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Summary. This paper reviews the influence of the geochemical environment on the epidemiology of human dental
caries. The best documented association is that between water borne fluoride and reduced caries prevalence. The
influence of fluoride was first reported during the early decades of this century in Colorado, USA, and led to the
fluoridation of some public water supplies in several countries. In all cases, fluoridation has been followed by
significant improvements in dental health and no adverse effects in general health. Other trace elements in food and
water have now been linked with dental caries. Molybdenum has been associated with reduced caries prevalence
whereas selenium and lead appear to have adverse effects. Cavity formation in teeth probably involves a localised
dissolution of the enamel surface by the products of bacterial activity. It is possible that the incorporation of trace
metals into the apatite microcrystals of enamel may alter their physical properties, especially solubility, and hence

their susceptibility to degradation.
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Introduction

It has long been believed that ‘airs, waters and places’
have a direct bearing on human health and environ-
mental influences have been proposed to explain the lo-
calised prevalence of some non-infectious diseases™. Par-
ticular attention has been paid to the geochemical envi-
ronment since many trace elements are either essential to
mammalian metabolism or may interfere with metabolic
functions*®*" and the trace inorganic composition of wa-
ter can be influenced by the nature of bedrock and the
composition of vegetables reflects that of the soil®*. Un-
fortunately, to establish a link between environmental
geochemistry and human health is not easy. Indeed, the
mobility of people and their obtainment of food and
drink from many different, often non-local sources justi-
fies the apparently convincing conclusion that the local
geochemical environment must have little influence on
health.

Dental epidemiology, however, provides some of the
most convincing evidence that trace elements can affect
the health of communities.

A dental disease which lends itself for the purpose of the
study is dental caries. It is epidemic in many countries
and a large population is therefore always available for
study. Diagnosis of the disease is through a visual inspec-
tion which maximises the willingness of individuals to
assist in surveys. Where the survey population comprises
children, typically 12-year olds, the time interval between
cause and effect is short and it is possible to make direct
associations between environmental quality and disease
prevalence. In the case of fluoride, a direct link was estab-
lished over 50 years ago®® and led to the successful fluo-
ridation of public water supplies.

Caries and Enamel

The outer layer of the crown of a tooth is enamel, the
hardest tissue in the body. Beneath it lies the dentine, the
main tooth component, in the centre of which is the pulp
containing the blood vessels and nerves. Cementum
covers the root surface of the dentine and it attaches the
periodental ligament to the tooth which in turn holds the
tooth to the jaw.

Dental caries is the localised destruction of these tissues
commencing with the enamel. The process of this de-
struction is not fully understood but it is thought to be
due to the presence of micro-organisms on the enamel
surface. They are responsible for the formation of plaque,
in which the bacteria grow and proliferate. The presence
of carbohydrate considerably increases the rate of pro-
liferation as it is a substrate favoured by the organisms.
As the substrates are metabolised, within the plaque,
organic acids are produced which are held, by the plaque,
against the enamel until they diffuse away. The initial
phase of tooth destruction is most probably due to the
dissolution of the mineral phase of the enamel by these
acids®,

The principal component of enamel is microcrystalline
hydroxyapatite set in a protein matrix. The protein repre-
sents about 1% of the enamel dry weight and appears to
resemble keratin except it contains less sulphur. The
apatite fraction approximates to the composition

(Ca, sMg,,Nay ;H, 5) (PO,)s(CO;),s(OH),

But apatite, whether biogenic or geochemical, contains
traces of many other elements which occur in the crystal
structure through isomorphous replacement. That is, one
ion can substitute for the normal ion if its size is similar
and it does not differ in charge by more than one. Many
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such substitutions are known® and when they occur they
alter the properties of the mineral, especially its solubil-
ity. For example, tetravalent uranium has a radius of 97
pm which is very close to that of divalent calcium (99 pm)
and natural mineral apatites can contain up to 0.01% U.
Other replacements for calcium which are common are
by Mn, Pb, Ce, Th and Sr. An important series of replace-
ments occurs between OH™ (140 pm), F~ (136 pm) and CI-
(181 pm) to produce the almost pure end members hydro-
xyapatite, fluorapatite and chlorapatite, respectively.
The structure of hydroxyapatite is a little expanded com-
pared with that of fluorapatite and hydroxyapatite is
relatively less stable. This is reflected in their different
solubilities; the solubility product for hydroxyapatite is
1.6 x 107 and that for fluorapatite is 3.98 x 10°%. PO,
in the lattice can be replaced by SO, and MnQ,™". Fi-
nally, in the protein matrix of enamel selenium can
readily replace sulphur. The composition of enamel is
potentially very variable and it is interesting that many of
the elements which geochemists recognise as common
‘guests’ in apatite have also been associated with differ-
ences in the prevalence of human dental caries.

Fluoride and caries

The relationship between environmental fluoride, espe-
cially in drinking water, and dental caries is probably one
of the best established links between environment and
disease. So strong is the relationship that the addition of 1
mg F/l to public water supplies has been undertaken
regularly by some water utilities.

In 1901 Dr Frederick McKay opened a dental practice in
Colorado Springs (Colorado, USA) and encountered a
mottling and staining of teeth which was known locally
as ‘Colorado Stain’. The condition was so prevalent that
other practitioners regarded it as commonplace and no
reference to it could be found in the available literature.
The area had been recently settled and a survey of school
children in 1909 revealed that 87.5% of those born and
reared locally had mottled teeth. It was also noted that
although these children had fewer carious cavities their
teeth were more brittle”. Enquiries established that an
identical pattern of mottling in teeth had been observed
in some other American areas and in immigrants coming
from the volcanic areas of Naples, Italy*. Field work in
South Dakota and reports from Italy and the Bahamas
convinced McKay* that the quality of the water supply
was involved in the aetiology of the condition. He subse-
quently found direct evidence for this in Oakley, Idaho,
where, in 1908, a new piped water supply from a nearby
thermal spring had been provided and within a few years
it was noticed that children’s teeth were becoming mot-
tled. In 1925 McKay persuaded the local community to
change their water supply to a different, cold spring after
which stained teeth became rare* *. A second case of the
development of stained teeth following a change in water
supply was identified in Bauxite, Arkansas®™, and that
water supply, together with samples from other areas,
was analysed for trace constituents. The results revealed
that all the waters associated with mottled teeth had in
common a high fluoride content (2-13 mg F/)®. At the
same time it was demonstrated experimentally that fluo-
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ride in drinking water could produce mottling in rats’
teeth®,

The work of McKay has been described in some detail
because it provides a classical example of how a trace
element can affect health and how the effect was noticed
through diagnosis, survey and (unintended) direct experi-
mentation. Reports of mottled teeth were published from
other countries. In Britain, unusual mottling was de-
scribed for patients in Maldon, Essex”, where only 7.9 %
of the teeth of children in two of the town’s schools were
carious, compared with 13.1% in all districts examined,
and white mottling was common. Water from the Mal-
don area contained between 4.5-5.5 mg F/l compared
with 0.5 mg F/I elsewhere’. Subsequently, Weaver™ re-
ported mottled teeth in the Tyneside towns of North and
South Shields. The incidence of caries in children in
South Shields was 56% of that in North Shields while
drinking water in North Shields contained less than 0.25
mg F/l compared with 1.4 mg F/l in South Shields.

The published reports on the protective role of fluoride
led Dean® to suggest that ‘the possibility of controlling
dental caries through the domestic water supply warrants
thorough epidemiological-chemical investigation’. The
US Public Health Service concluded that a concentration
of 1 mg F/1 drinking water would be beneficial for dental
health but would not be in any way injurious to general
health. Fluoride was first added to public water supplies
which were low in this element in 1945 in Grand Rapids,
Michigan. Fluoridation schemes were subsequently in-
troduced in Brantford, Ontario (1945); Tiel, The Nether-
lands (1953); Hastings, New Zealand (1954) and in 1955
in Watford, Anglesey and Kilmarnock in Great Britain.
In addition to the fluoridation of water supplies, fluoride
has also been administered systemically in tablets and salt
and topically in solutions, toothpastes, gels and rinses. Its
use has been reviewed comprehensively by Murray®.
There is no doubt that whenever it has been used it has
been associated with a reduction in the prevalence of
dental caries. The effect can be lifelong and, at the recom-
mended levels, has never been demonstrated to be associ-
ated with any other medical condition.

The mode of action of fluoride is not entirely clear®. The
most likely mechanism is a reduction in enamel solubility
through the formation of fluorapatite. But Jenkins* has
reported that only one molecule in 20 converts to fluor-
apatite at the highest, normal fluoride intake. Other
mechanisms proposed include a bactericidal effect and an
enhanced repair mechanism in which small areas of de-
calcification become refilled with apatite rather than
other, more soluble calcium compounds.

Dental caries and other trace elements

Inevitably, the recognition that water containing fluoride
was protective against caries led to investigations of the
possibility that other trace constituents of food or water
might affect dental health. Nizel and Bibby*' surveyed the
dental records of 22,117 soldiers in the USA and found
increased caries prevalence in the New England and
Middle Atlantic states but lower incidence in the South
Central states. They proposed comparative analyses of
soils from these areas since deficiency or excess of other
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trace elements besides fluoride might be important. Adler
and Straub® compared caries rates in two adjacent
Hungarian villages. In one the incidence in the school
population agreed with the rate expected from the fluo-
ride level of local drinking water but surprisingly low
rates were recorded in the other village despite a much
lower water fluoride content. Since there were no dietary,
social or racial differences between the two study groups
the authors proposed that some other constituent, per-
haps molybdenum, was responsible. This report was fol-
lowed up by Hadjimarkos™ % who concluded that water
supplies do not constitute a major source of ingestion of
trace elements and that food as a source ought to be
studied. Nonetheless investigations of water composition
in relation to the incidence of caries have continued.
Adkins and Losee' attempted to find correlations be-
tween caries incidence and trace elements in water supply
and found that copper and manganese were always asso-
ciated with high caries prevalence. In two isolated villages
in Colombia, South America, where there was less than
0.1 mg F/lin the drinking water there were marked differ-
ences in caries prevalence. Low prevalence was associated
with raised concentrations of Ca, Mg, Mo and V while
concentrations of Cu, Fe and Mn were higher in the
samples from the village with the higher prevalence®.
Losee and Adkins® reported that reduced caries inci-
dence was associated with higher water concentrations of
B, Li, Mo and Sr as well as F. They were also concerned
whether when water was used for cooking vegetables
there could be a transfer of trace metals from water to
food and they found that these elements were taken into
green beans in considerable quantity.

A direct association between caries incidence and soil
rather than water composition has been demonstrated by
several authors. Barmes and co-workers'*' have de-
scribed an extensive epidemiological study in Papua and
New Guinea. The population was basically Melanesian
and still living in primitive village communities that
formed self-sufficient units relying on locally produced or
caught food. Refined foods were virtually absent from
their diet. A strong inverse relationship was found be-
tween caries prevalence and the contents of Sr, Ba, K,
Mg, Ca and Li in garden soils and a possible direct
association with soil Cu and Pb. There was consistent
evidence of an inverse association with concentrations of
V, Mo, Mn, Al, Ti and P and of direct association with
concentrations of Pb, Cu, Cr, Zn and Se in the staple
foodstuffs (sago, sweet potato and Chinese taro). The
role of fluorine was very indefinite and differences be-
tween frequencies of caries could not be explained by the
fluorine contents of food and soils.

There have been several accounts of the relationship be-
tween soil conditions and caries prevalence in New Zea-
land. Cadell” reported a national survey of the preva-
lence of caries in rural areas of New Zealand the results of
which were plotted on the national soil map. Levels of
naturally occurring fluoride in New Zealand waters are
generally within 0.10 to 0.25 mg F/l and the study ex-
cluded those areas where fluoridation of water supplies
was carried out. A significantly high caries rating was
shown to be associated with wet (gley), sandy or podzo-
lised soils. Outstandingly low prevalence rates were asso-
ciated with gley soils with saline deposits, northern yel-
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low brown earths and yellow grey earths west of Canter-
bury. No common factor, other than soil, appeared to be
present within the low-prevalence areas. It was hypothe-
sized that the soils might be differentiated by their plant-
available concentrations of trace elements. A standard
strain of sweet vernal grass was grown on the soils and
analysed. High caries rates were associated with soils
deficient in Mo, B and Sr and high in Ca, Al, Fe and Ti.
Earlier, Ludwig et al.¥ and Healy et al.”® had written an
account of one phase of this investigation involving the
prevalence of caries on recent saline soils at Napier,
Hawke’s Bay. In 1931 a major earthquake resulted in the
uplifting of a land mass some 60 miles (97 km) long and at
least 10 miles (16 km) wide to heights ranging up to 9 feet
(2.7 m). The epicentre was in the vicinity of Napier and
resulted in the draining of more than 5 square miles (13
km?) of a lagoon adjacent to the city. The exposed saline
soils were subsequently brought into agricultural produc-
tion and used for residential housing development. Dur-
ing 1954-55 dental examinations were undertaken of
children in Napier and the adjacent city of Hastings in
order to establish a baseline before fluoridation of the
Hastings water supply. The 5-8 year old Napier children
had a considerably lower caries experience than children
of similar age in Hastings. The findings were unexpected
in view of the similarities of the two cities. Both had
populations of approximately 20,000, both were adjacent
coastal towns and both had the same supply of low-fluo-
ride water (mean- 0.15 mg F/I). The most likely differ-
entiating factor appeared to be soil type. Vegetables
grown on the recent marine soils at Napier showed no
marked differences in major elements but major differ-
ences in trace elements. Napier vegetables were higher
than Hastings vegetables in Mo, Al and Ti and lower in
Cu, Mn, Ba and Sr. Differences in susceptibility could
not be related to a higher intake of fluoride* since urine
fluoride was low (mean 0.15 mg/l). It was concluded that
the factor involved was most likely to be molybdenum in
the diet. Ludwig and co-workers® analysed teeth from
children in the two cities, and those from Napier con-
tained higher levels of molybdenum. When rats were fed
with a cariogenic diet supplemented at the 1% level with
ash from French beans grown on either Napier or Hast-
ings soils, the ash of the Napier vegetable produced a
large reduction in caries in the test animals. This effect
was also observed when the Hastings ash was enriched in
molybdenum to a concentration equivalent to that in the
Napier ash.

These reports associating dental caries with environ-
mental molybdenum? *** were followed up in a series of
investigations in Britain by Anderson®”. These took place
in Somerset, England, in an area which has now become
the benchmark area for investigating molybdenosis in
cattle. The arca was described by Lewis® as approxi-
mately 75,000 acres (30,400 ha) of flat, low lying country
where cattle are liable to scouring when turned out on to
certain pastures. Both the pastures and the condition are
locally known as ‘teart” and the disorder arises because of
very high molybdenum contents in both soil and grass.
The underlying parent rock is a molybdenum-rich black
shale of Lower Lias age. In a pilot study 270 children
were examined from the teart district compared with 163
children from other parts of southern England. The mean
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D.M.F. score (i.e., the sum of the number of teeth which
were observed to have decay, or had experienced decay
and had been extracted (missing) or were filled was 4.3 in
the teart area compared with 6.2 elsewhere (p < 0.01).
Similar results were obtained for a larger study popula-
tion from the teart and control areas. If molybdenum was
involved in the aetiology of caries in the area then the
clement was probably not water borne but might have
been ingested n milk.

The role of molybdenum in protecting against caries has
been reviewed by Jenkins* **. Evidence from human epi-
demiological studies strongly suggested that molyb-
denum, either in drinking water or in food, reduces caries
in.man. Animal experiments in which molybdate was
given either in diet or in water confirmed that molyb-
denum possesses anti-caries properties. But in some of
these experiments very high doses were used and their
relevance to human caries was therefore doubtful. None
of the known enzymatic functions of molybdenum has
any relation to caries but experimental work has sug-
gested that molybdenum can increase the absorption of
fluoride from the rat stomach. But animal experiment
data were contradictory and did not clarify the molyb-
denum-fluoride interaction. An unusually high molyb-
denum intake during footh formation inftuences the mor-
phology of teeth and this might account for its anticaries
effect. In vitro experiments indicated that the paramolyb-
date, but not the molybdate, ion inhibited acid produc-
tion by salivary bacteria and molybdate reduced the solu-
bility of whole teeth. But neither effect was likely to be
important in the mechanism in which molybdenum re-
duces caries prevalence.

A third element which has been studied in some detail in
relation to its effect on dental health is selenium. Sele-
nium toxicities in animals have long been recognised in
western areas of the USA and in parts of Ireland.
Subacute poisoning is known locally in the USA as ‘blind
staggers’ in which lameness, loss of hair and abnormal
growth of hooves is prominent. These defects can be
traced to a replacement of sulphur by selenium in the
cystine linkages of the protein keratin. A possible role for
selenium in the aetiology of caries was studied by Hadji-
markos et al.*?>. They had observed that children resident
west of the Cascade Range in the state of Oregon showed
high rates of caries experience and those east of the
mountains low rates. Social factors, dietary habits and
water fluoride content did not differ between the two
groups. Earlier investigations of selenium in residents of
the western zone, where selenium poisoning of stock was
a continuing agricultural problem, had revealed elevated
urine selenium levels accompanied by poor dental health.
Two groups of high school children were examined.
Those of Clatsop County west of the Cascade Range had
amean D. M. F. score or 14.4 in contrast with children in
Klamath county east of these mountains whose mean
D.M.F. score was 9.0. The mean value of urinary sele-
nium for Clatsop County was 0.049 mg Se/l and for
Klamath County it was 0.037 mg F/l; the means were
different at p = 0.05. This work was confirmed by a sec-
ond study in Oregon and subsequently extended to South
Dakota, Wyoming and Nebraska®®. In a later paper,
Haddjimarkos™ reviewed experimental work on rats which
confirmed that selenium added to drinking water at levels
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as low as 2.3 mg Se/l and consumed at the time of tooth
development increased the incidence of caries. He sug-
gested that selenium might alter the protein component
of enamel and reported some experimental work which
suggested that the initial point of attack in the devel-
opment of a carious lesion involved the protein of
enamel. In another study, Tank and Storvick® surveyed
high school children in Wyoming which has extensive
seleniferous areas and widespread vanadium deposits.
Vanadium was of interest because the vanadate ion can
replace phosphate in apatite. When vanadium was ad-
ministered in drinking water to rats and hamsters main-
tained on a cariogenic diet conflicting results had been
reported. In one experiment a decrease in caries was
observed but in other work caries was seen to increase.
Dental caries rates of permanent teeth was significantly
higher in seleniferous areas than in nonseleniferous areas
and increasing vanadium content of the drinking water
was accompanied by decreasing caries rates.

Environmental lead and dental caries

The fluoride, molybdenum and selenium contents of soil,
as well as other elements, vary from place to place ac-
cording to the nature of the local bedrock and because of
differences in soil conditions. Accumulations of these
elements in soil are reflected in the composition of locally
grown food and the discussion so far has demonstrated
that they can be associated with differences in the preva-
lence of dental caries. In addition to natural geochemical
differences some areas have been and are subject to urban
and industrial pollution leading to trace metals accumu-
lating in soil. Lead is of particular concern and has in-
fluenced dental studies in two ways. The first is the possi-
bility that dental health might be affected by environ-
mental factors and the second is the use of teeth as moni-
tors of the body burden of lead.
Brudevold and Steadman'® noted in 1956 that lead is
normally present in small amounts in teeth, but at that
time it was not known to what extent lead found in teeth
had been incorporated during tooth formation or depos-
ited after eruption. Nor was it known whether lead in
teeth might influence the development of caries. They
found that there was an increase in the lead concentration
of the surface enamel in fully formed unerupted teeth but
the concentration was less than in the outer enamel of
erupted teeth. Lead concentration increased with age.
Altshuller et al. noted that teeth were much more readily
available as biopsy specimens than bone and investigated
their use as an index of body burden of lead. They ana-
lysed 82 deciduous teeth from normal children, 18 decid-
uous teeth from children who had died of lead poisoning
and 15 teeth from children who had survived lead poison-
ing. The lead content of the control set of teeth rose
lingarly with time after eruption and lead was higher in
the survivors’ teeth and higher again in those from the
dead children. Steenhout and Pourtois* also found that
the lead concentration in permanent teeth rose linearly
with age. Analysis of teeth has now become common as a
means of assessing exposure to lead and hence relating
exposure to human health's 1$2437.50.5,5

: Barmes and colleagues'™ " reported in 1969 and 1970 that

| soillead appeared to be directly associated with increased
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dental caries in Papua-New Guinea. At the same time
Buttner'® reviewed the published literature on the effects
of trace elements on caries incidence in rats and hamsters
and he identified lead as having a cariostatic effect. An-
derson et al.’ investigated a possible lead effect by exa-
mining dental caries prevalence in 12-year-old children
resident in the Tamar Valley in the west of England. The
Tamar Valley is an old metal mining area now character-
ised by widespread heavy metal contamination. The re-
sults revealed an apparent small reduction in caries asso-
ciated with the mineralised area with the exception of one
part, the Bere Peninsula, where children had a raised
caries level. The Bere Peninsula was the principal pro-
ducer and refiner of lead ore in the nineteenth century
and all the agricultural soils are contaminated by lead.
Subsequently, Davies® demonstrated that garden soils in
the same area are also contaminated by lead and the
elevated metal levels are reflected in the composition of
home-grown potatoes. A similar dental survey was subse-
quently conducted® in west Wales and included the Pum-
lumon lead mining district where soils are extensively
contaminated by lead. The dental caries prevalence in
12-year-old children was significantly higher for those
resident in the contaminated areas. In contrast, a similar
study undertaken in Somerset included a small area with
some of the highest reported soil cadmium levels and
where the soils were also lead polluted, but there was no
statistical difference between the dental health of 12- and
15-year-old children resident in the affected village com-
pared with neighbouring, uncontaminated areas.

Conclusions

The addition of fluorides to public water supplies has
proved to be a successful exercise in preventative den-
tistry. The epidemiological and experimental work upon
which fluoridation is founded comprise one of the best
attested links between environmental geochemistry and
human health. Epidemiological evidence also indicates
that environmental molybdenum is associated with re-
duced caries whereas an increased selenium intake may
have an adverse affect on dental health. The evidence for
dental health effects from other elements is less clear but
where there is lead pollution which is not accompanied by
unusually high levels of other elements there is also an
adverse association with dental caries.

The mechanism through which these trace elements act is
not clear. Since cavity formation probably involves local-
ised dissolution of the enamel surface by organic acids it
is tempting to hypothesize that the incorporation of trace
elements into the apatite structure or into the protein
matrix alters the physical properties of enamel, such as
solubility, and thereby renders it more or less susceptible
to attack by organic acids. But this is simplistic and all
that can be said is that those elements which have been
identified as affecting the incidence of dental caries are
those which do alter the properties of protein and apatite.

1 Adkins, B.L., and Losee, F.L., A study of the covariation of dental
caries prevalence and multiple trace element content of water sup-
plies. 36 (1970) 618-622.

2 Adler, P, and Straub, J., A water-borne caries-protective agent other
than fluorine. Acta med. hung. 4 (1953) 221-227.

3 Ainsworth, N.J., Mottled teeth. Br. dent. J. 50 (1933) 233-250.

10

11

20
21
22
23

24

25

26
27
28
29

30

31

32
33
34

35

36

91

Altshuller, L. F., Halak, D.B., and Landing, B. H., Deciduous teeth
as an index of body burden of lead. J. Pediat. 60 (1962) 224-229,
Anderson, R.J., Dental caries prevalence in «teart pasture» areas of
Great Britain. Adv. Fluor. Res. dent. Car. Prev. 3 (1965) 165-169.
Anderson, R.J., Dental caries prevalence in relation to trace ele-
ments. Br. dent. J. 120 (1966) 271-275.

Anderson, R.J., The relationship between dental conditions and the
trace element molybdenum. Car. Res. 3 (1969) 75-87.

Anderson, R.J., and Davies, B.E., Dental caries prevalence and
trace elements in soil with special reference to lead. J. geol. Soc.,
London 137 (1980) 547-558.

Anderson, R.J., Davies, B.E., and James, P.M.C., Dental caries
prevalence in a heavy metal contaminated area of the west of En-
gland. Br. dent. J. 141 (1976) 311-314.

Anderson, R.J., Davies, B.E., Nunn, J. H., and James, P.M.C,, The
dental health of children from five villages in north Somerset with
reference to environmental cadmiom and lead. Br. dent. J. 147 (1979)
159-161.

Barmes, D.E., Caries etiology in Sepik villages — trace element,
micronutrient and macronutrient content of soil and food. Caries
Res. 3 (1969) 44-59.

Barmes, D.E., Adkins, B.L., and Schamschula, R. G., Etiology of
caries in Papua-New Guinea: associations in soil, food and water.
Bull. Wid Hlth Org, 43 (1970) 769-784.

Brudevold, F., and Steadman, L.T., The distribution of lead in
human enamel. J. dent. Res. 35 (1956) 430-437.

Black, G.V., and McKay, F.S., Mottled teeth. Dent. Cosmos 53
(1916) 129-156.

Burde, B. de 1a, and Shapiro, M., Dental lead, blood lead, and pica in
urban children. Archs envir. Hlth 30 (1975) 281--283.

Buttner, W., Trace elements and dental caries in experiments on
animals. Caries Res. 3 (1969) 1-13.

Cadell, P. B., Geographic distribution of dental caries in relation to
New Zealand soils. Aust. dent. J. (1964) 32-38.

Campbell, A.M.G., Herdan, G., Tatlow, W.F.T., and Whittle,
E.G., Lead in relation to disseminated sclerosis. Brain 73 (1950)
52-71.

Cawson, R.A., Essentials of dental surgery and pathology. Chur-
chill-Livingstone, Edinburgh/London 1984.

Churchill, H.V., Occurrence of fluorides in some waters of the
United States. Ind. Enging Chem.23 (1931) 996-998.

Davies, B. E., Plant available lead and other metals in British garden
soils. Sci. tot. Envir, 9 (1978) 243-262.

Dean, H.T., Endemic fluorosis and its relation to dental caries. Publ.
HIth Rep. 53] (1938) 1443-1452.

Deer, W.A., Howie, R. A, and Zussman, J. Non-silicates, in: Rock
Forming Minerals, vol. 5. Longmans, London 1968.

Fosse, G., and Wesenberg, G.B. R., Lead, cadmium, zinc and copper
in deciduous teeth of Norwegian children in the preindustrial age.
Int. J. envir. Stud. 76 (1981) 163-170.

Glass, R.L., Rothman, K.J., Espinal, F., Velez, H., and Smith, N.J.,
The prevalence of human dental caries and water-borne trace ele-
ments. Archs oral Biol. /8 (1973) 1099-1104.

Hadjimarkos, D. M., Effect of selenium on dental caries. Archs en-
vir. Hith 70 (1965) 893-899.

Hadjimarkos, D.M., Trace elements in public water supplies and
dental caries. Archs envir. Hlth 73 (1966) 102-104.

Hadjimarkos, D. M., Effects of trace elements in drinking water on
dental caries. J. Pediat. 70 (1967) 867-969.

Hadjimarkos, D.M., Selenium: a caries-enhancing trace element.
Caries Res. 3 (1969) 14-22.

Hadjimarkos, D.M., The role of selenium in dental caries. Trace
Substances in Environmental Health — IV. pp.301-306. Ed. D.D.
Hemphill. University of Missouri-Columbia, Columbia 1971.
Hadjimarkos, D. M., and Bonhorst, C., The trace element selenium
and its influence on dental caries susceptibility. Pediat. 52 (1958)
274-278.

Hadjimarkos, D. M., Storvick, C. A., and Remmert, L. F., Selenium
and dental caries. J. Pediat. 40 (1952) 451-455.

Healy, W.B., Ludwig, T.G., and Losee, F.L., Soil and dental caries
in Hawke’s Bay, New Zealand. Soil Sci. 92 (1961) 359-366.

Jenkins, G.N., Molybdenum and dental caries, Parts I, I and III. Br.
dent. J. (1967) 435-441; 500-503; 545-550.

Jenkins, G.N., The mode of action of fluoride and the role of molyb-
denum and other trace elements in dental caries. TEMA — 1: Trace
Element Metabolism in Animals (1970) 85-91.

Kempf, G.A., and McKay, F.S., Mottled enamel in a segregated
population. Publ. Hlth Rep. 45 (1930) 2923-2941.



92

37 Khandekar, R.N., Ashawa, S.C., and Kelkar, D.N., Dental lead
levels in Bombay inhabitants. Sei. tot.Envir. 70 {1978) 129-133.

38 Lewis, A.H., The teart pastures of Somerset. J. agric. Sci., Cam-
bridge 33 (1943) 58-63.

39 Losee, F.L., and Adkins, B.L., A study of the mineral environment
of caries-resistant navy recruits. Caries Res. 3 (1969) 23-31.

40 Ludwig, T.G., Healy, W.B., and Losee, F.L., An association be-
tween dental caries and certain soil conditions in New Zealand.
Nature 186 (1960) 695-696.

41 Ludwig, T.G., Recent marine soils and resistance to dental caries.
Aust. dent. J. (1963) 109-113.

42 Ludwig, T.G., Cadell, P.B., and Malthus, R.S., Soils and the preva-
lence of dental caries. Int. dent. J. 14 (1964) 433-443.

43 McKay, F.S., Progress of the year in the investigation of mottled
enamel with special reference to its association with artesian water. J.
natn. dent. Ass. 5 (1918) 721-750.

44 McKay, F.S., Mottled enamel: a fundamental problem in dentistry.
Dent. Cosmos 67 (1925) 847-860.

45 McKay, F.S., Mottled enamel: the prevention of its further produc-
tion through a change of the water supply at Oakley, Ida. J. Am.
dent. Ass. 20 (1933) 1137-1149.

46 McKay, F.S., and Black, G.V., An investigation of mottled teeth.
Dent. Cosmos 58 (1916) 477484, 627-644, 781792, 894-904.

47 Medical Research Council. The incidence of dental disease in chil-
dren. Med. Res. Coun. spec. Rep. No.97 (1925).

48 Mills, C.F., Trace elements in animals. Philosophical Trans. r. Soc.
B288 (1979) 51-63.

49 Murray, J.J., Fluoride in Caries Prevention. Wright, Bristol 1978,

Experientia 43 (1987), Birkhduser Verlag, CH-4010 Basel/Switzerland

50 Needleman, H.L., Lead at low dose in the child’s brain: newer data.
International Conference Heavy Metals in the Environment,
Amsterdam, pp. 549-552. CUEP, Edinburgh 1981.

51 Nizel, A.E., and Bibby, B. G., Geographic variations in caries preva-
lence in soldiers. J. Am. dent. Ass. 37 (1944) 1619-1626.

52 Reif, A.E., The causes of cancer. Am. Scient. 69 (1981) 437-447.

53 Sapiro, I. M., The lead content of teeth. Archs envir, Hlth 30 (1975)
483-486.

54 Steenhout, A., and Pourtois, M., Lead accumulation in teeth as a
function of age with different exposures. Br. J. ind. Med. 38 (1981)
297-303.

55 Tank, G., and Storvick, C. A., Effect of naturally occurring selenium
and vanadium on dental caries. J. dent. Res. (1960) 473-488.

56 Thornton, L., and Wegg, J.S., Geochemistry and health in the United
Kingdom. Phil. Trans. r. Soc. B288 (1979) 151-168.

57 Warren, H. V., Some epidemiology, geochemistry and disease rela-"
tionships. Ecol. Dis. 7 (1982) 185-190.

58 Weaver, R., Fluorosis and dental caries on Tyneside. Br. dent. J. 76
(1944) 29-40.

59 Winneke, G., Brockhaus, A., Kramer, U., Ewars, U., Kujanek, G.,
Lechner, H., and Janke, W., Neuropsychological comparison of
children with different tooth lead levels. Preliminary report. Inter-
national Conference Heavy Metals in the Environment, Amsterdam,
pp. 553~556. CUEP, Edinburgh 1981.

0014-4754/87/010087-0651.50 + 0.20/0
© Birkhauser Verlag Basel, 1987

Geopsychology and geopsychopathology: Mental processes and disorders associated with

geochemical and geophysical factors

by M. A. Persinger
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Canada)

Summary. Temporal and regional variations in psychological processes have been associated with three geological
factors. They are geochemical profiles, geomagnetic variations, and tectonic stresses. In the geochemical domain,
copper, aluminum, zinc, and lithium may influence the incidence of thought disorders such as schizophrenia and senile
dementia. These common elements are found in many soils and ground water. Geomagnetic variations have been
correlated with enhanced anxiety, sleep disturbances, altered moods, and greater incidences of psychiatric admissions.
The effects are usually brief but pervasive. Transient and very local epidemics of bizarre and unusual behaviors are
sociological phenomena that sometimes precede increases in earthquake activity within a region; they have been
hypothesized to be associated with tectonic strain. Many of the contemporary correlations between geological factors
and human behavior are also apparent within historical data. The effects of geophysical and geochemical factors upon
human behavior are not artifactual, but they are complex and often not detected by the limited scope of most studies.
Key words. Geochemistry; psychology; pathology; geomagnetism; seismicity; psychiatry.

Introduction

Although the idea that geological factors should con-
tribute to human behavior has intuitive appeal from evo-
lutionary and biochemical arguments, empirical support
has been less clear. This discrepancy is not unusual for
phenomena whose demonstration depends upon factors
(in a statistical sense) because they are rarely reflected by
a single measure. The available evidence and the concep-
tual potency of a complex link between geological factors
and mental processes are sufficiently compelling to at
least entertain the question. This article reviews the con-
cepts, methodological issues, theoretical bases, and em-
pirical support for a causal relationship between changes
in human behavior and the three major sources of vari-
ance: geochemistry, geomagnetism, and tectonic stress.

1. Psychopathology and soil chemistry

The supposition that chemical constituents within the
soil and the ynderlying bedrock can influence mental
processes appears to be based upon two principles:
1) ground water and dependent food sources that are
consumed by local residents strongly reflect soil chemis-
try, and 2) many of the chemical constituents (trace ele-
ments) that demonstrate regional variations are also inte-
gral components of blood, RNA, DNA and various en-
zymes. These constituents are effective in microquantities
that might be influenced by passive ingestion through the
water and food supply.

1.1 The soil concept
The chemical constituents of soil are a functio_n of the



