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P ABSTRACT

T, - sAppticd (exploration and environmental) geochemistry in the twentieth century is briefly reviewed, and its
sfuture developmentsiinsthestwenty=firsteenturyarerenvisagediin the light of advances in analytical instruments
(laboratory and field) and computer technology. It is concluded that applied geochemical methods must be
used by well-trained applied geochemists, and the potential for future developments is limited only by their
ingenuity.
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L. INTRODUCTION

Modern geochemistry begins with the development of chemistry, and the scientific understanding of the
relationship between chemistry and mineralogy. J.J. Berzelius (1779-1848), the famous Swedish chemist, called,
in 1821, mineralogy the chemistry of the Earth’s crust. G. Bischof (1792-1870) published a series of lectures,
given from 1845-1859, under the title “Elements of Chemical and Physical Geology™. In fact, he was the first to
introduce chemistry, in a systematic manner, into geology. However, C.F. Schgnbein (1799-1869), professor of
f chemistry at Basle, was the first to use in 1838 the word “Geochemie”, forecasting, therefore, the future birth of
a new science, “geochemistry”.

A more detailed account of the history of geochemistry and its founders will be found in Rankama and
Sahama (1950), Mason (1966), Goldschmidt (1970), Wedepohl (1969) and Fairbridge (1972). It is herein briefly
mentioned that the Russian scientist, V. Vernadsky (1863-1945), studied the world-wide distribution of In, TI,
Ga, Rb and Cs, and laid down the principles of biogeochemistry; his greatest work, “The Biosphere”, published
in Russian in 1926, has only recently become available in English (Vernadsky, 1998). Another Russian, A.E.
Fersman (1883-1945), focused his research activities in the geochemistry of the lithosphere. F.W. Clarke (1847-
1931), an American, came to the forefront of geochemistry with his famous book on “ The Data of Geochemistry”,
published in 1908. Finally, V.M. Goldschmidt's (1888-1947) book on “Geochernistry”, published in 1954 after his
death, was the first systematic work on geochemical principles governing the distribution of elements in the
earth’s crust (Goldschmidt, 1970). Rankama and Sahama written the second systematic work on “Geochemistry”
in 1950. Another classic researcher on geochemistry is Brian Mason (1966), whose textbook on the “Principles
of Geochemistry” has been one of the most recommended, and widely used, textbooks for undergraduate stu-
dents since 1952.

One of the monumental reference works on geochemistry is the “Handbook of Geochemistry” edited by K.H.
Wedepohl {1969-1978), where geochemical information is presented in six volumes. Rhodes Fairbridge (1972)
edited another excellent publication, “The Encyclopedia of Geochemistry and Environmental Sciences”. Finally,
the twentieth century ends with the “Encyclopedia of Geochemistry™ edited by Marshall and Fairbridge (1999),
which is an exceptional reference work for earth scientists and environmentalists alike.

Although geochemistry draws on mineralogy, petrology, chemistry and geology, it has existed and developed
as a separate scientific discipline in its own right since the time of Schgnbein. Applied Geochemistry is the
natural extension of geochemistry, and it is concerned with the application of geochemical principles for the
location and delineation of natural mineral resources, and the conservation of the environment and health
(Siegel, 1974). Applied geochemistry has been subdivided into two market-oriented branches: (a) in Mineral
Exploration is called “Exploration Geochemistry”, and (b) in environmental sciences is known as “Environ-
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Tt.zble_ 1, Comparison between Exploration and Environmental Geochemistry (modified from Huang, 1991).

Variaeble Explogation Gepchemistry 2 Environmental Geochemistry
"= dubject of Lithosphere, hydrosphere, biosphere, thosphere, hydrosphere, biosphere,
£ itAvestiqagionit ] atmosphere gcsphere
Samplo Mmedia Strean sediment,, flood-plain |sediment, | Stream sediment, flood-plain sediment,
soils Water,s vapour, plants,| mifrobes, | seil, water, vapour, plants, microbes,
_’ " roeks i rocks (aquifers)
Madorm g Aromic absorptian, ce, XRF, mass | Afomic absorption, ICE, XRF, mass
dna liyk Leal spectroméfer,  pofitagle  BC/MS, portable | spectrometer, portable GC/MS, portable
Eools | 4 gas| "sniffers) pontable [Scintillometer, gds sniffers, portable scintillomerter,
1 _ pH-meter, Eh-meter, conductivity meterx pH-mever, Eh-meter, conductivity merer
Pata treatment | Databssesy statistical softwarey | DArabases, statistical software,
tapls/aigs krigifgy Eofitgupiny software jkfiging, contouring software
Emplitoyers Mining companies, government Government, cansulting environmental
' firms
History Started in 1930's; boomed with the | Started inm the 1960's:; boomed with
advent of AAS and ICP 1in the 1960's & | increased wenvironmental awareness plus
1870 s J_e_nvirnnmenr.al laws in the 1370's

mental Geochemistry” (Demetriades et al., 1997), Table 1 shows that the applied geochemical methods used
in both branches are the same, and only the end-users differ. In fact, exploration geochemists, over the last sixty
years, have developed methods that are applicable to environmental investigations. and often work with envi-
ronmentally significant data in pursuit of the mineral discovery.

In this paper, the achievements of Applied Geochemistry in the twentieth century will be briefly reviewed
and, subsequently, its expected developments in the twenty-first century.

2. APPLIED GEOCHEMISTRY IN THE TWENTIETH CENTURY
2.1. Exploration Geochemistry

The first known systematic geochemical prospecting programme appears to have been carried out in the
U.S.8.R. in 1932 (Rattigan, 1970; Bradshaw et al., 1972). The period from 1940 to 1957 witnessed an unprec-
edented scale of activity in mineral exploration, and the development of geochemical prospecting methods
{Hawkes and Webb, 1962). Historical reviews of the development of exploration geochemistry have been given
by Hawkes and Webb {1962), Boyle (1967), Boyle and Garrett (1970), Hawkes (1976) and Govett (1986).

Geochemical prospecting techniques are now recognised as important in mineral exploration as the tradi-
tional geological and geophysical methods, The basic principle of geochemical prospecting is that the emplace-
ment of a mineral deposit causes an anomalous dispersion pattern of an indicator element or elements (path-
finders) in the rocks surrounding the ore deposit or after its emplacement. In mineral exploration, such a
dispersion pattern offers a target that is larger than the actual mineral deposit, and, which may be detectable in
superficial materials overlying a concealed deposit. Materials systematically sampled are rocks, soils, stream
sediments, waters, and gases. These are afterwards analysed by semi-quantitative or quantitative chemical meth-
ods. The resulting geochemical data when examined in relation to “background” levels of element concentra-
tions, typical of the material being analysed, may reveal “anomalous” dispersion patterns by which the location,
size and mineral associations of a concealed mineral deposit may be inferred.

Geochemical prospecting techniques may be applied on any scale, and at any stage of the mineral explora-
tion programme (Table 2). Geochemical survey methods that have been used successfully in mineral explora-
tion are described in text books by Ginzburg (1960), Hawkes and Webb (1962), Bradshaw et al. {1972). Siegel
(1974), Levinson (1974, 1980), Joyce (1976), Beus and Grigorian (1977), Rose et al. {1979), Fleicher et al.
{1986) and Levinson et al. (1987). The state-of-the-art of applied geochemical methods is described in a seven-
volume series under the title “Handbook of Exploration Geachemistry” edited by Gerry 1.S. Govett (Fletcher,
1981; Howarth, 1983; Govett, 1983: Butt and Zeegers, 1992; Kauranne et al., 1992; Hale and Plant. 1994; Hale,
2000).

Case histories and the successful application of geochemical prospecting methods can be found in the
following journals: “Jowrnal of Geochemical Exploration”™ and “Applied Geochemistry”, and as from 2001 in
“Geachemistry:

Exploration, Environment, Analvsis”. Exploration geochemistry papers can also be found in other mineral

exploration and economic genlogﬁ ournals, such as “Economic Geology”, “Transactions of the Institwtion of
Mining and Metallurgy. SediPIoN }bﬁ!&?ﬂﬁ%n@@é&?ﬂé’ﬁs - Turua Fewhoyiag. AM.0.
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Mie 2. Therole of geachemical prospecting in a phased mineral exploration programme for the location of

metalliferous deposits (modified from Rattigan, 1970, Table 1, p.74).
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field survey ing areas to small anoma- | survey, and widespread digmetric, magnetic,
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rocks, soils, or stream/ |2. Regional geological map-

Spring waters.

ping.

Detailed To evaluate the signifi- | Detailed systematic geo- (1. Ground geophyslcs.

field survey cance of anpomalous targets | chemical survey o a |2. Detailed geologlcal map-
Lndicated by any explora- | clese-spaced grid. Inter- ping to determine ore
tion tools, and to predict | pretation of dispersion loci.
the leocus of an ore depo- | patterns.

sit for test excavations
or drilling.

Testing and To acguire information on | Geochemical testing of |1. Geophysical core leg-
proving ore localisation, & wall- | drill-core Qr cuttings; ging.

rock eftects; structure | barehole probing. Z. Geological core logging.
and stratigraphlic correla-
tion.

During the last sixty years, geochemical prospecting methods have evolved from semi-quantitative to quan-
titative, from the analysis of a single or a few elements to tens of elements, In the 1940’s and early 1950’s the
objective was to prove to industry that geochemical prospecting methods can be used effectively in the search for
mineral deposits. Hence, practical and cost-effective methods thal could be used in the field were developed.
This pioneering effort is ascribed to John Webb, the founder of the famous Applied Geochemistry Research
Group of the Royal School of Mines at Imperial College (University of London), and Herbert Hawkes,
Geochemical Prospecting Unit of the U.S. Geological Survey. Stanton (1966) described the semi-quantitative
colorimetric methods used in the field.

The advent of atomic absorption spectrophotometry (AAS) in the late 1950’s, and its establishment in the
1960’s, resulted in the multi-element analysis of geological materials (Stanton, 1976; Angino and Billings, 1972).
Other multi-element methods used were emission spectrometry and X-ray fluorescence (XRF) (Stanton, 1976).
Modern XRF with computer-controlled operation and matrix correction is nowadays a powerful multi-element
analytical tool. In the last twenty years computer-controlled inductively-coupled plasma atomic emission
spectrometry (ICP-AES) has given a new impctus in the simultaneous multi-element analysis of geological
materials. Finally, in the last ten years the computer-controlled inductively-coupled plasma mass spectrometer
(ICP-MS) has opened new horizons in multi-element and isotopic analysis.

High technology has enabled the development of portable analytical instruments, such as XRF and
spectrometers, for the analysis of geological materials and water in the field. These instruments, together with
global positioning systems (GPS) for locating the sample site, and powerful laptop computers and colour inkjet
printers, offer the applied geochemist the opportunity Lo carry out cost-effective multi-element determinations
in the field, and the processing of data at the site being investigated.

It is quite apparent that the sensitivity and precision of analytical geochemical methods has improved con-
siderably with the gradual utilisation of advanced instrumental techniques.

As is pointed out by Govett (1986) the analytical improvements will continue to occur and, therefore, it is
significant that exploration geochemists ensure that
(a) the physical size of the initial sample is adequate to provide a representative sample of the constituent of

interest, and

(b) subsequent samplq;pﬁﬁ%{ﬁgB;‘[bgﬁmw@g%gw;%g@p@a}mgﬂgnAincbspeuflc components, and ulti-

mate aliquot for analysis are designed to meet the capabilities of the analytical technique and nature of
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occurrenceof the component ofinterest(Fletcher, 1951: Gavett, 1983).
Further, the sensitivity of advaneed instrumental analytical techniques means that more stringent quality
congrol procedures.must.be applied in order to obtain data of high integrity.
) Exploration gepchemists realised in the early stages of development of sampling and analytical methods that
quality dssurance and control procedures in‘any geochemical sampling and analytical programme are very sig-
nificant for securing the integrity and validity of data (Fletcher, 1981). They are, therefore, able 10 produce data

0f high integrity for use in applied geochemical investigations, including environmental impact assessment stud-

Tes (Demetniades ex al., 1997).
In the' lase sty years, a dramatic change has alsotaken place in the handling of geochemical data. In the
carly days, statistical graphical techniques and plotting of geochemical maps were carried out by hand (Tennant

~and White. J959; Lepeltier, 1969; Sinclair, 1974; Howarth, 1983)."The first innovation was a desk-calculator,

which permitted the computation of standard deviation or analysis.of variance on small data sets. Since, the
1960’s mainframe computers and colour-plotters enabled the statistical processing and map plotting of large
data sets. During the last twenty years, the development of high-speed desktop and laptop computers allow the
electronic data storage, and interactive statistical treatment and colour-map plotting of multi-element data sets
that were unthinkable a few decades ago. Hence, the applied geochemist is able to manipulate his data with the
aid of interactive user-oriented software for population splitting (Stanley, 1987), computing simple ratios to
discriminant, cluster, factor and exploration data analysis, and to plot colour geochemical distribution maps
using complex geostatistical techniques, such as variograms and kriging (Davis, 1973; Howarth, 1983).

A significant achievement of applied geochemistry was the publication of multi-purpose geochemical at-
lases, The Applied Geochemistry Research Group at Imperial College (Webb et al., 1978) compiled the first
multi-element atlas, the “Wolfson Geochemical Atlas of England and Wales”. This was followed by others pub-
lished by the Geological Surveys of Austria, Britain, Estonia, Finland, Germany, Lithuania, Norway, Poland,
Slovakia, efc. The next step was the publication of digital atlases. The British Geological Survey was the first to
include on a CD-rom the geochemical atlas of the Lake District (Green et al., 1997), Subsequently, the USGS
published the digital National Geochemical Atlas of the Conterminous United States (Grossman, 1998), and
Niedersdchsisches Landesampt for Bodenforschung the “Digitaler arlas Hintergrundwerte” (NLFB, 2000).

Finally, the twentieth century ends with the commencement of the “Global Geochemical Baselines™ project,
the aim of which is the compilation of the global geochemical reference network, using the same methods of
sampling (residual soil, active stream sediment, overbank sediment, flood-plain sediment and stream water),
sample preparation, analysis and data treatment (Darnley, 1990, 1995; Darnley et al., 1995; Bylviken et al.,
1996; Demetriades, 1998; Plant et al., 1996, 1997; Salminen et al., 1998). The European part of the project has
started in 1998, and the first results are expected in 2002.

2.2. Environmental Geochemistry

Environmental geochemistry started in the early 1960's, because there was a growing awareness of relation-
ships between the distribution of trace elements in the surface environment and health in plants, animals and
human beings. The first multidisciplinary team in this field in the World, comprised from geochemists, chem-
ists, soil scientists, water engineers, veterinary scientists and medical practitioners, investigated an unusual inci-
dence of cancer in part of south-west England (Webb, 1983). Showing, therefore, the complexity of environmen-
tal problems, and the need for close collaboration of scientists from different disciplines in order to find viable
solutions. Applied environmental geochemistry has grown enormously during the last forty years, and it encom-
passes the many factors influencing the sources, dispersion and distribution of elements in the environment.
their pathways into foodstuffs and water supplies, and possible effects on health and disease in plants, animals
and humans.

Environmental geochemistry employs exactly the same methods of sampling, sample preparation, analysis
and data processing as used by exploration geochemistry (Table 1). The differences being in the more rigorous
quality assurance/quality control procedures used for the generation of environmental compared to exploration
data (Runnells, 1993), and the end-user (Huang, 1991).

Case histories and the successful application of applied environmental geochemistry can be found in the
journals of “Environmental Geochemistry and Health™ and “Applied Geochemistry”. and as from 2001 in
“Geochemistry: Fxploration, Environment, Analysis”. Environmental geochemistry papers can also be found in
special issues of the “Journal of the Geological Society”, and books published by the Geological Society of Lon-
don, and other publishers (Thornton, 1983, 1988;" Thornton and Culbard, 1987; Hemphill and Cothern, 1989;

Wneiakn BiBAI0OAKN "OedppacTog” - TuRua Mewloyiag. A.MN.O.

- 1134 -




N THE TWENTY-FIRST CENTURY

entieth century applied geochemistry has grown from an empirical to a fundamental science
#%vndswnd purposes, serving/in the one hand the mining industry in the mineral exploration
d on.the.other human Kind-in the sustainable development of our planet earth, Twentieth century
. applied geochemists leave a very large legacy to their twcnty—ﬁrsf_i:emury counterparts. The European results of
thy "Eﬁlﬁ‘%l Gmchqqu:al,_Baseli_,qgg{‘ P‘;gjp@t;&giﬂ_ be available in 2004 and, provided funds are made available,
i 'ﬁgfe obe could be covered by the year 2010. Thus, for the first time scientists, policy-makers and other
I rested parties will have a unified multi-element global geochemical database, from which they can draw
. " iformfition and conclusions about the surface chemistgy of our planet earth,
nalytical improvements will continue to'occur, as'more sophisticated and sensitive laboratory and portable
ments become available. These will offer the applied geochemist the opportunity to study in detail the
bution of chemical elements in relation to rock forming minerals, and ore-forming processes. Interactive
iented software and powerful desktop and laptop computers will help enormously the applied geochemist
the interpretation of data, and refinement of geochemical models for studying the dispersion in water and soil
anthropogenic contaminants, and for the detection of blind orc deposits. The latter challenge can only be
if drill-core is analysed in the field by portable laser plasma spectrographs, and results downloaded
to powerful laptop computers with plotting and printing peripherals.
Twenty-first century applied geochemists will undoubtedly have a considerable amount of data to process,
through the World Wide Web and electronic mail, extensive information and assistance for the solution of

al problems. Hence. the future depends largely to their imagination and resourcefulness.

4. CONCLUSION

- The conclusions are drawn from a paper written by Gerry Govett (1986), a geochemist with great foresight,
d as a tribute to his pioneering work in Greece in 1971, The apparent simplicity of applied geochemistry is
both its great merit and its greatest disadvantage. The basic geochemical principles are indeed simple, and lead
unwary and untrained scientists into the erroneous belief that uncritical collection of samples, analysis and
quent examination of results (or, worse, uncritical submission of data 1o computer treatment) will lead to
ant recognition of anomalous geochemical patterns. When the result is either a multitude of anomalies or
or a false anomaly is drilled, discontent sets in, and geochemistry is abandoned as an exploration tool. The
~solution to this particular problem is training of professional applied geochemists. The need for training is
‘increasing as more and more subtle anomalies are sought to detect concealed and more deeply buried minerali-
‘sation, but also in the interpretation of anthropogenic contamination.

The potential for the future is limited only by the ingenuity of applied geochemists. There must be an
‘accelerated research effort into geochemical processes, and a determined attempt to quantify geochemical re-
:@onses Applied geochemists must continue to be fearless innovators, and willing to try everything, even if pure
science dictates that it cannot work. Brilliant fundamental research must, therefore, be matched by well planned

:'I‘_i_mag’na:ive empirical” studies.
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