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Fluid inclusion evidence for geothermal structure beneath the Southern Alps,
New Zealand
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Abstract Fissure veins containing adularia, bladed calcite,
quartz, and chlorite occur in fractures in schist immediately
west of the mountain crest in the Southern Alps, an active
collisional mountain range. The vein minerals contain
primary fluid inclusions which homogenise between 240 and
260°C. The fluids have low dissolved salt content (<2 wt%
NaCl equivalent) and low CO2 content (<1 wt%). Fluid
inclusions in adularia show physical (co-existing liquid and
vapour) and chemical (variable CO2 contents) evidence for
boiling during entrapment. The mineral assemblage is similar
to that seen in boiling zones of modern geothermal systems.
Boiling occurred at 500 ± 150 m below topographic surface,
or c. 1 km above sea level, and fluid temperature was higher
than rock temperature. In contrast, fluids trapped in the same
rock sequence at 3OO-35O°C at 6-10 km under lithostatic
and hydrostatic fluid pressure were approximately the same
temperature as host rock and define part of a conductive
thermal anomaly. The boiling zone developed due to
topography-driven two-dimensional circulation of meteoric
water into the uplift-induced conductive anomaly, followed
by rapid buoyant rise of heated and partially isotopically
exchanged water to shallow levels under hydrostatic fluid
pressure.

Farther west, near the Alpine Fault, the conductive
thermal anomaly has resulted in fluid and rock temperatures
of 300-350°C at <5-8 km under lithostatic and hydrostatic
fluid pressure. The fluid is mainly meteoric in origin, but
has partially exchanged isotopically with the host rock.
Minor buoyant rise of fluid has resulted in penetration of
hot (200°C) fluid into relatively cool rock at shallow levels
(<2 km). Hot springs emanate from the surface above this
portion of the hydrothermal system, but these springs are
fed by topographically driven meteoric water, which
penetrates to only shallow levels in the crust and is
isotopically distinct from the deeper fluids.
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INTRODUCTION

Warm springs (typically <60°C) occur in many active
deformational zones (Barnes 1970; Barnes et al. 1978;
Bhattarai 1980) despite the absence of the volcanic activity
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usually assumed to drive such systems (Henley 1985). These
springs are the only surface expressions of locally anomalous
conductive heat flow driven by tectonic uplift (Allis et al.
1979; Koons 1987; Allis & Shi 1995). However, the spring
feeder systems are subject to the vagaries of near-surface
cold-groundwater flow, and may be obscured by such flow.
Hence, some mountain belts, or portions of mountain belts,
may show no surface expression of high heat flow. Other
evidence of locally anomalous heat flow in collisional belts
has been obtained from fluid-inclusion studies of veins
formed during uplift (Holm et al. 1989; Craw et al. 1994a)
and from thermochronological systems (Kamp et al. 1989;
Allis & Shi 1995). These studies suggest that anomalous
thermal gradients and hot fluid flow are an essential part of
collisional zone processes.

The two-dimensional shape of these tectonically induced
thermal anomalies is poorly known, and that knowledge is
limited to thermal models calculated for some generalised
tectonic conditions (Koons 1987; Craw et al. 1994a; Allis
& Shi 1995). These models have very limited geological
constraints provided by mainly one-dimensional fluid-
inclusion and thermochronological data. The models focus
on crustal-scale conductive heat flow associated with
advection of hot rocks from depth at rates faster than the
rocks can cool. At a more local scale, however, mobility of
hot fluid can have a dramatic effect on small scale features
such as rock fractures and the veins which they host. This
small scale fluid mobility is the topic of the present study.

This paper attempts to use fluid inclusions and fluid
geochemistry to provide some constraints on the two-
dimensional geometry of the thermal anomaly beneath the
western part of the central Southern Alps of New Zealand,
and to examine evidence for hot fluid mobility. Thus, the
paper is presented in two principal parts. The first part
presents detailed evidence for hot fluid circulation and
migration to very shallow levels at high altitudes, even
though there is no surface manifestation of this hot fluid
flow. The second part attempts to provide some fixed
temperature-depth points to constrain the geometry of the
thermal anomaly in two dimensions. All the data are then
combined to provide a speculative two-dimensional section
through the geothermal system.

GEOLOGICAL SETTING

The Southern Alps is an actively rising mountain belt being
formed by continental collision between the Pacific and
Australian plates (Fig. 1). The plate boundary, the Alpine
Fault (Fig. 1), is an oblique-slip fault which currently has
c. 8 mm/yr vertical motion (Bull & Cooper 1986; Simpson
et al. 1994), east side up. Immediately east of the Alpine
Fault, mid-crustal amphibolite facies rocks are being
exhumed due to this uplift (Cooper 1980), as erosion keeps
pace with uplift (Koons 1989). Farther east, uplift rates are
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Fig. 1 Location map of the Southern Alps active mountain belt
southwest of the Alpine Fault plate boundary.

lower, and erosion rates are lower as well (Koons 1989).
Greenschist facies rocks have been exhumed on the western
side of the mountains (Fig. 1), and the main mountain chain
is predominantly prehnite-pumpellyite and pumpellyite-
actinolite facies rocks, which have experienced little more
uplift than the present relief indicates (Koons 1989). Hence,
the zonation in metamorphic grade east of the Alpine Fault

approximates an upturned crustal section (Wellman 1979).
The present paper focusses on the greenschist facies and
amphibolite facies rocks west of the Main Divide, and
compares the hydrothermal systems in these two adjacent
but different parts of the mountain belt.

HYDROTHERMAL SYSTEM

The high relief, coupled with high rainfall on the western
slopes of the mountains, has caused topography-driven
meteoric water penetration into the highly fractured
metamorphic rocks (Koons & Craw 1991). Rapid uplift
adjacent to the Alpine Fault is occurring faster than the rocks
can cool, and a pronounced conductive thermal anomaly has
formed in the shallow crust up to c. 15 km east of the fault
(Fig. 1) (Koons 1987; Allis & Shi 1995). This thermal
anomaly encourages crustal fluid circulation (Koons & Craw
1991). Fluids of probable metamorphic origin are released
from the metamorphic rocks during uplift, and contribute to
the fluid budget (Craw & Koons 1989; Koons & Craw 1991;
Craw & Norris 1993). Shallow-circulating meteoric fluids
emanate as warm springs locally (Fig. 1). Allis & Shi (1995)
estimated that the hot spring systems carry <10% of the total
heat flux and are controlled by limited permeability in the
host schist basement.

Most previous work on the fluid circulation system ha>
been concentrated on the central Southern Alps, where uplift
rates are highest, and has focussed on the amphibolite facies
rocks near the Alpine Fault (Fig. 2). Several generations of
veins fill fractures in the rocks, indicating fluid activity from
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Fig. 2 Topographic map of the western central Southern Alps from the Main Divide to the Alpine Fault (see Fig. 1 for location). The
principal geological features and locations for samples discussed in this study are indicated.


