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Chapter 6

MAJOR AND TRACE ELEMENT GEOCHEMISTRY

6.1 INTRODUCTION

In this chapter are examined the major and trace element analyses
of samples representative of the pe;rographic ranges of igneous and
metamorphic variations. Samples were omitted that contained large
veins of secondary minerals, or had.suffered recent weathering effects.

The analytical data sample set consists of 80 XRF analyses of
the lavas and dykes, 12 electron micropfobe analyses of fresh volcanic
glasses, and a further 17 major and trace element analyses performed
by earlier researchers. REE analyses obtained by Dr P. Hellman, using
-fécilities at the University of Cambridge in the course of a joint study
with the ;uthor, are also presented. All of ;he analytical data are
given in Apﬁendices 1 and 2, and the analyticel procedures are outlined
in Appendix 6.

Geochemical effects of the alteration are examined by a comparison
of the petrography and normative compositions of the samples and inter-
element correlations within the data set, by comparisons of pillow core
and rim analyses, and by Qariations within massive lava flows.

‘Primary igneous geochemical variations are then assessed, and used to
constrain the petrogenesis of the lavas and dolerites.-.The'validity
of various basalt discriminant diagrams currently in use is tested with
these Macquarie Island data,

Some discussion of the major and trace element geochemistry of
the lavas and dolgrites has been presented in the literature,
particularly in Griffin & Varne (1980}, included as Appendix 8.
Wherever possible repetition of this work has been avoided in this
chapter and. the reader is directed, by appropriate refercnce, to the

relevant. publication.
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6.2 GEOCHEMICAL EFFECTS OF THE ALTERATIQN AND METAMORPHISM

Geochemical effects of low grade metémorphism on rocks 6f
basaltic co;positipn have been shown to be both complex and variable
(Cann, 1969; Myashiro et al., 1971; Hart, 1973§ Smewing, 1975; Coish,
1977) . Reviews of the range of metamorphic conditions considered to be
present in .the oceanic crust note the diversity of alteration trends
recorded in different studies (Hart et al., 1973; Aumento et al., 1976;
Coleman, 1977). : ’

Many studies have concentrated on basalts altered under low
greenschist facies metamorphism (Cann, 1969; Coish, 1977; Humphris §
Thompson, 1978a,b} or on basalts altered during ocean-floow weathering
(Andrews, 1977; Baiager et al., 1977; Pritchard et al., 1979).
Surprisingly little information is available on basalts affected by
zeolite facies metamorphism (Andrews et al., 1975; Wood et al., 1976) .

.The various stﬁdies suggest that only the H20 content and the
Fe®'/Fe?” ratio, of the rock, show consistent increases during alteration
occurring regardless of local environment, metamorphic conditions or
degree of crystallinity of the rock (Aumento et al., 1976). It is also
apparent that alteration is most-intense around fractu;es and other
permeable zones in the rocks and that major variatioﬁs may exist between
the glassy rim and crystalline core of a pillow lava as a result of
alteration. Ludden & Thompson (1979) have demoﬁétratcd these latter
points particularly well for thé rare earth elements. There is also
strong evidence to suggest that certain_trace élements, particularly
Ti, Zr, Y and Nb, are little affected by alteration and metamorphism to
moderate grades (Cann, 1970; Pearce § Cann, 1971, 1973; Wood et al .,

1976; Pearce & Norry, 1979).
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6.3

6.2.1 H20 abundances and Fe3+/Fe2+ ratios

The iavns and dolerites analyzed in this study have a range of
loss on ignition (LOI) values from (.84 wt.% to 5.93 wt.% (Figﬁre 6.1).
Results of COz2-H20" analyses of selected samples (Table 6.1) show that
the LOI values are principally H20" unless calcite is an abundant
éecondary phase; a feature of the saﬁmﬂes-that have undergone ocean-
floor weathering. A maximum value of 3.25 wt.% CO2 was obtained for
sample 35, other samples containing from 0.12 to 0.99 wt.% COz (Table 6.1).

Moore (1970) has documented the low water contents of fresh basalts,
with values ranging up to 0.98 wt.% H20" for alkaline basalts but less
than 0.5 wt.% for K-poor tholeiites. Similar results have been recorded
from fresh oceanic basalt glasses by Melson et al. (1976) and in this
thesis as the microprobe analyses of fresh volcanic glasses total
100 * 1 wt.% (Appendix 1). Consequently the high LOI values recorded
from the cr}stalline sémples are intérpreted as principally an effect
of the alteratidn proci-sses.

A breakdown of the samples into subsets with the same grade of
alteration shows a.general decrease of the LOI value with increasing
grade of.alterétion. Samples from the ocean-floor weathering zone have
a wide LOI range, reflecting the errafic style of this type of alteration.
The LOI values of samples from higher grades of alteration are more
uniform. The highest LOI mean-value.(3.58 wt.%)} for rocks from a
particular‘metamorphic grade occurs in the zeolitized'sqmp]es, decreasing
to 2.28 wt.% for samples which have undergone upper greenschist facies
metamorphism This vafiation presumably results from the decrease in
water content of the dominant secondary phaseé (in the respective
grades of alteration), from clay minerals { 20 wt.% H20) through zcolites
(12-16 wt.% H»0) to chlorites (10-12 wt.% 120) and epidote (2-4 wt.% H,0)

and finally amphibole (2-3 wt.% Hs0).
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Figure 6.1 Histograms of loss on ignition for lavas and dykes from
different metamorphic grades.
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"Table 6.1

-

CO2 AND H0 ANALYSES OF LAVAS AND DYKES.

Alteration Sample C02+ ' H20+ LOI
Number
Ocean-floor 35 3.25 2.44 5.69 5.72
weathering 38265 0.59 4.03 4.62 3.50*
38391 0.99 1.54 2.53 2.28
Zeolite 157 0.98 3.36 4.34 3.67
38188 0.40 3.55 3.95 3.39
Lower 56D 0.24 1.76 2.00 1.63
Greenschist 566G 0.32 2.08 2.40 2.75
©108C 0.35 1.45 1.80 1.76
119 0.20 2.50 2.70 2.75
199 0.12 1.43 1.55 1.76
38310 0.22 4,06 '4.28 4.13
Upper 153 0.13 1.87 2.00 5.03
Greenschist 38157 0.18 2.29 2,47 2.72
{Dykes) 38236 0.77 2.43 3.20 3.26
38451 0.19 2.07 2.26 2.42

+ Analyses by J. Cocker.

* Analysis by P. Robinson. (Analyst Geology Dept.,
University of Tasmania)
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6.6

The second major geochemical effect of the alteration is a
modification of the Fe,0; content of the samplés compared with fresh
basalts. Although it is impossible to know exactly what the pristine
igneous Fe,0; values of the samples might have been, Myashiro et al.
(1970) have shown that fresh basalts have a Fe,03/Fe0 weight ratio
range of 0.1 to 0.3. This is equivalent to a Trange of 0.92 to 0.79 in
thé weight ratio Fe2+/FeT (= total Fe), used from this point on, in
this thesis.

Although there is a considerable.range in Fe2+/Fe values from

T
samples of similar degrees of alteration, the .histograms in Figure 6.2
demonstrate a progressive increase in this ratio with increasing grades
of metamorphism. Samples ﬁetamorphosed at zeolite facies grade and below
dominate the low end of the Fe2+/FeT range, with values from (.38 fo
0.62, with lower greenschist fécies samples having a range of 0.55 to
0.74, and then the upper greenschist facies and higher grade samples from
tne dyke swarm zones with.a range from 0.74 to 0.97.

The cbserved variation in Fe”/FeT values of these samples supports
the conclusion, based on the secondary mineralogical studies (described
in Chapter 5), that the metamorphic process was strongly oxidizing at
fhe lower grades and became progressively more reducing with increasing
metamorphic grade. Also, fhe relatively large ranges both in LOI and
in F62+/FeT ﬁithin each group of samples.from the various metamorphic
grades illustrate the incoﬁplete nature of the_metamorphism and the
variation in degree of alteration within the samples,

In summéry, the lavas and dolerites probably show a gain in H»0
under all conditions of ﬁgtamorphism and alteration recorded in these
rocks. This gain is probably at a maximum at low grades of metamorphism.

- + . oy '
Fe? /FeT values are more variable within grades of metamorphism than LO!

contents but show overall group decreases up to and including conditions
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of lower greenschist facies metamorphism. The Fe2+/FeT values are
apparently increased during upper greenschist facies metamorphism.
 To aid the petrologic interpretation‘of these data the analyses have
been recalculated to a volatile-free basis with Fe2+/FeT = 0.85 (the

mid-range value from Miyashiro et al., 1970).

6.2.2 Comparison of petrography and CIPW normative and major element
chemistry

The samples vary normatively from basanitic through alkaline
olivine basalts to olivine tholeiites and rarely quartz tholeiites
(Figure 6.3). This range is in excellent agreement with the observations
made from the petrography (Chapter 4). In the analyzed set, of 21 lavas
recognized petrographically to have alkaline affinities, 15 contain
normative Ne; and of 23 lavas with oceanic tholeiite petrographic
affinities, 14 are ¢l- hy-normative and 6 contain less than é wt.%
normative ne.

To check tﬁis result more rigorously, a Wilke stepwise discriminant
analysis was performed on the analyses of lavas obtained by the author
which were petrographically defined as either éikaline or tholeiitic.

The discriminant analysis was successful in that 16 of the 18 tholeiitic
samples and 11 of the 13 alkaline samples were correctly identified.
Components of the Wilke discrimination function were 5iO2z, CaO, Naz20

and LOI with standardized function values of 1.477, 1.307, -0.744 and
0.477 respectively. The significance of thc discrimination was 99.5%.

The systematic relationship between the relict petrographic
features.énd the bulk‘chemistry and normative composition of the samples
suggests strongly that the alteration and metamorphism has had little
effect on the present geochemistry of the samples. This is not in
conflict with the observed secondary mineralogical reconstitution of the
- samples but indicates that away from fracture surfaces, or areas of major

fluid movement, the fluid/rock ratios were low.
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6.2.3 Core-rim variations in pillow lavas and variations across a

massive tlow

To examine the geochemical effects of the alteration on a local
scale in the samples, analyses have been performed on core and rim
material from two pillow lavas and on four samples obtained from the
edge to the central zone of a massive lava flow. The rim material from
the pillow lavas is hyaiocrystalline and the cores holocrystalline.
These samples should show the maximum geochemical effects of the
élteration, apart from areas abutting veins. All samples have undergone
lower greenschist facies metamorphism and were selected to allow
cohparison between the samples and other similar studies in the literature.

Relative to their core compositions, the-rims of the pillow lavas
are depleted in Al,03, Fe,0;, MgO, Ca0 and Sr, and enriched in Si0,,

FeO and Na,0. LOI, FeT, Ni and Cr show opposing variations in the

two pillow core-rim pairs (Table 6.2). The remaining elements show
little variation. The magnitude of the variations is much smaller and
generally opposed to regults from a comparable study of pillow lavas in
the Betts Cove ophiolite (Coish, 1977). They could equally well arise
from minor differences in plagioclase and olivine proportions in the
core relative to the rim, és from metamorphic effects. For example,

a difference of +5 wt.% plagioclase (Angs) between the éore and rim will
account fof the observed variations in Ca0, Al,03 and St, and much of
that in Si02 and NaO0. -Samples‘from the massive flow show no systematic
or major variations in major and trace element-abundances with position
relative to the edge of the flow (Table 6.2).

Rare earth elgments (REE). have been obtained for thesc samples
as part of a project to study the mobility of Fhese elements (liellman
& Henderson, 1977; Hellman et al, 1978) . However, no evidence for

mobilization of the REE is provided by these results. The Masuda-Corycll



Table 6.2
RIM-CORE PILLOW LAVA AND EDGE-CORE MASSIVE FLOW ANALYSES

6.

1}

Pillow Pillow Massive Flow
Sample No. 43B 43B 108 108 56A 56D 56G 561
Analysis core edge core edge edge 1.0m 2.0m core
$10, 49.24 50.20 49,17 50.20 48.17 48.58 49.76  47.80
Ti02 1.60 1.59 1.35 1.35 1.03 1.03 1.06 1.05
Al20; 16.15 15.81 15,22 14.79 18.68 18.95 18.34 18.51
Fe,0, 5.09 4.09 5.05 4.69 2.17 1.45 2.27 2.47
FeO 4.06 4,68 5.30 5.95 4.45 4.35 4.07 4.46
MnO 0.19 0.19 0.15 0.15 0.12 0.12 0.11 0.12
MgO 7.31 6.67 7.29 7.25 7.94 7.79 8.07 8.08
Ca0 10.36 9.87 11.52 10.85 11.72 12.33 11.91  12.25
Na20 3.27 3.66 2.85 2.91 2.95 2.59 3.19 2.57
K20 0.63 © 0.84 0.51 0.51 0.25 0.20 0.25 0.20
P20s 0.29 0.28 0.20 0.18 0.17 0.17 0.21 0.17
LOI 1.71 1.81 1.75 0.35 2.08 1.63 2.75 1.89
Total 99.59 99.95 100.37 100.13 99.71 99.21 100.19 99.17
Ni 55 61 54 49 87 87 86 92
Cr 142 137 103 110 311 294 294 273
ir 115 117 78 82 71 60 68 61
Y 39 38 40 41 18 20 23 23
Nb 21 23 8 8 14 12 14 14
Rb 12 10 13 14 1 0 4 0
Sr 221 197 145 133 213 210 207 199
Co 37 37 40 41 30 30 32 30.
Sc 36 35 42 42 34 35 35 35
re?*/Fe 0.47  0.56 0.54 0.5  0.70  0.77 0.67  0.67
Fe/Fe+Mg 0.60 0.59 0.57 0.56 0.69 0.71 0.70




6.
plots of REE abundances show no differences between the samples, within
the experimental error of the analyses (Figure 6.4).

These data suggest minimal element mobility on local scales and
. provide corroborative evidence for the overall conclusion that the
alteration and metamorphism has had little effect on the geochemistry of

the samples.

6.2.4 Inter-element correlations of major and trace elements

A matrix of Pearson correlation coefficients for major and trace
elements in the data set is presented in Table 6.3. The elements have
been arranged into three groups based on their respective correlationé,'
orglack thereof. Group I is composed of the major elements SiQ., Al;0;,
FeOT, MnO, MgO, Ca0 and Na0; group II is composed of Y, Zr and TiO:;
and group III is composed of K,0, P,0s, Nb, Sr and Rb.

Within group I the positive correlation getween Ca0 and Al,0,
and the negative cor;elations of these elements with the remainder of the
major elements of gfoup I suggest that plagioclase may have played a
major role in the evolution of these rocks; corroborating observations
based on the petrography of the rocks (Chapter’4).

MgO and FeOT do not correlate at a significant level. However
MgO negatively correlates with Si0O;, Al203, Ca0 and Na:0, and Y and
" TiOz in group II; and FeO negatively with Al203, Ca0 and positively
with MnO and Y, Zr, ﬁnd TiO2 in group II. This suggests that abundances
of these two elements have not been greatly affected. This is also
impiied by negative correltations of the Mg/Mg+Fe of the samples with
Ni and Cr abundances (Figure 6.5), a systematic relation gencrally found
as a result of igneous proceéses,

The group II elements are those which have been recogniicd to he
'relatively immobile under these conditions of metamorphism, as notcd

earlier (Section 6.2.1). The correlations of these elements with at)
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Figure 6.4 Normalised REE abundances for (A} pillow lava core (@} and

rim {o} pairs and {(B) massive lava samples, Error bars are drawn
about the mean abundances. Chondrite normalizing values used were
those of Hoskins et al. {1968)
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others, excepting K20, is in agreement with the carlier studies in
confirming their immobile character. A featu;e of the correlations of
thesé elements is that Zr shows the lowest correlations with the

group I eleménts but the highest correlations with the group III elements.
Evidence is presented in Section 6.3.6 to suggest that this is a feature
of the petrogenesis of the samples.

All group III elements show significant correlations with each
other. Correlation coefficient values of 0.919 between Nb and P,0s,
and 0.968 between Rb and K;0 are very high and reflect the coherent geo-
chemical behaviour of these elements. Apart from correlations of K;0
and Rb with Ca0, these group III elements show no significant correlations
with the major elements of group I. Although the metamorphic mobility
of three of the group III elements (K20, Sr and Rb) has been recognized
in some studies (Hart et aZ;,'1973; Wood et al., 1976} their correlations
with the less mobile eiements of the group (Nb and P;0s), and with Zr
in the case of Sr and Rb, suggest that their abundance and variations
reflect primary processes rather than effectg of the alteration and meta-
morphism. Later in this chapter (Section 6.3.6, Table 6.12) it is shown
that the light rare earth elements (LREE) correlate closely with Nb and
thus, apart from exhibitiﬁg variations comparable to the group III
elements, have also not been significantly affected.

Overall, the result# presented in Sectiﬁn 6.2 are strong cvidence
for the conclusion that, apart from F92+/FeT and I1,0 contents, geochemical
effects of the alteration and metamorphism are minimal in the analyzed
data set. This is not in-conflict with the extensive altc?ntion of
many of the samples, described in the preceding chapter, but reatfirms
the conclusions drawn regarding the‘local variability of the metamorphic
processes; specifically the low water/rock ratios away from the mijor

fracture surfaces and more permeable zones in the rocks.
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6.3 IGNEOUS GEOCHEMISTRY

6.3.1 Petrogenesis of the lavas and dykes: implications from their

geochemistrx

The statistical analysis of the results discussed in the preceding
sections has distinguished three groups of elements in terms of their
variations in the analyzed lavas and dykes. Ni and Cr data were not
available for inclusion in the statistical analysis, however correlation
coefficients derived for these elements against the other elements
(Table 6.4) demonstrate their ﬁembership of group I. Also, the LREE
closely correlate with Nb (Table 6.12, Figure 6.16) and are assigned to
group III.

In terms of geochemical beﬂaviOur, an immediate distinction can
be made between the elements comprisingrgroup 1 and those of groups II
and III. Group I elements are either major elements or elements with
high solid/liquid partition coefficients for the phases either comprising
likely mantle mineralogies or likely to fractionate from basaltic
liquids, i.e. olivine, orthopyroxene, clinopyroxene, plagioclase, garnet
and spinel. Group II And group III elements are, on the other hand,
generally characterized by low solid/liquid partition coefficients for
these phases and thus are "incompatible'". Sr, Eu and the HREE may be
exceptions to this depending on prevailing,conditions,;particularly

P. T, and P

Ph,0 0,

Wood (1979) ﬁas ranked incompatible elements, including those
of_the groups II and IIT recognized here, on the basis of bulk partition
coefficients, for a range of mantle compositions composed of the phases
olivine, clinopyroxene, orthopyroxene, garnct and plagioclase. The

last Fwo were only present in minor modal amounts (5%) in fhc assumed
mantle mineralogies. Experimentally‘determineg solid/liquid partition

coefficient data from Hanson (1977) were used. This ranking is compared

with the components of groups II and III and geochemical patterns for



Table 6.4

CORRELATION COEFFICIENTS OF Zr WITH OTHER ELEMENTS/OXIDES FOR
‘RECALCULATED "ANALYSES.

Element /Oxide Lavas (56%) Dykes (24*) -
$i0, 0.026 . £ 0.170
Ti0, 0.820 0.877
A1,0. . 0.559 0.560
Total iron
(Fe0) 0.543 0.421
MnO 0.563 0.280
- Mg0 o 0.161 . 0.220
Ca0 . =0.240 . -0.379
Na,0 0.083 ' 0.215
K,0 0.420 0.445
PO - 0.799 0.872

Correlation Coefficients

for:
99% confidence 0.340 . ' 0.514
95% confidence . 0.260 0.400

* Number of samples



various mid-ocean ridge basalts (MORB) as shown in
Figure 6.06.

Group II ‘elements (Zr, Ti and Y) are those with moderately low
bulk partition coeffiéients, and show relatively little variation in
abundance between the different MORB. Group III elements have lower
bulk partition coefficients and show a wide range in abundances; being
most enriched in the alkaline basalts from 45°N on the Mid-Atlantic
ﬁidge. On the basis of these characteristics the group IT elements
are referred to as the incompatible elements and the group I1I elements
as the hygromagmatophile elements. This terminology is similar to that
of Cann et aql. (1979}. The distinction of less- and more-hygromagmatophile
elements suggested by wood et al. (1979) is not made.

In the following sections, variations and consequent petrogenetic
implications from the major/compatible trace eieﬁent, incompatible and
hygromagmatophile element groups are described and discussed. This
approach has been used to identify the various processes that together

produced the spectrum of lavas and dykes on Macquarie Island.

-

6.3.2 Major element and compatible trace element variations

Both the lavas and dykes exhibit a wide chemical range which
correlates with the petrographic variations from alkaline to tholeiite
and aphyric to coarsely porphyritic describea earlier (Chapter 4).

Mean results guggest tﬁat the lavas are slightly enriched in Al,0;

and K:0, and depleted in FeOT relative to the dykes, although the high
standard deviations indicate a large overlap and prevent firm conclusions
being drawn. The mean composition of the combined lava and ‘dyke data
sets is similar to the average MORﬁ composition of Cann (1971), although

the Macquarie Island meah is higher in Al20;, K20 and P20s, and lower in

FeO, (Table 6.5) .
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Table 6.5

Macquarie Island Lavas and Dykes:

Major Element Data Summary

MEANS AND STANDARD DEVIATIONS

-

6.21

Cann (1971).

Lavas {68) Dykes (29) Combined 0.F.B.
Si0, 49.53 + 1.10 49.96 * 1.29 49.66 t 1.17 49.61 + 0.72
Tio, 1.36 = 0.37 1.41 £ 0.41 1.38 + 0.38 1.43 + 0,29
A1,0. 17.95 + 1.90 16.58 + 1.85 17.54 + 1.98 16.01 + 0.85
Fe0 7.78 + 1.31 8.60 + 1,74 8.02 + 1.49 11.49 + 1.27
MgQ 7.68 = 0.99 8.08 * 1.52 7.80 * 1.18 7.84 + 0.90
MnO 0.15 * 0.03 0.16 * 0.04 0.15 * 0.03 0.18 * 0.04
Ca0 11.27 + 1.18 11.42 * 1.03 11.31 * 1,13 11.32 + 0.64
Na,0 3.18 + 0.52 3.07 + 0.67 3.13 £ 0.57 2.76 * 0.25
K26 0.68 + 0.41 0.38 + 0,34 0.59 * 0.41 0.22 ¢+ 0,12
PO, 0.26 + 0,12 0.23 + 0.14 0.25 £ 0.12 0.14 + 0.07
RANGES
Lavas Dykes

510, 46.35-52.95 46.92-52.25

Ti0, 0.61- 3.04 0.61- 2.61

AL,0, 14.22-23.33 14.22-21.80

FeO 5.33-10.79 4.44-11.,76

MgO 6.19-11.17 6.43-14.14

MnO 0.09- 0.22 0.06- 0.20

Ca0 7.77-13.17 9.54-13.62

Na,0 0.10- 1.60 0.08- 1.23

PO 0.06- 0.95 0.07- 0.82
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The range in CIPW normative compositions from ol- to hy-bearing
to mildly ne-bearing and rarely (Q-bearing has been briefly discussed
in" the previous section. It is important to reiterate here that this
range correlates with the petrography of the samples and that the analyzed
fresh volcanic glasses span almost the entire compositional range of the
crystalline samples (Figqre 6.3). The distinction between the lavas and
dykes noted in their mean compositions is clearer on the normative
01-hy-di-Q diagram. The dykes tend to be less rich in ne and di than
the lavas and include the few Q-normative rocks. This overall normative
range and the scarcity of Q-normative varieties is generally recognized
to be characteristic of ocean-floor basalts (Kay et al., 1970; Cann,
1971; Thompson et al., 1972; Bryan § Moore, 1977; Wood et al., 1979a,b).

A further comparison with MORB chemistry is presented using an
AFM diagram in Figure 6.7. Firstly, it can be noted that the dykes
occupy a field nearer to the F-apex of the diagfam than the lavas,
although a considerable overlap is present between the two groups.
Secondly, the Macquarie Island data are directly comparable to IPOD
leg 49 basalts from 45°N on the Mid-Atlantic Ridge (Wood et al., 1979a),
although with slightly higher Mg/Mg+Fe ratios.

The Mg/Mg+Fe ratios of the lavas and dykes cover a wide range,
from 0.51 to 0.72. Dykes dominate the lower end of fhe range (<0.54)
and basalts the higher end (>0.69), with the exception of one dyke
(Figure 6.5). This unusual dyke (38471) has a Mg/Mg+Fe ratio of 0.75;
its MgO content of 14.74 wt.%, and Cr content (690 ppm) could be due to
accumulation of olivine and Cr-spinel. |

Major element abundances are plotted agﬁinst the Mg/Mg+Fe ratio
in Figure 6.7, allowing visualization of the statistical results given
earlier. Kz0 and P,0s show no correlation. Naz0, MnO, Fe®, TiO: and
5102 show a negative covariance with the Mg/Mg+Fe ratio and Mp0 unJ Al204
positive covariance; The plots of Si0O; and Al,03 with the Mg/Mg+Fe ratio

show a considerable scatter.



Figure 6.7 AFM diagram for Macquarie Island basalts {open circles),
dolerites (filled circles), layered gabbros and wehrl|toes (filled
ellipses, harzburgites (filled squares). Massive gabbros are
shown by open rhombs except for those east of Handspike Point and
above the layered rocks in the section, which are shown as open
ellipses. Also outlined are fields of IPOP Leg 49 basaits from
the Mid-Atlantic Ridge (Wood et al., 1979a).



The range in Mg/Mg+Fe is ascribed principally to olivine control,
presumably through shaliow level fractionation. This is supported by
the petrography of the samples (Chapter 4), and the covariance of
Mg/Mg+Fe ratios and Ni abundances. Major fractionation of clinopyroxene
is unlikely because of its rarity as a phenocryst phase, although
resorption may have reduced its abundance to some extent. Also, -Ca0
does not show a significant depletion with decreasing Mg/Mg+Fe, as would
be expected with significant clinopyroxene fractionation. It could be
argued that piagioclase accumulation would buffer this latter effect;
however, Al;0;3; decreases with the Mg/Mg+Fe ratio, particularly at lower
Mg/Mg+Fe values.

At higher Mg/Mg+Fé values Al,03; contents of the dykes maintain the
positive correlation but many lavas show a scatter above the main trend
(Figure 6.8). The Al20; enrichment in these samples is coincident with
low Si02, and high CaO values; indicative of plagioclase accumulation.

The covariance of Cr with the Mg/Mg+Fe values may reflect either
clinopyroxene or Cr-spinel fractionation. Evidence against the former
mechanism has been discussed. Petrographically it has been observed
that minor Cr-spinel is commonly included in olivine phenocrysts: spinel
fractionation could account for the observed Cr variation, But is
difficult to quantify.

The major element and compatible trace element variafions are in
accord with fractionation of olivine, Cr-spinel and plagiocinse, and
possibly minor clinopyroxene. This corroboratcs observations on the
petrography of the samples. Significant field evidence favouring such
fractionation is the presence of cumulate gabbros with suitable mineral-
ogies on Macquarie Istand. This is discussed, more fully in Griffin §
Varne (1980) (Appendix 8), where it is shown that phase compositions in
the cumulate bodies are comparable to those of the phenocrysts in the

lavas and dykes and furthermore that the cumulate gabbros exhibit najor
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element geochemical variations commensurate with olivine and plagioclase

fractionation from the lavas (Griffin § Varne, 1980; Figures 6.12 and

6.13).

6.3.3 Major element composition modelling and constraints on petrogenesis

Preliminary attempts have been made to model the geochemical
variations more closely. Several criteria have been used to identify

primitive compositions, Firstly they should have high Mg/Mg+Fe ratios.
Fe/Mg
Dol/lq
1870}, primitive basaltic magmas derived from source peridotite, with

Green et al. (1978) noted that, using K = 0.3 (Roedder § Emslie,
mineralogies similar to refractory dunites and harzburgites in ophiolite
complexes, must have Mg/Mg+Fez+ = 0.68-0.75'fof'up to about 30% partial
melting. This range is applicable to Macquarie Island rocks>whgre
harzburgites have Mg/Mg+Fe ~ 0.89. Secondly, such liquids should have
high Cr and Ni abundances, as these elements are rapidly depleted by
high pressure phase fractionatibn. Limiting values for Cr and Ni in
these lavas and dykes are 500-600 ppm and ~206 bpm respectively,-
comparable to primitive MORB (Green et al., 1979).

Fouf samples meeting these criteria are presented in Table 6.6.

As a basis for modelling, sample 38188 has been chosen from the four
identified primitive compbsitions, due to its relatiﬁely low Al,0;,
content, high CaG/Al.0; and low Ca0/Na0. These ratios would be lowered
and raised, respectively By plégidtlase fractionation, which would lcave
Mg/Mg+Fe, Ni and Cr little affected.

Mixing calculations using sample 38188 and the mineral phases
olivine, clinopyroxene, plagioclase and orthopyroxene have been performed
on a number of samples. The method used waé that of Wright § Doherty
(1971). o , _ . _ .. These
clinopyroxene and plagioclase éompositions represent the most magnesian
and calcic analyses respéctively present in both lava and dyke samples

and cumulate gabbros (see Griffin § Varne, 1980, for mineral compositions

-
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Table 6.6

POSSIBLE PRIMARY LIQUIDS

Sample no. 220 234 236 38188

Type dyke lava lava lava

Si0; 47.83 50.23 48.89 48.42

TiO; 0.80 1.10 0.70° 1.29

Al,0; 20.31 17.32 20.14 16.40

Fe 03 1.17 1.25 1.02 1.36

Fe0 5.95 6.40 5.21 6.93

Mno 0.10 0.13 0.09 0.15

Mg0 8.41 © 9.45 7.9% 11.17

Ca0 12.82 10.46 - 12.36 10.71

Na,0 S 2.40 2.79 2.90 2.89
- K20 0.09° 0.66 0.60 0.39

P20s 0.12 0.21 0.09 0.28

Mg/Mg+Fe -~ 0.716 0.725 0.732 0.742

Ni 207 158 . 164 199

Cr 523 652 663 514

ne - - - 2.30 0.39

hy - 0.34 8.99 - -

ol ‘ 16.07 . 12.29 14.19 '21.29

Zr/Nb 5.8 4.3 9.0 2.8

Ca0/Al1,03 © o 0.631 0.604 0.614 0.653

Al20;/Ca0 1.58 1.66 1.63, 1.53

Zr 46 69 27 84

Y 18 28 11 27

Nb 8 16 3 30

Rb 0 16 3 . 7

Sr 171 - 219 322 232

Co -

Sc - :

Zr/Y 2.56 2.46 2.45 3.11

Ti/Yx10? 2.67 2.36 3.82 2.85

5.34 3.75 4.26 3.71

Ca0/Na20




6.28

“OTPPIM = W foNAP = ( f{BABR] O9AISSEW = W {001 = ) fofpa

= 3 MoTTTd = 4 :d9y adA1 yooy

BS'1T 99°7 60't 08'8 Z5'9 69'y Ti'¢ S8°¢ ¥I'f 9Z'% €6°C 11°z 82°¢ 81°¢ Li°¢ €°9 us/eq
980 9v°1 OL'T ¢C8'°¥ 8S°¢ 9S°C IL'T . 99°0 8L'T 6£°T 09°1 91°1T 9Z2°1 vi*l 6471 9t ¢ *3ro(ws/e)
0T 6'¢C 60 O0°1 01 0’1t 0t 60 0T o1 670 m.o 01 6°0 670 0°1 N3 /Nn7
¢€v'0 62°0 9¥°0 OF°0 S€°0 LZTTO0 EZv'O0 62°0 2¢2°0 BZ'O 1£°0 €P 0 PO 8v°0 L¥-0 8¢°0 ni
0L"z 18'T 11°g 2Z9°¢ 85°Z L9°1T S9°¢Z S0°Z S6°1T 6L°1 1T0°¢ yL'z 6L°T 82°¢ ¢€T°¢ ve _4A
L0 LZ°0 0S°0 - S 7 AN VA AN - $£°0 8Z'0 Z£°0 80 Zv°0 (AN - - wu],
69'0 SS°0 LO'T ZI'1 v8°0 £S°0 080 6S°0 T19°0 09°0 190 84°0 LL°0 060°T 1071 £0°T ’ qL
60°T 88°0 ¢£S°T 00°¢ L¥'T 86°0 8Z'1 vO°T S0°L 00°T 10°T .0Z°T 2Z¢°1 19°T £S°1 P61 ng
02°¢ SL°T 6L°v 0979 69" S0°¢ 18°¢ [¥'¢ -BI'E G6°C 9T°¢ Z6'es Z9°¢ SL't 89'¢ 12°9 ws
09'6 Z8°8 8°81 0°8¢ "1¢ #¥*¢g0 §°¢1 1T°27 €°21 L°11 ‘n.ma L°ST 6°I[1 €8T T1°81 6°6C PN
L'ET 991 8°vE T¢I LS §'ST LIt 1°0Z Z°'SZ 6°8T L°02 9° L1 a.hﬁ. -T've T71g S°SL )
90°S Z£°L g'pl 1°8S 9°0f €I 6711 88°6 £°0I £9°6 SS°6 LZ’8 v0°8 1°ST ¢°s1 Z°6¢ -4
a a a a d d d W-TH 'TH T F3-TN I-d O-d d-d  OJ-d d adA1 Yooy
90¢8¢ LLT8E £e18¢8 (P9 1€e8s  LST 18T I96 999 Q95 VIS d80T D80T  v/gsv d/d¢v Ve ou ayduweg

SAMAQ ANV SYAV]
QNVTIST J1dvADOVIN NI SIONVANNEY LNIWATd HIYVI vy
v 9 dTqel




-Table 6.,7B

LITERATURE REE ANALYSES OF MACQUARIE ISLAND LAVAS

AND BCR STANDARD ANALYSIS.

6

Reference 1 1 2 2
Sample Ne.  279-12-1  279-3-2 26 48 BCR Precision  BCR
Rock Type P P P P
La 8.0 8.2 4.2 5.3 28.0 5% 26.0
Ce 20.8 20.4 | 6.7 52.0 +10% 53.9
Nd 12.6 11.0 7.3 9.1 32.8 5% 29.0
Sm 3.6 3.6 2.7 2.8 7.72 5% 6.6
Eu 1.33 1.26 1.0 0.95 2.05 5% 1.94
Tb 0.84 0.82 0.48 0.45 1.34 5% 1.
Tm 0.48 0.35 0.4 0.26 0.60 +10% 0.
Yb 2.7 2.8 2.7 2.3 3.37  #5% 3.36
Lu 0.36 0.38 - 0 0.52 *5% 0.55
Eu/Eu*, 1.0 1.0 .2 1.1
(La/Sm)e.f. 0.54 1.61 0.85 1.04
La/Sm 2.22 2.28 1.56 1.88
References: 1 - Schilling § Ridley (1975)

2 - Jakes & Gill (1970)

3 < Hellman et al. (1978)

4 - Flanagan (1973).

.29
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in the gabbroic rocks}. The olivine composition at Foo 91, is slightly
more magnesian than the most magnesian composition recorded in the
lavas and dolerites (Fogy,s) but only a few analyses were obtained as
olivine is generally altered in these rocks. The orth0pyro¥ene analysis
is from one of the gabbroic samples. It was not initially included in
the mixing calculations, because of its absence as a phenocryst phase,
but was found to be necessary for accurate results to be achieved.
" The results of the mixing calculations are presented in Table 6.8.

The matched compositions cover the ranges of normative coﬁpositions and
Mg/Mg+Fe fatios of the analyzed lavas and dykes. The importance of
plagioclase and, to a lesser extent, olivine fractionation is
emphasized by these results. -

In the extreme of the tested compositions, sample 38337 represents
60% of one weight unit.of primary liQuid (38188 composition} with ~21%-
plagioclase fractionation together with ~7% olivine, 9.5% orthopyvroxene
and 2% clinopyroxene fractionation. Major plagioclase accumulation is
also suggested for four of the matched compositions. The results impiy
that orthopyroxene and clinopyroxene cduld_also have been involved,
either through fractionation or accumulation, dgring the evolution of
the liquids. A final feature is that the tested liquid compositions
would only be expected to vary by a factor of 2 in their incompatiblie
element abundances if they Qeré derived from a primitive magma with
constant incompatible element abundances and did not undergo open-system
fractionation of the stylé suggested by O'Héra (1977).

It is important to emphasize that these mixing calculations only
' provide rough guidlines to the evolution process. Using a set of
fixed phase compositions is a ﬁajor simplification of the natural
process, as evidenced by the observed range in phenocryst composition and
experimental studies of primitive ocean-floor basalt compositions which

have shown that the liquidus phase compositions are strongly influenced

30



Table 6.8

Mixing calculations: Macquarie Island lavas and dykes

35 64Dy 124 38389 212 56A 38337
Ne 7.79 6.92 6.92 4.29 0.15 0.09
Hyp 0.98
Mg/Mg+Fe  60.8 63.1 54,2 64.7 64.4 69.0 50.7
01 4.64 4.46 8.79 1.65 1.43 16.10 7.20
Cpx -7.04  -6.09 1.51 -4.33 4.25 -1.87 1.95
Plag 3.08 0.14 15.05 1.75 -38.24 -17.03  20.97
Opx 11.58 9.37 5.73 9.83 . 5.47 -9.64 9.50
Liq 88.45 93.43  68.64  91.28 126.07 118.33  59.86
Ires 0.311 0.660 0.078  0.051 0.438 0.248  0.412
0 -1.25 -8.68 '
Cpx -3.25 1.65
Plag 30.6 14.60
Opx -3.93 8.39
38188 78.48 84.00
Lres 0.272 0.176

210 38451 147 38425 38434 151 38449
Ne
Hyp 1.05 4.64 10.80 12.96 14.61 16.94 22.0
Mg/Mg+Fe  54.5 66.0  56.1 59.0 62.1 67.2 65.3
01 9.70 8.82 18.47 17.07 8.36 23.10 12.45
Cpx 2.71 -4.64 7.64 -2.44 7.40 2,66 ~7.94
Plag 17.87 -36.53 18.26 12.00 11.64 -43,27 7.25
Opx 3.15 -3.42  -13.08 -8.38 -3.15 -29.58 -6.42
Liq 65.86 134.70 68.70 81.56 75.73  146.82 93,42
Zres 0.244 0.372 0.168  0.065 0.342 0.010 0.792
01 -6.64 ' -15.74
Cpx 3.54 ~1.81
Plag 27.40 29.48
Opx 2.86 20,16
38188 73.57 68.10
Ires 0.203 0.005

.31
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by P, T, P02 and pCOz (Green § Lieberman, 1976; Green et al., 1979;

Jaques § Green, 1980).

6.3.4 Major element petrogenesis

The petrographic featu;es, geochemical variations and the results
of modelling calculations are strong evidence for the derivation of the
observed spectrum of lavas and dolerites on Macquarie Island through
crystal fractionation procésses dominated by plagioclase and olivine;
but also invelving clinopyroxene. The presence of complementary
gabbroic rocks on the island further suggests that much of the liquid
evolution was through shallow-level fractionation processes (Griffin §
Varne, 1980).

There is growing experimental evidence for a picritic primary
magma for ocean-floor basalts (Green et al., 1979; Jaq@es & Green, 1980),
in support of earlier ideas along this line (O'Hara, 1968) and evidence
from ophiolites (Elthon, 1979), -_.‘“::. Green et al. (1979) have shown
that picritic m;gma formed by segregation from orthopyroxene-bearing
peridotites at about 70 km depth will evolve to primitive magnesian
MORB compositions through fractionation qf 15-17% olivine. Subsequent
work indicates that this process requires 20-30% partial melting and
that lower degrees (<18%) will produce alkaline liquids (Jaques & Green,
1980).' Alternatively orthdpyro;ene and olivine fractionation from a
slowly ascending tholeiitic picritic primary magma, in the pressure
range 20-15 kb, could produce a primitive alkali olivine basaltic liquid
(Malpas, 1978).

Although Malpas} mechanism satisfactorily accounts for the major
and compatible trace element abugdances of mid-ocean ridge basalts and
the Macquarie Island lavas and dykes, major objections have been raised.
Specifically, Green et al. (1979) found that plagioclase of An,, was the
most calcic composition ﬁresent under oﬁe—atmosphere conditions on the

liquidus for the primitive DSDP3-18 glass. From this and the lack of
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orthopyroxene on the liquidus they concluded that the primitive magmas
were not parental to the calcic plagioclase and also the magnesian
clinopyroxene (of Mg)Mg+Fe = 0.92) megacrysts of mid-ocean ridge basalts
and cumulate phases of ophiolite complex layered rocks. It has been
found experimentally that phases of these compositions can fractionate
from sécond-stage-melting_of diapirs at depths of 1-15 km (Duncan §
Green, 1980).

Bender et al. (1978) have studied one atmosphere liquidus phase
compositions of a similar primitive mid-oceanzridge basalt glass
(no. 527-1-1) and reported liquidus plagioélase compositions up to Angg.
The apparent discrepancy would seem to be a result of temperature

dependence of the plagioclase composition. Ansg,¢ plagioclase observed

by Green et al. (1979) was obtained at 1210°C whereas Bender et al. (1978)

found compositions of Angy, Ang:, Anse.g and Ango,o at temperatures of
1235°C, 1218°C, 1215°C, 1208°C and 1205°C respectively. Thus there is
only a discrepancy of ~1 An unit between the result, at similar
temperatures, which must be con;iderea to be a good agreement in view
of the slightly different starting compositions, experimental and
analytical techniques used.

In summary, the Macquarie Island lavas and dykes have major and
compatible trace element compositions that can be explained through a
mechanism of extensive_ghallqw level crystal fractionation, dominated by
plagioclase and to lesser extents olivine, ;Iinopyroxcnc and spinel,
from primitive liquids that in turn are a result of extensive fraction-
ation from primary picritic magmas. The range of primary magmas present
probably resulted from variations in degree of partial melting of the
source or, through an initially slowly ascending magma fractionating
orthopyroxene in addition to olivine.

Relevant experimental studies indicate 10-30% partial melting

of the source mantle is required to produce the variation in primary

.33
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liquids and a consequent fractionation of about 20% olivine to attain

the primitive liquid composition. Subsequently shallow-level fraction-
ation or accumulation events are constrained by the mixing calcul#tions

to maximum of about 40 wt.% although this is an over‘estimate as these
calculations probably include some contribution from earlier processes.
Using extreme cases this would suggest a range of extremely incompatible
elements in the lavas and dykes of ~3x to ~10x source mantle abundances.
For primitive lavas (those not having undergone shallow-level fraction-
ation)-the range would be ~4x to ~12x mantle source abundances, for a

constant mantle source.

6.3.5 Incompatible and hygromagmatophile trace element variations and

characterization of the volcanic rocks

Incompatible and hygromagmatophile elements can provide vital
information on the nature of basalt mantle sources. Element ratios are
of particular importance as these are not significantly affected by
fractionation of fhe major basaltic phases whereas the abundances are
modified. A major use of such elements has been the characterization
of altered rocks, as many of these elements are immobile up to moderate
grades of métamorphism; This is discussed in the following section which
is @rawn principally from Griffin § Varne (1980).

 Ranges and mean values for low abundance elements analyzed in ;he
lavas and dolerites are presented in Table 6.9. Apart from Sr, the mean
results are comparable to depleted ocean-floor basalts. Observed ranges
(Table 6.9) are also similar.

The best comparison of the incompatible trace element chemistry
of the Macquarie Island lavas and dykes with ocean-floor basalts is
through the use of the various discriminant functions. They have been
used to characterize altered and metamorphosed basalts, and assign them
to particular tectonic environments (e.g. Pearce § Cann, 1971, 1973;

Bloxam & Lewis, 1972). This alsoc allows a testing of the usefulness of



Table 6.9

Macquarie Island Lavas and Dykes:

Trace Element Data Summary

MEANS AND STANDARD DEVIATIONS

-

6.

Lavas Dykes Combined 0.F.B.*
Ti 8160 & 2220 8460 <t 2460 8280 = 2280 9000
Ni 110 + 50 102 £ 51 107 + 50 114
Cr 302 = 119 288 + 155 297 = 132 300
Zr 88 + 29 94 + 31 90 * 30 90
Y 27 * 8 27 10 27 ¢ 9 30
Nb 22 =+ 16 18 = 16 21 15 25
Rb 11 + 8 7 ¢+ 9 10 ¢+ 8 -
S5r 258 * 118 228 ¢ 99 247 t 112 145
Co 38 + 5 43 8 40 ¢ 8 32
Sc 6 = 4 40

* from Pearce (1981

RANGES

Lavas Dykes 0.F.B.
Ti 3660 - 18240 3660 - 15660
Ni 52 - 302 42 - 273 58- 320
Cr 103 - 663 63 - 690 30-1260
Zr 32 - 163 33 - 149 28- 178
Y 11 - 45 9 - 53 16- 57
Nb 1 - 73 2 - 52
Rb 0 - 35 0 - 32
Sr 114 - ° 806 112 - 548
Co 30 - 49 26 - 52 .
Sc 29 - 42

35
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these discriminant functions; Macquarie Island being the sole ophiolite
composed of young oceanic crust.

On the Ti-Zr diagram of Pearce § Cann (1973) the Macquarie Island
data fall mainly within the ocean-floor basalt field (OFB) with some
data peoints in the OFB-low K tholiite field (LKT), where overlap occurs
with the low-K tho;eiites if island arcs (Figure 6.9). On their
Ti-Zr-Y diagram (Figure 6.10) the majority of the Macquarie Island data
falls within the OFB field but some data points occur in the "within-
plate" basalt field (WPB) defined by océan island or continental basalts.
On their Ti-Zr-Sr diagram (Figure 6.11), the Macquarie Island data points
define a band from the OFB field into the LKT field.

These discriminant diagrams, using Ti, Zr, Y and Sr, classify
most of the Macquarie Island rocks as ocean-floor basalts, but the
remainder are unlike typical ocean-floor basalts (Varne § Rubenach, 1972).
Similarly ambiguous results are achieved using the Zr-Zr/Y diagram
(Figure 6.12) of Pearce & Norry (1979). On the Ti-Cr diagram developed
by Pearce (1975) to discriminate between ocean-floor basalts and island-
arc tholeiites, the Macquarie Island rocks with.Ti abundances generally
greater than 5000 ppm and ranging up to 15 000 ppm (Figure 6.10), and
Cr abundances generally greater than 100 ppm ;nd ranging up to 600 ppm
(Figure 6.5), would fall within the OFB field.

The Macquarie Island rocks that fall within the OFB fields on
the various discriminant diagrams tend to have relatively high Ti/Zr
ratios, Na(Na+K) > 0.9, K/Rb > 360, and relatively low K30 and Nb
abundances. They resemble the ''depleted' oceanic tholeiites of Engel
et al. (1965) and the Group-I ocean-floor basalts of Bryan et al. {1976).
The samples that plot outside the OFB fields tend to have relatively
high Nb contents and low Zr/Nb, Y/Nb, Ti/Zr and K/Rb ratios, to he
relatively enriched in K and Sr, and to be ne—normative. These rocks
resemble volcanics from the so-called "anomalous' ridge segments, c¢.g.

the FAMOUS area (near 36°N on the Mid-Atlantic Ridge).
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~1.5

Ti
(ppm)
x 10000
50 100 150 200
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Figure 6.9 Ti and Zr contents of Macquarie Island basalts (open

circles) and dolerites (closed circles) plotted on a basalt
classification and discrimination diagram of Pearce § Cann (1973),
Ocean-floor basalts plot in the O.F.B, field, and in the field
that overlaps into the low-potassium tholeiite (L.K.T.) field.
Calc-alkali basalts also plot in this overlapping field and in
the C.A.B. field.
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Figure 6.10 - Ti, Zr, and Y contents of Macquarie Island basalts
(open circles) and dolerites (filled circles) in a discrim-
ination triangle of Pearce § Cann (1973). Fields as in

Fig. 6.9 , with the addition of a "within-plate' basalt field
(W.P.B.).



Sr,z

Figure 6.11 Ti, Zr, and Sr contents of Macquarie Island basalts
(filled circles) and dolerites (open circles) in a discrim-

ination triangle of Pearce § Cann, 1973). Ficlds as in
Fig. 6.9.
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Figure 6.13 Zr and Y contents of Macquarie Island basalts and

dolerites plotted on the Zr-Zr/Y diagram of Pearce § Norry
(1979). Fields as in Fig. 6.9 and Fig. 6.10.
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Figure 6.12 "Zr and Nb contents of Macquarie Island basalts and
dolerites. Also outlined are fields for IPOD Leg 49 basalts

from the Mid-Atlantic Ridge (Wood et al., 1929§) .
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The "non-QFB" data do not form a group distinct from the OFB data.
This continuum in compositions is well shdwn in a Zr/Nb diagram
(Figure 6.13). Rocks from near 36°N and 45°N on the Mid-Atlantic Ridge
have Zr/Nb ratios in the range 3 to 7, and Nb contents generally higher
than those of rocks from near 63°N where Zr/Nb ratios range from approx-
imately 7 up to high values of 18 or more that were formerly considered
té be diagnostic of ocean-floor basalts (Pearce & Cann, 1973; Erlank &
Kable, 1976). Most of the Macquarie Island rocks plot in the saﬁe
fields as 36°N and 45°N rocks, but range more widely when considered as
a group (Figure 6.13).

REE analyses of sémples covering this range in trace element
abundances are presented in Table 6.10. These have been grouped by
profile on a Masdua-Coryell ﬁlot in Figure 6.14 and demonstrate the
correlation of the LREE with other hygromagmatophile element ratios,
re-emphasize the continuous nature of the trace element variations, and
further the correlation of Macquarie Island volcanics with those from
"anomalous™ ridge segments (cf. Langmuir et aql., 1977).

An important result arising from this grouping of the samples is
an apparent relationship to the degree of metamorphism of the samples.
Samples which have undergone metamorphism up to and including zeolite
facies alteration are characterized by high La/Sm and La/Yb ratios
whereas those of greenschist facies metamorphic grade have markedly
‘lower values for these ratios (Table 6.11). Although this is in
apparent agreement with studies which emphasize the susceptibility of
the LREE to mobilization during metamorphism (Hellman et al., 1978;
Ludden & Thompson, 1979) the good positive correlations of the LREE with
the other incompatible and hygromagmatophile elements are strong evidence
against this interpretation. Alternatively these results suggest a
temporal evolution of the lava and dyke compositions, assuming the least

altered rocks are the youngest. This evolution is manifested by an



Table 6.10

Selected Major and Trace Element Ratios

in the REE Data Subset.

Sample La/Sm Zr/Nb Ti/Y! Mg/Mg+Fe K/Rb?2
Number

38206 1.58 16.5 2.0 0.61 457
108 2.19 10.1 1.99 0.56 308
38137 2.66 6.4 2.64 0.68 -
38133 3.09 5.4 2.94 0.56 270
43B 3.23 5.3 2.55 0.60 566
56 3.07 4.9 3.09 0.70 (540) 3
151 3.12 4.3 3.85 0.67 730
157 4,69 3.0 3.59 0.67 318
38331 6.52 2.76 3.44 0.65 318
3A 6.31 2.03 4.57° 0.63 316
64D -.8.80 1.53 3.26 0.63 262

1 x 1072

2 for Rb = 0
3 for 56G: Rb = 4; 56A: Rb =

13K/Rb = 1910
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Table 6.11

La/Sm and La/Yb ratios of Macquarie Island
samples grouped by grade of alteration and

metamorphism.
La/Sm La/Yb
Ocean-floor weathéring
Group 1 4.82-2.56 22.4-8.6
zZeolite facies
Group TI 1.77-1.46 5.1-4.0

Lower greenschist facies
Group IT1f 1.56-0.86 2.96-1,90

6.43
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Figure 6.14 Masuda-Coryell REE plot of Macquarie Island
basalts and delerites.
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enrichment of the LREE while maintaining relatively constant HREE
abundances (Figure 6.14).

In summary these incompatible and hygromagmatophile trace element
abundance data show that many of the analyzed Macquarie Island lavas
and dykes are extremely similar to "normal' MORB. However, the unbroken
trends and variations in both abundances and ratios of these elements
progress beyond the '"mormal’ range of values fér MORB. Some of the
samples (those enriched in these elements) would not be recognized as
MORB using recognized basalt discriminant diagrams. This suggests the
need for major qualifications to be imposed when using such diagrams.

Possible qualifications are discussed later in this chapter.

6.3.6 Implications of incompatible and hygromagmatophile element ratios

It has been shown that fhe lavas and dykes include.samples having
wide differences in incompatible and hygromagmatophile element ratios.
Specifically La/Sm and Zr/Nb.ratios have ranges of 8.8 to 0.86 and 1.53
to 18.0 respectively. The subset of samples for which REE analyses are
available almost completeiy spaﬂ the range in Zr/Nb ratios of the total
data set, ranging ffom 1.53 to 16.5, and is therefore taken to be
representative of the lavas and dykes in'the following discussion.

Three main mechanisms have been proposed for observed variations
in these element abundances and ratios of basalt suites. Langmuir
et al. (1977) have invoked a dynamic melting p£ocess to explain RELR
abundances in FAMOUS basalts. In this model a portion of melt is always
retained in a zone of melting of continuously upwelling mantic. Providing
the melt is on a peritectic or cotectic surface then major clement
compositions of this melt will be buffered but ratios and abundances of
elements with small but differing liquid/solid partitibn coefficients
may alter markedly, depending on the difference in the partition

coefficients and the proportion on melt remaining in the melting zono.
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Secondly, O'Hara (1977} has proposed a near-surface open-system
fractional crystallization process. O'Hara (op.cit.) envisaged a magma
chamber fed regularly by batches of parental magma in which continuous
fractional crystallization occurs. Resultant steady-state liquids
could have major element compositions cont;ollgd within the liquidus
field of a single crystalline phase, or on a cotectic, but potentially
large variation in concentrations of incompatible and hygromagmatophile
element abundances and ratios. Isotopic variations are considered,
in this model, to result from digestion of previously erupted basalts
which have been altered through contact with sea water.

The third mechanism assumes that the element abundances and
ratios primarily reflect the source mantle characteristics and consegently
variations in the basalts reflect source heterogeneity (Varet § Treﬁil,
1973; Erlank § Kable, 1976). The concept of a heterogeneous mantle is
not new (Green, 1971; Varne § Graham, 1971) but has become established
with the recent availability of numerous, precise isotopic and hygro-
magmatophile element abundance data. Reviews of mantle processes in |
light of the new geochemical data strongly favour mantle heterogeneity
as the prime factor in controlling isotopic and hygromagmatophile
element abundances and ratios (Hanson, 1977; Cann et al., 1978; Pearce
& Norry, 1979; Sun et al., 1979), although processes akin to dymamic
melting may still be significant (Wood, 1979, 1981) .

Although isotopic data are not yet available for the Macquarie
Island lavas and dykes the extreme ranges in Zr/Nb and La/Sm ratios
(of 0.53 to 18 and 8.80 to 0.86) are in favour of a heterogeneous
mantle source. OQOpen-system fractional crystallizatioﬁ (O'Hara, 1977)
is considered unlikely in view of these extreme rangeé, yet relatively
thin layer of‘cumulate rocks (2-3 km; Griffin § Varne, 1980).

In the preceding sections two important geochemical features of

the Macquarie Island lavas and dykes have been established. Firstly,
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many of the samples are geochemically similar to "normal MORB.
Secondly, those that are not similar differ through a progresgive
enrichment of incompatible and hygromagmatophile abundances and
variations in ratios of these elements. On the basis of the introductory
discussion to this section these variations are suggested to represent
heterogeneity in the source mantle. Based on the geochemical data the
heterogeneity may be in the form of "enriched" veins present in
variable but small amounts in a depleted "MORB" mantle peridotite
(Wood, 1979). -

This could be treated as a two-component model and if correct
mixing trends should be identifiable in the data. Langmuir et al.
(1978) have shown that the isotopic mixing equation (Vollmer, 1976)
can be used as a general equation for incompatible/hygromagmatophile
element ratios. In the Macquarie Island data suitable ratios are Zr/Nb,
and La/Sm. Using the extreme data points (dyke sample 64: La/Sm = 8.80,
Zr/Nb = 1.53; dyke sample 38206: La/Sm = 1.58, Zr/Nb = 16.5) the

following relationship can be derived:
9.65(La/Sm} - 252(La/Sm) (Zr/Nb) + 207.6(Zr/Nb) + 3160.3 = 0.

The resultant binary curve matches the intermediary data extremely
well (Figure 6.15), supporting 'a two-component mantle model. Including
the complete data set, on the basis of the Zr/Nb ratios, the high Zr/Nb
component has a yalue of 18.0 which leads, by extrapolation, to a
La/Sm = 1.52.

Having define end-member ratios for tﬁe two components in the
liquids the next step is to calculate the abundances of the elements.

Nb has been selected as the control element for the calculations on the
basis of its well documented hygromagmatophile_character (Pearce §
Norry, 1979), immobile nature (Cann, 1972) and"its wide yet coherent Tange

in the sample set,



La/Sm

i L 1 i
5 10 15 20
Ir/Nb

Flgure 6.15 La/S5m vs. Zr/Kb with mixing line darived from the extreme
data points using the equation of Langmulr et ai. (1978).
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From the data, the low Zr/Nb component in the liquid composition
has a Nb abundance of 87 ppm and the high Zr/Nb component has 1 ppm Nb.
Abundances in the two components of incompatible and hygromagmatophile
elements are given in Table 6.12. These were calculated from the linear
regression trends derived from variations of each element with Nb, shown
in Figures 6.16 and 6.17, for values of 1 and 87 ppm Nb. The results
are presented as geochemical patterns normalized against average MORB
(Pearce et al., 1981; Sun, 1980; Wood, 1979) in Figure 6.18. Also
included on this figure is a pattern derived using the calculaged element
trends for a Nb content of 3.5 ppm (Table 6.13). This is to minimize
errors resulting from analysis of Nb at the 1 ppm level and to provide
a comparison with MORB. The subsequent pattern does not show the
pronounced Nb anomaly yet other element abundances, relative to the MORB
values, are little changed.

Two major points are reinforced by these geochemical patterns.
Firstly, the low Nb or depleted liquid component is similar to MORB in
both incompatible and hygromagmatophile element abundances, in support of
derivation from a "depleted" mantle. Secondly, the differences between
the two components are a function of the incompatibility of the element
with possible mantle mineralogies. This feature is in agreement with
arguments presented by Hanson (1977} and Wood (1979) for the derivation
of the "enriched" ocean-floor basalts from a source containing a
component derived through very low degrees of melting of primitive mantle

material.



Table 6.

12

TRACE ELEMENT ABUNDANCES IN END MEMBER COMPONENTS DEFINED BY

Nb VARIANCE IN THE MACQUARIE ISLAND LAVAS AND DYKES.

Nb Intercept Slope Corr.Coeff. Comp. A Comp. B
(Nb=0ppm) (Nb=1ppm} {(Nb=87ppm)

Zr 62.7 1.215 0.709 63.9 168,4
Y 25.9 0.044 0.089 26.0 29.8
Ti02* 1.11 0.010 0.492 1.12 1.96
P,05* 0.09 0.008 0.934 0.10 0.77
Ko20* 0.25 0.016 0.693 0.27 1.60
Rb 1.5 0.421 0.724 1.9 38.2
Sr 141.4 5.05 0.726 . 146.4 580.5
La 2,91 0.57 0.986 3.49 52.82
Ce 8.72 1.064 0.978 9.78 101.3
Nd 9,29 0.302 0.960 9.59 35.6
Sm 3.07 0.041 0.897 3.11 6.61
Eu 1.03 0.012 0.866 1.04 2.02
Tb 0.682 0.005 0.661 0.69 1.10
Tm S 1.12 -0.055 -3.62 1.12 -
Yb 2.34 0.003 0.20 2.34 2.61
Lu 0.38 0 0.002 0.38 0.38
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Figure 6-16 Sr, Rb, K,0 ond P,0; against Nb for the lavas
and dykes with Llinear regression Llines. {ntercept, slope
and correlotion coefficient dota are given in Table 6-11.
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® "Enriched" (Mb = 87 ppm)
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Figure 6.18 Geochemical patterns- normalized to MORB abundances

for "enriched", "depleted" and "MORB-equivalent" liquids from
Macquarie Island.



Table 6.13

'"MORB" normalized values of hygromagmatophile

elements in the "enriched", "depleted', and

""MORB-equivalent' components.

MORB* Nb=87 Nb=1 Nb=3.5
, Enriched Depleted MORB comp.
component component

Rb? 2.0 19.1 0.99 1.68
K 0.15 wt.% 10.7 1.8 2.08

3.5 24.9 0.29 1.0
La® 3.0 17.61 1.16 1.83
Ce 10.0 10.1 0.98 1.35
Sr 120 4.84 1.22 1.37
Nd 7.7 4.62 1.25 1.38
P 0.12 wt.% 6.42 0.83 1.08
ir 90 1.87 0.71 'Q.76
Sm 3.3 2.00 0.94 1.0
Ti 1.5 wt.% 1.31 0.75 0.77
Y 30 0.99 0.87 0.87
Yb 3.4 0.77 0.69 0.65
1. Value from Pearce {1981), in ppm unless otherwise

shown.

2. Element order from Wood (1979).
3. Sun (1980), values in ppm.
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6.3.7 Relationships of the incompatible and hygromagmatophile element

abundances to the petrological and normative character of the samples

The preceding sections have established that the variation of the
major and compatible trace elements, incompatible elements aﬁd-hygro-
magmatophile elements describe a complei petrogenesié involving shallow
level fractionation, variations in degree of par;ial melting, and mantle
heterogeneity. Additionally, relevant experimental investigations imply
a further process involving olivine fractionation from primary picritic
‘magmas at intermediate depths. Importantly it has been shown that the
various processes can be recognized by examining the appropriate sets
of element abundances and inter-element relationships.

It is also important to emphasize that although the geochemical
behavicur of elements within thé particular groups reflect principally
the petrogenetic proceés by which they are most significantly affected,
there is within the Macquarie Island data set an ovefgll correlation
between the various groups of elements. This can be most clearly seeﬁ
in a plot of normative ne- or hy-composition against the Nb abundance
of the sample (Figure:6.19). The hy-rich samples contain relatively
low Nb than the ne-rich samples, which are mo;e variable but generally
richer in Nb. Superimposed on this figure is the éetrographic nature
of each sample, the alkaline variants dominating the Nb-rich samples.

One relevance of this relationship is the use of the basalt
discriminant diagrams (Section 6.3.5). It has previously been noted
that the.Macquafie Island samples which are incorrectly classified using
these discriminant diagrams rend to have relatively high' Nb contents, low
Zr/Nb, Y/Nb, Ti/Zr and K/Rb ratios, to be enriched in K and Sr, and
to be ne-normative (Griffin § Varne, 1980). Such ambiguities could be
virtually eliminated by applying, thereforc, cither a petrographic or
CIPW normative screen to remove alkaline or nc-normative rocks from the

data base being used.
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6.3.8 Refinement of partial melting estimates using a two-component mantle

The reéognition of a two-component source mantle allows a refinement
of estimates of the degrees of partial melting required to produFe the
observed range of primitive compositions for the Macquarie Island lavas
and dykes (Section 6.3.4). The initial discussion was based on the
premise that the source mantle was relatively constant. However the
enﬁuing discussion has shown that K,0 énd P,0s abundances are primarily
source-controlled and that large variations in these elements are present
between the two end-member compositions indicated by the lava and dolerite_
compositions (Sections 6.3.5 and 6.3.6, Table 6.13).

Original estimafés of around 20% partial»melting for the tholeiitic
compositions (Nb = 1 ppm, P20s = 0.10 wt.%, K0 = 0.27 wt.%) and sub-
sequent olivine fractiongfion (15-17%) require a mantle source with
0.017-0.025 wt.% P05 and 0.045-0.068 wt.% K,0. These values are within
the range of experimentally studied source compositions, i.e. Pyrolite
and Tinaquillo lherzolite (Green, 1971; Jaques—ﬁ Green, 1980) and need
no revision. However, the estimates of <18% partial melting for the
more alkaline compositions (Nb = 87 ppm, P20s = 0.77 wt.%, K20 = 1.60
wt.%) are not valid.

Normative calculations are presented in Table 6.14 for a range of
compositions starting from a primitive tholeiite and by the addition of
K20 and.ons to reach, in the final composition, the observed limiting
values for these elements. The normative compositions change from hy-rich
(8.75 wt.%) to transitional, with 0.11 wt.% hypersthene. This cmphasizes
the major influence of K,0 on the normative calculation and the danger of
using CIPW normative compositions as a guide to mantle processes where
a variable source comp051t10n may be involved. From this example it is
clear that it is not necessary to appeal to variations in partial melting
to explain the range of the Macquarie Island ro;ks although some variation

cannot be excluded.
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6.4 SUMMARY

The following points briefly summarize the major features and

implications of the geochemistry of the Macquarie Island lavas and dykes.

1.

Geochemical abundances of both major and trace elements in the
analyzed sample set have been little affected by the metamorphic
processes that have occurred within this oééanic crust segment.
Increases in LOI values and the Fe‘°'+/Fe2+ ratios of the samples

are the only pervasive effects of the alteration; both effects
decreasing in the increasing metamorphic grade.

The petrographic variation from tholeiitic to alkaline is matched
by the geochemical range in the analyzed sample set. A good correla-
tion between petrography and CIPW normative mineralogy and evidence
from pillow rims and core analyses, and variations across a massive
lava flow confirm the lack of geo;hemical alteration of these
samples.

Three groups of elements have been distinguished on the basis of
statistical covariance.

(i) major and comﬁatible trace elements,

{ii) incompatible elements, and

(iii) hygromagmatophile élements.

A wide range in Mg/Mg+Fe ratios and Cr and Ni abundance covariance
with this ratio define crystal fractionation as a major process

in the evolution of these rocks. The spatial assopiation of tﬁe
lavas and dykes on Macquarie Island with apparently cumilative
olivine-plagioclase-rich layered gabbros together with the mineral-
ogical similarity of the phenocryst/megacr}st phascg of the lavas and
dykes and the gabbro phases is good evidence that these two groups
of rocks are complementary products of a shallow level crystal

fracticnation process.
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Major element mixing models show that much of the geochémical
variations of the analyzed lavas and dykes can be accounted for by such

a shallow level process. Plagioclase, olivine and spinel are the major

phases involved, but clinopyroxené is also tequired. If the layered

gabbros alone represent the cumulate component then, from the schematic
section of Macquarie Island-type oceanic lithosphere (Griffin § Varne,

1980, fig.3) an average of 25% crystal fractionation is required.

An-overall average fractionation value of 35% is necessary if the
recrystallized gabbros, that appear to be between fhe layered gabbros
complex and the basal harzburgites, are also cumulates complementary to
the lavas and dykes. |

5. K0 and P,0s show extreﬁe variations and behave, together with Nb,
Sr, Rb and the light REE, as completely incompatible elements
.in these rocks. They have been termed hygromagmatophile to
distinguish them from the remaining group of elements - Y, Zr, and
Ti0, - and the heavy REE which show significant correlations with the
major and trace elements (Table 6.3).

6. Effects of shallow level fractionation and differences in degree of
partial melting of the source mantle are too small to account for the
extremé variations in hygromagmatophile element abundances and
variations in trace element ratios found in these rocks. Mechanisms
involﬁing dynamic melting or open chamber fractionation also appear
unlikely to account for the extreme variations although such
mechanisms undoubtedly could have had somé effect.

The hygromagmatophile element ranges are considered to result
primarily from heterogeneity of the source mantlé.with respect to
these elements. Covariants of incompatible/hygromagmatophile element
ratios closely match a binary mixing curve (Figure 6.15).

Consequently a two-component mantle is envisaged with variations in
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proportions of fhe two components creating the observed hetero-
geneity. The similarity of major and compatible trace element
compositions of the Macquarie Island lavas and dykes to the MORB
average composition (Table 6.5) and succes§ of the trace element
discrimination diagrams in recognizing the thoieiitic or "depleted"
variants as.MQRB-type rocks is corroborative evidence for an upper
mantle essentially homogeneous with respect to these elements. The
strong correlation of enrichment and increasing elemental
hygromagmatophile nature with respect to likely mantle mineralogies
shown in the alkaline or "enriched" variants relétive to the
tholeiitic variants and to "depleted" MORB (Figure 6.18) supports
the presence of an "enriched" mantle component, formed by small
degrees of partial melting of, or fluid migration through, a fertile
mantle.

The petrographic and CIPW normative character has been shown to
correlate with the degree of enrichment of the samples in the
hygromagmatophile elements. This has raised the question of whether
petrographic and CIPW normative Variations reflect variations‘in
partial melting or mantle heterogeneity, because of the major control
of the latter on K20 and P05 abundances in the derived liquids.

In Qiew of the major effect of K20 on CIPW normative compositions
(Section 6.3.8) and experimental evidence that the aegree of silica
saturation of a melt is dependent and inversely related to the alkali
content of the source composition (Jaques § Green, 1980), the earlier
suggestion that the alkaline variants represent lower degrees of
partial melting than the tholeiitic variants scems unlikely. All
variants are probably the result of a similar degrece of pﬁrtiul
melting of the source mantle; the compositional range reflecting
source mantle hgterogeneity. From the more detailed and cxtensive
experimental studies using tholeiitic compositions, 10-30% partial

melting of the source mantle is suggested. "
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Chapter 7

EVOLUTION OF MACQUARIE ISLAND-TYPE OCEANIC CRUST

7.1 INTRODUCTION

Igneous and metamorphic features of the Macquarie Island lavas
and dykes have been described and discussed in the preceding chapters.
This concluding chapter integrates the evidence from the various
aspects of this study on the formation of Macquarie Island-type oceanic
crust. Summaries of individual aspects of this study have been
preéented at the end of the relevant chapters and are not repeated
here. It is important to emphasize that this work is a preliminary
investigation. Recommendations for further work are presented in the

final section of this chapter.

7.2 METAMORPHIC PROCESSES IN THE OCEANIC CRUST

Various models for ocean-floor metamorpﬁism have been presented
based on dredge and drill studies of MORB basalts (Cann, 1970} and
derived from studies of ophiolite complexes (Smewing, 1975; Elthon &
Stein, 1978; Coleman, 1977; Coish, 1977). However 'as both Coleman
(1977) and Cann (1979) have observed, the similarity between metamorphic
(and igneous) models of mid-oceanic ridges and ophiolite sequenceg is a
result of these models drawing heavily on spatial relationships observed
for on-land ophiolites. In this sense the data from the occasnic crust
exposed on Macquarie Island are unique; They -are the connecting link
between studies of ﬁphiolites and oceanic crust.

Ocean-floor metamorphism has, from the Macquarie Island examplé,
been recognized to result in a sequence of secondary assemblages ranging
from those through cold ocean-floor weathering ("brownstone" facies,

Cann , 1979) to zeolite and lower greenschist facies assemblages in
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the lava sequence and to greenschist and finally amphibolite facies
assemblages in the basal section of the sheeted dyke complex
(Chapter 5; Figure 7.1). This provides strong‘gupport for the generally
acceptea metamorphic model reviewed by Cann (1979).

The physical process of this oceanic metamorphism is a more
controversial subject, particularly as it addresses the question of
chemical -interaction and elemental fluxes between the oceans and the
oceanic crust during the metamorphic process. Firstly, the metamorphic
zonation on Macquarie Island requires a high geothermal gradient,
possibly as high as 200°C/km (Section 5.7.2). This value is comparablé
to estimates from ophiolites (Coleman, 1977) and is strong evidence that
the bulk of the metamorphism occurred close to or at the spreading fidge
crest., -

Fluid penetration appears to involve what may be considered as
two discrete albeit interactive processes. One process is fluid flow
through the more perous zones of the crust, principally faults and
fracture surfaces‘in the'rocké. Rocks in and abutting these zones
typically show an extreme degree of alteration both chemically and
mineralogically. The seéond process is a pervgsive permeation through
the rocks at all scales., Evidence for this is the changes in LOI
contents and Fe®'/Fe?" ratios observed in the analyzed samples versus
fresh (MORB) basalts (Section 6.2.1), the alteration of interstitial
glass in otherwise petrographically fresh rock; (Chapter 5), and regular
mineral sequences in amygdules {Section 5.4.2). |

The action and interaction of these fluid movement processes
must be considered with regard to the following features of the
Macquarie Island lavas and dykes:

1. Unaltered volcanic glass, a highly susceptible material with regard
to fluid alteration; persists well into the zeolite facies metamorphic
zone; commonly present only metres away from strongly altéred (zeolitized)

rocks;
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Point (see Figure 3.2) but is augmented by field data
from elsewhere on Macquarie Island. (From Griffin §
Varne, 1980.)
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2. Only rarely are rocks totally éiééréd; Fresh olivine, plagioclase
and clinopyroxene occur in rocks of the brownstone, zeolite and
greenschist facies respectively. Areas of extreme alteration appear
restricted to fault and shear zones;
3. The geochemistry of petrographically fresh samples show, apart from
their LOI contents and Fe3+/Fe2+ ratios, ﬁo evidence of significant
metamorphic alteration from igneous abundances (Chapter 6);
4. Mineral assemblages of quartz, epidote, chlorite and sulphides
(principally pyrite with minor sphalerite, galena and chalcopyrite) are
in general restricted to veins in the sheeted dyke complex and the lavas
that have undergone lower greenséhist facies metamorphism, i.e. the
lower part of the extrusive sequence; ’
5. Gypsum deposits present iﬁ the top of the sheeted dyke complex may
have resulted from the heating of sea water penetrating to this level
relatively unaffected by prior rock interaction;
6. Rough heat of reaction calculations demonstrate that the "uralitization"
of the rocks of the sheeted dyke complex may be strongly exothermic;
7. Preliminary 0 and C isotope studies suggest a discrimination between
the "brownstone' facies metamorphism and the metamorphism at deeper levels
of the oceanic crust. The results also give evidence of penetration of
sea water to the base of the gabbroic rocks, a depth of approximately
5 km, although no obvious mineralogical effects of the metamorphism are
present; and
8. The greenschist facies vasalts are enriched in 156 whereas the under-
lying dykes and gabbros are depleted. This ;ay document penetration of
sea water to the dykes and gabbros where, through low W/R ratios and
high temperatures, fhe fluid hgs become enriched in '®0 and the rocks
correspondingly depleted. Subsequent upwelli;g of this enriched fluid

into the extrusive sequence could have produced the enriched '*0

character of these rocks.
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On the basis of this evidence the following is suggested for
the metamorphism of the Macquarie Island-type oceanic crust. Firstly,
this metamorphism is composed of two phases: (i) a relatively short-
lived intense hydrothermal phase at or near the ridge crust producing
the bulk of the metamorphic effect, and (ii) a relatively cold
long-ferm process resulting in "brownst&ne” facies alteration of the
surface and near-surface lavas. This latter process has been well
documented through the results of the Deep Sea Drilling Project
(Pritchard et al., 1978; Staudigel § Hart, 1980).

The near-ridge hydrothermal metamorphism results from the inter-
action of two fluid processes, The first process is a convective
circulation. Sea water rapidly penetrates the crusf along major fault
planes. Sea water that reaches the sheeted dyke zone experiences a
rapid temperature rise resulting in precipitation of gypsum. The
increase in temperature is a result of both host rock temﬁerature, i.e.
the geothermal gradient, and the exothermic heat released during later
alteration of the dykes. Tﬁis results in substantial modification of
the fluid, including %0 enrichment and addition of Si0;. Heavy metal
enrichment of the fluid is also probable during this phase.

Subsequent convective upwelling and cooling of the fluid results
in the formation of vein and '"stockwork' deposits of sulphide-bearing
propylitic mineral assemblages. These are concentrated in the top of
the sheeted dyke zone and basal zone of the extrusives but may occur
higher in the section. If the Troodos massive sulphide desposits are
ocean-floor deposits then such fluids may reach the surfacc, presumably
Qhen development of major fault systems occurs at a suitable time.

The second fluid process is one of permeation through the rocks.
This may be envisaged as a dne-way movement and is essentially a closed
system process. Water from a magmatic source (Moore, 1970) is

negligible when compared with the large amount of water present in the
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altered rocks (2-4 wt.% on average for rocks of the zeolite and lower
greenschist facies zones) and the source must be a combination of
water trapped during initial eruption of the extrusives, from inter-
calated sediments, and water entering the sequence along fault and shear
zones. This process is physically the dominant prbcess in the
extrusive sequence, affecting all rocks to some extent.

To understand the operation of these processes the dynamic nature
of the spreading ridge crest must be recognized. The schematic
representation of the metamorphism presented in Figure 5.18 is only a
scenario of the complete process and represents an ideal end product.
The initial lava sequence at the spreading crest is only a thin veneer
over the sheeted dyke zone. Penetration of sea water into the underlying
"hot'' dyke zone is likely to start right at the active spreading area
whefe intense tectonic activity will have provided easy access routes.
As the '"oceanic crust sequence' develops progressively away from the
ridge crest the hot fluid digtributes heat away from the basal zone
up through the sequence. The final metamorpﬂ;c zonation thus represents
the peak temperature profile through the crustal sequence, A schematic
attempting to depict the dynamic nature and evolution is presented in
Figure 7.2. This is extremely simplistic because of the lack of
specific knowledge about the effects of tectonism at spreading ridge
centres;.such complications aré not likely to alter the fundamental

pattern.
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7.3 IMPLICATIONS AND FURTHER STUDIES

1. The distinction between open system fluid movement along
fault planes and closed system or one-way fluid movement by permeation
through the rocks has major implications for isotopic studies of
oceanic crust. Principally, assumptions of fluid compositions for
temperature estimates using isolated amygdule phases are clearly made
difficult. The fluid will have evolved considerably from a pristine
sea water composition and will further fractionate during permeation of
the rocks and formation of the amygdule phases.

2. The mechanism of sea water penetration to the sheeted dyke zone
and subsequent fractionation has been verified by the preliminary
stable isotope studies. These studies are be%ng extended in detail to
compare isotopic values of phases formed by the permeating fluid
‘process and to consider the problems raised above.

3. The sheeted dyké swarm and, possibly, the lowest part of the
extrusive sequence are, on the basis of these results, the source of
metals for the sulphide deposits. This couldrbe examined by base metal
analyses of these roéks.

4. S isotopic abundances should be determined for the various
sulphate/sulphide occurrences together with '®0 isotopic abundances to
test the suggested temporal relationships between the various deposits
(Figure 5.18).

5. Surface massive sulphide deposits will only occur if tectonic
activity creates a fault that penetrétes the crust to the level of the
sheeted dyke swarms, and allows rapid rise of appropriate solutions to
" the surface. Also, this must occur during the active initial stages of
the metamorphism on or near the spreading ridge crest.

6. Preliminary electron microprobe and_petrographic studics of

amygdule assemblages have indicated a regular zonation of the phases in



7.9
the amygdules. More extensive microprobe studies should be performed
to examine this feature and document the chemistry of this process.

7. These results illustrate the importance of the permeation
process and the variability of degree of alteration of the rocks through-
out the sequence. They further support the problems outlined by Cann
(1979) with regard to calculation of element fluxes between oceans and
oceanic crust. Until the difficult problem of accurately estimating
the relative importance of open system circulation and convection in the
overall metamorphic process is overcome, calculations of elemental

fluxes will remain crude estimates.

7.4 IGNEOUS PROCESSES AT OCEANIC RIDGE SPREADING CENTRES

The mineralogic and geochemical features of lavas and dykes from
oceanic crust exposed on Macquarie Island have been described and
discussed in Chapters 4 .and 6. Althougﬁ this thesis is mainly an
investigation of ocean crust metamorphism, some aspects of the processes
of Macquarie Island cfust formation have been explored. The following
points constrain magmatic processes at'spreading ridges producing
Macquarie Island-type oceanic crust:

1. The lava sequence is formed through extrusion of pillow pavas
or occasionally minor lavé flowﬁ. Small lenses of volcaniclastic |
turbidites are included in the sequences together with occasional block
breccias. Hyalbclastite deposits are found as deposits interstitial
to lava pillows. None of the sedimentary depésits_is spatially extensive
and thus they do not appear to record any major temporal breaks in the
- formation of the approximately 1.5 km thick extrusive sequence;

2. Lavas range from glassy to holocrystalline and are commonly
porphyritic. They contain megacrysts of plagfbclase, olivine, spincl
and rarely clinopyroxene. Thé plagioclasc megacrysts are chafacterizcd

by reacted cores and the clinopyroxene megacrysts by rounded embayed forms.
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Mepacryst phase relationships indicate a crystallization sequence of
olivine (+ spinecl)-plagioclase-clinopyroxene. Dykes both intruding
lavas and in the sheeted dyke zone show similar ranges in megacryst
contents and form. Plagioclase megacrysts may be more abundant in the
dykes. Orthopyroxene is absent;

3. Groundmass mineralogies of the lavas and dykes exhibit a
continuous variation from alkaline; with olivine and kaersutitic
amphibole present, to tholeiitic. The alkaline variants are most
abundant amongst rocks exhibiting '"brownstone" facies or ocean-floor
weathering alteration. However alkaline lavas are present throughout
the extrusive sequence;

4. Microprobe analyses of the megacryst phases gpive the following

compositional ranges:

clinopyroxene CaysMgsoFes-CasaMgsolie;
plagioclase Ang7-Ango
olivine Fogo-Fogs-

The spinel is chrome-rich. These compositions have been shown to match
those of other ccean-floor basalts and more significantly the
compositions of the principal phases of the layered gabbro sequence
present on the island (Griffin § Varne, 1980). Magma mixing is evidenced
by the presence of Cr-poor clinopyroxeﬁe megacrysts in a lava containing
Cr-rich groundmass and microphenocryst clinopyroxene; ‘

5. The major elements show variations commensurate with the

petrographic variations, ranging from mildly ne-normative to stronply

hy-normative. The range from primitive to fractionated compositions

can be modelled using the gabbro phasc compositions, with clinopyroxcne
playing a significant role, and a primitive lava composition,. Up to
60 wt.% fractionation is required in the extreme cases. K, Nbh, I', Rb,

Sr and light REE behave as hygromagmatophile elements with respect to
the major elements... Zr, Y, Ti and the heavy REE are transitional in

behaviour yet still incompatible;
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6. The hygromagmatophile element abundances and hygromagmatophilc/
incompatible clement ratios range widely. ‘Irace element discriminant
diagrams used for identification of the tectonic environment of basalts
~ incorrectly classify basalts derived from a mantle containing a signi-
ficant "enriched' component although these diagrams are accurate
discriminants for the depieted members of the -Macquarie Island lavas
and dykes;

7. Two mantle components have been recognized: a dominant
"depleted" component comparéble to the source of "normal" MORB basalts,
and a minor "enriched" component. Geochemical patterns show a strong
correlation between degree of enrichment of the hygromagmatophile
clement and incompatibility with likely mantle mineralogics, relative
to MORB. This supports derivation of the sccond component through an
earlier melting event of a.“fertile" or undepleted mantle and consequent
contamination of the "depleted" MORB mantle with veins of this enriched
component. The pronounced effect on K;0 and P,05; abundances in the
rocks resulting from this heterogeneity makes estimates of degrees of
partial melting based on either the actual elemental abundances or CIPW
normative compositions extremely difficult at a specific level; and

8. Two major constraints are provided by thesc data on the
physical nature of the mantle heterogeneity. Firstly, the intercalation
of the "enriched' alkaline variants and the '"depleted" tholeiitic variants
on Macquarie Island define the hetcrogeneity as a local mantle feature,

perhaps on a vertical scale. Sccondly, the various mantle sources were

accessible at all stages of the formation of the extrusive scqoence
although the "enriched" mantle source was more dominant in the latter
stages.

These brief summarized salicnt points cmphasize that 1he complex
magma processes at spreading ridge centres of the Macquaric Island type

can be discussed in terms of both shallow level processes and decper

processes.,
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7.5 DERIVATION OF PRIMITIVE MAGMAS AND NATURE OF THE MANTLE HETEROGENEITY

Resu1t§ from the relevant experimental studies have been discussed

‘in the preceding chapter. It was concluded, on the basis of the
sfudies, that primitive tholeiitic liquids parental to £he lava and dyke
sequences and to the layered gabbro sequence may result from moderate
degrees (10-30%) of the partial melting from a peridotitic source mantle,
followed by substantial (about 16%) olivine fractionation at deep
levels, the initial primary magma being picritic. Depth of segregation
of these primary picritic magmas is indicated to be 60-70 km. Arguments
that primitive liquids arising fromlthis process could not be parental
to the cumulate gabbro sequence (Green et al., 1979) are based on the
abundance of orthopyroxene in the gabbro sequéﬁces of many ophiolites and
the presence of plagioclase more calcic than that predicted from these
studies. These héve been discounted in view of the lack of orthopyroxene
as a major phése in the layered gabbro sequence on Macquarie Island,
evidence from other experimental studies (Bender et al., 1978) that
plagiociase of compositions similar to thosé ocbserved in the Macquarie
Island rocks is present as a low-pressure liquidus phase for primitive
MORB compositions, and the field and mineralogical evidence pregented
in this thesis from Macquarie Island. -

~ The petrogenesis of the "emriched" alkaline rocks is critical to
the overall petrogenetic model and to the nature of the mantle hetero-
geﬁeity. The constraints discussed earlicr (Section 7.4) suggest
strongly that the mantle heterogeneity evidenced by the Macquaric [sland
data is a local feature. Green (1971) and'others, have proposed o
vertically zoned Low Veleocity Zone (LVZ) with hYgromugmatophilc clements
concentrated in a stratified layer (or laycrs) in the LVZ. Migration of
COz-rich fluids has been proposed as the method of stratification of
this zone (Green § Liebermap, 1976) . Tn the case of Macquaric tsland an

. episodic process would be required; magma derivation tapping the deeper
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"enriched" zone progressively more towards the end'of the cycle. This
could lead to a veneer of alkaline volcanics on the ocean floor.
However the complex tectonism at and around mid-ocean ridges would
brgak up this ideal alkaline surface layer, eiposing the lower level
tholeiitic rocks. In this case the tholeiitic lavas recovered from
the ocean floor would be expected to show evidence of having been
subjécted to ﬁigher grades of metamorphism.

An alternative éoncept discussed by Wood (1979b) is the production
of "enriched' mantle pods through veining of 'normal" mantle with
products of small degrees of partial melting of subducted lithosphere,
after an initial dehydration event. Wood (1979b) envisaged that these
"enriched" or veined mantle sources became involved in the mantle
convection systems and formed enriched pods in a dominantly "normal"
mantle. The variation in the Macquarie Island rocks would then reflect
migration of one of these 'enriched" pods into the zone of magma
generation.

Both models have attractive features and the data available at
present from the Macquarie Island rocks do not permit an unambiguous
solution being identified. Further information is required in two main
areas. Firstly, the isotopic characteristics’of the lavas and dykes
must be identified. Information from Sr, Nd and Pb isotopes should
provide mork detaiied evidence as to the nature of the two mantle
components recbgnized on tﬁe basis of hygromagmatophile and incompatible
elements., ’

Further information is required on the spatial distribution of
alkaline rocks in the vicinity of Macquarie Island and other parts of
the Australian-Antarctic and Pacific-Antarctic ridge system, the mid-
oceanic spreading ridge with which the Macquarie Island oceanic crustal

segment is correlated. A traverse from the ridge to the Macquarie

Island region would provide information specific to the question of
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episodicity of the magma generation. It must be emphasized that
systematic drilling of the type performed at the DSDP sites may fbil
to provide accurate information. This is seen“by the liocal variations
present in the geology of Macquarie Island. Single drill sites at thé
southerh end of Macquarie Island and at North Head, the norfhern tip,
would yield extremely different information despite being only
approximately 37 km apart. Dredge haul studiés would appear to offer

+

a better chance of obtaining representative samples from an area,

7.6 . NEAR-SURFACE PROCESSES AT A MACQUARIE ISLAND-TYPE MID-OCEANIC RIDGE

Although there is at present a lack of information on the
isotropic gabbros and layered gabbros of Macquarie Island the available
data in conjunction with the information on the lavas and dykes
collected during this study allow a preliminary model to be prepared.

| Strong evidence for a spries of primitive magmas from different
mantle sdu;ces reaching a high level in the crust have been presented
and discussed in the latter sections of Chapter 6. An important feature
of the extrusive:section‘on Macquarie Island is that although thereAis a
gradual change from tholeiitic to alkaline compositions from bottom to
top of the section, all variants are present throughout the section
as flows interbedded with lévas of contrasting composition. Such
relationships could not be achieved in a simple fractionating magma
chamber, and presumably ét least two chambers would be requiréd. fhis,'
“however, is exfremely unlikely as it would require almost totally
discrete.paths-for the two magmé types.

The "infinite leak" model proposed by Nisbet & Fowler (1978) to
satisfy constraints suggested by seismic studies of modern mid-oceanic
ridges is one which will account for these observed lava relationships.
The basic concepts of this model are shown in Figure 7.1 (Nisbet § Fowler,

1978, fig. 6B). Essentially magma batches ascend to the base of the pre-
) ‘ b
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existing crust and subsequently rise erratically to the surface along
tension cracks. The final stage of ascent through this pre-existing
crust depends upon the nature of the crack, some magmas becoﬁing trapped
and, through fractional crystallization, giving rise to the gabbroic
rocks, others ascending rapidly extraining xenocrysts and possibly
xenoliths. -

The pr{ncipal feature of the Macquarie Island lavas and dykes
summarized in Section 7.4 can be achieved from primitive magmas by
selecting appropriate ascent paths for various magma aliquots, like the
dynamic melting model of Langmuir et al. (1977). This is not a
rigorous test of the model as the large number of unconstrained variables
including magma volume, rate of ascent, mode of ascent (stepwise or
continuous), and pressure and temperature conditions dufing aécent,
allows virtually any desired solution to be reached. It can only be
postulated that the mineralogical and geochemical features of the
Macquarie Island lavas and dykes are strong evidence against a near-
surface single magma chamber model; the following model has been
constructed based on this premise and is high speculative in nature.

A schematic model of the near-surface magmatic processes based on
the "infinite leak! model (Nisbet & Fowler, 1978) and the schematic
section through Macquarie Island-type oceanic lithosphere, based on a
field traverse across the northern coast of the island (Griffin § Varne,
1980) is shown in Figure 7.3. A range of magma paths has been imposed
on this schematic which would give rise to the observed features of
the lavas and dykes.

In addition to the petrological processes depicted in this model
it is necessary £o consider the physiﬁal state of the rocks and the
effect of likely geothermal gradients around the propagation ione to
understand fully the mechaﬁism and implications of this procéss.

Firstly, it is suggested that the solidus isotherm would occur near the
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top of the layered gabbros. [Note that this isotherm, and the others
depicted on Figure 7.3, represent the average temperature of the area;
localized anomalies will occur around newly arrived magma pockets and
the paths of magma which is rising to higher levels in the section.]
Secondly, the base of the layered gabbro sequence corresponds to the
isotherm above which plagioclase is not a liquidus phase. Low pressure
experimental studies of a primitive ocean-floor basalt composition by
Green et al. (1979) indicate a range of temperatures between these
isotherms would be 60°C. Including the recrystallized gabbros, for
reasons discussed later, this would give a vertical geothermal gradient
in this zone of around 30°C/km. The below-liquidus studies by

Green et al. (1979) predicted a vertical increase in An content of the
plagioclase within the layered gabbro sequence.

The concept of a distin;t vertical geothermal gradient in this
zone also provides, on the basis of this experimental work, an explanation
for two characteristic features of plagioclase megacrysts or xenocrysts
in ocean-floor basalts. Magma penetrating the .layered gabbro sequence
will be hotter than the surrounding material and consequently plagioclase
if the host will not be in equilibrium and resorption must occur. 1f a
plagioclase crystal is entrained from the host, reverse zoning will
develop around the calcic core, together with resorption of the core
until equilibrium is attained. This argument is also applicable to
¢linopyroxene enfrained in ascending magmas but will be more extreme as
' it has been shown that clinopyroxene is further from the Ligquidus than
plagioclase for liquids of these compositions (Green et al., 1979).

The second implication in this model is that material in the
central zone bounded by the solidus isotherm is in a quasi-solid statc.
This would facilitate penetration of magmas through this zonc and afso
account for slump and drag features observed within the Fayered pabbiro

complex on Macquarie Island.

A
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Within this model the recrystallized gabbros at the base of the gabbro

section have undergone high temperature subsolidus reerystallization
and deformation as the rocks move away from the propagation zone.

The following recommendations for further study would provide
further constraints on the near-surface magmatic processes and evéluate
the proposed model.

1. Microprobe studies of the mineralogy of layered gabbro
sequences in vertical and lateral traverses. Two stages are recommended,
firstly a reconnaissance examination of all available material to
establish the major variation and a second stage on a local scale, as
determined by results of the first stage, to provide ‘information on the
fractionation processes. Because the overall sequence is essentially
a compositionally buffered system the first-stage results should reflect
primarily the geothermal gradients in the propagation path. Second-stage
results would be expected to show some evidence of intrusion of individual
magma batches. The compatible trace eclement geochemistry of the phases
should detail differences in source magmas even in rocks of similar
major element compositions,

2. Low pressure experimental studies of primitive and evolved
liquids on and below the liquidus should be performed to provide accurate
information with regard to temperature and fo test the hypothesis of

plagioclase and clinopyroxene resorption and zoning following entrainment.
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APPENDIX 1

MAJOR ELEMENT ANALYSES AND C.I.P.W. NORM CALCULATIONS FOR

MACQUARIE ISLAND LAVAS AND DYKES

Section A: Major element analyses.

-

Section B: Major element analyseé recalculated volatile-free with

) .
Fe“':total Fe = 0.85, and trace element analyses.

Analytical methods and instrument settings are given in Appendix 6.

Unless marked as below the analyses were performed by the author:
* P. Robinson, analyst, University of Tasmania.
1 J. Cann, University of Newcastle upon Tyne, England.
2 P. Hellman, University of Cambridge, England.

3 J. Cocker, University of Alberta, Canada.

Al



MAJOR ELEMENT ANALYSES OF MACQUARIE ISLAND LAVAS AND DYKES

AL2

APPENDIX 1: Section A

1. LAVAS

sample No. A 7 35  43B/A 438/ S6A 56D 566 560 60  108C 1088 119
540, 44.54 47.71 44.68 50,20 49.24 48.17 4B.58 49.76 47.80 47.52 49.17 50.20 48.79
Ti0; .02 1.08 1.45 159 1.60 1,03 1.03 1,06 1.05 0.9 1.35 1.30 1.23
Al,0, 16.94 17.84 16.00 15.81 16,15 18.68 18.95 18.34 18.51 20.10 15.22 14.79 16.11
Fe03 3.27 3.74 5.24 409 5,09 2.7 1.5 227 2.47 2.21 5.05 4.69 3.68
Fel 472 3.50 2.85 4.68 4.06 4.45 4.35 4.07 4.46 357 530 5095 4.5
MO 0,14 ©.13 0.11 0.19 019 0.12 0.12 0.1 012 0.10 0.15 0.15 0.16
g0 7.8 7.27 6.5 6.67 7.31 7.94 7.79 B8.07 8.08 7.2 7.29 7.25 7.76
a0 10.97 10.91 12.29 9.87 10.36 11.72 12.33 11.91 12.25 11.98 11.52 10.85 10.42
Na,0 3.03 3.38 3.21 366 3,27 2085 2.9 3.19 2.5 2.91 2.5 2.91 3.45
K0 1.52 0.53 092 0.84 063 0.25 020 0.25 0.20 0.29 0.5 051 070
P20s 0.62 0.22 0.3% ©6.28 0.29 0.7 017 0.21 0.17 017 0.20 0.18 0.2
L.0.1 456 3.93 572 1.81 1.71 2.08 1.63 2.75 1.8 2.61 1.75 1.35 2,75
Total 99.75 99.74 99.42 99.59 99.95 99.7t 99.21 100.19 99.58 99,53 100,37 100,13 99.82
Fe*tsre®*sre®™ 062 051 0.38 056 0.47 0.70 0.77 067 0.67 0.64 0.54 0.59 0.58
Sample No, 139 47 151 157 198 202 206 210 212 214 226 228 233
540, 47.11 51.27 49.55 45.30 48.98 46.95 49.26 49.27 46.85 48,72 49,22 45,85 48,19
Ti0 0.91 1.63 0.82 ©0.98 1.63 0.85 1.25 1.46 0.60 1.3¢ 1.45 1.00 1.39
A 204 20,21 14.65 21.63 18.63 15.43 21.21 16.98 14.91 22.90 14.72 15.15 19.19 16.68
Fe;03 . 3.59 0.59 3.89 4.02 2.63 2.24 4.02 2.38 3.81 3.68 273 3.3
F 4.45 6.7 4,73 2.67 5.8 3.95 571 6.92 3.89 6.40 5.8 3.3 4,10
MnO c.l0  0.19 0.1 0% 0.8 0.1 0.4 0.2 011 017 0.5 0.10 0.13
Mg 6.92 7.13 6.04 7.19 6.5 6.5 7.35 7.11 6.4 127 1.3z 6,61 7.20
ca0 9.97 8.46 12.06 11.83 10.31 12.64 10.34 10.31 12.80 10.98 9.71 11.30 10.72
Na,0 3.92 3.59 2.37 2.4 3.20 2.5 3.41 348 2.40 349 3,9 2.9 354
X0 0.45 1.06 0.26 083 0.48 0.4 0.27 0.3 0.18 0.25 0.29 0.97 0.9
P20y 0.14 019 0.5 020 0.21 6.0 ¢2 0.7 006 0.17 0.9 0.20 0.40
L0 .73 2.0 2.29 3.67 1.76 2.14 2.83 2.6 1,95 220 2.20 4.52 2,61
Tota) 99.90 100.65 100.59 98.94 98.65 99.42 99.99 100,40 100.26 99.52 99.11 98.77 99.17
Fe2*sFe®*+re®™ 071 0.68 0,90 0.43 0.62 0.63 0.74 0.66 0.64 0.65 0.64 0.5 0.57
Sample No. 238 235 236 381S1 38188 38201 38226 38241% 38265 38260 38284 38268  38291*
510, 49.15 40.64 47.19 49.55 46.69 46.56 49.30 48.29 46.46 44,69 46.20 46.72 47.69
0 1.08 0.33 0.68 1.31 1.25 1.00 1.42 1.01 165 1.36 1.61 1.34 1.5
A0, 16.95 5.8 19.44 15.21 15.81 18.95 15.36 18,65 16.37 1693 16.14 17.45 16.76
Feq0y 3.45 4.5 3.01 4.35 3.3 1,98 5.04 357 .. 313 468 415 . .
F 4,27 5.06 3.20 4.00 4.84 4.95 4.8 3.7l ' 5.99 3.62 3.07 :
Mn0 .13 0.4 0.09 0.7 014 oM 018 0. 015 0.3 013 012 0.5
g0 9.25 29,31 .11 1.3 10.77 8.2 6.22 .22 1.89 7.95 B.B8 B.S9 B8.46
ta0 10,23 4.5 11,93 7.45 10.33 8.31 11.05 12,32 11.06 12.23 9.73 10.56 9.63
Na,0 2.73 0.2z 2.7% 1.8 278 290 3,30 3.08 246 266 25 2.6 2.2
Kb 0.6¢ 004 0,58 4,9 038 0.20 046 03 130 055 0.8 09 1.9
P30g 0,20 0.05 0.09 .24 0,27 0,5 0.28 0.20 042 0.92 040 035 044
L.0.1 269 8.68 3.18 3.03 3.39 593 231 219 3.50 3.30 3.85 3.4 3.8
Total 101.24  9%.44 99.89 99,28 100.01 98.96 99.81 100.67 99.70 99.88 98.76 99.35 9%.56
Fet*/re*faFre™ 058 055 054 051 o0.62 076 052 0.5 - 0.68 0.46 045 -
sample No. 38292 38297 38301 38303 36306 38307 38310 38314 38315 38325 38331 38335 38336
.510, 49,36 45,83 48,99 47.58 45.14 48:10 47.52 47.08 46.85 47.66 49.01 48.84 48,24
Ti0 1.07 1.16 1.24 1.19 1.40 1.5 1.36 1.50 091 1.41 1.41 144 119
1,0, 19.38 16,61 17,17 18.02 15.39 15.31 16.97 17.43 19.34 15,57 17.62 15.84 17.04
Fe,03 1.68 3.39 2,78 4.46 3.58 4.81 3.95 3.64 275 562 4.39 399 288
Fe 413 356 4,15 2.8 4.62 4.33 333 3.94 3.25 3.61 3.06 6.24 448
Hn0 012 0.13 0.13 0.12 0.3 0.8 013 0.4 0.10 015 0.3 0.20 0.1
Mgh 639 8.72 7.25 6.02 9.01 6.92 7.52 B.S5l 635 7.37 7.40 7.9 7,13
Cad 10,88 9.52 10,48 10.34 11.34 9.13 10.15 10.25 12.19 10.81 10.64 10,92 10.02
Na,0 3.70 3.95 4.03 3.77 2.66 3.35 3.09 2.57 2. 3.3 2.91 371 A7l
ko0 0.63 0.5 0.98 08 0.62 1.5 1.42 1.4 0.5 076 1.12 010 0.9
P20s 0.20 0,24 0.27 0.23 0.29 0.49 0.37 0.3 0.6 0.27 049 0.16 0.19
L.0.1. 2.31 4.28 2.8 344 3.94 2,98 4.13 3.26 4.74 2.57 0.8 2.02 3.20
Total 99,75 98.99 100.28 98.84 99.12 98.67 99.95 99.85 100.05 99.17 99.05 100.61 100.17
Fe?/Fe**+Fe® 073 0.54 0.62 0.41 0.5 0.50 0.8 0.55 0.57 0.42 0.4 0.64  0.56




APPENDIX 1: Section A continued

sample No. 38389 38391 30421 38476 38434 IBA62  IBAT3  JGATE A4

510, 45,51 47.53 48,81 50.99 47.90 47.00 47.00 46.31 47,68

Ti0 1.3 1.23  1.66 1.62 1.94 1.13 1.30 0.95 1.14

Alabs 16.25 16.84 17.15 15,33 15.62 19.90 17.15 20.38 18.33

Fes03 430 3.5 463 o 36l 434 a0 317 22

Fed 3.67 442 476 0 613  2.40 3.28 2.7 5.4

Mo 0.15 0.2 0.17 018 0.18 6.1l O0.14 0.02 0.15

Mg0 8.11 7.67 6.49 59 B.63 6.1 7.40 6.71 6.9

Cal 11.73 12.37 i1.58 8.90 8.96 11.81 11.29 11.86 10.24

Na;0 2.91 2.87 3.25 4,14 2.82 3.2 2.4 2.47 3.6

Ks0 0.63 0.5 010 0,29 0.58 0.95 0.9 0.91 0.19

P20s 0.27 0.24 0.27 0.22 042 0.26 031 0.22 0.16

L.0.1. 451 2.28 1.18 1.41 3.69 2.98 3.80 3.81 2.87

Total 99.80 99.77 100.03 99,34 100,59 100.11 9%.55 99.68 99.00
FettsFe?*+fe™ D46 0.58 0.5 - 0.65 0.38  0.85 0.49 0.73 -

2. DYKES

Sample No. 53 64 124 139 153 1 220 231 233 18133
Host v v v ¥ v ¥ ] v v

si0, 43.66 45.98 47.52 48.98 48,27 48.38 46,60 47.81 46.79 46.99
Ti0 1.84 1.41 145 1.3 249 184 072 131 1.29 1.54
A0, 15.16  16.76 15.29 15.3d 1430 15.31 19.79 1578 17.11 14.64
Fes0, 506 2.79 6.16 3.85 1.56 5.3 2.73 3.3 2.32 5.86
Fed 6.0 4,92 4.15 6.31 6.95 597 4.36 517 4.95 4.1
#no 0,20 0.4 017 0.20 .11 0.8 0.10 0.13 0.14 0.17
Hgo 6.49 7.12 645 7.65 6.88 6.98 8.19 7.97 9.05 6.60
20 10.35 12,37 10.74 11.45 11.25 10.0 12.49 11.00 10.96 5.40
Na;0 364  3.22 392 310 3.0 2.9 2. 3.35  2.61  4.15
Kab 0.40 1.16 0.4% 0.3 0.30 0.5 0.09 0.28 0.7 0.12
P20s 0.30 0.79 0.17 O©0.16 0.3l 0.24 0.2 0.21 0.3 0.2
L.0.1 1.42 3.68 3.00 1.85 5.03 2.07 2.19 2.47 2.93 2.1
Total 99.73 100.18 99.52 100.40 100.52 99.06 99.78 98.51 98.31 8.2
FeZ*sre**sFe® 057 0,66  0.43  0.65 0.83 0.55 0.64 0.63 0.70 0.4
Sarple No. 38136 38137 38157 38206 38223+ 18236 38237 58242' 3nza9 38273+
Host 6 v v v v 05 oS 0s 6 05
510, 39.56 48.50 50.13 49.69 46.41 49.84 48.63 47.66 50,19 48,24
Ti0 0.01 0.93 1.65 1.20 1.37 1.66 0.76 1.02 1.10 1.56
Al,0, 2283 17.74 13.82 15.36 16.74 14.28 20.68 15.48 15.57 15.55
Feq0; 283 1.0 274 298 L. 149 129 18 125
Fel 2.93 5.8 7.8 6.2 . 9.03 457  7.68  1.04 .
Mal 007 012 0.18 0.6 0.15 0.17 0.12 0.16 0.06 0.18
Mgl 11.00 7.14 1.75 t.82 7.17 7.43 6.72 4.43 9.36 6.55
Cab 1456 10,10 9.27 11,32 12,03 6.4l 1340 11.65 11.45 10.%
Ne,0 0.77 4.02 3.53 2.51 2.42 300 2.06 2.44 3.5 3.2
K20 €07 ©0.18 0.20 0.1 1.16 0.1 €11 0.12 0.26 0,65
#50¢ 0.01 0.4 0.2 0.3 0.33 0.28 0.1 0.13 0.17 0.28
L.0.1. 4.50 3.43 .12 1,20 3,86 3.26 1.82 2.28 2.67 2.38
Total. 99.08 98.94 100,02 98.73 93,85 95,99 100.28 99.61 $8.78 99.35
reltsre?tere®™ 0.4 084 0% 070 - 0.87 0.80 0.85 0.78 -
Sample Mo, 38320 38334+ 38335 38337+ 35307 18425  3B449* 3IB451* IB471* 38493+
Host 113 133 1] 1] 1) >3 DS DS ¥ G
Si0; 4B.73 48.79 4B.B4 49,37 47,92 49,52 49.74  47.51 43,79  50.15
40, 1.05 1.10 1.48 1,67 1,16 1,74 L7 059 1.5  1.56
A, 15,02 16.07 15.84 14.71 16.79 14.85 14.97 21.16 14.95 15.66
Fely 1.57 0,27 3.94 4.93 0.48

Fed 694 &48 b6.24 725 9% 948 %2 g, 8.85  B.26
MnQ 0.17 0.7 6.20 0.06 0.8 0.6 0.5 0.1 0.6 0.09
Mg0 8.93 9.32 7.19 6.73 8.22 6,89 8,74 6.24 13,50 7.717
Cab 1,44 10,10 10.82 10.87 11.02 10.80 11.75 13.12 10.08 10.22
Na 0 235  2.16 3.11  3.84 277 3.03 2.0 2.34 1.91 2.3
K0 0.17 1.4  0.10 0.18 0.4 0.36 0.5 0.08 (.57 0.49
Ps 6.12 0.4 0.16 0.21 0.5 0.25 0.16 007 0.22 0.20
L.0.1. 250 3.39 2.02 1.39 291 1.3 094 2.42 3.21 1.67
Total 99,00 100.92 100.61 101.01 99.21 §8.53 99.05 99.43 99.43 99.41
Fel/Fe**+Fe®* g3 097 o064 062 - - 092 - -

A3

Host Key:

¥ = intruding volcanic
DS = in dyke swarm

G = intruding gabbros
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Appendix 1: Sectien B GLASS AND RECALCULATED ROCK MAJOR ELEMENT AND TRACE EiEMENT ANALYSES

OF MACQUARIE TSLAKD LAVAS AND DYKES
1. gLAsses®
Sample Ho. 4A 155 157 252 422 38390 40428 47142 47979 47989  479%0
510, 48.594 49.05 48.95 50.29 49.16 51.02 50.06 49,25 49.24 48.72 49.08
Ti0, 1.82 1.3 1.38 1.83 1.82 1.71 1.14 1.59 1.06 2.00 1.68
Al,0, 18.20 17.28 17,29 17.40 18.08 16.27 16.43 16.27 17.20 18.37 18.0%
Feq0s 737 7.89 B 772 7.86  9.52 B3 9.6 824 7.06  7.26
Mt - - - - - - - - - - -
M0 T.84 B.41 8.43 1.70 6.51 7T.14 8.72 8.68 9.27 6.50 7.31
Cal 11,35 12,53 12,55 10.03 11.15 10.70 12,38 1119 12.50  11.30  11.52
Na,0 378 2.92 .17 3.90 4,12 .06 2.41 31.10 2.50 4,30 3.76
K0 0.89 0.5% 0.57 1.14 1.21 0.59 0,19 0.29 - 1.77 1.24
Py0s nd rd nd ne nd nd nd nd nd nd nd
100Mg/Mg+Fe 65.5 65,5 65,2 64.0 59,6 57.2 64.6 61.6 66.7 62.3 64,2
Ca0/Al1,0; 0.624 0.725 0.726 0,576 0.617 0.658 0.753 0.688 0.727 0.615 0.644
* Fach glass analysis is an average of at least three microprobe analyses.
2. LAVAS
Sample No. 3A ? 3% 43B/A  438/B 564 560 566G 561 60 108¢ 108E
Si0z 47.18 48.56 47.90 50.33 51.43 49.3% 49,81 49.28 49.00 49.08 50,03 50.97
Ti02 2.13 1.11 1.56 1,64 1.63 1.05 1.06 1.08 1.08 1.00 1.37 1,32
Al20s 17.82 20.06 7,15 16,51 16,20 19.15 19.43 18.84 18,97 20.76 15.49 15.02
fealhy 1.34 1.18 1.35 1.48 £.43 1.09 1.97 1.05 1.15 0,56 1.67 1.72
Fed 6.85 6.01 6,88 7.57 1.27 5.58 4,92 5.35 5.83 4.88 B.53 8.n
Mn0 Q.15 0.14 0.12 0.19 0.20 g.12 0.12 9.11 0.12 0.10 0.15 0.15
MgQ 7:55 7.48 7.03 7.47 6.83 8.14 _ 7.99 8.29 8.29 1.36 7.42 7.37
Ca0 11.54  11.22 13,17 10.59 10.11 12.02 12.65 12,24 12,55 12.37 11.72 11.02
Raz0 3.19 3.48 .44 1.3 1.7% 3.02 2.66 3.28 2.63 3.0 2.90 2.95
Kz0 1.60 0.54 0.99 0.64 0.86 0.26 9.21 0.26 0.1 0.30 0.52 0.52
P203 0.65 0.2 0.4 0,30 ©0.29 0.17 0.18 0.22 0.17 0,08 0,20 0.18
100Mg/Mg+Fe 62.5 65.3 60.8 60.0 58.7 69.0 7.0 70.1 68.2 69.5 56.9 56.0
Ca0/Al ;05 0,648 0,559 0.768 0.641 0.624 0.628 0.651 0.650 0.662 0.596 0,757 0.7
Ti (wt.%) 1.28 0.87 0.94 0.98 0.98 9.63 .64 0.65  0.65 0.60 c.82 0.7
Ni (ppm) - W8 189 55 61 87 87 86 - 92 94 54 43
cr - 360 358 142 137 31l 294 294 273 405 103 110
Ir - 63 114 115 117 71 60 68 61 64 78 82
¥ - 23 26 39 38 18 20 21 23 21 40 a1
Kb - 20 0 21 23 14 12 14 14 12 8 8
Rb - 9 18 12 10 1 0 4 0 k] 13 14
sr - 239 3 221 197 213 210 207 199 212 145 133
Co - - - 37 37 30 30 k¥ 30 - 40 41
Sc - - - 36 35 34 35 35 a5 - 42 a2
rfY - 2.74 4.4 2.95 3.08 3.94 3.0 2.96 2.65 3.05 1,95 z.0

Ir/Nb - 3.2 3.8 5.5 5.1 5.1 5.0 4.9 4.4 5.3 9.8 10.3




Appendix 1: Section B cont. ALS

Sample No. 15 139 147 151 157 199 202 206 210 212 214 228
540, 50.38 49.03 52.13 50.39 48.74 50.68 48,33 50.75 50.26 47.71. 50.17 48.74
T10 .28 095 1.65 0.83 1.02 i.69 0.89 1.28 1.5 0.61 1.38 1.06
Alzﬁs i6.64 21.04 14.89 22.00 19.60 15.97 21.84 17.50 15.21 23.33 15.16 20.40
Fe,0, 1.3 1.08 1.69 0.89 1.08 1.64 1.09 1.33 1.8 1.03 1.6 1.03
Fad 6.90 551 8,65 4.5 553 8,34 554 6.77 9.14 523 861l 5.25
Mn0 .17 011 020 0.11 0.12 0.8 0.1} 0.4 0.22 0.11 0.17 0.1l
MgO 801 7.20 7.26 614 757 6.8 6.3 757 7.26 6.25 7.48 7.02
a0 10.77 10.33 8.60 12.26 12.45 10.66 13.01 10.65 10.52 13,03 11.31 12.0l
Na,0 3.56 4,08 3.65 2,41 2.78 3.31 2.62 351 352 2.45 360 3.12
K0 0.72 0.46 1.08 ©0.27 0.88 050 0.14 0.28 0.40 D0.19 0.26 1.03
P10 g.21 0.5 o0.20 0.5 0.21 0.21 0.0 0.22 0.17 0.06 0.17 0.21
100Mg/Mg+Fe 63.7 65.5 S56.1 67.2 67.6 55.3 634 629 545 64.4 56.8 67.0
CaD/A1,0, 0.647 0.493 0.578 0.557 0.635 0.668 0.596 0.609 0.692 0.559 0.746 0.589
T fut.!) 077 057 0.99 0.5 0.61 1.01 0.5 077 0.5 0.37 0.83 0.64
N {ppm) 75 114 72 N 112 77 101 a7 52 90 59 94
cr 175 g2 214 276 357 213 354 a8 138 270 135 272
Ir 72 58 102 52 63 104 58 78 g 32 74 63
¥ 30 20 I' 13 17 4] 24 26 37 15 25 17
Nb 13 10 10 2. 21 1 5 14 7 1 10 20

- Rb 11 4 18 0 10 10 2 0 g 3 5 14
Sr 222 186 152 233 239 140 167 192 151 132 145 310
Co - - - - 33 - - - - - - -

Sc - - - - 29 - - - - - - -
/Y 240 2.9 .27 4.0 .71 254 242 3.0 241 2.3 255 3.7l
Ir/%b 5.5 5.8 10.2 4.3 3.0 9.5 1.6 56 127 1,2 7.4 3.2 -
Sample No, 233 234 235 236 38151 38188 38200 38214 38226 38241 38265 38267
510z 50.03 50.23 44,92 46.89 51.64 48.42 50.08 52,95 50.74 49.17 48.66 48.84
Ti0z 1.44 130 036 070 1.35 1,29 1.07 1.68 1.47 103 1.73 103
Al203 17.32 17.32 6.47 20.14 15,85 15.40 20.38 15.92 15.80 18.99 17.15 20.77
Fez03 .22 31.25 1.9 102 1.7 1.3 1,17 1.48 1.62 1.18 1.33 1.09
Fed 6.24 640 8.63 521 7.01 6.93 5.9 7.5 824 598 67 5.6l
MO 0.13 0.13 0.1 0.09 0.18 0.15 0.2 0.19 0.19 O0.14 0.16 0.13
Mg0 7.48 945 3241 7.99 7.43 1117 B.74 619 6.40 7.34 8.26 6.04
caf 11.13 10.46 5,01 12.36 7.77 10.71 £.94 9.24 11.3¢ 12.54 11.58 13,23
Haz0 367 279 025 2.9 1.97 2.89 3.12 4,30 339 310 258 2.97
K20 0.94 066 0.04 060 516 0,39 0.22 0.30 0.48 033 1.36 0.15
P20s 0.44 0.21 0.05 0.09 0.25 0.28 0.16 0.23 0.29 021 044 0.14
100Mg/Mg+Fe 64.6 69.2 - 85,4 70.0 61.7 710 69.0 554 54,0 64.9 64.9 62.2
Ca0/A1203 0.643 0.504 0.614 0.490 0.653 0.439 0.580 ©0.720 0.660 O0.675 0.637
k| ?ut.:) 0.86 0.66 0,22 0.42 0.82 0.77 0.64 1.01 0.8 9.62 1.04 0.62
Ni {ppm) 86 158 1082 164 108 199 7% 110 62 98 124 95

Cr 247 652 1292 663 229 514 443 320 143 481 260 350

Ir 117 69 19 27 78 84 62 102 - 140 149 -

¥ 29 28 5 11 27 27 21 k31 - 35 2 -

Nb 40 15 1 3 15 30 1 10 - 7 60 -

Rb S 15 2 3 112 7 1 1 - 10 35 -

sr 358 218 25 2z 599 232 139 175 - 130 806 -

Co - - - - 28 - - 4 - 46 - -

5S¢ - - - - 3 - - - - - - -
Ir/Y 4.03  2.46 245 2.8 311 295 329 - 4.0 6.2 -

Zr/Nb 2.9 4.3 9.0 5.2 2.8 5.6 10.2 - B.2 2.5 -




Appendix 1: Section B cont.

Sampie No. 38280 38284 38288 38291 38292 38297 38299 38301 38303 38306 38307 38310
510, 46.35 48.95 48.86 49,26 50.14 49.43 - 50.35 50.04 48.59 S0.46 49.73
Ti0, 1.41 1.71 1.39 1.64 1.11 1.22 - 1.28 1.25 1.48 1.62 1.41
A0, 17.56 17.07 18.25 17.%3 20.10 17.55 - 17.65 18.95 16.21 16,06 17.76
Feo03 1.52 1.38 1.19 1.10  0.97 1.21 - 1.14 1.20 1.38 1.52 1.20
Fel 1.77 7.03 605 6.04 4.9 6.16 - §.80 6.10 7.02 1.72 6.12
HnQ 0.18 0.4 0.13 0.16 0©.12 0.14 - 0.14 0.13  0.14  0.19 0.14
Mg0 8.24 9.39 8.99 9.38 6.62 9.20 - 7.45 6.34 9.49 7.25 7.88
Ca0 12.68 10.28 11.05 10.08 11.27 10,05 - 10.77  10.87  11.94 9.57  10.63
Na,0 2.76 2.73 2.79 2.30 3.83 417 - 4.14 3.97 2.81 3.51 3.4
Kzs 0.57 0.8  0.94 2.06 0.65 0.61 - 1.00 090 0.65 1.59 1.49
P40s 0.95 0.42 0.36 0.46  0.21 0.2% - 0.28 0.24 0.31 0.51 0.39
100Mg/Mg+Fe 61.7 66.9 69.2 n.7 67.0 69.3 - 66.0 61.1 67.2 58.7 66.1
Cal/A1,04 0.772 0,602 0,605 0.575 0.561 0.573 - 0.610 0.574 0.737 9,596 0.599
T1 (wt.%) 0.85 1.03 0.83 0.98 0.67 Q.73 0.96 0.77 0.75 0.89% 0.97 0.85
Ni (ppm) 96 178 131 145 58 138 167 98 68 231 115 83
tr 135 289 296 343 310 438 365 350 265 552 273 232
Ir 163 121 96 - 75 82 109 88 82 106 138 107

¥ 26 3 29 - 24 25 20 25 27 23 30 29
Nb 73 41 37 - 18 21 43 25 17 n 57 42

Rb 9 25 25 - 10 11 24 25 14 17 32 29

Sr 591 283 322 - 251 223 364 307 242 260 249 356

Ce - - - - 7 - 46 - - 49 - -

5S¢ - - - - - . - - - - - -
ir/Y 6.27 7 3.3 - 3.13 3.28 5.45 3.52 3.04 461 4.6 3.69
Ir/Nb 2.2 3.0 2.6 - 4,2 3.9 2.5 3.5 4.8 3.2 2.4 2.5
Sample No. 38314 38315 38319 28325 38331 38332 38335 35336 38386 3A38% 38391 38332
510, 48,88 49.26 - 49.56 50,08 - 49.65 49.88 - 47.92 48.92 -
710 1.56  0.95 - 1.47 1.44 - 1.46 1.23 - 1.44 1.27 -
AIZE, 18.09 20.33 - 16.19 18,01 - 16.11 17.62 - 17.11 17.M4 -
fe,0; 1.25 1.00 - 1.50 1.20 - 1.65 1.37 - 1.39 1.30 -
Fel 6.36 5,11 - 7.67 6.09 - B.45 7.01 - 1.07 6.64 -
Mn0 0.15  0.11 - 0.15 0.13 - 0.21 0,14 - 0.16 0.12 -
Mgl §.82 6.65 - 1.67 7.56 - 7.31 7.38 - 8.55 7.88 -
Ca0 10.64 12.82 - 11.24 10.88 - 11,10 10.37 - 12.36  12.73 -
Na,0 2.67 2.99 - 3.48  2.97 - .7 3.83 - 3.06 2.96 -
K0 1.18 0.60 - 0.9 1.15 - 0.10 0.97 - 0.66 0.60 -
P05 0.39  0.17 - 0.28 0.50 - 0.17 0.20 - 0.29 0.2% -
100Mg/Mg+Fe 67.8  66.4 - 60.3 65.2 - 56.8  61.6 - 64.7  64.3 -
Ca0/Al,0; 0.588 0.631 - 0.694 0.604 - 0.689 0.589 - 0.722 0.734 -

Ti (wt.%) 0.94 0.57 0.91 0.8 0.8 0.60 0.88 0.1 0.55 0.86 0.76 Q.60
N {ppm} 108 82 - 71 154 - 68 101 302 219 142 229

Cr 223 319 - 168 305 - 151 3827 403 399 343 428

ir 96 55 121 100 135 70 79 77 56 90 89 54

Y 35 21 23 kL) 33 20 26 28 16 k] 30 15

Kb 46 - 30 24 49 12 8 11 4 k¥4 21 10

Rb 14 10 23 16 27 8 2] 10 2 13 11 3

sr 345 304 319 278 323 251 114 256 160 249 246 183

Co 7 - - - - - - - - 40 - 34

S¢ - - - - - - - - - - - -
ir/y 2.7 2.62 5.26 2.6 4.09 1.5 3.04 2.75 3.5 2.4 2.97 3.6
Ir/Nb 2.1 - 4.0 4.2 2.8 5.8 9.9 7.0 13.2 2.8 4.2 5.4
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Section B cont.
Sample Ro. 38423 38434 38462 38473 38478 40434
510, 49.51 49.59 48.41 49.26 48.42 49.64
Ti0, 1.68 2.00 1.16 1.36 0.99 1.18
Al20; 17.40  16.17 20.50 17.98 21.31 19.08
Fe,0, 1.51 1.62 1.08 1.26 0.99 1.29
Fel 7.70 a.25 5.83 6.44 5.00 6.60
MnD 0.18°  0.20 0.12 0.15 0.13 0.16
Mg0 6.59 B.94 6.29 7.75 7.02 7.20
Ca0 11.75 9.27 12,16 11.83 12.40 10.66
Na 0 3.30, 2.9z 3.22 2.66 2.58 3.81
K0 0.10 0.61 0.98 0.9 0.95 0.20
P20g 0.27 0.44 0.27 ¢.32 0.23 0.17
100Mg/Mg+Fe 56.5 62.1 63.4 64.7 67.8 62.4
Ca0/Al,0; 0,675 0.573 0.593 0.658 0.582 0.559
Ti (wt.%) 1.01 1.20 0.70 0.82 0.59 0.7
Ni (ppm} B9 116 a3 102 96 10¢
cr 270 202 268 259 236 352
ir 127 145 83 89 68 15
A\ 37 44 31 22 14 32
Nb 16 42 21 38 19 6
Rb ) 9 12 22 15 5
Sr 171 280 338 311 324 202
Co - - - - - -
S¢ - - - - - -
Ity 3.43 3.3 2.68 4.05 4.86 2.34
Ir/Nb 7.9 3.5 4.0 2.3 3.6 12.5
3. DYKES
Sample No. 53 64 124 139 153 201 220 231 233 38133 38136 38137 38157
510, 49.53 47.65 49.47 49,81 50.57 49.31 47.83 49,70 48.61 51.33 41.91 51.20 51.58
Ti0, 1.87 1.46 1.51 1.38 2.61 1.88 0.80 1.36 1.34 1.61 0.01 0.97 1.70
A1,04 15.43 17.37 15,92 15.60 14,98 15.61 20.31 16.41 17.77 15.34 24,19 18.57 14.22
Fe,04 1.79 i.28 1.68 1.66 1.46 1.83 1.17 1.42 1,22 1.65 0.97 1.07 1.76
FeQ 9.16 6.54 8.58 8.47 7.44 9.1 5.95 7.25 6.22 8,41 4.93 5.47 8.99
Mnl) 0.20 0.15 0.18 0.20 0.12 0.18 0.10 0.14 0.15 0.18 0.07 0.13 0.1%
Mgo 6.61 7.28 6.71 1.18 7.21 7.11 8.41 8.29 9.40 65.91 11.66 7.48 1.97
Ca0 10.53  12.82 11.18 11.64 11.79 11.11 12.82 11.44 11.39 9.85 15.36 10,57 9,54
Na 0 3.7 3.3 4.08 3.15 3.19 Z2.84 2.40 3.49 2.71 4,35 0.82 4.21 3.63
Kza 0.41 0.20 0.51 0.13 0.31 0.54 .09 0.29 0.82 0.12 0.07 0.19 g.21
P205 0.31 0.82 0.18 0.16 0.32 0.24 0.12 0.22 0.37 0.25 0.0t 0.15  0.22
100Mg/Mg+Fe 52.2 63.1 54,2 58.2 59.5 53.6 68,2 63.4 69.6 55.5 67.5 57.3
Ca0/A1,03 0.682 0.738 0.702 0.746 0.787 0.712 0.631 0.697 0,641 0.642 0.635 0.569 0.671
Ti (wt. %) 1.12 - 0.91 0.83 1.56 1.13 0.48 0.82 0.80 0.97 0.01 0.58 1.02
Ni (ppm) 45 - 68 78 58 67 207 77 107 42 379 117 68
Cr 126 - 292 262 80 208 523 248 330 119 - 332 124
ir 126 - 89 80 135 113 45 85 107 103 0 58 100
¥ 45 - 32 37 53 41 18 29 27 33 1 22 38
Kb 23 - 7 7 19 - B 17 40 19 0 9 13
Rb 8 - 6 0 0 5 0 2 16 4 2 0 2
Sr 185 - 180 126 199 130 171 192 3 185 307 269 182
Co - - - - - - - - - - - - -
14 - - - - - - - - - - - - -
/Y 2.74 - 2.78 2.16 2.55 2.76 2.56 2.93 3.96 3.12 - 2.64 2.63
Ir/ib 5.5 - 12.7 11.4 7.1 - 5.8 5.0 2.7 54 - 6.4 7.1
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Appendix 1: Section B cont.

Sample No. 38206 38220 38223 38236 38237 35242 38249 38250 38273 38285 38289 38295 38320
$10, 51.04 - 49,13 51.53 49,41 48.97 52.25 - 50.17 - - - 50,51
Ti0, 1.23 - 1.45 1.72 0.77 1.05 1.15 - 1.62 - - - 1.09
A0, 15.78 - 17.72 14.76 21.01 15.91 16.21 - 16.17 - - - 15.57
Fez0, 1.53 - 1.16 1.79 0.97 1,56 0.74 - 1.49 - - - 1.44
FeQ 7.78 - 5.91 9.11 4.95 7.93 .n - 7.60 - - - 1.36
MnG 0.16 - 0.16 0.18 0.12 0.16 0.06 - 0.19 - - - 0.18
Mg0 8.03 - 7.59 7.68 6.83 9.69 9.74 - 7.24 - - - 9.26
cap 11.63 - 12.73 9.73 13.62 11,97 11.92 - 11.1% - - - 11.86
Na 0 2.58 - 2.56 7.10 2.09 2.51 3.7 - 31.37 - - - 2.44
Ko0 0.11 - 1.23 0.11 0.11 0.12 0.27 - 0.68 - - - 0.18
P30g 0.13 - 0.36 0.29 0.1 0.13 0.18 - 0.29 - - - 0.12
100Mg/Mg+Fe 61.0 - 66.1 56.1 67.7 64.9 79.6 - 59.1 - - - 65.6
Ca0/A1,0, 0.737 - 0.718 0.659 0.648 0.752 0.73% - 0.692 - - 0.762
Ti (wt.%) 0.74 1.20 0.87 1.03 0.46 0.63 0.69 0.34 0.97 0.46 0.89 0.85 0.65
Ni {ppm) 78 - 100 43 92 116 112 96 72 125 273 171 133

Cr 196 - 230 63 346 451 411 389 89 169 323 327 346

ir 66 163 119 - - - 76 33 124 58 105 107 66

Y 37 32 18 - - - 28 10 27 9 21 21 23
it [ S0 52 - - - 10 5 32 20 34 37 4

Rb 2 14 22 - - - 2 2 12 17 17 22 2

Sr 112 253 336 - - - 163 163 280 436 278 548 160

Co - 35 46 - - - - 32 46 26 40 46 46

Sc - - - - - - - - - - - - -
/Y 1.718 5.09 6.61 - - - 2.7 3.3 4.59 6,44 5.0 5.1 2.87
Zr/Nb 16.5 3.3 2.3 - - - 7.6 6.6 3.9 2.9 3.1 2.9 16.5
Sample MNo. 38328 38334 38335 38337 38371 38397 38425 38449  3B451 38471 38493 38501

510, - 49.86 49.66 49.71 - 49.90 51.38 51.11 48.9% 46.92 ©51.68 -

Til - 1.12 1.46 1,68 - 1.62 1.81 1.20 0.61 1,20 1.61 -

Al,0, - 16.42 16.11 14.81 - 17.49 15,42 15.38 21.B0 15.66 17.17 -

Fe,04 - 1.49 1.66 1.96 - 1.24 1.48 1.42 0.98 1.40 1.28 -

Fel - 7.58 8.46 10.00 - 6.33 7.52 7.24 5.02 7.12 6.51 -

MnQ - 0.17 0.20 0.16 - 0.1%9 0.17 0.15 0.11 .17 0.08 -

Mgo - 9.52 7.1 6.78 - 8.56 71.15 8.98 6.43 14,14 8.01 -

Cal - 10.32 11.10 10.94 - 11.48 11.31 12.07 13.52 10.5% 10.53 -

Na,0 - 2.21 3.77 3.56 - 2.88 3.14 2.13 2.41 2.00 2.41 -

K26 - 1.16 0.10 0.18 - 0.15 0.37"  0.15 0.08 0.60 0.50 -

P405 - 0.14 0.16 0.21 - 0.16 0.26 0.16 0.07 0.23 0.21 -
100My/Mg+Fe - 65.5 63.4 50.7 - 67.2 59.0 65.3 66.0 75.0 65.1 -

Ca0/Al ;04 - 0.629 0.697 0.739 - 0.656 0.733 0.785 0.620 0.674 0.613 -

T1 {wt.X) 1.06 0.67 0.88 1.01 0.66 0.97 1.09 0.72 0.37 g.71 0.97 0.72

Ni {ppm) 68 108 68 45 - 147 65 97 88 102 B9 1595

tr 130 392 151 102 - 530 150 180 480 690 430 390

Ir 149 77 79 - 76 B4 126 76 36 82 113 118

Y 27 20 26 - 21 21 33 23 14 18 kF 20

Hb 48 5 8 - 20 15 22 11 2 26 17 39

Rb 32 29 0 - 1 2 6 2 4 16 6 1

Sr 433 163 114 - 252 280 191 144 148 200 182 253

Co 3z 46 - - k! 42 43 49 15 51 50 52

Sc - - - - - - - - - - - -

irfY 5.52 3.85 .04 - 3.62 4.0 3.82 3.3 2.57 4,56 3.53 5.90

Zr/Nb 3.1 15.4 9.9 - 3.8 5.6 5.7 6.5 18.0 3.2 6.5 3.0
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APPENDIX 2

A2.1

C.I.P.W. NORMATIVE COi‘-’lPOSITIONS*‘r OF MACQUARIE ISLAND LAVAS AND DYKES

Qtz
Or
Ab
An
Ne
D
Hy
01
Mt
11
H-Ap

calculations by method of Kelsey (1960).

compositions are those given in Section B of

quartz
orthoclase

albite

anorthite
nepheline
diopside
hypersthene
olivine
magnetite
ilmenite
hydroxy-apatite

Appendix 1.
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APPENDIX 2 C.1.P.W. NORMATIVE COMPOSITIONS OF MACQUARIE ISLAND LAVAS AND DYKES

1. GLASSES

sample No, 8A 185 187 252 422 38390 AD4Z8

otz - - - - - - .

or 5.26 3.48 3.37 673 7.4 3.48 1.12

Ab 19.72 20.00 20.26 25.75 19.60 25.85 20.39

An 36.06 32.26 33,04 26.57 27.23 28.87 33.%6

Ne 6.64 25 1,71 3.9 824 - .

D4 2117 26.05 2353 18.63 22.67 19.64 22.61

Hy : - 10.55 10.74

01 1249 13.25 1358 13.09 9.5  6.07  7.45

Mt 178 190 1,93 1.86 1.90 2.30  2.06

4l 2,89 2.52 2.62 3.47 3.64 3.24 2.17

2. LAVAS

Sample No. n 7 35  43B/A  43B/B S6A 56D 566 561 60 108C 108 119
Qtz - - - - - - - - - - - - -
or 9.45 3.28 5.8 509 3.8l 1.5 1.21 1.49 1.21 1.77 3.07 3.06 4.27
Ab 15.28 24.70 14.73 31.73 28,28 25.42 22.47 27.23 72.29 24.03 24.54 25.00 27.74
An 29.60 33.43 28.44 24,83 28.15 37.93 40.50 35.30 39.35 42.29 27.72 26.19 27.28
Ne 6.3 2.83 179 - - 0.09 - - - 0.76 - - 1.31
Di 18.87 17.53 27.71 19.08 13 23 16.52 16.91 18.40 17.56 14.43 23.77 22.31 20.04
Hy - - 2.42 4.0 6.2 046 2.82 - 5.37  12.06

ol 12.96 13.81 9.62 11.03 11.61 14.53 8.80 13.10 12.66 13.04 10.04 596 14.50
Mt 1.95 174 1.9 207 2,13 1.59 1.40 1.49 1.66 1.39 2.42 2.50 1.9
n 4.04 2,15 2.5 3.09 3.1 2.01 2.01 2.03 2.04 1.88 2.61 2.5 2.8
H-Ap 1.54 0.5 0.99 0.68 0.70 0.41 0.41 0.50 0.41 041 048 0.43 0.49
Sample No. 139 197 151 157 199 202 206 210 212 214 226 228 233
otz - - - - - - - - - - - - -
Or 2.77 6.3 1.5 516 2.94 0.85 1.64 2.35 1.08 1.52 1.77 6.09 5.52
Ab 25.59 30.89 20,39 19.37 28.01 22.13 290.72 30.04 20.41 29.15 33.49 19.25 25.81
An 37.71 21.08 48.43 38.47 27.24 47.32 31.15 24.40 52.14 24.A8 23.48 3B.59 28.00
Ne 488 - - 2.25 . - 0.15 ©.69 0.62 3.9 2.8
1 1035 16.61 9.17 17.68 19.83 13.34 16.43 21,83 9.84 24.89 20.38 15.80 19.77
Hy 10.80 16.94 - 8.08 0.77 517 1.8 - - - -

o1 1500 B.19 0.28 13.06 7.82 1199 11,01 13.71 13.59 13.81 14.67 1236 12.56
Mt 1.57 2.46 1,29 1.57 2,37 1.5 1.92 2.60 1.48 2.45 2.28 1.9 1.77
n 1.80 3.5 1.58 1.96 3.20 1,68 245 2.83 1.16 2.62 2.85 2.02 2.4
H-Ap 0.3 0.46 0.3 0.50 ©0.51 0.24 051 041 0.14 0.41 0.46 0.50 0.98
sample Na. 234 235 236 38151 38188 38201 38226 39241 38265 38267 38280 38284 38288
qtz - - - - - - - - - - - - -
or 3.7 0.26 3,55 30.49 2,33 1.27 280 1.95 8.05 0.90 3.37 525 5.5
Ab 23.60 2.06 20.21 13.70 23.67 26.39 28.74 23.47 2017 23.16 17.77 23.17 23.20
An 32.81 16.43 40.22 19,18 30.64 40.99 26.50 36.96 30.20 42.88 33.B5 31.66 34.54
Ne - - 230 1.6 039 - N 1,47  0.88 1.08 3.0 0.18
Di 14.25 6.42 16.49 14.36 16.95 1.85 22.97 19.35 18.86 17.68 18.54 13.38 14.34
ky 8.99 21.67 1513 4.6 - - 5.23

o1 12,29 49.88 14.19 15.49 21.29 10.24 B8.75 12.70 14.62 10.43 16.35 15.11 16.94
Mt 1.82 245 148 1.9 1.97 1,70 234 1.70 1.92 1.59 2.21 2.00 1.72
1 2.0 0.69 1.34 259 2.46 2.04 274 1.95 3.28 1.95 2.68 3.23  2.66
H-Ap 0.48 0.3 0.2z 0.5 0.66 0.38 068 0.48 1.04 0.34 2.25 1.00 0.8
Sample No. 38291 38292 39297 38301 38303 38306 38307 38310 38314 38315 38325 38331 38335
Otz - - - - - - - - - - - - -
or 12.16 3.86 3.62 5.95 5,35 3.8 942 879 6.94 3.5 4.67 6.76 0.60
Ab 19,43 26,59 25,25 25,14 26,02 21.06 28,12 23.14 22.57 21.74 24.72 25.16 29.15
An .37 35.68 27.38 2650 31.25 2973 2334 29.57 33.90 4031 2621 3241 26.72
Ne - 318 5.37 5.3 4.08 1.43 0.87 2.29 1.91 2.5 - 1.50
0 12.45 15.24 16.73 20,18 17.13 22.16 16.93 16.61 13.11 17.88 22.52 14.73 22.30
Hy 5.88 N 1.50 3.66 .
01 1282 1146 16.89 12.06 11.49 16.25 14.85 14.26 16.25 10.97 13.68 11.65 14.17
Mt 171 1,41 1.7 1.65 173 2,00 219 1.74 1.8 1.85 218 1.73 2.40

e 3. 2.11 2.32 2.42 2.38 2.80 3.08 2.70 2.9 1.82 2.78 2.74 2.78
H-Ap 1.08 0.49 0.60 0.65 0.57 g.72 1.21 0.91 0.93° 0.40 0.66 1.18 0.38
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APPENDIX 3

PRIMARY PHASE MICROPROBE ANALYSES,

Section A: Clinopyroxene and kaersutitic amphibole.
Section B: Plagioclase feldspar.
Section C: Olivine.

Section D: Spinel, including recalculations of structure.

Analytical techniques are described in Appendix 6. The tables arc-

coded as below:

As sample number suffix or dnalysis number prefix -

P = phenocryst (or xenocryst)
M = microphenocryst
G = groundmass.

As analysis number suffix -

r = rim analysis
¢ = core analysis
m = mid-grain analysis.

Structural formulae have been calculated on the basis of the

following numbers of oxygens:

Clinopyroxene 6
Amphibole 23
Plagioclase

feldspar 8

Clivine 4



APPENDIX 3: Section .A CLINOPYROXENE AND KAERSUTITIC AMPHIBOLE MICROPROSE ANALYSES.

5i0; Ti0p Al;05 Crp0y Fed Mg0 Mn0  Ca0 Na;0 K0 Total 54 Ti Al cr Fe Mg Mn Ca Na K Total
163 dyke P
Al¢ 5§3.30 0.27 2.08 0.45 5.27 17.44 - 21.19 - - 98.41 1.946 0.007 0.000 0.013 0.15} 0.949 - 0,829 - - 3.995
A2c 52.37 0.17 3.47 1.21 4.02 17.05 - 2l.54 - 0.16 47.24 1.910 0.005 0.149 0.035 ©.123 0,927 - 9.942 - 0.008 3.997
A3¢c 52.12 0.29 2.24 0,71 5.36 17.11 - 21.16 - - 100.55 1.942 0.008 0.097 0.021 0.164 0.932 - 0.829 - - 3.992
AMc 52.79 0.40 2.29 0.67 5.27 17.26 -~ 21.15 0.17 - 100.97 1.932 0.011 0.099 0.019 0.161 - 941 - 0.829 0,012 4.004
Alr 52.75 0.41 2.18 0.25 6.71 16.91 - 2047 0.32 - 100.57 1.938 0.011 0.0%4 0.907 0.206 0.926 - 0.805 0,023 - 4.011
A2r 53.19 0.33 2.35 0,36 5.27 17.11 - 21.32 - 0.07 98.60 1.943 0.009 0.101 0.010 0.161 0.932 - 0.835 - 0.003 3.994
A3r 53.28 0.33 1.60 0.20 6.64 17.53 -~ 20.41 - - 100.67 1.953 0.00%9 0.069 0.006 0.204 0.958 - 0.802 - - 4.000
Adr 53,13 0.46 1.67 0.19 7.2Z 16.88 - 2¢.44 - - 100.16 1.953 0,013 0.072 0.006 0.222 0.925 - 0.805 - . 3.995
163 dyke 6
Bl 53.08 0.40 1.51 0.11 7.9317.16 -~ 19.64 0,17 - 100.26 1.954 0.011 0.065 0.003 0,244 0.941 - 0.775 0.012 - 4,006
B2 52.70 0.46 2.16 0.23 6.79 1676 - 20.3% - - 98.70 1.937 0.013 0.094 ¢.007 0,209 0.918 - 0. - . 4,000
€l 650.86 6.92 2.3f - 12.09 14.80 0,28 18.40 0.34 - 99.67 1.912 6,026 0.102 - 0.380 0.829 0,009 0.74]1 0.025 - 4.024
2 52.40 0.34 3,39 0.45 5.26 16.84 - 20.89 0.27 0.16 98,30 1,916 0.009 0.146 0.013 0.161 0.918 - 0.818 0.019 0.008 4.008
€3 52.79 0.41 2.24 0.47 5.7017.38 - 20.81 0,20 - 99.36 1.933 0.011 0.097 0.014 0.174 0.949 - 0.816 0.014 - 4,008
€4 53.53 0.38 1.46 0.26 6.09 17.44 - 20.85 - - 99.97 1.959 0.011 0.063 0.007 0.186 0.951 - 0.817 - - 3.995
153 6
Clc 51.61 0.58 3.45 1.18 6.12 16.71 - 19.96 0.38 - 98.13 1.895 0.016 0.149 0.034 0.188 0.915 -~ 0.785 0.027 - 4.010
C2¢ 51.27 0.72 3.96 0.81 6£.99 17.08 - 18.92 0.25 - 98,56 1.883 0.020 0.122 0.024 0.215 ¢.935% - Q0.744 0.018 - 4.009
Clr 52.97 0.38 2.14 0.78 6.05 17.61 ~ 19.83 0.24 - 99,02 1.938 0,010 0,092 0.023 0,185 0.9650 - 0.777 0.017 - 4,003
C2r S2.12 0.48 2.60 0.75 6.29 17.5% - 20,00 0.21 - 98.03 1.912 0.013 0.112 ¢.022 0.193 0.950 - 0.786 0.015 - 4.014
Al 49.78 1.39 4.86 0.60 7.55 15.78 - 19.69 0.34 - 98,99 1.841 0.039 0.212 0.018 0.233 0.870 - 0.780 0.024 - 4.017
Az 48.51 1.81 4.29 0.37 11.26 13.26 0.22 19.89 0.39 - 100.72 1.833 0.051 0.191 0.011 0,355 0.747 0.007 0.805 0.029 - 4.029
A3 47.97 1.83 3.77 0.20 15.75 11.71 0.31 18.10 0.36 - 100.21 1.842 0.053 0.171 0.006 6.506 0.670 0.010 0.745 0.027 - 4.030
A 48,02 1.97 3.67 0.14 15.67 11.16 0.25 18.84 0.29 - 99.93 1.8456 0.057 0.166 0.004 0.504 0.640 0,008 0.726 0.022 - 4.022
A5 49,29 1.58 5.36 0.43 8,13 15.02 - 19.95 0.24 - 99.10 1.828 0.044 0.234 0,013 0.252 0.830 - 0.793 0.017 - 4.012
A6 49.34 146 5.14 0.4]1 8.3315.19 - 19.83 0.29 - 100.30 1.832 0.041 0.225 0.012 0.259 0.841 - 0.789 0.021 - 4.019
Al 49.76 1.31 401 0.45 9.06 14.97 - 19.74 0.4 - 99.01 1.854 0.037 0.189 0.013 0.282 0.831 - 0.788 0.029 - 4.023
AB 47,57 2.27 4.44 Q.13 14.89 11.50 0.32 18.37 0.42 - 99.98 1.823 0.065 0.201 0.004 0.480 0.657 0.010 9,754 0.031 - 4.025
38i7e 6
Al 49,35 1.73 3.98 0.17 10.26 13.45 - 20.55 0.51 - 99.38 1.854 0.049 0.176 0.005 0.322 0.753 - 0.827 0.037 - 4.025
AZ 53.45 0.38 1.71 0.24 5.2817.11 - 21.59 0.15 - 100.47 1.955 0.010 0.074 6,007 0,165 ¢.933 - 0.846 0.011 - 4,000
A3 47,69 2.47 3.98 0.25 13.55 11.10 0,32 19.89 0.7% - 100.30 1.827 0.071 0,180 0,008 0.434 0,634 0.01) 0.816 0.056 - 4,036
A 43,50 0.86 1.70 0.26 17.61 B8.86 0.42 19.97 0.82 - 101.97 1.927 0.025 0.078 0,008 0.573 0.514 0.0i4 0.831 0.062 - - 4.035
AS 51.97 0.90 2.36 0.17 1.71 15.71 - 20.98 0.2 - 99.13 1.922 0.025 0.103 0.005 0.238 0.866 - 0.832 0.015 - 4.006
A6 53,28 0.43 1.87 Q.51 4.87 17.34 - 21.45 0.25 - 99.77 1.946 0.012 0.081 0.015 0.149 0.944 - 0.839 0.018 - 4.003
Bl 49,55 1.85 4.03 0.20 9.16 13.97 - 20.83 0D.41 - 99.47 1.853 0.052 0,178 0,096 (.286 0,779 - 0.835 0.030 - 4.018
B2 5i.82 0.7% 3.16 0.20 5.93 16.37 - 21.52 0.4 - 59.64 1.905 0,021 0.137 0.006 0.182 0.B9? - 0.847 0,017 - 4,012
B3 52.03 0.67 3.35 0.59 4.78 16.62 - 21.81 0.17 - 68,52 1.904 0,018 0,144 0.017 0.146 0,906 - 0.855 0.012 - 4.003
84 4%9.12 1.77 3.97 0.21 10.18 13.58 0.12 20.37 0.07 - 100.63 1.848,0.050 0.176 0.006 0.320 0.761 0.004 0.62} 0.049 - 4,036
B5 52,07 0.65 3.35 0.47 5.14 16.5 - 21.49 0.26 - 99.44 1.507 0,018 0.145 0.014 0.158 0.904 - 0.843 0.019 - 4,006
B6 49.89 1.68 3.88 Q.16 9.00 )14.22 - 20,66 0.52 - 100.05 1.863 0.047 0.171 0.005 0.281 0.791 - $.827 0.037 - 4.021
B6 50.33 1.29 3.5 0.19 9.14 4.4 - 20.66 0.46 - 100.30 1.878 0.036 0.158 0.006 0.285 0.797 - 0.826 0.034 - 4020
A M
Al 50.46 0,96 4.58 0.65 6.B0 16.10 - 20.02 0.43 - 99,31 1.860 0.027 0.199 0.019 0.210 0.885 - 0.791 0.030 - 4,020
A2 50,0 1.18 4.71 0.5 6.92 15.42 - 20.76 0.6 - 99.84 1.857 0,033 0.205 0.016 0.214 0.848 -~ 0.821 0.012 - 4.006
A3 51.20 O.B6 3.87 (.42 7.54 16.87 0.13 18.81 0.30 - 99 78 1.884 0.024 0.168 0.012 0.232 0.925 0.004 0.74] 0.022 - 4.013
M 50.99 1.04 2.85 0.60 65.93 15.856 - 20.51 0.22 - 98.94 1.881 0.029 0.167 0.017 0.214 0.872 - ¢.810 0.016 - 4,006
€1 50,71 0.98 4.25 0.48 7.22 15.95 - 20.11 0.29 - 99.04 1.6871 0.027 0.185 £.014 0.223 0.877 - 0.795 0.020 - 4.013
€2 50.64 0.95 4.21 0.93 6.71 16.31 - 19.86 0.39 - 100.69 1.856 0.026 0.183 0.027 0.207 0.896 - 0.784 0.028 - 4.017
c4 50,11 1.40 4.25 0.47 7.4) 14.97 - 20,95 043 - 99.67 1.858 0.039 0.186 0.014 0.230 0.828 - 0.833 0.031 - 4.018
(5 50.44 1.13 4.45 0.B6 7.25 16.06 - 19.46 0.35 - 99.27 1.851 0.031 0.194 0.025 0.224 0,883 - 0.76% 0.025 - 4.011
C6 50,10 1.30 4.75 0.62 7.29 15.70 - 20.23 - - $9.91 1.850 0.036 0.207 0.018 0.225 0.864 - 0.800 - - 4,001
1478 amphibole
c 56.87 Q.75 15.48 0.14 4.72 6.45 - 9,58 5.93 0.68 100.96 7.609 0.077 2.442 0.015 0.460 1.284 - 1.372 1,537 0,115 14.911
38188 G
€1 49.31 1.47 8.35 0,10 11.58 8,90 - 17,91 2.02 0.35 100.04 1.848 0.041 0.369 0.003 0.363 0.498 - 0.719 0.147 0.017 4.006
2 45,29 2.60 8.5 0.25 7.82 11.74 - ez.92 0.36 - 103,71 1.732 0.076 0.378 0.008 0.245 0.655 - 0.894 0.026 - 4.013
£3 46.23 2.54 8.60 0.28 8.22 11.79 - 22.36 - - 102.00 1,732 0.071 0,380 0.008 0.256 0.658 -  0.897 - - 4,004
C4 47,90 1.95 5.93 0.16 10.20 11.54 - 21.72 0.5 - 103.00 1.807 0.055 0.264 0.005 0,322 0.645 -~ 0.878 0.042 - 4.023
El 46.3) 2,80 8.13 0.26 8.18 12.04 - 22.25 - - 100.89 1.736 0.079 0.359 0.008 0.256 0.672 -~ 0.893 - - 4.002
E2 46.10 2.99 7.41 0.28 9.84 11.28 - 21.73 0.36 - 101.88 1.742 0.085 0.330 0.008 0.31] 0.635 - 0.880 0.027 - 4.017
D1 45.89 3.45 7.35 0.19 10.52 10.96 - 21.63 - - 101.70 1.737 0.098 0.328 0.006 0.333 0.618 - 0.8717 - - 3,998
p2 47.30 2.64 5.80 0.20 10.50 11.57 - 21.56 0.44 - 103.13 1.789 0.075 0.259 0.006 0.332 0.653 - 0.872 0.033 - 4,012
64 6 :
Dl  46.14 2.12 10.16 0.18 5.53 12.71 - 21.77 0.40 - 99.29 1,712 0.059 0.444 0,005 0.203 0.702 - 0.865 0.029 - 4.01%
D2 48.75 1.83 11.05 0,19 5.95 11.9% - 18.71 1.43 0.}3 99.77 1.780 0.050 0.475 0,006 0,182 0,651 - 0.732 0.101 0.006 3.983
D3 46.78 2.17 10.40 0.27 6.4512.07 - 21.01 0.77 0.09 100.04 1.730 0.060 0.453 0.008 0,199 0,665 -~ 0.832 0.005 0.004 4.008
D4 46,82 2.06 9.15 0.15 7.71 13.52 - 19.57 0.91 0.12 99.84 1.738 0.057 0.400 0.005 0.239 0.748 _ - 0.778 0.065 0.006 &.037
157  groundmass
€1 50.87 0.97 4.43 0.23 6,31 15.41 - 21.56 0,22 - 101.05 1.874 0,027 0,192 0.007 0.195 0.846 ~ 0.851 0.016 - 4.008
€2 50,90 0.84 4.75 1,14 4.31 16.11 - 21.76 0.20 - 100.53 1.863 0.023 0.205 0.033 0.132 0.879 - 0.853 0.014 - 4.002
€3 51.10 0.64 4,32 1.07 4.42 16,42 ~ 21.81 0.22 - 99.82 1.8971 0.018 0,185 0.031 0,135 0.8%0 - 0.856 0.016 - 4,010
4 49.90 1.35 4.41 0,19 7.93 1464 - 21.16 0.42 - 100.77 1.855 0.038 0.1%93 0.005 0.247 0.811 - 0.843 4.020 - 4,023
C5 48.70 1.8 4.80 0.16 10.21 13.29 - 20.50 0.47 - 100.37 1.430 §¢.053 0.212 0.005 0.321 0.744 - 0.825 0¢.034 - 4.025
C6 50,06 1.23 4.39 0.23 71.71 14.92 - 21.06 0,39 - 100,92 1.858 0,034 0,192 0.007 0.239 0.825 - 0.833 0.028 - 4022
€7 51.04 0,66 4,45 1.13 4.33 15.96 - 22.19 0.24 - 99,88 1,471 0,018 0,192 0,033 0.133 0.872 - 0.872 0.017 - 4.007
€3 51.09 0.66 4.91 1,08 4.81 16.07 - 21,37 - - 100,13 1.869 0.01& 0.212 9.031 0,147 0.876 - 0.838" - - 3.991
9 53.14 0.54 1.91 0.6 6.22 1I7.06 ~ 20.75 0.22 - 101.48 1,947 0.01% 0.083 0.005 0.190 0.932 - 0.815 0.016 - 4,002
£l0 53.3% 0.26 2.21 0.5 4.5517.79 - 21,18 - - 99.89 1.942 0.010 0.095 0.616 0.13% 0.965 - 0.826 - - 3.993
A 50.98 0.52 5.35 1.87 3.59 16.48 - 21.21 - - 101.50 1.856 0.014 0.229 0.053 0.109 0.894 - 0.827 - - 3.987
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Total

540, TiD, Al0; Crp0; FeD Mgd Mud Cal HNaz0 K0 Total Si Ti A1 Cr Fe Mg Mn

157 phenocryst

Clc 52.86 0.24 3.31 0.48 4.08 17,88 - 20.93 0.22 - 99.21 1.920 0.007 0.142 0.014 0.124 0.568 - ¢.B14 0.016 - 4,004
C2c 51.62 0.33 4.8 1.38 3.7516.46 - 21.40 C.24 -  98.97 1,880 0.009 0.207 0.040 0.114 0.894 -  0.835 0.017 -  3.99
Cic 51.71 0.26 4.25 1.36 3.64 1694 - 21.62 0.23 - 98,25 1.885 0.007 0.182 0.039 0.111 6.920 -  0.844 0.016 -  4.005
C4c 51,52 0.28 4.75 1.38 3.64 16,70 - 21.41 0.31 - 98.41 1,877 0.008 0.204 0.040 0.111 0.907 -  0.8B36 0,022 -  4.004
Clr 51.81 0.52 3.71 1.08 4.0216.53 -  22.35 - - 97.07 1.893 0.014 0.160 0.031 0.123 0.900 -  0.675 - - 3997
C2r 50.95 0.64 4,84 0.99 4.2116.30 - 21.92 0.19 -  98.19 1.864 0.018 (.208 0,029 0,129 0.B89 -  ©.859 0.013 -  4.007
€3r 50.80 0.39 5.06 1.59 3.8216.44 - 21.52 0.38 - 100.41 1.857 0.011 0.2i8 0.046 0.117 0.896 -  {.843 0.027 -  4.014
Car 51.47 0.72 4.10 0,60 4.66 16,36 - 21.84 .24 - 100.00 1.884 0.020 0.177 0.017 0.143 0.893 -  0.857 0.017 -  4.008
Csr 61,76 0.50 3.78 1.03 4.1216.36 - 22.21 0.24 - 98.29 1.893 0.014 0.163 0,030 0.126 0.892 -  0.870 (.017 -  4.005
g.ir 52.68 0.50 5.9 1.58 3.90 16.34 -  21.6] ©0.30 - 100.00 1.854 0.014 0.21% 0.046 0.119 0.891 -  0.847 0.021 - 4,011
Al 4581 3.11 8.99 0.27 6.27 12.95 0.21 22.30 0.50 0.08 100.51 1.700 0.087 0.393 0,008 0.195 1.7i6 0.007 0.887 0.036 0.004 4.032
A2 48.75 1.59 5,20 0,28 §5.84 15.28 - 21.78 0.31 0.06 99.09 1.820 0.045 0.229 0.008 0,182 0.850 - 0.871 0.022 $.003 4.030
Bl  45.97 2.80 8.97 0.42 5.3513.,18 .  22.96 0.35 - 98.05 1.707 0.078 0,393 0.012 0.166 0.729 - 0.913 0.025 -  4.024
B2 43,89 1.02 4.03 0.58 8.10 15.46 - 21.54 0.37 -  102.30 1.829 0.029 0.178 0.017 0.253 0.862 - 0,853 0.027 -  4.058
B3  49.73 1.49 5.33 0.55 4.8215.13 - 22,60 0.35 - 99.16 1.831 0.041 0.232 0.016 0.148 0,831 -  0.892 0.025 -  4.016
B4 51.31 1.12 4.08 0.52 4.49 15.82 - 22.67 ~ - 98,79 1.880 0.031 0.176 0.015 0.138 0.864 - 0.890 - - 3.994
B5 47.36 2.22 7.83 0.55 5.0613.75 - 22.84 0.7 -  100.23 1.753 0.062 0,342 0.016 0.157 0.758 -  0.906 0.027 -  4.020
B6 46.48 2.74 8.64 0.44 526 13.33 - 22.80 0.26 - 98.35 1.723 0,077 0,377 0.013 0.163 0.737 -  0.905 0.019 -  4.014
Dlc  S0.16 1,42 4,79 0.34 6311558 -  22.15 0.4 - 99.05 1.847 0.039 0.208 0.010 0.164 0.855 -  0.874 0.017 - 4,013
Dzc 46.25 2.72 9.01 0.36 5.4713.34 - 2242 0.32 - 99.28 1.715 0.076 0.394 0.011 0.170 0.737 -  0.890 0.031 - 4,023
D2r 46,33 2.95 B.82 0.24 5.42 13,18 - e2.68 0.38 - 98.71 1.718 0.082 0.385 0.007 0.168 0,728 - 0.5¢1 0.027 - 4.017
cle 50.7F 1.25 4.36 0.50 5,12 15,96 - 21.83 0.28 - 98.86 1.863 0.034 0.189 0.015 0,157 0.824 - 0.859 0.020 - 4.011
C2 46.49 2.48 8.73 0.62 6.10 13.56 -  22.70 0.32 - 99.23 1.722 0.069 0,381 0.018 0.158 0.749 - 0,901 0.023 -  4.021
(4 49,54 1.51 5.14 0.29 5.40 15.39 - 22,33 0.39 - 98.67 1.829 0.042 0,224 0.009 0.167 0.847 -  0.883 0.028 -  4.027
C6  48.06 1.69 7.30 1.04 4.68 14,14 - 22,66 0.43 - 99.93 1,775 0,047 0.318 0.030 0.145 0.778 -  0.897 0.031 -  4.020
El  47.80 1,90 7.48 6.91 4.61 1405 - 22,95 0,26 - 98.45 1.765 0.054 0,325 0.027 0.142 0.773 -  0.908 0.0]18 -  4.0)4
E2 46.50 2.15 9.05 0.67 6.20 14,07 - 20.93 0.42 - $7.63 1.722 0.060 ©.395 0.020 9.192 0.777 - 0.831 0.030 - 4.026
E4 47,00 2.24 8.50 0.88 4.77 13,50 - 22.79 0.30 - 98.44 1.738 (.062 ©.370 0.026 0.148 0.744 -  0.903 0.022 -  4.512
ES 48.06 1.64 7.55 1.11 4.43 14.09 - 22,78 0.4 - 99.44 1.772 0.045 0.328 0.032 0.137 0.725 - 0.500 0.024 - 4.014
E6 48,26 1.74 7.28 0.43 5.16 14.13 - 22,73 0.21 -  100.09 1.781 0.048 0.317 0.012 0.158 0.781 -  0.885 0.021 -  4.010
E7  50.91 1.26 4.19 0.40 4.64 15.82 - 22.50 0.2¢ - 98.89 1.869 0,035 0.181 0.012 0.142 0.865 -  0.885 0.021 -  4.0i0
3A Kaersutitic amphibole - .
A2 3B.12 5281289 - 16.83 B8.95 0.25 12.00 2.92 1.23 98.52 5.802 0.60% 2.313 -  2.149 2.030 0.021 1.957 1.B62 0,239 15.977
A3 41.90 4.03 9.79 0.14 8.50 11.55 - 19.94 0.83 0.29 96.52 5.277 0.454 1.728 0.016 1.065 2.578 -  3.128 0.241 0.056 15.544
A5 37,54 6.44 14,05 - 14,07 10.50 - 1173 2,55 1,08 97.96 5.652 0.729 2.493 - 1,772 2.357 -  1.893 0,745 0,208 15.848
A6 37.14 6.19 13.70 - 15.92 9.20 0.16 11.59 2.83 1.26 97.99 5.659 0.709 2.461 -  2.029 2.089 0.014 1,892 0,836 0,245 15.935
€2 42,49 3.4510.90 0,14 €.2511.77 - 22,02 0.41 - 97.97 6.218 0.437 1.878 0.015 0.767 2.568 -  3.454 0.119 -  15.4%
€3 37.87 6.09 13,40 0.12 16.82 8.78 0.17 11.67 2.92 1.27 99.01 5.727 0.694 2,388 0.015 2.127 1.978 0.023 1.874 0.855 0.245 15.927
€1 36,66 7.3514.66 - 13.9010.31 - 11.88 2.74 1.16 98.65 5.497 0,828 2.590 -  1.743 2.303 -  1.909 0.797 0,22) 15.889
3A

50.08 1.87 5.56 - 5.60 15.02 -  21.8 - 98.10 1.839 0.051 0.240 - 0.171 0.822 -  §.860 - - 3982

45.54 3.50 8.94 - 8,28 12.20 -  20.54 0,97 - 98.10 1.705 0.098 0.394 -  0.259 0,681 -  0.823 0.070 -  4.033
141 dyke G
Al 48,30 2.03 4.76 0.17 10.49 13.00 -  20.75 0.51 - 9%.84 1.821 0.057 0.212 0.005 0.331 €.731 -  0.838 0.037 -  4.032
A2 50.81 0.99 4.08 0.18 6.91 14.97 - 21,89 0.19 - 89.68
Ade  49.13 1.76 4.36 0.21 9.8513.49 0.16 20.57 0.45 -  100.19 1.844 0.050 0.193 0.006 0.309 0.755 0.005 0.827 0.033 - 4,023
Adr  48.15 1.76 4.36 0,17 13.32 11.61 - 20.14 0.48 - 98,38 1.836 0.051 0.196 0.005 0.425 0,660 - 0.823 0.036 - 4.031
Mr  50.79 1.16 3,76 0.14 7,87 14,89 -  21.00 0.38 - 99.3% 1.884 0.032 0,165 0,004 0,244 0.823 -  ¢.834 0.027 - 4.013
Mc 4987 1.21 5.05 0.30 6£.80 14,90 - 21.60 0.28 - 99.02 1.845 0,034 0,220 0.009 0.210 0.822 -  0.856 0.020 - 4.015
ASc  48.15 2.08 4.52 0.15 11.09 12.66 0.16 20.80 041 - 99.02 1.822 0.059 0.202 6.004 0.351 ¢.714 0.005 0.843 0.030 -  4.030
ASr 48,41 1.95 4.24 0.14 11.51 12.21 0.13 20.%0 0.51 - 98.60 1.836 0.056 0.190 0.004 0.365 0.690 0.004 0.849 0,038 -  4.030
Bl 49.95 1.39 4.21 0,12 8.89 13.96 - 21.03 0.44 - 99.75 1.864 0.039 0.185 0.003 0.278 Q.776 -~ 841 0.032 - 4.018
82  48.60 1.81 4.20 0.17 11.89 11.7F 0.13 20.89 0.60 - 99.74 1.845 0.052 0.188 0.005 0,378 0.662 0.004 0.850 0.044 -  3.028
B3 49,41 1.39 5.40 0.46 5.87 15.01 - 22,06 0.42 -  100.38 1.827 0.039 0.235 0.013 0.181 0.827 - 0.873 0.030 -  4.025
84 50.35 1.33 4.52 0.31 6.74 14.79 - 21.52 0.40 - 99.80 1.863 0.037 0.197 0.009 0.209 0.815 -  0.853 0.028 - 4.01)
BS 49.74 1.38 5.34 0.52 6,32 14.80 - . 21.72 0.18 - 99.08 1.838 0.038 0.232 0.015 0,195 0.815 -  0.860 0,013 -  4.007
B6  49.95 1,31 5.07 0.38 6.5314.80 - 21.57 0.39 - 9%.72 1.846 0.036 0.221 0.011 0.202 0.816 -  0.8550.028 -  4.016
B7  49.75 1.61 4.24 0.14 8.89 13.84 -  21.14 0.38 -  100.08 1.858 0.045 0.187 0.004 0.278 0.770 -  0.846 0.027 -  4.015
BE 49,22 1.59 4.40 - 9.31 13.36 - 21.96 0.16 - 99.25 1,846 0,045 0.195 - '0.292 0.747 -  0.883 0.012 -  4.018
B$  60.97 0.78 3.95 0.16 7.17 15,33 -  21.40 0.24 - 99,29 1.885 0,022 0.172 0.005 £0.222 0.844 -  0.848 0.017 - 4,014
B10 48.94 1.65 6.19 0.65 5,78 14,74 - 21,74 0.31 -  100.59 1.807 0.046 0.269 0.01%9 0.179 -.BI1 -  0.860 0.022 -  4.014
Bll 50.18 1.27 4,22 0.24 7,55 14,79 - 21,31 Q.43 -  100.66 1.863 0.035 0.185 0.007 0.235 0.819 -  0.848 0.£31 -  4.022
Bl2 60.59 0.96 4.44 0.27 6.50 15,17 -  21.63 0.48 - 101.09 1.868 0.027 0.193 0.008 £.201 0.835 -  0.856 0.034 -  4.022
Bl3c 50.40 1.i1 4.25 0.26 7.26 14.82 -  21.38 0.44 0.09 100.04 1.868 0.031 0.186 0.008 ¢.225 0,819 -  0.849 0.032 0.004 4.022
Bl3r 48.16 2.00 4.67 0.13 11.04 12.55 0.14.20.63 0.62 0.06 99.55 1.823 0,057 0.208 0.004 0,349 0.708 0.005 0.836 0.045 0,003 4.038
Bl5c 50.52 1.08 4.39 0.24 7.06 14.96 - 21.48 0.28 - 99.82 1,869 0.030 0.191 0.007 0.218 0.825 - 0.851 0.020 - 4.012
Bl6c 49.85 1.47 4.89 0.26 7.03 15,03 -  21.20 0.28 - 99.64 1.845 0.041 0.213 0.008 €¢.217 0.829 -  0.840 0.020 - 4.014
Bloc 49.33 1.35 S5.60 0.44 6.22 15,07 - 21.65 0.34 -~ 100,23 1.824 0.037 0.244 0.013 0.192 0.830 - 0.858 0.025 - 4.023
Bl8r 45.91 1.36 3.94 (.16 8.80 14.07 - 21.43 0.33 - 99.69 1.864 0.038 0,174 0.005 0.275 0.783 -  0.858 0.024 -  4.020
Bl9r 50.67 1.12 4,15 0.20 6.9515.25 - 21.48 0.17 - 99.65 1.873 §.031 0.181 0.006 0.215 0.840 -  0.851 0.012 -  4.009
B2Or 47.95 1.52 3.31 0.18 15,88 9,92 0.32 20.03 0.77 0.12 99.40 1.858 0.044 0.151 0.005 0.514 0,573 0.01¢ 0.B3] 0.058 0.006 4,051
B2lr 50,65 1.12 4,36 0.25 6.95 15,17 -  21.25 0.26 -  100.68 1.871 0.031 0,190 0.007 0.215 0,835 ~  0.B41 0.018 -  4.008
B22r 60.05 1.26 5.43 0.42 5.47 15.08 - 22.12 0.17 - 98.83 1.842 0,035 ¢.235 0.012 0.168 0.827 - 0.872 0.012 -  4.005
B23r 49.82 1.42 4.12 0.21 8.38 14.30 - 21.42 0.34 - 99.66 1.858 ¢,040 0.181 0.006 0.261 0.795 -  0.856 0.025 4.021



APPENDIX 3: Section A cont. Al

$10; Ti0; A1,0; Cr0; FeO M0  Mn0  Cad  Kay0 K0 Total St Ti A cr Fe Mg Mn Ca Na K Total
425 & '

D1 53.18 0,58 2,15 - 6.63 18.75 -~ 18,71 - - 100.64 1.938 0,015 0.092 - 0.201 1.019 - 0.730 - - 3.999
Dz 53.07 0.45 2.00 0.3 7.47 19,52 - 17.14 - - 98.94 1.935 0.012 0,086 0.009 0.227 1.061 - 0.669 - - 4.003
D3 49.3% 1.45 5.29 - 8.70 15.06 - 19.57 0.51 - 98.51 1.834 0.040 0,231 - 4,270 0.833 - 0.778 0.036 - 4.026
Hl 52.45 0.57 3.04 0.45 6.29 18,31 - 18.90 - - 99.2¢ 1.913 0,015 0,130 0.013 0.191 0.995 - 0.738 - - 4,
HZ2 50.53 1.28 4.80 0.34 6.78 16.35 - 19.91 - - 99, 1,856 0.035 0.207 0.009 0,208 0.8%5 -~ g.784 - - 3.998
25 6
4 51.36 0,63 4.01 0.67 5.56 17.29 - 19.99 0.47 - 101.40 1.380 0.017 0.172 0.01% 6.170 0.943 - 0.784 0,033 - 4.022
D5 51.81 0.87 3.3 - 8.19 18.02 - 17.48 - - 99,50 1.897 0.023 0.156 - 0.251 0.984 - 0.685 - - 4.
06 51.92 0.60 3.57 0.69 5.36 17.21 - 20.64 - - 101.  1.897 0.016 0.153 ¢.019 0.163 0.937 - 0.808 - - 3.998
El 53,37 0.38 2.14 0.44 6.29 19.86 - 17.50 -~ - 99,90 1,937 ¢.010 0.091 0.012 0.190 1.0475 - 0.680 - - 3.999
E2 52.97 (.43 2,55 0.53 5.66 18.47 - 19.39 - - 99,30 1.928 0,011 0.109 ¢.015 0.172 1.002 - 0.756 - [i] 3.997
azs P
Hlc 52.75 - 3,38 1.08 4,04 17.86 - 20.89 - - 99,50 1.916 - 0.134 5.031 0.122 0.967 - b.813 - - 3,99
H2c 52.24 0.33 3.65 1.0 2.76 18.04 - 20,92 - - 100.70 1.897 0.009 0.156 0.030 0.114 0,977 - 0.814 - - 3,999
H3c 52.47 0.30 3.30 0.9 3.77 18.12 - 21. - - 100.20 1.905 0.008 0.145 0.026 0.114 0.981 - 0.817 - - 4,
Hir 50,59 1.18 4.88 - 8,26 15.74 - 19.36 - - 9%.60 1.865 0.032 0.211 - 0.254 0.865 - 0.765 - - 3.996
H2r 52.00 0.47 4.78 0.53 5.16 16,35 ~ 20.69 - - 100,59 1.894 0.012 0.205 0.015 0.157 0.887 - 0,807 - - 3.981
H3r 51.56 0.72 4.29 0.28 5.93 16,66 - 20.57 - - 100.30 1.886 0.019 0.184 0.007 0.181 0.909 - 0.806 - - 3.997
Har 49,78 1.38 5.05 - 9.92 16.22 - 16.79¢ 0.59 - 101.40 1.845 0.038 0.220 - 0.307 0.896 0.008 D.667 0.042 - 4.027
6 6 :
Al 49.42 1.42 5.78 0,31 7.64 14.97 - 20.43 - - 99.70 1.827 0.039 0,252 0.008 ©0.236 0.825 - 0.809 - 4.001
A2 49.22 1.45 6.35 0.31 7.11 14.82 - 20.75 - - 100.20 1.817 0.040 0.276 0.008 0.219 0.816 - 0.821 - - 4.
A3 49,84 1.70 5.69 - 7.83 14.7% - 20.58 - - 98,30 1.829 0.047 0.248 - 0,242 0.819 - 0.816 - - 3,99%
4278 G
1 53.22 0.40 2.17 0.58 5.88 19.60 - 18.15 - - 101.90 1.933 ¢.010 0.093 0.016 0,178 1.061 - 0.706 - - 4.001
Bl 51.70 0.83 3.57 0.69 5.63 17.26 - 20,02 0.47 - 101.10 1.893 0.017 0.154 0.019 0,172 0.942 - 0.785 0.033 - 4.019
B2 51.64 ©0.60 5.67 0.88 5.43 17.03 - 20.76 - - 101.40 1.890 0.016 0.158 0.025 0.166 0.929 - 9.814 - - 4.001
p1 51.62 0,75 3.85 0.57 6.00 16.90 - 20.30 - - 161.20 1.890 0,020 0.166 0.016 0.183 0.922 - 0.796 - - 3.997
b3 53.01 0.50 2.14 0.29 6.12 18.21 - 19.76 - - 100.70 1.935 0.013 0.091 0.008 0.186 (.991 - 0.773 - - 4.001
D4 53.37 0.43 2.23 0.32 6.09 17.96 - 19.63 - - 100.40 1.945% 0.011 0.095 0.009 0.185 €.975 - 0.766 - - 3.991
4278 P ' .
01  51.34 0.5 4.16 1.34 4,99 17.21 -~ 119.92 0.4 - 101.10 1.877 0,016 0,179 0.038 0.152 0.938 - 0.780 0.031 - 4.014
51.49 0.73 4.02 1.23-5.36 16.91 - 20,23 - - 100.30 1.883 0.020 0.173 0.035 0,164 0,922 - 0.192 - - 3,991
D3 51.58 0.82 3,74 0.66 6.21 17.06 - 19.92 - - 99, 1.6889 0.022 0.161 0,019 0.190 0.931 - 0.782 - - 3.997
El 53.18 0.38 2.27 0.54 5.96 18.79 - 18.89 - - 101. 1.935 0.010 0.097 0.015 0,181 1.019 -~ £.736 - - 3.997
E2 52,99 0.42 2.27 0.47 5.85 18.16 - 19.85 - - 100.50 1.933 0.011 0.097 0.013 0.17% 0,987 - 0,776 - - 3.599
4288 )
50.55 1.15 5.14 Q.29 5.45 16.22 - 21.20 - - 100.50 1.852 0.031 0.221 0.008 0.167 0.885 - 0.832 - - 4,
2189 6
Bl 50.81 9.5% 1.40 -~ 14.78 9,98 0.39 21.00 1.08 - 97.90 1.953 0.015 0.063 - 0.475 0.572 0.012 0.865 0.080 - 4.038
B2 50.23 1.03 2.80 - 12.75 11.14 0.30 20.90 0.B4 - 100.10 1.910 0.029 D.061 - 0.405 0.631 0.009 0.852 0.06) - 4.027
El 49.01 1.53 5.52 0.66 6.39 14.48 - 21.95 0.46 - 98.60 1.817 0.042 0,241 0.019 0.198 0.800 - 0.872 0.032 - 4.026
E2 4B.67 1.73 5.52 0.37 7.38 14.09 - 21.74 Q.49 - 499,10 1.812 0,048 0,242 0.010 0,229 0.782 - 0.867 0.034 - 4.029
E3 51,28 1.13 3.06 - 7.96 15.08 - e1.51 - - 9%.20 1.901 0.031 0.133 - 0,246 0,831 - 0.854 - - 3.999
38190 6
1 48.15 1.93 5.16 - 10,50 12.95 - 20.76 0.55 - 100. 1.814 0.054 0.229 - 0.330 0,727 - 0.838 0.040 - 4.036
2 §0.12 0.95 5.39 1.02 4.97 15.98 - 21.56 - - 98.40 1.839 0.026 0.232 0.029 0.152 0.874 - 0.847 - - 4.003
3 80,42 1.26 2.6% 0.28 11.30 13.99 - 20.06 - - 100.60 1.895 0.036 0.11710.008 0,355 0.784 - 0.808 - - 4,005
4 49,24 1.65 4.76 - 4,30 13.83 - 21.21 - - 99 1.840 0.046 0.209 - 0.290 0.770 - 0.849 - - 4.008
38199 G
Bl 48,17 1.75 7.60 0.34 5.43 14.48 - 22.23 - - 99.50 1.775 0,048 0.329 0.009 0.167 4,795 0.878 - - 4,005
B2 49.07 1.7 6.67 0.62 5.40 15.10 ~ 20.44 - - 100.60 1.799 0,045 0,288 0.018 0.165 0.880 - 0.803 - - 4.001
B3 47.62 2.52 7,16 0.35 6.60 13.75 - 22.01 - - 9. 1.767 0,070 0.313 0.010 0.204 3.760 - a.875 - - 4.001
g2 G
Al 49.82 1.28 5.29 0.38 4.8815.74 - 22.61 - - 97,70 1.832 0.035 0.229 0,010 0.149 0.862 - 0.890 - - 4,012
Az 4B8.13 2.00 7.10 - 5.79 14.29 - 22.68 - - §5.60 1.779 0.055 0.309 -~ 0.178 0.787 - 0.898 - - 4.010
B 48,15 1.97 7.26 0.48 5.06 14.38 - 2z.71 - - 102,30 1.776 0.054 ©.315 0.014 0.155 0.790 - 0.897 - - 4.005
t 47.68 2.38 7.07 - 6.33 14,06 0 22.49 - - 100.20 1.768 0.065 0.308 - 0.196 0.777 - 0.893 - - 4,010
A 47.94 2.5 7.71 - 10.39 10.16 - 19.03 2.21 - 98.70 1.800 0.072 0.341 - 0.326 0.569 -~ 0.765 0.160 - 4.037
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APPENDIN 3: Section A cont,
510, Ti0, Al 05 Cry0; FeG Mgl Mn0  Cal Total Ti Al cr Fe My Ca Na Total

64 dyke Kaersutitic amphibole

Al 38.73 5.24 15.20 -  13.72 11.19 - 12,26 .10 100.21 5.678 0.578 2.626 -  1.682 2.445 1,925 0.786 0.206 15.926
A2 39.26 4.50 14.63 0.10 15.50 10.63 0.24 11.76 .95 100.64 5.770 0.498 2.534 0.012 1.905 2.320 0.030 1.852 0.877 78 15.986
Bl 42.37 3.57 16.20 -~ 12.76 8.93 0.15 9.86 97.50 6.218 0,294 2,802 -  1.566 1,954 0.018 1.550 0.823 0.147 15.472
B2 42.15 4.04 14,65 - 12.60 10.89 - 11.13 99.41 6.115 0.441 2.506 - 1.528 2.354 1.729 0,883 0.150 15.706
B3} 38.30 5.02 15.15 - 15.06 10,47 0.20 11.56 99.82 5.674 0.559 2.644 - 1.866 2.312 1.835 0.864 00 15.977
B4 37,49 5.16 1491 - 13,31 10.9% - 12.13 97.79 5,637 0.583 2.642 -  1.674 2.464 1.955 0.814 0.191 15.961
214 pe1

8lc 52.79 0.31 2.19 0.32 6.61 17.31 - 20.26 - 99.72 1.937 0.009 0.095 0.009 0.203 0.947 -  0.796 0.014 - 4.010
g2c 52.8% 0.33 2.20 0.27 6.7217.05 - 20.31 - 99.56 1.941 0.009 0.095 0.008 0.206 0.933 -  0.798 0.017 - 4.007
‘Blr 53.06 0.32 2.30 0,20 6.83 17.22 -  20.06 - 95,50 1.944 0.009 0.099 0.006 0.209 0.940 -  0.787 - - 3.995
B2r 51.93 0.60 3.52 0.20 6.28 16.94 -  20.35 - 99.66 1.903 0.017 0.152 0.006 0.192 0.928 - 0,799 0.011 -~ 4,006
2 P2

Ble 53.09 0.33 2.22 0.28 6.82 17,20 - 19.75 0. - 99.39 1.946 0.009 0.096 0.008 0.209 0,939 -  0.7750.622 - 4.004
B2c 52.93 0.35 2.21 0.29 6.62 17.21 - 20.16 0. - 59.92 1.941 0.010 0.095 0.008 0,203 0.940 - 0.792 0.017 - 4.006
Blr 53.82 0.2 1.78 0.36 5.65 18,29 - 19.89 - - 100,28 1.959 0.006 0.076 0.010 0.172 0.992 - 0.776 - - 3.992
B2r 53.74 0,32 1.71 0,35 6.49 18.62 - 18,77 - - 100.01 1.958 0.009 0.073 0.010 0,198 1.031 - 0.7/3 - - 3.992
83r 53,33 0.32 1.82 0.27 6.46 18.46 - 19.06 0.28 - 99.64 1.948 0.009 0.076 0.008 0.197 1.005 -  0.746 0.020 - 4,010
B4r 53.51 0.22 1.56 0.27 7.3119.16 - 17.74 0.23 -  100.50 1.954 0.006 0.067 0,008 0.223 1.043 -  0.694 0.016 - 4,011
FIU

Al 51,10 0.96 4.45 0.25 7.B0 1591 - 19.22 Q. - 100.47 1.882 0.027 0.193 0,007 0.240 0.873 -~ 0.758 0.022 - 4.002
Az 54.09 0.26 1.47 0.20 7.1019.09 - 1780 - - 100.94 1.969 0,007 0.053 0.006 0.216 1.036 -  0.694 - - 3.990
A3 49.85 1.22 4.45 0.2310.96 14.62 - 18.23 0. - 100.89 1,862 0.034 0.196 0.007 0.342 0.814 -  0.734 0.025 - 4.014
A 51,70 0.65 3,96 0.54 6.57 17.53 -  18.86 0. - 100.29 1.891 0.018 0.171 0.016 0.201 0.956 -  0.739 0.014 - 4,005
A5 49.48 1.44 5.21 0.24 £.92 15.01 - 19.26 0. 0. 99.88 1.836 0.040 0.228 0.007 0.277 0.831 - 0.767 0.026 4.018
A6 50.47 1.16 4.73 0.16 8.91 16.14 - 18.22 0. - 102.98 1.864 0.032 0.206 0.005 0.275 0.8838 - 0.72} 0,015 - 4.006
A7 50,19 1.z6 4.4 0.16 8.27 15.91 - 18.91 o0, - 101.10 1.8B55 0.035 0.211 0.005 0.256 0.876 - 0,749 0.033 - 4,019
A8 50.55 1.14 4.48 0.10 7.96 15.18 - 20.20 0. - 100.82 1.870 0.032 0.195 0.003 ¢.246 0.837 - 0.801 0.027 - 4,012
Bicl 49.70 1.57 4.85 0.18 8.69 14.99 - 19.66 0. - 99.73 1.846 0.044 0,212 0.005 0.270 0.830 -  0.782 0.026 - 4.015
Blc2 61.15 0.84 3.67 0.30 B8.29 15.85 - 19.53 0. - 99.86 1.891 0.023 0.160 0.009 0.256 0.874 -~ 0.774 0.027 - 4.004
Blr2 61.63 0.67 3.72 0.23 7.1617.12 - 19.46 - - 98.92 1.89%5 0.01% 0.161 0.007 0.220 0.937 - 0.765 - - 4.003
B2¢cl 52.06 ¢.43 3.79 0.57 4.61 17.15 - 21.20 0. - 99.68 1.899 0.012 0.163 0.016 0.14) 0.933 - 0.829 0.613 - 4,006
B2c2 51.44 Q.54 4.76 0.46 5.45 16.87 - 20.05 0. - 99.83 1.879 0.015 0.205 0.013 0,167 0.918 - 0.785 0.030 - 4.012
Blrl 51.15 0.94 4.58 0.20 6.92 16.56 - 19.47 0. - 99.38 1.877 0.026 0.198 ¢.006 0.212 0.905 -  0.765 0.013 - 4.002
B2rl 51.33 ©.83 3.98 0.21 6.97 16.37 - 19.96 O, - 99,20 1.888 0,023 0.173 0.006 0.214 0.897 - 0.786 0.024 - 4.012
B2r2 52.52 0.84 3,06 0.33 5.79 16.79 - 21.07 - - 99.46 1.922 0.012 0.132 0.010 0.177 0.916 - 0.826 - - 3.995
B2r3 52.33 0.46 3.01 0.34, 5.89 16.60 - 21.16 0. - 100.08 1.919 0.012 0.130 0.010 0.181 0.507 - 0.831 0.014 - 4.005
B2e3 51.93 0.30 3.97 Q.57 4.66 17.20 - 21.08 0. - 100.03 1.895 0.008 0.171 0.017 0.142 0.936 - 0.824 0.020 - 4.013
Dl 52.62 0.54 1.72 D.18 9.47 18,26 0.18 16.62 0.35 0.07 99.67 1.940 0.015 0.075 0.005 0.2%2 1.003 0.006 0.656 0.025 0. 4.02¢
D2 4899 1.41 3.89 0,20 13.70 13.41 0.18 17.72 0. - 106.89 1.857 0.040 0.174 0.006 0.434 0.756 0.006 0.719 0.036 - 4.031
04 51.57 0.55 4.67 0,5 5.6017.32 - 19.79 - - 100.39 1.881 0.015 ¢.201 0.014 0.171 0.94} 0.773 - - 3.997
D5 52.23 0.46 4.33 0.46 6.41 19.11 - 17.00 - - 99,60 1,895 0,012 0.185 0.013 0.194 1.033 0.661 - - 3,994
D& 51.55 0.68 3.0 0.13 7.40 16.07 -  20.17 0. - 100.28 1.898 0.019 0.165 0.004 0.228 0.882 0.796 0.014 - 4.005
07 51.42 0.77 4.03 0.28 6.6516.21 - 20.34 0. - 100,52 1.690 0.021 0.175 0,008 0.204 0.888 0.801 0.022 - 4,009
D8 53.70 0.22 1.58 0.16 7.57 19.29 - 17.20 0. - 101.02 1.958 0.006 0.068 0.004 0,231 1.054 0.672 0.014 - 007
D1l 51.79 0,58 4.08 0.40 6.02 16.86 - 20.27 - - 99.856 1.894 0.016 0.176 0.012 0.184 0,919 0.794 - - 996
28 6

Bl 51.02 0.83 4.36 0.16 7.43 16.36 - 19.84 -~ - 98.14 1,877 0.023 0.189 0.005 0.229 0.897 0.782 - - 4.003
B2 52.61 0.54 2.66 - 9,06 18.05 0.13 16.95 - - 99.83 1.931 0.015 0.1156 - 0.278 0.987 0.6656 - - 3.997
B3 49.82 1,22 4,58 0.26 9.79 15.43 - 18.39 0.5%0 - 100.42 1.854 0.034 0.201 0.008 0.305 0.855 0.733 0.036 - 4.026
84 60.14 1.26 4,54 0.25 B.29 15.69 0.13 19.28 0.43 - 100,32 1.857 0.035 0.198 0,007 ¢.257 0.866 0.765 0.03] - 4.021
€l 49.79 1.35 4.83 - 10,23 14.55 - 18,86 0.9 - 100.39 1.856 0.038 0.212 -  0.319 0.809 0,783 0.028 - 4.014
D9 62.75 0.42 2.57 0.28 6.04 17.31 -~ 20.38 0.26 - 99.91 1.931 ©0.012 0,111 0.008 0.185 0.944 0.799 0.018 - 4.007
D10 49.45 1.40 5.29 0.15 9.05 14,96 0.16 19.01 0.53 - 100.90 1.838 0.039 0.232 0.005 0.281 D.82% 0.757 0.038 - 4.024
D12 52,39 0.40 2.97 0.20 7.89 17.34 - 18.55 0.25 - 99.23 1.923 0,011 0.128 0.006 0,242 0.949 0.730 ¢.018 - 4,007
sA P

Alc 53.29 0.29 2.37 .0.39 4.88 17.56 - 21,02 o0.21 - 101.04 1.942 0.008 0.102 0.011 0.143 0.954 - 0.821 0.015 - 4.001
A2c 53.39 0.26 2.32 0.33 4841756 - 20.93 0.36 - 100.09 1.945 0,007 0.100 0.0i0 0.147 0.955 -  0.817 0.025 - 4.006
A3c 53.44 0.18 2.356 0,32 4.76 17.58 - 21.15 0.22 - 99.42 1,946 0,005 0.101 0.009 0.145 0.954 - 0.825 0.016 - 4.002
Mc 52,39 0.45 3.32 0.38 4.98 17.08 - 21.11 0.22 - 99.88 1.913 0.012 0,143 0.011 0.152 0.930 - 0.828 0.016 - 4.005
Adm 52.29 0.42 3.46 0.38 4.95 16.95 - 21.24 0.28 - 99.1¢ 1.910 0.011 0.149 0.011 0.151 0.925 - 0.831 0.020 - 4.009
Allm 52.36 0.46 3.62 0.42 4.87 16.80 - 21.19 0.28 - 100,56 1.911 0.012 0.156 0,012 0.149 0,914 - 0.829 0.020 - 4.003
Alr 52.26 0.61 2.32 0.40 6,65 1633 - 21.26 0.17 - 99.32 1.925 0.017 0.101 0.012 0.205 0.897 -~ 0.839 0.012 - 4.008
AZr 46,59 1.30 4,52 0.81 7.0515.13 -  21.15 0.45 -  100.41 1.841 0.046 0.198 0.024 0.219 0.837 -  0.84] 0,032 - 4.028
A3r 50,71 1.04 3.86 0.76 6.57 15.41 - 21.28 0.37 - 100.13 1.874 0.029 0.168 0.022 0.203 0.849 - 0.843 0,027 - 4,015
adr 51.5¢ 0.84 3.09 0.75 6.3815.59 - 21.60 0.24 - 99,52 1.901 0.023 ¢.135 0,022 0,197 0.858 -  0.854 0.017 - 4.007
A5r 50.34 1.19 3.89 0,81 6.76 15.35 - 21.33 0.34 - 99.85 1,864 0.033 0.170 0,024 0.209 0.847 - 0.846 0.024 - 4.018
55A G

AT 48,88 1.91 5.03 0.13 8.28 14.21 - 21.18 0.37 - 98,73 1.823 0,054 0.221 0.004 0.258 0.790 - 0.B47 0.027 - 4.024
A2 48,18 2.15 5.51 0.22 9.59 13.48 0.15 20.23 0.49 - 99.84 1.807 0.06] 0.244 0.007 0.301 0.754 0.005 0,813 0.035 -~ 4.025
A3 47.65 2.56 5,43 0.16 10.71 12.69 - 20.2¢ 0.51 -  100.04 1.798 0.073 0,241 0.005 0.338 0.713 -  0.820 0.037 - 4,025
A4 47,38 2.42 5.22 0.22 10.77 12.68 (.12 20.57 0.62 - 100.18 1.793 0.069 0.233 0,006 0.341 0.715 0.004 0.834 0.046 - 4.041
Bl 47.74 2.36 4.84 0.17 11,74 11.77 - 20.78 0.60 - 100.19 1.813 ¢.057 0.216 0.005 0,373 0.666 -~ 0.845 0.044 - 4,031
B2 49.87 1.44 4.65 0,87 6.87 14,80 - 21.16 0.5 - 101.06 1.847 0.040 0.203 0.025 0.213 0.817 -  0.B40D 0.025 - 4.011
B3 50.59 1.24 3.52 0.71 7.71 15.82 -~ 19.98 0.431 - 101.98 1.874 0,035 0.154 0.02] 0.239 0.874 - 0.793 0.031 -~ 4.020
B4 48,05 2.40 5.85 0.34 8.81 13.76 - 20.46 0,32 - 98,38 1.795 0.067 0.258 0.010 0.275 0.767 - 0.819 0.023 - 4.015
Bs 48.32 2,256 5.38 0,24 9.01 13.60 - 20.72 0.49 - 100.33 1.80%9 0,063 0,237 0.007 0.282 0.759 - 0.831 0.035 - 4,023
B7 48,17 2.5 5.19 0.19 9.18 13.30 - 20.95 0.48 - 100.53 1.807 (.072 0.229 0.006 0:288 0.744 - 0.842 0035 - 4.02]
B8 '48.78 2.07 5.03 0.63 7.66 14.15 - 21,31 0.35 - 100.38 1.818 0.058 0.221 0.019 0.239 0.786 - 0.852 0.025 - 4,017
B9 48.27 2.15 5.38 0.24 9.35 13.63 - 20.56 0.43 - 100.61 1.80% 0.060 0.237 0,007 0.293 0.761 - 0.825 0.031 - 4.024
Bl0 47.92 2.53 5.56 0.26 9.33 13.26 - 20.62 0.53 - 100.77 1.798 0.072 0.246 0.008 0.293 0.741 - 0.829 0.038 - 4.024



APPENDIX 3: Section A cont. A3

Si0; T10, Aly0y Cra0y Fe0 MgD MG CaD NagD K0 Total Si Ti Al Cr Fe Mg M Ca Na X Total
85 P -
Aic 52.67 0.37 3.41 0.33 4.6916.50 - 21.14 0.50 -  99.94 1.920 0.010 0.146 0.009 0.143 0.918 -  0.826 0.035 - 4,009
AZ¢ 52.61 0.38 3.39 0.37 4.89 L7.07 - 20.95 0.4 - 100.39 1.918 0.0510 0,146 0.011 0,145 0.928 - 0.818 0,024 - 4.005
Al 52.68 D.42 3.29 0.31 4.74 16.89 -  21.25 0,33 -  100.05 1.921 0.01]1 0.142 0.009 0.14% 0.923 -  0.830 0.023 -  4.004
Alr 51.51 0.74 3.78 1.02 5.55 15.85 - 21.18 0.35 -  99.52 1.892 0.020 0.164 0.030 0.171 0.B68 -  0.834 0.025 -  4.003
A2r 52.46 0.48 3,30 0.3 4.82 17.09 -  21.15 0.33 -  §3.51 1.915 0.014 0.142 0.010 0.147 0.930 -  0.827 0.023 -  4.008
A3r 51.99 0,78 2.95 0.66 6.09 15.89 -  71.26 0.38 -  99.71 1.913 0.021 0.128 0.019 0.187 0.871 -  0.838 0.027 -  4.006
Mr 51.03 0.8 3.95 0.90 6.34 15.38 -  21.10 0.40 -  99.53 1.B82 0.025 0.172 0.026 0.196 0.845 -  0.834 0.02% - 4,009
A5r 5026 1,28 4.31 0.43 6.92 15.18 -  2L.06 0.56 -  100.10 1.860 0.036 0,138 0.013 0,214 0.837 -  0.835 0.040 -  4.023
55 6
Al 48,01 2.30 5.20 0.26 9.87 13.07 -  20.60 0.62 0.07 9.76 1.807 0.065 0.231 0.008 0.310 0.733 -  0.B31 0.046 0.003 4.033
Az 49.54 1.47 4.78 0.69 7.48 14.63 -  20.96 0.47 -  399.76 1.840 0.041 0.209 0.020 0.232 0.810 -  0.834 0.034 -  4.021
A1 49.76 1.48 4.53 0.26 B.37 14,36 . 20.60 0.62 -  99.74 1.853 0.041 0.199 0.008 0.261 0.797 -  0.82Z 0.045 -  4.025
M 4008 1.88 5.04 0,35 7.98 14.20 -  21.02 0.45 -  99.20 1.826 0.053 0.221 0.011 0.249 0.788 - 0.8 0.032 - - 4,020
€1 48.02 2.04 4.90 0.20 12.04 11.52 0.20 20.43 0.66 -  100.29 1.824 0.058 0.219 0.006 0.383 0.652 0,006 0.832 0.049 -  4.029
€z 48,38 1.95 5.90 0.44 7.99 14.27 -  20.56 0.50 -  99.91 1.802 0.054 D.250 0.013 0.249 0.752 - 0.820 0.036 -  4.0%
€3 48.68 1.7 3.67 0.18 13.77 10.77 0.29 20.12 0.66 0,06 100.30 1.863 0.05) 0.166 0.006 0.440 0.614 0.010 0.825 0.049 0.003 4.027
C4 47.30 2,77 4.4 0,21 12.36 11.20 0.16 19.99 0.95 0.08 104.22 1.803 0.080 0.223 0.006 0.394 0.635 0.005 0.817 0.071 0.004 4,039
C5 50.59 0.68 2.15 0.25 8,10 17.78 - 18.69 0.24 -  99.18 1.935 0.019 0.093 0.007 0.245 0.947 -  0.737 0.017 -  4.005
€6 51.17 1.26 2.39 - 10,72 15.25 - 18.76 0.45 -  100.71 1.811 0.035 0,105 - 0,335 0,849 -  0.750 0.032 -  4.017
€7 48.06 2.46 4,91 0.14 10.98 12.48 0.14 20.24 0.59 -  100.73 1.B15 0.070 0.219 0,004 0.347 0.703 0.004 0.819 0.083 -  4.025
[ 51.93 1.04 2.41 0.29 8.78 16.22 - 19.00 0.32 -  100.79 1.920 0.029 0.105 0.009 0.271 0.B94 -  0.753°0.023 -  4.005
€9 47.22 2.56 6.62 0,36 B8.70 13.65 - 20.41 0.47 -  99.50 L.767 0.072 0.292 0.011 0.272 0.761 - 0.818 0.034 -  4.027
Cl0 4852 1.95 5.10 0,36 .35 14.19 - 20.84 D0.62 0.07 101.25 1.Bi4 0.055 0.225 0.010 0.261 0.790 -  0.835 0.045 0.003 4.038
Cl1 48.47 2.27 5.48 0.26 8.50 13.38 - 20,71 0.53 -  100.2] 1.8)3 0.064 0.242 0.008 0.276 0.746 -  0.830 0,039 -  4.018
€12 47.94 2.53 5.25 0,19 10.30 12.81 0.13 26.26 0.58 -  100.82 1.806 0.072 0.233 0.006 0.324 0,719 0.004 0.818 0.082 -  4.024
210 P
ATc 53.12 0.29 2.60 0.26 5.45 17.51 -  20.55 0.22 -  99.55 1.938 0.008 0.112 0.007 0.166 0.952 -  0.803 0.016 -  4.002
AZc 5367 0.28 2.12 0.24 5.58 17.51 - 20.62 -  0.08 97.44 1.954 0.008 0.091 0.007 0.170 0.952 - 0.806 -  0.004 3.99%
Al 5350 0.25 2.17 .23 5.1517.54 -  21.05 0.30 -  100.89 1.545 0.007 0.093 0.007 0.157 0.954 -  0.823 0.021 -  4.008
Mc 53.46 0,20 2.06 0.33 5.63 17.67 - 20.43 0.16 -  100.27 1.95% 0.006 0.089 0.009 0.172 0.081 -  0.801 0.811 -  4.000
Adr 52,75 0.47 2.5 0.22 6.71 16.84 - 20,26 0.22 - 100.23 1.935 0.013 0.109 0.006 0.206 0.921 - 0,796 0,016 - 4.002
Mr 53.28 0.21 2.68 0.23 508 17,31 - 21.02 0.18 -  100.3% 1.942 0.006 G.115 0.007 0.155 0.940 -  0.821 0.013 -  3.998
ASr 53.18 0.20 2.26 0.27 5,37 17.566 -  21.07 - - 99.34 1.341 0.008 0.097 0.008 0.164 0.955 . 0.824 - -  1.998
A2r 50.69 1.00 4.31 -  B.4315.62 - 19.5% 0.39 -  99.46 1.575 0.029 0.185 -  0.261 0.B61 -  0.7750.028 -  4.016
Alr 49.04¢ 1.40 4.55 0.11 12,16 13.71 0.16 18.28 0.57 -  100.18 1.847 0.040 0.202 0.003 0.383 0.770 0.005 0.738 0.082 - 4,031
A6r 49.61 1.2] 4.20 0.14 12.87°13.81 0.17 17.55 0.44 -  100.4Z 1.858 0.034 0.1B5 0.004 0.405 0,775 0.006 0,708 0.032 -  4.019
210 M
ETC 51.86 0.73 3.40 0.16 8,39 17.10 0.14 17.77 0.46 -  9$9.91 1.908 0.020 0,147 0.005 0.258 0.938 0.004 0.700 0.033 -  4.013
8lcz 52.03 0.54 3.09 0,20 7.66 16.49 -  19.74 0.27 -  95.99 1.916 0.015 0.13 0.006 0.236 0.905 -  0.799 0.01% - 4,009
82c 51.69 0.71 1.59 0.34 6.74 16.56 - 20,06 0.32 -  99.89 1.899 0.019 0.155 0.Gl0 0.207 0.507 -  0.790 0.0z3 - 4,010
§2r 52.18 0.55 3.42 0.51 6.54 17.02 - 19.50 ©0.28 -  99.35 1.911 0.015 0.148 0.035 0.200 0.920 -  0.765 0.020 -  4.003
Bic 51.62 0.76 3,30 0.27 7.80 16.06 - 19.8l 0.37 -  100.29 }.905 0.022 0.143 0.008 0.241 0.883 -  0.783 0.027 -  4.011
Bic 51.69 0.69 3.51 0,18 7.86 16.34 -  19.47 0.26 -  98.85 1.904 0.019 0.152 0,005 0.242 0.897 -  0.768 0.016 -  4.007
B4rl 52.44 0.5 2.66 0.30 7.04 16.92 - 20.10 - -  100.12 1,926 0.015 0.115 0.009 0.216 0.926 - .79 - - 3,998
B4r2 50.68 1.08 4.55 0.14 8.44 16.28 -  18.42 0.43 -  100.49 1.859 0.030 0.198 0.004 0.260 0.895 - 0,728 0.030 -  4.015
85¢ 51.06 0.77 4.37 0.19 6.75 16,15 -  20.22 0.41 0.08 99.14 1.879 0.021 0.190 0.006 0.208 0.386 -  0.797 0.029 0.004 4.019
Bbr 52.10 0.51 3.28 0,27 6.58 17.16 -  19.77 0.30 0.08 100.57 1.910 0.614 0.142 0,008 0.200 0.836 -  0.777 0.021 0.004 4.013
B5c 51.32 0.78 4.24 0.23 8.20 17.1% - 17.72 0,36 - 100.64 1.885 0.022 0.184 0.007 0,252 Q.5%39 - 0.697 0,026 - 4.011
86r 50.13 1.27 4.88 0.24 B.28 15.34 - 19.34 .45 - 100,13 1.865 0.035 0.213 0.007 0.256 0.846 - 0.770 ¢.032 - 4.016
87c 51.86 0.65 3.47 0.5 6.62 17,54 - 18.92 0.39 -  100.85 1.900 0.015 0.150 0.016 0.205 0.958 -  0.742 0,028 - 4.0
BIr 5380 0.24 1.59 0.11 7.98 18.73 0.17 17.38 - -  100.38 1.965 0.007 0.066 0.003 0.244 1,020 0.005 0.680 - -  3.993
A1
A1 48.23 1.85 3.84 0.21 17.45 11.06 0.32 16.40 0.65 -  100.58 1.857 0.053 0.174 0.006 0.562 0.635 0.010 0,677 0,049 -  4.023
A2 S4.19 0.20 1.91 0.26 6,56 18,77 - 18.11 - = 99,73 1.968 0.005 0.082 0.007 0.19% 1.016 - 0.705 - - 3,982
A3 50.08 1.20 4.73 0.30 7.88 15,53 - 19.82 0.46 - 99,19 1.B54 0.033 0.206 0.009 C.244 0.B57 - 0.786 0.033 - 4,022
A3 49017 1.56 4.68 0.15 12.69 14.22 0.18 16.88 0.42 -  100.07 1.848 0.044 0.207 0.QC6 0.399 0.796 0.006 0.680 0.031 -  4.017
A5 48,59 1.Bl 2.88 0.13 14.90 12.31 0.22 17.58 0.57 - 9%.95 1.853 0.052 0.1734 0.004 (.475 0.700 0.007 0.718 0.042 - 4.027
A6 52,88 0.6 .21 0.1310.11 17.34 0.12 14.58 0.83 0.08 101,33 1.943 0.017 0.139 0.004 0.310 0.948 0.004 0.573 0,059 0.004 4.000
IV '
Alc 53.08 0.23 2.67 0.58 4.54 17.90 - 20.77 0.25 - 94,59 1,932 0.006 0.114 0,017 0.138 0.971 - 0.610 0.017 - 4,005
APc 52.97 0.22 2.68 0.70 4.46 17.96 -  20.85 0.22 -  99.24 1,927 0.906 0.115 0.020 0.135 0.975 -  0.613 0.015 -  4.007
Mlc 52.69 0.28 2.59 0.67 4.53 17.81 -  21.17 0.25 -  102.24 1.923 0.008 0,112 0.019 0.138 0.969 -  0.827 0.018 -  4.013
Mc 5101 0.27 2.63 0.57 4.4518.03 - 21.05 - - 101,00 1.929 0.007 0.113 0.016 0.135 0.978 - 0,81 - -  3.99
ASr 51.85 0.40 3.66 0.80 5.49 17.21 -  20.23 0.30 -  101.55 1.897 0.011 0.158 0.023 0.168 0,939 -  0.795 0.021 -  4.012
ar §1.79 0.47 3.71 0.55 6.07 16.99 -  20.06 0.35 -  98.97 1.898 0.013 0.160 0.016 0.186 0.928 -  0.788 0.025 -  4.014
ATr 61,25 0.73 4.05 0.5 5.99 16,75 .  20.3 0.3 -  100.61 1.88] 0.020 0.175 0.016 0.184 0.916 - 0,800 0.024 -  4.016
A3r 52,16 0.55 3.39 0.6] 5.67 17.14 -  20.22 0.26 -  100.58 1.907 0.015 0.146 0.018 0.173 0,934 -  0.792 0.019 -  4.005
Ble 53.39 0.21 2.62 0.57 4.4017.73 - 21,18 - -  99.94 1.941 0.006 0.10B 0.016 0.134 0.96) - 0.825 - .  3.991
Bir 52.85 0.26 2.55 0.62 4.57 17.80 - 21.09 0.25 -  100.51 1.927 0.007 0.110 0,018 0.139 0.968 -  0.824 0.018 -  4.011
Blr 52.29 0.34 3.37 0.7 4.6% 17.60 - 20.85 0.17 - 98.21 1.907 0.009 0.145 0.021 9.142 0.956 - 0.815 0.012 - 4,007
Ber 53.02 0.28 2.60 G.50 4.35 17.87 -  21.20 0.17 -  100.85 1.930 0.00B 0.112 0.014 0.132 0.970 -  0.827 0.052 -  4.005
Olc 52.41 0.15 3.44 1.38 3.74 17.55 - 21,32 - -  9B.50 1.907 0.004 0.147 0.040 0.114 0.952 - ©0.B31 - - 3,995
D7c £2.19 0.18 3.58 1.47 3.56 17.26 -  21.5¢ 0.17 -  99.94 1.901 0.005 0,154 0.042 0.108 0.937 -  0.B42 0.012 -  4.002
Bc 83.03 - 2.90 1.00 4.04 1789 - 21.14 - -  99.41 1.928 -  0.124 0.029 0.123 0.969 - 0.823 - - 3,90
B4c 52.18 0.27 3.56 1.43 3.75 17.37 - 21,23 0.23 -  100.63 1.90) 0.007 0.153 0.041 0.114 0.943 .  0.B28 0.016 -  4.003
Dir 52.18 0.84 3.38 0,39 5.94 17.66 - 19.73 0,27 -  100.08 1.907 0.0l 0.146 0.011 0.182 0.962 - 0.7730.019 -  4.012
pPr 52.26 0.46 3.49 0.38 6.43 18,25 - 18339 0.35 -  100.41 1.907 0.013 0.150 0.011 0.19 0.992 - 0.719 0.025 -  4.012
“B3r 53.01 0.31 2.50 0.42 5.84 18.16 - 19.56 0.20 -  100.50 1.933 0.008 0,107 0,012 0.178 0.987 -  0.764 0.014 -  4.005
Dir 52.14 0.48 3.52 0.77 5.00 17.08 - 20,72 0.28 -  101.02 1.905 0.013 0,151 0.022 0.153 0.930 -  0.811 0.020 - . 4.005



APPENDIX 3: Section A cont. AlB

S10, Ti0; Al0; Cry0, FeD MgD MaD  CaD MNa0 K0 Total S T4 Al € Fe M M1 Ca HKa &  Total

11 M
El 51.82 0.46 3,55 0.B4 5.32 16.84 - 20,93 ©.256 - 93.76 1.898 0.013 0.153 0.024 0.163 0.919 - 0.821 0.018 - 4.009
E2 53.66 0.22 1.83 0.54 6,51 19,54 - 17.45 0.24 - 100,13 1.951 ©.006 0.079 0.016 0,198 1.069 - 0.680 0,017 - 4.005
E3 51.74 0.42 3.99 1.10 5.5 17.68 - 19.19 0.31 - 99.76 1.889 0.012 0.172 0.032 0.170 0.962 - 0.751 0.022 - 4,008
EA  51.82 0.39 3.72 0.75 5.57 16.94 - 20.39 0.41 - 100.46 1.898 0.011 0.161 0.022 0,171 0.9256 - 0.800 0,029 - 4.01%
ES 52,25 0.49 3.02 0.31 6.31 17.26 -~ 20.04 0,32 - 99.92 1.915 0.014 0.130 0.009 0.193 0.943 - 0.787 0.023 - 4.013
£6 52,73 0.47 2.52 0.48 6.18 17.66 - 19.63 0.33 - 100,26 1.929 0.013 0.109 0.014 0,189 0,963 - 0.76% 0.023 - 4.009
ar &
Al 50.80 0.88 4,33 0.19 B8.01 16.71 - 18.82 0.25 - 100.10 1.872 0.024 0.188 4.006 0,247 0.9]8 - 0.743 0.018 - 4,016
A2 50.54 1.08 4.80 0.27 7.64 16,22 - 19,15 0.29 - 99,58 1.862 0,030 0.209 ¢.008 0.235 0.891 - 0.756 0.020 - 4.010
A3 50.62 1.09 4.90 0.65 &.69 16.39 - 19.48 0.17 - 99.04 1.859 0.030 0.252 0.019 0.206 0.897 - 0.766 0.012 - 4.001
M 50,4% 1.08 4.91 0.26 7.35 16.17 - 19.46 0.28 - 98.67 1.85% 0.030 0.213 0.008 0.226 0.887 - 0.768 0.020 - 4.011
A5 50.15 1.13 4.77 0.13 8.75 15.19 -~ 19.52 0.37 - 100.32 1.859 0.032 0.209 G.004 0.27]1 0.839 - 4.776 0.027 - 4.016
A5 5174 0.33 3.98 1.1 5.29 17,02 - 20,28 Q.22 - 99,08 1.892 0.009 0.171 0.033 0.162 0.928 - 0.794 0.016 - 4.005
A7 50.1B 1.16 5.15 0.22 7.88 16.02 - 19.09 0.30 - 100.08 1.851 0.032 0.224 0,006 0.243 0.881 - 9,754 0.021 - 4.012
A8 50.76 0.80 3.70 0.30 9.54 15,91 - 18,57 0.4 - 100,29 1,885 0,022 0.162 0.009 0,295 0.830 - 0.739 0.031 - 4.023
29 43.71 1.29 31.29 - 15.25 13.84 0.18 16.08 0.36 - 100.68 1.884 0.037 0.147 - 0.483 0.782 0.006 0.653 0.027 - 4.019
AlD 49.74 1.36 5.30 0.25 7.99 15.64 -~ 19.40 0.33 - 100.65 1.839 0.038 0.231 0.007 0.247 0.862 -~ 0.768 0.028 - 4.016
All 51.51 0,42 3.91 1.38 5.28 16.% - 20,21 0.4 - 100.95 1.886 0.011 0.16% 0,040 0.162 0,926 - 0.793 0.024 - 4.010
AlZ 51.B4 0.51 3.63 0.91 5.46 17.21 - 20,12 .33 - 100,33 1,896 0.014 0.156 0.026 0,167 0,938 - 0.788 0.023 - 4.01¢
AlZ 60.13 1.28 5.10 0.30 7.23 15.95 - 19.54 0.46 - 100.55 1.848 0.036 0.222 0.009 0.223 0.877 - 0.772 0.033 - 4.018
€1 52.17 0.54 3.42 (.74 5.7817.19 - 20.16 - - 99.59 1,907 0.015 0.147 0.021 0.177 0.936 - 0.790 - - 3.994
g2 51.73 0.70 3.63 0.56 6.72 16.92 - 19.45 0.29 - 100,25 1,898 0.019 ©.157 0.016 0.206 0.925 - 0.765 0.020 - 4,006
£3 50.38 1.07 4.62 0.14 8,39 15.65 - 19.33 0.41 - 100.70 1.864 0.030 0.201 0.004 0.260 0.863 - 0.766 0.030 - 4.018
€4 49.83 1.42 4,55 - 10.96 15.24 - 17.71 (.28 - 98.52 1.857 0.040 0.200 - 0.342 0.847 - 0.707 0.020 - 4.013
€5 50.12 1.14 3.42 - 12.49 13.80 0.19 18.47 0.36 - 96.71 1.887 0.032 0.152 - 0.393 0.775 0. 006 0.745 0.026 - 4.017
6 50.23 1.26 4.55 0.19 7,74 15,57 - 20.06 0.41 - 100.46 1.858 0.035 €.198 0.006 0.240 0.858 0.795 0.029 - 4.020
€7 650.28 .43 4.89 0.19 8.23 1591 - 18.68 0.1 - 99,98 1,856 0.040 0.213 0.006 0.254 0.875 - 0.739 0.027 - 4.009
¢8 53.57 0.,28 2.05 0.20 7.18 19.53 0.12 16.87 0.20 - 100.68 1.949 0.008 0.088 0.006 ¢.218 1.059 0.004 0.658 0.015 - 4.003
€9 50.53 1.01 4.03 0.15 9.60 15.66 - 18.71 0.31 - 99.78 1.8B76 0.028 0.177 0.004 ¢.298 0.86) - 0.744 0.022 - 4.016
€11 53.14 0.37 2.51 0.55 6.18 18.28 - 18.79 0.18 - 99.58 1.936 0.010 0,108 0,016 0.188 0,993 - 0.734 0.013 - 3.998
Cl10 49.59 1.24 5.48 (.28 8.68 16.16 - 18.20 0.37 - 100.46 1.834 0.035 0.239 0.008 ¢.268 0.391 - 0.721 0.027 - 4.022
€12 50.49 1,14 4.75 0.22 B.02 16.15 - 18.99 0.23 - 93,60 1.862 0.031 0.207 0.007 0.247 0.888 - 0.750 0.016 - 4,008
235 P
Alc 53.19 0,15 3.36 0.42 3.30 17.49 - 21.09 0.19 - 98.79 1.928 0.004 0.144 0.012 0,100 0.945 - 0.850 0.013 - 3.997
A2¢ 52.99 0.20 3.21 0.40 3.45 17.60 - 22,00 0.16 -~ 99.80 1.924 0.005 0.137 0.011 0.105 0,952 - 0.85 0.011 - 4.002
A3c 52.89 0.19 3.29 0.47 3.29 17.66 - 2.2 - - 98.96 1.920 0.005 0.141 0.013 0.100 0.955 -~ 0.864 - - 3.998
AMc 53,00 0.16 3.21 0.48 3.32 17.65 - 22.18 - - 99.53 1.923 0.004 0.137 0.014 0.101 0.955 - 0.862 - 3.997
Blc 53.14 0.13 3.26 0.48 3.52 17.62 - 21.86 - - 99,79 1,927 0.003 0.139 0,014 ©.107 0.952 - 0.849 - - 3,993
Bze 53,02 0,13 3.28 0.48 3.42 17.81 - 21.66 0,20 - 99.75 1.923 0,004 0.140 0.014 0.104 0,963 - 0.842 0.014 - 4.003
52.95 0.22 3.24 0.50 3.4B 17.73 - 21.71 0.16 - 99.81 1.922 0.006 0.139 0.014 (.105 0.959 - 0.844 0.011 - 4,001
52,91 0.27 3.21 0.66 3.49 17,61 - 21.86 - - 99.30 1.921 0.007 0.137 0.01% 0,106 0.953 - 0.850 - - 3.994
flc 52.77 0.20 3,47 0.59 3.47 17.41 -~ 21.86 0,22 - 98.64 1.917 0.005 0.149 0.017? 0.105 0.943 - 0.851 0.016 - 4.003
E2c 52,B6 0.21 3.40 0.57 31.52 17.4§8 - 21.78 0.17 - 98.65 1.920 0,006 0.146 0.016 0.107 0.946 - 0.847 ¢.012 - 4.000
E3c 52,61 0,26 3.48 0.54 2J.44 17.59 - 21.86 0.21 - 99.98 1.912 0,007 0.149 9,016 0,105 0.953 - D.85] 0,015 - 4.006
{r 50.81 0.72 5.22 - 5.83 15,77 - 21.65 - - 100.00 1.864 0.019 0.225 - 0.178 0.862 - 0.851 - - 4.002
3 ¢
F1 52.62 0.39 2.81 0.41 5.3917.29 - 21.08 - - 99.13 1.923 0.011 0.121 0.012 0.165 0.942 - 0.825 - - 3.999
F2 49,9} 1.02 5.95 0.54 5.08 14,98 - 22.3% 0.16 - $9.01 0.835 0,028 0,258 0.016 0.156 0.B21 -~ 0.881 0.011 - 4.006
F3 48.24 1.51 5.47 0.13 10.50 13.22 - 20.39 0.54 - 100.11 1.815 0.043 0.242 0,004 0.331 0,74} - 0.822 0.039 - 4,038
F4 47.72 2.03 6.03 - 10,27 12,50 0,17 20.78 0.50 - $9.80 1.798 0.057 0.268 - 0.324 0,702 0.005 0.839 0.036 - 4.029
F5 51.35 0.65 3.27 0.21 7.79 15,78 - 20,9 - - §99.75 1.900 0.018 0.142 0.006 0.241 0.870 - 0.831 - - 4.008
F6 49.83 1.03 5.35 0.39 6.24 14.8) - 2z2.12 0.22 - 99,85 1.B41 0.029 0.233 0.011 0.193 0.817 - 0.876 0.016 - 4.016
F? 45,97, 2.26 7.22 0.12 12.04 12.57 0.16 19.34 0.3) - 98.36 1.743 0.064 0.323 0,004 0.382 0.711 0.005 0.786 0.024 - 4,041
F&  49.71 1.23 5.56 0.33 6.59 14,65 - 21.77 0.16 - 98.66 1.837 0.034 0.242 0.010 0.204 0.807 - 0.862 0.012 - 4.008
47.35 2.15 7.16 0,20 8,11 13,25 - 21.48 0.29 - 98.69 1.768 0.060 0.315 0.006 0.253 0.737 - 0.859 0.021 - 4.021
47,22 2,23 4.35 0.11 14,54 11,58 0.2]1 18.22 0.53 - 99.81 1,815 0,064 0,197 0.003 G.500 0,564 0.007 0.750 0.039 - 4,040
Bl 49.10 1.10 7.36 0.44 4.83 14.66 - 22.51 - - 99.46 1.803 0.030 0.31% 0.013 0.148 0.803 - 0.886 - - 4.001
82 49.13 1.10 7.34 0.51 4.67 14.62 - 22.3% 0.22 - 99.67 1.804 0.031 0,318 0,015 0.144 0.800 - 0.881 0.016 - 4.007
B3 50.26 1.04 4.92 0.17 7.00 15.28 - 21.15 0,17 - 98.14 1,856 0,029 0.214 0.005 0.216 0.841 - 0.837 0.012 - 4.011
B4 48.72 1,06 7.66 0.37 4.63 14.61 - 22.71 0.4 - 100,13 1,791 0.029 0.332 0.011 0,142 0.800 - 0.895 0.017 - 4.017
BS 51,17 0.76 4.24 - 6.88 15.86 - 21.08 - - 95.64 1.884 0.024 0,184 - 0.212 0.871 - 0.832 - - 4.003
B6 50,09 0.85 5.76 0.26 4.89 15.54 - 22.60 - - 99.45 1.839 0.023 0.245 0.008 0.150 0.85] - 0.88% - - 4,009
B7 50.96 0.95 4.89 0.18 7.01 15.57 - 21.08 - - 99.02 1.857 0.026 0.213 0.005 0,216 0.856 - 0.834 - - 4.008
50.96 0.41 5.42 0.67 4.7515.81 - 21.97 - - 99.14 1.864 0,011 0.234 0.020 ¢.145 0.862 - 0.861 - - 3.998
50.06 0.93 6,10 0.39 4.91 15.25 -~ 22.35 - - 98.98 1.836 0.026 0.264 0.011 ©.151 0.834 - 0.878 - - 4.
€1 50.58 0.7% 5.18 0,26 5,05 }5.55 =~ 22.63 - - 98.95 1.857 0.021 0.224 0.008 0.155 0.85)1 - 0.890 - - 4,006
£2 49.76 1.15 5.54 0,15 6.B7 14,99 - 21.3z2 ©.21 - 98,76 1.839 0.032 0.24) 0.004 0.212 0.826 - 0.844 0.015 - 4.014
€ 50,44 0.71 5.70 0.35 4.80 15.55 - 22.45 - . 97.95 1.849 0,020 0.246 0.010 0.147 0.850 -~ 0.882 - - 4.003
€4 51.20 0.53 4.93 0.30 4.70 15.68 - 22.64 - - 100.67 1.875 0.015 0.213 0.009 $.144 0.856 - 0,883 - - 4,
Dl 51.24 0.67 3.6%3 0.14 6.67 15.78 - 21.50 0.9 - 99.62 1.891 0.019 0.161 0.004 0.206 0,863 - 0.850 0.021 - 4.019
D2 50,12 1.14 5.14 0.13 6.34 15.41 -~ 21.55 0.18 - 99,32 1.848 0.031 0.222 0.004 ©,196 0.847 - 0.851 0.013 - 4.013
D3 50.44 0.B6 3.66 0.14 9.84 15.65 0,20 18,91 0.30 - 101.4) 1,879 0.024 0,161 0.004 0.307 0.869 0.006 0,754 0.021 -~ 4.025
4 50,16 1.12 5,17 0.20 7.47 15.94 - 13,4 - - 99.98 1.849 0,031 0.225 0.006 0.230 0.876 - 6.788 - - 4.004
D5 53.3% 0.38 1.65 0.14 7.81 17.97 - 18.74 . - - 98.81 1,954 0,011 0,071 0,004 0.240 0.982 - 0.736 - - 3.938



APPENDIX 3: Section A cont. A3.Q
510z Tilp Ala0y Cry0y Fe0 Mg0 MnO  Cal Nax0 K0 Total Si T4 Al Cr  Fe Mg M Ca HNa K Total
50 6
AT 45,33 3.94 7,12 0.45 9.7310.94 . 22.49 - - 10110 1.718 0.112 0.318 0.013 0.308 0.618 - 0,913 - - 4.003
A2 46.85 3,15 5.99 0.34 10,90 11.24 - 21,52 - - 100.30 1.774 0.089 0.267 0.010 0.345 0.634 -  0.873 - - 3.996
A3 45.B9 3.5 6.63 0.48 9.66 11.44 -  21.87 0.49 -  101.80 1,737 0.101 0.296 0.014 0,305 0.645 -  0.887 0.035 - 4,024
A4 45,67 3.57 6.90 0.3511.33 10.93 -  21.25 - - 98.20 1.735 0.101 0.308 0,010 0.360 0.619 -  0.865 - - 4.002
7 Pamddé
El  51.75 0.48 3.91 1.80 3.9117.11 - 21.03 - - 96.90 1.886 0.013 0.168 0.051 0.119 0.929 -  0.821 - - 3.950
E2 51.50 0.50 4.19 1.65 3.8317.15 - 21.07 - - 95.90 1.879 0.013 0.180 0.047 0.116 0.931 - 0.822 - - 3.992
E3 52.99 0.62 1.08 - 5.79 17.88 -  19.54 - - 100.70 1.928 0.016 0.132 -  (0.176 0.959 -  0.765 - - 3.989
E4 52.13 0.45 3.85 1.5 3,76 17.23 - 21.00 - - 100,30 1.895 0.012 0.165 0.045 0.114 0.934 . 0,818 - - 3.986
ES 48.90 2.12 6.41 - 8.99 1547 - 18.11 - -~ 101.60 1.807 0.058 0.279 - 0,277 0.852 - 0.717 - - 3,993
E? 50.6B 0.97 5.03 1.29 4.93 15,18 - 20.95 - - 100.50 1.855 0.026 0.216 ¢.037 0.150 0.883 - 0,821 - - 3.992
51.51 0.78 4.40 1.23 4.72 16,40 - 20,96 - - 100.80 1.881 0.021 0.189 0.035 0.144 0.892 -  0.820 - - 3,985
49.86 1.68 5.59 0.32 7.89 15.40 - 19.2¢ - - 99.90 1.838 0.045 0.243 0.00% 0.243 0.846 -  0.762 - - 3.989
» 6
1 46.23 3.53 7.0f 0.28 B.54 12.20 -  21.83 0.53 - 98,10 1.738 0.094 0.310 0.008 0.268 0.684 -  0.879 0.038 - 4.024
2 46.12 3.37 6.58 0.29 9.20 12.22 - 21.66 0.54 - 97.80 1.740 0.095 0.292 0.00B 0.290 0.687 -  0.875 0.039 - 4,031
3 4745 1.90 4.01 - 13,97 9.77 0.46 21.63 0.8] - 96.10 1.831 0.055 0,182 0.015 0.450 0.561 0,015 0.894 0.060 - 4,052
4 47,25 2.94 556 - 9.82 12.37 -  21.48 0.61 - 99.30 1,783 0.083 0.247 -  0.309 0,695 -  0.868 0.044 - 4,032
0 6 '
I 53.35 0.70 2.31 - 6,12 16.45 -  21.06 -~ - 87.20 1.951 0.019 0.099 -  0.187 0.B% -  0.825 - - 3,979
2 51.51 0.83 4,29 - 5.24 16.23 - 21.90 - - 97.10 1.885 0.022 0.185 -  0.160 0.B85 - 0,858 - - 3.959
n? 6 :
1 49.01 2.00 5.71 0.31 9.06 14.82 - 18.99 - - 101.90 1.818 0.055 0.249 0.008 0.281 0,825 .  0.755 - - 3.995
2 49.91 1,47 5.14 0.37 B.311597 - 18.83 - - 100.60 1.842 0.040 0.223 0.010 0.256 0.878 - 0,745 - - 3.999
W 6 '
1 47.66 2.50 6.05 0.29 10.54 13.56 - 19.41 - - 103.70 1,787 ©.070 0.267 0.008 0.330 0.758 -  0.780 - - 4.004
2 41,05 1.73 14,64 0.29 15,30 4,33 - 21,35 - 0.31 97.90
212 6
1 52,05 0.63 3.84 0.31 6.8 18.21 - 1B8.12 - - 94.10 1,898 0.017 0.164 0.008 0.209 0.990 -  0.708 - - 3,997
2 - 52.43 0.50 3.00 0.32 7.1919.00 - 17.56 - - 108,90 1.912 0.013 0.129 0.009 0.219 1.033 - 0.635 - - 4,004
3 51.00 0.82 4.02 0.64 7.,9816.22 - 19.34 - - 100,20 1.881 0.022 0.174 0.018 0.246 0.801 - 0.764 - - 4.
20 6
I 51.02 0.62 4.57 1.48 4.80 16.B3 -  20.65 - - 99.60 1.865 0.016 0.197 0.042 0.146 0,914 - 0,810 - - 3.998
2 52,73 0.35 2.42 0.95 5.1518.49 - 19,91 - - 99,30 1.922 0.009 0.103 0.027 0.156 ).004 -  0.777 - - 4,002
21 %
Al 52.52 0.78 2.49 - 5.09 16.93 - 22,19 - - 101.80 1.922 0,021 0,107 -  0.155 3.923 -  0.870 - - 4.002
AZ 50,81 1.12 2.57 - 9.26 14.34 (.28 21.60 - - 97.20 1.500 0.031 0.113 -  0.289 0,799 0.008 0,865 - - 4,010
A3 52,45 (.82 2.57 - 5.24 16.78 - 22,15 - - 94. 1.921 0.022 0.110 - 0,160 0.916 -  0.869 - - 4,001
M 51,60 0.95 2.44 - 8.95 14,41 - 21.65 - - 102.16 1.921 0.026 0.106 - 0.2786 0.799 . 0.863 - - 3.998
A5 52,97 0.27 0,79 -  11.28 13.20 0.46 20,36 0.66 - 95.10 1.989 0.007 0,035 -~  §.354 0.73% 0.014 0.819 0,048 - 4,009
Bl 51.0¢ 1.18 3.61 - 6.38 15.84 -  22.00 - - 100,50 1,881 0,032 9.156 -  0.196 0.B70 -  0.869 - - 4,008
01 51,75 0.80 3.50 0.64 4.37 16.66 - 22,30 - - 101,70 1.893 0.021 0.150 0.018 0.133 0.908 .- 0.874 - - 4,001
24 G
Al 49.29 1.68 5.48 0.29 B.18 14.16 - 20,93 - - 101.20 1.831 0.047 0.239 0.008 0.254 0.784 -  0.833 - - 3.999
Az 40.18 1.48 4.74 0.32 9.20 13.90 - 20.47 0.70 -  100.30 1.839 0.041 0.209 0.009 0.287 0.774 -  0.820 0.050 - 4.034
Al 49.76 1.40 4.78 0.37 B8.39 14.28 -  21.03 - - 98.60 1.850 0.039 0.20% 0.010 0.260 0.79} -  0.837 - - 4,
us e
51.68 0.98 3,57 0.34 5.85 16.61 -  20.43 0.51 - $8.60 1.895 0.027 0.154 0.009 0.179 0.908 -  0.802 0,036 - 4.013
52.07 0,97 3.38 0.31 5.6516.58 - 21.04 - - 96.60 1.905 0,026 0.145 0.008 0,172 0.904 -  0.825 - - 3.990
52.13 :.02 3.31 - 5.84 16,57 -  21.14 - - 99.60 1.908 ¢.027 0.142 -  0.178 0.904 - 0,829 - - 3.992
51.13 0.93 4.55 0.37 6.27 15.75 - 21, - - 99 1,877 0.025 0.197 0.010 0.192 0,862 -  0.826 - - 3,992
45 6
1 48,45 1.95 5.14 - 9.69 13.78 -  20.43 0.57 - 98.60 1.816 0.054 0,227 -  0.303 0.77¢ -  0.820 0.041 - 4.035
2 4B.67 2.04 5.20 0.37 9.07 13.68 -  20.97 - - 96.20 1.819 0.057 0.228 0.010 0.283 0.762 - 0,840 - - 4.003
3 47.08 2.67 4.89 - 12,05 12.09 0.32 20.09 0.82 -  100. 1,793 0.076 0.219 -  0.384 0.685 0.010 0.820 0.060 - 4,052
419 &
T 53.57 0.35 2,10 0.38 6.20 19.83 -~ 17,57 - - 98.60 1.943 0.009 0.089 0.010 0.188 1,072 -  0.683 - - 3.997
423 G
52.65 0.50 2.72 0.35 6.37 18.01 -  19.43 - - 98.70 1.923 0,013 0,117 0.010 0.194 0.980 - 0.760 - - 4.001
23 p .
Clc 52.71 0.40 2.68 0.80 4.72 17.92 - 20.74 - - 99.80 1.920 0.010 0.115 0.023 0.143 0.973 -  0.B0% - - 3.998
C2c 51.17 0.78 4,50 0,56 5.67 16.68 -  20.65 - - 99.60 1,873 0.021 0.194 0.016 0,173 0.910 - 0.B10 - - 4.
Clr 50.23 1.13 2.97 -  14.27 14.94 0.34 16.13 - - 100.20 1.893 0.032 0.131 -  0.449 0.83% 0.010 0.651 - - 4,009
t2r 51.40 0.97 2,38 -  11.84 156.03 0.28 17.38 - - 98.80 1,909 0.027 0.104 -  0.359 0.893 0,008 0.695 - - 4.010



A3. 10
APPENDIX 3: Sectfon B PRIMARY PLAGIOCLASE MICROPROBE ANALYSES

510, A0, Fed Mg0 Ca0 Na 0 K;0 Total Si Al Fe Mg Ca Na K Total

211
P-A-1r 56.06 27.16 0.84 0.56 9.77 5.91 0.24 100.54 2.519 1.439 0.032 0.037 0.470 0.516 0.014 5.026
1-1  49.80 32.19 0.33 - 15,14 2.89 0,10 100.65 2.265 1.726 0.013 - 0.738 0.255 0.006 5.002
1-2 50.79 32.97 0.31 - 15,63 3.01 0.11 102,73 2.260 1.729 0.012 - 0.741 D0.260 0.006 5.008
ir 50.91 31.84 046 - 14,60 3.51 0,08 101.40 2.293 1.681 0.017 - 0.705 0.307 0.005 5,017
2-1 49,76 32.05 0.28 - 15,11 3.06 0.12 100.38 2,266 1,72} 0.011 - 0.737 0.271 0.007 5.012
2-2 49,68 32,14 0,41 - 15.23  3.00 0.17 100.63 2,260 1.723 0.016 - 0.742 0.265 0.010 5.016
2-3 49,09 31,99 0.3 - 16.11 3.01 0.13 99.63 2,255 1.730 0.013 - 0.744 0.268 0.008 5.018
2-4 50,76 32,89 0.306 - 15.36  3.04 0.13 102.49 2.263 1.729 0.011 - 0.734 0,263 0.008 5.007
2-5 48.25 133.71 0.4 - 16,76 2.27 0.14 101.45 2.185 1.800 0.013 - 0.813 0,199 0.008 5.018
2-6 48.65 32.5% 0.38 - 16,25 2.48 0.11 99.91 2.230 1.758 0.014 - 0.774 0.220 0.606 5.003
2-7c 47.46 33.7% 030 - 16,60 2.02 0.15 100.29 2.173 1.822 0.011 - 0.815 0,180 0.009 5.010
2-Bc 46,78 34.46 0.31 0.43 17.23 1.34 - 100,94 2.132 1.851 0.012 0.029 0.841 0.154 - 5.019
2-9 48,07 33.00 0.3% - 16.21 2.3z 0.12 100.08 2,204 1.784 0.013 - 0.796 0.207 0,007 5.011
3-1 50,63 31.8 0.29 - 14.71 3.19 0.12 100.78 2.292 1.6%9 0.011 - 0.713 0.280 0,007 5.002
3-2 50,03 31.48 0.35 - 14.66 3.02 0.10 99.64 2.291 1.6%% 0.013 - 0.719 0.268 0.006 4.997
3-3  53.82 29.75 '0.56 - 12.38 4,71 0.16 101.36 2,410 1.570 0.021 - 0.554 0,409 0.00%¢ 5.013
3-4 53.17 29.45 0.5 - 12.43  4.63 0.12 100.36 2,406 1,571 0.021 - 0.603 0.407 0.007 5.015
&-A-1 58.28 27.65 0.97 - 9.44 6.42 0.27 103.03 2.551 1.426 0.036 - 0.443 0.544 0.015 5.016
2 54.07 29.53 0.87 - 12.56 4.69 0.1% 101.91 2.414 1.554 0.032 - 0.601 0.406 0.011 5.018
3 53.51 29,16 0,76 - 12,20 4.84 0.14 100.61 2.4)8 1.583 0.029 - 0.591 0.424 0,008 5.022
4 55.14 29.01 0.83 - 11.66 5.01 0.19 101.84 2.454 1,522 0.031 - 0.556 0.432 0.011 5.006
5 53.44 .35 (.62 - 13.01 4.36 0.19 101.96 2.384 1.596 0,023 - 0.622 0.378 0.011 5.013
6 52,38 30.28 0.61 - 13.18 3,97 0.16 100.56 2.370 1.613 0.023 - 0.639 0.349 0.00% 5.003
7 53.50 29.49 0.78 - 12.54 4.45 0.29 101.14 2.408 1.565 0,029 - 0.605 0.389 0.017 5.012
8 54.30 29.66 0.69 - 12,18 4.87 0.17 101.87 2.420 1.558 0.026 - 0.582 0.421 0.010 5.017
P-B-1-Ir 50.83 31.25 (.39 - 14,32 3.42 0.15 100.36 2,310 1.67% 0015 - 0.697 0.302 0.009 5.008
2r 51.52 31.52 0.41 - 14,28 3.55 0,14 101.42 2,316 1.670 0.015 - 0.688 0,305 0.008 5.007
3r 51.54 30,97 0.41 - 13,94 3,74 0.4 100.73 2.332 1.651 0.015 - 0.676 0.328 0.008 5,010
4c 50.12 32,10 0.26 - 15.10  2.91 0.06 100.56 2.2715 1.718 ¢.010 - 0.734 0.256 0.003 4.996
5c 49,64 3R.01 0.27 - 15.08 3.0 0.16 100.27 2.265 1.721 0.010 - 0.738 0.224 0.009 :5.016
6c 50,37 32,36 0.31 - 15.22 3.13 0.12 101.50 2.268 1.718 0.012 - 0.734 0.274 0.007 5.013
m 49,58 32.00 0.24 - 15.02 3.02 0.13 100.02 Z2.266 1.723 0.009 - 0.735 {.268 0.008 5.010
8&n 49,49 31.83 0.31 - 15.01 3.06 0.10 101.56 2.269 1.717 0.012 - 0.736 0.272 0,006 5.011
2-1r 52.08 30.15 0.57 - 13.18  3.90 0.13 100.84 2.368 1.616 0.022 - 0.642 0,344 0.007 4989
2r 50.65 30.79 0.51 - i3.94 3.80 0.16 102.22 £.317 1.660 0.920 - 0.683 (.337 0.609 5.027
3c 46.10 3M.46 - - i7.66 1.58 0.03 100.60 2.124 1.872 - - 0.872 0,141 0,005 5.013
4c 46.21 .24 0.22 - 17.60 1.60 0.12 100.98 2.129 1.859 0.009 - 0.869 0.143 0.007 5.016
3-1r 47.96 3293 0.38 - 16.31 2.34 0.08 100.84 2.202 t.782 0.015 - 0.802 0.209 0.005 5.014
2r 48.83 32,18 0.36 - 15.46 2.81 0.17 101.41 2.238 1.739 0.014 - 0.75¢ 0.250 0,010 5,018
3 47,61 33,26 0.19 - 16.64 2.10 0.08 100.36 2,188 1.802 0.007 - 0.81% 0.187 9.005 5,008
4c 48.02 32.9% 0.23 - 16.34  2.38  0.08 100.69 2.203 1.792 0.009 - 0.803 0.212 0.005 5,0i4
M-B-1 51.29 30.76 0.4 - 13.77  3.5¢  0.12 100.29 2.337 1.652 0.013 - 0.672 0,318 0.007 4.999
2 §0.75 31.25 0.3 - 14,12 3.41 0.11 100.2% 2.313 1.678 0.014 - 0.689 0.302 0,006 5.002
3 50.73 31.04 0.47 - 14.16 345 0.15 101.07 2.315 1.669 0.018 - 0.692 0.305 0.009' 5,008
4 §1.29 30.89 0.34 - 13.83 " 354 0.11 100.65 2.334 1.657 0.013 - 0.674 0.312 0.006 4,997
5 50.92 30.85 0.%0 - 13.99 361 0.13 100.76 2.323 1.659 0.019 - 0.684 0.320 0.008 5.012
G-B-1 §2.81 29.24 0.74 - 12.71 4.31 0.19 101.29 2.402 1.568 0.028 0.519 0.381 0.011 5,010
2 51.43 30.32 0.49 - 13.53 4,04 0.19 100.28 2.346 1.630 0.019 - 0.661 0.357 0.011 5.023
3 56,26 26.68 1.00 - 9.36 6.46 0.23 101.51 2.543 1.422 0.038 - 0.45) 0.566 0.013 5.035
1-0-1 48.24 32,68 0.37 - 16.20 2.40 0.11 100.72 2.214 1.768 0.014 - 0.797 0.214 0.006 5.013
2 47.79 33.)18 0.23 - 16,62 2.11 0.16 101.37 2.193 1.795 0.009 - 0.812 0.188 0.009 5.008
3 49.81 31,93 0.19 - 15.08 2.83 0.15 101.12 2.274 1.718 0.007 - 0.738 0.251 0.009 4.997
4 47,25 33,34 0,37 - 16.66 2.24 0.13 102,25 2.174 0.808 0.012 - 0.821 0.200 0.008 5.026
M-E-1 51,20 30.62 0.46 - 13,75 3.83 0.15 101.56 2.335 1.645 0,017 - 0.672 0,339 0.009 5.016
2 5§1.02 30.83 0.36 - 14,02 3.67 0.09 101.67 2.326 1.656 0.014 - 0.685 0.325 0.005 5.011
3 51,63 30.18 0.54 - 13,53 394 0.19 101.48 2.353 1.622 0.021 - 0.661 0.349 0.011 5.016
4 §1.59 30.65 0.36 - 13,5} 131.79 0.09 101.43 2.347 1.643 0.014 - 0.658 0.33¢ 0.005 5.002
3A
G-B-1 48,46 32.42 038 - 15.19 2.74 (.25 99.42 2.233 1,760 0.015 - 0.750 0.244 0.015 5.016
2 48.82 31.91 0.40 - 14.8 2.88 0.26 99.13 2.254 1.736 0.015 - 0.735 0.258 0.015 5.014
P-D-1¢ 48.61 33:34 0.33 - 16.26 2.40 (.20 101.45 2.199 1.794 0.013 - 0.788 0.211 0.011 5.01%
2c 48,81 32,92 0,30 - 15,79 2.68 0.19 100.70 2.222 1.767 0.012 - 0.770 0.236 0.011 5.018
3c 47,86 33,28 0,32 - 16,07 2,37 0.16 100.06 2.195 1.799 0.012 - 0.79¢ 0.211 0.009 5.016
4r 48,77 32.81 0.30 - 15.56 2,84 0.17 100.45 2.225 1.766 0.012 - 0.761 0.251 0.010 5.023
5r 49.68 31.89 0.37 - 1461 3,25 0.32 100.11 2.270 1.718 0.014 - 0.715 0.288 0.019 5.024
ér 49,31 32.59 0.39 - 16,18  2.97 0.24 100.68 2,243 1.747 0,015 - 0.740 0.262 0.014 5.021
7r 49,47 32,19 0.4 - 1492 2,91 0.27 100.11 2.260 1.733 0.013 - 0.730 0.258 0.0}6 5.010
8¢ 48.33 33.05 0.24 - 15.79 2.55 0.24 100.21 2.211 1.782 0.009 - 0.774 0.-26 0.014 5.018
M-E-1 §0.00 32.53 0.29 - 15.12 2.80 0.25 101.00 2.262 1.735 0.011 - 0.733 0.246 0.014 5.001
2 50.64 32,40 0.47 - 14,88 13.28 0.27 101.95 2,272 1,714 0.018 - 0.716 0.286 0.015 5.021
3 50.09 32.92 0.47 - 15.49 2.88 0.27 102.13 2.247 .1.741 0.018 - 0.744 0.251 0.015 5.016
540
B-B-1 48.77 32.61 0.28 - 1465 3,37 0,30 97.94 2,235 1,761 0.011 - 0.719 0.300 0.018 5.043
3 49.12 33.34 050 - 13.03 2,35 1.65 101.16 2,247 1.797 0.019 - 0.639 0.20% 0.096 5.007



APPENDIX 3: Section B cont

5105 Al0; Fed Mgd  Cal Nag0 K0 Total Si Al fe Mg Ca Na K
157
PB-1 48,00 32.78 0.25 - 15.60 2.58 0.14 99.69 2.213 1.782 0 010 - 0.771 0.231 0.008
2 47.89 33.09 0.22 - 15.96 2.80 0.13 99.69 2,202 1.793 0.009 - 0.786 0.214 0.008
554
G-A-1 53.37 29,00 0.57 - 11.89 491 0.26 100.66 2.424 1.552 ©.022 - 0.579 0.433 0.015
b4 56.40 27,05 0.74 - 9.18 6.29 0.34 102.80 2,543 1.438 0.028 - 0.444 0.551 0.020
3 57.38 26,37 0.67 - 8.60 6.52 0.46 102.56 2,582 1.399 0.025 - 0.415 0.570 0.026
4 56.04 27.22 0.82 - 9.34 '6.20 0,38 102.7)  2.530 1.449 0.031 - 0.452 0.544 0.022
G-B-1 57.88 27.72 0.74 - 9.72 6.44 0,34 102.84 2,540 1.434 0.027 - 0.457 0.549 0.019
2 56.46 27.49 0.66 - 9.72 5.97 0.30 100.60 2,531 1.453 0.025 - 0.467 0.515 0.017
3 56,16 29.23 0.7% - 11.46 5.43 0.26 103.29  2.464 1.511 0.028 - 0.539 0.462 0.014
5 53.26 29.15 0.75 - 12.01 4.60 0.22 102.00 2.419 1.561 0.028 - 0.584 0.406 0.013
38188
G-A-T 52.24 30.61 0.60 - 13.47 4,07 0.28 101.27 2.352 1.625 0.023 - 0.650 0.35 0.015
2 51.10 30.86 ©0.4% - 13.52 . 3.77 0.25 100.51 2.329 1.559 0.019 - 0.660 0.334 0.015
G-C-1 50.23 31.% 0.23 - 14.73. 2,66 0.12 9544  2.297 1.702 0.009 - 0.722 0.23% 0.507
G-E-1 56.13 26.21 0.8 - 9.84 S5.84 0.42 101.78  2.554 1.406 0.033 - 0.480 ©.516 0.024
204
BE-1 53.10 29.07 0.83 - 12,26 4,61 0.14 98.71 2,414 1.557 0.031 - 0.597 0.406 0.008
2 52.87 29.02 0.8 - 13,32 4,78 0.15 99.88 2,407 1.558 0.033 - 0.601 0.423 0.009
3 54.68 27.95 0.79 - 11.18 5.3 0.14 98,18  2.474 1.493 0.010 - 0.543 0.472 0.008
4 53.34 28.83 0.93 - 12.08 4.71 0.11 99.03  2.424 1.545 0.035 - 0.588 0.415 0.006
5 50.20 30.96 0.48 0.56 13.98 3.71 0.13 99.70 2.294 1.668 0.018 0.038 0.685 0.329 0.008
P-B-1 48.42 3288 0.27 - 15.50 2.82 0.11 100.16 2.218 1.776 0.010 - 0.761 0.251 0.006
2 45.95 34,78 0.20 - 17.88 1.42 0.07 99.54 2,115 1.B86 0.008 - 0.867 §.127 0.004
3 46.10 34.56 0,22 - 17.2t 1.79 0,10 100.08 - 2.123 1.876 0.008 - 0.849 0.160 0.006
4 46.17 34.63 0.27 - 17.3¢  1.55 0.08 100.06 2.124 1.878 0.010 - 0.853 0.138 0.005
53
EA-1 52.24 29.81 0.61 - 12.56 4,53 0,22 98.38 2.378 1.600 0.023 - 0.614 0.400 0.013 5.
53.06 29.47 0.72 - 11.79 4.80 0.16 98,97 2.409 1.577 0.027 - 0.574 0.423 0.009 5.
3 55.07 27.52 1.18 - 10.06 5.86 0.31 98.17 2.497 1.471 0.045 - 0.489 0.515 0.018 5.
4 §3.50 29.10 0.59 - 11.73 4,85 0.23 100.74  2.427 1.556 D0.022 - 0.570 0.427 0.013 5.
144
-C-1 52.87 29.5%9 0.59 - 12.09 463 0.21 98.94 2,401 1.584 0,022 - 0.588 0.408 0.012 5,
2 54.60 28.29 0.50 - 10.87 5.42 0.23 99.79 2.474 1.508 0.01% - 0.527 0.476 0.013 5,
221
H-B-1 51.93 29.80 0.65 - 13.43 4,01 0,17 102.05 2.367 1.602 0.025 - 0.656 0.355 0.010
2 §1.84 30.18 0.5 - 13.14 -4.11 0,17 102,51 2.361 1.620 0.02} -~ 0.641 0.363 0.010
4 §2.23 30,01 0.49 - 12.83 4,26 .17 100.45  2.375 1.608 0.019 -~ 0.625 0.375 0.010
5 51.98 30.20 0.59 - 13,31 3,79 0,12 99.67 2,364 1.619 0.022 - 0.64% 0.335 0.007
6 51.64 30.29 0.59 - 13.3% 3.98 0.15 100.27 2,353 1.627 0.023 - 0.651 0,351 0.009
p-B-2 48.12 32.57 0.20 0.48 15.16 2.88 0.19 99,60 2.214 1.767 0.008 0.033 0.747 0.257 0.011
48.22 34.05 0.24 0.52 15.87 2.11 0.42 101,42 2,180 1.815 0.009 0.035 0.769 0.185 0.024
228
-B-1 46.25 34.49 0.19 - 17.27 1.68 0.10 100.61 2,128 1.871 0.007 - 0.852 0.150 0.006
3 46.53 M.16 0.23 - 17.24 1.70 0.13 100,90 2.141 1.853 0.005 - 0.850 0,152 0.008
4 46.69 33.98 0.29 - 16.84 2.02 0.17 102,47 2.149 1.844 0.011 - 0.830 (.180 0.010
64
PFb-1 46.94 34.00 0.17 - 17.01 1,70 0.17 100.87 2,157 1.842 0.007 - 0.837 0.152 0.010
2 46.55 34.12 0.18 - 17.09 1.83 0.22 101.32 2.142 1.851 0.007 - 0.843 0.164 0,013
P-C-1c 46,35 34,32 0.16 - 17.41 1,68 0.08 101.44 2,133 1.862 0.006 - 0.858 0.150 0.005
2c 4817 33.07 0.17 - 16.07 2,38 Q.13 101.47 2,208 1.786 0.006 - 0.789 0.212 0.008
3¢ 48,17 33.00 0.20 - 16.01 2,48 ¢.13 100,33 2.208 1.783 0.008 - 0.786 0.221 0.008
4c 47,68 33.45 0.16 - 16.35 2.26 0.10 101.66  2.187 1.809 0.006 - 0.804 0.201 0.006
5r 53,48 2906 0.26 - 11.29 5.41 0,49 102.30 2.428 1.55% 0.010 - 0.549 0.476 0.029
6r  48.89 32,42 0.28 - 15.44 2,78 0.20 101.65 2,238 1.75%0 0,011 - 0.758 0.247 0,012
7r 51,37 31.37 0.3 - 11.3t 3,52 2,08 100.57 2.344 1.687 0.014 - 0.553 90.311 0.121
8r 49,58 31.72 0.49 - 14.73 3,24 (.24 101.40 2,270 1.712 0.019 - 0.723 0,288 0.014
G-D-1 51,27 29.97 0.77 - 14,01 3.71 0,26 100,22 2.344 1.616 0.02% - 0.686 0.329 0,015
2 49.09 32,23 0.45 - 15.10 2.84 0.24 100.82 2,248 1.740 0.015 - 0.741 0.253 0.014
3 53.01 28.02 1.25 - 13.04 4,25 0.42 98.29 2,424 1,510 0.048 - 0.639 0.377 0.024
4 50.69 30.61 0,62 - 14,33  3.51 0.24 100.48 2,318 1.650 0.024 - 0.702 0.312 0.014
38178 :
&A1 51,41 30.79 o0.48 - 13.20 4.03 0.14 98,69 2.340 1.652 0.017 - 0.644 (.355 0.008
2 52.87 29.68 0.53 - 12,00 4.75 0.17 99.70  2.400 1.588 0.020 - 0.584 0.419 0.010
3 - 49,49 32,00 0.3¢ - 14,82 3.20 0.15 99.87 2.263 1.725 0.013 - 0.726 0.284 0.009
4 50.24 31.26 0,42 - 14,25 3.71 0.13 100,19 2.296 1.684 0.016 - 0.698 0.328 0.008
G-8-1 50.60 31.16 0.42 - 13,96 3.75 0.11 99.41 2.309 1.676 0.016 - 0.683 0.332 0,005
2 52.88 29.85 0.39 - 12,27 4,51 0.10 98,58 2.397 1.595 0.015 - 0.596 0.397 0.006
P-C-1r  48.91 32.42 0.50 - 14.95 3.04 0.17 100.60 2.240 1.751 0.01% - 0.73¢ 0.270 0.010
c 48,58 32,72 0.16 - 15.54 2.86 0.13 99,77 2.226 1.766 0.006 - 0.763 0.254 0,007
c 48,31 32.70 o0.27 - 15.68 2.92 0.12 100.46  2.216 1,769 0.010 - 0.771 0.260 0.007



APPEXDIX 3: Section B cont. A3.12
Si0, A1,0, Fed Ks0  Total 54 Al Fe Ca M K Total
38178 cont. )
-C-4c  48.92° 32.53 0.24 0.10  99.68 2.238 1.756 0.009 0.757 0.246 ©0.006 5.011
S 47.90 33.29 0.23 0.13 98,54 2.197 1.799 0.009 0.779 0.232 0.007 5.023
6r  49.91 31.44 0.42 0.16  100.52 2.282 1.695 0.016 0.723 0.302 0.009 5.027
159
“h-1 46,26 34.53 0.14 0.10  99.61 2.128 1.872 0.005 0.861 0.134 0.006 5.006
2 47.43 33.89 0.18 0.35  98.07 2.176 1.832 0.007 0.806 0.154 0.021 4.996
3 46.22 3.4l 0.12 0.16  99.56 2.128 1.867 0.005 0.865 0.138 0.009 5.012
4 46.09 M.58 0.17 0.09 99.20 2.122 1.877 0.007 0.867 0.132 0.005 5.009
G-B-1  52.23 30.13 0.33 0.14 101.29 2.373 1.614 0.012 0.634 0.365 0.008 5.006
2 52.39 20.71 0.7 0.16 101.51 2.384 1.594 0.027 0.622 0.376 0.010 5.012
163 dyke )
PB.1c  47.10 33.83 0.25 2,08 0.16 98.20 2.164 1.832 0.010 0.816 0.186 '0.009 5.017
2c  50.82 31.17 0.28 3.49 0,10 99.06 2.315 1.674 0.011 0.690 0.308 0.006 5.004
3r  56.69 27.01 0.50 6.3 0.25 100.94 2.552 1.433 0.019 0.43% 0.544 0.007 5.014
4  52.57 29.85 0.46 489  0.12  99.12 2.388 1.598 0.017 0.609 0.395 0.007 5.014
5 54.49 28.33 0.60 5.49 0.24 99.42 2.467 1.512 0.023 0.527 0.483 0.014 5.025
6r 51.43 30.60 0.38 3.8 0.19 99.64 2.342 1.643 0.014 0.662 0.340 0.011 5.012
6-C-1 55.69 27.37 0.66 6.15 0.23  99.49 2.516 1.458 0.025 0.480 0.539 0.013 5.032
2 52.57 29.85 0.48 4.42 0.16 99.25 2.387 1.589 0.018 0.609 0.390 0.009 5.013
3 54.77 27.91 0.41 5.64 0.18 101.07 2.488 1.495 0.016 0.512 0.497 0.010 5.018
4  51.82 30.24 0.42 4.33  0.17 99.65 2.359 1.623 0.016 0.635 0.383 0.010 5.026
141 dyke
“F-1 49,27 29.86 0.60 1.40  0.27 9750 2.313 1.652 0.024 0.705 0.309 0.016 5.023
2 50.11 31.85 0.3 3.09  0.20 100.41 2.277 1.712 0.014 0.722 0.273 0.012 5,009
3 51.79 30.73 0.56 4.23 0.23 100.88 2.339 1.637 0.021 0.653 0.371 0.013 5,034
4 51.30 30.79 0.52 3.86 0.23 100.49 2.330 1.648 0.020 0.671 0.340 0.014 5.022
6-B-1  54.28 28.70 0.66 537 0.29 100.55 2.449 1.526 0.025 0.544 0.470 0.017 5.031
2 49.79 32.42 0.3 2.81 0.1 100.71 2.260 1.734 0.014 0.739 0.248 0.006 5,001
3 50.40 31.42 0.38 129 0.19 100.32 2.295 1.686 0.015 0.715 0.290 0.011 5.012
4  50.83 32.0%3 0.48 3.3  0.17 101.66 2.284 1.697 0.018 0.718 0.293 0.010 5.019
235
P-E-B-1 46.81 33.66 0.18 1.93  0.26 101.44 2.156 1.827 0.007 0.846 0.172 0.015 5.024
46.68 34.03 0.17 1.75 0.13  101.96 2.147 1.845 0.007 0.850 0.156 0.008 5.012
D-1 46.64 34.07 0.22 1.86  0.07 100.68 2.145 1.848 0.008 0.844 0.166 0.004 5.016
2 46.79 34.12 0.16 1.78  0.07 100.06 2.150 1.848 0.006 ©0.841 0.159 0.004 5.008




A3.43

APPENDIX 3: Sectfon DLIVINE MICROPROBE ANALYSES.

$10; Al,0y Fe0 Hg0 Ma0 Cab  Total St Al Fe Mg Mn  Ca  Total Mg/Kg+Fe
40428 phenocrysts
T  40.19 - = 10.52 45.00 - 0.28 104.98 0,989 -  0.217 1.796 -  0.007 3.011 89.2
2 40.04 - 10.37 49.25 - 0.35 104,30 0.985 -  0.2131.806 - §.009 3.015 89.5
3 3972 - 10,56 49.38 - 0.32 101.95 0,979 - 0.2181.815 - 0.008 3.021 89.3
4 39.61 - 10.39 49.65 - 0.25 95,55 0.977 - 0.2141.825 - 0.007 3,023 89.5
5 39.28 -  10.52 49.89 - 0.31 94.95 0.970 - 0.217 1.835 - 0.008 3.030 89.4
6§ 39.37 -  11.53 48,74 - 0,36 100.01 0.976 - 0.239 1,800 - 0.01C 3.024 88,3
38350 phenccrysts
1 39.52 -  14.20 45,96 - 0.33 107.80 0.989 - 0.297 1.715 -  0.009 3.011 BS.2
2 39.3 - 15034530 - 0.36 109.04 0.989 -  0.316 1.697 - 0,010 3.011 B4.3
3 39.44 - 14,14 46.07 - 0.29 107.80 0.988 -  0.296 1.720 - 0.008 3.012 85.3
4 35,30 - 14,39 46.07 - 0.25 106,60 0.985 - 0,302 1.721 - 0.007 3.015 85.1
38189 phenocrysts and quench crystals (B1,B2)
01 40.00 - 12,03 47.64 - 0.34 99.20 0.951 - 0.249 1.759 -  0.008 3.000 87.6
Dz 40.07 -  12.03 47.62 - 0.28 98.10 0.992 - 0.249 1.758 - (.007 3.007 87.6
D3 39.54 - 12,13 47.62 - 0.29 98.50 0.9%0 - 0.251 1.759 - 0,007 3.008 B7.5
D4 40,11 - 1177 47.82 - 0.29 100.80 0.992 - 6.243 1.763 -  0.007 3.008 @g7.9
05 40,26 - 11.68 47.80 - 0.25 102. 0.995 -  0.241 1.761 -  0.006 3.005 B7.9
Bl 37.56 0.42 23.74 37.24 0.61 (.34 100.70 0.986 0.012 (.521 1.462 0.013 0.009 3.007 73.7
B2 37,50 0.40 23.90 37.03 0.48 0.35 102.40 0.989 0.012 0,527 1.456 0.011 0.000 3,005 73.4
El  40.26 -  11.45 47,89 - 0.31 100. 0.994 - 0.236 1.766 -  0.008 3.006 88.2
E2  40.13 - 11.68 47.85 - 0.34 99, 0.992 - 0.241 1.7684 -  0.008 3.008 B8B.Q
E3  39.98 - 11.39 48.35 - 0.27 97.1 0.987 - 0.2351.781 - 0.006 3.011 883
252 phenocrysts
1 40.52 - 11.54 47.56 - - 1058 1001 - 0.247 1.752 - - . 87.6
2 40.52 - 12.1] 47,37 - - 103 1.002 - 0,250 1.M46 - - 2.998  87.5
3 40.43 - 12,13 47.84 - - 101.89 1. - 0.25k 1.749 - - 3. ar.s
422 phenocrysts
2 40,17 - 12.84 46,63 - 0,36 99.6 0,998 -  0.266 1.727 -  D.009 3,002 8.6
3 40.33 - 11,78-47,56 - 0.32 101.3 0.997 - 0.:44 1.753 - 0,008 3.003 8.8
dc 40.65 -  11.60 47,74 - - 99.35 1.003 - 0,239 1.755 - - 2.997 88.0
5 40.07 -  13.17 46.45 - 0.31 99.5 0.997 - 0.2741.722 - 0.008 3.002 686.3
6 3996 - 13,16 46.48 - 0.38 99.7 0.994 - 0.2731.725 - 0.010 3,004 6.3
47979
T 80.37 - 11.06 48.57 - - 100.00 0.994 -  0.2281.783 - - 3.006 B8B.7
47989
I 4084 - 11,98 47,17 - - 10099 1.008 -  0.247 1.736 - - - 2.991 87,5
47990
1 4116 -  11.87 46.96 - - 1bg.00 1.016 - 0.245 1.726 - - 2.985  87.6
2 40,47 - 11.74 47.54 - 0.22 1og.00 1.000 - 0.243 1.751 0.006 - 3.000 87.8
3 40.49 11.72 47.79 - - 100.60 1.000 - 0,282 1.759 - - 3.000  87.9
47142
1 39.92 - 12794711 - - 100.00 0.991 -  0.266 1.747 - - 1,007 ppp
7 39.98 - 12,29 47.72 - - 106.00 0.991 -  0.255 1.763 - - 3.009  g7.4
3 40,13 - 12.44 47.42 - - 100.00 0.935 -  0.258 1.752 - - 3.005 g7
4 40,20 - 12.38 47.44 - - i00- 00 0.996 - 0.257 1.752 - - 1,004 g7.3
5 40.22 - 12.M 47.46 - - 100, 90 0.996 -  0.256 1.752 - - 3.004  g7.3
1 39.70 - 13.70 46,58 - - 1o0.80 0.991 - 0.286 1.732 - - 3,009 g5 4
2 39.53 -  14.97 45.48 - - 100.80 0.992 - 0.314 1.}1 - - 3.008 pa4



A3 14

APPENDIX 3: Section D MICROPROBE ANALYSES OF SPINEL PHENOCRYSTS

40428 38188 47142 47990 252
1 2 Tl 12 T3 T4 El E2 E3 1 2 1 z 3 1
Ti0 0.61 0.43 0.67 0.61 0.63 0.66 0.62 0.68 0.62 0.73 .70 (.82 0.95 G.88 1.03
Al 233 33.04 31.82 33.30 34,79 34.%0 36,26 34.99 34.37 35.03 35.50 32,00 36.41 3461 3637 31.70
Cra0y 31.31  33.78 31,91 30,26 30.13 28.38 2958 30.12 29.55- 28.66 32,23 28.02 29.58 27.37 36.55
Fel 17,16 16.22 16.71 16.90 16.76 17.87 17.23 17.33 16.84 18,62 19.18 17.97 17.95 18.08 18.97
Mgl 17.89  17.73 l?'%:g’ 17.43 17.58 16,83 17.58 17,5 17.97 16.48 15.89 16.78 16,91 17.05 16.76
Mn - - 0. - - - - - - - - - - 0.25 -

Wl 3

ulvospinel 1.7 1.20 1.88 1.n 1.76 0.85 1.74 1,90 1.74 2.04 1.96 2.30 2.566 2.46 2.88
wt.% Fel .

in vlvosp. 1.10 0.77 1.21 1.10 1.13 1.18 1.12 1,22 1.12 1.31 1.25 1.47 1.71 1.58 1.85%

Structure (23 oxygen):

At 9.183 B.848 9.274 9.608 9.630 9.999 9,661 9.524 90,652 9.862 9.044 10.069 9.667 10.074 9.007
cr,, 5.839 6.299 5.959 5.604 5.575 5.248 5477 5.567 5.460 5.339 6.109 5.195 6,541 5,084 6.012
Fe 3,168 3.048 3.062 1.096 0.060 0.263 0,156 3.167 3,03 3.411 3.593 3.237 1.218 3.242 3.451
Mg 6.290 6.232 6.00 6.085 6,132 5.867 6.136 6.151 6.259 5.787 5.677 5.866 5971 5.970 6.020
Mn : - 0.058 - : - - . - : : : - 0.050 -

Total 24,486 24,427 24,384 24.394 24,397 24.377 24.431 24.439 24 444 24,400 24.423 24.368 24.396 24.42] 24.490
Using Rodgers (1973) amd recalculating to 24 cations:

Fea0y 7.30 6.43 5.75 5.96 6.02 5.71 6.52 6.62 6.69 6.01 6.26 5.55 5.93 6.35 7.21
reﬁ 9.49 9.7F 10,33 10.44 10,22 1.5 10,25 10.15 9.60 11.91 12,29 11.50 10.91 10.79 10.63
Al 9.006 B.6v0 9.1z8 Y.453 9.473 9.844 9.491 9.353 9.483 5.700 B.887 9.917 9.510 9.900 B.827
., 5.724 6.187 5.866 5.514 5,484 5,167 5.380 5.497 65.365 65.25! 6.000 5.118 5.450 4,996 5.8%92
Fe . 1.270  1.12} 1,006 1.034 1.043 0.9%0 1.129 1.150 1.15 1.048 1.110 0.965 1.040 1.103 1.282
Fe 1.835 1.881 2.009 1.012 1.968 2.224 1.972 1.959 1.844 2,309 2421 2.222 2,127 2,084 2.100
Mg 6.165 6.121 5,936 5,987 6.032 5.776 6.028 6.041 6,150 5.692 5.579 5.776 5,873 5.867 5.900
Mn - - 0.057 - - - - - - - - - - 0.049 -
Total 24.000 24,000 24.002 24.000 24.000 24.000 24.000 24.000 23.998 24.000 24.000 24.000 24.000 24.000 24.000

Cr/Cr+Al 0.3 0.42 0.39 0.3 0.37 -0.34 0.36 0.37 0.3 0.35 0.40 0,34 0.36 0.34 D.40
Mg/Mg+Fe 0.7 0.77 0.75 0.75 0.75 .72 . 0.75 0.76 0.77 0N 0.70 0.72 0.73 0.74 0.74




APPENDIX 4

MICROPROBE ANALYSES OF SECONDARY PHASES IN MACQUARIE ISLAND LAVAS

Section A:

Section B:

Section C:

Section D:

Section E:

Section F:

AND DYKES,

Smectite analyses from zeolite facies samples.
Phillipsite and smectite analyses from sub-zeolite facies-
samples.

Zeolite analyses.

Smectites and chlorites in lower greenschist facies

samples.

Epidote, prehnite, sphene, K-feldspar, sericite, zcolite

and albite analyses from lower greenschist facies samples.

Amphibole, clinopyroxene and plagioclase analyses from

greenschist -lower amphibolite samples.

Analyses names followed by (TPD) were collected using the TPD

probe at A.N.U., Canberra. The following table contains the values

for the number of oxygens from which the structural formulac for the

different phases have been caiculated.

Smectite 22 Prehnite 22
Chlorite 28 Epidote 25
Zeolite 72 Sphene 20

Amphibole 23 Feldspar 32

AL



APPENDIX 4: Section A SMECTITE ANALYSES FROM 2EOLITE FACIES GRADE SAMPLES.

$10; Ti0; Al0; Fed Mg0 M0 Ca0  MNa0 K0 Total S 0T Al Fe Mg Mn  Ca Na K Total
7
1 27.49 1.35 14.68 23.92 1.39 - 12.87 - - 8L.70 5.09 0.19 3.20 3.70 0.38 - 2.65 - - 15.12
2 %64 - 19.05 10.59 3.23 - 19.63 - - 88.91 5.67 - 350 1.38 0.7 - 328 - - 14,58
3 36.62 - 19.16 10.75 3.28 - 19.50 - - 89.32 5.68 - 350 1.3 0.76 - 328 - - 12.57
4 3583 - 1857 10.91 342 - 19,17 - - 81.89 5.66 - 346 1.4 0.81 - 3 - - 4.8
157 radiating
Dl 26.98 - 12,28 29.09 2.01 0.46 13.12 - - B3.95 5.05 - 271 4.5 0.56 0.07 2.63 - 15.54
Dz 29.84 - 13.32 24.56 2.50 - 14.76 - - M9 5.3 - 2.80 3.66 0.66 . 2,82 - - 15.28
b3 30,23 - 13.36 23.95 2.62 - 15.11 - ~  B5.26 5.3 - 2,79 3,55 0.69 - 2.87 - - 15.25

7.0 - 20.84 4.1515.27 - 5.21 1.33 0.23 e4.04 5.65 - 3,75 0.53 3.47 - 0.85 0,39 0.04 14,69
38299 rim
B 3s.26 [17.01 9.87 26.11 0,53 - - B0.76 540 - 3.26 1.34 4.87 0,09 - - 14,97
C 31.06 20.01 9.44 21.54 0.43 - - B2.48 495 - 31,76 1.26 5.12 007 - - 15.17
1 fibrous rim
Bl 35.43 16.68 5.80 15.47 .o - 0.27 77.81 593 - 3,29 0.81 3.86 0.54 - - 14,43
B2  36.75 17,78 5.21 14.03 3.64 1,77 - 79.19 595 - 3.40 0.71 3.39 0.63 0.5 - 14,63
2 36.28 16.19 6.09 16.98 3.04 0.85 0.24 79.64 5.88 - 3.09 0.82 4.10 0.53 0.27 0.05 14.74
228
€l 31.68 14.61 10.43 24.59 0.17 0.74 - 81.82 5.16 - 2.81 1.42 5,97 0.02 0.06 - - 15.44
Lz 3.2 15.37 9.24 25.34 0.18 0.38 - - 8. 5.15 - 2.90 1,23 6.03 0,02 0.07 - - 15.40
1 radiating
Bl 37.41 12.87 8.14 21.41 0.92 - 0.28 81,05 5.99 - 2.4 1.09 5.11 - 0.16 - 0.06 14.83
B2 36.24 12,81 6.96 18.70 1.36 - 0.31 76.38 6.11 - 2.5 098 4,70 - 0.5 - 0.07 14.65
€1 36.97 11.17 10.64 22.19 0.81 - 0.31 82.10 §95 - 2,32 1.43 532 - 0.4 - 0.06 15,02
157 green

37.94 12.09 8.94 20.05 2.93 0.15 0.34 82.84 6,04 - 2,27 1.19 476 - 0,50 0.05 0.07 14.88
APPENDIX 4: Section B PHILLIPSITES AND SMECTITES IN SUB ZEOLITE FACIES SAMPLES.
252 Phillipsite
1 54.12 - 21.056 - - 2.14 5.73 5.91 88.96 24.81 11.37 - - 1.05 5,09 3.46
2 562 - 2177 - - 1.99 5.36 6.55 91,30 24.84 11.46 - - 0.95 4.65 3.73
305131 - 243 - - 2.5 5,38 5.81 93.49 24,88 11.47 - - 1.16 4,52 3.21
252 Smectites
T 40.43 1.20 13.62 9.69 16,55 1.8 - 0.82 84.16 6.26 0,14 2,49 1.26 3.8B2 0.30 - 0.16 13.43
2 40.08 1.23 13.79 10.83 15.65 1.99 - 0.72 84.34 6.24 0.14 2,53 1.41 3.63 033 - 0.4 1342
B 45.91 - 15.06 .89 11.81 2.97 0.65 0.88 80.97 6.82 - 2.77 0.77 2,75 0.50 0.20 0.18 13.98
3 B9 - 15.51 65.88 12,20 3.02 0.44 0.84 83.80 6.89 2,75 074 .73 0.49 0.13 0.16 13.88
35 radiating beige .
1 38.40 - 7.61 4,10 20.84 0.69 - 0.35 71.9% 6,72 1.57 0.60 5.44 0.13 - 0.08 1453
2 42,68 - 3.68 0.73 22.26 0.52 - 0.36 70.59 1,39 0.75 0.11 5.84 016 - 0.08 14.27
35  massive yellow
1 34.33 - 8.18 17.89 20.31 0.78 0.59 0.57 82.68 5.80 1.63 2,53 5.12 .14 0.19 0.12 15.54
2 4.5 - 8.11 17,23 13.75 1.o4 - 0.33 64,96 5.42 2.11 3.18 4.52 0.2 -  0.09 15.57




APPENDIX 4: Section C

ZEOLITE ANALYSES.

510, Al05 Ca0  Na0 K0 Total 51 Al Ca Na K
1  Wairakite
Al 48.71 21.5¢ 7.23 3.60 0.75 81.83 23.82 12.42 379 3.41 0.47
Az 48,39 21.28 7.18 3.38 0.84 81.07 23,89 12.38 3.80 3.24 0.5
A3 47.85 20.84 7.19 3,67 0.7% 80.3% 23.87 12.26 3.84 3,55 (.48
Analcite
Al 53,97 21,96 - 13.09 0.28 £9.30 24.34 11.67 - 11.45 0.16
A2 54,61 22.16 - 13.43 0.24 90.45 24,33 11.64 - 11.59 0.14
. Thomsonite - fibrous
Al 42.91 25.91 8.5 6.23 - B3.64 21.03 14,97 4.51 5.92 -
AZ 42.68 25.8) B.63 6.12 - 83,25 21,02 14,99 4.56 5.84 -
Al 43.92 26.09 B.70 6.04 - | B4ATI _ 21.20 14.85 4.50 5.65 -
Bl 41.97 25.92 8.44 6,15 - BZ.48 20.87 15.20 4.50 5.93 -
B2 © 42.36 25.9%6 8.54 6.17 - 83.04 20.92 15.12 4.52 5,91 -
Thomsonite - coarse
Cl  43.13 25.40 8.86 5.5 - 82.89 21.27 14,76 468 5,27 -
€2  39.60 27.91 11.04 4.73 - 83.28 19.67 16,34 5.83 4.5
40.54 27.70 10.68 5.14 - 84.05 19.93 16.05 5.62 4.90 -
3A  Thomsonite
Bl 37.63 28.38 11.25 4.27 - 81.54 19.13 17.00 6.13 4.21 -
82 37.80 27.83 11.00 4.48 - al.11 19.31 16.76 6.02 4.43 -
€l 38.48 27.87 10.79 4.60 - 81.73 19.48 16.63 5.85 4.51 -
C2 38.98 28.23 10.86 4.52 -~ 82.58 19.50 16.65 5.82 4.38 -
Thomsonite {TPD)
€1 40.46 29.20 10.95 3.96 0.13 B4.70 19.66 16.72 5.70 3.73 0.08
€2 39.46 30.37 12.03 4.06 0.08 86.00 19.00 17.24 6,21 3.79 0.05
C4 40,58 29.45 11.61 4.29 0.08 86.07 19.51 16.66 5.97 3.9% 0,05
€3 42,73 29.07 8,17 6.39 0.13 86.48 20.25 16.2¢ 4.15 5.87 0.08
Mesolite (TPD) .
€1 46,83 22.91 5.62 S5.87 3.58 84.72 22.76 13.12 2,93 5.53 2.22
€2 49.15 21.44 5.11 6.93 3.73 86.36 23.47 12.07 2.61 &6.42 2.7
A 46,14 23.94 5.30 2.93 &.51 84.80 22.56 13.80 2.78 2.78 4.06
0 49.25 24.72 8.23 5.70 0.89 83.78 22.57 13.35 4.04 5.06 0.52
Bl 44.86 22.28 7.36 1.02 7.25 82.80 22.64 13.25 3.98 1.00 4.67
7 Thomsoni te-mesoldte -
K1 44,56 27.37 8.36 7.3 - 87.68 20.89 15.12 4.2 6.70 -
A2 44,52 26,73 5.83 9.85 - 86,94 21.08 14.91 2.9% 9.05 -
A3 45,19 26.40 T.51 7.6l - 86,71 21.34 14.69 3.80 6.97 -
A4 38.71 28.56 11.80 4.39 - 83.46 19.24 16.74 6.29 4.22 -
A5 40.22 28.66 11.20 5,08 - 85.16 19.57 16.43 5.83 4.79 -
C6  38.20 27.08 10.70 4.49 - 80.47 19.63 16.40 5.89 4.43 -
C7 39,49 27.83 10.93 4.4 - 83,09 19.66 15.34 5.83 4.68 -
€8 39.75 28.21 11.20 4.96 - 84,11 19.58 16,38 5.91 4.73 -
09 3I7.73 27.99 11.76 4.19 - 81.67 19.18 16.77 6.41 4.13 -
D10 38.28 27.68 11.32 4.32 - 81.60 19.44 16,56 6.16 4.26 -
Analcite
Bll 54.66 22.57 - 13.36 0.34 90.94 4.23 11.80 - 11.49 0.19
8l 53.83 22.10 - 13.05 0.25 99.25 4,29 11.76 - 11.42 Q.14
D13 53,28 22.26 0.48 13.12 0.31 89.46 24,07 11.85 0.23 11.50 0.18
0i4 53,32 22.01 - 13.08 0.29 83.7 .4 1178 - 11,53 0,17
11  Thomsonite
1 35.64 27,47 11,05 4.2) - 79,38 19,15 16.92 &5.19 4.26 -
2 37,20 27,55 11,25 4.46 - 80.47 19.20 16.76 65.22 4.47 -
3 39,43 27,30 10,84 4,43 - 82,04 19.84 16.20 5.85 4.37 -
TMesolite
L] 43,04 24,11 7.8 58 - 80,82 21.71 14.33 4.26 5.67 -
60 Thomsonite - fibrous
AT 42,29 26.81 10.19 5.12 - 84.41 20.59 15.39 5.31 4.4 -
A2 41.71 26.42 10.09 5.18 - 83,39 20.58 18.36 5.33 4.95 -
A3 42.04 26.51 9.99 5.14 - 83.67 20,64 15.34 5.26 4.89 -
Cl 41,93 27.08 10.33 5.03 - 84,35 20.45 15,56 5.40 4.75 -
{2 41,16 26.83 10.28 5,05 - a3. M 20.34 15,63 5.45 4.84 .
64D Thomsonite - fibrous (TPD)
Al 431,00 20,18 11,56 4,08 - 86.82 19.46 14.89 5.83 3.75 -
A2 40,32 30,37 11,57 4.26 0.15 86.67 19.23 17.08 5.91 3.84 0.09
A3 40.53 30.47 11.77 422 - 86,99 19.24 17.06 65.99 3.89 -
Mesolite (TPD)
Al 46.44 26.86 9.54 4.18 0.17 87.20 21.61 14.73 4.76 3.77 0.10
AS 47,04 27.34 9,69 3.85 0,09 88.01 21.63 14.82 4.77 3.43 0.05
A6 46,92 26,74 9,72 3,92 0,25 87.56 21.72 14.6¢ 4.82 3.52 0.1%

AL.3



APPENDIX 4: Section C cont.
5§10, A¥,0, Ca0 Nay0 K0 Total S A Ca Na K
38189 THatrolite
Al 41.31 24.75 2.83 11.84 - 80.74 2i.11 14,91 1,55 11,73 -
AZ 41.27 25.02 13,76 11.31 - 81.35 20.96 14,98 2.05 11.14 -
A3 41.69 24.60 2.55 12.19 -  B81.02 21.23 14.76 1.39 12.03 -
“F1  42.10 26.40 4.00 11.55 - BA 05 20.71"15.30 2,11 11.02 -
FZ2 42.72 26.60 13.57 12.10 - 85.00 20,78 15,25 1.86 11,42 -
F3 41.85 26.32-4,04 11.67 - 84.00. 20.67_15.29 2.14 11.15 -
AL 42,57 26,09 3.25 12.43 0.25 84.59 20.85 15.07 1.70 11.81 0.16
A2 43,13 25.94 3,26 12.56 0.25 85.14 20.99 14.886 1.70 11.86 0,16
38190  Natrolite
€l 43.08 25.40 2.49 12,39 - 83.36 21,28 14.79 1.32 11.87 -
2 42,51 25.53 3.3911.75 - 83.19 21.08 14.92 1.80 13,30 -
Cl 42,74 25,17 2.77 12.13 - 82.81 21.27 14.76 1.48 11.70 -
Mesolite
Al 42,85 26.36 5.85 9.58 - 84,62 20.87 15.13 3.05 9.05 -
AZ 42,18 26.32 4.91 10.49 0.25 B84.18 20.73 15.25 2,59 9.99 0.16
Al 41.99 25.92 7.44 7.89 - 82.85 . 20.84 15,17 3,96 7.21 -
Cl 43,38 25.23 7.65 6.86 - 83.12 21.36 14.64 4,04 6.55 -
€2 43,32 26,13 7.58 7,10 - 83.13 21.35 14,60 4.01 6.79 -
Dl 40.73 25.28 7.12 7.18 - 80.33 20.83 15,24 3.9 7.13 -
D2 41.91 25.89 6.39 8.73 - §2.93 20.82 15.16 3.40 8.42 -
F1 42,36 25.23 6.65 8.16 - 82,39 2L.13 14.83 3.55 7.89 -
Phillipsite
Bl 44,97 20.69 1.33 1.54 5.23 79.74 23.36 12.67 0.74 7,59 3.47
B2 4552 21.28 1.44 B.44 5.14 B81.85 23.13 12,724 0.78 B8.21 3,33
Bl 45.27 21.41 1.41 8.73 5.34 B2.15 22.99 12.82 Q.77 B.60 .45
38191  Analcite
Bl  53.69 21.99 - 13.59 0.30 89.57 24.22 11.69 11.88 0.17
B2 53.99 22.20 - 13,43 0.29 89.91 24,23 11.74 - 11.68 0.17
B 53.78 21.73 -« 13.10 0.30 88.8% 24.38 11.61 - 11.52 0.17
Natrolite
B2 45.97 25.74 - 15.62 - 87.33 21.69 4.3t . 14.29 -
45,74 25.30 0.43 15.29 0.27 8.0 21.7F 14.16 0.22 14.07 0.16
Natrolite (impure} .
Bl 45.09 25.75 3.36 11.17 - 85.97 21,54 14.50 1.72 10.90 -
Bl 44,75 26,36 2.88 12,44 0.30 85.75 21.52 14.37. 1.49 11.60 0.18
BZ 44.26 26.20 2.62 13,28 - 86.43 21.15 14,80 1.34 12.30 ~
BZ 44,50 25.92 1.81 13.87 0.27 86.38 21,30 14,63 0.94 12.88 0.16
Hesolite-Natrolite
Al 43,51 26.53 3.99 11.88 - 85.92 20.92 15.04 2.05 11,07 -
Az 43,32 25,77 4.24 11.82 - 86.16 - 20.79 15.15 2.18 11,00 -
Al 47,58 26.96 4.B7 11.13 - 85.64 20.62 15.35 2.52 10.43 -
Thomsoni te
Al 40.16 27,93 10.97 4.73 (.28 84.07 19.77 16.21 5.79 4.52 0.17
A2 40.39 27.81 10.45 4.8% 0.30 83.83 19.91 16.16 . 5.52 4.68 0.19
A3 40.28 27.59 10.41 4,91 0.35 B3 54 19.94 16.08 5.52 4.71 0.22
38199 Analcite
€l 54,25 21.24 - 13.02 0.35 83.84 24.59 11.35 - 11.44 0,20
C2 53,50 20.88 - 12.68 0.28 87.32 24.64 11.33 - 11.33 0.16
3 52,20 21.50 0.52 12.74 0.30 87.29 24.17 11.73 0.26 11.43 0.18
D1 52,9 20.75% - 12.39 0.25 86.30 24.63 11.38 - 11.18 0.1%
02 52.54 20.94 (.38 12.55 0.30 86.7¢ 24.43 11.47 0,19 11.31 0.18
HZ 53.14 21.88 0.59 12.59 0,35 88.95 24.12 11.71 0.29 11.08 0.20
Il 54,70 21.18 - 12.%8 0.29 88.75 24.73 11.29 - 11.03 0.17
12 54.29 20.82 - 32,43 0,31 87.92 4.7 1.0 - i1.05 0.18
Thomsonite - bladed
F1  35.17 28.14 11.74 4,52 - 83.56 19.44 16,46 6.24 4.35 -
F2 37.48 28.38 11,96 4.25 - 82.07 18.99 16.95 6.5¢ 4.17 -
F3 38.76 27.93 11.61 4.52 - 82.80 19.42 16,49 6.23 4.39 -
F1 38.8] 28.44 12.02 4.25 - 83.49 19.29 16.61 6.40 4.08 -
FZ 39,70 27.40 10.98 4,73 - 82.83 19.82 16.12 5.88 4,58 -
Mesolite - fibrous
El 41.52 26.00 B8.65 6.30 - 82.46 20.71 15.28 4.62 6.08 -
€2 42.63 26.60 B.87 6.%0 - 84.61 20.72 15.24 4.62 6.12 .
E3 41.84 25.79 8.76 6.44 - 82.84 20.79 15.10 4.66 6,721 -
F1 43.49 24,43 8.87 5.5 - 8z.29 21.59 14.30 4,72 5.9 -
38299  Analcite
Al 55.98 21.90 - 12.91 - 90.79 24.70 11.39 - 11.05 -
A2 55.94 21.75 - 12.94 0.28 90.92 24.70 11.32 . 11.08 0.18
Natrolite
B 41.61 24.13 1.04 13.44 - 80.20 21.40 14.63 0.57 13.40 -
Thomsonite «.coarse
Bl 37.46 27.76 11.08 4,23 - 80.52 19.27 16.83 6.11 4.22 -
B2  40.37 28.68 10.80 4,92 - 84.78 19.65 16.47 5.64 4.65 -
Mesolite
Al 43,00 24.96 B8.28 5.78 - 82.03 21.41 14.65 4,42 558 .
A2 40,67 23.71 7.68 5.63 - 77.69 21.38 14.70 4,33 5714 -
€l 40,94 25.70 8.35 6.21 - 81.22 20.71 15.32 4.53 6.10 -
€2 42,81 26.62 B8.63 6.51 - 84.59 20.79 15.24 4.49 6.13 -

Mn

Q.90

Hg

Ab.b

0.27



APPENDIX 4: Section L cont,

5i0, Al,0; Ca0 Naz0 K,0 Total 13 Al Ca Na K

117 Analcite

BT 53.46 22.15 0.97 12.35 - 88.92 24.19 11.81 0.47 10.84 -

82 53.46 22.49 0.70 13.03 - 89.95 24,02 11.91 0.34 11.36 '0.15
Natrolite

1 45,63 25.92 0.50 15.64 0.25 87.95 21.48 14.38 0.25 14.27 0.15

2 45.44 25.83 0.66 15.41 - B7.34 21.50 14.40 0.33 14.13 -
Thomsonite - fibrous

1 40.20 27.91 10,93 4.87 - 3.9 19.80 16,20 5.77 4,65 -

2 39.06 28.61 11.28 4.83 - 83.75 19.34 16.69 5.98 4.63 -

3 39.32 28.49 11.40 4.8 - 84,04 19.40 16.57 6.03 4.62 -

Al 38,01 30.04 13.05 4,15 - 85.25 18.60 17,33 6.85 3,94 -

AZ 38,10 29.14 12.24 4.07 - 83.54 18,95 17.08 6.52 3.93 -

A} 38,91 28.83 11.81 4.58 - 84.13 19.20 16.77 6.24 4,29 -

157 Thomsonite - coarse {TPD) =

Al 39.88 29,72 11.37 4.10 - 85.07 19.34 16.99 5.91 3.86 -

AZ  41.84 30.16 10.89 4.72 - 87.73 19.65 16.70 5.48 4.30 0.07

A3 39.66 30.30 12.18 4.08 0.07 86.28 19.04 17,15 6,27 3.80 0.04

A4 39.81 29,94 11.84 4.02 0.09 85.71 19.21 17.03, 6.12 3.76 0.06

Bl 41,74 29.13 10.35 4.22 0.09 85,52 20.00 16.46 5.32 3.92 0.06

B2 40.62 29,44 11.07 4.24 0.06 85.43 19.59 16.74 5,72 3.96 0.04

B3 42.12 28.80 10.45 4,00 0.06 85,44 20.18 16.27 5.36 3.72 0.04
Thomsonite - fibrous (TPD)

Al 43,19 28,94 10.10 4.19 0.12 85.10 20.39 16.11 5.11 3.84 0.07

A2 43,73 27.99 9.05 4,80 0.15 B85.71 20.80 15.69 4.61 4.43 0.09

A3 44.31 27,87 9.30 4.53 0.09 85.10 20,94 15.53 4.71 4.15 0.05

A4 43.28 28.48 10.20 4.71 0.15 86.82 20.43 1585 5.16 4.31 0,09

AS  43.74 26.92 9.58 4.26 0,10 84.60 21,06 15.28 4.94 3,98 0,06

A6 45,38 27.01 9.06 4.29 0.17 85.91 21.43 1503 4.58 3.93 0.10

Bl 44,39 27.66 8.93 4,38 0.12 85.47 21.08 15.49 4.54 4.03 0.07

BZ 43.57 27.84 9.70 4.37 - 85.48 20.77 15.65 4.96 4.04 -

B3 43.27 27.22 71.71 4.03 - 82.25 21.21 15.73 4.06 3.83 -
Mesolite

Bl 41,56 26.08 9.30 5.15 - 82.09 20.76 15.35 4.98 4.99 -

B2 41.69 25.58 9.18 5.16 - 81.61 20.93 15.14 4.94 502 -

Al 41,59 26.60 9.46 5.22 -, B2.87 20.59 16.53 5.02 5.01 -

A2 41.33 25.9%4 9.33 531 « B1.91.... . 20.71 15.32 5.0 5.16 -

Al 40.11 29.36 11.19 5.1% 0.13 85.97 19.35 16.70 5.79 4.86 0.08

A2 41,31 29.10 10.35 &.57 - 86.32 19.76 16.41 5.31 516 -
Hatrolite

Al 43,13 27.57 4.3 12,16 - 87.17 20.51 15,45 2.21 11.20 -

A2 42,63 27.40 4.24 12.52 - 86.81 20.40 15.45 2.18 11.63

Al 43.36 27.36 4.25 12.31 - 87.29 20,58 15.30 2.16 11.33 -
Thomsonite - coarse

Al 38.76 27.29 10.31 4.B8 - 81.24 19.72 16.36 5.62 4.81 -

A2 38.74 27.53 10.49 4,95 - 81.71 19.62 16.43 5.69 4.86 -

A3 39.04 27.46 10.35 4.55 - 81.80 19.72 16.35 5.60 4.85 -

A4 38,98 27.12 10.24 4,99 0,30 81.62 19.78 16.22 5.57 4.91 0.19
Thomsonite - fibrous

Bl  40.82 28.74 10.96 5.36 - 85.88 19.67 16.33 5.66 5.00 -

1 38,40 27.46 10.65 4.69 - 8l1.18 19.57 16,49 5.81 4.64 -

2 38.74 27.63 10.83 4.89 - 82.08 ~MR.55 18§ 5.86 4.79 -

Dl 81.27 26.62 9.86 5.32 - 83.09 20,44 15.55 5.24 5.11 -

D2 42.66 27.44 10.03 5.47 - 85.5¢ 20.49 15.54 5.16 5.10 -

226 Laumontite

Al 51.06 20.92 10.96 - 0.75 83.70 24,29 11.73 5.58 - 0.45

AZ  49.39 20.33 10.68 - 0.71 81.13 24.25 11.77 5.62 - 0.45

A3 50,76 21.03 11,10 - 0.69 83.58 24,20 11.82 5,67 - 0.42

A 50.14 20.44 11.10 - 0.42 82.09 26.30 11,68 5.76 - 0.26

Bl 51,13 20.6%9-11.19 - 0.57 83,58 24.35 11,61 5.71 - 0.4

B2 49,97 20.52 10.89 - 0.58 81.95 24.27 11.75 5.66 - 0.36

€1 50,93 21.28 11,60 - 0.41 84,22 24.10 11.87 5,88 - 0.25

228 Thomsonite (TPD)

Al 41.76 25,87 8.71 5.01 0.09 8l.44 20.95 15.30 4.68 4.87 0.06

A2 45,13 27.78 10.30 3.57 0.07 86.85 21.11 15,32 S5.16 3,24 0.04

85 43,54 28.64 10.81 4.00 - 86.98 20.46 15.87 5.44 3.65 -

B6 46.46 27.18 9.58 3.93 0.08 87.23 21.57 14.87 4.76 3.54 0.05

€l 44,80 27.46 10.24 3.40 0.11 B6.01 23,15 15.28 5,18 3.11 0.07

€2 41.81 30.12 11.50 3.85 0.10 87.39 - 19,67 16.7%1 5.80 3.51 0.06
5i0; Al,05 Mg0  Ca0  HKay0 K0 Totad 51 Al Mg Ca Na K

235  Thomsonite - fibrous )

E1 28.58 29.28 0.19 12.40 "3.22 - 83.66 19.08 17.06 0.14 6.57 3.08 -

E2 38.67 29.50 - 12,43 2,93 - 83,49 19.10 17.20 - 6.59 2.81 -

Al 38.55 29.65 0.26 12.52 3.39 0.09 B84.46 18,92 17.16 0.19 6.58 31.23 0.06

A2 38.66 29.77 0.19 12,93 3.28 0.09 84.93 18.89 17.15 0.14 6.77 3.11 0.05

A3 39.15 30.10 0.3]1 12.67 3.51 0.06 85.81 18,92 17.14 0.23 6.56 3.2 0.04

A4 39.40 30.16 0.27 12.85 3,30 0.08 86.06 18.97 17.12 0.20 6.63 3.08 0.05

A5 38.79 29.83 0.27 12.56 3.37 - B4.82 18.94 17.17 0.19 6.57 3.20 -

Al 39.16 29.12 0.77 12.26 3.14 - B4.44 19.317 16.79 0.56 6.43 2,98 -

A2 39.94 30.11 0.84 12.43 3.27 0.13 B86.73 19.05 16.93 0.60 6.35 3.03 0.08

ALS



APPENDIX 4: Section D CLAYS AND CHLORITE ANALYSES FROM GREENSCHIST FACIES SAMPLES.
Si0; Ti0, Al,0, FeQ Mgd M0 CaD Ha0 K0 Total St Ti Al Fe Mg Mn Ca MNa X  Total
1478 .
tT 29.39 16.49 24.85 17.27 0.19 0.22 0.29 88.70 6.10 - 4.03 4.3 5.3 0.05 0.12 19.95
€2 29.36 16.84 25.20 17.81 0.17 0.23 0.2 89.87 5.001 - 4.06 4.33 543 0.03 0.05 0.10 -  20.01
200
Bl  29.56 15.57 21.42 18.67 0.3 0.38 85.95 6.22 - 3.8 3.77 585 0.06 0.09 - - 19.85
Al 30.93 16.14 21.29 19.88 0.3 0.3l 0.29 89.16 6.25 - 3.84 3.60 5.98 0.06 0.07 - 0.07 19.87
€l 33.88 15.55 19.41 20.08 0.66 0.45 7 90405 667 - 3.61 3.19 5.89 - 0.09 - 017 19.61
214
AT 3Lzl 15.15 18.47 21,40 -~  0.46 87.68 631 - 3.61 312 675 - 010 - - 1989
A2 31.15 16.34 20,03 22,01 - 0.17 89.69 619 - 3.83 3.33 6.5 - 004 - - 19.9
€2 3l.44 15.49 19.26 22.78 0.19 0.22 89.39 6.26 - 3.63 3.20 6.75 0.03 0.05 - - 19.93
220
Al 29.73 16.04 19.80 19.05 -  0.52 85.13 6.24 - 3.97 3.48 59 - 0.2 - - 19.77
Bl 26.78 17.78 19.62 17.78 0.50 78.51 5.8 - 457 3.5 578 . 0.2 - - 19.88
[T
Tl 29.16 15.23 18.94 19.62 0.7 £3.68 6.23 - 3.83 3.38 6.25 - 0.16 - - 19.85
€2 29.09 15.34 18.73 18.87 0.94 83.23 6.26 - 3.89 3.37 6.05 - 02 - - 19.79
¢3 30.70 15.51 18.67 19,83 0.73 85.45 6,38 - 3.80 3.24 614 - 0.6 - - 19.72
Al 29.26 15.46 19.57 17.76 0.31 0.55 2.9 6.32 - 3.5 3.54 572 006 013 - - 1971
Az 28.13 15.25 18.51 18.16 0.67 81.33 6.30 - 3.9 3.39 593 - 016 - - 1873
k4
Bl  30.53 14.30 21.14 17.79 0.35 84.11 6.53 - 3.61 3.78 5.67 - 0.08 - -  19.67
B2 30.57 14.47 20.65 17.79 0.41 83.57 6,54 - 3.65 3.69 5.67 - 0.09 - 19.64
25
Tl 28.72 17.27 19.49 19.54 0.43 a5.45 6.01 - 4.26 3.41 6.0 0.08 - - -  19.86
€2 29.49 15.86 19.50 19.48 84.33 6.24 . 3.95 3.45 6.4 - - - - 1978
€3 29.3 15.44 18.7 18.71 83.55 6.35 - 3.93 3.38 6.02 - - - - 19.69
0L 28.62 16.80 19.99 20.11 0.40 85.94 598 - 4.14 349 6.26 0.08 - - - 19.95
02 21.72 17.16 20.03 19.35 0.40 84.66 5.89 - 4.30 356 6.13 0.07 - - - 19.9
El  28.60 14.78 20.76 19.05 0,32 83.51 6.19 - 3.77 3.76 6.14 0.06 - - - 19.92
I 28.02 17.08 18.62 18.24 0.35 82.78 §.06 - 4.35 3.40 5.884 0.06 - - - 19.76
12 23.91 18,67 18.89 19.70 0.36 88.25 606 - 446 3.20 5.8 0.06 - - - 19.72
21
Alr 32.45 16.80 19.24 20.89 0.27 0.56 90.94 6.37 - 3.89 3.16 6.11 0.04 0.12 - - 19,69
A2r 31.79 16.95 18.35 19.65 0.12 0.83 8,20 6.40 - 4.02 3.08 5.89 0.02 0.18 - - 1959
A3r 31.54 15.83 18.49 20.71 0.16 0.36 £3.73 6.32 - 3.98 3.10 6.1 0.03 0.08 - - 19.69
50
€l 31.00 17.12 15.04 22.78 0.67 86.58 6.22 - 4.05 2.52 6.81 - 0.4 - - 1975
¢z 30.98 16.46 15.22 23.10 0.39 - 86.14 6.26 - 3.93 2.57 695 - 0.08 - - 19.78
El  31.00 14.38 15.90 21.97 0.50 83.74 6.48 - 3.6 278 684 - DIl - - 1975
E2 31.13 15,02 16.53 22.70 0.34 85.73 6,37 - 3.62 2.83 6.92 - ©0.07 - .- 19.82
4208
€1 30.16 14.81 10.88 22,92 0.42 79.17 6.49 . 375 1.96 7.4 - 0.0 - - 19.64
€2 3172 15.66 10.91 23.41 0.36 0.25 82,32 6.54 - 3.8l 1.88 7.20 0.06 0.06 - - 19,55
Bl 30.46 15.32 10.86 24.42 ©.36 81.41 6.37 - 3.78 1.0 7.62.0.06 - - - 19.M
23
AL 31.75 14.59 14.25 22.70 0.35 0.29 83.92 6.55 - 3.55 2.46 6.98 0,06 0.06 - - 19.67
A2 32.62 14.83 14,14 23,31 0.31 0.32 85.52 6.59 - 353 2.39 7.02 0.05 0.07 - - 19,65
32.24 14.06 14.34 24.82 - - B85.45 6.53 - 3.36 2.43 749 - - - - 19,80
8r  32.17 15.08 13.70 21.61 -  0.43 2.9 6.67 - 3.68 2.37 6.67 - 016 - - 19.49
¢ .2 14,76 13.79 22,22 0.37 0.34 82.70 6.53 - 3.64 2.41 693 0.07 0.08 - - 19.65
s5A A
Al 33.07 15.27 71,41 20.47 0.23 90.46 6.53 - 3.5 3,54 6§02 - 0.05 - - 19,69
A2 378 14.93 23.25 17.85 0.41 88.23 652 - 3.61 1.99 54 - 008 - - 19.87
A 23,57 14.99 20.82 18.9% 0.15 0.38 89.87 6.2 - 3.54 3.49 5.67 0,03 0.07 - - 19.51
A3 32.93 14,44 23.55 19.04 0.31 90.27 6.60 - 3.41 394 5.68 - 007 - - 18.70
200 :
D1 37.29 1.00 12.02 22.82 1.96 21.18 96.52 7.35 0.15 2,79 3.76 0.5 - 447 - 14.10
02 35.79 1.35 B.54 26.37 1.49 20.57 g4.11 7.42 0.21 2.09 4.57 0.46 - 4.57 - - 19,32
C1 41.33 10.43 15.88 17,34 1.57 0.57 87.11 813 - 2.42 z.61 509 -~ 033 - 014 1873
2 42.27 10.92 15.4] 17.48 2.29 0.67 89.05 8.12 - 2.47 .48 501 - 0.47 - 0.16 18.72
8
AL 41.96 7.45 3.85 21.15 1.00 0.50 0.20 78.11 8.61 - 1.80 0.66 7.08 - 0.22 0.20 0.05 18.62
Az 4.3 712 3.72 22.79 1.68 044 0.20 77.32 860 - 1.7¢ 0.65 7.06 -~ 0.37 0.18 0.05 18.65

Structure based on 28 oxygens.



APPENDIX 4: Section E EPIDOTE, PREWNITE, SPHENE, K-FELOSPAR, SERICITE, ZEOLITE AND ALBITE ANALYSES FROM LOWER . M.7
GREENSCHIST FACIES SAMPLES

510, Ti0; Al,0; FeO Mg0 Mnd CaQ WNa0 K0 'Total 54 Ti Al Fe Mg Mn Ca Ka K Total
ED Fpldote
AT 37.61 - 25.09 9,57 - - 23.32 - - 96.66 6.005 - 4.7221.278 - - 3.989 - - 15,995
AZ 37.97° - 25.06 10.75 - - 23.44 - - 97.21 6.027 - 4.689 1.288 - - 3.986 - - 15,987
A3 36,67 - 2466 6.13 1.71 - 22.65 - - 91.82 6.084 - 4,823 0.765 0.423 - 4.027 - - 16.122
M 36,30 - 24,9 592 1.76 - 22.57 -~ - 91.47 6.045 - 4,880 0.742 0.437 - 4.027 - - 16.140
AS 38.14 - 22941477 - - 2344 - - 99.27 6.011 - 4.2621.752 - - 3.958 - - 15,983
214 Epidote '
A 3720 - 23.2411.50 050 - 22,27 - - 95.1% 5.995 - 4,415 1.550 0.216 - 3.846 - - 16.022
A2 36,45 - 22.3812.25 2.66 - 19.84 - - 93.57 5.593 - 4.309 1.673 0.647 - 3472 - - 16.055
A3 38.09 - 23.9911.76 0.75 - 22.74 - - 97.34 5.995 - 4,451 1.548 0.176 - 3.835 - - 16,005
M 37.59 - 23.6211.95 1.37 - 2195 - - 96.58 5.957 - 4.420 1.586 0,324 - 3.7133 - - 16.030
cl 37.4 - 23.5012.74 133 - 2.4 - - 96.66 5.927 - 4.398 1,690 0,315 - 3.698 - - 16.028
c2 37.89 - 24,01 12.03 045 - 22,99 - - 97.38 5.971 - 4,461 1,586 0.106 - j.esz - - 16.006
[ 7.1 - 23.9411.93 084 - R.3% - - 96.19 5,919 - 4,502 1,591 0.200 - 3.823 - - 16.035
c4 38,04 - 24,22 11.69 0.48 - 2313 - - 97.55 §.979 - 4,488 1.535 0.112 - 3.895 - - 16,010
220 Epidote
A .65 - 23.751177 - - 2.3 - - 97.53 6.003 - 4.464 1.652 - - 3820 - - 15.939
A2 37,33 - 23,22 1411 - - 22.35 - - 97.00 5998 - 4,398 1,706 - - 3.848 - - . 15.950
A 37,39 - 23,54 13.67 - - 2179 - - 96.39 6,023 - 4,471 1,657 - - 3.761 - - 15,913
413 Epidote
T 37.33 - 23.6611.49 - - 22.65 - - 95.13 6.21 - 4,54 1.60 - - 4.0 - - 16.48
o4 .23 - H.0211.59 - - 254 - - 96,39 6.06 - 449 1.5 - 1.8 - - 15.92
c3 ¥e - 60BN - . - 209 - - 95.55 6.06 - 4,48 1.8 - - 3.81 - - 15,92
134 Prehnite
Bl 44,60 - 24,05 0,59 - - 2.68 - - 95,94 6.8 - 3.8 007 - - 3.9] - - 13.96
B2 4,09 - 23,20 l1.69 - - 26.54 - - 95.51 6.10 - 3.78 0.20 - . .93 - - 14.01
A} 43,92 - 23.13 l.72 - - %47 - - 95.24 6.09 - 3.78 0.20 B - 3.94 - - 1401
212 Prehnite
A 4550 - 22.88 2,61 -~ - 26,57 - - 97,58 6.17 - .86 0.30 - - 3.86 - - 14.00
A 43,60 - 21.81 3.5 - - 2.2 - - 95,10 6.12 - 36 ¢ - - 3.9 - - 14,08
Cl 41.86 - 21.13 3.3 - - B3 - - 91.60 6.10 - 3.6} 041 - - 1.9 - - 14.08
€2 42,42 - 20.97 4.4 - - 26,15 = - .02 6.07 - 3154 0.53 - - 4,01 - - 1416
C 4300 - 22.84 1.4 - - %% - - 93.34 5.08 - 3.8 0.5 - - 3.98 - - 14,02
425 Prehnite
A 4353 - 24.21 0.45 - - .74 - - 94.92
A2 4409 - 24.15 0.98 - - 271.03 = - 96.26
A3 4,20 - 24,05 0.89 -~ -« 26,92 - 96.06
El 44.13 - 24.45 0.51 - - 26,60 - 0.36 96.08
E2  42.48 - 21.99 3.51 - - 25,31 - - 93,30
Fl 4).95 - 2.9 123 - - 25.82 - - 93.0%
F2 42,40 - 2213 314 - 25.82 - - 93.48
E?l 41,82 - 22,52 3.82 1.29 - 23.97 - - 93.43
E?2 42.06 - 22,86 3.38 0,99 - 2460 - - 93,79
221 Prehnite .
BT 42,59 - 23.47 1.80 - - 26.58 - - 94,45 5.98 - 3.8 0.2 - - - - - Ko7
50 Sphene :
PT 32,39 29.64 4.92 2.19 - - 2766 - - 96,79 4,304 2,964 0,773 0.243 - - 3.4 - - 12,224
B2 32,39 29.71 5.10 2,12 - - 2772 - - 97.03
4288 Sphene
K 31.92 28.42 6.22 1.74 - - 27.89 - - 96.20 4,27 0.98 2.86 0.1% - - 3.99 - - 12,29
50 K-feldspar
6375 - 1873 - - - 1.23 - 14.80 99.08 11.90 - 4.2 - - - 0.25 - 3.53 19.80
[ 67.88 - 19.63 - - - 1.3 - 15.80 104.65 11.93 - 4,07 - - - 0.25 - 3.55 19.80
64 K-feldspar .
A &3.17 - 1831 - - - 0.19 0.17 16.13 97,98 11.93 - 4,08 - - - 0.04 0,06 3,89 20,00
A2 64.01 - 18.21 - - - 0.37 0.13 16.48 99.21 11.% - 401 - - - 0.08 0,05 3,93 20.03
147A K-feldspar
X 63.21 - 19.73 - - - D.12 0,78 15.22 99.06 11,77 . - 4.33 - - . 0.02 0.28 3,62 20.02
AZ 64,71 - 18.71 - 0.20 - - - 16.71 100.34 11,94 - 4407 - 0,066 - - - 393 20.00
Bl 63.38 - 19.06 - - - - - 16.15 98.59 11,88 - 42 - - - - - 3.86 19.95
221 K-feldspar
BY 6409 - 19.21 - - - 0.23 0.36 16,11 86,98 2.9 - 108 - - - 0.01 0,03 0,95 5.00
421 K-feldspar
T 65.03 - 1B.39 - - - 1.3 - 15.13 99.89 11.98 - In - - - 0,27 - 1,56 19,80
B 66.27 - 18.78 - - - 1.30 - 15,35 101.70 11.% - 400 - - - 0.2% - 3,54 19.18
14784 Sericite
B 48.38 - 32,1 1.9 1.18 - - - 11.23 95.40 6.45 - 5.14 0.21 0.23 - - - 1.1 1194
221 Sericite .,
ET™ 46.38 - 33,8 1.68 1.06 - - 0.27 11.43 94.67 6.25 - 5.3 019 0.21 - - - 0.07 14.07
50 Zeolite
s - .21 - - - 1205 400 - 83.07 18.89 - 17,21 - B - 6.45 3.88 - 36,10
c1 4221 - 8.57 - - - 11.54 4.80 - 88.11 19.77 - 16,33 - - - 5.79 4.36 - 36.10
2 41.48 - 2883 - - - 11.45 4.66 - 86.43 19.81 - 16,23 - - - 5.86 4.32 - 3.04
Avl 37,48 - 2500 - - - 1217 381 - 82.48 18.83 - 17,22 - - - 6.57 3.73 - 3.10
Avz 38,76 - 28,63 - - - 12,00 414 - 83.51 19,25 - 16,78 - - - 6.6 3.99 - 36.03
By 38,40 - 28.04 - - - 11.60 4.2 - 82.16 19.36 - 16.66 - - - 6.27 4.03 - 36.02
Cv 8,98 - 7973 - - - 12.08 4.29 - 84.56 19.13 - 16.91 - - - 65.35 4.08 - 36.04



Appendix 4: Section E continued

5i0z Ti0z Al,0y Fed HMg0 MnD Ca0 Na,0 K,0 Total 5§ Ti Al fe Mg Mn Ca Na K Total
227 Zeolite
0l 5006 - 21.26 -~ - - 1132 - 0.43 B3.06 24.01 - 12.02 - - - 5.82 - 0.27 3.03
02z 51.83 - 21.4 - - - 11.82 - 0.54 85.74 24.08 - 11,96 - - - 5.74 - 0.32 3.4
D3 52.84 - 21.67 - - - 1145 . 1.14 #7.09 24.24 - 11.72 - - - 5.63 - 0,67 135.96
D4 50.06 - 21.11 - - - 1140 - 0.58 83.14 24.03 - 11.94 - - - 5.86 - 0,35 35.97
p5s 39.45 - 28,99 - - - 11,50 - 4,35 B4.19 19.38 - 16.73 - - - 6.06 4.15 - 3.1
D6 9.8 - 28.65 - - - 1.2 - 4.54 B4.00 19.49 - 16,62 - - - 5.93 4.34 - 3.11
Cl 32.45 - 29.63 - - ~ 11.9% - 4.45 85.46 19.14 - 16,95 - - - 6.21 4.19 - 36.09
c2 360 - 29.06 - - - 1.5 - 4.49 B4.65 19.36 - 16.75 - - - 6.03 4.2 - 36.11
Ovl 54,36 - 21.65 - - - 0.29 12.58 0.31 89.20 24.50 - 11,51 - - - 0.14 10.99 0.18 36.01
vz 55.19 - 21.92 - - - 0.34 12.68 0.34 90.48 24.53 - 11.48 - - - 0.16 10.93 0.19 36.0]
3419 Zeolite
BT 37,74 - 28.23 - - - 11.8 441 - 82.26 19.08 - 16.82 - - - 6.44 4,32 - 35.90
B2 35.94 - 2880 - - - 12.3 407 - 82.14 18.74 - 17,22 - - - 6.71 4.00 - 35.96
83 37,20 - 2868 - - - 12,12 4,18 - 82.16 18.85 - 17.13 - - - 6.5 4.10 - 35.98
423 Zeolite
A s51.04 - 18.01 - - - 6.21 4.44 0.74 80.46 25.49 - 10.60 - - - 3.32 0,72 2.83 36.09
A2 52.07 - 19.67 - - - 5.27 3.67 0.78 81.46 25.39 - 11.30 - - - 2.76 0.74 2.29 136.69
425 Zeolite
AT 5162 - 22.79 - - - 0.70 13.48 - 88.59 23.62 - 12,29 - - - 0.34 11.9 - 35.91
AZ 53.57 - 2300 ~ - - 0.41 13.97 -~ 90.92 23.85 - 12.07 - - - 0.19 12,05 - 35,92
A3 53.76 - 3.1 - - - 0.42 14,22 0.25 91.77 23.78 - 12,05 - - - 0.20 12.20 0.14 35,82
bl 52.68 - 21,73 - - - 0.27 13.59 - a8.47 24.16 - 11.70 - - - 0.13 12.03 - 3.8
11 52,52 - 22.60 0.42 - - 0.31 13.71 89,55 23.79 - 1207 0.16 - - 0.15 12,04 - 35.88
12 52,717 - 22.39 0.32 - - 0.35 13.66 0.24 £9.69 21.86 - 11,95 0.12 - - 0.17 11.98 - 3.A
147A Albite

67.8¢ - 2112 - - - 1.09 11.59 0.14 101,83 11.70 - 42 - - - 0.20 3.87 0.03 20.10
82 68.58 - 21,27 - - - 1.23 11.57 0.15 102.80 11.71 - 4.28 - - - 0.22 3.83 0.04 20.08
221 Albite
I 67.43 - 21.89 - - - 1.63 10.90 0.40 101.95 2.9 - 1.10 . - - 0,08 0.91 0.02 5.01
4231  Albite
A 6717 - 0.6 - - - 1.08 11.40 0.37 100.71 11.72 - 4.25 - - - 0.20 3.8 0.08 20.12
4288 Albite
Tl 67.62 - 20480 - - - 1.09 11.42 0.49 101.42 11.72 - 4.2 - - - 0.20 3.84 0.11 10.12
ce 66.91 - 21.22 - - - 1.40 11,59 0.30 101.43 11.62 - 4. - - - 0.26 3.90 0.07
A 68.22 - 20.82 - - - 0.85 11.79 0.31 102.01 11.75 - 4.2 - - - 0.16 3.94 0.07




APPENDIX 4: Section F AMPHEBOLE, CLINOPYROXENE AND PLAGIOCLASE ANALYSES FROM GREENSCHIST-LOWER AMPH1BOLITE SAMPLES.
510; Ti0; A1,0; Crp0; FeQd Mg0  MnD Ca0 Maz0 Kp0 Total Si Ti Al Fe Mg Ca Total
38433 Uralitised dyke
Massive amphibolite
Dl 48.58 0.82 4.38 - 25,03 10.00 0.50 9.65 1.73 0.29 100.98 7.227 0.091 C.76% - 3.115 2.217 Q. 1.539 0.49 15.574
D2 49.71 0.82 3.46 - 23.92 10.61 0.39 9.98 1.42 0.29 100.58 7,369 0.091 0.608 - 2.965 2.345 0, 1.585 D.40 15.470
D3 48.09 0.85 4.65 - 25.56 9.78 0.43 9.39 1.93 0.35101.03 7.175 0.095 0.817 - 3.190 2,176 0. 1.501 0.558 15.632
Bl 50.05 0.67 3.55 - 24.02 11.64 0.34 8,72 1.5 - 100.57 7.378 0.074 0.617 - 2.962 2.559 0.042 1.377 0.455 15,464
B2 48.77 1.28 4.55 - 22,60 11.04 0.27 10.23 1.90 - 101.05 7,182 0.142 0.790 - 2.784 2,424 0,034 1.614 ¢.543 15.585
B3 48.02 0.83 4.82 - 22.78 10.63 0.28 9.85 1.63 0.45 99.36 7.197 0.100 0.85) - 2.855 2.374 0,036 1.582 0.474 15,554
Al 51,30 - 2.76 - 23.25 11,94 0.56 9.53 1.48 - 100.79 7.525 - 0.477 - 2.852 2.611 0.069 1.498 0.422 15.454
A2 50.67 0.28 2.74 - 24.54 11.33 0.66 9.28 1.3 101.14 7.486 0.031 0.475 - 3.032 2,485 0 1.463 0.385 15.43%
Fibrous actinclite amphibole !
€l 53.78 0.38 2,36 - 10.68 17.74 - 12,37 - - 97.33 7.684 0.041 0.398 1.276 3.779 1.6%4 15.072
£z 53.12 - 2.718 - 14,13 15.74 - 12.26 - - 98.02 7.657 - 0.472 1.703 3.381 1.893 106
Plagloclase rim analyses
DL 59,73 - 24.85 - 0.28 - - 7.09 8.05 - 90,29 10.676 - 5.235 0.042 - 1.359 .101
D2 60.52 - 24.53 - - - - 6.52 8.10 0.34 98,96 10.792 - 5.1585 - - 1.246 .07
D3 59,26 - 25.34 - - - - 7.70 7.44 0,28 99.53 10.598 -~ 5.342 - - 1.475 058
38446 Uralitised dyke
Relict clinopyroxens
Dlc 52.54 - 3.70 1,51 3.23 18.01 -~ 21.02 - - 99.40 1.905 - 0.158 0.0%8 0.973 - 0.817 - - 3.994
p2¢ 652.20 0,26 3,68 1.53 2.2518.19 - 20.88 - - 99.67 1.894 0.008 0.158 0.099 0.984 - 0.812 - - 3.999
D3¢ 52.32 0.25 3.70 1.56 3.2018.21 - 20.74 - - 99,88 1.897 0.007 0.158 0.097 0.984 - 0.806 - - 3.99%
Clc 53.22 0.28 2.78 D.76 3.78 18.60 - 20.57 - - 99,93 1.928 0.008 0.119 0.115 1.005 - 0.798 - - 3.995
C2¢ 53.27 - 3.02 0.83 3.9918.62 - 20.27 - - 100.31 1,929 - 0.129 0.121 1,005 - 0.787 - - 3,995
Cic 53.67 - 1.44 0.82 3.14 17.44 - 23.49 - - 100.45 1.956 - 0.062 0.096 ¢.948 - 0.917 - - 4,003
Rim amphibole on clinopyroxene
Clr 53.61 0.30 3.06 0.95 4.08 18.51 20.93 - - 101.46 7.353 0.031 0.495 0.468 3.784 3.077 311
C2r 52.43 0.47 4.12 0.70 10.07 17.78 - 12.86 0.67 - 99.10 7.397 0.050 9.685 1.188 3.738 1.994 .264
Fibrous amphibole in totally replaced clinopyroxene sites.
B1 50,87 0.58 5.84 - 12}5 16.33 - lg.‘.'l 1.17 - 99.31 7,236 0.062 0.979 1.517 3.463 1.78% 369
82 50.10 0.33 6.6 - 12.90 16.33 - 10.68 1.33 - 98.37 7,184 0.036 1.131 1,547 3,491 1.640 400
B3 48.80 0.53 6.58 0.34 13,34 14.96 - 11.39 1.21 - 97.16 7.136 0.059 1.134 1.632 3.261 1.785 .390
Random amphibole
El  48.05 - 8.22 - 12,67 15.22 - 11.52 1.2 - 57.22 7.005 - 1.412 1.545 3,308 1.799 500
E2 48.20 - 8.13 - 12,36 15.44 - 11,66 1.62 - 87.41 7.008 - 1.393 1.503 3,346 1.816 522
Acicular tremolitic amphibale
Al 57.72 - - - 4.23 22,78 - 12.22 - - 96,92 7.997 - - - 0.490 4.706 - 1.814 - 007
Az 56.75 - 0.7z - 7.26 21.29 - 12.15 - - 98.17 7.882 - 0.118 - 0.843 4.408 - 1.807 - .058
A} 52.84 - 5.01 - 8.34 19.75 - 11.45 0.96 - 98.33 7.404 - n.s27 - 0.977 4.125 - 1.718 © - 311
A4 54.B1 - - - 4,22 21.3%9 - 12,13 - - 92.56 7.976 - - " 0.514 4,640 - 1.892 - .022
Talc centre fill in tremolite patches
TL  57.39 - - - 1.89 27.81 - - - - 87.09 8,001 - - 0.221 5.778 - .000
T2 62.29 - - - 2.01 30.16 - - - - 94.47 8.003 - - 0.215 5.777 - 995
T3 61.63 - - - 1.74 29.81 -~ - - - 93.18 8.015 - - 0.189 5.760 - 13.983
Relict pripary plagioclase
D1 53.78 - 28.74 - 0.54 - - 11.75 §5.19 - 101.22 9.753 - 6.143 0.082 - 2.284 20.08?
Bl 51.43 - 30.46 - 0.35 - - 13.98 3.80 - 99.79 9.370 - 6.541 0.053 - 2.729 20.036
Bz 52.99 - 29.27 - 0.49 - 12,65 4.58 - 100.04 9.625 - 6,267 0.074 - 2.462 20.042



Sample
No.

Dominant
Fhase

o (&)

Sample
No.

Dominant
Phase

[i44]

* Denotes either three most intense lines or all lines with
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APPENDIX 5
%ARD RESULTS ON SECONDARY MINERAL SEPARATES

157 vein 228 38478 155 117 41A 11% 440 120 11(a)

MEIGLCS  yerolice Hatrolite Weulsndite LWRMCISE Lt yamoneite tassontite lawsontite Gyrolite
*5.52 6.51 6.58/%6.54 7.87 *5.55 9.34 9.30/9.15 *9.42 *9.47 11.04
5.90 5.98 5.89 7.78 *5.49 7.19/%6.57 *6.51 6.83 6.84 9.20
- 5.82 5.60 6.62 5.90 5.92 5.85 4. 4,73 *6.08
4.66 4.79 - 6.60 5.87 4.66 4,60 4.29 *3.16 5.86
4,58 4.68 .62 .51 5.61 4.39 4.35 *3.14 3.56 4.20
- 4.60/4,36 4.59 5.90 5.58 *4,15 4,11 3.66 *1.50 *4 .60
4.17 4.16 4.13 4.66 4.71 3.51 5.94 364 3.27 4.36
*3.97 4.11 - 4,53 4.61 3.27 3.49 3.50 3.20 4,19
3.92 3.49 3.51 4.48 4,38 *3.20 3.29 1.26 3.15 “4.12
- - - 4.15% 4.19 3.16 3.26 3. 14 3.03 3.68
3.28 3.29 3.27 4.11 4.13 2.95 3.19 3.02 2.88 3.50
3.19 3.20 3.19 *3.95 3.50 *2.86 3.17 2.44 3.28
3.15 3.15 3.18 3.89 *3.43 2.68 2,94 2.36 3.21
3.10 3.08 - 3.57 “3.42 2.18 *2.85 2.15 3.7
2,94 *2.93 .95 3.35 3.29 Z.18 2.67 1.08
*2.87 *2.86 3117 3.7 2.57 3.03
~2,86 *2.85 2.79 *2.98 3.17 2.56 2.94
- 2.68 2.68 2.94 2,92 2.43 2.92
2.58 2.58 2.51 2.88 2.25 2,88
2,51 2.52 *2.48 2.85 .3.86
2.45 2.46 2.37 2.69 1.67
2.41 - 2.67 2.57
2.32 2.20 2.56
.19 2.18 2.43
2.18 2.25
*2.18
2.08

&0 199 131 72 129 61 n 1l 120 140 157 amvg.

"“;:::;:;“ Prehnite Prehnite Quartz Quart: Natrolite Natrolite Natrolite Natrolite ::;::;::: * Natrolite
6.57 5.28 5.25 *3.22 *4.25 *6.49 *6.53 *6.56 *6.58 5.58/*6.51 6,52
5.87 4.63 4.62 *31.34 3.5 5.79° 5.85 5.85 5.86 5.86 ' 5.86
*5.57 3,54 3.54 .28 3.28 5.52 5.58 - - 5.58 5.81
4,84 3.48 5.47 2.45 *2.45 4.74 4.70 4.82 4.7 4,72 4.67
4.60 *3.31 *3.30 *2.23 2.28 4.65 4.60 4.54 4.60 4.60 4,60
4.39 *3.08 3.27/*3.08 2.24 2.23 4.35 4.35 4.3 4.35 4.35 4,37
4.13 2.681 .81 2.13 4.15 4.18 4.19 4.18 4.20 4.33
3.65 2.83 2.63 1.98 4.10 4.12 4.12 4.12 4.13 4,12
*3.43 *2.56 *2.56 3.50 3.50 - 3.49 *3.43 3.49
3.29 2.52 2.36 3.48 *3.42 - - €3,42 -
3.03 2.49 2.5 3.29 3.26 3.28 - 3.29 3.29
*2.92 2.45 1.20 - 3.21 32 3,22 3.19
2.88 .43 3.16 3.7 3.16 3.16 3.16 3.16
2.85 2.36 3.07 - 3,08 3.09 3.09 3.09
2.79 2.32 2.92 2.92 2.92 2.93 2,93 2.93
2.69 2.31 *2.88 2,88 *2.88 *2.88 *2.88 *2.87
2.58 2.07 *2.85 *2.85 *2.85 *2.83 2.86 *2.85
2.50 2.66 2.67 - 2,70 . 2.69 2.66
2.43 2.56 2,57 2.57 2.57
2,23 2.52 2.50 2.50 2.51
2,17 2.46 2,47 2.47 2.46
2.42 2.42 2.42 2.42
2.24 2.23 2.22 2.25
2.19% 2.20 2.20 2,17

.13 2.21 2.13

100% intensity.
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Appendix 6

MAJOR AND TRACE ELEMENT ANALYTICAL TECHNIQUES

Major-.and trace-clement determinations were largely performed using
X-ray fluorescent spectrographic methods based on those of Norrish & Hﬁttoﬁ
(1969) and Norrish § Chappell (1967), at the Geology Department of the
University of Tasmania.

A6.1 Sample preparatioh

Rock samples of between 0.5 and 2.0 kg weight were chosen for
analysis. These were cleaned of all weathered surfaces and initially .
broken into large fragments with a geological hammer. The sample was then
reduced to fragments of 105 mm or less, in a jaw crusher. This crush was
then qﬁartered by passing througﬁ.a stainless steel sample splitter several
times to reduce the sample for final grinding to about 200-500 ﬁrams.

The sample was then ground in a tungsten-carbide swing-mill, in 150 gram
lots. Batches of powder from each sample so produced were then rccombined
and thoroughly mixed. ’

With the exception of W, C, and Co, the contamination of the sample
during crushing and grinding is negligible.

Fused lithium borate glass discs were prepared for major element
analysis using the method of Norrish § Chappell (1967). The flux was
prepared in bulk prior to the analysis of each batch of samples, the
mixture comprising: lithium tctraborate - 38 g, lithium carbonate - 20.6 5,
and lanthanum oxide - 13.2 g. This mixturc was fuscd and quenched to o

glass coarsely crushed to inhibit the take-up of water from the atmosphere.

Each disc was then prepared from 1.5 g of the above flux, 0.02 p of
sodium nitrate and 0.28 g of sample (rock powder). ‘The discs were
~ prepared from unignited rock powders which had been dried at 150°C and loss

on ignition was determined separately.



A6 .2
Boric acid-backed, pressed pills were prepared after the method of
Norrish & Chappell (1967) for analysis of trace elements and Na. Pills
were made with 5-6 g of rock powder as this was the minimum amount of
powder required to yield an apparent infinite thigkne;s for Ka radiation
of some of the heavier trace elements (e.g. Nb).

A6.2 Major element analysis

The discs and pills were analyzed using a Philips PW1410 vacuum -
spectrograph. Instrumental settings for major elements are given in
Table A6.1. All major elements were determined on the fused glass discs
except for Na which was determined on pressed pills. Backgrounds were
determined on the peak setting of the element in question using 100% 510,
discs. The 8102 background was determined on a pure reagent blank disc.
Background for Na was taken off-peak and methane gas was used to
eliminate interference from the escape peak of K Ko radiation from the
K.A.P. crystal and to reduce backgrounds;

Counting times were 50 seconds (peak) except for SiQ,, MgO, and Na,O,

2
where 100 seconds (peak) was psed. Every Na sample was counted for back-
-ground as well (50 seconds).

.Matrix corrections were made on nominal percentage readings from
the XRF using the method of Norrish § Hutton (1969) to vicld true
percentage values.

Standards prepared'from Tasmanian igneous rocks (mainly Jurassic
dolerite, TASDOL-1) and calibrated against intc%nutionnl standards, were
used as 'working standards" with known nominal pereentage  compositions.
Discs of several of these were prepared at the same time as the unknown
samples, from the same batch of flux. Thesc.wcrc checked against inter-

national standards and during runs on unknown samples, were countad once

every fifth sample to minimise the effects of instrumental drift.

r
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Table A6.1

jnstrumental settings for x-ray fluorescent analysis of Major elements

Philips PW1410, vdéuum Spectrograph

£lement LY Ti Al fe 4] Ca K p Mn Na
Tube cr Cr Cr Cr Cr Cr Cr Cr M Cr
Crystal P.E. LiF200 P.E. L1F200  A.D.P, LiF200 P.E, P.E. LiF200  K.A.P.
Col]imator(l} C F C F ¢ F - F I F c
Tube Voltage {KV)| SO 35 50 50 50 45 45 50 50 ° 50
Tube Current {ma}| 45 12 45 45 a5 18 ki) 50 30 50
Counter E.H.7.(V)]1550 1610 1550 1560 1550 1560 1560 1560 1560 2520
Peak (°) 108.79 .86.17 144.9 57.45  126.6 113.08 50.17 89.1 6}.95 54,2
Sackground(2} 9 c/s 100 ¢/s 50 c¢/s Bl c/s To/s 1W00c/s 70 c/s 1lefs 90 c/s 24 c/s
count rate
Analytical Line Ka Ka Ka Ka Ka Ka ¥a Ka Ka Ka
Counter(3) F+D+y F+D+V Fe0sv FeD+V F+D+y F+D+V ™ F4Dsy FaD+V F+D+v FeD+y
Gas P10 P10 Pio P10Q Fl0 P10 P10 . P10 Pi0 P10
Channel Height{v} 2.10 3.55 2.5 36 3.35 2.5% 3.0 3.75 2.7 3.6
Lower Level {V} 2 2 r 1 i 1 1 1 2.5 2

Notes: {1} ( = coarse, F = Fine;, (2) Background determined at pesk position for all elements except Na on a
pure 510, {+ flux) disc or in the case of 5i0; on a flux disc. ({3} F = Gas Flow Proportional

Counter; 0 = Automatic Discriminator; V = vacuum.

-

A1l analyses done on fused glass discs except Na which was determined on pressed powder pellets.
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A6G.3 Trace element analysis

The instrumental settings used during trace element determinations
in this study are given in Table A6.2. The mass absorption coefficients
for the trace elements were calculated from the kﬁown major element
composition of each sample using the method of Champion et al. (1968).

Trace elements were determined on boric acid-backed pressed pills.
Analytical lines and background positions ({see Table A6.2) were chosen to
minimize the effects of interfering peaks and sloping backgrounds. Where
interferences were unavoidable (e.g. Sr Ko on Zr Ka and Rb Ka on Y Ka)
then the extent of interference was measured and corrected fbr.

Artificial standards were used, largely prepared by mixing measured
amounts of trace elements with spec. pure quartz.- These standards were
checked both for linearity between standards of different concentration
of the same element and against international standards (making
appropriate correction for the mass absorption of the radiation of the
element in question by the silica matrix of the standard).

A6.4 FeO determinations

Samples were dissolved using an HF—H2$04 dissolution and }-'ez+ was
determined using the method of Reichen § Fahey (1962).

In this method, the Fez+-bearing solution reacts with iodine mono-
chloride in excess HCl. The free iodine thus liberated is titrated against
a standard solution of poﬁassium iodate using CCl4 as an indicator.

The main problem with the methdd is that there is likely to be some
oxidation of Fe2+ during the dissolution. 'This is minimized hy dipesting

the sample cold, overnight.
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Appendix 7

SAMPLE CATALOGUE

Dept. Field -

Forms Description General Location
No, No,
60593 4 R Small glassy pillow lavas. Eastern flank, Mt. Law
94 47 R Zeolite specimens from 4. "
95 7 R Pillow lava. 700m ESE Mt. Ifould.
9 11 R Coarse lithic wacke. N end Green Gorge Beach,
97 112 R Veins of zeolites. "
98 13 R Massive flow with ropy surface. 100m N Green Gorge Becach.
99 2= R Plag-phyric pillow lava. . 200m N Brothers Pt.
60600 23A R Massive gabbro. Pt. N of Sandy Bay.
01 23B R Dyke intruding above gabbro. " :
02 24A R Dyke/gabbro contact - 2km N Sandy Bay.
chilled dyke margin.
03 25B R Fine gabbro or dyke in Coast SE Mt. Blair.
coarse gabbro.
04 26B R Fine grained dykes cutting Isthmus.
porphyritic dyke in dyke swarm.
05 27 R Dyke swarm sample. Perseverance Bluff.
06 29A R Dyke from dyke swarm. _Hasselborough Bay.
07 29B R " ‘ "
08 29C R " "
09 29D R n "
60610 30 R Baked sediment in pillow lavas. ANARE main basc.
11 34 R Glassy selvedge of pillow. N tip of North Head.
12 348 R S5cm from rim of pillow, "
13 34D R Core of pillow (15c¢m from rim}. "
14 35 R Pillow lava core. 200m S of top of
_ North Head.
15 36 R Block breccia with red lithic S tip Eagle Poinrt.
wacke matrix. -
16 41A R Dyke in harzburgite. , Head of bay, S of
Eagle Pt. ‘
17 42 R Pillow lava, chlorite filled 1 km ENE Douglas Pt.
. vesicles.
18 43C R Sheared pillow lava in fault 0.5 km ¢
zone.
19 44 R Dyke in pillow lavas. Douglas Pt.
60620 4SE R Pillow lava rim, ; "
21" 45C R Pillow lava core. "
22 46A Coarse red-brown lithic wacke. 50m S of top of Douplas I't
23 46B Red-brown mudstone. " '
24 50A Pillow lava Unity Pt.
25 50B R Red-brown mudstone "
26 52 R ?Harzburgite locality unknown
27 53 R Dyke in pillow lavas Baucr Bay
28 532 R Zeolite veins in pillow lavas. . "
29 54 R Mudstone from lens grading S coast, Baucr Rkay

to 60630,



Dept

Field

Forms Description General Location
No No.
60630 54B R Coarse lithic wacke. -5 coast, Bauer Bay.
31 55 R Baked fine interpillow s way to Mawson Pt,
sediment. Bauer Bay.
32 55pill R Pillow lava. "
33 56pill R Pillow lava underlying Tip of Mawson Pt.
massive flow.
34 56B R Massive basalt flow + 75cm "
from lower edge.
35 56C R " + 150 cm from lower edge. "
36 b56E R " + 300 cm from lower edge. "
37 56F R " + 375 cm from lower edge. "
38 G56H R " + 525 ¢cm from lower edge. "
39 561 R " + 600 cm from lower edge. "
60640 56J R " + 675 cm from lower edge. "
41 56K R "+ 750 cm = top edge "
42 60 R Massive flow within fropy' top. 1 km S of Mawson Pt.
43 ©61Z R Zeolite veins in pillow lavas. .1.1 km S of Mawson Pt.
44 63 R . Uralitised? dyke. 1.2 km S of Mawson Pt.
45 64 R Baked sediment from pillow rim. 1.3 km S of Mawson Pt.
46 64Dy R Dyke intruding pillow lavas. "
47 64pill R Pillow lava rim. "
48 068 R Baked globigerina ooze. Comorant Creek.
49 722 R Qtz/calcite/sulphide veins, First Gully.
D.S. :
60650 80A R Contact between coarse § fine Gadgets Gully.
dykes in dyke swarm.
51 80B R Fine plag-phyric dyke, D.S. "
52 81z R Qtz/calcite/sulphide veins,D.S. "
53 83 R Gabbro screen in D.S. "
54 94 R Medium grained anorthosite,D.S. Wireless Hill.
55 97 R Plag-phyric dyke in gabbro. 1 km E Handspike Pt.
A on coast.
56 103 ‘R Dyke intruding gabbro. Handspike Pt.
57 109 R Pillow lava. Carolinc Cove.
58 110 R n Sodomy Ridge, above
‘Caroline Cove.
59 1112 R Zeolite veins and vugs in "
_ pillow lava.
60660 112 R Vesicular pillow lava. Peak, N of Mt. llaswell.
61 115 R Pillow lava, “Gully, SI of ML. llaswell .,
62 117 R Pillow lava with zeolites 1 km 5 of Mt. Ainsworth.
along fractures.
63 119 R " Peak, Mt. Ainsworth.
64 120 R n 100m N, Mt. Ainsworth.
65 120Z R Zeolite veins in pillow lavas. "
66 122 R Aphyric pillow lava. 200m 15, Mt. Ainsworth.
67 124 R Weathered dyke in pillow lavas. 200m N, Mt. Ainsworth.
68 125 R Mineralised pillow lava -Carofine Cove, ot hut,
(sulphides).
69 126 R Pyrite-rich altered basalt. Caroline Cove, 20 m up
creck,
60670 127 R : " "
71 128 R Massive pillow lava. W end, Caroline Cove Loeach
72 129 R "

E end, H
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bept. Field Forms Description General Location
No. No.
60673 1292 R Zeolites in pillow lavas E end, Caroline Cove beach.
: (60672) .
74 131A R Pillow lava. Middle of beach, "
- 75 1312 R Prehnite veins in pillow lavas. "
76 132 R Palg-phyric pillow lava. W flank, Petel Peak.
77 133 R Dyke intruding pilliow lavas. "
78 134 R Prehnite veins from sheared Beach, Caroline Cove.
pillow lavas.
79 135A R Samples from sulphid/quartz/ S end of quarry, Carcline
calcite reef. Cove,
60680 135B R " "
81 135C R " N end of quarry, "
82 135D R " "
83 138 R Brecciated pillow lava. 300m up creek from Caroline
. : Cove beach.
'8 138B R Adjacent less disrupted lavas. "
85 139p R Dyke intruding pillow lava. Hurd Point.
86 139E R Pillow lava edge. "
87 140Z R Zeolite veins in pillow lavas. Coast, 100m N of Hurd Pt.
88 141 R Pillow lava. Coast, 1 km N of Hurd Pt.
89 141B R Dyke intruding pillow lavas. : "
60690 . 144 R " Dyke from dyke swarm. . Coast, due E of Mt. Jeffries.
91 145C,E R Core and edge pillow lava- Coast, ENE of Mt. Jeffries.
samples.
92 146P R Pillow lava. Coast, creek mouth N of
‘ Mt. Jeffries.
93 146Dy R Dyke cutting pillow lavas. "
94 147 R Small aphyric pillow lava 1.2 km S of Lusitania Bay.
( 50 cm).
95 148 R Dyke samples. from dyke swarm. N end of beach, lLusitania Bay.
96 149 R n 1 km N, Lusitania Bay.
97 151 R Pillow lava. 2 km N, Lusitania Bay.
98 153 R Dyke sample from dyke swarm. 3 km N, Lusitania Bay.
99 153B R Gabbro screen in dyke swarm. "
60700 155P R Pillow lava. 1 km W, Pyramid Peak.
01 155H R Hyaloclastite breccia. M
02 155Z R Zeolite veins through pillow "
lavas. :
03 156Z,S R Loose ooze and zeolite Pyramid Peak (W {lank).
specimens. '
04 156H R Hyaloclastite breccia. "
05 156P, R Core and edge samples of "
C,E pillow lava.
06 157H R Hyaloclastite breccia. i flank, Pyramid Peak.
07 1572 R Zeolite specimens in pillow "
lavas. _
08 1598 R Fine to medium grained lithic W tip of Southwest 't
wackes, A i
09 159 R Core and edge samples of pillow "
lava.
60710 161 R Aphyric pillow lava. 5 side, Southwest bt .
11 162 R Dyke cutting pillow lavas. +100m S side, S W, i,
12 163 R Porphyritic pillow lavas.

Botip, S.W. Pt
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No.

Field
No.

Forms

Description
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General Location

60713
14
15
16
17
18
19

60720
21
22
23
24
25
26
27
28
29

60730
31
32
33
34
35
36
37
38
39

60740
41
42
43
44
45
46
47
48
49

60750
51
52
53
54
55
56
57
58
39

60760
61
62
63

64

164
165
166
167
168
165
170

171A
171B
171C
172
173
174
174X
175
175X
176

176X
177
177X
178
178X.
179
180
180X
181
181X

182
183
184
185
186
188
189
190
191
191X

192
192
192X
193
193X
194
195
196
197
198

199
1992
200
201Dy

202

TDHWOHW O DVXVOTOADOK DN ODWHN O DD AXOHWXVWOWIODOIWRIE TDODD I DD DON WD ITAODR

=~

Range of mineralised lavas
and hyaloclastites.
Dominantly pyrite with minor
sphalerite, chalcopyrite and
rarely galena. X denotes
sample of unaltered

Pillow lava.

Prehnite veins in pillow lava,
Pillow lava.

Dyke intruding pillow lava.

Porphyritic pillow lava.

Field hut, Caroline Cove -

sege map for
localities.

Point NW of
S end, Cape
200m from 5
Bay.

300m "

relative

GCaroline Cove.

Star Ray,
end, Cape Star



A7.5
Dept. Field Forms Description General Location
No. No.
60705 203 R Porphyritic pillow lava. N end, Cape Star Bay.
66 204 R " i way along S side of
Cape Star Bay.
67 205 R Dyke cutting pillow lavas. 3/4 way along S side of
Cape Star Bay.
68 207 R Aphyric pillow lava. %3 way along N sode of
Cape Star Bay.
69 208 R Aphyric dyke intruding N base of Cape Star Pt.
pillow lava.
60770 209 R Pillow lava. Coast due W of Waterfall
Lake.
71 212 R " ‘ 200 m N "
72 212Dy R Dyke intruding pillow lavas. !
73 215 R Baked globigerina ooze between Coast due W of Mt. Aurora.
: pillow lavas.
74 216 R Slightly sheared pillow lavas. +200 M N of Mt. Aurora.
75 217 R Pillow lava. Small point N of Precarious
Pt.
76 217A R Pillow lava with pyrite/qtz/ "
calcite vein,
77 218 R Plag-phyric pillow lava, +200 m N along coast
78 219 R Pillow lava. +300 m N along coast
79 220 R Porphyritic dyke cutting Creek mouth, SW of
pillow lavas. Mt. Hamilton.
60780 220P R Aphyric pillow lava. - " .
81 221 R Lava block from coarse. Coast due W of Mt.
_ agglomerate. Hamilton.
82 223 R Globigerina ooze. 500 m S, Pyramid Peak.
83 226 R Strongly sheared, laumontised 500 m $, Flat Creek.
basalt.
84 226B R Fresh pillow lava away from "
fault.
85 227 R Pillow lava. 700 m S of Flat Creek.
86 228 R Pillow lava, strongly veined. 1 km S of Flat Creek.
87 228B R Sheared, highly altered "
plag-phyric lava.
88 230 R Altered hyaloclastite breccia. 1.5 km S of Fiat Creck.
89 2308 R Baked grey siltstone "
between lavas.
60790 231 R Dyke intruding agglomcrate, 1.5 km N of Aurora Pt.
91 232 R Pillow lava,. 1.2 km N of Aurora I't.
82 233P R " 0.5 km N of Aurora I't,
93 233Dy R Dyke intruding pillow lavas. "
94 234 R Pillow lava. Aurora I't. ,
95 235A R Greyish chilled edges on 300 m N of Mt. Cwynn.
Mg-rich pillow lava.
96 235B R Olivine-cpx-phyric Mg-rich "
pillows.
97 235C R Weathered-out olicpxtplag "
nodules.
98 236 R Plagioclase-phyric pillow lava. 250 m N of Mt. CGwynn.
99 239B R Fresh hyaloclastite breccis. Location nnknown.
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bept  Field Forms Description General Location
No. No.
\
! 60800 242 R Dyke swarm sample including Isthmus, W side,
sulphide veins.
01 243 R Silicified volcanic breccia. 200 m S of Gadgets Gully.
02 245 R Samples of piliow lavas. Low plateau on SW secticn
: of Bishop Island.
03 245B R " "
04 401 R Fine grained massive gabbro S side Tussock Pt.
screen in dyke swarm.
05 402 R Contact between aphyric and "
plag-phyric dyke swarm sample.
06 403 R Thin gypsum+minor sulphide Nuggets Beach.
veins.
07 404 R Aphyric dyke. "
08 405 R Massive gypsum vein. B
09 406 R Plag-phyric dyke with gypsum "
on fracture surfaces.
60810 407 R Aphyric dyke. "
11 408 R Brecciated dykes with gypsum "
matrix,
12 409 R Fine grained dyke or Point in Half Moon Bay.
rhodingite.
13 410 R Troctolite (host to 60812). "
14 411 R Altered dyke. N side of Eagle Pt.
15 412 . R Aphyric dyke in gabbros. LEagle Point.
16 414 R Pillow lava. S side Aurora Peint.
17 415 R Dyke intruding lavas, "
18 416 R Dyke intruding lavas. Near creek, middle of
Souchek Bay.
19 417 R u - N side of point S of
Souchek Bay.
60B20 418 R Pillow lava. "
21 419 R Pillow lava. Middle of bay S of
Souchek Bay.
22 420 R Aphyric pillow lavas. Point S of Souchek Bay.
23 421 R Vesicular pillow lava. 1.5 km S of Mt. Waite.
24 4212 R "Zeolite specimens from pillow "
lavas. )
25 422 R Hyaloclastite breccia. E shore of Flynn Lake.
26 423 R Pillow lava. Plateau edge W of Flynn I..
27 424 R " Coast, mouth of Flynn Creck.
28 425 R " N tip of lDouble loint.
29 426 R Dyke intruding pillow lavas. "
60830 427 R Dyke from dykeé swarm. Davis Point.
31 427B R " "
32 428 R Pillow lava. N side of Sandell Bay.
33 428B R Pillow lava. "
34 429 R Pillow lava. Coast, middle of Sandell Bay.
35 440 R Laumontite+ calcite in pillow 1/3 way along S coast from
lava vug. Hurd Point.
36 450 R Red-brown mudstone. Plateau edge, S side of
Jessic Niccoll Creck.
37 452 R ?Malachite staining on gabbro. On Island track, just S of
Red River.
38 454 R ?Malachite staining in pillow Island track on Windy Ridge,
lava, SE Mt. Fletcher.
39 455 R Pyrite in qtz/calcite reef. Buckles Bay coast, 5 cnd

of Isthmus.
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THE PETROLOGY OF THE MACQUAREE 1SLAND OPHIOLITE ASSOCIATION:
MID-TERTIARY QCEANIC CHUST OF THE SOUTHERN QCEAN

B.J, Griffin and R, Vame
Geology DNepartment, The University of Tasmania,
Box 252C, G.P.0. Mobart, Tusmania, Australia, 7001.

The Macquarie Ridge is a narrow arcuate system of submarine ridges that
runs south from New Zealand to join the Iadian-Pacific ridge system, and marks
the boundary between the Indian-Australianand the Pacific plat;s.

The crest of the Macquarie Ridpge is at water «depths of less than 200 m
in several places, and near 54°S 159°E has emerged to form Macguarie Island,
Linear east-west trending marine magnetic anomalies south of Australia have
been traced across tﬁe ridge to the Macquarie Trough east of Macquarie Jsland,
and geophysicaily the island represents oceanic crust produced during Tertiary
seaflogr spreading at the Indian-Pacific ridge system, tater wplified during
marginal interactions berween the Indian-Australian piate movirg north and the
Pacific plate moving west, 7
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Most of Macquarie Island is composed of volcanic rocks that are commenly
basaltic pillew lavas accompanied by volcanic breccias and more massive lavas,
associated with calcareous ocozes and lithic w;ckes. Uolc}ite dyke swarms,
gabbroic masses including a layered complex, and serpentinized peridotites
occur mainly in the northern part of the island, The island is made up of fault-
bcﬁnded blocks with peneratly northerly tilts, and prevides several sections
thr&ugh oceanic crust.

Lavas and dykes are usually porphyritic., Plagioclase (Angy-75) i5 the
dominant phenocryst phase, with less abundant olivine (Fogs.gs), clinopyroxene
{Cay sMgspfes - CuzgMgspFel2), and chrome spinel, Little-altered groundmasses
of both lavas and dvkes exhibit continucus variation from assemblages of
subealeic augite, plagioctase, opuques and glass in subophitic textures to more
alhaline assemblages of olivine, titanaugite, kacrsutitic amphiboie and miner

glass in intersertal texiures, Gabbros are composed essentially of olivine,
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plagioclase and clinopyroxene, similar in coﬁposition to some of the phenocrysts
of lavas and dykes, Opaques are scarce and orthopyroxené occurs only rarely as
thin rims on olivine or remnant cores within clinopyraxene, Peridotites are
mainly harzburgite and wehrlite,

Most of the Macquarie Island basalts and dolerites have major and trace
element compositions very like those from 45°M and the FAMOUS area on the mid-
Atlantic ridge., Altered rocks have high ignition losses, low Fe*2 : LFe and
aberrant Nay0 and K0 contents, Little-altered rocks vary in normative
composition from pl- and hy-bearing to mildly ne-bearing: this normative
range from tholeiitic to alkaline character corresponds roughly with their
groundmass mineralogy characteristics. Their Ti0z (1.31#0.28 wt.%) and Al204
{17.97+2,00 wt.%) contents distinguish the whole group of Macquarie Island
lavas and dykes from ocean island and island arc tholeiite series. Preliminary
results indicate high La/Sm (1,69+0,24) and La/Yb (4.420,9) ratios. The "ocean
floor basalt™ character of the‘Macquarie Island rocks extends to the more
alkaline compositions: these ne-normative basalts are generally less enriched
in LTL elements than ocean island tholeiites and display, for exanple, low Ir
(<150ppm} and Y (<40ppm) but high Kb (20-60ppm) contents,

Four secondary mineral assemblages have been distinguished in the lavas
and dykes. ﬁreliminary oxygen and carbon isotope studies show that sea water
was the source of much of the fluid involved in the slteration, but the fluid
conposition appears to have been modified substantially by interaction with
the rocks, The lowest grade assemblage is a smectite-carbonate alteration
in which olivine and glass are the major phases affected, Lavas that have
suffered this occan floor weathering have beer shown to retain the magnetic
properties of typical oceanic crust, and were probably at the top of the pile,
in the uppermost 200 m. Underlying this is a complex zpne of alteration
defined by the development of Na and Ca zeolites, particularly natrolite,

thomsonite, analcite, wairakite and at the bottom of the zone, laumontite,



The degree of alteration is variable: fresh glass has been found within a few
paces of intensively zeolitized lavas. Underlying these zeoljte facies
assemblages are albite, chlorite, epidote, sphenc assenblages that define the
lower greenschist facies, attained at the base of the lava pile where about
half of the outcrops are composed of basalttic dykes, In contrast, the dykes
of the dolerite dyke swarms (sheeted intrusive conplex) have suffered a
distinctive actinolitic hornblende replacement of primary mafic minerals that
has left the plagioclase little-altered.r This ‘uralitization' is the highest
grade of alteration encountered in the fine-grained igneous rocks, and also
occurs in the gabbros,

An incooplete section in the south of the island, through zeolite facies
voicanics into lower greenschist facies volcanics, is about 1400 m in thickness.
Taken together with the ocean floor weathering zone, the Macquarie Island
velcanic pile seems to be at least 1600 m, and possibly as much as 2100 m,
thick, The dolerite dyke swarms are at least 350 m thic# (the elevation above
sea level of the island) and i; the dykes were vertical when emplaced, they
may represent an oceanic crust layer about 1000 Q thick derived from oceanic
crust underlying the volcanic pile.

Originally deeper levels of the oceanic crust are now exposed in the
northern part of the island, where a coastal section has harzburgite at its

base, overlain by gabbros that include the layered gebbro complex and form a
layer sbout 2000 m in thickness. Comparison of the phenocrysts of the basalts
and dolerites with the mineral compositions of the layered gabbros and wehrlites
shows that the basaltic magma compositions maydhavc been derived by low-
pressure fractionation and reaction withinz:;zrystal-liquid pile that reached
the surface and acted as a fractionation column, ﬁc also show that the
Macquarie Island oceanic crust section puts the "peirolagical Moho" at a depth
of 4000-5000 m, ié it is taken to be the transition from harzburgite to gabbro.

Last, we note that experimental studies of several ocecan floor basalt and
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glass compositions show them to be in equilibrium with orthopyroxene only at
pressures of at least 8 kb, making the occurrence of harzburgite at shallow -

depths a difficuit feature o explain, and speculate about why this may be so.
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THE OUTLYING ISLANDS OF MACQUARIE
- ISLAND .

D. J. LUGG, G. W. JOHNSTONE AND B. ]. GRIFFIN

Close to Macquarie Island (54°30°S, 159°E} there are two groups of outlying
islands, the Judge and Clerk group 14 km to the north and the Bishop and
Clerk group 33 km 1o the south. This papet reports on a shorfwisit to the
Bishop and Clerk Islands and aerial surveys of the Judge ‘and«Clerk Islands
and of Anchor Rock (an offshore stack). The field work was carried out in
Februsry 1976, The geography and historical records of these islands are
summarized, end new information on their geology and biology ds presented.

UB-ANTARCTIC Macquarie Island (54°30°'S, 159°E) lies in the South

Pacific Ocean 1280 km south-east of Hobart, Tasmania, and 1440 km north of
the Antarctic continent (Fig. 1). The island was discovered by Captain F. Hassel-
burgh during a sealing expedition in 1810. It is about 37 km long by 4-8 km wide
and consists mainly of 2 hilly plateau at about 300 m altitude; the highest point is
433 m. The shores of Macquarie Island are fringed by rock stacks, the most
substantial being the 25 m high Anchor Rock 0-4 km offshore, west of the north
tip of the island. A submarine ridge, the Macquarie Ridge, extends north and
south from the island (Davis, 1919). On this ridge lie two groups of islands (Fig. 2).
The Judge and Clerk Islands (Fig. 3) are 14 km north of Macquarie Island, and
the Bishop and Clerk Islands (Fig. 4) lie some 33 km off the south coast. Submerged
reefs, shoals and banks have been reported near both groups (Antarcric Pilot, 1974)
and this together with poor weather has limited observations. Another island was
reported some 380 km south-east of Macquarie Island in 1821 but despite its being
on charts for 60 years, ‘Emerald Island’ doces not exist (Cumpston, 1968). Judge
and Clerk Islands comprise a chain of rocks and reefs, mostly along a north-south
line but with the northernmost reef offset to the east. The largest is Judge (19 m
high), and the two next largest we called South Rock and North Rock, respectively,
for identification purposes only. Bishop and Clerk Islands consist of Bishop Island
(highest point ¢. 43 m) surrounded by about twenty smaller islands, stacks and
recfs.

In early February 1976, the ANARE relief ship MV Thala Dan, with two helicopters
on board, spent five days at Macquarie Istand. On 6 February, a close inspection of
Anchor Rock was made by helicopter, no landing being possible. On the following
day, Thala Dan, with one helicopter, went south to the Bishop and Clerk Islands.
The helicopter, with two of us (pjL and Gw]) aboard, made high and low level
circuit flights over the group-for oblique photography, and landed on the southern
end of Bishop Island. Unfortunately, sea conditions were deterioraung and the
visit had to be cut short, with the result that only the period 1340-1415 was spent
on the Island. A small collection of rocks was made. On 8 February, a survey was
made of the Judge and Clerk Islands with two helicopters from the Macquarie
Island siation.

This paper presents a review of information on the outlying islands of Macquarie
based on these and carlier visits.

» Dr D. J. Lugg was Leader of the aNaRe Expedition and is Senior Medical Officer with
the Antarctic Division, Departmemt of Science; Dr G. W. Johnstone is a Biologist with the
Amuarctic Division; and B. ]. Griffin is a PhD student, Geology Department, University of

Tasmania. -
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General history of Macguarie Island

Mawson (1943), Law and Burstall (1956) and Cumpston (1968) have recorded
much of Macquarie Island’s history. The island was an important scaling ceatre
in the nineteenth and early twentieth centurics. On 17 May 1933, Macquarie
Island was declared a wildlife sanctuary by the Tasmanian Government which is
responsible for the administration of the island (Tasmanian Government Gazette,
1923), as politically it is part of the State of Tasmania.

Several Antarctic Expeditions of the ‘heroic era’ visited Macquarie Island.
Bellingshausen (1831), Wilkes (1845) and Scott (1905) spent from a few hours to
several days on the island, while members of Shackleton’s expedition made collect-
ions from the Nimrod (Shackleton, 1909).

Scientific study of Macquarie Island has not been neglected and four major
phases have occurred. Among visitors to Macquarie Island in the 100 years since
its discovery were a number of natural historians who published their observations
(Cumpston, 1968). Five members of Mawson’s Australasian Antarctic Expedition
(AAE) spemt from December 1911 uniil December 1913 on the Island and at the
conclusion of this expedition the Commonwealth of Australia established 2 meteoro-
logical station for two years. Mawson’s British Australian New Zealand Antarctic
Expedition (BANZARE) of 1929-31 visited briefly. Since March 1948 members of
the Australian National Antarctic Rescarch Expeditions (ANARE) have maintained
a permanently manned station (54°28'S, 158°57'E) on a narrow isthmus at the
northern end of the island.

History of the outlying islands

One of the earliest records concerning the outlying islands of Macquaric Island is
contained in an account of Macquarie Island by Captain D. F. Smith in the Sydney
Gazeue, January 1811:

About 25 miles NNE of the north point of the Island (Macquaric) lies a small isle called the
Judge, and a reef called the Judge's Clerk; about 30 miles sse of the south point of the
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v
1sland is an islet and a reef which Capiain Smith gave the name of the Bishop and his
Clerk. Captain Smith saw several pieces of wreck of a large vessel on this I1sland, apparenty
very old and high up in the grass, probably the remains of the ship of the unforrunate
de la Perouse. (Cumpston, 1968 p. 15).

In November 1820, Captain Thaddeus Bellingshausen visited Macquarie Island
and in describing his arrival from the north comments on ‘the Judge’ thus:
At5.0 a.m. I set my course for the northern end of the Island. At 9 o’clock, on approaching
closer, we observed rocks, washed by heavy breakers, ahead of us. I recognised them as the
rocks which appear on the Arrowsmith chart under the name of *The Judge’. At 1.0 p.m.
passing along the northern side of these rocks ar & distance of about half 8 ml.le, we rounded
the north-eastern extremity of Macquarie Jsland .
Cumpston (1968) reports that the Arrowsmith c.han of Macquarie Island has not
been located despite searches in a number of archives. :

T T T T T T
15830 159"
0 Kms 20
| P S—
- s Judge and 8
“Clerk lslands
North Heod
. Anchor Rock
| e4"30" ANARE 54'30'
. Station
Macquarie
Island
Hurd Point
55" 55—
South » Bishop and
Clerk Islands
15830 . 159" East
| 1 1 | 1 1

Fig. 2. Macquarie Island and the outlying islands

A further repor of the northern islets was,made by Captain Daniel Taylor after
his ship, the Caroline, visited Macquarie Island in 1824:

Caution 10 Mariners, Nw by N (by compass) six leagues from the Northernmost breakers

and the Judge’s Clerk, lays a very dangerous reef of rocks under the water. The sea broke

very heavy on two different parts. I passed close to it with the ship. (Cumpston, 1968

p. 63).
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159%r1'30" As late as 1881 there was much con-
, ﬁ?ﬂ fused thought concerning the islets.
'y Professor John Scott read a paper to

the Otago Institute in which he stated:

It (Macquarie) is a solitary island, but it
has two outlying rocks. One called the
‘Bishop and Clerk’ lies 30 miles to the
south of the south end; the other called
the ‘Judge and Clerk’ is 7 miles to the
north of North Head. (Transactions of
Metres the New Zealand Institute, 1882).

Q0 (approx) 200
| S T

Information on these island groups
was very limited {Davis, 1919; Falla,
1937; Mawson 1943; Grenfell Price,
1963) up to 1965, when a helicopter
& . from the USS Glacier landed for a few
: minutes on an outlying rock platform
(island ‘X’ in Fig. 4) of the Bishop and
Clerk Islands. Six species of birds and
one species of seal were reported from
that visit (Mackenzie, 1968). Prior to
this trip the island groups were con-
sidered to be ‘mere strings of barren
rocks’ (Taylor, 1955). Apart from the
DAY AN 1965 landing, no records of other
landings are known.

(Not 1o scale}

Charts of Macguarie Island and the
outlying islands
The earliest extant map of Mac-
quarie Island, drawn by British sealers,
was published by Bellingshausen in
1824. The Bishop and Clerk appears
on this map. Lieutenant W. Langdon,
RN, made a skerch and a plan of
Macquarie Island in 1822 and these
58214  are in the records of the Hydrographic
Judge Department of the Admiratry in Lon-
island don (Cumpsion, 1958). Mawson repro-
duces an Admiralty chart of 1887 in
his AAE Report (Mawson, 1943). Cap-
tain Neil McDonald of the ketch
Graritizde made 2 chart of Macquarie
Island in 1899 and this became the
official chart of Macquarie Island in
1905. Blake's survey during the AAE

- 54%

resulted in a new chart in 1914 that
e was published by the Admiralty
‘597‘“30 4 Hydrographic Department in 1917,

Fig. 3. Sketch map and tross-profile,of ithe Judge 4 chart which came into the posses-
and Clerk Islands. (Positions ave approximate)  Sion of the authorities'in Tasmania in
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1901 was said to be ‘from a survey made by H. Gunderson® but, as Cumpston
{1968) reports, it was later found to be traced from a sketch lent to Gunderson by
the oil traders Hatch and Fisher. This shows the outlying islets. Mawson {1943)
drew a location (Table I) and distributon sketch while aspects of the islands

TABLE I
Reported posirions of outlying island groups

Islands Reported Lat. and Long. Shipl Expedition Reference

Bishop and Clerk — 158°444'E Blake from Mawson AAE
Macquarie Is. Report (1943)
AAE 1914
55°03'S 158°46'E Discovery, Mawson, AAE .

BANZARE, 1930 Report (1943)
55°04'55"'S 158°41'50”E  ANARE, 1958  Admiralty Chart

(1958)
55°05'50"'S 158°43'25"E  Glacier, 1968 MacKenzie (1968)
55°04'50”S 158°42°20"E  Thala Dan This Report
ANARE 1976
Judge and Cletk  54°21'S 159°01'E AAE 1911-14, Mawson AAE
BANZARE Report (1943)
1929-31

have been sketched by Davis (Mawson, 1943). The AAE and BANZARE took a large
number of soundings from North Head to the Judge and Clerk Islands. As Maw-
son {1943) states:

An accurate and complete survey of the Bishop and Clerk group of islets has not yet been
achieved. They were too far distant from Macquarie Island for Blake to see any but the

* highest rocks. On no occasion did the Aurera find time 1o examine and map the group
in detail.

The visit by the Discovery in 1930 provided more information and a sketch map
{Mawson, 1943). The description in Mawson’s log (Grenfell Price, 1963} is as
follows:

Friday, 5th December 1930 Bishop and Clerk Islands After clearing Hurd Point course
was set to close a reported rock marked (E.D.) abour three miles 1o the south. A good
look-out was kept..... However, two miles to the west of the reported position soundings
gave a depth of forty fathoms..... C® was then zltered for Bishop and Clerk Rocks.
Soundings taken frequently were berween 40-50 frns. and very regular, proving that a
high ridge extends south from Macquarie 1. to the Bishop..... the islands appeared in
the mist. Although the ship spproached to within two or three cables only an occasional
glimpse of the island could be seen. The main island appears to be very stecp on all sides
with 2 very prominent western summit. A large conspicuous white patch on the eastern
side is 2 Royal and Gentoo penguin rookery., Two o1 three small islets only were seen;
they were about twenty feet high and appeared to ‘run in 2 N.E. and 5.W, direction.
There was no indication of the long line of rocks extending to the notth as charted (Ad-
miralty Chart). Sights obtained ar this position were not accurate bur it was estimated
that the Bishop and Clerk Rocks lie approximately two mlll:s to the south and one mile
to the east of the charted position.

Blake’s chart formed the basis of the present day Admiralty Chart No. 1022 and
the Australian Division of National Mapping produced a new map of Macquarie
Istand in 1971. This map resulted from oblique air photography and terrestrial
photography by ANARE 1947-1969 with horizontal and vertical control of ANARE
surveys 1950, 1958, 1969 and supplementary information from AAE-
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Fig. 4. Sketch map and cross-prafile of the Bishop and Clerk Isiands. (Positions are approximate.)

In late 1975, a surveyor from the Division of Natonal Mapping made a JMR
Doppler satellite position fix and did further tellurometer surveys. During the
visit in 1976 further vertical aerial photography was carried out, Table 1 shows the
variation in stated position of the Bishop and Clerk. Undil a further landing is made
and an accurate position found by means of a satellite position fix there will be
dispute as to the precise position of the group.

Geology of the outlying island groups :

Previous studies—H. F. Ferrar was the first geologist to visit Macquarie Island.
As a member of the British National Antarctic Expedition of 1901, he landed at
Lusitania Bay for several hours. L. R. Blake, of the AAE, studied the geology while
carrying out @ cartographic survey of Macquarie Island. Unfortunately, he was
killed on the last day of hostilities of the First World War after serving for several
years, and it was left to Mawson (1943) to write up the geology from Blake’s work.
Mawson recognised three groups of rocks; an older basic group of lavas, in places
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intensely folded, intruded by the ultramafic and mafic plutonic rocks of the gabbroid
group, with both groups overlain unconformably by a younger basic group of
pillow lavas and agglomerates. J. F. lvanac, of the Burcau of Mincral Resources,
Geology and Geophysics, agreed with these observations after spending a few
days on Macquarie Island (Ivanac, 1948). From information gathered on the 1968
relief trip 1o Macquarie Island, Varne er al. (1969) suggested that the rocks are
oceanic crustal material and that Macquarie Island represents uplifted oceanic
crust originally generated at a spreading plate boundary in a mid-oceanic ridge
environment. Further evidence supporting this hypothesis has since been presented
(Verne and Rubenach, 1972). In these various studies, however, no reference is made
to the outlying island groups, and prior to 1976 they represented geologically un-
known zreas.

Observations—1976.—Bishop Island is entirely composed of pillow lavas with
interpitiow sediments. The pillows are closely packed and are approximately one
metre across. Seven samples were collected: six of these are porphyritic tholeiitic
basalts, with coarse plagioclase phenocrysts, and the other sample is an aphyric
tholeiitic basalt. Al} samples were extremely weathered with strong iron discolor-
adgon.

The Judge and Clerk Islands group is more variable geologically. The two larger
istands are composed of stratified volcanic agglomerate striking approximately
ssw, and dipping 25-30° to the ESE. Blocks in the agglomerate are angular and
vary in size around an estimated mean of 20 cm. The proportion of blocks in the
agplomerate .is variable, up to 80 per cent, and this variation defines the scrati-
fication. The shelving ridges of Judge Island are bedding plane surfaces; the

- bounding clifis are fault scarps. The northernmost island of the group displays,
on its northern tip, an apparently conformable contact between agglomerate and
pillow lavas. The agglomerate is cut by a series of vertical grey dykes, all sriking
ssw. The lava pillows are similar in size to those of the Bishop and Clerk Islands
group.

The rocks described from the two island groups are very similar te the volcanics .
and associated rocks on Macquarie Island. Thus it appears that these island groups
are geologically extensions of Macquarte Island, and presumably all are subaerial
exposures of the Macquarie Ridge.

Biology of the outhying islands

Vegetarion—The ridge of Anchor Rock supports a relatively luxuriant growth of
vegetation, including at least a grass and a cushion-forming plant. The latter is
presumably Colobanthus muscotdes which grows commonly on coastal rocks at
Macquarie Island where it accounts for up to 10 per cent of the total plant cover
{Taylor, 1955). On Anchor Rock it occurs down the north-eastern face to about
10 m below the ridge. The only vascular plant noted on Bishop Island was a
cushion-forming one, again probably C. muscoides. Cushions of this plant cover
much of the summit plateau of Bishop Island, and also occur on the western
and northern tops. Two species of lichens were found on the rock specimens
collected. They were identified as Placopsis aff. bicolor and Cealoplaca erozetica
both previously recorded from Macquarie Island. On the Judge group, the only
plant life detected was a green coloration, probably algal, on Judge Island beside
the white guano of the shag roosts.

Invertebrates.—The rocks collected from Bishop Island and their associated
detritus yielded a few inveriebrates. Some of these have been identified. All
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material has been deposited in the South Australian Museum, Adelaide, except for
the dipteran specimens which have been lodged in the Au%trahan National Insect
Collection, Canberra.

Annelida.—Some small worms which have not been identified.

Acarina.—Mites were the group best represented in the collection. They in-
cluded the cryptostigmarid mite Alaskozetes antarcricus (Michacel), widespread
in the far south and present on Heard Island and Macquarie Island (Wallwork,
1963; Watson, 1967); Parasitiphis jeanneli (Andre), a littoral gamasine mite wide-
spread in the far south but apparently not previously recorded from Macquarie
Island; a prostigmatid mite, possible of the family Penthalodidae; and other
unidennfied cryprostigmarid, mesostigmatd and gamasine specics.

Araneac.—Spider egg sacs and 2 spidcrling, perhaps of the family Lycosidae
{wolf spiders).

Collembola.—Several collembolans, most probably Tullbergia medianiartica
Wise. This species has not previously been found ourside the Antarctic continent.

Diptera.—Larvae and pupae of small flies, very probably one of the acalyptrate
families.

Birds

Gentoo penguin Pygoscelis papua.—This species may have been present in the
Bishop Group butr was not positively identified. An observer aboard Thala Dan
reported that many penguins left island X’ when the helicopter approached and
that seme of these appeared to be gentoos (N, Brothers, pers..comm.). Mawson
{quoted above from Grenfell Price, 1963) reported gentoos among the royal
pcngums on Bishop Island in 1930. Viewing conditions were very poor, however,
and it is possible that shags were mistaken for gentoos; Falla (1937) stated that
mist prevented the party from recognising the species with certainty. MacKenzie
(1968) reported this species present in small numbers among several hundred
royal penguins on island ‘X’ but implied that they were unlikely to be breeding
because this rock would not be safe from high seas. The species is abundant and
widespread on Macquarie Island.

Rockhopper penguin Fudyptes chrysocome.—Two small groups of breeding
rockhopper penguins were noted on Bishop Island between the summit plateau
and the albatross colony. There were about 20 half-grown chicks and may well
have been more. The species is abundant and widespread on Macquarie Island,
but has not been recorded previously from the Bishop group.

Royal penguin Eudyptes chrysolophus schiegeli.—There was a group roughly
estimated to be in excess of 1000 birds on the upper part of the east side of Bishop
Island, and another group, probably smaller, on island ‘X’. Some fully grown
chicks were noted among the adults on Bishop Island, though most would have
gone to sea by this date (Warham, 1971). The presence of this species on Bishop
Island was first recorded in 1930 by Mawson as quoted above from Grenfell
Price {1263). MacKenzie (1968) recorded apprommately 150 on Bishop Island
and 700 on island ‘X’. This race of the macaroni penguin 1s abundant and wide-
spread on Macquarie Island where it is endemic.

Black-browed albatross Diomedea melanophris.—The southern high area of Bishop
Island contains a thriving colony of black-browed albatrosses. There were 44 half-
grown chicks present with black flight feathers prominent through the grey down.
There were many more adults, and all checked had dark brown eyes confirming
that they were the nominate race D.m.melanophris which breeds on Macquaric
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Ll S le-eyed D.m.impavida which is frequently seen between
%gm,‘”w Mt::q,;,:i;c{:hnd and breeds on Campbell Island. MacKenzie
Si' &R Fecorded 14 chicks and at least 107 adults, counted from the gir, It is now
D ﬁﬁ;’mxmc suggested, the colony on Bishop Island is considerably
<3 anfl ‘more productive than the two small colonies at the north and south
Macquarie Island, which together have about 30-40 pairs but seldom
miore than 10 chicks in all. However, MacKenzie's suggestion that
sland was colonized by black-browed albatrosses from Bishop Island
gween 1911 (AAE) and 1948 when the species was first recorded breed-
ki here by ANARE is based on the assumption that because Al did not record
‘hg":.ﬁeﬁs"itwas not then breeding. AAE records are notoriously deficient in

'y

~-ornithblogicil information &nd the lack of mention of 2 species cannot be taken to
WP‘YP absence. The two colonies are in relatively remote and inaccessible places
"and would easily have been overlooked by other visitors to Macquarie Island.
'_'-: Opcﬁbﬁ!ﬂ “Daption capense.—The starus of the cape petrel ar Macquarie
"Islznd has not becn resolved since 1951 when “a small number® were found ‘appa-
mﬂj nesting’ on Anchor Rock (Law and Bursmil, 1956). The relevant Antarctic
" Division biology log records that there were either three or five cape petrels sitting
on nedts and another six or eight flying around on 21 October 1951, but the ob-
‘server was nneble to climb down to the nesting area on the north-east side of the
‘Rock to check for cggs. This is the only record of the species ashore at Macquarie
Istand. ‘Since then there have been frequent sightings of cape petrels over the sea
. sarroonding Macquarie Island, particularly near the station and North Head and
:Joeside welief vessels at anchor east of the station. For example, on 25 November
*:1975, mort’ than 20 cape petrels attended Nella Dan there. Several (three or four)
cape petrels scen from Nella Dan on 21 November 1971 in the same area had
underparts stained brown, suggesting that they had recently left nests (Johnstone,
1974). :

The north-castern and western faces of Anchor Rock cannot be seen from
Macquaric Island, but of these only the north-castern is sheltered from the pre-
vailing westerly winds and seas. During the 1976 inspection by helicopter four cape
petrels were occupying three sites on this face, two singly and ene pair. The sites
with single birds were protected by overhangs and were much whitened with guano

. and appeared to be suitable for nests. A fourth uneccupied site also had much

guano. On the approach of the helicopter the birds flew off. No chicks could be

~ sedriyat this date at Heard Island (53°S, 73°30°E) chicks are left unattended, but
they do not fiedge until March (Downes ez al,, 1959). Law and Burstall (1956)
suggested there might be a colony of cape petrels in the Bishop group, but none
were recorded there, nor were any scen in the area from Thala Dan during the
1976 visit. The relatively sheltered south-eastern dliffs are steep and creviced
like Anchor Rock and may be suitable for this species, but close inspection was not
possible. None were seen at the Judge group, and the extreme exposure of these
stacks makes it unlikely that any bird could nest there successfully. The cape petrel
cannot be regarded as a breeding species at Macquarie Island unri! it can. be
demonstrated that the handful of birds on Anchor Rock do actually breed.

King shag Phalacrocorax albiventer purpurascens.—This race of the king shag is
endemic to Macquarie Island where abour 600 pairs breed at 14 colonies, many on
offshore rock stacks, all round the island (N. Brothers, pers. comm.). There is a
breeding colony on the eastern side of Bishop Island below the royal penguins and
scparated from them by a deep cleft running across the rock face. About 100 nest
sites were counted but most of the season’s nests were broken down and an accurate
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gount would have been impossible even had time been available. No eggs or
young chicks were seen but there were many young birds, some sull with dowp
Put most fledged. There were aiso a few shags perched on top of the guano-capped
fsland ‘Y’, Other prominent crags of Bishop Island were whitened with guano,
fndicating their. use as roosts by shags. Judge Island has two separate tops, both
govered with guano; there were more than 100 shags on the southern top and more
¢han 30 on the northern. Most flew off when the helicopiers approached, and there
was no sign of nests. A single shag was seen on the exposed south-western side of
Anchor Rock.

Great skua Stercorarius skua lonnbergi.—Near where the helicopter landed on the
south-castern platform of Bishop Island, D. ]. Lugg found a nest containing two
broken eggs, cither a skua’s or a southern black-backed gull's. There were some
penguin tail feathers beside it which suggest a skua was the more likely. A skua was
scen higher up on Bishop Island. MacKenzie (1968) recorded rwo adults there.
One skua was also scen on South Rock in the Judge group during our 1976 in-
spection.

Southern black-backed gull Lares domunicanus.—The only southern black-
* backed gull seen at any of the outlying islands was a large, but still downy, chick
at the eastern end of the summit ridge of Anchor Rock. Earlier in the season, on
28 November 1975, G. W. Johnstone observed two gulls on Anchor Rock sitting
on the two main tops of the ridge, as if incubating. Several other nests around
Macquarie Island contained eggs at this time. Presumably at least one of these
gulls was incubating and the chick was its progeny. MacKenzic {1968) recorded
several adult gulls and four downy young among the black-brewed albatrosses on
Bishop Island, but none were recorded during the 1976 visit.

Other Specics.—Prions Pachyptilz sp. were common at sea near the Bishop
group. The Antarctic prion P. desolaia is an abundant breeding species at Mac-
quarie Island, where it nests in burrows dug in the peary soil. (Although the fairy
prion has been recorded at Macquarie Island it has not yet been recorded breeding
there, pace MacKenzie (1968)). The vegetation on Bishop Island is probably too
sparse and the terrain too rocky for burrows, but prions could nest in rock crevices
as MacKenzie (1968) suggested. Blue petrels Halobaena caerulea nest on offshore
stacks of Macquarie Island where they are safe from feral cats (N. Brothers, pers.
comm.); they also may nest on Bishop Island. Anchor Rock could also support a
few of cither of these species.

New Zcaland fur seals Arcrocephalus forsieri were recorded at both groups of
islands. There were ten on sloping rock near the eastern point of Bishop Island;
MacKenzie {1968) recorded two on one of the southern reefs in February 1965. In
the Judge group, there were seven fur seals on South Rock. This seal is common on
Macquarie Island in summer when about 1000 are present, most non-brecding
males which come here from their breeding colonies in New Zealand waters.
Breeding has been recorded at Macquarie Island since 1955; the most pups seen
were cleven in February 1977. All seals seen on the outlying islands were adult.
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OXYGEN ISOTOPE GECCHEMISTRY OF THE
MACQUARIE ISLAND CPHIOLITE

J.D. Cocker (Dept. of Geology, Univ. of Alberta,
Edmonton, Alberta, Canada T6G 2E3)

B. Griffin (Dept. of Geology, Univ. of Tasmania,
Hobart, Tasmania, Australia 7001)

K. Muehlenbachs (Dept. of Geology, Univ. of
Alberta, Edmonton, Alberta, Canada T6G 2E3)

Macquarie Island is a well preserved Miocenc ophio-
lite with outstanding exposures of weathered pillow
basalts, zeolite facies metamorphaosed basalts, sheeted

dolerite dykes, gabbros and ultramafics. The & 190
* values of basalts and non-uralitized dolerite dykes which
intrude the lavas range from +5.7 to +9.6%/g0; ural-
itized dyI es, gabbros and ultramafies range from +3.2
to +6.0 /00 The 180 content of basalts reflects their
degree of alteration; basaltic gldsses are +3, 7% 00
whereas the aliered basalts are enriched in '80 in pro-
portion to their H2O content. Uralitized somples from
the dyke swerms as well os gabbros and ultramafics have
lower 6180 values indicating hydrothermal alteration.
Disseminoted and vein calcites from sub—zeohte to high
zeolite basalts range in 6 180 from +18 to +33%/00
which implies temperatures of 3 to 89°C assuming sea
water alteration. Carboncte, from intrusive rocks ronge
in 6180 from 412 1o +22° /00 corresponding to tempera-
tures of 60 to 150°C. The 8180 of natrolite, gyrolite,
wmraklte laumontite and prehnite range from +8 to
+20%/00 with prehnite having the lowest § 180 indi-
cative of higher temperatures of metamorphism. §13¢C
valves of calcites vary widely (+0.7 to ~18.9%00),
tending towards lower ratios in the high zcolite basalts
ond the intrusive rocks. These fow §13C values in the
high temgerature rocks suggests that the C was derived
from organic scurces with alieration oceurring in a closed
system. The chove data indicates that the 80 enriched
busaiis were cliered at lew temperatures by sea water in
the oceanic crust. The 180 depletion observed in the
intrusive rocks must also resutt from reaction with sea
water, but at higher temperatures.
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1. Introduction

TAS-SUEDS is a program for rapid quantitative reguction of X-ray
spectra collected by an EDAX energy dispersive system attached to a JEOL JXA-50A
scanning electron microprobe analyzer. Up to 11 elements may be determined
simultancously and standard data on up to 19 elements may be stored in each
of two arrays, this data thus being immediately accessible, Providing suitable
standards are availakle there are no program restrictions on the elements that
can be analysed. The program is run on a NOVA 28K minicomputer which is on-line
to the EDAX unit. Spectrum transfer from the NOVA to the EDAX ia automatic.
Rates of twenty analyses per hour are routinely achieved by only minimally trained

operators.

Apart from the reduction of unknown spectra, the program also contains

options for (i) element calibration using pure or compound standards,

(ii) element background calculations using known spectra, and

{iii) gain and zerc calibration of the EDAX analytical system using
a pure copper spectrum. Other program options allow input or output of reference
standard data, corrections for electron beam drift, changes in major oparating
conditions of the microprobe (e.g. accelerating voltage), and selection of either
of the two arrays of standard data. The last option is of value when the system
is used for analysis of materials which require different operating conditions
{e.g. silicate analysis is carried out with an accelerating voltage of 15kV,
and sulphide analyses with 20kV}. The storage of data in separate arrays
corresponding to the different conditions eliminates the potentlal for errors due

to the use of inappropriate standard data.

2, gpecificatigns

TAS-SUEDS is a BASIC language program (single—user level} operated on
a NOVA 1210 series minicomputer with 28k of RAM. The program requires spectra
to be comprised of 800 channels with 20 e.v. per channel, i.e. ovﬁr a 0=-16ReV
range. The EDAX analytical system consists of a series 1B3B detector and
amplifier with a series 7078 multichannel analyzer. This system is attached
on a spectrometer port of a JEOL JXA-50A scanning electron microsnalyzer (plate 1)

in the Central Science Laboratory at the University of Tasmania.

SUEDS 1 (Nockolds, 1976} was the basis for this program. Major
modifications have bcen‘madq ingcorporating the data reduction methods of Reed {1975}
Reed and Ware (1975), and Ware (pers. comm., 1979}). Modifications have also been
made to the output format so that it is criented towards presentation of the
analyses of geoclogical materials. These modifications include the calculation

of structural formulae on a given number of either oxygen or sulphur atoms and

various molecular cation ratios.



Processing of an unknown spectrum for ten elements, plus oxygen by
difference, requires about 110 seconds. Spactrum collection with the EDAX
takes about 100 seconds but as the program collects all required spectral
information from the EDAX unit during the first 15 seconds of data reduction
the next spectrum collection can be started after this 15 second period (an
"EDAX free® measage is displayed). Consequently there_ is only a 15 second
minimum delay between successive spactrum accumilations required by the analytical
system and this is virtually always less than cperator time required for

selection of the next analysis point.

EDAX-NOVA interface routines are included in the BASIC Interpreter
system tape sypplied with the copy of TAS-SUEDS. These interface routines are
controlled by the “CALL command in BASIC.

3. Software Icading Procedure

TAS-SUEDS is loaded using tha normal procedure. Firstly the "bootstrap
loader" is entered manually through the data switches on the computer, then the
BASIC Interpreter system tape is loaded, and finally, after the "NEW"™ command,
TAS-SUEDS is read in. Once this stage is reached a listing of the program
should be cbtained and checked against the supplied master listing.

4. System Calibration
4.1. Program Initiation

tnece initiated, all options in TAS-SUEDS operate from a central contrel
line {(line 7000) and the operating procedure depends upon the option selected by
the yser. The various options are identified by integer walues (table 1) and
at the completion of each task the program returns to the central controli point.
The "RUN" command is only used to start the program for the first tima or to
clear error conditions ip the computer. It resets variable and array values to
zero and the oparator must re-enter a number of variable values Lefore the program
can be used again, If the computer i8 turned off at the end of each analytical
sesgion, it should be reactivated by the command "goto 7000" rather than the "RUN"

command .

Iefault values for the various parameters have been written into the
program and these must be checked for each partricular system as Some are system-
dependent. Before initiating the program, the follewing variables should be

checked and redefined if necessary.

4.11. Electron beam current default value = 3 x 10 ? am;;s

specified at line 2010 as HE = 3
change at lines: 2010, 20585, 4515.



Table } Opticns available with TAS<-SUEDS
option Denominator Functioh
-1 selection of either of the two standard data arrays
1 guantitative analysis of unknown spectra
2 calculation 0f element conversion and overlap factors

from pure element spectra

3 calculation of element conversicn factor from
complex spectra

4 calculation of element backqround values
S gain and zero calibration of the EDAX system
10 routine to change the defined value of the

agcelerating voltage in the program
11 lists stored values of variables and standard data

14 routine for variation of the beam current value
ugsed in the program.

4.12. sample tilt default value = 0°
specified at line 2075 as T1 = 0

change at above line.

4.13. X-ray take off angle default value = 30°

spacified at line 2080 as Dl = 30

change at above line

4.14. System dead time default value = 16 x 10°6 seconads
specified at line 7233 as 0.000016

change at above.

This 16us is the effective dead time and is e¢asily calculated by measuring
the count rate as a function of beam current using a fixed sample. The count
rate is calculated by integrating the whole spectrum and dividing by the displayed
time. 1f the specimen current is used as a rapid measure of beam current it is
essential to move to a fresh area of the sample before each reading sihce build-up
uf contaminaticn spots can alter the specimen current. Effective dead time
should be calculated for both high and low energy X-rays: it is quite common for
the dead time to increase at the low energy end where pile-up correction ceases
to be effective. 1f this proves to be the case, the value of the effective dead

time calculated for the higher energies should be adopted.



4.15. Interferences on the low enerqgy background position

default values: (Al + Al) = B.97.E-B
(Mg + si) = 2.21.E-8

specified at: (Al + Al) line 4051
(Mg + Si) line 4059

change at above lines

Imperfect pulse pile-up correction results in minor (Al Kg + Al Ka) and
(M7 Kg + Si Kg) radiation pile-up on the Argon Ka peak position (which is used
as the low energy background position). These interferences should be allowed
for and the proportion of each interference can be calculated by manual measurement

and extrapolation using pure Al and Mg, 5i0, spectra.

4.16. System resolution parameters

default values W7 = 2,392
W8 = 19100

spacified at: W7 lines 2022, 6193
W8 lines 2024, 6194

change at above linas

These paramaters are fixed during routine system calibration. They are
printed out automatically aftar each calibration check. Initially they do not
nead to be reset but once the program is operating average values should be obtained
and inserted in the progiam. These parameters sat the width of the windows used
to measure the counts in each elemental peak and must not he allowed to vary

from day to day.

4.17. Calibration target material
A pure copper target is preferred for calibration purposes but other
materials, e.g, Ni;Si, may be used. The only program changes necessary are to
reset the values of the calibration peaks.
default values: low energy peak, E3 = 0.930 (KeV}
high energy peak E4 = 8.040 ({KeV}

spegified at: E3 = line 7091
E4 = line 7092

change at above lines

once the required alterations have been made the program may be initiated
with the "RUN" command (section 5.1). Following this the gain and zero centrols

of the analytical system must be calibrated with respect to the program.

4.2 Galn and Zero control calibration

The gain and zero of the analytical system will drift and Reed (1975) notes
that for accurate results the zerc error should bhe less than * 2 e.v. between

analyses. This program is calibrated using pure copper spectra but as noted



earlier only minor changes are required te allew the use of other materials
{section 4.17). Smith (1976) describes zero and gain drift effects in more detail

and discusses other potential target materials.

Cption 5 is the system calibration routine in the program. Using a
spectrum of pure copper, obtained under normal analytical conditions, the pregram
examines the position of the Ly and K, peaks relative to each other {(the gain}
and relative to the base channel {the zere). User operation and program flow are
described in secticn 5.2. Written into the program (line 6190) are calibration
parameters which are unique to each analytical system and which must be determined.
These parameters convert the measured zero and gain errors into clockwise {positiwve)
and anti-clockwise (negative) turns of each adjustment control. They are
calculated by helding the gain setting constant and adjusting the zere setting
from five turns below its correct setting tec five turns above, collecting and
processing a new copper spectrum at each zeroc setting. The change in measured
position of the K peak {(printed out each time} can then be plotted against setting
(from +% to -5) to derive a value for the effect of the zero control, in e.v. per
turn. This value can then be inserted instead of the TASUNI system value of B.Se.v
per turn at line 6190 in the program. The zero setting should then be returned
to its correct position and the procedure repeated for the gain setting {TASUNI
value of 0.09 e.v. per turn at line 61920).

Random wariation of + 1 e.,v. in the zero is expected and lies within
the tcolerances suggested by Reed (19753).  Conseguently errors of :0.]1 turns
(= $0.85 e.v.} are acceptable for a calibrated system. In practice the gain
anly shows a minimal drift and rarely requires adjustment whereas the zero drifts
by about 0.3 of a turn daily and reguires checking at least every six hours. It
may be necessary to install an easily adjustable calibrated potentiometer on the

zeyo and gain controls in order to expedite this calibration procedure.

4.3. Backaround Calibraticn

Operation of the background value calculation routine (option 4} is
described later (section 5.2). However it is useful here to consider briefly
the general approach of the routina. Factors affecting spectra are hasically
either directly dependent or independent of the sample composition. The backaround
calculation used here firstly corrects the spectrum for the compositionally
dependent effects (%AF correction) and then measures the spectrum at the required
element peak positions, normalising against measurements at {ixed backaround
positions. These Lackaround poesitions are at the Argen Kg and Germanium Ka

energies (both of these elements are rare in nature).



The background value takes into account the Brehmstrahlung and the
characteristics Jf the analytical system (e.g. beryllium window absorption}.
Thecretically the background values derived from different test spectra for an
element should be the same but minor errors arise due to the empirical nature
of parts of the correction procedures. Some typical examples, shown in table 2,
demonstrate the degree of variation commonly encountered. Values selected

for use are also shawn.

Once the required background values have been derived they can be
written inte the appropriate data statements in the program {see end of section
4.4).

4.4. Element Conversion factors and Overlap factors

1t is also necessary to calculate for each element a conversion factor
{which 1s count per weight percent per second per nancamp, corrected for matrix
ahs&zption effects) and the degree of overlap of each elemental peak on to the
peaks of adjacent elements. In dealing with everlaps affecting the element with
atomic numker Z, this program considers only the elements Z-1 and Z+1. For
many analytical systems the degree of low energy talling of peaks is such that
it is necessary to consider the overlap effect on element 2-2. e.g. it may be
necessary to consider the overlapping of the Si Ky peak (Z=14) on Mg (2<12) as
well as on Al (Z=13) and P (Z=15}. The program must be modified accordingly.

Conversion factors and overlap factors are calculated using options ¥2
and ¥3 of the program.  Option %2 calculates both conversion and overlap factors
from either pure element spectra or from multipeak spectra in which the peak of
interest is well removed from other peaks in the spectrum and also the elements
which may be affected by overlap from the element of interest are absent.A option
#3 calculates the element conversion factor only and is used for processing
complex standard spectra, e€.4. in the case of using a feldspar as a standard
for sodium. Some overlap factors may have to be estimated because of a lack of
sultable standards and a guide for estimation is the table of overlap factors
presented by Smith (1976}).

Machine conditions must be constant during collection of the standard data.
Measurements should be repeated during different analytical sessions to obtain
representative results. Any values that show significant variations (>:2% relative)
should be checked.

Once it has been established that the standard data are accurate and the
analytical system is performing consistently then this data can ke written inte

the program in place of the dummy values. The data statements for standards for



Table 2 Background values cbtained with Tasuni sysiem
at 3 nanoamps and 20 KV

Measured pure Cu pura Fe pure Zn Selected
element values
position 1 2 3 1 2 3 1 4

s (16} 1.307 1.320 1.319 1.345 1.372 1.357 1.323 1.335 1.335

'qd {48) 0.943 0.948 0.959 0.947 0.940 0.933 Q.925 0.934 0.941
Mn (25) ¢.408 G.410 0.409 0.436 0.437 0.433 0.383 0.396 0.410

Fe (26) {0.523}) {0.517) (0.506) - - - 0.358 0.366 0.362
Co (27) 0.322 0.1317 0.321 - - - (0.460) (0.478) 0.320
Ni (28) 0.290 0.280 0.282 0.264 0.269 0.265 0.264 0.266 0.273
Cu (29) - - - 0.245 0.252 0C.228 0.238 0.253 0.245
Zn (30) {0.316) {0.320) ({0.324) 0.204 0.216 0.210 - - Q.210

As (33) 0.142 0.142 0.143 0.147 0.141 0.141 0.147 0.151 0.144

*cd — L line is used for analysis rather than K line as with the rest.
Bracketed values were rejected because of interferences. Other results were

considered in calculating final values,

15 KV analytical work (e.g. silicate phases) are from line 1660 to line 1698

inclusive; and for standards for 20 KV analytical work {e.g. sulphides) are from

line 1700 to line 1738 inclusive. Each data statement is structured as below:
1600 DATA 12105, Q. .008, 11, 1.72

line number conversion fact overlap-l overlap+l atomic number  background value

1t is useful to then check the system performance on as wide a range of
known samples as possibia in the first instance. Following this it is usual to
include some of the standards and pure copper (or appropriate calibration material)
into all specimen holders (plate «2) for casy reference before, during, and after
analytical sessicns. The standards selected should contain the elements of
interest at abundances comparable or higher than those expected in unknowns and
at least one of the standards should be a stoichiometric compound. A suitahle
set of standards for silicate phase analysis is; a magnesian olivine, an augitic

clinopyroxene, a plagioclase feldspar, and an amphibole.

when the system has been thoroughly checked and all of the data written
into the program a paper taﬁe copy should be obtained. This tape is then the

master tape for the system.

The overall system calibration procedure is summarised in figure L.



Figure 1

Summary of System Calibration Procedure

A. Hardware measurements

1.

2.
3.

Heasure or check (i) beam current magnitude
{ii) specimen tilt
(1ii}) x-ray take off angle
Measure system dead time

Measure interferences on Argon Ka position

B. Software loading and calibration

4.
3.

8.
9.

10,
11.

Load and check program

Replace default values for beam current, specimen tilt, x-ray take off
angle, dead time, Argon interferences, and calibration target details
where necessary.

Activate program with "RUN" command, change accelerating voltage value
if necessary {option *19Q). i

Measura gain and zero adjustment parameters {ev/turn) and resolution
parameters, W? and W8, insert into the program and calibrate the gain
and zero {option *5).

Heasure all required background values {option *4}.

Measure all regquired element conversion and overlap factors (options
*2 and *3).

Check data reduction on a range of known materials (option *1}.

Write the collected standard data into the “DATA" statements in

the program.

The system should now be calibrated. Pegular checks (daily is suggested)

should be performed to recogniSe any short or long term drifts in the system.



5. Program operation and option descripticn

§.1. Program starting, restarting and error correction

For successful guantitative micreanalysis three basig conditiens
must be fulfilled.

(i} & “"good" spectrum must be collected, i.e., with the detector
properiy calibrated, the beam current at the correct magnitude, and the analysis
area being a clean, flat, carbon-coated area or spot on the specimen.

{ii) All parameters i.e. background values, standard factors,
accelerating voltage, x-ray take off angle, and beam current drift must be
correctly specified in the program.

and (iii) The appropriate analysis details must be suprlied under
cption *1, the analysis routine.

When problems are encountered with the analysis results focllow the
procedure outlined below until the errcrs have been identified and resolved.

(a) repeat the analysis on a different area of the sample and if
still in error check one or more of the standards in the sample holder.

{b} next check that no errors were made in the specific analysis
details, as supplied through option *1.

{c) if problems are still encountered, using option *11, obtain a
listing of program operating conditions and check these with the reference set
of parameters.

(@) then suspend program operation by pressing the "escape" key.
A message indicating at which point the program was stopped will be printed out.

(e} enter the "RUN" command. This starts the program again and
resets all variable and array values to zero before filling the arrays, etc.,
from the "DATA" statements at the beginning cf the program. It is necessary
to enter into the program the current values of the accelerating voltage, beam
drift, and number of analyses performed. Values of these parameters are given
in Appendix B.

{f) Use option *11 to obtain another listing of the standard data
and check that ali factors are as given on the reference set. 1f some are
different identify the correct values and insert them into the program. At
present ne direct input is available for data on standards and consequently
standard data must be changed by an external procedure, Stop the program
{normally by using the "ESCAPE" key) and then change the appropriate paramcter
(program variable names are }isted in table 3} using the "LET" command (see

example in table 3}.
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Table 3 Internal Variable Names and "LET" Command
Variable Program variable

Atomic number of standard o [3.3]

Element conversion factor g {0,q]

Cverlap on lower energy element ¢ [1,3]

Overlap on higher energy element ¢ 2,31

Background value of element g (4,3

- for standard number J.

To change the element conversion factor for element I (i) stop program using
"ESCAPE" key {ii} enter "LET ¢ [0,I] = xxx"

Normal operation should now be possible. If not then either
some part of the program has been corrupted in the computer memory or a
hardware problem has been encountered. Reloading the program will covercome
the corruption problem but the reasons for the corruption should be identified if
possible. Keep a record of the behaviour of the system from just before the
trouble commenced as this mauy be useful in tracing the fault immediately and

identifying recurring problems later.

5.2. Option Degscriprion

In the following sections the use of each option of the program is
described. A briefly annotated flow chart for each option is given in Appéndix

A and examples of cperation and results of each option are given in Appendix B.

5.2.1. option~l : Selection of standard data array

It was previously noted that two arrays of standard data are
available in the program. Having two arrays avoids potential confusion between
standard data for a given element under two sets of operating conditions e.g.

Fe at 15 KV for silicates or 20 KV for sulphides. This option is used to define
which of the arrays is to be used during the data reduction.

The choice of data array is made through the variable B2 and it may
have the value of "B" or "9". HNormal practice is to store data for analytical
work at 15 KV (mainly silicates) in the "P* array and for 20 KV work in the "9"
array. When the program is started with the "RUN" command the "@" array is

selected automatically.
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5.2.2 Option 1 : Quantitative spectrum reduction

This is the routine through which all unknown spectra are processed.
The proyram counts the number of times this routine is operated, by incrementing
the value of the variable J[12] (at line 7026). Thus the numboar of analyses
performed can be determined either by requesting directly the value of J[12] when
the program is not in operation {"print J[12]") or through the data listing
of option *11.

The result print out routineé in this cption have been developed
particularly with the analysis of silicate phases in mind. For sulphides, etc.,
the print out formats are acceptakle but not optimal at present and these
areas of the program could be further developed. The following section is a

datailed descripticn of the operator-computer interaction for this routine.

OPTION 1 - ANALYSIS CORRECTION
Computer responses in italics
1. ($) call analysis option as below
g7
2. (SAMPLE=?) First piece of information is sample identifier - this must
contain at least one of: Letter, Blank space, or non-integer symbol
(e.g. 1=2) SAMPLE = ? DEL. CPX - 1
3. ( ?) After this press RETURN KEY, the response is: ?. If silicates are
being analysed the following ratios may be calculated frot the analysis:
0 + No ratios calculated

1 » Mg/MgG + Fe calculated with all

Fe as FeQ
2 - Ca:Mg:Fe with the total normalised tc 100
3+ Ca:Na:X - total 100 as above

Several options may be selected. End the list with -1.
NOTE The ratics are calculated from the molecular proportions in the
calculated structure.
i.e. ? 1 = the Ig/isg + Fe value for the analysis will be calculated.
4. (OXHO=?) The next piece of information required is the number of oxygen
atoms on which to base the structural formula calculations (OXNO = ?).
For samples containing no oxygen obviously this is 0.
For AWHYDROUS PHASES (e.q. pyroxenes, olivines}) the OXNO is the number
of oxygens in the ideal structure, (see Deer, Howie, and Zussman, 1966,
if you are not sure). However, for HYDROUS PHASES the OMNO is the numker of

oxygens + % the no. of (OH). The number of Hzo molecules is ignored.
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e.8. Name Formula Oxno,
olivine (Mg,Fe}zsiO4 4

anhydrous plagioclase (Ca,Na,K)AlSisoa 8
augite (Ca,Na Mg, Fe?” Mn, Fe* AL, Ti) [ (51,A1) ,0,] 6

2+ 3s .
hornblende (Na,k), .Ca,(Mg,Fe* ,Fe” A1) [Si. AL, 0, 1(OH,F), 23
hydrous (QH) 0-172 5-7%6-7"2-1722 2

muscovite K2A14[SibA12020](0H,F)4 22
natrolite .
hydrous (zeolite) NaZ[AIZSISOIO]'ZHZD 80
¢ hilli
illipsite N
p(:eolgte) (4Ca,Na K} ;[ALS1.0, 1.6H,0 7
NOTE 1

In some cases the Oxno. is larger by some multiple of the number of oxygens
in the formula (e.g. zeolites). This is done by convention to make the results
more easily understood. Check with Deer, Howie and Zussman (1966) if uncertain.
NOTE 2 ’

If you do not know what the phase baing analysed is, make an intelligent
quess? The output format is best when a structural formula is caleulated. Also
the structural formula is ° rived from the analysis and thus does not affect it.
NOTE 3

1f glasses are being analysed used an Oxno. of 16. This approximates the
Barth cell calculations for a C.I.P.W. Norm. of 160 oxygen atoms.

*+ NORMALISATION R

Finally if you want to normalise the analysis to 100 wt.%, then IF AN OXNO.
IS SUPPLIED:- A negative oxno. causes the analysis TO BE NORMALISED AND the

PRINTED TOTAL of the oxides is the analysis total BEFORE
normalisation.
- A positive oxno. is used if an unnormalised analysis is required.

? -4

i.e. {(a) for a normalised analysis of an olivine OXNO
(b) for an unnormalised analysis of an amphibole OXNO = ? 23

NOTE Tf the mineral being analysed is either hydrous or it contains major

Ll

elements not included in the analysis e.g. Cl, then the analysis should not be
normalised. In this case the beam current should be monitored closely to obtain
accurate totals.

These comments also apply to part 6 of ch;a section.

If an Oxno. has been used ignore parts &, 7.
6. (NORMALISE?) 1f the Oxno. is 0 (e.g. for a sulphidé analysis) the next

question is NORMALISE ?. The potential answers are:

0 = yes — the analysis is normalised to 100% and the prenormalisation

total is printed out.
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9 = no — no normalisation is performed.
i.e. NORMALISE ? 0 - yes, normalise the analysis
7. (SULPH NO.=?) The program will alse calculate structural formulae based
on sulphur. If Oxno. = 0 then after 6 the following is asked SULPH._NO. =7
Thus if a sulphide is being analysed the number of sulphur atoms in the

formula is supplied.

e.qg. Name Formula Sulphur No.
pyrite Fes2 2
sphalerite (Zn,Fe)s 1
chalcopyrite CuFe52 2
bernite Cu5F254 4
arsenopyrite FeAss 1
i - ™ i L
tennantite tetrahedrite Culz(}\s,sb}4513 13
pyrrhotite Fesl-x 1*
HOTE 1: pyrrhotite is non-stoichiometric W.R.T. sulphur and the "Sulph. no."
is an approximaticn only. The other minerals marked * cannot be regarded as

combinations of simple sulphides, so the program cannot give accurate structural
formulae for these and many similar sulphosalts.
NOTE 2: Again if uncertain make an intelllgent guess or check with Berry and
Mason (l959) or another appropriate text. It is always useful to use some
value if a sulphide is being analysed to get the best format.
i.e. SULPH. NO. 7 2 e.g. for chalcopyrite
8. (AS BEFORE) Up to this point the infcrmation is specific for each analysis
and so must be supplied each time. However, the definition of the elements to
be analysed for, and the type of sample may often be done once at the start
of the analysis session.
Therefore in response to the present question "AS BEFORE" the possible
answers ares
0 = yas, the other information as previously set
9 = no, if the element analysis list and/or the type of
analysis is to be changed.
i.e. A8 BEFMORE 7 O - ves
* NOTE IE the answer is 0 COMPUTATION STARTS IMMEDIATELY THE "RETURN KEY" IS

PRESSED. THUS TNE ANALYSIS SPECTRUM MUST BE GATHERED PRIOR TO PRESSING THE

RETURN XEY.

9. {IF SULTHUR OR 00X DRESENT (0)7)
At this stage, before the first analysis or when a change is being made
the type of analysis must be declared.
Responses 0 - if sulphur or oxygen is present in the sample

9 - if neither present, e.g. metal alloy
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i.e. IF SULPHUR OR OX PRESENT (0)? O - an olivine heing analysed

(2, L, Oz, or 2, L) At this point the elements to be analysed for are
defined. Two headings are printed by the computer, depending on the
response to part 9 {oXygen or sulphur present or not). as below:
(a) if ox or sulphur present {b} neither present

?z, L, 0/ PE L

2 = atomic number e.g. Ha = 11
L = radiation line to be used in the analysis, where
K - line =1
L -~ line = 2
M- line = 3
Ox = no. of atoms of oX or sulph. which combine to form simple sulphides

or oxides with the element.

e.g. Nazo Oox = 0.5 FeS ox = 1
M0 Ox = 1 Cus Ox = 1
n1203 ox = 1.5
5102 Ox = 2

Up to 10 elements may be listed for analysis. 1f oxygen is present the

last data line is "78 70 70"

Note 1 Any number o. clements may be listed up to 10 (not including
oxygen if present).

Rote 2 After the last "0" is sent cotputation starts and so a spectrum
must be gathered before pressing the "RETURN" Key.

Note 3 Appendix l-A contains lists of elements for which standard data
are available, and the energy lines to be used for analysis.

(EDAX FREE) The computer only requires the spectrum in the display for the

initial calculations. Once these have been completed the message "EDAX FREL"

is printed out. Following this & new spectrum collection can be started.

Note 1 no response is required from the operator.

Hote 2  at present some other informatien is printed out hefore the
"EDAX FREE" message. This information is printed to provide a
chack on ¢omputer cperation and does not concern the operator.

{TRACE ELEMENTS?} after the corrected analysis has been printed out

{* ratios) the program checks to see if trace element analyses are being

carried out simultaneouwsly. There are two possible rosponses:

9" - no, this is the normal case. The program returns to base
position and prints $7? (see part 1)
"o" - yes,

i.e. TRACE ELEMENTS? 9 - no WDS analyses being performed.
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The "trace element" question refers to the master version of the program
at the University of Tasmania which also has correction routines for dealing
witih data from wavelength-dispersive crystal spectrometers. These routines

are under options 24-30¢ but are not available with this version of the program.

5.2.3 Options *2 and *3: cCalculation of standard data from pure and

multi-element spectra

Option *2 calculates the element conversion factor and overlap factors
from pure element spectra. Option *3 does not calculate overlap effects and is
designed for use with multielement standards. Option *2 can be used on multi-
element spectra where there are no interferences present on the target element

and the adjacent elements.

Options 2 and 3
1. ($?} e¢all reguired option as below
?2or 3

2. (57D?) Firstly the number of the standard must be specified. The list of
standard data (from option *11) should be consulted to see which numbers
have already been used. If a standard number is duplicated then the
previous data will be overwritten by the new values. The range of values
for the standard number is 0-40.

3. (FOR Z = ?) Give the atomic number of the element which is being
calibrated.

4, (AS BEFORE?) Does the present target have the same composition as the
previous one?

The possible responses are: @ = yes
9 =no
If a 'yes' rosponse is made the computer starts working on the

spectrum without any further operator input.

S. (IF SULPHUR OR QX PREESENT (0)7) Is there sulphur or oxygen in the sample,
responses: # = yes

9 = no

6. (7, L, Oz, ¥K-RAT) or (%, L, K-RAT} The first if oxygen or sulphur present

(part %).
This section is where the target composition is defined so that

matrix corrections can be made. The composition is supplied one element at
a time with Z = atomic number, L = analysis line (K=1, L=2, M=3), Oox =
number of oxygen atoms per atom of the particular element e.g. Ha (Na20) ox .5,
Si(SiOz) Ox=2, and K-PAT is the decimal weight fraction of the oxide or
element (if oxygen not present in sample e,g. sulphide). To escape from

the input loop once the composition has been defined one of the following
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responses may be made:
8, 0, 0, 0 if oxygen presant
0, 0, 0, 0 “ " not present
1f overlap factors are to be calculated (option *2 only) then the elements
on which the overlap factors are to be calculated must be specified in the
composition list. Their abundance is given as zero. The routine goes into
operation after the "return™ of the last zaro in the compogition list. the
spectrum must therefore be collected before the zero is "RETURNED" .
Results from several runs should be averaged and inserted into the data
array (for temporary changes) or written into the appropriate "DATA" statement

(for a parmanent change).

5.2.4 Option *4: Background value calculation routine

This routine calculatea the background values (relative to
the mea;ured background at the Argon Ka peak energy) from a spectrum of
specified composition. CObviously the spectrum must contain no interfering
peaks in the areas of interest and conseguently pure metals are commanly used
e.g. iron, nickel, zinc.

Background values for up to eight elements can be calculated in any
one run of the routine, and because this routine, like all of the routines,
does not affect the spectrum in the Video Display Unit, each spectrum can be
reprocessed as necessarv to obtain all desired background values. AL least
three measurements shoulé be made to obtain a reliable background measurement
result. A set of resuwlts obtained with the Tasmanian system is given in table
2. If wide discrepancies occur between results for the same elements derived
from spectra of different compositions then it is possible that the value of

accelerating voltage, x-ray take off angle, or sample tilt is wrongly specified.

OPTICN 4
1. {87) call reguired option
524

2. (BGD CALCN USING ?) ‘Any sample description may be niven here buf it must
include a non-numeric character. The responue will }e IN7), to which any

value is given, i.e. FRED\? 2

3. (AS BEFPORE?) 1s the composition of the target the same and do you want
background values calculated for the same elements as before? Responze:
§ = yes
9 = no
If "yes" then after "RETURN" of the zero the corputer proceeds directly

into spectrum processing and so the spectrum must be available at this point.

4. If "9" = NO to part 3 then the program operates as from 5.23 part 5 except
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that once the target composition has been given the elements for which background

values are requirad are given in the same list with abundances of zero. Up to

10 elements can be specified overall inm the list and so the number of background
values that can be calculated depends upon the number of elements in the target,
this is another reason for using pure element targets. Once all the elements
have been defined the list is finished in the normal manner (5.23-5) and after

the "RETURN" of the last zerc value the program starts spectrum processing.

5.2.5 Option_ *5 : System zero and gain calibration

Use and operation of this option has been previously

discussed {section 4.2).

1. {82}  call required option
575

2. (SPEC CALIBRATION ON PURE Cu)

(15 SPECTRUM READY (#}?) Enter "@" "RETURN" when a copper spectrum has
been collected. Data processing then proceeds immediately and on completion
the: results are printed out. The required adjustments if any, should be made
on a new copper spectrum collected. After the results are printed out the
following is asked:

4 (ACAIN?) responses: @ = yes =~ if no spectrum is to be processed
9 = no - if previous results showed that the system

was satisfactorily calibrated.

5.2.6 Option *1 1 _Accelerating voltage input

This option allows changing of the accelerating voltage
used in data reduction by the program. It is a routine designed for systems
where regular alternation between anaiytical work at different accelerating
voltagos occurs.

1. 371 10

2. (ACC. VOLTAGE=?) N where W is the new value of the accelerating

voltage (in XV}.

5.2.7 Opiien *11  :;  Standard data print out

This routine prints out current machine conditions and

analytical details as well as all of the stored standard data.
L (321

2, (PROGEAY DATA AT ?) Three integer values must be given sequentially by
the operator at this point. These values are arbitrary as they are not used by

the program but they are usually chosen to represent the date.
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5.2.8 oQption *14 : Electron beam current drift adjustment

For reasons known ohly to itself an electron microprobe
system will often stabilise with a beam current at not quite the set value.
An alternative procedure to restabilising the system is to reset the beam current
value in the program providing the error is small (<i5% relative). Because
totals are almost directly proportional to beam current the required adjustment
can be calculated by analysing a phase with an accurataely known analysis total.

The required correction can be calculated from several analysis totals.
1. {§7) 14

2. {DRIFT?) give the correction as a fraction of 1 i.e., if analyses are
totalling 105 wt & and they should total 100 wt.% then the correction is 1.405.
If totals were 96.5 wt.% then the correction would be .965.

3. (TOTAL DRIFT = zax) The program then prints out the total drift faetor

in use (= new x old) and then returns to the central control line {line 7000).

6. Remarks and Conclusions

Provided that an EDAX system is performing consistently and that it is
attached to a stable electron microprobe, it can be calibrated to produce
rapid, geologically atceptable quantitative analyses with the procedure cutlined
here and Tag-sueds. %Thu irotal procedure should take approximately two wecks
and analysis rates of up to 20 analyses per hour should be routinely achieved.

A major problem that was epcountered with the Tasmanian system was a gradual
build up of contamination)on the detector window. The contaminant was o0il from
the diffusion pump. This has hieen overcome by the ingtallation of two small
heating resistors inside the collimator cap of the detector. These irradiate the
outer surface of the Beryllium window and prevent the oil from condensing on it.
A check can be made for this type of contamination by manually measuring the
ratio of the heights of the copper Ka and La peaks during the daily calibration.
This ratio is a measure of the efficiency of detection of low energy radiation
{Cu La) compared to high energy radiaticn {Cu Ka) and thus is affected by
almost any change in detector performance. This ratio should not vary by more
than 2% in the short or long term if the background values and conversion
factors are to remain correct.

Finally, with the Tasmanian system it has boen found that a beam current
of three nancamps gives a count rate on purc copper of ahout 7000 counts per
second. Dead time at this count rate is about 20%. A live time counting
period of B0 seconds is used. The Eést discriminator of the EDAX system is set

to give a noise rate of 100 ¢ounts per second with no incoming signal.
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Appendix A EXAMPLES OF EACH OPTION

4+ ? -1 SILICATES(0) OR ETCETERA(?)

Samele=7? DELEGATE CPX\7 17 27 -1 OXNO,=? -4
As before? 9IF SULPHUR OR OX PRESENT ()7 O

Zr Ly OX/S
117 17 .5
127 17 1
137 17 1.5
147 17 2
197 17 .3
207 17 1
227 17 2
247 17 1.5
.257 17 1
247 17 1
a8t 07 ¢

P ) ) o ) D DD

Ti= 9 Time= B0 EDAX free
Tot Int= 524302
ELEM ax STRUCT
Na20 .82 + 058
M=0 15.75 .857
Al1203 5.25 . 2264
5i02 51.53 1.88
Ca0 21.17 .827
Tio2 .48 .013
Cr203 .73 .021
FeO 4,23 129
TOTAL 110.27 4.011
MG/MG+FE= 84.92
CA: MG! FE = 45,61 47.27 7.12
Trace Elements? 9

% 7 14
LRIFT 7 1.10 TOTAL DRIFT= 1.15354

$ 71

Samele=? DELEGATE CLINOFYROXENENT 17 27 -1 OXND.=? -4
As before? O0x Ti= 9 Time= 80 EDAX free
Tot Int= 515404
ELEM ax STRUCT
Na20 163 045
M=0 13.92 .B45
Al203 5.22 2249
5i02 St.49 1,878

Ca0 21.31 .B833
Ti02 +53 015
cr203 .72 021
Fe0 4.18 128
TOTAL 100.19 4,009
NG/HGHFE= B7.11

ChAl MG! FE = 45.462 47.37 7.01
Trace Elements? 9

20.
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$ 72
STH 47 14 FOR Z=7 29
As before? 9IF SULPHUR OR OX PRESENT (007 9

Zy» L+K-RAT
T 287 17 O
T 2PT 1T 1

? 307 17 O

T 0?07 0 :

X Ti= ¢ Time= B0 EDAX free
Tot Int= 550041

8945.82 [}

OLAP FACTORS 1.735406E-3 0O
CONVERSION FACTOR 1877.06

$ * 3
SUBGTD 47 16 FOR Z=7 29
As hefore? 9IF SULFHUR OR OX PRESENT ()% 9

Z» LrsK-RAT
? 2g7 1t O
7 297 17 1
? 307 17 Q
? 07 07 O
X Ti= 9 Time= 80 EDAX free
Tot Int= 550041

CONMVERSION FACTOR = 1877.06

$ 7 4

DGO CALCN USING 7

T PURE CUNT 1

As before? 2IF SULFHUR DR O0X FRESENT (0)7 ¢

Zry LeK-RAT

187 17 0 4 4 N.B, data for Argon (718 ?1 70) must be given as the first
207 17 T element in the list in all cases with option 4.

227 17

257 17

267 17

297 17

o7 07 O

P R I e
E-E-N-T-1

Ti= ? Time= B0 EDNAX free
Tot Int= 550041

BACKGROUND FACTORS CALCULATED FOR 15 KV
13 HGD FACTOR

18 1.000%92

20 + 7374688

22 L BH7662

25 367205

246 417789

29 4,92978

$ 7



$ 75

GFEC CALIBRATION ON PURE CU

IS SFECTRUM READY (0Q)
70O

933,409 152,498 8044.86 200.938
EV/CH.ZERQ ERROR(EV) 19.%90% 3.18323 RES 187.403
W7= 2,39712 WB= 21066.2
G ~-.101471 Z =.374497 TURNS

Adgain® O

9354.914 153.435 8049.48 199.417
EV/CHyZERD ERROR(EV) 19.9922 &6.55108 RES 184.812
W7= 2.29143 W= 213793
G -8.644865E-2 Z ~=.770809 TURNS

Adain? 0

931.105 154.843 B043.82 201.898
EV/CH+ZERD ERROR(EV) 19,9924 ,749512 RE5 188.847
W7= 2,3%82% WB= 21771
G -.084983 Z -8.81778BE-2 TURNS

Adain? ¢

? 10
ACC, VOLTAGE=? 15

$ 7 11 ’
Prodram Data at? 207 5T 79
Acc., Voltade= 15 Drift Factor= 1.1208% No. Analysesv 200137

1 11 12105 4] . 008 1.72
2 12 20746 +0352 .0098 1.824
3 13 28300 032 .02 -1.95
4 14 31100 +0163 © 2,133
S 19 19530 0 015 843
5 20 161060 0075 0 748
7 22 12394 o o 521
B 24 8700 0 1181 » 402
9 23 8235 0 «1105 «333
10 24 4450 0 . 0468 277
11 29 3586 0 o 262
12 Sé 11433 0 o .52
13 28 3590 0 0 2

14 15 27000 0 o] 1.62
15 17 22000 0 ] 1.133
20 32 160 0 ] .1

R AOR KOk Kk L e 23 L33

21 14 29443 0 ] 1.335
22 24 0o 0 L] »a87
23 25 11484 L+ o) .41
24 26 11500 0 ] « 342 -
235 27 8215 4] o 32
26 28 5784 0 0 273
27 29 5434 Q 0 + 245
28 30 4213 0 o 21
29 13 ] 0 0 <144
30 48 0 4] 0 741
31 34 0 0 0 <124
32 47 Q o] 1] P93
33 50 ] [+] Q 823
34 51 ] [+] 0 782
33 75 L] o] 0 + 207
36 74 o [+ [+] 195
37 77 ] 0 0 +183
38 7% o [« ] 1.533
39 a2 o [+] 0 1,307
40 iz 100 0 Q 152

L

14
TRIFT 7 1,00 TOTAL DRIFT= 1.05051



Appendix B PROGRAM FLOW FOR MAJOR OPTIONS

Options 1-4 are dealt with in this appendix. All other options involve
only minor computing and do not require any explanation. Comments have been
made where necessary and the important variables identified. The following
symbols have been used.

AHK .
5 = program works through from line xxx to line yyy
Yy
AXX
(: = program jumps from line xxx to line yyy
¥y
{A) = brackets indicate operator input 2ata

xx¥ % sub yyy = subroutine direction, at line xxx go to sub yyy

Option 1 Quantitative analysis option

7011 $? (L)
0 (
7016
7426 J {12) = no.- of analyses performed - incremented by 1
76}9 Sample = ? (FRED) = input of sample description - not used
i
1q30—33 - input of option choice for molecular rationg etc.
7635 - input OXNC = ? - variable M2
M2<>0( ’
950 if #2<0 then M3 {normalisation variable) = 0
E M2>0 M3 =9
958

otherwise at 7037 inpat M3

7125 if B2 {(silicate {0) or sulphide, etc. (9) control variable <»9
B2<>9
7128 input A9 = no. of sulphur in structural formulae
7130
(;2H40 g input of details of element list required in analysis.

2495
t TASK DEFINITION
+ RESULT CALCULATION



R i VU RS R Ve

it

24,

gaet spectrum from EDAX U.D.U.

add up total integral of spectrum = D9

-6
dead time correction = 16 x 10 seconds

escape peak correctien

calculation of upper and lower channel numbers for cach
element windoew (D[0,I] and D[1,1] respectively)
sub 7740

H transfers std. data on each reguired element from

1
7785 / permanent data array 0[I1.J] to temporary array v[1,3]

gums for total integral in window for sach element

= n[o,1] = u[1,1]

- calculation and removal of peak overlaps from window
integrals - Also iteration counter variable N3 = -2 on lst
time through and then #3 set at 4 and 7370 used as

subroutine hlock.

uia,1] . peak integral
¥io,I1xH8 {std.factor} x heam
value

calculation of nominal wt % C[I]:

sub 4000
! calculsticn of background walues at Argon (=04)
4068)and Garmanium (Q3) pos'ns.
sub 2%10
! ZAF correction
3113
- if Ne = 1 » 7531 = escape line from iteration to print out
reutine
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7415 > sub 4200

\
4245/ using sub 2526 + bgd. parameters P@, Pl

calculates ZAF corrections for Ar + Ge positions

: calculates bgd. B9 for each element and subtracts it
74?3 from raw peak W[0,1] to get real peak value N[17I]
7446
5 sub 73729 for each element I, firstly subtracts overlaps using
: corrected peak values tla,rh through sub 7372 and
7450 calculates new composition X[I] and sets any K[I] <0.2
: wt.\ to zero
7455 3 sub B500 calculates oxygen wt.V by difference if oxygen
has been nominated as present otherwise normalises
: results prior to ZAF correction
7496
L7520 N3 = N3-1 decrements iteration counter variable N3.
7530 tests N3>=0 and if not returns to 7412 and éoes through
E another correction loop
7§31 tests M) = normalisation control variable
(; M3<0 5 sub 9100 - normalises results
M3>0 f
/
7536’
7542
t CALCULATION SECTION
+ PRINT OUT SECTION
3240
B2<0 C B2>0 eaa'o print out for sulphides, ete. -+ 3203
3246
MZ>0 (;

‘\\\‘\ﬁﬁ 32%6 print out for oxide results - 3293
3267
j print out for silicate results
3293
32?6 =+ input A9 = yes/no for trace element analysis (WDS system)
i
3298
CEEQQ end of option.



26.
Options *2 and *3. Standard Factor Calculations

These options are very similar and only differ late in the computational

path at line 7617 and so the options are not dealt with individually up to this point.

7011 $? (2 or 3) choice of option (=C)
(;7q15 i
7025
(;TQAD STD?
7050
(;TQSQ input number of standard = 24
7061 FOR Z = ?
TOFJ input atomic number of element = Zl
7064 z4 = 7l
7065
C7125
7130
738
C2].|41.0

' input of details of composition of target
]
2495

(’7140
C<6 C
T1BS

! input of spectrum from V.D.y, + dead time, escape pk.

73'66 correctns + calen. of window integrals as in Option *1.
corl C
75|45
75I50 = sub 4000 background values for Ar and Ge pos'ns.
75!52 5 sub 2510 ZAF corrections for each element nominated
7554 5 sub 4200 background values
! calculates bdg. (B9) for each element and subtracts from peak
15}30 value N{@,1] to get cerrected peak value W[P,Il

]

I
%17 —

l 1690
C=3 : calculates overlaps on adjacent
J’ ': elements (Q[1,1} and ¢ {2.I]} and
7620 77307, veonversion factor

calculates and subtracts
7660 any overlaps on peak of
! ’Z interest 7000 end of option



t
A
7680
7090
Option *4
7011
c>0 C
7q16
7025
o1 C
7040
C>2 (;
7055
o3 (
7070

1
7080

C7125
cont (
7130
[

)
7135
(;2140
I

2485
(;7140
c<6 (;
7185
'
7364
- C
8180
c=4 (;
8200
(,25'10
2701
v (

27,

§ calculates and prints the

element conversion factor.

end of optien.

Background Value Calculations

57 {4)

variable N7=9 set by program

BGD CALCN USING? - input of spectrum name- not used.

set N3i=4

input of composition details including in element

list the elements for which background values are needed

collection of spectrum, dead time and escape peak corrections,

and calculation of element integrals



28,

N[l,I =1 a L correctn factor for 2AF correcticn
T2 2ZAF :
routine for each
element in the
element list

element I

be sub 4000 calculates Ar bgd. value = T3

corrects Ar bgd. for ZAF effects : let Te = Te x N[1,I]
corrects element background (N[0,I1}} for ZAF effects (H[1,I])
and then normalises background value against the Ar position
{divides by T3}

prints out results

end of option.



hppendixn C.
TAS SUEDS LISTING

B.J.GRIFFIN 27/4/79
GEDLOGY _DEPARTHMENT
UNIVERSITY OF TASMANIA
BOX 252CG G.P.0. BOs
HOBART  TASHANIA»
- AUSTRALIA

&4% GOTO 1005

450 IF ZCIi=11 GOTD 700
451 IF ZC[IJ=12 GOTO 702
652 IF ZCI]=13 GOTD 704
653 IF ZLIJ=14 GOTOD 704
454 IF ZCIJ=15 GOTO 708
455 IF ZCIJ=16 GOTO 710
454 IF ZLI)=17 GOTO 712
457 IF ZC12=1% GOTD 714
458 IF ZLIJ=20 GOTO 71é
659 IF 2tIJ=22 GDTO 718
440 IF 2CLI1=24 GOTO 720
é41 IF ZCI11=25 GOTO 722
6462 IF ZL[11=24 GOTO 724
6564 IF ZC11=28 GOTO 724
484 IF ZL11=5& GOTO 728
498 PRINT ZLI35

499  RETURN

700 PRINT *Na20°;

701  RETURN

702 PRINT °*HaD";

703 RETURN

704 FRINT *Al203°;

705 RETURN

706 FRINT *5i02%%

707 RETURN

708 PRINT *P205°

709 RETURN

710  FRINT *S°;

711  RETURN

712 PRINT "Cl"i

713 RETURN

714 PRINT "K20°;

715 RETURN

716 PRINT "Ca0*;

717 RETURN

718 PRINT *'TiD2°;

719 RETURN

720 PRINT "Cr203°;

721 RETURN

722 PRINT *Mn0*i

723 RETURN

724 FRINT *Fab*;

725  RETURN

726 PRINT *NiQ*;

727 RETURN

728 FPRINT * BAD";

730 RETURN

7%0 GOTOD 1005



792 LET J=1 :
793 IF ILJI< 0 GOTO 3295

794 LET A9=ICJ4)

795 GOSUR BOO

796 LET J=J+1

797 GOTO 793

800 IF A%>1 GOTO 825

801 FOR I=1 TO N2

802 IF ZCI1<>12 GOTO 804

803 LET A9=JL1]

ao4 IF Z[IIK>24 GOTO €08

805 IF (A9+JC11)= O GOTO 810

804 LET A9=AR/(A94+JL11}

807 LET A9=100%( INT (10000%A%9+.5)1/10000
808 NEXT I

H09 PRINT * MG/MGH+FE=*,A?

810 RETURN

825 IF A¥>2 GOTO B840

824 FOR I=1 TO N2

228 IF ZCI3C»12 GOTO. 830

829 LET AS=JCI]

830 IF ZCI1<>20 GOTD B34

832 LET A®=JLCI]

834 IF ZLIJ<>24 GOTO  B50

834 LET A8=JCI2

83s LET M2Z=AS+AB+A?

850 NEXT I

851 LET A%=( INT (10000%A%/M2+.5)/100)
852 LET AS=( INT (10000XAS/M2+.5)/100)
853 LET AB=( INT (10000XAS/M2+.5)/100)
854 PRINT * CA: MG} FE =";A9iAS5iA8

855 RETURN _

B&O IF A9<>3 GOTO 892

861 FOR I=t TO N2

862 IF ZC1J<>11 GOTO 844

843 LET AS=lCI]

864 IF ZL{13<>19 GOTO B&B

844 LET AS8=JL11

848 IF ZLI1<>20 GOTO €80

a7o LET A9=JLCI]

aza LET M2=AS5+AB4+A%

880 NEXT 1

882 LET AS=( INT (10000XAS/MZ+.5)/100)
864 LET AG=( INT (10000XA8/M2+.5)/100)
884 LET A¥=( INT (10000%A7/M2+.5)/100)
888 FRINT ' CA! NA! K =";A%iASiAB

890 RETURN

692 FRINT * NO SUCH OFTION DUMMY!®

894 RETURN

950 IF M2> 0 GOTO 955

951 LET H3= 0

952 LET M2a-14M2

953 GOTO 958

955 LET M3=9

958 GOTO 7125

1005 PRINT * TAS SUEDS $999°

1012 DIM JC13]

1015 DBIM TC253,00113.10113

1020 DGIM DC1-113sNC10111+QCS»4035Y03511])
1040 DIM AL3+.31+BL3,91,C0133,EC133,FL131,GE3TvHL2,21)KE1324L013)
1050 DIM MC13,131,FL2,31,UC43,VC2,103WC121,XE92F, 20131
1051 DIM RC113»5C4+113

1080 FOR I=1 TO 3



1090
1100
1110
1120
1130
1140
1150
1170
1180
1190
1200
1210
1220
1230
1240
1250
1240
1270
1280
1290
1300

1310.

1315
1320
1325
1340
1342
1344
1344
1348

1350
1352
1354
1410
1420
1430
1440
1450
1440
1470
13550
15460
1370
1580
1390
1400
1610
1615
1420
1425
1630
1435
14640
14645
1450
1632
14654
1654
1458
14460
16462
1444

FOR J=1 TO 3
READ ACJrI]

NEXT J
NEXT I
DATA -1.8B8408E-2, 2.218%9,-5.1708B3
DATA ~,123941» 3.29533,~9,75836
DATA —.47555: &4£.84452y-20,0B833
FOR I=1 TO %

FOR J=1 TO 3

READ B[ J»I2]

MEXT J
NEXT 1
DATA =3.97931E-2» 2,423, 5.35091
DATA —-.0339148y 2.82524» 9.03524
DATA -8.453%7E-2s 3.32315, 10.250S
DATA —.228343, 4.31172» 12.0023
DATA  1.25179,-7.838,-11.5B03
DATA .B834903,-4.14925,-3,33802
DATA . 442217+-.979241> 3,15348
DATA  .25141, .931913» 8.03541
DATA .272951r ,4680%904+ 7.4243
FOR I=1 TO 3

READ GLIJ
NEXT I
paTa .88 .75r .S
FOR I=1 TO 11

READ ZLI1sLCIJ,DCI]
NEXT I
DATA 11, Ly 3¢ 125 1 1y 13 19 1.5+ 145 1y 2+ 19y 1y .5

31l.

DATA  20r 1y 1y 22+ 1s 2+ 24, 1+ 1.5 259 1v 1y 265 15 1+ B

LET OC 01= ©
LET N1=11
LET N2=10
FOR I=1 70 2
FOR J=1 TQ 2
READ HLJ»11
NEXT J
NEXT I
DATA  2.373.-8.902
ODATA 2.944»~13.94
FOR I=1 TO 2
FOR J=1 T0 3
READ PCIsJl
NEXT 4
NEXT I
DbATA 1. .24, .02
ATA 4.2y 1s ,02
FOR I=1 TO 2
FOR J=1 TO 10
READ vCiI+J]
NEXT J
NEXT I
DATA 1+ 1y 1,17y 1.43¢ 1y 1,16y 1.4y 1.621s 1.783, 1
DATA 1s 2y 2y 25 3r 3v 35 3» 3, 4
FOR I=1 TO 40
FOR 4= O TO 4
READ QCJ»I1
NEXT J
NEXT T
DATA 121035, 0. .008. 11, 1.72
nDATA 20744+ .0352, .0098, 12+ 1.824
nATA  28300s .032. .02, 13, 1.9%

Or



1666
14648
1470
1472
14674
1476
1478
1480
1482
14684
14684
1488
146%0
1492
1494
14964
1598
1700
1702
1704
1704
1708
1710
1712
1714
1716
1718
1720
1722
1724
1726
1728
1730
1732
1734
1736
1738
1760
1770
1780
1790
1800
1810
1830
1840
1850
1840
1870
1880
1890
1700
1710
1920
1930
1940
1950
1960
1970
1980
1990
2000
2002
2005

DATA 31100y 0145, Or 14 2.135
pATA 19530, O» .015, 1%r ,B43
DATA 14100, ,0075¢ 0+ 20, .748
DATA 123574, OQ» Os 22, .521
DATA B700: Or ,1181y 24, ,402
DATA B235: 0r 1105 25, .333
DATA 45450+ O» 0488, 24 277
DATA 35BS+ Qs O 2% 262
DATA 11433, 0y 0» Sb» .52
OATA 3690 Os Oy 28, .2

DATA 27000 0r Or 15+ 1.42
nata 22000 Or Or 17+ 1.153
DATA O» O0» O» 0, O

DATA Os Oy O» O O

DATA 0Q» Oy 0Oy Oy O

DATA Os Oy Os O» O

DATA 100r Or Or 32¢ .1

DATA 29443 O+ Or 1év 1.335
DATA O» Or Or 24, .487

DATA 11484y 0+ Or 25, .41
DaTA 11300+ O+ Oy 246, 362
DATA 8215, 0y 0+ 27, .32

DATA &78é&s Or Or 26+ 273
DATA 5434+ Or Or 29r .245
DATA 4213, Or O» 30» .21

DATA Qr Or Qr 33» .144

DATA O» Oy Or 48, .741

DATA O» Oy Or 34r 124

DATA Oy O Oy 47y 993

DATA O» O Or 30» ,823

DATA O+ Or O» 51 .782

DATA Or Or Or 755 207

OATA Or Oy Or 76r 4195

DATA O¢ Or O» 77+ 183

DATA Or Or Or 79+ 1.533

DATA 0O» Os Or 82, 1.307

DATA  100r Or Or 32y ,162
FOR I=1 TO 12

READ WCI]
NEXT I
RATA —.232229,-,254471, 2546216y 1.35917
DATA  4.07005, 4.746925y 1.15119,-9.47212
DATA ~6.22075,-10.3788,-5,46B84B3, 18.46408
FOR I=1 TO %2

READ XI{I1
NEXT I

DATA 1.008: 4.004r 6.94y 9.013, 10.82, 12.011

DATA 14,007y 14 1%9r 20,18, 22.9%r 24.31

DATA 246.98» 28,09y 30.97+ 32.04y 35,45, 37.95

paTa 3I9.1» 40,08, 44.96¢ 47.%9» 50.%4, B2

DATA 54,94, 55.85r 58.93, S8.71r 63.54r 465.37
DATA &9.72» 72,59 74.92y 78,96y 79.91, 83.8
DATA 85.47y 87.42y B8.71y 91.22r 92.91» ?5.94
DATA 99r 101.1s 102,9r 106.4» 107.9» 112.4
DATA 114.8» 118.7r 121.8y 127.6+ 126.9r 131.3
DATA 132.,%9¢ 137.3+ 138.9r 140.1+ 140.9, 144.2

DATA 145, S50.4y 1352, 137.2» 158.%» 162.5

DATA  164.9s 167.3r 168.9r 173+ 1735y 178.5

DATA 180,95, 183.83s 184.2, 190.2y 192.2s

DATA 194.97s 200.6s 204.4, 207.2¢ 209y 210
DATA 210y 222y 223, 224y 227, 232 231, 238

PRINT
PRINT °*NO. OF ANALYSES="}{

32.



2006
2008
2010
2011
2013
2014
2015
2018
2020
2022
2024
2030
2040
2045
2050
2055
2038
2060
2065
2075
2080

2085

2130
2132
2134
2135
2140
2141
2142
2144
2145
21446
2148
2149
2150
2151
2152
2154
2134
2157
2158
2159
2160
2162
2144
2144
2148
2149
2170
2172
2174
2176
2179
2180
2182
2183
2184
2185
2184
2188
2190
2192
2194

33.

INFUT JL12]
PRINT
LET H8=3
LET B2= 0
FOR I=1 TO Ni
LET OCIJ=XLCZLI13/(1&6%0CIT+XCZCTI1T)
NEXT I
LET W3=20
LET Wa= 0
LET W7=2,392
LET WB=19100
DEF FNE(Y)=Y"1,65
DEF FNF(Y)=1+2kY+YRY
PRINT °*BEAM DRIFT="}
INPUT H?
LET H8=3kH?
PRINT
PRINT "ACC. VOLTAGE="}
INPUT Vo
LET Ti= O
LET D1=30
GOTOD 2130
LET Di= COS (1,74533E-2%T1)/ SIN (1.74533E-2%D1)
LET v=v¢ -
LET D=D1
GOTO 7000
IF C<24 GOTO 2146
IF €>30 GOTOD 2146
LET D=DO
LET v=va
GOTd 2150
LET D=D1
LET v=v9
FRINT
FRINT °*As before®i#
INPFUT T1
LET Q3= 0
IF Ti= ¢ GOTD 2350
FRINY "IF SULFHUR OR OX FRESENT (0}*;
INFUT 0OC Q3]
FRINT
PRINT
PRINT * Zr L"F
IF Cr1 GOTO 2149
IF oL 01> O GOTD 2179
PRINT *» DX%/5"
GOTL 2180
IF 0C 01> 0 GOTO 2174
FRINT "+ OXsK-RAT®
GOTO 2180
PRINT ":K-RAT"
GOTO 2180
FPRINT
FOR N1=1 TO 11
LET OCN1]1=1
IF Cx1 GOTO 2194
IF OC 01> 0 GOTO 2190
LET TS= 0
INFUT ZLCN13,LCN13+00CN13
GOTO 2202
INFUT ZLHN11+1.CN13
GOTO 2202
IF of ¢IJ: O GOTD 2200



2196
2198
2200
2202
2204
2206
2208
2210
2213
2214
1270
2280
2290
2300
2302
2303
2305
2310
2320
2350
2351
2352
2354
2355
2356
2361
2363
2348
2369
2370
2380
2390
2400
2410
2415
2414
2417
2418
2419
2420
2423
2424
2425
2424
2429
2442
2444
2450
2454
24358
2442
2444
2446
2458
2470
2472
2474
2495

. 2500

2502
2505
2510

INPUT ZLCN1JsLEN17+,0CN13/KENL]
GOTO 2202
INPUT ZLN1JsLLN11+/KENL]
PRINT
IF ZIN1]1= 0 GOTO 2290
IF LIN1]= 0 GOTO 2320
IF OC 01> 0 GOVO 2270
LET OGCN1J=XCZCN13]/(146%¥00N1J4XCZEN1ITT)
IF C=1 GOTD 2270
LET KCN1J=KLN11%0OCN1]
NEXT N1
GOoTa 2300
LET N1=N1-1
LET N2=N1
IF B2= 0 GOTOD 2310
IF A?= 0 GOTO 2310
LET OC 01=%
GOTOD 2350
LET N2=sN1-1
IF C<24 GOTO 2348
IF C>30 GDTO 2349
IF T1= 0 GOTO 2361
FOR I=1 TO N2
LET CCIJ=KCI]
NEXT I
LET I=12
GOTOo 2379
FRINT "%°,
FOR I=1 TO N2
LET Z= LOG (ZLID)
LET T2=LLIJ%LLI]
LET ELI]= EXP (AC1,LLTJIRZHZ+AL2 LCTIII*ZHAL3ILLIIT)
LET FCIJ= EXP (BCL»T2IXZXZ4EL2,T21%xZ-BL3,T2])
LEY CLII=KCI]
FOR J=1 TO N1
LET E=ELCI]
LET Z=2LCJ1}
Gosus 3310
LET MLTI»J1=T3
NEXT J
IF C<24 GDTO 2425
IF C>30 GOTO 2424
GOTD 2530
IF I>11 GOTO 2474
NEXT I
IF C=1 GOTD 2450
GOSUE 8300
IF Cx>4 GOTO 2495
FOR I=12 TO 13
IF I>12 GOTOD 2446
LET 2CI1=18

GOTO 2448
LET 2L131=32
LET LLI]=1
LET KCI1= ¢
G60TO 2370
NEXT I
GOTO 7140
IF NS> 0 GOTO 2505
PRINT

IF N3<>1 GOTO 2510
FOR I=} TO N2



25246
2527
2530
2534
2536
2540
2550
2560
2565
2570
2380
2585
2590
2640
2700
2705
2710
2720
2730
2740
2750
27460
2765
2770
2760
2784
27846
2787
2789
2791
2792
2793
2794
2796
2798
2800
2802
2804
2804
2808
2830
2835
2840
2850
2880
2890
2900
2910
2920
2950
29355
29460
2970
29680
2990
3040
3050
3050
3041
3043
3084
3045
3066

35.

REM
REM
LET Té=V/FCI]
IF T&<10 GOTO 2540
LET Té&=10
LET T7=.008734T4"3-.14694T6724 . 946628T6+.4523
LET T8=.002703%T6"3-,05182KT672+,3028T4-.1836
LET T9=.887-3.44/T6+9.33/T6"2~6.43/T673
FOR J=1 TO N1
LET RCJI=TZ-TAX LOG (T?¥ZCJI+25)
LET T2=14%{1- EXP {(-.1¥Z[J1})}
LET T2=2CJI%(T2475,5/Z0J17(ZCJ1/7,.5)-ZLJ1/(1004Z0JI )
LET SC 0rJ1=ZCJI/XLZLJITR LOG (SEIX(VHFLIINT)
NEXT J
LEY T7=
LET TS=
LET TB=
LET T9=
FOR J=1 TO N1
LET T?=T7+CTJIxSC 0,41
LET T8=Ta+CC[J1*#R[J]
LET T9=T94CCJIXHCY-1]
LET TS=TS4CLJI¥1.2%XLZCJII/20J1/200D
NEXT J
IF C>24 GOTO 2808
LET T2=1+T9%kD/40QQ00%(V"1,45~FL1171.45)
LET T2=(14T5)/T2/(14TSkT2)4T8
IF I<12 GOTO 2791
RETURN
IF C=4 GOTO 2794
LET NL1,11=T2

(=R N

GOTOD 2798
LET NC1,11=1/72
GOTO 3110

LET T2=.,0000012%( FNE(V)- FNE(FCIZ))
LET Ta= FNF{T2¥MLI»11%D)
LET T3= FNF{(T2%¥T9%D)
LET T2=RLIIXT3xT7/SC 0-11/7TB/T4
GOTO 2830
LET T2=T3IXT7/T8
LET Y= O
IF CLI1<= O GOTO 3041
FOR J=1 TO Nt
IF CCJ1<= 0 GOTO 3040
IF ECJIKFCI] GOTO 3040
IF ELJI>FLITH+4 GOTO 3060
LET T7=.5% EXP (H[C1,LCJI2% LOG (ZCJD2)+HLZ2,LLJIDD
LET Td= 0
LET Té= 0
LET TB=TB+MLJ»TSIKCLTE]
LET T&=Té+1
IF T&<=N1 GOTO 2950
LET T&4=T92D/T8
LET T5=333000/( FNE{V)- FNE(FCI1))/T8
LET Té= LOG (14T&)/Té6+ LOG (14T5)2/T3
LET TS= FNE((V/FCJI-1)/(V/F[T1-1)3%PCLLJI,LLTIIRGLLCTIT
LET Y=Y+CCJI*T7XMLCJ»IDKTSRTSRXLZCIID/XCZLIID/TE
NEXT J
LET Z2=CLI1/T2%C14Y)
IF C<24 6QTO 3080
IF C»30 GOTO 3080
LET Z2=(14Y)/T2
IF C=24 GOTO 9319



3048
3070
3080
30835
3090
3110
3112
3113
3114
3113
3200
3230
32335
3240
3241

3242
3243
3244
3245
32446
3247
3248
3250
3251

3232
3253
3254
3257
3238
3261

3242
3264
32635
32464
32467
3268
3269
3270
3271
3272
3273
3274
3275
3276
3277
3278
3279
3280
3281

3282
3283
3284
3285
3286
3287
3289
3290
3292
3293
3295
3298
3297
3298
3299

IF C=26 GOTO 93545

IF C=25 GOTO #9565
LET T2=Z2

IF CC1}= ©¢ GOTG 3110

LET CLID=(KETIRCLIIR(1-T2))/(KCIK{CLIA-T2)4T2%(1-CLI1)?}

NEXT 1
IF C>3 GOTC 3114
RETURN
IF C=4 GOTO 8210
IF N3=1 GOTO 3230
GOSUB 8500
LET N3=N3-1
RETURN
IF B2> 0 GOTO 4380
LET T2= 0
LET T1= 0
LET Ta= 0
LET T3= 0
IF OC 01> O GOTO 3247
IF M2> 0 GOTO 32467
PRINT “ELEM(Z)*»ELX"»"0OX%"
FOR I=1 TO N2
IF QC 01> O GOTO 3261
LET CLIJ= INT (10000%CLI1+.%)/710000
LET T3=CLIJ/0CI]
LET T3= INT (10000%T3+.5)/10000
LET T2=T2473
PRINT ZLIY+100%XCLIJ»100%T3
GOTO 3262
PRINT ZLIJ,100%CLCI)
LET T1=T14Ci12]

NEXT T
PRINT "TOTAL"r100%T1,100%T2,100%0Q2
GOTO 3293

FRINT *ELEM'; TAB (7)i" DX"; TAB {(13);°*
FOR I=1 TOD N2
IF CCI3> O GOTO 3271
LET JdCId= O
LET Ti1=T14CCI2]
LET T3=CLIJ/0CI]
LET CLIJ={ INT (10000%CLI1+.5))/10000
LET T2=T2+4T3
NEXT I
FOR I=t TO N2
IF CLIJ= 0 GOTD 3284
LET T3=CCIJ/0LID
LET JCIJ=CLIJ/XCZLIJ1AM2xXL81/({T2-T1}
LET T3=( INT (10000%T3+.5))/100690
LET JCIJ=( INT (1000%JEIJ+.5))/1000
LET T4=T4+4T3
GOSUE &350
FRINT TAB (4):100%T3F TAB (13)3JCI3
LET G3=JC11+QS
NEXT I
IF H3<> 0 GOTD 329¢
PRINT * TOTAL"+ INT (10000%02+.5)/100iR5
IF M3= 0 GOTO 32?23
FRINT * TOTAL®:+1GOXT2:0R5
IF IC11> ¢ GOTO 792
PRINT "Trace Elements"i
INFUT A9
PRINT
IF A9> O GOTOD 7000
GOTO 9596

STRUCT*

6.



3310
3320
3330
3340
3350
3340
3370
3380
3390
3400
3410
3420
3430
3440
3450
3440
3470
3602
3880
4000
4004
4004
4008
4010
4012
4014
4014
4018
4020
4022
4024
4025
4030
4035
4040
4044
4046
4048
4049
4050
4051
4052
4053
4054
4053
4054
4057
4058
4059
4060
40462
4064
40648
4200
42i0
4215
4220
4225
4230
4235
4240
4245
4400
2405

37.

LET T3= LOG (2)
LET UC1]* EXP (~.0045522%T3%T3-&.8535E-3¥T3+1.072018)
LET UC21=2.73 .
LET UC31=2.6
LET UC43=2,22
IF <42 GOTO 3380
LET UC2]= EXP (~-.113157KT3KT3+.B36883%T3~,54594%)
LET Ti=1
IF Ti=10 GOTD 3420
LET TO= EXP (BL1,T13IXT3XT34BL2,T11XT3-BL3,T11)
IF E<TO GOTO 3440
LET TO=WLVL2,T1IIXTIRTIHWEVERT1T44IKTIHWCVEZ, T13482
LET TO= EXP (T0)/Vl1,T12
LET T3=TOX(12,398/E)"ULVL2,T11]
RETURN
LET T1=T1+1
GOTO 3390
RETURN
LET U=XCK3
LET 03= 0
IF B> 0 GOTO 4010
FOR I=485 TO 503
GOTD 4012
FOR I=489 TO 499
CALL 3,1+1,72
LET Q3=Q34+T2
NEXT I
IF 89> 0 GOTO 4024
LET G3=03/19
GOTD 4025
LET 03=03/11
LET T3= 0
FOR I=144 TO 152
CALL 3s1,1,72
LET T3=T34T2
NEXT I
LET T3=T3/9
LET T2= 0
FOR I=1 TD N2
IF ZCI<>13 GOTO 4052
LET T2=NL O»IIkNL O,1J%8.97E-8
NEXT 1
LET JC132=1
FOR I=1 TO N2
IF ZLI1<>12 GOTO 4057
LET JE133=NC 0,11
IF JC131=1 GATO 4040
IF ZLI1<>14 GOTD 4040
LET T2=T24+(JC131%NC O,I1%2.21E-8)
NEXT I
LET T3=T3-T2
LET Q4=T3
RETURN
LET I=12
GOSUE 2524
LET Q&=T2
LET I=13
GOSUER 2524
LET Z1=T2
LET FO={(Q4-Q3)/(Q5-Z1%QC4,201)
LET P1=04-FO¥G5
RETURN
IF ©>19 GOTO 5000
IF C»>10 GOTO 4415



38,

4410 GOTG 2080

4415 IF C>11 GOTD 4435

4420 FRINT * Program Data at";
4422 INPUT CyH7sT1

4424 GOTOD 9900

4435 IF C>12 GOTO 44355

4433 IF €>33 GOTO 4503

4440 GOTO 7000

4505 IF C>»14 GOTO 7000

4510 LET H7=1

4512 FRINT * DRIFT "3

4513 INPUT H7

4514 LET HB=H&XH7

4515 LET H?=H8/3

4516 PRINT * TOTAL DRIFT='"§#H?
4520 GOTO 7000

5000 IF C>44 GOTO 9250

5005 GOTO 7000

6000 GOTO 4025

6025 LET TC1J= INT {(E3%50+.5)
4030 LET TL2J= INT (E4%50+.5)
&033 FOR J=1 TO 2

6040 LET T2= 0

6045 FOR I=TLJ1-5 TO TCJI45

4050 CALL 3r2s1,T3

6033 IF T3<T2 GOTO 4045

6057 LET T2=T3

6060 LET Ta=I

6063 NEXT I

AG70 LET T8=-2-2%J

6072 LET T0=T8

6075 FOR I=1 TO &

4080 LET TCI+2)= O

&085 NEXT I

6090 FOR I=T4+T0 TO T4-TO

6095 CALL 3+25I+T3

6100 LET T5= LOG (T3>

6103 LET TC31=TL33+TS

4110 LET TCA)=TCL414TSXTB

6115 LET TES)=TL314T5%T8XTH
6120 LET TL&A1=TLA2+41

6123 LET TL71=TCL71+TBxT8

4130 LET TCBI=TLB8I1+THXTBXTEXTH
6135 LET T8=T8+1

6140 NEXT I

6145 LET T2=T[3)-TLAIR(TEIIXTLBI-TLSIKTC71) /{TLSIXTCEI-TL7IXTL7 D)
6150 LET TE7.1+2%J]1=T4-,5%kTC41/T2
4155 LET TEB.142%J1=-2,77258xTL71/T2

6160 NEXT J

5162 FRINT 20%TE?1520% SOR (TCL101)320XTL21113i20% SOR (TC121)
6145 LET W3=1000%(E4-E3)/(TL111~-TL?1)

6170 LET W4=1000%E3~WIXTL?]

6175 LET W7=WIkWIRK(TL12]I~TL10Y)/(E4A-E3) /1000

6180 LET WB=TC1C01xW3IXW3-1000%W7XEJ

6183 FRINT *"EV/CH,ZER0 ERROR(EV)"iW3i~W4;® RES"; SOR (WB+W7%S5894)
6187 PRINT *W7="iW7; "WB=";uUB

6190 FRINT *G "#(W3-~20)/.09i" Z *;Wa/8.57" TURNS®

6191 LET W3=20

6192 LET Wa= ¢

5193 LET W?=2.3%92

6174 LET W8=1%100

56195 PRINT " again's



6200
6202
4205
6210
6215
4220
4380
5425
6430
6435
4440
4300
&502
4505
4504
6510
6512
4325
4530
46535
6540
63545
6548
4550
6955
6560
63565
6570
6590
6595
63596
4597
6400
4605
6610
65614
6615
5616
&418
6619
6620
6625
7000
7002
7003
7007
7010
7011
7012
7013
7014
7015
7016
7017
7018
7020
7025
7024
7027
7028
7029
7030
7031

39,

INPUT T1
PRINT
IF T1> 0 GOTO 7000
IF N&= 0 GDTO 7185
CAlL 12T
GOTD 4000
LET Ti=
LET Ti1=
LET T2=
LET T3=
LET T4=
PRINT
LET @5= 0
PRINT *ELEM"»*ELZ"»"SULPHX","STRUCT*
FOR I+=1 TO N2 :
IF ZLI1<>16 GATD 4525
LET T2=CCIl
LET CLIJ={ INT (1Q0000%CLIJ+.5))/10000
LET T1=T1+CCI]
NEXT I
FOR I=1 7O N2
IF CCIJ= © GOTO 4800
IF ZCI1=16 GOTOD 4594
LET T3=CCIJX{(XLZLIJ1+32.04)}/XLZLI]]
LET JLIJ=CLI1/XLZCIZI%APXXL[1&1/T2
LET T3=( INT {10000%T3+.5))/10000
LET JCIJ={ INT (10000%JLI1+.5)})/10000
LET T4=T44T3
PRINT ZLIJ+100XCTID100%T3,dL12
LET Q5=JLI1+Q@5
IF ZETI1<>16 BOTO 64600
PRINT ZLIJ»100%CEIJr"0"r*0"
NEXT I
IF M3<> 0 GOTO 4414
FPRINT “TOTAL"»100%G2,".",05
IF M3= 0 GDTO &&25
LET Ti= O
FOR I=1 TO N2
LET T1=TI1+CECI]
NEXT I
PRINT *TOTAL"»100%T1:"." Q5
PRINT
FRINT
LET HS= 0
LET H3= 0
LET NS=1
FRINT * $ *;
INFUT C
IF C> 0 GOTO 7014
FRINT * SILICATES(Q) OR ETCETERA(?)*
INFUT B2
GOTO 7000
FRINT
IF C=8 GOTO 200
IF C>22 GOTO 9250
IF C>% GOTO 4400
IF C>1 GOTO 7040
LET J40121=40123+1
FRINT
PRINT
PRINT " Sample=";
FOR J=1 TO 4
INFUT ICJ]

COoOOSO



7032 IF ICJI< O GOTO 7034
7033 NEXT J

7034 FRINT * OXND.,="}
7035 INFUT M2

7038 IF M2<> 0 GOTO 950
7037 FRINT *NORMALISE®;
7038 INPUT M3

7039 GoTo 7125

7040 IF C»2 GOTD 7055
7045 FRINT *  STD #°%5
7050 GOTO 7059

7055 IF C»3 GOTO 7070
7057 FRINT *  SUBSTD #';
7059 INPUT 24

7061 PRINT * FOR Z="%
7063 INPUT 21

7064 LET 74=Z1

7065 GOTO 7125

7070 IF C>4 GOTO 7085

7071 FRINT "BGD CALCN USING T*°
7072 LET N7=9

7074 INPUT N7

7077 LET N7=9

7080 GOTD 7125

7085 IF C>5 GOTO 7000

7087 PRINT " SFEC CALIBRATION ON FURE CU*
7088 PRINT * IS SPECTRUM READY {(0Q)*
7089 INPUT N&

7090 LET N&6=%

7091 LET E3=,93

7092 LET E4=8.04

7096 FRINT

7097 GOTD 6215

7099 GOTO 7123

7123 IF C<>1 GOTO 7130
7127 IF B2<>% GOTO 7130
7128 FRINT *SULPHUR NO."$
7129 INFUT A9

7130 LET N3=4

7135 GOTOD 2140

7140 IF C<6 GOTO 7185
7145 GOSUB 2500

7150 1F C=? 607G 7000
7140 IF N3> 0 GODYTO 7145
7143 GOTOD 3240

7185 LET X1=3%%

7188 PRINT * Ti=*;

7190 CALL 1+1+T1

7192 PRINT T1j§

7195 IF Ti1<8 GOTD 7202

7200 LET X1=799

7202 CaLt 3.1y O-T1

7203 FRINT *Time="iT1+* EDAX free®
7207 IF C>4 GDTD 8liBO

7210 FOR I=1 TO X1

7215 CALL 3+15I»T1

7220 LET DY=D%+T1

7225 NEXT I

T30 CALL 3»1y 071

7232 FRINT °*Tot Int=";D?9

7233 LET D?=1/(1-D?/T1¥%.000015)
7234 FOR I=1 TO X1

72335 CALL 3rlsI,T1

7234 LET T1=T1%p?



7237
7238
7240
72435
7250
7233
7260
7245
7270
7275
7285
7290
7292
7294
7296
7300
7310
7RG
7320
7325
7330
7335
7337
7340
7344
7346
7348
7350
7352
7356
7358
7360
73464
7348
7368
7370
7372
7374
7374
7380
7382
7384
7384
7390
7392
7394
7378
7400
7402
7404
7406
7408
7410
7412
7413
7414
7415
7416
7418
7420
7430
7431
7432

CALL 4+1,1I»T1
NEXT I
FOR I=97 TO X1
IF I>430 GOTO 7310
CALL 3¢1,IsTS
LET T3=.001%(WA4WIk])
LET T&H=TS&(.0019%/T3+.00976—.00238%T3I—1 . 5YIE-4RTIATI)
LET TS5=TS54+Té
CALL 4:1¢1sT5S
LETYT T7=1-87
CALL 3+1+77,T8
LET T8=T8-Té4
IF T8> 0 GOTD 7294

LET T8= 0
CALL 4+1,T7,TH
NEXT I

FOR I=1 TO N2
LET E=1000%ECI]
LET Ti= SOR (WBHEXW/)%.5~-.5%kW3
LET DL O+1I1= INT ((E-WA-T1)/W3}
LET DC1vId= INT {((E-WA+T1)/W3+.5)
NEXT I
GDSUB 7740
FODR I=1 TO N2
LET NLC OvIl= O
FOR J=DC 0-I1 TO DI1,I1
CALL 3+1+JrT3
LET NC 0-I]=N{ 0.1I1+T3
NEXT J
LET NLC O»IJ=NL O»I1/(DC1sI]-DL 0»1I1+1)
LET NL1sI1=NT 0,11
NEXT I
IF C=4 GOTO 8180
IF C<>1 GOTO 73545
LET N3=-2
FOR I=1 TO N2
FOR J=1 TO HZ2
IF ZLJI<>ZCIZ~1 GOTO 7380
LET NL1+yI3=NL1+X2-NL1»J0%YL254]
NEXT J
FOR J=1 TO N2
IF ZCJI<>Z0I041 GOTO 7390
LET N{i,Id=NE1sI1~-NL1sJIKkYC1+J]
NEXT J
IF N3=-2 GOTO 7398
RETURN
NEXT 1
LET N3=4
FOR I=1 TO N2
LET CLIJI=NLC1.13/7YL OrIJ/HB
LET KEIJ=CCI1Z

NEXT I
GOSUE 4000
REM

GOSUB 2510

IF N3=1 GOTO 7531
GOSUE 4200
IF N3 0 GOTD 7418
FOR I=1 TO N2
LET E=ELCI]
LET B9=Q4/Q5kNCE,I1XQC5:I1
IF B2=%9 GOTO 7440
IF ZLIJ<18 GOTO 7440

41.



7434
7440
7441
7442
7443
7444
7444
7448
74350
7471
7472
7473
7474
7475
7481
74%0
7492
7493
7495
7494
749¢%
7505
7510
7515
7520
7521
7523
7530
7531
7532
7336
7338
7541
7542
7545
7550
7552
7554
7554
7558
7540
7542
7564
7546
73548
7972
7580
7582
7584
7586
7417
7430
TAH2D
74630
7635
74640
7445
7450
7455
74640
7470
7475

42.

LET B?=P14+POXNLC1,»IJ¥QRLS,»12]
LET NC1-I1=NL OrI]-E?
IF N3> 0 GOTO 7443
FRINT N3sZLCIJeNLC OrIdrNC1sI]
NEXT I
IF N3> 0 GOTO 7444
FOR I=t TO N2
GOSUE 7372
IF N3> ¢ GOTO 7471
LET KCIJ=NC1,I2/YC 0sI1/HB
IF (KLIJ/0CI3)>.,002 GOTO 7475
LET CLIJ)= O
LET NL1,I0= 0O
IF N3<3 GOTOD 7490
LET CLIJ=KCIl
NEXT I
IF N3:>-1 GOTO 7495
GaOT0 7520
GOSUB 8500
GOTO 7520
IF N3<4 GOTO 7520
FOR T=1TON1
LET KLIJ=CCI]
NEXT I
LET NI=N3-1
FOR I=1 TG N2
NEXT I
IF N3>= 0 GOTO 7412
IF M3> 0 GOTO 7534

GOsus 9100

LET Q3= 0

FOR I=1 TO N2
NEXT I

GOTO 3240

IF C=4 GOTO 8180
GOSUB 4000

GDOSUE 2510
GOSUB 4200
FOR I=1 TO N2
LET BP=Q4/Q3KNL1,I2%QCS,I21
IF ZLIA<18 GOTO 73464
LET B?=F1+FOXNC1,I3xQL5,11]
LET NL CsI1=Nl 0Q.I]-B%
IF N[ 0.I1»>= 0 GOTO 7572
LET NC OsI]= O
NEXT I
FOR I=1 TO N2
IF ZCL11=Z4 GOTO 7584
NEXT [
LET Z3=1
IF C=2 GOTL0 7490
FOR J=1 TO 3
FOR I=1 TO NZ
IF I=1 GOTO 7443
IF ZLI-123<>Z2011-1 GOTA 7645
LET NL OrIX=NL O»I]-NL OrI-1J%Y{2,I-11
IF ZLI+11<>2011+1 GOTO 7655
LET NC O»Id=NL O»IJ-NLC OrI+11%YL2+1+13
NEXT I
NEXT .}
LET QU OrZ41=NE 0yZ3]/(CCZ3]1/NLL»Z3])/HB/ (HPAHF)
FRINT



7480 PRINT "CONVERSION FACTOR =*i0QC 0-Z4]
7683 GOTO 7000

7690 IF 23=1 GOTOD 7700

7692 IF Z0Z23-11<>Z2043)-1 GOTO 7700

74695 LET GL1sZ43=NC 0rZ3-11/NLC 0,Z31

7700 IF 2{Z3+11<>ZCZ31+1 GOTO 7710

7703 LET QC2,Z43=NC QrZ3+11/NLC 0+Z31

7710 LET QL 0,Z40=NC 0rZ32/(CLZ3I/NC1+Z3])/HB/ (HPEHT)
7712 FRINT NC 0,731,222

7715 PRINT

7720 FPRINT *“OLAP FACTORS*#QL1.Z4JiQC2+Z4]
7725 PRINT *"CONVERSION FACTOR ";0L 0241
7730 GOTO 7000

7740 FOR I=1 TO N2

7742 IF B2= 0 GOTO 7745
7743 FOR J=21 TO 40

7744 GOTO0 7730

7745 FOR J=1 TO 20

7750 IF ZUI131<>QL3,.4]1 GOTG 7775
7795 LET YL O0sIX=0GC Or.f]
77460 LET YTi,I3=001+J]
7765 LET YC2,13=GL2,J]
7748 LET QLS I1=0C4»J]
7770 50TQ 7780

7775 NEXT J

7780 NEXT I

7785 RETURN

7900 FOR I=40 TD 200 STEP 2
7905 LET E=,02¥]

7910 GOSUB 4200

7715 CALL 4+2:1-P%

7920 NEXT 1

7925 CALL 2.2

7930 GOTO 7000

8180 GOTO 2510

8210 GUOSUB 4000

8240 PRINT * BACKGROUND FACTORS CALCULATED FOR®rV»* KV*
8250 PRINT * ZCIJ"»* BGD FACTOR®
B240 FOR I=1 TO N2

8242 IF ZC1J<>18 GOTO 8246
8244 LET T3=T3xN[1.11

BI4&& NEXT I

B24B FOR I=1 TO NI

8270 LET NC 0»IJ=NL OrIJENC1,I1/T3
8280 PRINT ZEIJsNC 0013
8290 NEXT I

8300 GOTO0 7000

8500 LET Q= 0

8505 LET Vi= ¢

8510 FOR J=1 TO N2

8515 LET V1=V14CCJ1/004]
8520 NEXT J

BS25 IF N1=N2 GOTO 8540
8530 IF OC 01= 0 GOTOD 8540
8335 LET Q=v1

BS40 IF G<=1'GOTOD B550

8345 LET Q=1

B350 LET CLCN1J=1-Q

8555 RETURN

8540 FOR J=1 TO N2

BU&S LET CCJOI=CLJIsV1

8570 LET Q=Q+CLJ3

BS75 NEXT J

B380 IF OC Q3= ¢ GOTO 8540
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8585 RETURN

?000 LET E=1.739

2010 GOSUB 3400

%100 LET O2= 0

2102 FOR J=1 TO N2

2103 IF M2= 0 GOTO 91046

?105 LET Q2=Q2+CCJ1/0LCJ]

?104 IF M2> 0 GOTOD 9110

107 LET G2=G2+CLJ3

7110 NEXT J

?112 FOR J=1 TO N2

?114 LET CrLJ1I=CLJ]/02

F114 NEXT J )

2120 RETURN

2150 LET CLIJ= INT (10000%XCLII+.5)
#1355 LET CLI1=CCLI1/50000

2160 RETURN

170 LET T3= INT (10000%T3+.%)

?175 LET T3=T3/10000

?180 RETURN

7200 FOR I=1 TO N2

9205 IF 0f 01> 0 GOTOD 9220

7210 LET CLII=CCII*I0Q/T2

9215 GOTO 9225

9220 LET CCIJ=CLI]I%100/T}

9225 NEXT I

9230 RETURN

9250 PRINT

9255 IF C>23 GOTO <287

9240 FOR L=1 TO N2

92435 LET CLLI= INT (100%XCCLI+.5)
270 LET CLLI=CLL]/100

9273 LET JCLI= INT ¢(10000%JC{LJ1+.5)
9280 LET JCL1=JLL1/10000

9285 NEXT L

9286 RETURN

9287 IF C>30 GOTO 8OO

9288 LET AB= 0O

9289 LET a%= O

9291 IF C>30 GAOTD %800

9292 GOTD 9594

396 PRINT * Mo trace elements routines loaded. °
597 GOTO 7000

F800 FRINT

2801 GOTOo 7000

?900 PRINT

P04 PRINT *Acc. Voltadge="§V?i* Drift Factor="iH?+' No. Analwses
="§.0012]

P934 FOR J=1 TO 20

9935 IF QL3,J1= O GOTO <9940

9934 FRINT Ji TAB (10}:0L3,035 TAB (192)5QC 0rJ1F TAR (32)3QC1+J
1i

937 FRINT TAB (38)iQL2:J1F TAB (A4);i0L4,J]
9938 IF J>21 GOTO 9952

9940 NEXT J

9942 PRINT " ¥okkkokdok ek x
2948 FOR J=21 TO 40

949 IF QC3».42= O GOTO 9952

950 GOTO 9934

952 NEXT J

960 GOTD 7000

P74 END
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PLATE 1 The Jeol JXA~S50A scanning electron micrcanalyses and EDAX
energy dispersive analysis system at the Central Scilence
Laboratory, University of Tasmania. The EDAX MCA console
and V.D.U. are at left in the photograph.



PLATE 2

Sample holders used in micrcanalysis work.

are mounted in the replaceable brass strips
of the holders. The helder on the left is
with polished thin sections and other glass
other holder is used with one inch diameter
containing surface embedded specimens, ¢.g.

charges, ore samples.

The standards

in the surface
used for work
slide mounts, the
araldite mounts
experimental
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ABSTRACT

Rocks of the Miocene Macquarie Island ophiclite, south of ticw Zealand, have
oxygen and carbon isotopic compositions comparable to those of seafloor rocks.
Basalt glass and weathered basalts have §1°%0 values at 5.8 to 6.0%, ani 7.9 to
9,5%,, respectively, similar te drilled seafloor rocks including samples from
the Leg 29 DSUP holes near Macquarie Island. Compared to the basale glass the
greenschist to amphibolite facies metaintrusives are deplered in 18 (4% = 3.2
to 5.9%.) similar co dredged seafloor samples, whereas the metabasalts are
entiched (4'°0 = 7.1 to 9.7%.). Although the gabbros are only slightly altered
in thin-sectlon they have cxchanged oxyyen with a hydrothermal fluld to a depth
of at least 4.5 km. There is an appreximate balance between ‘%0 depletion and
enrichment in the exposed ophiolice section. The carbon isotopic compesition of
caleite in the weathered basalts (8'°C = 1.0 to 2.0%,) is similar te those of
drilled basalts, but the mctamorphosed rocks have low &1°C values (-14.6 1o 0.9%,).

These data are compatible with two seawater circulatlon regloes, In the
upper teglme basalts were wcathéred by cold seawater in a circulation system
with a high water/rock ratio (»»1.0). Based on calcite compositions weathering
temperatures were less than 20°C and the carbon was derived from a predoainantly
inorganic marine source. As previously suggested for the Samail ophiolire, it
is postulated that the lower hydrothermal regime consisted of two coupled parcs.
At the deeper levels, scawater girculating at low water/rock ratios {6.2 to 0.3)
and high tempetratures (300-600°C) gave rise Lo 183 depleted gabbro and sheeted
dikes via open system cxchange reactions. During reaction Lbé seawater underwent
a shift in oxygen isotopic compositon (8% = 1 to 5%,) and subsequently ;auscd
183 enrichment of the overlying metabasalts. In the shallower part of the hydro-
thermal tegime the merabasalts were altered at relatf{vely high water/rock ratios
{1 to 10} and temperatures in the range 200-300°C. The relatlvely low seawater/
rock ratlos in the hydrothermal regime are supported by the low §13¢ values of

calecite, interpreted as evidence of juvenile carbon in conirast to the inorganic
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marloe carbon found In the weatherod hasales.

The similarity in stable lsotepic cempusitlen beoween the Macquariv Islund
uphinlite, especially the weathered basalts, and searloor rgcks is added to ghe
growing list ol chardeteristics whiclh indfcate Macquarie Lsland is an uplilted
section of oceanic erust. Consequently the hydrothermal model developed for
this exposed cruse, although simplitled and o need ot ret {nement, mity be used

to constraln hydrothermal processes at slow spreading ridges.

e
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1. Introduction

The Macquarie Island ophfolite presents several advantages compared to
other ophiolites to model alteracion processes of the oceanic clust. Primarily
the well-exposed ophiolite, which includes a pillow basait sequence, sheeted
dike complex, layered and massive gabbros, and a basal harzburgite section, is
still in an ocganic rather than a continental eavironment [1,2). The istand is
an emerpent section of the central portion of the Macquarie Ridge which marks
the doninantly transform boundary between the Pacific and Indian-Australian
plates [3.4). A compressional component of the movement along the ridge [5]
and the tendency for buckling of the Indian-Australian Plate [6] may have caused
the esergence of the island in middle or late Pleistocene time [7}. The ophio-
1ite is Mlocene In age [1,8)] and formed on the Indian-Australian - Aatarctic
Ridge to the south of {ts present position. Also, several studies have shown
that the rocks of this complex resemble ocean floor rocks perrographically [2,9]
and chemically. The Macquarie Island basalts and dikes range compositfonally
from typical oeccan-fleor basalts to more alkaline varicties, enriched in some
incomparible trace elements, parcicularly Nb (20—60ppmi. similar to ocean-floor
basalts from the "abnermal™ ridge sogments near 45°N and 36N {FAMOUS area) on
the Mid~Atlantic Ridge [2). The strontium, isotopic composition (0.70229-
0.70276) of cinimally altered rocks [10,11] is aise comparable to the isotopic
conposition of seafloor rocks. The magnetic properties [11,12,13] of the upper
level extrusives as well as the seoafloor magnecic ancmaly pattern [4,13] traced
across the island, Indicate that the ophiolize is an exposed section of oceanic
crust. With these considerations in mind we examined the oxygen and carbon
isotope geochemlistry of the ophiolite, anticipating similarities with the sea-
floor and lack of cmplacement or post-cmplacement His:urhance to the isotopic

systems.
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Stable isetope siudivs have contrlbuted substuntiaily to our understand fng
of the nature and extent of alteration of the vceanie crust. Brilled and dredged
samples of layers 2 and 3 of the oceanic crust indiciate exteasive exchange
batween the ¢rust and sea water [La=1Y9]. Cold seawater weitthered, pillow basules
are entlched in ‘o compared to unaltered basaltic glass as a result of nan-

cquilibrium replacement of the has:

11t by smectites, iron uxides and ealeite, At
deeper levels, relatively high Lemperaturs hydrothermal alteration (»300°C)

and metamorphism glves rise tv u decrease in 10 in dredged greenschist .'md.
amphibolite facles metabasalis, meragabbros, and serpentinites. As our under=

standing of aleeratlon processes is restricted by lack of cxposure of the devper
.

levels of oceanic crust, the Macquarie Eslund ophlolite provides constraints for
a model of crustal alteration vspecially as the complex has not expericnced any .
continental geochemical influences such as groundwaters equilibrated with sil{c|ce
rocks,
Although the Mucquarie I[stand ophiollte is str:»f\giy faulted, all the
components of an aphiglite (Fipure 1) are exposed [1.2]. Over most of the istand
pillow basalts and minor volcanic brecclas, massive lavas, ouzes and interpitlow
sediments crop out. The extrusives range (rom fresh tholeiitie nlass amay cold
temperature, seawiter weathered pillow lavas and breceias threugh zealite to
lower greonschist facles metabasalts. The extrusives are intruded by dolerize
dikes and some faule bounded blocks are entirely composged of wralitized dolerfte
dike swirm. Dolerite dikes also fntrude layeted and massive ghbbrous and partiajty
serpentinlzed haczbucgite.  The pabbros which are rcﬁarkuhly unaitered comprisc
sume 152 of the area of the Lsland.  Most buh‘:ﬂt amd dike wuterops dre cut by
narrow veins with caleite, clay, zeolite and prehngie being common vein phisies,
1. Anzlyeical Procedures
The sTlicate samples were amalyzed by the Bris mechod [20] and the carbanage

Lrom velns and disseminated grains [n whole coch samples by Py decompesicion [21].
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The data are reported wilh respect o the SMOW and DB Standacds for "0 any
&', respeetively, ia the wsual 4 notatlon.  The fractionacion factor botwueen
€Oz and water was taken o be 1.0407 [22]. Reproducibilicy of repllcate uxygen
analysis s * 0.1%, and * 0.3%; for disseminated carbonate {1n), During the

perlod of this study the §'°0 value of NRS-28 was 9.6 + U.1%, (la, 7 analyses).

3. Results

Class is preserved as pillow selvedyes and hyloclastite hreccias in pillow
sequences which have been weathered and partiaity replaced by caleite and
smectite. Representacive analyses of glasses, fncluding two samples whose 8'%0
valugs (Table 1) hi’l\‘.'! bewn determined, are given in Table 2. Tha uxypen isotopic
composltion of three basaltic glass samples {8 in the range 6'%0 = 5.8 - 6.0%,
(Figure 2A) and is identical to glass and phenoeryst mineral compusitions tor

basalts from the sea (lvor [L7,18,23,

J25.26]. 83'%0 values In this range are
cousildered to be representative of che wnaltered composition of magmas [rom the
oceanic mantle amd this appears to be the case for the Hacquaric Island basalts
which itre relatively alkali-vich.

The low h:n:pcr:nurv woedthered basalts with -sucnnd;n ry phases smectite,
caleite aud leon oxides are enriched in "0 compared to anal fered glass. &'%0
valuca range fram 7.9 to %,5%Za (Table 1) reficeting the progressive alteration
of fresh basalt (6'%°0 = 5.8Z.) to smectite (8'*0R21-252.), ealeire (A'70330-32%.)
and fron oxides (AMO:.'IS_—EI}Z.). This alteration is pervasive although var Gahie
throughout the drilled ocennic crust and has been shawm to occeur to a deprh of
At least 600 m [17,18,26,29].  Eorichments in "0 (3'%0 = 7.0 to 8.4%.). similar
to those for the ophiolite, were found in DSDEF Holes 278, 279, and 279A (Lep 29)
af Oligocene-Miocene dpe to the south and north of Macquarie [sland in tlse South
Emerald Basin and on Lllw Macquarie Ridge, ';u:-uwcLivcly. Comparisons with other

ophlolites cannot boe made for the cold, scawater weathoered Pl Ls bevinse

basalts altered ar less than 100-200C are aot prosecved,
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The weathering by cold seavater ot the upper level basalis from fcquarie
Istaud Is shewn by the isotopic compoition of disseminated eaileite,  Caleite
from the weasthered basdles has 3'%0 values in the raonge 29.6 to 13.0%, (Table 1)
and 1s similar to cateite found in the Leg 29 samples (34.0-15,1%2,) {Fipure ?R)

and disseminated and veln calclte in miny sectiong of the upper basalciv veeanic

crust [15,18,19,26,27,28,29]. An altecation temperature of 3=17°C (Tuble 1) can
be calcafated from the $'90 anmitlbynes of tlw' calcite |3 on the assumption e
carbonate was precipitated in equilibrium from normal seawater (3'°%0 - 0%,).

The 6'°C values, +0.7 to -2.2Z, {ndicate that the source of carbon in lh\:.‘iu
basaits was l:lrr,c!ly.dis..qnlvcd inorganic carbon in seawater, again comparable to

the Lep 29 data {+1.0 to -0, 8%.) and the drilled basialts elsewhere. A small

cemponent of oxidized organic ciacbon may be expected in the relatively shallow

upper levels of che basalt sequence and may give rise Lo the slightly oe ive
6'7C vatues [29].

Calcite from a natrolite-gyrotite—caleite vein cotting zeolite facies basalts
has a 4'"0 value of 28.t%, indicating an apparently low temperature (247C), but
the depleted 87°C value (<18.9%.) of this calcite st;ggustﬁ vryganic carhon or
Juvenile sources. Simllar carbun {setepic compositions have ravely been observed
in BSDP buasalts and have been attrlbuted to clused veln Mluid circulation in
contact with oxidized organic-=rich sediment [18]. If the carbon isotopic composi-
tion teflects a closed system, then the assumption of A% = O%e For the MNuid
{s incorrect and the apparent temperature of cialcite farmacion 18 prohably
higher in this Sumplle. Retatively depleted A0 values of the doeeper levels
sctiamorphosed rocks are discussed betow, -

Using oxygen isotope compositions, the metamorphosed rocks are divided into
two groups. The intrusive rocks including Hh:'..l.Lud dike swarms, gabbros, and

serpentinized harzburgites are depleted In 1% whereas the extrasive zewdite to

lower greenschist facies metabasalts are eoriched in '"0 relutive to basal tic
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glasg (Tuble 1, Figure 24).  The greenschist and amphibolite facies metalnerusive
rocks have 81" wilues in the range 2.6 to 5.9Z,.  Similar depletiong occur in
gabbrus and ﬁcrpuntini}us dredged and drilled trom the oceanic crust 116,262,343,
The 20 depletion of these decper tevel rocks has been attributed o ligh
temperature (»J0D°C) exchange with scawater (&M%0-0%,) [16,32,33,29].

To Furthur understand the nature of the hydruthermal alteration a preliminary
study has been made of the oxygoen isotupic.cnmpoﬁi[inn of ¢ lnopyroxene and
plagioclase in the gabbre sectlion on Macquarie island. For rocks which are
clearty deplered in 180 there is telazively little petrographic evidence for
subsaol idus altcratioF. The clinopyroxeny is rarely replaced afung marging Qy
hornblende and plagloclase ls replaced by less than 2% calecite and tale.

Olivine is partially replaced by talc, magnetite, actinnlite, and serpentine
(10-60%). The tale + magnetite axsemblage [s Indicative of hiph wlteragion
temperatures in acceord with the whole rock axypen Lsatopic compositions.  Also,
there is clear isntapic disequilibrivm bepween ol inepyrovene and plagioe lase in
most samples with plagioglase depleted by up to 2.5%, from ipneous values of
6.0Z,. In threw gabbros the vlinupyrosene is also AFplPKCd ad in ene sample
(38357} has a &'"0 value similar tu the coexistlog depleted plagieclase.  This
disequilibrium exchange pattera is characteristic of open rnth;r than ¢ liosed
system conditions [33]. As the clinopyroxeae and plagioclase are virtually
pristine, lacking hydrous replacemenc phases, the nydeothermal alteration
evident frum the depletad V) compositions must huve occurred at high tempeca-
tures (probably greater than 400°C) and relatlvely low water/rock ratios.  Under
these condltlens plagiccluse and cilnopyroxens are stable, but exchangs oxypen
with the hydrothermal [luld. This pattern of alteration and degree of depletion
zve slmilar in both the massive and layered ;uhbro on Macquarle 1sland and are
similar to that feund In gabbro of the Skacrgaard intrusion (36| and especially

the Samall ophiolite [35]). .



— i

-H-

Tn vond east o e aetabasal s wlhae

e phiie pride overbaps with the

metkintvasives are eafiched with A% vatues in the ranpe b.Y% to 9,62, (Figure 2a),
L baet, the degres of enrichment fs siaflar to that tound in the low temperiture
weathered hasalti. Dieladed in thls group are three sub-gresnschist ocics
dikes which intrude scolite to lower greovasclist (acivs metadbasales.  Zeollte

to greenschist facles scrabasalts te the B0 Ligurda [31], Piadox [31], Troodos
[31,32]) and Chilewn [37,38) ophivlites also show %0 enricliment in contrast with
¢redged submarine greenstones which ire communly depleted to only slighely
enriched (4170 - 2.8 to 6.8%.) [33,3%.40).  Although the metabasalts ace %0
virivhed compared to the wetaintrugives, Lhe isotupic compoxitons ul disseminatded
caleite in both groups are similar. The carbonates have S0 and 61)C'vnlues in
the range 12 1o 262, and 0.9 Lo -14.62., respectively (Figure 28). Such g wide
range in ':CII?C ratios of carbonates (n the metamorphosed rocks bas oot been
Taund in sea Floor rocks, the most deploted compusition belng -6.6%. (33). The
catelte Isutope compusitions al the metamerphics are clearty diffurent to those

uf the low temperature weathered basalts at highur levels In the oceanic crust,

o Dlsvussion

The Macquarie Island ophiokite has a range in oxygen isu'wptc composition
comparable to that knewn for the ocentic crust. ;1‘lu_~ basaleie glass, cold,
seawdler weathered busalts and secondary caleite have veypen and carbun isotopic
compusitions comparable to those of drilled layer 2 of the oceanic crust, [nelud—
ing acacby DSDP hules.  These data are anothec important 1ink in establishing
the "pedigree” of the ophiolite as oceanie ¢rust and providing evidence necessary
to use the deeper units of the ophivlite to medel tle lower oceunic crust. The
devper Level metamarphosed dikes, gubbro and harzburgite bodles also have
isotople cumpositlong compiarable to Lhose of rocks dredged from the sea floor,

furcher linking the ophiolite to the ocean crusec,
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Boasiesd omy this relatively suh ! nunhoy of oxypen isotope resules and Lhe
prod iminaly spvat ipraphic seet fon theouph the aphialite. chere in o balance

between tocks depleted and eariched in TEG Ausuming 2 slmpie and tegalar

sreit ipriphy, there fo o 1.9 km Basall seguencs with an averige 50 vatue of

B. Ve, vnrivhed by 24, Vrom o prilstine it le compusition af 5.8%.. The

intrusives are extioated to be 5.5 ke thick and wilh an avaerige §'%0 value

4. 5., dueplueted bY 1.3%.. Although thu ovenall balanee inooxygen isotupic

compusition Ls strengly dependent on the stracigraphic thicknuss, these data
support Muchlenbachs and Claytua's [17] model for Lhe atoeration of the oceanic
crust aml the constant VY0 compesition b seawalur. This balance 1s eytablished
fur the vplhiolite despite the evidenee fof isotopic aging uof fluids and vossible
sucerssive altueration cvents Lo be discussed below. A wimilar bulance has been
tound in the Samail ophiuvlite {35} in which there is evidence for evelutivan of
the hydrothermel fluid isutupic compusition.

The vxygen isotopic depletion ul the {aerusives in the aphiolite 1=
contrasted with the corichment of The greensehist Facies metabasalts. For meta=
basaltic rocks enrichment or depletion will depend on the temperaturd, the modal
mincrdl;gy of the altered rock, Lhe isutepic composition of the hydrotheroul
iluid and the waterfeock (W/R) raLie. Without isutepic results Tor minerals or
other Independent gewthurmome ey, specific mudels For the hydratheomal alteration
are difficule Lo construct and iavoive suverial assumpl ions.  The model developed
puelow fur the deeper hydrothermal circulation links the aleeration of the meta=
basalts tu the coaction ol the Inprusives with seawater at relacively low W/R
ratlus, This is {u ewnirast te the upper circulation repime in which cold sca-
water reaction gave rise to the weatheruvd basalus.

For a closed system exchange between seawatur and basatt rock the W/R ratie

(atomic percent) La given by [41]:
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where [ = (nitlal value, | = final value and the 0 fractionation tacger

3 f .
- 8% LA s a funccion of temperature amd Tor basaltic tocks

A= 6%
rack water

can be approximated by plagioclase (Aneg)-watler [sotepiv exchange [421:

A 2210t - o
T

where T ig tempecature (PK) . Using these relaclonships, metsbasales reacting to
equilibrium ot approximitely 250°C will underge little clange ia Pafthy rarios
from the primary cuﬁpusi&iun (5.8%.) i1 the hydrothermal fluid is seawacer.
However. it higher temperatures in the range 300-6007C altered rocks of basaltic
compusltgnn would be depletoed and the hyvdeothernal [luid enciched assuming o
closed system, cquilibrium rock-seawater reaction.  Using capat fous {1} aud (2)
the degree of enrichment coan be caleslated Tor varving W/R ratlos.  Foi lew W/R
ratios (0.2 to 0.3 at equilibrium, the depleted inrrusive scquence would have
5'%0 values in the range 5.3 to 4.%%., whereas the seawater wotitd be enriched with
§'%0 values of 1.6 to 5.32, for temperatures of 300 Lo 600°C.  For higher W/R
ratios {(W/R — L.40) the seawiler is aet as strongly enriched [CRAN T UL PR SUY A
The evolurien (n the (luid compositien is little changed i an open systewm (411
circulat lon pattern which is ladicared by the plagioclase-pyroxene data trom the
gibbrofe rocks, la used in the caleulation, The isetopleally shifred scawater
{a then ablu to react with evertylopg eocks and alse exit to the seafloer,

The reiction between the isotopically shifted seawarer and rhe metabasaits
can be modelled using equations (1) aod (2) for varying W/R ratles and rempera-
turea in the range 200 to J00°C.  Assuming the seawiter ceacting with the Tower

precnschist metabasales is shifeed tooa & "o value of 9%,, the metabasalts are

enrlehed to 7.2 to 11,25, at WA racios in the range 1-100 Lower W/R ratios
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and higher temperatures would not glve rlse ro the measured encichments in the
metabasalts (8170 = 7.1-9.72,).  If the seawidter on reaction with the intrusives

is only eariched to 4%Z., the metabanalts are enriched to 6'°%0 values of B4 o
10.3%, vnly at the lower end the considered temperatnre ranpe (200°C) . Using
plagioclase compositlons slmilac te those ia Lhe metabnaalos and allowing
plagicelase to reequilibrate to low temperatures (100°C) in che presence of the
hydrachermal fluid increases Lhe degree of earichment in the model caleutations,
The greater enrichment of the zeolite facies netabasales is consistent with
lower temperature metumorphism compured to the lower grecnschise facies rocks.
Also in some areas Ehcru is mineralogical evidence for relrograde zeolite facles
conditions afzer the formacion of greenschise facies phases. Such retroprade
mecaomorphism would be consistenr with relatively high §'%0 values.

The madel for the hydrothermal alteration of the Macquarie Island ophiclite
Links the metamocphism of the basalis to that of the intrusive rocks. The
metabasalt oxggen (sotope compositlens require reaction with an enriched §luid
(8'%0 = 3 to 52,) at relatively high W/R ratios (W/R = | ta 10) and low temperi-
tuces (200 Lo 300°C). Two sources for bydrothermal fluid with %0 - 0%, in the
oceanic crust are scawater which has an isotopically shlfred composition alter
high temperature reaction with rocks of basaltle compasition, and mapmatic water.
Although there is evidence for magmatie volariles Irom the carbon isvropie
compesition (discussed below) magmatic water is vonsldered te be o minor vampanent
{n the hydrothermal fiuld because of the pervasive isotopic depletlon of the
Intrusive rocks. Tt (8 postulated that isovopically shifred seawater (4 generited
by reactlon of seawater (8'"0 = 0%Z,) with the Intrusives at high temperatures
(300-600°C) and low W/R racios (0.2 to ©.3). The W/R ratios used in this cileu-
lation are lew in order to give rlse tv a strgngly %0 shifted fluid and stitl
cause a deerease {o the 6'%0 value of the Intrusives, compavable to thiat measured

for the ophlolite. The isotopically shifted scawater [rom devper levels of the
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hydrothermil system rises to interact with the pver lying baxales.  Evolorien in
the isptople composition ol seawater s swpported by recent data from act ive
seafloor systoems [A4] with enriched Tlujds (-5“() = [,6%.). The madel discussed
above is based on celatively low WR ratios, Although caleulated ratios are
minimum vatues it s clear that the bydrothermal system was rock~dominated &3],
However, evidenge for seawiter dominated alteration may be cxpected amony
atrongly veined areas in both dike swarms and metabasales on Macquarie [sland,
The relatively depleted carbon isotople compositions from the decper bivdro-
thermal cepime efi’ucl'.ivcly distinguisbes this regime (rom that which chirae-
terized the Ho:a:hvre_d basaits. The ealcite in vold, seawater weathered basalts
has both I.lx)’;’,l,'ll and carbon {sotopic compusitions campariable to those of drilled
layer 2 and is compatible with a relatively high water/rock ratio (-1.0), sea-
water citculation system. Howevoer, the carhon isotopic composition of metamur-
phosed rocks (6”(1 wolb.fr to §,9%,} supgests cither several carbon sourees or
vaviable plt, 10y and carbon specics in usolution. Three carbon snuraes are
plausible fur this range in isotople composltion ~ inorgseic carbon in seaweter
(61 = 0.0 tu 1.0%.) [44,18,29], organic carbon (a''C =-27.0 to ~19,05,) [44.43]
and juwenlle curbon (53¢ = -9.0 o -2.0%.) {46.47]. It is clear that inorganic
seawater ¢arbon has not been the majur carbon seurce in the actamor phosaed
rocks. It may be slgrificant that  the deeper evel intrusives have an nvecage
ELC =-f.0%., similar te the composilion ot trapped COp io senfloor basalts [46]
and €O, discharged at submarine hot springs [48]. Juvenile zarbon, as €O
exsolved from mapmas, could contribute to hydrothermal (luid precipitationg
caleite dn the &''C range  -10.0 Lo 0.0Ze over a wide temperaturs intervat
(500-50"C) bused on COp-calcite Tractionation {49). Atse, Cliy-calelte Uractjonn=
tion [A49) could glve rise to depleted caleite in o hydretheemal system antk Clly
has been found [n submarine hot speiops (“T1 Coa 10 L =20.0Z. 19) . The

TEght catbon isoropic compositions oay alse relleet g pactly organle souree
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althengh this is unlikely for rocks deep {n the hydrothermal system,  Variable
plt and 0, will also influence the carbon isotoplic composition and coquire
assessment Tor dlfferent components of the circulation system, Although
tentative, this carbon {sotepe data is supportive of the relatively low RIR
ratios inferred from oxygen isotapic compesitions as the deeper levels have not
seon predominantly inorganle seawater carbon. Also the tow §'*C values indicute
pervasive low temperature seinwiter circularion has not accompanied the emplace-
ment of the istand or contributed te the %) enrichment of the metabasalts.

If our Interpretatien of the oxypen isotopic vompasition of the calcite is
correct, the lemperitures shown in Figure 2B must be consideced with cautien.
They are caleulated on the assumption that the hydrothiermal (luid was seawated
(&'%0 - 0Z.). This assumptinn is profably vatid Tor the weitthered basales and
the '®0-depleted intrusives, bue for the Yo-anriched smetabasalts the flaid may
have been unrichuh relative Lo seawater. & few permil (2-3%,) enrichmend of the
Fluid {neveases temperatures by approximately 0°C wver the 50-100°C temperatuce

range shown in Figure 28, In that o

v the calenlated tempuratures in the meta-
basalts ranpges from 70 to 11070, The eatimited temperatures atae less than those
expected Yor the greenschist and amphibolite facies indicating that the caleite
clther reequilibrated during translation away from the cidge and suhﬁ;annl
uplift, or was depusited during the waning stuges of hydrothermal activity in
the crust.

- Although the model preseated above is bised on a number ol assumpeions
which need rof inement there 18 evldence that broadly similac hydeothermal systems
existed jn other ophiolites. A comprehens Lve oxypen isotope stidy of the Samadl
ophtolite [15] presents evidonce for the evolution of the oxygen [sotepic compo-
sitlon of scawater and the '"0 cariclment ol greeaschist Facivs dike rucks.

The eavichment of the metabasalts rather than the dike swarm on Mocguarice Island

may reflect the different teoctonic cnvlronmeat and hence dif ferent hydrothermal
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systems along slow-spreading cidges with relatlvely small moapm champbers [2_:1$|,
There s evidence for enrichment in "0 of the hvidreathermul Uluid ie the Troodes
ophiclite and althouph uncammoen, entviched proenschist Tacies diabose dike rocks
have buen analyzed {32]. Several other ophiolites [32,37,38] have greenschist
fiacies metabasalts with §'%0 values greater than 6.0%, possibly reflecring shilcs
In isotople composition of the hydrothermal fluid similar to those postulated

for the Macquarie Island ophiolite. The ophivlite dati for greenschizt [aclaes
metabasalts is tontrasted with that ot dredped metabasales which are depleted

to slightly voriched., We have no clear explanation for this coentrast. It is
unlikely to be vefsted Lo modal differences, but it may reflect higher tempera~
tures and/or W/R ration for hwdrothermal systems sampled by dredpe bauls mainly
from transform fault scarps. These characteristics of the hydrothermal system
may be in response to thinner veeanic ceust along sume transform faulis |50,

The coupled hydrothermal podel presented abave for the decper segrions of
the Macquarle Island nphioltite is oot reliated to the cold, seawiter weathering
of the upper level basalis. The weathered assemblage Us distincetive and the
rocks have isotopic compositions compatible with low tempernture (less than 20°¢)
repiavement of ipneous plases by Mo eariched minerals [L7,08,520, Tl daprree
of replacement is markedly irregular and is o non-equilibrium process in contrast

to the deeper metamerphic reactions,

The oxygen and carben {sotope geochemidtty and postulated alteraplon piatterny
of the Macquarle Islind ephlelite further eonfirm the oveanic origin of rhe
ophiollite, The exposcd crustal section has [sotopic composgitions comparable Lo
those of dritted and dredged oceanic crust. The lower bydrothermal circulation
systen in operation when the vphiotite was fl.:l'ltnt\l penetrated to the base of the
gabhru section aml this pervasive alteration womld nop be detecued withoor oxygpen

isotope apalysis. There is an approximete overiall balance between "0 doplited



~15-
and enriched rocks in the ophiclite as is postulated for the veeanic trust [L7}
and has occuered despite inferred variativns in W/R eatios and evolution of the
fiuld isotopic composition,

Two alteration regimes are ovident at Macquarie Tsland. The upper gircula-
tion system with high scowater/rock rietios (>>1.0) gave risc to cold, scawater
weathered basalts, which were strongly enriclied in %0, This encichment is
similar to that found for the drilled oceanic crust, Further substantiating the
vceante-ridge origin for the ophilolite. It is pestulated that iw the lower
hydrothennal cicculation system the metamorphism of the '®0 enviched preenschist
fiacles metabasalts Is coupled with the alteration of the 'FO depleted dikes amd

.
gabbros. Scawater reaction with the intrusives at low W/R ratius (+0.5) and
high temperatures (300-600°C) in an open system gave rise Lo an earlched fluid
(6% = 2 o 5%e) which then caused the enrichment at lower temperatures (200-
3007CY of the metabasalts.  The earbon isolope datk lor catelie in the Lower
Iydeothermal system dndicates a juvenile source for cavbon rather than inorganic
matine carbon and iy consistent with Low W/R catios inferred From the oxygen
isotope data.

The metamorphosed rocks of the Macquarle [slond vphiolite have oxypen isxo-
topic compositions comparable to dredged seafloor tocks and othur ophiolites,
Among ophiolites brondly similar hydrothermal systems were operative and there
Is evidence for isotopically shifted seawater in ophiolites [ormed at both slow
(Mac;uaric [slund) and [ast (Samali ~ {35}) spreading rldpes. A point of contrasc
between Micquarie Island and the seufloor is the '"0 ecarichment of the aphialite
notabasales, Lack of '"0 enrichment amony seallver metabasalos may be attri-
butable to sampiing bias along transform faults where most dredped samp les have
been collectal.  Transform fault zeses miy hdve hydrotheemal systems charactee{aed
by higher W/R ratios and temperatures toflecting the structure and passibly

thlnner. vceanle cruse. SImilar varlations miy well be found among ophinlites,
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includlng Micquarie Island, espectally in intenascely veiloed sections.  The
advantage which the Macquiariv Island ophtoiite brings to the discussion of

2 s the

ophiolites and their relevanee for modelling oceanie crust proces
1ok betwean the drilled sealloor and wenthered basalts of the ophiolite, With
this liok established the hydrothermil model deduced Tor dhe ophiolite may be

used to constraln hydrothermal processes nt slow-spreading ridges.
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Table 2

Composition of typical glasses from weathered and zoolite facies basaits,

Macquarie Taland aphitolite {vnergy dispersive electron microprobe analyses).

Sample 0428 BG 157 BG 44 BF 256
510, 50.66 48.95 48.94 50.29
TiO; L.14 1.18 1.52 1.83
" AL, 16.43 12.29 18.20 17.40
FeOy 8.53 8.0t 7.37 1.72
Hgo 8.72 8.43 7.86 7.70
Ca0 12.18 12.55 11.36 10,03
a0 2.41 2.77 3.78 3.90
K70 0.1% 0.57 0.89 ]..M

T - Total ¢ as Fed
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THE MACQUARIE ISLAND OPHIOLITE ASSOCIATION: MID-TERTIARY OCEANIC
CRUST OF THE SOUTHERN OCEAN

B.J. Griffin and R. Varne

Department of Geology, University of Tasmania

The Macquarie Ridge rums scuth from New Zealand to join the Indian-Pacific ridge
system, and emerges mear 54°5 159°E to form Macquarie Islapd., The island TepTesents
Tertiary oceanic erust produced during seafloor spreading at the Indian-Pacific ridge
systew, later uplifted during marginal interactions between the Indian-Australian and
Pacific plates.

Most of the island is composed of basaltic pillow lavas accompanied by volcanic
breceias and more massive lavas, associated with calcareous oozes and lithic wackes.
The volcanics have suffered some metarporphism-and alteration. A composite section
passes from an'beean floor weathering” zone through zeolite facies into lower greenschist
facies volcanies and is about 1600 m thick. Deeper levels of the oceanic crust section
are exposed in the north of the island, where a coastal section about 2000 m thick has
harzburgite at the base, averlain by gabbres that include a layered gabbro complex.
Dolerite dyke swarms form a sheeted intrusive complex perhaps 1000 m in thickness derived
from oceanic crust underlying the volcanic pile,

Macquarie Island basalts and dolerites are very like those from 45°N and 3&°N
(FAMOUS area) on the Mid-Atlantic Ridge.  Usually porphyritic, they carry plagioclase
{Ang7y-7p)} as the deminant phenocrysz phase, with less abundant olivine (Fogg-ps).
clinapyroxene (Ca,sMgsgFes - CazgMpsgFe12), and chrome spinel, Groundmasses of little-
altered lavas and dykes exhibit continuous. variation from assenblages of subcalcic aupite,
plagioclase, opaques and glass in subophitic textures to moTre alkaline assecblages of
olivine, titanaugite, kaersutitic amphibole and miner glass in intersertal textures.
Gabbros are composed essentially of olivine, plagioclase and clinopyroxene. Opaques are
scarce and orthopyroxene occurs only rarely as thin rims on olivine or remnant cores
within clinopyroxenc. Peridotites are mainly harzburgite (Feg;) ond wehrlite (Fogs-g;).

Tio; (1.3120.28 wt %) and A1,05 (17.9742.00 vt 1) contents distinguish the whole group
of Macquarie 1sland lavas and dykes from occan island and island arc tholeiite series.
Nommatjve variation from ol- and hy- bearing to mildiy ne-bearing types corresponds
roughly with groundmass mineralogy assemblage. The "ocean floor basalt" character-of
the velcanics is also apparent in the most alkaline ne-bearing compositions which are
generally less eariched in LIL elements than ocean island tholeiites and display, for
example, low Zr {<150 ppm) and Y (<40 ppm) but high Nb (20-60 ppm) contents.

Mixing calculations using observed phenocryst and rock compositions suggest that much
of the compositional variation in the volcanics could have arisen by low-pressure crystal
fractionation.  Some compositions of olivine, plagicclase and clinopyroxene from the

layered pabbro complex can be closely matched with phenocrysts from lavas and dykes. The

lavas are generally less fractionated than the dykes; the most primitive compositions
have Mg/Mg+Fe = 0.71 with high Ni and Cr contents. Low-pressure fractionation processes
are insdequate to account for all of the variation in the 'incompatible elements': some
may arise from different degrees of partial melting of a possibly inhomogeneous source.
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THE MACQUARIE ISLAND OPHIOLITE COMPLEX_:.MID-'I.‘ERTIARY
OCEANIC LITHOSPHERE FROM A MAJOR OCEAN BASIN
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ABSTRACT ° EERY
Griffin, B.J. and Varne, R., 1980. The Macquane Is]and ophlollt.e complex mid-Tertiary
oceanic hthosphere from a major ocean basm In: R. W Le Maltre and A. Cundari
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The rocks of Macquarie Island are part of the mid-Tertiary oceanic lithosphere from-a
major ocean basm They were probably created at the Indian—Australian—Pacific spread-
ing rldge .

The basalts and dolerites are usually porphyritic, carry plagioclase (An;,_,,) as a domi-
nant phenocryst phase with less abundant olivine (Fo,,_,,), chrome spinel and rare clino-
pyroxene (Ca, Mg, [Fe, —Ca“Mg,,Fe”) phenocrysts. Normatively the rocks range from
ne- to Q-bearing, with most failing near the critical plane of normative silica undersatura-
tion. Dykes-tend to be more Fe-rich than lavas, and to include the more di-poor rocks. The
rocks also range compositionally from typical ocean floor basalts through to varieties rela-
tively enriched'in some incompatible trace elements partlcularly Nb (20—60 ppm), that
otherwise retam ocean-floor basalt phenocryst assemblages majotr- -element compositions
and Ti, Ni, Cr and Zr contents. This enrichment, also characteristic of ocean-floor basalts
from the “‘abnormal” ridge segments near 45°N and 36°N (FAMOUS area) on the Mid-
Atlantic Ridge, causes the rocks to plot away from the ocean-floor basalt fields on popular
trace-element diagrams intended to identify tectonic affinities of basalts

The upper parts of the Macquarie Island oceanic lxthosphere ‘séction can be thought of
as a vertical slice through a magma celumn, dlfferentlatmg at shallow levels. The layered
and massive gabbros that underlie the basalts and dolerites are composed essentially of
olivine, plagio_élase and clinopyroxene; Olivine and plagioclase are cumulate phases in the
layered rocks, clinopyroxene is postcumulus. Mineral compositions of the gabbros, partic-
ularly thosé of the layered rocks, are closely resembled by phenocryst compositions in
the basalts and dolerites, Plagiogranites and trondheimites are unknown from the island,
and norites very rare. Thus, Macquarie Island basalts, dolerites and gabbros form a dis-
tinctive Lgneous association that ought to make Macquane Island:type ophiclite complexes
from major ocean basins an easily recogmzed ophlohte type in continental orogenic terranes,
even when dlsmembered - .

ey s

INTRODUCTlON

Vanous methods of chemical characterization of i igneous rocks from differ-

ent. tectomc settmgs have been proposed pamcularly smce advances in instru-

*Present address Max-Planck-Institut flr Chemie Saarstrasse 23 D6500 Mainz, Federal
Republic of Germany.
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mental analysis techniques have made available a large number of rock and
mineral analyses for isotopes and major, minor and trace elements, ,

Particular attention has been paid to the ocean-floor basalts. Early results
suggested that these basalts were of distinctive and intriguingly uniform
major-element composition (Engel et al., 1965; Kay et al., 1970; Cann,
1971). This uniformity seemed to extend to some of their trace elements and
to their Sr-isotope characteristics. And when Cann (1970) remarked that
their Ti, Y, Zr and Nb abundances fell within a fairly restricted range that
was not only distinctive but also apparently strongly resistant to change by
secondary processes, he started one of the great growth industries of modern
igneous geochemistry,

For if their Ti, Y and Zr abundances could identify ocean-floor basalts
even when they were altered and metamorphosed, this offered a geochemical
means of tracing to their source the ophiolite complexes with shected dyke
complexes that had been suspected to be fragments of former oceanic litho-
sphere, and whose presence among continental rocks in orogenic terrains
might mark a suture line where an ocean basin has been eliminated during
plate collision, ’

Geochemical methods were developed that used abundances of P, Ti, Cr,
Sr, Y, Zr, Nb and the rare-earth elements to determine the tectonic settings of
basalts (Pearce and Cann, 1971, 1973; Bloxam and Lewis, 1972: Jakes and
Gill, 1970; Pearce et al., 1975; Floyd and Winchester, 1975). It was soon
shown that many of the lavas and dykes of two of the well-developed ophiol-
ite complexes, the Troodos complex and the Macquarie Island complex, re-
sembled ocean-floor basalts in their Ti, Y and Zr abundances (Pearce and
Cann, 1971; Varne and Rubenach, 1972). The problem of determining the
original tectonic setting of ophiolite complexes seemed solved, and the
Troodos complex became widely accepted as a type example of oceanic
lithosphere created at a spreading mid-oceanic ridge. -

Yet it has since been shown that some of the volcanic rocks of ophiolite
complexes, including the Troodos complex, may possess characteristics simi-
lar to those of island-arc tholeiites (Miyashiro, 1973, 1975; Pearce, 1975),
bohinites (Varne and Brown, 1978; Cameron et al,, 1979, 1981), and LREE- )
depleted magnesian olivine-poor tholeiites (Duncan and Green, 1980). Simi-
lar volcanic rocks could form in a variety of setlings, in back-are or inter-arce
basins in island-arc environments (Miyashiro, 1975; Pearce, 1975; Smewing
et al., 1975; Dewey, 1976; Saunders and Tarney, 1979), in fore-arc settings
(Cameron et al., 1981), or by shallow multistage melting of rising mantle,
perhaps in an oceanic basin (Duncan and Green, 1980), or perhaps in the wan-
ing stages of magmatism associated with aborted continental rifting (Brown
et al., 1981).

A growing recognition that many ophiolite complexes may not represent
oceanic lithosphere derived from a spreading mid-oceanic ridge environment
in a major ocean basin has been paralleled by re-appraisals of the extent of
compositional variation of ocean-floor basalts. It had been known for some
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time that alkaline basalts occurred on the Mid-Atlantic Ridge at 45°N (Muir
et al., 1964). It has now been shown that segments of the ridge near 36°N,
45 N and 63° N have erupted volcanic rocks that are relatively enriched in
some “mcompatlble” or “hygromagmatophile” irace elements (e.g., Hart et
al., 1973; Schilling, 1973; Frey et:al., 1974; Wood et-al., 1979a) although
Stl]l plotting within the ocean-floor basalt field on the rI‘1-Y Zr discriminant
triangle of Pearce and Cann (1973).

Arguments that Macquarie Island probably represents uplifted oceanic crust
formed by spreading processes in a major ocean basin have been presented
elsewhere (Varne et al., 1969; Varne and Rubenach, 1972, 1973; Miyashiro,
1975; Cameron et al., 1981). New geological, geochemical and geophysical
data corroborate these arguments.

With the current controversy about the origin of many ophiolites, it seems
timely to present some of the new geochemical information about the Macquarie
Island ophiolite complex, and to use it to help reassess the characteristics of
oceanic lithosphere.

ANALYTICAL METHODS

Major- and trace-element abundances were mostly determined using XRF
methods (Norrish and Chappell, 1967; Norrish and Hutton, 1969). New bulk-
rock ana]yses were carried out by B.J. Griffin and P. Robinson, usinga
Philips® PW1410 spectrometer. Earlier data from Varne and Rubenach (1972,
1973) are included. Electron microprobe analyses by B.J. Griffin and R. Varne
were performed on the JEQOL® JXA-50A scanning electron microscope,
Central Science Laboratory, University of Tasmania, using an EDAX® EDS
system (Griffin, 1979) and on the TPD®--Ortec® system, Australian National
University (Reed and Ware, 1975). Representative analytical data are avail-
able on request from R. Varne. - )

REGIONAL SETT]NG OF THE MACQUARIE ISLAND OPHIOLITE COMPLEX

Macquane Island lies on the Macquarie ridge (Fig. 1), ~ 1100 km SSW of
the southern tip of New Zealand, the nearest major continental land mass.
The island is élongated NNW along the ridge axis, and is ~ 37 km long and as .
much as 5 km wide although it is mostly narrower. Bathymetric data (Cullen,
1969; Hayes and Talwani, 1972) suggest that morphologically the 1sland is
part of the Macquane ridge crest that breaks the surface.

The Macquarie Ridge is a narrow, arcuate ridge that runs south from New
Zealand to join the Indian—Pacific ridge system. It has a rugged and compli-
cated topography and in places has a double crest separated by a deep and
narrow depression (Summerhayes, 1974). The ridge is locally topped by a
flat platform ~ 160 m below sea-level where it may have been exposed in
the Pliocene. A subsiduary ridge occurs east of the main ridge in the Macquarie
Island region, separated from it by a narrow but déep trench, the Macquarie
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Fig. 1. Locality map, Isobaths at 2, 4 and 6 km.

trench. This trench contains undeformed sediments (Hayes and Talwani,
1972).

The Macquarie ridge is seismically active, and usually considered to mark.
the boundary between the Indian—Australian and the Pacific plates. Earth-
quakes are shallow, and first-motion analyses imply that the ridge is associat-
.ed with normal, thrust and strike-slip fauiting. Plate-tectonic analyses suggest
- that the predominant motion along the ridge is right-lateral strike-slip (Hayes
and Talwani, 1972). Nevertheless, different parts of the ridge are probably
also governed by extensional and compressional regimes as a consequence of
the closeness of the ridge to the Pacific—Indian pole of relative motion. Mar-
ginal interactions between the plates associated with rapid recent motions of
this pole (Griffiths and Varne, 1972; Le Pichon et al., 1973) have probably
contributed to the complex structural development of the ridge, and incident-
ally to the exposure of part of it to form Macquarie Island. :

Rocks similar to those of Macquarie Island have been dredged from the
submerged ridge crest to north and south (Summerhayes, 1969; Watkins and
Gunn, 1972), encountered at nearby DSDP sites 278, 279 of Leg 29 (Oven-
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shine et al., 1979; Schilling and Ridley, 1979), and occur in some much
smaller islands also exposed along the ridge (Lugg et al,, 197 8) i

. Paleomagnetic pole positions derived from the lsland suggcst that 1t forms
part of the Indian—Australian plate (Wllhamson 1979), and plllOW lavas
frorn the 1sland have magnetic propcrtles that correspond well w1th those of

.ocean floor basalts (Butler et al. ,,1976 Levr et al., 1978)

A magnetlc profile across the 1sland shows a broad anomaly whlch is cor-
relatable wnth similar anomalies 1 m marme magnetlc proflles around the is-
land, This local anomaly probably forms part of Anomaly 7, whxch ¢an be

' traced Aacross: the ridge and island;to its termmatxon a he_Macquarle ‘trench,

to the east (Wllllamson 1974). ;' '..-'
Magnetostratlgraphrc ages for Anomaly 7 he w1thm Late Ollgocene time
(Herrtzler etal, 1968; La Brecque et al. 1977), but poorly preserved cac-
coliths from calcareous 00zes assoclated w1th pl]lOW lavas from the northem
part of the 1s]and suggest an Early, or perhaps Mlddle Mlocene age (Quﬂty et

TR NS \\i!

_GEOLOGY OF-THE MACQUARIE rsLAND OPHIOLITE COMPLEx"{ .
. ' R “g -'—
serpentlmzed pendotrtes Here we summarlze gc log:cal relat:onsh1ps describ-
ed in more detail elsewhere (Mawson 1943 Varne and Rubenach 19’72) and
incorporate some results of recent mvest1gat10 AR

The northern part of the island i is formed mamly of mtruswe rocks whereas
the southern part is formed mamly of extruswe' 1 '-'The dolerlte dyke
swarms are a notable geological feature and are composed almost entirely of
series, of narrow dykes lying parallel to sub-paralle] to one: another to form a
sheeted dyke complex. Faulting is w1despread on the 1s1and and it is essenti-
ally composed of fault-bounded blocks probab]y on all scales _____

The volcanic rocks are commonly basaltlc plllow lavas accompamed by
volcamc brecc1as and some massive Javas, Senes of narrow .basaltic dykes cut
these volcanic rocks. Calcareous G!obengma oozes occur between p1llows
whereas the voleanic sequences that contam masswe lavas also, mclude lenses
of volecaniclastic sediments, and may . have formed dunng perlods of relatwely
high tectonic activity. The coarsely- gramed sedlments resemble talus -slope and
rubble deposits. Graded bedding : and truncated and ,concoluted lammae occur
in the more f1nely -grained sedlments

more. Two strike directions are common -~ 150 and 230 It has been
argued that the tilting of the volcamc rocks occurred in two stages (Varne and
Rubenach, 1972): the first stage mvolved tlltmg around honzontal axes that
were near- honzontal and para]lel to dyke beddmg plane mtersectrons, and

¥ .

vertrcal axes of the tilted rocks that caused the vanatlons 1n stnlce Thxs inter-
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pretation is supported by paleomagnetic studies (Williamson, 1979). The
dykes seem to have been intruded originally in a near-vertical orlentatlon strik-
ing east-southeast. ‘ '

. This ESE dyke orientation corresponds very well with the mferred orienta-
tion of the spreading axis of the Indian—Pacific ridge during Anomaly 7 time,
as preserved by the present orientation of the linear marine magnetic anomalies
in the region (Weissel and Hayes, 1972; Williamson, 1974).

Rotations of the crustal blocks of the island therefore apparently occurred
first about horizontal axes parallel to the spreading axis, probably as an integral
part of the spreading process (Ballard and van Andel, 1977). Later rotations
about vertical axes could have been caused by recent strike-slip movements
along the Macquarie ridge.

The Macquarie Island oceanic lithosphere section

The tilting of the fault-bounded blocks that make up the island, and their
planation by marine erosion as they were brought up during the tectonism
that formed the Macquarie ridge, has provided several partial sections through
oceanic lithosphere. Deeper crustal levels are represented by the gabbro and
peridotite masses of the northern part of the island. A relatively complete
~ section is apparently preserved in coastal exposures from North Head, around

the northern coast of Handspike Pomt and from there to Eagle Pomt (Figs.

2 and 3). :

The top of the section is represented by North Head, where the volcanic
rocks are relatively fresh, and retain the magnetic properties of typical ocean-
floor basalts (Butler et al., 1976). The rocks have suffered the smectite—car-
bonate alteration that is characteristic of ocean-floor weathering, and prob-
ably formed the uppermost 200 m of the volcanic pile. On the isthmus to the
south of North Head the pillow lavas are metamorphosed at higher grades and -
some of the volcanic section is apparenily missing. Another incomplete volcan-
ic section in the south of the island is ~ 1.4 km thick, and exhibits a metamor-
phic succession through zeolite facies assemblages defined by the development
of Na- and Ca-zeolites, particularly natrolite, thomsonite, analcite, wairakite

-and at the base, laumontite, into albite—chlorite—epidote—sphene assemblages

of the lower greenschist facies (B.J. Griffin, in prep.). When the two sections are |

combined, it seems that the Macquarie Island lava pile may have been at least
1.6 km thick. Nevertheless, such attempts to reconstruct the volcanic stratig-
raphy of ocean crust must be treated sceptically. The very nature of the sea-
floor spreading process, by which material is added laterally, makes it unlike-
ly that true horizontal superimpositional stratigraphic successions are formed
in the mid-oceanic ridge environment. '

The dolerite dyke swarms exposed in both the northern and southern parts
‘of the island display a widespread and distinctive actinolitic replacement of
primary mafic minerals, with plagioclase commonly surviving little-altered
" (Varne and Rubenach, 1972; Banerjee et al., 1974; B.J. Griffin, in prep.), and
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Fig. 3. A schematic section through Macquarie Island-type oceanic lithosphere, The section
is based on the traverse from North Head to Eagle Point via Handspike Point (see Fig. 2),
but is augmented by field data from elsewhere on Macquarie Island, as explained in the text.

locally the metamorphic grade lay within the amphibolite facies, the highest
gragle attained in the fine-grained igneous rocks. The thickness of the dyke
swarms is at least 250 m (the elevation above sea-level of the island). If the
dykes were vertical when emplaced, as has been argued, they could have
been derived from a layer as much as 1 km in thickness.

The dolerite dyke swarms grade downwards into massive gabbros. Most of
the dykes strike about 120° and dip at about 50° southwest, and the thick-
nesses of the gabbroic layers in the oceanic lithosphere section have been esti-
mated by reconstructing a section from North Head to Eagle Point, and rotat-
ing it about a horizontal axis of 120° so that the dolerite dyke swarms become
vertical or near-vertical. This brings many, but by no means all, of the layers
of the layered gabbro complex into a near-horizontal attitude and puts the
" olivine-rich rocks at its base.

The rocks of the layered gabbro complex around Half Moon Bay (Fig. 2)
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-,as tmy rellct grains within clmopyroxene Cumulate phenocryst phases are

olivine, plagioclase and spinel. Clmopyroxene is always postcurmulus, plag10-
clase is also postcumulus in some olivine-rich rocks: sivsi i PRPR SV S
Several massive gabbro masses outcropion thé: east coast and to the north-

east of the layered gabbro complex (Fig: 2). They occur'both above and be-
- low the layered rocks in the section, possess comphcated 1ntruswe contacts,’

containiinclusions of other gabbros, are in places deformed and are also cut

by dykes Their bulk chemical compositions aré §imilarto those of some’ of
the lavas and dykes (see Figs. 5 and 13 on pp. 295 and 302 r" pectwely) and
they range in texture from gabbroic to doleritic: -~ "t> .
A zone of massive gabbros that have undergone high- temperature sub sohdus
recrystallization occurs around Island Lake and north of Eagle Pomt {Fig.-2).
They separate the wehrlites of the layered gabbro complex from the harzburg-

" ite at Eagle Point, and are composed essentially, of clmopyroxene and plagio-

clase, with lesser amounts of olivine, and minor, arnounts of orthopyroxene
hornblende and spinel. The orthopyroxene occurs partly as a reactlon product,
rimming olivine in a yermicular intergrowth with plagloclase o

The harzburgite at Eagle Point is interleaved i in a complex manner w1th thin
gabbroic and doleritic sheets, and to the south is throwniagamst volcaruc rocks
along a major fault. Other, more-serpentinized, harzburgltes also occur else-
where on the island (Fig. 2) N

Whether the location of the harzburglte at the base of the sectron and the
sandwiching of the layered gabbro complex between rmassive gabbros {Fig. 3),
were features of the oceanic hthosphere when it was first: formed or whether
they developed shortly afterwards, durmg tectonic, ad]ustments is not yet
known. ‘

Many other sections through oceamc hthosphere are avallable But as ..
Coleman ( 1977) remarked: : ‘

“*Numerous models of mid-ocean spreadmg tied to observed petrologlc relatlonshlps.
have been published and they bear a startling similarity to the ophlollte sequences.
Mainly because all these models draw heav:ly on spatlal relat:onshlps observed for on-
land ophiolites.” g S S Rt

The schematic section through Macquarle Island type oceamc hthosphere
is useful in several ways: (1) it offers a.guide. to the geologrcal relatrons in the
l1thosphere after removal from the spreading axis; (2) 1t wx]l be shown that it
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MACQUARIE ISLAND VOLCANIC ROCKS: OCEAN-FLOOR BASALTS

The lavas and dykes of Macquarle Island are basaltic. Petrographic descrip- .
tions have been presented elsewhere (Mawson, 1943; Varne and Rubenach,
1972; Cameron et al., 1981)..To summarize their characteristics, the rocks
range from coarsely porphyritic to aphyric, and from almost wholly crystal-
line to almost wholly glassy. The most abundant phenocryst phase is plagio-
clase (Ang,—40), followed by olivine (Foge—gs), rare clinopyrokene {Ca,zsMgss-
Fes—Ca;sMgsoFe ;) and tiny euhedra of chrome spinel: Spinel compositions
from Macquarie Island volcanics fall within the compositional field of spinels
from Mid-Atlantic Ridge basalts (Cameron et al., 1981), and zoned plagioclase
phenocrysts are progressively enriched in FeOQ from core to rim (Baner_]ee et
al., 1974).

Shghtly altered groundmasses of both lavas and dykes exhibit continuous
variation from assemblages of subcalcic augite, plagioclase, opaques and glass
in subophitic textures, to less common and relatively alkaline assemblages of
olivine, titanaugite, minor glass and rare kaersutitic amphibole in intersertal
textures,

Normatively, the rocks vary from o!- and hy-bearing to mildly ne-bearing
and rarely Q-bearing (Fig. 4). Within the analysed glasses the normative range

N Di >0

ol : Hy,

Fig. 4. Plot of relative proportions of normative ol, hy, di, ne and @ in Macquane Istand
basalts (open circles), dolerites (filled circles), and volcanic glasses (filled squares), CIPW
norm calculations were performed on major-element analyses recalculated volatile-free with -
Fe*: (total Fe) = 0.85. Two volcanic glasses, four basalts, and one dolerite have > 5 wt.%
ne, and could be termed basanitoids.
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is almost as great as within the crystalhne rocks although thie, daJta .are fewer,
The-normative transition {rom ol- and hy-bedring to-ne-bearing corresponds
roughly with the appearance of groundmass olivine and tltanauglte The
rocks plot within a fairly restricted field on an AFM tnangular plot, similar
to that at 45°N on the Mid- Atlantlc Ridge, although with sllghtly higher
Mg/(Mg + Fe) ratios (Fig. 5), that range from ~ 0. 72 down to ~ 0.51 (Fig. 6).
‘ Although there is almost complete overlap, companson of the group of
dykes with the group of lavas shows that'the dykes] tend to be, less rich in ne
and di, to include the few Q-normative focks (Flg 4), and to’ 0ccupy a field’
nearér to the F-apex of the AFM- dlagram (Fig: 5)." The group‘of dykes is also
displaced towards lower Mg/(Mg + Fe}- ratlos than the group of avqs (Fig. 6).
The Macquane Island rocks have phenocryst assemblages ’51m11ar to ocean-
floor basalts {Varne and Rubenach 1972 Cameron et al 1981), and most
resemble Bryan et al.’s (19'76) Group-l rocks Théxg rrnatwe range and the
scarcity of @-normative varletxes are also charactenstlc'of ocean- ‘floor basalts
(cf. Aumento, 1968; Kay et al., 1970; Cann 1971; Thompson et al 1972;
Bryan and Moore 1977; Wood et al 1979a b) : .

Fig. 5. AFM- dtagram for Macquarie Island basalts (open carcles), dolentes (f:lled c:rcles),

layered gabbros and wehrlites {filled ellipses), harzburg:tes (filled squares) Massive gabbros

are shown by open rhombs except for those east of Handsplke Pomt and above the layered

rocks in the section (see Fig. 3), which are shown as ‘open elhpses. Alao outhned are fields of
) IPOD Leg-49 basalts from the Mid- Atlantlc Ridge (Wood et ai 1979a) : .

R A - :-n ".".
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Fig. 6. Ni and Cr contents of Macquarie Island basalts (open circlés) and dolerites (closed
circles), plotted against 100 Mg/(Mg + Fe).-

'

Trace-element characterization of the volcanic rocks

It has been shown that some trace elements in basaltic rocks are fairly
resistant to the chemical changes that occur during the alteration and meta-
morphism of ocean-floor basalts (Cann, 1970; R. Hart, 1970; Thompson,
1973). Trace elements that have been used to characterize altered and meta-
morphosed basalts and assign them to particular tectonic environments in-
clude P, T, Cr, Sr, Y, Zr, Nb and the rare-carth elements (e.g., Pearce and
Cann, 1971, 1973; Bloxam and Lewis, 1972; Floyd and Winchester, 1975).

On the Ti-Zr diagram of Pearce and Cann (1973) the Macquarie Island data
fall mainly within the ocean-floor basalts (OFB) field, with some data points
within the OFB—low-K tholeiite (LKT) field where overlap occurs with the
low—K tholeiites of island arcs (Fig. 7). On their Ti—Zr—Y diagram (Fig. 8),
the majority of the Macquarie Island data falls within the OFB field but some
data points occur in the “within-plate’’ basalt WPB field defined by ocean is-
land or continental basalts. On their Ti—Zr—Sr diagram (Fig. 9), the Macquarie
Island data points define a band from the OFB field into the LKT field.

Thus, use of discriminant functions involving Ti, Zr, Y and Zr classifies
most of the Macquarie Island rocks as ocean-floor basalts, but the remainder
are unlike typical ocean-floor basalts (Varne and Rubenach, 1872). Similarly
ambiguous results are achieved using the plots of Floyd and Winchester
(1975), and the recent Zr—Zr/Y diagram (Fig. 10) of Pearce and Norry
(1979). On the useful Ti—Cr diagram developed by Pearce (1875) to discrimi-
nate between ocean-floor'basalts and island-arc tholeiites, the Macquarie Is-
land rocks with Ti abundances generally greater than 5000 ppm and ranging
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x 10000

50 00 5o " 200
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Fig. 7. Ti and Zr contents of Macquarié Island basalts (open circles) and dolerites (closed
circles) plotted on a basalt classification and discrimination diagram of Pearce and Cann
(1973). Ocean-floor basalts plot in the OFB field, and in the field that overlaps into the low-
potassium tholeiite (LKT) field. Calc: alkall basalts (CAB) also plot in this overlapping field
and in the CAB field,

Tinoo

Zr . ) Y.3

an 8. Ti, Zr and Y contents of Macquane Island basalts (open circles) and dolerites ( filled
circles)in a dlscnmmatlon triangle of Pearce and Cann (1973). Fields as in the caption to
Fig. 7 with the addition of a “‘within-plate’ basalt field (WPB).
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Fig. 9. Ti, Zr, and Sr contents of Macquarie Island basalts (filled circles) and dolerites (open
¢circles) in a discrimination triangle of Pearce and Cann (1973). Fields as in the caption to
Fig 17. )
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Fig. 10. Zr and Y contents of Macquarie Island basalts and dolerites plotted on the Zr—
Zr/Y diagram of Pearce and Norry (1979). Fields as in the captions of Figs. 7 and 8.
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up to 15,000 ppm (Fig. 7), and Cr abundances generally greater than 100
ppm and rancnng up to 600 ppm (Fig. 6), would fall w1thm the OFB f1eld
relatively high Ti/Zr ratios, have Na/Na + K) ratlos > 0 9 low K and K/Rb
>'360, and relatively low Nb values Thése resemble Engel et al 5 (1965)
“depleted" oceanic tholeiites and Bryan et al s (1976) Group I ocean -floor
basalts ‘

s The Macquarie Island rocks that plot out51de the OFB f1elds tend to have
relatwely high Nb contents and low Zr/Nb Y/Nb T1/Zr and K/Rb ratxos to
be rclatively enriched in K and Sr, and to be -ne-normatwe :

- These rocks are resembled by volcamcs from the so -called, “anomalous
ndge segments Using large amounts of chemlcal analytu:al data partmularly
. for trace elements, Wood et.al. (1979a) showed that i'ew basalts from the de-
’Atlantlc Ridge near 63°N (Reykjanes), 45 N and 36 N,(the FAMOUS area)
have the geochemical characterlstlcs of Engel et al 'S (1965) “depleted” ‘
.0oceanic tholeiites, 1Y

On a Zr/Nb diagram (F!g 11) rocks from near 36 N and 45 N on the Mid-
Atlantic Ridge have Zr/Nb ratios in the range 3 1, and Nb contents generally
higher than those of rocks from near 63°N where Zr/Nb rat1os range from
~ 7 up to the high values of 18 or more that were formerly cons1dered to be
d1agnost1c of ocean-floor basalts (Pearce and Cann' '1973' Erlank and Kable

e

6o
Nb |
{ppm)
p? -40 i
20 "

5% we ¢ 86 o 2G0T

Flg 11, Zr and Nb contents of Macquane Island basalts and dolerlt . A
flelds for IPOD Leg-49 basalts from the M“:d Atla'
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Evidence for low-pressure fractional crystailization

The great majority of the basalts and dolerites have phenocryst assemblages
that strongly resemble the mineralogy of the layered gabbro complex..

Olivine from the layered rocks falls in the compositional range Fogs-g., and
was probably more magnesian in the serpentinized plagioclasé dunites judging
by their bulk-rock compositions (see Figs. 5 and 13). Plagioclase compositions
lie in the compositional range Ang,—g,. The compositional ranges in thé cumu-
late silicates therefore correspond reasonably well with the compositional
ranges encountered in the same phases occurring as phenocrysts in the basalts
and dolerites (Fig. 12). Preliminary data show that the spinels are like the
spinel microphenocrysts in the volcanics but more analyses are needed. Post-
cumulus clinopyroxenes in the layered rocks are apparently heteradcumulus
but are very similar to the rare phenocrysts of the volcanics, both in CaMgFe
ratios (Fig. 12) and also in Al, Cr and Ticontents (not shown). ‘

These mineralogical comparisons imply that the layered gabbro complex

®

]

My 89 24 o 87:2 [I [T}
Lavas & Dyked Harzburgites Laysred Gabbros Massive Gabbeos

‘ll\

g az
Ph/
: 12

Gamy;

¥
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ab -
b Lavas & Dykes Layarad Gabbros Massive Gabbros

Fig. 12. Illustrations of the compositional ranges in CaMgFe contents of olivines and
pyroxenes in: (A) basalts, dolerites, gabbros and peridotites; and (B) An ancl Ab contents
of plagioclases from basalts, dolerites and gabbros.
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is composed: of cumulates complementary to the volcamc rocks The conclu-
sion can be tested by comparison with expenmenta] studies of the distribu-
tion of Mg and Fe?* between ohvme and basic mclts (Roeder and Emslie,
1970; Cawthorn et al., 1973; Ito 1973 Duke 1976 Béndet et al 1978)
Basic liquids in equillbrlum w1th the olivines of the layered rocks are calcu-
lated to have Mg/(Mg + Fe?*) in the range 0.67£0.02—0.58+0. 02, a range simi-
lar to that of the basalts and dolerites (Fig. 6). Conversely, the most magnesi-
an basalts [Mg/(Mg + Fe) =~ 0.72] could have been in equilibrium with olivines _
as magnesian as Fo,,_gz. There is no obvious evidence that the harzburgite
was a low-pressure cumnulate from basaltic magma: the minerals of the harz-
burgite are more magnesian than the phenocrysts of the basaltic rocks (Fig.
12), and orthopyroxcne does not occur asa phenocryst phase in the volcanics,
Fractionation of olivine and plagloclase the cumulate phases in the layered
gabbros and the common phend¢iysts in the Javag’ ‘and dykes ha b i
invoked to explain ma_]or-element"compos1t1onaj vanablllty in ce '
basalts. Yet mixing calculatlons (Bryan eta : : '

ene is also extracted, in splte of’ 1ts rarlty as a phenoc 'st'ph 6.

Rubenach (1972) pointed out that_rap1d eruptlon of a typlca.l;ocean floor

basalt magma from ~ 9 kbar pressute ¢

‘‘aluminous clinopyroxene stable ﬂt hlgher pressures would react'with'the magma and
plagioclase and olivine would be precnpltated as the magma fractlonally crysta!llzed to
move to a cotectic relationship at lower pressur : < . -

, 'It was argued that the rare clmopyroxene xenocrysts ,f ocean ﬂoor basalts

should prove to be highly aluminous if this suggestion. were vahd However,
the clinopyroxenes are not notably rich i in Al and resemble the postcumulus
chnopyroxenes in the layered rocks Thxs snmllanty, and the hkehhood that

" the postcumulus clinopyroxene crystalhzed by heteradcumulate growth im-

plies that many of the basalts could have formerly been mtercumulus liquids
at shallow crustal levels (cf, Hodges and Papxke 1976 Brooks a.nd Nlelson
1978) : A ,‘,.. e :
‘Because the layered rocks are a mlxture of cumulus and postcumulus .
phases 51m11ar in composition to the phenocrysts of; the,.basalts and dolerites,
their bulk composmons are untike those of hqurds \Thl 'composrtlor}al fea-
ture 1s displayed on a plot of CaO agamst Mg/(Mg \ g.:13). The basalts
and dolentes plot within a fairly” restrlcted area, 'only shghtly_ ected by
plagloclase ennchment in some ro‘cks Most ‘of the gabbros and, pendotltes
and all of the'layered rocks, have bulk composmons wnth Mg/(Mg + Fe) ratios
hlgher than those of the fme-gramed or glassy 1gneous rocks w:th a scatter of
CaO contents that reflects crystal fractlonatrpn effects mvo!vm 'ohvme
plagloclase and clinopyroxene. The mﬂuence of marked var1at1ons in modal
cumulate olivine and plagloclase 1s a]so clea.rly show m the AFM~dlagram
(Fig. 5).
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Fig. 13. Ca0 contents of Macquarie Island rocks, plotted against 100 Mg/(Mg E Fe).
Basalts are shown by open circles, dolerites by filled circles, layered gabbros and wehrlites
by filled ellipses, Gabbros from east of Handspike Point and above the layered gabbros in
the section (see Fig. 3) are shown by open cllipses. Other massive gabbros are shown by
open rhombs except for the massive gabbros frorn around Island Lake (see Flgs 2 and 3),
shown by filled rhombs.

The massive gabbros have Mg/(Mg + Fe) ratios that range widely, but most_
are intermediate between those of the dykes and those of the layered rocks
(Fig. 5). Those gabbros with Mg/(Mg + Fe) ratios similar to those of the basalts
and dolerites have mineral compositions similar to those of phenocrysts and
groundmass phases in the fine-grained rocks (Fig. 12).

The massive gabbros in the northwest of the island (Fig. 2), placed between
the dyke swarms and the layered gabbro complex in the oceanic lithosphere
section (Fig. 3), have Mg/(Mg + Fe) ratios intermediate between those of the
dykes and those of the layered rocks (Fig. 5), as do the recrystallized massive
gabbros south of the layered gabbro complex (Fig. 2) that in sectlon appear
beneath them, and above the harzburgite.

These compositional relationships indicate that the upper part of the
Macquarie Island oceanic lithosphere section resembles a vertical slice through
a differentiating column of magma. Much of the major-element compositional
variability in the lavas and dykes is apparently the result of low-pressure frac-
tional crystallization. Many of the magmas could have béen intercumulus
liquids in the layered gabbros, differentiating by adcumulate fractional crystal-
lization. As a group, the dykes are more differentiated than the lavas. The '
strong resemblances between the Macquarie Island rocks and the volcanic
rocks erupted near 36°N and 45°N on the Mid- Atlantic Ridge imply that simi-
lar fractionation processes and spatial relationships occur in these active
“anomalous” ridge segments, and that a magma chamber may be at least epi-
sodically present, perhaps smaller than that proposed by Bryan and Moore
{(1977) but more substantial than that inferred by Nisbet and Fowler (1978).
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DISCUSSION

Its oceanic environment, its tectonic setting, its magnetic properties, its pil-
low lavas and deep-sea sediments — these features all show that Macquarie [s-

~land is composed of oceanic crust.

The age of the rocks, the presence of dolerite dyke swarms, their structural
history, and the linear magnetic anomaly patterns of the region are all consis-
tent with the hypothesis that Macquarie Island oceanic lithosphere was form-
ed by mid-Tertiary sea-floor spreading at the Indian—Antarctic—Pacific ridge
far from any continent. Indeed, it is difficult to explain the origin of the rocks
in any other way.

Macquarie/Island therefore pr0v1des the opportunity to examine oceanic
crust, using the same methodology and at the same scale as land-based studies
of ophiolite complexes. The 1sland is the eonnectmg link between the ophiolites
of continental environments, and the in situ oceamc crust studled by dredge,
drill and submersible.

Miyashiro (1975) commented‘that volcamc rocks could be used.to assign
ophiolite complexes to at least three classes, Class-l ophlohtes are characterized
by tholeiitic volcanics that dxsplay, at least in part the composmonal character-
istics of island-arc magmatism. Such Class I ophmhtes may include the Troodos
complex and may have formed i in an 1sland arc (Mlyashlro 1975) and inter-
arc basin (Pearce, 1975; Smewmg et al., 1975; Dewey,’ 1976 Sun and Nesbitt,
1978; Saunders and Tarney, 1979), in fore -arc settmgs (Cameron et al., 1981),
or in the waning stages of aborted continental rrftmg (Brown et al. 1981)
These are the:complexes where orthopyroxene appears early, dsa major
curnulate phase in the ultramafics, and as a phenocryst phase in volcanic se-
quences that are proving to 1nclude high-Mg, low-TiO, andesxtes or basalts
that are hy-rich and may have boninitic affinities (Kuroda and Shiraki, 1975;
Varne and Brown, 1978; Cameron et al., 1979; Brown et al., 1981, Cameron
et al, 1981).°

Mlyashrro 5 (1975} Class-11 ophlohtes are associated with tholeiitic volean-
ies similar to ocean-floor basalts, but showing more variation in SiQ, contents
and FeO* /MgO ratios. Mlya.shlro (1975) suggested that Class-II ophiolites,
like those of the Labrador Trough and the Yap Islands may have formed in
immature arcs or in mid-oceanic ridges. Broadly smular volcanics occur in the
Mid-Atlantic Rldge from the Reykjanes Ridge at 63° N (Wood et al., 1979a)
and from the Indian and Pacific Qceans (Bryan et al. 1976)

‘ M:yashlro (1975) also distinguished Class- II1 ophlohtes in which tholeiitic
- volcanics were accompanied by alkaline basalts, and included in this class the
ophiolites of’ hlgh -pressure metamorphic terranes, and those of Macquarie Is-
land. Mlyashlro (1975) suggested that some of these. Class-I1I1 ophiolites could
be derived fiom fracture zones, marginal sea floor or sea-mounts.

However, as has been shown, the volcanic rocks of Macquarie Island are

strongly resembled by the volcamc rocks from the so-called ‘“‘anomalous”
Mid- Atlantm Exdge segments near 36 and 45°N, but .span a compositional
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range that is wider than that so far encountered at any single sea-floor site. In -
addition, the dykes and some of the gabbros tend to follow a more pronounced
Fe-enrichment trend than do the lavas, and also include more di-poor and Q-
rich compositions. The extent of the compositional range among the Mae-

" quarie Island volcanics is partly a consequence of sampling methods and ex-
posure: the best-known Mid-Atlantic Ridge site, the FAMOUS area, has simij-
larly been shown to include almost the complete compositional range en-
countered in the three major ocean basins (Bryan et al., 1976).

On Macquarie Island, the volcanics range from ne- to @-normative, and in-
clude types that are relatively enriched in K, Sr, Rb, Nb and related elements
but retain the characteristic phenocryst assemblages, the Ti, Ni, Cr, Y and Zr
abundances, the major-element compositions, and the normative mineralogy
of ocean-floor basalts. Their geochemical characteristics, which may be related
to source-heterogeneities (Pearce and Norry, 1979), pose a problem for the
widely-used trace-element discrimination diagrams, where the ocean-floor
basalt fields were defined using compositional data from the so-called “normal”
ridge segments. These diagrams are an efficient method of identifying “normal”
ocean-floor basalts, but “abnormal’ ocean-floor basalts like the more enriched
Macquarie Island basalts and dolerites tend to plot away from the ocean-floor
basalt field into the “within-plate” basalt field or into the low-K island arc
tholeiite field or are left unclassified.

Similar “‘abnormal” ocean-floor basalts in ophiclite complexes may betray
their origins by Nb contents in the range 20—60 ppm. High Nb contents are
very rare in basalts and andesites from,island arcs: even highly potassic and
undersaturated mafic lavas from the Sunda arc have Nb contents of only
~ 15 ppm or less (Foden and Varne, 1980). In alkaline “‘within-plate” basalts,
high contents of Nb are commonly accompanied by Ti and Zr contents that
are much greater than those of ocean-floor basalts. It would be of great in-
terest to find out if many of Miyashiro's (1975) Class-II1 ophiolites from high-
pressure metamorphic terranes are Macquarie Island-type ophiolite complexes
that could have been derived from “anomalous” ridge segments.

The mineralogy and chemical composition of the Macquarie Island plutonic
rocks are almost exactly those that would be predicted from consideration of
the mineralogy and major-element composition of the basalts and dolerites.
There are no plagiogranites or trondheimites on Macquarie Island, norite is
either very rare or absent, orthopyroxenites are unknown, and the harzburg-
ites are the only rocks in which orthopyroxene is abundant. The olivine, -
plagioclase and clinopyroxene of the gabbros have compositions that are
closely similar to those of the same phases in the basalts and dolerites. Ortho- -
pyroxene is unknown from the volcanic rocks, and is only a very rare con-
stituent of the gabbros, where it seems to have formed by subsolidus or near-

.solidus reaction (R. Varne, in prep.).

The comagmatic character of the basalts, dolentes and gabbros of the
Macquarie Island ophiolite complex implies that any Macquarie Island-type
opjiolite complex derived from a similar tectonic setting ought to be recogniz-
able from its field relations, petrology and geochemistry, unless it is extreme-
ly altered and dismembered.
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Rapid emergence and subsequent glacial and periglacial action on Macquarie Island
have placed it in a state of high erosional activity. The dominant processes are
mass erosion through landslips, soil creep slumping and solifluction. Fluvial and
aeolian ercosion are only important in very restricted areas. Rabbit activity has had
a minimal effect on thé overall rates of erosion although appearing significant in
some localised areas. -

INTRODUCTION

Macquarie Island is widely recognised as an extremely interesting area in terms of
most natural sciences. 'This brief report looks at erosion processes on the island and
the effects of the rabbit population on these processes and their rates of operation.
the 34 km by 3 ke isiand lies almost midway between the Australian mainland and the
Antarctic continent, and is a subaerial exposure of the Macquarie Ridge. Physically
it is dominated by a 200-300 m high plateau bounded by very steep slopes and cliffs
with only very minor low-lying coastal terraces. These raised marine terraces are of
middle to late Holocene age, indicating an average uplift rate of the island between
1.5 and 4.5 m per 1000 years (Colhoun and Goede 1973),

Geologically Macquarie Island is at present considered to represent Miocene
oceanic crust generated in a spreading ridge environment (Varne and Rubenach 1972).
The northern tip and southern three-quarters of the island are composed of basaltic
pillow lavas and associated dolerite dykes. The remaining northern quarter is com-
posed of more massive units of coarser-grained gabbros and ultramafic rocks.

The Colhoun and Goede (1974) have shown that former ice action on the island was
dominated by local plateau, valley and cirque glaciers_which covered, at their maximum
extent, some 40% of the island, rather than by complete over-riding of an easterly
moving ice sheet (Mawson 1943). Present landforms are dominantly of former periglac-
ial and glacial origin. The current climatic conditions are humid, periglacial.

PREVIOUS STUDIES OF EROSION

Few observations have been made of erosion processes on Macquarie Island. How-
ever various workers in other disciplines have made some brief comments. Taylor (1935)
suggested that rabbit grazing is having catastrophic effects, in terms of erosion, on
the grassland areas of Macquarie Island, This view was strongly supported by Costin
and Moore (1960). They suggested that on the steeper slopes, which include grassland
slopes in excess of 70° up to an altitude of 300 m, eliminatiom of the stabilizing dom-
inants, Poa foliosa and Stilbocarpa polaris, by rabbit grazing will almost certainly
increase the incidence of minor landslips, resulting in the stripping of blanket bog
peats and the development of screes. They finally suggested that small landslips in
otherwise intact slopes often initiate an irreversible trend towards soil loss,
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CURRENT OBSERVATIONS AND DISCUSSION

Soil creep is the major erosion mechanism on Macquarie Island. ~ This is a con-
tinuous process with material gradually moving downslope under gravity. On Macquarie
Island the soil-rock interface is permanently saturated; a result of the continuous
heavy drizzle and low mist that characterise the weather conditions on the island.
Precipitation is rarely heavy and many of the water channels on the island today are
relict meltwater channels which are generally underfit (Colhoun and Goede 1374). Con-
sequently today fluvial erosion does not play a major role on Macquarie Island.

The most spectacular form of mass movement, namely landslips, are very common on
Macquarie Island. This is not surprising because the mass movement mantle is in a
permanent state of instability and only requires a suitable trigger to move more rap-
idly as a landslip. During the three months 1975/76 summer field season it was
observed that a number of landslips occurred immediately after the heaviest rainfall
period of the summer. - This correlation of landsiips occurring after heavy rain y
periods has also been observed subsequently (G. Copson, pers. comm.). Another recog-
nised trigger is large earthquakes and as Macquarie Island is seismically very active,
earthquakes as well as heavy rain periods form the major triggers for the landslip
activity. The irreversible soil loss trend after landslips suggested by Costin and
Mpore (1960} has not been observed by the author. On most of the slopes on both coasts
it is possible to see landslip areas in various stages of revegetation (plate la).

Bare rock is only exposed, if at all, at the head of the slip and this is quickly cov-
ered by collapse of upslope material.

Lo

™

PLATE la. - Recent and revegetated land- . PLATE 1b.- Terracettes om a grassed
slips on steep coastal tussock hillslope.
slopes near Nuggets Point at the
northern end of Macquarie Island.
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Many of the grassland slopes contain small terraces or terracettes (plate 1b),
These are commonly misnamed "sheep tracks' throughout rural mainland Australia and on
Macquarie Island some workers have similarly misinterpreted these features as due to
rabbit tracks or squats. Actually these features are usually a result of creep pro-
cesses, solifluction and or occasionally small scale slumping.

Wind is another erosive agent on Macquarie Island; during the three month 1975/6
summer the average wind speed was 26 km per hour. However because of the moist sur-
face environment wind deflation effects are drastically reduced relative to those in
drier environments. Moist clay has strong interparticle adhesion so that only during
the rare dry periods if ever, are the clays deflated. Coarser material is more Sus-
ceptible and fossil aeolian dunes deposited along the natural wind ‘funnel' between
Sandy Bay on the east coast and Bauer Bay on the west coast are being eroded through

wind deflation. Observations suggest that this was initiated by rabbits burrowing on
the windward side of the dunes, Erosion of raised marine ridges on the coastal ter-
races is probably also a result of similar rabbit activity. These arcas are very

small relative to the whele island and insignificant in terms of the overall erosion
processes.

It has also been suggested that rabbits have increased the incidence of landslips
by weakening an area through burrowing. No evidence has been presented on this and a
visual comparison of the island today with photographs taken at about the time of intro-
duction of rabbits would suggest that the rate of occurrence has not significantly
altered. Furthermore areas of burrowing petrel colonies, which have a higher burrow
density than rabbits, are not obviously more eroded than adjacent areas.

In summary, the major processes active on Macquarie Island are various forms of
mass movement. Although rabbits may have severe botanical effects on the ecology,
they have had little effect on the erosion of Macquarie Island. Et is invalid to
compare Macquarie Island with mainland Australia because of the major climatic differ-
ences and such comparisons are misleading.
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