
Abstract
The representation of numerical results in the form of a graph or
thematic map rather than in tabular form is today commonplace,
in the earth sciences as elsewhere, so it is hard to conceive that
until about 1860 numerical results in geological publications
were presented almost exclusively in tabular form, even by the
leading scientists of the day. With the apparent exception of iso-
line (‘contour’) and point-symbol maps, frequency polygons, and
the multivariate graphic symbols introduced by geochemists in
1897–1900, most graphical display methods now used in the
earth sciences came from outside the field. Leading proponents
of ‘the graphic method’ are briefly described and the origins of
the stereographic projection, line graphs, time series plots, rose-
diagrams, the ternary diagram and multivariate symbols are dis-
cussed. Following the introduction of computers into universities
(initially in the USA) after 1945, the time taken before earth sci-
entists adopted new graphical methods was reduced abruptly.

Introduction: the rise of the graphical method

Agraph is a pictorial data display, which today we take for
granted; traditionally, it was something that was either hand-

drawn or printed in ink in a journal or book in order to display
numerical information in a way that enabled it to be assimilated
easily and rapidly, and thereby effectively interpreted. Today
graphs of all kinds are found in newspapers, and on the television
news (often embellished by what the American student of graph-
ics, Edward Tufte (1983, 107–23), has described as ‘chart junk’),
as well as in scientific journals. It is perhaps surprising to realise
that although a very small number of scientists and mathemati-
cians used the graphical method in the 17th century, even at the
beginning of the 19th century such techniques were only rarely
used, and most observational data was still being presented for
interpretation in tabular form. Curiously, it took a long time
before people realised that if you make pictorial displays of data
values, then it makes their relationships more obvious, and hence
their interpretation much easier.
The foundations were laid by the introduction of the Cartesian

co-ordinate system by the influential French philosopher and math-
ematician, René Descartes (1596–1650),
also known by the latinised form of his
name, Renatus Cartesius, in his philo-
sophical treatise on the natural sciences
(Descartes 1637), in which he laid down
the principles of analytical geometry.
One of the earliest graphs in the physical
sciences, drawn by the English polymath
Edmond Halley (1656–1742) to show
hypothetical air pressure as a function of
altitude (Halley 1686; 1809, pl. IX fig.
7), clearly reflects this geometric legacy
in the way it is presented (Fig. 1).
However, by 1765, a graph of change in
magnetic declination as a function of
time, by the German physicist Johann
Lambert (1728–1777) has very much the

look of a modern graph, with coordinates marked off along the
axes (Fig. 2; Lambert 1765, pl. V fig. IV).
It was the observational science of meteorology that increasing-

ly led to graphical innovation. One of the earliest such graphs was
described by the English naturalist and physician Martin Lister (c.
1638–1712), who may have been the originator of a ‘Diary of the
Weather’: a graph of daily temperature and/or air pressure, per-
haps with written observations on the wind, etc. In 1684, the
members of the Philosophical Society of Oxford were shown:

“His way of keeping the Account of the Barometer which is
the most easy and exact that wee ever saw. From a plate he
takes his paper, which is to be a months reckoning. It consists
of oblong squares, one side of the paper is marqued the days
of the month to 31, an other side the inches of the quicksil-
ver between 28 and 31, each divided into 10 parts; there
needs no more than draw a red line where the heighth is such
a day, this makes in a month one red line the length of the
paper bending as the quicksilver has risen or fallen, by see-
ing this line he says he can tell what weather has been.”
(quoted in Gunther 1939, 41).
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Figure 1 Edmond Halley’s graph (1686; 1809, pl. IX fig. 7 — curve
RIHFDGC) relating air pressure (inches of mercury; ordinate) to
altitude (feet; abscissa).

Figure 2 Johann Lambert’s graph (1765, pl. V fig. IV- curve DECF) of mean annual magnetic decli-
nation (degrees) as a function of time over the years 1550–1760.
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Figure 3 Examples of
Alexis Perry’s syn-
opses of earthquake
data: (a) Courbe sis-
mique: the relative
frequency of earth-
quake shocks per
month for France
(line ab shows the
overall mean; Perry
1845, pl. I fig. 1); (b)
Rose sismique: com-
parative plot of the
relative frequency of
the direction from
which the shocks
were estimated to
have come in France
(F), Italy (I) and the
rest of Europe (E)
(line ab shows the
overall mean; Perry
1845, pl. II, fig. 11).
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Lister’s method was so ‘mightily approved of’, that printed graph
paper for the purpose was soon being commercially produced and
sold by the mathematical instrument maker John Warner (fl.
1682–1700), from his shop in Lincoln’s Inn Fields, London
(Gunther 1939, 139, 304). Just over 100 years later, the German
astronomer and topographer Ulrich Schiegg (1752–1810), pub-
lished a slightly more sophisticated graph, which compared daily
temperatures at Salzburg, Innsbruck, Stuttgart and Göttingen
over the winter of 1798/99. Its data points were individually
delineated and different line styles were used to denote the four
time series (Schiegg 1799, pl. II). In 1845, the French civil engi-
neer Léon-Louis Chretien Lalanne (1811–1892) demonstrated
the use of contoured (isoline) surfaces, which he called ‘topo-
graphical tables’, to show the variation of mean temperature as a
function of both the hour of the day and the month of the year;
his work also made use of histograms, together with wind roses
and pie diagrams to depict directional (wind) frequency data.
The Scottish engineer and political-economist William Playfair

(1759–1823), younger brother of the mathematician, John
Playfair (1748–1819), best known to geologists as the interpreter
of James Hutton’s Theory of the Earth (Hutton 1795; J. Playfair
1802), had been introduced as a child to the art of keeping a
weather diary (in the form of a ‘register of the thermometer’) by
his brother (W. Playfair 1805, xvi f.n.). Some years later, in about
1785, the younger Playfair “thought of applying lines to the sub-
ject of finance” (W. Playfair 1798, 5), and the econometric time
series was born (see Klein 1997 for a very readable account of the
evolution of time series analysis from mere graphical display to
a sophisticated statistical specialisation). However, W. Playfair
also introduced the proportional-length bar chart (1786) and, in
1801, proportional-area circles and the pie diagram. All of these
techniques came to be staple elements of the palette of graphical
methods. In the earth sciences, examples of essentially econo-
metric data displayed in this tradition include time series of min-
eral production, which largely appeared in literature concerned
with mining (economic) geology from the 1840s onwards (early
examples include: Hunt 1846; Herder and Gätzschmann 1849).
The use of proportional squares and pie diagrams to illustrate
mineral production data had a brief popularity around the end of
the 19th century (Keppen 1894, pl. VII, VIII; Anonymous 1907,
figs. 88–94).
Another person whose work influenced the growth of graphical

displays was the Belgian social scientist and statistician, Adolphe
Quetelet (1796–1874). He was one of the very first people to
begin to think about ‘statistics’ (a term that initially just meant the
collection of numbers about things), and he demonstrated the
importance of the mean as a measure of the centrality of a fre-
quency distribution. In 1827 and 1838, he published graphs that
show curves of the annual variation by month of the numbers of
births and deaths in Brussels, together with the corresponding
mean monthly temperature, all plotted as a function of the
months of the year. The obvious inverse relationship between
these two sets of data (maximum mortality occurred in January to
March; minimum in July) caused interest all over Europe,
because people were so struck by the fact that one could actually
illustrate the relationship between two measurable attributes in
this sort of way. Quetelet also discussed the use of empirical fre-
quency distributions.
Later, two highly influential textbooks on the graphic method

were published. The first (Minard 1862) was by the French civil

engineer Charles Joseph Minard (1781–1870), who devised a
number of innovative cartographic displays and in particular used
proportional-width lines to denote the increasing/decreasing
quantity of something (the amount of wine, number of passen-
gers, etc.) as a function of transportation distance. The second
(Marey 1878) was by his countryman Étienne-Jules Marey
(1830–1904), who described examples mainly taken from physi-
ology and medicine.

Early use of graphs in the earth sciences
When the Scottish physicist David Brewster (1781–1868)
deduced the law named after him in the course of studies of the
polarisation of light reflected from transparent crystals (Brewster
1815) — i.e., the index of refraction is the tangent of the angle of
polarization — he accomplished it solely using data presented in
tabular form. Today, one would naturally begin by plotting the
data graphically to see the actual form of the relationship between
the two variables (it could, after all, turn out to be non-linear) but,
at that time, it was simply not an obvious way to proceed, even
to someone of Brewster’s intellect.

Quetelet’s ideas and, indeed, his graphic style, were adopted in
1843 by the French mathematician and astronomer Alexis Perrey
(1807–1882) for use in his pioneering earthquake catalogues.
Figure 3 shows one of Perrey’s courbes seismiques [seismic
curves] (Perrey 1844, 97 and pl. I), one of several illustrations of
the monthly frequency of earthquakes occurring in various parts
of Europe during 1843, together with roses seismiques [seismic
roses] (Perrey 1844, 107 and pl. II) showing the frequency distri-
bution of the directions from which the earthquake shocks were
supposed to have propagated, based on observations of damage
to buildings, etc.

a

b
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The methods of Marey and Minard were later reflected in maps
related to economic geology, such as that made by the French
Inspector General of Mines and geophysicist Charles Lallemand
(1857–1938), showing the amounts of lignite coal transported by
water and railway to the cities and towns of northern Germany
(Lallemand 1881, pl. IX). However, the concern here is with
graphs rather than thematic maps. Arthur Robinson (1982) gives
an excellent, and well-illustrated, history of the latter, although
his examples fall outside the geological sciences.
The British geologist James Forbes (1809–1868) was also a

keen Alpinist and he became interested in the behaviour of gla-
ciers. In 1844 and 1845, with the help of a number of assistants,
he measured glacier movement at the Mer de Glace, near
Chamonix, in the French Alps, over a total period of about a year.
Two stations were established on the ice and, with the aid of a
theodolite, he measured the downstream movement of the glacier
at intervals throughout the year, together with the mean tempera-
ture over the same time period. In a similar manner to Quetelet’s
analysis of mortality data, Forbes deduced from a comparison of
time series graphs for each property that there was a systematic
relationship between the speed of glacier movement and tempera-
ture (Forbes 1846, pl. X; Fig. 4). Today, one would have displayed
such data as a scatter-plot with temperature plotted along the hor-
izontal axis (abscissa) and amount of movement on the vertical
(ordinate), as it is the dependent variable, but it just did not occur
to Forbes to do it in this way. It was probably not until the English
statistician Karl Pearson (1857–1936), who introduced the use of
so many of the statistical parameters (reviewed in Stigler 1986),
devised the correlation coefficient (later named after him) in 1895
(Pearson 1896), that people began to think about using the infor-
mation provided by a scatter-plot to assess the strength of a statis-
tical relationship between two measured attributes.
Although a few early examples have already been mentioned,

I will now review the types of graph that have been most com-
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monly used in the earth sciences, broadly in the order in which
they were taken up.

Stereographic projection
The oldest graphical method by far is the stereographic projection
(which is generally used by crystallographers to project the posi-
tions of a set of points on the upper surface of a sphere onto a hori-
zontal plane passing through its equator, and in structural geology
to project points from the lower surface). The projection was origi-
nally devised by the Greek astronomer and mathematician
Hipparchos (fl. 180–125 BC), inventor of both plane and spherical
trigonometry; it provided the basis of the instrument known as the
astrolabe (Anonymous 1976), which enabled one to find one’s posi-
tion on Earth from sightings of the stars. The earliest extant exam-
ple is a combined stereographic net and star map in the Libros del
Saber de Astronomia [Book of Astronomical Knowledge] compiled
for King Alfonso X of Spain in 1252 (reproduced in Howarth
1996a, fig. 4), but thought to be based on an illustration in an earli-
er manuscript (c. 1070), based on the work of the Spanish-Moorish
astronomer al-Zarquâlâ or Arzachel of Toledo (1029–1087).
Stereographic nets were constructed on the basis of trigono-

metric relationships, initially simply using a ruler and compass.
The radii of the latitudes and longitudes of the net are propor-
tional to the secant and tangent of the corresponding angles (Fig.
5, opposite), but special geometrical instruments, such as ‘the
instrument of three streight rules’ (Blagrave 1585, 65) had to be
devised in order to accurately draw the large radius arcs required
in constructing larger nets. By the 17th century, the projection
had become established as a basis for the construction of both
celestial and geographical atlases, e.g. the 292mm diameter 1°
net (reproduced in Howarth 1996a, fig. 5) engraved by the
renowned Dutch cartographer Willem Blaeu (1571–1638) for a
textbook on the astrolabe (Metius 1633) by the Dutch physician
and mathematician Adrian Metius (1571–1635).

Figure 4 James Forbe’s (1846, pl. XI) comparison of temperatures at Geneva (upper stepped line) and St Bernard (lower) with daily movement on
the Mer de Glace, near Chamionix, French Alps in 1844–5. The two sets of stepped lines in each of the hachured plots of Mean daily motion cor-
respond to two stations on each glacier.
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Once mineralogists began to measure interfacial angles in crys-
tals, the projection became of great utility, first in mineralogy and
much later in structural geology. Franz Neumann (1798–1895),
Professor of Mineralogy and Physics at Königsberg
[Kaliningrad] was the first to use it in his textbook on mineralo-
gy (Neumann 1823, pl. IV, fig. 20, reproduced in Howarth 1996a,
fig. 6); and its use was further popularised by the French miner-
alogist and petrologist, Ernest-François Mallard (1833–1894)
when he published his book on geometrical and physical crystal-
lography in 1879. Following the invention, in the 1880s, of the
so-called ‘universal’ microscope stage — which allowed a thin-
section to be inclined or rotated about any axis — the projection
was widely used for the portrayal of the optical properties of min-
erals in thin-section, such as feldspars (Federov 1892; Michel-
Lévy 1894), for diagnostic purposes. The adoption of the stereo-
graphic net as a basis on which to plot and manipulate three-
dimensional orientation data in structural geology followed con-
siderably later.
Although first devised by the Swiss mathematician and physi-

cist Johann Heinrich Lambert (1728–1777), the equal-area stere-
ographic net (Lambert 1772, reproduced in Howarth 1996a, fig. 8)
did not come in to use in geology until the principle was adopted
by the Austrian mineralogist Walter Schmidt (1885–1945) for
plotting and analysing the spatial distribution of the orientations of
the principal optical axis of quartz or calcite crystals contained, at
microscopic scale, in the fabric of metamorphic rocks (Schmidt
1925). As a result of the pioneering work of his colleague, the
Austrian geologist Bruno Sander (1884–1879) and the subsequent
promotion of his methods in North America by Eleanora Frances
Knopf (1883–1974) and by Harold Williams Fairbairn
(1906–1994), and in England by Frank Coles Phillips
(1902–1982) (Sander 1930, 1948; Knopf 1933; Fairbairn 1949;
Phillips 1945), what came to be called petrofabric analysis subse-
quently gained wide usage as a means to interpret the tectonic ori-
gin of such rock fabrics. However, the controversial nature of
many of the results led to its falling out of favour in the 1960s. In
very recent years it has become successfully utilised through
improved understanding of the origin of such fabrics and the intro-
duction of X-ray goniometry as a tool to obtain the crystallo-
graphic orientation data (Howarth and Leake 2002). Nevertheless,

use of the stereographic projection as a tool for the inter-
pretation of macroscopic structural data has proved invalu-
able (Phillips 1954; Ramsay 1967). More detailed discus-
sion will be found in Howarth (1996a, 1999) and in
Howarth and Leake (2002).

The line chart
This is a graph in which the data points are simply joined
up by lines and the original points are not shown. Perhaps
the earliest example of these in the earth sciences is that
drawn by John Playfair to illustrate a theoretical model
relating to the behaviour of gravity over the upper surface
of a cylinder (J. Playfair 1809, pl. V, fig. 27). It seems
extraordinary that, when one thinks of the graphic innova-
tion by his younger brother, the graphs in J. Playfair’s own
work still retained the style of geometric figures.
More commonly, early line graphs were used to illus-

trate such things as topographic profiles (Héron de Villefosse,
1808, pl. I; reproduced in Howarth 2002, fig. 4), and time series.
The earliest examples of the latter in earth science literature were
probably those drawn by Perry (mentioned above) in his many
reports on earthquake occurrence for various parts of the world
but, until the late 20th century, time series charts were almost
exclusively confined to the depiction of econometric aspects of
metallic mineral or coal production (Hunt 1846, pl. 9; reproduced
in Howarth 2002, fig. 6; Herder and Gätzschmann 1849, pl. I). In
fact, it was quite unusual to explicitly show the individual data
points on the basis of which the line graph was drawn. An early
example by the French mineralogist Julien Thoulet (fl.
1843–1922) shows the results of a series of sedimentation exper-
iments, and includes both the data points as well as lines and
curves fitted to them (by eye) (Thoulet 1891, pl. 1; reproduced in
Howarth 2002, fig. 7); a contemporary, mineralogical, example
occurs in a study of the optical properties of crystals by the
Russian mineralogist Georgii Yuri Viktorovich Wulff
(1863–1925) (Wulff 1890, fig. 4).
By the late 1800s, the rapidly growing study of igneous geo-

chemistry gave rise to what came to be known as the variation
diagram, in which the varying proportions of the major element
oxides, typically, weight percentages of Al2O3, Fe2O3, TiO2, FeO,
MnO, CaO, MgO, K2O, Na2O and P2O5, were shown by multiple
lines with a common ordinate, as a function of increasing SiO2

along the abscissa. In early examples, such as that of the Austrian
petrologist Eduard Reyer (1849–1914) values of SiO2 were
included in the graph, as well as being implicit in the ordering of
the specimens along the abscissa (Reyer 1877, fig. I). Not many
years after, the American geologist and igneous petrologist
Joseph Paxton Iddings (1857–1920) promoted the use of explicit
coordinate values for the molecular proportion (‘variation’) of
silica in his graphs (Fig. 6, overleaf; Iddings, 1892, fig. 80). The
same type of diagram, plotted in terms of weight percentages
rather than by molecular proportions, was subsequently popu-
larised by the English igneous petrologist Alfred Harker
(1859–1939) as the ‘variation diagram’, following publication of
his influential textbook, the Natural History of Igneous Rocks
(Harker 1909, 119, fig. 26). A contemporary described the dia-
gram as “specially designed to draw attention to the relations
between the compositions of rocks belonging to the same centre
or region of igneous activity … in its simplicity and fertility of
suggestion it is unrivalled” (Holmes 1921, 441–2).

Figure 5 The constuction of an equatorial stereographic net; the centres
of the first few circles for which arcs are drawn are shown by the
lines of vertical and horizontal dots (Howarth 1996, fig. 3).
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Frequency distributions and rose diagrams
Quetelet’s popularisation of the frequency distribution curve
and its adoption by Perrey to illustrate his earthquake cata-
logues has already been mentioned. Rather surprisingly, the
wider usage of frequency distributions in geology seems not to
have become common until the beginning of the 20th century
and, even then, it was largely confined to palaeontology and
igneous geochemistry.
An early morphometric example is by the American geologist

Edgar Roscoe Cumings (1847–1967) and his student [?Ada
Virginia] Mauck [?b. 1877] (Cumings and Mauck 1902, fig. 1). In
geochemistry, Harker (1909, 148, fig. 42) illustrated the abundance
of SiO2 in igneous rocks, but, as time went by and more data was
accumulated, it became apparent that this composite distribution
was in fact strongly bimodal, as was illustrated by the American
petrologist Henry Hollister Robinson (1873–1925) (Robinson
1913, 202, fig. 34). He also demonstrated (Robinson 1916, fig. 1)
that the frequency distribution of error in the ‘total’ oxide percent-
ages of 3,391 complete chemical analyses of igneous rocks was
well fitted by the normal distribution model. Subsequently, the
English civil engineer and petrologist William Richardson
(1887–1965) showed that, by using a statistical technique intro-
duced by Pearson (1894), this bimodal curve could be decomposed
into a mixture of two normal distributions (Richardson 1923, fig.
1) with modes at 52% SiO2 (basalt) and 73% SiO2 (granite).

Data display / Howarth

Bivariate frequency distributions also made a rare appearance.
The English chemist and malacologist William Ernest Alkins
(1896–1969) published photographs of his models of bivariate
frequency distributions of shell length versus width and depth
(Fig. 7) for 945 specimens of the brachiopod Reticularia lineata
from the Carboniferous Limestone of Castleton, Derbyshire
(Alkins 1920, figs. 1 and 2).
Surprisingly, the portrayal of frequency distributions of spatial-

ly directional data came into general use rather earlier. Perrey’s
work in 1844 has already been mentioned. His adoption of the
term roses seismiques presumably followed the introduction of
Wind-Rosen [wind-rose] by Baron Christian Leopold von Buch
(1774–1853), after the 14th-century compass rose (referring to
the supposed resemblance between a 32-sector compass card and
the petals of a rose). However, whereas von Buch simply used
oriented direction lines within a compass-circle (1821, pl. VIII,
figs. 12–14), it was Lalanne who showed how circular frequency
plots could be used as an alternative to the conventional his-
togram-like representation (cf. Fig. 3b) to illustrate predominant
wind directions (Lalanne 1845, pl. 1, fig. 4-ter.; pl. 2, fig. 17; pl.
4, fig. 31-bis.).
In an early geological attempt to portray geological orientation

data, the French palaeontologist and prehistorian Jules de Christol
(1802–1861), in a letter to his fellow countryman the structural
geologist Jean-Baptiste Élie de Beaumont (1798–1874), illustrat-
ed the orientation of dykes and predominant schistosity in the
Cevennes region of France by simply writing the occurrence of
the attribute along the appropriate sector of a 32-sector compass
rose (Christol 1835, pl. I). Shortly after this, the French geomor-
phologist Auguste Viquesnel (1800–1867) adopted the style of the
rose de directions used by Élie de Beaumont and his fellow coun-
tryman, the geologist Ours Pierre Armand Petit Dufrénoy
(1792–1857) (Élie de Beaumont and Dufrénoy1841, I, 466) by
filling 5º sectors about each mean strike direction with a number
of radial lines proportional to the number of observations falling
in that direction (Viquesnel 1842, pl. XX).
Some thirty years later, the French mining engineers Auguste

Michel-Lévy (1844–1911) and Jules-Emile Choulette
(1844–1871) were still using essentially the same method to
show the orientation of various types of veins in the Freiberg
region of the Erzgebirge mining district, Czechoslovakia
(Michel-Lévy and Choulette1870, pls. VII, IX, X; part of pl. VII
is reproduced in Howarth 1999, fig. 7). In fact, similar depictions
of the orientations of mineralised faults and fissures, using
ungrouped radii, went on being used in studies of ore deposits into
the 1930s (e.g. Burbank and Henderson 1932, pl. 8). The
American economic geologist John Mason Boutwell (1874–1968)
drew a particularly striking example (Fig. 8, opposite; Boutwell et
al. 1905, pl. XXIII) distinguishing between the orientations of
barren, lean and pay lodes in the Bingham mining district, Utah.
Orientation diagrams in which radius length was proportional

to frequency of the number of observations within a sector also
began to be used by the middle of the 19th century. The frequen-
cy of joint directions in Co. Donegal, Ireland, was so illustrated
by the Irish physician and petrologist, the Rev. Samuel Haughton
(1823–1837) in 1864 (reproduced in Howarth 1999, fig. 9); and
the English mathematician and seismologist Charles Davison
(1858–1940) drew a polygonal rose diagram (Fig. 9, opposite), in
what is essentially the modern style, showing the directions of
fall of 140 stone lamps overturned in the Japanese earthquake of

Figure 6 Joseph Idding’s (1892, fig. 80) diagram of ‘Molecular variation
of the rocks at Electric Peak’; molecular proportions of Al2O3, CaO,
Fe2O3, FeO, H2O, K2O, MgO and Na2O plotted as a function of SiO2
(abscissa).

Figure 7 One of William Alkins’ (1920, fig. 2) models of bivariate fre-
quency distributions of shell length versus depth in 945 specimens of
Reticularia lineata from the Carboniferous Limestone of Castleton,
Derbyshire, UK.
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20 June 1894 (Davison 1905, fig. 8, 19), based on observations
originally recorded by the Japanese seismologist Fusakichi
Omori (1868–1923).

Scatter plots
Surprisingly, in view of their ubiquity today, the scatter diagram,
a term introduced (Krumbein1938, 199) by the American sedi-
mentologist and mathematical geologist William Christian
Krumbein (1902–1979) for figures that simply consist of data
points plotted on the basis of their Cartesian coordinates (today,
also referred to as a scatter plot, dot plot or cross plot), was very
unusual in early work. The use of such graphs essentially began
with the rise of crystallography, mineralogy and igneous petrolo-
gy in the 1890s (e.g. Iddings 1898, figs. 1–6; Boeke 1914, figs.
7–9). An impressive early example is by Iddings who studied the
compositions of a large number of igneous and plutonic rocks
selected from the ‘best’ analyses to have been made in the U. S.
Geological Survey’s laboratory up to that time. Figure 10 shows
all analyses for which Na2O/K2O >2, plotted on the basis of SiO2

wt. % (abscissa) and (K2O + Na2O)/SiO2 wt. % (ordinate).
The use of scatter plots became more frequent following pub-

lication of textbooks such as Holmes (1921) and Krumbein and
Pettijohn (1938), which included chapters devoted to the graphic
method, and with a growing interest in morphometrics in

palaeontology (e.g. Davies and Trueman 1927, fig. 4). The latter
was prompted by the publication of the textbook On Growth and
Form (1917) by the English biologist and mathematician D’Arcy
Wentworth Thompson (1860–1948); and an article on the use of
graphs in palaeontology by the English zoologist and invertebrate
palaeontologist, Henry Hurd Swinnerton (1875–1967)
(Swinnerton 1921).

Ternary diagram
The ternary, or triangular diagram (Bancroft 1897, 404), is one
in which a point is plotted using its centered coordinate system,
the coordinates mutually inclined at 60º; it represents the relative
proportions (a, b, c) of three end-members {A, B, C}, generally
expressed as percentages, so that a + b + c = 100. Its first appli-
cation was probably that of the German physicist Tobias Mayer
(1723–1762) in c. 1752, in which he illustrated colour-mixing
using such a diagram, with the pigments red lead, yellow ochre
and Berlin blue as end-members. It was originally drawn in
black-and-white (reproduced in Howarth 1996b, fig. 1) but
showed the proportions one should mix together to get particular
types of colour (Georg Lichtenberg, the editor of Mayer’s posthu-
mously-collected works, succeeded in making a 7-step colour tri-
angle based on his scheme; Mayer 1775, pl. III). However, the
mathematical properties of such a barycentric coordinate system
(i.e. one in which the coordinates are defined by reference to the
vertices of a simplex), its geometry and a calculus based upon it,
were first described (although solely in the contest of analytical
geometry) by the German mathematician and astronomer August
Möbius (1790–1868) in 1827. Although subsequently adopted by
physicists engaged in studies of colour and photoelasticity, it was
only after the formulation of the phase rule by the American
physicist and engineer JosiahWillard Gibbs (1839–1903) in 1875,
that the English physicist Sir George Gabriel Stokes (1819–1903)
drew the first ternary diagram to show how the concept could be
usefully applied to the study of three-component alloys (Stokes
1891, fig. 1; reproduced in Howarth 1996b, fig. 6).
Curiously, the first such diagram to appear in the geochemical

literature, drawn by the Czechoslovakian mineralogist, crystallo-
grapher and petrologist Friedrich Becke (1855–1931) in 1896
(Becke 1896, reproduced in Howarth 1998, fig. 2) was construct-
ed on a different basis: having been inspired by the {h, k, l} crys-
tallographic indices for the hexagonal system, introduced by the
English mineralogist and crystallographer William Hallowes

Figure 8 Trends of barren fissures (innermost circle), and of lean (cen-
tral ring) and pay (outer ring) veins and lodes, in the Bingham min-
ing district, Utah, USA (Boutwell et al. 1905, pl. XXIII).

Figure 9 ‘Plan of directions of fall of overturned stone-lamps at Tokyo
during the earthquake of 1894’ (Davison 1905, fig. 8).

Figure 10 Compositions of 928 American igneous rocks in which
Na2O/K2O >2; plotted on the basis of SiO2 wt. % (abscissa) and
(K2O + Na2O)/SiO2 wt. % (ordinate) (Iddings 1898, fig. 2).
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Miller (1801–1880) in 1839. Becke used two coordinates inclined
at 120º, with their origin at the centre of the triangle.
By the turn of the century, there was great interest in both the

chemical composition and classification of igneous rocks, and
a lot of experimental petrology was also being undertaken in
order to understand the behaviour of silicate systems. It
became considerably easier to plot such data following the
introduction of ‘triangular’ graph paper by the American phys-
ical chemist Wilder Dwight Bancroft (1867–1953), ruled with
a 60º net consisting of 1% and bolder 10% gridlines (Bancroft
1897, fig. 1; reproduced in Howarth 1996b, fig. 7). Even so, its
commercial availability must have proceeded surprisingly
slowly, as in 1922 the petrologist Albert Johannsen
(1871–1962) published a method to facilitate the hand-drawn
graphical construction of a plot of data points within a quartz-
orthoclase-plagioclase triangle.
The German geochemist Alfred Osann (1859–1923) used the

ternary diagram in 1900 as the basis for one of the first chemical
classification schemes for igneous rocks, based on the conversion
of the weight percentages of the various major oxides to molecu-
lar proportions (by dividing them by the molecular weights of the
oxides). He then plotted these on a triangular ‘ACF’ diagram
(Fig. 11): A, the sum of the molecular proportions of the alkalis;
C, the sum of the molecular proportions of CaO plus MgO and
FeO equivalent to any Al2O3 left over after its allotment to the
alkalis and lime; and F, the sum of the molecular proportions of
FeO and MgO plus any excess CaO. The percentages of the quan-
tities A, C and F were then calculated in order to plot them on the
diagram (Osann 1900, pls. IV–VII). Results obtained using his
classification scheme were published in a series of papers
between 1900 and 1903. Similar classification schemes have con-
tinued to be used in igneous and metamorphic petrology (see
examples in Rollinson 1993).
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The increasing interest in igneous petrology and geochem-
istry, and the publication of many textbooks on petrographic
methods, led to the publication of numerous ternary diagrams
from the early 1920s onwards, particularly in the field of
igneous petrology. By the late 1940s, their use had also spread
to sedimentary petrology and sedimentology. The American
sedimentologist and marine geologist Francis Parker Shepard
(1897–1985) reviewed in 1954 various classification schemes,
based on sand-silt-clay ratios, which had recently been pro-
posed. Krumbein (1952, 1955) established quantitative sedi-
mentary facies mapping, in which ternary classification
schemes based on lithological attributes (such as the sandstone-
shale-limestone or sandstone-shale-non-clastics thickness
ratios) in stratigraphic sections, or wells, passing through a par-
ticular formation could be usefully overlaid on isopach maps of
the formation thickness. The use of this approach was popu-
larised following publication, with his colleague Laurence
Louis Sloss (1913–1996), of their textbook Stratigraphy and
Sedimentation (Krumbein and Sloss 1959, ch. 6). See Howarth
(1996b) and Sabine and Howarth (1998) for further discussion.

Multivariate frequency polygons
It is easy to forget that, until the recent years of computer graph-
ics, all statistical illustrations were drawn by hand; and that a
standard chemical analysis of a rock was, until the advent of X-
ray fluoresence analysis in the 1960s, still being performed by the
classic methods of wet chemistry (e.g. Washington 1919).
Typically, most or all of the major oxides (SiO2, Al2O3, Fe2O3,
TiO2, FeO, MnO, CaO, MgO, K2O, Na2O, P2O5 wt. pct.) would
be reported and, for some applications, these would be recalcu-
lated as normative values etc. under one of a number of possible
schemes. It was realised that, in order to best compare composi-
tions of different individual rocks (as opposed to the overall
trends shown by a variation diagram), a graphical display
embracing the essential features of the entire composition of each
might be helpful. Perhaps inspired by the use of multiple curves,
or divided bars, to represent the proportions of the oxides in each
rock type plotted in variation diagrams (see above), this encour-
aged graphic innovation in the form of multivariate symbols.
Figure 12 (opposite) shows six of these by the French mineralo-
gists Michel-Lévy in France and Otto Mügge (1858–1932) in
Germany; and by petrologists Waldemar Christopher Brøgger
(1851–1940) in Norway, Franz Loewinson-Lessing (1861–1939)
in Russia, and Iddings in America (Michel-Lévy 1897a, 1897b;
Brøgger 1898; Loewinson-Lessing 1899; Mügge 1900; Iddings
1903).
The most interesting graphical display produced using multi-

variate symbols is that by Iddings, which he developed as an
extension of his 1898 work, mentioned above. He adapted his
symbol from that of Brøgger (1898) and plotted the centre of
each in the diagram using SiO2 and (K2O + Na2O)/SiO2 wt %
coordinates, as before. For additional clarity, he coloured the four
triangular sub-regions of each symbol: lower right (MgO, CaO)
blue; upper right (NaO, Al2O3), yellow; upper left (Al2O3, K2O),
green; and lower left (2Fe2O3+FeO, CaO) red. If TiO2 were pres-
ent in ‘appreciable’ amount it was plotted to the left of the zero
point, parallel to the abscissa. He concluded that the overall fig-
ure (Iddings 1903, pl. I), which consisted of several hundred indi-
vidually coloured symbols for igneous rocks containing more
than 27% SiO2, convincingly demonstrated:

Figure 11 Examples of the granite family plotted in Alfred Osann’s
‘ACF’ scheme for the classification of igneous rocks (see text for
explanation; redrawn from Osann (1900, pl. IV fig. 2)). In the orig-
inal the ratio lines are in red, the whole over a very faint blue grid.
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“that there are gradual transitions in the chemical composi-
tion of igneous rocks from one extreme to another, that there
are no recognizable groupings of rocks or noticeable subdi-
visions of the chemical series, and that chemically similar
rocks occur in genetically different families, it follows that
the subdivision of all igneous rocks into groupings for pur-
poses of classification must be along arbitrarily chosen lines.
And the intricate character of the chemical variations, appar-
ent in the diagrams, prevents a simple quantitative statement
of any possible limits which may be selected for subdivisions
of the series, however arbitrarily chosen.” (Iddings 1903, 69)

Unfortunately, probably because they were so tedious to draw
by hand, the use of multivariate symbols fell out of use around
1910 and was not taken up again until their construction was
facilitated by the arrival of computer graphics in the late 1960s.
Nevertheless, igneous petrology was one of the areas where the

use of graphs was most rapidly taken up (Fig. 13). A few other
types of graph were also occasionally used in other fields, e.g.
polar diagrams in studies of crystal optics, such as those by the
French physicist Jean Baptiste Biot (1774–1862) using Iceland
spar (e.g. Biot 1817, pl. IV, fig. 14); and divided-bar charts were

occasionally used to compare rock compositions (Brammall and
Harwood 1925, fig. 1).

The computer age
As time went by, the time lag before earth scientists adopted a
graphical technique that had originally been developed outside
their field gradually became shorter and shorter, and a major
decrease followed the introduction of computers into universities
after the Second World War, first in America and later in Europe
(Fig. 14, overleaf) as the computer enabled graphs of all kinds to
be far more easily produced than drawing them by hand. The sit-
uation was further eased with the gradual introduction of soft-
ware packages.
While these developments led to much innovation in statistical

methods, including methods for graphical data display, only a
small number of the new, purely graphical, innovations have been
taken up in the earth sciences. These include:

1. The boxplot (which can be thought of as a ‘top-down’ view of a
histogram) for univariate comparison of the distribution of the
same variable across a number of classes, introduced by the
American statistician JohnWilder Tukey (1915–2000) in 1977 and
now a standard component of most statistical software packages.
2. Kleiner-Hartigan trees, a method introduced by the American
statisticians Beat Kleiner and John Hartigan (1981) to aid com-
parison of multivariate abundance (the problem discussed in the
previous section). The data for each sample to be compared was
plotted using the same tree-like topology of the graphic symbol
(based on a prior hierarchical cluster analysis of the correlation

Figure 12 Examples of types of multivariate graphics used to represent
the chemical composition of an igneous rock: 1, Michel-Lévy 1897a,
pl. VII; 2, Michel-Lévy 1897b, fig 2 and pls X–XV; 3, Brøgger 1898,
pl. I; 4, Loewinson-Lessing 1899, pl. IV; 5, Mügge 1900, pls V–VI;
and 6, Iddings 1903, pl. I (Howarth 1998, fig. 5).

Figure 13 Usage of different types of graph in igneous petrology,
1800–1935 (adapted from Howarth 1998, fig. 1).
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matrix for all the variables used) with branch-lengths in each tree
proportional to relative abundance. Early geological examples of
the application of both these methods are given by Howarth
(1984, figs. 2 and 3). Regrettably, the extremely effective
Kleiner-Hartigan trees eventually fell out of use in the late 1980s
as a result of insufficient portability of the software.
3. The radial or Galbraith plot, for the comparison of a number
of point-estimates of differing precision, introduced by the
British statistician Rex Galbraith, and now widely adopted for the
display of comparison of fission track age estimates (Galbraith
1988, 1990, 2005).

Readers interested in finding out more about the early history of
graphical methods should investigate: Shields (1937),
Funkhouser (1938), Royston (1956), Tilling (1975), Beniger and
Robyn (1978), Fienberg (1979), Tufte (1983), Hankins (1999)
and Spence (2005); and geological applications have been dis-
cussed by Howarth (1984, 1996a, 1996b, 1998, 1999, 2002).
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