
Chapter 40
Fifty Years’ Experience with Hidden
Errors in Applying Classical
Mathematical Geology

Hannes Thiergärtner

Abstract Classical mathematical geology is a branch of mathematical geosciences
in which mathematical methods and models—not specifically developed for and not
exclusive to specific geosciences—are applied to describe, to model and to analyse
quantitatively geoscientific subjects and processes. It was the dominant approach in
the 1960s to 1980s and it is still used today to solve numerous, mostly limited and
less complex problems. The methods have been implemented in the form of
algorithms in commercial software packages that are widely used in geological
practice. Their application frequently assumes specific pre-conditions, which are
often difficult, if not impossible, to verify. This situation can result in significantly
spurious output and errors that are often not recognised (hidden errors). In this
paper five case studies are used to demonstrate these errors. In particular, they
demonstrate that small mistakes can lead to serious, but often unrecognised, mis-
interpretations. The main conclusion is that there is a need to improve education
and training in classical mathematical geology especially for engineering sections
of consulting firms, governmental agencies and individual consultants.

Keywords Mathematical geology ⋅ Application ⋅ Case studies
Error ⋅ History of the IAMG

40.1 Introduction and Definitions

The application of mathematical formulae and methods to solve geological prob-
lems started decades before the International Association for Mathematical Geo-
sciences (IAMG) was founded. Initially, simple methods were used to compute
derived parameters such as petrochemical mineral norms or grain size distributions
and grain shapes. W. C. Krumbein in Chicago and A. B. Vistelius in the former
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Leningrad (now again St. Petersburg) were the first to introduce probability-based
statistical methods into geoscientific applications. In the 1960s sophisticated
mathematical methods were increasingly developed and applied simultaneously
with the development of electronic data processing. Numerous monographs were
published to introduce these new tools to geologists (Table 40.1). Step by step, a
new sub-discipline—termed “mathematical geology”—was established. It was
within this context that the IAMG was established as an association within the
International Union of Geosciences at the International Geological Congress in
Prague 1968.

The majority of the methods introduced into the geosciences between the 1960s
and 1980s were based on probability-statistical or heuristic models. Due to their
high level of abstraction, these methods are equally applicable to the solution of
analogous problems in other natural or social sciences provided the required data
are available. Table 40.2 summarises some essential methods belonging to this
group. For the purposes of this paper, these methods and models are classified as
classical mathematical geology. (The term “geology” has recently been replaced by
“geosciences” but the latter includes the former).

Classical mathematical geology applies mathematical methods and models,
which comprise procedures that are not developed specifically for geosciences and
which do not bear any direct relation to geological subjects or geological processes.
They are extensively implemented in software packages such as Statistical Package
for the Social Sciences (SPSS), and have been described in detail in the literature
(e.g., Bühl 2016).

Over recent decades the development of mathematical geosciences has resulted
in many new advanced models. These models have mostly been developed for
specific geoscience applications such as basin modelling, groundwater flow models,
contaminant transport models, heat flow models, and so they differ from the clas-
sical mathematical geology. This contribution does not cover these specific methods
and models.

Classical mathematical geology models retain their applicability and practical
advantages. They are helpful tools when other (specific) approaches are not
available, when the development of a new model is disproportionately, when the
geological problem does not require specific solutions or when limited questions are
to be answered on the basis of few data. To date, this area of mathematical geology
has not been replaced by later developments and it remains a useful component of
the complete set of methodologies.

40.2 Hidden Errors and Case Study Examples

In the course of the past 50 years many correct, useful results have been generated
by the application of classical mathematical geology. Whilst the application of
classical mathematical geology does not necessarily result in incorrect or inaccurate
solutions of geoscientific problems, it does have the potential to do so. Incorrect and
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Table 40.1 Early monographs of mathematical geology

Author(s) Year Monograph Field of
application

Model(s)

Krige DG 1962 Statistical Applications in Mine
Valuation. Journ. Inst. Mine
Surveyors South Africa, vol 12
no 2

South-African
gold deposits

Geostatistics

Miller RL,
Kahn JS

1962 Statistical analysis in the
geological sciences. John Wiley
& Sons, New York

Geology Mathematical statistics

Matheron G 1962 Traité de géostatistique
appliquée: tome 1. Éditions
Technip, Paris

Mineral
deposits

Regionalized variables

Matheron G 1963 Traité de géostatistique
appliquée: tome 2 – Le Krigeage.
Éditions Technip, Paris

Mineral
deposits

Regionalized variables
(kriging)

Whitten EHT 1963 A surface-fitting program suitable
for testing geological models
which involve areally distributed
data. Tech. Rept. of ONR task no
389-135, Evanston (Ill.), no 2

Mapping Trend analysis

Whitten EHT 1963 Application of quantitative
methods in the geochemical study
of granite massifs. Royal Soc.
Canada Spec. Publ. 6:76–123

Geochemistry,
igneous rock
geology

Mathematical statistics

Formery P 1964 Course de géostatistique. École
Polytechnique, Univ. de Montréal

Geosciences Geostatistics

Poдиoнoв ДA
[Rodionov DA]

1964 Funkcii raspredeleniya
soderzhanii elementov i
mineralov v izverzhennykh
gornyx porodov [Distribution
functions of the element and
mineral content in eruptive
rocks]. Izd. Nedra, Moskva

Geochemistry
and mineralogy
of eruptive
rocks

Mathematical statistics
(distribution functions)

Krumbein WC,
Graybill FA

1965 An introduction to statistical
models in geology. McGraw-Hill
Book Co., New York

Geology Modelling,
mathematical statistics,
mapping

Matheron G 1965 Thèses a la Faculté des Sciences
de l’Université de Paris – Les
Variables Régionalisées et Leur
Estimation. Masson et Cie

Éditeurs, Paris

Mathematical
basics

Regionalized variables

Шapaпoв ИП
[Šarapov IP]

1965 Primenenie matematicheskoy
statistiki v geologii [Application
of mathematical statistics in
geology]. Izd. Nedra, Moskva

Geology,
geochemistry

Mathematical statistics

Agterberg FP 1966 Markov schemes for multivariate
well data. Miner. Industr.
Experim. Station, Pennsylvania
State Univ, Spec. Publ. 2–65

Drill hole data Semi-Markov
processes

Smith FG 1966 Geological data processing using
FORTRAN IV. Harper & Row,
New York

Geosciences FORTRAN procedures
and application

Griffiths JC 1967 Sedimentology Sampling of
sedimentary rock

(continued)
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Table 40.1 (continued)

Author(s) Year Monograph Field of
application

Model(s)

Scientific Method in the Analysis
of Sediments. McGraw-Hill
Book Co., New York

Gy P 1967 L’Échantillonnage des Minerais
en Vrac: Tome 1 – Théorie
Générale. Mémoires Bureau
Recherche Géologiques et
Minières, no 56, Édition B.R.G.
M, Paris

Ore sampling Probability theory of
sampling and
minimization of
estimation errors

Serra J 1967 Échantillonnage et estimation
locale de phénomènes de
transition minière. Thèse de
docteur, Fontainebleau

Sampling in
mining

Geostatistics

Vistelius AB 1967 Studies in Mathematical
Geology. Consultants Bureau,
New York

Genesis of
granites;
sedimentary
sequences

Semi-Markov
processes

Marsal D 1967 Statistische Methoden für
Erdwissenschaftler.
E. Schweizerbart’sche
Verlagsbuchhandlung, Stuttgart

Geology Mathematical statistics
and application

Thiergärtner H 1968 Grundprobleme der statistischen
Behandlung geochemischer
Daten. Freiberger Forschungsh.
vol C237, Leipzig

Geochemistry Mathematical statistics
and application

Harbaugh JW,
Merriam DF

1968 Computer Applications in
Stratigraphic Analysis. John
Wiley & Sons Inc., New York

Geology of
sedimentary
rocks

Mapping,
trend-analysis,
classification,
simulation

Whitten EHT 1968 FORTRAN IV CDC 6400
Computer program to analyze
subsurface fold geometry. Kansas
Geol. Surv. Computer Contrib.,
vol 25

Structure
geology

FORTRAN procedures

Poдиoнoв ДA
[Rodionov DA]

1968 Statisticheskie metody
razgranicheniya geologicheskikh
obyektov po kompleksu
priznakov [Statistical methods for
classification of geological
objects based on a complex of
attributes]. Izd. Nedra, Moskva

Bore hole data Innovative approach of
multivariate
classification

Krumbein WC,
Kauffman ME,
McCammon RB

1969 Models in Geological Processes.
An Introduction to Mathematical
Geology. Amer. Geological Inst.,
Washington D.C.

Geology Univariate und
multivariate
mathematical statistics

Бондаренко В.Н.
[Bondarenko VN]

1970 Statisticheskie resheniya
nekotorykh zadach geologii
[Statistical solution of some
geological problems]. Izd. Nedra,
Moskva

Geochemistry Mathematical statistics

Harbaugh JW,
Bonham-Carter G

1970 Computer Simulation in Geology.
Wiley-Interscience Publishers,
New York

Geology Computer-aided
Modelling of

(continued)
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Table 40.1 (continued)

Author(s) Year Monograph Field of
application

Model(s)

geological processes,
FORTRAN procedures

Reyment RA 1971 Introduction to Quantitative
Paleoecology. Elsevier Publ.
Amsterdam

Paleontology Mathematical statistics

Blackith RE,
Reyment RA

1971 Multivariate Morphometrics, 1st
ed. Academic press Inc., London

Paleontology Biometrics

Aбpaмoвич, ИИ,
Гpyзa BB
[Abramovič II,
Gruza VV]

1972 Facialno-formacionnyj analiz
magmaticheskikh kompleksov
[Facies analysis of magmatic rock
complexes]. Izd. Nedra,
Leningrad

Petrochemistry
of eruptive
rocks

Mathematical statistics

Davis JC 1973 Statistics and Data Analysis in
Geology. John Wiley & Sons,
New York

Geology Statistical techniques
and application

Masset J 1973 Un système de visualisation des
variations géographiques d’un
paramètre géologique. Sciences
de la Terre, sér. Informat. Géol.,
no 1

Geochemistry,
stereography

Computer-aided
mapping

Agterberg FP 1974 Geomathematics. Elsevier Publ.,
Amsterdam

Geology Basics of mathematical
geology

Davis JC,
McCullagh MJ
[eds.]

1975 Display and Analysis of Spatial
Data. John Wiley–Blackwell,
London/New York

Point, line,
polygon and
field
information

Sampling, contouring,
software, relief
modelling,
interpolation

Schwarzacher W 1975 Sedimentation models and
quantitative stratigraphy. Elsevier
Publ., Amsterdam

Sedimentary
rocks

Stochastic models,
semi-Markov process,
time series, spectral
analysis

Bиcтeлиyc AБ
[Vistelius AB]

1980 Osnovy matematiheskoj geologii
[Basics of mathematical
geology]. Izd. Nauka, Leningrad

Genesis of
granites;
sedimentary
sequences

Semi-Markov
processes; theoretical
foundation
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frequently undetected errors can occur if the user is not sufficiently experienced
with mathematical methods, with data processing problems or with the application
of computer software. These problems occur mostly in geoscientific practice,
especially when time and/or finance are restricted and the work is subject to
pressure to produce positive results.

Table 40.2 Selected models of classical mathematical geology

Group of methods Scope

Frequency distribution and
descriptive statistics

Statistical description of random samples and estimation of
expected values, deviation

Statistical tests Analysis of the probability or significance of empirical values
with respect to probability-theoretical functions or
parameters; comparison between statistical parameter
estimations of random samples

Correlation and regression
analysis

Analysis of existence and kind of mutual association between
attributes if they do not form a closed system

Cluster analysis R-mode Non-supervised heuristic classification of variables
describing geological objects and visualization of their
mutual associations

Factor and principal
component analysis

Reduction of the multivariate parameter space

Non linear mapping Visualization of multivariate data structures in 2D plots
Analysis of variance Analysis of the influence of extern factors onto measured

values
Discriminant analysis Supervised multivariate-statistical classification of geological

objects and assignment of objects to given classes
Cluster analysis Q-mode Non-supervised heuristic classification of multivariate

described objects and visualization of their mutual
associations

Octree modelling Partition a 3D space into homogeneous octants regarding
multivariate attributes

Markov chain analysis Stochastic modelling of a sequence of (verbal) described
multivariate observations and prediction of the probability to
occur at not observed sectors

Time series analysis Analysis of existence and kind of temporal or spatial trends
in temporal or linear ordered sequences of measured values
and forecasting

Trend surface analysis Modelling of trends and anomalies in mapped data and
interpolation

Spatial trend analysis Modelling of trends and anomalies in 3D distributed
measurements and interpolation

Geostatistical analysis Modelling of main features of 1D, 2D, or 3D distributed data
with minimized estimation error; interpolation and
forecasting

Structure equation analysis Multivariate-statistical modelling to estimate and to test
correlative associations between dependent and independent
observed and not observed variables
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Spurious results or undetected errors result from apparently negligible inaccu-
racies such as unavailable or insufficient knowledge of data accuracy and precision,
the uncritical use of values below the threshold of measurement, merging of dif-
ferent input data types, statistical parameter estimations without preliminary tests of
the underlying type of frequency distribution, the restriction of correlation analyses
to linear models, an unsuitable selection of non-supervised classification models
and strategies, inclusion of non-informative attribute sets into the data file, missing
information about the significance of statistical results, the acceptance of mean-
ingless correlations, uncritical spatial or temporal extrapolation of trend-analytical
results.

The application of classical mathematical geology methods and models requires
frequent consideration of specific (mathematical) conditions such as the existence
of a certain probability distribution, the independence of variables, a minimum
number of observations, the proper treatment of missing values, a suitable choice of
cluster model and strategy. Usually, long-term experience of the correct interpre-
tation of results is necessary to avoid errors. All these fundamental conditions
appear to be rarely included in training programmes and apparently insufficiently
taught in courses. Commercial software is easy to handle but no signal alerts the
user to the absence of essential pre-conditions and consequent occurrence of an
inherent error in the results. Must computer-generated results be accepted as
unbiased and reliable simply because they are produced by electronic equipment?
Five selected cases derived from earlier projects will be used to demonstrate the
problem in detail.

40.2.1 Bathymetric Map of the Azores

The archipelago of the Azores (Ilhas dos Açores) consists of nine islands and a reef
area in the North Atlantic Ocean and is the result of partially active volcanoes. It
covers an ocean surface between 31°30′ and 24°30′ W and 36°30′ and 40°00′ N
(Fig. 40.1).

The Azores are situated on the Azores plateau, an area of thickened oceanic crust
due to submarine volcanism caused by a hot spot at the Azores triple junction. The
NE-SW striking Mid-Atlantic Ridge crosses the plateau between the Graciosa
Island and Terceira and continues over São Jorge and Pico. Along this tectonic
element, the North American plate and the Eurasian Plate drift to the west and the
east respectively. The Corvo and the Flores islands belong to the American plate.
The NW-SE striking Terceira rift runs from the island Graciosa over the São Miguel
island to the southeast. This is the tectonic line along which the African plate is
subducting under the Eurasian plate. The volcanic and seismic activity started in the
Miocene epoch and the formation of the islands continued during the Neogene
period.

This entire part of the Atlantic Ocean is of great geological and economic
interest and is the target of numerous geoscientific expeditions. The sea floor
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consists of basaltic rock and young volcanic glasses covered by abyssal clay and
biogenous and clastic sediments (cf. Hübscher 2015). The close proximity to the
crustal magmatic events causes the formation of important raw materials such as
manganese nodules.

A fundamental component of marine survey expeditions is to make depth
soundings of the locality. The depths measured in the early 1980s were interpolated
by specialists at a computer centre to construct bathymetric contour lines. They
used kriging interpolation, the results of which are shown in Fig. 40.2. These
results do not reflect the expected predominant NW-SE striking structures described

Fig. 40.1 The Azores. Area of investigation

Fig. 40.2 The Azores. Bathymetric contour lines based on inaccurate input data
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above and give a distorted representation of the main morphological structures.
Investigation showed that a suitable mathematical model was applied but the wrong
input data were used: geodetic coordinates were used but the minutes were recorded
as decimal places. This error was not detected in the computer centre. The result
obtained after correcting the data is shown in Fig. 40.3 in which the map more
closely reflects the main morphological structures of the investigated area (Open-
SeaMap 2016).

40.2.2 Granulometric Analysis of Coastal Sediments
of the Southern Baltic Sea

The Bay of Greifswald (Greifswalder Bodden) in Germany occupies the
south-central part of the Baltic Sea. Holocene sand, gravel and boulder cover late
Pleistocene till and basin sand. The recent material originated from an active cliff
and from an abrasion platform (for details, see Niedermeyer et al. 2011). The fine,
medium- and coarse-grained sediments show a lithological differentiation more or
less parallel to the erosional shore line. The grain size is specified using the
European standard DIN EN ISO 14688-1 (2013).

Knowledge of the characteristics of the sediment is important for designing
measures to protect the coast and is necessary if the raw material is to be exploited
for building purposes (cf. Börner 2011). One of the relevant parameters is the grain
size. A principal component analysis was conducted to reduce the dimensions, or
the number of manifest attributes, to a smaller number of latent components which

Fig. 40.3 The Azores. Bathymetric contour lines based on corrected input data
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largely explain the variance of the input data, and to avoid an undesirable
multi-collinearity, i.e. to obtain a set of essential information (Fig. 40.4). A cluster
(R) analysis should explain the relationships between the original grain size classes
(Fig. 40.5). The result reflects only a trivial fact: the coastal sediments are mainly
composed of silt and fine sand if they are not coarse-grained, and vice versa.

Fig. 40.4 Baltic Sea. Clastic sediments of the south coast. Principal component analysis of grain
size data

Fig. 40.5 Baltic Sea. Clastic
sediments of the south coast.
Cluster (R) analysis of grain
size data
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The input information scaled in mass% was correctly recorded. However, the
fact that the sum of all sieve fractions amounts to the constant sum of nearly 100%
was ignored. This closed system means that mathematical results based on corre-
lation among the attributes must be faulty. Chayes (1960a, b, 1971) and Vistelius
and Sarmanov (1961) showed that the so-called percent correlation leads to
unfeasible results. The modern approach to processing data that form a closed
system was developed only later and therefore could not be applied (e.g.,
Pawlowsky-Glahn 2005; Pawlowsky-Glahn and Buccianti 2011).

40.2.3 Areal Distribution of Polycyclic Aromatics
in an Abandoned Industrial Site

Until its abandonment an extensive industrial site in Germany was used for machine
manufacture. During later assessment for redevelopment the site was investigated for
possible ecological contamination. The disused, unsealed enterprise is located on
near-surface Holocene sand and gravel. The consultants sampled and analysed
twenty-five soil specimens and detected an appreciable concentration of polycyclic
aromatic hydrocarbons (PAHs) at two locations. PAHs belong to a group of extre-
mely carcinogenic substances. The 16 most important and persistent constituents are
on the National Priority Pollutant List of the US-EPA. An occurrence of these
hydrocarbons in subsoil typically requires appropriate remediation measures.

A map of the distribution of the pollutant within the site was constructed by
means of kriging (Fig. 40.6) and an expensive soil excavation at well no. T20 over

Fig. 40.6 Contaminated industrial site. Contour map of the apparent distribution of polycyclic
aromatics in subsoil
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75 m2 and at well no. T05 over 46 m2 was proposed. The application of this
geostatistical model to create a contour map is a widely used technique in mathe-
matical geosciences. Similar cases have been repeatedly observed. Less well-known
is that the analysed attributes must be interpolable between adjacent points.

PAHs include a wide spectrum of organic substances with relatively low solu-
bility in water, e.g. naphthalene (32 mg l−1), acenaphthylene (3.4 mg l−1), ace-
naphthene (4 mg l−1), fluorine (1.8 mg l−1) and pyrene (0.134 mg l−1). Their
solubility in water and tendency to migrate into aquifers rises if solvents such as
mineral oil, halogenated organic compounds or phenols are present. PAHs will be
generated during coking processes or coal-gas generation but they never occur as
waste products of machine manufacturing. A study by a project controller showed
that a gas generation facility had been operational on the site until 1898. Coal tar
was an unprofitable by-product at that time and it was frequently deposited near the
factory. Thus, PAH bearing waste was also deposited locally, at distinct locations.
Originally included fluids are removed by natural weathering processes over dec-
ades. At present, the remaining solid PAH components are persistent and relatively
immobile (Stupp and Püttmann 2001). A result of this man-made impact is a
spatially limited, although not tolerable, area of contamination. Any extension of
these spatially limited occurrences caused by mathematical interpolation methods is
meaningless.

The groundwater flow direction must be included in the risk evaluation if
contaminants in unconsolidated subsoil are water-soluble and if they are able to
migrate. Contour maps generated by standard kriging cannot consider this factor
and its application would also result in an incorrect result.

The resulting insolubility of the pollutants under natural conditions causes their
inability to migrate. Due to this property of the contamination, it is not correct to
interpolate the detected PAH concentration values between observed locations. An
isoline map predicts an area-wide contamination whereas only local and isolated
pollution actually occurs. Later, it was recommended that the survey data be pre-
sented in the form of a point map (Fig. 40.7) and to focus future remediation on the
observed hot spots.

A similar case study was discussed by Thiergärtner (1995).

40.2.4 Ore Grade Estimation in a Cassiterite Mine

Tin ore has been mined for centuries in Altenberg (Saxony, Germany). Monzo-,
aplite- and albite-granite intruded during the Cisuralian epoch (Permian) into Pre-
cambrian paragneiss and were followed by acid, fluorine and silica rich overcritical
auras. Feldspar was mainly altered to quartz; lithium bearing mica, topaz, fluorite,
and ore minerals such as cassiterite, wolframite, and molybdenite crystallised in the
form of small grains. For details, see Weinhold (2002).

Thirty samples were taken from an exploration gallery to calculate the mean
grade of the deposit yield in the investigated direction. The range of the metal
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content was 0.07–4.22% tin. The arithmetic mean of all analysed sample values was
computed “as usual” to be marith = 0.755% Sn. Inspection of the empirical his-
togram and the fitted normal distribution curve (Fig. 40.8) showed that the metal
grade was extremely skewed to the right. A lognormal distribution was fitted to the
input data (Fig. 40.9) and the arithmetic mean of the (decimal) logarithms of tin
grade was calculated and the corresponding antilogarithm (mgeom = 0.512% Sn)
was obtained. This value is less than the arithmetic mean. The geometric mean is a
location parameter, such as the median or mode, and scarcely suitable to estimate
the expected value of a population.

Fig. 40.7 Contaminated industrial site. Hot spot map of polycyclic aromatics in subsoil

Fig. 40.8 Tin grade.
Arithmetical mean value
estimation
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Which estimator should be applied? The statistical “best” estimator Ê(mlg) of the
expected value for lognormally distributed data is calculated using Eq. 40.1
developed by Aitchison and Brown (1957) and applied e.g. by Dowd (1984):

Ê mlg
� �

=10mean lgXð Þek 1−
k k− 1ð Þ

n
+⋯

� �
ð40:1Þ

where k = 2.65095 var (lg X) and n = number of observations.
This estimator is rather poorly known in geoscientific practice. The estimation

results in mlg = 0.765% Sn for the given example. Only this value can be applied to
estimate the mean tin grade of the investigated gallery in an unbiased way. The true
ore grades of samples in an operating underground mine can be used to estimate the
mean grade of un-mined volumes of ground and this is one of the most important
parameters in determining economic feasibility.

40.2.5 Classification of a Doleritic Sill Using Trace
Elements

Tholeiitic basalt occurs in the Thuringian Forest (Germany) as Sakmarian doleritic
sill (Lower Permian). It is intruded into a sandstone–siltstone formation. The
contacts are metamorphosed. This sill was extensively described recently by
Andreas and Voland (2010).

The matrix of the dolerite consists of pyroxene, plagioclase, olivine, alkali
feldspar and some magnetite. The drill core was partitioned into seven sections by
petrographical analysis (Table 40.3; Fig. 40.10a). Megascopic and mineralogical
indications differ negligibly.

Fig. 40.9 Tin grade.
Lognormal mean value
estimation
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Table 40.3 Vertical sections of doleritic sill, Thuringian Forest

Zone Depth (m
below
surface)

Description Geological
position

Symbol in
Fig. 40.10

1 22.3–27.8 Basalt, compact, greyish black Marginal
facies

B

2 27.8–37.0 Mainly olivine bearing dolerite with
streaked intercalations of quartz dolerite

Transition
facies

Doq

3 37.0–
120.0

Quartz dolerite, light greyish green to
greenish gray, with pale lathlike
plagioclase crystals

Gravity
fractionation

Dq

4 120.0–
230.0

Olivine bearing dolerite Gravity
fractionation

Do

5 230.0–
348.0

Olivine bearing dolerite with some
biotite

Gravity
fractionation

Dob

6 348.0–
376.0

Basaltic compact rock, partly including
xenolithic material

Transition
facies

Bx

7 376.0–
377.5

Basalt, compact Marginal
facies

B

Fig. 40.10 Doleritic sill.
Geochemical classification
(for explanation see
Table 40.3)
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The interesting question was to correlate this sequence with its chemical com-
position. Four trace elements were selected: cobalt and nickel which are fixed in the
olivine mineral replacing magnesium, zircon as a constituent of feldspar or
pyroxene, and copper which can occur in the form of microscopically small chal-
copyrite crystals. These four chemical elements were analysed in 79 samples
covering the whole sequence.

A hierarchical cluster analysis was carried out. It was based on z-scaled (nor-
malized) input data to avoid an overestimation of attributes with large values, using
the squared Euclidean distance measure and the Ward method. The cluster den-
drogram shows clearly distinguishable classes and can be interpreted without diffi-
culty. All resulting and interpretable classes have been assigned to the cross-section
(Fig. 40.10b). Chemical symbols without brackets refer to high concentrations of an
element in Fig. 40.10. Where medium concentrations occur they are enclosed in
brackets and missing chemical symbols indicate low contents in the sample. The
expressions High, Medium, and Low refer to the overall mean values. The figure
shows first that the geochemical composition differs noticeably from the petro-
graphical structure. The number of clearly distinguishable geochemical classes is
low. Thick parts of the sill seem to be characterised by a similar micro-chemical
composition. It is obvious that samples with lower depth (hanging-wall samples,
marked by h) dominate the hanging-wall of the sill, and samples taken from the
footwall (marked by ly) mainly occur at deeper levels. The middle section comprises
samples that were collected at depths between 200 and 300 m (marked by m).

The results gave sufficient reason to review the methodological approach. First, it
was noted that the depth was included as one of the input parameters and the
parameter “depth” significantly influences the classification. Such procedures are not
faulty in a mathematical sense but they accentuate the effect of neighbouring samples
within a common class due to the similar value of the parameter “depth”. Within the
drill core neighbouring samples have a higher chance of falling into this common
class than do the more distant samples. This effect should be avoided if not explicitly
requested by the researcher. The relatively long sections of the profile with little or
no geochemical variation can be explained by this effect. Secondly, the critical test
showed that the inclusion of both cobalt and nickel into the analysis caused an
overestimation of the olivine component. The linear pairwise correlation coefficient
(Pearson) between Co and Ni was calculated as r = +0.915. Cobalt is not signifi-
cantly correlated with copper or zircon, and copper and zircon are uncorrelated, too.
This result could be expected from the relationships of the geochemical bonds.

A repeated cluster analysis based on the attributes Ni, Cu and Zr resulted in
classes which were drawn into the rock sequence as shown in Fig. 40.10c. The
influence of the depth is eliminated and the double effect of the trace elements Co
and Ni—reflecting the olivine content—is reduced to only one factor. Much more
detail is visible; i.e. a clear vertical geochemical differentiation can be recognised.
In addition, the resulting geochemical classification of the rock profile does not
simply correspond to the mineralogical and petrographical structure and displays
more essential details than the first result. Although the mathematical model was
chosen correctly, an incorrect set of input data was applied to solve the problem.
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40.3 Conclusion and Suggestions

Classical mathematical geology is the application of non-specific mathematical
methods and models to solve geoscientific problems. Its proper application fre-
quently results in useful solutions but its misapplication can generate spurious
results that may not be recognised. These hidden errors are not caused by the
algorithms but by insufficient knowledge of their application and deficient expe-
rience with their use. They are avoidable.

A significant proportion of the methodological contributions to classic mathe-
matical geology are written in an academic environment. New developments are
mainly published in journals specialising in mathematical geosciences. However,
only in rare cases are they evaluated by engineers and geoscientists working in
engineering practices, mining companies, environmental bureaus, governmental
agencies or individual consultants.

As a conclusion the following suggestions are offered to developers of
mathematical-geoscientific methods, models, algorithms and software and to all
academic teachers in the field of mathematical geosciences:

1. Instructive tutorials on the applicability and modes of application should be
developed, introduced and delivered. This problem can be solved best by
experienced geoscientists who are experienced in the “traps” of applying
mathematical geology.

2. Informative, methodologically sound case studies should be published in
widely-used geoscientific and eco-scientific journals as a means of improving
the “daily” application of mathematical geosciences in practice.

3. A more critical view of users is required when assessing outputs from
computer-generated mathematical-geological methods and models. In particular,
belief in the absolute correctness of such outputs should be discouraged.

4. University studies and post-graduate education in the correct application of
mathematical-geological methods should be combined with the development of
new application fields (application research).

Acknowledgements I am grateful to F. P. Agterberg, Ottawa, and B. S. D. Sagar, Bangalore, for
the invitation and encouragement to contribute on the occasion of the Golden Anniversary of the
International Association for Mathematical Geosciences. Many thanks go to P. Dowd, Leeds
(UK)/Adelaide (AU) and D. Little, Swavesey (UK), for an inspiring discussion of the draft and
significant comments. I also would like to acknowledge the reviewers for their interesting sug-
gestions to improve the article.

References

Aitchison J, Brown JAC (1957) The lognormal distribution. University Press, Cambridge
Andreas D, Voland B (2010) Der Dolerit der Höhenberge –Teil eines eigenständigen

Höhenberg-Intrusionsintervalls – sein Gesamtprofil in der Bohrung Schnellbach 1/62 und

40 Fifty Years’ Experience with Hidden Errors in Applying … 829



die Einordnung der Intrusion in den Ablauf der Rotliegendentwicklung des Thüringer Waldes
[The dolerite of Höhenberge—discrete part of the Höhenberg intrusion intervall—profile of the
drilling Schnellbach 1/62 and stratigraphic position of the intrusion in the Rotliegend]. Beitr
Geol Thüringen NF 10:23–82

Börner A (2011) Geologie und Rohstoffgewinnung auf und umRügen [Geology and mineral deposits
on and around Rügen Island]. Proceedings Arbeitskreis Bergbaufolgelandschaften EDGG
245:9–19

Bühl A (2016) SPSS 23 – Einführung in die moderne Datenanalyse [SPSS 23—introduction into
the modern data analysis], 15th edn. Pearson Studium, Hallbergmoos

Chayes F (1960a) On correlation between variables of constant sum. J Geophys Res 65:4185–4193
Chayes F (1960b) Correlation in closed tables. Annual report of the geophysical laboratory, vol 59.

Carnegie Institution of Washington, pp 165–168
Chayes F (1971) Ratio correlation. University Press, Chicago
DIN EN ISO 14688-1 (2013) Geotechnical investigation and testing—identification and

classification of soil—part 1
Dowd P (1984) Lognormal geostatistics. Sci Terre, sér Inf Géol 18:47–68
Hübscher C (2015) FS Meteor—Journey M 113 Azores Plateau. http://www.gzn.fau.de/

krustendynamik/arbeitsgruppen/endogene-geodynamik/expeditionen/azoren-plateau-i-2015
Niedermeyer R, Lampe R, Janke W et al (2011) Die deutsche Ostseeküste [The German Baltic Sea

Coast]. Schweizerbart Science Publishers, Stuttgart
OpenSeaMap (2016) OpenSeaMap—the free hydrographical chart. http://www.map.OpenSeaMap.

org/depthcontour/Azores
Pawlowsky-Glahn V (2005) Forward—advances in compositional data. Math Geol 37:671–672
Pawlowsky-Glahn V, Buccianti A (eds) (2011) Compositional data analysis—theory and

applications. Wiley, Hoboken
Stupp HD, Püttmann W (2001) Migrationsverhalten von PAK in Grundwasserleitern [Migration of

PAH in aquifers]. altlasten spektrum 10:128–136
Thiergärtner H (1995) Correct modelling of groundwater contaminations. Hornická Přibram ve

vědě a technice MD7:1–8
Vistelius AB, Sarmanov OV (1961) On the correlation between percentage values—major

component correlation in ferro-magnesium micas. J Geol 69:145–153
Weinhold G (2002) Die Zinnerzlagerstätte Altenberg/Osterzgebirge [The tin ore deposit

Altenberg/Eastern Ore Range, Saxony]. Sächs. Landesamt Umwelt Geologie ser. Bergbau in
Sachsen, vol 9

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.
The images or other third party material in this chapter are included in the chapter’s Creative

Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

830 H. Thiergärtner

http://www.gzn.fau.de/krustendynamik/arbeitsgruppen/endogene-geodynamik/expeditionen/azoren-plateau-i-2015
http://www.gzn.fau.de/krustendynamik/arbeitsgruppen/endogene-geodynamik/expeditionen/azoren-plateau-i-2015
http://www.map.OpenSeaMap.org/depthcontour/Azores
http://www.map.OpenSeaMap.org/depthcontour/Azores
http://creativecommons.org/licenses/by/4.0/

	40 Fifty Years’ Experience with Hidden Errors in Applying Classical Mathematical Geology
	Abstract
	40.1 Introduction and Definitions
	40.2 Hidden Errors and Case Study Examples
	40.2.1 Bathymetric Map of the Azores
	40.2.2 Granulometric Analysis of Coastal Sediments of the Southern Baltic Sea
	40.2.3 Areal Distribution of Polycyclic Aromatics in an Abandoned Industrial Site
	40.2.4 Ore Grade Estimation in a Cassiterite Mine
	40.2.5 Classification of a Doleritic Sill Using Trace Elements

	40.3 Conclusion and Suggestions
	Acknowledgements
	References




