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Use of some petrologic diagrams applied to analyses of volcanic rocks is unnecessarily difficult due 10
lack of data for construction of discriminant lines between rock series. Coordinates are provided for suf-
ficient points to enable accurate plotting of the boundary lines within seven diagrams, viz.: (1) TAS -
total alkalies (Na,O+K,0) vs. SiO,; (2) K,0 vs. SiO;; (3) AFM; (4) Jensen; (5) KTP - K,0-TiO,-
P,0s; (6)FMS - (FeO*/MgO) vs. SiO,; and (7) TAKTIP - K,0/ (Na,O+K,0) vs. TiQ,/P,0;. Differ-
ent versions of these boundaries are collated to indicate their variable position, and it is demonstrated
that inter-laboratory analytical precision suffices to account for almost all of their spread on the 74S and

K,O vs. Si0, diagrams.
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1. Introduction

It is quite commonplace for geologists to plot
analyses of igneous rocks on various diagrams either
to ascertain a rock name (e.g., Le Bas et al., 1986)
or to identify the rock series to which their data have
greatest affinity (e.g., Irvine and Baragar, 1971).
Generally, it is inadvisable to plot new analyses di-
rectly on the originators’ published diagrams
because:

(1) most of them have been printed at a size too
small for convenient re-use, e.g. Irvine and Baragar
(1971, fig. 2A, p.528; fig. 3B, p.532);

(2) the grid lines needed for accurate plotting are
usually omitted, e.g. Kuno (1968, fig. 14, p.649);

(3) they are often cluttered with data points plot-
ted by the originator, e.g. MacDonald and Katsura
(1964, fig. 1, p.87);

(4) journal, or monograph, vandalism is not
popular with librarians and, in any case, data can
only be plotted on the original diagram on a small
number of occasions before erasure of previous data
becomes incomplete, or causes irreparable damage.

Even if a particular diagram is printed at an ade-
quate size and tracing paper is superimposed, then
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item (2) usually proves to be a serious stumbling
block. Most of these diagrams have only one set of
scales for each parameter, e.g. Kuno (1966, fig. 2,
p.198) so that grid lines have to be constructed as-
suming that no distortion occurred during photo-
graphic reproduction of the original line drawing or
during printing. Enlargement, either photographi-
cally, or by a photocopier, often results in distortion
although some modern, better quality, equipment
introduces very little. Hence it is usually necessary
to redraw the scales and discriminant lines on a new
piece of graph paper, and what at first appears to be
a simple procedure proves difficult because few
originators of such graphs have published coordi-
nates for points on their demarcation lines.

The purpose of this paper is to provide coordi-
nates for the boundary lines on a number of dia-
grams that utilise the major and minor elements
which are conventionally reported as oxide per-
centages. Similar diagrams utilising trace elements
(e.g., Pearce and Cann, 1973; J.H. Wilkinson and
Cann, 1974; Floyd and Winchester, 1975; Winches-
ter and Floyd, 1976, 1977) warrant separate discus-
sion at another time.

The different boundary lines that have been pub-
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lished are collated on the figures given here. These
lines are empirical and were constructed by their
originators on the basis of the data at hand. As such,
the lines should not be construed as rigid bounda-
ries and the variation in their position is some in-
dication of their wooliness; a demarcation band or
zone is probably more applicable in most cases but
less easy to work with.

2. Discrimination between rock series

2.1. The TAS diagram — Alkaline/sub-alkaline rock
series (1)

The weight % total alkalies (Na,O+K,0) vs.
SiO, Harker diagram, which Le Maitre (1984)
called TAS, is one of the most frequently used by
petrologists. It enables both assignment of volcanic
rock names (e.g., Cox et al., 1979; Kremenetskiy et
al., 1980; Middlemost, 1980; Le Maitre, 1984; Le
Bas et al., 1986) as well as discrimination between
rocks of the alkaline and sub-alkaline series. For the
latter purpose MacDonald and Katsura (1964, fig.
1, p.87) and MacDonald (1968, fig. 1, p.481; fig. 7,
p.514) published dividing lines based on analyses
of Hawaiian volcanic rocks, whereas Kuno’s (1966,
fig. 2, p.198; 1968, fig. 2, p.627) line was based on
analyses of Cenozoic basalts from Eastern Asia. The
Hawaiian data were divided by straight lines which
are essentially one and the same, although they dif-
fer in length (Fig. 1). However, Kuno (1966, fig. 2,
p.198; 1968, fig. 2, p.627) found it necessary to util-
ise a curved dividing line which is very similar in
position to the Hawaiian lines in the region of 46—
56% SiO, but curves to lower total alkali values at
high Si0O, concentrations. Based on analyses of rocks
from a large number of areas, Irvine and Baragar
(1971, p.531) obtained a curved dividing line that
is mostly above all other lines, but their equation
(Irvine and Baragar, 1971, p.547) yields a second
line that is in a slightly different position, particu-
larly at high and low silica values.

Coordinates for all of these lines are given in Ta-
ble 1 and they have all been plotted on Fig. 1, to-
gether with the template of the IUGS classification
for which Le Bas et al. (1986, fig. 1, p.746) gave
coordinates; this template differs only slightly from
its precursor (Le Maitre, 1984; fig. 1, p.245). To
avoid confusion, the schemes of Cox et al. (1979,

fig. 2.2, p.14), Kremenetskiy et al. (1980, fig. 2,
p.58) and Middlemost (1980, fig. 1, p.54) have
been omitted as they appear to have been
superseded. Kuno (1966, fig. 2, p.198; 1968, fig. 2,
p.627) also plotted a line discriminating high-alu-
mina basalts from tholeiites but this is less com-
monly utilised at the present time so it too has been
left off this already complex figure.

All of the proposers of the lines given in Fig. |
regarded them as separating the alkaline rock series
from the tholeiitic rock series, although Kuno (1966,
p.197) suggested ““pigeonitic rock series’”” as an al-
ternative name for the latter. Chayes (1966) co-
gently argued for substitution of the term ‘‘subal-
kaline” for “tholeiitic” but J.F.G. Wilkinson (1968,
p.171) included both the tholetitic and calc-alkali
series under the heading “‘subalkaline™ - a practice
that has been widely adopted. An objection to use
of geological names that include “alkaline” was
raised by Miyashiro (1974, p.322) as that term has
a different meaning to chemists; instead he pre-
ferred to use “alkalic”, e.g. “non-alkalic” and “calc-
alkalic”, but this has not been followed by many
geologists.

There is a continuous gradation between analyses
of rocks from these series (Miyashiro, 1974, p. 323)
and so any boundary is necessarily artificial. The
magnitude of difference in position between these
published boundary lines is discussed in Section 4,
and here it suffices to note that rocks with analyses
which plot within the band defined by extreme
variations of these lines cannot be reliably assigned
to either alkaline or sub-alkaline groups. This band
is approximately defined by points with coordi-
nates (40, 0.45), (45, 2.8), (50, 4.75), (55, 6.5),
(60, 8.0), (65,9.6), (70, 11.1 [by extrapolation])
and (40, 0.3), (45, 2.2), (50, 3.9), (55, 5.7), (60,
6.8), (65,7.35), (70, 7.85).

2.2. The K50 vs. SiO, diagram -~ Shoshonite/sub-
alkaline rock series (11)

Discrimination between analyses of rocks of the
shoshonite and sub-alkaline orogenic series can be
made using the diagram of weight % K,O vs. Si0,
that was published by Peccerillo and Taylor (1976,
fig. 2, p.66). This was extended to more basic rocks
by Ewart (1979; 1982, fig. 1, p.40) and was modi-
fied by Innocenti et al. (1982, fig. 3b, p.334), Carr
(1985, fig. 4, p.174) and also by Middlemost (1985,
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Fig. 1. The TAS diagram - Weight % total alkalies (Na,O+K,O) vs. SiO, on an H,0- and CO,-free basis. Symbols: + =Mac-
Donald and Katsura (1964, fig. 1, p.87); X =MacDonald (1968, fig. 1, p.481), A =MacDonald (1968, fig. 7, p.514); B=Kuno
(1966, fig. 2, p.198); ® =Irvine and Baragar (1971, fig. 3B, p.532); @ =Irvine and Baragar (1971, p.547). Coordinates for the
solid lines joining these symbols are given in Table 1. Dotted lines are boundaries to IUGS volcanic rock names specified by Le

Basetal. (1986).

TABLE |

Coordinates for points on boundary lines on the 74S diagram (Fig. 1)

Symbol  Author(s) Coordinates (Si0, total alkalies) Line type

in

Fig. |

+ MacDonald and Katsura (1964, (41.75,1) to (52.5,5) straight
fig. 1, p.87)

X MacDonald (1968, fig. 1, p.481) (39.8,0.35) to (65.5,9.7) straight

A MacDonald (1968, fig. 7, p.514)  (38.8,0) to (60, 7.5) straight

] Kuno (1966, fig. 2, p.198; 1968, (45.85,2.75), (46.85,3), (50, 3.9), (50.3,4), (53.1,5), (55,5.8), curved
fig. 2, p.627) (55.6,6), (60,6.8), (61.5,7), (65, 7.35), (70, 7.85), (71.6, 8),

(75,8.3), (76.4,8.4)

¢ Irvine and Baragar (1971, fig. 3B, (39.2,0), (40, 0.4), (43.2,2), (45, 2.8), (48,4), (50, 4.75), (53.7, 6). curved
p.532) (55, 6.4), (60, 8), (65,9.6), (66.4,10)

[ ] Irvine and Baragar (1971,p.547)  (39,0), (41.56, 1), (43.28,2), (45.47,3), (48.18,4), (51.02, 5), curved (computed)

(53.72,6), (56.58,7), (60.47, 8), (66.82,9), (77.15, 10)

fig. 6.1.1, p.121). In each of these diagrams the
shoshonite (sometimes called an association, e.g.
Morrison, 1980, p.97), high-K calc-alkaline, calc-
alkaline and tholeiite [sometimes called island arc
tholeiite, e.g. Jake§ and Gill (1970, p.18) or low-K,
e.g. Ewart (1982, p.29)] series occur at progres-
sively decreasing weight % K,O and are separated

by single or compound straight lines of positive
slope. Vertical lines (constant, integer, weight %
Si0,) serve to subdivide the series into rock types,
but authors differ on the position of these and also
on the starting and terminating points of the slop-
ing lines. Details of these variations are given in Ta-
ble 2 where K,O coordinates are given that have
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TABLE 2

Coordinates for points on boundary lines on the K,O vs. SiO, diagram (Fig. 2; tabulated are % K,O values measured on specified figures)

Author(s) % SiO, of vertical dividing lines or slope changes

45 48 49 52 53 56 57 61 63 69 70 75 76 78
Between shoshonite and high-K calc-alkaline series:
P&T - 1.6 - 2.4 - 3.2%! - - 4.0 - - - - -
E 1.38 1.63%! 2.39 - 3.22%! - - 4.0 - - - - -
[1.60] [2.40] [3.20]
1 - 1.69 - 2.43 - 3.29 - - 4.20 - 5.09 - - -
[1.70]} [2.50] [3.30] [5.10]
C - - 1.77 - 2.48 - 3.15% 375 - - - - - -
[1.751 - [2.45] -
M 1.37 1.646 - 2.38 - 3.126 - - 3.87 - - - - -
[1.65] (2.39) (3.13]
Between high-K calc-alkaline and calc-alkaline series:
P&T - 1.2 - 1.5%2 - 1.8%! - - 2.4 - 3.0 - - -
E 0.94 1.19 - 1.51% - 1.82% - - 2.42 2.94 347 - -
(0.975) [1.20] - [1.50] - [1.80] - - [2.40] (2.91) - (3.43) - -
1 - - - 1.35 - 1.86*! - - 2.47 - 3.10 - - -
(2.48)
C - - 1.12 - 1.58* - 1.94 2.32 - - - - - -
[1.10] [1.60] [1.95] [2.30]
M 0.92 - - 1.46 - 1.77 - - 2.32 - - 3.25 - -
Between calc-alkaline and tholeiite series:
P&T - 0.3 - 0.5 - 0.7%! - - 1.0 - 1.3* - - 1.6
E 0.18 0.32 - 0.52 - 0.72%! - - 1.0 1.30 - 1.56 - -
(0.15) [0.30] [0.50] [0.70] (1.26) (1.51)
I - 0.41 - 0.58 - 0.75%! - - 1.06 - 1.38 - 1.64 -
- [1.65)
C - - 0.35 - 0.51 - 0.67 0.83 - - - - -
[0.50] {0.65)  [0.80] -
M 0.197 - - 0.481 - 0.651 - - 0.94 - 1.44 ~ -
[0.20] (0.49) (0.65)

Symbol in Fig. 2 and letter code above: @, P & T =Peccerillo and Taylor (1976, fig. 2, p.66); X, E=Ewart (1982, fig. 1, p.40); &, I=Innocenti et
al. (1982, fig. 3b, p.334); +, C=Carr (1985, fig. 4, p.74); @, M=Middlemost (1985, fig. 6.1.1, p.121).

() =computed values used for plotting; [ ] =assumed rounded value.
*! —location of a change in slope; **misprinted as 1.3 in the original.

been measured off published diagrams, for only
Peccerillo and Taylor (1976) explicitly stated these
values (note that the second value on their vertical
52% Si0, line should be 1.5 and not 1.3). Measure-
ments on enlarged diagrams inevitably result in er-
ror and hence values in square parentheses are as-
sumed coordinates and those in round parentheses
are interpolations made possible by ubiquitous use
of straight lines. The inferred locations of the divid-
ing lines are plotted in Fig. 2 using the assumed or
interpolated coordinates in preference to measured
values. Vertical lines between subdivisions of the
rocks in each series have been omitted for clarity,
but are easily located from the plotted points.

It should be noted that Peccerillo and Taylor
(1976, p.66) fused their samples prior to analysis,

Ewart (1982, p.28) stated that analyses were cal-
culated on an anhydrous basis prior to plotting, and
Middlemost (1985, p.76) indicated that this was a
common practice and, by inference, was done by
him. However, neither Innocenti et al. (1982) nor
Carr (1985) indicated that analyses should be re-
calculated free of H,O and CO, and their tabulated
data are not presented in that form.

It is evident from Fig. 2 that opinions about the
locations of series discrimination lines become more
divergent as the % K,O increases.

Ewart’s (1982) lines seem mostly to extend those
of Peccerillo and Taylor (1976) down to 45% SiO,
and up to about 75% SiO, (Ewart’s lower two di-
viding lines, and some of his trend lines, terminate
at varying values below 76% SiO, ). Ewart’s middle
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Fig. 2. The K,O vs. SiO, diagram — weight percentages on an H,O- and CO.-free basis. Symbols: @ =Peccerillo and Taylor (1976,
fig. 2, p.66); X =Ewart (1982, fig. 1, p.40); A =Innocenti et al. (1982, fig. 3b, p.334); + =Carr (1985, fig. 4, p.74); W=Mid-
dlemost (1985, fig. 6.1.1., p.121). Broken lines, joining triangles, signify less reliability. Coordinates for points marked by various

symbols are given in Table 2.

line appears to have a change in slope at 52% SiO,
whereas Peccerillo and Taylor drew no such deflec-
tion, and, conversely, Ewart’s lower line is straight
above 56% SiO, yet Peccerillo and Taylors’ coordi-
nates signify a slope change at 70% SiO,. But these
are trivial differences, the first of which has not been
indicated in Fig. 2 where the originators’ version has
been preferred.

Innocenti et al. (1982, fig. 3 caption, p.334) stated
that their inset was a modified version of Peccerillo
and Taylor’s (1976) diagram, but it lacks a vertical
scale so could not be used to obtain coordinates. The
drafting of their figures is such that series dividing
lines have similar shapes in both the inset and fig.
3b (all being compound and changing slope at 56%
Si0,) yet in fig. 3a the middle line is virtually
straight, and the slope of the lower line decreases
above 56% SiO, whereas it increases in the other
two diagrams. For these reasons all coordinates have
been determined from fig. 3b, despite its poor draft-
ing quality; they must, therefore, be regarded as very

approximate. Consequently, the series dividing lines
of Innocenti et al. are plotted as broken lines in Fig.
2 and have only been retained because they are
based on more potassic rocks than other authors an-
alysed - the upper line therefore being of particular
interest. Their upper and lower series dividing lines
are above all others, and the middle line only crosses
those of other authors towards its lowest point, the
position of which is likely to have been guided by
the misprinted coordinates (52, 1.3) of Peccerillo
and Taylor (1976, fig. 2, p.66).

Carr’s (1985, fig. 4, p.74) graph only extended
over the range 49-61% SiO, but his upper and lower
series dividing lines are the lowest encountered. The
upper half of his middle line duplicates that of In-
nocenti et al. and as such is higher than others, yet
below 53% SiO, it crosses them all.

Middlemost (1985, fig. 6.1.1, p.121) utilised the
same silica range as Ewart (1982) but his three lines
are distinctly different from those proposed by other
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authors and above 61% SiO, all three of his lines are
the lowest of their group.

Peccerillo and Taylor (1976) subdivided the four
series by vertical lines and allocated 16 rock names
to the pigeon holes so formed. Ewart (1982) added
two new names [basalt (high-K) and rhyolite (high-
K) ] and moved the 70% SiO, divider to 69%. Later,
Innocenti et al. (1982) substituted shoshonitic ba-
salt and latite for absarokite and banakite, respec-
tively, and introduced a pigeon hole for trachyte by
extending the upper series dividing line. However,
they retained the vertical lines of Peccerillo and
Taylor. Carr’s (1985, fig. 4, p.74) modifications of
the Peccerillo and Taylor diagram are the most
drastic. His vertical boundaries to series subdivi-
sions are quite different and he recognised only ba-
salts, basaltic andesites and andesites. Middlemost
(1985) did not indicate preferred rock names and
only retained the vertical dividers at 52%, 56% and
63% SiO,. These differences in position and names
of pigeon holes have been omitted from Fig. 2 for
the sake of clarity.

Analyses which plot within bands that embrace
these various lines cannot be reliably assigned to a
rock series. Coordinates of points on upper and
lower boundary lines of such bands are:

Shoshonite high-K series:

(45, 1.38), (48, 1.7), (56, 3.3), (63,4.20), (70,5.1) and

(45, 1.37), (48, 1.6), (56, 2.98), (63, 3.87), (70, 4.61 [by
extrapolation])

High-K/calc-alkaline series:

(45,0.98), (49,1.28), (52, 1.5), (63, 2.48), (70, 3.1), (75,
3.43) and

(45,0.92), (49, 1.1), (52, 1.35), (63, 2.32), (70, 2.86), (75,
3.25)

TABLE 3

Coordinates for points on boundary lines on the AFM diagram (Fig. 3)

Calc-alkaline/low-K series:
(45,0.2), (48,0.41), (61,0.97), (70, 1.38), (75,1.51) and
(45,0.15), (48,0.3), (61,0.8), (70, 1.23), (75, 1.44)

2.3. The AFM diagram — Tholeiite/calc-alkaline
rock series (I11)

Subdivision of sub-alkaline rocks into tholeiite
and calc-alkaline series can be made on the basis of
the plotted position of chemical data in an AFM
diagram, where the apices are weight %
(Na,O+K,0), (total Fe as FeO) and MgO. For this
purpose, Kuno (1968, fig. 14, p.649) published a
dividing line which was empirically derived from
Japanese rocks, whereas Irvine and Baragar (1971,
fig. 2A, p.528) used analyses of rocks from many
suites to locate a dividing line but they also pre-
sented an equation (Irvine and Baragar, 1971,
p.547) which purported to represent it. Coordi-
nates of various points on these lines as measured
on the published diagrams, together with those cal-
culated from Irvine and Baragar’s (1971, p.547)
equation, are given in Table 3 and all three lines are
plotted in Fig. 3. Kuno’s boundary line yields a
smaller area for the tholeiite series than do those of
Irvine and Baragar, being markedly divergent from
the latter near the F-M tie line. The equation given
by Irvine and Baragar yields a line which deviates
slightly from their plotted boundary, particularly
near the A-F tie line, but it seems to be a reasonable
mathematical equivalent.

It should be noted that Irvine and Baragar (1971,
p.528) referred to F as (FeO+0.8998Fe,0,); the
factor simply being that to convert weight % Fe,O,
to weight % FeO. Many users of the diagram merely
label the F-apex (FeO+Fe,0;), e.g. Rivalenti

Symbol Author(s) Coordinates (A4,F,M)

in

Fig. 3

] Kuno (1968, fig. 14, p.649) (72,24, 4), (50, 39.5, 10.5), (34.5, 50, 15.5), (21.5,57,21.5), (16.5, 58, 25.5),

(12.5, 55.5, 32), (9.5, 50.5, 40)

* Irvine and Baragar (1971, fig. 2A, (58.8,36.2,5), (47.6,42.4, 10), (29.6, 52.6, 17.8), (25.4, 54.6, 20), (21.4, 54.6, 24),
p.528) (19.4, 52.8,27.8), (18.9, 51.1, 30), (16.6, 43.4, 40), (15, 35, 50)

® Irvine and Baragar (1971, (70, 30,0), (62.1,32.9,5), (47.4,42.6, 10), (34.3,50.7, 15), (25.7, 54.3, 20),

equation, p.547)

(21.1,53.9,25), (19.2,50.8, 30), (18.3,46.7, 35), (17.5,42.5, 40), (16.1, 38.9, 45),

(14.4,35.6, 50), (12.6,32.4, 55), (11.2,28.8, 60), (10.4,24.6, 65), (10.1, 19.9, 70),
(10.3, 14.7,75), (10.3, 9.7, 80), (10.0, 5.0, 85), (9.2, 0.8, 90).

Key: A= (Na,O+K,0); F=total Fe as FeO; M =MgO - all weight percentages.
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A

Fig. 3. The AFM diagram - weight % (Na,O+K,0), (total
Fe as FeO), MgO. Symbols. @=Kuno (1968, fig. 14, p.649);
* = Irvine and Baragar (1971, fig. 2A, p.528); @ =Irvine and
Baragar (1971, p.547 - equation ). Coordinates for marked
points on the boundary lines are given in Table 3.

(1975, fig. 2, p.724) as indeed did Kuno (1968, fig.
14, p.649), but whereas the latter did state in the
text (p.632) that the apex was “FeO+Fe,O; (as
FeO)”, the former offered no such explanation and
one is forced to conclude that no adjustment of
Fe,O; was made. Pearce et al. (1975, p.420) specif-
ically referred to the “AFM diagram (Fe,O;+FeO)-
MgO-(Na,0+K,0), all in weight percent” so
seemingly leaving no doubt that raw percentages
were used. The most clear, unambiguous, labelling
of the F-apex is that of Johnson et al. (1985, fig. 8,
p.298) who stated “iron-oxide (F, total Fe as
FeO)™.

To investigate the effect of ignoring this conver-
sion, calculations were made using weight percent-
ages of total alkalies=MgO =3 (so that data plot on
the perpendicular to the A-M line) and weight %
FeO=weight % Fe,O;=1 to 15. It was found that if
Fe,O; is adjusted to equivalent FeO then, com-
pared to unadjusted data, the F-coordinate de-
creases by about 1% (e.g., 16.6 to 16, 37.5 to 36.3,
50 to 48.7, 70.6 to 69.5). Thus failure to make the
adjustment is unlikely to produce serious misplot-
ting, nevertheless the proponents of the discrimi-
nant lines did intend that the adjustment should be
done to compensate for oxidation.

As a cautionary step it should be noted that Mi-
yashiro (1974) wrote that the calc-alkaline and
tholeiite series (p. 325):

*... do not represent two discrete trends of magmatic evo-
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lution but represent two artificially defined divisions of
continuously variable and diverse trends.”

and (p. 327) that:

3

.. use of alkali contents in the distinction ...
misleading.”

may be

Subsequently, the AFM diagram was specifically
criticized by Jensen (1976, p.5) as sometimes being:

*... misleading in discerning rock chemical trends.”

and Morrison (1980, p.98) cautioned that shosh-
onitic rocks usually plot in the alkaline rock series
field of the TA4S diagram but occur in the calc-alka-
line field of the AFM diagram.

2.4. The Jensen diagram - Komatiite/tholeiite/
calc-alkaline series (1V)

Geologists working with komatiites have adopted
the Jensen (1976, fig. 1, p.7) diagram for chemical
classification of their rocks. Its author advocated
even wider uses for it and discrimination between
tholeiite, calc-alkaline and komatiite rock series 1s

FeO + FQZOG + TiO2

MgO

Cation %

Fig. 4. The Jensen diagram - cation % AlO;,
(FeO+Fe,0,+Ti0,), MgO. Solid lines separate tholeiite
(T), calc-alkaline (C) and komatiite (K) fields, and broken
lines subdivide these. Solid circles are locations on the one
curved line and their coordinates are given in Table 4 to-
gether with coordinates of end-points for all other boundary
lines. The lines making an isolated, inverted, K are bounda-
ries proposed by Viljoen et al. (1982, fig. 4.6, p.69); the solid
line separating komatiites from tholeiites with the latter sub-
divided by broken lines into Mg-, normal and Fe-tholeiites.
All other lines are from Jensen and Pyke (1982, fig. 11.3,
p.149).
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TABLE 4

Coordinates for points on boundary lines on the Jensen diagram (Fig. 4)

Author (s)

Coordinates (4,F,M)

SERIES BOUNDARY

Tholeiite-komatiite series:
Jensen (1976); Jensen and
Pyke (1982)
Viljoen et al. (1982)

Tholeiite-calc-alkaline series:
Jensen (1976); Jensen and
Pyke (1982)

SUB DIVISIONS

Komatiite series.
Jensen and Pyke (1982)

Tholeiite series:
normal tholeiite-Mg-tholeiite
normal tholeiite-Fe-tholeiite

Vijjoen et al. (1982)

Jensen (1976); Jensen and
Pyke (1982)
Jensen (1976)

andesite-high-Fe tholeiitic basalt

Tholeiite series:
andesite-dacite
dacite-rhyolite

Jensen (1976); Jensen and
Pyke (1982)

basaltic komatiite-ultramafic komatiite
(komatiitic peridotite)

(50,0, 50) to (22.5, 55, 22.5)

(24,76,0) to (48.5, 0, 51.5) between F60 and F28.5
contours
(locations shown by solid circles)
(90, 10, 0), (50.7, 27.6,21.7), (51.5,29,9.5),
(53.5,28.5, 18), (50.5, 27.5, 22), (50.3, 25, 25.7),
(50.8, 20,29.2), (51.5,12.5, 36)

(40,0, 60) to (0, 40, 60)

(48.5,30,21.5) to (35.7, 40, 24.3)
(45,46,9) to (35.7, 40, 24.3)

high-Fe tholeiitic basalt-high-Mg tholeiitic basalt  (33.3, 33.3, 33.3) to (50, 25, 25)

(50,50,0) to (50, 35, 15)
(50, 33.5,16.5) to (51.5,29,9.5)

Calc-alkaline series:
basalt-andesite
andesite-dacite
dacite-rhyolite

(60, 40, 0) to (60, 10, 30)
(70,30,0) to (70,0, 30)
(80, 20,0) to (80,0, 20)

Key: A= Al,O,; F=(FeO+Fe,0;+TiO,); M=MgO - all cation percentages. Sources: Jensen (1976, fig. 1, p.7); Jensen and Pyke (1982, fig. 11.3,

p.149); Viljoen et al. (1982, fig. 4.6, p.68).

of paramount importance to the present discussion.
This scheme is shown in Fig. 4 together with the
variation proposed by Viljoen et al. (1982, fig. 4.6,
p.69) who found it necessary to move the boundary
between tholeiites and komatiites towards the A, O,
apex. At the same time, Viljoen et al. subdivided
tholeiites into Fe-, normal and Mg-types, so that
their boundaries form an isolated, inverted, K in Fig.
4. On another copy of his diagram, Jensen (1976,
fig. 2, p.8) helpfully indicated the locations of tho-
leiitic, calc-alkaline and komatiitic trends which oc-
cur in widely separated areas, passing through or
near the letters 7, C and K given in Fig. 4. Jensen
(1976, pp.2 and 3) explained that:

*.... the curved line dividing tholeiitic and calc-alkalic fields

corresponds closely to those employed on the AFM dia-

gram ... by Irvine and Baragar (1971).”
and the broken lines subdividing the tholeiite and
calc-alkaline series were also based on proposals by

them.

The publication containing this original diagram
can be difficult to procure but a later version is
readily available (Jensen and Pyke, 1982, fig. 11.3,
p.149); it differs only by expansion of the ultra-
mafic komatiite field by 10% MgO and by omission
of a small straight line closing off the andesite field.
This later version has been used in Fig. 4, and the
small omission has been reinstated; Table 4 con-
tains coordinates for points on all of the lines in Fig.
4.

It was emphasised by Jensen (1976, p.2) that
deuteric and metamorphic processes, which tend to
change the concentrations of K,O, Na,O, CaO and/
or SiO,, have little effect on the components re-
quired to plot an analysis in a Jensen diagram. Yet
another advantage is that it uses cation percentages
of ALLO;, (FeO+Fe,0;+Ti0,) and MgO so there
are no conflicts about adjustment of iron oxides.
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2.5. The FMS diagram - Calc-alkaline/tholeiite
series (V)

Miyashiro (1973, p.219) claimed that it was pos-
sible to distinguish between analyses of rocks of the
calc-alkaline and tholeiite series using two diagrams
in which the ratio FeO*/MgO is the abscissa and
either weight % SiO, or weight % FeO* is the ordi-
nate (where FeO* signifies iron totally recalculated
to the divalent oxide). Although he was quite ex-
plicit in stating that a continuity existed between
these rock series he did assign an arbitrary bound-
ary on each of his diagrams - this being straight on
the SiO, diagram and curved on the FeO* diagram.
In practice he favoured use of the former which is
here called the FMS diagram.

By reversing the ordinate and abscissa that Mi-
yashiro used, the FMS diagram becomes a typical
Harker diagram and that orientation will be more
“comfortable” to most geologists (Fig. 5). Miya-
shiro (1974, p.325) gave coordinates for two points
on the boundary line, (46, 0.5) and (62, 30), but
later (p.326) indicated that it was successful only
between 2.0 < FeO*/MgO < 5.0 so more useful ref-
erence points are (55.6,2.0) and (74.8, 5.0). In Fig.

5 this line has been drawn in solid form only over
the range recommended for its use; it is represented
by the equation:

FeO*/Mg0O=0.15625 SiO, —6.6875

3. Environmental discrimination

Geochemical data have also been used to dis-
criminate between environments of igneous activ-
ity, and in both of the instances cited here the dis-
criminant diagrams were evolved as a result of
analysis of data from many regions of the world.

3.1. The KTP diagram - Oceanic/continental
basalts (V1)

Pearce et al. (1975) reported success in use of a
triangular diagram (Fig. 6) of the “incompatible™
elements K, Ti and P (in their oxide weight per-
centages) to separate basalts of oceanic and non-
oceanic environments. The dividing line is straight,
between (K,0, 45.5%; TiO,, 54.5%; P,Os, 0%) and
(K,0, 0%; TiO,, 79.6%; P,0s, 20.4%) with ocean-
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Fig. 6. The KTP diagram - weight % K,O, TiO,, P,O5 (Pearce
etal, 1975).

floor basalts plotting near the TiO, apex. They cau-
tioned that this diagram may not work for fraction-
ated and alkaline rocks so these have to be screened
out using a weight % AFM diagram with the divid-
ing line being the 4=20% isopleth; analyses of ac-
ceptable rocks have 4 <20%.

Basalts that seem to plot in the wrong area of the
KTP diagram may be either:

(1) Otherwise possessing continental character-
istics yet plot in the oceanic area, e.g. (a) Tertiary
basalts of the Scoresby Sund area of east Green-
land; (b) basalts of west Greenland and Baffin Is-
land; (c) basalts of the Deccan Plateau. These were
interpreted as indicating (Pearce et al., 1975, p.
421):

“initial rifting of the continent and generation of sea floor”

of the Atlantic Ocean, Labrador Sea and Indian
Ocean, respectively.

(2) Otherwise possessing oceanic characteristics
yet plot in the continental area of the K7P diagram,
¢.g. minor volumes of * ‘alkaline’ capping basalts”
of Oahu and Mauna Kea, Hawaii. However, oceanic
basalts rarely plot outside of the oceanic area even
when altered or have been metamorphosed, so the
diagram is of use for ascertaining provenance of Ar-
chaean basalts (Pearce et al., 1975, p.423):

“If a metamorphosed basalt analysis plots in the oceanic
area then it is very likely of oceanic origin”

3.2. The TAKTIP diagram - Plateau/rift
environments (V1)

Chandrasekharam and Parthasarthy (1978) con-
curred with the interpretation by Pearce et al. (1975,
p.421) of the Deccan Plateau basalts, but for their
own study of the dykes of that area they wished to
discriminate between ““rift” volcanics in areas of
crustal fragmentation and “plateau™ volcanics of
true continental origin. To enable this discrimina-
tion they utilised a diagram (Fig. 7) in which ratios
of weight percentages of K,O/ (total alkalies) were
plotted against ratios of weight percentages of TiO,/
P,0;. The curved discriminant line roughly corre-
sponds to a K,O/ (total alkalies) ratio of 0.2; more
accurately it passes through the points (1.2, 0.245),
(2, 0.235), (4, 0.21), (6, 0.2), (8, 0.195),
(10, 0.25), (12, 0.325), (13.6, 0.40) where coor-
dinates are TiO,/P,0s, K,0/(Na,O+K,0).

This method was successfully applied to Scandi-
navian dykes by Solyom et al. (1985, fig. 4, p.169)
who added to the diagram an arrow labelled “To-
wards Spreading Axis”.

4. Variability of boundary lines

On several of the diagrams presented here there
are a number of alternative lines which purport to
discriminate between the same rock series, viz. Figs.
1-4, and on each diagram there is a considerable
difference between the locations of some of these
lines. As these lines were empirically derived by dif-
ferent workers, using analyses obtained in different
laboratories, it is pertinent to enquire whether this
spread could merely be due to inter-laboratory an-
alytical precision. Almost all of these lines were fit-
ted by eye so they lack the status of regression lines,
for which confidence bands can be assigned. More-
over, two of these diagrams, Figs. 3 and 4, are tri-
angular and data are adjusted to sum to 100% prior
to plotting, so complicating any study of the type
envisaged. However, Figs. 1 and 2 are more ame-
nable to scrutiny, albeit not necessarily a rigorous
evaluation.

4.1. The TAS diagram

There appears to be two distinct sets of lines on
Fig. 1; a high set (Irvine and Baragar, 1971) and a
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low set (MacDonald and Katsura, 1964; Kuno,
1966, 1968; MacDonald, 1968). Although the sets
converge at 39% SiO,, and even have a partial con-
vergence at the higher extremity, there is a consid-
erable difference in their location between 40% and
60% SiO..

The analyses, on which these lines are based, were
all made in the late 1950°’s and 1960’s and, as the
authors did not state the analytical methods used, it
is reasonable to assume that the techniques were
largely classical gravimetric. Indeed, MacDonald et
al. (1972, p.128) reported that analyses of Ha-
waiian lavas were made in Honolulu (150), Tokyo
(92) and

“..., about the same number by standard methods in the
Denver Rock Analysis Laboratory of the U.S. Geological
Survey ...

MacDonald et al. (1972) arranged for eight rocks
to be analysed at both Tokyo and Denver but whilst
this replication yielded sufficient data for a quali-
tative assessment of bias to be made (MacDonald
etal.,, 1972, p.139) it did not suffice to quantify in-
ter-laboratory precision. It is fortunate that, at about
the period that many of these analyses were made,
there was published a collation of data obtained in

a world-wide cooperative investigation of analyti-
cal precision. Stevens et al. {1960, tables 3 and 4,
pp.31 and 32) reported inter-laboratory precision
(expressed as coefficients of variation) for the ref-
erence samples W-1 and G-1 as being, respectively,
0.58% and 0.26% for SiO,, 9.46% and 5.74% for

. Na,0, and 6.49% and 5.36% for K,O. However, the

TAS diagram uses the combined (Na,O+K,0) and
for this sum the coefficients of variation are 11.47%
(W-1) and 7.85% (G-1). Hence if one laboratory
obtains analytical results for these rocks that are
equal to the mean values reported by Stevens et al.,
and if some other laboratories were to attempt the
analysis using gravimetric techniques, it is probable
that 95% would obtain results that are

% Si0,:52.55+0.60, 72.46 £0.37

% (Na,0+K,0): 2.7710.62 and 8.81+1.36 for W-1 and
G-1, respectively

It can be seen from Fig. 1 that one of the lines
produced by the originator of this subdivision
{MacDonald, 1968, fig. 7) is the lowest line of all.
A point on this line at (Na,O+K,0)=2.77% also
has a value of 46.63% SiO, and around that point
one can construct an ‘“‘uncertainty rectangle” with
corners, calculated from the data given above, being
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TABLE 5

Probable inter-laboratory precision for points on boundary lines in the K,O vs. SiO, diagram (Fig. 8)

Rock Wt.% K,O Corresponding % SiO, on the boundary lines of
Peccerillo and Taylor (1976)

x*! C%*? lower middle upper
W-1 0.639 5.0 54.78 - -
BCR-1 1.69 4.2 - 54.53 48.45
AGV-1 2.90 4.9 - 68.83 54.50
G-2 4.49 4.0 - - 67.29%3
Rock Wt.% SiO,

x*! C%*?
W-1 52.55 1.1
BCR-1 54.35 1.5
AGV-1 59.25 1.7
GSP-1 67.37 1.3
G-2 69.04 1.7

Coordinates (% SiO,, % K,0) of “uncertainty rectangles™ around points on Peccerillo and Taylor lines

Intersection point

Rectangle corners**

Lower line:

(54.78,0.639)

(56.39,0.576), (56.39,0.702), (53.17,0.576), (53.17,0.702)

Middle line.
(54.53,1.69) (56.13, 1.551), (56.13,1.829), (52.93, 1.551), (52.93, 1.829)
(68.83,2.90) (71.12,2.621), (71.12,3.179), (66.54,2.621), (66.54, 3.179)
Upper line:
(48.45,1.69) (49.49,1.551), (49.49, 1.829), (47.41, 1.551), (47.41, 1.829)
(54.50, 2.90) (56.10,2.621), (56.10,3.179), (52.90, 2.621), (52.90, 3.179)
(67.29,4.49) (69.00,4.138), (69.00,4.842), (65.58,4.138), (65.58,4.842)

Key and sources of data on geological reference samples:
*! x=oxide mean (Gladney et al., 1983, table 2, pp. 15 and 16).

*2Coefficient of variation, C=s/mean- 100; Gladney et al. (1983, tables 5-12) gave s and mean for % K and % Si.

*3Intersection by extrapolation.

*4Uncertainty rectangle” corners are at x+ 1.96-C/100-x where C for SiO, was derived from the reference sample with the most similar % SiO,.

at (46.10, 2.15), (46.10, 3.39), (47.16, 2.15),
(47.16, 3.39). The coefficient of variation for SiO,
in W-1 was used to calculate the tolerance value in
Si0, although at this lower concentration the pre-
cision would almost certainly be worse. Few would
accept that analytical precision alone would be likely
to yield analyses which plot beyond these extremi-
ties but as the uppermost line intersects this rectan-
gle (Fig. 8) there is a reasonable probability that
the analyses used to define both lines differ in this
region as a result of inter-laboratory analytical pre-
cision. Towards the higher SiO, values, only one of
the originator’s lines (MacDonald, 1968, fig. 1)
persists to (Na,O+K,0)=28.81% at which SiO, is

63.05%. The corners of the “uncertainty rectangle”
around this point are therefore (62.73, 7.45),
(62.73,10.17), (63.37, 7.45), (63.37, 10.17) with
the same caveat as before. Both of Irvine and Bara-
gar’s (1971) lines intersect this rectangle but Ku-
no’s (1966) line is some distance below it and so
appears to be a distinct entity.

Hence, mere inter-laboratory analytical precision
suffices to account for the spread of lines purport-
ing to separate alkaline from sub-alkaline rocks on
the TAS diagram, with the sole exception of Kuno’s
line above about 61.5% SiO,. Data points that plot
within this band of lines cannot be assigned to either
rock series and may best be regarded as intermedi-
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ate in character. Moreover, data that plots at a lesser
distance than traced by corners of “uncertainty rec-
tangles” constructed on the uppermost and lower-
most lines (very roughly about a band width from
these lines), also has a reasonable probability of
being wrongly allocated to a series for even these
extreme lines could be the “true” discrimination line
- if such exists.

4.2. The K0 vs. SiO; diagram

The Peccerillo and Taylor (1976, fig. 2, p.66)
diagram is amenable to a similar evaluation but in
this case there are three boundaries that have to be
considered.

Gravimetric analytical procedures had been
largely superseded by the time that Peccerillo and
Taylor (1976, p.66) made their study and they an-
alysed fused samples with an electron micro-probe,
whereas Carr (1985, p.172) mainly used XRF. Both
Ewart (1982, p.28) and Innocenti et al. (1982,
p.329) plotted data from several sources so no an-
alytical techniques were specified; Middlemost
(1985, p.120) utilised Ewart’s data. Thus to assess
the K,O vs. SiO, diagram it is appropriate to use
measures of inter-laboratory precision for X-ray an-
alytical techniques and these data have been com-
piled by Gladney et al. (1983, tables 5-12) for eight
geological reference samples. Table 5 contains rele-
vant extracts from this source, the samples cited
having % SiO, and % K,O which occur within the
range of the boundary lines in Fig. 2 and for which
precision data are given for X-ray methods.

It is desirable to assess these boundary lines where
opinions differ most on their location, i.e. near their
extremities. The mean values of K,O for BCR-1 and
AGV-1 can be plotted on the upper line of Peccer-
illo and Taylor (1976) and serve to assess the lower
and middle sections; by extrapolation, G-2 can be
plotted to enable the upper section to be investi-
gated. BCR-1 and AGV-1 can be used to study the
middle line but only W-1 has a % K,O that is in the
range of their lower line and extrapolation yields no
other useful intersection. The corresponding % SiO,
coordinates have been calculated for points on the
relevant Peccerillo and Taylor line at each of these
mean % K,O values. The resultant % SiO, values
have been matched with mean SiO, values for geo-
logical reference samples so as to obtain appropri-
ate precision estimates in order to enable construc-

tion of ‘“‘uncertainty rectangles” in the manner
described in the previous section. Coordinates for
these intersection points, and corners of these “un-
certainty rectangles”, are given in Table 5.

In all of these six instances, the “uncertainty rec-
tangle” around points on the Peccerillo and Taylor
boundary lines would be intersected by all of the al-
ternative lines (Fig. 8). Nicholls (1974, p.154) gave
intra-laboratory reproducibility for the analytical
techniques used by Peccerillo and Taylor (1974)
and for the same reference samples as listed in Ta-
ble 5. “Uncertainty rectangles” derived from these
data are more restricted in area than for inter-labo-
ratory results but, nevertheless, even they are inter-
sected by all of the alternative boundary lines ex-
cept for that at the high silica end of the upper line
where assessment is less certain because only Inno-
centi et al. (1982) have published a boundary in
that region.

It is evident, therefore, that there is no need to
look beyond inter-laboratory precision to account
for this spread and, at present, the boundaries are
best expressed as bands rather than lines.

5. Preparation of data

Irvine and Baragar (1971, p.525) intended that
their diagrams be used with analyses of both unal-
tered and metamorphosed volcanic rocks, whereas
Le Maitre (1984, p.244) reported that the IUGS
scheme was designed only for analyses of fresh vol-
canic rocks. Both require screening and adjustment
of data, and Irvine and Baragar (1971, p.525) noted
that realistic adjustments can only be made for H,O,
CO; and O,.

5.1. Screening

Irvine and Baragar (1971, p.525) assumed that
analyses of severely altered rocks were to be re-
jected but gave no specific guidance whereas Le
Maitre (1984, p.244) and Le Bas et al. (1986,
p.748) omitted analyses with H,O™ greater than 2%
and/or CO, greater than 0.5%. For their specific
purpose, Pearce et al. (1975, p.420) rejected anal-
yses that were likely to be of fractionated and alka-
line rocks and which plotted above an isoalkaline
line of 20% on an AFM diagram.



5.2. Adjustments

(1) Oxidation of iron has long been considered a
problem and to overcome this, Irvine and Baragar
(1971, p.526) limited the weight % Fe,O; to (%
TiO,+1.5); excess Fe,O, was recalculated to FeO.
Weigand and Ragland (1970, p.198) did not sepa-
rately determine FeO [a common practice when
analysis is performed entirely by instrumentai pro-
cedures, e.g. electron probe micro-analysis ( Peccer-
illo and Taylor, 1976, p.66)] so, based on 58 anal-
yses of dolerite,

..., a constant Fe,O5/Fe,O,* ratio was assumed, ...”

and the value of 0.3 was used. However, Hughes and
Hussey (1979 ) recommended adjustment of Fe,O,/
FeO to 0.2 for all analyses of fine-grained mafic
rocks. Le Maitre (1984, p.244) cautioned

... if the ratio of FeO to Fe,O; is adjusted ..., the onus
must be placed on the user to show that the use of such
data is justified.”,

and Le Bas et al. (1986, p.748) only recommended
making adjustments if the ratio had not been deter-
mined. Le Maitre (1976, p.189) previously wrote
that if any adjustments to the FeO and Fe,O; values
are to be made then the new values should be cal-
culated from regression equations based on his file
of 25,894 analyses. This is the same scheme as ad-
vocated by the IUGS (Le Bas et al., 1986, p.748)
and the equations, which have been conveniently
represented as isopleths on a TAS diagram (Le
Maitre, 1976, p. 189), are expressed in weight per-
centages, viz.:
for volcanic rocks,

FeO/(FeO+Fe,03) =
0.93-0.00428i0, - 0.022(Na,0+K,0)
and for plutonic rocks
FeO/(FeO+Fe,0;) =
0.88-0.0016510, —0.027(Na,O+K,0)

The ratios Fe,0;/Fe,0%=0.3 (Weigand and
Ragland, 1970) and Fe,O;/FeO=0.2 (Hughes and
Hussey, 1979) convert to 0.6774 and 0.8333 FeO/
(FeO+Fe,0;), respectively. Le Maitre’s (1976)
equations, used in conjunction with the 74S dia-
gram (Fig. 1), revealed the following plausible
relationships:
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FeO S10, Rock type
(FCO + Fezo3 )
alkaline sub-
alkaline
0.6774 <45% >46.5% volcanics
0.6774 <49.5% >51.7% plutonics

However, the FeO/ (FeO+ Fe,0;) ratio of 0.8333
is highly improbable in nature for it is only compat-
ible with Le Maitre’s (1976) equations if
Si0,<23% (volcanics) or <29.2% (plutonics); at
these specific SiO, values (Na,O+K,0O) has to 0%
s0 necessitating lesser silica concentrations for pos-
itive percentages of alkalies.

Changes of this type affect absolute magnitudes
of other oxides (after the recalculation to be de-
scribed next), but not relative amounts. In the con-
text of this paper, iron is used in the AFM and FMS
diagrams for which it is all converted to one oxida-
tion state. Hence, it is the effect of this adjustment
on magnitudes of other oxides that is of relevance
here - not the actual values of FeO and Fe,O5.

(2) Before plotting data onto their respective
diagrams Irvine and Baragar (1971, p.526), Ewart
(1982, p.28), Le Maitre (1984, p.244), Le Bas et
al. (1986, p.748) and, by inference, Middlemost
(1985, p.76) recalculated analyses to 100% on an
H,O- and CO,-free basis. Justification for this was
cogently discussed by Irvine and Baragar. Whilst
adjustment of Fe,O seems dubious there is good
reason to utilise data free of H,O and CO,, which is
convenient for those who prepare samples by fu-
sion, e.g. Peccerillo and Taylor (1976, p.66) and/
or who do not determine these components di-
rectly. Nevertheless, Sabine et al. (1985, p.1) have
argued against recalculation prior to use of the TAS
diagram, for it conceals alteration.

6. Conclusions

Discrimination between analyses of rocks from
different series, using various petrologic diagrams,
is facilitated by provision of coordinates of points
on published discriminant lines. Alternative loca-
tions for some of these empirically derived lines
could be due to inter-laboratory analytical preci-
sion, and seldom can one line be designated supe-
rior to the others. Accordingly, discriminant bands
are preferable to discriminant lines for subdivision
of geochemical analyses, with some data inevitably
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being unassignable. Analyses for investigation by
such diagrams should have H,O less than 2% and
CO, less than 0.5% and, before plotting, such data
should be recalculated to 100% on an H,0O- and CO»-
free basis.
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