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lack of definition of X-ray patterns of similar
insular collophanes as resulting from low grain
size and poor crystallinity. The effect may also arise
from compositional variation amongst different
generations of cement crystallites. While spot
EDAX analyses for Ca, P and F showed a range
of values (Table 1), in part this range reflects the
varying amounts of organic mucilage intimately
admixed with the cement and regarded as an
integral part of the paragentic association. Only
analysis 3 in Table 1 is close to that of a stoichio-
metric, reasonably pure, carbonate hydroxyapat-
ite. Apart from traces of Na and Cl, no significant
amounts of other elements were detected in the
EDAX spectrum. It can be noted that in only two
cases was fluorine in excess of 0.1%.

In most samples from above the tidal range
whitlockite is present although always subordinate
to dahllite. The mineral occurs as drusy clusters
of flattened rhomb-shaped crystals growing pore-
wards of the main crustose cement (Fig. 1d). For
samples from within the intertidal zone and below,
whitlockite is at best a minor component although
identification of small amounts of this mineral in
X-ray diffraction traces is made difficult by the
diffuse nature of the apatite pattern.

No other minerals which have been recorded
from comparable insular phosphate occurrences
(e.g. Hutchinson, 1950; McConnell, 1950) have
been identified at Amatuku. Notable in some sub-
aerial samples were implanted spheres c. 30 g dia,
partly buried in the cement crust. Whether these
were organic or inorganic could not be determined.
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Low-temperature, hydrothermal garnet associated with
zeolites, from basalt lavas near Beith, Ayrshire

A WORKING quarry, at Loanhead (NS363557)
within the Clyde Plateau Carboniferous lavas, is

traversed by a tholeiitic Tertiary dyke some 25-
30 m wide. Throughout the quarry the lavas
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are extensively altered and the most prominent
secondary minerals are calcite and prehnite. Adjac-
ent to the dyke is an indefinite alteration zone
within which garnet has developed in close associ-
ation with analcime and thomsonite. Contact
metamorphism is not apparent. Secondary min-
erals in the quarried lavas and from the alteration
zone have been described by Meikle (1989). The
most salient feature of secondary mineral forma-
tion central to this paper is that grossular and
andradite occur, in situ, in close proximity to the
dyke, and only in the amygdales.

Zeolitised Tertiary lavas of Antrim, Mull,
Morven and Skye are characterised by a rich
variation in zeolite species, even within a single
hand specimen (Walker, 1951, 1960, 1971; Heddle,
1901). Although the zeolites in the Loanhead
quarry are limited in species, this markedly con-
trasts with the wide ranging mineral assemblages
encountered in such contact-zone amygdales. The
more common contact zone amygdale assemblages
are briefly listed below and some illustrated in
Fig. 1 (a-f). In this context garnet (< 3 mm)
includes grossular and andradite, as both fre-
quently occur in the same amygdale.

(a) Epidote-lined, with hematite and epidote,
garnet and minor analcime.

(b) Garnet-lined, infilled with either/or a combi-
nation of thomsonite, calcite, and analcime.
Minor hematite and chalcopyrite may be
present.

(¢) Garnet-lined, secondary lining of hematite,
infilled with calcite and analcime.

(d) Garnet and calcite only, filling the whole
cavity.

(e) Garnet-lined, with calcite above; cavity not
filled.

() Clinopyroxene, chlorite or fibrous amphi-
bole lining cavities with calcite and garnet.
Garnet usually absent from either chlorite
or amphibole-lined cavities.

(g) Chalky analcime filling many amygdales,
some lined with this material and containing
garnet in the centre.

(h) Fissure coatings containing garnet, calcite,
goethite, clinopyroxene, minor plagioclase
(albite/oligoclase), prehnite, epidote, and
chalky analcime.

Throughout these assemblages the garnet dis-
plays a variety of colours ranging from white,
ivory, pale buff to pale brown and yellow-brown.
Small cavities frequently contain hessonite.
Several, large amygdales (up to 7-8 cm) are lined
with white to ivory-coloured exceptionally fine-
grained garnet and contain excellent terminated
thomsonite.

From the assemblages a-A, garnets were selected
for electron probe microanalysis and results are
given in Table 1. Significantly, garnet compositions
fall close to either grossular or andradite end-
members. Continuous variation from a grossular-
rich composition (anal. 6) to andradite (anal. 7)
has been detected over 100 pm in one garnet
crystal. Also noted was an andradite core (anal.
15) followed by a sharp transition to a broad
grossular-rich rim (anal. 14). Examination of the
infrared spectra of some garnets from these cavities
yielded no evidence for the hydrogrossular
molecule being present.

Discussion. Formation of garnet at very low
temperatures is rarely documented in the literature.
Easton ez al. (1977) gave an account of low-
temperature (c. 170 °C) metasomatic hydrothermal
garnet formation in deep-sea sediments, and also
from the Bone Bed of the Rhactic at Larne,
Antrim. The association garnet-zeolite is rare
and the only other Scottish record known to the
author is that on Mull, where garnet (grossular)
is a primary amygdale mineral associated with
scolecite and rarely chabazite and thomsonite
(McLintock, 1915). In the Mull occurrence garnet
may be found ‘in the centre of the zeolite’
though is commonly located at the epidote and
prehnite/scolecite junction.

Assemblages in the amygdales indicate that the
garnet may pre-date, be contemporaneous with,
or post-date zeolite formation. Thus, it seems
highly improbable that large temperature differ-
ences over short distances could be held respon-
sible for vastly dissimilar mineralogy even within
a single hand specimen. Kristmannsdottir and
Tomasson (1978) detailed zeolite formation in
high- and low-temperature geothermal areas in
Iceland noting that in the former zeolites formed
up to 230°C and up to 190°C in the latter. In the
Reykjavik geothermal field zeolite occurrence is
closely related to the primary rock temperature.
For development of the thomsonite zone
Kristmannsdottir and Tomasson (1978) estimated
a range of approximately 45 °C, from close on 65
to 110 °C. In Yellowstone Park drill cores the most
important factor controlling zeolite formation is
the thermal water chemistry and the rocks through
which they flow rather than temperature (Bargar
et al., 1981).

Within the garnet-bearing zone at Loanhead
quarry diverse amygdale mineralogy strongly sug-
gests an influx of chemically different solutions. A
single pulse may conceivably have been chemically
inhomogeneous and changing dramatically as it
migrated further from the dyke. Although the
lavas adjacent to the dyke are not thermally
metamorphosed the latter probably provided the
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Fi6. 1. (a) Triangular cavity in chalky analcime lined with garnet. () Cavity with thomsonite sprays (upper half)
and garnet (dark) lower half. (c) and (d) Simultaneous crystallization of garnet and thomsonite. (¢) Garnet
crystallization after thomsonite, garnet sitting on end of thomsonite prisms. (f) Garnet after thomsonite.
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Table 1. Electronprobe-microonalyses of garnets
1 2 3 4 5 é 7 8

5102 35.66 35.57 36.04 35.83 35.59 39.45 35.7 35.44
T:'LO2 0.04 0.01 0.02 0.02 0.02 0.04 0.01 0.03
/\1203 0.03 0.03 0.43 0.02 0.02 18.465 0.16 -
Fe203 30,52 30.12 29.87 30.27 29.49 5.49 29.46 30.28
MnO 0.06 0.18 0.18 0.20 0.07 0.22 o.n 0.47
MgQ 0.06 0.06 0.17 0.07 0.20 0.79 0.13 0.10
Ca0 33.56 33.77 33,45 33,67 33.89 36,15 34.1 33.32
NcZO 0.03 - 0.02 0.03 - 0.01 - 0.02

99.96 99.74 100.38  100.11 99.48  100.80 99.69 99.84

k4 10 1 12 13 14 15

SiO2 35.84 35.89 36.96 39.82 35.91 39.37 35.38
Ti.O2 0.02 0.01 0,01 0.02 0.02 0.12 0.03
AL,0, 0.01 0.02 3.82 21.20 - 17.97 0.27
Fe203 29.85 30.19 25.46 2.31 30.43 6.20 30.55
MnO 0.44 0.18 0.13 0.17 0.31 0.3¢ 0.85
MgO 0.09 0.02 0.0) 0.1¢ 0.15 0.22 0.03
Cal 33.26 33,68 34.49 37.27 33.35 36.50 32.54
N020 0.03 0.02 0.02 - 0.01 0.02 0.03

99.56  100.01 100.90 100.98 100.18 100.76 99.48

Brown garnet from cavity, gornet on top of epidote ond hematite,

am, Garnet crystallised

2.  Yellow gornet from tip of thomsonite sproy, calcite present in cavity
which is lined with clinopyroxene.

3. Second grain, as for 2.

4, Brown gornet from a fissure containing yellow and cream garnet, calcite,
goethite, clinopyroxene, albite/oligoclase and epidote.

5. Yellow garnet, as for 4.

6.7, Cream garnet, as for 4, two spots 100um apart .

8.  Yellow gornet from a filled omygdale containing only colcite and garnet,
latter disseminated throughout the former.

9.  Second grain, as for 8.

10. Pale brown from large cavity (4 om) lined with chalky analcime and
containing clear, terminoted thomsonite up to |
simultaneously with, and post, thomsonite.

11. Pale brown, as for 10.

12, White garnet lining large é-7 om amygdale containing clear thomsonite.

13. Brown gornet associoted with hemotite, mognetite and calcite.

14, Clear, brood zone around o yellow core in garnet from gornet-lined cavity.

15. Yellow core, as for 14,

heat for generation of a secondary, localised hy-
drothermal system with its accompanying charac-
teristic mineralogical overprint. Heating studies
on thomsonite suggest that the zeolite looses eight
H,0 molecules up to 350 °C (van Reeuwijk, 1972).
It seems reasonable to assume that garnet formed
from a Na-Al-Si-Ca-Fe-rich fluid, from which
excess Ca and/or Fe developed to generate calcite

or hematite respectively at temperatures probably
considerably below 300 °C.
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