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Active Basalt Alteration at Supercritical Conditions in a
Seawater-Recharged Hydrothermal System: IDDP-2 Drill
Hole, Reykjanes, Iceland

Robert A. Zierenberg! (¥, Gudmundur O. Fridleifsson?, Wilfred A. Elders?, Peter Schiffman!, and

Andrew P. G. Fowler*

'Department of Earth and Planetary Sciences, University of California, Davis, Davis, CA, USA, 2IDDP, Gardabaer,
Iceland, *Department of Earth and Planetary Sciences, University of California, Riverside, CA, USA, “Department of
Earth and Environmental Sciences, University of Minnesota, Minneapolis, MN, USA

Abstract The 4.5 km deep IDDP-2 drill hole was drilled at Reykjanes, Iceland, in an active seawater-
recharged hydrothermal system on the landward extension the Mid-Atlantic Ridge. Drilling targeted a
well-defined hydrothermal up-flow zone feeding the Reykjanes geothermal reservoir, which produces
fluids compositionally equivalent to basalt-hosted deep sea hydrothermal vents. Spot cores recovered
from depths between 3,648 to 4,659 m depths consist of pervasively altered sheeted diabase dikes. The
shallowest core has an alteration mineral assemblage similar to the producing geothermal reservoir

but is being overprinted by the underlying Hornblende Zone assemblage dominated by labradorite

and hornblende. The deepest cored section (4,634-4,659 m) retains a diabasic texture, but all primary
minerals are replaced or have changed composition. Plagioclase ranges from An, to An,, and igneous
augite is replaced by intergrown hornblende, clinopyroxene, and orthopyroxene. Hydrothermal biotite
and potassium feldspar formed locally due to reaction with a phase-separated brine, indicated by co-
existing vapor-rich and salt 4+ vapor-rich fluid inclusions. Seawater-derived supercritical hydrothermal
fluid entering the bottom of the bore hole actively phase separates due pressure drop controlled by the
fluid levels in the drill hole. Felsic veins, present in trace amounts, record a continuous transition from
magmatic to hydrothermal conditions, including incipient hydrous melting. The vertical changes observed
in mineralogy and mineral chemistry indicate that fluids from the deep high temperature reaction zone
can undergo significant cooling and reaction with host rocks along their path to the seafloor.

Plain Language Summary Many important geologic processes including plate tectonics

are driven by the transfer of heat from the deep Earth to the near surface. Volcanic rocks that erupt
beneath the oceans at seafloor spreading centers are a fundamental aspect of such transfer of heat energy.
Circulation of seawater through mid-ocean ridge spreading centers changes the composition of both

the volcanic rocks and the seawater and makes a fundamental contribution to the chemical and energy
balance of the Earth. On the Reykjanes Peninsula, a landward extension of the Mid-Atlantic Ridge, the
Iceland Deep Drilling Project recovered drill core from the seawater-recharged Reykjanes geothermal field
down to ~4.5 km depth, where pressure-temperature conditions are identical to those inferred to control
the composition of submarine hot springs on the mid-ocean ridges. The volcanic rocks are pervasively
altered forming new minerals, but primary rock texture remains well preserved. The chemical exchange in
the deep rocks occurs at approximately 800°C, well above the temperature expected where cracks form in
the rocks that allow fluids to circulate. The present day in situ temperature at 4.5 km depth ~550°-600°C
and fluids produced from that depth could potentially become a low carbon source to generate geothermal
electricity.

1. Introduction

The goal of the Iceland Deep Drilling Program (IDDP) is to investigate the feasibility of producing electric
power from supercritical geothermal fluids whose chemical properties are shaped by reaction with the
host rocks (Fridleifsson et al., 2014). The IDDP-2 penetrated a geochemical analog for basalt-hosted sea-
floor hydrothermal systems that produce black smokers. Seawater-rock interaction at mid-ocean ridges is
the dominant source of thermal and chemical exchange between the lithosphere and the hydrosphere, yet
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direct observation of the products of these reactions has been inaccessible until now. The IDDP-2 drill hole
provided the first core samples recovered from the high temperature reaction zone (HTRZ) of an active sea-
water-recharged hydrothermal system at supercritical conditions. Although the amount of core recovered
from this system is small, detailed studies of this core, reported here, illustrate the importance and utility of
cores in studies of active hydrothermal system.

In this paper, we focus on the hydrothermal alteration observed in drill core recovered from seven differ-
ent depth intervals spanning 3,648-4,659 m down hole (Fridleifsson, Albertsson, et al., 2020; Fridleifsson,
Elders, et al., 2020; Fridleifsson, Palsson, et al., 2020) (Figure 1). Note, downhole depths differ from true
vertical depths owing to the inclination of the drill hole from vertical; all depths quoted in this report are
total down hole lengths unless expressly referred to as “vertical depth.” The bottom part of the hole was an-
gled to intercept the hydrothermal up flow zone that feeds the Reykjanes geothermal field (Figure 2), which
supplies steam to produce 100 MWe of electric power. These cores record the transition from the presently
exploited geothermal reservoir at Reykjanes, which extends down to near 3,000 m, into the high tempera-
ture reaction zone at ~4,500 m vertical depth. The deepest cores record evolved seawater-rock alteration in
a sheeted dike complex at temperatures well above supercritical conditions for seawater. The altered basaltic
rocks at 4.5 km depth are presently at temperatures near the brittle-ductile transition (~600-650°C; Violay
et al., 2012, 2015). These observations have important implications for understanding the processes that
control the composition of hydrothermal fluids venting at mid-ocean ridges. Additional documentation of
observations and data in support of this paper can be found in Supporting Information S1, which can be
accessed using the link provided in Acknowledgments and Data Availability Statement.

1.1. Geologic Setting

The Reykjanes geothermal system is situated in the neovolcanic zone of Iceland's Southwest Rift Zone, the
on-land extension of the slow spreading (1.8 cm/yr; Sigmundsson et al., 2020) Mid Atlantic Ridge. Tholei-
itic basalt flows from fissure-fed eruptions cover most of the Reykjanes Peninsula and surround low-lying
linear ridges of basalt hyaloclastite formed from subglacial fissure eruptions during previous glacial stages
(Figure 2) (Franzson et al., 2002; Jakobsson et al., 1978; Saemundsson et al., 2020). At the time this paper
was submitted, the most recent lavas were tholeiitic basalts from the Reykjanes Fires, which erupted in the
early 13 century and include the Stampar lavas that mostly cover the western half of the Reykjanes prom-
ontory. Subsequently, on March 19, 2021, primitive basalt began erupting from fissures northeast of Grin-
davik, in Geldingadalir, located the Reykjavik and Krysuvik spreading segments (Figure 2). Less abundant
“picritic” lavas make up the Héleyjabunga lava shield east of Reykjanes geothermal field. Gee et al. (1998)
characterized the “picritic” lavas as trace element-depleted (TED) based on low incompatible element abun-
dances and Nb/Zr ratios <0.07. Most of the lavas and hyaloclastites exposed on the Reykjanes Peninsula
are classified as trace element-enriched (TEE) by Gee et al. (1998) and are compositionally similar to mid-
ocean ridge basalts. The geologic history of the Reykjanes geothermal field, including the distribution of
subsurface alteration mineralogy and present-day temperature structure, is well constrained by more than
36 drill holes that explore the active geothermal system (Fridleifsson, Elders, et al., 2020). Subaerial lavas
from the upper 20-50 m of the stratigraphy are underlain by subglacial and submarine basalt, hyaloclastite
and marine sediment down to approximately 1.5 km depth, where intrusive basalt, mainly dikes, become
increasingly dominant with depth (Figure 1). Sheeted dikes are present at depths below ~2.5 km, including
both TEE and TED related dikes (Fowler & Zierenberg, 2016; Fridleifsson et al., 2017). Whereas the volcanic
rock composition, structure and stratigraphy are similar to typical oceanic crust formed at slow spreading
ridges, excess melting from the Iceland Hot Spot results in increased crustal thickness that reaches approxi-
mately 16 km thick at Reykjanes (Allen et al., 2002), compared to normal oceanic crust that is ~7 km thick
(White et al., 1992). Hydrothermal alteration increases from zeolite grade to amphibolite grade with depth
(Fowler & Zierenberg, 2016; Fowler et al., 2015; Lonker et al., 1993; Marks, Schiffman, Zierenberg, Elders,
et al., 2010; Marks et al., 2011; Témasson & Kristmannsdottir, 1972). Prograde mineral assemblages are
comparable to those attributed to seafloor metamorphism in ophiolites (Evarts & Schiffman, 1983; Spooner
& Fyfe, 1973) and oceanic crust (Alt et al., 1996, 2010; Humphris & Thompson, 1978).

The surface of the Reykjanes geothermal field (Figure 2) is mostly 20-40 m above sea level and is only
a few kilometers from the ocean which surrounds it on three sides. Below a shallow (20-60 m) perched
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Figure 1. Comparison of the lithology, alteration, age, and temperature of the Reykjanes Geothermal Field with
sections of the oceanic crust as determined by recovery of drill core elsewhere. The righthand column summarizes data
from IDDP-2 well, the subject of this paper, and observations made in other Reykjanes geothermal wells. Data from
scientific drill holes 504B and 1256D are from Alt et al. (1996, 2010) and contained references.

fresh-water lens, the porous basaltic rocks are saturated with seawater (Sigurdsson, 1986). The geothermal
fluid produced for electric generation at Reykjanes has seawater salinity and is compositionally indistin-
guishable from submarine geothermal, “black smoker,” fluids for most conservative elements (Figure 3)
(Armannsson, 2016; Arnérsson et al., 1978; Olafsson & Riley, 1978; Pope et al., 2009). Reykjanes fluids are
somewhat enriched in boron (Figure 3e) and alkali elements (normalized to chloride), similar to the En-
deavor Ridge geothermal fluids (Figure 3f), which are proposed to have a small component of sediment-de-
rived constituents (Butterfield et al., 1994; Lilley et al., 2003; Paduan et al., 2018). However, the Reykjanes
fluids do not show elevated levels of methane or ammonia (Oskarsson, Fridriksson, & Thorbjérnsson, 2015;
Oskarsson, Inguaggiato, et al., 2015), nor do they show time variability in salinity due to active near seafloor
phase separation (Butterfield et al., 1994). Not only is the Reykjanes geothermal fluid characteristic of black
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Figure 2. Location map of the Reykjanes Ridge, the northernmost section of the Mid-Atlantic Ridge, and the Reykjanes Peninsula showing an en echelon array
of volcanic systems that accommodate spreading. The inset map shows the location of the Reykjanes geothermal field, including drill holes from which core
samples have been recovered. Heavy dark lines extending from drill holes shows the surface trace of directionally deviated drill holes. Most of the surface of the
Reykjanes Peninsula is covered by tholeiitic lavas and hyaloclastites belonging to the trace element enriched suite of Gee et al. (1998), including the Stampar
Flow (STP-1) erupted around the year 1240. The location of the 2021 eruption in Geldingadalir is shown between the Reykjanes and Krysuvik spreading
segments. A sample of trace element depleted Haleyjabunga lava (HBP-1) was analyzed for comparison to the Stampar Flow and the drill core recovered from
the IDDP-2 drill hole. Modified from Fowler and Zierenberg (2016) and references included therein.

smoker systems world-wide, it also forms massive sulfide deposits (scale) in drill holes and production pipes
that resemble mid-ocean ridge volcanogenic massive sulfide deposits (Hardardottir et al., 2009, 2010).

A key difference between the Reykjanes system and most mid-ocean ridge systems is the pressure control
by water depth in the upper part of the hydrothermal system. Most seafloor vents occur at seawater depths
greater than ~2 km, which are generally at pressures that prevent phase separation of venting fluid by boil-
ing at the seafloor. Thus, single-phase high temperature fluids may be captured at the seafloor in gas-tight
samplers that allow the total composition of the fluid to be analyzed in the laboratory facilitating recon-
struction of the fluid properties at elevated temperatures (e.g. McDermott et al., 2018).

In production wells in the Reykjanes geothermal system boiling occurs down hole at a depth of ~1 km, at
a pressure of ~40 bars, which is imposed by steam separators that feed the powerplant. Partitioning of acid
generating gases into the steam phase forms an alkaline saline brine. The cooling and pH increase attendant
on boiling results in supersaturation of metal sulfides. Full comparison of the composition of Reykjanes flu-
ids to seafloor vent fluids collected prior to boiling therefore requires geochemical modeling to recombine
the brine, vapor phases, and precipitated scale minerals to preboiling conditions (Fowler et al., 2019). Well
fluids were collected below the boiling zone using down hole samplers in 2007 (Hardardottir et al., 2009)
and 2014 (Hannington et al., 2016). The downhole samples confirm that metal sulfide minerals precipitate
in the boiling zone forming base metal and precious metal enriched well scale (Hannington et al., 2016;
Hardardéttir et al., 2010).
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Figure 3. Comparison of Reykjanes geothermal fluid composition to seafloor hydrothermal fluids. (a) Na versus Cl. (b) K versus Cl. (c) Ca versus Cl. (d) Sr
versus Cl. (e) B versus CL. (f) Rb/Cl versus Li/Cl. (g) NH, versus Cl. Reykjanes fluids plot in the field of basalt-hosted geothermal system for most conservative
elements but show a slight enrichment in B and alkali elements, similar to Endeavor Main Field samples from the Juan de Fuca Ridge, in the Pacific Northwest,
Canada (Reykjanes data from Fowler et al. [2019], others from Paduan et al. [2018] and references contained therein).
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With the exception of metal loss due to sulfide precipitation in the boiling zone, the reconstructed fluids
collected at well heads and the fluids sampled downhole are similar in most respects to the black smoker
systems, consistent with formation by seawater-basalt reactions at temperatures and pressures identical to
the high temperature reaction zones that underlie normal mid-ocean ridges. Consequently, the Reykjanes
system is an ideal natural laboratory to investigate seafloor hydrothermal systems by drilling without the
technical challenges inherent in shipboard drilling. Another advantage is that more than 30 geothermal ex-
ploration, production, or injection wells, mostly in the depth range of 2 km, already existed in the Reykjanes
geothermal field providing geologic context that is further constrained by geophysical survey data.

1.2. Drilling, Coring and Logging, IDDP-2

The drilling methods and parameters that were utilized in the IDDP-2 are described in Fridleifsson
et al. (2017). A 2,500-m-deep pre-existing vertical production well (RN-15) was deepened to 2,750 m, and
then directionally drilled along an azimuth of 210° at an initial inclination of 16° from vertical, which in-
creased to approximately 36° at the bottom of the well. The hole was terminated at a down hole depth of
4,659 m. Down hole surveys place the base of the hole 738 m southwest of the RN-15 well head (Figure 2)
at an elevation of ~4,450 m below sea level (Figure 1). The well was targeted to intersect a hydrothermal
up-flow chimney identified by using drill hole temperatures and magnetotelluric data (Fridleifsson, Elders,
et al., 2020).

Total circulation losses were encountered during drilling at 2.5-3.0 km depth and these continued to the
final depth. These loss zones could not be sealed by addition of lost circulation materials, nor by multiple
cement jobs. Consequently, no drill cuttings were recovered from the well deeper than these loss zones,
except for the depth interval between 3.0 and 3.2 km (Fridleifsson, Albert, et al., 2020; Fridleifsson, Elders,
et al., 2020). Consequently, the only rock samples recovered from 3.2 km to the total depth came from the
13 spot core runs that were attempted; the number of coring attempts was limited by the budget and time
available. Four of these attempts were unsuccessful in recovering drill core.

A temperature/pressure log was measured in January 2017, after the well had been allowed to heat for only
6 days after drilling ceased (Fridleifsson, Elders, et al., 2020). This (T-P) log measured 426°C at 34.0 MPa at
4,560 m depth, close to the bottom of the well, conditions that are on the critical curve for sea water. This
log also revealed the existence of a major zone of circulation loss/fluid entry at ~3,400 m, and smaller fluid
flow zones at ~4,375 and ~4,500 m depths. At that time, the drill hole had not thermally equilibrated, and
40 L/s of cold, fresh surface water was being pumped into the top of the hole during the temperature run,
so any measured temperature must be a minimal value. The pressure at the bottom of the hole was imposed
by the level of water in the well which was balanced by the pumping rate of cooling water and the loss of
fluid through the feed zones.

Prior to drilling it was not clear if basalt at 4.5 km depth would be at temperatures below the brittle-ductile
transition for basalt, but the existence of the loss zones indicates that moderate to good permeability can
exist, at least transiently, at these depths. A long-term project of injection of cold water into the well was
carried out for several months in an attempt to enhance the deep permeability, and hopefully to permit pro-
duction from the bottom of the hole (Fridleifsson, Albertsson, et al., 2020; Fridleifsson, Palsson, et al., 2020).
Unfortunately, this experiment was unsuccessful as the well became blocked due to partial collapse of the
well casing. This also prevented logging of the deeper part of the well after it was allowed to heat up. At the
time of submission of this paper, attempts to flow the well and sample deep hydrothermal fluid have not
been successful (Fridleifsson, Albertsson, et al., 2020). This meant that rather than relying on direct down-
hole measurements, detailed studies of the drill core were the chief means of understanding the conditions
in the HTRZ. The drill core provide insight into the evolution of the deep geothermal system.

2. Drill Core Analytical Methods

Four-inch (~10.16 cm) diameter spot cores were recovered from six depth intervals between 3,648 and
4311.2 m down hole with variable to poor core recovery; 22.16 m of 2.625-inch (~6.68 cm) diameter core
was recovered at the bottom of the hole between 4634.2 and 4,659 m (89% recovery). Detailed core descrip-
tions and graphic logs are provided in Text S2 of Supporting Information S1. Intact intervals of core were
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photographed and logged (density, natural gamma activity, magnetic sus-
ceptibility) with a GEOTEK multisensor core logger (Mesfin et al., 2020).
Thirty-seven samples were examined using transmitted and reflected
light petrography of polished thin sections. Most samples were also ex-
amined by secondary electron and back scatter electron microscopy on a
Cameca SX-100 electron microprobe (EMP) equipped with an energy-dis-
persive spectrometer. The detailed examination of the core and polished
thin sections are the fundament constraints upon which the inference
about geologic processes presented in this paper are based. Due to con-
straints on publication length, much of the documentation of mineral-
ogy, textures and paragenetic relationships are presented in Supporting
Information S1 archived with this publication. The necessity of present-
ing this material in this manner in no way diminishes its importance, and
interested readers are encouraged to view this information.

Quantitative mineral chemistry was obtained using the same instruments
and following the techniques described in Fowler et al. (2015) and Schiff-
man et al. (2014). Titanium content in quartz was determined by EMP at
the University of Oregon using the methods of Acosta et al. (2020). Twen-
ty-one core samples were selected for bulk rock geochemical analysis at
the Washington State University Geoanalytical Laboratory, following
methods described in Fowler and Zierenberg (2016). At the same time,

Figure 4. (a) Four-inch diameter drill core from 3,648 m depth, Core 3, unaltered samples of the Stamper lava and the Haleyjabunga lava shield
showing cross-cutting plagioclase-epidote-amphibole-quartz veins, with were analyzed for comparison.

dark chlorite-magnetite-rich selvages. (b) Scanned thin section (2.5 by

4.5 cm) showing dark chilled margin of younger, overlying dike (to left)

against fine-grained diabase with plagioclase-epidote veins (3648.47 m).

3. Drill Core Data and Observations

Thin veins cutting chill margin (top left to bottom right) are primarily
filled with hydrothermal clinopyroxene which changes to dominantly Preliminary descriptions of the core samples recovered from the IDDP-2

amphibole passing into the crystalline diabase.

drill hole are provided by Fridleifsson et al. (2017), Zierenberg et al. (2017),
Fridleifsson, Elders, et al. (2020), and Zierenberg et al. (2020). The dom-
inant lithology recovered in all of the cores is fine- to coarse-grained di-
abasic dikes from a sheeted dike complex. Primary igneous textures are generally well preserved, but the
rocks are pervasively hydrothermally altered and thoroughly recrystallized. All of the diabases have the
same primary mineralogy of plagioclase-augite-titanomagnetite with the exception of the uppermost dike
(Dike 1) in Core 11 (~4,635 m) which has sparse (<1%) phenocrysts of olivine (Text S2 in Supporting In-
formation S1). This work provides the first detailed description of the mineralogy, mineral paragenesis,
mineral chemistry, and bulk rock chemical data from these cores. The results are presented in order of in-
creasing depth down hole with a description of bulk rock composition, petrography, mineralogy, and miner-
al chemistry followed by a discussion of the implications of these results for understanding seawater-basalt
alteration in mid-ocean ridge hydrothermal systems and ophiolites, including the role of supercritical fluids
in the deep high temperature reaction zone. The results are organized by similarity of alteration mineral as-
semblages into three zones: Geothermal Reservoir Transition Zone, Hornblende Zone, and Pyroxene Zone.

3.1. Geothermal Reservoir Transition Zone
3.1.1. Core 3 (3068.7-3074.1 m)

The rocks recovered in Core 3 (Figure 4) contain portions of three dikes separated by two chilled margins.
In each case the shallower overlying dike is chilled against the older underlying dike. The glassy/cryptocrys-
talline quenched margins are approximately 1 cm thick. Subophitic igneous texture is well preserved. Plagi-
oclase is cloudy but retains its primary crystal outline and zoning patterns. Pyroxene is extensively replaced
by amphibole, but pyroxene that has the appearance of primary igneous augite remains. Titanomagnetite
has poorly preserved oxidative exsolution texture and is partly altered to magnetite with minor hematite
and fine-grained titanite replacing some of the ilmenite laths.
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The Core 3 samples have the lowest contents of SiO,, Zr, Fe, Ti, Na, and K, and highest Mg and Ca contents
among the diabases (Table S1 in Supporting Information S1; Figure 5). The Core 3 samples are transitional
between Trace Element Enriched (TEE) and Trace Element Depleted (TED) basalt types on a plot of Zr nor-
malized Y versus Nb (Figure 5h). They are also the only diabase samples that show some depletion in the
light Rare Earth Elements (REE), again transitional between TEE and TED basalts (Figure 5g).

Samples from Core 3 are the only rocks that have the same mineral assemblage as the overlying geothermal
production reservoir: plagioclase, hornblende, actinolite, epidote, chlorite, diopside, quartz, magnetite, il-
menite, titanite, isocubanite-chalcopyrite, pyrite, pyrrhotite, and trace sphalerite. Plagioclase is extensively
altered, but generally retains its igneous morphology. Pyroxene is nearly completely replaced, generally by
amphibole, but also by chlorite in areas adjacent to veins. Much of the amphibole has the fibrous habit of
actinolite, but the optical properties of hornblende. Coarser grained subhedral to euhedral blocky horn-
blende overgrows and replaces fibrous amphibole.

The core is extensively veined (Figure 4a), but in contrast to shallower reservoir rocks, sharp-walled, open-
space filling veins are absent. The hydrothermal veins are centimeter-scale, discontinuous, anastomosing
replacement veins dominated by plagioclase, amphibole, epidote and quartz. These veins generally have
darker selvages that are best developed at vein intersections (Figure 4a), which are chlorite-rich with
abundant very fine-grained disseminated magnetite. Less abundant, early, nearly monomineralic millim-
eter-scale veins of amphibole and hydrothermal clinopyroxene that crosscut the chilled margins change
from clinopyroxene dominated in the chilled zone to amphibole dominated in the crystalline portion of the
dike (Figure 4b). Based on cross cutting relationships, the paragenetically latest veins are mm-scale plagi-
oclase-amphibole veins and later hornblende veins, both of which lack chlorite and epidote.

Plagioclase in Core 3 is on average more calcic than any of the deeper cores (Table S1 and Figure Sla in
Supporting Information S1) and there is no systematic difference in composition between altered igneous
plagioclase and hydrothermal plagioclase in the matrix or veins. Plagioclase is more calcic than typical
diabasic plagioclase with a mean anorthite number (An#) of 88.6. Hydrothermal plagioclase can be distin-
guished from igneous plagioclase by lower concentrations of trace elements such as Mg and Fe (Table S2
in Supporting Information S1) (Marks, Schiffman, Zierenberg, Elders, et al., 2010; Zierenberg et al., 2017).
Median concentrations of MgO, FeO, and K,O are 0.016, 0.35, and 0.018 wt.%, respectively.

Hydrothermal clinopyroxene in veins is also distinctly calcic (mean Ca/Ca + Mg + Fe (Wo) = 0.49) and
plots along the diopside-hedenbergite join (Table S3 and Figure S1b in Supporting Information S1). Interest-
ingly, residual igneous clinopyroxene is also more calcic than typical igneous augite and overlaps the com-
position of pyroxene in hydrothermal veins. The mean magnesium number (Mg#) is 62.4. Clinopyroxene
has lower concentrations of Al,O, (mean 2.0 wt.%) compared to igneous augite and has low concentrations
of trace elements with median values TiO,, Na,0, and Cr,0, of 0.30, 0.07, and 0.01 wt.%, respectively (Table
S3 in Supporting Information S1).

Amphibole compositions show a range from actinolite to aluminous hornblende (Figure S1c in Supporting
Information S1) with most values falling in the hornblende field. There is no clear systematic difference in
composition of amphibole replacing augite, in the rock matrix or in hydrothermal veins. Amphibole has an
average Mg# of 66 and Cl content of 0.1 wt. % (Table S4 in Supporting Information S1).

3.2. Hornblende Zone

Rocks recovered in Cores 5 through 10 (3865.5-4311.2 m) share similar alteration characteristics and are
described below by increasing depth. In general, each core recovered from the Hornblende Zone is from an
interior portion of a single diabasic dike, ranging from fine-grained to medium-grained diabase, but some
small intervals of felsic rock, the first recovered from the Reykjanes geothermal field, are also present (Table
S1 in Supporting Information S1).

3.2.1. Cores 5 and 6 (3865.5-3870.2 m)

Core 5 recovered 3.85 m of continuous core, with no missing intervals or coring gaps, plus 0.15 m of the
same intrusion in Core 6. The recovered core is a relatively homogeneous dark greenish gray basaltic in-
trusion (Figure 6a). The protolith was composed of subequal amounts of euhedral, clear, blocky to slightly
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Figure 6. (a) Four-inch diameter drill core from 3,869 m depth, Core 5, showing homogeneous medium-grained
diabase. Only rare, mm-scale hornblende veins are present, such as the NE-SW trending dark vein on the left edge

of the image. (b) Photo micrograph in plane polarized light (ppl) showing dusty plagioclase and augite replaced by
hornblende (3865.50 m; Field of view = 2.1 mm). (c) Scanned thin section (2.5 by 4.5 cm; 3869.85 m; Core 6) showing
preservation of igneous texture despite pervasive alteration of the plagioclase (clear) and replacement of the augite by
hornblende (green). Opaque grains are titanomagnetite. Near vertical branching hornblende replacement vein on left
side of the image. (d) Electron backscatter image (EBS) showing euhedral plagioclase (darkest gray) and interstitial
augite replaced by hornblende, with a thin (<100 um) hornblende vein cutting from lower left to upper right. Brightest
phase is titanomagnetite. (4254.83 m, Core 8).

elongate 3-5 mm plagioclase with interstitial subhedral to euhedral 2-3 mm augite, and approximately 5%—
8% euhedral, 2 mm, titanomagnetite. Augite is pervasively altered to hornblende and only small patches of
residual augite remain. Plagioclase and titanomagnetite generally retain their igneous morphology but are
also extensively altered. A few slightly lighter, cm-scale bands in the core are distinguished by a very slight
increase in modal plagioclase and the occurrence of some patches of myrmekitic intergrowth of quartz and
intermediate plagioclase.

The near total lack of secondary mineral veining in this section of core is notable. There are a few <1 mm
hairline veins of dark green to black amphibole that cut the core at various angles (Figures 6a and 6c), with
large changes in vein direction along a single vein. Overall, the rock appears relatively tight and imperme-
able despite the fact that alteration of both augite and plagioclase is pervasive. Secondary sulfide minerals
include pyrite, which is more common in the myrmekitic zones, pyrrhotite, and isocubanite with exsolved
chalcopyrite lamellae.

3.2.2. Core 7 (4089.5-4090.6 m)

Core 7 recovered a small interval of broken core pieces representing the interior portion of a diabase dike.
The protolith was similar in composition and texture to the dike recovered in Cores 5 and 6 but is somewhat
finer-grained. The alteration assemblage is also similar to that in Cores 5 and 6, but the alteration is more
extensive with patchy recrystallized zones of intergrown hornblende and plagioclase. Cummingtonite is

Figure 5. Compositional trends from IDDP-2 samples compared to representative samples of the two major lava series (Gee et al., 1998), trace element
enriched (TEE, Stampar lava) and trace element depleted (TED), Héleyjabunga lava. (a) Mg versus SiO,. (b) MgO versus Zr. (c) CaO versus Zr. (d) Na,O versus
Zr. Diabases and felsites generally fall along a differentiation trend consistent with TEE lavas, but quartz-rich felsic vein samples do not. Core 3 diabases appear
to have lost Na,O during hydrothermal alteration. (e) K,O versus Zr. (f) TiO, versus Zr. (g) Chondrite normalized (Sun & McDonough, 1989) REE. (h) Nb/Zr
versus Y/Zr. Felsites have low TiO, contents, but have REE values consistent with differentiation from diabase, whereas the more silica-rich felsic veins have
REE patterns that match hydrothermal fluids. Nb, Y, and Zr values separate the diabases into the TEE group, with those from Core 3 transitional to TED.
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present in trace amounts in some samples and is more manganese-rich compared to co-existing hornblende
(Table S4 in Supporting Information S1). Pyrrhotite and isocubanite are present in trace amounts, and lo-
cally intergrown with pyrite.

3.2.3. Core 8 (4254.6-4255.3 m)

Drilling rubble, referred to here as “rollers,” was recovered on top of several of the cores. One sample,
(Roller A in Table S1 in Supporting Information S1; sample 4250 on figures), was selected for chemical and
petrographic analysis as it was the least altered sample of diabase recovered from down hole. Although
the depth from which this sample is derived can only be constrained between the bottom of the casing at
~3,000 m and the top of the core at 4254.6 m, the lack of similar unaltered fragments overlying shallower
cores suggest that this fragment was likely derived from the interval between the bottom of Core 7 (4090.6)
and the top of Core 8.

Roller A was derived from the interior of a coarse-grained diabase dike with approximately 60% euhedral
plagioclase up to 4 mm in length separating blocky pyroxene (Figures S2a and S2b in Supporting Informa-
tion S1). Titanomagnetite is abundant, ~5%, and shows well developed oxidative exsolution of ilmenite
from magnetite.

Pyroxene shows incipient alteration to hornblende, and less commonly actinolite, along grain boundaries.
Plagioclase shows only limited patchy alteration to more albitic compositions, generally along cracks. Un-
altered plagioclase phenocrysts show a narrower range of An# (63.4-76.9) and have MgO contents that sys-
tematically increase, and K,0O and Fe,O, contents that decrease, with increasing An# (Table S2 in Support-
ing Information S1). Unaltered augite also shows a narrow range of Mg# (67.8-76.9), elevated TiO,, Al,O,,
Na,0, and reduced MnO compared to most hydrothermal pyroxene (Table S3 in Supporting Information S1).

Core 8 had poor recovery of a fine-grained basaltic intrusion, including poorly preserved portions of a
quenched dike margin. The rock has an ophitic texture with maximum grain size of plagioclase laths of
approximately 250 um, with the exception of one sample that included a xenocryst aggregate of plagioclase
crystals up to 2 mm. The An# and trace element concentrations of the xenocrysts overlap with those of un-
altered plagioclase phenocrysts analyzed in Roller A (Table S2 in Supporting Information S1).

Samples from Core 8 are the most intensely veined and deformed samples recovered from the Hornblende
Zone. No residual igneous pyroxene remains due to the pervasive alteration to amphibole. Several genera-
tions of plagioclase-hornblende-magnetite + quartz + isocubanite-chalcopyrite + pyrite veins are present.
Euhedral biotite is present in one vein. The finer-grained portions of the rock are brecciated along some vein
margins and have locally developed a foliation defined by elongate amphibole grains. Titanite is commonly
observed and trace amounts of cummingtonite are present in the matrix alteration (Table S4 in Supporting
Information S1).

3.2.4. Core 10 (4309.9-4311.2 m)

Core 10 recovered three half round core pieces that are bounded on one side by a drilling-induced fracture
that is approximately in the plane of the core axis. The protolith had subequal amounts of plagioclase and
augite grains up to 2 mm in size, but augite has been completely replaced by amphibole. Feldspar grains
tend to be cloudy white to a light bluish green in thin section. Titanomagnetite is more abundant (~7%) in
this dike, occurring as 1 mm anhedral grains. Oxidative exsolution of ilmenite from magnetite is common,
but in contrast to overlying rocks, the lattice pattern of exsolution is less distinct and some grains have start-
ed to recrystallize to blebby intergrowths that poorly mimic the original exsolution texture.

The core is locally cut by plagiogranite segregation veins, the thickest of which is a 2 cm wide band dipping at
approximately 70° to the core axis (Figure S2c in Supporting Information S1). The drill hole was inclined by
about 30° from vertical at this depth, so the felsic band could have originally been approximately horizontal,
but the core is not oriented. Prior to this, felsic rocks have not been reported from the Reykjanes Peninsula.
The plagiogranite is approximately 70% feldspar, most of which is anhedral and cloudy white. However,
there are some euhedral, 2 mm blocky plagioclase crystals that are relatively clear and glassy. The plagiog-
ranite contains some elongate, 3-4 mm long prismatic grains that appear to have been pyroxene, based on
their morphology (Figure S2d in Supporting Information S1), that has been replaced by hornblende. Much
of the hornblende in the plagiogranite is fine-grained and anhedral and appears to be inherited from the
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altered diabase along with disseminated titanomagnetite. The boundaries of the plagiogranite vein with the
wall rock are diffuse and somewhat gradational. Healed fractures cutting through some of the plagiogranite
may have a small amount of subhedral gray quartz along the vein trace, but otherwise quartz is a very minor
phase. Apatite is a common accessory mineral and a minor amount of disseminated fine-grained sulfide
is present, mostly Cu-Fe sulfide. A sample from 4310.06 m contains pyrrhotite intergrown with subhedral
pyrite, the deepest occurrence of pyrite observed.

A sample of the plagiogranite vein was separated for bulk chemical analysis. The sample is a dacite (64.57%
SiO,) and has concentrations of AL,O,, MgO, CaO, Sc, Nb, Hf, Ta, U, Th, and REE that plot approximately
along the extension of the apparent differentiation trend defined by the diabases (Figure 3). Na,0, K, 0, FeO,
and TiO, plot at values lower than would be expected from continuation of the trend of the diabasic rocks.
Total REE are elevated relative to the diabase but have a similar chondrite normalized pattern (Figure 5g).

3.2.5. Mineral Chemistry

Histograms of plagioclase compositions (Table S2 in Supporting Information S1) for Cores 5,6,7,8 and 10 are
shown in Figure S3 of Supporting Information S1. Igneous plagioclase in the least altered sample (4250) and
xenocrystic plagioclase in a sample from 4254.83 m have a relatively narrow range of compositions with an
average An# of 71.8 (£5.9). Plagioclase in the Hornblende Zone is less calcic than in the overlying Geother-
mal Reservoir Transition Zone (Figure 7a). Despite the broad distributions at each depth level, the An# of
replaced igneous plagioclase and hydrothermal plagioclase in the matrix increases down hole. Plagioclase
in veins overlaps in composition with matrix plagioclase. Symplectic plagioclase in the lighter colored bands
in Cores 5 and 6 has an average An# of 18.8 (£11); plagioclase in the felsite band in Core 10 has an average
An# of 49.9 (£12.5).

Amphibole compositions (Table S4 in Supporting Information S1) span the range from actinolite to horn-
blende with some samples from the shallowest two cores extending into the edenite field (Figure S4 in
Supporting Information S1). There is no systematic variation in the tetrahedral aluminum (IV Al) content
with depth (Figure 7b). Actinolite and hornblende are intergrown at fine scales and there is no apparent
paragenetic distinction based on the observed mineral textures and cross cutting relationships.

Pyroxene compositions for the least altered diabase (4250), and rare residual pyroxene in the altered dia-
bases, plot in the augite field (Table S3 and Figure S5 in Supporting Information S1). A single occurrence
of hydrothermal clinopyroxene (3869.52 m) shows higher Ca and Fe concentrations compared to augite
(Figure S5 in Supporting Information S1). The composition of clinopyroxene from Cores 5, 6, and 7 over-
laps the composition of augite in the least altered diabase including high values of Al,O,, TiO,, and Na,0,
relative to pyroxene in the underlying Pyroxene Zone, and we interpret these as residual patches of igneous
augite remaining after most augite has altered to hornblende. No residual igneous pyroxene was observed

in Cores 8 or 10.

3.3. Pyroxene-Zone

Cores 11-13 (4,634-4,657 m) were recovered from the bottom of the hole using a different coring system
with a smaller diameter which resulted in improved core recovery (Fridleifsson et al., 2017). As a result, we
have a nearly continuous 23 m record of the deep alteration in the hydrothermal up-flow zone that feeds
the Reykjanes geothermal system (Fridleifsson, Elders, et al., 2020). Portions of four diabase dikes were
recovered separated by three chilled margins quenched against the interior portion of a split dike. The
quench margins are much thinner (1-2 mm) than those from the more shallowly emplaced dikes recovered
in Core 3. In each case, the shallower dike was chilled against (was younger than) the underlying dike. The
dikes are described from shallowest (youngest) to deepest (oldest) and are referred to as Dike 1 to 4, respec-
tively. All of the dikes share the same alteration history which is characterized by the ubiquitous presence
of hydrothermal clinopyroxene and orthopyroxene in addition to plagioclase, hornblende, magnetite, and
ilmenite that characterizes the overlying Hornblende Zone. Apatite is a ubiquitous accessory mineral along
with isocubanite-chalcopyrite and in a few samples, minor amounts of pyrrhotite. There is no indication
that rocks have gained phosphorous (Table S1 in Supporting Information S1), rather recrystallization of
plagioclase has likely allowed apatite to grow into more easily recognized mineral inclusions.
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Figure 7. Down hole changes in mineral composition. (a) Plagioclase An# versus depth (m) (b) Tetrahedral aluminum
(IV Al) in amphibole versus depth (m).

3.3.1. Dike 1 (4634-4635.35 m)

Dike 1 shows a sharp chilled margin against dike two with 1 mm elongate plagioclase phenocrysts that are
flow aligned parallel to the dike margin (Figures S6a and S6b in Supporting Information S1). The degree
of flow alignment decreases away from the chilled margin and the phenocrysts coarsen to approximately
5 mm in the dike interior. The plagioclase phenocrysts generally retain twinning and weakly developed
growth zoning patterns typical of igneous plagioclase, but they are somewhat dusty looking due to an abun-
dance of very fine-grained to microscopic fluid/vapor inclusions and abundant needles and blebs of apatite.
Augite was interstitial to plagioclase but is now an intimately intergrown mixture dominantly composed
of hornblende with orthopyroxene, clinopyroxene and biotite (Figure S6c in Supporting Information S1).
Orthopyroxene is more abundant than clinopyroxene. The mafic minerals are intergrown at all scales from
the size of the original augite down to the limits of resolution. The original rock contained sparse phe-
nocrysts of 3 mm euhedral olivine, most of which has been pseudomorphed by a mixture of mafic alteration
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minerals. Rounded cores of remaining olivine are replaced and mantled by orthopyroxene (Figures S7a and
S7b in Supporting Information S1). Titanomagnetite was disseminated throughout the rock, but in contrast
to overlying dikes in the Hornblende Zone, magnetite and ilmenite do not retain their original lattice-con-
trolled oxidative exsolution texture, but rather occur as equant to rounded grains. Groundmass alteration is
a mixture of plagioclase, hornblende, orthopyroxene, clinopyroxene and biotite with minor quartz. Pyrrh-
otite and isocubanite/chalcopyrite are present in minor but variable amounts.

3.3.2. Dike 2 (4635.35-4650.70 m)

Dike 2 has an equigranular texture with plagioclase interstitial to augite and abundant (5%-7%) disseminat-
ed equant titanomagnetite. Plagioclase and pyroxene grain size gradually increases down core to ~2-3 mm
at approximately 4,642 m and then gradually decreases to the chilled margin quench against the underlying
dike. In contrast to the dike above, the chilled margin of Dike 2 is irregular with thin stringers of Dike 2 melt
intruding into Dike 3 (Figure S8 in Supporting Information S1). Small fragments and partially disaggregated
crystals of Dike 3 are incorporated into the chilled rock suggesting that the crystalline interior of Dike 2
may not have been completely solidified. One sample of Dike 2 (4649.73 m) has plagioclase xenocrysts up to
6 mm in length with a clear core overgrown by a more inclusion-rich zone itself overgrown by a thin clear
rim (Figure S8d in Supporting Information S1). A nearby sample (4650.67 m) has a large (8 mm) xenocryst
of enstatite, the only occurrence of igneous orthopyroxene documented from the IDDP-2 cores (Figure S8e
in Supporting Information S1).

Groundmass alteration is similar to that described for the overlying dike. Plagioclase generally retains its ig-
neous morphology, but it contains abundant fluid/vapor inclusions. Augite is completely replaced by horn-
blende that is intimately intergrown with orthopyroxene, clinopyroxene and biotite, which is more abun-
dant in Dike 2. Titanomagnetite and ilmenite have recrystallized metamorphic textures similar to Dike 1.

3.3.3. Dike 3 (4650.70-4652.05 m)

Dike 3 is a medium to fine grained intrusive with a heterogeneous texture. Irregular centimeter-scale patch-
es of coarser-grained (~4 mm) diabase are dispersed through the finer-grained (2-3 mm) diabase. The
coarser patches appear to have more original pyroxene and titanomagnetite compared to the finer-grained
matrix. There is a sharp chilled contact with the underlying dike. The chilled margin has sparse 1-4 mm
plagioclase phenocrysts that are not aligned with the dike margin.

Alteration in Dike 3 is similar to that described above, but the grain-size of secondary clinopyroxene and
orthopyroxene are generally coarser. Disseminated biotite is present in the shallowest portion of the dike,
down to ~4,651 m, but is not present in deeper sections. The presence of biotite alteration is coincident with
a zone of elevated natural gamma intensity recorded by a multisensory core logger (Mesfin et al., 2020).

3.3.4. Dike 4 (4652.05-4657.58 m)

Dike 4 is similar to Dike 3 but is more feldspar rich and has a more heterogeneous texture with irregular
gradations between coarser and finer grained patches. Glomerocrysts of 3-4 mm blocky plagioclase with
interstitial augite grade into a more felted textured matrix with 2-3 mm plagioclase laths.

Matrix alteration is similar to the overlying rocks, except for the lack of biotite. Locally, mm scale bands
of well-developed granoblastic pyroxene are present (Figures S9a and S9b in Supporting Information S1).
These areas are rich in hydrothermal clinopyroxene with less abundant orthopyroxene and sparse inter-
stitial amphibole and plagioclase. These zones grade into the typical plagioclase-hornblende-clinopyrox-
ene-orthopyroxene assemblage that preserves original igneous texture. The granoblastic zones are present
in the coarser interior of the dikes and are not observed next to chilled margins of adjacent dikes, as might
be expected if they formed by contact metamorphism. In one section (4654.16 m), a granoblastic textured
clinopyroxene band is in contact with a parallel band of fine-grained equigranular textured anorthite (Fig-
ure S9c in Supporting Information S1) indicating the onset of segregation veining similar to that which
characterizes high grade mafic gneisses.

Thin, early, high temperature plagioclase-quartz veins cut the rock at various angles (Figure S9e in Sup-
porting Information S1) (4655.99 m). Quartz is generally absent to rare as a matrix alteration mineral in
the overlying rocks but is present as interstitial aggregate patches in the rocks that show the most extensive
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Figure 8. (a) Altered diabase drill core from Dike 1 at 4634.5 m depth (2.625 inches diameter) showing early dark
hornblende (+plagioclase) veins cut by a later felsic vein (with reddish-orange iron surface staining). This sample is
unusual in the density of veins, which are generally quite sparse, much fewer than 1 vein per meter. The iron staining
that shows best on the white felsite vein is an artifact formed during the coring process by interaction with drilling
fluids. (b) Patch of plagiogranite with irregular margins with the altered diabase of Dike 2 (4650.67 m). (c) Late-stage
quartz-rich felsic vein cutting altered diabase of Dike 1 (4635.11 m). Yellow staining formed after cutting the core due to
K-Fe-Cl salts precipitated after evaporation of interstitial pore fluid.

metamorphic recrystallization. A 1.5 by 0.5 mm irregular pod filled mostly by medium to coarse grained
polygonal quartz is present in one of the deepest samples (Figure S9e in Supporting Information S1)
(4655.99 m). The walls of the quartz-filled pod are partly lined by a layer of myrmekitic quartz-plagioclase
with the texture of a quenched eutectic liquid (Figure S10 in Supporting Information S1). Dendritic to
plumose growths of skeletal plagioclase in optical continuity, intergrown with quartz in optical continu-
ity, coarsen and fan out into the interior of the pod. The fronts of these eutectic plumes are subsequently
overgrown by polygonal quartz, which is coarsest grained in the interior of the pod. An approximate bulk
composition of this quenched incipient melt pocket was obtained by averaging 75 10 um raster electron mi-
croprobe analyses across the quartz-plagioclase intergrows, which are presented in Table S5 of Supporting
Information S1 and discussed in a subsequent section of the paper.

3.3.5. Hornblende Veins and Felsic Segregations/Veins

The material recovered in Cores 11-13 is notable for the general lack of hydrothermal veining. Figure 8a
is uncharacteristic in that it contains several veins, but it illustrates two prominent types of hydrothermal
replacement veining observed at the bottom of the hole. A single open fracture partially filled by minerals
growing into open space recovered at 4337.80 m is the paragenetically latest phase of hydrothermal activity
recorded in the core.
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Figure 9. Scanned thin sections (2.5 by 4.5 cm) of various textures of felsic segregations and quartz-rich plagioclase
veins. (a) Thin sharp walled, branching and intersecting quartz-plagioclase veins (4634.48 m, Core 11). (b) Quartz-
plagioclase composite vein with plagioclase-rich margins and quartz-rich center (4635.11 m, Core 11). (c) Irregular
replacement vein with coarser-grained euhedral plagioclase-rich margin on the right and sugary quartz-rich left margin
(4637.79 m, Core 11). (d) Felsic vein breccia network (4637.80 m, Core 11). (e) Irregular patch of plagiogranite with
diffusive contacts with the diabase (4640.32 m, Core 11). (f) Quartz-plagioclase vein with inclusions of wall rock and
dark, fine-grained hornblende-rich vein selvages (4653.25 m, Core 13).

The earliest phase of veining is dominated by hydrothermal amphibole, often as monomineralic replace-
ment veins (Figure 8a). These range from less than 1 to ~5 mm in thickness and cut through the rock
without well-defined vein walls. They replace diabase matrix, plagioclase phenocrysts, and altered augite.
Millimeter-scale through-going amphibole veins often have poorly defined darker selvedges characterized
by a higher proportion of amphibole, relative to pyroxene in replaced augite. Hornblende-only veins occa-
sionally intersect with no offset. Amphibole-plagioclase veins are less abundant than amphibole only veins
and vary from amphibole-rich to plagioclase-rich. The plagioclase-rich replacement veins are anastomosing
and discontinuous. Quartz is present in the hornblende-plagioclase and plagioclase veins from the deepest
cores, and orthopyroxene is present in at least one vein (4651.10 m).

The most prominent “veins,” although still a minor (<1%) component of the rock, are felsic plagiogranite
segregations and plagioclase-quartz veins (Figure 9). Although these felsic veins are not abundant, they
provide important paragenetic information allowing us to track the thermal evolution of the system. The
distinction between igneous textured plagiogranite segregations and more quartz-rich hydrothermal veins
is not readily apparent at the hand specimen scale. These felsic dikelettes and veins cut the diabase at vari-
ous angles relative to the core axis and range from a few mm to 3 cm thick. The plagioclase in the veins tends
to be clear, euhedral to subhedral with well-developed twinning. In contrast, most of the mafic minerals
in the veins appear to be inclusions of remnant wall rock augite replaced by hornblende, clinopyroxene,
orthopyroxene and biotite. Elongate prismatic grains interpreted to be augite are present in a plagiogranite
segregation pod at 4640.32 m (Figure 9e), similar to what was observed in Core 10 (Figure S2d in Support-
ing Information S1) but are not present in most felsic veins. There is no textural evidence suggesting the
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presence of igneous hornblende, however euhedral biotite crystals interpreted as phenocrysts are present
in some of the felsic veins. Disseminated fine-grained magnetite is present in some veins. A few small (20—
50 um) euhedral zircon crystals are present in some veins, but do not occur elsewhere in the core samples.

Most of the felsic veins have distinct, but somewhat diffuse borders (Figures 9c, 9e, and 9f), whereas others
have sharply defined edges (Figures 9a, 9b, and 9d). Plagioclase phenocrysts can be traced extending from
the wall rock into the vein. In these cases, the plagioclase in the diabase is cloudy and filled with inclusions,
whereas the portions of the plagioclase crystal in the vein are clear, similar to plagioclase in the vein inte-
rior. The dusty appearance of the plagioclase phenocrysts in the wall rock abruptly disappears at the vein
boundary, coincident with a change to more Na-rich compositions.

The ratio of quartz to plagioclase is variable with some veins, or portions of veins, similar in appearance
to the plagiogranite segregations first seen in Core 10 (Figure S2d in Supporting Information S1 and Fig-
ure 9e). Many of the veins examined in thin section are clearly composite veins where earlier plagiogranite
segregations were subsequently invaded by quartz-rich hydrothermal veins (Figures 9a, 9b, and 9c).

Only one mineralized open-fracture vein was recovered during the coring of Dike 2 at a depth of 4637.80 m
(Figure Sl1la in Supporting Information S1). The fracture forms one border of a 2 cm quartz-plagioclase-po-
tassium feldspar vein with minor biotite (Figures 9c and 9d), which is the only observed occurrence of
K-feldspar in the IDDP-2 core. The fracture surface is coated with euhedral crystals of biotite (Figure S11b in
Supporting Information S1) that are overgrown by doubly terminated euhedral quartz crystals (Figure S11c
in Supporting Information S1) (Bali et al., 2020; Fridleifsson, Elders, et al., 2020; Zierenberg et al., 2017).
This fracture occurred at a temperature near the brittle-ductile transition for basalt and existed long enough
for considerable mineralization to form in open space. This is the latest paragenetic stage of mineralization
observed in the recovered core and is discussed in more detail below, as the P-T conditions of its formation
are most likely those existing in the rocks today.

3.3.6. Mineral Chemistry

Few remnants of olivine phenocrysts from Dike 1 remain, but they are significantly more Fe-rich (Mg# 58—
64) than olivine in equilibrium with tholeiitic basalt (Mg# 80-90) (Table S6 in Supporting Information S1).
Orthopyroxene that replaces and overgrows olivine is more Mg-rich than orthopyroxene intergrown with
hornblende and clinopyroxene that replaces igneous augite (Figure S12a in Supporting Information S1).
The only occurrence of igneous orthopyroxene is the large xenocryst present in Dike 2 (Figure S8e in Sup-
porting Information S1), which has higher Mg and lower Ca compared to hydrothermal orthopyroxene
(Figure S12b in Supporting Information S1). Hydrothermal orthopyroxene has intermediate Mg-Fe content.
There is no systematic difference in opx composition with depth in the core, nor is recrystallized granoblas-
tic textured opx distinguishable from finer grained occurrences.

Hydrothermal clinopyroxene generally overlaps the compositional range of igneous augite (Table S3, Fig-
ures S5, and S12 in Supporting Information S1) on a pyroxene quadrilateral plot, but extends to higher Ca
and Fe compositions. Hydrothermal clinopyroxene also generally has lower TiO,, Al,O,, Na,O, and higher
MnO than igneous augite (Table S3 in Supporting Information S1).

Amphiboles from Cores 11-13 are mostly magnesiohornblende with less abundant ferrohornblende and a
few analyses that plot as actinolite (Table S4 and Figure S13 in Supporting Information S1) and have dis-
tinctly higher IV Al contents relative to amphibole in the Hornblende Zone (Figure 7b). Cummingtonite
was identified in a single sample (4635.11 m, Table S4 in Supporting Information S1). Amphibole in samples
with biotite (shallower than ~4651.5 m) has approximately double the K,O content compared to deeper
samples where biotite is not present (0.51 % 0.16 vs. 0.24 = 0.08 wt. % K,0).

Biotites that are interpreted to be phenocrysts in plagiogranite segregations (based on texture) and those
in quartz-plagioclase veins overlap in composition but tend to be more iron- and chlorine-rich than biotite
replacing augite (Figure 10). Biotite in the alteration rims of replaced olivine has the highest Mg and lowest
Cl and TiO, (Table S7 in Supporting Information S1).

Touching pairs of magnetite and ilmenite were analyzed and provide data on the temperature and state of
equilibrium of the mineral assemblage that contributes to buffering the oxidation state of the system (Table
S8 in Supporting Information S1).
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Figure 10. Chlorine versus total iron content (as FeO) of biotite. Euhedral biotites in felsite were interpreted to be
igneous based on textural relationships and their compositions largely overlap with biotite in quartz-rich hydrothermal
veins and some hydrothermal/metamorphic biotite in the rock matrix. Biotite in the alteration halos of replaced olivine
is enriched in MgO relative to hydrothermal biotite.

Feldspar compositions show a wide range that generally corresponds to the paragenetic sequence (Table S2
and Figure S14 in Supporting Information S1). Former igneous plagioclase and plagioclase in the altered
rock matrix has average An# of 57.0 (£11.5 one sigma), early amphibole-plagioclase veins average 44.5
(£11.7) and plagioclase in felsite/quartz-plagioclase veins averages 33.2 (+17.1). Plagioclase in Cores 11-13
reverses the trend toward increasing An# with depth observed in the Hornblende Zone (Figure 7a) but has
distinctly higher orthoclase content (<0.045 Or, where Or = molar (K/K + Na + Ca)), which correlates to
the albite content (Figure 11). Plagioclase in samples with biotite (shallower than ~4651.5 m) has higher
K,O content compared to deeper samples where biotite is not present, and which never exceeds 0.012 Or
mole fraction (Figure 11). The only occurrence of potassium feldspar is at 4637.80 m from the quartz-plagi-
oclase vein that borders the only open-space vein recovered.

Quartz was analyzed for Ti concentration, guided by cathode luminescence, to constrain temperature of
quartz deposition in relation to paragenetic sequence (Table S9 in Supporting Information S1). The contents
of AL O,, K,0 and FeO were also analyzed to screen for the presence of mineral inclusions or contributions
from adjacent minerals.

4. Results
4.1. Mineral Geothermometry

Seven independent mineral geothermometers were employed to document the thermal history of the alter-
ation minerals, plagioclase-hornblende, clinopyroxene-orthopyroxene, titanium in amphibole, titanium in
quartz, titanium in biotite, plagioclase-Kspar, and magnetite-ilmenite. The geothermometers are discussed
in order of their paragenesis from early high temperature alteration to later lower temperature alteration.
Important questions we sought to address were (a) What are the temperature ranges recorded as a function
of time as constrained by the paragenetic relationships, and (b) What are the present-day temperature and
pressure conditions at ~4,500 m in the active geothermal system? The maximum temperature of 426°C
measured by logging in January 2017 is clearly a minimum value as the borehole had not then recovered
from being cooled by drilling.
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Figure 11. Mole fraction of orthoclase component (Or) plotted against An# for plagioclase in the Pyroxene Zone.
Samples from deeper than 4651.5 m do not contain biotite and form a separate trend on the diagram, with Or values
<0.012.

4.1.1. Plagioclase-Hornblende

Plagioclase and amphibole compositions show compositional variation with depth (Figure 7). Plagioclase in
the Geothermal Reservoir Transition Zone (Core 3) has a restricted range with anomalously high An# com-
pared to igneous plagioclase, represented on this plot by the values measured in the least altered diabase
sample, a roller assumed to have come from a depth of approximately 4,250 m. An# systematically increas-
es down hole through the Hornblende Zone approaching typical igneous values in the deepest samples,
although there is significant scatter and overlap in the data. Weak preservation of igneous zoning patterns
and the scatter in An# suggest that plagioclase has not fully equilibrated at a constant temperature. The An#
decreases in the Pyroxene Zone with values lower than typical igneous plagioclase. Paragenetically early
plagioclase replacing igneous plagioclase is more An-rich than that in cross cutting amphibole-plagioclase
veins. Later stage felsite/quartz-plagioclase veins have even lower An# (Figure 7a).

Amphibole compositions change downhole, but there is significant scatter and overlap (Figure 7b). A plot
of the mean value of tetrahedral Al, which would be expected to increase with increasing depth/tempera-
ture, generally decreases downhole and amphibole from the Pyroxene Zone is invariably more aluminous.
Protolith compositions can also influence alteration mineral composition, but there is no apparent system-
atic change in diabase compositions downhole. The scatter in amphibole compositions and the intergrowth
of actinolite and hornblende in the Hornblende Zone suggest that rocks have not fully equilibrated at a
constant temperature at any given depth.

Despite the large variability in both plagioclase and amphibole compositions with depth, temperatures cal-
culated from touching (or closely adjacent [tens of um] mineral pairs that could be expected to touch out of
the plane of the thin section) plagioclase-hornblende pairs show a systematic increase of temperatures in
the Hornblende and Pyroxene Zones (Figure 12). Temperatures were calculated using the Hora et al. (2013)
spreadsheet to implement the edenite-richterite geothermometer of Holland and Blundy (1994). All re-
ported temperatures are for mineral pairs with amphiboles having tetrahedral Al (IV Al) content >0.5 per
formula unit as actinolite would not be expected to provide equilibrium temperatures.

Plagioclase-amphibole temperatures calculated for Core 3 show a wide range of values from 680° to 910°C,
well in excess of estimated temperatures for this depth and well above the depth boiling point curve for
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Figure 12. Temperature versus depth plot of median values of calculated plagioclase-hornblende and orthopyroxene-
clinopyroxene mineral pairs plotted at the sample recovery depth.

seawater (Figure S15 in Supporting Information S1). We interpret these results not as valid temperatures,
but as indications of failure to obtain equilibrium, consistent with the observation of amphibolite facies min-
erals (calcic plagioclase and hornblende) replacing epidote-actinolite facies minerals (including chlorite).

Plagioclase-hornblende temperatures calculated for the Hornblende Zone show narrower ranges of temper-
ature that generally increase down hole from 686°C (+96°) at 3,865 m to 727°C (+34°) at 4,310 m (Figure S15
in Supporting Information S1). There is considerable scatter in the data, which may be in part related to the
approach taken when investigating these samples by electron microprobe, which attempted to capture the
maximum variability in mineral compositions as guided by petrography and electron backscatter intensity.
We interpret the median values as more representative than the mean values, which are more influenced by
outliers. A plot of the median values versus depth (Figure 12) shows a linear increase in temperature with
depth (r> = 0.986) in the Hornblende Zone. The present-day temperature at these depths is presently uncon-
strained by direct logging, but it is clear that the rocks have cooled since the peak of alteration.

Plagioclase-hornblende temperatures in the Pyroxene Zone give an average value of (785°C = 39°, n = 276),
with a distribution skewed to the lower temperature side (Figure 13a). Plagioclase-hornblende pairs in fel-
site, veins and vein selvages give slightly lower temperatures (728°C + 17°, n = 34). If we assume that the
plagioclase-hornblende temperatures record main-stage alteration at approximately the same time at each
depth interval, we can calculate a geothermal gradient of 137°C/km (¥* = 0.980), for the cored intervals
through the Hornblende Zone to the Pyroxene Zone.

4.1.2. Titanium in Amphibole

Temperatures for amphiboles were calculated using the titanium in amphibole geothermometer (Ernst &
Liu, 1998). As discussed below, the assumption that rocks in the Geothermal Reservoir Transition Zone
and Hornblende Zone are in equilibrium with a titanium phase is not supported by the magnetite-ilmenite
compositions. Rocks from the Pyroxene zone are interpreted to be in equilibrium with ilmenite. Koepke
et al. (2008) applied the titanium in amphibole geothermometer to similar hydrothermally altered/meta-
morphosed sheeted dikes in the ocean crust at IODP Site 1256. McCaig and Harris (2012) also report high
temperature (840-1,040°C) amphibole replacing pyroxene in hydrothermally altered diabase and gabbros
from dike-gabbro transition at the Atlantis Massif, Mid-Atlantic Ridge, using the Ernst and Liu (1998) geo-
thermometer. Temperatures calculated using the Ti-content in amphibole from IDDP-2 are systematically
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Figure 13. Histograms of mineral geothermometer temperatures calculated for the Pyroxene alteration zone (mean
temperature +1 standard deviation, n = number of analyses). (a) Plagioclase-Hornblende. (b) Orthopyroxene-
clinopyroxene. (c) Titanium in Quartz. (d) Titanium in Biotite. (e) Plagioclase-K-feldspar. (f) Magnetite-Ilmenite.
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lower than plagioclase-hornblende temperatures at the equivalent depth and have average temperatures
ranging from 556° to 586°C in the Geothermal Reservoir Transition Zone and Hornblende Zone (Figure S15
in Supporting Information S1). In contrast to the plagioclase-hornblende temperatures, the Ti in amphibole
temperatures show no systematic change with depth in the Hornblende Zone (Figure S15 in Supporting
Information S1). Amphiboles in the Pyroxene Zone have an average calculated temperature of 704°C (£56,
n = 310). A plot of plagioclase-hornblende temperatures versus Ti-amphibole temperatures shows no sig-
nificant correlation (r* = 0.27; Figure S16 in Supporting Information S1).

4.1.3. Clinopyroxene-Orthopyroxene

The clinopyroxene-orthopyroxene geothermometer of Andersen et al. (1993) was employed to constrain
early, high temperature hydrothermal alteration using touching pairs of pyroxene. Temperatures range
from near magmatic values down to ~700°C and average 825°C * 65 (n—236) with a distribution that is
skewed to higher temperatures (Figure 13b). Some of the highest temperatures are recorded in quenched
dike margins or are associated with replaced olivine, reactive areas that are interpreted to form early in the
alteration paragenesis. Granoblastic pyroxenes form over the same temperature range as pyroxenes replac-
ing augite. Average pyroxene temperatures are higher than average hornblende-plagioclase temperatures,
but the temperature distributions largely overlap with median temperatures near 800°C (Figure 13). Horn-
blende, clinopyroxene and orthopyroxene are intimately intergrown, however it is reasonable to think that
hydrothermal pyroxenes may have ceased forming earlier, and that amphibole continued forming later, as
temperatures declined, as indicated in the skewed distributions of temperatures for these two thermome-
ters. It is clear that the main phase of hydrothermal alteration occurred at temperatures well above the com-
monly assumed brittle-ductile transition temperature for basalts (~600-650°C; Violay et al., 2012, 2015).

4.1.4. Titanium in Quartz

Titanium in quartz temperatures were calculated using the calibration of Huang and Audétat (2012) as-
suming a pressure of 450 bars (cold hydrostatic recharge) and corrected assuming a TiO, activity of 0.53
to reflect equilibrium with ilmenite as the saturated Ti phase, following the approach of Reid et al. (2011).
The large range of calculated temperatures is a reflection of both the broad paragenetic stages of quartz
deposition and the fact that cathode luminescence was used to target the full extent of Ti variation within a
given quartz crystal (Table S9 in Supporting Information S1). Quartz from an early high temperature Plagi-
oclase-Quartz vein gives the highest temperatures, 888°C (+11) (Figure 14a). Small, sparse patches of quartz
intergrown with the altered rock matrix average 771°C (+77). Quartz from the quartz-plagioclase eutectic
intergrowths from 4655.99 m has an average value of 734°C (+79) (Figure 14b), which is close to the exper-
imentally determined temperature of the water saturated quartz-albite eutectic, 740°C at 2 kbar (Pichavant
etal., 1992). Quartz occurs primarily in the felsic segregations and veins, which span the paragenetic history
from earlier igneous plagiogranite dikelettes, to the late hydrothermal quartz-rich replacement veins that
often overprint the early plagiogranite (Figure 14c). Temperature calculated from Ti in quartz in the felsite/
quartz-plagioclase (£biotite) veins averages 710°C (+46°). An effort was made to target the latest stages of
quartz formation, including analyzing the rims of euhedral quartz crystals growing into open space in the
paragenetically latest stage of mineral growth (Figure 14d). The lowest temperatures that are considered
reliable are approximately 585°C. Some quartz has very low titanium, particularly the late-stage polygonal
quartz that fill the cavity lined by quenched melt (Figure 14b). We do not interpret these to be valid temper-
atures, likely due to violation of the underlying assumption that the quartz formed in equilibrium with a
titanium mineral, in this case ilmenite. In such cases, the fluid precipitating the quartz was likely no longer
in communication with the ilmenite in the rock matrix and the low titanium content results from depletion
of dissolved titanium in the fluid, and therefore cannot be interpreted as a reflection of the temperature of
quartz precipitation. The temperature of formation of the latest paragenetic stage of quartz growth is one of
the criteria used to constrain maximum present-day in situ temperatures, as discussed below.

4.1.5. Titanium in Biotite

The titanium content of biotite can also be used as a geothermometer (Henry et al., 2005). Biotite tempera-
tures show a fairly narrow range (Ave. 731°C, £14 n = 83) with no clear distinction based on occurrence as
part of the rock matrix alteration or the presence in felsites and quartz-plagioclase veins. Biotite interpreted
to be an igneous phase in felsite, based on petrographic observations, overlaps in temperature with anhedral
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Figure 14. Cathode luminescence images showing calculated Ti in quartz temperatures. (a) Early, high temperature quartz (yellow)—plagioclase (orange) vein
cutting altered diabase (4655.99 m). Red circles and numbers are electron microprobe spots, black or white numbers are temperatures (°C) calculated from the
Ti content of the quartz. (b) Eutectic intergrowth of quartz-plagioclase quenched from an incipient in situ melt pocket. Crystallization nucleated on an altered
plagioclase phenocryst (mottled orange trending diagonally from upper left to middle right). Early high temperature quartz luminesces in various shades of
yellow. Late-stage polygonal quartz overgrowing the quenched melt has orange luminescence and low calculated Ti temperatures (<750°C), which are not
considered valid as they were not likely in equilibrium with ilmenite. (c) Late-stage quartz (orange)—plagioclase (brown) bounds the left edge of a fragment of
altered diabase. Plagioclase in the diabase has yellow to orange luminescence, mafic minerals are dark. (d) Euhedral prismatic quartz crystal separated from the
latest-stage open fracture coating and mounted in epoxy (yellow). Quartz nucleated on biotite (not shown) and grew from lower right to upper left.

biotite in hydrothermal quartz-plagioclase veins (Figure 13). Very magnesium-rich biotite that occurs in
the alteration halos of replaced olivine phenocrysts in Dike 1 give slightly lower temperatures (682°C, £14
n = 8, Table S7 in Supporting Information S1), which are not included in the histogram shown in Figure 13d
as it is not clear that they are part of the main alteration sequence.

4.1.6. Plagioclase-K-Feldspar

Potassium feldspar was seen in only one quartz-plagioclase-K-feldspar vein, which is the wall rock on one
side of the latest stage biotite-quartz open-space vein at 4637.79 m. The plagioclase-K-feldspar geother-
mometer (Putirka, 2008) gives an average temperature of 657°C (£29°) (Figure 13e), with a relatively nar-
row range of temperatures, consistent with a single paragenetic event.

4.1.7. Magnetite-Ilmenite

Touching pairs of magnetite and ilmenite were analyzed at several depths (Figure 15), including the least al-
tered diabase sample from Core 8 (4250) to near the bottom of the hole (4,656 m), to evaluate the potential as
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Figure 15. BSE images of magnetite—ilmenite pairs. (a) Typical trellis oxidative exsolution of ilmenite (darker) in igneous titanomagnetite (lighter) in least
altered diabase (black, silicates) (4250). (b) Recrystallized rounded blebs of ilmenite in magnetite from the Pyroxene Zone (4655.99 m). (c) Equant intergrown
grains of ilmenite (light gray) and magnetite (white) in replaced augite (4651.64 m). (d) Equilibrium triple junction texture of magnetite-ilmenite-pyrrhotite
(Po) fO,—fS, buffer assemblage (4651.10 m).

geothermometer (Andersen et al., 1993; Ghiorso & Evans, 2008). Magnetite-ilmenite in contact in oxidative
exsolution intergrowths in titanomagnetite from Cores 8 and 10 do not plot on the Mg/Mn equilibrium line
of Bacon and Hirschmann (1988) (Figure S17a in Supporting Information S1), and do not produce usable
temperature information. In contrast, intergrown Mt-Ilm grains in the Cores 11-13 have grain shapes and
grain boundaries indicative of metamorphic equilibrium (Figures 15b-15d), and plot near the equilibrium
line. The magnetite-ilmenite temperature histogram shows a narrow range (Figure 13f) with minimum
temperatures again of 590-600°C. Calculated oxygen fugacity is 0.58 (£0.2) units below the NiNiO buffer
(Figure S17b in Supporting Information S1). While the biotite and two-feldspar temperature ranges are
consistent with formation of these minerals over a narrow temperature interval during a single paragenetic
stage, magnetite and ilmenite were present throughout the extended alteration history. Magnetite ilmenite
pairs typically give lower temperatures relative to silicate geothermometers (e.g., Schiffman et al., 2014) due
to the lower closure temperature for the oxides. Our interpretation of the narrow range of temperatures is
that magnetite and ilmenite are continuing to exchange Fe-Ti during hydrothermal alteration and cooling,
and as such they are more representative of in situ temperatures as opposed to peak alteration temperatures.

4.2. Present Day Temperature

Minimum temperatures for Ti-quartz, plagioclase-K-feldspar and magnetite-ilmenite are all in the 590-
600°C range. In an effort to constrain the maximum present-day temperatures, we focused on the latest,
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cross cutting paragenetic event, which is a biotite-quartz coated open fracture that formed on the edge of
a quartz-plagioclase-K-feldspar vein at 4637.79 m. Cathode luminescence was used to evaluate the growth
history of the quartz in these veins (Figure 14d, Table S9 in Supporting Information S1). The latest stage of
quartz growth gives the lowest temperature (590-600°C). The convergence of three independent mineral
geothermometers at ~600°C is consistent evidence for the maximum present-day temperature at the bottom
of the drill hole. Hand-picked separates of hydrothermal biotite and doubly terminated euhedral quartz
were run for oxygen isotope analysis. Because the quartz crystals nucleated on, and overgrew, the biotite,
they did not form at the same time, and therefore may not meet the strict requirement for equilibrium
growth. None-the-less, they likely formed in close succession from the same, or similar, fluids. The oxygen
isotope value obtained on the biotite separate was 3.18%o (relative to VSMOW); two analyses of quartz gave
6.67%0 and 6.58%o (Zierenberg et al., 2020). If we assume isotopic equilibrium, we calculate a temperature
of 640°C =+ 10° using the fractionation equation in Zheng (1993), a value that falls between the Ti in biotite
and Ti in quartz temperatures for these samples. The isotopic value of the water from which these minerals
precipitated would be ~4.6%o0, consistent with extensive exchange of seawater with basalt at elevated tem-
perature at low water to rock ratio.

Temperature estimates based on mineral geothermometers have subsequently been confirmed by Bali
et al. (2020) using analyses of fluid inclusions in quartz from the same samples reported on above from
4637.80 m. These fluid inclusions are either vapor dominant or salt + vapor dominant, consistent with
phase separation of seawater at temperatures above the critical curve. Bali et al. (2020) report homogeniza-
tion temperatures of 600°C + 20° in both vapor-rich and hypersaline secondary inclusions that represent
the last recorded paragenetic event. The salt-rich inclusions contain halite and two yellow K-Fe-CIl minerals
along with Cu-Fe sulfide.

Based on the convergence of multiple geothermometers, we propose that the present day in situ tempera-
ture at the bottom of the hole is approximately 600°C. While the mineral geothermometers only constrain
the maximum temperature at the time of drilling, the presence of olivine and orthopyroxene and the ab-
sence of hydrous alteration phases, such as serpentine and brucite, in rocks undergoing active hydrother-
mal circulation argues that present day temperatures must be greater than ~550°C (Berman et al., 1986;
Day et al., 1985).

4.3. Phase Separation

Seafloor hydrothermal fluids show a large range in salinity due to phase separation of seawater derived
fluids in the subsurface (Bischoff & Rosenbauer, 1989; Cowan & Cann, 1988; Kelley & Delaney, 1987; Von
Damm & Bischoff, 1988), however Reykjanes fluids have near seawater salinity. As mentioned above, a
pressure/temperature log was run in IDDP-2 just prior to coring at the bottom of the hole, and this record
confirms that there are feed zones for hydrothermal fluid below 4,500 m (Fridleifsson, Elders, et al., 2020).
The log measured temperature of 426°C and pressure of 340 bars at the bottom of the hole, which falls ex-
actly on the two phase curve for a fluid with seawater salinity (Driesner & Heinrich, 2007), consistent with
active phase separation of a supercritical fluid of seawater origin at the pressures imposed by the hydrostatic
head in the drill hole at the time of the measurement.

For the deeper cores, starting with Core 11, the outside surfaces of the cut core were coated in hematite
(Figure 8a). Red hematitic fluid drained from the one open facture at 4637.80 m when the core was extracted
from the core barrel. Each successive core showed more extensive hematite staining on exposed surfaces,
which is not present in the interior when the core is cut. The mineral assemblage of the core is too reduced
to include hematite (Figure S17b in Supporting Information S1). The hematite stain has clearly formed as
hot, ferrous-iron-bearing hydrothermal fluid becomes oxidized by mixing with cold oxygenated surface
water used as drilling fluid.

Some sections of the core in the interval where biotite is present were observed to be coated by yellow salt
that formed on the surfaces of cut core as pore fluid evaporated when the core dried (Figure 8c; Zierenberg
et al., 2017). Analysis of this salt by energy dispersive spectrometry in an electron microprobe showed that
it is predominantly composed of K-Fe-Cl, some accompanied by Cu, Zn, and Mn, and halite. Two distinct
K-Fe-Cl minerals have subsequently been described as daughter minerals in fluid inclusions in terminated
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pyramidal quartz overgrowing euhedral biotite that coats the vein surface (Bali et al., 2020). Biotite is not ex-
pected to form as an alteration mineral in low-K mid-ocean ridge tholeiitic basaltic dikes. The restriction of
biotite alteration to the depth interval around a late-stage vein with K-feldspar and biotite is consistent with
reaction of the basaltic dikes with a high salinity K-Fe-Cl rich brine formed by condensation from super-
critical seawater. Amphibole and plagioclase that formed in the biotite-bearing zone have higher K content
than the underlying rocks that do not contain biotite (Figure 11). The presence of biotite and the increased
K content of minerals extends below the Dike 2-3 contact and coincides with a drop in natural gamma
logs (Mesfin et al., 2020), which is not consistent with a change in primary lithology, but rather implies K
metasomatism, consistent with the presence of K-Fe-Cl-rich brine in the pore space of the core. The narrow
temperature peak at ~725°C (Figure 13d), calculated using the Ti in biotite geothermometer, is consistent
with a sudden, localized appearance of K-rich brine following peak alteration that formed the dominant
plagioclase-hornblende-clinopyroxene-orthopyroxene alteration. A pressure drop related to a fracturing
event could cause supercritical seawater to phase separate by condensation of a high salinity brine.

4.4. Origin of Plagiogranite and Felsic Veins

IDDP-2 drill core records the first occurrence of crystalline felsic rocks from the Reykjanes Peninsula, al-
though felsic segregation veins have been observed in thick lava flows (Martin & Sigmarsson, 2005). Leuco-
cratic bands in diabase from Core 5 contain symplectic intergrowths of quartz - oligoclase and are clearly
igneous in origin due to late crystallization of residual melt. The first true felsic segregation, dominated by
andesine and quartz, was recovered in Core 10 (4309.97 m). The texture of this felsic material, along with
the compositional trends (Figure 5) and dacitic composition, are consistent with its formation as a late stage
differentiated melt (e.g., Helz & Thornber, 1987; Marsh, 2002; Wanless, et al., 2010). A plagiogranite segre-
gation with diffuse gradational boundaries with the wall rock (4640.32 m) presumably has a similar origin.
However, most felsic veins are too quartz-rich to have formed directly by simple crystal fractionation from
the host diabase dikes.

The distinction between plagiogranite segregations and more quartz-rich composite and hydrothermal veins
is well illustrated by the few samples that were separated for chemical analysis. Two quartz-plagioclase vein
samples were large enough to be sampled for whole rock analysis (4635.11 and 4637.80 m; Figure 3). The
vein material is silica rich (up to 79% SiO,) and does not plot along the differentiation trends defined by the
diabases and the felsite (dacite). More importantly, the REE concentrations and patterns of the veins are
distinctly different. REE are significantly depleted relative to the felsite and the chondrite normalized REE
patterns (Figure 5g) have wing-like enrichments in light and heavy REE and strongly developed positive
europium anomalies. The pattern is similar to that of seafloor hydrothermal fluids and geothermal fluid
produced from the Reykjanes reservoir (Fowler et al., 2019). Similar patterns are seen in epidote from hy-
drothermal veins in the Reykjanes reservoir (Fowler & Zierenberg, 2015).

Silica-rich plagiogranite veins and segregations are well known from oceanic crust and ophiolites and mul-
tiple processes have been proposed for their origin. Many studies (e.g., Koepke et al., 2007), have empha-
sized the role of hydrous melting of basaltic/gabbroic rocks as a source of felsic magmas. Many Icelandic
rhyolites have formed by partial melting of hydrothermally altered basalt (Jéonasson, 2007), and the IDDP-1
hole drilled at the Krafla geothermal field in North Iceland drilled into rhyolite magma formed by this pro-
cess (Elders et al., 2011; Zierenberg et al., 2013). What role does partial melting play in the generation of the
felsic veins recovered in the deep core at Reykjanes?

The only evidence observed for in situ melting of the recovered rocks is the small pocket of quartz-An,,
eutectic intergrowth at 4655.99 m, which we interpret as a quenched incipient melt (Figures S9e and S10 in
Supporting Information S1). The melt formed after initial hydrothermal alteration of the rock and quench
crystals nucleated on altered plagioclase crystals and hornblende altered augite. Melting initiated as the
rocks were being cooled (retrograde melting) by hydrothermal circulation due to lowering of the melting
temperature due to increased activity of water. The composition of the melt estimated by EMP is compared
to the bulk rock composition data on Figure 16. The composition of the Krafla rhyolite magma encountered
in IDDP-1, which formed by partial melting of hydrothermally altered basalt is included for comparison
(Zierenberg et al., 2013). The in situ melt is very high in silica with low concentrations of Mg, Fe, and TiO,
(Figuresl6a-16c) that fall on a roughly linear trend with the other felsic rocks, including the Krafla rhyolite.
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Figure 16. Compositional trends plotted relative to silica content. (a) MgO versus SiO,. (b) FeO versus SiO,. (c) TiO, versus SiO,. (d) K,O versus SiO,. (e) AL,O,
versus SiO,. (f) (Na,0 + CaO) versus SiO,. The Krafla rhyolite magma drilled by IDDP-1 (Zierenberg et al., 2013) and the composition of the albite-quartz
eutectic (Pichavant et al., 1992) are shown for comparison.

The incipient melt also has very low K, O, which distinguishes it from the Krafla rhyolite and the one felsic
vein sample from Reykjanes that contains K feldspar. The Krafla rhyolite was proposed to have been derived
by partial melting of hydrothermally altered basalts containing hornblende as the primary hydrous phase
(Zierenberg et al., 2013), whereas there is no textural evidence of amphibole melting in the rocks recovered
at Reykjanes. The elevated K,O content in the felsic vein sample from Reykjanes points to the involvement
of the K-Fe-Cl rich brine, or rocks that have interacted with such a brine. The in situ incipient melt is pres-
ent in diabase below the biotite bearing zone. The temperature of crystallization (734°C) calculated using
Ti-in-quartz, the silica-aluminum ratio, and the sum of major cations (Na + Ca) are a close match for the
quartz-albite eutectic temperature (740°) determined by Pichavant et al. (1992) and is consistent with plagi-
oclase melting induced by interaction with a silica-bearing aqueous fluid.
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Melt from nearby hydrothermally altered sheeted dikes could have migrated through the rocks cored. Lund-
strom (2020) presents experimental work showing that hydrous quartz-albite melts exist continuously from
magmatic-like conditions at >800°C down to 330°C, where conditions would be described as clearly hydro-
thermal. Many of the felsic veins have earlier igneous-appearing textures that are overprinted with later,
more quartz-rich sugary textures, but there are no cross-cutting relationships suggesting separate phases
of veining. The vein textures and the REE patterns are consistent with an evolution from magmatic melts
to melts with a high water content that would be described as hydrothermal with no boundary separating
the end members, as proposed by Lundstrom (2020). The REE patterns clearly distinguish between the
magmatic endmember of the plagiogranites and the hydrothermal endmember of the felsic veins, but more
work is needed to try to address if there are abrupt or transitional changes, especially in composite veins.
Attempting to distinguish between magmatic dikelettes and hydrothermal veins in the cores available may
not be a useful pursuit. Low viscosity felsic melts were able to find permeable pathways through the dia-
bases and formed dacitic veins with igneous textures. In some cases, more evolved water-rich fluids could
continue to exploit these same permeable pathways forming more silica-rich veins which share textural and
compositional, particularly REE, similarities to hydrothermal veins. The evidence at hand supports a local,
as opposed to a deeper perhaps gabbroic, source for the felsites and veins.

4.5. Discussion of Alteration Zones

4.5.1. Geothermal Reservoir Transition Zone

The Geothermal Reservoir Transition Zone is the only zone that shows clear evidence of a prograde alter-
ation sequence, i.e., higher temperature alteration phases (calcic plagioclase, hornblende) are replacing
earlier formed minerals of the epidote-actinolite facies (plus chlorite, albite and titanite) that characterize
the geothermal reservoir that is presently supporting power production at Reykjanes. The concept of a more
permeable hydrothermal reservoir with a storage capacity overlain by a lower permeability cap rock zone
is well established in the geothermal industry and is the basis for quantitative assessment of geothermal
resources (Glassley, 2010). One of the most important results of the IDDP-2 drilling was that it showed the
producible geothermal reservoir extends from the currently exploited depths of 2-2.5 km to approximately
3.5 km. This nearly doubles the size of the potentially exploitable geothermal resource (Fridleifsson, Pals-
son, et al., 2020). Previous work had clearly established the location of the hydrothermal up flow chimney
feeding the Reykjanes reservoir (Fridleifsson, Elders, et al., 2020) and there was no doubt that drilling into
this zone would encounter high temperature, but an economically viable resource also requires sufficient
permeability to produce fluids at a rate that will support energy production.

At the time of this writing, after many months of fluid injection to stimulate permeability, the IDDP-2 well
was allowed to heat toward thermal equilibrium. However, the well has not been produced due to technical
issues with the integrity of the well casing and precipitation of scale minerals blocking flow up the well,
which has also precluded downhole logging or fluid sampling. Because of this, the temperature, fluid com-
position and productivity of this well cannot to be quantified. None-the-less, the discovery of a major fluid
loss zone at around 3.4 km depth represents a significant discovery in terms of the potential for production
of high enthalpy fluids for energy production. Unfortunately, this major loss zone also precluded return of
drilling fluids and rock cuttings to the surface during drilling, severely limiting our knowledge of the down
hole geology below the loss circulation zone.

Rock similar to the drill core recovered in Core 3 has been described in previous studies based on cuttings
from other Reykjanes deep drill holes (Marks et al., 2011; Marks, Schiffman, Zierenberg, Elders, et al., 2010;
Marks, Schiffman, Zierenberg, Franzson, & Fridleifsson, 2010). Limited coring in deep drill holes (Figure 1)
provided important context for the temporal evolution of alteration events in the deeper parts of the cur-
rently exploited Reykjanes reservoir (Fowler & Zierenberg, 2016; Fowler et al., 2015). These previous studies
documented the presence of alteration minerals of the amphibole facies partially replacing minerals of the
epidote-actinolite facies. One distinguishing characteristic of this prograde alteration is the presence of
hydrothermal anorthite and calcic diopside-hedenbergite. The anorthite and diopside-hedenbergite in Core
3 are distinctly more calcium rich than the precursor igneous plagioclase and augite. Is this because (a) the
host rock was more calcic, (b) these rocks have undergone calcium metasomatism, or (c) is it a function of
the hydrothermal mineral assemblage?
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The diabase samples recovered from Core 3 are compositionally distinct from all the deeper diabase dikes.
They are the least evolved in terms of incompatible elements and they have the highest calcium contents.
Quantification of element gains and losses in hydrothermally altered rocks is difficult without clear knowl-
edge of the composition of unaltered precursors. The calcium content falls along expected fractionation
trends versus zirconium (Figure 5c), but the rocks appear to have lost some sodium (Figure 5d) and potassi-
um (Figure 5e). Based on relatively immobile elements, particularly REE (Figure 5g) and Nb, Zr, and Y (Fig-
ure 5h), these rocks are clearly transitional between the TEE and TED suites defined by Gee et al. (1998).
Despite the differences in protolith composition, the presence of highly calcic hydrothermal plagioclase and
clinopyroxene appears to be related to mineral reactions, not protolith composition or metasomatic addition
of calcium.

Focusing on the calcic nature of hydrothermal plagioclase and clinopyroxene is perhaps misguided as cal-
cium is relatively soluble and easily mobilized in hydrothermal fluids. Prograde hydrothermal alteration of
basalt in Icelandic geothermal systems proceeds from zeolite facies to smectite, mixed-layered clay, chlo-
rite, chlorite-epidote, and epidote-actinolite facies before reaching amphibolite facies (Franzson et al., 2002;
Kristmannsdéttir, 1979; Marks, Schiffman, Zierenberg, Elders, et al., 2010; Marks, Schiffman, Zierenberg,
Franzson, & Fridleifsson, 2010). The change to higher temperature amphibolite facies alteration is marked
by the appearance of calcic plagioclase and hornblende, both relatively aluminous minerals. Ironically, the
formation of hydrothermal anorthite may be dependent on albitization. Basalts undergoing progressive
alteration remain little recrystallized until igneous plagioclase becomes albitized. Na-plagioclase is much
less aluminous than igneous plagioclase. It is the release of relatively immobile aluminum that allows to the
rock to recrystallize to minerals like chlorite, epidote and actinolite that have high Al/Si ratios marking the
onset of greenschist facies mineral formation and extensive recrystallization of the basalt.

The transition to amphibole facies is marked by the breakdown of aluminous chlorite and epidote freeing
aluminum to form anorthite and hornblende. Rocks deeper than ~2 km in the Reykjanes system record the
initiation of this replacement reaction in response to higher temperature (Marks, Schiffman, Zierenberg,
Elders, et al., 2010; Marks, Schiffman, Zierenberg, Franzson, & Fridleifsson, 2010). The core recovered at
3,648 m in IDDP-2 shows that the rocks at that depth have not equilibrated to the local temperature and
suggest that hydrothermal alteration is ongoing and is, therefore, still part of the Geothermal Reservoir
Transition Zone. This may have implications for the interpretation of sea floor hydrothermal fluids, as dis-
cussed later in this paper.

4.5.2. Hornblende Zone

The lack of drill cuttings returned to the rig floor and the limited availability of drill core preclude determin-
ing the depth range of the Hornblende Zone. This zone is characterized by excellent preservation of igneous
texture despite pervasive alteration, with near complete alteration of igneous plagioclase and replacement
of augite by hornblende. The range of plagioclase and amphibole compositions and the presence of inter-
grown actinolite and hornblende indicate that the rocks in the Hornblende Zone have not fully equilibrated,
consistent with evidence from the oxide minerals. Petrographic evidence for earlier, lower temperature
alteration in these rocks is lacking, nor is there any evidence of retrograde alteration. The recovered cores
appear to show a single phase of alteration at a medium temperature of 679°C at 3,865 m to 731°C at
4,310 m. It is not clear if the dikes were emplaced into an active hydrothermal system at these temperatures
or if a rapidly evolving hydrothermal system developed with no significant preservation lower temperature
alteration. The temperatures of the peak alteration are also likely a few hundred degrees higher than the
present-day temperature, but we do not observe evidence of continued alteration during cooling.

One surprising feature of these rocks is the pervasive nature of the alteration given the low intrinsic perme-
ability (Gibert et al., 2020) and the near absence of veining in the majority of the core samples recovered.
Approximately 3 m of continuous core was recovered in Core 5 with only a few, mm scale veins completely
filled by hornblende (Figure 6), yet there are essentially no primary igneous phases remaining. The rocks
are pervasively altered but show little evidence for compositional change other than addition of water to
form hornblende. At the temperatures recorded for alteration the hydrothermal fluid (evolved seawater)
would have been well into the single-phase supercritical field with vapor-like properties. Clearly this low
density, low viscosity vapor-like fluid was able to completely penetrate the rock altering the plagioclase to
intermediate compositions and hydrating the pyroxene to form hornblende. The formation of hornblende
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from augite requires addition of aluminum, sodium and potassium, which could be remobilized from plagi-
oclase, but there is no clear loss or gain of elements recorded by the bulk composition of these rocks.

Given that few cores were recovered, we did not sample the permeable pathways that are likely present in
between the cored intervals. The lack of clear evidence for fluid flow paths may therefore not be a robust
observation, however no feed zones were detected by downhole temperature logging in the Hornblende
Zone. The one exception was the very limited and fragmented core recovered in Core 8. Some of the core
fragments were intensely veined with several overlapping generations of quartz-plagioclase =+ amphiblole
replacement veins with minor amounts of shearing and fragmentation. Core 8 consists of very fine-grained
diabase with some chilled margin preserved. It is well established that permeability in the deeper, intru-
sive-dominated portions of the Icelandic geothermal fields is often associated with dike margins (Palgan
et al., 2020). The limited material available from Core 8 appears to represent a prior potential feed zone that
focused fluid flow along a dike margin, and it therefore may warrant more detailed study. One open ques-
tion is “Were hypersaline fluids, similar to those documented from the underlying Pyroxene Zone, able to
penetrate into the shallower portions of the geothermal system?” Fluid inclusions in the vein material may
provide an answer. We note that Core 8 and Core 10 both contain trace amounts of biotite. Some plagioclase
in Core 8 also contains high concentrations of iron (Table S2 in Supporting Information S1). In the follow-
ing section we relate the formation of biotite in the upper portion of the Pyroxene Zone to the localized pres-
ence of a K-Fe-rich hypersaline brine formed by brine condensation from supercritical evolved seawater.

4.5.3. Pyroxene Zone

The recovery of a nearly continuous section of core in the Pyroxene Zone records the transition from mag-
matic to hydrothermal environments that, coupled with data from six independent geothermometers, fluid
inclusions (Bali et al., 2020), and stable isotopes (Zierenberg et al., 2020), provides a detailed picture of the
temperature-time events that have affected the rocks. While temperature can be quantified, only the relative
time sequence can be inferred from the paragenetic sequence. The highest temperatures are recorded by the
two pyroxene geothermometer and they extend to near magmatic temperatures. The highest temperatures
are recorded in what would be expected to be the most reactive phases, replaced olivine and the fine-grained
quenched margins of dikes. Initial alteration of olivine to orthopyroxene is an indication of increased sil-
ica activity due to the penetration of a fluid phase transporting silica into the rocks at temperatures in
excess of 1,000°C. Olivine and orthopyroxene are not in equilibrium (evidenced by the one-way alteration
path) and the composition of the olivine shifted to iron-rich compositions that are not compatible with
the magnesium-rich orthopyroxene that initially replaces them. However, high temperatures are recorded
by cpx-opx (+hornblende) in the alteration coronas and pseudomorphs of replaced olivine. Temperatures
above 1,000°C are also preserved in intergrown cpx-opx (+hornblende) in chilled margins, clearly indicat-
ing that fluids are interacting with very hot rock. At these temperatures, the seawater would have separat-
ed into a low-density vapor plus halite. The main phase of alteration of the rock to the plagioclase-horn-
blende-clinopyroxene-orthopyroxene assemblage occurred at approximately 800° as recorded by both the
plagioclase-amphibole and two pyroxene geothermometers. The pyroxene thermometer shows a skewed
distribution to the high temperature side (Figure 13b) and better preserves the initial stages of alteration
while the plagioclase-hornblende thermometer continues to record lower temperatures as fluid circulation
and cooling progresses (Figure 13a). Quartz-plagioclase replacement veins started to form at temperatures
near 900°C (Figure 13c). A localized pocket of incipient melt formed and crystallized along altered wall
rock at ~734°C, a clear example of retrograde melting in rock undergoing cooling due to lowering of the
solidus due to increase water activity. Felsic patches and veins appear to record a continuous transition
from late stage plagiogranite differentiated melts to overprinting quartz-rich plagioclase veins. The average
temperature recorded in the felsite/veins by the plagioclase-amphibole geothermometer is 728°C while that
recorded by Ti in quartz is 710°C. The average formation temperature of the biotite is 727°C, overlapping
with the average temperature of the felsite veins.

The latest event recorded in the recovered core is the open-space fracture at 4637.8 m (Figure S11 in Sup-
porting Information S1) and we use the information from that interval to constrain the present-day tem-
perature of the hydrothermal system. Quartz in the felsite wall rock gives an average temperature of 700°C
(£42°). Co-existing plagioclase-K-spar in the felsite give a temperature of 657°C (£29°). The oxygen isotope
temperature calculated for biotite and quartz in the open fracture give and equilibrium temperature of
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640°C while titanium in quartz from the prismatic crystals averages 657°C (£42). The latest growth rims on
prismatic quartz crystals formed at 580°-600°C, based on their titanium content. Co-existing vapor-rich and
hypersaline fluid inclusions in healed fractures in these same quartz crystals have homogenization temper-
atures of 600°C (£20°) (Bali et al., 2020). The lowest temperature recorded in the rocks gives a reliable esti-
mate of the maximum in situ temperatures today in this active hydrothermal system. The complete absence
of hydrous alteration in olivine and orthopyroxene suggests the temperatures exceed the upper stability
limit of serpentine and talc, ~550°C at these relatively shallow depths (Berman et al., 1986; Day et al., 1985).
Seawater-derived hydrothermal fluid is entering the bore hole at depths greater than 4,500 m and is under-
going active phase separation at the pressure induced on the bore hole at the time of measurement, which
constrains the temperature to the phase boundary at 427°C and 340 bars (Fridleifsson, Elders, et al., 2020).

4.6. Implications for Seafloor Hydrothermal Systems, Altered Oceanic Crust, and Ophiolites

The main phase of alteration in the Pyroxene Zone took place at ~800°C in the presence of a seawater-de-
rived vapor-like fluid producing the assemblage plagioclase (An,)—hornblende—clinopyroxene (Wo,,
En, Fs, )—orthopyroxene (En,)—magnetite—ilmenite—apatite—isocubanite with chalcopyrite exsolu-
tion + quartz + olivine (Fo) £pyrrhotite. Locally, rocks reacted with a high salinity brine producing biotite
(Mg# ,,), and in one vein, K-feldspar. We now turn to the questions (a) “Are the mineral phases observed in
the IDDP-2 borehole those that constrain the composition of submarine hydrothermal fluids” and (b) “How
does this mineral assemblage compare to alteration assemblages observed in the sheeted dike section of
oceanic crust and ophiolites?”

Hydrothermal olivine has not been previously reported, to our knowledge, from altered sheeted dikes, but
has been reported from ultramafic rocks drilled at IODP Site 735B (Dick et al., 1992). The most extensive
studies of alteration of sheeted dikes recovered from intact oceanic crust comes from scientific oceanic drill-
ing at Hole 504B and 1256D (Figure 1). Hydrothermal alteration of the sheeted dike section of the oceanic
crust has been investigated in numerous drill holes, as reported in Alt et al. (1996, 2010). The alteration min-
eral assemblages reported are very similar to those in the Geothermal Reservoir Transition Zone of IDDP-2.
In the IODP samples, high temperature (>400°C) hornblende facies alteration is indicated by calcic plagi-
oclase, hornblende and hydrothermal clinopyroxene. The rocks are not as pervasively altered as we report
from IDDP-2 and most samples contain epidote, actinolite and albite in addition to the amphibole facies
minerals. One significant difference is that the IODP hydrothermally altered dikes show a retrograde alter-
ation sequence with early amphibole facies minerals veined and replaced with lower temperature minerals
formed as the hydrothermal system weakened and cooled, which is in contrast to the prograde sequence
recorded in the Geothermal Reservoir Transition Zone of IDDP-2 where hornblende is observed overgrow-
ing and replacing actinolite.

Granoblastic dikes recovered at the sheeted dike-gabbro transition at IODP Site 1256 (Koepke et al., 2008)
have the same mineral assemblage as the rocks from the Pyroxene Zone in IDDP-2. At Site 1256, the recrys-
tallized dikes formed in response to thermal (contact) metamorphism driven by gabbro intrusions, followed
by hydrothermal alteration. Granoblastic textured rocks formed by high temperature contact metamor-
phism related to dike emplacement have been previously described in dill cuttings from the drill holes in
the deepest part of the Reykjanes geothermal reservoir at depths of ~2,200-2,700 m (Marks et al., 2011).
Granoblastic textured zones are rare in the rocks recovered from the deepest section of IDDP-2 where they
occur intergrown with altered rocks retaining their igneous texture and appear as part of the high tem-
perature hydrothermal alteration. Contact metamorphism may be expected in wall rocks near quenched
dike margins, but no evidence for this is recorded in the rocks and the granoblastic textured zones occur in
dike interiors away from chilled margins. Koepke et al. (2008) describe an earlier, higher temperature, dry
paragenesis for the granoblastic clinopyroxene-orthopyroxene-plagioclase-magnetite-ilmenite assemblage,
followed by a lower temperature, wet paragenesis amph-cpx-pl-mt-ilm assemblage formed in response to
fluids derived from the gabbros. In contrast, hornblende is intimately intergrown with cpx and opx in the
IDDP-2 rocks and the granoblastic textured rocks formed at the same paragenetic stage and temperatures as
the main stage hydrothermal alteration.

Granoblastic textured rocks with mineral assemblages similar to those observed in the Pyroxene Zone
in IDDP-2 have also been reported from Hess and Pito Deeps in the Pacific and the Cyprus and Oman

ZIERENBERG ET AL.

31 of 40



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009747

ophiolites (Gillis, 2008; Gillis & Roberts, 1999). The mineralogy, mineral chemistry, paragenetic relation-
ships, and geothermometry of hornblende- and pyroxene-hornfels that record the magma-hydrothermal
transition in the Troodos Ophiolite, Cyprus, are nearly identical to what we observe in the deep drill cores
from IDDP-2 (Gillis & Roberts, 1999). The hornfels alteration occurs at the top of gabbroic bodies that in-
trude the base of the sheeted dikes and is associated with plagiogranite segregations and veins. The setting
is similar to that drilled in IODP Hole 1256, and in both cases hornfels is interpreted to form during pro-
grade metamorphism of hydrothermally altered dikes near the dike-gabbro transition. These occurrences
are from fast and intermediate rate spreading centers where shallow, persistent axial magma chambers
are thought to be common at the base of sheeted dike complexes. In these setting, hydrothermally altered
diabase may be subject to repeated episodes of prograde, contact metamorphism during intrusion of new
gabbroic bodies. The Reykjanes Ridge is a slow spreading ridge with an anonymously thick crustal section
due to excess melting related to the Iceland Hot Spot. While the extent of sheeted dikes below the bottom
of the drill hole at 4.5 km is not known, there is no indication from geophysical surveys that suggest the
presence of shallow melt bodies under the Reykjanes Peninsula (Blanck et al., 2020; Martins, et al., 2020).

A key difference between all of the examples of high temperature pyroxene facies mineral assemblages
described from the oceanic crust and ophiolites compared to the IDDP-2 rocks is that the IDDP-2 hole is
the only one drilled into an active geothermal system. There is no evidence for prograde, contact meta-
morphism at Reykjanes and all of the alteration has occurred in an active hydrothermal system that has
cooled approximately 200°C since the main stage of high temperature alteration. The rocks recovered from
IDDP-2 were quenched during drilling from in situ temperatures of approximately 600°C, and there is no
overprinting alteration or deformation related to off-axis hydrothermal circulation tectonism, or emplace-
ment, as occurs in the case of the ophiolites. More importantly, the IDDP-2 deep alteration is the only high
temperature reaction zone where we can demonstrate the presence of a hydrothermal up-flow zone. This
allows a direct comparison of the Reykjanes geothermal fluid to mid-ocean ridge vent fluids, which overlap
in composition.

Numerous studies have used either seafloor hydrothermal fluid compositions or the compositions of fluids
from laboratory experiments to infer the mineral assemblages in the high temperature reaction zone that is
assumed to control fluid composition. Recent reviews of these studies include Seyfried and Shanks (2004),
German and Seyfried (2014), Humphris and Klein (2018), and Schwarzenbach and Steele-MacInnis (2020).
There is general agreement that the high temperature reaction zone is located near the base of the sheeted
dike section at a depth of ~4.5 km below the sea level. Phase separation plays a critical role in many seafloor
hydrothermal systems with estimates of subseafloor temperatures in the 400°-500°C range. These tem-
peratures are lower than the present-day temperatures at 4.5 km under the Reykjanes system and at least
300°C lower than the conditions present during the main-stage alteration of the sheet dikes recovered at the
base of IDDP-2. None of these papers suggest control of the fluid compositions by the mineral assemblage
documented in the Pyroxene Zone at Reykjanes. Rather, there is general agreement that the fluid compo-
sitions are set by reaction with basaltic rocks with greenschist facies alteration minerals including chlorite,
amphibole, albite and epidote. In the IDDP-2 samples, chlorite, albite and epidote are last observed in the
Geothermal Reservoir Transition Zone and are not observed deeper than 3,865 m. These greenschist facies
minerals are no longer stable in the transition zone where they are being replaced by the calcic plagioclase
and hornblende that characterize the Hornblende Zone.

Epidosites have been widely recognized as zones recording extensive alteration by reaction with hydrother-
mal fluids related to black smoker systems (Richardson et al., 1987; Schiffman et al., 1987) and continue to
be referenced as the source rocks for seafloor hydrothermal fluids that form massive sulfide deposits as the
‘Epidosites contain virtually no sulfide and are highly depleted in Cu, Zn, and other metals’ (Schwarzen-
bach & Steele-Maclnnis, 2020). Schiffman and Smith (1988) and Seyfried et al. (1988) clearly establish that
epidosites are produced by extensive reaction of basaltic dikes at high water-rock ratios which depletes the
rock in soluble elements including boron, alkali metals and base metals. Alteration in these upflow zones
creates permeable pathways due to mineral dissolution that focusses further hydrothermal upflow (Cann
et al., 2015). A consequence of the extensive alteration at high water-rock ratio is that these rocks can no
longer supply metals and soluble elements, including boron and alkali metals, to the hydrothermal fluids.
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In contrast, black smoker fluids are metal-rich and the concentration of soluble elements in seafloor hy-
drothermal fluids requires the fluid to continually react with relatively fresh basalt at low water to rock
ratios (Seyfried et al., 1988; Von Damm et al., 1985). While epidosites are clearly not formed in the deep
high temperature reaction zone and do not control the composition of black smoker fluids, they do provide
important evidence that hydrothermal fluids continue to interact with basalts in focused fluid upflow zones
where high time-integrated water to rock ratios are possible (Cann et al., 2015; Gilgen et al., 2016).

An implicit, but rarely stated, assumption is that fluids generated in submarine high temperature reac-
tion zones raise rapidly to the seafloor with minimal interaction with rocks along their path through their
up-flow zone. Short lived radiogenic isotope concentrations in submarine hydrothermal fluid (Kadko &
Butterfield, 1998) and the Reykjanes geothermal fluid (Kadko et al., 2007) have been interpreted to reflect
very short residence times (1-4 years) in the subsurface from the onset of high temperature hydrothermal
alteration, supporting rapid upflow of hydrothermal fluid. Based on thermal and fluid flow constraints,
Coogan (2008) argues that temperatures exceed greenschist facies at the base of the sheeted dikes and that
the dikes are interacting with hot fluids in the up-flow zone underlying seafloor vents. These arguments
are presented in the context of medium- to fast-spreading oceanic crust where heat transfer is mediated by
the conductive boundary layer of an axial magma chamber cooled by hydrothermal convection. Many have
argued that sustained high temperature venting can only be supported by magmatic activity (Lister, 1974;
Lowell & Germanovich, 2004) with conductive heat flow across a thin (tens of m) conductive boundary lay-
er. Jupp and Schultz (2000, 2004) explore the relationship between permeability-controlled fluid flow and
thermal conduction as a constraint on the maximum temperature of hydrothermal vents driven by basaltic
melt. Sustained hydrothermal upflow of high temperature (350°-400°C) fluid is only possible at relatively
low permeabilities in the range of ~5 X 107 m? (Coumou et al., 2008, 2009; Geiger et al., 2006; Ingebritsen
et al., 2010). The near absence of open fractures in the IDDP-2 core and the petrographic observations de-
tailed in this study confirm that the recovered rocks have been pervasively altered despite the lack of intrin-
sic permeability, consistent with the modeling of seafloor hydrothermal systems (Scott et al., 2017). Shallow
magma lenses that typically underlie medium to fast spreading mid-ocean ridges are clearly sufficient to
drive sustained high temperature hydrothermal discharge, but are they necessary?

Reykjanes is a slow spreading rift (1.8 cm/yr; Sigmundsson et al., 2020). Wilcock and Delaney (1996) sug-
gest that long-lived, high temperature geothermal circulation at slow spreading ridges can be maintained by
progressive downward migration of a thermal cracking front in crystalline rock. Emplacement of magma in
slow spreading environments is episodic with intervening periods of amagmatic tectonic extension that can
create permeable pathways for deep circulation of seawater (Cannat, 1993; McCaig & Harris, 2012). Basalts
erupted on the Reykjanes peninsula derive from fissure feed eruptions with a deep source that does not
indicate storage in a shallow magma reservoir (Arnérsson, 1995).

The Reykjanes geothermal system is thought to have been active since at least the last glacial maximum
(Fowler et al., 2015; Franzson et al., 2002; Hardardottir et al., 2009) with a minimum thermal output of
130 MW (Fridriksson et al., 2006). No data have been presented to suggest that the Reykjanes system has
not been continuously active, and deep hydrothermal alteration in the Hornblende and Pyroxene Zones
described in this paper shows only retrograde cooling with no overprinting suggestive of episodic activity.
In contrast to the observations presented in Coogan (2008) that high temperature, pyroxene-bearing alter-
ation at the base of sheeted dikes in medium to fast spreading environments is localized in heterogeneous
alteration zones, the alteration at Reykjanes is homogeneous and pervasive. Coogan (2008) correctly points
out that none of the known high temperature alteration assemblages in oceanic crust or ophiolites can be
traced to focused up-flow zones that supported near surface hydrothermal discharge, whereas the IDDP-2
drill hole was targeted to penetrate the hydrothermal up-flow chimney that feeds the Reykjanes geothermal
system. While we cannot eliminate the possibility that the Reykjanes system is underlain and thermally
driven by an active basaltic melt lens, there is no evidence for any shallow magma bodies below the Rey-
kjanes geothermal field despite extensive geophysical surveys conducted in the area (Blanck et al., 2020;
Martins, et al., 2020).

High-temperature, off-axis-hydrothermal vents have been located on several slow to intermediate rate
spreading centers (Clague et al., 2020; Gallant & Von Damm, 2006; Humphris et al., 1995; McDermott
et al., 2018). Large sulfide accumulations on the seafloor that most resemble massive sulfide ore deposits
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occur in long lived (>10 ka) geothermal systems in settings lacking underlying axial magma chambers, for
example the Atlantis IT Deep in the slow spreading Red Sea (Bicker & Richter, 1973), Middle Valley (Zier-
enberg et al., 1998), which is on an abandoned rift segment, and the TAG deposits (Humphris et al., 1995).
The TAG deposit is situated in the hanging wall of a large detachment fault, which may provide a fluid
pathway for fluids heated by an axial magma lens (McCaig & Harris, 2012). Large metal accumulations
on the seafloor require sustained flux of high temperature hydrothermal fluids, but it is not clear that they
necessarily require an actively crystallizing magmatic heat source. While the Reykjanes geothermal field
could be driven by an undiscovered gabbroic intrusion at depth, there is presently no evidence that requires
an active magmatic heat source.

IDDP-2 has succeeded in a long and concerted effort to drill and obtain rock samples from the high tempera-
ture reaction zone. It shows that temperatures and alteration mineral assemblages do not match the prevail-
ing wisdom that sea floor vent fluid compositions are buffered by greenschist facies alteration of basalt and
the generally unstated assumption that hydrothermal fluids are rapidly transported from the high temper-
ature reaction zone with minimal rock alteration in the up-flow path. Studies from many geothermal fields
allow clear delineation of geothermal reservoirs with significant storativity and residence times. The data
presented here from the Geothermal Reservoir Transition Zone, along with previous studies from the deep-
er parts of the Reykjanes geothermal reservoir (Fowler et al., 2015; Marks, Schiffman, Zierenberg, Elders,
et al., 2010; Marks, Schiffman, Zierenberg, Franzson, & Fridleifsson, 2010), demonstrate that greenschist
facies assemblages are actively being replaced by amphibole facies assemblages. This raises the question of
whether high temperature black smoker vent fluids represent conditions in the deep reaction zone or re-
flect continued water-rock interaction in the fluid up flow zones, as is the case with subsurface geothermal
reservoirs. Unfortunately, observational constraints on the deep hydrology of active seafloor systems are
essentially non-existent making direct comparison to well-studied on-land geothermal systems difficult.

Scott et al. (2017) used a coupled reactive transport model to investigate seawater recharged hydrother-
mal systems driven by intrusive heat sources. An important conclusion of that work is that the depth of
emplacement of the heat source is a critical variable. They distinguish between shallow systems, such as
that drilled by IDDP-1 in the Krafla geothermal field where high temperature interaction leads to fluid
boiling, and deeper (<4 km) heat sources where phase separation occurs via brine condensation, a process
often referred to as supercritical phase separation. This model was constructed prior to the deep drilling at
Reykjanes but appears to be compatible with many of the observations from the IDDP-2 borehole. Phase
separation by brine condensation leads to phase segregation of a halite-saturated brine and vapor-like fluid
that further separate due to higher buoyancy forces of the vapor phase. Accumulation of brine and precip-
itation of halite in the deep reaction zone drastically changes the permeably and heat transfer in the deep
reaction zone (Scott et al., 2017; Vehling et al., 2020). Rates of vapor mass flux and convective heat transfer
are maximized in the brine condensation zones, in contrast to shallower systems that phase separate at low-
er pressures by boiling. Fluid mixing, including incorporation of recharged evolved seawater on flanks of
the up-flow zone, results in temporal and spatial variations of salinity in the discharging fluid that span the
full range of observed vent fluid salinities. We know that the deep fluids at Reykjanes have phase separated
by condensation of a high salinity brine (Bali et al., 2020). The deepest core samples show clear evidence of
rock alteration at 800°C from a vapor-like fluids, and locally, the cores record reactions with K-Fe-Cl rich
brine, which results in the formation of biotite, and in one vein, K-spar.

In spite of the evidence for phase separation at 4.5 km depth, the salinity of the geothermal reservoir fluid
produced at Reykjanes is very close to seawater. Does this mean that the contribution of phase-segregated
seawater (brine and (or) vapor) to the production zone is minimal? Is it a reflection of incorporation of
evolved recharging seawater entrained in a rising vapor plume? Is the salinity of the reservoir fluid at Rey-
kjanes constant in time? Pope et al. (2009) propose that meteoric water recharge may have occurred when
the Reykjanes peninsula was covered by glacial ice during the last Ice Age. These important questions re-
main to be answered. We do note that biotite, which is not expected as an alteration phase of low K basalt,
has been observed in trace amount in Cores 8 and 10, where it may have formed in response to incorpora-
tion of condensed brine in the vapor-like up flow plume. Diabase from Cores 5 and 6 has a bulk composition
that is as high in K,O as the Dike 1 and 2 rocks that are in the brine condensation zone, which may reflect
some brine-related alteration higher in the system.
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The Reykjanes fluids also lie on a Li versus Rb plot between Endeavor Main Field fluids and sediment-host-
ed systems (Figure 3). Although marine sediments occur in the shallow part of the Reykjanes geothermal
field, it is unlikely these trace elements are derived from marine sediment on the recharge pathway. En-
deavor Main Field fluids show enrichment in ammonium and §'3C depleted methane, further evidence for
interaction of organic matter in sediment along the recharge path for those fluids (Butterfield et al., 1994;
Lilley et al., 2003). Reykjanes fluids lack these sedimentary derived components (Oskarsson, Fridriksson,
& Thorbjérnsson, 2015; Oskarsson, Inguaggiato, et al., 2015). Alternatively, the observed alkali enrichment
may come from a small addition of K-Fe-Cl rich brine that is present in portions of the Pyroxene Zone to
the reservoir fluid.

Phase separation in seafloor vent fluids is well established but inferring conditions in the deep high tem-
perature reaction zone remains a challenge as fluids can both cool and react with rocks in the upflow zone.
McDermott et al. (2018) have established that fluids venting at temperatures near 400°C (which is below
the local boiling point) at the Piccard vent field, Mid-Cayman Rise must have phase separated at depth at
temperatures at least 90° higher. Scheuermann et al. (2018) estimate subsurface temperatures at Piccard
were 540°C. The Piccard fluids are depleted in chloride relative to seawater and may be a reasonable analog
for the fluids responsible for the main stage Pyroxene Zone alteration in IDDP-2.

Examples of high temperature brines condensed from seawater by phase separation at high temperature
are less common (Vehling et al., 2020). The highest salinity hydrothermal fluids (excluding those which
have interacted with evaporites) are from the Cleft Segment of the Juan de Fuca ridge where vent fluid
salinity reaches approximately twice seawater values. Wheat et al. (2020) describes results from a 32-year
long time-series of sampling fluids at Vent 1 in the South Cleft Vent field. The vent temperature measured in
2016 was 338°C, which is at least 70°C lower than the minimum temperature inferred for phase separation
of these high salinity brine. The temperature appears to have remained remarkably stable for more than
30 years, but the salinity of the vent has undergone a monotonic decrease from 65% higher than seawater
in 1984% to 39% higher in 2016. The compositional changes are consistent with a decreasing contribution
of previously phase separated brine stored in the subsurface into an active, seawater-recharged convective
system. Using the composition of the phase separated brine in fluid inclusions from IDDP-2 samples (Bali
et al., 2020), Wheat et al. (2020) show that the component of such brine required to be mixed into the Vent
1 fluid decreased from 5.4% in 1984% to 3.3% in 2016. Vent fluid compositions and temperatures sampled at
the seafloor are a function of subsurface cooling, mixing, and rock interaction and at best represent a point
in time. Inferring subsurface mineral controls on fluid composition will remain a challenging task, even
if we now have direct observational evidence in the IDDP-2 borehole of the temperature, mineralogy, and
mineral chemistry from the root zones of an active seawater-recharged hydrothermal system.

5. Conclusions

Fluid compositions in the seawater-recharged Reykjanes geothermal system are directly analogous to those
sampled at mid-ocean ridge spreading centers after reconstructing the fluid composition to account for
down hole boiling and mineral precipitation. The Reykjanes fluid compositions resemble the Endeavor
Main Field, which are classified as sediment-influenced to explain slightly elevated B and alkali element
concentrations, relative to basalt-hosted systems. However, Reykjanes fluids differ from the Endeavor fluids
as they do not show elevated ammonium concentrations or §'*C depleted methane, indications of interac-
tion with sedimentary organic matter, suggesting the increased B and alkali elements derive from incorpo-
ration of phase-separated high salinity brine. This has been documented in fluid inclusion studies and by
the presence of saline pore fluids in the deep cores from IDDP-2.

Cores recovered from sheeted dikes, which are under a hydrostatic pressure head of 4.5 km of seawater,
sample the high temperature reaction zone feeding the Reykjanes geothermal system. This is a direct geo-
chemical analog for the high temperature reaction zone postulated to occur near the sheeted dike-gabbro
transition in mid-ocean ridge and ophiolite-hosted hydrothermal systems. Directional drilling at Reykjanes
penetrated a well-defined, active hydrothermal up-flow chimney that feeds fluid to the Reykjanes geother-
mal reservoir. Evolved supercritical seawater is entering the bore hole at depths greater than 4.5 km and
undergoing active phase separation producing a vapor-like fluid and a K-Fe-Cl-rich high salinity brine.
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Eight independent mineral geothermometers document the temperatures of the hydrothermal alteration
of the sheeted dikes, which started at temperatures well above the brittle-ductile transition for basalt and
only slightly below the solidus temperature of the diabase dikes. The dikes are pervasively altered, but
little changed in bulk composition, consistent with low water to rock ratio and limited fluid flux through
the rocks. The main stage of alteration occurred at approximately 800°C producing the equilibrium hydro-
thermal mineral assemblage plagioclase-hornblende-orthopyroxene-clinopyroxene-magnetite-ilmenite-ap-
atite-isocubanite-chalcopyrite + quartz =+ olivine + pyrrhotite. The geothermometers define a vertical ther-
mal gradient of 137°C/km at the time of main stage alteration. In the initial stages of alteration, a vapor-like
supercritical fluid (+halite) was able to penetrate rock that had very low intrinsic permeability. Increased
water activity resulted in incipient, retrograde melting. Felsic veins formed by magmatic/hydrothermal pro-
cesses that ranged from crystallization of a water-rich magma-like fluid to precipitation from a silica-rich
hydrothermal-like fluid. These record cooling of the system down to present-day temperatures near 600°C.
Fracturing was rare in the recovered core, the upper portion of the deepest core, which is nearest to the
hydrothermal feed zone, has one open fracture. The surrounding diabase exhibits hydrothermal alteration
from co-existing vapor-like and K-Fe-Cl-rich hypersaline brine that condensed from supercritical altered
seawater in response to pressure drop, presumably induced by fracturing in otherwise ductile rocks due
to sufficiently high strain rates. The core from this upper zone contains biotite (and locally K-feldspar) in
addition to the other alteration minerals that define the Pyroxene Zone alteration in the high temperature
reaction zone.

The thick sequence of sheeted dikes that overly the Pyroxene Zone is altered to plagioclase and hornblende.
The rocks in the Hornblende Zone show little evidence of retrograde alteration, but the Hornblende Zone
alteration is actively overprinting greenschist facies alteration in the transition zone to the overlying geo-
thermal reservoir that feeds the Reykjanes power plant. Highly productive hydrothermal feed zones that
were encountered in the IDDP-2 drill hole at approximately 3,400 km depth significantly increase the po-
tential known geothermal resource of the Reykjanes geothermal field which had previously only been ex-
plored by drilling down to approximately 2,700 m depth. In the future, it may be possible to use injection
and production wells to produce 600°C fluids to drive turbines at Reykjanes, which could significantly in-
crease power production with little change in the environmental footprint of the geothermal field. This will
require considerable investment in the technology to handle 600°C fluids, including evaluation of potential
corrosivity and scaling issues and the development of high-temperature well casing and casing cements.

Extensive drilling and geophysical studies conducted at Reykjanes confirm that the IDDP-2 drill hole pro-
vides a vertical transect of hydrothermal alteration in an active geothermal up-flow zone and provides the
first samples of rocks undergoing active alteration by supercritical seawater in a high temperature reaction
zone. Study of these samples is providing important constraints for understanding fluid-rock interaction
at mid-ocean ridges, a fundamental Earth process that controls energy and chemical fluxes between the
lithosphere and the hydrosphere.

Data Availability Statement

Data sets for this research and Supporting Information S1 files are archived at https://doi.org/10.5281/
zenodo.5048353.
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