonates.
Microscope analysis of thin sections showed considerable variation in
.;rystal habit and structure both between flowstoncs and within individual
specimens. Interestingly, one of the aragonite flowstones had a thin layer
of calcite forming its base, a distinct hiatus was seen between the two
morphologies and the calcite was clearly not the result of aragonite
inversion. Trace element analysis revealed a linear relationship between
the concentrations ofMg and Sr and the carbonate morphology, with the
calcite exhibiting a higher Mg and a lower Sr concentration than the
aragon ite.
Stable isotope analysis of four flowstones with varying physical
features revealed that the CaC0 3 was not deposited in isotopic equilibrium
with its parent waters. This suggests that the deposition was influenced by
a process such as evaporation or rapid outgassing of CO 2 . However, the
flowstones exhibited si milar mean 0"0 values( -4.59±0.23, -4.51 ± 0.27,
-4 .34 ± 0.22 and -4.03 ± 0.24 %oVPDB) which relate to the present day
climatic conditions. It is thought that the relatively consistent 0'80 of the
flow stones represent a relatively consistent deposition mechanism.
Variations in oi3C between the flowstones are likely to be due to the
variations in the th ickness and lithology of the overlying rock through
which the parent waters percolated. A difference in the fractionation of'80
and i3C is observed between the calcite and aragonite which corresponds
to theoretical and experimental estimations of the effect.

PhD thesis, University of Ljubljana.
[Available from Karst Research Institute, Centre for Scientific Research
of the Slovene Academy of Sciences and Arts, Titov trg 2, SI-6230
Postojna, Slovenia]
There have been much less researchers looking for the initial water ways
. in karst along the bedding-planes than those who deduced the origin of
cave channels from tectonic structures. The aim of my research was to
focus scientific attention on the sphere where the answers within the
sedimentology might be expected. The study identified that the basic idea
of bedding-plane importance at the initiation of cave channels was correct
but also, that the interrelation is different from how it had been supposed.
Single lithological, petrological or stratigraphical parameters of the
inception are only partly known, or merely guessed. My research threw
light on the problem of initial channels met in Velika dolina in Skocjanske
jame. Cave passages, ortheir fragments and other traces of the underground
karstification do not appear scattered at random on the walls but they are
obviously gathered along a small number of so-called bedding-planes.
The basic working method was to locate the phreatic channels or their
fragments, to sample and microscope those parts of the layers adjacent to
a bedding-plane. Somewhere a whole layer was considered . Other
methods were: regional distribution of caves , photographing,
inventarisation and classification ofspeleogens and com plexometry, the
latter providing the purity of limestones.
The original channels are practically gathered along only th ree formative
bedding-planes (out of62 measured); their close vicinity differs from the
others in several important properties: typically damaged rock, higher
level of calcium carbonate, smaller porosity and others. Consequently the
mentioned concordance cannot possib ly be only apparent.
From the litho logical point of view, I got neither substantial argumen t
nor explanation for selective karstification. However, it was identified
that at least in respect of a concrete example from Velika dolina, the
inception started along interbedded slides that without doubt pushed the
beds aside leaving an interval.
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LEAN, CM.B., 1995

OPENSHAW, S.J., 1996

Geomagnetic Palaeosecular Variation Recorded In North And Central
American Speleothems

Palaeosecular Variation Observed In Speleothems From Western China
And Northern Spain

Unpublished Ph.D. thesis. University ofLiverpool. P.O Box 147. Liverpool.
L693BX UK
[A vailable /rom the University]

Unpublished PhD thesis. University o/Liverpool. POBox J4 7. Liverpool.
L693BX UK
[Available from the University]

The aim of this project was to collect samples of stalagmites from
Northern and Central America in order to produce records of the
palaeosecular variation of th e earth ' s magnetic field. Two stalagmites
were sampled from Western Canada and ten from Mexico and Guatemala
whi ch could be compared with contemporaneous stalagmite records from
th ese areas (Lath am, 1981 ; Latham et ai , 1982; 1986; 1987; 1989).

This study has produced records of the palaeosecular variation (PSV) of
the earth's magnetic field from speleothems from China and Spain. The
ultimate aim of this project was to produce contemporaneous PSV records
which would show that speleothems accurately record ambient
geomagnetic field behaviour. From Sichuan Province, China, five
speleothems were collected of which four were studied for their records
of PSV. Eight Spanish speleothems from the Cantabrian coast were
collected but their weak magnetisation allowed only one record of PSV
to be produced.

The sta lagmites were generally weakly magnetised but remanence
directions were stable upon stepwise thermal and alternating-field
dem agnetisation . Consistency in directions recorded between central and
co rrespond ing lateral sub-samples within two stalagmites (MSC2 from
Can ada and CP1 from G uatemala) inferred that any depositional errors
cau sed by surface effects were less than the measurement errors. Grain
size an alysis showed the presence of a fine-grained magnetic fraction
(0.0 1 - O.loc m) sourced from the cave drip-waters (either by direct
deposition or by chemical precipitation) and a coarser magnetic fraction
(0.0 I - > I Ooc m) so urced fro m the flood-borne detritus. The latter source
was domin ant in stalagmi tes wh ich were regularly inundated with water.
The type of magnetic mineral present was determined by the geology of
the catchment area; magnetite dominated in the Vancouver Island
stalagmites, titan omagnetite in the Mexican stalagmites and haematite in
the G uatemalan stalagmite.
Uranium-series dating of samples was hindered by the young ages of
many of the samples, by low uranium concentrations and by the presence
of allogeni c thorium. If signi fi cant amounts of allogenic thorium were
present, a sampl e age co uld be calculated based on an estimate of the initial
thorium ratio ([nD'fh.f132Th10)' Analysis of samples from Sumidero Recuerdo
in Mexi co, however, suggested th at th is ratio is not constant with time and
may vary by a factor of two over approx imately 1700 years. Due to these
imprec isions many dates were out of stratigraphic sequence and age
esti mates were made assumin g constant growth rates, except where
growth had ceased for a finite length of time.
Record s of sequ ential change of palaeomagnetic direction were obtained
from the Mexican stalagmite SSB and the Canadian stalagmite MSC2 .
The reliabi lity of th e latter record was confirmed by comparison with
an othe r Canadi an stalagmite record (Latham et ai , 1987) and
contemporaneo us lacustrine records. Other records were disappointing
due to poo r temporal reso lution; each sub-sample represented a period of
approximate ly 1000 years in Mexican stalagm ites SSJ2 and SSJ4. Such
slow growth rates are insuffi c ient fo r the resolution of secular variation
features with periods of less than 2000 years and are only suitable to gain
in formation abo ut th e nature oflo ng-term secular variations, for example
the far-sided virtua l geomagnetic po les and low inclinations predomin ant
throughout the Ho locene in Southern Mex ico.
The ex istence of matching co ntemporaneous stalagmite records of
secular variation together wi th the demonstrated lack of depositional
inclination errors is encouraging, despite the sometimes " hit or miss"
aspects of sample selection. Nevertheless it has been proved that speleothem
records have th e potential to comp lement the existing archaeomagneti c,
lava and lacustrine data.
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All speleothem sub-samples were weakly magnetised and had, on
average, initial intensities of < 100 x 1O-8Am 2kg· 1 Despite this, the
majority of sub-samples were stable during stepwise alternating-field and
thermal demagnetisation and each displayed a single component of
magnetisation after removal of any secondary overprints. Rock magnetic
experiments were hampered by low mineral concentrations but suggested
that the remanences of each speleothem were carried by a mixture of multi
and single-domain (titano-) magnetite and also by haematite present in
significant quantities. The primary method of remanence acquisition
appeared to be a depositional remanence sourced from flooding . This was
corroborated by a linear relationship between sub-sample intensities and
weight % acid in: oluble detritus.
A selection of sub-samples from each speleothem were d~ted us'ing
uranium-thorium disequilibrium and alpha spectrometry. Forthe majority
of sub-samples the low concentrations of uranium, high levels of detrital
contamination and initially low chemical yields rai sed the associated
dating inaccuracies above the quoted level for alpha spectrometry of 510%. Two Spanish speleothems had high uranium concentrations and
little, or no, detrital contamination . Percent age errors of these speleothems
ranged from I to 6%. Comprehensive experiments on the efficiencies of
three electrodeposition methods were also undertaken. The most efficient
method was found to be a modified version of the Hallstadius method
(Hallstadius, 1984) which consistently achieved chemical y ields between
40 and 90% for uranium and thorium.
In order to correct more analytically for the presence o f detrital
contamination, the leachatelleachate method of Schwarcz and Latham
( 1989) was tested The maximum likelihood estimation data treatment
technique (Ludwig and Titterington, 1994) was used to calculate dates
from these analyses. Tests on Mexican speleothem SSJ2 gave excellent
results allowing a revised dating scheme to be adopted. Tests on some subsamples from Chinese speleothems were generall y un successfu l due to
analytical errors.
The isotope 2lOPb was used to date the top surface of one speleothem. A
constant growth rate was inferred wh ich was significantly less than that
calculated from the 23°Th - 2l4U dating meth od . Thi s was thought to be du e
to the fo rmer techniques inability to resol ve growth rates of periods ofless
than 200 years.
Despite the dating errors associated with each speleothem th e records of
PSV compare well with each other and wi th contemporaneous records
from China, Japan and also the UK (fo r the Spani sh record ). In add ition.
agreement with PSV data modell ed from observatory record s suggested
that westward drift ofthe non-dipole geomagnetic field was predomin ant
during the past 10ka.

RESEARCH FUNDS AND GRANTS
THE SCRA RESEARCH FUND
The British Cave Research Association has established the BCRA Research Fund to promote research into all aspects of speleology in Britain and
abroad. Initiall y, a total of £500 per year will be made available. The aims of the scheme are primaril y:
To assist in the purchase of consumab le items such as water-tracing dyes, sample holders or chemical reagents without which it would be
a)
impossi ble to carry out or complete a research project.
To provide funds for trave l in association with fieldwork or to visit laboratories which could provide essential facilities.
b)
To provide financial support for the prcparation of scientific reports. This cou ld cover. for examp le. the costs of photographic processing,
c)
cartographic materials or computing time.
To stimulate new research which the BCRA Research Committee considers could contribute significantly to emerging areas of speleology.
d)
The award scheme will not support the salaries of the rcsearch workcr(s) or assistants, attendance at conferences in Britain or abroad, nor the purchase
of personal caving clothing. equipment or vehicles. The applicant must be the principal investigator, and must be a member of the BCRA in order
to qualify. Grants may be made to individual s o r groups (including BCRA Special Interest Groups), who need not be employed in universities or
rcsearch cstabli shments. Information about the Fund and application forms Research Awards are avai lable from The BCRA Administrator (address
at foot of page).

GHAR PARAU FOUNDATION EXPEDITION AWARDS
An award, or awards, with a minimum of around £ 1000 available annually, to overseas caving expeditions originating from within the United Kingdom .
Grants are normally given to those expeditions with an emphasis on a scientific approach andlor exploration in remote or little known areas.
Application forms are available fro m the GPF Secretary, David Jud so n, Hurst Farm Barn, Cutler's Lane, Castlemorton Common, Malvern, Worcs.,
WR 13 6LF. Closing date I st February.

THE E.K.TRATMAN AWARD
An annual award, currently £50. made for the most stimulatin g contribution toward s speleological literature published within the United Kingdom
during the past 12 months. Suggestions are always we lcome to members of the GPF Awards Committee. or its Secretary. David Judson, not later
than I st February each year.

BRITISH CAVE RESEARCH ASSOCIATION PUBLICATIONS
CA VE & KARST SCIENCE - published three times annually, a scientific journal comprising original research papers, reviews and discussion forum ,
on all aspects of speleological investigation, geo logy and geomorphology related to karst and caves. archaeology, biospeleology, exploration and
expedition rep orts.
Ed itors: Dr. D.J. Lowe. clo Briti sh Gcological Survey. Keywo rth. Notts., NG 12 5GG and Professo r J. Gunn, Limestone Research Group, Dept. of
Geographical and Environmental Sciences. University of Huddersfield. Huddersfi eld HD I 3DH .
CA YES AND CA VING - quarterly news magazine of current events in caving, with briefrepor!<; or latest explorations and expeditions, news of new
techniques and equipment, Association personalia etc.
Editor: Hugh St Lawrence, 5 May field Rd .. Bentham. Lancaster. LA2 7LP.
CA VE
No. I
No. 2
No.3
NO.4
NO.5
No.6

STUDIES SERIES - occasional series of booklets on various speleological or karst subjects.
Caves & Karst of the Yorkshire Dales ; by Tony Wal tham and Martin Davies, 1987. Reprinted 1991.
An Introduction to Cave Surveying; by Bryan Elli s, 1988. Reprinted 1993 .
Caves & Karst of the Peak District; by Trevor Ford and John Gunn, 1990. Reprinted with cerrections 1992.
An Introduction to Cave Photography; by Sheena Stoddard. 1994.
An Introduction to British Limestone Karst Environments; edited by John Gunn , 1994.
A Dictionary of Karst and Caves ; compiled by Dave Lowe and Tony Waltham, 1995.

SPELEOHISTORY SERIES - an occasional seri es.
No. J Th e Ease Gill System-Forty Years of Exploration; by Jim Ey re, 1989.
CURRENT TITLES IN SPELEOLOGY - from 1994 this publication has been incorporated in to the international journal Bulletin Bibliographique
SpeleologiquelSpeleological Abstracts; copies of which are availab le through BCRA .

BCRA SPECIAL INTEREST GROUPS
SPECIAL INTEREST GROUPS arc organised groups within the BCRA that issue their own publications and hold symposia, field meetings etc.
Cave Radio and Electronics Group promotes the th eoretical and practical study of cave radio and the uses of electronics in cave-related projects . The
Group publishes a quarterly technical journal (c.32pp A4) and organises twice-yearly field meetings. Occasio nal publications include the
Bibliography of Underground Communications (2nd cdition, 36pp /\4).

Explosives Users' Group provides information to cavers using explosives for cave exploration and rescue, and liai ses with relevant authori ties. The
Group produces a regular new slctte r and organises field mcetings. Occasional publications include a Bibliography and Guide to Regulations etc.
Hydrology Group organises mectings around the country for the dem o nstration and discussion of water-tracing techniques, and organises programmes
of tracer insertion , sampling, monitoring and so on. The group publishes an occasional newsletter.
Underground Photographer Maga::ine. Thi s magazine was first published in December 1995, 48pp A4 with black and white ;Jhotos. Subsequent
editions have colour photos and articles on cave photography topics.
Spe leohistory Group publishes an occasional newsletter on matters re lated to historical records of caves; documentary, photographic, biographical
and so on.
Cave Surveying Group is a forum for discussion of matters relatin g to cave surveying, including methods of data recording, data processing, survey
standard s, instruments. archiving policy etc. The Group publi shes a quarterly newsletter, Compass Points (c. 16pp A4). and organises seminars and
field meetings.

Copies of publications, information about Special Interest Groups, the BCRA Research Fund application forms, etc. are obtaillable from the
BCRA Administrator: B MEllis, 20 Woodlalld Avellue, Westollzoylalld, Bridgwater, Somerset, TA 7 OLQ.

