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Abstract. This article presents the concept of geochemical background from an environmental perspective. The
idea of establishing the typical concentrations of elements in various environmental compartments, proposed by
exploratory geochemists almost 50 years ago was important for the detection of anomalous element
concentrations, thus providing a basic tool in the search for new mineral deposits. At present, the knowledge of the
geochemical background of hazardous elements is essential for: defining pollution, identifying the source of
contamination, and for establishing reliable environmental quality criteria for soils, sediments and surface waters.
The article presents geochemical methods of evaluation of anthropogenic influence on the environment and
discusses the problem of defining and understanding the term “geochemical background” and related terms in
environmental sciences. It also briefly presents methods of geochemical background evaluation based on the
results of environmental sample analyses. It stresses the role of geochemical background in our understanding of
environmental pollution and pollution prevention.

Key-words: geochemical background, environmental quality criteria, anthropogenic impact, pollution source
identification

1. Introduction

Introduction of large amounts of chemical substances into the environment by human
activity has caused enrichment of many elements in surface waters, sediments and soils,
particularly in industrial areas. Studying these anomalies, called “anthropogenic
anomalies”, became an essential part of geochemical and environmental research. The first
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application of the concept of geochemical background to geochemistry was for
geochemical prospecting purposes (Hawkes, Webb 1962). The role of geochemical
background was to provide information on the distribution of geochemical anomalies,
which were important in searching for new mineral deposits. The knowledge of the typical
(normal, average) element concentrations in a specific area is also essential for
environmental studies. The concept of the use of geochemical background in environmental
sciences has emerged in the early 21* century, when many review articles on this thematic
problem have been published (e.g. Matschullat et al. 2000; Reimann, Garret 2005;
Reimann et al. 2005; Gatuszka 2006; 2007a).

The meaning of geochemical background in environmental sciences differs from its
traditional sense used in exploratory geochemistry. In general, this difference is directly
related to the source of the geochemical anomaly in question. In geochemical prospecting
methods, the source of an anomaly was not important. What really mattered was the
possibility of the use of a recorded anomaly in searching for exploitable mineral deposits.
In environmental studies a key issue is to find the anthropogenic influence on the
environment, manifested by the presence of an anthropogenic anomaly (Selinus, Esbensen,
1995), and the differentiation between natural and human-derived sources of pollutants is
vital. Another important dissimilarity between these two approaches to the problem of
geochemical background is that different elements have to be taken into account when
searching for new mineral deposits (principal ore constituents, such as Au, Ag or pathfinder
elements, such as As, Bi, or Sb), or conducting environmental studies (mostly constituents
of anthropogenic pollution, e.g. Cd, Pb, Hg, or Zn).

The present environment compartments are a complex combination of natural and
anthropogenic elements. Although it is easy to point out the pollution sources of human
activity, manifested, for instance, by roads, buildings, or wastes, however, it is very
difficult to precisely delineate anthropogenic from natural pollution levels in the
environment. In the concept of geochemical background in environmental sciences, the
results of chemical analyses are used to detect and assess the scale of anthropogenic
pollution. In most of the methods applied for geochemical background evaluation,
anthropogenic anomalies are understood as enrichment of environmental samples in a given
substance and the lack of such anomalies are regarded as geochemical background.

Much geochemical background research is focused on trace elements as pollutants. Of
special importance are the studies, which aim at establishing geochemical background of
elements originating from both industrial and geogenic sources (e.g. As) (Portier 2001;
Zillioux 2001) or potentially toxic trace elements in mineralized areas (Kelley, Taylor
1997; Martinez et al. 2007), because their high concentrations in the environment may
adversely affect the wildlife and humans. Many organic pollutants originate from natural
and anthropogenic sources, but no plausible methodology of geochemical background
evaluation for these substances has thus far been proposed. The major problem is that
organic pollutants are both bio- and photo-degradable, thus their concentrations in
environmental samples are more variable in time than are the concentrations of trace
elements.



2. The meaning of “geochemical background” and related terms

Historically, the first attempts to assess the enrichment of elements in environmental
samples were made by geochemists on the basis of comparison between the element
concentration in a sample with the average concentration of the element in the upper
continental crust. As early as 1889, an American geochemist, F. W. Clarke established
weighted averages of elemental composition of various rocks exposed at the Earth’s
surface. These concentrations are known in geochemistry as “the /clarke values” (Rudnick,
Gao 2003). Another approach in determining the average composition of the upper crust is
to measure concentrations of elements in fine-grained clastic sedimentary deposits. The
best known example is the average shale value of elements published by Turekian and
Wedepohl (1961).

Considering the differences in the meaning of the term “geochemical background” in
exploratory geochemistry and environmental geochemistry, there are two approaches to
defining this term. The earliest definition of geochemical background was focused on
differentiating between normal and anomalous concentrations of substances in the
environment. This approach was adequate for the purpose of geochemical prospecting and
exploratory geochemistry, because the main objective of such studies was in general
searching for positive anomalies. As examples of such approaches the following definitions
of “geochemical background” may be quoted:

(1) “the normal abundance of an element in barren earth material” (Hawkes, Webb 1962).
(2) “the normal concentration of a given element in a material under investigation such as

rock, soil, plants, and water” (Bates, Jackson 1984).

Matschullat et al. (2000) presented a definition of geochemical background used in
environmental sciences: “a relative measure to distinguish between natural element or
compound concentrations and anthropologically-influenced concentrations in real sample
collectives”. In another definition proposed by Gatuszka (2006), geochemical background
is “a theoretical natural concentration range of a substance in a specific environmental
sample (or medium), considering its spatial and temporal variability”.

A wide use of the concept of geochemical background for environmental purposes
caused some misconceptions about the understanding of this and related terms (Reimann,
Garret 2005; Galuszka 2007b). Some authors use different variants of the term
“geochemical background”, usually to stress the origin of the substance (source) and its
sink (receptor) in the environment. A few examples of such cases are discussed in more
detail by Reimann and Garret (2005): “natural background”, “ambient background”, “pre-
industrial background” and by Gatuszka (2007b): “anthropogenic background”, “area
background”, “naturally occurring background”, and “pedogeochemical background”. It
should also be mentioned that there are two terms related to “geochemical background”,
which are often used as synonyms of this term, but their use is unjustified. These terms are:
“threshold value” and ‘“baseline”. “Threshold value” signifies the upper limit of
geochemical background range, whereas “baseline” is the present concentration of chemical
substance in a contemporary environmental sample.



3. Geochemical methods of anthropogenic influence assessment

It is obvious that man has changed the environment since the beginning of human
civilization. Recently, a new term “Anthropocene”, relating to this phenomenon, was
coined to stress the large scale of anthropogenic influence on the environment (Zalasiewicz
et al. 2010). An exact date for the beginning of the Anthropocene has not been established.
Most of the scientists agree that the dynamic increase of human activity and introduction of
large amounts of pollutants into the environment started at the turn of the 18" century
during the so-called Industrial Revolution in Great Britain. When discussing geochemical
background concepts, the results of chemical analyses of samples representing the pre-
industrial period are often regarded as representing the true geochemical background
(historical aspect of the direct method — for details see the next section).

Geochemistry offers various methods for assessing anthropogenic influences. One of
them is the use of geochemical calculations. When conducting studies on trace element
concentrations in different environmental samples, several geochemical parameters may be
established. One of the most commonly used is enrichment factor (EF), in which the
element concentration and the reference element in the sample are compared to the Clarke
or world average shale values, according to the following formula (Reimann, de Caritat
2005):

where:

A, — element concentration in environmental sample

B, — reference element concentration in environmental sample
A, — Clarke value or average shale value of the element

B. — Clarke value or average shale value of reference element

This procedure is also called “normalization”. The EFs can be used to differentiate
crustal from non-crustal origins of a given element. It is assumed that EF values close to 1
are indicative of crustal origins whereas those >10 are considered to be of non-crustal
sources.

Reference (or conservative) elements are those whose concentrations are so abundant
in the earth’s crust that anthropogenic influences do not change them substantially, or else
they are inert in biogeochemical cycles. The most often used reference elements are: Si, Al,
Fe, Sc, Cs, and Ti. It is worth mentioning that sometimes total organic carbon (TOC) and
granular composition of solid samples are used in normalization procedure, by analogy
with conservative elements. An example of the use of EFs for the assessment of
anthropogenic influence on bottom sediments from the South China Sea was given by
Shazili and others (2007).

Another factor, which was introduced to classify the quality of environmental
samples, is contamination factor (CF). For its calculation, a mean concentration of a given
element in at least 5 samples is divided by pre-industrial concentration of the element
(Hakanson 1980):
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where:
C; — mean content of element in samples taken from at least 5 sampling sites
C, — pre-industrial concentration of element

It is interesting to note that in this case, the “pre-industrial concentration” is usually
equated to the Clarke value (Loska et al. 2004). CFs values below 1 indicate low
contamination, those in the range of 1-3 — moderate contamination, 3-6 — considerable
contamination, and >6 very high contamination. An example of the use of contamination
factor (together with enrichment factor and geoaccumulation index) is provided by Loska
and others (2004) from their study of soils in Suszec commune (southern Poland).

Pollution load index (PLI) uses the concentration factors of different elements in the
same sample, and is obtained as a concentration factor (ConcF) of each element with
respect to the background value (Tomlinson et al. 1980):

PLI= \/ConcFl -ConcF, -...- ConcF,

where: ConcF is a quotient of the concentration of the element in the sample and its
background concentration. The geochemical background concentration is understood as the
world average shale value or Clarke value (Tomlinson et al. 1980). An interesting example
of calculation of pollution load indices was published by Galdn and others (2002).
According to this study, after a catastrophic mining spill in Spain, soils from the vicinity of
the river bed and in the upper parts of the sediment profiles had elevated pollution load
indices even after remediation operations.

Geochemical background values are also used to calculate the geoaccumulation index
(Igeo), Which categorizes seven classes of contamination of environmental samples (Miiller
1969):

C
Igeo = 10g2 ﬁ
where:
C,.— concentration of the examined element in the sample
GB — geochemical background concentration

According to I, values, there are 7 classes of the sample pollution, varying from 0
(unpolluted) to 6 (extremely polluted).

In the study of identification of anthropogenic pollution sources, the relationship
between the source, the process of pollutant distribution (route), and the receptor is of
special importance. At least four scenarios of this relation may be distinguished (Mudge
2008):

(1) One source — one process — one receptor;

(2) One source — many processes — one receptor;

(3) Many sources — many processes — one receptor;
(4) Many sources — many processes — many receptors.

It is relatively easy to study the first and the second cases, in which a chemical
substance may be directly attributed to its source, but it is not the typical situation and
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usually it is limited to synthetic compounds. In the most common scenarios (cases 3 and 4),
the enrichment of an environmental sample by a certain chemical is caused by different
sources (both present and historical). Identification of the contribution of these sources
needs more detailed research. In some cases a rogue source of the contaminant should be
considered (e.g. illegal discharges, fugitive emissions or discharges, fly-tipping, etc.)
(Mudge 2008). Such situations have both legal and financial implications according to
“polluter pays” principle and this is why a great effort is being made to improve the
techniques for distinguishing between pollution sources.

A very useful tool in the present anthropogenic influence assessment is the study of
technogenic (industrial) particulates. The shape as well as the chemical and mineral
compositions of particulates allow for evaluation of the relative contribution of different
sources to atmospheric pollution. As early as in 1976, Manecki (1976) indicated that the
mineral composition of atmospheric dust may be attributable to a specific source. The
chemical analyses of airborne particulates may also provide a very important information
on their origin. Trace element content (e.g. rare earth elements) and stable isotope
composition (**S/*°S, **Pb/Pb, ¥'Sr/*°Sr, '"Nd/'**Nd) of particulates are often
determined in identification of anthropogenic sources (Grobéty et al. 2010).

An invaluable tool for the study of anthropogenic pollution sources is provided by
stable isotope analysis. For instance, the comparison of stable sulfur isotopes in different
environmental samples with those in industrial samples allows to estimate the influence of
local pollution sources on the environment (Gorka et al. 2008; Krouse, Grinenko 1991).
Stable lead isotopes “*Pb/**Pb are often used in the study of anthropogenic pollution
(Jaakkola et al. 1983; Church 1993; Church et al. 1999). Differences in the ratio 3Cr/Crin
environmental samples are determined to identify Cr from anthropogenic sources (Izbicki et
al. 2008). Nitrogen N/"N and oxygen '*0/'°0 isotopes allow to track pollution sources of
nitrate (Silva et al. 2002). The study of stable carbon *C/"*C and chlorine **C1/*’Cl isotopes
are often performed to define sources of persistent organic pollutants (e.g. polycyclic
aromatic hydrocarbons, chlorinated compounds, gasoline oxygenates) (Slater 2003; Philp
2007).

Some elements and their isotopes are used as geochemical tracers in the assessment of
anthropogenic influences on the environment. In the study of the river water quality,
differentiating between point and diffuse pollution sources is an important issue. In this
case geochemical tracers may be applied. Substances used as geochemical tracers have to
meet certain criteria: they should not react with waterborne elements or solids (should be
conservative) and their concentrations have to be constant in time (they should not be
biodegradable). As an example, the use of boron and its isotopes (Barth 1998), and
gadolinium may be given (Petelet-Giraud et al. 2009). Both boron and gadolinium are ideal
geochemical tracers which may be applied for the assessment of the quality of urban river
systems. Boron is used in detergents and its concentrations in urban wastewater are high, as
it is not removed in traditional wastewater treatment plants (it is conservative in rivers).
Gadolinium is used in the form of gadopentetic acid as a contrast agent in magnetic-
resonance imaging (MRI). This complex remains stable in water (is not biodegradable). It
has been established that this element displays excessive concentrations above natural
levels in European rivers (Petelet-Giraud et al. 2009).
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4. Methods of geochemical background evaluation in environmental studies
There is no general agreement among geochemists on how geochemical background

values should be established. Currently, there are three methods in use: direct, indirect and
integrated (Fig. 1).

Methods of geochemical background evaluation ——

|

) |

direct indirect I
(geochemical) (statistical) |

|

historical contemporary statistical spatial analysis |
aspect aspect frequency analysis I
— _— |

integrated <¢t+——————————— -

Fig. 1. Division of methods used in geochemical background evaluation.

The direct, also called geochemical methods, use the mean or median values (fixed
values) obtained in the study of samples representing pre-industrial period (historical
aspect) or collected in pristine areas (contemporary aspect) (Crommentuijn et al. 2000;
Baize, Sterckeman 2001; Horckmans et al. 2005). The examples of historical samples are
isotopically dated deep limnic, marine, overbank, and river sediments, glacial ice cores as
well as archival plants from herbaria, deep soil horizons, or tree rings. However, the use of
deep sediments or deep soil horizons as unaffected by the human activity has been
criticized in geochemical literature (Reimann, de Caritat 2005) because the depletion of
these environmental compartments in many elements results from their natural properties,
not from the lack of anthropogenic pollution. It is also questionable whether “pristine
areas” are really free of anthropogenic pollution. Geochemical background should be
understood as a range, not a single value. Nevertheless, despite some difficulties, direct
methods have their advantages. The most important one is that the results represent the real
world data and are not subjected to any processing. The opponents of these methods find
them unattractive because of subjective sample/study area selection criteria, high costs,
heavy laboratory workload, and the necessity of expert knowledge (Matschullat et al.
2000).

The indirect methods, also known as statistical (Matschullat et al. 2000), use graphical
and computational techniques to eliminate the outliers from the distribution of chemical
analysis results. Historically, the first formula for geochemical background assessment was
the mean + 2 standard deviations and this formula is still being applied in some statistical
techniques (e.g. 4c-outlier test, iterative 2c-technique). In indirect methods of geochemical
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background evaluation two approaches can be distinguished (Fig. 1). The first and most
often used is based on the analysis of statistical frequency (Lima 2008). All the techniques
which aim at the outlier elimination from original distribution may be given as examples
here (4c-outlier test, iterative 2c-technique, box-plots and calculated distribution function).
The other approach is represented by spatial analysis (Lima 2008). In this type of
investigation visualization of geochemical data plays the most important role. Analysis of
geochemical maps enable delineating geochemical anomalies from background
concentrations. Advantages of the statistical approach lay within its methodology — robust,
clear, and precise. A feature which may be an advantage, but for some scientists it may
seem to be disadvantage, is a wide selection of techniques available for geochemical
background evaluation. Most of the techniques may be applied with user-friendly and
widely accessible computer programs. Opponents of the indirect methods show that in
these methods the natural processes are not fully appreciated, the analytical quality criteria
are not considered in interpretation of the results, and the geochemical background is
understood in the meaning of traditional exploration and prospecting use. It is also
questionable whether anthropogenic influence always causes enrichment of the
environment in a given substance. From a geochemical point of view, some pollutants are
remobilized from soils by anthropogenic activity (Backstrom et al. 2004; Norrstrom 2005)
being depleted, not enriched in this environmental compartment.

An alternative approach to geochemical background evaluation is represented by the
integrated method combining both previously discussed methods, which means that the
samples are collected in pristine areas and the results are subjected to statistical
calculations. It was used for the first time to establish geochemical background values of
samples collected in the Holy Cross Mountains (Gatuszka 2007a). The most important
advantage of the integrated method is that it does not require substantial data processing
because the samples collected in relatively pristine areas do not contain many outliers (if
any) and express natural geochemical variability.

5. Geochemical background in environmental quality criteria

Geochemical background values should be taken into account when establishing
quality criteria for soils, sediments and waters. If the regulatory levels are based on
toxicological studies only (risk assessment) and do not refer to geochemical data, they
would not be possible to be met in cases when geochemical background values are
elevated. Reimann and Garret (2005) give the example of this case. In Austria, arsenic
concentrations in soils are 6 to 20 times above the world average and according to legal
regulations, Austrian soils over a large part of the country ought to be remediated. Such
actions would be useless and very expensive, besides, they will not solve the problem if soil
contamination is caused by geogenic sources. In the Polish environmental quality standards
for soils (The regulation of the Minister of the Environment on the soil quality standards
2002) it is stated that the accepted quality criteria for soils recognize high anomalous
concentrations of pollutants derived only from anthropogenic sources and if the pollution is
of natural origin, no reclamation is needed. However, this document says nothing about
distinguishing natural from non-natural levels of a given substance. Such imprecise criteria
in the environmental law can cause enforcement problems.
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The report prepared by the European Commission (Carlon 2007), entitled “Derivation
methods of soil screening values in Europe. A review and evaluation of national procedures
towards harmonization” discusses the problem of incoherence of soil quality standards in
European Union (EU) countries. A review of the proposed screening values by different EU
members for potentially unacceptable risk (residential soil-use) for metals and metalloids
reveal that large differences between these values (for instance by a factor of 900 for tin
— 1 mg/kg d.w. (dry weight) in Italy, 900 mg/kg d.w. in the Netherlands) do not correspond
to the data derived from regional geology or geochemistry. The differences in the number
of soil screening values proposed by each country are also dubious, ranging from less than
20 to 234 (an average of 60) substances. Such chaos prevailing in environmental law is
unacceptable.

6. Concluding remarks and the outlook for the future

The most important tasks for the future, regarding geochemical background and its
role in environmental studies, concern three areas: terminology, methodology and
application. First, there is a strong need for systematization of terminology as the term
“geochemical background” and related terms are differently understood and used by
various authors. Second, one method of geochemical background should be chosen and
used for environmental purposes. Last but not least, only reliable geochemical background
values enable the establishment of objective environmental quality criteria. The knowledge
of geochemical background concentrations, especially of toxic trace elements, may help
risk managers in the initiation of remedial actions, which have serious economic and
environmental consequences.

Geochemists were the first scientists who developed the idea of geochemical
background in their studies. Geochemical knowledge on the distribution and migration of
elements in and between different environmental compartments is crucial in understanding
pollution that originates from natural and anthropogenic sources. This is the reason why the
role of geochemistry in environmental studies is so important and its significance for the
study of pollution should increase in the future.
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