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Abstract. The interaction of granitic rock with meteoric fluid 
is instrumental in determining the chemistry of pore fluids 
and alteration mineralogy in down flow portions of convec- 
tive groundwater circulation cells associated with many hy- 
drothermal systems in the continental crust. Hydrothermal 
experiments and a detailed mineralogical study have been 
carried out to investigate the hydrothermal alteration of 
the Carnmenellis Granite, Cornwall, UK. Samples of drill 
chippings from a borehole 2 km deep in the Carnmenellis 
Granite have been reacted with a dilute N a - H C O 3 - C I  
fluid in hydrothermal solution equipment at temperatures 
of 80 ~ 150 ~ and 250 ~ C and a pressure of 50 MPa, with 
a water/rock mass ratio of 10, for experiment durations 
up to 200 days. Fluid samples were analysed for seventeen 
different chemical components, and solids were examined 
prior to, and after reaction using SEM, electron microprobe 
and conventional light optic techniques. Experimental fluids 
were mildly alkaline (pH 7-8.5) and of low salinity (TDS 
< 800 mgl-1). Mineral-fluid reaction was dominated by the 
dissolution of plagioclase and the growth of smectite, calcite 
(at all temperatures), laumontite (at 150 ~ C), wairakite and 
anhydrite (at 250 ~ C). Final fluids were saturated with re- 
spect to quartz and fluorite. Certain trace elements (Li, B, 
St) were either incorporated into solids precipitated during 
the experiments or sorbed onto mineral surfaces and cannot 
be considered as 'conservative' (partitioned into the fluid 
phase) elements. Concentrations of all analysed chemical 
components showed net increases during the experiments 
except for Ca (at 250 ~ C) and Mg (at all temperatures). A 
comparison of the alteration mineralogy observed in the 
experiments with that present as natural fracture infiUs in 
drillcore from the Carnmenellis Granite reveals that the 
solid products from the experiments correspond closely to 
mineral assemblages identified as occurring during the later 
stages of hydrothermal circulation associated with the em- 
placement of the granite. 

Introduction 

The investigation of the interaction of meteoric ground- 
water with granite is relevant to the understanding of the 
geochemical evolution of many hydrothermal systems. 
These interactions are fundamental in governing the pore- 
fluid chemistry and the mineralogy of alteration products 
in such systems. Experimental studies of such processes pro- 
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vide a link between fluid-phase chemistry and the mineralo- 
gy of alteration products which may be lacking from investi- 
gations associated with active geothermal wells or fossil hy- 
drothermal systems. For example, laboratory investigations 
of hydrothermal basalt-seawater interactions (Bischoff and 
Dickson 1975; Mottl and Holland 1978; Seyfried and Jan- 
ecky 1983) have been instrumental in elucidating geochemi- 
cal processes within submarine hydrothermal systems. 
However, it is also important to emphasise the often non- 
equilibrium nature of low temperature (< 300 ~ C) water- 
rock reactions which inevitably limits the applicability of 
short-term laboratory experiments to an understanding of 
geological processes. 

This study concerns experimental and mineralogical 
work designed to detail the interaction of meteoric ground- 
water with granitic rock under hydrothermal conditions 
and forms part of a broader geochemical, isotopic and min- 
eralogical investigation of rock-water interaction associated 
with the Carnmenellis Granite, Cornwall, UK carried out 
by the British Geological Survey, Camborne School of 
Mines and the University of Bath. Brief descriptions of par- 
ticular aspects of this work are published elsewhere (Savage 
et al. 1985, 1986). 

Similar experiments in which granite reacts with dilute 
fluids include those of: R.W. Charles and co-workers in 
an investigation of the geochemistry of the Fenton Hill Hot 
Dry Rock geothermal project (Charles 1978; Charles and 
Bayhurst 1983); J.D. Byertee and co-workers who examined 
permeability changes associated with granite-water reac- 
tions (Morrow et al. 1981; Moore et al. 1983); Bourg et al. 
(1985) and Savage (1986) who have examined granite-water 
reactions with respect to the disposal of high-level radioac- 
tive waste. 

The Carnmenellis Granite 

The Carnmenellis Granite is one of a number of cupola 
structures, demonstrably connected at depth to form part 
ofa batholith 200 km long, intruded into Devonian sediments 
some 290 Ma ago (Fig. 1). The batholith is essentially post- 
tectonic, although its origin as a S- or I-type granite (Chap- 
pell and White 1974) is somewhat equivocal (Watson et al. 
1984). The granite is a biotite adamellite which may contain 
megacrysts (porphyroblasts) of potassium feldspar in its sur- 
face outcrops but becomes more equigranular with depth 
(A. Bromley, personal communication). The granite is rich 
in boron, lithium, fluorine and chlorine, and hydrothermal 
veins containing Sn, Cu, Pb and Zn minerals occur locally. 
Charoy (1986), has recently described the petrogenesis of 
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Fig. 1. Location of the Carnmenellis Granite 

the Carnmenellis Granite and has suggested an origin by 
partial melting of pelitic gneisses at 800 ~ C and 5 kb with 
a water content of approximately 4 wt %. He has ascribed 
the homogeneity of the pluton to 'hydrothermal  reworking'  
involving re-distribution of Na, K, Fe, Mg, Li, F, B and 
Rb. The Carnmenellis Granite  has an average heat-flow 
of 120 m W  na -2 (Tamnaemagi and Wheildon 1974, 1977), 
which is considerably greater than the average for the UK.  
The thermal gradient within the granite is approximately 
30 ~ C km-1 .  As a consequence of the heat flow and the 
thermal gradient, the granite is the site of a Hot  Dry Rock 
geothermal energy experiment at Rosemanowes Quarry 
near Camborne (Batchelor 1984) which currently involves 
injection and production wells at depths of 2-2.5 km, where 
ambient  temperatures are in the range 80~ ~ C. A de- 
scription of the geochemistry of the circulation system is 
given in McCartney (1984) and Ednaunds et al. (1985). 

The granite also contains the only thermal groundwaters 
(up to 52 ~ C) known to occur in granites in the UK.  The 
groundwaters are often saline with total dissolved solids 
up to 19 300 nag 1-1, and are unusually enriched in Li which 
may range up to 125 mg 1-1 (Edmunds et al. 1984, 1985, 
in press). Isotopic evidence suggests that the groundwaters 
are 95% meteoric in origin, which precludes any major con- 
tr ibution from seawater. Edmunds  et al. (1984, 1985, 1987), 
concluded that the groundwater  salinity was derived as a 
result of interaction of meteoric groundwater  with the gran- 
ite, principally through hydrolysis reactions of plagioclase 
and biotite. 

Methods 

Experimental 

Hydrothermal experiments were designed to provide qualitative 
data concerning the nature of the dominant geochemical reactions 
governing the interaction of meteoric groundwater with granite 
across the temperature range studied and do not constitute an 
attempt to quantify mineral dissolution/growth rates or mineral 
solubilities. Further experimental work to quantify the rates of 
some of the major geochemical reactions identified are currently 
in progress. 

Experiments were carried out in direct-sampling autoclaves 
as described by Seyfried et al. (1979) and as utilised by Savage 
(1986), at 80 ~ 150 ~ and 250 ~ C for 200, 150 and 100 days, respective- 

ly, and at a fluid/rock ratio of 10 (by mass) or 3 x 10 -3 cm (by 
volume/area) falling to ratios of 5 and 1 • 10 3 cm at run comple- 
tion. An arbitrary pressure of 50 MPa was chosen for all the experi- 
ments to prevent the fluid phase from boiling at temperatures in 
excess of 100 ~ C, and also to aid interpretation of the solution 
analytical data by a speciation/mass transfer computer program, 
EQ3/6 (Wolery 1979), which utilised a 50 MPa thermodynamic 
database. It is believed that a confining pressure of 50 MPa is inter- 
mediate between the pressure pertaining during circulation at the 
Rosemanowes test site and that experienced by natural ground- 
waters at 2 km depth in the Carnmenellis Granite. Fluid pressures 
used during circulation tests at Rosemanowes reach 30 MPa (C. 
Wilkins, personal communication). Pressures relevant to the natural 
system at 2 km depth would be expected to range from 20 MPa 
as a hydrostatic component, relating to groundwater in an open 
fracture network, to 60 MPa for unconnected pore fluids in the 
granite subjected to lithostatic load pressure. The effect of these 
different pressures on mineral-fluid reactions is less easy to assess. 
For such a non-equilibrium system, information is required on 
the pressure dependence of rate constants. Unfortunately, no such 
data exist for the temperature-pressure range considered here. 
However, if the driving force for dissolution is governed by the 
degree of departure from equilibrium, then pressure effects upon 
solubilities of minerals may be relevant. Using quartz as an exam- 
ple, the data compilation of Walther and H~lgeson (1977) indicates 
that the solubility of quartz at 250 ~ C and 50 MPa is roughly equiv- 
alent to that at 265 ~ C and 20 MPa. The increased pressure from 
20 to 50 MPa produces an 'apparent' temperature increase of 
15 ~ C. Lasaga (1984) quotes an average activation energy for silicate 
mineral dissolution as 60 kJ mol- 1 which implies an order of mag- 
nitude increase in rate for every 30 ~ C temperature increase. Thus 
an increase in pressure from 20 to 50 MPa may cause an increase 
in reaction rates by a factor of 5. 

Starting materials were samples of drill chippings taken from 
a depth of approximately 1800 m from the project borehole desig- 
nated RH l 1 at the Camborne HDR site and a sample of water 
taken from a quarry near to the HDR site which is used as a 
make-up fluid in the geothermal circulation system, but is also 
representative of a typical meteoric groundwater of the area. The 
drill ehippings consisted of grains 1~4 mm in diameter whose sur- 
face area was 0.325 m E g-1 as determined by krypton BET. The 
drill chippings had been washed with deionised water prior to the 
experiments, but no attempt had been made to remove fine surface 
debris by ultrasonic or etching techniques. Holdren and Berner 
(1979) noted that fine, sub-micron debris on feldspar surfaces pro- 
duced spurious, initial reaction kinetics during dissolution experi- 
ments and thus advocated the removal of such particulates by a 
complex process of etching and washing. However, Moore et at. 
(1985) have recently questioned the necessity of such procedures 
where the main aim of experimentations is the characterisation 
of steady-state fluid chemistry and reaction products, rather than 
the determination of rate constants. The mineralogy of the chip- 
pings is discussed below. 

The water from the Trolvis Quarry is a dilute N a - C a  
--HCO3--C1 fluid (Table 1) with a total dissolved solids content 
less than 120 mg 1-1. Nine fluid samples of approximately 1(~12 ml 
in volume were extracted from each experiment, the last sample 
of which was taken after the autoclave had been allowed to cool 
to room temperature. 

Analytical 

O) Fluid phase. On extraction of each sample from the autoclave 
a 0.5 ml aliquot was used to determine pH and bicarbonate content 
by glass electrode and titration, respectively. The remaining sample 
was filtered through a 0.2 gm filter. A 5 ml aliquot of the filtrate 
was then acidified with 0.1 rnl of Aristar grade concentrated hydro- 
chloric acid to stabilise the metal ions in solution and made up 
to 10 ml with deionised water. This sample then being analysed 
by inductively coupled plasma (I.C.P) for Na, K, Ca, Mg, A1, Si, 
B, Fe, Sr, Ba and Li, sulphate was also determined as total sulphur 
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Table 1. Chemical analysis of water from the Trolvis Quarry 
(mg 1-1) 

pH 7.3 

Na 19.4 
K 3.4 
Ca 9.6 
Mg 3.2 
A1 0.1 

SiO2 0.2 
C1 31.7 
SO 4 19.7 

~]CO 2 15.0 
B 0.03 
F 0.8 
Br 0.155 

Fe 0.013 
Sr 0.001 
Ba 0.011 
Li 0.01 

which was assumed to be present as sulphate alone. The remaining 
unacidified portion of the filtrate was then used to determine the 
halide content: F by ion selective electrode; CI by colorimetry (Zall 
et al. 1956), and Br by colorimetry (Fishman and Skougstad 1963) 
or ion chromatography. The initial starting fluid (Trolvis Quarry 
water) was analysed in a similar manner to that described above 
apart from aluminium which was below I.C.P. detection limits 
(0.1 mg1-1) and was determined using the colorimetric method 
of Sampson and Fleck (1984). 

(ii) Solid phases. Samples of drill chippings, RH 11/1800 (taken from 
a depth of 1800 m in borehole RH 11) used in the hydrothermal 
experiments were characterised by scanning electron microscope 
(SEM) before and after hydrothermal runs. Rough-fractured granite 
fragments about 2 cm in diameter taken from cored granite (RH 11/ 
1780) were also mounted on aluminium SEM stubs using conduct- 
ing carbon cement. These fragments were examined in order to 
study grain-boundary features. SEM analysis of stub-mounted sam- 
ples was carried out using secondary electron imaging (standard 
SEM mode) with a Cambridge Instruments Stereoscan 250 scan- 
ning electron microscrope and mineral identification was aided by 
qualitative chemical analysis obtained from a Link Systems 860 
energy-dispersive X-ray microanalyser (EDS) attached to the SEM. 

Polished thin sections of RH 11/1780 were also examined both 
in the SEM using backscattered electron imaging and by standard 
optical petrographic microscrope. Modal analysis of the core was 
determined by optical point-counting and checked by studying 
backscattered electron SEM images. 

Quantitative chemical analysis of the major minerals in the 
granite was carried out by electron microprobe analysis of polished 
sections of RHll/1780. Major elements (Na and higher atomic 
numbers) were measured using a Cambridge Instruments Geoscan 
Mark II with a Link Systems energy-dispersive microanalyser. F, 
C1, Sr, Ba were analysed by wavelength dispersive X-ray microanal- 
ysis using a Cambridge Instruments Microscan V electron micro- 
probe. Further wet-chemical analysis of separates of pure musco- 
vite, biotite and tourmaline for Li, B, F and C1 (described later) 
was also made. These separates were prepared by magnetic separa- 
tion from drill chippings (RHll/1800) followed by hand-picking 
of pure grains. 

Trace minerals in the drill chippings were identified by SEM 
and X-ray powder diffraction photography after concentration by 
heavy liquid separation in bromoform (after removal of biotite, 
muscovite and tourmaline by magnetic separation). X-ray powder 
diffraction photographs were also used to identify hand-picked al- 
tered grains after hydrothermal runs. Finely ground samples of 
granite drill chippings (RH 11/1800) and core (RHll/1780) were 

fused with lithium metaborate and dissolved in hydrochloric acid, 
the resulting solutions were analysed for Si, AI, Fe, Mg, Ca, Na, 
K, Ti, Mn, Ba and Sr using ICP. Further samples of the aforemen- 
tioned whole rock and samples of mineral separates from the drill 
chippings (muscovite, biotite and tourmaline) were fused with Ar- 
istar grade sodium carbonate and taken up in Aristar grade nitric 
acid, insoluble silica being removed by filtration. This sample prep- 
aration allowed the elements Li and B to be determined on the 
whole rock as well as K, Ca, Mg, Mn, Fe, A1, Ba and Sr on the 
mineral separates, again using ICP. Fluoride in the whole rock 
sample was determined by two methods. Firstly using a pyrohydro- 
tytic ion-selective electrode technique similar to that used by Clem- 
ents et al. (1971), and, secondly by analysing the solution from 
the sodium carbonate fusion with a fluoride ion-selective electrode 
with standard additions to compensate for matrix effects. Agree- 
ment between the two methods was good and the latter method, 
which was less time consuming, was used to determine the fluoride 
content of the mineral separates. The solutions produced from the 
sodium carbonate fusion were also used to determine chloride and 
bromide. Chloride analysis was performed using the colorimetric 
method previously described (coupled with standard additions to 
overcome matrix effects) whereas bromide analyses were performed 
using the autoanalyser indirect colorimetric method. For all sam- 
ples the bromide concentration proved to be close to or below 
the detection limit by this method (0.1 ppm in the solid). 

Results 

Mineralogy and petrology of RH t 1/1780 and RH 11/1800 

Whole-rock chemical analyses, and normative and modal 
mineralogies of samples R H l l / 1 7 8 0  and R H l l / 1 8 0 0  are 
given in Table 2. CIPW norms have been calculated on 
the basis that all the Fe is apportioned to magnetite and 
ilmenite since only total Fe as Fe20 3 was determined. 
R H l l / 1 7 8 0  is a muscovite-biotite adamellite composed 
dominantly of quartz, K-feldspar and plagioclase with sub- 
ordinate muscovite, biotite and tourmaline. R H l l / 1 8 0 0  
would appear to be similar but contains a greater range 
and abundance of sulphide minerals which together with 
willemite (ZnzSiOr and calcite suggest that this drill run 
may have cut through a mineralised zone of the granite. 
Furthermore, many of the biotites in R H l l / 1 8 0 0  display 
partial alteration to chlorite whereas chlorite in RH 11/1780 
is only very minor. 

The granite is peraluminous as indicated by normative 
corundum and this is reflected in the actual mineralogy 
by the presence of muscovite, biotite and andalusite. The 
rock is generally coarse-grained with the development of 
porphyritic megacrysts predominantly of K-feldspar but to 
a lesser extent of quartz also. Patches of finer grained micro'- 
granite composed mainly of quartz and plagioclase occur 
within the groundmass. The textures observed in R H l l /  
1780 are similar to those described by Stone (1979). 

Plagioclase is the only mineral displaying significant 
variations in composition (Table 3, analyses 1-5). It exhibits 
subhedral crystals with zonal variation from andesine cores 
(An~0) to albite rims (Ans). Sr varies with Ca content and 
reaches greatest concentrations in plagioclase cores. Ba was 
below the detection limits of the microprobe. The cores 
are commonly altered mainly to sericite (fine muscovite) 
but some plagioclases show partial replacement of their 
cores by K-feldspar ("rapakivi" texture). Albite also occurs 
as exsolution blebs and lamellae within the micro-perthitic 
K-feldspar and as small subhedral inclusions arranged zon- 
ally within K-feldspar megacrysts. Typically this albite has 
a very low Ca content (Table 3, analysis 6). 
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Table 2. Chemical, normative and modal analyses of Carnmenellis 
Granite core, RH 11/1780 and drill chippings RH 11/1800 

RHll/1780 RHll/1800 

Chemical analysis (wt %) 

SiO2 74.30 73.57 
TiOz 0.13 0.13 
A1203 14.52 14.88 
Fe203 (total) 1.28 1.28 
MnO 0.10 0.10 
MgO 0.22 0.24 
CaO 0.92 0.63 
Na20 3.51 3.45 
K20 4.83 4.84 

Total 99.71 99.02 

ppm 

BzO3 1100 500 
Li20 700 800 
Ba 133 143 
Sr 129 72 
F 1100 1300 
CI 300 90 

Normative mineralogy (wt %) 

Quartz 33.10 33.27 
Orthoclase 28.55 28.61 
Albite 29.70 29.19 
Anorthite 4.56 3.13 
Magnetite 1.03 1.03 
Ilmenite 0.25 0.25 
Enstatite 0.55 0.60 
Corundum 1.84 2.82 

Total 99.58 98.90 

Modal mineralogy (%) 

Quartz 33.6 
K-feldspar 25.9 
Plagioclase 30.4 
Biotite 2.2 
Muscovite 6.8 
Tourmaline 1.1 

major 
major 
major 
subordinate 
subordinate 
minor-subordinate 

Traces (< 1%) 

Chlorite 
Apatite 
Monazite 
Zircon 
Andalusite 
Pyrite 
Fluorite 
Pyrite 
Ilmenite 
Uraninite 
Gypsum/Anhydrite 
Halite 
Graphite 

Chlorite 
Smectite 
Apatite 
Monazite 
Zircon 
Andalusite 
Willemite 
Pyrite 
Galena 
Chalcopyrite 
Sphalerite 
Molybdenite 
Ilmenite 
Rutile 
Magnetite 
Goethite 
Calcite 
Fluorite 

K-feldspar occurs interstitially and as large megacrysts; 
both are micro-perthitic and often contain inclusions of 
quartz and plagioclase. Typically coarser K-feldspar over- 
prints earlier fabrics and would appear to be replacive, with 
irregular, cross-cutting grain boundaries. K-feldspar analy- 
ses (Table 3, analysis 7) vary little and show up to 5% albite 
solid-solution (0.6% Na20). Ba and Sr were below micro- 
probe detection limits. 

Biotite and muscovite are closely associated, with mus- 
covite either replacing biotite laths along cleavages or form- 
ing irregular syntaxial overgrowths on biotite. Only very 
minor alteration of biotite to chlorite was evident in RH 11/ 
1780 but chloritization is more common in RHll/1800. 
Clots of biotite were occasionally seen and are associated 
with minor andalusite and more rarely carbonaceous or 
graphitic material. These clots may represent partly re- 
sorbed xenolithic material. Muscovite often exhibits fibrora- 
diate growths of a calcium aluminosilicate mineral (D. 
Goossens, personal communication) developed along cleav- 
ages within the crystals (Fig. 2a). By analogy with alter- 
ations observed in fractures from borehole material from 
the Rosemanowes Quarry, it is inferred that this mineral 
is laumontite (Ca-zeolite). Both micas contain significant 
amounts of Li, Mg and F (Table 3, analyses 8-9) but C1 
was only detected by microprobe in biotite. Wet chemical 
determinations of F and C1 from mineral separates in 
RH 11/1800 confirm the microprobe data. Sericite from al- 
tered plagioclase differs in composition from coarse musco- 
vite, being deficient in Mg, Ti and Fe (Table 3, analysis 
10). 

Tourmaline occurs as optically continuous networks 
within the groundmass and may show slight replacement 
of feldspars. It is a schorl variety with up to 3% MgO 
and 0.5% F (Table 3, analysis 11). Tourmaline is the only 
apparent B phase. 

Ilmenite, monazite, apatite, zircon and uraninite occur 
in trace amounts mostly, but not exclusively, in biotite as 
inclusions. Their distribution has been studied in detail by 
Jefferies (1984). Fluorite is a common trace constituent, con- 
centrated along grain boundaries of mica (Fig. 2 b). Fluoride 
is a constituent of both biotite and muscovite, so the associ- 
ation of fluorite with mica is believed to indicate an episode 
of mica dissolution during water-rock reaction within the 
granite. Similarly, thin films of a phase(s) rich in Na, Ca, 
C1 and S (by EDS), also occur along grain boundaries within 
the core material (Fig. 2c). 

Qualitative SEM X-ray analyses of these grain bound- 
ary phases were confirmed by analyses of fluids produced 
by washing known weights of crushed core material and 
chippings by deionised water. Although the chippings con- 
tain negligible amounts of readily-soluble salts (suggesting 
their loss by flushing with water during drilling), the core 
contains appreciable amounts of what appears to be 
CaSO4, together with NaC1, KC1, NazSO 4 and KzSO 4 . 
The presence of these grain-boundary phases would account 
for the higher Ca, Na and C1 contents of the core as com- 
pared to the drill chippings (Table 2). It is envisaged that 
these readily soluble salts would have been present at depth 
in situ in the granite as a saline pore-fluid, and have precipi- 
tated as a result of the drying of the drill core after extrac- 
tion from the well bore. The degree of salinity of this inferred 
pore-fluid may be calculated by using the chemical analysis 
of the core washing and the porosity of the granite. If a 
conservative figure of 0.5% is chosen as a value for in situ 
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Fig. 3. pH of experimental fluids versus time. Open symbols indicate 
pH as measured at 25 ~ C, whereas filled symbols show in-situ pH 
as calculated from measured pH using the computer program EQ 3/ 
6. The dashed tie line links the final quenched sample to the rest 
of the data. Filled circles, triangles and squares refer to the 80 ~ , 
150 ~ and 250 ~ C experiments respectively 

porosity, then this implies the presence of a pore fluid with 
a salinity several times that of seawater in the granite prior 
to drilling, if all the pores are saturated with fluid. 

SEM examination of drill cuttings and core fragments 
show that many of the mineral grains exhibit evidence of 
pronounced episodic 'natural' water-rock reactions as a re- 
sult of hydrothermal circulation after the emplacement of 
the granite (Fig. 2 d). 

Fig 2a-d. SEM photomicrographs 
of Carnmenellis Granite prior to 
experimentation, a Fibrous 
calcium aluminosilicate 
(laumontite?) upon a substrate of 
muscovite (RH 11/1780). 
b Fluorite crystals (arrowed) 
nucleating at a quartz-biotite 
grain boundary (RH 11/1780). 
c Crystals of CaSO4-NaC1 
coating aluminosilicates (RH 11/ 
1780). d A 'fresh' plagioclase 
surface (RH 11/1800) 
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Fig. 4.  Concentrations of Na, K, Ca, Mg and A1 (in ppm) in experi- 
mental fluids versus time. The dashed tie line links the final 
quenched sample to the rest of the data. Filled circles, triangles 
and squares refer to the 80 ~ 150 ~ and 250 ~ C experiments respec- 
tively 
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tively 

Fluids from the hydrothermal experiments 

Analytical data from the experiments are illustrated graphi- 
cally in Figs. 3 7 and will not be described in detail here. 
Tabulations of analytical data from the experiments may 
be obtained from the authors. In general, the geochemical 
interactions are dominated by the development of time-in- 
variant or time-decreasing concentrations. These character- 
istics are developed most rapidly with increasing tempera- 
ture, so that concentration maxima appear within 5 days 
at 250 ~ C, increasing to roughly 30-50 days at 150 ~ C and 
100-200 days at 80 ~ C. Only the behaviour of Na (at 150 ~ 
and 250 ~ C), Li (at 250 ~ C), Ba (at 80 ~ and 150 ~ C), F (at 
all temperatures) and B (at 250 ~ C) appear dominated by 
"forward' dissolution reactions of primary phases. The de- 
velopment of steady-state or decreasing concentrations is 
interpreted as being due to the nucleation and growth of 
more stable secondary solid phases from the primary miner- 
als. A number of components (e.g., Na, K, SiO2) show en- 
hanced release to the fluid during the initial five days of 
the experiments which may be due to a removal of fine 
particulates and high surface energy features on the mineral 
grains (e.g., Berner and Holdren 1979). Data for pH (Fig. 3) 
are somewhat irregular which probably results from CO2 
loss prior to, and during, pH measurement. The evolution 
of pH with time varies with temperature, but remains alka- 
line throughout, in the range pH 7 9. In situ pH values 
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Fig. 6. Concentrations of Li, Sr, Ba and Fe (in ppm) in experimental 
fluids versus time. The dashed tie line links the final quenched sam- 
ple to the rest of the data. Filled circles, triangles and squares refer 
to the 80 ~ 150 ~ and 250 ~ C experiments respectively 
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Fig. 7. Concentrations of F, B, and Br (in ppm) in experimental 
fluids versus time. The dashed tie line links the final quenched sam- 
ple to the rest of the data. Bromide data were acquired by ion 
chromatography except for samples from the 250~  experiment 
prior to 50 days duration which were analysed by a colorimetric 
method. Filled circles, triangles and squares refer to the 80 ~ , 150 ~ 
and 250 ~ C experiments respectively 

were calculated using the computer program EQ 3/6, in the 
manner described by Savage (1986). These in situ values 
broadly follow those as measured at 25 ~ C, but are approxi- 
mately 0.5 pH units lower. This decrease of pH at higher 
temperatures may be accounted for by the dissociation con- 
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stant of water increasing with temperature so that neutral 
pH at 80 ~ 150 ~ and 250 ~ C is 6.3, 5.6 and 5.5, respectively 
(Helgeson 1969). 

Solids from the hydrothermal experiments 

The observable effects of mineral dissolution and growth 
increased progressively with temperature. In all cases the 
most obvious effect seen in the solid phase as a result of 
hydrothermal reaction was the dissolution of loose, adher- 
ing, fine, particulate debris (produced during drilling) from 
the grain surfaces. This debris has a mineralogy similar to 
that of the bulk sample but is generally less than 5 ~tm 
(Fig. 8 a). After completion of the 250 ~ C run only the coar- 
sest particles remained on grain surfaces (Fig. 8 b). No effect 
other than the loss of fine particulates was observed in the 
residue from the 80 ~ C experiment. 

At 250 ~ C quartz, K-feldspar, plagioclase and tourma- 
line show varying degrees of dissolution but biotite and 
muscovite appear to have reacted to only a minor extent. 
Both K-feldspar and plagioclase show the greatest degree 
of dissolution with relatively extensive etching and pitting 
picking out cleavage directions (Fig. 8 c). The features dis- 
played are similar to those described by Berner and Holdren 
(1979) in weathered feldspar. However, this etching is com- 
plicated by the fact that much of the feldspar present initial- 
ly in RH 11/1800 has already suffered corrosion and many 
grains are coated or encrusted with goethite. It was therefore 
often impossible to distinguish corrosion as a result of ex- 
perimentation from the original corrosion features. It was 
only in the 250~ experiment that the corrosion was so 
extensive as to be clearly caused by the experimental condi- 
tions, although minor consistent corrosion also suggested 
that the same processes were occurring at 150 ~ C. Quartz 
and tourmaline only showed signs of reaction in the 250 ~ C 
residue. They displayed slight pitting of mineral surfaces 
and rounding of sharp fractured edges (Fig. 8). In quartz 
grains fluid inclusions had been opened up and etching com- 
monly picked out such lines of weakness (Fig. 8 d). The sul- 
phide minerals commonly present in the starting material 
were largely absent or obscured from the residue of the 
experiments; only galena was observed directly in the 
250~ residue and exhibited corrosion and rounding of 
its cubic crystals (Fig. 8 e). 

Smectite was identified as a reaction product from both 
the 150 ~ C and 250 ~ C experiments but was most extensively 
developed in the latter where it was identified by XRD 
in hand-picked grains. It is the most abundant secondary 
phase, present on all mineral surfaces but it seems to be 
particularly well developed on highly altered, porous grains 
presumed to be previously altered feldspar (Fig. 81). This 
smectite has a typically 'rosetted' habit and encrusts grain 
surfaces. X-ray spectra of the smectite show it to be com- 
posed chiefly of Si, A1, Ca, Fe, K with some Mg and Na. 
Where it is associated with aggregates of galena, it may 

also contain significant Zn. Elsewhere the smectite is less 
well developed and is commonly only present as fine wispy 
growths on grain surfaces of quartz, tourmaline or mica 
(Fig. 8g). These fine precipitates are often too small to be 
identified by EDS spectra on the SEM and had been pre- 
viously attributed to amorphous silica (Savage et al. 1985) 
but a reexamination suggests they are "proto-smectite" 
growths. A well-crystallised Ca, A1, Si phase with cubic or 
pseudo-cubic symmetry occurs sparsely on all mineral 
phases at 250 ~ C, but like smectite is particularly abundant 
on previously altered feldspar (Fig. 8 h. This phase was ten- 
tatively identified by Savage et al. (1985) as laumontite but 
its symmetry suggests that wairakite is the most likely min- 
eral. Other minor secondary products identified as fine pre- 
cipitates in the experiments are calcite (150 ~ C and 250 ~ C) 
and calcium sulphate (anhydrite or gypsum, 250 ~ C only). 
These minerals are generally poorly crystallized and occur 
sparsely on all minerals as highly corroded grains. This 
corrosion is inferred to have taken place during the quench 
process. 

These reaction products are similar to those described 
by Charles (1978), Charles and Bayhurst (1983), Bourg et al. 
(1985) and Savage (1986). Charles (1978) observed an order 
of reactivity of quartz > microcline > plagioclase > mafic 
minerals during reaction of granodiorite with distilled water 
at 300 ~ C and 35 MPa in a flow-through autoclave system. 
The quartz-undersaturated nature of the circulating fluid 
encouraged the growth of secondary zeolites (phillipsite and 
thomsonite), and an iron rich clay (vermiculite) was also 
observed. Charles and Bayhurst (1983) noted the secondary 
precipitation of Ca-montmorillonite at 72~ and 119 ~ C, 
a zeolite (stilbite or heulandite) at 161 ~ C, and another zeo- 
lite (thomsonite) at 209~ ~ C, during reaction of a biotite 
granodiorite with distilled water in a flow through autoclave 
system. These authors, also noted strong etching of quartz 
at temperatures greater than 161 ~ C, congruent dissolution 
of microcline and recrystallisation of plagioclase, whereas 
biotite appeared inert. Bourg et al. (1985) did not make any 
direct observations concerning secondary mineral forma- 
tion during reaction of granite with distilled water at 100 ~ C, 
but inferred the possible precipitation of numerous alumin- 
osilicates from saturation index calculations. Savage (1986) 
noted the occurrence of a smectite clay as the most impor- 
tant secondary product of granite-water reaction at 100 ~ C. 

Chemical exchange during water-rock reaction 

A knowledge of the chemical composition of experimental 
fluids, the minerals in the granite, and solids precipitated 
during the course of the experiments, enables the construc- 
tion of a mass balance in order to identify chemical reac- 
tions important in determining the type and pattern of 
water-rock interaction. The following is an attempt to sum- 
marise the evidence of 'sources' (reactant solids or fluid) 

Fig. 8a-h. SEM photomicrographs of mineral grains from RHII/1800 prior to, and after reaction at 250 ~ C. a A tourmaline gram 
prior to experimentation showing the distribution of surface particulates, b A tourmaline grain after reaction showing near-complete 
removal of surface particulates, together with distinct surface etch-pitting, e A plagioclase grain from the 250 ~ C experiment revealing 
pronounced etching along cleavages and removal of fine surface debris, d A quartz grain from the 250 ~ C experiment exhibiting etched 
fluid inclusion trails, e A cubic galena grain showing etch features and a mat of Zn-rich smectite developed after reaction, f Rosetted 
aggregates of smectite covering a primary aluminosilicate after reaction, g Flakes of smectite developed upon quartz after reaction. 
h Angular crystals of Ca-aluminosilicate (wairakite ?) and a network of smectite developed upon plagioclase after reaction 
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and 'sinks'  (product solids or fluid) for each element of 
interest during each experiment. 

The major mineral source of sodium in the granite is 
plagioclase. Loss of sodium from the fluid to a secondary 
smectite clay was observed at 150 ~ and 250 ~ C. Roughly 
85% of the total potassium in the granite is concentrated 
in potassium feldspar, with muscovite accounting for 12%. 
Biotite is responsible for the remainder. The only secondary 
potassium bearing mineral phase identified was a smectite 
clay. Consideration of an equilibrium activity diagram for 
Na and K (Fig. 9) shows that the experimental fluids were 
undersaturated with both Na and K-feldspars and saturated 
with muscovite. Unfortunately no suitable thermodynamic 
data for smectite clays are available at these elevated tem- 
peratures, although it is anticipated that stability-fields for 
Na- and K-smectites would be between the paragonite-ka- 
olinite and muscovite-kaolinite fields respectively (Aagaard 
and Helgeson 1983; Giggenbach 1985). Consequently, it 
may be envisaged that the clustering of experimental data 
points observed in Fig. 9 lie within the hypothetical stability 
field of K-smectite. This would concur with the evidence 
from the retrieved solids which implies marked dissolution 
of plagioclase, minor dissolution of K-feldspar and musco- 
vite and the precipitation of a potassium dominated smec- 
tite clay. Figure 9 also emphasises the instability of kaolinite 
in the experimental fluids. 

Calcium is almost wholly concentrated in plagioclase, 
with minor concentrations in the trace amounts of calcite 
and fluorite in the chippings. SEM observations of second- 
ary phases were partially confirmed by information about 
mineral saturation states as given by the computer program 
EQ3/6 which indicated saturation of calcite throughout 
each experiment, saturation of laumontite during the 80 ~ C 
run and saturation of anhydrite during the 250 ~ C run. In 
addition, saturation of the fluid with respect to fluorite oc- 
curred at each temperature. Laumontite stability at each 
temperature was investigated further by the construction 
of a pH-potassium activity diagram (Fig. 10, in part after 
Crossey et al. 1984). A stability field for K-smectite was 
omitted from Fig. 10 for the same reasons given for Fig. 9. 
It is envisaged that the smectite stability range would lie 
between laumontite, kaolinite and muscovite, so that smec- 
tite is apparently stable at 80~ and laumontite-smeetite 
at 150~ and at 250 ~ C. Laumontite partially dehydrates 
at approximately 260 ~ C (at 50 MPa) so that wairakite be- 
comes the stable Ca-zeolite above this temperature (Liou 

1971). The tentative identification of wairakite in the 250 ~ C 
run products indicates that this may be metastable growth 
of wairakite, or that the laumontite-wairakite reaction 
boundary may occur at a lower temperature than suggested 
by Liou's (1971) data. It is noteworthy that the experimental 
fluids are too alkaline for the growth of kaolinite. 

Although the Mg in the initial system is almost entirely 
in the granite (it is about 50 greater in the granite than 
in the fluid), it is difficult to assess dissolution of the princi- 
pal Mg-bearing minerals (biotite and tourmaline) because 
of the net loss of Mg from the fluid during the experiments. 
However, Savage et al. (1986) noted that the solution phase 
in the experiments at each temperature was supersaturated 
with respect to phlogopite which may have inhibited biotite 
dissolution. 

The aluminium content of the experimental fluids was 
buffered at all temperatures by progressive dissolution and 
growth of primary and secondary mineral phases, respec- 
tively, its concentration in solution being directly related 
to temperature. 

Solubility calculations indicate that silica concentrations 
in solution during the experiments matched that of quartz, 
despite dissolution of all the primary silicates contributing 
silica to solution. 

Bicarbonate concentrations in solution were roughly 
constant with time, bearing in mind analytical problems 
outlined above. Sources of 2;CO/included dissolved CO2, 
carbonate and bicarbonate in the initial fluid and trace 
amounts of calcite contained in the drill chippings. The pre- 
cipitation of calcite during the experiments apparently 
served to maintain the ZCO2 content of the fluid at a con- 
stant level. The minor release of chloride during the experi- 
ments reflects the relatively low content of this element in 
the rock (90 mg kg -1, Table 2). The chloride present as 
grain boundary salts observed with the SEM would not 
have been present in the starting materials due to washing 
of the chippings during drilling. Biotite, muscovite and tour- 
maline account for 24, 3 and 2% of the total chloride respec- 
tively, with fluid inclusions presumably accounting for the 
remainder. Release of sulphate during the experiments was 
limited to oxidation of trace sulphides present within t h e  
chippings. 

Inventory calculations show that biotite accounts for 
roughly 30% of the total rock lithium content, with musco- 
vite accounting for 27% and tourmaline 6%. The remainder 
is assumed to be spread across a number of other phases. 
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This relative order of Li content, together with absolute 
concentrations compares favourably with a survey of the 
Li content of minerals from Cornish granites undertaken 
by Wilson and Long (1983) using an ion microprobe analyt- 
ical method. Fluid phase data at 80 ~ and 150~ suggest 
the importance of precipitation or sorption of secondary 
solid(s) in limiting Li concentration in solution. Although 
data at 250 ~ C do not unequivocally indicate lithium release 
without secondary precipitation/sorption, hypotheses con- 
cerning preferential mineral dissolution may be examined 
in more detail. From Table 3, it may be calculated that 
if muscovite dissolution alone were to account for the final 
lithium concentration in solution at 250~ (1.39 mg 1-1), 
then congruent dissolution of this phase would also account 
for 7 mg 1- t fluoride and 0.03 mg 1-1 chloride in solution. 
Similarly, biotite dissolution alone would contribute 
2.5 mg 1-1 fluoride together with 0.3 mg 1 - 1 chloride. Paral- 
lel calculations for tourmaline indicate a solution content 
for fluoride and chloride of 0.2 mg 1- t and 1 mg 1- t, respec- 
tively. However, this amount of tourmaline dissolution 
would also produce 230 mg 1-1 B in solution, whereas 
0.4 mg 1-1 of B was actually measured in solution. There- 
fore, muscovite and/or biotite dissolution would be compat- 
ible with the data for Li, F and C1. 

Strontium was concentrated almost wholly in plagio- 
clase in the starting materials. Sr was not observed in quali- 
tative X-ray spectra of fluorites examined by SEM. The 
temperature dependent steady-state concentrations ob- 
served in the experimental fluids indicates that Sr was pre- 
ferentially partitioned into a secondary solid, probably cal- 
cite. Ba was probably concentrated in K-feldspar (substitut- 
ing for K ions) in the starting materials. Fluid data for 
Ba suggest initial release, then a precipitation sequence, fol- 
lowed by an increase until run termination. Possible second- 
ary solids are barium carbonate or sulphate. Iron was pres- 
ent in the starting solids in a number of" phases, namely 
biotite, tourmaline, pyrite, magnetite and ilmenite. Fe con- 
centrations in the fluid were roughly constant during the 
experiments. The secondary smectite contained a propor- 
tion of Fe, suggesting a parallel release of Fe from an initial 
solid. 

Fluorine was contained in biotite, muscovite, tourmaline 
and fluorite. In terms of an inventory calculated from the 

mineral chemical and modal analyses, it may be seen that 
muscovite accounts for 40% of the total fluoride, biotite 
17% and tourmaline 4%. This implies approximately 40% 
of the total was fluorite (observed as trace grains in the 
core and chippings). In terms of minerals contributing fluo- 
ride to the fluid phase, a number of limiting assumptions 
may be made, using the data from the 250 ~ C experiment. 
As stated above, if muscovite contributed all the lithium 
in solution, it would also provide roughly 50% of the total 
fluoride in solution. Dissolution of biotite and/or tourma- 
line could not significantly boost the fluoride content of 
the solution without also altering the Li content. Fluorite 
must contribute at least 50% of the total fluoride seen in 
solution. 

Inventory calculations for B show that all the whole 
rock content of this element may be accounted for in tour- 
maline. The presence of boron in solution should, therefore, 
be a sensitive indicator of tourmaline dissolution. Data at 
80~ and 150~ are complicated by removal of boron 
by precipitation of secondary solids or sorption onto miner- 
al phases. Although some precipitation of B at 250 ~ C can- 
not be ruled out, data from this experiment may be used 
to calculate the contributions made by tourmaline to the 
fluid concentrations of Li, F and C1 (assuming stoichiomet- 
ric dissolution). The final B concentration at this tempera- 
ture was 0.39 mg 1-1. Assuming stoichiometric dissolution, 
tourmaline would therefore also add 0.002 mg 1-1 of Li, 
0.05mg1-1 of F and 0.002mg1-1 of C1. The minor 
amounts of tourmaline dissolution observed would have 
had a negligible effect upon the concentration of Li, F and 
C1 in the solutions and may be ignored as a source for 
these consituents. However, there would be a concomitant 
release of over 1 mg 1-1 of Fe in solution, which is roughly 
40 times that actually measured, and may provide a source 
of Fe for incorporation into smectite. The relative inertness 
of tourmaline as suggested by the fluid chemical data is 
also corroborated by the morphological evidence described 
above (' solid phases '). Tourmaline revealed minor dissolu- 
tion features only at 250 ~ C, which were much less pro- 
nounced than those observed on plagioclase and potassium 
feldspar. 

The source of bromide in the starting solids has not 
been determined, although it has been inferred by Edmunds 
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et al. (1985) that bromide substitutes for chloride in the bio- 
tite structure of the Carnmenellis Granite. 

Discussion 

Mineral-fluid reactions 

The above discussion concerning the origin and fate of 
chemical components during water-rock reaction enables 
some generalised reactions to be constructed at each experi- 
mental temperature. In view of the non-equilibrium nature 
of the interactions, these reactions should be regarded as 
schematic, but serve to constrain the overall exchange be- 
tween minerals and fluid. In addition, because of the dilute 
nature of the starting fluid, it is probable that all starting 
solids reacted to a certain degree. The following discussion 
concentrates on those mineral phases and chemical compo- 
nents which appear to have dominated the chemistry of 
the fluid and the nature of secondary solids. Because of 
the complexity of writing balanced chemical reactions in- 
volving trace components, these have been omitted but the 
constraints placed upon major element exchange by trace 
components will be noted where necessary. 

At 250 ~ C, fluid, mineralogical and theoretical evidence 
suggest that major dissolving phases were plagioclase and 
K-feldspar. Fluid data for Li and B also indicate progressive 
dissolution of muscovite and/or biotite and tourmaline. Sec- 
ondary solids were laumontite/wairakite, a K - M g - N a  
smectite clay, calcite, anhydrite and amorphous silica. An- 
hydrite was precipitated in trace amounts which served to 
limit concentrations of SO4 in solution. The relatively minor 
amounts of anhydrite growth during the experiment is con- 
firmed by the lack of an increase in SO4 concentration in 
solution at the termination of the experiment which would 
be caused by the retrograde solubility of anhydrite. How- 
ever, Savage et al. (1985) noted that anhydrite grains were 
skeletal, suggesting dissolution during cooling of the auto- 
clave. Saturation index calculations on the fluid phase also 
indicate equilibrium of the fluid with fluorite. Since fluorite 
was a minor constituent of the initial drill chippings, it has 
been omitted from the reaction below. The interaction at 
250 ~ C is best described by the following equation: 

15 N a 0 . 6 6 C a o . 3 3 A l l . 3 3 8 i 2 . 6 6 0 8  q- KA1Si308 
plagioclase (andesine) K-feldspar 

0.4 Mg 2 + + CO2 + SO ] -  + 0.5 Ca e + + 10 H + 
q from fluid ~- 22 H20  

-- ) 

3.5 CaA12Si4012.2 H20  
wairakite 

+ 2 Ko.sMgo.2Nao. 1A17Sil 103o(OH)6 
smectite 

+ CaCO3 + CaSO~ + 7 H4SiO~ + 9.8 Na + 
calcite anhydrite (1) 

Strong zoning of plagioclase feldspar and the absence 
of a quantitative chemical analysis of the secondary smectite 
preclude firm conclusions concerning the stoichiometry of 
the reaction, but reaction (1) serves to illustrate: the loss 
of Mg, Ca, and protons from the initial fluid; the conserva- 
tion of A1 and K; the release of Na to the fluid; and the 
precipitation of wairakite, calcite, anhydrite, smectite and 
silica during reaction. 

At 150 ~ C, major dissolving mineral phases were plagio- 

clase and K-feldspar, with minor contributions from musco- 
vite and/or biotite and tourmaline. Secondary solids posi- 
tively identified were a K - M g - N a  smectite clay and cal- 
cite. Laumontite growth may have occurred at this tempera- 
ture, as suggested by activity calculations, but was unde- 
tected by SEM/XRD. A reaction compatible with conserva- 
tion of Ca and A1, yet showing net release of Na and con- 
sumption of Mg.and protons would be: 

16.5 Nao.66Ca0.33All.33Si2.660 s + KA1S130 s 
plagioclase (andesine) K-feldspar 

0.5 K + + 0.2 Mg 2 + + 4.5 CO2 + 9.8 H + 
-~ from fluid q- 28.1 H20 

) 

CaA12Si4012" 4 H20  + 3 Ko.sMgo.2Nao.aAlvSi1103o(OH)6 
laumontite smectite 
+4.5 CaCO3 + 10.7 Na + + 10 H4SiO 4 

calcite (2) 

Decreasing concentrations of K in the fluid during the 
150 ~ C experiment is indicated by the presence of K + as 
a reactant in reaction (2). The composition of reactant pla- 
gioclase and product smectite is schematically represented 
in reaction (2) as being identical to that presented in reaction 
(1) No quantitative analytical data are available for the sec- 
ondary smectite. Although the overall analysed composition 
of plagioclase is that represented in reactions (1) and (2), 
it may be that different compositional zones in plagioclase 
may have reacted differently at different temperatures. At 
80 ~ C, Na, as well as Ca and A1, was conserved in the fluid 
phase. Major reactant phases were similar to the 250~ 
and 150 ~ C experiments, whereas product solids are inferred 
from saturation index calculations to be smectite and cal- 
cite. Due to the stoichiometry of the feldspar - smectite 
reaction the absence of a peralkaline product such as lau- 
montite necessitates either the involvement of an aluminosi- 
licate phase and quartz as reactants or considerable sorp- 
tion of Na + on solid phases. Aluminosilicates available for 
reaction consisted of trace amounts of andalusite. The stoi- 
chiometry of the plagioclase + K-feldspar + quartz + alu- 
minosilicate ~smect i te+calci te  reaction is such that the 
aluminosilicate/plagioclase molar ratio is roughly 4. Clearly, 
with only trace amounts of andalusite available for reaction, 
this mechanism could not contribute significantly to the 
mass balance. In the absence of any identifiable peralkaline 
aluminosilicates in the reaction products, sorption of Na + 
on solid phases is the only means by which Na could be 
conserved in this reaction. Consequently, the following reac- 
tion is relevant: 

15 Nao.66Cao.33Alt.33Si2.660 8 q- KA1Si308 
plagioclase (andesine) K-feldspar 

0.2 Mg 2 + + 0.5 K + + 5 CO2 + 8.8 H + 
-~ from fluid 

3 Ko.sMgo.2Nao.lA17Si 1103o(0H)6 
smectite 

+ 5 CaCO3 + 9.7 Na + + 10 H4SiO4 
calcite 

~- 24.6 H20 

(3) 

and smectite are Again the compositions of plagioclase 
shown schematically in reaction (3). Reaction (3) serves to 
illustrate the consumption of Mg and protons, and decreas- 
ing K in the fluid phase during the experiment, and the 
preciptitation of smectite, calcite and silica. 
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Influence of water~rock ratio upon hydrothermal alteration 

The water/rock ratio is an empirical extensive parameter 
for describing the relative influences of rock and fluid com- 
positions upon the nature of alteration processes during 
fluid-rock reaction (e.g., Taylor 1979). In hydrothermal ex- 
perimental studies, the water/rock ratio is usually quantified 
as the reactant mass of fluid divided by the reactant mass 
of solid. This definition assumes that the grain-size of start- 
ing solids is small enough for all the mass of solids to be 
available for reaction, which may or may not be true. Not 
surprisingly, the water/rock ratio has been shown to have 
a large effect upon the nature of fluid and solid products 
during hydrothermal reaction (e.g., Seyfried and Bischoff 
1977). A water/rock ratio defined by area/volume may be 
a more meaningful parameter (Lasaga 1984), bearing in 
mind that silicate dissolution follows zero order kinetics 
(far from equilibrium), at temperatures up to 200 ~ C, and 
probably to 700 ~ C (Walther and Wood 1984). 

In this study, the water/rock ratio was arbitrarily fixed 
at an initial value of 10 (by mass) or 3.1 x 10 -3 cms (by 
volume/area), which represents a compromise between a 
realistic ratio for a low-flow crystalline rock environment 
and that necessary to permit enough fluid samples to be 
extracted to monitor reaction progress. The exact volume/ 
area ratios to be encountered in a low temperature 
(T<300 ~ C) hydrothermal circulation system in granitic 
rock is less easy to determine. At one extreme, the volume/ 
area ratio for a zero-flow hydrogeological regime in frac- 
tured granite may be considered. Hydraulic testing of the 
Carnmenellis Granite at a depth of 2 km has suggested an 
in-situ porosity and permeability of 0.1% and 5 gD. respec- 
tively (McCartney, personal communication), which may 
be interpreted as a fracture spacing of 20 m and a fracture 
aperture of 5 gm (e.g., Black 1985). A zero-flow groundwater 
system with such physical characteristics would have a 
water/rock ratio by volume/area of 5 x 10-1 s cm, if the frac- 
ture porosity alone is considered. This ratio will increase 
with increasing flow-rate and with integration through the 
history of the circulation system, but even so, it is likely 
that the experimental water/rock ratio used here will theo- 
retically exceed that of a relatively sluggish circulation sys- 
tem. Therefore, it is necessary to consider the influence of 
this parameter upon potential differences in the alteration 
observed between the experimental and natural hydrother- 
real systems. 

At low water/rock ratios, the character of hydrothermal 
alteration products is dominated by the chemical composi- 
tion of the rock and the prevalent P - T  conditions, so that 
conditions of isochemical metamorphism are approached 
(Giggenbach 1984). Conversely, hydrothermal alteration at 
high water/rock ratios leads to the replacement of the rock 
constituents by chemical components from the fluid and 
the alteration becomes metasomatic or 'fluid dominated'  
(Giggenbach 1984). In terms of a comparison between the 
experimental and natural alteration of the Carnmenellis 
Granite, then it may be considered that the former should 
be fluid dominated, whereas the latter should approach 
isochemical recrystallisation. Since the reactant fluid phase 
used in the experiments was undersaturated with respect 
to all starting minerals at the temperatures concerned, and 
possessed an intrinsically low cation/proton ratio, it may 
be envisaged that the experiments should show a tendency 
towards cation leaching of mineral phases, encouraging the 

growth of kaolinite and calcite ('hydrogen metasomatism' 
of Giggenbach 1984). Mg metasomatism at all temperatures 
and Ca metasomatism at 250 ~ C would also be encouraged 
due to the excess of these elements in the starting fluid 
as compared with the chemical compositions of the fluids 
at steady-state, so that the net result of these metasomatic 
processes would be to produce clay minerals, chlorite and 
calcite. The presence of smectite clays and calcite in the 
experimental run products is partial confirmation of these 
hypotheses although the presence of wairakite at 250~ 
and laumontite at 150 ~ C (inferred) is a reflection of the 
alkaline (pH 7-8.5) conditions of the alteration during the 
experiments due to the rapid titration of fluid acidity 
through plagioclase dissolution. On the other hand, the al- 
teration of the system at a low water/rock ratio should 
closely resemble the most thermodynamically stable mineral 
assemblage for a 'granitic'  bulk rock composition at the 
P - T  conditions of alteration. For temperatures less than 
250 ~ C, this assemblage may consist of albite, microcline, 
quartz, muscovite, biotite and laumontite (Giggenbach 
1984). Apart from the absence of anorthite (as a component 
of plagioclase), the hypothetical alteration assemblage for 
a low water/rock ratio alteration should be broadly similar 
to the modal mineralogy of the Carnmenellis Granite. In 
order to compare the theoretical and actual mineral assem- 
blages resulting from water-rock interaction in the Carn- 
menellis Granite, and also to examine the effect of water/ 
rock ratio upon alteration, a number of vein fillings taken 
from drillcore from boreholes at the H D R  Project Site were 
investigated (see below). 

Comparison with the natural system 

Mineralogical examination of the Carnmenellis Granite re- 
veals a continual, episodic history of fluid-rock reaction as 
indicated by high temperature syn-emplacement features, 
through to low temperature filling of fractures with clays, 
zeolites and calcite. A detailed description of the effects of 
water-rock reaction upon the mineralogy of the Carnmenel- 
lis Granite, both in the central and northern zones of the 
intrusion, is currently in preparation (Bromley et al. in prep- 
aration), but a brief summary of the salient features of min- 
eral-fluid reaction in the granite is relevant here. 

Figure 11 typifies the features observed from a survey 
of approximately twenty fine (1-2 mm wide) sealed veins 
from the Rosemanowes drillcore. Initial, high temperature 
mineral-fluid reaction is revealed by syntaxial replacement 
of biotite by muscovite and the sub-solidus growth of tour- 
maline and potassium feldspar. Synchronous with these fea- 
tures were the alteration of biotite to chlorite and the cloud- 
ing of feldspars. Further cooling of the granite was accom- 
panied by brittle fracturing and the development of euhedral 
quartz and optically clear potassium feldspar overgrowths 
on grains exposed on fracture surfaces. These fractures re- 
mained hydraulically active as suggested by the growth of 
botryoidal masses of high-Fe, then low-Fe smectite-chlorite 
aggregates, together with a laumontite-calcite assemblage. 
Kaolinite was not observed or detected in any of the frac- 
tures examined. The alteration minerals resulting from the 
later stages of water-rock reactions observed in the fine 
vein-fillings bear a close resemblance to the product mineral 
phases from the hydrothermal experiments and may thus 
have resulted from water-rock reaction at similar P -  T con- 
ditions and water/rock ratio. However, it is highly unlikely 
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Fig. l la-b.  SEM photomicrographs (backscattered mode) of mineral phases in vein fillings from drillcore from the Rosemanowes HDR 
test site. The approximate original fracture boundaries are indicated by 'ff symbols, with arrows pointing towards the vein centre. 
a A vein from 2111 m depth showing syntaxial replacement of biotite (bi) by muscovite (mu) and subsequent alteration of biotite by 
chlorite (ch), high-Fe mixed layer smectite-chlorite (sin1), then low-Fe smectite (sin2). Note the euhedral quartz overgrowth (qz~) on 
original quartz grains (qzl) projecting towards the original fracture voidage. Calcite (cc) is the other major vein filling phase, Ksp 
is potassium feldspar, b A vein from 2156 m depth showing syntaxial replacement of biotite by muscovite and subsequent replacement 
of muscovite by laumontite (Ira). Calcite (ce) is the other major vein filling phase. Other symbols as for a 

that the minerals found in these sealed veins relate to water- 
rock reaction associated with the current groundwater  cir- 
culation system. The saline groundwaters of the northern 
margin of the Carnmenellis Granite occur in much larger 
fractures, or 'cross-courses '  which may be several metres 
wide (Edmunds et al. 1984). Minerals associated with these 
fractures include quartz, kaolinite, smectite and illite (Brom- 
ley and Thomas 1986), which indicate water-rock reaction 
at a higher, rather than lower, fluid/rock ratio than that 
observed or inferred for the autoclave experiments and vein- 
fillings from the Rosemanowes drillcore. 

Although there are many similarities between the chemi- 
cal compositions of the fluids from the autoclave tests and 
the Rosemanowes circulation system (Savage et al. 1986), 
a comparison of the composition of the fluids from the artifi- 
cial systems with the groundwaters of the Carnmenellis 
Granite is less rewarding for at least two reasons. Firstly, 
despite the theoretical considerations discussed above, the 
mineralogy of the cross courses indicates a much greater 
water/rock ratio for the groundwater-granite system than 
that observed in the two artificial systems. Secondly, the 
groundwater  chemistry reflects a summation of all the 
chemical exchanges identified from the vein fillings in the 
drillcore from the Rosemanowes test site, as well as prob- 
able fluid influx from the surrounding metasedimentary en- 
velope (Bromley and Thomas 1986). A synthesis of the most 
recent data pertaining to the origin of the saline ground- 
waters is currently underway (Edmunds et al. in prepara- 
tion). 

Conclusions 

The experimental alteration of granite by a dilute meteoric- 
type fluid under the conditions studied was dominated by 
the production of mildly alkaline (pH = 7-8.5) fluids of low 
salinity, together with smectitic clays, calcite and zeolite. 
Even at the relatively high water/rock ratio employed in 
the experiments (10:1 by mass), acidity was rapidly titrated, 
principally by plagioclase feldspar dissolution. The alter- 
ation observed in the experiments bears close resemblance 
to that seen in thin sealed veins at depth in the Carnmenellis 
Granite, implying similar ambient physical conditions dur- 

ing the later stages of hydrothermal circulation associated 
with the granite, but is distinct from alteration associated 
with groundwater bearing cross-courses along the northern 
margin of the granite. Although kaolinite is generally 
thought of as the dominant secondary mineral phase replac- 
ing plagioclase during low temperature alteration of granitic 
rocks, this study indicates that kaolinite formation requires 
a considerably greater water/rock ratio than the considered 
here, or proton generation by other mechanisms, such as 
oxidation of sulphide veins in oxygenated shallow circula- 
tion systems. 
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