Dynamics of volcano-
hydrothermal systems
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Hydrothermal explosion in Biscuit Basin,
Yellowstone NP - May 17, 2009
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Why study hydrothermal systems?

Hazards
» Hydrothermal explosions

« \Water saturated, hydrothermally altered rocks increase the
potential for catastrophic sector collapses and destructive

lahars
« Source of toxic gases and dissolved metals
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Why study hydrothermal systems?

Resources
« Geothermal energy The Geysers geothermal field
e Mineral deposits with a production of ~1 GW
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: Bingham Canyon Mine, Utah

Produced >19 million tons of copper,
more than any other mine




Why study hydrothermal systems?

Life at High Temperatures m‘” ,
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Mushroom Pool, Yellowstone

« The thermophile bacteria Thermus aquaticus isolated In
Yellowstone led to the invention of PCR (polymerase chain
reaction) that utilizes its heat-resistant enzyme to speed

up DNA replication
* This discovery helped create the field of biotechnology and the

onset of the pharmaceutical industry



Why study hydrothermal systems?

SEA ICE, PERMAFROST
AND POLAR REGIONS

DEEP-SEA ANOXIC
LAKES AND BRINE 5

Analogs for extraterrestrial life

COLD SEEPS AND
MUD VOLCANOES
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SHALLOW-WATER
HYDROTHERMAL
VENTS

DEEP-SEA
SEDIMENTS
AND TRENCHES

HOT-SPRINGS,
FUMAROLES AND
MUD VOLCANOES

HYPERACIDIC LAKES
AND VOLCANOES

DESERTS AND
ARID ENVIRONMENTS

ACID MINE
DRAINAGE

e e e . 7
MARINE AND SODA LAKES NUCLEAR OPHIOLITES AND
CONTINENTAL AND HYPERSALINE CONTAMINATED CONTINENTAL
SUBSURFACE LAKES SITES SERPENTINIZATION

Merino et al. Frontiers in MicroBio 2019



Do signals measured at the surface
have magmatic or hydrothermal origins?

Deformation

5 \1‘

[ E Grs = g

| Tiftmeter y : ',': — = ,

Lo -. & System
74 L)

SUUEREIEIEE  Many seismic, geodetic
e

S = ’
o Imaging

e 3as8 and geochemical signals

: have hydrothermal

&5 .. :

o] origins, or have magmatic
origins that are modulated

by the hydrothermal

Surveying Ground Vibration

Opinion piece Phil. Transac. Royal Society

Thoughts on the criteria to determine the
origin of volcanic unrest as magmatic or

non-magmatic

M. E. Pritchard, T. A. Mather, S. R. McNutt, F. J. Delgado and K. Reath

Published: 07 January 2019 https://doi.org/10.1098/rsta.2018.0008




2010 M, 8.8 Maule, Chile earthquake
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Subsidence of <15 cm in five volcanic areas within weeks

“We suggest that the deformation is related to coseismic
release of fluids from hydrothermal systems documented at
three of the five subsiding regions”

Pritchard et al., NatureGeo 2033



2011 M, 9.0 Tohoku earthquake

Latitude (° N)

!

Volcanic regions 150-200 km from the rupture subsided by
<15cm

“hot plutonic bodies beneath the volcanoes, that may have
deformed and subsided in response to stress changes”

Takada & Fukushima, NatureGeo 2013



Topics to be covered

Define hydrothermal systems and their relation to the
underlying magma

Empirical methods used to investigate hydrothermal
systems

Properties rocks and multiphase fluids

Heat and mas transport from magma to the surface

Avallable numerical simulators and an example of an
application



Observations used in
studies of continental
hydrothermal systems



OF WELL FLANGE

Deep drilling in volcanic areas
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* Pre-drilling geophysics was found to be mostly incorrect, but
much was learned about hydrothermal dynamics

* In deep and hot wells ( T< 450 °C) a narrow zone of low-
permeability rocks formed by mineral deposition

« Above the layer - brittle rocks and hydrostatic to sub-
lithostatic pressures. Below - ductile rocks and lithostatic

pressures



Motivation for deep drilling -
supercritical geothermal resources
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* Very high enthalpy supercritical geothermal systems near the
brittle—ductile transition zone can possibly make deep wells
economic

* Density and dynamic viscosity undergo a significant drop within
a very narrow temperature range, while specific enthalpy
sharply increases

* More than 25 deep wells worldwide have encountered
temperatures in excess of the critical point



Ongoing and future drilling - supercritical
fluids for energy production

KRAFLA MAGMA TESTBED

STRATEGY
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A planned project will drill into a magma reservoir in
EOS CENTENNIAL

(2) Brittle, fractured and artificial

reservoirs created by injection

cooling and hydraulic fracturing

COLLECTION [celand that has never erupted to the surface, giving

scientists a fresh look at Earth’s underground
“plumbing.”
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By John Eichelberger @ 25 June 2019

Figure 1. Concept of the EGS reservoir in the ductile zone.




Drilling In steep stratovolcanoes -how

much water is in a volcanic edifice?
PUCCI WeII at Mt. Hood

Summlt 3,426 M
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* Drilled ~ 1600 below the summit

 Deep water table ~ 573 m

* Near summit vent at boiling temperature with magmatic
gases suggests (high *He/*He) a dry conduit

« “Dry” core and wet lower outer flanks



Ore deposits - windows into ancient
hydrothermal systems

Chuquicamata, Chile

[ |Magma and subvolcanic intrusions
tic fluid N

Hedenquist and Lowenstern (Nature 1994)

* Voluminous porphyry ore deposits have economic amounts of
copper and often molybdenum, silver and gold

« Magmatic vapors and hypersaline liquids are a primary
source of metals in ore deposits

 Metals are also leached from rocks enhanced by acid
magmatic vapors absorbed by meteoric waters



Inferences from
geophysics



Seismic fomography

Long Valley caldera
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Flinders et al., Geology 2018

Campi Flegrei caldera .

caldera rim

P wave to S-wave velocity
ratio (Vp/Vs) tomography is
useful for delineating
structures of, and within
hydrothermal systems

Distance (km)

1.6 2.4 3.2 4.0 4.8 1.70 1.74 1.78 182 1.86 1.90
Vp (Kms™) Vp/Vs

Chiarabba & Moretti, 2006




Broadband seismometers at geysers

Eruption

y

e Broadband seismometers
record multiphase

Bl processes leading to an
SRR cruption at multiple
" frequencies
Lone Star geyser The frequency of
hydrothermal tremor
generated by impulsive
pressure signals associated

Normalized Power, dB

Frequency, Hz

Vandemeulebrouck et al., JGR 2014 with bubble COIIapse 1S
mainly ~ 1-10 Hz band



Nodal seismometers at Old Faithful

* Dense arrays of nodal geophones can track the 3-D migration
of hydrothermal tremor throughout the eruption cycle

* Delineating subsurface reservoirs and their dimensions
depends on array density and configuration
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Hydrothermal tremor migration at
Old Faithful geyser
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Minute -50

-40 -20 0 20 40
Distance from Old Faithful (meter)

Wu et al JGRL in press



Preferential earthquake triggering
in hydrothermal systems

1992 M,, 7.3 Landers EQ .

4

« Seismic swarms (<6 km depth)
are preferentially triggered in
hydrothermal areas

 Love & Rayleigh waves (15-40
sec) trigger the swarms (M < 2.5)

« The small dynamic stresses (<10
kPa) suggest a critically stressed
crust in hydrothermal areas of

2002 M, 7.9 Denali EQ the Western US

Rayleigh

25 ~- 3 35 40
Minutes: 3 November 2002, 22:00 (UTC)

Prejean et al., BSSA 2004



Spatial and temporal patterns of
seismic swarms in Yellowstone

Yellowstone Lake Madison Plateau
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Waite & Smith, 2004 Farrell et al., 2014 Shelly et al., 2014

Earthquake swarms in the upper crust
have defined spatial and temporal patterns



Electric, electromagnetic, magnetic
methods

Electrical resistivity, Ohmm
1.9 2.9 A.00 8. 00 6.0 3z.o 8.0 129

Byrdina et al., JVGR2014

« Hydrothermal alteration reduces the electrical resistivity and
magnetization of volcanic rock

« Large contrasts between electrically conductive thermal fluids
and clay minerals and the surrounding (colder and/or unaltered)
resistive host rocks

* Very few continuous measurements in volcanic systems



Cosmic-ray muon radiography

« Cosmic-ray muons generated in the atmosphere continuously
bombard the Earth's surface from above, arriving at all angles

« Cosmic-ray muon radiography can be applied by placing a
detector to image density variations in a volume that is higher
In elevation
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active zones visible at the dome surface

Jourde etal. SciRep 2016



Cosmic-ray muon radiography

Horizontal distance at crater centre (m)
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« 3-D density variations that can result from the
heterogeneous distribution of lithology or water saturation
« Less useful in calderas and shield volcanoes

Tanaka et al. EPSL 2007



Inferences from the

chemical and isotopic

composition of thermal
waters and gas



Origin of water in hydrothermal systems
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* The isotopic composition of all waters discharged from
volcanic systems can be traced to meteoric water recharge

« The amounts of magma-derived water in volcano-
hydrothermal systems is negligible

* In multiphase systems, boiling and evaporation change the
composition significantly



Examples of boiling and evaporation
from Yellowstone's thermal basins

Heart Lake Geyser Basin Upper Geyser Basin

o W5
Global

[ ]
Meteoric Evaporated
Water Line, Waters

Neutral-Cl

® Acid Waters

O Steam Condensate

@ Neutral-Cl Waters (this study)
€ Neutral-C| Waters (others)

m Dilute Waters

-20.0 -15.0
820 (%o)

Lowenstern et al. G3 2012 Hurwitz et al. G3 2012




Water and gas chemistry - insights on
the current state of magmatism

BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA

VoL. 68, PP. 16371658, 6 FIGS. DECEMBER 1957 Research driven by
THERMAL WATERS OF VOLCANIC ORIGIN geothermal energy and

By Dostp E. WrITE mineral exploration

Geochimica et Cosmochimica Acta 1964, Vol. 28, pp. 1323 to 1357,

Natural hydrothermal systems and experimental
hot-water/rock interactions

A, J. Erris and W, A, J. Ma”ox

Chemistry Division, D.S.I.R., Petone, New Zealand

Gechimica of Cosmochimica Acta Vol. 52, pp. 2749-2765
Copyright © 1988 Pergamon Press plc. Printed in U S A

Geothermal solute equilibria. Derivation of Na-K-Mg-Ca geoindicators

WERNER F. GIGGENBACH
Chemistry Division, DSIR, Petone, New Zealand




Water and gas chemistry - insights on
the current state of magmatism

Rain
l Qater fumaroles

Gas compositions are indicative of
source (magma vs. hydrothermal)

Dissolved cations equilibrate with
e rocks at 200-250 °C

et
Fumaroles from
2| boiling waters |

Temperature °C
200 300

H20, CO2, S, CI, F Fischer & Chiodini,

1{[@ Vvolcanic
Encyc. Volc. 2015 S raoies

_ { o hydrothermal
Giggenbach,

GCA 1988

1.5
1000/ TK
Chiodini, GRL 2009




Laboratory experiments - silica solubility

Why silica (S10,)? Volcanic rocks have ~ 40-80 wt% SIiO,
What happens when it reacts with hot water?

0 HITCHEN . 92%
B KITAHARL 19702
& KEWMNEDY (1950
» MOREY FOURNIER A ROWE (1982)
o FOURNIER & ROWE [1962]
Q0 - O BFOURNIER & ROWE (UNPUBLISHED)

TEMPERATURE A

SIO, solubility decreases from amorphous -> Cristobalite->
Chalcedony -> quartz

Fournier and Rowe AJS 1966



Laboratory experiments - silica solubility

Retrograde
solubility
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300 400
Temperature, °C Temperature, °C

» Solubility has a minimum at ~ 400-450 °C
« Solubility increases with increasing salinity at ~ 350-450 °C

Fournier Econ Geol 1999



Laboratory experiments - reactivity
of rhyolite at 150 °C -350 °C

e Rhyolite hydrates with
Increasing temperature at 150-
275 °C (max. 8.2 wt%). At T>
275 °C, secondary minerals
form (mainly zeolite)

e At T 2275 °C most IS
leached out of rhyolite and
fluorine Is Incorporated into
secondary minerals (high CI/F)

e The stable isotopes of B, Li & Cl
do not fractionate at 150 °C to
350 °C

e pH and alkalinity decrease with
Increasing temperature - (OHY)
IS Incorporated into zeolites

Concentrations in reacted water

H,O (wt. %)

F (mg/L)
Cl(mg/L)

K (mg/L)
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=
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E
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=

Li (mg/L)

200 250 300
Temperature (°C)

Cullen et al, GCA in press



Inferences from heat
flow measurements

Mechanisms of heat transport

« Conduction — spontaneous flow of thermal energy from
higher to lower temperatures

« Advection & convection - transfer of heat through the
movement of the medium’s particles (groundwater flow)

e Radiation - transfer of energy (heat) by the emission of
electromagnetic radiation




Cl-enthalpy method to estimate
advective heat flow

Crater

1000 1500 | 2000 2500 3000
Enthalpy, J/g

The USGS & NPS operate a network of gages on all rivers
draining the Yellowstone plateau

Cl discharge from Yellowstone ~ 50,000 ton/year

A “parent fluid” with 400 mg/l Cl & 340 °C

Advective heat flow of 6.4 GW, or using a range of parameter
values — 4-8 GW



Heat flow from volcanoes of the Cascades

Heat flow agmatlc heat budget
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“Slightly thermal” springs (a few degrees > ambient temp.) ~660 MW
Thermal-spring ~240 MW

Fumaroles ~160 MW

Total ~1050 MW of “steady” heat(excluding transients)



Heat flow from the stratovolcanoes
of the Cascades

Conversion of gravitational potential energy to heat

Small sprinas
7°C (Recharge temp.)

Warm Spr.
Medicine Lake, CA

Geothermal heat

 The modest warming (5 °C) between high-elevation recharge
and spring discharge equals 360 MW

 to Interpret the temperature of cold springs, must account for :
(1) conversion of gravitational potential energy to heat
through viscous dissipation, (2) conduction of heat to or
from the Earth’s surface, and (3) geothermal warming

Manga & Kirchner WRR 2004



Summary of observations

Drilling —a narrow zone separating brittle and ductile rocks
Ore deposits — magmatic vapors and hypersaline liquids are a
source of metals

Geophysical imaging — altered rocks, liquid and vapor
saturation, salinity and temperature have unigue physical
manifestations

Broadbands— multiple frequencies reflect many multiphase
processes

Dense arrays - track time-dependent 3-D migration of
hydrothermal tremor

Seismic swarms — defined spatial and temporal patterns
Water and gas chemistry — water is meteoric, cations are
mainly from crustal leaching of rocks and some anions are from
magmaitic gas condensation in groundwater

Laboratory experiments —Silica solubility has a minimum at ~
400-450 °C

Heat flow — insights on the state of the magmatic system



Rock properties in
continental
hydrothermal systems



Scale-and depth-dependent permeability

 In nature, permeability varies by ~17 orders of magnitude

« A mean crustal scale log permeability-depth curve
suggests effectively constant permeability below 10-15 km

Geologic forcing
<— of pressures —{
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— Advective solute transport —»

g O
T T

N - -
o O O
T v 17

—
E
X
'
&
et
o
]
(a]

logk=-14-3.2logz -

N

B Thermal models

-16
Log permeability (m?2)

Pierre Shalg: 1k depth Near shrface
tab and in situ

Kilauea basalt; in situ

b wh

Depth (km)
N

Aquifers

Geothermal

reservoirs
—

N
(6]
T

W W
g O
: ) L

20  -18  -16
Log permeability (m?2)

Manning & Ingebritsen, 1999



Heterogeneous permeability and
fluid pressure distribution

FLUID PRESSURE FLUID PRESSURE

low permeability seal

upper crustal
near-hydrostatic

r im i
fluid pressure regime - static pressure

’ permeability _ profile, P= p gz
eal '

% fluid pressure © i

zone of
supralithostatic
fluid pressure

near-lithostatic

fluid pressure regnme ~ near-hydrostatic
\ : fluid pressure gradient, — \

A= 0. & dP/dz = p,g

* A - ratio of hydrostatic to lithostatic pressures

« Low-permeability layers can lead to separated convection cells

and anomalous pressures
Cox, EconGeol, 2005



Transient permeability - water level
and geyser response to earthquakes

Water level in a Long Valley Caldera Daisy Geyser, Yellowstone
well (CH-10B) response to the 2002

Denali, Alaska earthquake
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1 i 29 13 27 10 24 B8 22
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Date (2002)

Randolph-Flagg PhD; Berkeley 2019 Husen et al. Geology 2004

* Instantaneous permeability change induced by long-period

seismic surface waves
« Various types of responses and recoveries



Transient permeability - lab experiments

Permeability of intact Westerly granite
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Permeability of rocks with hydrothermal flow can gradually
decrease by orders of magnitudes in days to weeks

Moore et al. Science 1994



Other rock properties
Bulk Modulus Thermal conductivity

Stripa granite
pressure (MPa)
0 59-138
®13.8-276
®276-414
A4414-55.2

100 200 300 400 500 600 700 800
T (°C)

Heard & Page JGR 1982 Clauser & Huenges 1995

« Within the temperature range of hydrothermal systems,
moduli are temperature dependent

« Thermal conductivity of (dry) rocks decrease with increasing
temperature



Fluid properties in
continental
hydrothermal systems



Thermodynamic properties of pure water
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« At the critical point the properties of steam and liquid water
merge

« P-T diagrams do not show details of the phase relations of the
two-phase region

In pressure-enthalpy diagrams, the mass fraction of each
phase can be determined by the lever rule



Multicomponent and multiphase fluids

Hydrate

H,O-rich liquid + vapor
CPeo, 31 C
: 7.4 MPa

Hydrate + vapor
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Vapor >
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] | 1
100 200 300 400
Temperature (°C)

Hutnak et al. JGR 2009

* In H,0O-CO, mixtures single and multiphase gas-rich and liquid-
rich fluids exist over a range of P, T

» Dissolved salt increases the P, T of the critical point whereas
dissolved gas reduces T and elevates P of the critical point




Phase distribution in Yellowstone's
hydrothermal System

* The high CO, flux requires
a mixed steam—-CO, vapor
phase in the upper ~4 km

« Vapor saturated
conditions affect pressure
distribution between
magma and the ground
surface

* Vapor-dominated
reservoirs form above

areas of deep boiling and
Lowenstern & Hurwitz., Elements 2008 degassing
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Multiphase fluid compressibility

Tensile stress V A P
leads to fracture

Tait et al EPSL 1989

A liquid + steam mixture in porous media is more
compressible than a single phase (steam or liquid]

At 250 °C

3, = 0.9 bar! (steam + liquid)
3. = 0.03 bar! (steam)

B, = 1.3 x 104 bar (liquid)

Grant and Sorey WRR 1989



Summary - rock and fluid properties

Permeability varies by ~17 orders of magnitude in nature
Low-permeability layers can lead to anomalously high
pressures

Permeability is highly transient and is modified by
earthquakes and precipitation and dissolution reactions
Moduli and thermal conductivity are temperature
dependent

In H,O-CO, mixtures single and multiphase gas-rich and

liquid-rich fluids exist over a larg P, T range

Dissolved salts increase the pressure and temperature
of the critical point whereas CO, reduces the temperature
of the critical point

The compressibility of a liquid + steam mixture is high



Putting it all together:

Heat and volatile
transport from magma
to the ground surface



Heat and volatile transport from
magma to the hydrothermal Sys?em

A% acid-sulfate alteration
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* The brittle-ductile transition (BDTZ) commdes W|th a thin (<100 m)
conductive boundary layer (CBL) with a thickness proportional to
the heat flux across it

« Episodic breach of the BDTZ — transport of magmatic volatiles
and heat

 As magma cools, the CBL migrates downward - deeper

hydrothermal circulation |
Fournier, Econ Geol 1999



Mechanics of the BDTZ

e Ductile and low permeability
Stress difference (0,-0.), Bars rocks below the BDTZ &
1000 2000 3000 4000 5000 brittle rocks above
« The BDTZ is assumed at ~
400 °C. Coincides with the
maximum temperature of
Mutic: T MOR vents, geothermal wells
' | and minimum SiO, solubility
. ithostatic
: « Can range from 260 °C for
wet quartz to ~700 °C for dry
OPX
S 10 (i 200 s sty « A strain rate increase can
cause ductile rocks to
become Dbrittle and undergo
shear failure

hydrostatic
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Fournier, Econ Geol 1999



Permeability of fractured granite as a
function of confining stress

f Granite multiple fractures, 350 °C

Granite, multiple fractures, 350 °C Granite, multvtple fractures, 500 °C
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e BDTZ is not the first-order control on rock permeability

o At 350-500 °C, permeability transitions from being weakly
stress-dependent and reversible to being strongly stress-
dependent and irreversible

Watanabe et al., Nature Geo 2017



Sources and sinks of
energy and mass in
the hydrothermal

system



Volatiles dissolved in magma vs.
discharge from the hydrothermal
system - sources and sinks

Riverine Discharge® Diffuse Soil Discharge 0 Rhyolitic Melt Inclusions*
1 1 .
(td ) (td ) (ppm)

7,000-33,000
58-275

crust

At 350 C
-..A‘CVF ~12

’I
t--§ 4

.0 g -4

200 250
Temperature
Cullen et al., GCAin press Lowenstern & Hurwitz., 2008




Halite precipitation and mineralization

 Saline fluids ascending from plutons undergo phase
separation into high salinity brine and low salinity vapor

 Fluid inclusion from porphyry deposits contain evidence
for solid salt (halite) precipitation from ore-forming
solutions

 Salt precipitation changes the permeability of the
system

wt% NaCl Cumulative time of halite saturation
2 100 1,000 10,000 years
Fe+Cu o

. vapor V+H liquid out excluded L
N\ ascends (L—=V+H) Na, CI from halite, oy

H20 into vapor \Q"_AtO halite

-
w

3]

N
o

H,0-rich quuid rich halite .".n:“
vapor in Na, Cl, saturation [+,
Fe & Cu

Depth (km)

w

©
[l
=
]
—
=]
w
w
O]
frust
o

n
w

vapor+liquid

log10(XNaci) Distance (km)

Lecumberri-Sanchez et al. Geology 2015



Hydrothermal rock alteration

 Replacement of high-temperature glass and primary
minerals with secondary minerals resulting from reaction with
volatile-rich fluids

e Can be a sink or source for some volatiles and cations
modifying the composition of the residual fluid

Y-12, Norris Geyser Basin
Yellowstone

White et al. 1988




Flank collapse of hydrothermally

altered rocks

More than 200 steep stratovolcanoes collapsed in historical times
Rock shear strength is decreased by acid sulfate-argillic alteration

Elevation (m)

o o ML Ramler

Holocene pre-Osceola
reconstruction

Large flank collapses of weak,
hydrothermally altered parts of

The 1980 failure shear
surfaces were not localized
In weak altered rocks, but
primarily in pervasively
shattered older dome rocks

Reid et al BV 2010



Water and gas geothermometry

What are the equilibrium temperatures of water-rock
reactions?

“Classical” geothermometers are based on the concentration of dissolved silica
(SiO,) in equilibrium with silica polymorphs or on the ratios of cations in equilibrium
with feldspar

Geothermometer Equation Reference
5i02 (adiabatic) T* =[1522 /(5. ":: logl0(5i02))] — 273.15 Foumier (1977 |

Si02 (conductive) T =[13C g10(Si02))] — 273.15 Foumier

Na-K T 2 210 19) 273.15 Foumier

Na-K T =134 210 273.15 Gig enhe] ( 9\\]

Ma-Li T ! g10( 273.15 l'DLl]]]aL and Michard (1981)
Na-K-Ca T 347 [/ (log10(Na / K) + P[log10((Ca /Na)1/2) + 2.06] + 2.47)] — 273.15 Foumier and Truesdell (1973)

(B = 4/3 for T < 100; = 1/3 for T> 100)

* Temperature (T) in °C.

Gas geothermometry

IGC = = L2
ax+ B+ 36.05 Based on the concentration

CH, H; and thermodynamic
— 6log —— er - :
CO, Co: equilibrium of gas species
B = 7log Pco,.
D'Amore & Panichi, GCA1980

a = 2log




Thermodynamic models of
fluid-mineral equilibria

. Ojo Callente
T~ Yellowstone — albithi
! — calcite
—— montm-mg
quartz
— montm-na
— montm-ca
—— montm-k
— albit-lo
nontr-ca
nontr-mg
nontr-na
o Measure

100 120 140 160 180 200 220 240 260 280 300
Temperature (°C)

King et al, JVGR 2016 Munoz-Saez et al, JVGR 2018
« Use thermodynamic databases to calculate saturation indices
for a selected set of minerals over a range of temperatures
* Input includes water chemistry, mineral assemblage and
estimates of P,
* Available codes - Geochemist's Workbench (commercial),
PHREEQC (USGS), iGeoT (LBNL)



Scrubbing of magmatic gases

Keller Well, Kilauea

Discharged gases
>99% H,0O(meteoric) + CO, T 1~

<1% H,S shal
<0.1% H, + HCl + HF allow
i boiling

precipitation

Cl (mgl)

N R O 0 =
QOOOS

&
o

circulating meteoric
or hydrothermal water

gas-water interactions

T rising magmatic gases
293% H,0 + CO, + SO,

s
= 2 ) \l -
<7% Hy+ H,S + HCI + _ N
degassing HF + CO ’
magma Jan-02 Jan-04 Jan-06 Jan-08 Jan-10 Jan-12 Jan-14 Jan-16 Jan-18
Date

Symonds et al., JVGR 2001 Hurwitz et al., USGS 2019

» Scrubbing will prevent significant SO, and most HCI
emissions until a dry pathway to the atmosphere is
established

- SO,% and CI- in groundwater increased as a result of
scrubbing until the opening of the 2008 vent



Conversion of thermal
energy into kinetic and
mechanical energy

« Hydrothermal explosions - phreatic eruptions
« Geyser eruptions



Bull Volcanol (1995) 57:85-98

ORIGINAL PAPER

L. G. Mastin
Thermodynamics of gas and steam-blast eruptions

GEOLOGIC NOZZLES

Susan Werner Kieffer
U. S. Geological Survey

Hagﬂaﬁi Arizona Xinli Lu and Susan W. Kieffer

I a O G 1 9 8 9 Department of Geology, University of Illinois, Urbana, Illinois 61801;
email: xinlilu@uiuc.edu, skieffer@uiuc.edu

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 114, B05205, do1:10.1029/2008JB005742, 2009

Explosive properties of water in volcanic and hydrothermal systems

R. Thiéry' and L. Mercury:




Adiabatic fluid decompression

Isenthalpic (porous flow)

Isentropic (geyser

N N N T8 ) LR

.........

Pressure (MPa)
Temperature (C)

,,,,,,,,,,,,,,,,,,,,

3
Entropy (kJ /kg C)

Hurwitz et al. JGR 2012 Karlstrom et al. JGR 2013

e Isenthalpic - all acceleration is converted to heat by internal
shearing and friction — assumed for flow in porous media but
not for flow in conduits (geysers)

e Isentropic - maximum energy available for expansion and
acceleration. Valid for geysers and eruptions.



Hydrothermal explosions - phreatic
eruptions

Pressure, bars
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Browne & Lowless, 2001 Bargar & Fournier, 1988

Decompression and vertical shift of
boiling-curve — flash to steam




Hydrothermal explosions following
deglaciation in Yellowstone

Post-glacial elevation
of lake shoreline
5| terraces

Prasent laka laval

| Rad i?:u:a.rt-c:n age [Lllc.j,.' B. P )
Pearce et al. USGS OFR 2004

VEWAEVAR

Most of Yellowstone was covered by an ice cap <1,200 m thick
Following the retreat of the last ice cap, pressure Iin the system
decreased substantially, leading to extensive boliling

Ejecta (mostly breccia) was found 3-4 km from the largest

craters



Geyser eruptions and reservoirs
| (b) o

Distance (m)
Vandemeulebrouck et al GRL 2013

« Lateral shallow subsurface reservoirs
accumulate thermal energy that is
episodically discharged

e Seismic sources are produced by bubble
cavitation in subsurface lateral reservoirs
and the conduit

Vandemeulebrouck et al JGR 2014
Hurwitz & Manga AREPS 2017



Steamboat geyser, Yellowstone NP

Insights gleaned from geyser studies could be used to
Improve the interpretation of signals recorded at volcanoes
(Kieffer, 1984)



Summary - heat and volatile transport
from magma to the surface

 Hydrothermal rock alteration - a sink or source for
elements and volatiles

« Acid-sulfate alteration decreases the shear strength of
rocks Scrubbing remove SO, and most HCI from gas
emissions

« Hydrothermal explosions and geyser eruptions are

manifestations of thermal energy conversion of into kinetic
and mechanical energy

 Mass unloading from Earth’s surface (deglaciation) can
cause liquid water flashing to steam

« Subsurface geyser reservoirs offset from the conduit
accumulate thermal energy that is episodically discharged



Numerical modeling of
volcano hydrothermal
systems



media

Numerical modeling of volcano
hydrothermal systems

« Numerical simulators use mathematical formulations of
Darcy’s Law for multiphase groundwater flow in porous

« The simulators have different capabilities and different
numerical schemes

* Many unconstrained variables — non-unique results

Name

CSMP++
FEHM

FISHES®
HYDROTHERM

NaCl-TOUGH2
TOUGH2
TOUGH2-BIOT
TOUGH-FLAC
TOUGHREACT

Reference

Matthdi et al. [2007] and Coumou [2008]
Zyvoloski et al. [1988, 1997],
Bower and Zyvoloski [ 1997],
Dutrow et al. |2001], and
Keating et al. [2002]
2007] and Lewis and Lowell [2009a]
Hayba and Ingebritsen [1994] and
Kipp et al. [2008]
Kissling [2005D]
[1991] and Pruess et al. [1999]
t al. [2007]
vist et al. [2002]
Xu et al. [2004b]

I-;'IIEI..‘:
°C)

1000
1500

800

PIT[EL.‘Z
(MPa)

500

1000
1000

100
100
100
100
100

Numerical
Method

FE-FV
FE

FV
FD

IFD
IFD
IFD-FE
IFD-FE
IFD

Reactive
Transport Deformation CO, Na(Cl

Ingebritsen et al. RoG 2010



Deformation of large calderas

1983 1987 1991
Chiodini et al. GRL 2003
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What drives deformation?
How are subsidence and
episodic deformation
explained?

Are pressures transients
within the hydrothermal
system sufficient for
deforming rocks?

Yellowstone, USA 14.8 EQE

2010 Swarm

l
L]
2013 Norris
area swarm
sequence

tical defor

2008 Swarm

Vel

1990 1995 2000

Jamie Farrell in Pritchard et al. 2019

2005 2010 2015



Simulating hydrothermal deformations

Impermeable
Heat flux - 50-250 mW/m?
No displacement

Hurwitz et al, JGR 2007

of calderas

Coupling of TOUGHZ2 (multiphase
groundwater flow) and BIOT2
(deformation in a elastic porous medium)
high-temperature water and CO, (350 °C)
are injected at variable rates

Variables - permeability and its
anisotropy, the depth and rate of
hydrothermal injection, shear modulus

A range of deformation patterns and rates
of vertical displacements were simulated



Simulating hydrothermal deformations
of calderas
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Multicomponent (H,O-CO,) fluids generate more complex,
temporally and spatially varying patterns of deformation

Hutnak et al., JGR 2009



Simulating hydrothermal deformations
of calderas

Constant k (reference)
Cyclic permeability
Cyclic injection

Uplift (cm)

o

Uplift (cm)
n w -
o o (]

-
o

Distance (km)

Impermeable
Heat flux - 50-250 mW/m?2
No displacemen t

(]

Time (years)

e Cyclic deformation patterns result from variable fluid injection
rates at the base and from transient (cyclic) permeability

e Subsidence was simulated by terminating fluid injection and by
Increasing the permeability after uplift occurred

Hurwitz et al, JGR 2007



Can caldera deformation be attributed
to hydrothermal dynamics?

Campi Flegrei
- — = Battaglia et al. (2006)

Uplift (cm)

Distance (km)

Long Valley
— —— Battaglia et al. (2003)

) Data

Uplift (cm)

Distance (km)

Some of the simulated uplift rates are similar to

measured rates Iin large calderas
Hurwitz et al, JGR 2007



VOLCANIC "RUPTIONS

AND THEIR EPOSE,
The Future NREST,
S

RECURSORS,
IMING

V. 2.0

1. Forecast the onset, size, duration, and hazard of
eruptions by integrating observations with quantitative
models of magma and hydrothermal dynamics.

NEXT EXIT N s
¥ ¥ ¥ ¥

Drill, drill, drill... Lab experiments...

lgomné AGMA =
R RVOIRS ¢
FORECAS'I'S

homas W. Sisson Shaul Hurwitz




Challenges and open questions

Can we distinguish between magmatic and hydrothermal
drivers of deformation?

How do we interpret broadband seismic signals with multiple
spectral peaks?

Can we map the 3-D distribution of acid-sulfate alteration and
liquid saturation distribution in deep stratovolcanoes?

Can we identify precursory signals to phreatic eruptions?

Are seismic swarms in the upper crust associated with pulses
of heat and mass transport from depth?

What are the rates of water-gas-rock reactions? How do these
rates control permeability and heat and mass transport to the
surface?



