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Introduction

Z Premise:
Z Magmatic CO, from the mantle released at MAR

Z Seawater penetrates coastal Reykjanes Geothermal System
(RGS), reacts with CO, & basaltic host rock, forming
secondary hydrothermal minerals

Z Under specified conditions, the geothermal fluid P,
may be calculated as a function of the composition of
hydrothermal minerals: epidote & prehnite

Z *Using thermodynamics, mineralogy may record the
evolutionary history of CO , in the geothermal system*



Reykjanes Geothermal System

Adigh-T geothermal
system distribution

MReykjanes system in
SW Iceland where
MAR diverges



Mineral Alteration Zones

Epidote-Prehnite-Calcite-Qtz

417

UTM-East (km)

RN-9, RN-10, RN-17



Observed Mineral Assemblage

FAt > 250° C
(chl-epi & epi-act):

[£Assemblage:
epipreh-ccqtz

FEpidote observed in abundance

FZoning Trend : Fe-rich cores, Al-rich rims
EExtreme Fe content ; observed nowhere
else in world




Mineral Chemistry

Within RGS epidote and prehnite both display compositions with
varying degrees of Al and Fe(l11) substitution.

Epidote: Ca,Fe,Al;,Si30,,(0H), X = ng;y substituted for Al

Solid solution end-members: clinozoisite : Ca,Al,Si;0,,(0OH);
epidote: Ca,Al,FeSi;0,,(0H); pistacite : Ca,Fe;Si;0,,(0OH)

Xps = NeJ(N g + Ny ), N @nd Ny # atoms per formula unit, % Fe(l11) in sites

Prehnite: Ca,Al,  Fe (AlSi;0,5)(OH),,
X = Negainy = Xeepren #atoms Fe(l11) substituted for Al



Mineral Assemblage

Ca,Al,Si;0,,(OH) + CaCO, + 1.5 SiO, + H,0 = 1.5 Ca,Al,Si,0,,(OH), + CO,

Clinozoisite Calcite Quartz Prehnite



Mineral Assemblage
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Mineral Assemblage

Ca,Al,Si;0,,(OH) + CaCO, + 1.5 SiO, + H,0 = 1.5 Ca,Al,Si,0,,(OH), + CO,

Clinozoisite Calcite Quartz Prehnite

Equilibrium Constant Reaction:

109 Pcoz = 10g Kyp+10gac,,T 1.510gap., + l0g @,

If: K, chemical composition (activity) of epidote and prehnite
Then: May calculate fluid P ~5,that formed minerals



Phase Rule Constraints

f=c+2-p

c: number of chemical components = 7 (NaCl, CaO, Al O, Fe,0,, SI0,, H,0, CO,)
p: number of phases =5 (calcite, epidote, prehnite, quartz, fluid)
f: variance (independent variables) =7 + 2 - 5 = 4 (quadra-variant assemblage)

CFix 4 intensive variables (e.g., T, P, a,0, a.,,and/or yren), €quilibrium
uniquely defined.

ET & P: constrained as a function of depth in the drillholes
Fa,,o computed using aqueous species distribution algorithms

Za.,,and a,.,: calculated using chemical composition of samples from
drillhole cuttings in RN-9, 10, 17 (use electron microprobe analysis)

|Og PCOZ = |Og KT,P+ |Og Aczo 1.5 IC)ga'Preh w |Og 20



Evaluation of Local Equilibrium

Before continuing the investigation, it is important to evaluate the
extent to which the in situ hydrothermal fluids are in equilibrium
x EOE OEA | ET AOAI AOOAI Al ACAS

Thermodynamic activities of aqueous species for geothermal fluids collected at
the wellhead (I + s) derived using computer programs (SOLVEQ, WATCH).
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Quartz Solubility Reaction:

Sic)Z,Quartz U Sic)Z,aq
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Evaluation of Local Equilibrium

CALCITE
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PREHNITE
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'
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Calcite Hydrolysis Rxn:
CaCO; + 2H* U
Ca?* + H,0 + CO,

250 260 270 280 290 300 310 320

Temperature, (1C

CzoHydrolysis Rxn:
Ca,Al,Siz0,,0H + 13H* U
2Ca%* + 3APR* +3Si0,,, + 7H,0

Preh Hydrolysis Rxn:

Ve

2Ca2* + 2AI¥* +3Si0, 5, + 6H,0

In EQ (within upper limits
of assumed uncertainty)

In Equilibrium
In Equilibrium



Analytical Procedures

RN-10, 1430 m

25
[ I

1\1

B

Formula Atoms

Fe(lll)

Relative Microns

AElectron microprobe used to

determine mineral chemistry o R
(JEOL 733A, 15 KV accelerating potential, ‘
15 nA beam current)

AGeneral trend of RGS: epidote crystals
Fe(lll) -rich cores and Al -rich rims
occasional oscillatory zoning

Relative Microns




Compositional Results

Fvy VYV
AA Ak A MMM AA A AAA
AA A A A

Epidote X, Range:

RN-9:0.19-0.44
RN-10:0.18-0.48
RN-17:0.17-0.46

Prehnite X, Range:

RN-17: 0.13-0.59

Demonstrate extreme
range of Fe(l11)-Al
substitution similar to
RGS epidotes.

AScarce, small grain size
(—20 um), few samples




Prehnite Composition

& Bird and others (1984)
Milodownki and others (1980)

ESigmoidal regression fit to data set of
coexisting epidote and prehnite compositions
from active geothermal systems

FECompositional constraints on regression:
Z &0 COoexists With X, prennite = 0
Z 58 0.36 coexists with Xg, pre, = 0.60
(Fe(lIl)-richest epidote found in
cuttings where prehnite also found)

Can calculate Xg, pennite Values for every epidote analysis (X < 0.36)

Trends:

ECalculated & measured prehnite compositions range from X, ., = 0.05 to 0.6.
FCalculated & measured compositional range very similar, confident in method



Thermodynamic Considerations

[ log Pco, = log Kypt+logac,,i 1.5 logap,, + 109 ay,q ]

a0 = 0.985 (SOLVEQ)

Apreh = XAI,Prehnite =1- XFe,Prehnite =1- Singid regrESSion -
17 (0.9903/(1 + exp(-(X s - 0.3321)/0.0641)))

Acy0= XamiE 8 ma

Determined the distribution of Al (and Fe(l11)) in crystallographic sites
using measured ng,, N, and a solid solution T-dependent substitution
order-disorder model (Bird and Helgeson, 1980)

Log K=57.781 - 22843/T2 - 4792.99/T + 0.00829 T +
0.6864x10-6 T2 - 19.302 LogT

Calculated using T-dependent algorithm (Arnorsson et al., 2007)



Calculated Py,

[ log Pep, = log Ky p+ log ac,, 1 1.5 logag,e, + 109 a5 ]

Trends:
FAtU T,Pgo, Uwith bX

FAtU X Peop Uwith UT

(but to a lesser degree with
UFe(l11) content in epidote)




Calculated Py,

[ log Pep, = log Ky p+ log ac,, 1 1.5 logag,e, + 109 a5 ]

Comparison with in situ
fluid compositions
Composition of reservoir liquid derived from

speciation analyses of liquid & steam samples
collected at the wellhead (275-310° C)
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In situ Values:
1.4 - 4.0 bars

Calculated:
FD.57 to 6.17 bars (Assemblage)
[£1.32 to 6.81 bars (Non-Assemb.)




Calculated Py,

[ log Pep, = log Ky p+ log ac,, 1 1.5 logag,e, + 109 a5 ]

Temperature, [C

Comparison with in situ
fluid compositions

Composition of reservoir liquid derived from
speciation analyses of liquid & steam samples
collected at the wellhead (275-310° C)

In situ Values:
1.4 - 4.0 bars

Calculated:
FD.57 to 6.17 bars (Assemblage)
[£1.32 to 6.81 bars (Non-Assemb.)



Calculated P,

[ log Pep, = log Ky p+ log ac,, 1 1.5 logag,e, + 109 a5 ]

Shaded area:

range of in situ fluid compositions

If RGS corerims formed
under assemblage
equilibrium conditions:

Z@ U T, requires UP_y, with time

(rise in CO, content may record Uin #
Intrusions of dikes/sills and their
magmatic degassing during evolution of
Reykjanes GS)

E@ U Py, requires b T with time
(spatial or temporal changes to system)



Agreement Trends

Assemblage

B Wellhead

R oo Cuttings at depths where assemblage observed:
£143 epidote analyses

E72% of the computed values of P, (0.57 to
6.17 bars) are within P, range of collected
formation fluids (1.3 to 4.0 bars);

g
8
g .

Non-Assemblage

Cuttings at depths where assem. NOT observed:
FEPrehnite and/or calcite missing

124 epidote analyses

£58% of the computed values of P, (1.3 t0 6.8
bars) are within P, range of collected
formation fluids (1.3 to 4.0 bars)

nts

:
8 0
g




Conclusions

EMethod for calculating fluid P -, proven quite reliable (72%) when all
four index minerals of epidote-prehnite-calcite-quartz assemblage present.

EIf only epidote, prehnite and quartz are observed , our method appears
to serve as a moderately accurate (58%) predictive proxy for fluid Py,
values in the RGS.

EStrong agreement between sampled and predicted fluid compositions
provides insight into future abilities to characterize:

EP.q, in active and fossil hydrothermal and low-grade metamorphic
environments in mafic lithologies

EThe nature of reactions that involve natural sequestration of CO,
derived from magmatic degassing

EThe nature of reactions that involved injection of industrial CO,-rich
fluids within hydrothermal environments in basaltic rocks.
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*Thermodynamics reveals that mineralogy records the

evolutionary history of CO , in the geothermal system*
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