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ABSTRACT

The Reykjanes geothermal system is a seawater-recharged 
hydrothermal system that appears to be analogous to seafloor 
hydrothermal systems, and for this reason is a useful proxy for 
seafloor vents.  During the Pleistocene, the system was dominated 
by meteoric water recharge, and fluid composition at Reykjanes 
has evolved through time as a result of changing proportions of 
meteoric water influx as well as differing pressure and temperature 
conditions.  The purpose of this study is to characterize second-
ary mineralization, degree of metasomatic alteration, and bulk 
composition of cuttings from well RN-17 from the Reykjanes 
geothermal system.  The progressive hydrothermal alteration 
sequence observed with increasing depth results from reaction of 
geothermal fluids with the basaltic host rock.  Alteration phase 
textures of drill cuttings reveal alteration style to be strongly 
dependant on protolith.  Hyaloclastites are intensely altered with 
calc-silicate alteration assemblages comprising calcic hydrother-
mal plagioclase, grandite garnet, prehnite, epidote, hydrothermal 
clinopyroxene, and titanite.  In contrast, crystalline basalts and 
intrusives display a range in alteration intensity from essentially 
unaltered to pervasive and nearly complete albitization of igne-
ous feldspar and uralitization of clinopyroxene.  87Sr/86Sr isotopic 
values of alteration phases including epidote range from 0.7037 to 
0.7076 and indicate isotopic exchange with seawater Sr. 

Introduction
The Reykjanes geothermal field, located on the landward 

extension of the Mid-Atlantic Ridge, is the location of a 3 km 
deep drill-hole developed by the Iceland Deep Drilling Project 
to investigate supercritical fluids as a potential energy resource 
and to explore geologic processes in actively spreading margins 
(Figure 1).  In order to evaluate the nature and extent of rock-

fluid interactions and the applicability of Reykjanes as a proxy 
to oceanic spreading margins, it is necessary to understand the 
source and composition of hydrothermal fluids within the system.  
The composition and salinity of geothermal fluids at Reykjanes 
resemble evolved seawater, suggesting that subsurface conditions 
at Reykjanes may be analogous to sea-floor black smokers.  The 
high temperature reaction zone that is presumed to control the 
composition of the hydrothermal fluid is interpreted to occur 
deeper than the present depth of drilling, which reached just over 3 
km in the well RN-17, during the initial stage of the Iceland Deep 
Drilling Project.  Fluid composition at Reykjanes has evolved 
through time as a result of changing proportions of meteoric water 
influx as well as differing pressure and temperature conditions 
imposed by glaciation (Arnorsson, 1995; Fridleifsson et al., 
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Figure 1. Map of the Reykjanes Peninsula showing major faults, fractures, 
flows, surface alteration, and the location of IDDP well of opportunity 
RN-17 (map adapted from Saemundsson 2000, Karlsdottir 1998 and 
Fridleifsson et al. 2000, and Franzson et al., 2002).
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2003).  Reaction of geothermal fluids with the basaltic host rock 
has resulted in a progressive hydrothermal alteration sequence 
with increasing depth (Fridleifsson et al, 2005; Franzson et al, 
2002; Lonker et al., 1993).  The assemblage of greenschist facies 
alteration minerals implies that temperatures reached at least 
250°C at depths as shallow as 350 m.  This requires hydrostatic 
pressures that exceed the present-day boiling point to depth curve, 
and therefore must record alteration at higher fluid pressures 
during the Pleistocene.  

Methods
Cuttings were collected from RN-17 at 2m intervals from 

the entire depth of the well for lithologic logging.  Cuttings were 
inspected with a binocular microscope as well as in 34 thin sec-
tions. Petrographic and X-ray diffraction studies were carried out 
on these cuttings at ISOR, the Icelandic Geosurvey.  

Backscattered electron imaging (BSE) and mineral composi-
tional analyses were performed at UC Davis on cuttings selected 
at 50 m intervals.  Cuttings were mounted on doubly polished, 
carbon coated thin sections and analyzed using a Cameca SX-

100 electron microprobe.  Quantitative wavelength-dispersive 
analyses of amphibole, epidote, chlorite, garnet, and prehnite 
were performed at 15 keV and 10 nA beam current using an 
approximately 1 μm diameter beam.  Feldspar analyses were 
performed at 15 keV and 10 nA beam current using an approxi-
mately 5 μm beam.

Sr isotopic measurements were made on secondary phases 
by laser ablation multicollector inductively coupled plasma mass 
spectrometry at UC Davis.  

Results
Well lithology is presented in Figure 2.  Samples from the 

deepest part of Reykjanes well RN-17 include greenschist and 
amphibolite facies assemblages, suggesting seawater penetration 
into a part of the system that is close to the high temperature re-
action zone.  Electron microprobe studies of drill cuttings reveal 
intense alteration of hyaloclastites with calc-silicate alteration 
assemblages comprising calcic hydrothermal plagioclase, grandite 
garnet, prehnite, epidote, hydrothermal clinopyroxene, and titanite.  
In contrast, crystalline basalts and intrusives display a wide range 
in alteration intensity from essentially unaltered to pervasive and 
nearly complete replacement of feldspar and pyroxene.  

Anhydrite is widespread in shallow portions of the Reykjanes 
system to about 1500 m, and after a depositional hiatus appears 
again around 2650 m depth.  This may suggest either a transient 
incursion of cold seawater into the system at depth, or possibly 
a more permanent cooling at depth in the system.  A zone of am-
phibolite facies contact metamorphism has also been observed at 
this depth (Figure 2), indicating temperatures as high as 600ºC 
(Marks et al., 2008), and the reappearance of anhydrite could 
possibly indicate heating and oxidation of previously precipitated 
sulfides.  

87Sr/86Sr values of individual epidote grains were typically 
0.7045-0.7050, but ranged as high as 0.7073 in individual epidote 
grains (Figure 3).

Discussion
Epidote occurs in virtually all geothermal systems in which 

present or calculated paleotemperatures exceed 200-250°C (Bird 
et al., 1984).  Epidote is widely distributed throughout the RN-17 
samples as veins and vug fillings, replaces hyaloclastite and the in-
terstitial matrix of basalt samples, and is also an alteration product 
of primary plagioclase.  It occurs preferentially in the more reac-
tive hyaloclastite and is associated with prehnite, chlorite, quartz, 
zeolites, calcite, amphibole, and garnet.  Strontium isotopic ratios 
in alteration phases such as epidote indicate a shift from basaltic 
values towards the seawater Sr values suggesting penetration of 
seawater Sr to great depth within the system.

A New Alteration Facies
Alteration phases indicative of a transition from Epidote-

Actinolite alteration to alteration at amphibolite conditions are 
not readily observed during routine cuttings logging, but were 
documented during BSE petrographic investigation and the min-
eral chemistry of these phases is reported in following sections.  
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Figure 2. Lithostratigraphy, alteration zones, and distribution of secondary 
minerals (below the smectite zone) with depth in RN-17 (modified after 
Friedleifsson et al., 2005).
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We define a new alteration facies, the amphibole zone, based 
on the occurrence of the high temperature minerals hornblende-
clinopyroxene-plagioclase.  The facies boundary is transitional 
with the first occurrence of these minerals at 2350 meters, which 
are locally developed within the Epidote-Actinolite Facies to the 
bottom of the hole.  

Effect of Protolith on Intensity of Alteration
The nature of the protolith strongly influences the intensity 

of alteration in this rock dominated hydrothermal system.  The 
hyaloclastites, tuffs, and sediments are more susceptible to 
alteration than the crystalline basalts as a result of their greater 
reactivity, greater percentage of glass, and abundant vesicles.  
Throughout RN-17, hyaloclastites are highly altered and host 
most of the hydrous calc-silicates, plus calcite and chlorite.  
Anhydrite and sulfide minerals are almost exclusively hosted 
in hyaloclastite.  

In contrast, the degree of alteration in basalts is highly vari-
able.  While basalts range from essentially unaltered to thoroughly 
albitized and uralitized, unaltered basalts are frequently found in 
the same cutting interval as pervasively altered hyaloclastites.  
The most altered basalts host abundant amphibole up to magne-
siohornblende in composition, as well as secondary orthoclase 
feldspar and, rarely, hydrothermal anorthite.  The altered basalts 
are almost exclusively from cuttings intervals dominated by pil-

low basalts, which seem to alter more readily due to cracking, 
vesiculation, and a higher proportion of glass that enhances fluid 
ingress.  Crystalline basalts are minimally altered in general.  Both 
hyaloclastite and crystalline basalt cuttings host secondary veins, 
which typically comprise quartz, calcite, epidote and, rarely, hy-
drothermal plagioclase.  The formation of calc-silicate minerals 
and aluminous amphiboles requires release and mobilization of 
aluminum during alteration (Schiffman, 1995).  Formation of these 
alteration phases in crystalline basalts therefore requires extensive 
alteration of plagioclase to albite.  In contrast, in hyaloclastite or 
pillow basalts, alteration of glass can provide a local source of 
aluminum and may contribute to the more extensive alteration 
observed in these lithologies.

Sr Isotopic Ratios
The Sr isotopic ratios of alteration minerals are shifted from 

basaltic values (0.7030-0.7034; O’Nions and Grönvold, 1973; 
Sun and Jahn, 1975) toward seawater values (0.70916; Palmer 
and Edmond, 1989).  Epidote samples from the Reykjanes system 
have significantly higher Sr isotopic ratios than analogous fresh-
water dominated geothermal systems at Nesjavellir and Krafla.  
This suggests that seawater Sr is able to penetrate deep within the 
geothermal system, and that seawater Sr has been able to exchange 
with secondary phases throughout the system.

Conclusions
Samples from the Iceland Deep Drilling Program (IDDP) well 

of opportunity RN-17 have provided a basis for the study of the 
geochemistry of alteration within the Reykjanes system.  We have 
found the intensity of alteration and secondary mineralization to 
be directly related to the texture of the protolith.  Specifically, 
high porosity, glassy fragments are more susceptible to alteration, 
and holocrystalline basalts typically display minimal alteration. 
We have used electron microprobe and BSE methods to define 
the amphibole zone, a new alteration facies within RN-17.  This 
zone indicates higher temperatures and pressures than had previ-
ously been suggested for the base of this well.  Finally, 87Sr/86Sr 
ratios within alteration minerals are significantly shifted toward 
seawater values within the system, and therefore confirm the deep 
penetration of seawater into the Reykjanes system.
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